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Researches on the principle of human red blood cell’s (RBC) injuring and judgment basis play an important role in decreasing the
hemolysis in a blood pump. In the current study, the judgment of hemolysis in a blood pump study was through some experiment
data and empirical formula. The paper forms a criterion of RBC’s mechanical injury in the aspect of RBC’s free energy. First, the
paper introduces the nonlinear spring network model of RBC in the frame of immersed boundary-lattice Boltzmann method
(IB-LBM). Then, the shape, free energy, and time needed for erythrocyte to be shorn in different shear flow and impacted in
different impact flow are simulated. Combining existing research on RBC’s threshold limit for hemolysis in shear and impact
flow with this paper’s, the RBC’s free energy of the threshold limit for hemolysis is found to be 3:46 × 10−15 J. The threshold
impact velocity of RBC for hemolysis is 8.68m/s. The threshold value of RBC can be used for judgment of RBC’s damage when
the RBC is having a complicated flow of blood pumps such as coupling effect of shear and impact flow. According to the change
law of RBC’s free energy in the process of being shorn and impacted, this paper proposed a judging criterion for hemolysis
when the RBC is under the coupling effect of shear and impact based on the increased free energy of RBC.

1. Introduction

A high-performance blood pump is of critical importance,
because it can function as an artificial heart for a short or long
time to maintain the body’s blood circulation [1]. Normalized
index of hemolysis (NIH), which is the height of free hemoglo-
bin in the hematocrit of 100L blood being pumped out by a
blood pump in unit time, is the blood pump’s most important
performance index [2]. In natural blood, the hemoglobin is
intracellular. However, the hemoglobin will be dissociative
because the RBC will be damaged by shear, impact, turbu-
lence, and other mechanical factors when it passes through
the high-speed spiral flow field of the blood pump [3, 4].

Experimental methods had been used in some papers for
the research of RBC’s damage in the blood pump; for example,
a study of the RBC’s threshold limit for hemolysis in shear
flow by exposing the blood in a given shear rate of flow is pro-
posed [5, 6]. Based on these experimental data, some empiri-
cal formulas have been proposed for the calculation of the

degree of RBC’s injury when the RBC is exposed in different
shear stresses and times [7–9]. The RBC’s threshold limit for
hemolysis in impact flow by dropping the blood from a given
height to the glass plate was researched by Yun and Tan [10].
However, the experimental method cannot explain the
criteria of RBC’s injury.

The RBC was often been modeled as a capsule that con-
sisted of a capsule membrane and cytoplasm. The Skalak
model (SK), the zero-thickness (ZT) shell model, and the
neo-Hookean (NH) model are widely used to describe the
properties of the capsule membrane [11]. However, three
models can only respond to elastically for all based on the
elasticity. Moreover, the surface area and volume of capsule
cannot be conserved when no restraints are imposed on in
NH model and ZT model. In a recent research, the nonlinear
spring model was used to simulate the capsule membrane’s
resisting area and volume change [12, 13]. Considering
the biological cell membrane’s viscoelastic characteristics,
the worm-like chain (WLC) model which is based on the
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spring model can perform better simulations of the mem-
brane [14, 15].

In the study of RBC’s injury model, Yun [3] has built the
model of RBC’s mechanical damage and researched the prin-
ciple of RBC’s rupture because of being impacted, pressure,
shear stress, and turbulence. There are also some studies on
RBC’s behavior in microchannel, tank-treading motion and
large deformation, and so on. Omori et al. [16] numerically
investigated the dynamics of an RBC in a thin microprobe
by combining the immersed boundary method and the finite
element method. Xu et al. [17] presented IB-LBM to research
the RBC’s deformation and aggregation in the blood flow. Li
et al. [18] employed dissipative particle dynamics in the study
on RBC’s tank-treading motion and motion frequency.

