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Abstract  Sickle cell disease (SCD) is a disease of abnormal rheology. The rheological properties of normal erythrocytes 
appear to be largely determined by those of the red cell membrane. In SCD, the intracellular polymerization of sickle he-
moglobin upon deoxygnation leads to marked increase in intracellular viscosity and elastic stiffness and also having indirect 
effects on cell membrane .To examine mathematically, the abnormal cell rheology behavior due to polymerization process 
and that due membrane abnormalities , we mechanically modeled the whole cell deformability as viscoelastic solid and 
proposed a Voigt-model of nonlinear viscoelastic solid constitutive relation as “ mixture’’of an elastic and viscous dissipative 
parts, with parameters of elastic and viscous moduli. The elastic part used to express stress-strain relations via strain energy 
function of the material and the viscous part derivation depends on strain – rate of deformation. The combination of both 
constitutive expressions is used to predict the viscoelastic properties of normal and sickle erythrocyte. Furthermore, sickle 
hemoglobin polymerization also leads to alter the osmotic behavior of the cell and to investigate such osmotic effect; we 
employ the van’t Hoff law of osmotic pressure versus volume relation. The analysis of both formulations presented well the 
abnormal rheological /mechanical characterization of sickle erythrocyte membrane as we understood and concluded from our 
results. 
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1. Introduction 
The deformability of erythrocytes and its membrane is 

critical determinant of blood flow in the microcirculation. 
This deformability is the combined result of several me-
chanical and geometrical properties, such as internal viscos-
ity, membrane elasticity and viscosity, and surface area – 
volume ratio[1]. In each red blood cell two β - globin pro-
teins combine with two α-globin proteins and a central heme 
molecule to form adult hemoglobin (HbA). A healthy human 
red blood cell (RBC) contains approximately 250 million 
hemoglobin (Hb) molecules[2], totaling 25-30% of the cell 
[3]. Sickle cell disease (SCD), a molecular disease[4] is 
caused by a single point mutation that substitutes valine for 
glutamic acid at the sixth position in the β-globin chain, 
resulting sickle hemoglobin (HbS). Therefore, in sickle cell 
hemoglobin (HbS), the normal sequence of Val-His-Leu- 
Thr-Pro-Glu-Glu-Lys is changed to Val-His- Leu-Thr- Pro- 
Val-Glu-Lys, with the amino acid valine substituting for the 
glutamic acid in the β6 site[2,5]. The replacement of two 
charged groups by two hydrophobic ones leads to poly-
merizationof deoxygenated Hb and to formation of long stiff 
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rod like fibers[3,6] which force red blood cells (RBCs) to 
form a sickle shape .The sickle- shaped RBC are not able to 
deform sufficiently to pass through small blood vessels .The 
mutation causes a defect in the hemoglobin structure which 
is responsible for profound changes in molecular stability 
and solubility. In sickle cell disease (SCD), the red blood 
cells (RBCs) exhibit reduced deformability, and this ab-
normality in the erythrocyte rheology are of clinical impor-
tance[1]. 

