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Abstract: We present an experimental and 
numerical investigation of induced charge 
electroosmosis (ICEO) on a planar electrode 
surface directly in contact with a high 
conductivity electrolytic solution. Symmetric 
rolls of ICEO flow were produced on the 
electrode by placing it in an AC electric field. 
The slip velocity was measured for a range of 
AC voltages and frequencies using micro particle 
image velocimetry (μPIV). The slip velocity was 
also calculated by finite element simulations 
based on a linear and a nonlinear model of 
electrical double layer, respectively. The μPIV 
measurements were found to be much lower (two 
and half orders of magnitude) than the velocities 
predicted by the linear model. The linear model 
is valid only under Debye Huckel approximation 
( / 25mVoltBk T eφ =  at room temperature) 
which does not hold true for practical situations. 
The nonlinear model, on the other hand, predicts 
velocities which are lower than the linear model 
and closer to the experimental values. The 
nonlinearity reduces discrepancy between 
experimental and numerical results by 
approximately an order of magnitude. The 
nonlinear model accounts for nonlinear 
capacitance of the double layer and lateral 
conduction of charge in the double layer. 
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1. Introduction 
       Recent applications of microfluidic devices 
in biology and biochemistry have revived the 
interest in the study of electrokinetic transport of 
ionic fluids, charged species and polarizable 
particles. DC electroosmotic micropumps [1, 2] 
have been employed in applications such as 
chromatography [3] and cooling systems for 
VLSI chips [4]. DC electric field based 
applications, however, require very high voltages 
and lead to undesirable effects such as faradaic 
reactions and joule heating. High frequency AC 
fields reduce Faradaic reactions significantly. 
This enables one to design interesting AC 
electrokinetic applications. For example, 
dielectrophoresis has been employed for sorting 

cells [5-7];  the AC electrothermal effect has 
been used for speeding heterogeneous bio assays 
by producing micro stirring [8]; AC 
electroosmosis [9] has been used as a method of 
concentrating DNA in a micro-concentrator [10, 
11]. AC electroosmosis has also been shown as a 
mechanism for micro pumping by introducing 
asymmetry in the electrode design [12-15].  
       The linear theory of electrokinetics is valid 
only for very low driving voltages 
( / 25mVoltBk T eφ = ) whereas the 
experiments are generally performed for several 
volts. As a result, the experiments yield much 
lower slip velocities than those predicted by the 
linear theory [16]. Moreover, the experimental 
velocities do not follow the 2

0φ  scaling as 
predicted by the linear theory [14]. This 
emphasizes the need for inclusion of nonlinear 
effects in the existing theory. Olesen et al., 2006 
[17] considered presence of nonlinear 
capacitance of double layer along with faradaic 
injections in their analysis of ac electroosmotic 
micropumps. 
       Induced charge electroosmosis (ICEO) 
refers to electroosmotic fluid flows that occur on 
polarizable surfaces as a result of induction of 
surface charges and subsequent formation of 
double layer [18, 19]. Existence of ICEO around 
a cylindrical wire has been experimentally 
verified [20]. In this paper, we present 
experimental demonstration of ICEO flow on a 
planar electrode and a nonlinear numerical 
analysis of the effect on slip velocity of 
nonlinear capacitance of the double layer and 
lateral conduction of charge within the double 
layer. 
 
1.1 Induced Charge Electroosmosis 
       ICEO refers to a phenomenon in which a 
DC or AC electric field induces charge on a 
polarizable surface (metal or dielectric), and 
produces an electroosmotic slip by applying a 
body force on the electrical double layer [18, 
19].  
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(a) t=0 

 

(b) Steady state 

 

(c) ICEO flow 

 
Figure 1: Induced charge electroosmosis on a conducting surface. 

