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In this study, we proposed a high-throughput separation strategy of the binary colloid mixture by
dielectrophoresis (DEP) induced around large-scale bipolar electrode arrays embedded in microfabri-
cated fluidic networks via a thorough numerical investigation. The usage of a floating electrode (FE)
eliminates the need of external Ohmic connection to individual array units, therefore potentially steer-
ing the faddish design of new microdevice structures. Diffuse charge dynamics within the induced
double layer at opposite ends of every FE permit a sinusoidal electric field to penetrate throughout the
whole device, as long as the imposed field frequency is beyond the reciprocal resistor-capacitor time
constant at the electrode/electrolyte interface. In this special device configuration, FEs interconnect
multiple microchannels arranged in parallel. Pockets embedded on the sidewalls of fluidic channels
help create strong field gradients at the tip of FEs and sharp pocket/channel junctions, improving
the trapping performance of incoming bioparticles subjected to positive-DEP (pDEP) force, while
latex beads experiencing negative-DEP (nDEP) stress are electrically squeezed to the midchannel and
finally exit as a series of co-flowing thin streams with unequal translatory velocity. Taking the synergy
of DEP force, induced-charge electro-osmosis, alternating-current electrothermal streaming, pressure-
driven flow, and buoyancy effect into consideration, a numerical model is established to account for
motion trajectories of micro-entities in full-scale three-dimensional space using the Lagrange particle
track algorithm, as well as testing the feasibility of the device design in separation of the binary mix-
ture containing yeast cells and polystyrene beads. Applying suitable voltage parameters of frequency
O(1) MHz and electric field strength O(10) V/mm, highly efficient DEP separation is theoretically
achievable under inlet flow velocity on the order of O(1) mm/s, where most of incoming yeasts are cap-
tured by pDEP within these five parallel branching channels, while polystyrene spheres are repelled
by nDEP away from the FE array to form slim beams co-flowing into the outlet according to the
calculation results. The microfluidic separation device exploiting the FE array offers great potential to
build up scalable electrokinetic platforms for high-throughput on-chip sample treatment. Published
by AIP Publishing. https://doi.org/10.1063/1.5054800

NOMENCLATURE

DEP dielectrophoretic
pDEP positive dielectrophoretic
nDEP negative dielectrophoretic
iDEP insulator-based dielectrophoresis
TWDEP traveling-wave dielectrophoresis
DE driving electrode
FE floating electrode
IDL induced double layer
EDL electrical double layer
ACEO AC electroosmotic
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ICEO induced-charge electroosmotic
ACET AC electrothermal
TWET traveling-wave electrothermal
EHD electrohydrodynamic
RHS right-hand side
PS polystyrene
PDMS polydimethylsiloxane
RC resistor-capacitor
DEs driving electrodes
FEs floating electrodes
AC alternating current
DC direct current

Alphabetical symbols
CD diffuse layer capacitance (0.06 F m−2) CD = ε/λD

CS stern layer capacitance (0.8 F m−2)
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C0 linear capacity of the entire electrical double layer
(0.055 F m−2) C0 = CD/(1 + δ)

Cp thermal capacity of water (4200 J kg−1 K−1)
D diffusion coefficient of ionic species (2 × 10−9 m2

s−1)
E electric field vector (V m−1)
Et tangential component of electric field vector

(V m−1)
Fexternal external force acting directly on particles freely

suspended in saline solution (N)
f field frequency (10 Hz-100 MHz)
f bulk charge relaxation frequency of fluid bulk

(2.25 MHz) f bulk = σ/2πε
f RC double-layer charge relaxation frequency (100

-1000 Hz) f RC = σ(1 + δ)/2πRCD

f ACET charge relaxation frequency of ACET flow
(7.45 MHz) fACET = σ

√
1 − 2β/α/2πε

H height of the channel (30 µm)
KS surface conductivity of latex beads (1 nS)
kf thermal conductivity of suspension medium

(0.6 W m−1 k−1)
kPDMS thermal conductivity of PDMS channel walls

(0.2 W m−1 k−1)
kGlass thermal conductivity of glass substrate (1 W m−1

k−1)
L characteristic physical dimension (100 µm)
Pec thermal Peclect number (0.07) Pec = ρfCpuL/kf

p hydraulic pressure (Pa)
R characteristic macroscopic length scale of double-

layer capacitive charging (µm)
r radius of latex beads (2 µm)
S particle displacement vector (µm)
T temperature field (K)
T0 ambient temperature (293.15 K)
t time elapsed (s)
u characteristic flow velocity (100 µm s−1)
uf flow velocity vector (m s−1)
up particle velocity (m s−1)
u0 inlet flow velocity (1 mm s−1)
VD voltage amplitude of the applied AC signal on DEs

(30-60 V)
x X coordinate (m)
y Y coordinate (m)
z suspension height of colloids away from the elec-

trode surface (m)

Greek symbols
εf liquid permittivity (7.08 × 10−10 F m−1)
ε̃ complex permittivity (F m−1) ε̃ = ε − jσ/ω
σf electrolyte conductivity (0.01 S m−1)
φ electrostatic potential field (V)
α thermal diffusivity of dielectric permittivity (−0.004

K−1) α = ∂ε/∂T /ε
β thermal diffusivity of liquid conductivity (0.022 K−1) β

= ∂σ/∂T /σ
η dynamic viscosity of water (0.001 Pa s−1)
ω angular field frequency (rad s−1) ω = 2πf
ρf mass density of water (1000 kg m−3)
ρp mass density of incoming colloids (1050 kg m−3)

τRC double-layer charge relaxation time (s) τRC = RCD/σ
(1 + δ)

δ surface capacitance ratio (0.074) δ = CD/CS

ζ induced zeta potential on ideally polarizable surfaces
(V) ζ = Re

((
φ̃E − φ̃

)
ejωt

)
/(1 + δ)

φE the body potential of DE and FE (V)
λD Debye screening length (12 nm) λD =

√
Dε/σ

Subscripts
ACET AC electrothermal
B background
bulk fluid bulk
CM C-M factor
D diffuse layer
DE driving electrode
E electrode
FE floating electrode
f working fluid
Glass glass substrate
MW Maxwell-Wagner
PDMS polydimethylsiloxane
p particle
S stern layer
t tangential component

Superscripts
∗ complex conjugate operator
RC resistor capacitor

Mathematical symbols
〈A〉 time-average operation
Ã phasor amplitude
Re(A) real part operator

I. INTRODUCTION

Separation of inorganic colloids and biological cells at
micrometer dimension is important to broad on-chip applica-
tions, such as water quality monitoring,1 early cancer diagno-
sis,2 intercellular communication investigation,3 biomedical
assay,4 and so on. Among a diversity of available microfluidic
separation techniques, including viscoelastic effect,5 Rayleigh
streaming,6 magnetic manipulation,7 diffusiophoresis,8–10 and
electrokinetic phenomena,11–18 dielectrophoresis (DEP) pro-
vides a mild and promising separation way to insulate particle
samples according to difference in their dielectric proper-
ties.19–24

DEP arises from an externally applied uneven direct-
current (DC)/alternating-current (AC) electric field interacting
with polarizable dielectric colloids.25 If the polarizability of
particles is lower than that of the liquid suspension, they will
be repelled away from electrode surfaces to regions of lower
field strength, i.e., negative-DEP (nDEP). On the other hand,
once they are more polarizable, colloids will be attracted by
the voltage source and move in the direction of increasing field
gradients, namely, positive-DEP (pDEP). Since particle polar-
izability relative to the suspension medium is determined by
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a delicate combination of transient conduction and displace-
ment currents, there is a sensitive frequency dependence for
DEP response of leaky dielectric beads in AC fields.

For colloids with higher (lower) conductivity but lower
(higher) permittivity than that of the liquid suspension, pDEP
(nDEP) and nDEP (pDEP) appear at low and high field
frequencies, respectively. So, there is always one critical
frequency across which in-phase induced polarization tran-
sits from a low-frequency conductivity plateau to a high-
frequency permittivity plateau, while the out-of-phase counter-
part attains a relaxation peak [traveling-wave dielectrophoresis
(TWDEP)] around.26,27 As to biological cells with compound
core-shell structures, Maxwell-Wagner interfacial polarization
is made more complicated by those intracellular sharp material
interfaces, and as a result, there will be more than one transi-
tion frequency in DEP response to harmonic excitations, with
the specific number depending on the living state of cells.

