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Abstract. Particles suspended in fluid exhibit motion when subjected to ac electric fields.
The applied field results in forces on both the particles and the fluid, the study of which is
referred to as ac electrokinetics. The ac electrokinetic techniques can be used for the
controlled manipulation and characterization of particles, and the separation of mixtures. For
sub-micrometre particles, Brownian motion is important and strong electric fields are
required to overcome these effects. Planar micro-electrode arrays, fabricated using
semiconductor manufacturing processes, can generate electric fields of the required strength
from low potentials over a wide range of frequencies. This paper reviews and discusses
sub-micrometre particle dynamics under the influence of dielectrophoretic and
electrohydrodynamic forces. New experimental observations of the movement of
sub-micrometre particles are also presented.

(Some figures in this article appear in colour in the electronic versionygeeiop . org)

1. Introduction measured and characterized [29-31]. Separation of sub-
micrometre particle mixtures has also been achieved [32—-34],
indicating the potential for practical applications for particles
on the sub-micrometre scale.

The use of high electric field strengths produces fluid
flow and heating of the suspending electrolyte [24, 35]. The
electric field can interact with the fluid to produce frequency
dependent forces: electro-osmosis and electrothermal
[35-37]. The resulting fluid flow exerts a drag force on
the particle and therefore produces an observed motion.

electrorotation [8, 9] and travelling-wave dielectrophoresis Recently, a new type of fluid flow has been observed on

[10]. These dipole forces can be used to measure the in,[ema[nicroelectrodes due to the action of the non-uniform field on

. . - . . he electrical double layer [35,38—-40]. Termed ac electro-
and surface, electrical and dielectric properties of particles ) . - . . . .
o . osmosis, this fluid flow has been used in conjunction with
[5,11-13]. Electrokinetic techniques have also been used .. : . .
. . - dielectrophoresis for the separation of a mixture of sub-
for the controlled manipulation of particles [14-16] and . .
. ) micrometre particles [33].
separation of mixtures [17-19].

Recently. ac electrokinetic methods have been anolied This paper briefly reviews ac electrokinetic techniques
Ny, KINE . ve be PPled 5q they apply to sub-micrometre particles, together with new
to sub-micrometre particles. Unlike larger particles such

I d bacteri b-mi ¢ el ¢ | experimental observations of particle movement. Fluid flow
as Cells and bacteria, sub-micfometre particles are strong ypatterns are reported and characterized with respect to the ac
influenced by thermal effects such as Brownian motion

electro-osmotic and electrothermal mechanisms.
[2,20]. Consequently, greater forces and therefore stronger
electric fields are required to move them. Microelectronic 2. Background and theory
fabrication methods have been used to manufacture
microelectrode arrays able to produce strong electric fields The study of the ac electrokinetic dynamics of particles
from low potentials over a wide range of frequencies. suspended in an electrolyte requires an understanding of the
These have been successfully used for the dielectrophoretidnteraction between the medium and the particle. The effects
manipulation of a variety of sub-micrometre particles, for of the drag force, Brownian motion and particle—particle
example viruses, DNA and latex spheres [21-28]. The interactions are greater for colloidal particles than for larger
dielectric properties of sub-micrometre particles have been objects.

The term ac electrokinetics refers to the movement of
particles using ac electric fields. There are a number of
phenomena and forces that arise from the interaction of the
field with a suspension of particles. The electric field acts
through the Coulomb force on the charge of the particle
to produce electrophoresis at low frequencies [1-3]. An
ac field also induces a frequency-dependent dipole on a
polarizable particle. The interaction of this dipole and a
non-uniform field can give rise to dielectrophoresis [4-7],
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wheren is the concentration anf is a diffusion constant
including a component from Brownian motioBg, = kT/f)
and a contribution from particle—particle interactions. As
the concentration tends to zerb, — D,; and the system
consists of isolated particles undergoing Brownian motion.

2.1. Colloidal dynamics: viscous drag, Brownian motion
and particle—patrticle interactions

A particle moving in a fluid experiences a drag fore¢ v
wherew is the velocity of the particle and is the friction
factor of the particle [41]. The friction factor is related to
the size, shape and surface characteristics of the particle, and o

for a smooth sphere is given by = 6w na wherea is the 2.2. Electric field in an electrolyte
radius andy is the viscosity of the medium. Following the
application of a constant force at timer = 0, the solution
for the time dependence of the velocity is:

In an electrolytic solution an electrical double layer forms on
the electrode surfaces [36, 43]. When an ac signal is applied
to the electrodes some of the potential is dropped across
the double layer, an effect that is referred to as electrode
polarization [44]. The effect is frequency dependent, with
most of the applied voltage dropped across the double layer
wherem is the mass of the particle. The velocity of the at low frequencies. Electrode polarization is negligible at
particle increases until it reaches a constarrhinalvelocity. high frequencies.

