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Abstract This paper proposes the patterned AC electro-

osmotic flows (AC-EOF) by simply grouping discrete

electrodes together to form various electrode configura-

tions for generation of in-plane microvortices with clock-

wise/counter-clockwise rotation, and pumping flow in a

microchannel. The rotational direction of in-plane micro-

vortices and pumping flow direction can be controlled

using the same electrode pattern by simple switching of the

voltages on the electrodes. Microparticle image velocime-

try (lPIV) was used to characterize the flow fields of the

generated in-plane microvortices and pumping flow. The

rotational strength of microvortices and flow rates of

pumping flows were found to increase with the increase of

the applied voltages, and an optimal value was achieved at

an appropriately applied frequency. Moreover, the depen-

dency of the applied voltages, frequencies, and the heights

of the measured planes on the rotational strength of in-

plane microvortices between the interdigitated and discrete

electrode configurations were examined. The discrepancy

in electrode geometry results in a small performance

reduction, whereas it can be compensated for the ability of

switching the rotational direction of in-plane microvortices

using the same device. The configurable in-plane micro-

vortices and pumping flow in microchannels provide the

potential for micromixing applications and for the inte-

gration into a lab-on-a-chip system.

Keywords AC electroosmotic flows � AC-EOF �
In-plane microvortex � Pumping flow

1 Introduction

Recently, AC electroosmotic flow (AC-EOF) has attracted

an increasing research interest, and shown great potential

for lab-on-a-chip applications, such as fluid pumping

(Brown et al. 2001; Debesset et al. 2004; Kuo and Liu

2008), fluid mixing (Sasaki et al. 2006; Kim et al. 2007),

transportation (Tresset and Takeuchi 2005; Hilber et al.

2008), as well as concentration of bioparticles (Wong et al.

2004; Bown and Meinhart 2006), with its low-voltage

operation (\10 Vrms), and operated frequency below

1 MHz. Basically, AC-induced flow originates from the

applied AC voltage to planar electrodes immersed in a

liquid electrolyte. The applied AC voltage induced the

polarization of the electrode surface and the formation of a

diffuse charged layer (or called as the electric double layer

(EDL)) that serves to screen the external electric field

applied. This type of electrode polarization is known as

capacitive charging. Fluid movement is driven by the

interaction between the tangential component of the elec-

tric field and the charges within the EDL. In our previous

research (Huang et al. 2007), we demonstrated for the first

time the patterned AC-EOF flow using various interdigi-

tated electrode configurations to locally and simultaneously

generate in-plane microvortices of clockwise, counter-

clockwise, or pair rotation in a microchannel. By

employing the microvortices, we also demonstrated the

AC-EOF micromixer carried out for either rapid local
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mixing of two stationary fluids or continuous mixing of

two flowing fluids. However, the rotational direction of in-

plane microvortices predominately depends on the

geometric asymmetry of the interdigitated electrode con-

figurations, which cannot directly switch the clockwise and

counter-clockwise microvortices using the same electrode

configuration as shown in Fig. 1a.

To achieve this purpose, we need to have the ability to

reverse the flow direction. Recently, the AC-EOF pumping

flow has been shown to reverse the pumping direction at

higher voltages and frequencies using the same electrode

configuration (Studer et al. 2004; Olesen et al. 2006;

Gregersen et al. 2007). Although theoretical models for

pumping reversal have not been fully established, it has

been suggested that the reason for the flow reversal is

Faradaic charging or the injection of charges into the

solution from the water electrolytic reactions at the elec-

trode surface. The electrochemical reactions generate co-

ions on the electrode surface, where the electrical charges

develop with a polarity of the same sign as that of the

electrode. Thus, the flow direction driven by Faradaic

charging is opposite to that driven by capacitive charging.

Moreover, the undesirable effects associated with high

voltages could cause the formation of bubbles due to

electrolysis and the degradation of the electrodes. To

overcome this problem, the asymmetric electrode polari-

zation process was proposed to break the electrode sym-

metry (Wu 2008). A DC bias is superimposed onto AC

potentials, so that the two electrodes in a pair undergo

capacitive charging or Faradaic charging separately. By

controlling capacitive and Faradaic charging, it enabled to

reverse the flow direction using the same electrode

configuration with only a few volts of applied voltages.