To achieve continuous isolation of latex beads and biopar-
ticles at a given ionic strength of the background electrolyte, a
suitable range of electric field frequencies has to be found
so that the two types of particles experience DEP force
in reverse directions, which makes it a great challenge to

separate the binary liquid mixture containing colloidal and
cellular particles. For such, a lot of microfluidic devices have
been developed to employ DEP for sorting micro/nanofluidic
samples successfully.28–30 Conventionally, researchers make
use of ideally polarizable microelectrode arrays embedded
in microfluidic channels, so as to generate the strong field
gradient required for DEP operation.31 However, in electroki-
netic chips with planar electrodes, the actuating range of DEP
force is severely confined to the immediate vicinity of con-
ducting surfaces, resulting in poor separation performance
and throughput. An already-existing cost-effective approach
to extend the DEP force field is to take advantage of insu-
lating obstacles disposed in fluidic channels, redistributing the
electric field around the hurdles with local field maximum pro-
duced at the poles, namely, the insulator-based DEP32 (iDEP).
From the previous literature, it can be inferred that insulat-
ing barriers are in favor of integrating with distinct electrode
features, thereby enabling novel device designs possessing
multiple functionalities.33

In this study, we propose an alternative method to enhance
the separation flux of a DEP device. Our chip (Fig. 1) uti-
lizes an array of floating electrodes (FEs) for high-throughput

FIG. 1. A schematic representation of the microfluidic separation device by exploiting DEP force fields induced by a large-scale FE array. (a) A 3D view of
a microfluidic network with 4 branching channels sharing a single inlet and outlet, in which a 3 × 5 FE array is embedded beneath insulating channel walls
with the two opposite ends of the individual array element immersed in the buffer solution so that an AC electric field emitted from the DE on both sides can
be transmitted across the electrolyte solution within each fluidic channel by double-layer capacitive charging at the ideally polarizable surfaces (device α).
(b) Top view of one highly integrated device design (device β) with a 4 × 8 FE array for high-throughput electrokinetic separation of incoming yeast cells (pDEP)
and latex beads (nDEP), in an x-y plane at a vertical distance z = 3 µm away from the electrode surface (the B-B′ cross section). (c) Side view of the proposed
microdevice in an x-z plane connecting all the electrode tips (the A-A′ cross section). The physical size labeled in (b) is explicitly presented in Table I.
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isolation of the binary colloid mixture of inorganic polystyrene
(PS) beads and biological yeast cells based upon the differ-
ence in their electrical polarizabilities. Importantly, the highly
integrated bipolar FE array transmits a sinusoidal electric
field across a series of insulating obstacles [polydimethyl-
siloxane (PDMS) channel sidewalls] by capacitive charging
of the induced double-layer (IDL) at the FE/electrolyte inter-
face, therefore allowing simultaneous trapping of yeast cells
within multiple separation channels configured in parallel.
Rectangular micro-pockets oriented in the direction of FE tips
and disposed along the insulating sidewalls of each branching
channels offer a number of discrete capture locations adjacent
to the sharp corner-field-singularity at pocket/channel junc-
tions as well as the conducting surfaces of floating electrodes
(FEs), giving rise to stable immobilization of yeast cells sub-
jected to a pDEP force field. Bipolar FEs exempt from external
powering are of great significance to the current microflu-
idic separation scheme using parallel branching microchan-
nels. Considering a coexistence of Debye screening,34–36

induced-charge electroosmosis37–41 (ICEO), AC electrother-
mal42–46 (ACET) streaming, in-phase DEP force,31 and grav-
itational sedimentation,47,48 a numerical model is developed,
where the Lagrange particle track algorithm is used to trace
motion trajectories of the incoming bead mixture in full-
scale three-dimensional space, demonstrating the importance
of the DEP effect in successfully isolating yeast cells from
interfering PS colloids in the frequency range that it domi-
nates. The key feature that distinguishes the method reported
here from previous approaches is that it can generate high-
throughput at almost no cost of sacrificing the separation
performance. The advantages of this method, such as high
flow flux, ease of integration, and gentle operating condition,
make it a superior candidate in applications of early stage
cancer diagnosis, water quality monitoring, chemistry sample
preparation, transesterification of microalgal lipid to biodiesel,
and so on.

II. MATERIALS AND METHOD
A. Device design

As shown in Fig. 1, to construct a microfluidic DEP device
that can separate the binary colloid mixture at high-throughput,
we present herein two structural designs, including the basic
architecture of 4 parallel branching channels for an in-depth
study of the fundamental working principle of the current DEP
separation device in static condition [Fig. 1(a)] and a highly
integrated microfluidic network of 5 branching channels for
continuous separation under dynamic situation [Fig. 1(b)],
with specific geometric dimensions indicated in Figs. 1(b) and
1(c) and Table I.

4 (or 5) branching channels with each one being 0.85 mm
(or 1.3 mm) long × 76 µm wide × 30 µm tall are configured

TABLE I. The specific geometry size indicated in Fig. 1(b).

Parameter WC WP WGG WGG LP LC H

Value (µm) 76 50 88 286 60 1300 30

in parallel with a center-to-center distance of 0.286 mm. Each
fluidic channel has 5 (or 8) pockets embedded at either side
(a total of 40 or 80 pockets). Each pocket is of 60 µm in
length and 50 µm in width and the edge-to-edge distance of
two adjacent pockets was 88 µm. All microchannels are in
connection to a common entrance and exit for convenience
of integration with other micro/nanofluidic components. The
FEs stretch into the pockets from the bottom of PDMS to an
axial distance of 6 µm away from the straight channel. The
devices are designed to operate such that the leaky dielec-
tric beads suspended in conducting buffer solution would flow
through the fluidic networks and become either trapped at the
tips of FEs by pDEP attraction or maintained in the laminar
streams by nDEP repulsion [Fig. 1(b)]. The microfluidic DEP
device is finally accomplished by rendering the coplanar driv-
ing electrodes (DEs) oppositely polarized upon application of
a sinusoidal signal to the contact pads on both sides of the
central FE array.

Considering the feasibility of experimental implementa-
tion, we presented herein a possible method for fabricating the
electrokinetic microdevice as follows:

(a) For processing the microelectrode array: First, indium-
tin-oxide (ITO) glass slides (one side of them was cov-
ered by thin film ITO) were spin-coated with a kind of
positive photoresist (AZ 4620); second, the slides were
exposed to ultraviolet (UV) light through a mask onto
which the electrode structure was printed for transfer-
ring the pattern; third, a developing solution (ZX-238)
and hydrochloric acid were employed to etch the elec-
trodes’ pattern, and finally the slides were immersed in
acetone to dissolve any remaining photoresist.

(b) The microchannel was fabricated by the soft lithogra-
phy technique: First, similar to the exposure process of
ITO glass slides, glass slides were manually attached by
several layers of dry film (SD238) and then exposed to
UV light through a photomask onto which the pattern
of channels was painted; second, bicarbonate and alu-
minum foil were used to dissolve the redundant dry film
and form a mold for subsequent polymerization; third,
a PDMS precursor was poured into the mold and cured
at 80 ◦C for 2 h to develop the channel.

(c) Finally, the glass substrate with desired electrode pat-
terns and insulating PDMS channel were carefully
aligned under a microscope and reversibly bonded
together by O2 plasma treatment.

B. Theory

A FE is referred to as a metal conductor in an ionic elec-
trolyte.49–51 When subjected to an externally applied DC/AC
electric field, it can facilitate the capacitive charging of induced
double layer (IDL) simultaneously on opposite ends of the ide-
ally polarizable surface of FE. For instance, a FE may consist
of a metal strip deposited in a microchannel stuffed with saline
solution. When a DC potential bias is imposed across the cham-
ber, a linear potential gradient is anticipated along the channel
length direction due to the high impedance of fluid bulk with
respect to that of conducting probes. The uniform electric field
distribution gives rise to potential drops between the bipolar



112003-5 Jiang et al. Phys. Fluids 30, 112003 (2018)

FE and the solution in direct contact with its surface. After a
characteristic resistor-capacitor (RC) charge relaxation time,
an IDL of bipolar counterions is formed at each end of FE.52–54

Under this situation, the electric current runs between the
DEs either via electromigration of ionic species in electrolyte
solution or through the FE array by double-layer capacitive
charging with severe electrochemical reactions.

