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Studies of particle electrophoresis have so far been limited to primarily theoretical or numerical analyses
in straight microchannels. Very little work has been done on particle electrophoretic motions in real
microchannels that may have one or multiple turns for reducing the devices size or achieving other func-
tions. This article presents an experimental and numerical study of particle electrophoresis in curved
microchannels. Polystyrene microparticles are found to migrate across streamlines and flow out of a
spiral microchannel in a focused stream near the outer wall. This transverse focusing effect arises from
the dielectrophoretic particle motion induced by the non-uniform electric field intrinsic to curved chan-
nels. The experimental observations agree quantitatively with the numerical predictions.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The problem of particle electrophoresis in confined microchan-
nels has practical significance in a variety of applications ranging
from traditional gel electrophoresis [1] to electrokinetic microflu-
idic devices [2–4]. To date, however, studies of particle electropho-
resis have been limited to primarily theoretical or numerical
analyses in straight microchannels. Very little work has been done
on particle electrophoretic motions in real microchannels that usu-
ally have one or multiple turns in order to fit them into the small
footprint of, for example, a glass slide. It is thus important to study
particle electrophoresis in curved microchannels.

Distinct from classical particle electrophoresis in an unbounded
and stationary liquid [5,6], the presence of solid walls in
microchannels causes at least three effects on the electrophoretic
motion: (a) generating an electroosmotic flow of the suspending
liquid due to the walls’ nonzero charge [7]; (b) enhancing the vis-
cous retardation of particles due to the walls’ nonslip velocity [8];
and (c) altering the electric field (and thus the flow field) distribu-
tion around particles due to the walls’ nonconducting condition
[9]. Moreover, the last effect may induce particle dielectrophoresis
as a result of polarization in nonuniform electric fields, which oc-
curs in two circumstances [10]: when the particle moves near a
wall so that the electric field around the particle is significantly
distorted [11,12], and the other is when the microchannel has vari-
able cross sections such that the applied electric field is intrinsi-
cally nonuniform [13,14].
ll rights reserved.
In straight microchannels with uniform cross sections, liquid
electroosmosis and particle electrophoresis remain unvaried along
the flow direction. Particle dielectrophoresis is generally negligible.
In the limit of thin electric double layers (as compared to the particle
size, of course, even thinner as compared to the channel dimension),
many theoretical and numerical studies have been conducted to
determine the electrophoretic velocity of spherical or cylindrical
particles moving close to a planar wall [15–17], or in a slit or cylind-
rical pore [18–26]. The predicted decrease in particle velocity due to
the wall effects has been verified experimentally [27,28]. These
retardation effects become more significant at larger double-layer
thicknesses [29–31], which agrees qualitatively with a recent mea-
surement [32]. When particles move in close proximity to a channel
wall, however, the predicted wall effect is to enhance the particle
electrophoretic motion [15,17,19,33,34]. This enhancement has
been verified by Xuan et al. [32] in an experiment on particle electro-
phoresis in cylindrical capillaries.

In straight microchannels with variable cross sections, the applied
electric field becomes nonuniform, causing variations in both li-
quid electroosmosis and particle electrophoresis. Meanwhile, par-
ticle dielectrophoresis is no longer negligible unless the particle
is small (e.g., point particles [35,36]) and the imposed electric field
is low. In a recent experiment on the electrophoretic motion of
microparticles in a converging–diverging microchannel, Xuan
et al. [37] observed that the ratio of particle velocity in the throat
to that in the straight part is significantly lower than their cross-
sectional area ratio. Moreover, this ratio is a strong function of both
the applied electric field and the particle size. All these phenom-
ena, as confirmed numerically by Qian’s group [38,39], are the con-
sequences of particle dielectrophoresis induced in the channel
throat region. More recently, particles were observed to migrate

http://dx.doi.org/10.1016/j.jcis.2009.08.031
mailto:xcxuan@clemson.edu
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


286 J. Zhu, X. Xuan / Journal of Colloid and Interface Science 340 (2009) 285–290
across streamlines by dielectrophoresis in microchannel constric-
tions formed by nonconducting posts, hurdles, or oil droplets
[13,40–43]. The result is a narrower or focused particle stream
downstream of the constriction. If strong DC or DC-biased AC elec-
tric fields are applied, particles may even be trapped at the en-
trance of the constriction [13,14,41,42,44].