The characteristic time, = m/f describes the acceleration The potential across the medium, and the magnitude
phase of the particle motion (for cells and sub-micrometre of the electric field experienced by the particle is then also
particlesz, < 107°s). If 7, is much smaller than the typical  frequency dependent and the observed electrokinetic forces
time of observationg,, the acceleration phase is notobserved on the particles will also be affected. This has been discussed

and can be neglected. For observation by gyis ~1/30 s in the ac electrokinetic literature and used to correct the
and a sub-micrometre particle can be considered to move aimeasured force on particles at low frequencies [45].
the terminal velocity:

E (1_ e—(.f/m)t) (1)

v =

2.3. Electrical forces on the particle

v, = F/f. (2

Therefore, any change in measured velocity is simply
proportional to a change in the force.

The main external influence on a particle in a fluid is
gravity, which manifests itself as the buoyancy force. For
a particle of mass density, in a fluid of densityp, the
buoyancy force is given by:

®)

whereg is the acceleration due to gravity ands the volume

Fbuoy = U(pp - ,O_f)g

For applied potentials of a given frequeney a suitable
method of representing quantities is using phasors.
arbitrary, harmonic potential is defined as(x, )
Refp(x)€”'] where i = /=1, = is the position, Re]...]
indicates the real part of, and the tilde indicates a complex
number, in this case the phaspr= ¢ + i¢;. The electric
field is then given byE(z,t) = Re[E(:c)e“‘”] where the
vectorE = —V¢ = — (V¢g +iV¢,) is the corresponding
phasor [46, 47].

The dielectrophoretic force arises from the interaction of

An

of the particle. For sub-micrometre particles, this force 5 non-yniform electric field and the dipole moment induced
is usually negligible but can be seen over long periods of i, the particle. For linear, isotropic dielectrics and an applied

observation (sedimentation).

Thermal effects also influence a sub-micrometre particle

[35,42]. Since the force and velocity associated with

Brownian motion have zero average, this effect can be
neglected under the condition that the magnitude of the

applied forceF is above a certaiobservational threshold
[42]. It can be shown that the threshold force required for

potential of a single frequency, the relationship between the
electric field phasoF and the dipole moment phaséi(w)
for a spherical particle is [6]:

m(w) = va(w)E

(6)

wherea is referred to as the effective polarizability of the

99.7% certainty that the observed movement is due to theparticle [5] andv is the volume of the particle. The time-

applied force rather than Brownian motion is

18T
VAL

wherek is Boltzmann'’s constant, is the temperature antl

|F| = (4)

averaged force on the particle is given by [6]:
1 ~ %
(Fep) = 5Re[(m V) E'] )

where* indicates complex conjugate. Using vector identities

is the period of observation. This clearly demonstrates that and the facts that the applied electric field is irrotational and
as the period of observation is increased, the force required tohas zero divergence, the force can be expressed as:

observe deterministic movement decreases. This definition

and the consideration of Brownian motion in this manner
are only valid for single isolated particles. If a collection of

particlesis being examined, diffusion of the ensemble must be
considered. The driving mechanism for diffusion can be the

cumulative effect of Brownian motion and particle—particle
interactions [2, 43]. The diffusion flux density of particles is

Jja =—DVn (5)

1 5 _12 1 .
(Fuep) = ZURe[a] v ’E‘ — EU|m [@]

x (v x (Re[E] x m[£]))

®)

where Im[...] is the imaginary part of, an&|2 = E - E*.

The first term on the right-hand side is non-zero if there
is a spatially varying field magnitude, giving rise to
dielectrophoresis [4,5]. The second term is non-zero if
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there is a spatially varying phase, as in the case of travelling 2.5. Summary of particle dynamics
wave dielectrophoresis [10, 48]. The second term should also
be considered if the electric field is affected by electrode
polarization, since the phasor for the potential across the
medium has non-zero real and imaginary components.

