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Characterization and Modeling of a Microfluidic
Dielectrophoresis Filter for Biological Species

Haibo Li, Yanan Zheng, Demir Akin, and Rashid Bashir, Senior Member, IEEE

Abstract—Microfabricated interdigitated electrode array is a
convenient form of electrode geometry for dielectrophoretic trap-
ping of particles and biological entities such as cells and bacteria
within microfluidic biochips. We present experimental results and
finite element modeling of the holding forces for both positive and
negative dielectrophoretic traps on microfabricated interdigitated
electrodes within a microfluidic biochip fabricated in silicon
with a 12-gm-deep chamber. Anodic bonding was used to close
the channels with a glass cover. An Experimental protocol was
then used to measure the voltages necessary to capture different
particles (polystyrene beads, yeast cells, spores and bacteria)
against destabilizing fluid flows at a given frequency. The exper-
imental results and those from modeling are found to be in close
agreement, validating our ability to model the dielectrophoretic
filter for bacteria, spores, yeast cells, and polystyrene beads. This
knowledge can be very useful in designing and operating a dielec-
trophoretic barrier or filter to sort and select particles entering
the microfluidic devices for further analysis. [1181]

Index Terms—Dielectrophoretic filter, interdigitated electrode,
microfluidic biochip.

1. INTRODUCTION

IELECTROPHORESIS (DEP) is the movement of a par-

ticle in a nonuniform ac electrical field. It occurs through
the interaction of the induced electrical polarization charge with
the nonuniform electric field and can induce movement of the
particle toward either the location with the greatest gradient
in the electric field strength (VE?) (positive DEP), or loca-
tion with smallest electric field gradient (negative DEP), de-
pending on the dielectric constant of the particle relative to that
of the medium [1]. DEP-based techniques have been success-
fully used for many biological applications to date, such as sep-
arations of viable and nonviable yeast cells [2], [3], separation
of live and heat-treated listeria bacteria [4], isolation and detec-
tion of sparse cancer cells, concentration of cells from dilute
suspensions, and trapping and positioning of individual cells
for characterization [5]. Among these, the simplest method of
practical dielectrophoretic separation is that of flow separation

Manuscript received October 16, 2003; revised June 1, 2004. This work was
supported through a cooperative agreement with the Agricultural Research
Service of the United States Department of Agriculture, project number
1935-42000-035. Subject Editor D. J. Beebe.

H. Li and D. Akin are with the School of Electrical and Computer Engi-
neering, Purdue University, West Lafayette, IN 47907-1285 USA.

Y. Zheng is with the Department of Biomedical Engineering, Purdue Univer-
sity, West Lafayette, IN 47907-1285 USA.

R. Bashir is with the School of Electrical and Computer Engineering, Purdue
University, West Lafayette, IN 47907-1285 USA and also with the Department
of Biomedical Engineering, Purdue University, West Lafayette, IN 47907-1285
USA (bashir@ecn.purdue.edu).

Digital Object Identifier 10.1109/JMEMS.2004.839124

[6]. By this method, the mixture of particles to be separated is
pushed by an external source, such as a syringe or peristaltic
pump, through an enclosed separation chamber with an elec-
trode array on the bottom. There is a single inlet and outlet
port. The separation strategy is like this: when two populations
of particles are pumped across the electrode array, particles of
one population experience positive dielectrophoresis and are
trapped at the electrode edges, whilst the other experiences neg-
ative dielectrophoresis and is pushed by the flow through the
outlet, where the particles can be collected. After the latter par-
ticles have left the chamber, the electric field is removed and the
former particles are released and pumped to the outlet where
they can be collected in another container. In addition, it has
been found that particles of many populations, all of which ex-
hibited negative dielectrophoresis, could be separated by means
of an original combination of dielectrophoretic and gravitational
field flow fractionation [7]-[9]. In this method, negative DEP
forces levitate particles to equilibrium positions in a flow-ve-
locity profile, particles at different heights in the flow stream
move at different velocities and can be fractionate based on their
different retention times in the chamber. Most studies of bio-
logical suspensions used a flat, transparent horizontal micro-
channel that was formed by a spacer (~ 400 um height is nor-
mally used) sandwiched between the bottom electrode plate and
a top glass plate. It is known that the magnitude of DEP force
reduces quickly with distance above the electrodes, and as a
consequence the particles will experience appreciable dielec-
trophoretic forces only in the area near the electrodes [10]. Thus
the devices with large chamber height are not suitable for DEP
trapping, since not only the particles experiencing negative DEP
cannot be stopped, some particles experiencing positive DEP
have to pass over the electrodes at distance too large for the di-
electrophoretic force to be sufficient to trap them.

