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Abstract 
 
In numerical studies on microscale electroosmotic flows, the electric double layer (EDL) effect is usually predicted 

by solving the traditional Navier-Stokes equation subjected to the slip velocity induced by the electric-charged wall as a 
boundary condition. Recently, Suh and Kang (Physical Review E 77, 2008) presented the asymptotic solutions of the 
ion transport equations near a polarized electrode under the action of an AC field, and then proposed a new theoretical 
model of the slip velocity on the electrode considering the ion adsorption effect. In the present paper, we apply the 
model to a two-dimensional AC-electroosmotic flow in a microchannel to calculate the slip velocity on a pair of copla-
nar asymmetric electrodes embedded on the bottom wall, and then experimentally measure the slip velocity using the 
micro-PIV technique to validate the theoretical model. Comparison shows an excellent overall match between the theo-
retical and experimental results, except for on the narrow electrode at low frequencies. Next, we numerically perform 
parametric studies regarding the AC frequency, effective Stern-layer thickness and ion adsorption effect to further un-
derstand the characteristics of the AC electroosmotic flow. Results show that, as the frequency increases, the slip veloc-
ity also increases. In addition, the velocity decreases with increasing either Stern-layer thickness or ion adsorption ef-
fect. 
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1. Introduction 

A charged solid wall when brought in contact with 
an electrolyte containing free ions attracts the counte-
rions dissolved in the electrolyte and repels the coions, 
resulting in the unbalanced distribution of ions in the 
very thin layer immediately next to the surface. Such 
a layer is called the electric double layer (EDL) and 
the net charge in the layer has to electrically counter-
balance the surface charge. Note that most dielectric 
substances become naturally charged, mainly with a 
negative sign due to the ionization of a surface group 
or ion absorption, when in contact with an aqueous 

solution. In addition, the surface charge can also be 
obtained artificially by embedding an electrode on the 
surface and supplying a direct-current (DC) potential 
on it. If the electric field is externally applied tangen-
tially to the surface, all the fluid out of the layer as 
well as in the layer is forced to flow along the surface 
because of the electro-migration of ions and the fluid 
viscosity. Such an electrokinetic flow is called the 
DC-electroosmotic flow (DCEF) and can be very 
usefully exploited to pump and mix fluids in micro-
scale channels (see Li [1] for a more detailed review). 

If an alternating-current (AC) potential is imposed 
on the electrodes (usually in pairs), on the other hand, 
another kind of flow pattern is observed. Two copla-
nar electrodes which are embedded with a small gap 
on a wall surface immersed in an electrolyte solution 
generate a new unsteady distribution of ions in the  
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Fig. 1. A schematic diagram describing the mechanism of the 
AC-electroosmotic flow (ACEF): (a) electric field and (b) 
fluid flow. 
 
solution when the AC potential is applied with oppo-
site signs on the electrodes, as shown in Fig. 1. In the 
first half-period when the left electrode is positively 
charged and the right one is negatively, the excess 
anions are accumulated onto the left electrode and the 
excess cations are onto the right one, leading to the 
formation of a nonuniform unsteady electric field. On 
both electrodes, nonzero tangential components of the 
electric field (denoted by xE  in the figure) are pro-
duced and they all are directed from the left side to 
the right. Accordingly, the excess anions accumulated 
on the left electrode are forced to move toward the 
left side, whereas the excess cations on the right elec-
trode are to move toward the right side. In other 
words, the fluid surrounding them near the electrodes 
is also driven to flow from the center of the gap to 
both outer edges of the electrodes, giving rise to the 
secondary flow pulled down toward the surface to fill 
the depleted region around the gap center. In the sec-
ond half-period where the sign of the AC potential is 
reversed, on the contrary, the direction of the electric 
field and the signs of the excess ions on both elec-
trodes are simultaneously reversed, indicating that the 
direction of the induced secondary flow stays un-
changed. After all, a steady flow is generated even 
under the action of the AC potentials on the coplanar 
electrodes, mainly at moderate to high frequencies, 
and is called the AC-electroosmotic flow (ACEF) [2]. 