Nevertheless, when an AC voltage wave of sufficiently
high field frequency is utilized to excite the microsystem rather
than a static DC potential difference, Faradaic current injec-
tion does not take place any longer due to electrochemical ion
relaxation. Moreover, once the bottom of the fluidic channel
touches directly the surface of FE [Fig. 1(c)], then the proba-
bility of ionic conduction on top of the FE array is eliminated.
Under this situation, incessant charging and discharging of IDL
induced between each end of a FE and the liquid suspension
is the main path through which the AC voltage wave drives
the ionic current flow between the pair of driving electrodes
(DEs).

At field frequencies beyond the reciprocal RC time con-
stant f RC for the equivalent circuit of IDL capacitor in series
connection with resistance of fluid bulk, incomplete AC-field-
induced Debye screening on FEs would make these parallel
branching channels electrically interconnected. Since all the
FEs are ideal conductors of equipotential quality, each of them
takes on a harmonic potential that is in the midst of the potential
value of the liquid bulk at its both ends. In this way, the elec-
tric field is transmitted throughout the entire system in each
separation channel, generating DEP force fields that are suffi-
ciently potent to isolate the binary colloid mixture of opposite
DEP polarity in continuous pressure-driven flows [Fig. 1(b)].
Besides, the electric field is flexibly reconfigurable by adjust-
ing the dimension of FE. For example, triangular FEs induce
a local field maximum at the electrode tips, while the field
intensity attains a minimum in the midchannel. In this sense,
FEs not only transfer the AC electric field across the microde-
vice but on-demand reshape the profile of potential gradient
as well.

C. Mathematical formulation
1. Electrode polarization and induced-charge
electroosmosis

Since we make use of the point-dipole approach to eval-
uate the time-averaged DEP force in AC fields, the volume
of liquid occupied by freely suspended particles would not
impose any effect on various field variables in the microfluidic
system. As for the problem of quasi-electrostatics, the entire
system can be divided into two interconnected regions, includ-
ing the liquid suspension and IDL at the electrode/electrolyte
interface. Within the former, the ion conductivity is homoge-
neous to the first order. So, charge conservation is governed by
the Laplace equation. For convenience of mathematical anal-
ysis, we take advantage of the complex amplitude under the
approximation of harmonic actuation and linear response, e.g.,
the transient sinusoidal potential φ(t) in the time domain can
be expressed in terms of voltage phasor φ̃ with a tilde sym-
bol in frequency domain, i.e., φ(t) = Re

(
φ̃e jωt

)
. To this end,

the current continuity condition within the buffer solution is

reduced to

∇2φ̃ = 0. (1)

Using the Debye-Huckel approximation, we disregard
those detrimental effects that may cause damage to electrode
structures, including redox reaction, ion overcrowding, con-
centration polarization, and so on. The IDL, which is formed
between either end of the FE and the electrolyte solution
in touch with it, is comprised of an immobile Stern layer
of capacitance CS and a mobile diffuse layer of capacitance
CD = εf/λD, both of which are connected in sequence to sup-
port the entire potential drop across the ideally polarizable
interfaces. Here, λD denotes the Debye screening length and
εf denotes the solution permittivity. So, the total linear capac-
ity of IDL results from a combination of these two distinct thin
layers, i.e., C0 = CDCS/(CD + CS) = CD/(1 + δ), with a surface
impedance ratio of δ = CD/Cs. Since the ideally polarizable
surface of the blocking electrode forbids any normal motion of
charge carriers within the thin IDL, it should be satisfied at the
outer edge of the diffuse screening cloud that the conduction
current from the fluid bulk is continuous with the displacement
current flowing across the Debye layer,27

σf n · ∇φ̃ = jω
CD

1 + δ

(
φ̃ − φ̃E

)
, (2)

where σf is the fluid conductivity, φ̃ is the complex potential
in the bulk right outside the IDL, φ̃E is the voltage amplitude of
either DE or FE,ω= 2πf is the angular field frequency, and n is
the unit vector normal to the conducting surface. It is presumed
that the only way to short circuit IDL is through the polar-
ization current in high-frequency AC electric fields. We do
not have to analyze the internal structure of IDL and, instead,
interfacial impedance is described by a Robin-type boundary
condition, Eq. (2). A dimensional analysis of Eq. (2) results in
a typical RC relaxation frequency f RC = (1 + δ)σfλD/2πεfR
= O(1–10) kHz for dilute electrolytes in microsystems, with
R being the macroscopic distance scale of electrode polar-
ization, e.g., R = LF for ICEO on FE and R = n·WC

for AC electroosmosis (ACEO) on DE. After substitution,
f RC
FE = (1 + δ)σfλD/2πεf LF and f RC

DE = (1 + δ)σf λD/2πεfnWC.
Here, LF denotes the length of a section of FE whose conduct-
ing surface is in contact with the buffer medium, and n is the
number of branching channels. Because n·WC is much larger
than LF, f RC

DE is invariably no more than f RC
FE in our device

design.
The complex amplitude of the induced zeta potential that

drops across the diffuse layer of mobile counterionic charges
is given by35

ζ̃ =
1

1 + δ

(
φ̃E − φ̃

)
. (3)

Coulomb force within the thin IDL gives rise to
steady ICEO slipping on the electrode surface sub-
jected to a tangential field component Et = Re

(
Ẽte jωt

)
= Re

((
Ẽ − Ẽ · n · n

)
e jωt

)
,

uslip(t) = −
εζ

η
Et = −

ε

η
Re

(
ζ̃e jωt

)
Re

((
Ẽ − Ẽ · n · n

)
e jωt

)
,

(4)
where η is the dynamic viscosity of the liquid suspension.
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For convenience of theoretical analysis, the time-averaged
counterpart of Eq. (4) is utilized for calculating ICEO vortex
flow field,〈

uslip(t)
〉
= −

ε

2η
Re

(
ζ̃ ·

(
Ẽ − Ẽ · n · n

)*
)

=
ε

2η(1 + δ)
Re

((
φ̃E − φ̃

)
·
(
∇φ̃ − ∇φ̃ · n · n

)*
) ,

(5)

where 〈A〉 denotes the time-average of A, Re(A) denotes the
real part of a complex number A, and an asterisk ∗ denotes the
complex conjugate operator.

2. Electrothermal induced flow

Different from ICEO surface slipping originated by
external-field-driven diffuse charge dynamics, ACET appears
as bulk electro-convective streaming due to Maxwell-Wagner
structural polarization, and dominates at higher field frequen-
cies. Since material electrical properties usually vary with
local temperatures, electric heat generation would lead to
anisotropic distribution of liquid conductivity and dielectric
permittivity inside the bulk fluid. For the Gauss law and charge
conservation equation to be satisfied simultaneously, both free
and polarized bound charges have to be induced by the inter-
play of such dielectric gradients with the applied electric
field, which is also responsible for DEP force acting on the
liquid volume. So, just like ICEO, ACET belongs to a cate-
gory of nonlinear electrohydrodynamic (EHD) flow as well
and thereby exists well in AC fields. Using a linear perturba-
tion analysis, the time-averaged AC electrothermal body force
acting on each liquid unit was obtained by Ramos et al.,48

〈 f 〉 =
1
2
εfRe

(
(α − β)

1 + jωτMW
∇T · Ẽ · Ẽ

∗
−

1
2
α
(
Ẽ · Ẽ

∗)
∇T

)
,

(6)
where τMW =

εf
σf

denotes charge relaxation time of the bulk

suspension. α = ∂εf
∂T

/
εf = −0.004/K and β = ∂σf

∂T

/
σf

= 0.022/K are thermal diffusivities of liquid permittivity and
conductivity, respectively. The two sequential terms on the
right-hand side (RHS) of Eq. (6) represent the Coulomb force
due to the induced free charge and dielectric force acting
on the polarized bound charge, respectively. The Coulomb
force dominates at low frequencies, while only dielectric force
can survive in the high-frequency limit considering a charge
relaxation process. The two distinct force components act
in opposite directions and counterbalance one another at a
critical field frequency fACET = σf

