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Abstract

Active sorting of particle in the dielectrophoresis microfluidic channel by applying the boundary element method and point-
particle approach is investigated. In this paper, we investigate the dynamics of particle sorting for various particle sizes,
electrode potential, electrode spacing, and relative permittivity. The microfluidic device consists a straight mother channel,
two inlets, two outlets, and up and down triangular electrodes. The boundary element method is applied to numerically solve
the integral equations of the Laplace differential equation of electric potential and Stokes differential equation. In continue,
the dynamics of particle separation using the point-particle approach is investigated. Numerical results indicate that there are
three different particle sorting regimes. They are called by up-outlet, down-outlet, and trapped regimes. The results illustrate
that there are a good agreement between two numerical approaches.

Keywords Dielectrophoretic force - Triangular electrodes - Boundary element method (BEM) - Point-particle approach

(PPA)

1 Introduction

Particle separation in microfluidic is a process by which par-
ticles of different sizes and shapes can be separated using
microfluidic devices. This process is used in many appli-
cations, such as biomedical (Stroncek and Rebulla 2007,
Suresh 2007; Alshareef et al. 2013) and pharmaceutical
research (Jia et al. 2022; Cui and Wang 2019), drug deliv-
ery (Maeki et al. 2018; Mancera-Andrade et al. 2018), and
environmental monitoring (Chon et al. 2007; Jokerst et al.
2012). The particles are typically sorted using a combina-
tion of physical and chemical methods, such as dielectropho-
resis, magnetophoresis (Alnaimat et al. 2018; Sophia Lee
et al. 2011; Kadivar 2014), hydrodynamic focusing (Kadi-
var et al. 2013; Daniele et al. 2015; Olfati Chaghagolani
and Kadivar 2023), and fluorescence-activated cell sorting
(Raddatz et al. 2008; Chen et al. 2010). The advantages of
particle sorting in microfluidics include high accuracy, high
throughput, and low cost (Sajeesh and Sen 2014). Among
the several sorting techniques, dielectrophoresis is popular
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method. Dielectrophoresis (DEP) is a phenomenon in which
a force is exerted on a particle when it is subjected to a non-
uniform electric field. The force experienced by the parti-
cle is dependent on the particle size, particle shape, applied
electric field, and dielectric properties of particle and carrier
phase. DEP can be used to manipulate, separate, and analyze
particles in a variety of applications, including microfluidics
and bioprocessing (Chan et al. 2018).

Two types of current can be used in the particle sorting
by applying the electric filed: direct current and alternating
current. Direct current dielectrophoresis (DC-DEP) (Kang
et al. 2008) is a phenomenon in which particles suspended in
a fluid are subjected to the non-uniform electric field, result-
ing in a force that can be used to manipulate the particles.
It is a type of dielectrophoresis that utilizes the direct cur-
rent electric field, as opposed to an alternating current (AC)
field (Lewpiriyawong and Yang 2012). DC-DEP is used in
a variety of applications, including the separation of parti-
cles, the manipulation of cells (Srivastava et al. 2008), and
the assembly of nanostructures (Ali and Park 2016; Nguyen
et al. 2022).

Size-based multiple particle separation using dielectro-
phoresis is a process used to separate particles of different
sizes. It is commonly used in industrial processes such as
filtration (Suehiro et al. 2003), centrifugation (Zhang et al.
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2019; Yeo et al. 2018), and sedimentation (Luo et al. 2018).
In these processes, particles are separated based on their
size, relative permittivity and electrode shape. The dynam-
ics of particle trajectory in the microfluidic channel using
COMSOL Multiphysics under different electrode shapes
have been investigated by Zhang and Chen (2020). They
have investigated the response of three bioparticle to dielec-
trophoresis force for three electrode shapes (Zhang and Chen
2020). Zackria Ansar et al. developed a bioparticle sepa-
ration for five particle sizes and different electrode shape
(Ansar et al. 2020). A new separation strategy for biocell
separation using the frequency coupled dielectrophoresis
force has been proposed by Wang et al. (2009). Using a
large-scale floating electrodes array, Jiang et al. numerically
demonstrated dielectrophoresis separation of binary colloid
mixture in the microfluidic channel (Jiang et al. 2018).

A boundary element method is an interesting numerical
method to investigate the dynamics of particle motion in
the microfluidic channel (Kadivar 2018; Erfan Kadivar and
Zarneh 2022). The advantage of boundary element method
is that only the boundary of the problem is necessary to
be discretized into elements (Pozrikidis 1992). To our
knowledge, most studies on the boundary element method
are restricted to the straight microchannel (House and Luo
2010; Cetin et al. 2017). In this work, we study the particle
sorting using the dielectrophoresis phenomenon produced
by triangular-shape electrodes. In this way, boundary ele-
ment method (BEM) and point-particle approach (PPA) are
applied to study the separation dynamics. In this study, the
effect of particle size, electric potential, electrode spacing,
tip angle of triangular electrodes, and relative permittivity on
the dynamics of particle trajectory are investigated. Figure 1

illustrates the schematic geometry of our work. The micro-
channel consists a straight mother channel and two inlets and
outlets. The straight channel also consists of up and down
triangular electrodes.

