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Abstract

Centrifugation is a commonly performed laboratory procedure that helps to separate blood cells
such as red blood cells RBCs, white bood cells WBCs, and platelets from plasma or serum. Al-
though centrifugation is a routine procedure in most medical laboratories, factors that a↵ect the
e�cacy of the centrifugation process have never been studied analytically. In this paper, we ex-
amine the e↵ect of centrifugation time on the e�cacy of the centrifugation process by studying
the dynamics of blood cells via the well-known Langevin equation or equivalently, by solving the
Fokker-Plank equation. Our result depicts that the speed of the centrifuge is one of the deter-
minant factors concerning the e�cacy of the centrifugation process. As angular speed increases,
centrifugal force increases and as a result, the particles are forced to separate from plasma or serum.
The room temperature also considerably a↵ects the dynamics of the sample during centrifugation.
Most importantly, the generation of heat during centrifugation increases the temperature within a
centrifuge, and as a result, not only the stability of the sample but also the mobility of analyse is
a↵ected. We show that as the temperature within the centrifuge intensifies, the velocity of the cells
as well as the displacement of the cells in the fluid increases. We then study the dynamics of the
whole blood during capillary action where in this case the blood flows upward in a narrow space
without the assistance of external forces. Previous investigations show that the height that the fluid
rises increases as surface tension steps up. The viscosity of the fluid also a↵ects the capillary action
but to date, the dependence of the height on viscosity has never been explored due to the lack of
a mathematical correlation between the viscosity of blood and surface tension [1]. In this work,
we first examine the correlation between surface tension and viscous friction via data fitting. Our
result exhibits that the viscosity of the blood increases linearly as surface tension increases. The
mathematical relation between the height and viscous friction is derived. It is shown that the height
of the blood that rises in the capillary increases as the viscous friction intensifies. As the tempera-
ture of the room steps up, the height also decreases. The dependence of erythrocytes sedimentation
rate on surface tension is also studied. The results obtained in this work show that the erythrocyte
sedimentation rate ESR increases as surface tension steps down.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Medical laboratory examinations are vital since these
examinations help to diagnose any abnormalities and
treat a patient based on observed results. Particularly,
blood tests are routinely performed to evaluate any ab-
normal conditions. Most of these blood works require
sedimentation either via centrifugation or gravity [1]. To
understand the factors that a↵ect the outcome of routine
examinations, several studies have been done [2–9]. Most
of these works have focused on exploring the dynamics of
whole blood, erythrocytes (RBCs), leukocytes (WBCs),
and thrombocytes (platelets) [10].

Particularly, centrifugation is one of the commonly
performed laboratory procedure that helps to separate
blood cells such as RBCs, WBCs, and platelets from
plasma or serum [1, 11]. As a common procedure, when
blood is centrifuged for a few minutes, the centrifugal
force separates the blood cells by leaving the plasma or
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the serum at the top. In order to understand the factors
that a↵ect the e�cacy of the centrifugation process, sev-
eral studies have been done [11–13]. Most recently Min-
der.et.al [1] studied factors that a↵ect the sedimentation
rate of the cells during centrifugation. Most of these ex-
perimental studies depict that centrifugation time, tem-
perature, length of the test tube, and speed of the cen-
trifuge are the determinant factors regarding the e�cacy
of the centrifugation process. Despite several experimen-
tal considerations, factors that a↵ect the e�cacy of the
centrifugation process have never been studied analyti-
cally. However analytical solutions are not only impor-
tant for reconfirming the experimental results but also
provide further quantitative powerful predictions.

A hematocrit test is also part of clinical laboratory
examinations and measures the percentage of erythro-
cytes in comparison to whole blood. Using a capillary
tube, a blood sample is collected. Via capillary action,
blood flows upward in a narrow space without the as-
sistance of external forces. The height that the blood
rises is significantly a↵ected by surface tension, viscos-
ity, temperature, and test tube inclination [14]. Previous
investigations show that the height that the fluid rises
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increases as surface tension increases [15]. In the past,
for non-Newtonian fluids, Pelofsky [16, 17] has studied
the relation between surface tension and viscosity. His
empirical equation depicts that surface tension increases
as viscosity increases. The e↵ect of sample temperature
on the dynamics of whole blood has been explored. The
in vivo experiment by Shinozaki et. al. [18] indicates that
as temperature inclines, blood refill time decreases. The
experimental observation by She et. al. shows that in-
creasing temperature results in lower capillary pressures
(lower capillary height) [19]. The viscosity of blood also
a↵ects the capillary action but to date, the dependence
of the height on viscosity has never been explored due
to the lack of a mathematical correlation between the
viscosity of blood and surface tension.

