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ABSTRACT: Separating particles from a heterogeneous mixture is important and
necessary in many engineering and biomedical applications. Electrokinetic flow-based
continuous particle separation has thus far been realized primarily by the use of
particle dielectrophoresis induced in constricted and/or curved microchannels. We
develop in this work a new electrokinetic method that exploits the wall-induced non-
inertial lift in a straight uniform microchannel to continuously separate particles by
intrinsic properties (e.g., size and surface charge). Such an electrically originated lift
force arises from the asymmetric electric field distribution around a particle nearby a
planar dielectric wall. We demonstrate this method through separating both a binary and ternary mixture of dispersed
polystyrene microspheres by size in a T-shaped microchannel. A semi-analytical model is also developed to simulate and
understand the particle separation process. The predicted particle trajectories in the entire microchannel agree reasonably well
with the experimental measurements.

■ INTRODUCTION

Separating particles from a heterogeneous mixture is important
and necessary in many engineering and biomedical applications.
Microfluidic devices have been increasingly used in the past 2
decades to achieve this function because of their enhanced
efficiency at a reduced cost and other advantages as well.1−5

Electrokinetic flow is an efficient means to transport fluids and
particles in these devices and possesses a desirable nearly flat
velocity profile compared to the traditional parabolic hydro-
dynamic flow.6,7 For the latter pressure-driven flow, an extra
force field (e.g., electrical,8 optical,9 acoustic,10 magnetic,11 and
hydrodynamic12 forces) can be externally imposed to directly
manipulate particles for an active separation. Alternatively,
introducing fluid inertia13,14 and/or obstacles15,16 into pressure-
driven flows through microchannels can cause cross-stream
particle motions for a passive separation. In contrast,
electrokinetic flow-based continuous particle separation has
been realized primarily using the internally induced particle
dielectrophoresis (DEP) in constricted17−21 and/or curved
microchannels.22−25

In this work, we will demonstrate a continuous-flow
electrokinetic separation of particles via the wall-induced non-
inertial lift in a straight uniform microchannel. Such an
electrically originated lift force results from the asymmetric
electric field around a dielectric particle nearby a planar
dielectric wall. It was first analyzed by integration of the
Maxwell stress over the surface of the particle in Young and Li’s
theoretical paper,26 which was used to accurately determine the
small gap distance separating a spherical colloidal particle in
electrophoretic motion from a planar non-conducting surface.
The same force was also considered in another paper from
Kang et al.27 via an empirical formula to simulate the trajectory
of an electrokinetically moving particle around an insulating

hurdle in a straight microchannel. Later, Yariv28 obtained a
leading-order expression for this electrical lift force, which
provides a positive demonstration of the drift away of a
dielectric particle from a planar wall under the influence of a
tangential direct current (DC) electric field. This result is
consistent with that of a recent theoretical study by Zhao and
Bau,29 who also demonstrated the existence of an electrical
force between a dielectric particle and an adjacent planar
dielectric wall.
The DEP-resembled (DEP is defined as the translation of a

particle in response to a non-uniform electric field existing in
the absence of the particle30) lift force has been experimentally
verified by Liang et al.31,32 via the electrokinetic focusing of
polystyrene particles in both the horizontal and vertical planes
of a straight rectangular microchannel. It has also been
confirmed by Yoda’s group33 through using evanescent wave-
based particle-tracking velocimetry to study the distribution of
polystyrene and silica particles along the wall-normal
coordinate. Recently, this wall-induced electrical lift has been
found by DuBose et al.34 to yield a particle-size-dependent
equilibrium position for electrokinetic particle motion through
a spiral microchannel, which can be predicted by Yariv’s
formula28 with good agreement. More recently, it has been used
by Liang et al.35 to control the gap of particle−wall separation
for an experimental verification of the enhanced electrophoretic
particle mobility near a solid wall.
We will exploit the wall-induced electrical lift to demonstrate,

for the first time to our knowledge, a continuous-flow
electrokinetic separation of particles by size in a T-shaped
microchannel. A semi-analytical model based on Yariv’s
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formula28 will also be developed to simulate the particle
trajectory in the entire channel and understand the electro-
kinetic particle separation.

