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ABSTRACT

We model and simulate dielectrophoresis of micro
scale particles using the finite element method. A s
sphere system molecular dynamics model is present
which solves a set of equations for the motion of every pa
ticle. The model couples most of the significant forces, i
the dielectrophoresis (DEP) forces, the particle-particl
electrostatic forces, particle-particle interfacial repulsive
forces, particle-wall repulsive forces and the hydrodynam
forces in Stokes flow. Since the system of equations is s
an implicit scheme is used. To obtain the particle trajecto
ries, a constant time-step is applied. We present some
merical tests computing hydrodynamic force, electrosta
force and DEP force using our model, including simulate
trapping of particles in a micro channel by dielectrophore
sis. The results are in agreement with the theories and t
experimental observations.

1 INTRODUCTION

During the past few decades, the application of diele
trophoresis (DEP) for collecting, positioning and separa
ing particles suspended in liquids has advanced trem
dously due to improvements in micro-fabrication tech
niques. Numerical modeling and simulation of the phe
nomenon is very helpful for predicting and optimizing de
sign. The motion of the particles and fluids in direct curre
(DC) fields has been the subject of study for over 100 yea
and during the past four decades the behavior of partic
in alternating current (AC) fields has also been studied
great detail. DEP is defined as the motion imparted o
uncharged particles as a result of polarization induced
non-uniform electric fields. The result can be that the pa
ticles move towards regions of a high electric field gradie
which is refereed as positive dielectrophoresis (pDEP) [1
or the particles move away from the high electric field gra
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dient area, which is referred to as negative dielectrophore
sis (nDEP). The behavior depends on the frequency of the
AC and the dielectrophoretic properties of the particles and
the medium. The pioneer in this area was Herbert Pohl,
who wrote a classical text on DEP [1]. Tomas B. Jones
contributed a great deal on the theory of electromechani-
cal properties of particles, by developing simple yet gen-
eral models useful for predicting diverse examples of field-
particle interactions [2]. N. G. Green and H. Morgan have
made a thorough investigation of the underlying principles
and theory of AC electrokinetics paying particular attention
to applications for sub-micrometer and nano-particles [3].

In order to simulate the collection or separation pro-
cess, the direct numerical models for multi-phase flows are
widely used because the interactive forces between parti
cle and particle, as well as between particle and fluid, are
playing important roles. Generally speaking, among the
direct numerical simulation models of two phase flows, the
most used ones can be divided into two main classes. Th
first one is to discretize the Navier-Stokes equations on a
fixed, Eulerian grid and move the particles in this grid.
Probably the Glowinski’s Lagrange Multiplier method [4]
is the most generally used one. It has been used in dielec
trophoresis simulation by J. Kadaksham [10] In the case
of distributed fluid particles, a similar approach was intro-
duced by Tryggvason and his collaborators [12], in which
the shape of particles is often deformable. Therefore, the
former is applied in solid-fluid cases, and the latter applied
mostly in gas-fluid situations. The second type of method
uses moving grids and usually requires re-meshing and re
interpolation. Examples of such techniques developed by
Hu [11] and Johansan as well as by Tezduyar [18].

Instead of using multi-phase models, we have chosen to
use a molecular dynamics (MD) method [20]. This method
provides a way of solving a set of equations of the motion
of each particle by replacing them by a set of finite dif-
ference equations which are solved on a step-by-step ba
sis. Given particle positions, velocities and other dynam-
1
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ical properties at timet, the updated positions, velocitie
etc. at a later time,t+∆t, can be obtained quite easily an
to a sufficient degree of accuracy. In principle, a soluti
of the equation will automatically satisfy the conservati
laws of energy and generated particle trajectories beca
these equations are strictly reversible in time. The dis
vantage of the MD method is that it can be time consum
if the number of particles is large. However in our situatio
the number of particles is less than 100, and MD meth
could work efficiently.

