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Abstract−In this study, we investigated the potential changes of a rectangular cross section having different aspect

ratio and area. A 2D Poisson-Boltzmann equation was used to model the electric double layer field of the cross section.

The potential change of the cross section was studied numerically with FEMLAB 3.0 to understand the geometry effects

of the rectangular microchannel used for electroosmotic flow. According to the result, the cross-section geometry shows

significant influences on the potential field. The potential distribution shows same tendency with various cross-section

areas in the same aspect ratio. The potential gradient increases with the increase of the cross section area.
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INTRODUCTION

Microfluidics has been widely studied in the areas using micro-

systems such as the pharmaceutical-, medical-, bio-, and IT-indus-

tries etc., since the microsystems have the benefits of reduced cost,

increased reaction intensity, and decreased energy consumption [Manz

and Becker, 1998; Stone and Kim, 2001]. Generally, an electroos-

motic system consists of two electrodes placed in reservoirs con-

nected with a microchannel. When an external voltage is applied to

the electroosmotic system, if the channel wall is negatively charged,

positive ions in the solution will be attracted to the wall and make

an electric field of the so-called electric double layer (EDL). Then

the fluid moves towards the negative electrode, generating an elec-

troosmotic flow (EOF) in that direction [Chun, 2002; Conlisk et

al., 2002]. Transporting liquids via an electric field rather than a pres-

sure difference is known as electroosmotic pumping. Electroosmotic

pumping has a non-mechanical alternative for the moving of fluid

in the microchannel and the flow rate can be easily controlled with

external voltage change. Applications of electroosmotic pumping

not only include lab-on-a-chip (LOC) devices, but also the pumping

of liquids in various micro-electro-mechanical systems (MEMS)

[Kou et al., 2004; Gao et al., 2005]. In order to accurately design

an electroosmotic system, one must understand the potential change

of the cross section in the microchannel [Ren and Li, 2006]. Earlier

studies of EDL dealt with simple geometries, such as circular cross

section or two parallel plates [Levine et al., 1975]. However, the

cross section of recent microchannels is close to a rectangular shape.

So the EDL field is to be analyzed with two-dimensions for a rect-

angular microchannel [Arulanandam and Li, 2000; Li, 2004].

In this paper, we examine the EDL field of a rectangular cross

section with various aspect ratios and areas. Aspect ratios (H/W)

are 1, 1/2, and 1/3 and areas are changed from 100 to 900 (µm)2.

To compare the potential change of the cross section, we made a

horizontal line across the center of the cross section and investigated

the potential change on that line. A 2D Poisson-Boltzmann equa-

tion was used to model the electric double layer field of the cross

section and the potential change of the cross section was studied

numerically with FEMLAB 3.0 to understand the geometry effects

of the rectangular microchannel.

THEORY

1. Electrical Double Layer Field in a Rectangular Cross Section

Electroosmotic flow depends on the applied electrical field and

the local net charge density in the liquid. The local net charge den-

sity will depend on the EDL field and the cross section of the mi-

crochannel. As shown in Fig. 1, we can consider a rectangular cross

section of width 2W and height 2H. The solution domain can be

reduced to a quarter section of the cross section since it has sym-

metry in the potential field.

The 2D EDL field in the rectangular cross section can be de-

scribed by the Poisson equation of Eq. (1).
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Fig. 1. Rectangular microchannel with the computational domain
(shaded region).
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where ψ is the potential, ρe is the net charge density, ε and ε0 and

are the dielectric constants in the medium and in the vacuum, respec-

tively. The net charge density for the symmetric electrolyte can be

expressed by Boltzmann distribution of Eq. (2).

(2)

Substituting Eq. (2) into Eq. (1), the 2D Poisson-Boltzmann equa-

tion is obtained as follows:

(3)

The Poisson-Boltzmann equation can be transformed into non-

dimensional equation of Eq. (4) by introducing the dimensionless

variables.

(4)

where y*=y/Dh, z
*=z/Dh, ψ

*=zeψ/kbT, Dh is the hydraulic diameter of

the rectangular cross section given by Eq. (5), and κ is the Debye-

Huckel parameter defined as Eq. (6).

(5)

(6)

The corresponding non-dimensional boundary conditions are given

by:
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Table 1. Various areas and aspect ratios for potential analysis

Cross section area

(µm)2
Height of cross section (µm)

H/W=1 H/W=1/2 H/W=1/3

100 10.00000 07.07107 05.77350

200 14.14214 10.00000 08.16497

300 17.32051 12.24745 10.00000

400 20.00000 14.14214 11.54701

500 22.36068 15.81139 12.90994

600 24.49490 17.32051 14.14214

700 26.45751 18.70829 15.27525

800 28.28427 20.00000 16.32993

900 30.00000 21.21320 17.32051

Fig. 2. Contour of the potential in the cross section with different aspect ratio.
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RESULTS AND DISCUSSION

Various cross section geometries studied numerically with FEM-

LAB 3.0 are shown in Table 1. We changed cross section area from

100 to 900 (mm)2 and aspect ratio was changed 1, 1/2, and 1/3 re-

spectively.

