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Abstract
Alternative current electroosmotic micropumps (ACEO) have gained a great interest in microfluidics research due to their 
low operating potential. In this paper, a parametric study is performed on various geometrical parameters of an ACEO 
micropump design. The problem is modeled and solved numerically using COMSOL Multiphysics. This micropump relies 
on the grouping of a periodic electrode array in terms of the applied voltage to create asymmetries in the electrode 
configuration. The pumping velocity is obtained and investigated for various geometry designs. In addition, the optimal 
parameters are obtained by employing the response surface methodology (RSM). The RSM could predict the effects of 
different factors affecting the performance of the system and their interactions. The most important parameters affect-
ing the pumping velocity are identified. It is shown that the pumping velocity is controllable. Three various micropump 
designs with different cost to benefit ratios are presented. These designs are different due to their fabrication cost and 
the pumping velocity.

Keywords AC electroosmotic flow · Lab-on-chip · Micropump · Optimization · Response surface methodology (RSM)

List of symbols
W   Electrode width (μm)
G  Inter-electrode gap (μm)
H  Microchannel height (μm)
ϕ  Electrical potential (V)
Z  Area-specific impedance (Ω m2)
C  Capacitance per unit area (F m−2)
V   Electrical potential at electrode (V)
P  Pressure (Pa)
u  Velocity field (m s−1)
D  Diffusion constant  (m2 s−1)
x  Design parameter

Greeks
�  Debye length (m)
�  Ratio of the diffuse layer of EDL potential drop to 

the total double layer potential drop

�  Fluid viscosity (Pa s)
ϵ  Permittivity (F m−1)
�  Angular frequency (rad s−1)
�  Electrolyte conductivity (S m−1)
�  Polynomial coefficient

Subscripts
ep  Outer edge of the EDL
DL  Double layer
app  Applied voltage to the electrode
non  Non-dimensional
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1 Introduction

ACEO is an effective technique for the manipulation of 
fluids and particles in microscale systems [1–5]. ACEO is 
defined as the flow generation in a microchannel at the 
surface of electrodes where low AC voltage is applied. 
It has proved to be a great potential to be employed for 
the fabrication of micropumps [6, 7]. Such micropumps 
benefit from low operating potential, use of no moving 
parts, minimum electrolysis, and consequent elimination 
of bubble formation and generation of new species over 
the electrodes [8].

ACEO was firstly introduced by Ramos et al. [9, 10]. 
Taking advantage of ACEO principles, Ajdari [11] devel-
oped an array of asymmetric electrodes for liquid pump-
ing. Various designs of ACEO micropumps have been 
developed mainly employing asymmetric electrodes or 
asymmetric applied voltage [12, 13], transverse trave-
ling waveforms [14, 15] and AC voltage with a DC bias 
[16, 17]. A detailed review of different designs of micro-
pumps and their applications was presented in Ref. [18].

Loucaides et al. [13] proposed a novel ACEO micro-
pump that works by the grouping of electrodes. The 
asymmetry generated in terms of applied voltage to 
produce a net flow in the microchannel. The method is 

useful or pumping using low voltages. They showed that 
by switching voltages the degree of asymmetry changes; 
therefore, a bidirectional flow is achieved. In another 
study, Loucaides et al. [19] investigated a configurable 
ACEO-based microdevice that showed dual functions 
of simultaneous pumping and mixing in microcapillar-
ies. They examined various electrode excitation modes 
that can be applied to a single device. They achieved 
significant mixing efficiency; however, there is a trade-
off between mixing performance and the pumping 
performance. Yoshida et al. [20] proposed a new ACEO 
micropump using a square pole—slit electrode array. 
They showed that the proposed method could gener-
ate a total flow by the slip velocity mainly on the slit 
electrodes. The COMSOL Multiphysics software was used 
to simulate the micropump and obtain the optimum 
parameters for maximizing the effective slip velocity. 
They also fabricated and experimentally studied the 
micopump. A maximum slip velocity of 1.6 mm s−1 was 
observed in their study.