In this study, we built up a dielectrophoretic filter with a
thin (~ 12 pm) microchannel etched into single-crystalline
silicon (SCS) substrate, which can trap particles exhibiting ei-
ther positive or negative DEP. We compared experimental re-
sults on the capturing capability of an interdigitated electrode
array, with predictions from a specifically developed simula-
tion environment. This environment was developed using Finite
Element and numerical methods to obtain near-electrode-plane
high-order DEP forces and other forces on particles in the flu-
idic flow in both horizontal and vertical directions. We can thus
characterize our thin DEP filter for both negative and positive
traps on interdigitated electrodes and understand the operation
of the device as a particle filter and separator. We first used poly-
styrene beads to validate our ability to model the force field in
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the DEP filter because of their uniform and well-known dielec-
tric properties, which eases our comparison with the modeling.
Then we used different biological particles such as yeast cells,
spores, and bacteria for further validation. The experimental re-
sults and those from modeling are found to be in close agree-
ment, indicating our success in the analysis of force field in
our modeling environment, including multi-order DEP forces,
hydrodynamic drag and lifting forces, and sedimentation force.
It also allows us to accurately determine the sub-pico-Newton
forces at the microscale, once we know the position of the par-
ticle in the chamber. This knowledge can be very useful in de-
signing and operating a dielectrophoretic barrier or filter to sort
and select particles entering the microfluidic devices for further
analysis.

II. THEORETICAL BACKGROUND

Particles in the dielectrophoretic filter experience forces from
dielectrophoresis, gravity, hydrodynamic drag, and lifting ef-
fects. These are briefly described below.

A. Dielectrophoretic Forces Over Interdigitated Electrodes

The time-averaged dielectrophoretic force F’ for a dielectric
sphere immersed in a medium in constant field phases in space
is given by [4] and valid for all particles in the effective-moment
approximation

F = 21e0emm Re[fom] V| Prems | (1)

where ¢ is the vacuum dielectric constant, r is the particle ra-
dius, F\ s is the root mean square value of the electric field, and
foum is well known as the Clausius—Mossotti factor [4]
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where 7 and &7, are the relative complex permittivities of the
particle and the medium respectively and are each given by ¢* =
e+0/(jw), where £ is the permittivity and o is the conductivity
of the particle or medium, and j is v/—1.

Formula (1) was derived by the interaction of a nonuniform
electric field with dipole moment induced in the particle and is
applicable in the cases where the particle is much smaller than
the electric field nonuniformities. This first-order approximation
is not sufficiently accurate when the small particle is close to the
electrode edges or at field nulls, higher order moments have to
be accounted by the formula given by Washizu and Jones [11],
[12]:
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where @ is the electrostatic potential of the external electric
field, K,, is the nth-order Clausius—Mossotti factor
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Parallel interdigitated electrode array is a convenient form of
electrode geometry for dielectrophoretic trapping of particles.
Although the geometry is simple, neither the electric potential
nor the field has an exact analytical expression. Prior work has
been reported on the analyzes of the electric potential or field
and DEP forces over the interdigitated electrodes. Gerwen et al.
[13] derived an analytical approximation solution of the electric
potential by using Schwarz-Christoffel conformal transforma-
tion. Wang er al. [14] calculated the electric field using Green’s
theorem and Clague et al. [15] obtained an analytic approxi-
mation solution for the gradient in the electric field strength
(V E?) by using a different Green’s function. Morgan et al. [16]
presented dielectrophoretic forces in infinite Fourier series. All
these series expansion solutions are approximations to a geom-
etry for which an analytical representation has not been deter-
mined. Numerical solutions were also studied for the first-order
DEP forces by Green et al. using finite element method [17].
Recently, Voldman et al. [18], [19] used commercially avail-
able finite element program to derive electric field data and then
calculated the DEP forces to any higher order moments, though
applying to planar and extruded quadrupole traps, giving an ap-
proach to obtain the DEP forces in a simple step.