In curved microchannels the applied electric field becomes
nonuniform due to the variation of path length in the channel width
direction; that is, the higher electric field occurs close to the inner
wall of a curved channel due to the shorter path length for electric
current. Therefore, both liquid electroosmosis and particle electro-
phoresis vary with positions within a curved microchannel, leading
to increased band broadening of point like solute particles via
hydrodynamic dispersion [45]. For particles with finite sizes, dielec-
trophoresis may take effects if the applied electric field is not too
small. Davison and Sharp [46] numerically examined the electro-
phoretic motion of a cylindrical particle through a 90� turn. While
the full hydrodynamic interactions between the particle and fluid
were considered, the dielectrophoretic force induced within the turn
was ignored. Dielectrophoresis was also neglected in an earlier
numerical study of particle electrophoresis in a T-microchannel,
where the applied electric field is nonuniform at the T-junction
[47]. Such treatment may cause errors in the computed particle
velocity, as discussed in Xuan and Li’s recent experiment [48]. More
recently, Zhu et al. [49] demonstrated sheathless electrokinetic
focusing of particles along the centerline of a serpentine microchan-
nel. They attributed this focusing to the cross-stream dielectro-
phoretic motion induced within the channel turns.

In this work we perform an experimental and numerical study
of particle electrophoresis in spiral microchannels. This type of
curved channels has been often used to reduce the device size of,
for example, microreactors and micromixers [50,51]. Differently
from a serpentine channel whose turns change direction alter-
nately (i.e., left and right), a spiral channel maintains the direction
of its turns. It is noticed that these two microchannels have both
been recently demonstrated to focus and separate particles via
inertia effects [52–57].
2. Theory

We first analyze the possible variations in speed and trajectory
for particle electrophoresis through a microchannel turn of uni-
form width and depth, see Fig. 1. To be consistent with typical elec-
trokinetic microfluidics where the fluid speed is on the order of
mm/s [2–4,58], the inertial motions of fluid and particles are safely
neglected, as the channel and particle Reynolds numbers are both
very small [59,60]. Fig. 1 illustrates the electric field lines (E, with
short arrows indicating the directions) and the contour of electric
field intensity (the darker the higher) in the turn. Due to the vari-
ation in path length for electric current, electric field attains the
Fig. 1. Velocity analysis of particle electrophoresis in a microchannel turn of
uniform width and depth. Also illustrated are the electric field lines (E, short arrows
indicate the directions) and the contour of electric field intensity (the darker the
higher).
maximum and minimum values near the inner and outer corners,
respectively. Therefore, particles are subject to a transverse dielec-
trophoretic motion, UDEP (bold symbols denote a vector hereafter)
when they move electrokinetically, UEK, through the turn. In DC
electric fields, particle dielectrophoresis is characterized as [61]

UDEP ¼ lDEPrE2 ð1Þ
lDEP ¼ ef d
2fCM=12lf and f CM ¼ ðrp � rf Þ=ðrp þ 2rfÞ; ð2Þ

where lDEP is the particle dielectrophoretic mobility, ef the fluid
permittivity, d the particle diameter, fCM the Clausius–Mossotti
(CM) factor, lf the fluid viscosity, rp the particle conductivity, and
rf is the fluid conductivity. Depending on the relative magnitude
between rp and rf, the CM factor may be negative or positive, yield-
ing a negative or positive dielectrophoresis [10,61]. Accordingly,
UDEP may point toward the outer (for negative dielectrophoresis)
or inner (for positive dielectrophoresis) corner of the turn.

