
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
9 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
4-

11
-0

2 
 1

1:
41

:5
9.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dielectrophoreti
aDepartment of Mechatronics, University o

E-mail: i.ertugrul@alparslan.edu.tr
bDepartment of Electronics and Automation,

Turkey

Cite this: RSC Adv., 2020, 10, 33731

Received 19th July 2020
Accepted 29th August 2020

DOI: 10.1039/d0ra06271e

rsc.li/rsc-advances

This journal is © The Royal Society o
c separation of platelet cells in
a microfluidic channel and optimization with fuzzy
logic

Ishak Ertugrul *a and Osman Ulkir b

It is the aim to develop optimization techniques to separate platelets from Red Blood Cells (RBCs) after

designing and analyzing a microfluidic chip in this study. RBCs and platelets are present in the blood, but

some healthcare applications require either platelets or RBCs. Therefore, it is necessary to separate

platelets from RBCs. In this study, the design and analysis of the microfluidic chip were carried out with

the Comsol Multiphysics program. Since the separation of platelets and RBCs in the blood flowing from

a channel is provided by the Dielectrophoretic (DEP) force technique, the DEP force feature was given

importance in the design of microfluidic channels. Much data was obtained while designing and

analyzing processes. It has been observed that the voltage applied to the microfluidic channel and the

inlet velocity of the blood affect the fluidic velocity and pressure along the microfluidic channel. It was

also understood that the separation of platelets from RBCs depends on input data. Input and output data

were analyzed in the Comsol Multiphysics program, and the optimization of the microfluidic chip was

realized with the Matlab-Fuzzy Logic program. In order for the platelets to be separated from the RBCs,

the optimum voltage to be applied to the microfluidic chip should be in the range of 4–6 V and the inlet

velocity of the blood in the range of 800–900 mm s�1. When these input values are given, the maximum

pressure affecting the microfluidic outlet channel is 10–12 Pa, and the maximum velocity is in the range

of 1.25–1.5 mm s�1. These results are the optimum values required to separate platelets from RBCs.
Introduction

Platelets are known as the smallest cell type in the blood. These
cells play a critical role in hemostasis and thrombosis.1 They are
usually transferred to patients undergoing a wide range of
medical procedures, including general surgery and solid organ
transplantations and treatment of trauma patients. Typically,
platelets circulate the body in their immobilized forms at
a nominal concentration of 1.5–4.5 � 105 cells per mL in the
blood.2,3 However, they become mobile and undergo a signi-
cant irreversible morphological change compared to stimuli,
including mechanical shearing and soluble agonists such as
thrombin, collagen, von Willebrand factor. Unlike RBCs, which
can be frozen and stored in high urea, platelets are usually
stored at 20–24 �C with gentle shaking.4 Even under such
controlled conditions, their shelf life is only 5–7 days.5 As for the
application process, the screening of diseases such as hepatitis,
HIV, and syphilis must be completed within this period, so the
shelf life is even shorter. As a result, providing a regular supply
of platelets from donors is an essential social need.6,7
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Centrifugation is the most widely used platelet purication
method. Several protocols have been developed, including
platelet-rich plasma preparation (PRP), buffy-coat (BC) prepa-
ration, and apheresis.8,9 Because platelets act with mechanical
shear stress, any separation step that requires high-speed
centrifugation causes signicant losses. It has been reported
that both PRP and BC methods have been lost up to 50% of the
immobile platelet count.10,11 For these reasons, high purity, low
strain platelet separation technologies with integrated detec-
tion capability from whole blood are needed.

For this purpose, the dielectrophoresis method was used to
separate platelets from whole blood diluted directly in micro-
uidic channels. There are many studies using this method.12–15

Taking advantage of the fact that platelets are the smallest cell
structure in the blood, dielectrophoresis activated cell sorter is
used to perform size-based separation of blood samples and
enrich the platelets unlabelled.

Separation of platelet and blood cells was done inmicrouidic
channels. This channel technology is a technology that is
designed at micro levels by combining uid mechanics, physics,
and nanotechnology and has channels through which electric
current can pass. Here, uid is dened as a group of channels or
an integrated circuit in which channels through which air or heat
pass through microuidic channels range from a few mm to
several nm. Today, microuidics is used in many elds.16–18 In
RSC Adv., 2020, 10, 33731–33738 | 33731
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Fig. 1 Microfluidic chip design.
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a study, drug absorption performance was tested in an organ chip
created with a model taken from the intestine.19 Samples were
placed in the upper part of the microuidic intestine, and
a porous membrane was placed to control the absorption of the
drugs administered. Crowley et al. aimed to separate plasma
from blood using planar micro lters for laboratory applications
on the microchip.20 It is also stated that the micro-scale blood
ltration design used in the study may have vast effects. Chien
et al. aimed to reduce the time constant and develop an algo-
rithm by calculating pressures in the multi-port ow control
study for microuidics.21 They emphasized that with this
method, the laboratory on the chip could open a new path for
biochemical experiments. Chen et al. reported a fast and sensi-
tive online uorescence resonance energy transfer detection
technique for label-free target DNA in a microuidic channel.22