In sickle cell syndromes, abnormal rheological properties 
are caused primarily by the increase in internal red cell vis-
cosity due to the aggregation or polymerization of sickle 
hemoglobin (HbS) upon deoxygenation, as well as bio-
chemical abnormalities in the membrane of the sickle 
erythrocytes[7]. These membrane changes, both reversible 
and irreversible, are thought to occur due to repeated cycles 
of polymerization – depolymerization during the life of the 
sickle erythrocyte circulation[8]. The life span of sickle cells 
are very much reduced to about one-tenth that of normal cells, 
some 10-20days[4]. Other rheological abnormalities may 
occur because of the shrinkage of certain sickle cells (the 
dense cells) so that they have a very high mean corpuscular 
hemoglobin concentration (MCHC) (> 40g/dl) which ele-
vates internal viscosity, even of the oxygenated HbS. Lew 
and Bookchin[9] perform a theoretical analysis of the pos-
sible osmotic effects of deoxy-HbS polymerization. Polym-
erization of deoxygenation HbS reduces the cell concentra-
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tion of osmotically active particles, and also assumed to 
induce cell shrinkage[10]. Dong et al. [7] developed a simple 
mathematical model of whole cell deformability in narrow 
vessel wall to estimate the components of abnormal cell 
rheology due to the polymerization process and that due to 
the membrane abnormalities. The model uses hydrodynamic 
lubrication theory to describe the pulsatile flow in the gap 
between a cell and the vessel wall. The result shows the 
transition from membrane to internal polymer dominance of 
deformability as oxygen saturation is lowered. Chien et 
al.[11] have investigated that the viscoelastic behavior of 
sickle cell anemia RBC suspensions at low oxygen saturation 
is dominated by the RBC cytoplasmic properties. Drasler et 
al.[12] suggest that the presence of both the cell membrane 
and the internal HbS is a major factor in determining the 
viscoelastic behavior of sickle cells during deoxygenation. 
Pathogenesis in SCD arises from the deoxygenation de-
pendant polymerization of sickle cell hemoglobin (HbS) into 
long, stiff, rod-like fibres[13]. Maciaszek and Lykotrafitis[5] 
employed AFM to measure the stiffness of abnormal human 
RBCs from human subjects with the genotype for skill cell 
trait, and they conclude that the young’s modulus of patho-
logical erythrocytes approximately three times higher than in 
normal cells. The differences indicate that the effect of the 
polymerization of sickle hemoglobin as well as possible 
changes in the organization of the cell cytoskeleton associ-
ated with the sickle cell trait. Evan and Hochmuth[14] de-
velop a theory for viscoelastic behavior of large membrane 
deformations and apply the analysis to the relaxation of 
projections produced by small micropipette aspiration of red 
cell discocytes.The membrane stiffness, the cell geometry 
and the viscoelastic components are influencing factors on 
survival and functionality of erythrocytes. As Martorana et al. 
[15] review that only few studies have analysed the viscoe-
lastic characteristics of red blood cells, even less are the 
studies on patients affected by sickle cell disease (SCD), a 
pathology characterized by acute and chronic impairment of 
cell flexibility due to the formation of intracellular sickle 
hemoglobin (HbS) polymers. Moreover, Martorana et al. 
have investigated the behavior of the blood in SCD, from an 
original rheological point of view, by evaluating the vis-
coelastic properties of sickle cell in oscillating harmonic 
sinusoidal model. And also Messman et al. [16] evaluate the 
mechanical properties of sickle erythrocyte membrane in 
ektacytometer. However, as our consideration regarding to 
the literature review, there may not be any mathematical 
analysis to this study especially related to membrane theory 
and viscoelastic behavior of the material to quantify the 
mechanical properties of sickle erythrocyte membrane. 

In the present study, by proposing a suitable new mathe-
matical formulation, we try to analyse and show the me-
chanical characterization of sickle cell membrane associated 
with sickle cell hemoglobin by considering change of nu-
merical values of membrane shear modulus and viscosity, 
and strain - rate. The change of osmotic pressure versus 
volume relation of the cell also considered for the same 
purpose. 

2. Mathematical Formulation 
A red blood cell (RBC) is mainly composed of an inner 

liquid (hemoglobin solution) and a membrane (boundary of 
the cell). Comparing with membrane, the resistance of the 
inner liquid to external stress is small and negligible[17]. 
Therefore, the rheological properties of normal RBCs appear 
to be largely determined by the red cell membrane .Altered 
membrane properties in SCD play a primary role in the al-
tered rheology that characterizes the disease and that tied 
directly to sickle hemoglobin polymerization[18]. Mean that, 
in sickle cell, assumed that the viscous behavior is dominated 
by the cell interior, however, having indirect effect on the 
cell membrane[7]. In sickle cell disease (SCD) the intracel-
lular polymerization of sickle cell hemoglobin upon deoxy-
genation leads to marked increase in internal viscosity, and 
elastic stiffness. The interior of the cell is modeled as a voigt 
viscoelastic solid with parameters for the viscous and elastic 
modulus while the membrane is assigned an elastic shear 
modulus[7]. As Pucci and Saccomadi[19] reviewed that the 
Kelvin-Viogt models of non-linear viscoelastic constitutive 
equations for the Cauchy stress may be split in the sum of 
two terms: an elastic part and dissipative part .An incom-
pressible viscoelastic continuum is adopted for the cell inte-
rior[7]. Thus, the generalization of an incompressible Voigt 
viscoelastic solid model can be thought of as a “mixture” in 
the following sense, 