Since live biological cells and polymer microparticles often be-
have like poor conductors in DC and low-frequency (<100 kHz) AC
fields [3,62], rp is smaller than rf so that fCM < 0. Hence, these par-
ticles should be deflected across streamlines by negative dielectro-
phoresis and migrate toward the outer corner of the turn, as
indicated in Fig. 1. It is important to note that the electric field lines
illustrated in Fig. 1 are identical to the streamlines, due to the sim-
ilarity between the flow and electric fields in pure electrokinetic
flows [63]. Hence, we may conveniently express the particle veloc-
ity, UP, in terms of streamline coordinates,

Up ¼UEK þ UDEP ¼ lEKEþ lDEPrE2 ¼ ðUEK þ UDEP;~sÞŝþ UDEP;~nn̂

¼ lEKEþ lDEPE
@E
@s

� �
ŝþ lDEP

E2

R
n̂; ð3Þ

where lEK is the particle electrokinetic mobility (a combination of
liquid electroosmosis and particle electrophoresis [7]), UEK the
streamwise electrokinetic velocity, UDEP;~s the particle dielectropho-
retic velocity in the streamline direction with the unit vector ŝ,
UDEP;~n the dielectrophoretic particle velocity normal to the stream-
line direction with the unit vector n̂, E the electric field intensity,
and R is the radius of curvature of the streamline which should fol-
low closely the radius of channel curvature in low-Reynolds-num-
ber flows.

Eq. (3) indicates that a microchannel turn causes two effects on
particle electrophoresis via the curvature-induced electric field
gradients (see Fig. 1): (a) the cross-stream dielectrophoretic mo-
tion, UDEP;~n, shifts particles across streamlines toward the outer
(if negative dielectrophoresis) or inner (if positive dielectrophore-
sis) corner, leading to variations in particle trajectory and speed;
and (b) the streamwise dielectrophoretic motion, UDEP;~s, also per-
turbs the particle electrokinetic velocity, though to a much smaller
extent if the width and depth of the turn remain unvaried. It is the
ratio of particle velocity normal and parallel to the streamline that
determines the particle deflection obtained through a channel
turn,

UDEP;~n

UEK þ UDEP;~s
¼ lDEP

lEK þ lDEP@E=@s

� �
E
R
: ð4Þ

Therefore, a larger electric field and/or a smaller turn radius
should provide a more apparent demonstration of the above-men-
tioned curvature effects on particle electrophoresis. Moreover, as
lDEP is proportional to the particle diameter squared [see Eq. (2)]
while lEK is only a weak function of particle size [64], the velocity
ratio in Eq. (4) should also increase with the rise of particle size.



Fig. 2. Picture of the double-spiral microchannel used in the experiment with
dimensions indicated in the inset. The block arrows indicate the particle flow
directions in experiments, of which the inflow from the inlet reservoir takes place in
the first spiral and the outflow to the outlet reservoir happens in the second spiral.
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3. Experiment

Fig. 2 displays a picture of the spiral microchannel (filled with
green1 food dye for clarity) used in the experiment. It was fabri-
cated in polydimethylsiloxane (PDMS) using the standard soft
lithography technique [65]. The detailed procedure was given else-
where [42]. The microchannel consists of two spirals that are sym-
metric with respect to the channel center (i.e., the junction of the
two spirals) in opposite directions: the counterclockwise one is
indicated as the first spiral, through which particles entered from
the inlet reservoir in experiments; the clockwise one is indicated
as the second spiral, through which particles exited to the outlet
reservoir in experiments. Each spiral has four equally separated
loops and measures 2.5 cm long in total, including the straight part
from/to the reservoir. The diameter of the inner most semi-circle is
100 lm, as indicated in the inset of Fig. 2. The channel is every-
where 50 lm wide and 25 lm deep. The radial distance (or the
shortest distance) between adjacent loops is 150 lm (or the cen-
ter-to-center distance between loops is 200 lm).

Polystyrene particles of 5 and 10 lm in diameter (Sigma–Al-
drich, USA) were re-suspended in 1 mM phosphate buffer at a con-
centration of at least 107 particles per milliliter. A 0.5% Tween 20
(Sigma–Aldrich, USA) was added to the particle solution to sup-
press particle adhesions to the channel. The calculated electric con-
ductivities of the two particles are 8 and 4 lS/cm, respectively, if
the surface conductance is assumed to be 1 nS [62]. As the mea-
sured electric conductivity of the buffer solution is 207 lS/cm,
the CM factor, i.e., fCM in Eq. (2), was determined as �0.47 and
�0.49 for 5 and 10 lm particles, respectively. Electric field was
supplied by a DC power supply (Glassman High Voltage Inc., High
Bridge, NJ). Electrophoretic motion of particles through the spiral
microchannel was visualized through an inverted microscope ima-
ging system (TE2000-U with DS Qi1MC CCD camera, Nikon Instru-
ments, TX), and recorded in the form of both images and live videos
(about 19 frames per second).
4. Modeling