Moreover, a numerical model for AC electroosmotic

pumping was proposed to demonstrate the possibility to

control the direction of the pumping velocity by grouping

similar electrodes together, in order to create configurable

asymmetries in periodic electrode arrays (Loucaides et al.

2007).

Here, we propose a configurable AC-EOF system based

on capacitive charging by simply grouping discrete elec-

trodes together to form various electrode configurations

for generation of in-plane microvortices with clockwise,

counter-clockwise rotation, and pumping flow in a micro-

channel. The rotational direction of in-plane microvortices

and pumping flow direction can be controlled using the

same electrode pattern by simple switching of the voltages

on the electrodes. Microparticle image velocimetry (lPIV)

was used to characterize the flow fields of the generated in-

plane microvortices and pumping flow. The rotational

strength of the generated in-plane microvortices, flow rates

of the pumping flow, and the performance discrepancy

between the interdigitated and discrete electrode configu-

rations were discussed in details in the following sections.

2 Design concept

2.1 The configurable AC-EOF systems

Figure 1 shows the schematic diagrams of the interdigita-

ted and discrete electrode configurations for generation of

in-plane microvortices with clockwise/counter-clockwise

rotation, and the configurable AC-EOF micropump with

the discrete electrode configuration in a microchannel.

Using the interdigitated electrode configuration, the local

generation of in-plane microvortices with clockwise and

counter-clockwise rotation has been successfully demon-

strated in our previous research (Huang et al. 2007) as

shown in Fig. 1a. The concept is derived from the micro-

pump based on the AC-EOF principle. Briefly, the direc-

tional pumping of the whole fluid for AC-EOF micropump
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Fig. 1 Schematic diagrams of a the interdigitated, b the discrete

electrode configurations for generation of in-plane microvortices with

clockwise/counter-clockwise rotation, and c the configurable AC-

EOF micropump with the discrete electrode configuration in a

microchannel

188 Microfluid Nanofluid (2010) 8:187–195

123



is dependent on the geometric asymmetry of the electrodes,

where a left-directed flow is produced for a series of paired

electrodes with each small electrode located on the right

side of the large electrode, and vice versa. To generate flow

patterns with a local in-plane microvortex, we can recon-

figure a pair of interdigitated electrodes with large and

small electrodes arranged side by side in an opposite

configuration, where the upper half and lower half of the

paired electrodes can simultaneously produce flows in

opposite directions. A locally in-plane microvortex with

the clockwise/counter-clockwise rotation would then be

realized. However, the rotational direction of in-plane

microvortices predominately depends on the geometric

asymmetry of the interdigitated electrode configuration,

which cannot directly switch the clockwise and counter-

clockwise microvortices using the same electrode config-

uration as shown in Fig. 1a and b.

Therefore, we proposed the configurable AC-EOF sys-

tems with the discrete electrode configuration for genera-

tion of in-plane microvortices with clockwise/counter-

clockwise rotation, and pumping flow in a microchannel

(Fig. 1b and c). The discrete electrode configuration is

composed of two pairs of large and small electrodes. By

applying the AC voltage on grouping electrode 1 and 2 with

grouping electrode 3 and 4, the new electrode configuration

(Fig. 1b, left) involves a pair of discrete electrodes in an

opposite configuration similar to the interdigitated electrode

configuration (Fig. 1a, left), where the upper half and lower

half of the electrodes can simultaneously produce flows

in opposite directions. An in-plane microvortex with the

counter-clockwise rotation would then be realized. Simi-

larly, by grouping electrode 1 and 3 with grouping electrode

2 and 4, a clockwise in-plane microvortex can be generated

using the same electrode configuration (Fig. 1b, right). In

addition, we also proposed a configurable AC-EOF micro-

pump with an array of the discrete electrode configurations.

By applying the AC voltage on grouping electrode 2, 3, and

4 with electrode 1, a series of the electrode configuration

with each small electrode located on the left side of the

large electrode (Fig. 1c, top), produces a right-directed

flow. Similarly, by grouping electrode 1, 2 and 3 with

electrode 4, a left-directed flow can be produced using the

same electrode configuration (Fig. 1c, bottom). By utilizing

the same electrode configuration while simply grouping

discrete electrodes together to form various electrode con-

figurations, we can directly switch the pumping flow

direction and in-plane microvortices with clockwise and

counter-clockwise rotation. The coordinate system shown

in Fig. 1 indicates that X-, Y- and Z-axis are the streamwise,

spanwise, and cross-stream coordinates. The origin of the

coordinate system is located at the centerline of the

microchannel on the substrate surface. The X, Y components

of the velocity are represented by U and V, respectively.