B. Hydrodynamic Drag Force

The hydrodynamic drag force on a particle of radius 7 is de-
pendent on the velocity of the particle relative to that of the fluid
medium. The horizontal drag force on a particle in contact with
a wall is given by the modified Stokes equation [20]

FHDfdrag = GWanUm (6)

where 7 is the dynamic viscosity of the fluid, vy, is the velocity
of the medium fluid at the center of the particle, k£ (k > 1, for
particle in contact with the wall, k¥ ~ 1.7) is a nondimensional
factor accounting for the wall effects. The fluid is usually as-
sumed to follow a parabolic laminar flow profile such that v at
a distance x from the bottom of the chamber is

U:a@%@_%) )

where (v) is the mean velocity of the flow and h is the top to
bottom spacing of the chamber walls

%
(v) = oh (8)

where w is the width and wh is the cross-section area of the
chamber, V' is the nominal flow rate in 1/ min. The good agree-
ment between modeling and experimental results validates this
shear flow approximation even when the particle diameter (~
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Fig. 1.

Schematic plot of the device cross section in (a) and a photograph of the chamber (top view) in (b). The width of the electrodes and the spacing between

two adjacent electrodes are 23 and 17 pm, respectively, and the chamber depth is 11.6 #m measured by a profilometer.

5.4 pm) occupies a significant fraction of the chamber height
(~ 11.6 pm).

C. Sedimentation Force

The sedimentation force is given by

4
F‘sedi 57[.,),,3 (pp - pm)g
where r is the radius of the particle, p,, and p,, refer to the
densities of the particle and medium respectively, and g is the
gravitational acceleration constant.

D. Hydrodynamic Lifting Force

The lift force experienced by a nondeformable particle lo-
cated at a small distance = — r above the chamber wall is given
by

L dm
(¢ —7r) dx

This formula was empirically derived by Williams et al. [21] but
the nature of the lift force still remains in question. Although it
is believed that this hydrodynamic lift force plays little or no
role in typical DEP-Gravitational Field-Flow process [7] and
our calculation shows that the maximum lifting force is about
one magnitude lower than the peak vertical DEP force at 1 V),
it is still incorporated into our modeling in order to get a com-
plete view of the force field.

Fige ~ 0.153r3n

=0

III. EXPERIMENTAL DETAILS

A. Fabrication of the Device

The fabrication process of the dielectrophoretic filter is sim-
ilar to the discussion in [22], here we will only briefly describe
the most important features of the device. The DEP chamber
was constructed by KOH-etching a depth of 11.6 pm (with
smooth bottom surface and roughness less than 50 nm) and
width of 350 pum into single crystalline silicon substrate using
a silicon dioxide layer as the mask, then all the oxide was re-
moved and the wafer was reoxidized to form a insulating layer
of about 0.4 pm. A metal (Ti/Pt of 200/800 A thick) pattern of
interdigitated electrode array was formed at the bottom of the
chamber using sputtering and lift-off. These electrodes are con-
nected by metal traces to pads on the periphery of the chip where
electrical contacts with a signal generator are established. A sil-
icon dioxide layer of about 0.3 ;sm was deposited by plasma-en-
hanced chemical-vapor deposition (PECVD) to cover all the
electrodes in the chamber and protect them. This thin layer of
oxide has little effect on the DEP force according to our calcu-
lation. Deep trenches are etched to the two ends of the chamber
by deep-reactive ion etch (DRIE) and microbore tubes were in-
serted into the inlet and outlet ports to inject and drain the liquids
through the chamber. The top of the chamber was covered with
a glass slide by anodic bonding. Fig. 1 shows the schematic plot
of the experimental devices and the top view of the interdigitated
microelectrodes. In the experiments, sample solutions were in-
jected into the chamber using a syringe pump (World Precision
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Instruments Inc., SP200i) and a 250-11 gas-tight luer-lock sy-
ringe (ILS250TLL, World Precision Instruments Inc.). The flow
rate could be adjusted and precautions were taken to avoid air
bubbles. An HP 33 120A arbitrary waveform generator was used
as the ac signal source to produce sinusoidal signal with fre-
quency specified at 1 MHz. The behaviors of the particle in
the flow were viewed on a Nikon microscope with or without
fluorescence filters and recorded by a charge-coupled device
(CCD) digital camera (Pixera Penguin 600 CL, Pixera Corp.,
Los Gatos, CA).