This paper is structured as follows: in Sect. 2, we will
formulate the Laplace equation for electric potential, Stokes
equation and boundary conditions for the electric potential
and velocity field at the particle interface as well as at the
channel walls. In Sect. 2, the numerical implementation to
solve the boundary integral representation equation for the
electric potential and velocity of particle are included. In
Sect. 3, we introduce the dielectrophoresis and drag forces to
solve the dynamics of particle motion. Finally, the numerical
results obtained from both models are reported in Sect. 5.

2 Boundary element method

In this study, the trajectory of solid particle in the presence
of electric field in the microfluidic channel is studied using
boundary element method and point-particle approach. In this
section, we explain how the boundary element method can be
used to investigate the particle separation. Consider a small
solid particle suspended in a dielectric fluid under the influ-
ence of the electric field. Figure 1 illustrates the top view of
our studied microfluidic channel in the x—y plane. The consid-
ered microfluidic device consists of two inlets (for sample flow
and buffer flow), two outlets and a separate region, wherein the
non-uniform electric field generated by a pair of side wall elec-
trodes arrangements. The rest channel walls are insulated. As
shown in Fig. 1, the triangular-shape electrodes are located on
up and down walls in the straight channel. Electric potentials

Fig.1 A top view of our proposed microchannel geometry in the x—y plane. L;, L., and L, are the inlet, straight, and outlet channel lengths,

respectively. W, is the width of straight channel

@ Springer



Microfluidics and Nanofluidics (2023) 27:83

Page3of 15 83

of 0 and ¢, are applied adjacently to down electrodes and 0
and ¢, are applied to up electrodes. The horizontal distance
of electrodes is labeled by A. The height of down and up elec-
trodes are called by 4, and ,, respectively. w, and w, are the
channel width of the straight and outlet channels, respectively.
Our considered problem is two-dimensional where the particle
travels in the x—y plane while rotating about the z-axis.

In the boundary element formulation, the flow and elec-
tric field are calculated together in the presence of solid
particle. The electric field is calculated on the wall domain
as well as on the particle domain. The conductivity and per-
mittivity of liquid phase and particles are labeled by o and
€. The electric potential, ¢, presents varying function of the
in-plane coordinates x and y and is governed by the two-
dimensional Laplace equation:

Vi =0, ey

together with Dirichlet boundary condition on the channel
walls as well as on electrodes.

At the low Reynolds numbers limit, the flow liquid phase
in the present of solid particle is described by the Stokes
equation and continuity equation Batchelor and Batchelor
(2000):

VP = uv?v, 2

VV=0, 3

where P(x, y) is the pressure, V(x,y) is the velocity, and u
is the dynamic viscosity of continuous phase. In electroki-
netic regime, a non-neutral diffuse layer is formed on the
charged particle or wall surface which is called electrical
double layer (EDL). Under thin-electric double layer (EDL)
assumption, the slip velocity of fluid at the channel walls and
particle surface read

en‘chEf
= —— on walls
H
€meEt . (4)
= —— on particle
u

where E, is tangential component of electric field, {,,, and
¢, are the zeta potential at channel wall and particle surface,
respectively. €,, is permittivity of carrier phase. In the labo-
ratory coordinate systems, the velocity at each point on the
particle contour is the combination of the slip velocity and
rigid particle motion,

V) =V,+V,=V,+ V. +0kx (r-r.), 5)

where ® is angular velocity of the particle, k is the unit
vector along the z-axis, r, is the position of the center of
particle, and V. is the velocity at the selected center of the
particle. At the low Reynolds numbers, we assume that the

particle is buoyant and particle inertia is negligible. Hence,
the total traction and total torque exerted on particle are zero:

fd/ = 0,
/r (©)

P

/r (r—-r,)xfdl =0, @)

where I', is particle contour, f is local fraction and r, is posi-
tion of particle center.

2.1 Integral representation

In order to investigate the dynamics of particle motion in
the presence of electric field, Eq. 1 is numerically solved
together with Eq. 2. It is important to mention that the
solution of equation 1 is independent of Eq. 2. However,
by applying the boundary conditions 4, the solution of
Stokes equation depends on the solution of Laplace equa-
tion for the electric potential on particle and walls. Hence,
using the boundary element method, we numerically solve
them sequentially.