■ EXPERIMENTAL SECTION
Preparation of Microchannels and Particle Solutions. The T-

shaped microchannel, as shown in Figure 1, was fabricated with

polydimethylsiloxane (PDMS) using the standard soft lithography
method. The detailed fabrication procedure can be referred to Lu et
al.36 The microchannel has a uniform depth of 40 μm, where the main
branch is 1 cm long and 200 μm wide, while each side branch is 0.75
cm long and 100 μm wide. There are five rectangular blocks designed
at each of the three reservoir−microchannel junctions, which are used
to filter out PDMS debris and particle aggregates at the two inlets (for
the sheath fluid and particle mixture, respectively, as indicated on the
picture) and create six flow passages for separated particles at the
outlet. The particle solutions were made by resuspending polystyrene
spheres (Sigma-Aldrich, St. Louis, MO) of 5/10 μm (for a binary
separation) or 3/5/10 μm in diameter (for a ternary separation) in 1
mM phosphate buffer to a final concentration of about 106 particles
per milliliter. Glycerol (Fisher Scientific) was added to the buffer
solution at a volume percentage of 22% to achieve neutral buoyancy
for the suspended particles with a nominal density of 1.05 g/mL. It
was found to also help suppress the particle adhesion problems. The
dynamic viscosity of the particle solution was 1.908 × 10−3 kg m−1

s−1.37 The suspending medium of the particle solutions, i.e., 1 mM
phosphate buffer with 22% (v/v) glycerol, was used for the sheath fluid
(see Figure 1).
Particle Control and Visualization. The electrokinetic motion of

particles in the microchannel was driven by DC electric fields, which
were supplied by a DC power supply (Glassman High Voltage, Inc.,
High Bridge) and a function generator (3322A, Agilent Technologies)
in conjunction with a high-voltage amplifier (609 × 10−6, Trek).
Pressure-driven fluid and particle motions were minimized by carefully
balancing the liquid levels in the three reservoirs prior to each test and
continuously running the experiment for no more than 5 min each.
Particle transport and separation was visualized and recorded through
an inverted microscope (Nikon Eclipse TE2000U, Nikon Instru-
ments) with a charge-coupled device (CCD) camera (Nikon DS-
Qi1Mc) at a rate of 20 frames per second. The obtained videos and
images were post-processed using the Nikon imaging software (NIS-
Elements AR 2.3). Particle streak images were obtained by
superimposing a sequence of around 300 images. The electrokinetic
particle mobility, i.e., electrokinetic velocity per unit electric field, was
measured by tracking single particles in the microchannel. The three
types of particles used in our experiment were found to have a similar
electrokinetic mobility value of μEK = 1.1 × 10−8 m2 V−1 s−1 (cf. eq 1),
which is consistent with the measurement in our earlier study.32

■ THEORETICAL SECTION
Mechanism of Particle Separation. In the absence of a

particle, electric field lines (and, hence, fluid streamlines
because of the similarity between the electric and velocity
fields in pure electroosmotic flows6,7) in a fluid through a
straight uniform microchannel are parallel to the walls and
uniformly distributed. However, the presence of a finite-sized
particle causes distortions to the electric field lines (and as well
fluid streamlines), creating electric field gradients around it.
This is evident from Figure 2A, which shows the electric field

lines and contour (the darker the color, the larger the
magnitude) around a particle as it travels along the axis of a
straight microchannel at an electrokinetic velocity of UEK (a
combination of fluid electroosmosis and particle electro-
phoresis)
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−
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where ε is the fluid permittivity, ζp is the ζ potential of the
particle, ζw is the ζ potential of the channel wall, η is the fluid
dynamic viscosity, μEK is the electrokinetic particle mobility,
and E is the applied axial DC electric field. Note that the wall-
induced modification of UEK is neglected in eq 1, which has
been proven reasonable unless the particle closely fits the
microchannel38−40 or nearly touches a channel wall.35,41,42 In
the case of particle electrophoresis along the channel axis, the
electric field distribution is symmetric about the particle in both
the streamwise (i.e., axial) and cross-stream (i.e., transverse)
directions, as seen from Figure 2A. Hence, there is no net
electrical force, which can be accurately determined from the
surface integral of the Maxwell stress tensor, acting on the
particle.

