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We demonstrate a microelongational streaming generated by nonlinear electro-osmosis with
high-frequency ac polarization. The phenomenon is attributed to the unique rectification mechanism
that coordinates three-dimensional flow interactions between adjacent microvortices in an
asymmetric quadrupole electric field. This streaming exhibits a stagnation-point structure with
velocity of 300 �m/s at 100 Hz due to Faradaic polarization, but is reversed with slower velocity
at 1 kHz by Ohmic charging. The measured extensional rate shows a quadratic dependence on the
field in line with nonlinear Smoluchowski scale. The flow can be ready to control fluid transport and
manipulate particles in microdevices. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2717146�

As the ability to control fluid motion and particle trans-
port becomes a key to fulfilling a variety of functions in
microfluidic devices, high-frequency ac electrokinetics pro-
vides a promising tactics for managing transport processes in
small scales. It not only prevents from bubble generation
commonly encountered in dc fields but also offers a precise
manipulation capacity with relatively simple device designs.
In this letter, we will utilize ac electrokinetics principles
to demonstrate an example of engineering the flow in
microscales.

Most of the electrokinetic flows are attributed to electro-
osmosis �EO� that arises from the movement of mobile
charge clouds driven by electric fields within the thin double
layer of 10–100 nm. In classical electrokinetic theory, EO
can be thought as a slip flow with a characteristic Smolu-
chowski velocity U=−��E /�, where � is the permittivity of
the fluid, � the viscosity, � the surface zeta potential, and E
the applied field. However, as the irrotational nature does not
permit vortices or closed streamlines, precise manipulation
�e.g., mixing fluids or trapping particles� using pure EO
�in the absence of pressure gradients� under dc fields will be
impossible unless nonuniform charges are imposed on the
surfaces1 or other electrokinetic effects �e.g., electrophoresis
due to charged particles� are included.2 In addition, it could
be susceptible to bubble formation or Faradaic reactions, es-
pecially if a device comprises microelectrodes that often pro-
duce large fields over small distance and hence set off
Faradaic currents. All these shortcomings can be remedied
by applying ac fields at frequencies much higher than the
inverse Faradaic reaction time. At such high frequencies, un-
like classical electrokinetics under dc fields, rapid charging
and discharging make the double layer charges no longer at
Poisson-Boltzmann equilibrium. Consequently, the external
field will penetrate the double layer and hence produce a
transient current, charging the double layer like a capacitor.
As the charging varies with positions along the electrode, the
induced double layer charges will become polarized with a
nonuniform � potential of an order of the applied voltage

V�EL, with L being the electrode dimension or separation.
While the field flips its polarity every half cycle and so does
the induced polarization, the directions of the tangential
Maxwell forces for driving the double layer charges remain
unchanged. This in turn creates a time-average EO with ve-
locity scale,3

U �
�V2

�L
, �1�

which is much faster than the dc Smoluchowski velocity by
a factor of V /�. If the driving frequency � is too high, the
double layer will be hardly charged by the field and hence
the flow will become sluggish. At very low �, however, the
external field �working at moderate voltages to avoid severe
Faradaic currents� tends to be screened by the double layer,
diminishing the tangential Maxwell forces for driving the
flow. Therefore, the appropriate frequency for sustaining an
ac electrokinetic flow at velocity scale �Eq. �1�� must be in a
range near the inverse RC time,4 D / ��L�, where D is the
ionic diffusivity and � the double layer thickness. In addi-
tion, there are two routes driving the flow: Ohmic charging
and Faradaic charging,5 as illustrated by a pair of coplanar
electrodes �Fig. 1�.

For Ohmic charging �Fig. 1�a�� where there is no Fara-
daic current injection, the external field is partially screened
by the double layer counterions, so the tangential field is in
phase with the polarization. The resulting surface flow is
outward and gives rise to a pair of microvortices above the
electrodes. As for Faradaic charging �Fig. 1�b�� which occurs
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FIG. 1. �Color online� Routes driving an electrokinetic flow due to ac po-
larization. �a� Ohmic charging and �b� Faradiac charging.
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at relatively low frequencies, since the coions tend to build
up at the electrodes, the polarization will become the oppo-
site of that in Ohmic charging and thereby reverse the circu-
lating direction of the induced vortices. As the strong Fara-
daic charging will increase the zeta potential indefinitely
because of the coion buildup and eventually generate
bubbles,5 scaling Eq. �1� holds only when the electrodes are
ideally polarized or Faradaic currents are small.