Commonly, the goal in a pump design is to maximize 
the pumping rate [21] with minimized power consump-
tion. To this end, few investigations on the optimization 
of ACEO-based have been performed. Ramos et al. [22] 
performed a theoretical and numerical analysis on ACEO 
micropumps with asymmetric pairs of microelectrodes. 
They obtained the pumping velocity by changing a 
geometrical parameter while keeping other parameters 
constant. Olesen et al. [23] used an unconstrained opti-
mization method to optimize the geometry of a ACEO 
micropump with two asymmetric electrodes. However, 
they did not use an optimization method to reveal the 
interaction of various parameters. Surveying the litera-
ture suggests that a comprehensive optimization and 
parametric study on the ACEO micropumps to show the 
interaction of different parameters in the design of the 
micropump is rare. This type of ACEO micropump con-
sists of planner electrodes, which has the advantage of 
simple and straightforward fabrication.

The aim of this study is to investigate the effects of dif-
ferent geometrical parameters on an ACEO micropump 
and to provide statistical analysis for the performance opti-
mization of the electrode array in an ACEO micropump. 
A three-electrode micropump is considered in this study 
because this type of micropump benefits from enabling 
a bidirectional flow. Additionally, the micropump has the 
advantage of simple fabrication, configurable geometry, 
and versatility in terms of applied voltage. The geometri-
cal parameters are optimized to achieve higher pumping 
velocities; therefore, lower voltages could be applied, and 
the design would be more energy-efficient and eliminates 
bubble formation and faradic reactions. In addition, in this 
study, the different electrode configurations of micropump 
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Fig. 1  a A three-dimensional schematics of a rectangular pla-
nar array of electrodes implemented in a microchannel. b A two-
dimensional view of the electrodes (not to scale)
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are investigated and the response surface methodology 
(RSM) is used to obtain the optimum results. Three various 
optimum designs are suggested based on their fabrication 
cost and pumping velocities. The RSM is a collection of 
mathematical and statistical techniques used to explore 
the influence and interaction of several independent fac-
tors (i.e., the design parameters) on the design responses 
[24]. Therefore, the identified relation (the response sur-
face) shows the effects of the design parameters using a 
limited number of controlled experiments/simulations and 
design parameters can be optimized to produce the most 
desirable design response [25, 26].

2  Theory and mathematical modeling

The electrical double layer (EDL) is formed when an elec-
trolyte is in the vicinity of a charged solid surface. The solid 
surface can either be metal under a potential or a charge 
surface due to the difference in electrochemical potentials 
of the two phases [27]. In ACEO, applied AC signal over the 
electrode pair cause attraction of counter ions to electrode 
surface and produce a layer of induced charges. Therefore, 
the counter ions move with or against the tangential com-
ponent of the electric field; consequently, the fluid motion 
is produced due to fluid viscosity [9, 10]. The ACEO fluid 
flow is the result of tangential electrical field on the induced 
charge within the diffuse double layer. The electrical field is 
produced using an array of electrodes, Fig. 1a. In this study, 
a design of a previously published paper on a micropump 
with three electrodes is investigated [13]. This micropump 
benefits from a simple fabrication, configurable geometry, 
and adjustable applied voltage. Figure 1b shows the 2D 
geometry of the micropump. The electrodes are assumed 
to be long and thin. Thus, they could be characterized by 
their widths labeled as W1 , W2 , and W3 . The micropump work-
ing principle is based on the application of the asymmetric 
potential. The flow is generated utilizing the asymmetry in 
the electric field. In this system, the asymmetry is induced 
by applying the same voltage to two adjacent electrodes 

and applying anti-phase voltage to the other electrode. It 
is shown that whenever there is an asymmetry in the elec-
trodes the electric and flow fields from the smaller electrode 
dominate and a net flow is produced toward the electrodes 
[28]. In this case, the flow is generated toward the two elec-
trodes with the same voltage. A micropump employing the 
configuration shown in Fig. 1b would induce flow from left 
to right. However, when the electrodes 1 and 2 are grouped 
together the flow direction would be reversed. Thus, a bidi-
rectional flow in the micropump could be achieved. In addi-
tion, changing the electrode grouping when the electrodes 
have different dimensions could modulate the degree of 
asymmetry.

