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A complex and dynamic particle banding phenomenon in an electric field is reported. A single
cylindrical vortex flow is generated by a dc-biased ac electro-osmotic flow on parallel electrodes.
Charged particles are attracted to the vortex by positive dielectrophoresis (DEP) to form rotating
cylindrical structures. As the particle concentration increases, the cylinder undergoes longitudinal
symmetry breaking, producing concentrated rotating bands caused by field screening effects. The
focusing of the particles into bands is shown to obey negative diffusion dynamics of a long-wave
instability. Funnels and butterfly-like patterns also form because of secondary longitudinal DEP
forces from nonuniform screening effects. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2221348]

Pattern formation phenomena unique to suspensions are
usually driven by particle/fluid inertia and elastic or inelastic
particle collisions for large and fluidized granular flows."
These suspension instabilities involve complex flow and par-
ticle patterns. In contrast, there are few examples of particle
segregation and aggregation dynamics at microflow condi-
tions with negligible particle and fluid inertia. These excep-
tions at Stokes flow conditions are generally believed to be
due to viscous fingering instabilities caused by particle con-
centration variations® or by shear-induced migration.&5

Pattern formation of suspensions is, however, quite ubig-
uitous in the presence of a dc or ac electric field. These fields
can induce particle dipoles and hence concentrate charged
and uncharged particles dielectrophoretically (DEP) at re-
gions of high or low field intensity.é'7 The induced dipoles
can cause the particles to self-assemble after they are
concentrated.® Electrophoretic force can also concentrate
charged particles against a surface. In some recent examples,
such dielectrophoretic and electrophoretic particle motions
have been coupled with complex ac electro-osmotic vortex
flows to trap particles along stagnation lines on the
electrodes.”"" When the DEP force on the particle is coun-
tered by the gravitational force, the ac electro-osmotic flow
can even trap the particles along a levitated line above the
electrodes. '

However, particle patterns in electrokinetics are gener-
ally static and are imprints of the topologies of the flow and
electric fields. There has been no report of dynamic and
symmetry-breaking particle patterns in an electric field, simi-
lar to those in high-inertia granular flows. Without fluid and
particle inertia, such intrinsic particle instabilities must nec-
essarily rely on the field-distortion effects of the particles and
hence constitute higher-order instabilities that are
concentration-dependent.

We report an intrinsic and dynamic microparticle pattern
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formation phenomenon that breaks the symmetries of both
the applied electric field and the ac electro-osmotic (ACEO)
flow. The ACEO flow is an electro-osmotic flow driven by
microfabricated electrodes, with the dimensions as shown in
the schematic of Fig. 1. This flow is housed in a microwell
that is enclosed at the top with a transparent plastic layer.
The microelectrode pair, comprised of Ti/Au, was fabricated
by standard lithography techniques on a silicon wafer. The
liquid used is deionized water, which has a Debye screening
length of A~ 1 um. Due to the ac potential imposed on the
electrodes, polarized double layers of thickness A and of op-
posite charge develop on the electrodes. The localized tan-
gential Maxwell force within the double layer produces a net
time-averaged slip velocity on the electrode surface despite
the ac nature of the applied field."”® Because the tangential
field is not uniform or even in the same direction, recirculat-
ing vortices are generated above the electrodes. Typically,
four vortex cylinders are generated, two on each
electrode.'*!! However, with a +1 V dc bias on the left elec-
trode and a grounded right electrode, we are able to sustain a
unidirectional slip velocity on both electrodes and generate a
single cylindrical flow that spans both electrodes along the x
direction, as depicted in Fig. 1." The linear velocity within
the vortex can approach 100 um/s due to the large Maxwell
force generated by the 3 V,, of the ac electric field. When
the ac field is coupled with a negative bias, the cylindrical
flow persists but its direction is reversed. Despite the large
fluid velocities, particle and fluid inertia remains negligible
due to the small particle and vortex dimensions.

Latex particles, 5-15 um in diameter, are suspended in
deionized water at concentrations of approximately 10 and
107 particles/ml. These latex particles have an inherent small
negative charge, however they are observed to remain within
the vortex despite the Coulombic attraction of the positively
charged electrode. In the absence of a stagnation line on the
electrodes, the large unidirectional surface slip velocity of
Fig. 1 prevents any accumulation of the particles on the elec-
trode. To verify this, an electrode array with surface stagna-
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FIG. 1. Electrode configuration used to generate microvortices, where the
dashed line represents flow direction. A positive dc bias is applied to the left
electrode in the figure. The parallel planar electrode configuration produces
a vortex flow observed as a rotating cylinder along the length of the elec-
trode with coordinate x.