 
Consider a flat conductor surface in contact with 
an electrolytic solution (figure 1a). When it is 
subjected to an external DC electric field 

0 ˆE x=E  at 0t = , the electric field lines 
intersect the surface at right angles and a charge 
density is induced on the surface because of 
charge separation. However, the field lines start 
changing their configuration as a current, 

σ=J E , drives positive ions towards one half of 
the surface ( 0x < ) and negative ions to the other 
half ( 0x > ). This process sets up a double layer 
on the surface which grows as long as a normal 
electric field exists to drive ions into it. In the 
steady state, the double layer insulates the 
surface completely and no electric field lines can 
penetrate into it. In this state, all the electric field 
lines become tangential to the surface (figure 1b) 
and cause an electroosmotic slip directed from 
the edges toward the center giving rise to two 
symmetric rolls above the surface (figure 1c). An 
AC field will drive an identical flow as the 
change in the direction of the electric field 
changes the polarity of the induced charge as 
well.  
       The slip velocity slipu  is given by the 
Helmholtz Smoluchowski equation,  

 

 w
slipu E

ε
ζ

η
= − , (1) 

 
where wε  and  η  are respectively the absolute 
permittivity and viscosity of the ionic solution, 
ζ  is zeta potential of the surface and E  is the 
electric field component tangential to the surface. 
ζ  is defined as the potential drop from the 
surface to the bulk right outside the double layer. 
Assuming that the double layer gets charged 
completely, 
 
 0E E= , (2) 

and assuming that the potential on the conductor 
surface vanishes, 
 
 0E xζ = . (3) 
 
By substituting these in (1), we get 

 

 
2
0w

slip
E

u x
ε
η

= − , (4) 

 
which shows that the velocity is symmetric about 
the center of the surface, 0x = , and the 
maximum slip velocity occurs at the left and 
right edges of the surface. If the width of the 
surface is w  then the maximum slip velocity is 
of the order 2

0 / 2wE wε η . It should be noted that 
the above analysis is valid only for very low zeta 
potentials such that the nonlinear effects are 
absent. 
       According to (4), slipu  depends on the 
square of the electric field which implies that an 
AC field also drives a similar flow as long as the 
frequency, ω , is low enough that the double 
layer has time to form, 
 
 1

cω τ −< , (5) 
 
where cτ  is the characteristic double layer 
charging time defined as 
 

 w D
c

D

ww
D

ε λ
τ

σ λ
= = . (6) 

 
Here, Dλ  is the double layer thickness, D  is the 
diffusivity of the ions and σ  is the electrical 
conductivity of the solution. Following are the 
definitions of σ  and Dλ , 
 
  2

0 ˆ2 ( ) / Bn ze D k Tσ = , (7) 
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and  
 
 2 1/ 2

0 ˆ( / 2 ( ) ) ,D w Bk T n zeλ ε=  (8) 
 
where 0n  is the number density of the ions in the 
bulk , ẑ  is the valence of the ions, Bk  is the 
Boltzmann constant, T  is the temperature and e  
is the charge of an electron. 

 
2. Experimental Details 
       ICEO experiments were performed in a 
microfluidic device which simply consisted of 
three parallel 200 μm wide planar electrodes laid 
on a glass substrate. The middle electrode is 
denoted as the gate electrode whereas the outer 
two electrodes are denoted as the driving 
electrodes. The separation between the two 
driving electrodes, as measured from their 
respective inner edges, is 0.8 mm (figure 2) and 
the gate electrode is located symmetrically 
between them. Experiments were performed in a 
125 μm  deep closed flow chamber whose 
sidewalls were made of PDMS. The flow 
chamber and the electrodes are longer in one 
direction than the other; therefore, only a two 
dimensional cross section of the flow chamber 
(shown in figure 2) was considered in our 
numerical simulations. 
       An ionic solution (1 mM KCL, 
150μSiemen/cm ) was used as the working fluid. 
The solution was seeded with 700 nm florescent 
polystyrene particles (Duke Scientific, Fremont, 
CA) for flow tracing. The flow velocity was 
measured using micro particle image velocimetry 
(μPIV) method [21-23].  
 

Driving electrode 1
Driving 
electrode 2Flow chamber

Gate electrode

x
y

2 mm
0.8 mm
0.2 mm0.2 mm 0.2 mm

0.125 mm

 
Figure 2: Cross section of the flow chamber.  
 
 
2.1 Velocity Measurement 
       Figure 3 shows a μPIV vector field on the 
gate electrode for a driving-voltage-amplitude of 

0 9 voltφ =  and a frequency of 163Hzf =  in 1 
mM KCl solution. The x z−  plane represents 
the top surface of the electrode. The average 
velocity variation in the x  direction was 
calculated by averaging the vectors in the z  

direction (Figure 4). The fluid flows 
symmetrically from the two edges 
( 100x mμ= ± ) towards the center of the gate 
( 0x = ). The velocity is highest close to the 
edges and zero at the center, as predicted in the 
previous section. 
 