Furthermore, the erythrocyte sedimentation rate
(ESR) is one the most common clinical laboratory exam-
ination [20]. The erythrocyte sedimentation rate (ESR)
often measures how fast a blood sample sediments along
a test tube in one hour in a clinical laboratory [10]. This
analysis is performed by mixing whole blood with an an-
ticoagulant. The blood is placed in an upright Wintrobe
or Westergren tube and allowed to sediments for an hour.
The normal values of the ESR vary from 0-3mm/hr for
men and 0-7 mm/hr for women [21–23]. High ESR is
associated with diseases that cause inflammation. In the
case of inflammatory disease, the blood level of fibrino-
gen becomes too high [23, 24]. The presence of fibrinogen
forces the RBCs to stick to each other and as a result,
they form aggregates of RBC called rouleaux. As the
mass of the rouleaux increases, the weight of the rouleaux
dominates the vicious friction and as a result, the RBCs
start to precipitate. The temperature of the laboratory
(blood sample) also significantly a↵ects the test result
[25]. As the temperature of the sample steps up, the
ESR increases. In the past, a mathematical model was
developed by Sharma .et. al to study the e↵ect of blood
concentration on the erythrocyte sedimentation rate [26].
Later the e↵ect of the concentration of nutrients on the
red blood cell sedimentation rate was investigated in
the work [27]. More recently, the sedimentation rate of
RBC was explored via a model that uses Caputo frac-
tion derivative [28]. The theoretical work obtained in this
work was compared with the sedimentation rate that was
analyzed experimentally. More recently, the experimen-
tal and analytical studies indicate that red blood cells
sediment as a percolating gel and the dynamics of these
cells can be studied using equations for porous networks
[2–6] All of these experimental and theoretical works ex-
posed the factors that a↵ect the sedimentation rate of
RBCs. However, the e↵ect of surface tension as well as
the tilt in the test tube on the sedimentation rate has
never been explored.

The purpose of this theoretical work is to explore the
factors that a↵ect the dynamics of blood during in vivo
and in vitro experiments. As discussed before, the fac-
tors that a↵ect the e�cacy of the centrifugation process
have been only studied experimentally. In this work, via

analytical solutions, we reconfirm the previous experi-
mental results as well as provide additional quantitative
powerful predictions. We then study the dynamics of
whole blood during capillary action. We first examine
the correlation between surface tension and viscous fric-
tion via data fitting. The mathematical relation between
height and viscous friction is also derived. The depen-
dence of the erythrocyte sedimentation rate (ESR) on
model parameters is explored analytically. Since the ef-
fect of surface tension on sedimentation rate has never
been considered before, in this paper we study the role
of surface tension on the sedimentation rate analytically.

Since blood cells are microscopic, their dynamics can
be modeled as a Brownian particle walking in a vis-
cous medium. As blood is a highly viscous medium, the
chance for the blood cells to accelerate is negligible and
the corresponding dynamics can be studied via Langevin
equation or Fokker Planck equation [29–35]. Solving the
Fokker-Planck equation analytically ( the Langevin equa-
tion), the dynamics of blood cells as a function of the
model parameters can be explored. Because our study is
performed by considering real physiological parameters,
the results obtained in this work non only agree with the
experimental observations but also help to understand
most hematological experiments that are conducted in
vitro or in vivo. The alternative approaches depicted in
the works [2–6] also indicate that since red blood cells at
high fraction volume form a gel, their dynamics can be
uniquely studied via equations for porous networks.

The analytical results that are obtained in this theo-
retical work depict that the speed of the centrifuge is one
of the determinant factors concerning the e�cacy of the
centrifugation process. As the angular speed increases,
the centrifugal force steps up and as a result, the parti-
cles are forced to separate from the plasma or serum. As
shown in Fig. 1 [36], the size of the WBC is considerably
large in comparison with the RBC. Since the platelet has
the smallest size, its velocity and displacement along the
test tube are significantly small. As a result, RBCs sep-
arate far more than platelets showing that to avoid the
e↵ect of clotting factors, one has to increase the centrifu-
gation time. The height that the blood rises up along a
capillary tube increases as the viscous friction steps up.
As the temperature of the room steps up, the height also
decreases.

It is important to emphasize that the present study
can potentially impact the current research field by pro-
viding a new powerful prediction and also by serving as
a guide on how to correct false negative or false posi-
tive results. As discussed before, the room temperature
considerably a↵ects the dynamics of the sample during
centrifugation. Most importantly, the generation of heat
during centrifugation steps up the temperature within a
centrifuge, and as a result, not only the stability of the
sample but also the mobility of analyse is a↵ected. The
e↵ect of temperature near the test tube causes di�culties
in the current experimental procedure by inducing addi-
tional false-positive results. In this regard, developing
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FIG. 1: A blood smear that shows the composition of RBCs,
WBCs, and platelets [36].

a mathematical model and exploring the model system
using the powerful tools of statistical mechanics provides
insight as well as guidance regarding the dynamics of
RBCs in vitro. Once calculating the exact analytic re-
sults, one can correct the extra false positive or negative
results. The developed model system also provides a clue
about how the dynamics of blood during a routine lab ex-
amination are a↵ected by other model parameters.

