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The control and handling of fluids are central to many applications of the lab on chip. We report how
alternating current �ac� electric fields can deflect and manipulate coflowing streams of two different
electrolytes within a microfluidic channel. The two different electrolytes flow side by side over an
array of interdigitated electrodes which occupies the width of the channel. Application of a 20 V
�peak to peak� voltage at 1 MHz to the electrodes causes the liquid with higher conductivity to
occupy a larger region of the channel. This effect causes a significant displacement of the boundary
between the two fluids. © 2007 American Institute of Physics. �DOI: 10.1063/1.2825835�

Dynamic control of fluids is important in lab on chip
�LoC� technology, and microelectromechanical system de-
vices are often used for this.1 However, such devices are
complicated to construct and cannot be easily integrated into
the LoC. Solid-state control of liquids using dc electric fields
has also been widely used to manipulate fluids, particularly
with capillary electro-osmosis. However, the high voltages
required produce electrolysis and the electrodes must be
placed outside the device to reduce the effects of Joule heat-
ing and gas bubbles. Electro-osmosis has been used in the
LoC to enhance mixing of fluids,2,3 reduce diffusion �sample
stacking�,4 switch fluid streams,5 and focus flows.6

An ac electric field-induced fluid flow can also be used
to move fluids and analytes or produce mixing.7–10 ac-based
systems have many advantages, including lower power re-
quirements, simple integration, and little or no electrolysis
issues. Fluid is driven and controlled using microelectrodes
that are fabricated within microchannels. The electrohydro-
dynamic forces produced by the ac fields act either on the
bulk fluid �e.g., electrothermal flow7�, or the double layer at
the solid-electrolyte interface, ac electro-osmosis.7 In this let-
ter, we describe a method for controlling the behavior of two
coflowing streams of electrolytes in a microfluidic system
using ac electric fields generated by a microelectrode array.

The experimental arrangement consists of a microdevice
with microelectrodes fabricated on a planar glass substrate—
Fig. 1. The electrodes are made from Pt and are 200 nm
thick, manufactured using ion beam milling of the metal.
They have a width and gap of 20 �m. The microfluidic chan-
nel width is 1 mm and has a height of 100 �m and is fabri-
cated from a photosensitive laminate resist. The channel is
closed with an upper glass layer and the finished device
clamped to seal the system. The electrodes have a chevron
pattern �Fig. 1�. An ac potential difference is applied to each
alternate electrode, producing an electric field at the bound-
ary of the two fluids along the length channel. The ac signals
��20 Vpp� were applied using signal generators with fre-
quencies high enough to avoid electrode polarization and
electrolysis.

Two different electrolytes are pumped across the elec-
trodes, as shown in Fig. 1. Solutions of KCl with different
conductivities were used, one ten times higher than the other.
The KCl with the higher conductivity also contained a dilute
solution of carboxyfluorescein, which enabled discrimination
of the two separate flows and the boundary between them.
When a single phase ac potential was applied to the elec-
trodes, it was observed that the boundary between the two
fluids moved, as shown schematically in Fig. 1. Two images
from the device showing this effect are reproduced in Fig. 2.
For a video of this, refer to Ref. 11. These data were obtained
with an applied signal of 20 V �peak to peak� at a frequency
of 1 MHz, with electrolyte conductivity of �1=15 mS m−1

and �2=1.5 mS m−1.
When the voltage was applied, the boundary between the

two fluids moved to the region of lower conductivity, within
a few tens of milliseconds after applying the potential. This
boundary then remained fixed along the entire length of the
channel downstream, even after the electrode array had
ended �Fig. 1�. When the voltage was switched off, the fluid
returned to the steady-state position. This effect was ob-
served for frequencies around 1 MHz, but when the fre-
quency of the applied signal was increased to 10 MHz, the
effect was no longer seen. Changing the electrolyte conduc-
tivities to �1=15 mS m−1 and �2=20 mS m−1 greatly re-
duced this effect, but a small deviation in the boundary was
still seen. Changing the voltage altered the position of the
boundary. At voltages of less than 5 V, little effect was ob-
served. As shown in Fig. 2, with 20 V applied the high con-
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FIG. 1. �Color online� Diagram of the experimental chip showing the two
coflowing fluid streams before and after application of the electric field. The
electrode array is on the bottom of the channel and each alternate electrode
is connected to a single phase voltage supply.
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ductivity liquid almost occupied the entire width of the
channel. This data were obtained with a volume flow rate of
0.3 �l s−1, equivalent to an average fluid velocity of
2 mm s−1.