 
Figure 3: Vector field on the gate electrode for 

0 9 voltφ =  and 163Hzf =  in 1 mM KCl solution. 

 

 
Figure 4: Average slip velocity along the width of the 
gate electrode 0 9 voltφ =  and 163Hzf =  in 1 mM 
KCl solution. 
 
3. Theory 
3.1 Nonlinear Formulation 
       The nonlinear capacitance establishes a 
nonlinear relationship between the charge and 
the zeta potential. The other nonlinear effect, 
surface conduction redistributes the double layer 
charge and thus more charge has to be brought 
into the double layer for replenishment; in other 
words, more electric field lines have to be 
normal to the surface. Surface conduction can 
take place when the zeta potential has a large 

Excerpt from the Proceedings of the COMSOL Conference 2007, Boston



 

lateral gradient along the width of the electrode.  
       Various field quantities were non-
dimensionalized as follows, 
 
 ( , ) ( , ) /x y x y w= , (9) 

 
2

0( , ) ( , )wu v u v
w

ε φ
η

= , (10) 

 0/φ φ φ= , (11) 

 0/ζ ζ φ= , (12) 

 
2

t t f t ω
π

= × = , (13) 

 0/q q q= , (14) 
where, 

 0
0

w

D

q
ε φ
λ

= . (15) 

 
Here tildes (~) represent the nondimensional 
form of a quantity, x  and y  are the two spatial 
coordinates, w  is the width of the gate electrode, 
u  and v  are the x  and y  components of the 
flow velocity respectively, φ  is the electrostatic 
potential, 0φ  is the amplitude of the driving AC 
signal, w  is the width of the gate electrode, t  is 
the time, f  is the driving AC frequency, q  is 
the double layer charge density per unit area and 

0q  is the scale chosen for q .  
       Under the assumption that the bulk is 
electrically neutral, the bulk electrostatic 
potential, φ , obeys, 
 
 2 0φ∇ = . (16) 
 
The insulated walls of the flow chamber are 
described as 
 
 ˆ 0n φ⋅∇ = , (17) 
 
where n̂  represents the outward surface normal. 
       While it is desirable to consider the presence 
of a double layer on all electrode surfaces, we 
have considered it only on the gate electrode and, 
for simplicity, ignored it on the driving 
electrodes. Ignoring the double layer on driving 
electrodes is a reasonable assumption as the 
faradaic reactions caused by high driving 
potentials will disrupt the double layer on the 
driving electrodes. Thus we can assign known 
potentials to the driving electrodes with one of 
them being a sinusoidal function, 

 
 sin(2 )tφ π= , (18) 

 
and the other ground 
 
 0φ = . (19) 
 
The double layer on the gate electrode can be 
modeled as a charge conservation equation given 
by 
 

 ˆ
2

c s
s s

q n
t w

ωτ σ
φ φ

π σ
∂⎛ ⎞ ⎛ ⎞= ⋅∇ +∇ ⋅ ∇⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠

, (20) 

 
where s∇  is the surface gradient operator and 

sσ  is the surface conductivity with the units of 
Siemens. The second term on the right hand side 
represents the surface conduction current. The 
surface conductivity, sσ , is more commonly 
characterized by a non-dimensional number 
called Dukhin number, 
 

 sDu
w

σ
σ

= , (21) 

 
which is a strong non-linear function of the zeta 
potential, ζ , and can be written as follows for a 
symmetric binary electrolyte [24] 
 

 0
2

122
1 cosh( ) 1

2
w BD

B

rk T e
Du

w k Te
πε φλ

ζ
⎛ ⎞⎛ ⎞= + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
,(22) 

 
where r is the radius of the ions.  
       For a planar gate electrode in a 2-D system, 
(20) can be simplified to, 
 

 
2

c q Du
t y x x

ωτ φ φ
π

⎛ ⎞∂ ∂ ∂ ∂⎛ ⎞ = + ⎜ ⎟⎜ ⎟ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
. (23) 

 
After q  is obtained from (23), one can update 

the value of ζ  using the following nonlinear 
capacitance relationship, derived from Gouy 
Chapman theory for a symmetric binary 
electrolyte [25], 

 1 0

0

2
sinh

2
B

B

ek T
q

e k T
φ

ζ
φ

− ⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
. (24) 

 
This value of ζ  can be used to define the bulk 
potential outside the double layer as shown 
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below, 
 
 sin(2 )g tφ φ π θ ζ= + − , (25) 

 
where gφ  is the amplitude of the potential 
applied to the gate electrode and θ  is the phase 
gap in the applied gate potential with respect to 
the driving signal.  
 