e v
ij ij ij ijT P T Tδ=− + +              (1) 

where e
ijT  is the stress associated with an elastic compo-

nent that can be expressed as a function of strain, and v
ijT  

the stress associated with viscous fluid depend on rate of 
deformation, ijPδ−  is the reaction stress due to the incom-

pressibility. 
A general viscoelastic constitutive equation for erythro-

cyte membrane may be written in terms of principal strains 
and stresses. This implies no loss of generality, assuming 
that the membrane is isotropic in its own plane. Let defor-
mation of the membrane is described by initial lengths dx1, 
dx2, and current lengths dy1, dy2 in a Cartesian coordinate 
system parallel (tangent) to the local principal direction. The 
extension ratios λ1 and λ2 are defined as ratios of final to 
initial lengths  

1 2
1 2

1 2

dy dyand
dx dx

λ λ= =         (2) 

The Green’s strain tensor for large deformations is defined 
by  

2 2
11 1 22 2

1 1( 1) , ( 1)
2 2

e eλ λ= − = −         (3) 

Because of choosing the principal axis coordinate system 
(where the deformation of the material is simply extension 
and compression along the axes), thus the strain tensors 
different from the axes are assumed to zero (i.e. 12 21 0e e= = ) 

From equation (1) the stress term, e
ijT the elastic part of 

the viscoelastic membrane material that can be derived from 
strain energy function, W of the material, and relate the stress 
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to strain via W .The stress within the membrane may be 
thought of as a generalization of the surface tension[20]. 
When the membrane is treated as 2D elastic continuum, W 
(λ1, λ2) denoted the strain energy per unit area. The principal 
membrane tensions Ti are thus expressed by 

1 2

1 ( 1,2)i i
i

WT iλ
λ λ λ

∂
= =

∂
        (4) 

Deformability is generally described as the ability of a 
body to change its shape in response to a deforming force. 
The deformability of the RBC is a primary determinant of 
blood behavior. In the microcirculation, the ability of the 
RBC to deform is particularly crucial because RBCs must 
pass through narrow capillaries that have diameters half the 
size of their own. Normal RBCs are modeled as viscous 
liquid drops surrounded by elastic membranes, and their 
deformability depends on the viscosity of the cytoplasmic 
fluid and on the rigidity of the cell membrane[21]. 

In case of sickle cell disease (SCD), the intracellular po-
lymerization of sickle hemoglobin upon deoxygenation leads 
to a marked increase in an elastic stiffness and intracellular 
viscosity [7]. 

Mechanically, sickle cell membranes differ from normal 
RBC membranes in their static and dynamic rigidities 
[18].Altered membrane properties in SCD play a primary 
role in altered rheology that characterizes the disease and 
tied directly to sickle hemoglobin polymerization[7] .The 
presence of polymerized sickle cell hemoglobin increases 
cytoplasmic viscosity and decreased deformability[18]. Loss 
of deformability in sickle RBCs significantly increases the 
viscosity of the whole blood, and is, arguably, the most sig-
nificant pathobiomechanical alteration resulting in 
vaso-occlusion[18,22]. 

A critical point of SCD is represented by the rheological 
alterations of sickle cells determined by the transition from 
sol to gel hemoglobin producing a dramatic change in cell 
viscosity and viscoelastic properties [15]. 