Since the channel depth is considered much larger than 
its height, a two-dimensional model is employed. The model 
is established based on the Debye–Huckel double layer the-
ory [29]. The mathematical model presented by the refer-
ences [19, 22] is used here. Experimental studies show that 
for RMS voltage value higher than 1.5 Faradic reactions take 
place [15, 28, 30]. Therefore, the effects of Faradaic currents 
are not taken into consideration.

2.1  Electrical field

Electrical potential in the microchannel obeys the Laplace’s 
equation:

The equation is subjected to the following boundary con-
dition at the electrode surfaces:

(1)∇2� = 0

(2)�n∇�ep =
�ep − Vapp

ZDL

Table 1  The properties of electrolyte material used in the numeri-
cal study [19]

Property Value

Dynamic viscosity (μ) 1 × 10−3 Pa s

Relative permittivity (ϵr) 80
Vacuum permittivity (ϵ0) 8.8542 × 10−12 Fm−1

Debye length (�Debye) 3 × 10−8 m

Conductivity 1.23 × 10−3 Sm−1

Diffusion constant (D) 10−10 m2 s−1

Microchannel height 200 μm
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Fig. 2  Non-dimensional pumping velocity obtained using different 
numbers of elements to determine element number for grid-inde-
pendent solution
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where �ep is the electrical potential on the outer edge of 
the EDL, Vapp is the applied electrical potential to the elec-
trodes, � is the electrical conductivity of the fluid, 
ZDL =

1

i�CDL
 is the impedance of the EDL, CDL =

�

�Debye
 is the 

capacitance of the double layer (given that the size of the 
compact layer is small), � is the frequency of the AC 

electric field, and �Debye represents the characteristic 
length of EDL.

The inlet and outlet of the domain are set to periodic 
boundary condition. The inter-electrode walls have Neu-
mann boundary condition of n ⋅ ∇ ⋅ � = 0 , where n is the 
normal to plane vector.

2.2  Fluid flow

The governing equations for the fluid flow are the continuity 
equation and Navier–Stokes equations neglecting inertial 
term (Stroke flow).

where � is the fluid viscosity, u velocity field, and P is the 
fluid pressure. The associated boundary condition on the 
electrode surfaces (on the surface of EDL) is the tangential 
ACEO velocity derived from the Helmholtz–Smoluchowski 
velocity (Eq. (5)).

where the parameter � is defined as the ratio of the dif-
fuse layer of EDL potential drop to the total double layer 
potential drop. The parameter Vapp is the applied voltage to 
the electrode. The value of � is experimentally determined, 
that is considered as 0.25 for this study [13]. It should be 
noted that the applied voltage depends on the electrode 
groupings. The value of applied voltage could be either 
V0 cos (�t) or −V0 cos (�t) as shown in Fig. 1b.

The fluid is assumed Newtonian, incompressible with 
constant physical properties. Furthermore, the flow is 
limited to a steady, uniform flow in the microchannel. The 
properties of the electrolyte fluid used in this study are 
presented in Table 1.

The numerical model is established in COMSOL Mul-
tiphysics for simultaneous solving of the electrical field 
and fluid flow equations.

Non-dimensional frequency and slip velocity are 
employed to facilitate the explanation of the obtained 
results. Non-dimensional frequency is defined as 
� = ��L/

��Debye
 where � is the angular frequency of AC 

voltage, �Debye is the Debye length, � is the electrolyte con-
ductivity, and L is the characteristic length of the micro-
pump. Height of the channel is used as the characteristic 
length (200 μm). The non-dimensional slip velocity on the 
periodical length of the microelectrode array that indi-
cates the pumping capacity of the micropump is defined 
as Unon = 4�Luslip

/
�(ΔV )2� where � is the fluid viscosity, 

uslip is the fluid velocity at the electrode surface, and ΔV  is 
the potential difference between the electrodes 