Following the formulation of boundary integral equa-
tions (Pozrikidis 2002), the electric potential at point (r;)
that lies in the continuous fluid satisfies a self-consistent
integral equation of the following form:

$(r,) =_/ G(r,ro)[n-vmdh/ ¢[n - VG(r.ro)]de,
r,T, Ll
®)

where r = (x,y), ¥y = (x;,,) are the field and the singular
points, respectively. When integration point r approaches
the evaluation point ry, the integrands exhibit a singular-
ity. Therefore, when the point r;, lies exactly on the channel
contour or on the particle contour, we read

PV

¢(ro) = _2/ G(r,ro)[n-qu]dzf’+2/ ¢[n- VG(r,r,)]dz.
r,wr» r/)’rn
&)

where and PV denotes the principal value. The normal vec-
tor n points from the particle contour or wall into the con-
tinuous phase. I', and I',, are particle contour and the contour
of wall, respectively. The function

-1
G(r,ry) = —1Inr—ry|,
(r.rg) = 5~ Infr x| (10)
indicates the free Green’s function of the two-dimensional
Laplace equation 1.

The boundary conditions of electric potential read as
follows:
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— On the channel walls: the normal component of electric
field is zero,n - V¢ = 0.

— On the particle-carrier phase interface: the normal com-
ponent of electric field is continuous.

— On the surface electrode: applied electric potential.

The fluid velocity, V, is decomposed into the combination
of the background velocity, V., and the disturbance velocity
due to the presence of the particle, V. One way to obtain
the disturbance velocity field is to numerically compute a
self-consistent integral equation for velocity field on the par-
ticle boundary as well as on the channel walls. Following
the formulation of boundary integral equations (Pozrikidis
1992, 2002; Zeb et al. 1998), the jth component (x, y) of the
particle velocity at point (r,) that lies inside the continuous
fluid satisfies a self-consistent integral equation

-1
VDJ’(ro) zm %.F - fl-(l‘)Gij(I‘, ro)d?

+ L
477: Fp’rw

(11)
Vp, (0T (r, ro)md?,

where f is the traction vector and unknown variable. G;

and T}, are velocity and stress tensor Green’s functions of

Stokes equation, respectively. Free-space Green’s functions

of Stokes equation are given by Pozrikidis (1992, 2002)
pib;

Gy(r,1g) = —5;In|p| + o (12)

PiPiPx

=—_4 p

13)

ijk

where p =r —ry, and p = |p|. The domain integral on the
right-hand side of Eq. ( 11) is directly computed by domain
discretization followed by numerical integration.
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The first step in the implementation of the boundary
element method is to discretize the boundary into finite
numbers of elements which are defined boundary ele-
ments. We discretize the channel walls, inlets and outlets
into a collection of straight segments defined by the ele-
ment end-points. The particle contour is discretized by
applying the circular arc elements. The grid independence
study was performed by calculation of particle trajectory
function of node numbers. We have found that 80 points
for particle contour and 440 straight elements for fixed
boundaries are satisfactory and any increase beyond this
mesh size would lead to insignificant changes in results.
The boundary integrals of Laplace and Stokes equations
are discretized over contours with sums of integrals over
the boundary elements. The unknown variables, such
as n- V¢ on walls, ¢ on particle, f on walls and particle
are replaced with constant functions over the individual
boundary elements (Pozrikidis 2002). First, we solve the
integral equation of the electric potential, Eq. 9, over the
particle contour and channel walls. Then, using the Eq. 4,
the slip velocities at the particle surface and channel walls
are computed. Now, we calculate the disturbance velocity,
V, by subtracting the slip velocity from the background
velocity. In order to match the number of equations with
the number of unknown variables, the addition equations
from 6 and 7 are added to the linear algebraic equations.
Figure 2a indicates the schematic representation of chan-
nel and particle domains. Boundary integration is com-
puted counter-clockwise around a domain. The integrals
over each boundary element should be computed accu-
rately by the Gauss—Legendre quadrature with 12 nodes.
The system of linear algebraic equations was solved by
Gaussian elimination method.

Fig.2 Top view of the computational mesh used in the point-particle approach. a Discretization of channel and particle in the boundary element
method. b Schematic representation of triangular meshes of the considered microchannel in the point-particle approach method
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3 Point-particle approach

In this section, the dynamics of particle separation in the
present of electric field using point-particle approach is pre-
sented. In the point-particle approach, a particle is assumed
to be a point mass, with no volume or internal structure. This
approach is useful for studying the behavior of individual
small particle, as well as for studying the behavior of many
small particles in a system. In this approach, the particle is
described by its position, momentum, and other properties,
such as mass and charge. The motion of the particle is deter-
mined by Newton’s laws of motion, and the forces acting on it,
such as gravity, drag force, and electromagnetic forces. At the
low Reynolds numbers and normal temperature, the inertial
force and force caused by Brownian motion are negligible.
Furthermore, in the Hele—Shaw limit, where a channel height
being much smaller than any in-plane length scale, sedimen-
tation force is very small. Therefore, the dynamics of parti-
cle motion is affected by drag force, F, and dielectrophoretic
force, Fygp:

dv,
mpv = Fd + FDEP’ (14)
where m;, is the mass of particle and V. is the central mass
velocity of particle. The drag force acting on a spherical
particle reads by