The MD methods can be divided into two classes. O
is hard sphere system models. The motion of hard sph
is characterized by a straight trajectory and a constant
locity, which only changes as a consequence of collision
has been used to include particle surface roughness a
scribed by O’Dell and Berne [22]. The other one is bas
on soft sphere systems, which was first reported by R
man [21]. Unlike the hard sphere MD models, where t
generated trajectories are exact but the time intervals
variable, the soft sphere MD models generate approxim
trajectories and normally use a constant time interval
all particles. In our system, the velocities of the partic
change before collisions happen, therefore, a soft sph
MD model is suitable.

The MD method for soft sphere systems has been
tensively used to simulate particle at the atomistic le
where Brownian motion plays an important role [7]. How
ever, if the method is modified to suit our problem, it
quite efficient since there will be no need to solve t
Navier-Stokes equations. The reason is that accordin
the specified micro-scale condition, the analytical expr
sion for the hydrodynamic forces between suspended
ticles in stokes flows (which is exactly what we have) h
been well established. Stimson and Jeffery [6] have sho
the hydrodynamic interaction correction functions in gre
detail between particles. Those functions could be dire
adopted to account for hydrodynamic interaction betwe
particles. Besides, since we assume the particles to
spherical, there is no need to consider their deformat
It is reasonable to just add repelling forces to the partic
while they are approaching each other’s interface. The
DEP force acting on the particle by the field and the int
active electrostatic force from other particles can be a
added on the centers of mass of particle. Therefore, we
able to include all the forces into a set of coupled equat
of motion (ordinary differential equations) for many-bod
systems. There is no need to solve the Navier-Stokes e
tion if we are not interested in the fluid itself. All that i
necessary to do is to solve the equations for the motion
particles.

Compared with other soft sphere MD models, o
model does not include Brownian force because it is n
ligible when dealing with the micro size level. Anothe
difference is that, instead of the commonly used motion
tegration method (the Verlet algorithm), the Implicit Eul
method is used to avoid the time step restriction due to
nature of explicit schemes. An earlier version of our mo
has been used to simulate superpositioned dielectroph
2
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sis for trappingE. coli cells [15].

NOMENCLATURE

r radius of particle
E applied electric field
E0 magnitude of uniform electric field
FE total electric force (DEP add inter electrostatic)
FD particle-particle electrostatic interaction force
FDEP dielectrophoretic force
FW the force particle collides with the Potential wall
FP particle-particle repulsive force
FG dimensionless hydrodynamic force
FD dimensionless dielectrophoresis force
FDIP dimensionless inter electrostatic force
i, j particle indices
p effective dipole moment
fCM Clausius-Mossoti factor
β Real part of Clausius-Mossoti factor
ω frequency of AC electric field
U velocity of fluid
Ui velocity of particle i
x, y, z coordinate axes
L width of the domain for computation
ReL Reynolds number based on domain width
t time
εm permittivity of fluid
εp permittivity of particle
ε0 permittivity of vacuum
µ dynamics viscosity of the fluid
φ electric potential
n time step index
p pressure
P1 ratio of hydrodynamic and Stokes drag force
P2 ratio of DEP force and Stokes drag force
P3 ratio of inter electro-static and Stokes drag force
P4 ratio of hydrodynamic and DEP force
P5 ratio of inter electro-static and DEP force
Ri,j distance between particle i and j
Ri,j distance vector of particle i and j
R̂i,j normalized distance vector of particle i and j
σm conductivity of medium
σp conductivity of particle
N total number of particles
(xi, yi) the center position of particle i
St Stokes number

2 THEORY AND M ODEL

2.1 DIELECTROPHORESIS

Dielectrophoresis (DEP) is the motion induced by the
force from a non-uniform electric field exerted on a polar-
isable particle [1]. The time-average DEP force< F̄ (t) >
acting on a particle due to an imposed electrical fieldE(ω)
can be approximated in terms of dipole effects as:
2 Copyright © 2006 by ASME
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FDEP = 4πr3εmβE · ∇E (1)

The real part of the dipolar Clausius-Mossotti factor,β

in equation 1 is given by:β = ε∗p(ω)−ε∗m(ω)

ε∗p(ω)+ε∗m(ω) .

Here,ε∗ = ε − j σ
ω , andj =

√−1. It is also assumed
that the electrostatic force acting on a particle is given b
the point-dipole approximation as suggested by J. Klinge
bery [8].

