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Abstract 

Red blood cells (RBCs) are the main component of the blood and 

comprise about 45% of the total volume of blood. The key role of 

RBCs is to transfer oxygen from pulmonary capillaries to tissue 

capillaries, and transfer carbon dioxide from tissues to lungs. 

While some of these capillaries have uniform cross-sections, some 

non-uniform capillaries are also present. Often the diameters of 

these cross sections are smaller than the diameter of the RBCs. Yet 

because of the high deformability of its viscoelastic membrane, the 

RBCs are able to flow through these capillaries. The purpose of 

this analysis is therefore to investigate the flow activity of RBCs 

during their passage through a non-uniform capillary using the 

Lattice Boltzmann – Immersed Boundary (LB-IB) method.  
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Introduction  

Red Blood Cells (RBCs) are the major component in blood and 

account for approximately 45% of the total blood volume [2]. 

Healthy RBCs exhibit a discocyte shape with an average diameter 

of 7.8 μm and 2 μm in average thickness [2, 3]. The average 

volume of 90 μm3 and the surface area is about 136 μm2 [2]. The 

RBC membrane consists of two main components: a lipid bilayer, 

in which proteins are embedded, and a 2D cytoskeleton network 

anchored beneath it [4, 5]. Several skeletal proteins and anionic 

phospholipids directly interact. This interaction contributes as an 

additional attachment between the skeletal network and the lipid 

bilayer [6]. The membrane is highly elastic and rapidly responds 

to applied fluid stresses. 

RBC deformability plays an essential part in providing oxygen to 

tissues [7]. This is determined by the cell geometry (the large 

surface area-to-volume ratio of the biconcave disc), the 

viscoelastic properties of the cell membrane, and the viscosity of 

the cytoplasmic and extracellular fluids [4]. This research 

examines the deformation behaviour of discocyte shaped RBCs 

when flowing through a non-uniform capillary by using Lattice 

Boltzmann-Immersed Boundary (LB-IB) method to validate the 

accuracy and efficiency of LB-IB method in advanced numerical 

modelling for blood flows. 

Methodology 

The software package HemoCell, a blood - focused framework for 

simulating dense deformable cell suspensions, is chosen in this 

study. HemoCell is based on the combined LB-IB method and is 

built on top of Palabos. Following findings from the literature, LB-

IB method was selected as the most efficient method for the 

modelling  [1, 8]. 

In Hemocell, blood plasma is represented as LB particles, while 

RBC is  represented  as discrete element method (DEM) 

membranes coupled to  the plasma flow by IB method [1]. The 

initial membrane of RBC in Hemocell was characterised by 642 

vertices, 1,920 edges with 1,280 resulting faces. This distinct 

membrane structure can describe the mechanical behaviour of the 

RBC. The cell's response to deformations is formulated as a series 

of forces acting on its membrane and they are, respectively, area 

force, volume force, bond force and bending force. These forces 

are classified as per the follows.  𝐹𝑙𝑖𝑛𝑘 =  − 𝑘𝑙𝑑𝐿𝑝  [1 + 1𝜏𝑙2−𝑑𝐿2] , 𝑑𝐿 =  𝐿𝑖−𝐿𝑜𝐿𝑜 (1) 

𝐹𝑏𝑒𝑛𝑑 = − 𝑘𝑏𝑑𝜃𝐿𝑜 [1 + 1𝜏𝑏2−𝑑𝜃2],𝑑𝜃 = 𝜃𝑖 − 𝜃𝑜 (2) 

𝐹𝑎𝑟𝑒𝑎 = − 𝐾𝑎𝑑𝐴𝐿𝑜 [1 + 1𝜏𝑎2−𝑑𝐴2] ,  𝑑𝐴 = 𝐴𝑖−𝐴𝑜𝐴𝑜 (3) 

𝐹𝑣𝑜𝑙𝑢𝑚𝑒 = − 𝐾𝑣𝑑𝑉𝐿𝑜 [ 1𝜏𝑣2−𝑑𝑉2] , 𝑑𝑉 = 𝑉−𝑉𝑜𝑉𝑜 (4) 

These forces are linearly dependent on different modes of RBC 

deformation through independent constants (κl, κb, κa κv) and the 

cytoskeleton effect (𝜏𝑙, 𝜏𝑏, 𝜏𝑎, 𝜏𝑣 ). Here L, Ɵ, A, V denote the

edge length of a mesh element, angle between two adjacent mesh 

elements, area of triangular patch and the volume of the cell, 

respectively. 0 is the equilibrium value for each variable and is 

determined immediately after the cell's equilibrium state has been 

produced without any external forces [1, 9].  