The RBC will be damaged when the increased free energy
of RBC can offset the energy needed for RBC to be broken. In
order to form a criterion of RBC’s mechanical injury from the
aspect of RBC’s free energy, this paper takes the following
approaches. Firstly, a nonlinear WLC model of RBC was
presented and so was the immersed boundary and lattice
Boltzmann method (IB-LBM), based on which the motion
of RBC in plasma was numerically simulated. Secondly, the
free energy, shape, and other parameters of RBC in shear
and impact flow are analyzed. Third, the free energy of
RBC that changed in the coupling effect of different shear
stresses and different impact velocities was researched. And
then, by combining the existing research on the RBC’s
threshold limit for hemolysis in shear and impact flow with
this paper’s, we get the threshold of free energy for RBC’s
damage which can be used as criteria for RBC’s damage.
The method for judging RBC’s damage in coupling effects
of shear and impact was proposed too. The research of this
paper can provide the study of hemolysis in the blood pump
with basis and foundation.

2. Model and Method

2.1. RBC Model. The membrane of RBC was modeled as a
series of nonlinear wormlike chains as shown in Figure 1.
The length change of the chain, the angle change of adjacent
chains, and the change of area surrounded by all the chains
can represent any deformation of RBC. When the shape of
RBCwas deformed, the energy which is defined as free energy
of RBC is stored in chains. Based on the free energy change,
the governing equations of the RBC deformation are [19, 20]
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i=1,⋯,n

kL
3x2i − 2x3i
1 − xi

, ð1Þ
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EL, EB, and ES are stretched/compressed energy, bending

energy and area energy, respectively. E is the sum of EL, EB,
and ES. kL, kB, and kS are the chain constant for the change
in length, bending angle change, and area change, respec-
tively. The elastic chain force acting on the ith membrane
node is Fi. The total number of the chain elements is n. xi =
li/li max, set to 2.2 for the model [14], li is the length of the ith
chain, and li max is the maximum extension of the ith chain.
θi and θi0 are the changed angle and reference angle between
two chain elements, respectively. S0 is the reference area of
the RBC, and S is the changed area. The second term of Equa-
tion (4) expresses the repulsive force between the neighboring
nodes, and Kpi is calculated by using [21]

KPi =
kLl

2
i0

li max

4x3i0 − 9x2i0 + 6xi0
1 − xi0ð Þ2 : ð5Þ

Vicoelasticity is an important property of RBC; the chains’
viscosity in the WLC model can be expressed by [14]

FD
ij = −γTuij − γC uij · eij

� �
eij: ð6Þ

FD
ij is the force acting on the particle. γT and γC are the

coefficients and can be calculated from membrane viscosity
ηm = 0:022Pa∙s. Adding Equation (6) to Equation (11), the
membrane viscosity can be analyzed using an algorithm.

The parameters of the RBC model are shown in Table 1.
The model of RBC was verified by comparing the simula-
tion result of RBC being stretched and experiment results
of RBC being stretched by optical tweezers in our previous
work [19, 20].

2.2. IB-LBM Method. The deformation of RBC in different
flow relates to fluid-structure interaction problem. IB-LBM
is applied to solve the interaction between the membrane
and flow. The membrane was discretized to Lagrangian
points, and the flow field was discretized to Eulerian points.
An external forcing term is needed in order to adopt an
immersed boundary method in the LBM; in the paper, we
choose explicit-type split-forcing single-relaxation-time
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Eulerian point, RBC cytoplasm, plasma
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Figure 1: The simulation model of RBC in plasma. Two coordinate
systems were used: Eulerian grid was used for the plasma and RBC
cytoplasm, and Lagrangian grid was used for the RBC membrane.
The RBC membrane was modeled as a series of particles (the
number is 40) connected by a chain network which can resist
compression/stretch and bending.
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lattice Boltzmann equation with a forcing term [22]:

f α x + eαΔt, t + Δtð Þ = f α x, tð Þ − 1
τ

f α x, tð Þ − f eqð Þ
α x, tð Þ

h i
+ Fα x, tð Þ:

ð7Þ

Δt is the streaming time step, t is the time, and τ is the
single relaxation parameter. f α is the density distribution
function of the Eulerian point x along the α direction and
f ðeqÞα is its corresponding equilibrium state:

f eqð Þ
α =wαρ 1 + 3

c2
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2c2 u
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The discrete force distribution function Fαðx, tÞ is
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The membrane of RBC, which is a physical boundary,
was discretized to Lagrangian points. And then, the bound-
ary force is transformed into the forcing term f [23]:

f r, tð Þ =
ð
Γ

F s, tð Þδ r −X s, tð Þð Þds: ð10Þ

F is the force term at the Lagrangian points X, and δðr
−X ðs, tÞÞ is a delta function. The forcing term in the LBM
is distributed to the Eulerian points by using a Dirac delta
function [24]:

Fij =〠
b

FbD xij − xb
� �

h2, ð11Þ

where Fij and Fb are the force at the Eulerian point ij and
Lagrangian point b, respectively. xij, with coordinates (xij,
yij), is the location of the Eulerian point ij. xb, with the coor-

dinates (xb, yb), is the location of the Lagrangian point b. h is
the grid size of the Eulerian mesh. Dðxij − xbÞ can be
expressed by

D xij − xb
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The velocity interpolation for the nearby Eulerian points
is used for the position update of the Lagrangian points
according to

ub =〠
i,j
uijD xij − xb

� �
h2: ð14Þ

Here, ub and uij represent the velocities of the Lagrangian
point b and the Eulerian point ij, respectively.

2.3. The RBC in Shear and Impact Flow. Two parallel plates
moving in the same velocity u but in the opposite direction
generated the shear flow, and the RBC was placed in the cen-
ter of the flow field. In the Couette flow, when the distance
between the two plates is δ (20μm in the paper), the kinetic
viscosity of the fluid is μ, the shear stress τ1 is 2μu/δ. The
range of shear stress is 0 to 800Pa, and the range of the cor-
responding Reynolds number is 0 to 226. In shear flow,
Ladd’s momentum correction term [25] was used to solve
the velocity boundary of the moving plates at the top and
bottom of a fluid field:

f �α x, t + Δtð Þ = f eqð Þ
α x, tð Þ − 2wαρ

c2s
eα · uð Þ, ð15Þ

where �α is the opposite direction of α, uw is the velocity of the
boundary, and cs is the Lattice velocity, which can be calcu-
lated from

c2s = c2/3: ð16Þ

The inlet and outlet were periodic boundary condition.
The blood cells will be impacted when flowing through

the blood pump because of a high-speed rotating impeller.
In impact flow, the RBC was impacted on the wall at certain
velocity with fluid. The range of impact velocity is 0 to
10m/s. Half-way bounce-back boundary was applied to solve
the rebound of nodes of the membrane on the wall. Similar to
shear flow, the inlet and outlet were periodic boundary
condition.

The parameters of IB-LBMwhich is employed for solving
the RBC in shear and impact flow are shown in Table 2.

Table 1: Parameters of the RBC model and IB-LBM.

Parameter Value LBM value

kL 5:22 × 10−18 nm 1:8 × 10−5

kB 5:80 × 10−18 nm 2:0 × 10−6

kS 5:22 × 10−15 nm 1:8 × 10−2

Plasma density ρ 1.0 g/cm3 1

Plasma kinetic viscosity μρ 1:2 × 10−6 m2/s 0.01

Reference area s0 27.7μm2 690
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3. Results and Discussion

3.1. The RBC in Shear Flow. The shapes of RBC stretched by
different shear stresses are shown in Figure 2. The higher the
shear stress is, the longer and narrower the RBC is, and the
shape of RBC varies from biconcave to fusiform. The diame-
ter of RBC in the long axis direction is about 13μm when the
shear stress is 255Pa. When the stress is 800Pa, the diameter
can be up to 17.5μm.

The change of RBC’s free energy under different shear
stresses is demonstrated in Figure 3. When the stress is larger
than 150Pa, the free energy increases obviously and has
approximate linear relationship with shear stress. This case
indicates that the membrane of RBC cannot resist the shear
stress higher than 145Pa. The hemolytic threshold value of
RBC in shear flow is different according to past research.
The most commonly used is 400Pa [14]; others are 255 [13],
600 [7], and 800Pa [5]; and the corresponding free energy
added is 3:45 × 10−14, 2:04 × 10−15, 5:18 × 10−15, and 7:81 ×
10−15 J, respectively, in this paper. The hemolytic threshold
value of free energy is wide-ranging. In order to make sure
of the hemolytic threshold value of free energy, other refer-
ences and research are needed. The threshold free energy
value of RBC’s damage by impact was used in this paper.