Here, we demonstrate an elongational streaming rectified
by asymmetric ac electro-osmotic flow. Although a similar
structure using ac fields has been shown previously,6 it was
in part triggered by electrothermal effects using an additional
laser source. Our flow system is driven purely by ac electro-
kinetic effects without moving parts. The main feature of our
device consists of four T-shaped microelectrodes in a con-
figuration for producing an asymmetric quadrupole field sup-
plied by a function generator �Agilent 33220A�. The gold
electrodes have dimensions of 100 �m in width and 200 or
350 �m in length. The gap between the adjacent electrodes
is 75 �m. The working electrolyte is a 10−3M NaCl solution
with the estimated double layer thickness of 30 nm. Adding
the fluorescent latex particles of 0.92 �m in diameter as
tracer particles in the solution, the flow patterns are observed
at 50 �m above the electrode surface using a fluorescence
microscope �Nikon TE2000-S� and recorded using a cooled
intensified charge coupled device camera.7 In experiments,
we choose the driving frequency ranging from 102 to 103 Hz
around the inverse RC time D / ��L� and vary the electric
field from 10 to 20 Vp.p. �peak-to-peak voltage�.

Figure 2�a� shows a stagnation-point flow in the middle
region at 100 Hz under 20 Vp.p.. The flow enters from the

north and south electrodes, impinges in the middle, and then
leaves toward the east and west electrodes. This flow is fur-
ther surrounded by a number of superfast microvortices of
400 �m/s near the sharp electrode edges. The highest veloc-
ity in the middle region is approximately 300 �m/s for the
fluid approaching the edges of the east and west electrodes.
We identify that this two-dimensional elongational streaming
is a result of asymmetric three-dimensional flow rectifica-
tion, as illustrated in Fig. 2�b�. Near the electrode, a strong
flow ejects from the inner edges of the electrode, moves
upward toward the center in the middle region, and recircu-
lates back to the electrode surface. This flow behavior is
mainly driven by Faradaic charging �Fig. 1�b��, as also indi-
cated by the highlighted region in Fig. 2�a� that there are
spots devoid of particles around the electrode corners where
inward flow between the interelectrode space tends to deplete
particles out of the electrode surfaces. In the middle region,
since the local electric fields created by east and west elec-
trodes are higher than those by the north and south ones due
to shorter electrode length in the former, the induced vortices
are much stronger in the east-west direction. This creates an
asymmetric vortex pair between adjacent electrodes and thus
rectifies the flow when these vortices come across each other
in the middle region. As the flow �represented by tracer par-
ticles� ejected from the north and south electrodes arrives
near the center in the middle region, instead of returning
back to the electrodes to form a recirculating flow, it is redi-
rected by stronger streams from the east and west electrodes
and moves toward them. As a result, the flow behavior in a
two-dimensional view portrays like a stagnation-point flow
diverging along the horizontal axis.8

FIG. 3. �Color online� Flow pattern at 1 kHz under 20 Vp.p.. �a� Converging
stagnation-point flow in the middle with particle trapping zones as high-
lighted �in yellow� at the electrode corner. �b� Flow rectification mechanism.

FIG. 2. �Color online� Flow pattern at 100 Hz under 20 Vp.p.. �a� Diverging
stagnation-point flow in the middle with particle depletion zones as high-
lighted �in yellow� at the electrode corner. �b� Flow rectification mechanism.
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However, at 1 kHz, a similar elongational flow pattern is
observed, but with the opposite flow direction �Fig. 3�. The
reverse of the flow is attributed to a shift of the charging
mechanism from Faradaic charging at low frequencies to
Ohmic charging at high frequencies. The highest velocity in
the middle region is approximately 50 �m/s, which is
smaller than that via Faradaic charging at 100 Hz since the
double layer screening is stronger for Ohmic charging. Also,
because such a sluggish flow is less effective to coordinate
rectifying effects between the electrodes, the elogational flow
can only be sustained for no more than 10 s. In addition, we
find considerable particle trapping/accumulation at the elec-
trode corners, as the flow induced by Ohmic charging tends
to bring particles from the bulk toward the electrode gap
�Fig. 1�a��.