Because of such steady flow characteristics, ACEF 
can also be applied to pump and mix fluids in micro-
scale channels [3-9]. Recently, increasingly more 
attention has been paid to ACEF because of its many 
advantages compared with DCEF. It requires so small 
voltage (less than 5V) that the electrode degradation 
can be reduced and the air-bubble generation can be 
prevented. In addition, the fluid properties are not 
significantly changed and the energy consumption is 
very low. 

The Poisson-Nernst-Planck (PNP) model and Pois-
son-Boltzmann (PB) model have been successfully 
applied to the numerical simulations of electroosmo-
tic flows in microscales [1, 10-12]. In addition to the 
momentum equations containing the electric force 
term for the flow field, the PNP model requires solv-
ing the Nernst-Planck equation and Poisson equation 
for the ionic distribution and electric potential, respec-
tively, whereas the PB model needs to apply the 
Boltzmann-distribution assumption for the ionic dis-
tribution and solve the Poisson equation for the elec-
tric potential. In addition, another kind of numerical 
model, usually called the slip-velocity model, has 
been also applied to the numerical simulations be-
cause it can significantly reduce the computational 
effort compared to PNP and PB models [13-15]. In 
microscale electroosmotic flows, most of the excess 
charges are clustered in the EDL adjacent to the wall 
surface whose thickness is very small compared with 
the channel dimension. That is, the electric force is 
exerted only in this layer and thus the fluid is driven 
to move there. Then, the fluid in the bulk is forced to 
also move by the fluid motion in the EDL due to the 
fluid viscosity. If the velocity in the EDL is known in 
advance, therefore, the momentum equation without 
the electric force term (i.e., Navier-Stokes equation) 
can be directly solved for the flow field in the bulk 
region. In such a case, the electric effect has to be 
replaced with the tangential velocity at the solid wall, 
usually called the slip velocity, as a boundary condi-
tion. In the DC case, the slip velocity, slipu , can be 
obtained relatively easily by using the well-known 
Helmholtz-Smoluchowski equation [16]: 

 
0

slip
s

u ,
x

εε ζ φ
η

∂=
∂

 (1) 

 
where ε  is the relative permittivity (dimensionless) 
of the fluid, 0ε  the dielectric permittivity of the vac-
uum, η  the fluid viscosity, ζ  the zeta potential,  
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Fig. 2. Schematic diagrams of the flow geometry and elec-
trode array. 
 
φ  the external electric potential, and sx  the wall-
tangential coordinate. The external potential φ  is 
almost undisturbed by the existence of EDL because 
either the wall is parallel to the electric field φ∇  or 
the zeta potential remains small in magnitude. In the 
AC case, however, the slip velocity cannot be ob-
tained so easily, mainly because the external potential 
is significantly disturbed by the EDL and it is to be 
determined from the interaction between the bulk and 
the EDL in terms of the ion transport. For the efficient 
application of the model, therefore, accurate informa-
tion of the slip velocity on the electrodes is indispen-
sable. 

So far, some researches have been numerically and 
experimentally performed on the slip veocity on the 
electrodes under the action of AC [2, 17-19]. Gon-
zález et al. [17] derived the slip velocity on the mi-
croelectrodes subjected to the AC potential, using a 
simple capacitor model, under the assumption that the 
double-layer thickness is much smaller than the elec-
trode dimension and the linear approximation applies. 
Subsequently, Green et al. [2] calculated the potential 
drop across the EDL at the surface of the electrodes 
using the linear EDL theory and also the impedance 
of the EDL obtained from the experimental data, and 
then predicted the AC slip velocity on the electrodes 
using the Helmholtz-Smoluchowski formula. Very 
recently, Suh and Kang [19] showed that the electric 
layer near an electrode surface under an AC electric 
field should be of a triple-layer structure: the Stern 
layer, inner layer and middle layer (or buffer layer). 

Then, they presented a new asymptotic model for 
computing the slip velocity by incorporating the ef-
fect of the ion adsorption onto the electrode. The 
model is composed mainly of solving the Laplace 
equation for the electric potential in the bulk region 
and a dynamic equation for the evolution of the sur-
face charge on the electrode representing the ion 
transport within the layer. Despite much advancement 
of the slip-velocity model, the model was applied 
only to one-dimensional flow in the study. 

In the present study, we numerically apply the 
theoretical model proposed by Suh and Kang [19] to 
the two-dimensional AC electroosmotic flow on a 
pair of coplanar asymmetric electrodes embedded on 
the bottom wall of a rectangular channel to calculate 
the slip-velocity distribution. To validate the model, 
we also measure the slip velocity using micro-PIV 
(particle image velocimetry) technique and compare 
the experimental results with the numerical ones. 
After that, we perform numerical parametric studies 
regarding the AC frequency, effective Stern-layer 
thickness and ion adsorption effect to further under-
stand the characteristics of the AC electroosmotic 
flow. This would contribute to further understanding 
of the AC electroosmotic flows in microfluidic de-
vices.  
 
2. Numerical methods 
2.1 Flow geometry 

Fig. 2 shows details of the flow geometry and elec-
trode array used in the present study. The fluid is 
pressure-driven to flow through a very long channel 
with a uniform rectangular cross section of 
200µm×100µm (width and height) and a pair of co-
planar electrodes embedded on the bottom wall. The 
electrode pair is composed of two electrodes sepa-
rated by a small gap, 20 µm, with different widths, 
32.5µm (narrow electrode) and 147.5µm (wide one), 
but the same length, 400µm. In other words, the elec-
trode array occupies the whole bottom wall of the 
channel over the length 400µm. For the AC elec-
troosmosis, the AC electric potential is imposed on 
both electrodes with opposite signs. Note that the 
length of the electrode pair is taken long enough so 
that the flow can be considered two-dimensional in 
the numerical simulation. For convenience, the Carte-
sian coordinate system, (X,Y,Z) , is adopted with its 
origin at the outer edge of the narrow electrode on the 
inlet, as shown in Fig. 2. As a working reference fluid, 
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a sodium chloride solution (NaCl, 1mM) is used to 
analyze the slip velocity. The reason for applying a 
pressure gradient along the longitudinal direction is 
that by measuring the longitudinal velocity we can 
estimate the vertical coordinate of a fluid particle of 
interest for measuring the flow field on a horizontal 
plane; both flows are assumed to be decoupled [20]. 
 
2.2 Theoretical model and numerical methods for 

the slip velocity 

To compute the slip velocity on the pair of elec-
trodes under the action of AC external electric field, 
we employ the theoretical model proposed by Suh 
and Kang [19] in the present study, which can be 
described as follows: 

 
(i) Get the distribution of the external electric poten-

tial, φ , over the whole bulk region by solving the 
following Laplace equation subjected to an appro-
priate boundary condition at the wall, wφ  (to be 
given later):  

 
2 0.φ∇ =  (2) 

 
Then, get the normal component of the electric 
field at the wall, ( )n w

/ xφ∂ ∂  ( nx  denotes a 
wall-normal coordinate), from the solution. 

(ii) Update the dimensionless surface-charge density 
at the wall, q , as follows: 

 

dif

T n w

dq 2 ,
dt (1 ) x

ωλ φ
β ς

⎛ ⎞∂= ⎜ ⎟+ ∂⎝ ⎠
 (3) 

 
where t  denotes the time, ω  the angular fre-
quency of the AC potential, difλ  the diffusion 
length scale or the middle-layer thickness 
( dif D /λ ω=  where D  is the ionic diffusivity), 
and Tς  the thermal potential. In addition, β  is 
a dimensionless parameter defined as  

 
( )
( )

2
max 0

2 2
dif 0 0

8 2 8 16 c q
,

16 q 4 8 c c q

α γ α γ
β

λ γ α α γ

Γ + +
=

+ + +
 (4) 

 
where 

max
Γ is the maximum available dimen-

sionless surface concentration of both ions ad-
sorbed at the interface, 0c  the bulk concentra-
tion of both ions, ( )2

dif d/ 2γ λ λ= (usually very 
large; here, dλ  is the Debye screening length), 

and α  the parameter to control the increase rate 
of ionic surface concentration adsorbed upon 
change of ion concentration at the interface (see 
Suh and Kang [19] for details). 