It is well known that the polarized particles of a sus
pension are not only subjected to the applied external el
tric field, but also give rise to electrostatic forces acting o
each other because the polarization also generates an e
tric field of its own. Therefore, the total electrostatic forc
FE,i acting on theith particle can be written as

FE,i = FDEP,i + FD,i (2)

whereFDEP,i = 4πr3εmβEi · ∇Ei is the DEP force
acting on theith particle andFD,i =

∑N
i=1,i 6=j FD,ij is

the net electrostatic interacting force acting theith particle,
which could be approximated as [13]:

FD,ij =
1

4πεm

3
R5

(Rij(pi · pj) + (Rij · pi)pj

+(Rij · pj)pi − 5
R2

Rij(pi ·Rij)(pj ·Rij))

where the effective dipole momentp = 4πεmr3βE.
Actually, this expression neglects higher order (multipole
terms. Hence, the use of the point-dipole approximatio
should strictly speaking be limited to situations where th
radius of the particle is less than the characteristic leng
(for instance the length of the electrodes).

2.2 HYDRODYNAMIC FORCE IN STOKES FLOW

One of the aims in this paper was to take the hydrod
namic force into account. The governing equations of th
motion of an incompressible fluid, the Navier-Stokes equ
tions, could be non-dimensionalized as [19]:

Re(
∂U
∂t

+ U · ∇U) = −∇p +∇2U (3)

∇ ·U = 0 (4)

whereRe is Reynolds number defined asRe = UL
ν ,

which determines the relative importance of the fluid ine
tia and viscous forces. However, in micro flows, the nonlin
ear terms can be neglected, and in such cases the gover
equations are the Stokes equations can be written as:

Re(
∂U
∂t

) = −∇p +∇2U (5)

∇ ·U = 0 (6)

Based on the Stokes equations, a suspension of c
loidal particles is considered. The motion of a given part
cle induces a flow field in the solvent, which will be felt by
3
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every other particle. As a result, these particles experience
a force which can be said to result from hydrodynamic in-
teraction with the original particle. By solving the Stokes
equation for a two-particle case, the expression for the hy-
drodynamic force is obtained [14]:

Fdrag,1 = −6πµrU1 + 6πµr
3r

4R21
(1 + R̂21R̂21) ·U2

where1 is the unit tensor, and̂R12 = x2−x2
|x1−x2| , which is

a vector, andRi,j is the distance between particle i and j,
which is a scalar.

Correction resulting fromn-body interactions (n ≥ 3)
are of the order( r

Rij
)2 or higher and need not to be taken

into account. As an example, a particle A may affect a
particle C directly, or indirectly by affecting a particle B
that is affecting particle C. The indirect influences are ex-
pressed by correction functions, and since they are of orde
(r/Rij)2 or higher ([14]), only direct particle-particle influ-
ences need to be considered.

Therefore, the above expression can be generalized to:

Fdrag,i = −
N∑

j=1

ζij ·Uj (7)

whereζii = 6πµR1, ζij = 6πµr 3r
4Rij

(1+R̂ijR̂ij)·Uj ,

andFdrag,i is the total force that theith particle experi-
ences from the fluid. Actually, Equation 7 is described as
the mobilities matrix by Stokesian dynamics [14].

To maintain stability and to avoid the time step restric-
tions of explicit methods, the velocity Ui in Equation 7 is
discretized using an implicit scheme. Therefore, a nonlin-
ear matrix solver must be utilized.

2.3 NUMERICAL MODELLING AND METHODS

Ignoring Brownian motion (Brownian motion is negli-
gible in micro scale [5]), the buoyancy force (assuming the
particle has the same density as the fluid), and the motion
of the buffer solution, the equation of the motion of theith

suspended particle could be written as

mp
dU
dt

= FE,i − Fdrag,i (8)

Typically, when the particle radius is smaller than10
µm in a buffer solution with a viscosity close to that of wa-
ter, the inertial effects on particle motion can be neglected
[3]. The repulsive forces from the interfaces of the other
particles (FP,i =

∑N
j=1,j 6=i FP,ij) are also included as

well as the repulsive force from the wall (FW,i). Hence,
a total force equation for theith particle is:

FE,i − Fdrag,i + FW,i + FP,i = 0 (9)

The short-range repulsive forces acting between par-
ticles, arising from steric interaction, will act over a dis-
tance ranging from̊Angstroms to nanometers. The parti-
cles themselves are considerably larger (severalµm [8]).
3
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Thus, particles are perceived as hard spheres, with a sh
range pair interaction potential:

V (Rij) =

{
0, Rij ≥ δ,

∞. Rij < δ.
(10)

However, because discontinuous forces severely co
plicate dynamic simulations which do not include lubrica
tion forces, a continuous short-range expression forFP,ij

which is an exponential repulsion is selected:

FP,ij = −F0exp[−κ(
Rij

δ
− 1)]er (11)

where κ−1 characterizes the range of the repulsiv
force, and the pre-factorF0 is chosen as the DEP force
scale. Actually, for the repulsive force from the wall,FW,i,
the same function is employed, but with a differentF0.

Now, after all force expressions have been specifie
they can be coupled, and the following equation for motio
of particlesi(i = 1...N) is obtained:

6πµrUi =
N∑

j=1,j 6=i

6πµr
3r

4Rij
(1 + R̂ijR̂ij) ·Uj

+FE,i + FW,i + FP,i (12)

SinceUi = dxi

dt , all unknown functions in Equation 13
depend on the position of the particles (xi andxj) and the
electric fieldE. While the potential is given, the electric
field E is also a function of the position ofxi. Hence, in
nature, it is equivalent to a system of positions ofN par-
ticles. Whether it is a linear or nonlinear system depen
on how the velocity of the particle is discretized. It can
be discretized with an explicit scheme, for example, th
Forward-Euler scheme or the Verlet scheme (also know
as the Leap-frog scheme). If it is discretized with fully
implicit schemes, the system of equations becomes no
linear. After non-dimensionalization, it can be expresse
as:

dxi

dt
= P1FGi,j · dxj

dt
+ P2FDi + P3FDIPij

+FW,i + FP,i (13)

with the following definitions:

• Characteristic variables:
L: Length
V0: Potential
T : Time

• Dimensionless variables:

P1 =
3r

4L

P2 =
2βr2εmV 2

0 T

3L4µ

P3 =
2εmβ2r5V 2

0 T

µL7

= 3β(
r

L
)3P2
4
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m-
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e
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• Dimensionless functions

FDi = ∇|E∗|2

FGij =
1

R∗ij
(1 + R̂∗

ijR̂
∗
ij)

FDIPij =
1

(R∗ij)5
(R∗

ij(p
∗
i · p∗j ) +

(R∗
ij · p∗i )p∗j + (R∗

ij · p∗j )p∗i
− 5

(R∗ij)2
R∗

ij(p
∗
i ·R∗

ij)(p
∗
j ·R∗

ij))

whereFG is the dimensionless hydrodynamic force,
FD is the dimensionless DEP force andFDIP is the
dimensionless electrostatic force. From the definition of
P1,P2 and P3, and Equation 13, the scaling relationship
between DEP forces and hydrodynamic force can be deter-
mined.

Another dimensionless parameter is defined as:

P4 =
P2

P1
=

8βrεmV 2
0 T

9L3µ
(14)

From Equation 14 it can be seen that when other pa-
rameters are fixed (β, r, L, εm, etc.), the relationship of the
magnitudes of the two forces is:

FD

FG
∼ V 2

0

Hence, when the applied external electric potential in-
creases, the hydrodynamic force would play a less impor-
tant role compared to the DEP force.

In order to investigate the relative importance of the
electrostatic particle-particle force and DEP force, another
parameter is defined:

P5 =
P3

P2
= 3β(

r

L
)3 (15)

Equation 15 implies that ifβ is fixed andL À r, the
DEP force will dominate. This is the case in most appli-
cations of dielectrophoresis. However, if the size of the
particle is comparable with the length scale L, the particle-
particle electrostatic force would become important. It is
noteworthy that the DEP force depends on the gradient of
electric field, while the particle-particle electrostatic forces
depend on the intensity of the electric field. This means
that the more uniform the electric field is, the more impor-
tant the particle-particle electrostatic force will be. In the
extreme case, where there the electric field gradient is very
small, the DEP force is zero, while the particle-particle
electrostatic force is still present and increases with the in-
tensity of the electric field. At the other extreme, when
the electric field gradient is very large, the particles would
move by DEP force without forming chains even when they
are very close to each other. Both phenomena can be pre-
dicted from our simulation results.

