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ABSTRACT Red blood cells (RBCs) are vital for transporting oxygen from the lungs to the body’s tissues through the intricate
circulatory system. They achieve this by binding and releasing oxygen molecules to the abundant hemoglobin within their
cytosol. The volume of RBCs affects the amount of oxygen they can carry, yet whether this volume is optimal for transporting
oxygen through the circulatory system remains an open question. This study explores, through high-fidelity numerical simula-
tions, the impact of RBC volume on advective oxygen transport efficiency through arterioles, which form the area of greatest
flow resistance in the circulatory system. The results show that, strikingly, RBCs with volumes similar to those found in vivo
are most efficient to transport oxygen through arterioles. The flow resistance is related to the cell-free layer thickness, which
is influenced by the shape and the motion of the RBCs: at low volumes, RBCs deform and fold, while at high volumes, RBCs
collide and follow more diffuse trajectories. In contrast, RBCs with a healthy volume maximize the cell-free layer thickness, re-
sulting in a more efficient advective transport of oxygen.

SIGNIFICANCE The circulatory system plays a crucial role by delivering oxygen and essential nutrients to the body’s
tissues. This oxygen is transported by red blood cells (RBCs), which are the most abundant blood cells. The shape of these
cells is influenced by both their membrane’s mechanical characteristics and their volume, which, in turn, dictates their
oxygen-carrying capacity. This study focuses on examining the impact of this volume on the efficiency of oxygen transport
through arterioles, which contribute most to the flow resistance across the circulatory system. Our findings reveal that in
these regions, the volume of healthy RBCs is the most effective for transporting oxygen.

INTRODUCTION behaves like an incompressible liquid crystal with localized
bending resistance, while the cytoskeleton provides resis-
tance to local shear and dilation (4). According to current
models, the unstressed shape of the cytoskeleton is an oblate
spheroid of a reduced volume of approximately 0.95,
compared to a sphere with the same membrane area (3-5).
However, at equilibrium, healthy RBCs adopt a biconcave
shape with a reduced volume (v) of approximately 0.65
(6). In this article, we study the effect of this reduced vol-
ume on the oxygen transport efficiency in straight tubes
with a circular cross section that have representative charac-
teristics of arterioles.

The biconcave shape and reduced volume of RBCs as
well as metrics for their optimality remain a subject of
debate in the scientific community. Several researchers
proposed that the biconcave shape allows for a large sur-
face/volume ratio for RBCs so that they maximize oxygen

Blood flow plays a vital role in sustaining life, as it enables
the delivery of oxygen and nutrients to every tissue and or-
gan in the body while also removing harmful waste like car-
bon dioxide. Red blood cells (RBCs) are a crucial
component of blood, making up almost half of the total
blood volume in humans (1). These specialized cells are
responsible for carrying oxygen from the lungs to the rest
of the body, where it is used to fuel cellular metabolism.
They are formed by a visco-elastic membrane that surrounds
the cytosol of the cell. The cytosol contains a high concen-
tration of hemoglobin, which is responsible for the transpor-
tation of oxygen (1,2). The RBC membrane is composed of
a lipid bilayer anchored to a cytoskeleton and allows for sig-
nificant deformations (3). The lipid bilayer of the membrane
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because cytoplasmic diffusion may be more limiting than
membrane permeability, as shown by Richardson et al.
(9). Other studies suggest that the biconcave shape allows
for a more efficient flow through capillaries and kidney tu-
bules due to the RBCs’ deformability (3,10-12). Uzoigwe
(8) proposed that RBCs have a biconcave shape to maxi-
mize their moment of inertia, thereby reducing shear
stresses in blood flow and decreasing blood flow resis-
tance in arteries, but did not present any quantitative re-
sults. Guo et al. (13) showed that the volume of cells
affects their stiffness, while other studies found that os-
motic pressure and cell stiffness affect the viscosity of
whole blood (14-17). Alterations in RBC volume can
significantly impact the function of the circulatory system
and individual health (8). Farutin et al. (18) studied
numerically the cell transport efficiency in channels and
observed that the optimal hematocrit depends on the
RBCs’ volume.

In this study, we investigate the effect of the reduced vol-
ume of RBCs on the advective oxygen transport efficiency
along the blood flow direction. To this end, we study the
transport of a fixed quantity of hemoglobin by RBCs with
various resting shapes, parameterized by the reduced vol-
ume of the cells. We investigate the effect of the RBCs’
reduced volume on the oxygen flux through a straight tube
with a circular cross section. This metric has been used
experimentally to determine the optimal hematocrit for ox-
ygen transport (15,18). We chose tubes with dimensions and
pressure gradients similar to those found in arterioles, where
the flow resistance is the highest in the circulatory system
(19-22).

