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Abstract. Recently, electrode-based Dielectrophoresis (eDEP) has been used for particle

1. Introduction

particles and are crucial to operate their direction of
motion [9,10].
Dielectrophoretic (DEP) force is generated as a
result of the electric eld gradient. In electrodebased DEP (eDEP), which utilizes di erent geometry gures and dispositions of photolithographically
patterned electrodes, the non-uniform electric eld
within the microchannel created by electrodes results in
particle movement by causing a DEP force. Therefore,
disparate voltages of electrodes at di erent frequencies
can manipulate particles throughout the microchannel.
Recently, there has been a signi cant increase in the use
of eDEP due to the evolution of high-precision micronsized electrodes using photolithography methods [11].
Dielectrophoresis has been utilized for detection, manipulation, separation, and characterization
of cells [12-15], bacteria [16-18], virus [19,20], parasites [21,22], DNA molecules [23,24], and cell organelles [25,26].
For the rst time, Pohl and Hawk (1966) investigated DEP separation of live and dead cells in
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manipulation by means of triangular electrodes. In this theoretical and numerical study,
a microchannel with quarter-of-ellipse electrodes is presented and a detailed comparison
with triangular electrodes is provided. Electric eld, resultant DEP force, and particle
trajectories for each microchannel are evaluated by means of COMSOL Multiphysics 4.4.
Afterwards, focusing and separation eciencies of the systems are assessed and compared.
Finally, separation eciency of our proposed model for live and dead cells is compared
with that of our previous model published in the literature [1]. It is demonstrated that
our proposed new model has higher lateral DEP force, responsible for cell separation,
than the previous triangular-electrode model had. This feature is re ected in the 96%
focusing eciency for 10-micron particles and 100% separation eciency for live and dead
mammalian cells.
© 2018 Sharif University of Technology. All rights reserved.

The advent of micro/nano technologies has enabled us
to develop systems capable of eciently manipulating,
separating, monitoring, and treating the biological
cells [2-5]. There are several mechanical, electrical,
thermal, optical, acoustic, magnetic, and chemical
phenomena within micro uidic systems [6-9]. Among
them, dielectrophoresis, which is based on the dielectric
properties of particles relative to the suspension uid,
can be eciently used in order to separate dead
and live cells. The above-mentioned properties are
closely relevant to structure and composition of the
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a stationary system [27]. The study of stationary
DEP cell separation systems was then pursued by a
number of investigators [19,28,29]. Becker et al. (1995)
successfully separated breast cancer cells (MDA 231)
from healthy cells by means of castellated electrodes
and frequency dependency of DEP force to reach the
trapping e ect [7].
To circumvent the process challenges faced in
stationary systems, continuous ow DEP separation
techniques were o ered by investigators [30,31]. Continuous particle separation can also be accomplished
by both con ning and branching particle streams.
Con ning particles into an in nitesimal volume is a
principal technique in many microdevices and has been
widely utilized [32,33].
Hemmatifar et al. numerically simulated a continuous ow eDEP micro uidics device for separation
of live and dead cells comprising four triangular microelectrodes patterned on the top and bottom of the
channel [1]. However, they did not investigate the
eciency of this system with regard to the separation
of live and dead mammalian cells.
In this study, we have proposed new highly
ecient, eDEP micro-particle focusing as well as cell
sorting microsystems, which are based on the study by
Hemmatifar et al [1]. The design introduced herein
features a new type of electrodes, which generate
higher gradients in the electric eld and, therefore,
higher DEP force for particle manipulation. We have
performed numerical experiments and, based on them,
we have predicted separation eciency of our system to
be 100 percent along with its extremely high focusing
eciency and, thus, its superiority over our previous
DEP micro-particle focusing and cell separating system [1]. Simulation of the separation of the average live
and dead mammalian cells in the range of 1-10 microns
in diameter is performed at the optimum con guration
of the applied voltages. Finally, the eciency of the
separation process as well as the focusing eciency of
live cells is calculated.