We developed a numerical model to understand and predict the
observed particle electrophoretic motions in the spiral microchan-
nel. This model is a simplified version of the one developed by
Kang et al. [41,66] and has recently been applied by the authors
to simulate the dielectrophoretic focusing of particles in structured
1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
microchannels [42,49]. Briefly, the perturbations of the flow and
electric fields by particles were neglected in the model; so were
the particle–wall and particle–particle interactions [67,68]. A cor-
rection factor, c, was introduced to account for the effects of parti-
cle size (and other effects if any) on the dielectrophoretic velocity.
This is because Eq. (2) is valid only when the particle size is much
smaller than the characteristic length scale of the electric field [61].
Hence, the particle velocity in Eq. (3) is rewritten as

Up ¼ lEKEþ clDEPrE2: ð5Þ

The new velocity was then used in a particle tracing function in
COMSOL (Burlington, MA) to compute the particle trajectory.

For simulation, the electrokinetic mobility, lEK, was determined
by measuring the particle velocity in a straight uniform microchan-
nel of the same width and depth as the spiral channel. We obtained
an almost equal value of lEK = 3.2(±0.3) � 10�8 m2/(V s) for the 5
and 10 lm particles used in experiments. The dielectrophoretic
mobility, lDEP, was calculated from Eq. (2) with the typical viscos-
ity, l = 0.9 � 10�3 kg/(m s) and permittivity ef = 6.9 � 0�10 C/(v m)
for pure water at 25 �C. The values for the CM factor, fCM, involved
in lDEP were assigned as �0.47 and �0.49 for the 5 and 10 lm par-
ticles, as noted above. The electric field E = �r/ was computed by
solving the 2D Laplace equation r2/ = 0 using the electrostatics
module in COMSOL. The boundary conditions include the voltage
drop between the channel ends and the insulating condition on
the channel walls. The correction factor c in Eq. (5), has recently
been found to be dependent on particle size and channel geometry
but insensitive to electric field [41,49,66]. Since only one channel
was used in the experiment, c was determined by fitting the pre-
dicted particle trajectory to the experimental data at the electric
field of 200 V/cm. The obtained c value for each particle size was
then used for all other electric fields if applicable.
5. Results and discussion

Fig. 3 illustrates and compares the experimentally observed
electrophoretic motions (top row: snapshot images; middle row:
superimposed images) and the numerically predicted trajectories
(bottom row) of 5 lm particles in the spiral microchannel. The ap-
plied DC electric field was 200 V/cm on average, corresponding to a
1000-V voltage drop across the 5-cm-long channel. The correction
factor c in Eq. (5) was set to 0.6 in the modeling by examining the
width of the particle stream in the superimposed image. At the in-
let of the first spiral (see the images in the left column), particles
were uniformly distributed by nature and covered the whole chan-
nel width except very close to the walls due to particle–wall inter-
actions [11,12,67]. Once they moved into the curved part of the
first spiral, particles started experiencing negative dielectrophore-
sis as explained above and were thus pushed toward the outer
wall. The result was seen to be a squeezed particle stream near
the outer wall of the first spiral at the channel center (see the
images in the middle column). When they entered into the second
spiral, particles were still subject to negative dielectrophoresis, but
in the opposite direction, due to the switching of inner and outer
walls between the two spirals. Eventually, particles moved out of
the double-spiral microchannel in a focused stream near the outer
wall of the second spiral (see the images in the right column).
These observations (movies are available in supporting informa-
tion) were confirmed by the numerical modeling.