For dielectrophoresis alone, the velocity of a sub-
micrometre particle, using equation (2), is given by [34]:

The dynamics of a colloidal particle in divergent electric
fields are complicated and analysis of experimental
observations can be difficult. For example, the electrothermal
fluid flow competes with the dielectrophoretic force at high
frequencies, and at low frequencies ac electro-osmotic flow
dominates and this is strong even for low potentials. On
top of these applied forces, particle—particle interactions and
(9) Brownian motion occur continuously.

What is normally observed and measured in electroki-
netic experiments is the position of particles as a function of
time. This can be analysed to give the velocity of individ-
ual particles, which should be modelled theoretically using
the Langevin equation [2]. In this case, the particle expe-
riences random Brownian motion and such particle—particle
L2 iz interactions that exist, in addition to the externally applied
Pdep = —r Re[Np o ] (10) forces.

6n Ep+ 2 If an ensemble of particlesis being observed, the velocity
of individual particles is difficult to assign correctly and the
flux of the ensemble across an experimental line or surface
should instead be considered. The flux density of particles,

2 URe[&] -
- v ‘E
Af
where the dielectrophoretic mobility,., has the units
m* s~1 V=2, Considering only Maxwell-Wagner interfacial
polarization, the dielectrophoretic mobility of a spherical
particle of radius is:

E

:

Vdep = Mdepv

where the subscripta and p indicate medium and patrticle
respectively. ¢ indicates a complex permittivitys = ¢ —
io/w wheree is the permittivity,o is the conductivity and

/ L 7, is given by:
w is the frequency. The part of the expression in brackets
is referred to as t_he_ CIausius—Mossotti facto_r and q§scribes j= n (Fiep + Fhuoy) + 10 + g (11)
the frequency variation of the dielectrophoretic mobility and f ’

force. This factor varies between +1 andl/2 and the
particle will move towards (positive dielectrophoresis) or
away from (negative dielectrophoresis) regions of high field
strength depending on frequency.

whereFy,, is the dielectrophoretic force (equation (B},
is the buoyancy force (equation (3)), is the diffusion flux
density (equation (5)) and, is the velocity of the fluid. In
order to describe the changerimwith time (the dynamics of
the system), the continuity equation:

2.4. Electric forces on the fluid

. . . . —+V.5=0 (12)
Electrical power is generated in the fluid to a degree ot

proportional to the conductivity of the medium and the field
magnitude squared. This can give rise to fluid flow in one of
two ways. The electric field generates a temperature gradient . .
in the fluid and therefore gradients in density, permittivityand 3- EXperimental details
conductivity. The first mechanism that produces a force on
the fluid is natural convection where the denser fluid elements
displace less dense. The second is electrothermal, where th
electric field interacts with the gradients in permittivity and
conductivity to produce electrical forces [46, 49].
However, as discussed by Rames$ al [35], the

should be solved.

Sub-micrometre ac electrokinetic particle manipulation is
gerformed on micrometre-scale electrodes. Two designs of
électrodes were used in this work, shown schematically in
figure 1. The polynomial design [51] is shown in figure 1(a),
and has been used for the characterization and manipulation
> ! ) ) . ofcellsand bacteria. It has four electrodes with edges defined
electrothermal driven fluid flow is not responsible for the fluid by a hyperbolic function in the centre and parallel edges
motion which is observed at low frequencies(5 MHz). out to an arbitrary distance. This electrode design has been
At these frequencies, the high fluid flow velocities can gemonstrated to be a versatile tool for particle observation
be explained through the action of ac electro-0smosis g characterization, applied to sub-micrometre latex spheres
[38-40,50]. When a dc field is applied tangential to an [29 31] and viruses [26,34]. The castellated design [12]
electrode surface, the ions in the double layer experience &figure 1(b)) consists of square features on parallel wires
force. The resulting movement of ions acts through friction and has been used for characterization and separation. This
with the fluid to prOdUCG a flow referred to as electro-osmosis design has been used for manipu|ati0n and Separation of
[36]. A similar phenomenon occurring in ac fields has been syb-micrometre spheres [32-34]. Both designs have well-
described for planar microelectrode arrays [38,50]. The defined electric field patterns giving clearly distinct regions
applied potential on the electrodes gives rise to an inducedfor positive and negative dielectrophoresis [12, 52].