2.2 Performance analysis

According to the AC-EOF principle, the fluid flow of the

AC-EOF micropump is sensitive to the applied frequency

and voltage (Brown et al. 2001). It has been shown that

velocity profiles for AC-EOF have an optimal value at an

appropriately applied characteristic frequency f0 expressed

by Eq. 1

f0 ¼
kDr

ep2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xminxmax
p ð1Þ

where e and r are, respectively, permittivity and

conductivity of the solution, and kD is the thickness of the

double layer. xmin and xmax are the characteristic lengths for

the electrode configuration. xmin is equal to S=ð
ffiffiffi

k
p
þ 1=

ffiffiffi

k
p
Þ,

and xmax is equal to ðSþ E1þ E2Þ=ð
ffiffiffi

k
p
þ 1=

ffiffiffi

k
p
Þ. E1 and

E2 denote the widths of the large and small electrodes,

respectively, and S is the gap between them. k represents E1/

E2, which is the ratio of the electrode widths. By means of

the characteristic lengths measuring from an origin, a

conduction path that starts at a distance of x
ffiffiffi

k
p

from this

origin over the large electrode will end at a point x=
ffiffiffi

k
p

from

this origin over the small electrode (Brown et al. 2001) as

shown in Fig. 2. At the characteristic frequency f0 that gives

a maximum velocity, the theoretical average velocity (vave)

on the surface of the large electrodes is found to be

vave ¼
R xmax

xmin
\mDðxÞ[ dx

xmax � xmin

¼ W2m0

2ðxmax þ xminÞ
ð2Þ

where

m0 ¼
e

2l
ffiffiffi

k
p
ð1þ kÞ2

ð3Þ

W and l represent the applied potential and the viscosity of

the solution, respectively.

For the interdigitated electrode configuration, it consists

of a large electrode of width (E1), separated from a small

electrode of width (E2) by a small gap (S) (Fig. 2, top). For

the discrete electrode configuration, it consists of a large

electrode of width (Em), located at the middle of two small

electrodes of width (E2) separated by a small gap (S),

respectively (Fig. 2, bottom). The width (Em) of the large

electrode is equal to the E1–E2–S. To compare the

performance discrepancy, we set the E1 = 100 lm,

E2 = 20 lm, k = 5, and S = 20 lm for both the inter-

digitated and discrete electrode configurations. The

characteristic lengths of xmin, xa, xb, and xmax are then

calculated as 7.5, 42.1, 47.5, and 52.2 lm, respectively.

According to Eq. 2, at the characteristic frequency f0, the

theoretical percentage difference (g) of the average

velocity (vave) on the electrode surfaces between the

interdigitated and discrete electrode configurations is

expressed as:
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gð%Þ ¼
R xb

xa
\mDðxÞ[ dx

R xmax

xmin
\mDðxÞ[ dx

� 100%

¼ ðxmax þ xminÞðxa � xbÞ
ðxmax � xminÞðxa þ xbÞ

� 100% ð4Þ

The theoretical percentage difference (g(%)) of the

average velocity (vave) is then calculated about 8% on the

surface of the large electrodes in this case. This performance

reduction of the average velocity for the discrete electrode

configuration is derived from the decrease of the active

electrode area. Besides, taking kD = 100 9 10-9 m,

r = 0.003 X-1 m-1, and e = 7.08 9 10-8F m-1 for DI

water (Lee et al. 2006) as the working liquid into Eq. 1,

we obtained the theoretical resonant frequencies to be

2.17 kHz.