√
1 − 2β/α/2πεf, which

is about
√

11 times the reciprocal of bulk charge relaxation
time f MW = σf/2πεf , and both of them are orders of mag-
nitude higher than the inverse RC time constant including
f RC
DE = (1 + δ)σfλD/2πεf nWC and f RC

FE = (1 + δ)σfλD/2πεf LF.
The energy balance equation with a Joule heating source

is solved within the entire microsystem, including the fluid
domain, PDMS walls, and glass substrate,55

∇ · (kf∇T ) +
1
2
σf

(
Ẽ · Ẽ

∗)
= 0 (in suspension medium),

(7a)

∇2T = 0 (in PDMS walls and glass substrate), (7b)

where kf = 0.6 W/(m K) is the thermal conductivity of the
buffer solution. It is worth to note that the thermal Peclect
number Pec = ρfCpuL/kf characterizes to which extent the
flow field plays a major role in smoothing the temperature rise
inside the liquid phase. Here, ρf = 1000 kg/m3 denotes the
liquid mass density, Cp = 4200 [J/(kg K)] denotes the thermal
capacity of water, u denotes the characteristic flow velocity,
and L denotes the physical dimension (see the Nomenclature).
In typical microsystems with u = 100 µm/s and L = 100 µm,
Pec = 0.07 is even less than a unit, which indicates that thermal
convection in a fluid flow can be safely ignored in comparison
with the effect of Fourier heat conduction for Eq. (7a). In this
way, a decreasing EHD flow velocity at higher field frequen-
cies does not impose an important effect on the temperature
elevation from electric heat generation within a channel.

The DEP force density Eq. (6) is inserted into the full
Stokes equation as a source term of electrical origin, so as
to acquire the ACET vortex flow field above the conducting
surface,

−∇p + η∇2uf +
1
2
εfRe

(
(α − β)

1 + jωτMW
∇T · Ẽ · Ẽ

∗

−
1
2
α
(
Ẽ · Ẽ

∗)
∇T

)
= 0, (8a)

∇ · uf = 0, (8b)

where p denotes the hydraulic pressure and uf = (ux, uy, uz)
denotes the flow field.

3. Dielectrophoresis

For an individual colloid immersed in saline solution, it
would undergo Maxwell-Wagner interfacial polarization dur-
ing exposure to an externally applied DC/AC electric field. If
there is a difference in electrical polarizability between the par-
ticle and suspension medium, both free and bound charge have
to be induced at the surface of the solid colloid by the applied
field in order to insure the continuity of the normal component
of the total current density across the sharp material interface.
In a non-uniform electric field, the electric stress acting on
the bipolar surface charge would give rise to a net particle
DEP motion. The macroscopic DEP force due to interfacial
charge relaxation causes particle samples of higher (lower)
polarizability than that of the medium to move to strong (weak)
electric field regions, so as to maximize the system electrical
energy. For a spherical colloid of radius r, the time-averaged
in-phase component of this ponderomotive electrostatic force
in harmonic fields is predictable by the point-dipole theory,

〈FDEP〉 = πεf r3Re( fCM (ω))∇
(
Ẽ · Ẽ

∗)
. (9)

The DEP force field depends sensitively on the exciting
frequency via either the complex Clausius-Mossotti (C-M)

factor fCM (ω) =
ε̃p−ε̃f

ε̃p+2ε̃f
or the electric field distribution E.

Here, ε̃p = εp − j
σp

ω , εp, and σp stand for the complex
permittivity, real dielectric permittivity, and electrical con-
ductivity, respectively, where the subscript “p” indicates the
particle and j indicates the imaginary unit. Likewise, the cor-
responding dielectric properties for the liquid suspension are
signified by the subscript “f.” The real part of induced polar-
izability Re(f CM (ω)) ranging from −0.5 to 1 for a spherical
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entity regulates the direction of DEP force, which can either
be positive (colloids are attracted toward field maxima and is
named pDEP) or negative (particles are repelled away from the
electrode surface to weak field regions and is termed nDEP).

Considering non-uniform surface electrokinetic transport
on a curved interface,56 the conductivity of a solid particle of
spherical shape is given by

σp = σ
bulk
p + 2KS/r, (10)

where σbulk
p denotes the bulk conductivity of a weakly polar-

izable particle on the order of 10−16 S/m and KS denotes the
surface conductance equaling 10−9 S for colloids with diame-
ter no less than 1 µm. On the other hand, as shown in Table II,
in-phase polarizability of bioparticles such as yeast cells can
be calculated via modeling these cell particles as microspheres
comprising of three concentric layers with distinct values of
permittivity and conductivity.57,58

4. Particle dynamics

Considering negligibly small inertial effects in typical
microsystems, the velocity of incoming particles up can be
treated as a high-fidelity measure of the flow field u plus the
movement due to any external force acting directly on it,47

up = uf +
Fexternal

6πηr
= ulaminar + uICEO + uACET

+
〈FDEP〉

6πηr
+

Fbuoyancy

6πηr
, (11)

where the five terms on the RHS of Eq. (11) denote in sequence
the fluidic drag due to the axial incoming laminar stream, ICEO
and electrothermal convective rolls in the transverse direction,
particle DEP velocity, and gravity sedimentation considering
the downward buoyancy force Fbuoyancy = −

(
ρp − ρf

)
Vpgez.

Here, ρ is the mass density of particle (p) or fluid (f),
Vp = 4πr3/3 is the particle volume, and g is the gravitational
acceleration.

Considering trivial Brownian diffusion of microscale enti-
ties, their motion trajectory s = (x, y, z) is governed by the
kinematic equation

ds
dt
= up. (12)

TABLE II. Geometrical and electrical properties of the spherical yeast cells
comprising of three concentric layers as well as the latex beads used in
numerical modeling.

Value

Property Wall Cytoplasm Nucleus

Yeast cell
Radius (µm) 2.5 2.36 2.35
Conductivity (µS/cm) 140 0.0025 2000
Relative permittivity 60 6 50

Polystyrene particle
Radius (µm) 2
Bulk conductivity (µS/cm) 0
Relative permittivity 2.55
Surface conductance (nS) 1

D. Numerical simulation

A commercial finite-element-modeling-based software
package, Comsol Multiphysics (version 5.2), is employed to
analyze the effect of various electrokinetic phenomena on
dynamic behaviors of the incoming binary colloid mixture
and resulted separation performance. As mentioned above,
four types of nonlinear electrokinetics, including electro-
chemical polarization, ICEO, ACET, and DEP, coexist in
the microdevice and they interplay actively within a broad
frequency range from below the inverse RC time constant
f RC
DE = (1 + δ)σfλD/2πεf nWC to beyond bulk charge relaxation

frequency fACET = σf
√

1 − 2β/α/2πεf .
The simulation procedure of DEP-based particle separa-

tion is as follows:

(a) First, we compute the Laplace equation Eq. (1) to get the
AC potential field within the liquid suspension, which
is subjected to the RC charging condition Eq. (2) at the
medium/electrode interface. The bulk potential of the
driving electrode (DE) pair equals VD and 0 on either
side of the FE array, respectively, while that of each array
element is determined implicitly by charge conserva-
tion. Besides, other insulating interfaces are assumed
to inhibit any normal current flux, i.e., n · ∇φ̃ = 0,
and consequently, the basic feature of electrochemical
ion relaxation under sinusoidal steady state is correctly
captured by numerical modeling.

(b) Next, Eq. (7) for diffusive heat transfer is calculated
within the whole microsystem, including the patterned
PDMS lid, fluid compartments, and glass substrate,
where we have considered coupling between electric
and thermal fields via inserting the source term of Joule
medium heating into Eq. (7a). The conjugating condi-
tion of temperature and normal thermal flux is applied
at the PDMS/medium interface as well as the substrate
surface. The specific thermal conductivity of the PDMS
cover and glass base is kPDMS = 0.2 W/(m K) and
kGlass = 1 W/(m K), respectively. Room temperature
T0 = 293.15 K is imposed on top of the PDMS lid and
bottom of the insulating substrate. All other boundaries
are assumed to be adiabatic, i.e., n·∇T = 0. Simultane-
ously, the DEP force field exerted on different particle
species can be calculated by using corresponding dielec-
tric properties and a common distribution of the electric
field gradient.