The study relies on a recent and appropriately validated
RBC model, comprising visco-elastic membranes enclos-
ing the cytosol and suspended in the blood plasma. The
model was extensively calibrated in Amoudruz et al. (5)
and validated against experimental data in various flow
conditions. The evolution of the solvent and the cytosol
are described by dissipative particle dynamics (DPD)
(23,24). The numerical simulations are performed with
Mirheo, a high-performance software for blood flow and
microfluidics (25).

MATERIALS AND METHODS

We model blood with RBCs composed of visco-elastic membranes sur-
rounding their viscous cytosol and suspended in blood plasma. The RBC
membrane deforms from forces that arise from bending resistance of the
lipid bilayer, as well as due to the shear and dilation elasticity of the cyto-
skeleton with respect to its stress-free state (SFS) and membrane viscosity.
The resistance to bending is described by the energy

Upending = 2kp$H*dA, (Equation 1)
where the integral is taken over the membrane surface, «; is the bending
modulus, and H is the local mean curvature. The in-plane elastic energy
is given by
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where the integral is taken over the SFS surface; a and § are the local dila-
tion and shear strain invariants, respectively; K, is the dilation elastic
modulus; u is the shear elastic modulus; and the coefficients as, a4, by,
and b, are parameters that control the nonlinearity of the membrane elastic-
ity for large deformations (26).

Each membrane is composed of 2562 particles located at the corners of a
triangulated mesh and evolve according to Newton’s law of motion. The
bending energy is discretized following (27,28), and the in-plane energy
is computed as described in Lim et al. (3). The forces acting on the particles
are the negative gradients of the discretized energy terms, with respect to
the particle positions. Dissipation on the membrane is modeled by particles
sharing an edge in the triangle mesh that exert a pairwise force as described
in Fedosov (29), proportional to the membrane viscosity 7,,. Finally, the
area of the membrane and the volume of the cytosol are constrained through
energy penalization terms

(A — Ap) (V — Vo)
- d Uvo ume — k TR
AO an / Vv VO
(Equation 3)

where Ay and V| are the area and volume of the cell at rest and A and V are
the area and volume of the cell, respectively. These penalization terms are
required, as the DPD method does not impose incompressibility of the
cytosol, and the membrane elastic energies alone do not conserve the mem-
brane area. The parameters of the model take physiological values cali-
brated from experimental data (5) and are listed in the appendix.

The RBC cytosol and surrounding plasma are represented with particles
that evolve through DPD interactions (5,23,24) (see the appendix for more
details). We emphasize that the model parameters correspond to the 1:5 ra-
tio of viscosities for the plasma (1.2 Pa s (30)) and the RBC cytosol
(6 Pa s (31)). To model the no-slip and no-flux boundary conditions on
walls, particles are bounced back from the walls’ surface. Furthermore,
the particles interact with a layer of frozen particles that are inside the walls
through DPD interactions (32). In addition, DPD particles are bounced back
from membrane surfaces and interact with the membrane particles through
the dissipative and stochastic parts of the DPD interactions only (29). The
cytosol and plasma particles interact with each other only through the con-
servative part of the DPD forces. The DPD parameters are chosen from the
macroscopic properties of the fluids as described in (33).

Uarea = kA

RESULTS

We examine the equilibrated flow of RBCs inside a circular
tube of radius Re {30 um, 40 um}. These sizes are typical
for arterioles (34). The volume fraction of RBCs, or tube he-
matocrit, is set to Hete {40%, 45%, 50%}, and the blood
suspension is subjected to a pressure gradient Vpe {1 X
107 3ecmH,0 um= !, 2 x 107 3cmH,0 um~ '}, typical for
arterioles of this size (34). These conditions correspond to
mean flow velocities of the order of 10 mm sfl, consistent
with values reported in the literature (1). Mean flow
velocities of all simulations are reported in Fig. 1. We
study different cases where all RBC membranes have the
same area and visco-elastic properties (calibrated from
experimental data (5)) but have a different volume V)
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FIGURE 1 Mean flow velocity in the tube against the reduced volume of
the RBC:s for a fixed pressure gradient, with different tube radii, hematocrits
and pressure gradients. Line with circles: R = 30 pm, Het = 40%, Vp =
1 x 107 cm Hy0 pm™'; line with left-facing triangles: R = 40 pm,
Hct = 40%, Vp = 1 X 1073 cm H,0 urnfl; line with squares: R =
40 um, Het = 45%, Vp = 1 x 1072 cm H,0 pm ™ '; line with diamonds:
R =40 pm, Het =50%, Vp =1 x 103 cm H,0 um’l; and line with inverse
triangles: R = 40 um, Het = 45%, Vp =2 x 1072 cm H,0 pm " To see this
figure in color, go online.