3 Experimental

The chips for generating AC-EOF were fabricated on a

1-mm thick glass substrate. A 200-nm thick gold layer with

a 20-nm thick chromium adhesion layer was evaporated on

the glass substrate. The electrode patterns were fabricated

through photolithography and patterned by a wet etching

process. The microfluidic channels of 5 cm length,

W = 600 lm width, and H = 200 lm depth were made

of polydimethylsiloxane (PDMS, Dow Corning, USA) by

using standard soft-lithography technique and precisely

bonded onto the electrode substrate after oxygen plasma

treatment. AC signals were provided by a function gener-

ator (Lecroy, LW120, USA) to the electrodes. Figure 3a–c

shows the images of the interdigitated and the discrete

electrode configurations as well as the configurable AC-

EOF micropump with an array of the discrete electrode

configuration, respectively. The configurable AC-EOF

micropump was designed with 100 subunits of the discrete

electrode configuration. The gap and pitch among the

subunits were 60 and 400 lm, respectively. The velocity

of the pumping flow and in-plane microvortices can be

controlled by the applied voltages, frequencies and the

electrode configurations.

Microparticle image velocimetry (lPIV) was used to

characterize the flow fields of the pumping flow and the

in-plane microvortices. For further information regarding

the setup of the lPIV technique used here, one might refer

to our previous literature (Huang et al. 2007). Briefly, the

in-plane microvortex patterns were observed at the X-Y

planes with different channel heights (Z = 20–180 lm) by

an adjustable optical stage with resolution of 1 lm, and the

fluid velocities were measured by lPIV technique. This

technique measures fluid motion by measuring the motion

of fluorescent tracing particles suspended in a working

fluid. The AC-EOF system was first operated at the applied

voltage and frequency for lasting at least 30 min to stabi-

lize the flow fields. The fluorescent particle images were

then recorded using an epi-fluorescence microscope with

the high-speed CCD. Polystyrene fluorescent-tagged par-

ticles, 1 lm in diameter at a volumetric density of 0.4%

were used in the experiment. The images were analyzed

using a cross correlation-based PIV software (TSI, Insight,

USA) to obtain velocity-vector fields, and averaging of the

ten data sets for each measurement to minimize variation in

velocity fields. The coefficient of variation (CV) of the data

calculated from the velocity fields for five different tests in

each the applied voltage and frequency was smaller than

5%. The result shows the convincible reproducibility of the

current AC-EOF system. The CV is defined as the ratio of

the standard deviation to the mean value.

4 Results and discussions

4.1 Characteristics of in-plane microvortices

and pumping flow

Figure 4a–c shows the velocity fields of in-plane micro-

vortex with clockwise/counter-clockwise rotation, and

pumping flow for the discrete electrode configuration

measured at the middle plane (Z = 100 lm) of the

kxminkxmin

kxmax

kxmax

+ + + +

n

t

+ + + +

m

kxb kxa

Fig. 2 The electric fields and characteristic lengths of the interdig-

itated and discrete electrode configurations in water at the instant that

the large electrode is at a positive potential and the small electrode is

at a negative potential (IEC and DEC indicate the interdigitated

electrode configuration and discrete electrode configuration,

respectively)
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microchannel using the lPIV technique under Vp-p = 16 V

at 2 kHz. By applying the AC voltage on grouping elec-

trode 1 and 3 with grouping electrode 2 and 4, we suc-

cessfully demonstrated the in-plane microvortex with the

clockwise rotation (Fig. 4a). We clearly observed the

microsphere tracer rotating clockwise in the depth of

focus of the observation system at the middle plane

(Z = 100 lm). Similarly, we can also demonstrate the in-

plane microvortex with the counter-clockwise rotation

(Fig. 4b). By utilizing the same electrode configuration

while simply grouping discrete electrodes together to form

various electrode configurations, we can directly switch in-

plane microvortices with clockwise and counter-clockwise

rotation. We also observed the in-plane microvortices at

the different heights of the measured X-Y planes ranging

from Z = 20 to 180 lm during the velocity field mea-

surement. Because the electrode configuration was only

fabricated at the bottom of the microchannel (Z = 0 lm),

the rotational strength of in-plane microvortices decreased

as increasing the heights of the measured planes from

Z = 20–180 lm. However, we could hardly see the

complete structure of in-plane microvortices below

Z = 40 lm. Instead, we observed the small out-of-plane

vortices above the small electrodes near electrode surfaces.

The small out-of-plane vortices deformed the structure of

in-plane microvortices. The size of the vortices was in the

same order of the magnitude as the width of the small

electrodes. In addition, by applying the AC voltage on

grouping electrode 2, 3, and 4 with electrode 1, we dem-

onstrated the possibility for generation of the pumping

flow. Figure 4c shows the velocity field of a right-directed

flow using one unit of the discrete electrode configuration.