double layer and the tangential component of the generated  Electrodes were fabricated using electron-beam lithogra-
electric field interacts with the induced charge close to the phy (Leica EBPG HR-5 beamwriter) and lift-off, with feature
surface of the electrodes. The force acts always in the samesizes and gaps down tqdm. Figure 2 shows a scanning elec-
direction, varying with the field frequency, field magnitude tron micrograph of castellated electrodes fabricated by this
and medium conductivity. method. The electrodes consist of layers of 10 nm titanium,
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Figure 2. A scanning electron microscope image of a set of
Figure 1. Schematic diagram of two designs of electrodes: (a) the castellated electrodes manufactured using direct write e-beam
polynomial design has four electrodes with edges defined by a lithography.
hyperbolic function in the centre and parallel edges out to an
arbitrary distance and (b) the castellated design consists of square
features on parallel wires.

minimum and negative dielectrophoretic trap in the centre of
the four electrodes (marked as point A) and high field points
along the edges of the electrodes (marked B), especially
L where adjacent electrodes run parallel. The castellated
upper layer O.f titanium aI_Iowed the _eIec_trogles to ,be used A glectrodes (figure 3(b)) have local field minima in the bays
low frequencies {1 Hz) in conductlve_ lonic r_nedla. The between the castellations (marked A) which form negative
edggs of the elect_rodes were We”_ Qeflned, with feature res'dielectrophoretictraps. There are high field regions inthe gap
olutions .Of approximately 25 nm giving sharp corners to the between electrodes, particularly along the front edges of the
castellanons_. i . castellations (marked B) and also a smaller high field region
The particles used in the experiments were fluorescently ;¢ tha pack of the bays (marked C). Particles experiencing
loaded latex spheres purchased from Molecular Probesitive dielectrophoresis collect at high field points across
(Eugene, Oregon, USA) suspended in electrolytic solutions. e ejectrode array. These results are consistent with previous
The diameters of the spheres were in the range 557 nMg;,iations using other techniques [12, 51, 53].
to 93 nm. The potential signals were generated using A point of particular interest for sub-micrometre
both analogue and digital signal generators. The particle particles, where the force due to gravity is comparatively
response was observed using a fluorescence microscopgma", is that the local field minimum in each bay of the

10 nm palladium, 100 nm gold and 20 nm titanium. The

(Nikon Microphot) and a digital camera/video system. castellated electrode is a closed 3D minimum. This is
illustrated by figure 3(c) which shows the electric field
4. Electric field simulation magnitude in a vertical plane through the line marked

between points (i) and (ii) in figure 3(b). The minimum
The electrokinetic response of the particles depends on(point A) extends approximately half the size of the
the strength and spatial variation of the electric field. In castellated features away from the electrodes. For particles
order to compare theory and experiment, the electric field experiencing negative dielectrophoresis this field minimum
must be known in three dimensions. The electric field in forms a 3D trap or ‘cage’. Above the trap the particles
the electrode arrays was numerically simulated using the experience an almost uniform negative dielectrophoresis
commercial finite element solver, Maxwell (Ansoft, UK). (DEP) force pushing themwayfrom the electrodes. In this
Figure 3 shows examples of the field patterns calculated electrode design, multiple closed, 3D negative DEP traps
for the electrode designs shown in figure 1 from [52]. can be generated over a large area without the need for
The polynomial electrodes (figure 3(a)) have a local field complicated three-dimensional electrode structures [53].
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Figure 3. (a) Plot of the numerically calculated electric field in a horizontal plane 100 nm above polynomial electrodes. The distance
between the parallel edges of the electrodes wasznd the distance across the centre of the four (across point A) was &he applied

potential wast5 volts applied to adjacent electrodes. There is a local low field minimum in the centre (point A) which is a negative
dielectrophoretic trap. There are high field regions along each electrode edge (points B) which will collect particles experiencing positive
dielectrophoresis. (b) Plot of the numerically calculated electric field in a horizontal plane 100 nm above castellated electrodes. The
distance between the electrodes and the size of the square featureuweartsl the applied potential wass volts on either electrode.

There are local 3D field minima in each bay between castellations (points A) which are negative dielectrophoretic traps. There are high field
regions in the gap between electrodes, particularly along the front edges of the castellations (points B) and also a smaller high field region at
the back of the bays (points C). (c) Plot of the numerically calculated electric field in a vertical plane along the line between the points
marked (i) and (ii) in figure 3(b). The trap (point A) extends approximately half the size of the castellated features away from the electrodes.
Above this height particles experience an almost uniform negative DEP force pushing them away from the electrodes.