(iii) Calculate the electric potential at the wall, wφ , as 
follows: 

 

T Seff
w oo S i

dif

V cos t q ,
2

γς λφ ω φ φ
λ

⎛ ⎞
= + − ∆ − ∆⎜ ⎟⎜ ⎟

⎝ ⎠
 (5) 

T Seff Seff
S a

0dif

q ,
2

γς λ λφ σ
εελ

⎛ ⎞ ⎛ ⎞
∆ = − −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

 (6) 

2

i T 2

16 q q
ln ,

16 q q
γφ ς
γ

⎛ ⎞+ −
⎜ ⎟∆ =
⎜ ⎟+ +⎝ ⎠

 (7) 

 
where Sφ∆  and iφ∆  denote the potential drops 
over the Stern layer and inner layer, respectively, 

00V  the amplitude of the AC potential, and Seffλ  
the effective Stern-layer thickness. In addition, 

aσ  denotes the dimensionless surface charge 
density caused by the ion adsorption at the inter-
face, which can be directly calculated as follows: 
 

2
max 0

a 2
0 0

ze c q 16 q
,

4 8 c c q
α γ γσ
α α γ

Γ +
=

+ +
 (8) 

 
where z  is the ionic valence and e  the ele-
mentary electron charge.  

(iv) Increase the time level and repeat (i)-(iii). 
 

Based on the temporal evolution of the electric po-
tential, the instantaneous slip velocity, wu , on the 
electrode surface can be calculated as follows: 

 

0 w
w i

s

u ,
x

εε φφ
η

⎛ ⎞∂= ∆ ⎜ ⎟∂⎝ ⎠
 (9) 

 
where wφ  needed for w s/ xφ∂ ∂  comes from the 
solution of Eq. (2). Finally, the steady slip velocity is 
given by taking the temporal averaging of the instan-
taneous one (9) over one cycle of the AC excitation as 
follows: 
 

0 w
slip i

s

u ,
x

εε φφ
η

∂= ∆
∂

 (10) 

 
where < > denotes the time average.  

We obtain the steady slip velocity on the pair of 
electrodes by applying the theoretical model to a two- 
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Fig. 3. Experiment setup: (a) real photo of the overall setup, 
(b) schematic diagram of the setup, and (c) schematic details 
of the test-section part. 
 
dimensional cross section of the channel (on the XZ  
plane in Fig. 2) under the assumption that the channel 
is long enough. The SOR (successive over relaxation) 
method is used to solve the Laplace Eq. (2), while the 
Euler method is used to solve the time-evolution Eq. 
(3). 
 

3. Experimental setup and methods 

To validate the theoretical slip-velocity model, we 
perform experimental measurements using the micro-
PIV system and then compare the numerical results 
with the experimental ones. The experimental setup 
used in the present study is shown in Fig. 3. For the 
experiment, LABVIEW is used to impose the AC 

potential on the microelectrodes and a CCD camera 
of 1360×1024 pixels and a microscope (BX51: 
Olympus) are used for observation and data-recording.  

We use the PDMS channel, which is fabricated by 
pouring a mixture of Sylgard 184 silicon elastomer 
(DC-184A) and curing agent (DC-184B) (10:1) onto 
a mould, followed by curing it for 24 hours at 23oC. 
The cured PDMS is separated from the model. Then 
two holes are made at the end of the channel, using a 
2-mm circular punching device, and are connected to 
the syringe pump and a waste box. Bonding of the 
PDMS and ITO glass substrate is made by using a 
high frequency generator (plasma generator, BD-
10A). After the plasma-generator treatment, -CH3 on 
the PDMS surface is replaced with H2O and CO2. As 
a result, Si-O-Si covalent bonding occurs between the 
glass substrate and PDMS [21]. Note that only the 
bottom surface made of ITO glass is to be considered. 
Although the zeta potential on the PDMS surface is 
known to evolve in time, it should not cause any ex-
perimental difficulty. The flow through the channel is 
pressure-driven by a syringe pump. As shown in Fig. 
2, the configuration of the channel and electrode array 
is exactly the same as that used for the numerical 
simulation.  