F,=6xuR(V-V,), (15)

where R is the particle radius, 4 is dynamic viscosity, and V
is the velocity of carrier fluid. The dielectrophoretic force
is exerted on a particle when it is subjected to a non-uni-
form electric field. This force is dependent on the dielectric
properties of the particle, the frequency and strength of the
applied electric field, and the shape of the particle. The time
averaged DEP force acting on the particle is given by Pohl
(1978)

Fpgp = 27R%,Re[K* ()| VIE?|, (16)

where €,, is the permittivity of the medium, and Re[K* ()]
refers to the real part of the complex Clausius—Mossotti
(CM) factor. CM factor reads by

< e;‘ —e;;
() = e;j—l——Ze;j,’ (17)

where €* = € + ¢ /(iw), and ¢ is the electric conductivity.
The subscripts p and m refer to the particle and the medium,
respectively. The sign of CM factor indicates the polariz-
ability between the particle and carrier liquid. Whene, > ¢,

CM factor is positive, while, when €, < Eps CM factor
becomes negative. Totally, Re[K*(w)] has a value between
—0.5 and 1.0 Pohl (1978). In the electrostatics state, the
electric potential distribution in the microfluidic channel is
obtained from the Laplace equation 1 and the electric field
distribution can be calculated from the gradient of the elec-
tric potential, E = —V¢.

In the microfluidic systems, particles have a size in the
micrometer scale. At the low Reynolds number, the time
scale of variation in the electric field is much higher than the
time scale of particle acceleration. Therefore, one can neglect
the particle acceleration in the Eq. 14. Therefore, the particle
velocity reads

2
Ree,

3u

V. =V- Re[K*(w)]v]Ez( (18)
At the low Reynolds number, the carrier velocity, V, (in the
absence of any particle) is calculated from the Stokes and
continuity equations 3 together with boundary condition of
slip velocity at the channel walls, equation 4.

Therefore, unknown variables (carrier velocity, electric
potential, and electric field) can be obtained by solving a set
of equations including Stokes equation, continuity equation,
and Laplace equation together with appropriate boundary con-
ditions. These set of equations were solved using COMSOL
Multiphysics 6.0. In this way, we considered two-dimensional
simulation model to investigate the device performance and
efficiency. The laminar flow has been selected for initial
velocity of the inlet fluids. The electroosmotic velocity, Eq. 4,
has been selected for the boundary condition at the channel
walls. In order to simulate the electric field in the presence
of triangular electrodes, the electric current interface model
has been applied. The applied electric potentials are governed
by Laplace’s equation. Therefore, the electric field inside of
microchannel is calculated from the electric potential. Finally,
particle trajectory was determined using particle tracing
module.

The simulations are performed in a two-dimensional com-
putational domain. In the point-particle approach, the channel
domain are discretized into a collection of 32215 triangular
segments. Figure 2b shows a schematic mesh representation
of channel domain.

In order to report our numerical results in dimensionless
numbers, the width of straight channel (separate region), w_,
and the zeta potential of the channel wall, {,, are used as the
characteristic length and electric potential scale. In this way,
the particle velocity and traveling time become dimensionless
by V,, = €,82/(uw,), and Ty = w,/ V., respectively.
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4 Validation of the model

In order to validate our model, the numerical results
obtained from the boundary element method and point-par-
ticle approach were compared to the experimental data of
Piacentini et al. (2011). Comparing two numerical methods
of the current study with the experimental results reported
by Piacentini et al. (2011) are presented in the Fig. 3. As one
can see, result of the boundary element method is in good
agreement with the experimental results as well as point-
particle approach simulations.

5 Results

In this paper, we mainly focus on the effect of particle size,
electric potential, and physical characterizes of particle on
the particle separation in the microfluidic channel. Figure 1
shows the schematic of the channel geometry. The consid-
ered microchannel consists of two inlets, main straight chan-
nel, and two outlets. The different voltages are applied to up
and down triangular electrodes. The particles are injected
into the inlet 1 with flow velocity V, and carrier flow (buffer
flow) is flown through the inlet 2 with flow velocity V,. For
each simulation run, particles are flown through the inlet 1.
When particles arrive in the vicinity of electrode, the par-
ticles experience the DEP force. The trajectory of particle
depends on the strength of DEP force. As we have men-
tioned before, DEP force strongly depends on the gradient
of the electric potential generated by triangular electrodes.
Figure 4 shows the electric potential distribution map in the
straight channel and as well as around the electrodes. It is
easy to find that the electrodes are at the different voltages

and a non-uniform electric field is produced by them. There-
fore, particle experiences the dielectrophoretic force.