The electrical body forces on a liquid are described by
the following equation:12
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1
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�
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where �q is the charge density, �m the mass density, � the
permittivity, T the temperature, and E the magnitude of the
electric field. The first and second terms are the Coulomb
and dielectric forces, respectively, and the last term is the
electrostriction force, which can be ignored for incompress-
ible fluids.12 For the system described here, the dielectric
term is zero because both liquids have the same permittivity.
Electrolytes are overall neutral �no excess free charge�; and
the Coulomb force acts on the free charge at the interface
between the liquids. Therefore, the electric field at the
boundary creates a force which displaces one liquid with
respect to the other. The free charge is induced by the electric
field, which is also responsible for the force. Therefore, the
time average force is nonzero and scales with E2.

The behavior of the liquid is in many ways analogous to
the behavior of a polarizable particle in a nonuniform electric
field—a phenomena known as dielectrophoresis �DEP�.13,14

At low frequencies, the free charge dominates, but as the
frequency increases, the permittivity dominates because
there is no time for charge to accumulate at the interface.
Therefore, as in DEP, permittivity effects are predominant at
high frequencies, and for two fluids of identical permittivit-
ing, the force is zero. At low frequencies, free charge domi-
nates and the liquid with higher polarizability �the higher
conductivity� tries to maximize the electrical energy of the
system �at constant potential� and occupies the region of high
electric field, as observed in these experiments.

For the two fluids used in this work, the relaxation fre-
quency of the interfacial free charge is13

f2 =
1

2�

d1�2 + d2�1

d1�2 + d2�1
, �2�

where d is the thickness of the dielectric. In this case, d1
=d2 and �1=�2 so that f2=1.85 MHz. Therefore, for frequen-
cies much greater than f2, the force is negligible, but for
frequencies much lower than f2, the force is constant. Our
experiments concur with this simple estimation. The magni-
tude of this force scales with the difference in conductivity of
the two liquids, according to ��2−�1� / ��2+�1�. For the two
conductivities shown in Fig. 2, the factor is 0.82, but for the
two samples of nearly equal conductivity, the factor is only
0.14, i.e., the force is much reduced. The two fluids were
driven by gravity. Changing the height of the fluid reservoirs
by the order of 1 mm corresponds to a hydrostatic pressure
of the order of 10 Pa. This pressure change was enough to
produce an observable change in the position of the inter-
face. For a voltage of 20 Vpp, the time-average electrical
pressure in the system can be estimated to be approximately
40 Pa, which is more than enough to cause the deflection
observed.

Interestingly, Fig. 2 also shows that, when the field is
applied, the boundary between the two fluids is compressed
and better defined. Upstream of the electrodes, the boundary
is broad due to diffusion of the fluorescent dye into the liq-
uid, but over the electrodes, the boundary becomes narrower.
Figure 3�a� shows a profile of the light intensity �propor-

FIG. 2. �Color online� Experimental images of the two electrolyte streams:
�a� before and �b� after application of 20 V peak to peak at 1 MHz. Note
that the deflection continues downstream after the electrode array finishes.
For a video of this effect see Ref. 11.

FIG. 3. �Color online� Profiles of the light intensity across the interface: �a� with and without electric field; �b� comparison of the experimental concentration
profile and the theoretical profile �without field�.
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tional to concentration of fluorescein� across the interface
before and after application of the voltage, determined along
the lines �200 �m long� shown in Fig. 2. Figure 3�b� shows
that the intensity profile �with the voltage off� is well
matched by the theoretical �normalized� concentration �of
fluorescein� calculated from the diffusion equation. The
observation point was 3.1 mm from the junction of the
two fluids �diffusion time of 1.5 s�, and the curve was calcu-
lated using a diffusion constant for fluorescein of 4
�10−10 m2 s−1.15 When the voltage is applied the profile
across the boundary changes markedly, as shown in Fig. 3�a�,
appearing to reduce the effect of diffusion.

Although dc fields have been used to limit the diffusion
of charged species,4 this has not been previously observed
with ac fields. The origin of this effect is not clear at present,
but may be related to the polarization of the interface.

In conclusion, we have demonstrated that applying an ac
electric field across the boundary of two electrolytes with
different conductivities in a microchannel generates a force
at the interface that alters the position of the boundary. We
have shown qualitative agreement between experiment and
theory in terms of frequency and voltage dependence. Fur-
ther work is required to quantitatively characterize these phe-
nomena. The ability to actively deflect fluids within a micro-
system has many technological applications, for example,
active solid-state deflection of streams into different outlets
for sorting or analyzing of particle and analytes. The phe-
nomenon could also be used to rapidly switch different fluid
stream to different sensing points, allowing multiple analysis
steps to be performed in a single microfluidic channel. Dy-

namic control of flow focusing of fluids should be possible,
in a manner analogous to DEP-focusing of particles along
the center of a channel.16 With a high voltage �	40 Vpp�,
electrohydrodynamic instabilities were produced at the
boundary which could be exploited to drive chaotic mixing,
as demonstrated for dc fields.2
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