(3)∇ ⋅ u = 0

(4)−∇P + �∇2
u = 0

(5)uslip = −
�

4�
�

�

�x

||
|
�ep − Vapp

||
|

2
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Fig. 3  Comparison of the accuracy of the numerical model with 
similar studies [13, 22]. The non-dimensional velocity with respect 
to non-dimensional frequency

Table 2  Value of the electrodes parameters used for the baseline 
case [13]

Parameters Value

Electrodes widths 
(
W1 = W2 = W3

)
100 (μm)

Inter-electrodes gaps 
(
G1 = G2

)
10 (μm)

Third inter-electrodes gap 
(
G3

)
280 (μm)

Voltage (V0) 0.5 (V)

Frequency (f ) 250 (Hz)
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( ΔV = 2V0 ). This slip velocity is referred to as the pumping 
velocity in the present text as it is an indication of pump-
ing capacity.

3  Results and discussion

3.1  Mesh study and validation

The computational domain is discretized using unstruc-
tured triangular elements. To ensure that the results are 
grid-independent, the non-dimensional pumping veloc-
ity in the outlet is numerically obtained using various 
element numbers. As shown in Fig. 2, the use of approxi-
mately 10,000 elements would lead to convergence and 
grid-independent results.

To evaluate the accuracy of the numerical model, 
the obtained numerical results are compared with the 
results of Ramos et  al. [22] and Loucaides et  al. [13]. 
To this end, the non-dimensional pumping veloci-
ties of the micropump based on parameters values of 
W

1
= 30,W

2
= 60,W

3
= 30,G

1
= 10,G

2
= 10, andG

3
= 100,

H = 100 (μm) are compared. As shown in Fig. 3, there is 
a remarkable agreement between the results. It can be 
seen that there is a bell-shaped relation between the fre-
quency and the pumping velocity. Therefore, the velocity 
decreases at very low and high frequencies.

Prior to performing the parametric study, an ACEO 
micropump with the geometrical parameters given in 
Table 2 is simulated as a baseline case [13]. The corre-
sponding flow field and the streamlines along with the 
non-dimensional velocity over the electrode edges are 
demonstrated for the baseline case in Fig. 4a, b, respec-
tively. The non-dimensional pumping velocity of the 
baseline case is obtained to be 0.019. The micropump 
operates by applying the same AC signal to the two adja-
cent electrodes while applying a signal with the same 
magnitude in anti-phase to the other electrode as in 
Fig. 1b. This creates asymmetry in terms of the applied 
voltage to produce a net flow rate. Another method of 
implementation is to apply an AC signal to one electrode 
group and earthing the other.

Fig. 4  a Flow field of the base-
line case once electrodes 2 and 
3 are grouped together. Black 
lines show the streamlines and 
the red arrows indicate the 
direction of the flow field. b 
Flow velocity at the electrode 
edge for the baseline case. 
Solid red line shows slip veloc-
ity when electrodes 2 and 3 
are grouped together. Dashed 
green line shows the grouped 
electrodes of 1 and 2
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3.2  Parametric study

To investigate the pumping effect with respect to the 
geometry of electrodes, the electrodes widths, and inter-
electrodes gaps W1 , W2 , W3 , G1 , G2 , and G3 are examined in 
cogent ranges. The parameters are non-dimensionalized 
with respect to the height of microchannel. Figures 5, 6, 7, 
8, 9 and 10 show the non-dimensional pumping velocity 
against the non-dimensional frequency for different non-
dimensional electrodes widths and inter-electrode gaps.

Maximum pumping velocity increases once W2 and W3 
are increased; however, by increasing the G1 , G2 , and G3 
the maximum velocity decreases. Moreover, the increase 
of W1 value to 0.2 results in the initial increase of maxi-
mum velocity followed by its decline. For most cases, the 
maximum pumping velocity obtains at the non-dimen-
sional frequency of 0.5. Figure 5a reveals that the maxi-
mum pumping velocity occurs at the non-dimensional 

frequency of 0.55. Furthermore, Figs. 6 and 7 indicate that 
the second and third gap ( G2 and G3 ) have a small effect 
on the pumping velocity.