The rest of the paper is organized as follows. In section
II, we present the model system. In section III, we study
the factors that a↵ect the e�cacy of the centrifugation
process. The dynamics of whole blood during capillary
action is studied in section IV. In section V, the depen-
dence of erythrocytes sedimentation rate on model pa-
rameters is studied. Section VI deals with the summary
and conclusion.

II. THE MODEL

Since RBC is microscopic in size, its dynamics (in
vitro) can be modeled as a Brownian particle that un-
dergoes a biased random walk on one-dimensional test
tube. In the routine hematology test, the erythrocyte
dynamics is also a↵ected by gravitational force

f = Nmg (1)

and centrifugal force

f = Nm!2r (2)

where g = 9.8m/s2 is the gravitational acceleration. N
denotes the number of blood cells that forms rouleaux.
! denotes the angular speed of the centrifuge (see Fig.
2) and r designates the radius of the shaft. The speed of
clinical centrifuge ! varies from 200 rpm ( 21rad/s) and
21000 rpm ( 2198rad/s). The mass of the red blood cells
m = 27X10�15 kg. Since platelets are only 20 percent
of the size of RBC, we infer the mass of the platelets
to be m = 5.2X10�15 kg. The average size of RBC and
platelets is given as r0 = 4X10�6 and r0 = 7.5X10�7

FIG. 2: (a) Blood sample before centrifugation. (b) Blood
sample during centrifugation. A centrifuge in a clinical labo-
ratory is used to separate blood cells such as RBCs, WBCs,
and platelets from the plasma or serum. Here r designates
the radius of the shaft and ! denotes the angular speed of the
centrifuge.

meter, repectively. The normal value of RBC on average
varies from 5X106 � 6X106/mm3 [37–39].
Underdamped case :— The dynamics of the blood cells

in vitro is governed by the well-known Langevin equation

dV

dt
= ��V � f +

p
2kB�T ⇠(t). (3)

The random noise ⇠(t) is assumed to be Gaussian white
noise satisfying the relations h⇠(t)i = 0 and h⇠(t)⇠(t0)i =
�(t� t0). The viscous friction � and T are assumed to be
spatially invariant along with the medium. For a non-
Newtonian fluid such blood, it is reasonable to assume
that when the temperature of the blood sample increases
by 1 degree Celsius, its viscosity steps down by 2 percent
[40] as �0 = B� 2B

100 (T�TR) where B = 4X10�3kg/ms is
the dynamical viscosity of blood at a room temperature
(TR = 20 degree Celsius) and T is the temperature [34].
On the other hand, from Stokes’s theorem, the viscosity
� = 6r0⇡�0. Here kB = 1.38X10�23m2kgs�2K�1 is the
Boltzmann constant.
At this point, it is important to point out that red

blood cell has the shape of a biconcave discoid and un-
dergoes complicated three-dimensional dynamics. As a
matter of fact, the shape of the cell dictates the dynam-
ics of the cells both in vivo and vitro. For instance, in the
case of sickle cell disease, the sedimentation of the RBC
has a lower rate since the abnormal shape of the cell
prevents rouleaux formation. Although it is important
to consider the biconcave discoid shape of RBC, theo-
retically (either analytically or numerically) studying the
dynamics is quite a cumbersome task. In this work, as an
approximation, we modeled the cell as a perfectly spheri-
cal object so that one can use Stokes theorem to find the
viscous friction.
Alternatively, Eq. (3) can be rewritten as a Fokker-

Plank equation
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where P (x, v, t) is the probability of finding the particle
at particular position x, velocity v and time t.

For convenience, Eq. (4) can be rearranged as

@P

@t
= �(k +

@J 0

@v
) (5)

where

k = v
@P

@x
=

@J

@x
(6)

and

J 0 = ��(x, t)

m
vP +

1

m
(U 0P )� �T
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. (7)

From Eqs. (6) and (7), one gets
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�T
+
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� mvP

T
(8)

and

@P

@x
=

k

v
. (9)

After some algebra, the expression for the probability
distribution P (v, t) is given as

P (v, t) =

e
�

m(
�(1�e

� �t
m )f

�
+v)2

2(1�e
� 2�t

m )T
q

m

(1�e�
2�t
m

)tp
2⇡

. (10)

The velocity of the cell can be evaluated as

V (t) =

Z 1

0
P (v0, t)v0dv0

=

 
1� e�

�t
m

�

!
f. (11)

Once the velocity of the cell is calculated, the position of
the cell is then given by

x =

Z t

0
V (t0)dt0. (12)

Here one should note that the solutions for overdamped
and underdamped cases are not new since such cases are
presented by a well-known Ornstein-Uhlenbeck process.