Zhang et al. proposed an innovative hybrid DEP-inertial micro-
uidic platform for particle tunable separation.23 In another
study; circulating tumor cells were detected by combining DEP
manipulation and impedance measurement using circular
microelectrodes within a single microuidic device.24 Unlike
these studies, the designed microuidic chip was used to sepa-
rate platelets and blood cells. The optimization of this process
was carried out by the Fuzzy Logic. This method, which was
developed independently frommathematical concepts, is used in
many areas, but it was used for the rst time in microuidic
optimization. The input–output parameters required for the
method were determined by getting expert opinions.

In this research, the Dielectrophoretic (DEP) force feature
was used to separate platelets in blood cells in healthcare
applications. DEP force fracture has performed the separation
of blood cells and platelets along with uid. Micro-uid chan-
nels are designed with the Comsol MultiPhysics program to
separate platelets and blood cells. In the analysis process of the
designed microuidic, the velocity, pressure, and distribution
effect of the platelets were observed according to the applied
voltage and the inlet velocity of the uid. As a result of the
analysis, the optimization of the cells in the micro-channels has
been accomplished with the Fuzzy Logic method.
Table 1 Descriptions of the microfluidic chip

Parameter Symbol Value (mm)

Channel widths L1 25
Experimental

In this study, rstly, microuidic chip design was designed to
separate platelets and blood cells. In order to apply the DEP force
technique in the best way, the designs of the channels in the
microuidic chip are given importance. Comsol MultiPhysics
program was used to analyse the designed microuidic chip. In
the ComsolMultiPhysics program, data related to the voltage and
the rate of blood cells entering the uid chip channel are dened
as variables. Pressure and velocity values in microuidic chan-
nels were obtained using these variables. The optimization of the
data obtained was made in the Matlab-Fuzzy Logic Toolbox. All
stages are given in detail in this section.
Inlet–outlet channel lengths L2 125
Channel ledges length L3 25
Length between ledges L4 30
Middle channel length L5 300
The thickness of the chip t 25
Design of microuidics channel

Microuidic chip design was made by considering the DEP
force effect. This force is inuenced by the input parameters
33732 | RSC Adv., 2020, 10, 33731–33738
and the design of the system. DEP force is dened as the
interaction of the dipole moment induced on a system and the
non-uniform electric eld on this system.25–27 When the electric
eld applied to the system is examined in the frequency space,
the DEP force is calculated as in eqn (1):

Fext ¼ 2prp
3V0real

�
V*

f

�
real

 
V*

p �V*
f

V*
p þ 2V*

f

!
D|Erms|

2 (1)

Erms average electric eld, Vf liquid permeability and Vp is the
complex relative permeability of the particle.28–30 Assuming that
the electric eld is calculated in the frequency space, the
complex permeability in the frequency eld is calculated as in
eqn (2).

V* ¼ V� is

w
(2)

Here, s is the electrical conductivity, w is the angular frequency
of the electric eld, and V is the permeability.

In this study, a single uid chip design was made, and the
input parameters of the system were changed. The design of the
microuidic chip was made with the SolidWorks program, as
shown in Fig. 1. The microuidic chip has two input channels
and three output channels. Blood cells were sent at an absolute
velocity through the inlet channels. Platelet and RBCs were
separated from the output channels. All the dimensions of our
microuidic chip design are shown in Table 1.

Analysis of microuidics channel

In order to analyse the microuidic chip, the design processes
must be completed. In the previous section, the design process
has been completed. Aer the design processes are realized,
some parameters and denitions must be made to the system.
The voltage that should be applied to the channels and the rate
This journal is © The Royal Society of Chemistry 2020
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Table 2 Fixed parameters in the system

Parameter Value Unit

Frequency of the electric eld 100 kHz
Fluid relative permittivity 80 —
Fluid density 1000 kg m�3

Fluid dynamic viscosity 0.001 Pa s
Platelets diameter 2.1 mm
RBCs diameter 6 mm
Platelet conductivity 0.25 S m�1

RBCs conductivity 0.31 S m�1
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of blood entering the channel is signicant for the separation
processes of platelets and RBCs. These parameters are dened
as variable input in analysis operations. In other words, it takes
variable value in optimization processes with fuzzy logic.