The particle dynamics has a strong dependence on the
electric field generated by electrodes. The final destination
of the particle is determined by trade-off between the die-
lectrophoretic force, drag force, and driving force. Figure 5
illustrates the particle trajectory for three different values of
applied electric potential. The results have been extracted
from the boundary element method. As one can see, the dif-
ferent trajectories are mapped to different electric potential.
The electric field and particle size play a significant role
in the particle trajectory. According to Eqgs. 16 and 15, the
dielectrophoresis force is proportional to the gradient of the
second power of the electric field and the third power of the
particle radius. On the other hand, the drag force has a linear
relationship with the particle radius

As one can see in the Fig. 5, there are three different
scenarios of particle trajectories. The particle either is
trapped at the straight channel or travels into up/down out-
lets. Figure 6 illustrates subsequent snapshots in time of the
three different scenarios of particle trajectories. When the
particles flow through the up or down channel outlets, it
is called the up-outlet regime (UR) or down-outlet regime
(DR), respectively (see videos in Supplementary materials).
However, when the particles are trapped in the vicinity of
electrodes, calls trapped regime (TR) (see video in Supple-
mentary materials). Therefore, we should find two critical
values which correspond to transition between up regime
and down regime, C1, as well as the transition between
down regime and trap regime, C2. The videos of numerical
simulation should be found in the Supplementary materials.
The snapshot pictures and supplementary movies have been
extracted from the boundary element method.

200 T T T T T T T T T
Experimental (Piacentinietal.) -~
150 - Boundary element method 7
100 | Point particle approach e _
+5V -5V +5V -5V
50 1
E o} B —— ]
>
-50 | 4
-100 1
-150 —
_200 1 1 1 1 1 1 1 1 1
-200 -100 0 100 200 300 400 500 600 700 800
X (nm)

Fig. 3 Particle trajectory in the microfluidic channel, computed with the boundary element method (green line), point-particle approach (blue

line), and compared to experiment, Piacentini et al. (2011), (red line)

@ Springer



Microfluidics and Nanofluidics (2023) 27:83

Page7of 15 83

Fig.4 Electric potential distribution map in the microfluidic channel
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Fig.5 Particle trajectories for three different particle sorting regimes.
When the particles flow into the up- or down-outlet channel, it is
label the upper regime (UR) or down regime (DR), respectively.

5.1 Effect of electrode potential

Figure 7 shows the particle velocity as a function of particle
position for two different values of applied electric poten-
tial. The color bar indicates the absolute value of particle
velocity at each coordinate (x, y). As we one can see, the
particle velocity increases when the electric potential ratio

However, when the particle is trapped in the vicinity of electrodes, it
calls the trapped regime (TR)

of up to down electrodes increases. In addition, by increas-
ing the applied electric potential ratio, the particle trajectory
shifts towards the down electrodes of the straight channel.
Therefore, the final destination of the large radius particle, is
quite different from the smaller radius. However, the critical
radius of particle depends on the applied electric potential
ratio. The numerical results obtained from the boundary
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Fig.6 Subsequent snapshots of particle trajectories for three different values of electric potential: a up-outlet regime (UR), b down-outlet regime

(DR), and c trapped regime (TR)
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Fig. 7 Particle velocity as a function of its location for two different values of applied electric potential. The color bar indicates the particle

velocity

element method and point-particle approach are presented
in the Fig. 8. Figure 8 shows the critical radius of particle as
a function of applied voltage ratio of up electrodes to down
electrodes. Concerning the Fig. 8, it is easy to find that the
boundary element method can predict the dynamics of par-
ticle trajectory in the presence of applied electric potential.
We have found a good agreement between two numerical

@ Springer

methods. As shown in Fig. 8, results indicate that by increas-
ing the applied electric potential ratio, critical particle radius
decreases. The physical reason is that the particle velocity
increases with the increase of the applied electric potential
ratio. It means that the transition between different sorting
regimes occurs at small particle when the applied electric
potential ratio increases.
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Fig.8 Critical radius as a function of applied electric potential for two different numerical methods. The different separation regimes are labeled

by UR, DR, and TR

Let us express our results in terms of dimensional quan-
tities. According to Fig. 8, we can predicts that the final
destination of three particles PLT, RBC, and WBC. For
potential ratio less than 1.3, it leads to separate the WBC
which has particle diameter about 7 pm. In this case, the
WBCs travel to down-outlet (outlet 2) and PLTs and RBCs
and flow through the up outlet (outlet 1). For electrode
potential ratio between 1.3 and 1.9, RBCs and WBCs flow
through the down-outlet and PLTs travel into the up-out-
let. For1.9 < @, /®, < 2.5, one can see the three different
regimes, PLTs (Rp;t = 1.60 pm) and RBCs (Rggc = 3.50
pm) travel to up and down outlets, respectively. While the
white blood cells are trapped in the vicinity of the electrodes.
By increasing the potential ratio, the PLTs also travel into
the down-outlet.