For the fluid, we use a sodium chloride solution 
(NaCl, 1mM) as a working reference fluid to analyze 
the slip velocity. In particular, the solution is chosen 
with the purpose of reducing the effect of ion concen-
tration oscillation. The flow through the microchannel 
is observed by seeding particles. It is required that the 
particles should efficiently scatter light and be suffi-
ciently small compared to the channel dimension. To 
avoid the Brownian motion, however, the particles 
should be bigger than 500nm [22, 23]. By selecting 
the particles with a nominal diameter of 1µm, we 
expect the effect of the Brownian motion to be sub-
stantially reduced [24]. At this time, the red fluores-
cent polymer micro spheres from Duke Scientific 
Corporation are used. The electrophoresis due to the 
particle can cause oscillation under an AC electric 
field. Only when the particles are attached onto the 
edge of the channel can a very weak oscillation be 
observed. Therefore, we can assume that the particle 
motion should be mostly ascribed to the fluid motion 
and the electrophoresis effect should be neglected. In 
other words, we expect that the particle motion 
should measure the real fluid motion.  
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Fig. 4. One sample frame taken from the experiment, demon-
strating how to measure the slip velocity. 
 
 

4. Results and discussions 

4.1 Experimental results 

In the experiment, the average velocity is set as 
50µm/s. At first, we bring the surface of the elec-
trodes into focus. Then the 3V AC potential is applied 
onto the electrodes. To see the effect of the AC fre-
quency on the slip velocity, experimental measure-
ments are made for the frequencies ω = 100Hz, 
200Hz, 300Hz, 500Hz, 1,000Hz, 2,000Hz, 3,000Hz 
and 5,000Hz. The camera speed is 20 frames per sec-
ond and a total of 400 frames are taken for each fre-
quency. In each frame, the particles attached onto the 
electrode surface can be recognized easily because the 
surface is a focus plan. From the movie frame, the 
positions and velocities of the particles (on the XY 
plane in Fig. 2) can be measured as follows. First, the 
positions of a particle, 1X  and 2X , are detected at 
two successive instants with a very short interval, 0t  
and 0t t+ ∆ , as shown in Fig. 4. Then the slip veloc-
ity in the X-direction is calculated with 

2 1U (X X ) / t= − ∆  at a position, 1 2X (X X ) / 2= + . 
For more efficient data collection, the bottom area 

of the channel is divided into 41 grids. The velocity 
measured inside each grid is considered as the slip 
velocity at the center point of the grid. In the present 
study, four to ten velocity data are collected at each 
central point.  

Fig. 5 shows profiles of the slip velocity experi-
mentally measured at different frequencies: ω = 200 
Hz, 500Hz, 2,000Hz and 5,000Hz. For all the fre-
quencies, the slip velocity has the highest values at 
the two inner edges of the pair of electrodes and then 
decreases exponentially to a zero value with going  

 
 
Fig. 5. Profiles of the slip velocity measured at different 
frequencies, ω = 200Hz, 500Hz, 2,000Hz and 5,000Hz. 

 
towards the two outer edges. The slip velocity on the 
narrow electrode is higher than that on the wide elec-
trode. In addition, as the frequency increases, the slip 
velocity also increases but the increase rate becomes 
lower. When the frequency is equal to 5,000Hz, the 
highest velocity on the narrow electrode approaches 
280µm/s, while that on the wide electrode approaches 
220µm/s. 

 
4.2 Comparison between theoretical and experimen-

tal results 
We perform numerical simulations on the XZ  

plane (see Fig. 2) to get the slip velocity on the pair of 
electrodes under an AC electric field by following the 
procedure explained in the subsection 2.1. Here, only 
the two-dimensional simulations are considered be-
cause the length of the channel (or the electrodes) is 
very large compared to the cross-section dimensions, 
and the main flow is too slow to affect the ACEO 
across the channel. Note that the model considered is 
exactly the same as the cross section of the channel 
used in the experiment. A grid system of 160×80 (on 
the XZ plane) is adopted to solve the Laplace equa-
tion (2) over the whole bulk region for the electric 
potential. As an example, the temporal evolution of 
the electric potential distribution computed at the 
frequency ω = 5,000Hz is shown in Fig. 6. 