Figure 1. Picture of a T-shaped microchannel (filled with green food
dye for clarity) with the arrows indicating the flow directions of the
sheath fluid and particle mixture during the particle separation
experiment.

Figure 2. Illustration of the electric field lines (similar to fluid
streamlines) and contour (the darker the color, the larger the
magnitude) around a spherical particle in the horizontal planar of a
straight rectangular microchannel when the particle is traveling
electrokinetically (A) along the axis and (B) near one dielectric wall
at a velocity, UEK. The particle in panel B drifts away from the wall at a
velocity Uw because of a wall-induced electrical lift force that arises
from the asymmetric electric field around it in the transverse direction.
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In contrast, when a particle moves eccentrically in a straight
microchannel near one of its dielectric walls, the electric field
distribution around it becomes asymmetric in the transverse
direction, as illustrated in Figure 2B. Hence, an electrical lift
force acting on the particle is induced, driving it away from the
wall. This force is different from the electric double layer force
between two surfaces, which is significant only if the distance
between the particle edge and the channel wall is on the order
of nanometers.43 It is also different from the so-called
electroviscous lift, which is a force originating when a charged
particle and its surrounding counterion cloud are made to move
relative to each other near a wall.44−46 Such a wall-induced
lateral migration velocity, Uw, for a spherical particle of radius a
has been recently proposed by Yariv28 to take the following
form at the leading order:

ε
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32w
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where h is the perpendicular distance of the sphere center from
the planar dielectric wall (see Figure 2B) and n is the unit
normal to the wall pointing toward the fluid. It is important to
note that eq 2 is only valid for remote sphere−wall interactions,
i.e., a/h ≪ 1. Moreover, the particle drift because of the inertial
lift13,14 is small compared to Uw in eq 229 as a result of the
negligible inertial effects in electrokinetic flows,6,7 where the
channel Reynolds number is typically less than unity and the
particle Reynolds number is far less than unity.6,7

The competition between the electrokinetic particle velocity,
UEK in eq 1 with a magnitude of UEK, and the wall-induced
particle drift velocity, Uw in eq 2 with a magnitude of Uw, results
in a particle deflection across the fluid streamlines
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where L is the lengthwise distance that the particle travels in the
straight microchannel and E the magnitude of the applied DC
electric field. Apparently, the deflection of a particle is a
function of its size a and surface charge ζp; both are intrinsic
particle properties. These dependences can be exploited to
continuously separate a mixture of particles based on their size
and/or surface charge. To do this, we use a sheath fluid to first
pinch the particle suspension at the T junction of the
microchannel (see Figure 1). Then, the focused particle stream
starts being displaced from one sidewall of the main branch and
is gradually split into two or more substreams (if more than two
types of particles are present) along the channel length
direction based on the particle size/charge-dependent de-
flection. Moreover, eq 3 indicates that increasing the electric
field and/or using a long straight microchannel will enhance the
particle deflection and, hence, improve the particle separation.
It is important to clarify the difference between our proposed

method and the previously developed pinched flow fractiona-
tion (PFF) method via electroosmotic flow.47 In the latter,
particles of different sizes need to be first aligned against one
sidewall of the pinched branch (i.e., the main branch of the T-
shaped microchannel) by a strong sheath fluid. This alignment
causes the centers of these particles to be located at different
streamlines of the laminar electroosmotic flow because of steric
effects;48,49 i.e., the center of larger particles stays further away
from the sidewall than that of smaller particles. Therefore,
particles can be continuously separated on the basis of size by
the spreading flow profile at the exit of the pinched branch.