We can obtain a better understanding of the viscoelastic 
behavior of red blood cell (RBC) membrane in normal[14] 
and in sickle cell disease[7,18] states by employing funda-
mental principles that govern viscoelastic solids. Based on 
this consideration, mechanically, in the present model we 
assume that the membrane behaves like a neo-Hookean solid 
material. Therefore, for a 2D neo-Hookean membrane, the 
strain energy function is given by[23] 

1
2

12
2 1

GhW I
I

 
= + + 

+ 
              (5) 

Where G is the shear modulus of elasticity of the mem-
brane, h is the thickness. The two-dimensional strain in-
variant 1I  and 2I  defined by Skalak et al. [24] as  

2 2 2 2
1 1 2 2 1 22 1I and Iλ λ λ λ= + − = −          (6) 

Where 1λ  and 2λ  are the principal stretch ratios as de-
fined in equation (2). The tensions T1 and T2 along the prin-
cipal directions using equations (4), (5) and (6) are,  

2
1 1 2

1 2 1 2

1
( )

GhT λ
λ λ λ λ

 
= − 

 
               (7) 

2
2 2 2

1 2 1 2

1
( )

GhT λ
λ λ λ λ

 
= − 

 
              (8) 

The viscous stress term v
ijT from equation (1) as Evan and 

Hochmuth [14] can be defined a constant times the rate of 
deformation tensor as follows 

2v
ij m ijT Vη=                  (9) 

Where mη  which is the coefficient of viscosity, ijV  is 
rate of deformation tensor. The rate of deformation tensor of 

ijV (second-1) is defined by the time rate of change of the 
squared lengths that occur as a body deforms from the ref-
erence to the current configuration in a material coordinate 
system. The difference between the squared lengths in the 
deformed and initial (undeformed) coordinate system is 
defined as  

2 2
0( ) ( )

2
k k k k

ij i j

ds ds dy dy dx dx
e dx dx

− = −
=

      (10) 

By taking the time derivative both sides of equation (10) 
we obtain  

2( ) 2 ij i j
d ds e dx dx
dt

•

=          (11) 

we have the fact that ( )0ds , idx  and jdx  are constants, 

and ije
•

indicates the partial derivative of Green- Lagran-
gian strain tensor with respect to time. And also from right 
side of equation (11) we obtain  

( )2( ) ( )

2

ji
k k i j

j i

ij i j

vvd dds dy dy dy dy
dt dt y y

V dy dy

 ∂∂
= = +  ∂ ∂ 

=
(12) 

Where iv  is the ith component of the in-plane velocity 
field, from the combination of equation (11) and equation 
(12) we obtain 

klij i j k lV dy dy e dx dx
•

=  

k l
klij

i j

x x
V e

y y

• ∂ ∂
⇒ =

∂ ∂
              (13) 

Then from equations 2, 3 and 13, the components of the 
rate of deformation tensors are given by  

1 2
11 22

1 2

1 1,
d dV V
dt dt
λ λ

λ λ
= =          (14) 

Therefore, from equation (9) and equation (14) we have  

1 2
11 22

1 2

2 2
,v vm md dT T

dt dt
η ηλ λ
λ λ

= =          (15) 

According to the principal axis system orientation, as-
suming that, e

ijT  from equation (1) is the same as iT  in 

equation (4) (i.e. e
ij iT T= ). By using equations (7), (8), and 

(15), in equation (1) the membrane tensions versus strain and 
rate of strain undergoing simple extension (in the principal 
axis system) can be written as  
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11 1 2

1 2 11 2

21
( )

m dGhT p
dt

η λ
λ

λ λ λλ λ
 

=− + − + 
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     (16) 

2 2
22 2 2

1 2 21 2

21
( )

m dGhT p
dt

η λ
λ

λ λ λλ λ
 

=− + − + 
 

    (17) 

If we assume the element of deformation experiences 
uniaxial tension, 22T would equal to zero, and the result for 

11T  is simply as follows 
2 22 1

11 2 12 2
1 2 2 1 2 11 2 1 2

2 21 1
( ) ( )

m md dGh GhT
dt dt

η ηλ λ
λ λ

λ λ λ λ λ λλ λ λ λ
   

=− − − + − −   
   

(18) 