One of the advantages of the explicit schemes is that
it does not require a solver, just an update of the posi-
tions based on the previous time-step. The disadvantage
4 Copyright © 2006 by ASME
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is the strict time-step restriction for a stiff system (since
both the DEP force and the repulsive forces are short-rang
forces, the system is quite stiff). Explicit schemes can
cause numerical instability if the strict time-step restriction
is not satisfied. Thus, the implicit scheme (Backward-Eule
method) is chosen. Netlib’s free nonlinear system librar
Minpack [25] has been modified to be used in our com
putation, which employs a modified Newton method and
has many attractive features to improve the speed of com
puting a Jacobian matrix. Besides, another important stra
egy is used in this paper to cut down the nonlinear syste
computation work: Only the hydrodynamic forces and the
interactive electrostatic forces in a certain distance rang
are calculated. This is a reasonable simplification sinc
all forces are short-range. Thus, the non-linear matrix be
comes a rather sparse one. The simplification significant
decreases the computation work.

As the system is solved on a step-by-step basis, ou
model generates approximate trajectories and uses a co
stant time interval for all particles. Generally speaking, the
choice of time step should anyway satisfy the criterion tha
it should be considerably smaller than the typical time i
takes for a particle to travel a distance equal to its own ra
dius. Hence,∆tu ≈ 0.1r is chosen.

Different constant time steps were used in the differen
simulations. Since the particles are subjected to differen
forces, and the velocities of the particles are proportiona
to the force, the time step may be expressed as

∆t ∼ r

Fmax

Note that the time step needs to be small enough to cat
all the physical phenomena properly. The Finite Elemen
method (FEM) is used to calculate the DEP force in the
whole domain. Based on the solution of finite element,
second-order interpolation is used to obtain the DEP force
at any position of the domain. The calculation is done with
the help of FemLego [17], a toolbox for symbolic com-
putation based on Maple and Fortran. Unstructured an
nonuniform triangle and tetrahedron elements are used
well as adaptive meshes. The basic functions are of seco
order. The mesh files are created by Femlab [24].

Up until now, simulations have been made in 2D cases
In a simpler version of the model in which the interactive
forces are neglected, behavior in 3D cases has been p
dicted [15].

3 RESULTS AND DISCUSSION

In this section, we discuss the results obtained with ou
numerical simulations both for hydrodynamic and dielec
trophoretic suspensions (both in a uniform and in a non
uniform electric field).

3.1 HYDRODYNAMIC SIMULATIONS

First, the results for the hydrodynamic forces in Stoke
flow are presented. Assuming that there is no bulk flow
5
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speed, two particles are put close to each other. The aim is
to see how the motion of one particle affects the other. The
initial positions of the two particles are shown in the Figure
1(a).

(a) Initial Posi-
tions

(b) The final
positions in
case A

(c) The final
positions in
case B

Figure 1: Hydrodynamic simulation of a case with two particles

The domain has a characteristic lengthL = 100 µm,
with a particle radiusr = 5 µm. The fluid is assumed to
have the same dynamic viscosity as water. Two simulations
are performed, referred to as Case A, and Case B. The two
particles are particle A and particle B. In Case A, the con-
stant force only acts on particle A (which is the lower one
in Figure 1. In Case B, a constant downwards force is ex-
erted on both particle A and particle B. ). The configuration
is shown in the table below.

Force Case A Case B
particle A Fdown = 1 Fdown = 1
particle B Fdown = 0 Fdown = 1

In the simulations,P1 = 3r
4L = 0.015, andRe ≈ 0.01.

The Stokes number, defined asSt = τU0
L , is zero since

the relaxation timeτ is zero (because the inertial effect is
ignored). WhenSt = 0, the particles will follow the fluid
streamline perfectly.