Several approaches have been developed to minimize the
particle dispersion in PFF for an enhanced separation.50−52

Also, a number of forces, such as optical force53 and gravity,54

have been demonstrated to increase the lateral displacement
between particles of different sizes. In fact, the wall-induced
electrical lift exploited in the current work is one such force
that, however, is internally induced during electrokinetic
particle motion and has no restrictions on particle density or
charge.

Numerical Simulation of Particle Trajectories. We
developed a Lagrangian tracking method based on a theoretical
model in MATLAB (MathWorks) to simulate the particle
trajectory.27 The instantaneous position of the particle center xp
is obtained by integrating the particle velocity, Up, with respect
to time t

∫= + ′ ′t tx x U ( ) d
t

p 0
0

p (4)

= +U U U for particles in the main branchp EK w (5a)

= +U U U for particles in the other regionsp EK DEP

(5b)

In the above, x0 represents the initial location of the particle
center and UDEP is the velocity of particle DEP. For spherical
particles in DC electric fields, UDEP is given by7,8,30
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where σp is the effective electric conductivity of particles and
can be estimated from σp = 2σs/a, with σs = 1 nS being the
surface conductance of a particle as suggested by Ermolina and
Morgan.56 It is important to note that UDEP becomes non-zero
only at the corners of the microchannel, where electric field
gradients are locally induced by the curvature of the wall.55

The electric field, E = −∇ϕ, in the fluid was computed from
a two-dimensional (2D) numerical model in COMSOL
(COMSOL, Inc.), where the entire T-shaped microchannel,
including the end-channel reservoirs, was included in the
computational domain. Under the assumption of a thin electric
double layer (typically on the order of nanometers6,7), the
electric potential, ϕ, can be solved from the Laplace equation

ϕ∇ = 02 (7)

with the channel walls and particle surface being electrically
insulating. The externally supplied voltages were imposed to
the electrode surfaces in the end-channel reservoirs. Other
assumptions that were made in this model include the
following: (1) fluid properties remain uniform throughout the
channel, which is valid when Joule heating effects are
insignificant;57 (2) particle inertia is negligible because of the
small Reynolds number;58 (3) the rotation of a particle is small
or does not affect its translation; and (4) particle−particle
interactions are neglected for dilute particle solutions.

■ RESULTS AND DISCUSSION
Binary Particle Separation. Figure 3 demonstrates a

continuous-flow electrokinetic separation of 5 and 10 μm
diameter particles in the T-shaped microchannel via the wall-
induced electrical lift. The two inlet reservoirs for the particle
mixture and sheath fluid (see Figure 1) are imposed with 600
and 1275 V DC voltages, respectively, and the outlet reservoir
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is grounded. The resulting electric field in the main branch is
about 536 V/cm, which can be obtained from either the
analysis of the equivalent electric circuit for the fluids59 (see
Appendix A) or the numerical model. At this electric field, Joule
heating effects in the tested solution were found insignif-
icant.31,32 It is because the induced fluid temperature rise, ΔT,
was estimated to be less than 0.5 °C via ΔT = σE2l2/k, where σ
and k are the fluid electrical (=210 μS/cm, experimentally
measured) and thermal (=0.6 W m−1 K−1, assumed equal to
that of water) conductivities and l is the hydraulic diameter of
the channel with a calculated value of 67 μm.57 The electric
field ratio between the sheath fluid and particle mixture side
branches is 11.5. Attributed to the plug-like electrokinetic flow
profile under the thin electric double layer assumption,6,7 the
stream width ratio of the sheath fluid to particle mixture should
also be 11.5 in the main branch.59 Thus, the focused particle
stream width in the main branch can be calculated as 16.0 μm,
which is consistent with the experimental images at the T
junction, as viewed from Figure 3A (snapshot in the top row
and superimposed in the middle row). Because this width is
greater than the size of the larger particles to be separated, the
centers of 5 and 10 μm particles should overlap and, hence,
cannot be separated by solely the steric effects in traditional
PFF.47−49