The right-directed flow was successfully produced via

grouping electrode 2, 3, and 4 with electrode 1, where the

small electrode is located on the left side of the large

electrode. Accordingly, by extending one unit into an array

of 100 subunits of the discrete electrode configuration, a

right-directed pumping flow can be produced in the

microchannel.

To characterize the generated in-plane microvortices

using the discrete electrode configuration, we measured the

transverse velocity V(x) along the centerlines of micro-

channel across the clockwise microvortices operated at

applied voltages of Vp-p = 8–20 V and at 2 kHz, and

counter-clockwise microvortices operated at Vp-p = 16 V

and at 2 kHz, respectively (Fig. 5). All velocity profiles

were plotted together by defining the origin of X-axis

coordinate in Fig. 5 to be at the vortex core, where V(x) was

approximately equal to 0. The velocity profiles show typical

viscous microvortices, antisymmetric with respective to

the centerline of the microvortex. The magnitudes of V(x)

start to increase, reach maximum values, and decrease to

zero as they approach to the vortex core. For the clockwise

and counter-clockwise microvortices both operated at

Vp-p = 16 V and at 2 kHz, the distribution of transverse

velocity V(x) shows the same tendency and maximum val-

ues, but in the opposite direction. It indicates that the

rotational direction of the generated in-plane microvortices

can be controlled by simple switching of the voltages on the

electrodes without influence of the flow patterns.

To quantitatively characterize the active region size and

the rotational strength of the microvortex, we define the

length (Dactive) of the active region and the magnitude (X)

of the rotational strength as

Fig. 3 Images of a the

interdigitated and b the discrete

electrode configurations, and

c the configurable AC-EOF

micropump with an array of one

hundred subunits of the discrete

electrode configuration
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Dactive ¼ DRj j þ DLj j ð6Þ

X ¼ Vþmaxj j þ V�maxj j
XRj j þ XLj j

ð7Þ

where DR and DL denote the distances as V(x) decreases to

the 20% magnitudes of the maximum velocities (V?max and

V-max), as illustrated in the inset of Fig. 5. XR and XL

denote the distances where V(x) reaches at the maximum

values (V?max and V-max). As can be seen, the magnitudes

of the maximum velocity (Vmax) increase with the increase

in the applied voltages at Vp-p = 8–20 V. The increase in

the maximum velocity results in the increase of the active

region size (Dactive) indicating an expansion of the in-plane

microvortices with higher applied voltages. For instance,

V?max and Dactive are 27 lm/s and 0.32 mm for

Vp-p = 12 V, while 76 lm/s and 0.46 mm for

Vp-p = 20 V. Increasing the applied voltages can lead to

the expansion and increase of the rotational strength of the

in-plane microvortices.

Figure 6 shows the voltage dependence of the rota-

tional strength (X) for in-plane microvortices and maxi-

mum velocity (U) for pumping flow with an array of 100

subunits of the discrete electrode configuration at 2 kHz.