Figure 4 illustrates the time needed for RBC’s free energy
to increase in different shear flow. The higher the shear stress
is, the shorter the time spent is. When the shear stresses are
255Pa, 400 Pa, 600Pa, and 800Pa, the corresponding time
spent is 7:18 × 10−1, 6:51 × 10−1, 4:73 × 10−1, and 4:04 ×
10−1 s, respectively.

As shown in Figure 5, the free energy increased over time
when the RBC was shorn in 255, 400, 600, and 800Pa shear
flow. The tendency of free energy varying over time in differ-
ent shear stresses was similar.

3.2. The RBC in Impact Flow. The biggest deformation of
RBC in different impact flow is displayed in Figure 6. When
the velocity of impact flow is 6, 8, and 10m/s, the axial diam-
eter of RBC in the long axial direction can be up to 14, 16, and
20μm, respectively. Not like the shape of RBC in shear flow,
the deformation of RBC in impact flow seems to be com-
pressed along the vertical direction of impact velocity.

The change of RBC’s free energy, which comes to the big-
gest deformation in different impact velocities, is presented
in Figure 7. As the impact velocity increases, the flatter
RBC is squeezed and the free energy change is increased
nearly linearly. When the velocity of impact flow is 10m/s,
the change of RBC’s free energy is 4:135 × 10−15 J.

The processes of RBC’s free energy changing in three
kinds of impact velocity are demonstrated in Figure 8. The
higher the impact velocity was, the bigger the increase of
RBC’s free energywas, and the time neededwas shorter. Com-
pared to Figure 5, the time needed in impact flow is much
smaller than in shear flow, about an order of magnitude.

3.3. The RBC under Coupling Effect of Shear and Impact.
Shear stress and high velocity simultaneously exist in the
blood flow of the blood pump. The coupling effect of shear
and impact should be analyzed. It is hard to simulate the
RBC being shorn and impacted simultaneously. The

Table 2: The parameters of IB-LBM.

Parameter Value IB-LBM value

Space size 1μm 5

Time step Δt 3 × 10−8 s 1

Lattice unit δx 1

Lattice unit δy 1

Lattice velocity cs 3-1/2
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Figure 2: The shapes of RBC in different shear stresses (255 Pa,
400 Pa, 600 Pa, and 800 Pa) and the natural shape of RBC. The
lager the shear stress was, the longer and narrower the RBC
stretch was, and the shape of RBC varies from biconcave to fusiform.
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Figure 3: Variation of RBC’s free energy when the RBC is shorn in
different shear stresses. The asterisk points present the data of
computational result.
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Figure 4: Variation of time needed for RBC’s free energy to increase
during RBC shearing in different shear stresses.
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parameters of nodes in the simulation of RBC being shorn
were saved as the initialization state of impact flow in this
paper for the simulation of the coupling effect of shear and
impact. The free energy of RBC was changed significantly
when shear stress was larger than 145Pa according to
Figure 3, so the range of shear stress between 145 and
400Pa was selected in the simulation. Impact velocity varied

from 0 to 8m/s. The points in Figure 8 represented the sim-
ulation results of RBC’s free energy in the coupling effect of
different shear stresses and impact velocities. With the shear
stress (Ss) and impact velocity (Iv) as variables, the values of
RBC’s free energy (Fe) was fitted to be

Fe = 1:02
ffiffiffiffiffiffiffiffiffiffiffiffiffi
S2s + I2v

q
: ð17Þ

Ss and Iv are the free energy of RBC changed with shear
stress x (Pa) and impact velocity y (m/s), respectively, based
on the data in Figures 3 and 7:

Ss = 0:012 x − 145ð Þ,
Iv = 0:41y:

(
ð18Þ

The grid in Figure 9 is the result of Equation (16). The
coupling effect of shear and impact was smaller than the
addition of two effects, but larger than anyone alone.
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Figure 6: The shape of RBC when being impacted at different
velocities.
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4. Discussion

The RBC will be broken when the free energy of RBC is big-
ger than the threshold free energy of RBC for hemolysis.
There are different threshold shear stresses for hemolysis in
past researches for the different accuracy of research methods
and expose time. In impact flow, the expose time is meaning-
less for the process of RBC being impacted must be complete.
According to Yun and Tan [10], the threshold limit for
hemolysis in impact flow is between 8m/s and 10m/s.
According to fitting and interpolation of the data in
Figures 3 and 7, when the RBC’S free energy change is the
same, the impact velocity corresponding to the hemolytic
threshold values of RBC in shear flow 255Pa, 400 Pa,
600Pa, and 800Pa is 5.3m/s, 8.68m/s, 12.5m/s, and
18.9m/s, respectively. Because the impact velocity 8.68m/s
corresponding to the most commonly used hemolytic thresh-
old value of RBC in shear stress 400Pa is in this range,
8.68m/s can be defined as the hemolytic threshold value of
RBC in impact flow and the corresponding hemolytic thresh-
old value of RBC’s free energy E0 is 3:46 × 10−15 J.

In the research of Lu et al. [5], we know that when the
shear stress is 800Pa, the exposure time is 1ms, and the
RBC will be damaged. As shown in Figure 5, when the shear
stress is 800Pa, the exposure time is 2ms, and the free energy
can reach to E0. Therefore, the research is reasonable for the
result of this paper comes close to the experiment result [5].

Equation (16) and E0 can be used for judgment of RBC
being damaged in the coupling effect of shear and impact,
and the RBC is damaged if the value of Fe is larger than E0.

5. Conclusions

Conclusions should clearly explain the main findings and
implications of the work, highlighting its importance and
relevance. The work of this paper can be summarized as
follows:

(1) The free energy, shape, and time needed for RBC
when being shorn in different shear stresses are
researched in the paper by using IB-LBM based on
the WLC model

(2) The free energy, shape, and time needed for RBC
when being impacted in different impact flow were
studied in the frame of the IB-LBM and WLC
model

(3) Combining the recent researches on the hemolytic
threshold value of RBC in shear flow and impact flow
with this paper’s research on the changing of RBC’s
free energy when the RBC is shorn and impacted,
we get the hemolytic threshold value of RBC’s free
energy which was about 3:46 × 10−15 J, the corre-
sponding hemolytic threshold shear stress value of
RBC is 400 Pa, and the impact velocity value of RBC
is 8.68m/s

(4) An equation is built for judgment of RBC being dam-
aged in the coupling effect of shear and impact based

on the shear stress, impact velocity, and threshold
value of RBC’s free energy for hemolysis

The research of RBC’s damage judgment is very impor-
tant for the design and optimization of the blood pump. It
is hard to judge the damage of RBC (hemolysis) in the blood
pump in theoretical research, especially when the factors,
which play a role on RBC, is not single, for example, the cou-
pling effect of shear stress and impact. The research in this
paper provides a way of judgment for RBC being damaged.
Comparing the free energy of RBC in certain effects to the
threshold free energy for hemolysis, if the free energy of
RBC is larger, the RBC is damaged. The three-dimensional
model will be applied in future work for more reasonable
research on the mechanism of RBC being damaged.

Data Availability

The simulation result of RBC being stretched for verification
of the RBC model is available at 10.3938/jkps.74.607 and is
cited at relevant places within the text as [20]. The threshold
limit of shear stress for hemolysis is available at
10.1016/S0021-9290(01)00084-7, 10.1007/s10237-005-0005-
y, 10.1002/fld.3939, and 10.1016/j.mvr.2011.05.006 and is
cited at relevant places within the text as [5, 7, 13, 14], respec-
tively. The free energy of RBC in different shear stress, impact
velocity, and coupling effects of shear and impact which is
used to support the findings of this study is available from
the corresponding author upon request.
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