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to deform and elongate while its inclination angle decreases 
with the flow direction. Moreover, dimples are smoothed 
out with time and a nearly ellipsoid shape is formed. Nodal 
points of the membrane would have tangential velocity after 
the transient initial period (no normal velocity) which makes 
the membrane to rotate clockwise around the interior fluid.

3- 2- Tumbling motion of RBC
At small shear rates, RBC undergoes an unsteady rigid-body-
like motion such that it can be considered as a rigid particle 
rotating in a fluid. In order to study the characteristics of 
this type of motion, computations are repeated for low shear 
rates. Fig. 10 presents a temporal evaluation of inclination 
angle of a marker point and the deformation parameter at 
small dimensionless shear rates ranging from G=0.0005 
to G=0.005. The deformation parameter undergoes non-
decaying oscillations with a constant amplitude. At very small 
shear rates, i.e. G = 0.0005 to 0.001, deformation parameter 
is not sensitive to a variation of shear rate and RBC shows 
similar behaviors. As the dimensionless shear rate increases, 

the amplitude of the oscillations decreases slightly. 
Fig. 11 shows progressive 2D profiles of the RBC in the plane 
of shear with a specific marker point. The characteristics  of 
the tumbling motion is RBC’s experience of an unsteady 
rigid-like motion along with its continuous rotation in the 
clockwise direction which can be considered as the motion 
of a rigid particle. The 3D profiles of the RBC during the 
tumbling motion at G=0.0005 are represented in Fig. 12. 
These profiles show that RBC appears to buckle or fold 
slightly. This phenomenon reveals the need to implement 
bending stiffness of RBC despite its small value to prevent 
developing wrinkles on the membrane.

3- 3- Swinging motion of RBC
Swinging is another possible mode of motion for RBC in 
a shear flow. Based on the experimental observations of 
Abkarian et al. [6], RBC exposed to the shear flow experiences 
an unsteady mode superimposed to the tank-treading which 
is called swinging mode. In this case, RBC undergoes 
periodic shape deformation and inclination angle, while 
the membrane is rotating around the internal liquid. Fig. 13 
shows the temporal evaluation of deformation parameter and 
inclination angle at large shear rates, ranging from G = 0.87 
to G = 2.3. As illustrated in the figure, during this unsteady 
tank-treading mode, RBC experiences periodic deformation 

(a)

(b)
Fig. 7. Comparison of transient evolution of  (a) deformation 

parameter and (b) inclination angle for a red blood cell in shear 
flow at G = 0.2 with the results of Ramanujan and Pozrikidis[8]

Fig. 8. Flow fields in the plane of shear around a deformed 
RBC for G = 0.2

Fig. 9. Deformation of a red blood cell exposed to a simple 
shear flow at different times, G = 0.2
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and its inclination oscillates periodically. By increasing the 
dimensionless shear rate, the RBC elongates more and aligns 
more with the flow direction.

The progressive cross-section profiles of the RBC at different 
planes and G = 0.87 are represented in Fig. 14. The RBC starts 
to elongate and its alignment changes. The dimples of RBC 
are smoothed out and an ellipsoid-like shape is obtained. The 
membrane rotates around the internal liquid and the material 
points experience unsteady tank-treading motion.

(a)

(b)
Fig. 10. Temporal evaluation of (a) deformation parameter and 
(b) inclination angle of a marker point at small dimensionless 

shear rates

Fig. 11. RBC profiles in the plane of shear at different times 
during the tumbling motion, G = 0.001

Fig. 12. 3D profiles of the red blood cell at G = 0.0005 and 
different times during tumbling

Fig. 13. Temporal evaluation of (a) deformation parameter and 
(b) inclination angle at large shear rates

(a)

(b)
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3- 4- The effect of initial orientation of RBC
In order to investigate the effect of initial orientation on the 
RBC deformation, simulations are repeated for different 
initial angles with the flow direction, namely θ0 = 0º 
(horizontal), θ0 = 45º and θ0 = 90º (vertical). The results for 
G = 0.0025 are illustrated in Fig. 15. It is observed that initial 
orientation of RBC does not change the amplitude and period 
of oscillations of RBC significantly. Regardless of the initial 
orientation, RBC tends to rotate in the clockwise direction. 
The 3D and 2D profiles of the RBC and the marker point at 
different initial orientations at t*= 13.5 and G = 0.0025 are 
represented in Fig. 16. Different orientation angles with the 
flow direction are observed at this specific time. It seems that 
the profiles of RBC are approximately similar to each other 
in spite of their difference in orientation.

4- Conclusion
In this paper, the dynamic behavior of a red blood cell in 
swinging and tumbling modes is studied numerically. Lattice 
Boltzmann method combined with the immersed boundary 
and finite element methods are employed to simulate three-
dimensional deformable red blood cell and its  interaction 
with the background fluid. The numerical scheme is 

firstly validated with the limited results of Ramanujan and 
Pozrikidis [8] which showed an excellent agreement for 
the deformation parameters, including Taylor deformation 
parameter and the inclination angle of the red blood cell. 
At small shear rates, the red blood cell tends to obtain a 
rigid-body-like motion and rotates continuously like a rigid 
particle. Under this condition, non-decaying oscillations with 
constant amplitude are observed in the curves of deformation 
parameter. However, at swinging mode, the red blood cell 
starts to elongate and gradually its dimples are smoothed out 
and deforms into an ellipsoid shape. The material points on 
the surface of the red blood cell rotate around the liquid inside 
and a periodic deformation and inclination angle is observed. 
It is  also concluded that the present results are not sensitive 
to the initial orientation of the red blood cell with the flow 
direction.
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