5.2 Effect of inlet flow rate

The inlet velocity ratio is another important parameter which
plays a significant role in the separation dynamics. Now,
we study the influence of inlet velocity ratio, V,/V,, on the
particle trajectory. In this way, the inflow velocity of upper
inlet, V,, is kept fixed and we vary the lower inflow velocity,
V,. Figure 9 illustrates the effect of inlet velocity ratio on the
particles sorting dynamics. The simulation results obtained
from BEM and PPA were reported in the Fig. 9. Depending

on the particle radius, the different sorting regimes can be
seen in the Fig. 9. In terms of dimensional parameters, for
example, numerical results obtained from BEM and PPA
are able to predict the final destination of PLT, RBC, and
WBC particles. Concerning the Fig. 9, for V,/V, smaller
than 1, the PLT and RBC particles travel into the down-
outlet, WBCs are trapped in the straight channel. However,
for1 < V,/V, <2, PLTs travel into the up-outlet channel
(UR), RBCs flow through the down-outlet (outlet 2), and
WBCs are trapped in the vicinity of electrodes in the straight
channel.

5.3 Effect of electrode angle

The electrode shape has important role on the non-uniform
produced electric field. Indeed, the non-uniform electric
field is generated by the electrical electrodes. The various
triangular electrodes with the different angles are consid-
ered in the straight channel. Figure 10 illustrates the electric
potential in the microfluidic channel for two different values
of tip angle. One can see that the distribution the electric
potential strongly depends on the tip angle of triangular elec-
trode. Figure 11 shows the different separation regimes as a
function of tip angle of triangular electrode for two different
numerical methods. As one can see, by increasing the tip
angle of triangular electrode, the non-uniform electric field
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Fig. 9 Particle critical radius as a function of inflow velocity ratio of lower inlet to upper inlet. The different sorting regimes are labeled by UR,
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distribution region around the electrodes reduces. Therefore,
the DEP force acting on the particle decreases. In this case,
the transition between different separation regimes occur at
the large particle when the tip angle of electrode increases.
We also find a good agreement between boundary element
method and point-particle approach method.

5.4 Effect of electrode shift

It is clear that DEP force strongly depends on the distribu-
tion of electric potential in the microchannel. The electric
field is generated by the gradient of the electric potential.
Therefore, the electric field depends on the position of elec-
trodes. As we have indicated in Fig. 1, the electrode tip to
tip distance is labeled by A. In order to investigate the effect
of electrode position on the particle sorting, we have kept
fixed the up electrodes and down electrodes were shifted
with respect to the up electrodes from 0 to 64/8 at an incre-
ment of 1/8. For example, these shifts were O (no shift)
and 4/2 (the down electrodes are leading the up electrodes
by A/2 spacing). Figure 12 indicates the different regimes
of particle separation on the down electrode displacement
at a given value of applied electric potential for boundary
element method and point-particle approach method. As
one can find in Fig. 12, the transition between up-outlet
sorting regime and down-outlet sorting regime occurs at

@ Springer

higher radius when the electrode shift increases. However,
the transition between the down sorting regime (DR) and
trapped particle regime occurs at the lower radius when
the electrodes shift increases. For example, when the down
electrodes were displaced by 54/8 from the symmetry posi-
tion (no shift), the RBCs are trapped in the straight channel
instead of flowing towards the down outlet.

5.5 Effect of electrode height ratio

Up to now, we considered the same height for the up and
down electrodes. However, changing the height ratio of the
up and down electric electrodes changes the non-uniform
electric field distribution in the channel. Therefore, the par-
ticles experience the different dielectrophoresis force with
respect to symmetric electrode. Here, we investigate the
influence of height ratio of the up electrode (4,) to down
electrode (%,) on the particle sorting in a given value of elec-
tric potential ratio. In this way, the electric potential ratio,
®,/d, =2.5, and velocity ratio, V,/V, = 1.32 were kept
constant and the height ratio varies from 1 to 4. Figure 13,
illustrates the sorting diagram of particle radius as a function
of height ratio of up and down electrodes, h,/h,. We have
found a good agreement between two numerical methods.
Numerical results indicate that the critical radius increases
by increasing the height ratio of electrodes. The insets of
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Fig. 10 Electric potential distribution map for two different tip angles of triangular electrode

Fig. 13 illustrate when the height ratio increases, the non-
uniform electric field distribution area decreases. It means
that the dielectrophoresis force decreases with increasing
the height ratio.

5.6 Effect of permittivity ratio
Now, we investigate the effect of permittivity ratio on the

particle separation regimes at a given value of the applied
electric potential ratio. According to Eq. (16), the DEP force

strongly depends on the electric permittivity. Therefore, the
particles with different permittivities, experiences the differ-
ent values of DEP force. Figure 14 illustrates the different
sorting regime as a function of particle permittivity. The
results indicate that the transition between the up-outlet
regime to down-outlet regime occurs at lower radius when
the relative permittivity increases. On other hands, the by
increasing the relative permittivity the critical particle radius
for down-outlet regime to particle trapped regime decreases.
As one can see in Fig. 14, the results obtained from the
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boundary element method are close to those obtained from
the point-particle approach.