Overdamped case:— Blood is a highly viscous medium,
as the result, the chance for the cells to accelerate is
negligible. One can then neglect the inertia e↵ect and the
corresponding dynamics can be studied via the Langevin
equation

�
dx

dt
= �f +

p
2kB�T ⇠(t). (13)

It is worth mentioning that RBC has a disk diameter of
8 microns which is large. However, historically, Brownian

motion was first observed through a microscope by look-
ing at pollen ( much larger than RBC), and after a few
years, Albert Einstein modeled the motion of the pollen
and wrote the dynamical equation that describes the mo-
tion of this particle. One can also use Langevin equation
to exactly derive Einstein’s equation. In other words,
Brownian motion occurs at a microscopic and millimeter
scale and consequently, the Langevin equation e↵ectively
describes the motion of these particles. The Langevin
equation better works when the size of the particle is
too small. However, the Langevin equation still remains
valid to describe the dynamics of the RBC as long as its
size is much larger than the dimension of the particles of
fluid that the RBC placed.
One can also write Eq. (13) as a Fokker-Plank equation

@P (x, t)

@t
=

@

@x


f

�
P (x, t) +

@

@x

✓
kBT

�
P (x, t)

◆�
(14)

where P (x, t) is the probability density of finding the
particle (the cell) at position x and time t.
To calculate the desired thermodynamic quantity, let

us first find the probability distribution. After imposing
a periodic boundary condition P (0, t) = P (L, t), we solve
Eq. (14). After some algebra, one finds the probability
distribution as

P (x, t) =
1X

n=0

cos[
n⇡

L
(x+ t

f

�
)]e�(n⇡

L )2t
kBT

� (15)

where T is the temperature of the medium. For detailed
mathematical analysis, please refer to my previous work
[34]. Next we use Eq. (15) to find the current, velocity
as well as position of the particle. The particle current
is then given by

J(x, t) = �

fP (x, t) + kBT

@P (x, t)

@x

�
. (16)

After substituting P (x, t) shown in Eq. (15), one can
find the velocity of the cells at any time as

V (x, t) =

Z x

0
J(x0, t)dx0 (17)

while the position of the cells can be found via

x =

Z x

0
P (x0, t)x0dx0. (18)

The fact that blood is a highly viscous medium (since
� is considerably high), the numerical value of velocity
calculated via Eq. (11) is approximately the same as the
velocity calculated via Eq. (17). At steady state (in long
time limit), the velocity (Eqs. (11) and (17) ) approach
V = f/�. One should also note that the di↵usion con-
stant for the model system is given by D = kBT

� . This
equation is valid when viscous friction is temperature-
dependent showing that the e↵ect of temperature on the
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mobility of the cells is significant. When temperature
increases, the viscous friction gets attenuated and as a
result the di↵usibility of the particle increases. Various
experimental studies also showed that the viscosity of
the medium tends to decrease as the temperature of the
medium increases [41]. This is because increasing the
temperature steps up the speed of the molecules, and
this in turn creates a reduction in the interaction time be-
tween neighboring molecules. As a result, the intermolec-
ular force between the molecules decreases, and hence the
magnitude of the viscous friction decreases.

III. THE DYNAMICS OF BLOOD CELLS
DURING CENTRIFUGATION

As a common standard practice, in a clinical labora-
tory, centrifugation is vital to separate the blood cells
such as RBCs, WBCs, and platelets from the plasma or
serum. When blood is first mixed with an anticoagulant
and allowed to be centrifuged for a few minutes, the blood
cells separate from the plasma. In the absence of antico-
agulant, the blood clots, and when it is centrifuged, the
blood cells segregate from the serum. In this section, we
study the factors that a↵ect the e�cacy of the centrifu-
gation process analytically. We show that the centrifuga-
tion time, temperature, the length of the test tube, and
the speed of the centrifuge are the determinant factors
with regards to the e�cacy of the centrifugation process.

First, let us examine the e↵ect of the centrifugation
time on the e�cacy of the centrifugation process. This
can be investigated by tracking the dynamics of the blood
cells during centrifugation. The dynamics of the cells in
vitro is governed by the well-known Langevin equations
(3) or (13). Equivalently, by solving Fokker- Plank equa-
tions (4) or (14), the information regarding the mobility
of the RBCs can be extracted. In a medical laboratory,
the standard test tube has a length of L = 150 mm and
the cells separate from the plasma or serum at the result
of the centrifugal force f = Nm!2r where N denotes the
number of cells that form a cluster while m designates
the mass of RBCs or platelets. Since WBCs are heavy,
they move way before RBCs, and as an approximation
one can disregard their dynamics.

Exploiting Eqs. (11) or (17) one can see that the ve-
locity of the RBC steps up and saturates to a constant
value (see Fig. 3a). In the figure, we fix the parame-
ters as N = 1, T = 22 degree celsius, r = 0.1m and
L = 0.1m. Via Eqs. (12) or (18), one can track the
position of RBC along the test tube during the centrifu-
gation processes. As depicted in Fig. 3b, the particle
walks away towards the bottom of the test tube as time
steps up. Unlike serum, plasma contains platelets and
this indicates that more configuration time is needed for
plasma since platelets are small in size.