Where 11T the in-plane principal tension and “11” indi-
cates the in-plane direction along the membrane and the unit 
normal of the plane on which the tension force is acting. 
Thus, during experiences of the in-plane membrane defor-
mation, the membrane area is constraint, that is 1 2 1λ λ = , 
(where 3 1λ = ), in this condition the in-plane shear 
modulus Ghµ =  throughout the entire deformation[25,26]. 
Therefore, equation (18) becomes 

2 1
11 1 2

11

41 m dT
dt

η λ
µ λ

λλ
 

= − + 
 

          (19) 

Where µ  is the membrane shear elastic modulus and, 
mη  is the membrane viscosity. These two parameters are 

important in biorheology of red blood cells (RBCs).The 
membrane elastic modulus µ  represents the assessment of 
the elastic storage of energy primarily due to kinetic de-
formability of the erythrocytes while the viscous 
(loss)modulus ( mη ) is the assessment of rate of energy dis-
sipation due to cell deformation[7]. In the normal RBC 
rheological property, the values of the parameters, that is, the 
membrane viscosity ( mη =0.001dyn s/cm), membrane elastic 
modulus ( µ =0.01dyn/cm), and an experimental estimated 
strain rate 1

1 0.3D sλ −= . 
In patient with SCD, the presence of polymerized sickle 

hemoglobin, the RBC membrane viscosity and deformability 
different from those of normal erythrocytes[7,18]. During 
sickle hemoglobin gelation, the parameters are considered 
with the amount of polymer formed inside sickle cells or low 
oxygen saturation at a given HbS concentration[7]. As 
oxygen saturation is reduced, formation of HbS polymer 
could cause the development of a new cellular elastic- resis-
tive element and a very large increase in cytoplasmic vis-
cosity and in general HbS polymer shows viscoelastic solid 
nature[27]. On this abnormality condition, values of two 
intrinsic membrane viscoelastic properties (i.e. shear elastic 
modulus µ , membrane surface viscosity mη ), both are 
similarly increased above normal[28]. Regarding to these 
change, sickled cell erythrocytes poorly deformable and this 
decrease in deformability leads to an increase in whole blood 
viscosity[15], and this clearly shows the decreasing of rate of 
strain. The membrane mechanical properties of irreversibly 
sickled cell (ISC) is more rigid (130% increased in µ ) 
while the ISC membrane viscosity ( mη ) also increased with 
highly significant which is approximately 150% from those 
of the control RBC membrane[28]. Using this information 
we can estimate and prepare the following data table for our 

simulation purpose 
*Note: 1

1
dD
dt
λ

λ =
 
throughout this work. 

Table1.  Given and estimated values of the two parameters and rate of 
strain 

parameters Given value Reference 
Est.Values based on 
polymer formation 

increases 
Shear elastic 
modulus µ  0.01dyn/cm [14] 0.012, 0.023 dyn/cm 

Membrane 
viscosity mη  

0.001dyn 
s/cm [14] 0.0015, 0.0025 dyn 

s/cm 
Rate of strain 

( 1Dλ ) 0.3s-1 [26] 0.2, 0.01 s-1 

 
Figure 1.  Stress versus strain and rate of strain curves in uniaxial tension. 
The different curve shows for various values of the parameters and strain 
rate from the table using equation (19) 

3. Osmotic Pressure – Volume Elations 
Sickle cell anemia is associated with a mutant hemoglobin, 

HbS, which forms polymers in the RBCs of patients. RBCs 
adjust their volume according to the osmolality of the me-
dium in which they are suspended. In Sickle cell anemia, red 
cells volume changes following hemoglobin (S) (HbS) po-
lymerization[7]. Polymerization of proteins with in cells and 
subcellular organelles may have powerful osmotic effects on 
hemoglobin molecule (Hb) and may play a role in cell 
volume loss[7,29].Mathematically; the relationship between 
volume and osmotic pressure is expressed by van’t Hoff law 
and is conventionally used to describe the osmotic behavior 
of living cells[30,31] 

0 0( ) ( )P V b P V b− = −              (20) 

Where P is the osmotic pressure, V is the total cell volume, 
b is osmotically inactive (non-solvent) volume, V0 is the 
isotonic volume, and P0 the isotonic osmotic pressure of the 
cell. 