To validate the theoretical model, we compare the 
theoretical slip velocity with the experimental meas-
urement. The comparison results are shown in Fig. 7 
at different frequencies of the AC field. Note that 

Seffλ = 40nm and α = 0.8×10-26 are used for the nu-
merical simulation and the details are explained in the  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 6. Temporal evolution of the electric potential, φ  [V], 
over a cross section of the channel for ω = 5,000Hz: (a) t=0, 
(b) t=T/4, (c) t=T/2 and (d) t=3T/4 where T denotes the pe-
riod of the AC excitation. 

 
next subsection. It is clearly seen that both profiles of 
the slip velocity on the wide electrode exhibit an ex-
cellent agreement at all the frequencies. On the nar- 
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Fig. 7. Comparison of the slip velocity between the theoreti-
cal model and experiment measurement at different frequen-
cies of the AC field: ω = 1,000, 2,000, 3,000 and 5,000Hz. 
For the numerical simulations, Seffλ = 40nm and α = 0.8× 
10-26 are used. 
 
row electrode, on the other hand, they show different 
degrees of match depending on the frequency. Very 
good match between both profiles is seen at a high 
frequency (for example ω = 5,000Hz), whereas very 
poor match between them is seen at a low frequency. 
In other words, the discrepancy between them be- 
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Fig. 8. Variations of the slip velocity with the effective Stern-
layer thickness at two different points for ω = 5,000Hz. 

 
comes more distinct and the error bar gets bigger with 
decreasing frequency. Although we guess that the 
difference may be caused by some unexpected back-
ground noise, the exact cause is not clear at the pre-
sent instant and further study is necessary in the near 
future. 
 
4.3 Parametric studies by the numerical simulateon 

To see the effect of the electrode material on the 
slip velocity, detailed studies on the two more pa-
rameters have been performed: one is the effective 
Stern-layer thickness, Seffλ , and the other is the pa-
rameter, α  (see the previous subsection for the fre-
quency). Note that the two parameters, Seffλ  and α , 
play critical roles in calculating the theoretical slip 
velocity.  

The effect of the effective Stern-layer thickness on 
the slip velocity is illustrated in Fig. 8, which shows 
variations of the slip velocity with the layer thickness 
at two different points for the frequency ω = 5,000Hz. 
Here, each of the two points is 5µm apart from the 
inner edge of its corresponding electrode. Clearly, as 
the layer thickness increases, the slip velocity mark-
edly decreases. The flow characteristic is in exact 
agreement with that obtained for one-dimensional 
flow in Suh and Kang [19]. As the Stern-layer thick-
ness increases, the potential drop across the inner 
layer, iφ∆ , decreases and simultaneously the total 
potential drop across the Stern and inner layers, 

0 w S iφ φ φ φ− = ∆ + ∆ , increases, finally leading to the 
reduction of the potential at the outer edge of the dif-
fuse layer, wφ . Therefore, with increasing Stern-layer 
thickness, the slip velocity should decrease, as shown 
in Eq. (10). 

 
 
Fig. 9. 3D Atomic force microscope photo on the electrode 
surface where the overall size is 1 µm ×1µm (on the XY 
plane) and the Z direction is the roughness height. 

 

 
 
Fig. 10. Profile of the roughness on the electrode surface 
along a certain line in Fig. 9, where the triangles mark the 
highest and lowest points. 

 
In the present numerical simulation, the effective 

Stern-layer thickness, Seffλ = 40 nm, is chosen for the 
best match with the experimental result (see also sub-
section 4.2). Note that the layer thickness is usually 
about Seffλ = 20nm [19]. To figure out the difference, 
we closely check the surface roughness on the ITO 
(Indium tin oxide) glass electrode used in the experi-
mental measurement and present the results in Figs. 9 
and 10. Fig. 9 shows the 3D AFM (atomic force mi-
croscope) photo on the surface of the electrode. It is 
evidently seen that the surface is not so smooth. To 
quantify the surface roughness, a profile of the rough-
ness along a certain line is shown in Fig. 10. The pro-
file indicates that the roughness size is approximately 
20nm, which corresponds to the difference between 
the layer thickness chosen to match the experimental 
measurement ( Seffλ = 40nm) and the theoretical one 
( Seffλ = 20nm). Therefore, it is estimated that the dif-
ference may come from the surface roughness of the  
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Fig. 11. Variations of the slip velocity with the parameter, 
α  [ 3m ], at two different points for ω = 5,000Hz. 
 
electrode. Note that the theoretical slip-velocity 
model derived in Suh and Kang [19] does not include 
the effect of surface roughness. 