B. Sample Preparations

Polystyrene beads, Saccharomyces cerevisiae yeast cells,
Bacillus cereus spores, and Listeria innocua bacteria were
chosen for the experiments. Polystyrene beads, with 2.4 and
5.4 pm in diameter, with a density ~ 1.05 g/cmS, and di-
electric constant 2.5-2.6, were used (Spherotech, Inc., IL,
USA). Yeast cells were cultured in an aqueous yeast extract
medium and harvested and stored in a 4 °C refrigerator in
the stationary phase after two days. The average size of the
yeast cells is about 5 ym and can be seen under microscope
without fluorescence staining. In the case that yeast cells were
mixed with Listeria bacteria, both were stained with FITC dye
and appear fluorescent green under the microscope. Bacterial
spores are noted for their extreme degrees of resistance and
dormancy. The enveloping structures of the mature, dormant
spore consist of the spore coats, an inverted outer membrane,
an inter-membrane cortex composed of peptidoglycan, and an
inner-membrane surrounding the spore core or protoplast [23].
The Bacillus cereus spores used in our experiments have an
average diameter approximately 1 pm and were suspended in
DI water and stained with 3,3’-dihexyloxacarbocyanine iodide
(DiOCg(3)) dye (green). The Listeria innocua bacteria are rod
shaped with length of around 3 ym and diameter around 1 pm.
The cells were cultured in BHI (Brain Heart Infusion) solution
at 37 °C. They were harvested after 18 h with the concentration
of ~ 10 cells/ml and stained with FITC dye. Upon injection
into the chamber, all sample suspensions were centrifuged
and washed with DI water for three times and then diluted
to ~ 10°~7 particles/ml with DI water. The conductivity
of the final suspensions was measured to be 2.5 puS/cm by a
conductivity meter (Cole—Parmer Instruments). The dynamic
viscosity of the DI water is about 1.0 x 1073 N - s/m”.

C. Release Voltage Measurement

In the flow chamber, particles experiencing either negative or
positive DEP stop at their equilibrium positions at a given flow
rate, if the DEP forces are sufficiently high. If a particle was held
in the equilibrium position at the end of two minutes, the par-
ticle was considered captured. The flow rate was adjusted and
the corresponding voltage necessary to capture a particle was
measured by first applying a large voltage to stop the particle,
and then slowly decreasing the voltage and recording the value
at which this particle just get released. More than six measure-
ments were taken for each data point and an average value was
calculated with the error bar. Over 20 chips were used in the
experiments. Chips for beads experiments can be reused since
beads don’t stick to the surface. Chips for bacteria measurement

were one-time usage because of the nonspecific binding of the
bacteria. All chips are assumed to be exact the same since they
were fabricated and cut from the same silicon wafer. Each ex-
periment lasts two to three hours except the time for bacteria
culture and staining.

D. Modeling

The modeling program used electric-field data from com-
mercially available Finite Element program Ansys (version 5.7,
ANSYS Inc. Canonsburg, PA) with grid spacing as small as
0.2 pm. The experimental parameters and Matlab (R12, The
Mathworks, Natick, MA) was used, and we did not catalog the
multiple derivatives of the electric field, instead we stored the
derivatives when there was a need to calculate the higher order
DEP forces. Since the electrodes are long compared to their
width, the problem can be considered to be two-dimensional.
For a given particle and flow rate, we calculated the DEP forces
in horizontal and vertical directions to an arbitrary order until
sufficient accuracy was obtained (the result converges with rel-
ative error less than 3%) in the sedimentation force, the hydro-
dynamic drag force, and lifting force everywhere in space. Then
we determined the equilibrium positions of the particle in such
a force field in the chamber by determining the zero-net-force
points. In case that the particle experiences negative DEP and
is levitated to against the top glass, and that the particle experi-
ences positive DEP and is forced to the chamber bottom, only
forces in horizontal forces are considered to determine the equi-
librium position since the top glass and the chamber bottom have
the supporting forces to balance the others in vertical direction.
Extra forces due to particles nonspecific sticking to the surface
or friction between particles and the surface can be either extra-
ordinary strong or small, are not counted in the simulation.