3.2 Linear Formulation 
       If the nonlinear effects are ignored, then the 
charge conservation equation for the gate 
electrode does not contain any surface 
conduction terms and (23) is replaced by  

 

 
2

c dq d
dt dy

ωτ φ
π

⎛ ⎞ =⎜ ⎟
⎝ ⎠

, (26) 

 
and ζ  is related to q  through a linear 
capacitance, 

 
 qζ = − . (27) 
 
The rest of the formulation is the same as 
presented in section 3.1. 
 
3.3 Slip Velocity 
The nondimensional slip velocity on the gate 
electrode is given as 
 

 ( , )slip xu x t E
x
φζ ζ ∂

= − =
∂

, (28) 

 
where xE  is the bulk tangential electric field. 
The time averaged value of the slip velocity is 
obtained by integrating over one period of 
oscillation, 
 

 
1

0

( , )slip slipu u x t dt= ∫ . (29) 

 

4. COMSOL Implementation 
       A 2D implementation of the nonlinear 
model is shown in figure 5. In order to solve for 
q , a PDE in weak form (representing (23)) was 

implemented on the gate electrode. ζ  was 
calculated from q  using the nonlinear 

capacitance (24). This value of ζ  was used for 

defining the bulk boundary condition (25) on the 
gate. ζ  was calculated a second time as 

sin(2 )i g tζ φ π θ φ= + − , in order to be used in 
the expression for Du (22) (see figure 5). These 
two separate calculations of ζ  were found 
necessary to make the cyclic flow of information 
stable. The time dependent slip velocity, slipu , 
was calculated from (28), not shown in figure 5. 
       The problem was solved using a time 
dependent solver over several periods of 
oscillations until periodic solutions converged. 
After the calculations of q , φ  and slipu  were 
complete, the time averaged slip velocity was 
obtained by integrating a differential form of 
(29) on the gate electrode, implemented as a 
weak form PDE, 

 

 ( , )slip slip
d u u x t
dt

= . (30) 

 
Near the end points of the gate electrode, a 
minimum element size of 1e-2 (nondimensional 
units) and an element growth rate of 1.1 were 
used. The problem was solved with a total of 
1700 elements. Lagrange quadratic elements 
were used with non-ideal weak constraints for all 
the equations.  
 
4.1 Parameters 
Following are the constants used in simulations. 
 
w  200 μm 
D  2e-9 m2/s 
z  1 
e  1.60e-19 Coulomb 

wε  7.08e-10 F/m 
η  1e-3 Pa-s 
r 1 Ao 

Bk  1.38e-23 J/K 
 
For 1 mM KCl solution, one can obtain 

9.75nmDλ =  from (8) and 0.975 mscτ =  from 
(6). The corresponding frequency is 

1(2 ) 163Hzcπτ − ≈ . When simulating the 
symmetric ICEO flow, the gate is assigned a 
nondimensional potential, gφ , of 0.5 because it 
is symmetrically placed between the two driving 
electrodes. The phase, θ , is taken to be zero. 
These values of gφ  and θ  represent the floating 
potential of the gate electrode. 
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2 0φ∇ =

2
c q Du

t y x x
ωτ φ φ
π

∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞= + ⎜ ⎟⎜ ⎟ ∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠

ˆ 0n φ⋅∇ = 0φ =sin(2 )tφ π=
ˆ 0n φ⋅∇ = ˆ 0n φ⋅∇ =

sin(2 )i g tζ φ π θ φ= + −

0
2

122 1 cosh 1
2

w B iD

B

rk T eDu
w e k T

πε φ ζλ ⎛ ⎞⎛ ⎞⎛ ⎞= + −⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

sin(2 )g tφ φ π θ ζ= + −

1 0

0

2 sinh
2

B

B

e qk T
e k T

φζ
φ

− ⎛ ⎞
= − ⎜ ⎟

⎝ ⎠

ˆ 0n φ⋅∇ =

Dukhin Number

Surface conductionOhmic 
current

Nonlinear capacitance

Charge 
conservation

Driving electrode 1 Driving electrode 2Gate  electrode

x

y

 
Figure 5: Implementation of the nonlinear double layer model in COMSOL. All geometric dimensions, equations and 
boundary conditions are nondimensionalized. Tildes (~) have been dropped for simplicity. 
 