Then the effect of the parameter, α , on the slip 
velocity is also studied. Figure 11 shows variations of 
the slip velocity with the parameter at two different 
points for the frequency ω = 5,000Hz. Here, the pa-
rameter, α , plays a role in controlling the rate of 
increase of ion surface concentration adsorbed at the 
interface upon change of ion concentration. In other 
words, as α  increases, more counterions are ab-
sorbed at the interface between the Stern and inner 
layers, increasing the surface charge density. In such a 
case, there should be an increased jump in the poten-
tial gradient across the interface, finally decreasing 
the potential drop across the inner layer and thus the 
slip velocity [19]. The result is obviously illustrated in 
Fig. 11: as α increases, the slip velocity decreases. For 
the best match with the experimental result, 
α = 0.8×10-26 is chosen in the numerical simulation. 
 

5. Conclusion 

The numerical simulation of electroosmotic flows 
usually requires the use of the Poisson-Nernst-Planck 
(PNP) model and Poisson-Boltzmann (PB) model. 
Since these models are very expensive, especially for 
the AC case, however, one useful substitute for them 
may be the so-called slip-velocity model. In the 
model, the flow is predicted by simply solving the 
traditional Navier-Stokes equation subjected to the 
tangential velocity induced by the electroosmotic 

effect at the solid wall as a boundary condition, called 
the slip velocity (for example, the Helmholtz-
Smoluchowski relation for the DC case). Despite 
such significant reduction in the computational effort, 
a reliable slip-velocity model to accurately describe 
the AC electroosmotic flow had not been proposed in 
literature until recently. Suh and Kang [19] showed 
that the electric layer near an electrode surface under 
an AC electric field should be of a triple-layer struc-
ture composed of the Stern layer, inner layer and 
middle layer (or buffer layer). Then, they presented a 
new asymptotic model for computing the slip velocity 
by incorporating the effect of the ion adsorption onto 
the electrode. The model consists mainly of solving 
the Laplace equation for the electric potential in the 
bulk region and a dynamic equation for the evolution 
of the surface charge on the electrode.  

In the present study, we apply the theoretical model 
proposed by Suh and Kang [19] to the two-
dimensional problem of AC electroosmosis on a pair 
of coplanar asymmetric electrodes embedded on the 
bottom wall of a rectangular channel to compute the 
slip-velocity distribution. To validate the model, we 
experimentally measure the slip velocity using micro-
PIV technique and compare the experimental results 
with the numerical ones. Conclusions drawn through 
the present study can be briefly summarized as fol-
lows:  

 
(i) For all the frequencies, the slip velocity has the 

highest values at the two inner edges of the pair of 
electrodes and then decreases exponentially to a 
zero value with going towards the two outer edges. 
The slip velocity on the narrow electrode is higher 
than that on the wide electrode. As the frequency 
increases, the slip velocity also increases, but the 
increase rate becomes lower.  

(ii) To validate the theoretical model, the numerical 
slip-velocity profile ( Seffλ = 40nm and α = 0.8× 
10-26) are compared with the experimental ones. 
Comparison results show that both profiles of the 
slip velocity on the wide electrode display an ex-
cellent agreement at all the frequencies considered 
in the present study. On the narrow electrode, on 
the other hand, they display different trends. Very 
good match between both profiles is seen at high 
frequencies (for example ω = 5,000Hz), whereas 
very poor match is at low frequencies.  

(iii) As the effective Stern-layer thickness ( Seffλ ) in-
creases, the slip velocity markedly decreases. It 
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is mainly because, with increasing layer thick-
ness, the total potential drop across the Stern and 
inner layers increases and that across the inner 
layer decreases, finally leading to the reduction 
of the potential at the outer edge of the diffuse 
layer. 

(iv) As the ion adsorption effect (denoted by α ) 
increases, the slip velocity decreases. With in-
creasingα , more counterions are absorbed at 
the interface between the Stern and inner layers, 
increasing the surface charge density. In such a 
case, there should be an increased jump in the 
potential gradient across the interface, finally 
decreasing the potential drop across the inner 
layer and thus the slip velocity. 
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