In this research, the designed microuidic chip is loaded
into the Comsol MultiPhysics program. Then the xed param-
eters in the system are dened in the Comsol MultiPhysics
program. In the system, some parameters are xed, and some
parameters are variable. Parameters such as blood values, blood
cell sizes, frequency values are given as xed in Table 2. The
input and output parameters of the system are variable as
optimization will be performed.

The voltage given as an input to the microuidic chip
channel is given as in Fig. 2A. The voltage supplied to the system
causes the DEP force to occur. This force provides the separa-
tion of blood cells. In order for blood cells to be successfully
separated, one of the input channels must be at a constant
velocity and the other channel must be variable. In experi-
mental studies, the optimum constant velocity value was
determined as 134 mm s�1. The velocities of blood delivered to
the inlet channel of the microuidic chip are shown in Fig. 2B.
Here, the velocity in the rst channel is constant and 134 mm
s�1. The velocity in the second channel is dened as a variable.
The velocity of this channel will affect the outputs in the system.
Fig. 2 Microfluidic chip channel (A) location of the voltage input into
the microfluidic chip channel (B) input velocities and outputs of blood
cells in the microfluidic chip channel.

This journal is © The Royal Society of Chemistry 2020
In particular, it affects the velocity of blood cells, leaving the
channel and the pressure that the blood effects on the channels.

Analysis of the microuidic chip is required to perform
optimization procedures. The problem of the system must be
well understood in order to perform the analysis operations. For
this reason, it is essential to determine the system's input and
output parameters. Analysis will be carried out through these
parameters. According to the results of the analysis, data related
to the system will be obtained. Optimization will be done with
the help of these data. In this study, hundreds of analysis
processes were carried out in order to perform optimization
processes. Since the input and output parameters in the system
are not determined as a xed number, the analysis process took
much time.
Optimization of microuidics

In the classical logic method, classications are dened
precisely. In other words, the member is either part of the group
or not. It cannot be both at the same time. In short, the classical
logic method has two values, 0 and 1. Contrary to this method,
fuzzy logic can operate in complex conditions similar to the
human mind-set. In the fuzzy logic method, the elements may
be partially part of the fuzzy set. They can also belong to more
than one cluster. In this method, uncertainties on the system
can be expressed, and nonlinear functions can also be
modelled.

The essential elements of fuzzy logic are fuzzy inputs,
outputs, rules, and blurring, as shown in Fig. 3. Fuzzy logic
takes information from a standard language system and
converts it into values. Values of input amounts associated with
membership functions are given in the form of words such as
fast, faster, slow, and slower. Then the input and output rela-
tionship is developed using rules. Outputs are obtained using
the determined inputs and rules. Blurred outputs must be
converted to real values so that they can be used in real
systems.31–33

The rst step to model a system using fuzzy logic is to
identify its inputs and outputs. The most important task of
a microuidic is to separate the platelets in the chip channels.
To achieve this, attention should be paid to the output param-
eters of fuzzy logic related to separation. In this study, optimi-
zation processes according to input and output parameters were
done with Matlab-Fuzzy Logic. As the inputs of the system, the
ow rate of the blood entering the chip system and the voltage
given to the system are dened. The outputs of the system are
Fig. 3 The basic structure of the fuzzy logic controller.

RSC Adv., 2020, 10, 33731–33738 | 33733
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Fig. 5 Analysis results of pressure in the channels of the microfluidic
chip.

Fig. 4 Inputs and outputs of the microfluidic system.
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dened as the velocity of the blood from the microuidic
channels, the separation of blood cells, and the pressure values
of the blood cells that affect the channels. Voltage values allow
the separation of RBCs and platelets. The inlet ow rate of the
blood also affects the press of the blood cells acting on the
microuidic channels and the output rate of the blood cells in
the microuidic chip. The inputs and outputs of the fuzzy logic
system are shown in Fig. 4.