Figure 4 is the measured extensional rate �̇ at 100 Hz
�Faradaic charging� as a function of the applied voltage V.
Note that there is no apparent elongational streaming ob-
served at voltage below 10 Vp.p.. The result shows that �̇
follows a quadratic scale in V in accord with scaling Eq. �1�.
This suggests that net Faradaic currents on the electrodes
could be small over a cycle. As the coion ejection likely
occurs only locally on the electrodes, the incomplete double
layer screening not only makes tangential polarization at
work but also allows the induced EO to be enhanced by
small Faradaic leakage. In addition, the largest extensional

rate is �4 s−1 and comparable to that created purely by hy-
drodynamic extensional flow in microchannels.9

In conclusion, we demonstrate an elongational flow
purely driven by ac electrokinetics. There are two underlying
principles for this strategy. First, the electrode configuration
must be asymmetric to permit a net flow generated from a
pair of electrodes,10 a rectified streaming would be impos-
sible if the electrode pair is perfectly symmetric. Second, the
flow must be strong enough to render a sufficient penetration
depth in which flow rectification between neighboring elec-
trodes can sustain the streaming; otherwise, the flow will be
simply recirculating upward or downward near the electrode
edges and attenuated very rapidly away from the electrodes.
In addition, as the mobility of this flow grows linearly with
the applied field, it can reach as high as about 105 �m2/ �V s�
which is at least an order of magnitude faster than conven-
tional EO under dc fields. As such, this elongational stream-
ing, in concert with charge polarization regulated by ac
fields, is robust and advantageous for precise control and
manipulation of fluids or particles in small scales.

This work is support by the National Science Council of
Taiwan under Grant Nos. NSC 95-2221-E006-310 of one of
the authors �H.H.W.� and NSC 95-2221-E006-405 of one of
the authors �Y.J.J.�

1A. Ajdari, Phys. Rev. Lett. 75, 755 �1995�; A. D. Stroock, M. Weck, D. T.
Chiu, W. T. S. Huck, P. J. A. Kenis, R. F. Ismagilov, and G. M.
Whitesides, ibid. 84, 3314 �2000�; Y.-J. Juang, X. Hu, S. Wang, L. J. Lee,
C. Lu, and J. Guan, Appl. Phys. Lett. 87, 244105 �2005�.

2X. Hu, S. Wang, Y.-J. Juang, and L. J. Lee, Appl. Phys. Lett. 89, 084101
�2006�.

3A. Gonzalez, A. Ramos, N. G. Green, A. Castellanos, and H. Morgan,
Phys. Rev. E 61, 4019 �2000�.

4Here the RC time �=RbCD can be understood in a sense that the double
layer with capacitance CD�� /� is charged by an external field through
the bulk resistor Rb�L /� with the conductivity �.

5D. Lastochkin, R. Zhou, P. Wang, Y. Ben, and H.-C. Chang, J. Appl. Phys.
96, 1730 �2004�.

6A. Mizuno, M. Nishioka, Y. Ohno, and L.-D. Dascalescu, IEEE Trans. Ind.
Appl. 31, 464 �1995�.

7Having the electrode system housed in a slide-thick polydimethylsiloxane
microchannel �of length of 5.5 cm, width of 0.2 cm, and depth of
120 �m�, we turn the entire device upside down on the platform for ob-
serving the flow using an inverted microscope without being interfered by
the electrodes.

8We also observe the flow pattern near the bottom surface and find that the
extensional flow structure is virtually identical to that �at 50 �m� above
the surface. In addition, the measured extension rate is 3 s−1 under 20 Vp.p.

at 100 Hz, which is close to 4 s−1 above the surface under the same con-
dition. All the evidence above suggests that the rectified extensional flow
is indeed nearly two-dimensional despite its three-dimensional origin.

9T. T. Perkins, D. E. Smith, and S. Chu, Science 276, 2016 �1997�; D. E.
Smith and S. Chu, ibid. 281, 1335 �1998�.

10A. B. D. Brown, C. G. Smith, and A. R. Rennie, Phys. Rev. E 63, 016305
�2000�; A. Ramos, A. Gonzalez, A. Castellanos, N. G. Green, and H.
Morgan, ibid. 67, 056302 �2003�.

FIG. 4. �Color online� Dependence of the extensional rate on the applied
voltage at 100 Hz. The data are measured by tracking the movements of the
tracer particles in a range of 30−60 �m above the bottom surface. Different
symbols are the data measured at various horizontal distances away from the
stagnation point.

134103-3 Wu et al. Appl. Phys. Lett. 90, 134103 �2007�


