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Appendix

A.1. HemoCell Constitutive Material Model

The HemoCell (High pErformance MicrOscopic CELlular Libary) RBC mechanical model
is a superposition of four discrete forces acting on a single triangulated cellular mem-
brane, shown in equation 1. The membrane force model is originally developed in Zadvodzsky
etal. 2017 [91], and description quoted in the section is a needed detail of the thesis. All
forces of the constitutive model have been developed to assume that during small de-
formations each force presents a linear regime. The separate forces display different
slopes as the response types of the RBC correspond to different components of the cell
and therefore the forces are independent of each other. Additionally for large enough
deformations the cytoskeleton contributes to all forces. In a practical example, a small
bending response is assumed to be dominated by the curvature rigidity of the bilipid
membrane resulting in a linear angle force term, while large deformations of the under-
lying cytoskeleton yields an additional quickly diverging term. The four discrete forces
are listed and elaborated below.

Fiotal = Flink + Fpend + Farea + Fyolume (1)

1. Link Force: Fj;,; models the in plane stretching and compression of the underly-
ing spectrin-network, which is implemented along the edges of the surface trian-
gles that represent the cumulative behavior of the local spectrin links.
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Here « is the link force coefficient, dL = LiL_OLO is the normal strain defined as the

relative deviation from the equilibrium length L. 7; is the relative expansion ratio,
chosen to be 3, when the spectrin network reaches its persistence-length. The
persistence-length of a spectrin filament was chosen to be p = 7.5 nm. The link
force coefficient «; is a free parameter and is used to scale the magnitude of the
link force to match experimental data.

2. Bending Force: Fj,, accounts for the bending response of the membrane which
arises from the non-zero thickness of the spectrin-network, is implemented by
pointing in the normal direction on each triangle surface element. The bending
force then acts via the angle between two neighboring surface elements.

Kth
Ly

Fpena =—

1
1+Ti—d92]’ ©

125



126 A. Appendix

Where df = 0; —0y. Ly is the discretization length of the surface elements which is
chosen to match the current resolution of the underlying LBM lattice Ly = 0.5 pm.
The limiting angle, which scales with Lo, is chosen 7;, = % to prevent unrealistic
sharp edges while allowing curved radii as small as 0.2 um. This is in agreement
from curved radii of 0.2 pm observed from real RBCs undergoing deformations
from micro pipette aspiration [323].

3. Area Force: F,., represents the combined surface response of the supporting
spectrin-network and the lipid bilayer of the membrane to stretching and com-
pression, is applied to all three vertices of each triangle face and points in the di-
rection of the centroid.

P _ KqdA [1 N 1 ] @
area = Lo T%l—dAz y

with dA = A’;OAO. T4 is set to prohibit surface area changes of more then 30%.
This is chosen under the observation of RBCs that have undergone deformations
exhibiting 40% surface area change become permanently damaged [324].

4. Volume Force: F ;7. is a global volume conservation force which maintains the
quasi-incompressibility of the cell and is applied at each LSP pointing towards the
normal of the membrane surface.
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where dV = V;OVO , Ty =0.01 and x, = 20k T is chosen to be a large but numeri-

cally stable constant.

The RBC model has been further developed to include the viscosity contrast between
the internal fluid of a RBC and the surrounding blood plasma [15], and is implemented
by identifying and increasing the relaxation time of the LBM nodes that lie within the
RBC membrane. HemoCell is an open-source software and can be obtained at www.
hemocell.eu.

A.2. HemoCell2D

Blood plasma is simulated using the D2Q9 LBGK scheme [78] where the RBCs are de-
formable membranes represented by Lagrangian surface points (LSPs) that are governed
through a DEM force model. The LBM fluid and the DEM force model are coupled via the
immersed boundary method. The model used in Chapter 4 is changed from the initial
validation of [93] to match closer with physiological values [158, 325]. Given the update
from the original model the force model description and new validation is given in this
section.

The plasma dynamic viscosity of u = 1.29 mPa was chosen, which results from a kine-
matic plasma viscosity of 1.26-10~7 m/s and plasma density of 1025 kg/m®. However


www.hemocell.eu
www.hemocell.eu

A.2. HemoCell2D 127

since this is a lower viscosity than the previously validated model, we rescale the coeffi-
cients of the force model by the same factor of the reduction of the plasma viscosity and
re-validate the model. The force coefficients and relevant parameters of the 2D model
are shown in table 1. The DEM membrane model for the RBCs consists of four separate
forces.