2. Theoretical background
For simpli cation, we have considered biological cells as
spherical particles. The time-averaged DEP force for a
homogenous spherical particle is given as follows [34]:
2 ;
FDEP = 2r3 "medium Re [fCM (!)] rErms

can be calculated as follows:
"
"
;
fCM cell = cell medium
"cell + 2"medium
where " is the complex permittivity de ned as:
" = "

i
;
!
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p

where i =
1,  and ! are the electric conductivity
and the angular frequency of the electric eld, respectively.
The single shell [35] model was used to model
the mammalian cells. The single shell model is an
approach to model protoplasts (spherical particles in
which it is possible to identify a cytoplasm and a lossless membrane) (see Figure 1).
CM function for the live mammalian cells is
borrowed from Jones, 2003 [34] as:
fCM (!) =
!2 (1 m c m ) + i! (m 1 m ) 1
;
!2 (c m + 21 m ) i! (m + 21 + m ) + 2

(4)

where cm and R are the e ective capacitance of the
membrane and the radius of the cell, respectively, and
m = cm R=c and c = "c =c are the time constants;
subscript c refers to the cytoplasm. It is assumed that
the conductance of the membrane gm is negligible (lossless membrane). It should be noted that 1 = "1 =1
and m = cm R=1 .
Supposing that a dead cell has an irreversibly
permeable membrane, its CM factor equation becomes [35]:
fCM (!) =

"c "1
"c + 2"1

i(2 1 )=!
:
i(2 + 21 )=!

(5)

Deionized (DI) water, whose properties are "1 = 78"o ,
is chosen as a very resistive medium (subscript 0
refers to vacuum). We have followed the practice
of Khoshmanesh et al. [5] in using DI water. The
important properties of the medium for the simulations
reported herein are density, viscosity, and electric

(1)

where r and "medium are the radius of the particle and
the permittivity of the suspending medium, respectively, and Re[fCM (!)] and Erms are the real part of
the Clausius-Mossotti (CM) factor and the root-meansquare value of the electric eld, respectively. CM
factor, which represents polarizability of the system,
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Figure 1. Protoplast model parameters.
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Figure 2. The CM function for dead and live mammalian
cells.

permittivity, which do not vary very much if some small
amounts of ions are introduced in the solution to make
the system isotonic. Please notice that the cells are
modelled as particles and, therefore, cell viability is not
an issue here. Thus, we believe that using DI water for
simulations is a compromise between addressing all the
details of isotonic medium and losing small amount of
accuracy.
The average values of the cell parameters are as
follows:


Cytoplasm:
"c = 60"0 ; c = 0:5 S=m; R = 2:0 m:



Loss-less membrane:
Cm = 1:0 F=cm2 ; gm = 0:

CM factors for dead and live cells as a function
of electric eld frequency are calculated using the
aforementioned values and method. Real part of CM
factors for frequencies less than 10e4 Hz for dead and
live cells is 1 and {0.5, respectively (see Figure 2) [35].

3. Design and simulation
3.1. Layout of the microchannel

Lateral sorting method is used for the separation of
dead and live cells. Due to their positive and negative
CM factors, dead and live cells move toward the
sidewalls and centerline of the channel, respectively.
This method can be utilized here to semi-continuously
manipulate the particles.
Figure 3 shows the isometric and top views of
the channel used by Hemmatifar et al. [1]. Also, the
microchannel proposed herein is shown in the gure,
with four quarter-of-ellipse electrodes. The dimensions
of the microchannels are 1000  260  100 ( 500 < x <
500; 20 < y < 120; 130 < z < 130 m) micrometers
and the electrodes are placed on the top (A and B)
and bottom (C and D) surfaces of the microchannels

Figure 3. (a) Two-dimensional layout of Hemmatifar et
al.'s triangular electrodes. (b) Layout of the proposed
quarter-of-ellipse electrodes in the channel. (c)
Three-dimensional view of the microchannel with four
microelectrodes. Electrodes A and B are at the top,
whereas C and D are located at the bottom of the
microchannel. All dimensions are in millimeters.

for complete three-dimensional particle manipulation.
Two microelectrodes (A and D) have voltage, V , while
the other two (B and C) are grounded.