parameterized by the reduced volume v = V,y/V, where V
is the volume of a sphere with the same area as the cell’s
membrane. All initial triangle meshes were produced by
minimizing the membrane energy with a target volume
Vo. The number of RBCs is adapted to keep the hematocrit
constant, N = LﬁRzLHCt/ VOJ . We study a periodic domain
with a length L = 100 um along the flow direction. No-slip
and no-flux boundary conditions are applied on the side
walls. All quantities are reported from equilibrated
blood flows.

We find that the reduced volume affects the flow patterns
and RBCs’ deformability (Fig. 2). Specifically, for low
reduced volumes, the cells deform much more than at
high values of v. In the limit v— 1, only spherical cells
are allowed, and as the area is constant, they cannot deform.
RBCs with a physiological reduced volume do not exhibit
significant deformations compared to those with lower
reduced volumes. Instead, RBCs with v = 0.65 seem to
keep a relatively flat shape similar to tank-treading RBCs,
a type of motion where the membrane rotates around a
steady elongated shape similar to tank treads (35).

RBC volume for optimal oxygen transport

We quantify the amount of transported oxygen by
computing the flux of cytosol in the tube for each value of v,

Vo &
Qc‘ = ZZUi,

i=1

(Equation 4)

where U; is the time-averaged velocity of the i" RBC’s
center of mass. We assume that the hemoglobin concen-
tration inside the cytosol is constant and therefore the
cytosol flux is proportional to the oxygen flux. Fig. 3
shows the flux of cytosol against the reduced volume of
the RBCs for different tube radii and hematocrits. The
flux of cytosol is normalized by the flux of plasma with
no RBCs, 0, = |Vp|wR*/8n, where 7 is the dynamic
viscosity of the plasma. In these conditions, O, reaches
a maximum at a reduced volume v=0.65. Strikingly, the
oxygen flux is maximized at the physiological reduced
volume of RBCs.

To elucidate the mechanisms that reduce the cytosol
flux when the volume of the RBCs deviates from its phys-
iological value, we examine the cell-free layer (CFL) near
the walls of the tube (Fig. 4). We report its thickness, 6,
with respect to the reduced volume v in Fig. 5. The viscos-
ity is lower in the CFL than in the blood suspension,
hence the shear rate is higher in the CFL region. There-
fore, for a given pressure difference, a larger CFL thick-
ness causes a higher flux of hemoglobin (Figs. 3 and 5)
(36). We suggest that the change in the CFL thickness de-
pends on the reduced volume of the RBCs. It has been re-
ported in the literature that cells that are close to the walls
in a Poiseuille flow tend to migrate toward the center of
the pipe due to their deformability (37). In contrast, a
large volume fraction of RBCs may cause the cells to
move closer to the walls due to collisions between the
cells. In the remainder of this study, we investigate the de-
formations of RBCs and their trajectories and correlate
these observations to the CFL thickness. The deformation
of the cells is quantified by the rim angle (see below) and
the bending energy of each cell. We distinguish tumbling-
like motion, due to the external shear stresses, from tank-
treading motion, where the membrane rotates around a
steady shape. The cell trajectories are quantified by the
diffusion coefficient along the radial direction. We fix

FIGURE 2 Snapshots of RBCs flowing near the walls of the tube with R = 40 um and Hct = 0.45. The flow direction is from left to right. Cells with
different reduced volumes respond differently to the flow shear (from left to right: v = 0.35, 0.65, 0.95). To see this figure in color, go online.
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FIGURE 3 Cytosol flux Q., normalized by that of the plasma at zero he-
matocrit, 0, against the reduced volume of RBCs v flowing in the tube of
different radii and hematocrits. Same labels as in Fig. 1. To see this figure in
color, go online.

R =40 um, Vp = 1x 107 3ecmH,0 um~!, and Hct =
0.45 for clarity, but similar results were observed for the
other conditions listed in Fig. 1.