However, because of the wall-induced electrical lift force,
particles are deflected away from the sidewall of the main
branch at a particle size-dependent rate, i.e., eq 3. This leads to
a gradually increased displacement between 5 and 10 μm
particles, which is illustrated in Figure 3B with the snapshot
(top row) and superimposed (middle row) images taken in the
middle of the main branch. The result is a continuous-flow
separation of particles by size into different flow paths at the
outlet of the channel, as shown in Figure 3C. The numerically

predicted trajectories of the two types of particles are also
presented in Figure 3 (see the bottom row) at exactly the
experimental conditions, which agree reasonably well with the
experimentally obtained images in the middle row. A
quantitative comparison between the experiment and simu-
lation results is presented in the following sections. Note that,
because particles are treated as massless points in the
simulation, the width of the numerically predicted particle
stream cannot be compared directly to that in the super-
imposed images.

Effect of the Electric Field Ratio in between the Two
Side Branches. The effect of the electric field ratio in between
the two side branches on the particle separation in the T-
shaped microchannel is studied by fixing the DC voltage onto
the particle mixture reservoir (see Figure 1), ϕparticle, at 600 V
while varying that onto the sheath fluid reservoir, ϕsheath, from
1115 to 1320 V. Table 1 presents the electric field ratios

between the sheath fluid and particle mixture side branches and
the corresponding particle stream widths in the main branch
(immediately after the T junction). All listed values were
determined from an equivalent electric circuit analysis of the
fluids in the channel59 (see Appendix A). For all four tested
values of ϕsheath, the width of the focused particle stream is
greater than 10 μm, indicating that the steric-effect-enabled
PFF47−49 alone is unable to separate 10 μm particles from 5 μm
particles.
Figure 4A compares the experimentally obtained (right half

of each panel) and numerically predicted (left half of each
panel, mirrored horizontally) trajectories of 5 and 10 μm
particles at the T junction (top row) and channel outlet
(bottom row) for the four tested cases. With the increase of
ϕsheath or electric field ratio (see Table 1), both sizes of particles
become better focused in the main branch and, in turn, an
enhanced separation, as demonstrated in Figure 4A (from left
to right). This trend is apparent in both the experimental and
numerical images, which agree reasonably well. At the smallest
electric field ratio, the substreams of 5 and 10 μm particles
overlap a bit (clearly viewed from the numerical simulation on
the bottom left image), leading to an incomplete separation.
With the increasing electric field ratio, the exiting streams of
both types of particles become thinner (more obvious for 5 μm
particles) and, moreover, are separated further apart. Figure 4B
shows a quantitative comparison of the experimentally
measured (symbols) and numerically predicted (lines) relative
positions (with respect to the right-most sidewall at the tip of
the embedded blocks) of the separated particles at the channel
outlet. Error bars are included for the experimental data to

Figure 3. Demonstration of a continuous-flow electrokinetic
separation of 5 and 10 μm diameter particles in a T-shaped
microchannel using the wall-induced non-inertial lift force: (top
row) snapshot image, (middle row) superimposed image, and (bottom
row) theoretically predicted trajectories (blue and red lines are for 5
and 10 μm particles, respectively) at the (A) entrance, (B) middle, and
(C) exit of the main branch. The two inlet reservoirs for the particle
mixture and sheath fluid (see Figure 1) are imposed with 600 and
1275 V DC voltages, respectively, and the outlet reservoir is grounded.
The block arrows on the images in the top row indicate the flow
directions.