5. Results and discussion front edge of the electrodes (point B in figure 3(b)). However,
as the particles were previously held by negative DEP, as
5.1. Dielectrophoresis shown in figure 4(b), once the frequency was changed to

. . allow positive DEP, the particles moved to the closest high
Figures 4(a) and (b) show photographs of negative fie|q noint. In this case, the particles collected at the back of

dielectrophoresis of 557 nm diameter latex spheres on e pay area at point C (figure 3(b)), consistent with the field
polynomial and castellated electrodes. As indicated by the .

field simulation for the polynomial electrodes (figure 4(a)),

the spheres collected in the centre of the electrodes and Were 5 Fiuid flow

repelled from the electrode edges (5 MHz, 5 volts peak- ~

to-peak). Figure 4(b) shows triangular collections of latex During the observation of particle movement in high electric

spheres on castellated electrodes as predicted by the electrifields, a pattern of behaviour is seen that does not conform to

field model at a frequency of 8 MHz and 8 volts peak-to-peak. thatexpected from dielectrophoresis. This motionis believed
Figures 4(c) and (d) show positive dielectrophoresis tobe duetofluidflow, sinceitis similar over arange of particle

of 557 nm diameter latex spheres on the same electrodesizes and the observations of circular patterns point to some

designs. In the polynomial electrodes at 500 kHz and form of convection.

5 volts, the particles collected along the electrode edges

(figure 4(c)). Figure 4(d) shows positive dielectrophoresison 5.2.1. High frequencies At high frequencies (above

the castellated electrodes with the particles collecting at the 100 kHz—1 MHz, depending on the medium conductivity)
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Figure 4. (a) Negative dielectrophoresis of 557 nm diameter latex spheres on polynomial electrodes for an applied signal of 5 volts
peak-to-peak at 5 MHz. The spheres can clearly be seen collecting in the low field region as indicated by point A in figure 3(a). (b) Negative
dielectrophoresis of 557 nm diameter latex spheres on castellated electrodes for an applied signal of 8 volts peak-to-peak at 8 MHz. The
spheres can clearly be seen collecting in the low field regions indicated by points A in figure 3(b). (c) Positive dielectrophoresis of 557 nm
diameter latex spheres on polynomial electrodes with an applied signal of 5 volts peak-to-peak at 500kHz. The spheres collect along the
edges of the electrodes at the high field points indicated by points B in figure 3(a). (d) Positive dielectrophoresis of 557 nm diameter latex
spheres on castellated electrodes with an applied signal of 8 volts peak-to-peak at 700kHz. The spheres collect at the high field regions
marked as points B in figure 3(b) and also at the high field points at the back of the bays (points C).

distinct patterns of fluid flow were observed. For the the potential or the frequency (or both) was increased, the
polynomial electrodes, fluid was observed to move into the velocity of the particles moving into the electrode array

centre of the electrode array, as illustrated in figure 5(a). increased and the four collections of particles moved into
This effect was observed for frequencies above 10 MHz for the centre of the electrode array, as in figure 5(a). When the

the experimental conductivities used (up~+@00 mS nTl) signal was changed back to the original settings, the particles
and is difficult to distinguish from negative dielectrophoresis. returned to collecting at the four points.
Similar flow patterns were observed byiNer et al [24] Figure 5(c) shows an experimental image of this flow

who attributed the effect to the electrothermal mechanism. for 282 nm diameter spheres with a potential of 12 volts
In this work however, the direction and pattern of the flow peak-to-peak and 6 MHz. The particles at the four collection
was observed to vary with both the frequency and potential of points whirl in circular patterns in a plane perpendicular to
the applied field. In figure 5(b) the pattern of fluid behaviour the electrode surface and the gap. Figure 5(d) shows the flow
at lower frequencies (around 3—-4 MHz) and low potentials (5 pattern for 557 nm diameter latex spheres, for a potential
volts peak-to-peak) is illustrated. Particles are still observed of 5 volts peak-to-peak and a frequency of 3 MHz. Some
to move towards the centre of the array from the bulk but particles are trapped inthe centre of the electrodes by negative
also down into the centre of the electrode array and outwards.dielectrophoresis (point A) and some are pushed to the four
This results in four regions where particles collect over the collection points (points B). Outside the electrodes, the drag
gaps between the electrodes, as illustrated. When eitherforce due to fluid flowing into the electrode arrays is balanced
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(b)