6 Conclusion

In this study, active sorting of solid particles inside of micro-
fluidic channel using the electric field was numerically
studied. The boundary element method to solve for Laplace
equation of electric potential and Stokes equation was
adopted. We also numerically investigated dielectrophoresis
particle motion using the point-particle approach. The chan-
nel geometry consists a straight channel (separation region),
two inlets, and two outlets. It was found that the BEM results
are able to predict the particle trajectory on basis of parti-
cle size, electric potential, and electrodes arrangement. The
effect of the particle radius, electric potential, relative per-
mittivity, and electrodes arrangement on the particle separa-
tion has been numerically studied. The numerically results
obtained from both numerical models are compared with
each other. We have found a good agreement between results
obtained from boundary element method and point-particle
approach. Numerical results indicate that depending on the
control parameters, three different sorting regimes can be
observed for the particles injected from the upper inlet of
the microchannel.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-023-02694-9.

Author contributions EK designed the research and developed the
simulation code of boundary element method. MO developed and ran
the simulation code of point-particle approach method. EK analyzed
and interpreted the results and wrote the manuscript. All the authors
reviewed the manuscript.

Data availability The numerical datasets generated during the current
study are available from the corresponding author on request.

Declarations

Conflict of interest On behalf of all the authors, the corresponding au-
thor states that there is no conflict of interest.

References

Ali H, Park CW (2016) Numerical study on the complete blood cell
sorting using particle tracing and dielectrophoresis in a microflu-
idic device. Korea-Aust Rheol J 28:327-339

Alnaimat F, Dagher S, Mathew B, Hilal-Alngbi A, Khashan S (2018)
Microfluidics based magnetophoresis: a review. Chem Rec
18(11):1596-1612

Alshareef M, Metrakos N, Perez EJ, Azer F, Yang F, Yang X, Wang
G (2013) Separation of tumor cells with dielectrophoresis-based
microfluidic chip. Biomicrofluidics 7(1):011803

Ansar MZ, Tirth V, Yousuff CM, Shukla NK, Islam S, Irshad K,
Aarif KM (2020) Simulation guided microfluidic design for

@ Springer

multitarget separation using dielectrophoretic principle. BioChip
J 14:390-404

Batchelor CxK, Batchelor GK (2000) An introduction to fluid dynam-
ics. Cambridge University Press

Cetin B, OOner SD, Baranoglu B (2017) Modeling of dielectrophoretic
particle motion: Point particle versus finite-sized particle. Elec-
trophoresis 38(11):1407-1418

Chan JY, Ahmad Kayani AB, Md Ali MA, Kok CK, Majlis BY, Hoe
SL, Marzuki M, Khoo AS, Ostrikov KK, Rahman M et al (2018)
Dielectrophoresis-based microfluidic platforms for cancer diag-
nostics. Biomicrofluidics 12(1):011503

Chen P, Feng X, Hu R, Sun J, Du W, Liu BF (2010) Hydrodynamic
gating valve for microfluidic fluorescence-activated cell sorting.
Anal Chim Acta 663(1):1-6

Chon K, Moon J, Kim S, Kim SD, Cho J (2007) Bio-particle separa-
tion using microfluidic porous plug for environmental monitoring.
Desalination 202(1-3):215-223

Cui P, Wang S (2019) Application of microfluidic chip technology in
pharmaceutical analysis: A review. ] Pharm Anal 9(4):238-247

Daniele MA, Boyd DA, Mott DR, Ligler FS (2015) 3d hydrodynamic
focusing microfluidics for emerging sensing technologies. Biosens
Bioelectron 67:25-34

Erfan Kadivar E, Zarneh ZH (2022) Droplet coalescence in a sudden
expansion microchannel. Acta Mech 233(6):2201-2212

House DL, Luo H (2010) Electrophoretic mobility of a colloidal
cylinder between two parallel walls. Eng Anal Bound Elem
34(5):471-476

Jia X, Yang X, Luo G, Liang Q (2022) Recent progress of microfluidic
technology for pharmaceutical analysis. J Pharm Biomed Anal
209:114534

Jiang T, Ren Y, Liu W, Tang D, Tao Y, Xue R, Jiang H (2018) Dielec-
trophoretic separation with a floating-electrode array embedded
in microfabricated fluidic networks. Phys Fluids 30(11):112003

Jokerst JC, Emory JM, Henry CS (2012) Advances in microfluidics for
environmental analysis. Analyst 137(1):24-34

Kadivar E (2014) Magnetocoalescence of ferrofluid droplets in a flat
microfluidic channel. EPL (Europhysics Letters) 106(2):24003

Kadivar E (2018) Modeling droplet deformation through converging-
diverging microchannels at low Reynolds number. Acta Mech
229(10):4239-4250

Kadivar E, Herminghaus S, Brinkmann M (2013) Droplet sorting
in a loop of flat microfluidic channels. J Phys: Condens Matter
25(28):285102

Kang Y, Li D, Kalam SA, Eid JE (2008) Dc-dielectrophoretic separa-
tion of biological cells by size. Biomed Microdevice 10:243-249