tion flows is fabricated of Ti/Au on a silicon wafer, as shown
in Fig. 4(a). The array is configured such that there is a
40 pum gap between the 160 um wide electrodes. A dc bias
is applied only on every other electrode and the remaining
electrodes are always grounded. Due to the existence of al-
ternating charged or uncharged electrodes in this symmetric
geometry, the converging and diverging stagnation flows can
be created on each electrode surface.'* Under a 2 A\ and a
5 kHz ac field coupled with a +1 V dc bias, the vortices flow
in the direction such that they generate a converging flow
stagnation line on the charged electrode surface and the par-
ticles are swept and trapped there by convection. In the fol-
lowing image, the dc bias is changed to a —1 V dc bias and
the direction of flow is reversed. The particles are then rap-
idly swept from the electrode surface, as seen by the dark
cloud of particles in Fig. 4(a). The images are taken within
1 s of applying the negative dc bias. Thus, for the isolated
electrode pair of Fig. 1, where there is no converging stag-
nation flow on either electrode, the particles will not trap and
will instead remain suspended within the vortex.

The induced particle dipole due to the ac field produces
a positive DEP particle flux toward the electrodes, where the
particles are then swept by the stronger ACEO vortex flow of
Fig. 1 to form the striking hollow cylindrical structure of Fig.
2 that rotates at a constant angular velocity of about
100 um/s. The levitated and rotating cylinder is observed
for both positive and negative bias and is independent of the
direction of gravity (examined by inverting the wafer).

The hollow cylinder that appears is because of the large
difference between the ACEO velocity and the particle DEP
velocity. DEP forces are produced by the nonuniform electric
field that generates a field-induced dipole and finite field in-
tensity gradient across the particle. The DEP particle velocity
scales as Upgp~ ea’V |E|*/ u, where ¢ is the dielectric per-
mittivity, E is the electric field, a is the particle radius, and
is the fluid viscosity.6 For the current setup, the Upgp is
typically of the order of 1-10 um/s for the 5-15 wm par-
ticles employed. This velocity is much smaller than the flow
velocity of 100 um/s. We have selected the ac frequency
range of 5-50 kHz in order to be below the crossover fre-
quency of the latex particles6 such that they exhibit positive
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FIG. 2. Breakup of a particle cylinder into concentrated bands above two
parallel electrodes under an ac field coupled with a dc bias. A positive dc
bias is applied to the top electrodes in the figures. The times elapsed for (b)
and (c) are 90 and 135 s, respectively. Initial particle distribution within the
cylinder is shown by (a). The solution consists of 5 um latex particles
suspended in deionized water at 10° particles/ml. The applied ac peak-peak
voltage is 3 V, 5 kHz, coupled with a +1 V dc bias. The estimated initial
bandwidth /, for this sequence is shown in (b). The bandwidth as a function
of time is then recorded subsequent to this frame. The pixel intensity along
the x axis of Fig. 1, averaged over a 5-s interval of each image, is shown in
the left column. An evolution from white noise to a periodic structure is
clearly evident.

DEP behavior (migration toward the high-field region).

The DEP particle force is initially uniform along the
length of the electrodes for the initial homogeneous hollow
cylinder of particles. However, as more particles accumulate,
a banding instability develops to break up the cylinder into
banded structures, as seen in Fig. 2. The band formation is
independent of the gap width of the electrodes but the for-
mation time and the band spacing are sensitive to the initial
particle concentration. For a more quantitative measurement
of the band formation dynamics, we record the pixel inten-
sity along a longitudinal line through the band continuously
in time. For better resolution, the pixel reading is averaged
over 5 s, which is much shorter than the characteristic time
of the evolution dynamics. The intensity profiles of the
banded structures are shown in the above the images in Fig.
2. The evolution from white noise to periodically spaced
bands is evident.

During the formation of these banded structures, we do
not detect any longitudinal variation in the rotating speed,
suggesting that viscous effects as in viscous fingering are not
at play. This secondary instability occurs only after a suffi-
cient number of particles have accumulated on the particle
cylinder, indicating that it is driven by a high-concentration
effect. Because of the low permittivity of the latex particles,
the concentrated ring is expected to confine the electric field
to the electrode surface beneath the ring of particles, thus
increasing the local field near the electrode surface but de-
creasing the field in the bulk. Slight concentration fluctua-
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FIG. 3. The measured bandwidth Ax in micrometers, as a function of time
in seconds, is scaled according to the theoretical analysis for different par-
ticle size, ac peak-peak voltage, ac frequency, and dc bias as indicated in the
legend. The particle concentration is held constant at 10° particles/ml for all
the experiments. Different experiments of identical conditions can produce
different initial bandwidths /, and these data points are represented by the
same symbol, but with a different shading. (a) Measured bandwidths plotted
against diffusive time. (b) Collapsed data of the subplot by using the diffu-
sivity scaling. The field E|, is taken to be 750 V/cm and the concentration ¢
ranged between 10 and 30%, with ¢ measured by pixel intensities.

tions visible in Fig. 2(b) would produce enhanced fields at
the high concentration regions. A longitudinal DEP particle
flux would then be driven toward these high positive field
regions, thus producing a positive feedback and destabilize
the original homogeneous cylinder. The equidistant separa-
tion of the banded structures indicates a possible instability
where a selected wavelength is apparent and requires further
study. For simplicity, we choose to analyze only the initial
focusing of a single band and not the higher-order wave-
length selection mechanism.