Rim angle

In a sufficiently high shear, the RBC membrane rotates
around the cytosol (35). In this situation, the region of the
membrane that forms the rim at equilibrium differs from
the principal disc of the deformed cell, unlike RBCs at rest.
We define the rim angle as the angle between the normal to
the principal disc of the cell and the normal to the region cor-
responding to the rim of the SFS of the cell (see Fig. 6 and
(38)). For a tumbling RBC, this angle is typically low, while
for tank-treading RBCs, the angle takes values in the whole
range, 6 € [0, 7 /2]. Fig. 6 shows the distribution of rim an-
gles 0 of cells flowing in the tube for different values of v.
On average, the rim angles are smaller at low values of v.
Furthermore, the density of ¢ is more uniform at high values
of v than at low reduced volume values. This suggests that
RBCs with a large reduced volume tank tread, while their
motion is closer to tumbling at lower values of v.

v=0.35 v =0.65 v=0.95

FIGURE 4 Snapshots of RBCs flowing near the walls (top horizontal
line) of the tube. The flow direction is from left to right. The slice of the
RBCs in the vertical plane is represented with black lines. To see this figure
in color, go online.
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FIGURE 5 Cell-free layer thickness ¢ against the reduced volume of
RBCs v flowing in the tube. Same labels as in Fig. 1. To see this figure in
color, go online.

Bending energy

The deformations of the cells are characterized by the
bending energy described by Eq. 1. This energy is high
when the cell deforms (e.g., folds) and therefore character-
izes complex dynamics and shape changes. The bending en-
ergy distribution of the cells is shown in Fig. 7 for different
values of v. The mean bending energy decreases when v in-
creases, consistent with the fact that the minimum bending
energy is achieved for a spherical shape. Nevertheless, we
observe differences in the distributions of the bending en-
ergies. For v > 0.6, the bending energies are concentrated
close to a minimal value. Instead, when v < 0.6, we observe
a peak of bending energy well above the minimal values
observed at each reduced volume. These high values suggest
that RBCs undergo large deformations compared to their
resting shape. In particular, we observe cells that are
“folding” periodically when v is relatively small (Fig. 7),
as opposed to cells that have a large reduced volume. These
large deformations cause a large bending energy density in
the bulk or, equivalently, a large pressure compared to con-
figurations with undeformed cells. The larger deformations

90

D 45 o
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0.3 04 05 06 07 08 09 1.0
v

FIGURE 6 Top left: the rim (white) of an RBC at rest. Bottom left: the
normal of the rim plane (right arrow) and the normal of the cell plane
(left arrow) form the rim angle 6. Right: violin plots illustrating the varia-
tion in rim angle distribution ¢ (in degrees) of flowing cells across different
reduced volumes v. Crosses indicate the mean value of 6. To see this figure
in color, go online.
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FIGURE 7 Left: violin plots illustrating the variation in bending energy
distribution of flowing cells across different reduced volumes v. Crosses
indicate the mean value of the bending energy, and shaded regions indicate
the maximum density. The dashed line corresponds to the bending energy of
the cells at rest. ;, is the bending modulus. Right: time sequences of typical
RBCs in the tube (time increasing from left to right). From top to bottom:
v = 04,v = 0.65, and v = 0.95. The white stripe represents the rim of
the cell at rest (see Fig. 6). To see this figure in color, go online.

associated with low reduced volumes may thus contribute to
reducing the CFL thickness in this regime. Furthermore, the
deformation of RBCs is accompanied by an additional dissi-
pation due to the membrane viscosity and the recirculation
of the cytosol inside the cell (35), which may further
decrease the blood flux.

TTF

In linear shear flows, RBCs tank tread when the shear rate is
large enough (39,40). The tank-treading frequency (TTF) is
reported against the time-averaged radial position of the
cells in Fig. 8 (see the appendix for details). For low values
of v, most cells do not tank tread, hence the value estimated
for the TTF is low. For larger values of v, the TTF increases
linearly with the radial position. This increase is consistent
with the nearly linear relationship between the TTF and the
shear rate for single cells (39), and assuming that we have a
nearly parabolic velocity profile along the radial direction of
the tube, hence a linear increase of the shear rate with the
radial position r. Furthermore, we observe that the TTF of
cells is larger when v increases. This is also expected since
spheres in shear flows rotate with a larger frequency than the
TTF of RBCs (39). We suggest that, for relatively thin cells,

I T T 1
0.25 0.50 0.75 1.00

v

FIGURE 8 Left: TTF of the RBCs against their time-averaged radial po-
sition for v = 0.4 (circles), v = 0.7 (triangles), and v = 0.9 (squares).
Right: radial diffusion D of the RBCs against the reduced volume v. To
see this figure in color, go online.