Increasing the applied voltages can lead to the increase

of the rotational strength of the in-plane microvortices

and the maximum velocity for pumping flow. Both the

rotational strength (X) and maximum velocity show the

same tendency of the voltage dependence. The tendency

corresponds to the flow velocities on the electrode sur-

face, which vary proportional with the square of the

applied voltages (shown in Eq. 2). Although the flow

velocities of the in-plane microvortices and pumping

flow can be adjusted by changing the applied voltages,

we found that it needed more than 10 min to stabilize the

flow velocity due to the inertial force after decreasing or

increasing the applied voltages. At a lower applied

voltage of Vp-p = 4 V, the rotational strength (X) of the

in-plane microvortex decreased to a smaller value of

0.1 s-1 at the middle plane (H = 100 lm) of the micro-

channel. A very weak rotation of the in-plane micro-

vortex was observed at Vp-p = 4 V. It indicates that the

penetration depth of the surface force originated from

AC-EOF was about 100 lm. Hardly, can we measure or

observe the in-plane microvortex at an applied voltage

below Vp-p = 4 V in the middle plane (H = 100 lm) of

the microchannel. At a higher applied voltage of

Vp-p = 20 V, a stronger rotation of the in-plane micro-

vortex and faster velocity of the pumping flow were

observed to last at least 30 min without generation of gas

bubbles and electrodes degradation. It is to be noted that

most of the AC-EOF micropumps reported in the

literatures encountered the problem of gas bubbles at

Vp-p = 20 V. It is attributed to the fact that the relatively

larger gap of 20 lm between the applied electrodes,

larger electrode width of 100 lm, and DI water used in

our experiments increased the threshold of the applied

voltages for occurrence of electrolysis. At an applied

voltage higher than Vp-p = 20 V, the electrodes degraded

and air bubbles generated because of unavoidable heating

and electrochemical reactions in the fluid. Future

improvement of the device should aim at reducing elec-

trode erosion, for example using new electrode materials

such as ITO (indium tin oxide) or to cover the electrodes

by using a dielectric protection film.

Fig. 4 Velocity fields of a the in-plane microvortex with clockwise,

and b counter-clockwise rotation, and c pumping flow for the discrete

electrode configuration measured at the middle plane (Z = 100 lm)

of the microchannel using the lPIV technique under Vp-p = 16 V at

2 kHz

192 Microfluid Nanofluid (2010) 8:187–195

123



4.2 Performance discrepancy of the interdigitated

and discrete electrode configurations

Figure 7a shows the frequency dependence on the rota-

tional strength (X) of in-plane microvortices and percent-

age difference (d(%)) of the rotational strength between the

interdigitated and discrete electrode configurations. The

percentage difference (d(%)) is calculated by (X* - X))/

X* 9 100%, where X* and X represent the rotational

strength of in-plane microvortices for the interdigitated and

discrete electrode configurations, respectively. At fixed

voltage (Vp-p = 16 V) while changing operated frequency

from 700 to 3.5 kHz, we found that the rotational strength

for in-plane microvortices reached a maximum value at a

frequency about 2 kHz for both the interdigitated and

discrete electrode configurations. The optimal rotational

strength at 2 kHz is approximately consistent with the

theoretical resonant frequencies to be 2.17 kHz. Note that

the discrepancy in electrode geometry between the inter-

digitated and discrete electrode configuration did not sig-

nificantly change the characteristic frequency. This is due

to the fact that the characteristic frequency (f0) in Eq. 1 is

directly related to the characteristic lengths of xmin, xmax,

and k = E1/E2, which are of the same values for both the

interdigitated and discrete electrode configurations in this

case. However, it seems to influence the magnitudes of the

rotational strength of in-plane microvortices at the given

applied voltage. The percentage difference (d(%)) of the

rotational strength was found to have a maximum value of

30% at the characteristic frequency of 2 kHz. At low fre-

quencies, the majority of the electric potential drop occurs

across the EDL. The tangential component of the electric

field is at a minimum stage at these frequencies. Therefore,

the percentage difference (d(%)) of the rotational strength

Fig. 5 The transverse velocity

V(x) along the centerlines of

microchannel across the

clockwise microvortices

operated at applied voltages of

Vp-p = 8–20 V and at 2 kHz,

and counter-clockwise

microvortices operated

at Vp-p = 16 V and at 2 kHz,

respectively (CW clockwise

rotation, CCW counter-

clockwise rotation)

Fig. 6 The voltage dependence of the rotational strength (X) for

in-plane microvortices and maximum velocity (U) for pumping flow

with an array of one hundred subunits of the discrete electrode

configuration at the middle plane (Z = 100 lm) of the microchannel

and at 2 kHz (The fitted curves: X or U = aVp-p
2 ? b, where a and b

are constants)
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decreased due to the significant decrease of AC-EOF

velocities for both the interdigitated and discrete electrode

configurations. At high frequencies, the net charge in

the EDL does not respond accordingly. The significant

decrease in AC-EOF velocities leads to the decrease of the

percentage difference (d(%)) of the rotational strength at

high frequencies. It indicates that the discrepancy in elec-

trode geometry did not have a significant contribution to

the AC-EOF velocities at both low and high frequencies.