Table 1. Calculated Electric Field Ratio in between the
Sheath Fluid and Particle Mixture Side Branches and
Particle Stream Width in the Main Branch of the T-Shaped
Microchannela

ϕparticle (V) ϕsheath (V)
ratio of the electric

field
particle stream width

(μm)

600 1115 5.7 29.9
600 1200 8.0 22.2
600 1275 11.5 16.0
600 1320 15.0 12.5

aϕparticle and ϕsheath represent the DC voltages imposed to the
reservoirs for the particle mixture and sheath fluid (see Figure 1),
respectively.
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cover the span of the particle stream width with respect to its
center. The enhanced displacement between 5 and 10 μm
particles is apparent in both the experimental and simulation
results when the electric field ratio is increased. However, the
deflection of each type of particles is underestimated, especially
significant at high electric field ratios. This deviation may arise
from the lateral drift velocity of a particle in eq 2 being obtained
for particles far away from a planar wall and at the leading order
only.28

Effect of the Electric Field Magnitude in the Main
Branch. The effect of the electric field magnitude in the main
branch on the electrokinetic particle separation in the T-shaped
microchannel is examined by varying the DC voltage imposed
to the particle mixture reservoir, ϕparticle, from 200 to 400, 600,
and 800 V, while the electric field ratio in between the sheath
fluid and particle mixture side branches is maintained at 11.3.
Note this is the same ratio as that used in Figure 3, where
ϕparticle = 600 V and ϕsheath = 1275 V. The calculated electric
field magnitudes in the main branch are 179, 353, 536, and 715
V/cm in order. In all four cases, the particle mixture is equally
focused at the T junction (data not shown) because of the
identical electric field ratio between the two side branches. This
can be viewed from the nearly unvaried stream widths of both 5
and 10 μm particles among the four tested cases in Figure 5A.
However, the particle deflection in eq 3 increases with the

increasing electric field and so does the displacement between
the two types of particles. Such an enhanced particle separation
is demonstrated by the consistent experimental (right half of
each panel) and numerical (left half, mirrored horizontally)
images in Figure 5A. The quantitative comparison between the
experimentally measured (symbols) and numerically predicted
(lines) relative positions of the 5 and 10 μm particle streams at
the channel outlet is illustrated in Figure 5B. Similar to what we
see in Figure 4B, the numerical model correctly predicts the
enhanced separation distance between the two types of
particles with the increase of the electric field but still
underestimates the deflection of each type.

Ternary Particle Separation. Figure 6 demonstrates a
continuous-flow ternary separation of 3, 5, and 10 μm particles
in the T-shaped microchannel via the wall-induced non-inertial
lift in electrokinetic flow. The DC voltages imposed to the
reservoirs for particle mixture and sheath fluid are 600 and 1320
V, respectively. This generates an average electric field of 549
V/cm in the main branch and an electric field ratio of 15
between the two side branches. Accordingly, the particle
mixture is pinched by the sheath fluid to a stream of 12.5 μm
wide (see Table 1) at the T junction, which is still greater than
the size of the largest particles. Therefore, the three types of
particles cannot be separated by the steric-effect-based
PFF47−49 alone, as explained above. However, the lateral
migration because of the wall-induced electrical lift in
electrokinetic flow (eq 3) depends highly upon particle size,
yielding a continuously increased displacement among the
particles along the length of the main branch. This results in a
clear separation into three substreams at the channel outlet as
seen from the experimental (left for snapshot and middle for

Figure 4. Electric field ratio effect on the electrokinetic separation of 5
and 10 μm particles in the T-shaped microchannel via the wall-induced
electrical lift force: (A) numerical (left half in each panel, mirrored
horizontally) and experimental (right half) images illustrating the
particle focusing at the T junction (top row) and particle separation at
the channel outlet (bottom row) and (B) line graph comparing the
numerically predicted (lines) and experimentally measured (symbols)
relative positions (with respect to the right-most sidewall at the tip of
the embedded blocks) of the separated particles at the channel outlet.
The DC voltage imposed to the reservoir for sheath fluid (see Figure
1) is varied from 1115 to 1200, 1275, and 1320 V from left to right in
panel A. The voltage to the reservoir for the particle mixture is fixed at
600 V. The corresponding electric field ratios between the sheath fluid
and particle mixture side branches are referred to Table 1. Note that
the blue and red lines are for 5 and 10 μm particles in all numerical
images. The block arrows in panel A indicate the flow directions. The
scale bar on the bottom right image of panel A represents 200 μm.