Figure 8 shows that using W1 = 0.2 results in the high-
est pumping velocity. It can be seen from Fig. 8 that there 
is a highly nonlinear relation between the parameter W1 
and pumping velocity, making W1 an important parameter 
in the design of an ACEO micropump. Furthermore, Fig. 9 
(a) shows that using W2 = 0.1 would cause flow reversal at 
higher AC frequencies. Figure 10 also shows that W3 affects 
the pumping velocity significantly.
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3.3  Statistical analysis

3.3.1  Overview of the response surface model

The response surface method is a polynomial regression 
model that expresses the relation between the obtained 
response and the independent variables [25]. The relation 
of the design variables with the response value is derived 
by fitting the numerical analysis results to a second-order 
polynomial (Eq. 6) [31].

(6)y = 𝛽0 +

k∑

p=1

𝛽pxp +

k∑

p=1

𝛽ppx
2
p
+

k∑

p=1

k∑

q>i

𝛽pqxpxq

where y is the response value, �0, �p, �pp, and �pq are the 
coefficients, xp and xq are the pth and qth design param-
eter, k is total number of parameters, respectively.

The first step of BBD is to code all the design parameters 
into − 1, 0, and 1 using Eq. 7. Therefore, in this design, each 
variable (factor) is set to three levels with the coded values 
of − 1 for low level, 0 for medium level and 1 for high level.

where x̄ is the coded value of the parameter, x is the value 
of the original parameter, xmin and xmax are the mini-
mum and maximum of the original value of the parameter, 
respectively.

(7)x̄ =
2
(
x − xmin

)

xmax − xmin
− 1
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Figure 11 shows the geometry of BBD with three design 
parameters of X1, X2, and X3 as an example. The design 
points are chosen at the edges and the central point, 
whereas the corners points are avoided to avoid extreme 
conditions [25]. The central point is repeated in order to 
comprise the errors produced by simulations.

3.3.2  The response surface method implementation

The Box–Behnken Design (BBD) is used in this study to 
optimize the geometry and achieve maximum pumping 
velocity. Compared to other designs, the BBD requires 
fewer runs for determination of the response pattern. Six 
variables of W1 (A), W2 (B), W3 (C), G1 (D), G2 (E), and G3 (F) are 
the design factors, Table 3. The response value is the peak 
of pumping velocity. The number of runs for RSM in this 
study is 54.

The statistical analysis is performed in terms of analy-
sis of variance (ANOVA) in order to find significant model 
terms. The values of the partial probability (p value) less 
than 0.05 and high F value imply that the model factors 
are significant, whereas the p values higher than 0.1 indi-
cate the statistically insignificant terms [31]. From Online 
Resource Table  S1, it can be seen that the quadratic 
model used here has the p value of < 0.0001 indicating 
that the model response model is significant and there 
is only < 0.01% chance that the F value of the model is 
because of the random error. The model terms A, B, D, AD, 
 A2,  C2 ( W1 , W2 , G1 , W1G1 , W

2
1
 , and W2

3
 ) are significant model 

terms. Therefore, the terms with the p value higher than 
0.05 are removed from the model. The term A ( W1 ) with 
the smallest p value of less than 0.0001 and the largest 
F value of 54.48 verifies that the W1 has the most effect 
on the pumping capacity. The effects of six geometrical 
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parameters and their interactions on the maximum of 
non-dimensional pumping velocity (Vpumping) are shown 
in Online Resource Figure S1. The 3D response surfaces 
are obtained when two variables are changed in the 
range of experiments and other variables are kept at their 
central level. It can be seen in Online Resource Figure S1 
that the model variables are interdependent. Moreover, 
the results show that the maximum of non-dimensional 

pumping velocity is varied from 0 to 0.095 using differ-
ent design parameters. The interactions between W1 and 
G1 affected the pumping velocity significantly (p < 0.05) 
(Online Resource Figure S1(b)).