1. AHookean spring force acting between connecting LSP points to represent stretch-
ing and compression of the RBC.

FSpl‘ = —Cspr(lri+1 _ri| - rO)ei,i+1 (6)

Here ry is the equilibrium spring length, e; ;. is the unit vector connecting the
two LSP points, and Csp, is the spring constant.

2. Abending resistance force acting on two neighboring LSP points.

Firs=—ftrsn;
frrs ==Cors((r; —xi_1) - (Xj11 —1;)) (7)

Here n; is the normal vector of the LSP point resulting from the angle between r;
and rjy;. firs is the magnitude of the force which depends on the bending force
constant C;; and the angles between neighbouring LSP points r; and 7.

3. An area conservation force. Due to the discretization of the cell the total force
may not be zero. In order to maintain an equilibrium cell volume (area in 2D) a
relaxation mechanism is applied to correct for this non-zero total force.

Farea = —Carea(A— Ag)n; ®)

Here Ay is the equilibrium cell area with C;., being the area force constant.

4. A repulsive force to prevent cells from sticking due to overlap of the IBM kernels
and helps tune the emerging rheology of the suspension.

Frep = —Crep(h_z)ei,j, h=heyrors ©)

Here C;p is the repulsion force constant, e;; is the unit vector of two LSP points of
two difference cells. h¢y0 ¢ is the threshold distance to ensure the repulsive force
acts only if the two LSP points r; and r; are close enough to interact, otherwise
Rcutorf = 0 which results in a force that is zero.

RBCs following this model are initialized as discs but are deflated to an equilibrium
shape following an area ratio A;pc/ Asphere = 0.45. This area ratio and the DEM model
ensures that the equilibrium shape of the RBC is biconcave. The description of the IBM
kernel used to couple the DEM method to the LBM fluid is omitted because we use ex-
actly the same kernel employed for the initial validation of this model [93]. HemoCell2D
is an open-source software and can be obtained at www.hemocell. eu.
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Parameter Value

plasma density, p 1025 kg/m3
kinematic viscosity, n 1.26-107" m?/s
# of LSPs per RBC 26

# of LSPs per platelet 8

spring constant, Cgp, 0.37-1073 N/m
bending constant, Cy, 0.74-107% N/rad
area constant, Cgreq 7.25-10* N/m?
cell-cell constant, Cy.p 1.35-107%2 Nm?
cut off distance, lcyroff 0.6 lattice units
LBM relaxation constant, 7 1.1

spatial resolution, Ax 1 pm

timestep, At 1.5-1077 s

Table 1: Model parameters and constants.

Validation

HemoCell2D, with the parameters from Table 1, is able to reproduce the the Fdhraeus-
Lindqvist effect, Figure 1a, and the existence of a cell free layer and its decrease in thick-
ness with an increase of vessel diameter, Figure 1b.

The Fahraeus-Lindqvist is the decrease of the apparent viscosity of whole blood as
blood vessel size decreases [20]. An empirical relationship of this effect has been derived
from a comprehensive database of in vitro measurements [29]. Our model shows good
agreement with the apparent viscosity curves of Pries, as shown in Figure 1a. We repro-
duce this effect over discharge hematocrits of H; = 20, 30, and 45% in straight vessels of
a diameter range of 20-140 um. We follow the Pries validation methods used by Bagchi
[57]. The results are averaged over 0.1 s, which we found to be sufficient to converge to
a stable apparent viscosity value. In our simulations, like Bagchi, we found that u,.; is
sensitive to Uy,eqn, the mean flow velocity in our tubes, and the actual number of simu-
lations performed is much greater than the points shown.

The thickness of the cell free layer is dependent on hematocrit and vessel size. Shown
in Figure 1b is the decrease of dimensionless thickness of the CFL as vessel size increases.
We calculate the cell free layer as a number density distribution across the diameter of
the vessel. Our method of calculating the CFL is based on Bagchi [57], Durlofky and
Brady [326] and Zhou and Pozrikidis [327]. Here we take horizontal segments of 1 ym
in width across the entire diameter and count the number of Lagrangian surface points
(LSP) of each cell type within that segment. We assume that each LSP carries an equal
fraction of the total surface area of each RBC.
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Figure 1: (a) Relative apparent viscosity as a function

0.6 of vessel diameter at varying discharge hematocrits of

10 20,30 and 45 %. Empirical viscosity are plotted as lines

from [29]. (b) The dimensionless cell free layer thick-
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hematocrit. (c) Hematocrit and platelet concentration
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