(c) Once the potential and temperature distribution are
known, it is then possible to calculate the full Stokes
equation Eq. (8) for getting the synthetic flow field
within the branching channels, including the longitu-
dinal Poiseuille flow caused by an externally applied
hydrodynamic pressure difference, ACET and ICEO
electro-convective streaming on application of an AC
signal: an averaged flow rate u0 is designated at the
channel inlet, and hydraulic pressure reaches zero at the
channel outlet, so as to imitate the pressure-driven flow
for continuous injection of the binary colloid mixture;
simulation of ACET fluid motion is achieved by a force
density approach;59 emergence of ICEO whirlpools is
reflected by inserting the time-averaged electrokinetic
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slip velocity Eq. (5) as a moving-wall boundary con-
dition on the ideally polarizable surface of all of the
blocking electrodes, including the DE pair and central
FE array. In addition, other non-polarizable interfaces
are subjected to physical constraints of no slip and no
penetration.

(d) Finally, according to Eq. (11), by stacking up the axial
laminar streams, lateral EHD whirlpools, DEP force,
and gravitational sedimentation, the resultant velocity
field of incoming particle species is obtained, which
depends sensitively on the applied field frequency in
terms of bipolar electrochemistry and Maxwell-Wagner
interfacial polarization. Accordingly, by conducting the
time integral of the synthetic velocity field, yeast cells
and PS beads may exhibit distinct motion trajecto-
ries within the microfabricated fluidic networks as they
are transported downstream, which has the potential
to help separate the incoming binary colloid mixture
successfully.

The full-scale three-dimensional AC electric field, ther-
mal conduction, and fluid physics are solved in sequence using
stationary solvers, with grid-independence checked carefully
for each simulation result. The maximum grid size in the vicin-
ity of the electrode surface is designated to be no more than
one-twentieth of the width of an individual metal electrode.
Especially, the mesh distribution is quite refined right at the
electrode tips and sharp channel corners. This meshing scheme
leads to 4 049 677 tetrahedra in the three-dimensional calcu-
lation space. Any further refinement of grid partitioning will
make the simulation result deviate from the current condition
by less than 5%. We make use of a transient solver to resolve
the spatio-temporal evolution of physical displacement of col-
loidal particles from a massless kinematic equation, in which
100 yeast cells and PS microspheres are repeatedly released
from the channel entrance at the same time with a definite
interval of 0.05 s. The total time period of numerical calcula-
tion lasts for 30 s, where all the samples subjected to nDEP
force are directed to the channel outlet manifesting as multiple
co-flowing thin streams. To guarantee the simulation accu-
racy, the maximum time step of computation is stipulated to
be no more than 0.004 s in the settings of the time-dependent
solver.

III. RESULTS AND DISCUSSION
A. Effect of various nonlinear
electrokinetic phenomena
1. Maxwell-Wagner interfacial polarization

The main principle responsible for particle separation
in the presented microfluidic device is dielectrophoresis. In
principle, under the influence of a DC/AC electric field sup-
plied from the driving electrodes, considering the mismatch-
ing dielectric properties between the colloids and suspension
medium, electric field has to be discontinuous across the sharp
material interface in order to ensure the continuity of total cur-
rent density (conduction plus displacement). Then, according
to the surface form of the Gauss law, a local charge density
distribution, including both free and bound charge, has to be

induced by the applied field itself at the particle surface of a
sharp gradient in conductivity and permittivity. This physical
phenomenon capable of induction of a surface charge wave
is termed as Maxwell-Wagner interfacial polarization.60 An
action of the electric field on its own induced charge can gen-
erate a time-averaged component of electrokinetic force even
under AC forcing, in that both of them oscillate at the same
exciting frequency which results in a non-zero product value
within every oscillation period.

As a matter of fact, DEP due to interfacial charge relax-
ation was most initially proposed by Melcher61 to transport
fluids in a traveling potential wave at the interfacial relaxation
frequency, where a liquid conductivity gradient vertical to the
level of the electrode array is required, as provided by two
thin fluid layers coflowing along the channel length direction.
Out-of-phase electrical stress acting on the two-phase con-
tact interface of a traveling wave of induced surface charge
actively pumps the buffer solution either in or against the
direction of signal-phase propagation within an intermedi-
ate frequency range, as determined by the specific direction
of variation of conductivity. Later, Pohl62 demonstrated the
existence of in-phase effect of DC/AC DEP, which moves par-
ticles of higher (or lower) polarizability suspended in another
medium in the direction of increasing (or decreasing) elec-
tric field strength. In-phase DEP force components can be
merely induced by a non-uniform electric field (either DC or
AC due to its nonlinear trait), trying to render the system elec-
trical energy maximized. Following the pioneering work of
Melcher61 and Pohl,62 Wang and co-workers63 derived gen-
eral expressions of DEP force for leaky dielectric particles
freely suspended in conductive liquid suspension from first
principles using the Maxwell stress tensor approach, where
a series of progressively phase-shifted AC voltage signals are
imposed on a linear electrode track disposed along the channel
bottom surface. It was discovered by their analytical solu-
tion that, with the increase of field frequency, an increasing
(decreasing) in-phase polarizability is always accompanied
by one peak of an anti-field (co-field) out-of-phase TWDEP
propulsion force and electro-rotational torque at the interfa-
cial relaxation frequency. This work completes the classical
theory of DEP, which is still widely used by the research
community.

In this study, although double-layer polarization on the
ideally polarizable surface would make the electric field in the
bulk no longer phase-constant around the reciprocal RC time
constant f RC = O(103) Hz, the TWDEP force field has a neg-
ligibly small impact on the dynamic behavior of the binary
colloid mixture fed from the channel inlet since charge relax-
ation frequency at the particle/medium interface is always
out of the frequency range that electrochemical ion relax-
ation dominates in. To this end, we exclude the effect of
out-of-phase charging dynamics at the particle surface and
thereby mainly focus on the in-phase DEP effect on high-
throughput particle separation affected by an electric field
gradient.

As shown in Fig. 2, in-phase polarizability of yeast cells
(blue dotted lines) and PS microspheres (red solid lines) with
respect to the buffer medium, namely, the real part value
Re(CM) of the C-M factor, is calculated as a function of
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FIG. 2. Effect of ionic conductivity of the buffer medium on in-phase induced polarizability of yeast cells (the blue dotted lines) and latex beads (the red solid
lines) in a broad frequency range for distinct liquid conductivities. (a) σf = 0.001 S/m, (b) 0.01 S/m, (c) 0.1 S/m, and (d) 1 S/m.

applied field frequency for distinct liquid conductivities. As
the ionic strength increases logarithmically from 0.001 to
1 S/m [Figs. 2(a)–2(d)], the effective frequency band for DEP
separation decreases dramatically (the shaded regime), within
which the yeasts experience pDEP force and would be cap-
tured within the device channels; simultaneously, PS beads
undergo nDEP repulsion and would transport with the laminar
flow toward channel exit, resulting in successful electrokinetic
separation of the binary sample mixture.

As for the polarization trait of bioparticles, on one hand,
considering the capacitively charging behavior of the insulat-
ing cell membrane, the yeasts are always negatively polarized
by the applied AC fields in the low-frequency limit. On the
other hand, at high field frequencies, displacement current
plays an important role and yeasts experience a nDEP force
field once again due to its lower permittivity than the buffer
medium. From a physical point of view, however, the conduc-
tivity of the inner concentric layer begins to take effect and
may make the cells positively polarized in an intermediate fre-
quency range [Figs. 2(a)–2(c)], and a finite conductivity of the
inner core of yeasts would make them even less polarizable as
the ionic conductivity of liquid suspension continuously rises,
as evidenced by a decrease of the maximum value of Re(CM)
of yeasts from 0.9 to 0.15 [Figs. 2(a)–2(c)], while being still
positive. Moreover, since the yeasts suffer from nDEP force

fields at the highest medium conductivity of 1 S/m, there are no
longer suitable frequencies for achieving the task of separation
[Fig. 2(d)].