IV. RESULTS AND DISCUSSION

First of all, to get a sense of how the multipolar DEP forces are
compared to those induced only by the dipole term, we calcu-
lated the horizontal and vertical DEP forces on a 2.4-pm-poly-
styrene bead with conductivity of 2 x 10=% S /m in contact with
the electrode plane in an aqueous medium with conductivity of
2.5 x 107* S/m at 1 V,,, and 1 MHz (All DEP forces were
calculated with height corresponding to the position of particle
center, same valid throughout the paper). Fig. 2(a) and (b) shows
the horizontal and vertical DEP forces with increased multi-
polar orders (n = 1 corresponds dipole, n = 2 dipole, and
quadrupole, n = 3 dipole, quadrupole, and octupole, and so
on, the bold lines on the bottom axis represent the electrodes,
same for the followed figures). It is seen that the DEP forces
converge quickly at about n = 3 or 4. When n = 4, the calcu-
lated horizontal DEP force is about 20% larger than that when
n = 2 (dipole), and the vertical DEP force increases by about
40%. This is significant for accurate prediction in our modeling.
For the balance of time efficiency and accuracy in our calcula-
tion, n = 4 was normally made with relative error less than 3%.

Fig. 3 shows the capture of 2.4 um polystyrene beads against
the fluidic flow at around 0.05 p1/min (corresponding to a ve-
locity of ~ 117 pm/s at the center of the bead in contact with
the top or bottom of the chamber) with 20 V,;, applied to the
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Fig. 2. Horizontal (a) and vertical (b) DEP forces on a 2.4-pm-polystyrene
bead with conductivity of 2 x 10~ S/m in contact with the electrode plane in
an aqueous medium with conductivity of 2.5 X 10~ S/m at 1 V,;; and 1 MHz
with increased multipolar orders (1 = 1 corresponds dipole, n = 2 dipole and
quadrupole, n = 3 dipole, quadrupole and octupole, and so on), the bold lines
on the bottom axis represent the electrodes.

electrodes. It is seen that the beads were shifted from the center
of the electrode (DEP force minimum) due to the hydrodynamic
drag force. Careful observation revealed that the beads were lev-
itated to contact the top glass, instead of being in contact with
the electrodes. This is quite consistent with our analysis of the
forces exerted on the beads. Fig. 4(a) shows the horizontal DEP
force changes with height from 1.2 pm (where beads in contact
with the electrodes) to 4.2 um by taking the conductivity of the
beads tobe 2 x 107*S/m [19],at 1 V,,, and 1 MHz. The calcu-
lated polarization factor is —0.473. It seems apparent at the first
sight from Fig. 4(a) that the beads experiencing negative DEP
should collect not only above the centers of the electrodes, but
also above the centers of the intervals between any two neigh-
boring electrodes, since the horizontal DEP force directs them to
those places. This is contradictory to our experimental observa-
tion: the beads only collect above the electrodes. Further study
to the horizontal DEP force revealed that the beads are directed

: ’
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: . :
N B i
' . ,
, : 'R,

Fig. 3. Capture of 2.4-pm-polystyrene beads above the electrodes against the
fluidic flow at around 0.05 p1/min with 20 V., applied to the electrodes. The
beads were levitated to contact the top glass and shifted from the center of the
electrode due to the hydrodynamic drag force.