In Case A, particle A has the lower initial position and
is subjected to a certain downward force and to the hydro-
dynamic force induced by particle B. Particle B has an up-
per initial position and is subjected to the hydrodynamic
force only. The history of the particle positions is shown in
Figure 2:

It is easy to see that particle B is dragged by particle
A. Particle B moves downwards at a lower velocity. The
velocity of particle A is also enhanced. As the distance in-
creases, the hydrodynamic force is decreasing. It is more
clear to see from the history of the velocities shown in Fig-
ure 3 how the distance change.

Figure 3 shows that in the beginning, when the two par-
ticles are very close to each other, the velocities of both par-
ticles have maximum values. Then the velocities of both
particles decrease as the distance increases. In the end,
when the two particles are rather far apart, the velocity of
5
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Figure 2: The history of the particle positions of Case A
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Figure 3: The history of the particle velocity of Case A

particle A is approaching a constant velocity. Meanwhile
the velocity of particle B is approaching zero.
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Figure 4: The history of the particle position in Case B

In Case B, both particles are subjected to a consta
downwards external force and hydrodynamic forces. Th
6
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history of the positions of the two particles is shown in Fig-
ure 4. The two particles keep the distance until the end, and
the velocities have not been changed. It is well known that
in very low Reynolds number flow, if two particles have the
same velocity, then their distance will not be changed un-
til some other force influences them. However, the effect
of the hydrodynamic force behaves as to enhance the final
velocities of the two particles, as seen in Figure 5.
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one particle
two particles

Figure 5: The history of velocity comparison of two particles

3.2 SIMULATIONS OF THE ELECTROSTATIC FORCE

BETWEEN PARTICLES

In this section, the behavior of particles in a domain
with an external uniform electric field is simulated. The
DEP force is also calculated (although it is zero in this ge-
ometry because the gradient of electric field is zero) but
there are electrostatic forces between particles because of
dipole-dipole interaction which are not zero if the intensity
of electric field is not zero. In the initial time, 20 particles
are distributed uniformly in the domain (Figure 6(a)). The
domain length scale is alsoL = 100 µm, the particle ra-
dius isr = 0.02 × L = 5 µm, the potential isφ = 1 V,
β = 0.5, and it is assumed that there is no bulk flow. The
time scale is set toT = 3L3µ

2βr2εmV 2
0

, hence the dimensionless
parameters are:

P2 = 1 andP3 = 0.24× 10−4

Results with the electrostatic forces and without hydro-
dynamics force in three time moments are shown in Figure
6(b) (with the distribution of the particles when dimension-
less timet = 0.075), Figure 6(c) (whent = 0.25) and
Figure 6(d) (whent = 0.75).

From these figures, the process of how ”pearl-chains”
are formed can be seen. The dipole-dipole interaction
causes the particles to attract each other in the direction of
the electric field, and repel each other in the direction per-
pendicular to the electric field. Most particles form pairs
whent = 0.075. The particles on the middle line do not
pair because they are subjected to equal attractive force in
both directions and arrive in a force quasi-equilibrium (it
6 Copyright © 2006 by ASME
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(d) t=0.75

Figure 6: Particle distribution without hydrodynamic force

is not a real equilibrium) state. Att = 0.25, the distribu-
tion is almost the same, and this state is maintained fo
rather long time. In the end, whent = 0.75, they form
five chains. The reason why it takes longer to form chai
than to form pairs is that in the beginning the pairs are a
further apart than their diameter and the force magnitu
decreases rapidly with distance. With the same parame
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Figure 7: Particle distribution with hydrodynamic force

setting, it can be predicted how the coupled hydrodynam
force behaves in the ’micro scale together with electrosta
interactive force. The dimensionless parameter involved
P1 = 0.015, which is the same as the hydrodynamic sim
ulation part. The particle distributions att = 0.075 (Figure
7(b)), t = 0.25 (Figure 7(c)),t = 0.75 (Figure 7(d)) are
also shown to be comparable to the results shown in Figu
6.