In stark contrast to the double transition frequencies for
cells of multiple shelled structures, the polarization curve of
colloidal microspheres is always negative and hence does not
possess any critical frequency point for reversing the DEP
force polarity (Fig. 2), in view of the non-uniform surface
conduction being inversely proportional to the object dimen-
sion. Accordingly, taking into consideration a realistic culture
condition of biological cells as well as strong DEP force mag-
nitude experienced by micro-entities, a moderate buffer ionic
strength 0.01 S/m is chosen in priority for all subsequent
analysis to give our microdevice the capability of separat-
ing this binary mixture [Fig. 2(b)]. Meanwhile, the range of
device operating frequency is confined between 100 kHz and
10 MHz, within which yeast cells and PS beads would feel net
electrokinetic forces in opposite directions [the shaded region
in Fig. 2(b)].

2. Electrode polarization

Due to a force equilibrium between electrostatic attrac-
tion and Brownian diffusion at a solid/liquid interface, a Debye
screening layer, within which counter-ions dominates co-ions,
would form either naturally due to the native surface charge
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chemically adsorbed on the solid surface or compulsively
driven by externally applied DC/AC fields. In the current anal-
ysis, since AC fields are applied to DE pairs, Coulomb force
exerted on the native EDL charge would time average to zero
under harmonic actuations. For such, we merely focus on the
latter effect of diffuse-charge dynamics, namely, double-layer
capacitive charging on ideally polarizable surfaces induced by
sinusoidal voltages imposed on the DEs.

In the DC limit, due to the occurrence of relatively com-
plete Debye screening, most of the applied voltage amplitude
(VD = 30 V) drops across the IDL at the metal/electrolyte inter-
face [Fig. 3(c)], resulting in rather weak electric field intensity
inside the bulk fluid above the conducting surfaces [Fig. 3(a)].
As the imposed field frequency increases and surpasses the
inverse RC charge relaxation time for the driving electrode
f RC
DE , incomplete Debye screening takes place on the DE surface

due to electrochemical ion relaxation within the IDL, result-
ing in appreciable electric field leakage into the suspension
medium.

In this way, the value of the overpotential between the DE
surface and electrolyte drops sharply for frequencies beyond
f RC
DE ≈ 50 Hz [Fig. 3(c)] and the enhanced bulk field intensity

resulted from this factor helps polarize the central FE array,
giving rise to a single relaxation peak of double-layer induced

charge on each array element around f = 100 Hz [the red line in
Fig. 3(c)]. With further increase of frequency even exceeding
the reciprocal RC time constant for capacitive charging of the
floating electrode f RC

FE ≈ 500 Hz, however, double-layer charge
relaxation appears on those FEs so that induced zeta potential
phasor would diminish at the FE/electrolyte interface.

Accordingly, as we raise the electric field frequency from
the DC limit to 10 MHz, the voltage drop across the IDL on
DE decays monotonously due to a charge relaxation process.
On the contrary, the variation trend of the zeta potential on
the conducting surface of each FE element peaks at an inter-
mediate frequency around f = 100 Hz and is characterized by
a bell-shaped curve [Fig. 3(c)], implying that the degree of
electrochemical polarization of FE can be dramatically sup-
pressed once the exciting frequency further deviates from the
key frequency.

At low field frequencies, all of the applied voltage drops
across the electrical double layer (EDL) adjacent to the driving
electrodes (DEs) on both sides, leaving no electric field in the
bulk. Accordingly, the FE array cannot be sufficiently polar-
ized, resulting in a weak induced zeta potential at the FE/liquid
interface [10 Hz in Fig. 3(c)]. In the high frequency limit,
charge relaxation within the Debye layer becomes important,
that is, there is not enough time for the counterionic charge

FIG. 3. Simulation results of the electrode polarization effect in the basic device configuration (chip α) under a given driving voltage of VD = 30 V. (a) A surface
and arrow plot of the in-plane electric field distribution at f = 200 Hz and (b) f = 1 MHz in the A-A′ cross section passing through the opposing electrode tips
within a unit calculation cell (unit: V/m). (c) Frequency-dependence of induced zeta potential phasor across the IDL on DE and FE. (d) Distribution of electric
field intensity along the x-axis at a vertical distance of z = 3 µm away from the electrode surface for distinct field frequencies.
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cloud to accumulate within the EDL on the ideally polariz-
able surface in each half cycle of the AC voltage wave, giving
rise to a negligible small induced zeta potential once again
[f > 100 Hz in Fig. 3(c)]. Based on these two aspects, double-
layer charging of the FE array is most evident at the key
frequency (f = 100 Hz), and any deviation of the applied
field frequency from this critical point would weaken the
phenomenon of electrode polarization.

In this way, electrode polarization on both DEs and FEs
has strong but different frequency dependence, which directly
affects the distribution of the electric field in the bulk phase.
As shown in Fig. 3(d), with an increase of field frequency
from 100 Hz to 2 MHz, all the IDLs at the metal/medium
interface are more severely short circuited by the displace-
ment current in time-varying fields, namely, the phenomenon
of electrochemical ion relaxation. As a result, more electric
field lines would penetrate into the fluid domain from the thin
Debye layer, which supplies the necessary conduction current
to constantly transport the counterionic charge into or out of
IDL within each repeating half cycle of a high-frequency AC
voltage wave.

It is noteworthy that, as the frequency is elevated, not
only is the intensity of the electric field enhanced to great
extent within the separation channels but it becomes more
non-uniform as well [Fig. 3(d)]. From the perspective of an
observer, the electrodes would recover from an insulator in the
DC limit [Fig. 3(a)] to its original role of an ideal conductor
[Fig. 3(b)] in the high-frequency range with a characteristic
distance scale O(λD) away from the ideally polarizable sur-
face. For such, the normal field component dominates over
the tangential counterpart at high field frequencies [Fig. 3(b)],
resulting in reinforced field gradients than the low-frequency
situation [Fig. 3(a)] where the magnitude of field compo-
nents in both directions is comparable. Considering the adverse
effect of electrode polarization, ideal operating frequency of
the microfluidic separation device should be at least no less
than 100 kHz; then, the DEP force fields for both kinds of
micro-entities can be fully developed.

3. AC-field induced charge electroosmosis

In addition to exerting a negative influence on the elec-
tric field distribution, electrochemical polarization at the elec-
trolyte/electrode interface simultaneously induces ICEO fluid
motion in the low-frequency limit, which often behaves as
a series of micro-vortices streaming above the FE array. As
shown in Fig. 4(a), for a repeating unit cell of the calcu-
lation space consisting of two nearest ends of a neighbor-
ing FE pair, since ICEO is driven by nonlinear Coulomb
force within thin IDL at the nanometer scale, the time-
averaged flow velocity is the fastest right on the surface of
FEs and diminishes at the midchannel in the inter-electrode
gap due to the vertical confinement effect from a finite channel
height.64

Nonlinear electroosmosis on electrodes with the poten-
tial fixed by an external powering source is conventionally
referred to as “AC electroosmosis” (ACEO), in order to dif-
ferentiate such effect from ICEO on floating electrodes of
a natural inducting potential affected by a background elec-
tric field. According to the linear asymptotic analysis by

FIG. 4. Effect of ICEO fluid motion in device α. (a) A surface and arrow plot
of the in-plane ICEO vortex flow field in the A-A′ cross section within a unit
cell for VD = 30 V and f = 300 Hz (unit: m/s). (b) Frequency-dependence of
flow velocity of ACEO on DE and ICEO on the FE array.

González et al.,65 ACEO is merely important around double-
layer dispersion frequency and vanishes at both low (due to
screening of bulk electric field) and high (due to charge relax-
ation) field frequencies. On the contrary, ICEO can survive
in either steady DC or low-frequency AC fields, in that the
tangential electrical field component acting on the induced
ionic charge within IDL is provided by an externally imposed
potential gradient, rather than the bipolar FE itself. Even so,
both ACEO and ICEO vanish in the DC limit for the current
electrode layout regardless of this general physical description
[Fig. 4(b)].