The optimum design is achieved by RSM to produce 
the highest pumping velocity. Initially, the optimization 
objective is defined as maximizing pumping velocity and 
keeping all other geometrical variables in the range of 
experiments, Table 3. However, the achieved design is 
not preferable from the fabrication point of view, design 
1 in Table 4. As the electrode and inter-electrode sizes 
reduce, the process of electrodes fabrication becomes 
very cost-intensive and complicated. Therefore, three dif-
ferent designs are suggested in Table 4, each with different 
pumping velocity to cost ratios. The design 1 in Table 4 
could provide a maximum non-dimensional pumping 
velocity of approximately 0.1. The design 1 is the most 
cost-intensive design, whereas the design 3 is a cheap 
design where (G1) is larger than 20 μm (similar to the gaps 
in micropump presented in Refs. [22, 32]). However, when 
using design 3 instead of 1 the pumping velocity reduces 
by about 9 times. Therefore, the design 2 where the G1 is 
relatively larger than the first design is presented where 
the pumping velocity is in between the two cases. The 
streamlines of this micropump design with the maximum 
pumping rate are shown in Fig. 12.

3.4  Applications of the studied micropump

In this section, the applications and the fluid types and the 
range of pumping capacity of the presented micropump 
are discussed. In general, the ACEO micropumps work 
with fluids with a conductivity below 85 ms m−1 [7]. The 
velocity as shown in various cases in this study has a bell-
shaped relation with frequency and there is an optimal 
frequency. The velocity also depends on the amplitude 
of the AC electric field and the electrolyte concentration 
[33]. The ACEO occurs in frequencies lower than 100 kHz 
[7, 34]. The concentration of the biological electrolyte is 
usually diluted to 10–100 mM buffers for ACEO micro-
pumping [33]. Using the proposed micropump, it is pos-
sible to achieve the velocities up to 1 mm s−1. The stud-
ied ACEO micropump is used in low-voltage pumping in 

Fig. 11  Geometry schematics of design points of three parameters 
using Box-Behnken Design

Table 3  Variables and their corresponding levels used for BBD

All dimensions are in ( μm)

Parameters Factor symbol Level

− 1 0 1

W1 A 20 110 200
W2 B 20 110 200
W3 C 20 110 200
G1 D 1 10.5 20
G2 E 1 10.5 20
G3 F 100 200 300

Table 4  Various optimum designs to maximize the pumping velocity in the micropump [geometrical parameters are non-dimensionalized 
with respect to the height of micropump in this case H = 200 (μm)]

Design W
1

W
2

W
3

G
1

G
2

G
3

Frequency (f ) Maximum 
pumping 
velocity

1 0.1 1 0.2 0.005 0.1 0.5 11.2 0.1
2 0.1 1 0.25 0.05 0.09 0.5 10 0.044
3 1 1 0.35 0.1 0.1 0.5 3 0.011
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microfluidics. Furthermore, it can be used in flow control 
in microfluidic networks. Therefore, the direction of flow 
is controlled locally. The secondary flow generated is also 
used as a mixing enhancer.

4  Conclusion

This paper presents the parametric study of an ACEO 
micropump using finite element method. The proposed 
micropump works with the asymmetries in electrodes 
dimensions and their applied voltage. The electrode 
widths and inter-electrode gaps are varied in reason-
able ranges, and their effects on the pumping velocity 
are studied. In addition, the response surface methodol-
ogy (RSM) is employed to show the effects of the inde-
pendent variables and their interactions on the output 
variable (non-dimensional pumping velocity). Moreover, 
the most important parameters affecting the pumping 
velocity are found. The micropump is optimized using 
RSM to enhance the pumping velocity, and the opti-
mized design parameters have been identified. Three 
optimized designs are suggested based on the fabrica-
tion cost and pumping output. The design with the high-
est output and highest fabrication cost has a maximal 
non-dimensional pumping velocity of 0.1. Based on the 
finding of this study, it can be concluded that an opti-
mized geometry of micropump is required to achieve 
fast micro pumping.
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