Using fuzzy logic, blood ow rate, and voltage input
parameters will help separate platelets from RBCs. Membership
function values, upper and lower limits of the input, and output
parameters are adjusted according to a specic problem.
Hundreds of analysis processes were carried out with the
Comsol MultiPhysics program. According to the analysis
results, rules and parameter values were determined. Aer
determining the upper and lower limits for modeling the
required parameters with the membership function, a total of
16 rules were created to dene the relationship between these
parameters. To apply fuzzy logic to the microuidic, logic rules
must be created. This rule table is shown in Table 3.
Table 3 Fuzzy logic rulesa

Inputs Outputs

FluidInlet speed Voltage Pressure Velocity Distribution

1 LW LW THEN LW LW SGOB
2 LW L THEN LW LW SGOB
3 LW GD THEN LW LW SPOG
4 LW HG THEN LW LW SPOB
5 L LW THEN LW LW SGOB
6 L L THEN LW LW SGOB
7 L GD THEN LW LW SPOG
8 L HG THEN LW LW SPOB
9 GD LW THEN GD GD SGOB
10 GD L THEN GD GD SGOB
11 GD GD THEN GD GD SPOG
12 GD HG THEN GD GD SPOB
13 HG LW THEN HG HG SGOB
14 HG L THEN HG HG SGOB
15 HG GD THEN HG HG SPOG
16 HG HG THEN HG HG SPOB

a LW ¼ LOWEST, L ¼ LOW, GD ¼ GOOD, HG ¼ HIGH, SGOB ¼
SingleOutputBad, SPOG ¼ SeparateOutputGood, SPOB ¼
SeparateOutputBad.

33734 | RSC Adv., 2020, 10, 33731–33738
In the triangular membership function used for Fluid-
InletVelocity input, ‘LOWEST’ for values in the range [0–500 mm
s�1], ‘LOW’ for values in the range [500–800 mm s�1], ‘GOOD’ for
values in the range of [800–1000 mm s�1], and ‘HIGH’ for values
in the range [1000–1300 mm s�1] were used. In the triangle
membership function used for voltage input, ‘LOWEST’ for
values in the range of [0–2 V], ‘LOW’ for values in the range of
[2–4 V], ‘GOOD’ for values in the range of [4–8 V], and ‘HIGH’ for
values in the range of [8–12 V] were used. In the triangle
membership function used for pressure output, ‘LOW’ for
values in the range of [0–8 Pa], ‘GOOD’ for values in the range of
[8–16 Pa], and ‘HIGH’ for values in the range of [16–24 Pa] were
used. In the triangle membership function used for velocity
output, ‘LOW’ for values in the range of [0–1 m s�1], ‘GOOD’ for
values in the range of [1–2 m s�1], and ‘HIGH’ for values in the
range of [2–3 m s�1] were used. In the triangular membership
function used for distribution output, ‘SingleOutputBad’ for
values in the range [0–2], ‘SeparateOutputGood’ for values in the
range,2–4 and ‘SeperateOutputBad’ for values in the range4–6

were used.
Result and discussion
Comsol analysis results

The system was analysed with the Comsol MultiPhysics
program. Hundreds of analyses have been done to obtain
Fig. 6 Velocity analysis results in the channels of themicrofluidic chip.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) Analysis results of the separation of blood cells in the
channels of the microfluidic chip (B) blood cells in the channels of the
microfluidic chip come out of a single channel.
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optimum results of the system. The inputs of the system are
dened as blood ow rate and voltage. The outputs are dened
as pressure, velocity, and separation of blood cells. According to
the results of the analysis, the optimum voltage to be given to
the chip should be 4–6 V, and the velocity of the uid should be
between 800–900 mm s�1 in order to separate the RBCs and
Fig. 8 (A) FluidInletSpeed and voltage affects the velocity (B) FluidInletSp
affects the distribution.

This journal is © The Royal Society of Chemistry 2020
platelets. If the input parameters are applied to the microuidic
chip at these value ranges, it is understood that the pressure in
the output channel is in the range of 10–12 Pa and the velocity
in the range of 1.25–1.5 mm s�1.

Pressure values in the microuidic chip channels are given
in Fig. 5. Paying attention to Fig. 5, the pressure at the inlet of
the channels of the uid chip will be higher. Pressure values
towards the output of the chip will also decrease. Since the
velocity at the inlet of the microuidic chip is high, it affects the
pressure, so the pressure in the inlet channels of the uid chip
is always higher. In the case of 5 V voltage to the microuidic
chip and the uid velocity entering through the second channel
is 825 mm s�1, the pressure values obtained from the outlet are
as in Fig. 5. Themaximum pressure acting along the channels is
11.25 Pa.

The velocity values in the microuidic chip channels are given
in Fig. 6. The velocity in the rst channel of the microuidic chip
was taken as 134 mm s�1. This value is taken as a constant in all
analyses in the system. If the ow velocity of the uid in the
second channel is also taken into consideration, it will be higher
than the inlet velocity of the rst channel. The velocity values
towards the output of the chip will also generally decrease. If 5 V
voltage is applied to the microuidic chip and the uid velocity
entering through the second channel is 825 mm s�1, the velocity
values obtained from the output are as in Fig. 6.