RBC volume for optimal oxygen transport

tank treading is beneficial for cells to pass each other
without deforming and to minimize the effect of their colli-
sions, thus contributing to a lower value of ¢. It was shown
that tank-treading provides less hindrance to the motion of
other particles compared to other motions like tumbling
(41). This may be an indication that tank-treading cells
contribute to a lower value of 6 compared to other motions,
present notably at low values of v.

Radial diffusion

RBCs in blood flow undergo shear-induced diffusion, which
is a result of the cell-cell interactions. These interactions in-
fluence the radial distribution of the cells and the CFL thick-
ness (42,43). We thus measure the radial diffusion
coefficient of the RBCs in the tube. The diffusion coefficient
is estimated from the mean-squared displacement of the
cells along the radial direction:

D = ((r(T) — r(0))*) /2T, (Equation 5)

where r is the radial position of the cell’s center of mass and
T is a time large enough to collect statistics but small
enough to remain in the linear regime of the mean-squared
displacement against time.

The theory of shear-induced diffusion suggests that, at a
given volume fraction, D o ya®, where ¥ is the shear rate
and a is the size of the particle (44). Assuming that the shear
rate is constant across the simulations and ao<v!/3, we
expect Dv¥/2 to be approximately constant against v. This
quantity is reported in Fig. 8. We observe that Dv3/? remains
constant within a 30% deviation, suggesting that increasing
v increases the shear-induced diffusion. The deviations from
the theory may come from the cells’ deformability, the defi-
nition of the cell radius from v, or the nonconstant shear rate
along the radial direction. The shear-induced diffusion is
higher for larger values of v and may thus contribute to
reducing the CFL thickness for v>0.65 (43), hence
decreasing the transport efficiency of the cytosol.

DISCUSSION

The physiological volume of RBCs, under the assumptions
made in this study, is the most efficient to transport oxygen
through tubes that have the characteristics of arterioles.
When the reduced volume of the RBCs deviates from its
physiological value, we identify two factors that decrease
the transport efficiency of oxygen: the change of the CFL
thickness and the dissipation due to the cytosol recirculation
and the deformations of the cells.

The viscosity of plasma is smaller than that of whole
blood, thus a larger CFL thickness contributes to a higher
flux of blood. We find that the CFL thickness is maximized
atv=0.65. Below this value, cells fold, undergo large defor-
mations, and adopt a tumbling rather than tank-treading
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FIGURE 9 Cytosol flux against the CFL thickness. Circles correspond to
cells with v < 0.65, triangles those with v > 0.65, and the square is forv =
0.65. To see this figure in color, go online.

motion. These deformations increase the effective thickness
of the cells along the radial direction, thus reducing the CFL
thickness. In contrast, at larger values of v, cells do not
deform and have more diffusive trajectories due to collisions
with their neighboring cells. These collisions cause the cells
to migrate perpendicularly to the flow direction, thus
reducing the CFL thickness. At intermediate values of v,
the cells tank tread, which facilitates their motion relative
to each other. This is supported by the shear-thinning
behavior of blood when the motion of RBCs transitions
from tumbling to tank treading (45,46). The nonspherical
shape of RBCs limits the effect of collisions, and they
form a maximal CFL thickness.

The CFL thickness alone does not explain the profile
observed in Fig. 3. Indeed, for the same value of CFL thick-
ness, the cytosol flux is lower for the case with v < 0.65 than
when v>0.65 (Fig. 9). We attribute this difference to the
additional dissipation due to the large deformations occur-
ring for cells with smaller reduced volumes, as membrane
deformation was shown to be a dissipative process (47). In
addition, we expect that tank-treading cells dissipate more
energy at lower reduced volumes, as shown for vesi-
cles (48).

In this study, we tackled the following question: what is
the reduced volume that corresponds to the highest flux of
a given amount of hemoglobin? We achieved this by adjust-
ing the number of RBCs, assuming that the concentration of
hemoglobin in the cytosol is the same in every situation.
However, we could also consider a hemoglobin concentra-
tion that varies with v, e.g., a higher concentration at low
values of v to model erythropoiesis (49), but this approach
would require us to model the dependence of the cytosol vis-
cosity with the hemoglobin concentration. These different
concentrations would change the volume of oxygen trans-
ported by the system and the viscosity of the cytosol. In
this study, we did not explore these effects due to the large
computational cost of the simulations and made the approx-
imation that the hemoglobin remains constant across all
cases, which corresponds to the simplest model. We leave
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the more complex scenario of varying the concentration as
well as the number of RBCs to further studies.