The differences are obvious in the beginning. Att =
0.075, the particles have already formed four chains b
cause the hydrodynamic force enhance their velocitie
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They repel each other further in horizontal direction, and
attract each other more in vertical direction. In middle hor-
izontal line, the four particles are contact with their neigh-
bors, which is different from what we see in Figure 7(b).
The chains are not straight lines, because the particles are
subjected to different hydrodynamic forces.

Whent = 0.25 (Figure 7(c)), the chains are straight-
ened. This is because the hydrodynamic force decreases as
the velocities of the particles decrease. Therefore, the hy-
drodynamic force becomes smaller and smaller while the
magnitudes of the electrostatic forces almost remain the
same, so the chains becomes straight due to fact that that
the electrostatic force dominates the motion of the parti-
cles. Att = 0.75 (Figure 7(d)) the electrostatic forces com-
pletely dominate the process because the hydrodynamic
force continues to decrease (due to the velocity decrease of
the particles). Therefore, the distribution becomes similar
to the one in Figure 6(d).

3.3 SIMULATION OF DEP WITHOUT BULK FLUID

FLOW

In this section, simulation results of pDEP and nDEP
in a channel without bulk flow speed but with interactive
forces from hydrodynamic and electrostatic field are pre-
sented. When changing of frequency of the AC, the parti-
cles are subjected to either pDEP or nDEP.

Figure 8: Meshes (as used for calculations in femLego) around
the pointed electrodes

The structure of the geometry is narrow to catch the
micro sized particles, because the DEP force is very large
near the tips of the electrodes. In the area close to the tips,
very fine meshes are used for calculations with the finite
element method (Figure 8). The electric potential isφ = 0.
at the top andφ = 1. at the bottom. Initially, there are 27
particles distributed in the centre area of the domain (Figure
9).

The complex permittivity of polarisable particles is
frequency-dependent. That means, in some frequency
range, it experiences an attracting pDEP force, whereas it
in another range is subjected to a repelling nDEP force.
The results are the distribution of the particles at different
time moments due to the pDEP and nDEP force.
7
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Figure 9: Initial distribution of particles

In the pDEP simulation, the parameters are:

r = 0.02L

P1 =
r

L
= 0.015

P2 = 100
P3 = 0.24× 10−2

The simulation results are shown in Figure 10. The le
picture is whent = 0.075, and the right picture is when
t = 0.15. The results are in agreement with the theor
Particles concentrate on the two tips of electrodes, whe
the electric field gradient is strongest, and they align par
lel with the electric field lines. In the direction perpendic
ular to the electric field lines, the particles repel each oth
somewhat because of their interactive electrostatic forc
This is not so obvious, because the external pDEP is ve
strong. The calculated results also verified by experimen
observations as shown in Figure 11.

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 10: Particle distribution under pDEP conditions

Figure 11: Alignement of E. coli bacteria under pDEP conditions

In a certain frequency range, the real part of Clausiu
Mossotti factor would become negative (β < 0). This re-
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sults in an nDEP force. In the computation, the param-
eters used are the same as in the pDEP case, except that
P2 = −100,. The results are shown in Figure 12. The dis-
tribution of particles when are shown fort = 0.075 (the
left picture shows) andt = 0.15 (the right picture).
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Figure 12: Particle distribution of nDEP

From Figure 12, it can be seen that in the area close to
the sharp tips of the electrodes, there are no particles since
the nDEP forces are strongest there. The particles are accu-
mulated in the areas of left and right vertical boundaries of
the domain, where the nDEP forces are weakest. The par-
ticles are still showing the direction of alignment, which is
parallel to the direction of the electric field.

3.4 SIMULATION OF PARTICLE TRAPPING

In this section, the simulation results of trapping latex
beads in a micro channel are presented. An array of inter-
digited electrodes are supposed to be at the bottom of the
channel. If the length of the electrodes is longer than the
length scale of the particles, a 2D model can be used. A
bulk fluid flow is carrying the particles through the chan-
nel. Since the Reynolds number is very small, the flow
could be assumed to be a Poisseuille flow (Figure 13). In a
fully developed Poisseuille flow, the speed profile is

U(y) = Umax(1− |y − L
2 |

L
2

)2

After non-dimensonalization, the force the particles ob-
tain from the flow could simply be coupled into our MD
model in the same way as the other forces. The details have
been discussed in one of our previous papers [15], in which
a simpler model than the one we used here was presented
and applied.