The separation of RBCs and platelets in the microuidic chip
channels is shown in Fig. 7A. In the case of 5 V voltage to the
microuidic chip, the uid velocity entering from the rst
eed and voltages affects the pressure (C) FluidInletSpeed and voltages

RSC Adv., 2020, 10, 33731–33738 | 33735
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Table 4 Fuzzy logic outputs in response to the inputs

Input Output

FluidInletSpeed
[mm s�1] Voltage [V] Pressure [Pa]

Velocity [m
s�1] Distribution

300 1 4 0.5 SingleOutputBad
300 3 4 0.5 SingleOutputBad
300 6 4 0.5 SeparateOutputGood
600 1 4 0.5 SingleOutputBad
600 3 4 0.5 SingleOutputBad
600 10 4 0.5 SeparateOutputBad
900 1 12 1.5 SingleOutputBad
900 3 12 1.5 SingleOutputBad
900 6 12 1.5 SeparateOutputGood
1200 1 20 2.5 SingleOutputBad
1200 3 20 2.5 SingleOutputBad
1200 10 20 2.5 SeparateOutputBad
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channel is 134 mm s�1, and the uid velocity entering the second
channel is 825 mm s�1, the RBCs and platelets are separated from
each other as in Fig. 7A. As seen in Fig. 7A, RBCs are larger than
platelets in size and come out from the bottom channel of the
chip. Platelets, on the other hand, are smaller in size and come
out of the upper channel of the chip. The most important factor
affecting the separation of blood cells is the DEP force. The
feature that causes this force to occur is the voltage supplied to
the system. In the case of low voltage given to the system, blood
cells cannot be separated from each other. In other words, all
blood cells come from a single outlet, as in Fig. 7B.
Fuzzy logic results

As a result of the analyses made with the Comsol MultiPhysics
program, much data was obtained. These data are classied by
the Matlab-Fuzzy Logic method and optimized. The input and
output parameters required for this method are described in
Section 2.3. The system is designed to have two inputs and three
outputs in total. Aer determining the lower-upper values for
each parameter with the membership function, a total of 16
rules were created to dene the relationship between the
parameters. The results of these rules determined by applying
the Min-Max operator are shown as 3D graphics in Fig. 8. These
gures show the relationship between input and output
parameters.

As seen in Fig. 8A and B, FluidInletSpeed affects the velocity
and pressure of the microuidic in direct proportion. The effect
of the voltage input value on the velocity and pressure of the
microuidic is less. Aer about 1000 mm s�1 FluidInletSpeed,
velocity and pressure values increase signicantly. While the
maximum velocity acting along the channels is 1.85mm s�1, the
maximum pressure is determined as 16.89 Pa. Fig. 8C shows the
result of the fuzzy logic model developed for separating red
blood cells and platelets in the microuidic chip channels. In
this model, the effect of the voltage applied in the distribution
process is high. The success rate in the distribution process
increases aer the 4 V voltage value. The change in FluidInlet-
Speed is less effective. In case of low voltage given to the system,
33736 | RSC Adv., 2020, 10, 33731–33738
blood cells cannot be separated. Table 4 describes the variation
in the output parameters in response to the given inputs of the
microuidic channel.

Conclusions

In this study, a microuidic chip was designed and analysed
with the Comsol MultiPhysics program in order to perform the
separation of platelets from RBCs. The data obtained as a result
of the analyses were classied in the Matlab-Fuzzy Logic
program, and optimization processes were carried out. The data
obtained during the optimization processes were obtained by
changing the input parameters. Output data were obtained by
changing input parameters over the same design.

As a result of the analysis and optimization processes, the
optimum voltage that should be given to the chip in order to
separate the platelet cells from the RBCs should be 4–6 V, and
the velocity of the uid should be between 800–900 mm s�1. If
the input parameters are applied to the microuidic chip at
these value ranges, it is understood that the pressure in the
output channel is in the range of 10–12 Pa and the velocity in
the range of 1.25–1.5 mm s�1.

Since this study is also possible to control in real-time, it
provides the infrastructure for the production of devices related
to the biomedical elds of separation of blood cells depending
on the variables in the microuidic chip. In our next study, the
effect on separation of platelets from red blood cells will be
investigated by designing different sized micro channels. As
a result of these investigates, the microuidic chip will be
fabricated in the most appropriate design.
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