Figure 5. Effect of the electric field magnitude in the main branch on
the electrokinetic separation of 5 and 10 μm particles in the T-shaped
microchannel via the wall-induced electrical lift force: (A) numerical
(left half in each panel, mirrored horizontally) and experimental (right
half) images illustrating the particle separation at the channel outlet
and (B) line graph comparing the numerically predicted (lines) and
experimentally measured (symbols) relative positions (with respect to
the right-most sidewall at the tip of the embedded blocks) of the
separated particles at the channel outlet. The DC voltage imposed to
the reservoir for the particle mixture is varied from 200 to 400, 600,
and 800 V from left to right in panel A. The electric field ratio between
the sheath fluid and particle mixture side branches (see Figure 1) is
maintained at 11.3. Note that the blue and red lines are for 5 and 10
μm particles in all numerical images. The block arrow in panel A
indicates the flow direction.
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superimposed) and numerical (right) images in Figure 6. It is
important to point out that the T microchannel used in this
work has not been optimized, for which a reduced width and/
or an increased length of the main branch is expected to
enhance the particle separation significantly.

■ CONCLUSION
We have developed a continuous-flow electrokinetic method
that exploits the wall-induced non-inertial lift to separate
particles by intrinsic properties. Such an electrically originated
lift force arises from the asymmetric electric field around a
particle in the transverse direction when the particle moves
eccentrically through a straight microchannel. The resulting
lateral deflection is an explicit function of both particle size and
surface charge, as seen from eq 3. This method has been
demonstrated through both a binary separation of 5/10 μm
particles and a ternary separation of 3/5/10 μm particles in a T-
shaped microchannel. Also, the effects of the electric field ratio
between the two side branches and the electric field magnitude
in the main branch are both examined. Moreover, we have
developed a semi-analytical model to simulate the electrokinetic
particle transport and separation, whose predictions agree
reasonably well with the experimental images, although the
particle deflection is underestimated at strong electric fields
because of the limitations of eq 2. Our proposed particle
separation method has several advantages over the traditional
steric-effect-based PFF47−49 method: (1) particles do not need
to be strictly aligned against a wall such that the consumption
of sheath fluid is reduced; (2) the wall-induced electrical lift
increases the lateral particle displacement such that the
separation efficiency is enhanced; and (3) the pinched branch
(i.e., the main branch of our T channel) does not need to be
small to distinctly distinguish the relative position of particle
centers such that the channel is less prone to clogging.

■ APPENDIX A: EQUIVALENT ELECTRIC CIRCUIT
ANALYSIS OF FLUIDS IN A T-SHAPED
MICROCHANNEL

The equivalent electric circuit of fluids in the tested T-shaped
microchannel is schematically shown in Figure A1, where
Rside branch = Lside branch/σWside branchD and Rmain branch =
Lmain branch/σWmain branchD represent the electrical resistances of
the fluids in the side and main branches with L, W, and D
denoting the branch length, width, and depth, respectively.

Considering the conservation of electric current through the
microchannel, one can easily obtain

ϕ ϕ ϕ ϕ ϕ−
+

−
=

R R R
particle junction

side branch
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side branch
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As such, the average electric field in the main branch of the T-
shaped microchannel is

ϕ ϕ
=

+
E

L3.5main branch
particle sheath

main branch (A3)

and the electric field ratio between the sheath fluid and particle
mixture side branches is given by

ϕ ϕ
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−
E
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sheath particle

particle sheath (A4)

The calculated values of the electric field ratio, Esheath/Eparticle,
for the voltages used in our experiments are listed in Table 1.
Also listed are the particle stream widths in the main branch
that were simply calculated from Wmain branch/(1 + Esheath/
Eparticle) considering the plug-like electroosmotic fluid velocity.
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