only to the electrode centers at height above 8 pm, as shown
in Fig. 4(b), the interelectrode minima disappear and the slope
becomes positive to push beads away, which is consistent with
our previous study of the DEP force on interdigitated electrodes
[4]. Meanwhile, the vertical DEP forces at different heights are
shown in Fig. 4(c) and (d). It is seen that the force maxima are
above the electrode tips and a minimum is above the center of
the electrode. We plot the latter along z direction (vertical) at the
middle of the electrode in Fig. 4(e). The calculated force mag-
nitude ranges from about 8 x 10715 N to 2.4 x 10~* N, which
is much larger than the sedimentation force on a bead (about
3.5 x 10715 N) calculated according to the density difference
between beads and water. To make the beads settle down onto
the electrodes, the applied voltage must be less than ~ 0.67 V,,
and the flow rate must be extremely low, which are not the con-
ditions in desired applications of this device as a filter. Here it
becomes obvious that the vertical DEP force levitates the beads
all the way to the top of the chamber and the horizontal DEP
force directs the beads only to the places right above the cen-
ters of the electrodes (if no fluidic drag force exists). If we vary
the flow rate and measure the corresponding minimum voltages
to capture the beads, we obtain the holding characteristic of the
trap for a particular set of experimental conditions. From (3)
and (4) it is known that the DEP force is related to the square
of the voltage and from (6) the hydrodynamic drag force is pro-
portional to the flow rate. Thus, a straight line is expected if
we plot the square of the applied capturing voltage versus the
flow rate. The result for 2.4 ym beads is shown in Fig. 5, and
as expected, a linear relationship between the square of the cap-
turing voltages and the flow rates can be seen. The parameters
used for the curve fitting are the frequency (1 MHz), the dielec-
tric constants and conductivities of the beads and the medium,
the dynamic viscosity of the medium, and the geometry of the
chamber cross section. It is noted that there is no free param-
eter in this case. The data points are each shown in the form
of an average with error bar. The errors could come from the
variations of the particle size and their dielectric properties, vi-
bration and unevenness of the fluidic flow and field imperfec-
tion on the electrode array. The above experiment was repeated
for 5.4 pm beads and a linear relationship was also obtained as
shown in Fig. 5, but a decrease in the capturing voltage is seen
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Fig. 4. Horizontal DEP force changes for a 2.4-pm-diameter bead with height from 1.2 ym to 4.2 pm in (a) by taking the conductivity of the beads to be
2 x 10=* S/m, at 1 V5, and 1 MHz, and from 6.2 gm to 9.2 pm in (b) which showing the beads are directed only to the electrode centers at height above
8 pn. The vertical DEP forces at different heights are shown in (c) and (d) at corresponding heights. (e) shows the minimum vertical force above the center of the
electrode changing with height.
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and 20 V,,,. The 2.4 pm beads were released when the voltage was decreased
to~ 14 V,,, in (b).

compared to the 2.4 ym beads at the same flow rate. This can be
used to separate beads with different sizes as we demonstrated
in Fig. 6(a) and (b), which are framed out from a video. The
match between the experiment with beads and the calculation
is significant, thus we validate our ability to model this dielec-
trophoretic filter by our simulation.
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Fig. 7. Horizontal DEP forces for a virtual particle with diameter of 2 g1 and

polarization factor of 0.5 at 1 MHz and 1 V,, at different heights in (a). The
DEP force change with height is shown in (b).

In the case of real biological particles, the situations are more
complicated because of the unknown dielectric constant, con-
ductivity and nonuniform geometry of the particles. For sim-
plicity, the biological particles were considered as homogenous
spheres with an equivalent volume and an effective dielectric
constant and conductivity at a given frequency in our simula-
tion. If a particle experiences positive DEP at a certain frequency
in this dielectrophoretic filter, it will be trapped at the electrode
edge if the DEP force is strong enough, as other experimental
reports have demonstrated. We calculated the DEP forces for
a virtual particle with diameter of d = 2 pm and polarization
factor of 0.5 at 1 MHz and 1 V,;,. The horizontal DEP forces at
different heights are shown in Fig. 7(a) (the vertical DEP force
is quite similar to those in Fig. 4(c) and (d) except that the di-
rection of the force is the opposite). It is seen that the force
maxima locate very close to the electrode edge and direct the
particles to the edge from both sides. The DEP force decreases
very rapidly with height as seen in Fig. 7(b). Huang ef al. [24]
and H. Morgan et al. [16] developed analytical expressions for
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(a) and (b) show the yeast cells and spores were captured at the electrode edges against the flow at 1 MHz, 20 V,, and ~ 0.2 y1/min, respectively. The

capturing voltages versus flow rate for yeast, spores and bacteria are shown in Fig. 8(c). Lines were not obtained by least-square fitting but calculated by choosing
the appropriate effective conductivity only. Linear relationships were also found between the capturing voltage square and the flow rate.