3.2. Method of simulation

COMSOL Multiphysics 4.4 CFD code was utilized in
order to simulate and assess the focusing, cell sorting,
and separation eciency of the proposed microchannel. Three modules were included in this simulation:
laminar ow, electric current, and particle tracking in
uid ow.
For modelling the ow, the prescribed inlet velocity of water was set at 100 micrometers/second.
Since the reservoirs were of very low depth and in
contact with the atmospheric air, the pressure at the
outlet was also assumed to be atmospheric. With
water density,  = 998:2 kg/m3 , and dynamic viscosity,
 = 0:001 kg/m/s, the Reynolds number was equal
to 0.010. Therefore, the ow was creeping and the
hydrodynamics entry length was so short that the ow
would certainly become fully developed before reaching
the electrodes. The ow no-slip boundary condition
was set on microchannel walls.
For the electric current module, the initial voltage
value for the whole microchannel was set to zero. As
described above, electrodes A and D had a voltage
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of magnitude, V, whereas the electrodes B and C
were grounded. For the other surfaces of the channel
including inlet, outlet, bottom, top, and sidewalls,
the electrical current was set to zero as the boundary
condition (see Figure 3).
The channel geometry was discretized into unstructured, tetrahedral cells. Grid clustering was
performed near the edges of the electrodes, where
the gradient of the electric eld was supposed to be
high. To study grid independency, four meshes ( ne,
ner, extra ne, and extremely ne) were constructed.
Figure 4 shows the magnitude of the electric eld along
the line (z = 0; y = 50; 500 < x < 500 m) in
ner grid of COMSOL Multiphysics 4.4. Investigation
of the magnitude of the electric eld demonstrated
that the error associated with the use of ner meshes
instead of extremely ne ones was less than 1.5 percent.
Therefore, ner mesh was used in order to decrease the
computational costs.
Table 1 shows the parameters that were set in the
numerical simulations.
To model the particle motion, only drag and
dielectrophoretic forces were taken into account. As
the ow was creeping, the drag force on spherical cells
was approximated by the Stokes' law given as follows:

Figure 4. Magnitude of the electric eld of our model

along the line (z = 0; y = 50; 500 < x < 500 m) in ner
grid of COMSOL Multiphysics 4.4.

Fdrag = 6rVrel ;
(6)
where Vrel is the velocity of the particle relative to uid
ow and r is the outer radius of the particle. Assuming
that the concentration of particles in the uid ow was
not high, the interaction of particles with each other
was not considered in this simulation.
Considering the particle tracking in uid ow
physics, a particle diameter range of 1-10 microns
(average diameter of most biological particles) was
considered in our simulations. 65 live cells and 65
dead cells were separately tracked in two simulations
released from uniform positions at the inlet (5  13).
Live cells concentration and trapping the dead cells
resulted in their separation in the microchannel under
investigation.

4. Results and discussion
Figure 5 shows the results with regards to the part of
steady state in simulation and exhibits ow velocity
plot and distribution of electric
eld magnitude over2
@E 2 e^ in three y
laying vector plot of @E
e
^
+
z
y
@y
@z z
sections along the x axis when 10 V is applied on two
electrodes in crossed charging con guration. Partial
derivative of E 2 with respect to y and z variables is
responsible for the y- and z -components of DEP force;
therefore, it plays a key role in the lateral (along the
z axis) and vertical (along the y axis) movements of
2
the particles in the channel. The @E
@y in all sections
is negative in the zone of 0 < y < 130 microns, and
is positive in the zone of 130 < y < 260 microns.
Consequently, considering the negative value of CM
factor of live cells, they are expected
to travel to
2
the y = 130-micron line. The @E
in
all
sections is
@z
centripetal around the y = 130-micron line. In fact,
a secondary concentration occurs in z direction for
all con2 gurations. This is due to the negative value
of @E
@z in the zone of 0 < z < 50 microns and its
positive value in the zone of 50 < z < 100 microns.
These forces make a concentrated particle stream at the
outlet. The dead cells with positive value of CM factor,
however, 2are expected
to be stuck near the electrodes
@E 2 e^ is maximum. These predictions
e
^
+
where @E
y
z
@y
@z
are in agreement with the particle tracking simulation

Table 1. Parameters considered in simulation.
Parameter of simulation
Value
Domain selection

Medium density
Medium dynamic viscosity
Inlet velocity
Outlet pressure condition
Initial value of electric potential of microchannel
Cells density

189

998.2 kgm 3
0.001 kgm 1 s 1
0.0001 m/s
0 Pa
0V
1000 kgm 3

Electrodes
Microchannel body
Medium

Material

Silver
Acrylic Plastic
Water
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Figure 5. Steady state results of simulation: (a) Laminar ow eld and ow velocity contour in channel, (b) distribution
2

2

@E
of electric eld magnitude overlaying vector plot of @E
@y e^y + @z e^z at the x = 200 m plane when 10 V is applied on two
electrodes in crossed charging con guration, (c) distribution of electric eld magnitude overlaying vector plot of
@E 2 e^ + @E 2 e^ at the x = 100 m plane, and (d) distribution of electric eld magnitude overlaying vector plot of
@y y
@z z
@E 2 e^ + @E 2 e^ at the x = 0 m plane.
@y y
@z z

results at voltages of 2, 4, 6, 8, and 10 V. It is also
demonstrated that the live cells are more concentrated
in our proposed designs than in the one suggested by
Hemmatifar et al. [1].
Live and dead cells released in uniform position
from inlet were tracked. Figures 6 and 7 illustrate the
pathline and focusing of 4-micron diameter dead and
live cells released from our model's inlet with applied
electrode voltage of 10 V for four consecutive times,
respectively. It was noticed that by considering 4micron particles, the dead cells were stuck to the wall
around the electrode zone while the live cells were
moved forward and concentrated exactly on centerline.
For particles with diameters greater than 4 microns,
the magnitude of dielectrophoretic force was greater
and the focusing and separation eciencies were maximum. Consequently, the entire results that have been
represented speci cally are for 4-micron particles.