The field source and sink that enable the induction of
ICEO on each array element arise from the AC voltage sig-
nal imposed on the DE pair at both sides. In the numerical
calculation, it is taken into consideration that they also expe-
rience severe field screening in low frequencies, resulting in
insufficient action of the background field intensity on the free
ionic charge adjacent to the FE surface. For this reason, as
shown in Fig. 4(b), both ACEO on DE and ICEO on the FE
array exhibit a single relaxation peak around the inverse RC
time scale for capacitive charging of the interfacial impedance
f RC = O(102–103) Hz, which is about 3–4 orders of magnitude
smaller than the charge relaxation frequency f MW = σf/2πεf

= 2.2.5 MHz for the onset of bulk ionic screening. In view of
this, we can safely disregard the ICEO flow rotation effect on
particle trapping at the ideal separation frequency f = 2 MHz
[Fig. 4(b)].
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4. Smeared structural polarization of the bulk phase

Though the above analysis indicates electrochemical
polarization and concurrent ICEO vortex flow field dominate
within the range of low field frequencies, both of them do
not have any mutual interference with electrokinetic sepa-
ration using a high exciting frequency. If there is sufficient
temperature elevation inside the bulk fluid, however, another
kind of electroconvection named ACET will appear above
100 kHz.

The most pioneering research on ACET is the discovery
of traveling-wave induced electroconvection [traveling-wave
electrothermal (TWET)] by Melcher and Firebaugh.66 In their
physical model, a temperature gradient is externally imposed
across a liquid layer using thin-film resistance heaters; this
induces a non-uniform distribution of solution conductivity
changing linearly along the channel depth direction. If the
liquid is then subjected to a phase-shifted traveling voltage
wave orthogonal to the conductivity gradient, a smeared spa-
tial charge is induced inside the bulk phase, as asked by the
continuity condition of electric current flow within the fluid
domain. These charged ions relax in the liquid to form a
traveling wave that lags behind the image surface charge accu-
mulated on the phase-shifted electrode array, which in turn
interplays with the imposed complex field to pump the solu-
tion at Maxwell-Wagner relaxation frequency of the bulk. For
such, TWET exploits the out-of-phase component of induced
polarization and has a single relaxation peak at an intermedi-
ate frequency where ohm and displacement currents become
comparable.

Later, Ramos et al.48 and Gimsa et al.42 proposed the gen-
eral theory of ACET that originates from the interaction of an
imposed AC field with its own induced charge in saline solu-
tion and coined the term “smeared structural polarization” to
depict the diffusive feature of dielectric dispersion of the bulk
fluid occurring in ACET, versus the surface-coupled nature of
particle DEP where the electric properties are piecewise con-
stant on either side of the phase interface. In this way, although
the specific zones of induced polarization are different, ACET
and TWET convection (bulk polarization) in electrolyte can
be well compared with the conventional in-phase DEP force
on latex beads in a field gradient and out-of-phase electrorota-
tion in circularly polarized electric fields (interfacial polariza-
tion), respectively, in terms of an identical Maxwell-Wagner
polarization mechanism.

As shown in Fig. 5(a), the application of an AC elec-
tric field causes non-uniform medium heating due to strong
Ohmic current flowing across the conductive solution between
neighboring FEs. A local maximum temperature elevation is
produced right above the electrode tips, by taking a large in situ
electric field strength into account. With strong electro-thermal
coupling, a symmetric ACET vortex flow field appears in
every repeating unit cell within a broad frequency range from
500 kHz [Fig. 5(b)] to 500 MHz [Fig. 5(c)], as characterized
by the reciprocal charge relaxation time of bulk electrocon-
vection in a thermal gradient fACET = σf

√
1 − 2β/α/2πεf

= 7.45 MHz for a liquid conductivity of 0.01 S/m.
As the exciting frequency is lower than f ACET, since there

is sufficient time for net ionic charges to relax inside the bulk
phase within each half period of the AC voltage, Coulomb

force in a conductivity gradient drives relatively fast ACET
fluid motion in the branching channels [regime II in Fig. 5(e)].
For frequencies well beyond f ACET, free charge density dimin-
ishes owing to a relaxation phenomenon and merely dielectric
force acting on the polarized bound charge would survive in the
high-frequency limit, reducing the ACET flow rate by nearly
tenfold [regime III in Fig. 5(e)]. Since the two components
of electrothermal body force are opposite to one another, the
rolling direction of ACET micro-vortices makes a reversal
from being divergent [Fig. 5(b)] to being convergent [Fig. 5(c)]
adjacent to electrode tips as electric field frequency passes over
f ACET.

Fluid physics of ACET in the current device design is
even more complex than the above analysis, in terms of a
possible adverse effect of electrode polarization on the induc-
tion of smeared spatial charges through simultaneous bulk
field screening and suppression of electric heat generation
[Fig. 5(d)] below the inverse RC time constant for IDL capac-
itive charging f RC [regime I in Fig. 5(e)]. As a consequence,
flow behavior of electrothermal convection features nonmono-
tonic and bell-shaped frequency-dependence [Fig. 5(e)], with
the velocity magnitude achieving one peak plateau at the
intermediate frequency range between f RC = 0(103) Hz and
f ACET = O(106) Hz where Coulomb force plays an impor-
tant role. Besides, though the ACET flow velocity still decays
above f = 106 Hz [Fig. 5(e)], the maximum temperature ele-
vation attains a stable highland for f ≥ 105 Hz [Fig. 5(d)].
That is, the decreasing ACET flow velocity with an increase of
applied field frequency has no effect on the thermal field. Con-
sidering a small thermal Peclect number Pect = 0.07 (see the
Nomenclature), however, this indeed holds true in the current
microfluidic separation device.

Because ACET fluid motion is quite weak, O(1) µm/s
under preset parameters for DEP manipulation, it would not
exert any negative impact on the separation performance with
EB = 30 V/mm and σf = 0.01 S/m. Nevertheless, since it is
proportional to the fourth-power of electric field intensity and
grows linearly with ionic strength, we can arbitrarily enhance
the effect of ACET with respect to any other nonlinear elec-
trokinetic phenomena of a second-order voltage dependence
(e.g., DEP) by increasing either the voltage amplitude or the
solution conductivity, so as to achieve multiple functionalities
other than a high-throughput separation required here.

B. Integrated device design for high-throughput
DEP separation

Four distinct electrokinetic phenomena, including electro-
chemical ion relaxation, nonlinear electroosmosis, interfacial
polarization, and bulk electroconvection, have been elabo-
rated in Sec. III A. With a reasonable set of experimental
parameters (liquid conductivity 0.01 S/m, field frequency
around the onset for bulk ionic screening f = 2 MHz, and
moderate field strength EB = 30 V/mm), time-averaged DEP
motion of colloids dominates over fluid flows driven by EHD
mechanisms (i.e., ACET, ACEO, and ICEO). Accordingly, we
then develop a highly integrated device design [Fig. 1(b)] for
the sake of high-flux DEP separation. There are thirty-two FEs
embedded among five branching channels in parallel config-
uration. Yeast cells and latex beads are suspended in a buffer
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FIG. 5. Effect of induction EHD in device α for VD = 30 V. (a) A surface and contour plot of the temperature field in the A-A′ cross section at 500 kHz (unit: K).
(b) A surface and arrow plot of ACET whirlpool at 500 kHz and (c) 100 MHz in the A-A′ cross section (unit: m/s). (d) Frequency-dependence of maximum
temperature elevation within each branching channels. (e) Theoretical prediction of characteristic ACET flow velocity as a function of applied field frequency.

medium with a neutral number density ratio of 1:1 and contin-
uously pumped into the microfabricated fluidic networks from
the upstream channel inlet.

1. Distribution of electric field phasor and DEP
force fields

On application of an AC signal of VD = 60 V and
f = 2 MHz, since electrode kinetics has been severely inhib-
ited, a strong electric field gradient is induced inside the
suspension medium with incomplete Debye screening. In the
horizontal x-y plane with a vertical distance of z = 3 µm
away from the channel bottom surface [Fig. 6(a)], the poten-
tial gradient is unevenly distributed in the transverse direction.
Specifically, the electric field intensity reaches a peak value of
400 V/mm in the immediate vicinity of electrode tips, while a

valley point of 20 V/mm in the midchannel is seen [Fig. 6(b)],
under the influence of an externally imposed electric field of
EB = 30 V/mm.