The isolines for the electric potentialRe ≈ 0.01 are
shown in Figure 14.

The length scale of the structure is2L = 100 × 2 =
200 µm, the width isL = 100 µm, the applied voltage is
10 V, β = 0.5, εm ≈ 80ε0, radius of particle isr = 5
µm= 0.02L, and the maximum flow speed isUmax ≈ 50
µms−1.

Initially, 12 particles are supposed to be at rest in the
middle of the channel. The subsequent trajectories of the
particles are shown in Figure 15. The pDEP forces are
small in the area far from the tips of electrodes, and reach
maximum values at the tips of the electrodes.

The final positions of the particles are shown in Figure
16. The particles are aggregated in the area of the tips of
8 Copyright © 2006 by ASME
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Figure 13: Geometry of the electrodes and the flow profile in th
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Figure 14: Electric potential isolines
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Figure 15: Trajectories of the particles in the trapping system

the electrodes, where the pDEP forces are strongest. T
particles could hardly form chains, because the gradient
electric field is very large at the edges of the electrode
so the DEP force dominates the motion of the particle
Therefore, it is reasonable to use dielectrophoresis to s
arate particles with different size and properties since th
would be subjected to different DEP forces and would n
form chains.

This model could be used in simulation for trap-and
release filters and particle sorters, and in optimization
channel design. We have performed simulations to enhan
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Figure 16: Final positions of the trapped particles

the trapping efficiency ofE. coli cells [15] and separation
of particles [16] based on a simplified version of this model
without taking the hydrodynamic and particle-particle elec-
trostatic forces into account. The model presented in this
paper could provide even more accurate results. Therefore,
this model can be easily used to separate a mixture of par-
ticles with different dielectrophoretic properties or sizes.

4 CONCLUSIONS

In this paper, we have derived a set of equations to de-
scribe the motion for the interacting particles subjected to a
DEP force. The interactive hydrodynamic force is included
by introducing correction functions for particle interaction
in a Stokes flow. The interactive electrostatic force due to
the DEP polarization of particles is also included. The par-
ticles often have been regarded as rigid bodies. A ”soft-
sphere model” MD method has been used to simulate the
particles motion. In the procedure, configurations are gen-
erated by solving a set of Newton’s equations of motion for
each of the interacting particles. In practice, these equa-
tions of motion are replaced by a set of finite difference
equations and are solved in a step-by-step manner. An im-
plicit scheme is used to discretize the finite difference equa-
tions in order to eliminate the time restriction which comes
from the nature of explicit schemes. The time step restric-
tion then only comes from the physical procedure. In prin-
ciple, the time interval should be small enough to allow the
particle to pass a distance less than the radius of particles
in one time interval.

Simulation results based on our model have been pre-
sented and discussed. For micro sized particles we simu-
lated interactive hydrodynamic forces, electrostatic forces
(separately and together), and the DEP force together with
particle-particle electrostatic forces. For the last case, we
simulated the behavior under pDEP and nDEP conditions
for micro sized particles. We showed that a hydrodynamic
force would enhance particles motion in a micro fluid sys-
tem. We also showed that the dimensionless parameterP5
determines the relative importance between the DEP force
and the particle-particle electrostatic force. While the elec-
tric field is determined, the larger the ratio between the
non-dimensionalized particle radius and the characteristic
length scale is, the larger the ratio between the particle-
9
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particle electrostatic forces and the DEP force would b
This means that the larger the particles are, the easier t
will form pearl-chains. However, if the electric field gra
dient is very large, the particles would hardly form chain
even if they are very close to each other. The theoretic p
diction is well in agreement with experimental results.

Based on the procedure of the derivation of the mod
and the simulation results, we conclude that the model p
vides good efficiency and accuracy. More extensive n
merical studies and applications could be carried out ba
on this model, for instance in aggregation and separat
of biological cells with different DEP properties. The
model could also be modified to suit simulation for DEP o
nanoparticles, especially rigid bodies. The present mo
is only for 2D discs, but could be extended to the 3D cas
where the particles are spheres or ellipsoids.
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