Because, the deoxygenated sickle cell has a decreased cell 
volume, decreased cell water and increased hemoglobin 
concentration, it resembles the “irreversibly’’ sickled cell. 
Thus, the cell shrinkage during sickling may play a role in 
the formation of “irreversibly’’ sickled cells[29]. 
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Hemolysis is greatest in individual cells with the highest 
numbers of irreversibly sickled and dense cells [32]. 
Therefore, hemolysis associated with irreversible structural 
change of sickle cell erythrocytes. Thus, one can calculate a 
hemolytic volume VH and subsequently PH the osmotic 
pressure when the cell hemolysed, regarding to equation (20) 
we can write 

0 0( )
H

H

P V b
P

V b
−

=
−

               (21) 

The kinetic osmotic pressure in sickle hemoglobin is lost 
upon deoxygenation. A loss of intracellular osmotic pressure 
during deoxygenation could dehydrate the erythrocyte suf-
ficiently to promote more rapid sickle cell hemoglobin ag-
gregation and polymerization[33]. 

In cells with the initial mean cell hemoglobin concentra-
tion (MCHC) of approximately 36 g /dl, 60% polymerization 
reduces the osmotic contribution of Hb, with ≈ 4% reduction 
in cell volume, where as with MCHC of 45g/dl (i.e. ISC level 
as Nash et al,[28] ) the osmotic contribution reduced in 
soluble Hb, with 8% decrease in cell volume[9]. Of this, we 
understand again that, the osmotic behavior of HbS may 
significantly change during sickling[33]. 

Of particular interest, the change in osmotic pressure, ∆P, 
which develops after the cell shrink with reversible change in 
sickle cell structure, and it can be written as  

0 0
1 1( )

r H

P P V b
V b V b
 

∆ = − − − − 
         (22) 

This is the gradient of osmotic pressure which the cell by 
being compressed enough by allowing its membrane going 
to be damage or direct removal of osmotic particles. Vr is 
volume of the cell when first became shrink a reversible 
change in membrane structure, with the accompany of os-
motic pressure as  

0 0( )
r

r

P V b
P

V b
−

=
−

             (23) 

In SCD, abnormal irreversible sickle cell membrane elas-
ticity is probably due to an irreversible alteration in mem-
brane structure, distinct from a reversible, hemoglobin con-
centration dependent/membrane interaction that may influ-
ence membrane viscosity[28]. The cell shrink, when MCHC 
approached 40g/dl, suggests that reversible Hb concentration 
dependent/ membrane interaction (i.e. a reversible change in 
membrane structure)[28] with ≈ 6% decrease in cell volume 
which is the mean of ≈4% and over 8% reduction in cell 
volume, corresponding to MCHC≈36g/dl and 45g/dl re-
spectively[9]. Thus, mathematically, we conclude that, Vr = 
V0 - 0.06V0 = 0.94V0.In addition, the isotonic osmotic pres-
sure P0 = 300milliosmolar (mosmolar), and b = 0.42V0 os-
motically inactive volume of the cell [30]. By substituting all 
such value in equation (22), we obtain 

0

0

0.94
334.615

0.42

H

H

V
V

P
V
V

 − 
 ∆ =
 − 
 

        (24) 

Where 
0

HV
V

 is the volumetric ratio, which is between on 

an interval of (0.42, 0.94). Because the cell shrink or volume 
reduction is only on osmotically active parcticles. 

 
Figure 2.  The change in osmotic pressure versus volumetric ratio of red 
blood cell with sickle cell disease from equation (24) 

4. Result and Discussions 
Figure (1) and (2) presents respectively, the viscoelastic 

and osmotic properties of the RBC anomalous with sickle 
cell disease. 

Figure (1) Describes the graph of the final simplified 
viscoelastic constitutive function that derived from the pro-
posed governing equation which characterize the time- de-
pendant response of the erythrocyte membrane undergoing 
finite deformation elastically in uniaxial extension under 
normal and sickle cell disease conditions. 