The enhanced field as a function of the local particle
concentration can be modeled as E,(1+a¢), where « is an
unknown screening constant and ¢ is the particle volume
fraction. The longitudinal DEP particle flux, Upgp¢, then
produces the longitudinal particle balance after linearization
about the homogeneous volume fraction, d¢/dt
=-D(P ¢/ x?), where D~2ea’Elp,alp is a positive
diffusivity-like coefficient. With this negative diffusivity,
—D, the bandwidth of a single band, Ax, should scale as [,
—Ax~ (D)2, where [, is the initial bandwidth correspond-
ing to t=0, taken after some transients have expired. A
higher (fourth) order term in d/dx would produce a high-
wave-number cutoff and a selected wavelength. However,
the initial focusing of the bands with disturbances having
long longitudinal length scales do not involve this higher-
order term and we shall delegate it to future studies.

Band formation dynamics were monitored for latex par-
ticles of 5, 10, and 15 wm at concentrations of
107 particles/ml that were suspended in deionized water.
Bandwidths are measured as the band formation progresses,
by evaluating the average standard deviation of the peaks of
the recorded pixel intensity profiles shown in Fig. 2. Due to
the width of the initial band being highly dependent on the
initial particle concentration, the widths plotted are sub-
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FIG. 4. (a) Particles at concentrations of 10° particles/ml are trapped on the
electrode surface by a converging flow stagnation line in an ac field of 3 V,,
at 5 kHz with a +1 V dc bias. When switched to a —1 V dc bias, the direc-
tion of flow reverses and the particles are rapidly swept to the opposite
electrode, in the second frame, as seen by the dark cloud of particles, taken
1 s later, indicating the strength of the convective flow. Complex ring struc-
tures for exactly the same conditions as (a) but for the single electrode pair
of Fig. 1 are observed in (b) and (c) due to confined field and secondary
DEP effects. In (b), an inner ring of particles is interlaced within the original
banded structure and the inner ring is pulled out to form cones. (c) Merging
funnel vortices with an inner ring of particles are drawn out of both vortices
to form a butterfly structure. [(b) is enhanced online.]

tracted from the initial value /, at the first recognizable par-
ticle concentrations, such as in Fig. 2(b). A plot of the widths
of the banded structures as a function of time is depicted in
Fig. 3(a). Larger particles with higher DEP mobility tend to
have faster dynamics but the pattern formation time is also
highly sensitive to the initial particle distribution within the
cylinder. For example, symmetry breaking of the cylinders
into banded structures required more time for the 10 um
particles than the 5 and 15 um suspensions because of an
uneven initial distribution of particles in the cylinder. Such
effects of the initial distribution are minimized by selecting a
well-developed [,. Although a negative diffusive scaling, [,
—Ax~1"2, is observed at large times for most runs, bands
with different diffusivities approach different slopes. How-
ever, after normalization by their respective diffusivities, D
~ 28a2E§q§0a/ M, and after dividing by [/, to produce dimen-
sionless quantities, the evolution data for the bandwidth for
three different particle sizes collapse to a straight line with a
slope that is roughly 5, as seen in Fig. 3(b), indicating the
correct mechanism for the band formation has been captured.
The collapse indicates that the band formation dynamics of
larger particles are faster than the smaller particles, as is
consistent with visual observation.

A secondary effect resulting from the confined field is
observed at very high initial particle concentrations
(>10° particles/ml). The field screened by the first ring of
particles can hence sustain another inner ring, whose equi-
librium levitation height from the electrode is larger due to
the weakened DEP force. These additional ring structures
appear within the original banded structures to form concen-
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tric cylinders, as seen in Fig. 4(b). In highly concentrated
banded structures, the particles in the innermost region of the
cylinder will experience a secondary longitudinal field gra-
dient due to the screening by the finite-length outer band.
These inner-ring particles are drawn out of the outer band by
the higher field outside. The resulting patterns resemble
stretching funnels and cones. The merging of funnels from
adjacent concentric bands results in the complex butterfly
structures seen in Fig. 4(c). These higher-order symmetry-
breaking bifurcations epitomize the rich variety of radial and
longitudinal pattern dynamics of the current system whose
underlying field-screening mechanisms are distinct from
other reported suspension instabilities.
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