The speed of the centrifuge also a↵ects the e�cacy
of the centrifugation process. As the angular speed in-
creases (see Eq. (2) ), the centrifugal force steps up and
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FIG. 3: (a) The velocity (V (m/s)) of RBC as a function of
time t (in seconds) and ! for a single RBC N = 1, T = 22
degree celsius, r = 0.1m and L = 0.1m. (b) The sedimen-
tation displacement (x(m)) of RBC as a function of time t
(in seconds) and ! for fixed N = 1, T = 22 degree celsius,
r = 0.1m and L = 0.15m.

as result, the particles are forced to separate from the
plasma or serum. Depending on the size and fragility of
the analyse, the centrifugation speed should be adjusted.
To increase the e�cacy of the centrifugation process, as
the size of the particle decreases, the centrifugation speed
should step up. The dependence of the speed of the par-
ticle on angular speed is explored. As depicted in Fig.
3a, the velocity of the RBC steps up monotonously as
the angular speed steps up. One can also track the posi-
tion of RBC along the test tube as a function of angular
speed. As shown in Fig. 3b, the particle moves towards
the bottom of the test tube as angular speed steps up.
The length of the test tube a↵ects the e↵ectiveness of

the centrifugation process. As the length of the test tube
steps, the centrifugal force increases. The room tempera-
ture considerably a↵ects the dynamics of analyse during
centrifugation. Most importantly, the generation of heat
during centrifugation increases the temperature within a
centrifuge and as a result, not only the stability of the
sample but also mobility of analyse is a↵ected. The ef-
fect of temperature near the test tube is unavoidable and
causes di�culties in the current experimental procedure
by inducing additional false-positive results. In this re-
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gard, developing a mathematical model and exploring the
model system using the powerful tools of statistical me-
chanics provides insight as well as guidance regarding the
dynamics of RBCs in vitro.

The role of temperature on the mobility of the cells
during centrifugation can be appreciated by analyzing
Eq. (11). Substituting Eq. (2) into Eq. (11), one gets

V (t) = Nm!2r

 
1� e�

�t
m

�

!
. (19)

The viscosity � of the blood is the function temperature
as � = 6r0⇡�0(B � 2B

100 (T � TR)) where r0 is the radius
of the cells. This implies the velocity V (t) and position
x are also the function of temperature. From Eq. (19)
one can see that as the centrifuge temperature increases,
the velocity of the cells as well as the displacement of
the cell in the fluid increases as shown in Figs. 4a and
4b. As discussed before, the e↵ect of temperature can be
corrected by increasing the centrifugation time. However,
a longer centrifugation time might lead to a considerable
amount of heat generation. This, in turn, may cause the
red blood cells to lyse. Prolonged centrifugation at high
speed also causes structural damage to the cells and as a
result, hemolysis occurs.

On the contrary, low-speed centrifugation leads to in-
su�cient separation of plasma and serum from cellular
blood components. By analyzing Eq. (19), one can
also deduce that when the RBC form rouleaux (as N
increases), the velocity and the position of the particle
step. This is because as N steps up, the centrifugal force
increases. This also implies since the RBC in serum forms
aggregates due to clotting factors, it needs less centrifu-
gation time than plasma. As shown in Fig. 1, the size of
WBC is considerably large in comparison with the RBC.
Since the platelet has the smallest size, its velocity and
displacement along the test tube are significantly small.
As depicted in Fig. 5a, the velocity for platelets is consid-
erably lower than red blood cells due to the small size of
platelets. Moreover, as shown in Fig. 5b, the RBC moves
far more than platelets showing that to avoid the e↵ect
of clotting factors, one has to increase the centrifugation
time.

IV. THE DYNAMICS OF WHOLE BLOOD
DURING CAPILLARY ACTION

In this section, we study the dynamics of the whole
blood during capillary action where in this case the blood
flows upward in narrow spaces without the assistance of
external forces. Previous investigations show that the
height that the fluid rises increases as the surface tension
steps up. The viscosity of the fluid also a↵ects the cap-
illary action but to date, the dependence of the height
on viscosity has never been explored due to the lack of
mathematical correlation between the viscosity of blood
and surface tension [16]. In the past, for non-Newtonian
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FIG. 4: (a) The velocity (V (m/s)) of RBC as a function of
time t (in seconds) and temprature T for a single RBC N = 1,
r = 0.1m and L = 0.1m. (b) The sedimentation displacement
(x(m)) of RBC as a function of time t (in seconds) and tem-
prature T for fixed N = 1, r = 0.1m and L = 0.15m.

fluids, Pelofsky [17] has studied the relation between sur-
face tension and viscosity. His empirical equation depicts
that the surface tension increases as the viscosity steps
up. In this work, we first analyzed the correlation be-
tween surface tension and viscous friction via data fitting.