The results of this study are valid for straight tubes, which
are a simplistic approximation of arterioles. The CFL thick-
ness is known to vary around bifurcations (50-53) or curved
geometries (54). However, the deformation of cells at low v
and the collisions of cells at larger values of v might still
contribute to reduce the CFL thickness in those conditions
compared to the physiological values, and we thus expect
the same trend as in straight tubes. Nevertheless, the optimal
value of v might slightly differ in those cases, and further
studies are required to provide a quantitative description
of these variations.

Finally, we remark that we considered the advective part
of oxygen transport in arterioles. The diffusive transport of
oxygen, not studied in this work, is responsible for trans-
porting oxygen across the RBC membranes. This type of
transport may be affected by the shape, and thus the reduced
volume, of RBCs (7-9).

CONCLUSION

We demonstrate, through high-fidelity simulations, that
RBCs with volumes similar to those observed in vivo maxi-
mize the efficiency of advective oxygen transport in straight
tubes that have characteristics of arterioles, where the
vascular resistance is maximal. We qualitatively explain
the variation of advective oxygen transport efficiency with
respect to the reduced volume of the cells based on the
CFL thickness and the dissipation due to the cells’ deform-
ability. At low reduced volumes, cells deform and fold, thus
occupying a larger effective volume on average. This causes
the CFL thickness to decrease. The deformations of cells
induce additional dissipation due to the recirculation of
the cytosol and the highly viscous membranes. At large
reduced volumes, cells collide and migrate in the directions
perpendicular to the flow due to a high shear-induced diffu-
sion. These trajectories also contribute to reducing the CFL
thickness, and thus the oxygen transport is lower.

The present findings provide valuable insights into the
mechanisms of advective oxygen transport in the body
and could potentially have significant implications for the
advancement of therapies aimed at treating circulatory
disorders.

APPENDIX
DPD

The DPD method discretizes a fluid into N particles with position r;, veloc-
ity v;, and mass m, i = 1,2,...,N. The particles evolve according to New-
ton’s law of motion,



TABLE 1 Parameters of the RBC model

Parameter Value

K 210 x 107197
m 499 uN m™!
K, 499 uNm™!
as -2

ay 8

b 0.7

by 1.84

N 0.42 x 10°®Pasm
Ao 135 um?

Vo varying

ka 0.5 J/m?

ky 7.23 x 10° J/m?

where Fj; are pairwise forces that vanish after a cutoff distance r.. These
interactions are formed by three terms (23,24),

Fy = aw(ry)e; — v(e; - vy)wn(ry)ey + o&;we(ry)ey,

wherev; = v, — vj,r; =r1; — 1}, 1 = ||ry||,and e; = r;/ ri. The co-
efficients a, vy, and ¢ are the conservative, dissipative, and random force
magnitudes, respectively. Furthermore, we use the standard DPD conserva-

tive kernel
1 —r/re,
w(r) = {0 /

1/4

r<re,
otherwise.

We set wp = w'/*. wy satisfies the fluctuation-dissipation theorem,
0% = 2vykgT and wp = w3 (24), where kT is the temperature of the sys-
tem in energy units.

Parameters of the model

The values of the RBC parameters are listed in Table 1. They correspond to
the mean value of the posterior distribution found in (5).

Computation of the CFL thickness

The CFL thickness 6 is computed from the vertices of the RBC membranes.
For a given time snapshot, we compute the maximum radial position of
vertices over bins placed at regular intervals along the flow direction. The
bins have a size of 1 um. The value of § at a given time is then the difference
between the radius of the pipe and the average of this quantity over all bins.
The values reported in this work are the average of the CFL thickness over
time, after equilibration of the flow.

Computation of the TTF

The TTF is estimated by computing the Fourier transform of the rim angle
time series of each cell and selecting the frequency of the largest mode,
divided by 2, since the rim angle of a tank-treading cell undergoes 2 revo-
lutions per tank-treading revolution. Note that we exclude cells having an
average rim angle @ larger than /4 and the tumbling cells, which we char-
acterize by 6 < /8.
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