The focusing eciency is calculated for di erent
applied voltages as a function of cell size for two
electrode patterns. The focusing eciency is de ned
as the ratio of particle-free region width at the outlet
to the width of the channel. This results in the
possibility of comparing it with the focusing eciency
of Hemmatifar et al.'s model. The focusing eciency
graphs are plotted in Figure 8 for applied voltages of
2, 4, 6, 8, and 10 V. Figure 8 demonstrates that when
the applied voltage is 10 V, the focusing eciency of
our newly suggested design and that of Hemmatifar et
al.'s [1] model for particle diameters greater than 4 and
6 microns are maximum. In our model, when applied
voltage is 8 V, focusing eciency is close to focusing
eciency of Hemmatifar et al. for 10 V. Thus, the
focusing eciency of our model is signi cantly greater
than that of the Hemmatifar et al.'s model [1].
Figure 9 illustrates the trajectories of 65 released
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Figure 6. Distribution and focusing of our model for 65 dead cells with 4-micron diameter released from inlet with

applied electrode voltage of 10 V for four consecutive times. The color of particle trajectories represents particle velocity
magnitude (m/s): (a) Time = 0 s, (b) time = 2 s, (c) time = 4 s, and (d) time =7 s.

4-micron diameter cells from uniform positions in the
inlet with applied electrode voltage of 10 V. As shown
in Figure 9, in the proposed quarter-of-ellipse model,
live cells are concentrated on the centerline and all of
the dead cells are trapped around the electrodes. In
Hemmatifar et al.'s model, live cells are not concentrated on the central line completely; also, some of the
dead cells escape from the electrodes.
Simulation results show that separation eciency
of our proposed model is 100 percent for applied voltage

of 10 V and cell diameters greater than 4 microns.
This parameter is de ned as the ratio of the number
of trapped dead cells to the number of released dead
cells at the inlet. Therefore, in this range of cell
diameters, our proposed model traps all dead cells near
the electrodes and concentrates live cells on the center
of the channel as they move toward the outlet.
It is worth mentioning that the medium used for
simulations was DI water. Real mediums used for
cell manipulation usually have some ions deliberately
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Figure 7. Distribution and focusing of our model for 65 live cells with 4-micron diameter released from inlet with applied
electrode voltage of 10 V for four consecutive times. The color of particle trajectories represents particle velocity
magnitude (m/s): (a) Time = 0 s, (b) time = 3 s, (c) time = 5 s, and (d) time =11 s.

added to keep cell viability. DI water has smaller
Joule heating than such real world-mediums have and,
therefore, care must be taken while interpreting results
of simulations.

5. Conclusion
We have designed and numerically investigated a con-

tinuous ow platform in which mammalian live cells
can be focused and also separated from dead ones with
extremely high eciency. This method only manipulates the cells and not the uid. Microelectrode design
was introduced as quarter-of-ellipses. The motion of
cells was studied in a microchannel equipped each time
with one of the electrodes at di erent voltages and
for di erent particle diameters. It is shown that our
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Figure 8. The focusing eciency of (a) Hemmatifar et al.'s model and (b) the proposed quarter-of-ellipse model, for
di erent live cell diameters and electrode voltages.

Figure 9. Trajectories of 65 released 4-micron diameter cells from uniform positions in the inlet with applied electrode

voltage of 10 V beside the path line. The color of particle trajectories represents particle velocity magnitude (m/s): (a)
Live cells trajectories for proposed quarter-of-ellipse model, (b) dead cells trajectories for proposed quarter-of-ellipse
model, (c) live cells trajectories for Hemmatifar et al., (d) dead cells for Hemmatifar et al., and (e) xz plane of live cells in
quarter-of-ellipse model.
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proposed microchannel design has the capability of
focusing live mammalian cells as well as separating
them from dead ones. We have reported strong electric
eld gradient generated by the new electrode design
compared to Hemmatifar et al.'s [1] design. Similarly,
our proposed design can focus on live mammalian cells
and separate them from dead mammalian cells with
higher eciency of almost 100 percent.
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