Figure 1:Two adjacent triangles with notations [1] 

The implementation of the above-mentioned force terms [Eq (1), 

(2), (3) and (4)] can be explained as follows. Consider two adjacent 

triangles of the RBC mesh (Figure 1). For each edge 𝑒𝑖⃗⃗⃗   , 𝑖 ∈[1. . 𝑁𝑒] the link force is added to the end node of that edge. The 

link force represents the response to the stretching and 

compression of the cytoskeleton structure.  The link force of the 

edge between the nodes 𝑣 1 and 𝑣 2 can be shown as follows.𝐹 𝑙𝑖𝑛𝑘𝑣1 = 𝐹𝑙𝑖𝑛𝑘 × 𝑣 2 − 𝑣 1||𝑣 2 − 𝑣 1|| = −𝐹 𝑙𝑖𝑛𝑘𝑣2 (5) 

The bending force acts between two adjacent mesh triangles and 

represents the bending response of both the membrane and the 

cytoskeleton for bending. The bending force is applied to each 

edge 𝑒𝑖⃗⃗⃗   , 𝑖 ∈ [1. . 𝑁𝑒] on the four nodes of the two triangles.𝐹 𝑏𝑒𝑛𝑑𝑣𝑘 = −𝐹𝑏𝑒𝑛𝑑 × 𝑛⃗ 𝑘 , 𝑘 ∈ [1,2] (6) 

𝐹 𝑏𝑒𝑛𝑑𝑣𝑙 = 𝐹𝑏𝑒𝑛𝑑 × 𝑛⃗ 1 + 𝑛⃗ 22 , 𝑙 ∈ [3,4] (7)



The local area force acts on each surface triangle 𝑓𝑗⃗⃗ , 𝑗 ∈ [1. . 𝑁𝑡] 
and reflects the reaction to stretching and compression from the 

combination of the bilayer and the cytoskeleton. For the surface 

triangle with the normal vector 𝑛⃗ 1 and centroid 𝐶 ; 
 𝐹 𝑎𝑟𝑒𝑎𝑣𝑚 = 𝐹𝑎𝑟𝑒𝑎 × (𝐶 − 𝑣 𝑚),𝑚 ∈ [1,2,3] (8) 

The volume fore is here only the global term and is used to 

maintain the cell's quasi-incompressibility. The force is applied at 

each surface triangle node and points the normal surface outward. 𝑆𝑗 is the area of jth triangle and 𝑆𝑎𝑣𝑔 is the average area of the 

triangle.  

 𝐹 𝑣𝑜𝑙𝑢𝑚𝑒𝑗 = 𝐹𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑆𝑗𝑆𝑎𝑣𝑔  × 𝑛⃗ 𝑗  (9) 

The values of coefficients (κl, κb, κa κv) are dependent on the 

computational grid and should be selected to reproduce the real 

mechanical properties of RBCs (Young's modulus, bending 

modulus, shear modulus and Poisson 's ratio). Apart from these 

constants, when measuring these forces, the cytoskeleton effect is 

also considered. The cytoskeleton effect should be chosen in such 

a way as to avoid unphysical changes in the RBC model. For more 

details on these forces, see Zavodszky et al [1]  

The required minimum particle resolution of the RBC membrane 

was determined by Geekiyanage et al [10] to be in the triangular 

mesh membrane as 2,562 vertices, 5,120 edges and 7,680 faces. 

This mesh resolution was selected as the most suitable 

triangulation mesh for the current simulation, since it fulfils the 

requirements of minimum triangulation quality and membrane 

resolution as mentioned in [10, 11]. The mesh resolution of 

Hemocell was thus increased up to 2,562 vertices, 5,120 edges and 

7,680 faces (See Figure 2). κl, κb, and κa are the free parameters 

of this model and these are chosen to satisfy the results of the 

optical-tweezer stretching experiments (by Suresh at el [12]) and 

the single hexagonal patch simulation in [1] as shown below. 

 

Validation 

A single hexagonal patch simulation (as in [1]) was employed to 

find the κl and κa, parameters first. As shown in Figure 3, uniaxial 

stretching, shearing and area expansion tests were employed in the 

hexagonal patch.  The outcomes of the simulation results yield the 

κl value to be 7 kBT and κa to be 5 kBT giving the surface Young 

modulus of Es = 29.85 µN/m. Previous experimental values yield 

Es to be 25 − 50 µN/m [13], and our Es values is within this range. 

The shear deformation μ is equivalent to 10.15 μN / m, which is 
similar to the upper region of 6 − 10 μN / m reported ranges in [14, 

15]. Next, the K = 28.2 μN / m compression module is close to the 

18 − 20 μN / m measured range [15]. Assuming homogeneous 

isotropic linear behaviour (that only holds for small deformations) 

measured Poisson’s ratio is 0.33 corresponding to  the expected 

value of 1/3 [1]. 

 

 

Then to find the κb value two adjacent triangles of the mesh were 

selected as a patch. Then this membrane section can be assumed 

as a thin plate on which the Kirchhoff-Love bending theory [16, 

17] can be applied to. According to the theory, the bending 

moment around the x axis can be obtained as, 𝑀𝑥 = 𝐷 𝜕𝜃𝜕𝑥 , where 

D is the bending stiffness and 
𝜕𝜃𝜕𝑥 = 𝑘 , k being the local curvature 

at the adjacent length. From this simulation kb was chosen as 50 

kBT and is equal to the bending modulus calculated by Evans [18]. 