 
5. Results 
5.1 Variation along the Gate 
       The numerical simulations in this section 
were conducted for  0 9 voltφ =  and 163Hzf =  
in 1 mM KCl solution. These parameters were 
chosen to match the experimental conditions of 
Figure 4.  
       Figure 6 shows variation of ζ  and xE  along 
the width of the gate electrode. The linear and 
the nonlinear results correspond to 0.29t =  and 

0.42t =  respectively. These times were chosen 
as they correspond to the maximum double layer 
charge for the two models respectively during 
one full AC cycle ( 0 to 1t = ). a shows that ζ  is 
zero at the center of the gate ( 0x = ) and has an 
antisymmetric form about the center. The 
nonlinear model yields lower values of ζ  and 

xE  at all points in comparison to the linear 

results. These lower values of ζ  and xE  cause a 
significant reduction in the slip velocity, shown 
in the next section. 

 

 
(a) 

 

 
(b) 

Figure 6: Variations of (a) ζ  and (b) xE  on the gate 

electrode for 0 9 voltφ =  and 163Hzf =  in 1 mM 
KCl solution for linear and nonlinear formulations at 
times corresponding to maximum double layer charge. 
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5.2 Slip Velocity 
       Figure 7 shows variation of time averaged 
slip speed slipu  on the gate surface. The 

linear, the nonlinear and the experimental results 
have been compared with each other. The linear 
velocity is approximately two and a half orders 
of magnitude higher than the experimental 
measurements. This emphasizes limitation of the 
linear model in cases where potentials are much 
above the Debye Huckel limit. The nonlinear 
model yields an order of magnitude lower 
velocity in comparison to the linear model. In 
other words, the nonlinearity reduces the 
discrepancy between the simulations and the 
experiments by an order of magnitude.  
 

 
Figure 7:  Variation of slip speed slipu  on the gate 

electrode for 0 9 voltφ =  and 163Hzf =  in 1 mM 
KCl solution. 
 
 
5.3 Voltage Dependence 
Figure 8 shows at ( 0.25, 0)slipu x y= − =  as a 
function of the driving voltage amplitude 0φ , for 

163Hzf =  in 1 mM KCl solution. At low 
potentials ( 0 0.5voltφ ≤ ), the linear and the 
nonlinear results coincide with each other. As 
potential grows, the difference between the linear 
and nonlinear results grows. At high potentials, 
the nonlinear model reduces the discrepancy 
between the simulations and the experiments by 
an order of magnitude. The linear model predicts 

2
0~slipu φ  dependence whereas the nonlinear 

model predicts a relationship with lower slope 
than 0 0logφ φ . (In figure 8, c is a constant). 
 

 
Figure 8: Slip velocity slipu  at ( 0.25, 0)x y= − =  

as a function 0φ  for 163Hzf =  in 1 mM KCl 
solution.  
 
 
6. Conclusions 
       The ICEO slip velocity on a planar surface 
was measured experimentally and compared to 
those computed numerically. Slip velocities of 
10 μm/s were achieved experimentally for an AC 
signal of 9 volts and 163 Hz (figure 4). No 
significant flow was observed below 3 volts 
(figure 8) and thus the experimental potentials 
fall in a voltage regime much above the Debye 
Huckel limit. In this regime, the linear theory is 
certainly not valid and yielded velocities that are 
two and a half orders of magnitude higher than 
the experiments (figure 7 and 8). Inclusion of 
nonlinear capacitance and surface conduction in 
the theoretical model yielded a reduction of 
approximately one order of magnitude in the slip 
velocity as compared to the linear model.  
       The linear results do not match even 
qualitatively with the experiments. The linear 
results show a 2

0~slipu φ  scaling whereas the 
experimental velocity saturates at higher 
potentials, showing a scaling inferior to 

0 0logφ φ . This behavior is captured qualitatively 
by the nonlinear results. 
       The above mentioned nonlinear effects do 
help in reducing the quantitative and qualitative 
discrepancy between the numerical and the 
experimental results but a large difference (one 
and a half orders) in the slip velocity magnitudes 
still exists. The reasons behind this large 
difference remain unclear and open up scope for 
further modification of the presented theory. 
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