Experimentally, the dependence of surface tension of
blood on temperature was measured by Rosina et. al.
[43]. Accordingly, the surface tension of blood is a func-
tion of temperature T and it is given by [16]

S = (�0.473T + 70.105)X10�3N/m. (20)

Eq. 20 exhibits that the surface tension of blood declines
as the temperature increases. As discussed before, the
dynamical viscous friction of blood depends on the tem-
perature as

�0 = B � 2B

100
(T � TR) (21)

where B = 4X10�3kg/ms is the dynamical viscosity of
blood at a room temperature (TR = 20 degree Celsius)
and T is the temperature [34]. The correlation between
surface tension can be inferred from data fitting. Via



7

0 2 4 6 8 10 12 14

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

t

V

(a)

0 2 4 6 8 10 12 14

0.000

0.005

0.010

0.015

0.020

t

x

(b)

FIG. 5: (a) The sedimentation velocity V of RBC (red line)
and platelet (black line) as a function of time t. (b) The
displacement of RBC (red line) and platelet (black line) as a
function of time t. In the figures, we fix T = 20 degree celsius,
! = 200 rad/s, r = 0.5m and L = 0.15m.

S �0 T (co)
0.06064 0.004 20
0.060167 0.00392 21
0.059694 0.00384 22
0.059221 0.00376 23
0.058748 0.00368 24
0.058275 0.0036 25
0.057802 0.00352 26
0.057329 0.00344 27
0.056856 0.00336 28
0.056383 0.00328 29
0.05591 0.0032 30
0.055437 0.00312 31
0.054964 0.00304 32
0.054491 0.00296 33
0.054018 0.00288 34
0.053545 0.0028 35
0.053072 0.00272 36
0.052599 0.00264 37
0.052126 0.00256 38
0.051653 0.00248 39
0.05118 0.0024 40

TABLE I: Data that show the dependence of surface tension
S and viscous friction �0 on T .

Eqs. (20) and (21), the dependence of S and �0 on T is
explored as shown in Table I. Since the experiments show
the surface tension S to have functional dependence on
�0, by fitting the data (see Fig. 6) depicted in Table I,

one finds

S = 0.03699 + 5.9125(B � 2B

100
(T � TR))

= 0.03699 + 5.9125�0. (22)

0.0025 0.0030 0.0035 0.0040

0.052

0.054

0.056

0.058

0.060

γ'

S

FIG. 6: The surface tension S of the blood as a function of
�0. By fitting the data, one gets S = 0.03699 + 5.9125�0.

Furthermore, the surface tension is responsible for a
liquid to rise up in the test tube against the downward
gravitational force. As a result of the capillary action,
the fluid rises to the height

h =
2Scos(✓)

⇢gz
(23)

where S is the surface tension of the blood, ⇢ =
1060kg/m3 is the density of the fluid, g = 9.8m/s2 is
the gravitational acceleration and z is the radius of the
test tube. ✓ is the contact angle between the blood and
the test tube while h is the height that the blood rises
up in the test tube. For the case where ✓ = 0, we rewrite
Eq. (23) as

s =
h⇢gz

2
. (24)

From Eqs. (22) and (24), after some algebra we get

h =
0.074 + 11.824�0

gz⇢
. (25)

Equation (25) exhibits that the height h is a function
of test tube radius z and the density of the fluid ⇢. In
a clinical laboratory, the haematocrit tube has a height
of 75mm and inner diameter z = 0.4mm. Substituting
these parameters in Eq. (25), the height that the blood
rises is found to be 28mm at 20 degree celsius. The
height h that the blood rises in the capillary tube is also
sensitive to temperature. Via Eqs. (21) and (25), one can
see that as the room temperature and inner diameter of
the test tube increases, h decreases (see Fig. 7).
The above analysis points that the increase in the room

temperature results in a false positive or negative result.
As depicted in Fig. 7, up to 8mm change in sedimenta-
tion can be observed when the temperature of the room
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FIG. 7: The height h that the blood rises in the capillary
tube as a function of temperature T and test tube dimeter z
for fixed-parameter ⇢ = 1060kg/m3.

varies from 20 to 40 degree celsius. When the tempera-
ture increases, the height that the blood rises decreases
which is feasible since when temperature increases, the
surface tension or viscosity decreases. This result also
agrees experimentally. The in vivo experiments by Shi-
nozaki et. al. [18] indicate that as the temperature in-
clines, the blood refill time decreases. The experimental
observation by She et. al. shows that increasing temper-
ature results in lower capillary pressures (lower capillary
height) [19]. Note that the shape of RBC, plasma vis-
cosity, and inclination of the test tube also a↵ect the
magnitude of surface tension. In anemic patients, a low
hematocrit level is observed, and consequently the sur-
face tension or viscosity of the blood decreases which in
turn results in lower h. Excessive use of anticoagulants
results in lower h. This is because adding too much an-
ticoagulant decreases the viscosity or surface tension of
the blood.

V. THE ROLE OF SURFACE TENSION ON
ERYTHROCYTES SEDIMENTATION RATE AND
THE DYNAMICS OF BLOOD CELLS DURING

CENTRIFUGATION

In this section, we explore how the surface tension of
the blood a↵ects the mobility of RBC by solving the
model system analytically.