Lewpiriyawong N, Yang C (2012) Ac-dielectrophoretic characteriza-
tion and separation of submicron and micron particles using side-
wall agpdms electrodes. Biomicrofluidics 6(1):012807

Luo T, Fan L, Zeng Y, Liu Y, Chen S, Tan Q, Lam RH, Sun D (2018)
A simplified sheathless cell separation approach using combined
gravitational-sedimentation-based prefocusing and dielectropho-
retic separation. Lab Chip 18(11):1521-1532

Maeki M, Kimura N, Sato Y, Harashima H, Tokeshi M (2018)
Advances in microfluidics for lipid nanoparticles and extracellu-
lar vesicles and applications in drug delivery systems. Adv Drug
Deliv Rev 128:84-100

Mancera-Andrade EI, Parsacimehr A, Arevalo-Gallegos A, Ascencio-
Favela G, Parra-Saldivar R (2018) Microfluidics technology for
drug delivery: a review. Front Biosci-Elite 10(1):74-91

Nguyen NV, Manh HV, Hieu NV (2022) Numerical simulation-based
performance improvement of the separation of circulating tumor
cells from bloodstream in a microfluidic platform by dielectropho-
resis. Korea-Aust Rheol J 34:1-13

Olfati Chaghagolani H, Kadivar E (2023) Numerical study of droplet
sorting in an asymmetric y-junction microfluidic by bem and Is
method. Microfluid Nanofluid 27(2):14


https://doi.org/10.1007/s10404-023-02694-9

Microfluidics and Nanofluidics (2023) 27:83

Page150f 15 83

Piacentini N, Mernier G, Tornay R, Renaud P (2011) Separation of
platelets from other blood cells in continuous-flow by dielectro-
phoresis field-flow-fractionation. Biomicrofluidics 5(3):034122-8

Pohl H (1978) The behavior of neutral matter in nonuniform electric
fields. Cambridge, Cambridge

Pozrikidis C (1992) Boundary integral and singularity methods for
linearized viscous flow. Cambridge University Press

Pozrikidis C (2002) A practical guide to boundary element methods
with the software library BEMLIB. CRC Press

Raddatz LM, Dolf A, Endl E, Knolle P, Famulok M, Mayer G (2008)
Enrichment of cell-targeting and population-specific aptam-
ers by fluorescence-activated cell sorting. Angew Chem Int Ed
47(28):5190-5193

Sajeesh P, Sen AK (2014) Particle separation and sorting in microflu-
idic devices: a review. Microfluid Nanofluid 17:1-52

Sophia Lee SH, Hatton TA, Khan SA (2011) Microfluidic continuous
magnetophoretic protein separation using nanoparticle aggregates.
Microfluid Nanofluid 11:429-438

Srivastava SK, Daggolu PR, Burgess SC, Minerick AR (2008) Dielec-
trophoretic characterization of erythrocytes: Positive abo blood
types. Electrophoresis 29(24):5033-5046

Stroncek DF, Rebulla P (2007) Platelet transfusions. The Lancet
370(9585):427-438

Suehiro J, Zhou G, Imamura M, Hara M (2003) Dielectrophoretic fil-
ter for separation and recovery of biological cells in water. IEEE
Trans Ind Appl 39(5):1514-1521

Suresh S (2007) Biomechanics and biophysics of cancer cells. Acta
Biomater 3(4):413-438

Wang L, Lu J, Marchenko SA, Monuki ES, Flanagan LA, Lee AP
(2009) Dual frequency dielectrophoresis with interdigitated side-
wall electrodes for microfluidic flow-through separation of beads
and cells. Electrophoresis 30(5):782-791

Yeo JC, Kenry Zhao Z, Zhang P, Wang Z, Teck Lim CT (2018) Label-
free extraction of extracellular vesicles using centrifugal micro-
fluidics. Biomicrofluidics 12(2):024103

Zeb A, Elliott L, Ingham DB, Lesnic D (1998) The boundary element
method for the solution of stokes equations in two-dimensional
domains. Eng Anal Bound Elem 22(4):317-326

Zhang Y, Chen X (2020) Dielectrophoretic microfluidic device for
separation of red blood cells and platelets: a model-based study.
J Braz Soc Mech Sci Eng 42(2):89

Zhang H, Chang H, Neuzil P (2019) Dep-on-a-chip: dielectrophoresis
applied to microfluidic platforms. Micromachines 10(6):423

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	Particle separation based on dielectrophoresis force using boundary element method and point-particle approach in a microfluidic channel
	Abstract
	1 Introduction
	2 Boundary element method
	2.1 Integral representation

	3 Point-particle approach
	4 Validation of the model
	5 Results
	5.1 Effect of electrode potential
	5.2 Effect of inlet flow rate
	5.3 Effect of electrode angle
	5.4 Effect of electrode shift
	5.5 Effect of electrode height ratio
	5.6 Effect of permittivity ratio

	6 Conclusion
	Anchor 16
	References