(a)

(®)

yeast

(c)

Fig. 9. Time accumulation of Listeria innocua bacteria, while yeast cells are flushed away (sample concentrations about 105~ / ml, at 18 V,,;, 1 MHz and flow
rate ~ 1 pl/min, time interval ~5 min, very few yeast cells captured). The small dots (and the accumulation) are the bacteria.

the force, at heights greater than electrode width, to be propor-
tional to e(=7"/w) / w3, where b is the height and w is the elec-
trode width. This can’t be applied to the case where the particle
is close to the electrode plane. Our least square fitting to the
calculated forces indicates that when the height is greater than
~ 1.5d (3 pm), the force decreases exponentially (e~") with
the height, while the force decreases much faster (with a de-

caying factor of ~ e~1-74""") when the particle is very close
to the electrode with height less than 1.5d.

In the following experiments, biological entities were each
suspended in DI water with the same conductivity and voltages
were applied to the electrodes of frequency 1 MHz, at which
all these particles experienced positive DEP and were collected
at the electrode edges. The maximum electric field in the ex-
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periments was about 10 vV /cm, which is believed to be not
detrimental to the yeast cells and bacteria [25]. Fig. 8(a) and
(b) show that the yeast cells and spores were captured at the
electrode edges against the flow respectively. We also measured
the capturing voltage versus flow rate for each type of parti-
cles, as shown in Fig. 8(c), in which lines were calculated by
adjusting the effective conductivities only. Linear relationships
were also found between the capturing voltage square and the
flow rate, which are consistent with previous studies [10]. The
Saccharomyces cerevisiae yeast cells, Bacillus cereus spores,
Listeria innocua bacteria were simulated with the average di-
ameter of 5, 1, and 0.8 um (here bacteria were considered to
be equivalent spheres with the same volume of their ellipsoidal
shape) and polarization factor of 0.16, 0.11, and 0.48, respec-
tively. The used dielectric constants of yeast cells, spores and
bacteria were obtained by setting the dielectric constant to be
50 according to the literatures [3], [23] (while data for Lis-
teria bacteria is not available yet) and the conductivities to
be 6.8 x 1072 S/m, 5.9 x 1072 S/m and 1.3 x 1072 S/m,
respectively. It can be seen that the variations of the data for
the biological species are larger than those of the polystyrene
beads, which may be due to their large variation in sizes and
dielectric properties. It is also seen that there is a large differ-
ence between the capturing voltages for Listeria bacteria and
yeast cells or spores at a given flow rate. Fig. 9 shows that
using this DEP filter, a mixture with concentration as high as
~ 107/ml of Listeria bacteria and yeast cells were seen to be
separated with good efficiency by capturing and accumulating
the Listeria bacteria at the electrode edges while letting the
yeast cells flowing through the chamber.

It should be noted that by definition, release voltage is the
minimum voltage needed for a particle to stay at its equilibrium
position at a given flow rate by only considering the force equi-
librium. Thus it is different from the “stopping” voltage when
considering trapping a particle entering the chamber with ini-
tial velocity and height. This will be addressed in the follow-up
study.

V. CONCLUSION

In this study, a microfabricated dielectrophoretic filter with
a thin chamber and interdigitated electrode array as a test bed
for dielectrophoretic trapping of polystyrene beads and biolog-
ical entities such as yeast cells, spores and bacteria. Experi-
mental results and computer finite element modeling on the
holding forces for both positive and negative dielectrophoretic
traps on the microfabricated interdigitated electrodes were pre-
sented. First, polystyrene beads were used as a model system
and the voltages necessary to capture beads with different diam-
eters against destabilizing fluid flows at a given frequency were
measured. The experimental results and those from modeling
are found to be in close agreement, with no adjusted parameters,
validating our ability to model the dielectrophoretic filter. Then,
different biological species were used and the capturing char-
acteristic of the DEP filter for particles experiencing positive
DEP were found to be quite close to what the model predicted.
The combination of experiments and modeling has given insight

into the DEP forces over the interdigitated electrodes and can be
very useful in designing and operating a dielectrophoretic bar-
rier or filter to sort and select particles entering the microfluidic
devices for further analysis.
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