Fig. 4 compares the experimentally observed electrophoretic
motions (left column: snapshot images; middle column: superim-
posed images) and the numerically predicted trajectories (right
column) of 5 lm particles at the outlet of the spiral microchannel
under different electric fields (from 100 to 400 V/cm). The correc-
tion factor, c, remained at 0.6 for all fields in the modeling. With



Fig. 3. Illustration and comparison of experimentally observed electrophoretic motions (top row: snap-shot images; middle row: superimposed images) and numerically
predicted trajectories (bottom row) of 5 lm particles in the spiral microchannel (left column: inlet; middle column: center; right column: outlet). The applied DC electric field
was 200 V/cm on average across the channel length. The block arrows indicate the flow directions.

Fig. 4. Comparison of experimentally observed electrophoretic motions (left column: snapshot images; middle column: superimposed images) and numerically predicted
trajectories (right column) of 5 lm particles at the outlet of the spiral microchannel at different electric fields (as indicated). The block arrows indicate the flow directions.
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the increase of the electric field, particles were focused to a tighter
stream, which was also observed to move nearer to the outer wall
of the channel (movies are available in the supporting informa-
tion). Especially at an electric field of 400 V/cm, we noticed that



Fig. 5. Illustration and comparison of experimentally observed electrophoretic motions (top row: snap shot images; middle row: superimposed images) and numerically
predicted trajectories (bottom row) of 10 lm particles in the spiral microchannel (left column: inlet; middle column: center; right column: outlet). The applied DC electric
field was 200 V/cm on average across the channel length. The block arrows indicate the flow directions.
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particles were nearly moving in a single file (see the images in the
bottom row). This function is expected to find applications in mi-
crofluidic flow cytometry [69], particle separation [70], etc. The ex-
perimental observations are consistent with the theoretical
analysis, as the particle velocity ratio in Eq. (4) does indicate that
the curvature-induced dielectrophoretic focusing effects should in-
crease with the increase of the electric field. Moreover, these ob-
servations are in reasonable agreement with the numerical
simulations, despite the fact that the same correction factor was
used in the modeling.

As alluded to earlier, the particle velocity ratio in Eq. (4) also be-
comes greater for larger particles. This analysis is supported by
Fig. 5, which shows the experimentally observed electrophoretic
motions (top row: snapshot images; middle row: superimposed
images) and the numerically predicted trajectories (bottom row)
of 10 lm particles in the spiral microchannel at an electric field
of 200 V/cm. The correction factor, c, was set to 0.3 by fitting the
width of the focused particle stream in the images at the channel
outlet to that predicted in the modeling (see the right column).
As compared to the electrophoretic behaviors of 5 lm particles in
Fig. 4, we notice that 10 lm particles clearly exhibit larger deflec-
tion and better focusing due to stronger curvature-induced dielec-
trophoresis in the two spirals. These enhanced effects are also
apparent in the predicted particle trajectories at the channel cen-
ter, which, however, seem to be underestimated in the modeling
if one compares the position of the focused particle stream in the
second spiral of the channel (see the middle column). We at-
tempted to increase the correction factor in the modeling, but still
could not get a satisfactory agreement with the experimental data.
This discrepancy may be partially attributed to the neglect of par-
ticle–wall interactions [11,12,41,68] in our model.
6. Conclusions

We have studied particle electrophoresis in a spiral microchan-
nel using a combined experimental and numerical method. Due to
the variation in path length for electric currents, electric field gra-
dients are formed by channel curvatures. As such, particle dielec-
trophoresis is induced in curved microchannels, and was found
to deflect particles across streamlines. The result is a focused par-
ticle stream flowing near the outer wall of the spiral channel.
Moreover, the width and position of the particle stream at the
channel outlet were found to depend on the electric field magni-
tude and the particle size as predicted from the theoretical analy-
sis. In addition, a numerical model was developed, which simulates
closely the observed particle electrophoretic behaviors in the spiral
channel in most cases. It is anticipated that the curvature-induced
dielectrophoretic focusing effect will find applications in continu-
ous bioparticle separation and flow cytometry for a wide range
of technological solutions in biology, medicine, and industry.
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Appendix A. Supplementary material

Movies of particle electrophoresis at the inlet, center and outlet
of the spiral microchannel at different DC electric fields. Supple-
mentary data associated with this article can be found, in the on-
line version, at doi:10.1016/j.jcis.2009.08.031.
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