With larger levitation height from the electrode surface,
however, electric field drops dramatically from z = 3 µm until
reaching z = 12 µm, implying a quite limited action area of
DEP force fields near the metal electrodes within separation
chambers [Figs. 7(b) and 7(d)]. In view of this, the height
of the channel remains unchanged at H = 30 µm in the inte-
grated design [Fig. 1(b)], with respect to the simple structure
for fundamental investigations [Fig. 1(a)]. Then, the separa-
tion throughput can be improved by increasing the scale of
the other two dimensions (x and y). For instance, we config-
ured more separation channels in the lateral direction (x) and
placed more bipolar GE (gate electrode) in the pockets along
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FIG. 6. Analysis of the electric field distribution in the highly integrated device architecture having a 5 × 8 FE array (device β) at VD = 60 V and f = 2 MHz. (a)
A surface and arrow plot of the AC electric field (unit: V/m) in a horizontal plane with vertical distance z = 3 µm away from the electrode surface (B-B′ cross
section). (b) Electric field strength along the channel width direction at different height z right above the electrode centerline.

FIG. 7. Characterization of the DEP effect in device β at VD = 60 V and f = 2 MHz. (a) A surface and arrow plot of the pDEP velocity field of yeast cells in
the B-B′ cross section (unit: m/s). (b) Magnitude of DEP velocity of yeast cells as a function of the X coordinate at different levitation height z. (c) A surface
and arrow plot of the nDEP velocity field of PS colloids in the B-B′ cross section (unit: m/s). (d) Magnitude of DEP velocity of latex beads as a function of the
X coordinate at different levitation height z.
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the length direction of each branch (y) to extend the actuation
range of DEP force fields.

Since there is strong field gradient near electrode sur-
faces as well as the sharp pocket/channel junctions, pDEP
force acting on yeast cells tends to capture them in these
two regions [Fig. 7(a)]. On the contrary, latex beads fed from
the inlet are well repelled by nDEP to the channel centerline
[Fig. 7(c)] and then transport downstream together with incom-
ing pressure-driven flow, resulting in feasible electrokinetic
separation.

2. Laminar streaming

For generating high-throughput, we introduced five par-
allel branching channels. As shown in Fig. 8(a), fluid motion
exhibits a laminar state, indicating that the axial pressure-
driven flow for liquid injection is several orders of magnitude
stronger than turbulent electroconvection in the transverse
direction, namely, ICEO and ACET can be safely disregarded

FIG. 8. Analysis of fluid flows driven by a pressure difference externally
imposed across the two opposite electrolytic ports at a given inlet flow rate of
u0 = 1 mm/s. (a) A surface and streamline plot of the incoming laminar streams
(unit: m/s) in the middle plane (z = H/2 = 15 µm). (b) The velocity profile
of the Poiseuille flow along the width direction of five sequential branching
channels.

in this situation, simplifying the flow field analysis to a great
extent.

Though the laminar streamlines within each fluidic chan-
nel are of a similar Poiseuille flow profile, the induced flow
rate is unequally distributed along the x-direction. Colloids
pass through the central branch with the quickest speed, while
the slowest fluid motion appears in the two side branches
[Fig. 8(b)]. The reason behind this consists in an asymmet-
ric bifurcating scheme employed upstream just before the
sample particles enter these branching channels [Fig. 8(a)].
This causes a dispersive output-flux along the channel width
direction, which holds promise to impact a wide range of

FIG. 9. Calculation result of the resultant particle velocity from DEP, laminar
stream, ACET, ICEO, and buoyancy. (a) A streamline plot of yeast cells’
velocity field in the integrated device design. (b) A streamline plot of latex
beads’ velocity field within the fluid.
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on-chip applications that need to produce a concentration
gradient.

3. Motion trajectories of binary colloid mixture
during DEP separation

By superimposing the effects of DEP, laminar stream, and
sedimentation all together, the resultant velocity field of yeasts

FIG. 10. Numerical prediction of motion trajectories of the binary colloid
mixture injected from channel inlet at t = 0, with the red and blue dots
denoting yeast cells and PS colloids, respectively. (a) Simulation result at
t = 10 s and (b) t = 30 s. It is worth mentioning that the motion trajectory
of latex beads is eventually directed to the downstream outlet in the form
of five co-flowing thin particle streams due to the action of nDEP repul-
sion, while more and more yeast cells are collected around the electrode tips
and pocket corners by pDEP attraction as time elapses. Multimedia view:
https://doi.org/10.1063/1.5054800.1

and latex beads is obtained and displayed as streamlines plotted
in Figs. 9(a) and 9(b), respectively. On one hand, PS colloids
are squeezed by nDEP to form thin streams in the midchan-
nel, then flow through the fluidic networks, and finally exit
from the channel outlet as five co-flowing slim particle beams
[Fig. 9(b)]. On the other hand, flow streamlines of yeasts expe-
riencing pDEP move towards either the electrode tips or the
pocket/channel junctions [Fig. 9(a)].

Distinct dynamic behaviors of the binary sample mixture
enable successful DEP separation under a large inlet flow rate
u0 = 1 mm/s, as demonstrated by the numerical prediction
of motion trajectories of incoming colloids shown in Fig. 10
(multimedia view). After they have entered the channel inlet
for 10 s, the dielectric microspheres flowing through the side
branches move over a distance about 2.2 mm [the leftmost
and rightmost blue particle beams in Fig. 10(a) (multime-
dia view)], which is equivalent to a time-averaged speed of
220 µm/s [Fig. 8(b)], while the central three streams of PS
beads have already discharged from the channel outlet in
terms of larger translational velocities within 300-500 µm/s
[Fig. 8(b)]. At t = 30 s, the minimum physical displacement of
incoming particle samples has theoretically attained 6.6 mm
so that the five co-flowing thin streams consisting of latex
spheres are continuously advected downstream at the exit
plane [Fig. 10(b) (multimedia view)]. In the meantime, a large
amount of yeast cells [red spheres in Fig. 10 (multimedia
view)] are irreversibly captured adjacent to the ideally polar-
izable surface of the FE array configured in parallel along the
channel length direction, and almost no yeasts move into the
exit on account of strong DEP attraction within these branching
channels [Fig. 10(b) (multimedia view)]. In this way, high-
throughput electrokinetic separation of the binary particle
mixture characterized by opposite in-phase polarity is realiz-
able with a large-scale FE array embedded in microfabricated
fluidic networks.

IV. CONCLUSION

To summarize, we have presented the results from both
a physical perspective and simulation analysis to account for
high-throughput DEP separation of the binary colloid mixture
in a microdevice embedding a large-scale bipolar electrode
array. Four nonlinear electrokinetic phenomena have been well
distinguished, including electrode polarization, ICEO, ACET,
and DEP, which are originated by diffuse charge dynamics,
electrochemical ion relaxation, smeared dielectric dispersion,
and Maxwell-Wagner interfacial polarization in externally
applied AC fields, respectively. Through an in-depth inves-
tigation of basic physical mechanisms, it is revealed that EHD
fluid motion manifests as transversal turbulent streamlines,
and the resultant rotational dynamics would possibly affect the
motion trajectory of incoming colloidal particles adjacent to
the conducting surface of each array unit, whose opposite end
is in direct contact with the saline solution, while the central
section is tightly covered by insulating channel walls. Based
on a reasonable selection of electric field parameters with the
sovereign DEP effect, however, convective mixing due to the
action of EHD flow diminishes; therefore, two types of incom-
ing particles with opposite in-phase polarity can be smoothly

https://doi.org/10.1063/1.5054800.1
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separated in a highly integrated device architecture, where the
admissible throughput is in commensurate with the specific
scale of the central FE array. Further work on this subject may
include the study of utilizing more complex layouts of nonpla-
nar FEs for achieving multiple functionalities in a single chip,
such as sample preparation, concentration, detection, and char-
acterization. The results of the current analysis demonstrate
the general merits of the application of bipolar electrodes in
typical microsystems, in terms of enabling scalable, high-flux
electrokinetic platforms by imparting a high degree of freedom
flexibility in device design that is impossible with traditional
electrode structures. We firmly believe that electrokinetic phe-
nomena induced around FE in an electrolyte environment are
going to inspire interdisciplinary research focused on con-
densed matter, analytical chemistry, and on-chip bioassay in
the near future.
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