Although the percentage difference (d(%)) has a maximum

value of 30% at the characteristic frequency of 2 kHz, this

is lower for other frequency. This performance reduction

can be more than compensated for being able to produce

configurable flow patterns using the same electrode con-

figuration. The percentage difference (d(%)) of the rota-

tional strength has a maximum value at the characteristic

frequency, which is consistently in agreement with the

previous literature in Loucaides et al. (2007). They used a

numerical model to indicate the same trend for a configu-

rable AC electroosmotic pumping by grouping similar

electrodes together.

Figure 7b shows the voltage dependence on the rota-

tional strength (X) of in-plane microvortices and percent-

age difference (d(%)) of the rotational strength between the

interdigitated and discrete electrode configurations. It can

be seen, for all the applied voltages, the rotational strength

of in-plane microvortices for the interdigitated electrode

configuration is larger than that of the discrete electrode

configuration. The percentage difference (d(%)) of the

rotational strength shows a constant value about 30% as

increasing the applied voltages from Vp-p = 12 to 20 V.

The result indicates that no matter what the voltages were

applied, the discrepancy in electrode geometry led to the

performance reduction around 30% between the interdigi-

tated and discrete electrode configurations at 2 kHz and at

the middle plane of the channel in this case. Changing the

operated frequency to low or high frequencies can result in

the decrease of the percentage difference (d(%)) as shown

in Fig. 7a. In addition, decreasing the discrepancy in

electrode geometry can also lead to the decrease of the

percentage difference (d(%)). However, according to Eq. 4,

the theoretical percentage difference (g(%)) of the average

velocity (vave) on electrode surfaces is 8%, which is sig-

nificantly smaller than 30% for the reduction of the rota-

tional strength measured at the middle plane of the

microchannel.

To examine the height effect of the measured X-Y

planes, we measured the rotational strength of in-plane

microvortices at the X-Y planes with different channel

heights (Z = 40–180 lm) as shown in Fig. 7c. The result
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Fig. 7 Dependence of a the applied voltage, b the operated

frequency at the middle plane (Z = 100 lm), and c the height of

the measured X-Y planes on the rotational strength of in-plane

microvortices, and percentage difference (d(%)) of the rotational

strength for the interdigitated and discrete electrode configurations

(IEC and DEC indicate the interdigitated electrode configuration and

discrete electrode configuration, respectively)
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shows that the rotational strength (X) of in-plane micro-

vortices for the interdigitated and discrete electrode con-

figurations decreased with increasing heights of the

measured X-Y planes. This is due to the fact that the applied

electrodes were only located at the bottom of the substrate.

Figure 7c also shows the height dependence of the

percentage difference (d(%)) of the rotational strength

between the interdigitated and discrete electrode configu-

rations. The percentage difference (d(%)) was found to

have a maximum 30% at the middle plane (Z = 100 lm)

of the microchannel. As decreasing the height of the

measured planes to be at Z = 40 lm near the applied

electrode surfaces, the performance reduction of the rota-

tional strength is about 13%, which is close to the theo-

retical percentage difference (g(%)) of the average velocity

(vave) about 8% on the electrode surfaces. It indicates that

the decrease of the height of the X-Y planes near the

applied electrode surfaces can decrease the percentage

difference (d(%)) between the interdigitated and discrete

electrode configurations due to the discrepancy in electrode

geometry. With the increasing height of the X-Y planes

from Z = 100 to 180 lm, the percentage difference (d(%))

decreased due to no slip condition on the channel surface,

where the velocity significantly decreased for both inter-

digitated and discrete electrode configurations.

5 Conclusion

We proposed a novel design concept of the configurable

AC-EOF systems by simply grouping discrete electrodes

together to form various electrode configurations for gen-

eration of in-plane microvortices with clockwise/counter-

clockwise rotation, and pumping flow in a microchannel.

The rotational direction of in-plane microvortices and

pumping flow direction can be controlled using the same

electrode pattern by simple switching of the voltages on the

electrodes. Although a performance reduction between the

interdigitated and discrete electrode configurations existed,

this can be reduced by the decrease of the discrepancy in

electrode geometry. This small performance reduction can

be more than compensated by the ability of switching the

pumping flow direction or the rotational direction of in-

plane microvortices using the same device. Moreover, by

employing the configurable in-plane microvortices and

pumping flow, the AC-EOF micromixer can be used for

continuous mixing of two flowing fluids for micro mixing

applications. Simple fabrication and easy operation also

provide the potential for the integration into a lab-on-a-chip

system.
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