(d)

Figure 5. (a) A schematic diagram of the fluid flow observed in polynomial electrode arrays at high frequencies. The fluid moves into the
electrode array along the gaps between adjacent electrodes and then up and out in the centre. The patrticles are typically pushed along with
the fluid flow and settle in a levitated position above the centre of the array. If this fluid flow was stronger than the dielectrophoretic force,
this collection in the centre is observed if the particles are experiencing either positive or negative dielectrophoresis. (b) A schematic
diagram of the pattern of fluid behaviour at lowers frequencies (around 3—4 MHz) and low potentials (5 volts peak-to-peak). There is flow
towards the centre of the array from the bulk but also a flow down into the centre of the electrode array and outwards. This results in four
regions where particles collect over the gaps between the electrodes. When either the potential or the frequency (or both) was increased, the
flow velocity into the electrode array increased and the four collections of particles moved into the centre of the electrode array, as in figure
5(a). (c) An experimental image of the flow described by figure 5(b) for 282 nm diameter spheres at a potential of 12 volts peak-to-peak and
6 MHz. The particles at the four collection points whirl in circular patterns in a plane perpendicular to the electrode surface and the gap. (d)
An experimental image of the flow pattern for 557 nm diameter latex spheres, for a potential of 5 volts peak-to-peak and a frequency of 3
MHz. Some particles are trapped in the centre of the electrodes by negative dielectrophoresis (point A) and some are pushed to the four fluid
collection points by fluid flow (points B). Outside the electrodes, the negative DEP force pushing the particles away from the electrodes
balances the drag force due to the fluid flowing into the electrode arrays (points C).

by the negative DEP force pushing the particles away from occur independently of the illumination intensity.
the electrodes (points C). If either the frequency or potential In addition to these large-scale fluid movements, small-
was increased, the pattern of particle movement changed toscale movement of fluid was observed close to electrode
that shown in figure 5(a). edges. The flow patterns consisted of cylindrical rolls of
Although the fluid flow observed at high frequencies is the order of 1-5um in diameter over electrode edges (at
thought to be electrothermal, in general the electrical power the point of maximum field). These patterns were observed
dissipated in the medium (Joule heating) cannot producefor field strengths over FOvm~! and the magnitude of the
a sufficiently large temperature gradient [35]. However, effect increased rapidly with increasing applied potential.
the magnitude of some other types of fluid flow at these The direction of the rolls changed at a particular frequency
frequencies has been found to depend on the intensityof the applied field. This latter observation strongly suggests
of the illumination. When the illumination intensity was that this is related in some way to the electrothermal effect,
reduced, the flow magnitude decreased, indicating that thesince theory predicts [35] a change in direction of fluid flow
light produces temperature gradients around the electrodesat a given frequency. Also, the low order of magnitude of
This is discussed in more detail in a related publication [54]. the velocity of this flow agrees with the predicted order of
It should be noted at this point that the collection of particles magnitude of electrothermal flow powered by Joule heating
in the four points in the polynomial electrodes was found to alone [35].
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(a) P (b)

(d) 20um

Figure 6. Diagrams and experimental images of ac electro-osmaosis for two designs of electrodes: (a), (b) schematic diagrams of the fluid
flow patterns on the polynomial and castellated electrode respectively; (c) on the polynomial electrodes, the particles are pushed away from
the edges, collecting on top of the electrodes; (d) on the castellated electrodes, the fluid pushes the particles into diamond shaped collections
along the symmetry line of the electrodes.

5.2.2. Low frequencies Figures 6(a) and (b) show 5.3. Summary of results
schematic diagrams of ac electro-osmosis for the two designs

of electrodes and fiaures 6(c) and (d) show experimental All the forces illustrated in this paper occur under the same
. 'gu © - (d) W experi experimental conditions. However, since the magnitudes of
images of the effect of the fluid flow on particles. At

- " the forces are frequency dependent, even a slight change
frequencies of the order of 1-10 kHz on the polynomial i, frequency can have a marked effect on the behaviour
electrodes, the particles are pushed away from the edgese the particles. As an illustration, figure 7 shows the
collecting on top of the electrodes. On the castellated change in behaviour of 557 nm diameter spheres over three
electrodes, the fluid pushes the particles into diamond shapediecades of frequency on castellated electrodes at an applied
collections along the symmetry line of the electrodes, an potential of 8 volts peak-to-peak and a solution conductivity
effect which has been reported previously [12], but which of 2 mS ntt. Under these experimental conditions, only
was attributed to anomalous dielectrophoretic effects. dielectrophoresis and ac electro-osmosis were observed. At

This type of fluid flow depends to a great extent on the 8 MHz (figure 7(a)), particles experienced negative DEP and
frequency of the applied field, typically rising and then falling  collected in triangular shapes in every bay. In figure 7(b),
in magnitude as the frequency is decreased [38, 39]. Theaftgrswnchlngto 0.7 MHz, the particles collec_:t_ed athlghflt_al_d
value of the frequency at which the velocity has maximum points on the electrode edges u.nder. cqndltlons of positive

. . . - . . DEP. The diamonds and wavy stripes in figure 7(c) at 70 kHz
magnitude also increases with the conductivity of the fluid. o .
In the range of frequencies where the flow is strongest are caused by the combination of positive DEP and an ac
. . ) electro-osmotic flow. Where the DEP force is strongest (at
and at the poten.tlals used |n.these experiments, the_ f_orcethe tips of the castellations) particles remain trapped. For the
exerted by the fluid on the particles was more than sufficient high field points at the back of the bays, there is sufficient
to override the dielectrophoretic force. The experimental fq to push the particles away from the edges to a point
images showing these effects for the polynomial electrode yyhere the DEP and drag forces balance. This produces
and the castellated electrodes are presented in figures 6(Cliamond shapes on the symmetrical electrodes where the
and (d). The experimental conditions were a frequency of electrodes are narrow and wavy stripes on the asymmetrical
100 kHz, an applied potential of 5 volts peak-to-peak and a electrodes. One decade lower, at 7 kHz (figure 7(d)), the
medium conductivity of 5 mS mt. velocity of the fluid is the dominant effect and the particles
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Figure 7. Experimental images of 557 nm diameter spheres over three decades of frequency on castellated electrodes at an applied potential
of 8 volts peak-to-peak and a solution conductivity of 2 mS nAt 8 MHz, (a), particles experience negative DEP and collect in triangular
shapes in every bay. At 0.7 MHz, (b), the particles collect at high field points on the electrode edges under conditions of positive DEP. The
diamonds and wavy stripes in figure 7(c) at 70 kHz are caused by the combination of positive DEP and an ac electro-osmotic flow. Where
the DEP force is strongest (points B in figure 3(b)) particles remain trapped but at the high field points at the back of the bays (points C),
there is sufficient flow to push the particles away from the edges. This produces diamond shapes on the symmetrical electrodes where the
electrodes are narrow and wavy stripes on the asymmetrical electrodes. At 7 kHz, (d), the velocity of the fluid is the dominant effect and the
particles are pushed onto the electrodes to form diamond shapes at the widest part of the symmetrical electrodes and wavy lines where the
electrodes are asymmetrical.

are pushed onto the electrodes to form diamond shapes ateparation. The capability of these techniques for sub-
the widest part of the symmetrical electrodes and wavy lines micrometre particle characterization and/or measurement
where the electrodes are asymmetrical. This explains thehas been demonstrated [23, 24, 27, 29, 31-34], particularly
anomalous effects observed in previous dielectrophoretic for viruses [25,26,30,34]. The electrokinetic separation

experiments [12]. of mixtures of sub-micrometre particles has been achieved
using dielectrophoresis [32, 34] and also in combination with
6. Conclusion electrically induced fluid flow [33].

The ac electrokinetic forces that a sub-micrometre particle
experiences in spatially non-uniform ac electric fields on
microelectrodes have been outlined and discussed. Th
results of particle motion under the influence of these forces
as reported in the literature have been reviewed. The majorThe authors would like to thank the Engineering and
effects observed in the movement of sub-micrometre particlesPhysical Sciences Research Council, UK for providing a
on microelectrodes have been discussed and illustrated withstudentship and the European Union for awarding a Marie
new experimental observations. Unexplained phenomenaCurie fellowship (contract no. BIO4-CT98-5010 (DG12-
reported previously in the literature have been clarified in SSMI)) o N G Green. They would also like to thank
terms of this summary of observed effects. Professor A Castellanos and Dr A Gonzalez for valuable
The ac electrokinetic techniques have the potential for discussions and Mr W Monaghan and Ms M Robertson for
being a major technology for particle measurement and technical assistance.
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