Case 1: The e↵ect of surface tension on the erythro-

cyte sedimentation rate.— The erythrocyte sedimenta-
tion rate (ESR) often measures how fast a blood sample
sediments along a test tube in one hour in a clinical lab-
oratory as shown in Fig. 11. By mixing whole blood
with an anticoagulant, the blood is placed in an upright
Wintrobe or Westergren tube and allowed to sediments
for an hour. In the Westergren method, the test tube
is 200mm long while in the Wintrobe method the tube
is only 100mm long. To investigate the e↵ect of surface

tension, let us rewrite Eq. (22) as

�0 =
(S � 0.03699)

5.9125
(26)

and after some algebra we get

� = 6r0⇡
(S � 0.03699)

5.9125
. (27)

Substituting Eqs. (1) and (27) in Eq. (11), one gets

V (t) = Nmg

0

@1� e�
6r0⇡ (S�0.03699)

5.9125
t

m

6r0⇡ (S�0.03699)
5.9125

1

A . (28)

The position of the cell is then given by

x =

Z t

0
V (t0)dt0. (29)

From Eqs. (28) and (29), it is evident that as the
surface tension steps up, the velocity and displacement
of the cells step down. Since the surface tension (Eq. 20)
depends on temperature, the dynamics of the cells are
also a↵ected by the room temperature. Exploring Eqs.
(28) and (29), one can see that the velocity of the cell
is significantly a↵ected by the surface tension, and time
as shown in Fig. 8a. As the surface tension steps up,
the velocity increases. The plot of the position of the cell
as a function of time is depicted in Fig. 8b. The figure
exhibits that the RBC has a faster sedimentation rate
when the surface tension is smaller. From Eqs. (28) and
(29), one can also see that as the RBC forms rouleaux
(as N increases) the sedimentation rate increases. Figure
9 depicts the plot of ESR as a function of the number
of RBCs and surface tension. As shown in the figure,
the ESR increases as N increases and when the surface
tension decreases.
The background temperature of the fluid also a↵ects

the viscous friction of the fluid. As temperature in-
creases, the viscous friction decreases, and on the con-
trary, the di↵usibility of the cells increases as depicted in
the works [30, 41]. For highly viscous fluid such as blood,
when the temperature of the blood sample increases by
1 degree celsius, its viscosity steps down by 2 percent.
Exploiting Eqs. (28) and (29), the dependence of the
erythrocyte sedimentation rate as a function of surface
tension is depicted in Fig. 10. In the figure, the number
of RBCs that form clusters is fixed as N = 500, N = 600,
and 800 from bottom to top, respectively. The figure de-
picts that the ESR decreases as the number of red blood
cells (N) increases. When the surface tension decreases,
the ESR also increases. Our analysis also shows that up
to 3mm/hr sedimentation rate increase can be observed
when the temperature of the room varies from 20 to 45
degree celsius. This agrees with the experimental work
of Manley [44]. The ESR experiment performed via the
Westergren method confirms that the increase in room
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FIG. 8: (a) The velocity (V ) of cell as a function of S and t
for N = 100. (b) The displacement x as a function of S and
t for N = 100.

35

40

45

50

55

FIG. 9: Erythrocyte sedimentation rate in one hour as a
function of N and S. The ESR steps up as the number of red
blood cells that form rouleaux increases and it decreases as
the surface tension increases.

temperature may significantly step up the sedimentation
rate.

Case 2: The role of surface tension on the dynamics of

blood cells during centrifugation .— As discussed before,
blood cells are microscopic and they undergo a random
motion in vitro when there is no external force exerted
on them. Since Blood is a highly viscous medium, the
chance for the RBC to accelerate is negligible even in

0.045 0.050 0.055 0.060

2
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8

10

12

S

ES
R

FIG. 10: Erythrocyte sedimentation rate in one hour as a
function of surface tension. The number of RBCs that form
clusters is fixed as N = 500, N = 600, and N = 800 from top
to bottom, respectively. The ESR steps up as the number of
red blood cells (N) that form rouleaux increases as well as
when the surface tension steps up.

FIG. 11: Figure that shows the sedimentation rate of RBC
on Westergren pipet [42]. This hematology test is performed
by mixing whole blood with an anticoagulant. The blood
is then placed in an upright Wintrobe or Westergren tube.
The sedimentation rate of the red blood cells is measured in
millimeters (mm) at the end of one hour.

the presence of external force. In the presence of ex-
ternal force (centrifugal forces), these cells undergo one-
directional motion and they separate from the serum or
plasma as the angular speed increases. The surface ten-
sion also a↵ects the dynamics of the blood cells. This
can be appreciated by substituting Eqs. (2) and (27) in
Eq. (11). After some algebra one gets

V (t) = Nm!2r

0

@1� e�
6r0⇡ (S�0.03699)

5.9125
t

m

6r0⇡ (S�0.03699)
5.9125

1

A . (30)

The position of the cell is then given by x =
R t
0 V (t0)dt0.