From our analytical solution, we test the movement of the 
curves by elevated the numerical values of both parameters 
(i.e. membrane shear elastic modulus µ  and membrane 
viscosity mη ) and decreased strain rate 1Dλ , assuming that 
HbS polymerization occurred in sickle cell erythrocytes, thus, 
the numerical simulation describes the curves of sickle 
erythrocytes differ from and above the normal one as shown 
in the figure. These curves clearly presented that, as we move 
from curve A to C the behavior of the cell become more rigid 
and poorly deformable. This analysis is consistent as re-
ported on published literature, that both µ  and mη  simi-
larly elevated above normal for ISC membrane elasticity due 
to an irreversible alteration in membrane structure[28]. The 
movement from curve (A) to (C), illustrates that, the be-
havior of the cell represented by curve (B) is less abnormal 
than that represented by curve (C). 

For ISC alteration in membrane structure, µ  increased 
by 130% similarly mη  also increased approximately with 
150% as experimentally investigated by Nash et al,[28]. 
Based on such information, we calculate the value of the 
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parameters as µ =0.023dyn/cm, mη =0.0025dyn s/cm, and 
let 1Dλ  = 0.01S-1, which gave curve (C).Therefore, (C) 
represents an irreversible alteration in sickle erythrocyte 
membrane structure. Consequently, the sickle erythrocytes 
membrane going to damage, hemolysis, and impaired 
microcirculation. In general, the study of the viscoelastic 
property of sickle RBC is used to ascertain the relative con-
tributions of RBC membrane and the internal HbS solution 
to viscous and elastic components of total deformability. 

Figure (2) depicts that the osmotic effect of the sickle 
erythrocyte by employing the osmotic pressure versus vol-
ume relation of the cell. As the curve indicates, on the graph, 
the gradient of osmotic pressure increases in magnitude 
negatively associated with decreasing cell volume, along 
non-linear path and gradually remains constant. This reduc-
tion behavior of the change in osmotic pressure of the cell 
demonstrates that, the sickle erythrocyte behaves: shrink, 
compression, dehydrate, and increasing polymerization of 
HbS, in general it resembles that the cell undergoes in irre-
versible structural change and consequently leads to de-
creasing cell deformability. 

Based on such information, totally the figure describes, 
the affected erythrocyte with sickle hemoglobin disease 
gradually tends to hemolysis, vaso-occlussion and also 
membrane damage. 

Since the minimum value of the volumetric ratio (i.e.
 
VH / 

V0 = 0.42), the curve on the figure after some point, it shows 
almost parallel to the horizontal axis (axis of osmotic pres-
sure). This indicates that, the cell becomes highly shrunk, 
compressed and dense, resulting, the cell shows more rigid. 
Thus, in conclusion, we can also quantify the rheological/ 
mechanical characterization of sickle erythrocytes by ana-
lysing its osmotical behavior. 

5. Conclusions 
In this study, we employ the generalized Voigt-model of 

nonlinear viscoelastic constitutive function and Van’t Hoff 
law to characterize the deformability or rheological proper-
ties of RBCs patient with sickle cell disease. We used a 
Neo-Hookean strain energy function based on membrane 
theory for elastic part and also applied theory of viscous fluid 
for dissipative part of the viscoelastic constitutive relation. In 
this relation, the effect of mechanical properties of sickle 
RBC can be determined by varying the estimated values of 
the parameters above normal depend on the given data from 
published literature[28]. Additionally, the Van’t Hoff law, 
used to identify the osmotic behavior by osmotic pressure 
–volume relations, and obtained decreasing change in os-
motic pressure along with decreasing of the red cell volume 
in sickle cell disease. The result of both proposed mathe-
matical formulations contribute to show the abnormal 
rheological behavior of the cell patient with sickle hemo-
globin disease. The knowledge of this abnormal behavior 
has the potential to offer new diagnostic tools and treatments 
of the Sickle cell disease, especially for clinicians. We can 

also examine the abnormality of blood cell’s with such dis-
ease by considering flow theory of red cell particles in our 
future work. 
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