Then these selected (k) parameters are employed in the model and 

the optical tweezer stretching experiments of Mills et al.[19] were 

reproduced numerically to test the parameters. The procedure 

using optical tweezers is conducted in such a way that tiny silica 

beads are connected to the opposite sides of the cell and one is 

fixed to the wall of the experimental container while the other is 

pulled away by force. The forces cause the RBC to stretch along 

the longitudinal axis and contract along the transverse axes. 

Similar to this experiment, we applied a force on the RBC's 

opposing ends to the five per cent of the membrane region. Those 

areas reflect the silica beads' attachment surfaces [1, 19].  

 

Table 1: RBC parameters used in the RBC model 

Parameter 
Current Simulation 

(n=2562) 

Equilibrium 

length (L0) 
0.25 µm 

kBT 
4.100531391×10-21 

m2kg/s2 

κl 7.00 kBT 

κb 50.00 kBT 

κa 5.00 kBT 

κv 20.0 kBT 𝜏𝑙 3.00 𝜏𝑏 𝜋/6 𝜏𝑎 0.3 𝜏𝑣 0.01 

 

Figure 2: RBC with 642 nodes (left) and 2562 nodes (right) 

Figure 3:Mechanical tests on the patch, (a)uniaxial stretching 

(b)shearing (c)area expansion [1] 



Results of the experiment is shown in Figure 4. The upper curve 

shows an axial diameter expansion due to stretching force, while 

the lower one reflects the transverse contraction of the cell. 

Figure 4: The outcomes of the RBC stretching simulations. The upper 

curve represents expansion of the axial diameter, while the lower curve 

reflects the cell's transverse contraction. 

Flow through nonuniform capillary 

Previous numerical simulations using smoothed particle 

hydrodynamics (SPH) method [20] have modelled the flow of 

discocytes through a nonuniform capillary. The same numerical 

simulation is reproduced using the LB-IB method for validation. 

Therefore, the geometrical parameters of the capillary, was 

selected same as the reference [20] (see Figure 5). The total length 

of the stenosed capillary in x-direction is 31.2 µm, diameter of the 

inlet and outlet are 10.2 µm and the minimum height at the stenotic 

area is about 6.75 µm.    

 

Figure 5: Solid model of the capillary 

Reynolds number was selected as in reference [20] to 0.06. Then 

the initial velocity 0.04 ms-1 was given to the fluid at the inlet. The 

RBC continues going with plasma flow because of the applied 

velocity (0.04 mm/s) in the inlet. When an RBC flows through the 

capillary, it deforms, and the initial RBC biconcave shape is 

modified to the parachute shape.  

The deformation of RBC can be measured with the time using 

Deformation Index and it can be defined as in Eq. (9) 𝐷𝐼 =  𝑅𝐵𝐶 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑋 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑅𝐵𝐶 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑍 𝑜𝑟 𝑌 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (10) 

 

Figure 7: The flow of Discocyte through the non-uniform capillary by 

Gallage et al [20] 

Figure 8: The flow of Discocyte through the non-uniform capillary 

(current simulation) 

The RBC initially flows through a segment where the capillary 

diameter is uniform, and the RBC's DI increases slowly over that 

period (see Figure 6) until it reaches the stenosed area. When the 

RBC reaches the capillary cross-sectional area is suddenly 

reduced, the RBC's DI rises drastically with the time and the DI 

variation shows similar pattern with the RBC 's position. This, 

however, can be seen from Figure 6. Once the RBC squeezes 

through the stenosed region, the DI reaches a peak value around 

1.45. The major difference in the shape of the deformed RBC, can 

be seen as it passes through the capillary's narrowest region. Then, 
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with time, the RBC's DI decreases when it leaves the capillary's 

stenosed region and the RBC begins to regain its normal parachute 

form (see Figures 7 &8). If the RBC leaves the narrowed region 

entirely, the RBC's DI gets approximately the same value as the 

inlet values. Thus, the RBC's deformation index is highly 

dependent on the capillary cross section through which RBC 

travels.  

Current simulation is well agree with the [20].   The simulation 

time for SPH method had taken 574.8 hours (for the whole 

simulation with 6 CPUs of parallel processing) [20] while the LB-

IB approach took only 30 minutes (with 4 CPUs of parallel 

processing).  The fluid (plasma) is discretised into a finite number 

of particles in [20] and these moving particles are individually 

tracked. They have their own position, velocity, and time. But in 

LB method, particles (45900 particles are used in current 

simulation) are not individually tracked, but their statistics is 

considered. Statistic is reconstructed from the particles whose 

position and velocity lie on a lattice grid. This is the reason for 

fastness of LB method over SPH method.  

Conclusion 

Using the LB-IB method, the RBCs deformation behaviour was 

studied via a non-uniform capillary. This work demonstrates that 

LB-IB method is both efficient and accurate tool for analysing 

complex fluid systems. We observed that the capillary 's geometric 

shape, through which RBCs move, effects the RBC's deformation 

index significantly. If the capillary comprises a narrowed section, 

the RBCs are subjected to greater deformation. However, the 

deformation property of the RBCs should be examined when 

interacting with other RBCs in future works to get more realistic 

results.  
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