Exploiting Eq. (30), one can see that V (t) decreases as
the surface tension increases (see Fig. 12). As the angu-
lar velocity increases, the velocity of the cells increases
as shown in Fig. 12.
Moreover, the erythrocyte sedimentation rate depends

on how the test tube is positioned. An inclination of the
test tube by 3 degrees increases the ESR up to 30 percent
[20]. Since blood is a highly viscous fluid, its viscosity is
strongly related to the surface tension as shown in Eq.
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(22). On the other hand, the surface tension has a func-
tional dependence on the degree of tilt. When the test
tube becomes tilted, the surface tension of the blood de-
creases, and consequently its viscosity decreases. As a
result a higher ESR is observed.

FIG. 12: The velocity V as a function of time t and S for
! = 200rad/s, ! = 400rad/s and ! = 600rad/s, from bottom
to top.

VI. SUMMARY AND CONCLUSION

In this paper, via an exact analytical solution, we study
the factors that a↵ect the e�cacy of the centrifugation
process. The e↵ect of the centrifugation time on the ef-
ficacy of the centrifugation process is explored by study-
ing the dynamics of the blood cells via the well-known
Langevin equations or equivalently, by solving Fokker-
Plank equations. As blood cells are microscopic, their
dynamics can be modeled as a Brownian particle walk-
ing in a viscous medium. Since blood is a highly viscous
medium, the chance for the blood cells to accelerate is
negligible and the corresponding dynamics can be stud-
ied via the Langevin equation or Fokker-Planck equa-
tion. Solving the Fokker-Planck equation analytically,
we explore how the dynamics of blood cells behave as a
function of the model parameters. Because our study is
performed by considering real physiological parameters,
the results obtained in this work not only agree with the
experimental observations but also help to understand
most hematological experiments that are conducted in
vitro or in vivo.

In a medical laboratory, the standard test tube has a
length of L = 150mm and the cells separate from the
plasma or serum at the result of the centrifugal force
f = Nm!2r where N denotes the number of cells that
form a cluster while m designates the mass of RBC or
platelets. Since the WBCs are heavy, they move way
before RBCs, and as an approximation, we disregard

their dynamics.

The speed of the centrifuge is one of the main fac-
tors concerning the e�cacy of the centrifugation pro-
cess. It is shown that as the angular speed increases,
the centrifugal force steps up and as a result, the par-
ticles are forced to separate from the plasma or serum.
Based on the size and fragility of the sample, the cen-
trifugation speed should be adjected. To increase the
e�ciency of the centrifugation process, as the size of the
particle decreases, the centrifugation speed should step
up. For instance, our work depicts that the velocity for
platelets is considerably lower than red blood cells due to
the small size of platelets. The RBC separates far more
than platelets showing that to avoid the e↵ect of clot-
ting factors, one has to increase the centrifugation time.
We also show that as the length of the test tube steps,
the centrifugal force increases. The dynamics of the cells
during centrifugation is also a↵ected by the room tem-
perature. The generation of heat during centrifugation
steps up the temperature within a centrifuge and as a
result, not only the stability of the sample but also the
mobility of the sample is a↵ected. Our result shows that
as the centrifuge temperature steps up, the velocity of
the cells as well as the average distance of the cell in the
fluid decreases. This e↵ect of temperature can be cor-
rected by increasing the centrifugation time. However, a
longer centrifugation time might lead to a considerable
amount of heat generation. This, in turn, may cause the
red blood cells to lyse. Prolonged centrifugation at high
speed also causes structural damage to the cells and as
a result, hemolysis occurs. On the contrary, low-speed
centrifugation leads to insu�cient separation of plasma
and serum from cellular blood components. When the
RBC forms rouleaux (as N increases), the velocity and
the position of the particle step up. This is because as
N increases, the centrifugal force increases. This also
implies since the RBC in serum forms aggregates due
to clotting factors, it needs less centrifugation time than
plasma.

The dynamics of the whole blood during capillary ac-
tion is studied where in this case the blood flows upward
in narrow spaces without the assistance of external forces.
In this work, we first analyzed the correlation between
surface tension and viscous friction via data fitting. We
show that the viscosity steps up linearly as the surface
tension increases. The mathematical relation between
height and viscous friction is derived. It is shown that
the height of the blood rises increases as the viscous fric-
tion increases. As the temperature of the room steps up,
the height decreases. The dependence of the erythrocyte
sedimentation rate (ESR) on model parameters is also
studied.

Most medical laboratory examinations are a↵ected by
external factors such as temperature. To understand the
factors that a↵ect the outcome of these routine examina-
tions, it is vital to explore the dynamics of the whole
blood, erythrocytes (RBCs), leukocytes (WBCs), and
thrombocytes (platelets). Since our mathematical anal-
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ysis is performed by using physiological parameters, all
of the results depicted in this work can be reconfirmed
experimentally. The simplified model presented in this
work can also help to understand most hematological ex-
periments that are conducted in vitro or in vivo.
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