The physical properties of KCl aqueous solution were used at a

concentration of 10−2 M. At room temperature, double layer thick-

ness (κ−1) can be taken as 3.04 nm. Eq. (4) was applied to the quarter

section and then extended to the cross section.

Fig. 2 shows the potential distributions of the cross section hav-

ing different aspect ratios. As shown in Fig. 2, potential is higher in

the nearer area of the boundary, which indicates that the counter ions

are concentrated on the channel surfaces. In case where the aspect

ratio is 1, potential contour of the cross section shows the circle in

the center, which means that the all boundaries have same affecttion

in the cross section. However, as the decrease of the aspect ratio,

the circle changes its shape to an ellipse. This result says that the

effects of the right side and left side boundaries are decreased and

limited to some ranges.

In Figs. 3-5, the potential profiles on the horizontal line across-

ing the center of cross section are plotted with variations of cross

section area. For each aspect ratio, potential profiles have the same

shape in every different area, while the lower potential value is de-

creased with the increase of the cross section area. So the potential

gradient increases with the cross section area increase.

The potential change of the cross section with different zeta po-

tentials is demonstrated in Fig. 6, where the aspect ratio is 1 and

the area is 900µm2. Potential increase is proportional to the increase

of zeta potential. This implies that the zeta potential change is a sim-

ple method to control the potential of the cross section. The poten-

tial changes of other aspect ratios and areas show the same results.

From the potential profiles with different aspect ratios, we chose

the potential profiles of the same cross section area and then com-

pared it. Fig. 7 shows the potential variation in the same cross sec-

tion area with different aspect ratio. As shown in Fig. 7, their shapes

are quite different. In case of the aspect ratio is 1, potential gradient

is higher than the others and the shape is sharp. In case of the aspect

ratio is 1/3, potential gradient exists in some distance and con-

verges to special value. This result indicates that the aspect ratio

decrease in the same cross section area could change the potential

profile more flatter through the cross section. However, it is difficult

to exactly expect the effect of the aspect ratio change in the same

cross section area on the flow rate change in the rectangular micro-
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Fig. 3. Potential profile with various cross section areas (H/W=1,
zeta potential=0.1 V).

Fig. 5. Potential profile with various cross section areas (H/W=1/3,
zeta potential=0.1 V).

Fig. 6. Potential change with different zeta potentials (H/W=1, area
=900 µm2).

Fig. 4. Potential profile with various cross section areas (H/W=1/2,
zeta potential=0.1 V).
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channel.

To investigate the effect of the width increase, we compared the

potential profiles of the same cross section height. Fig. 8 shows the

potential variation in the same cross section height with different

aspect ratio. As shown in Fig. 8, the potential gradient is lower in

the aspect ratio of 1 and higher in the aspect ratio of 1/3. This result

says that increasing the cross section width in the fixed height could

increase the potential gradient. The potential gradient increase

means the EDL compression and the zeta-potential increase. So

we could increase the electroosmotic flow rate by increasing of the

cross section width since it has the effect of the zeta-potential in-

crease.

After investigating the effect of the width increase, we considered

the effect of the height increase. As shown in Fig. 9, the potential

gradient is lower in the aspect ratio of 1/3 and higher in the aspect

ratio of 1. This result implies that increasing the cross section height

could increase the potential gradient. As mentioned earlier, the in-

crease of potential gradient could cause the effect of the zeta-poten-

tial increase.

Through a comparison of the width change and height change

of the cross section, there’s no coincidence between the aspect ratio

change and potential gradient change, while the cross section area

change shows the same tendency with the change of the potential

gradient. As a result, we could conclude that increasing the cross

section area increases the potential gradient, and then it causes the

effect of zeta-potential increase, and finally could increase the elec-

troosmotic flow rate in the microchannel.

CONCLUSION

The potential profiles of a rectangular cross section were investi-

gated with various aspect ratios and areas. A 2D Poisson-Boltz-

mann equation was used to model the electric double layer field of

the cross section and the potential change of the cross section was

studied numerically with FEMLAB 3.0. The potential profiles show

the same shape in the same aspect ratio. There’s no coincidence

between the potential gradient change and the aspect ratio change,

while the potential gradient increases with the increase of the cross

section area. The potential gradient increase could cause the effect

of the zeta-potential increase, and finally could increase the elec-

troosmotic flow rate in the microchannel.
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NOMENCLATURE

Dh : hydraulic diameter [m]

e : elementary charge [C]

H : half channel height [m]

kb : Boltzmann constant [J/K]

L : channel length [m]

n
∞

: concentration of charged ions [1/m3]

T : temperature [K]

W : half channel width [m]

Y* : non-dimensional y-coordinate

z : valence of ion

Z* : non-dimensional z-coordinate

Greek Letters

ε : dielectric constant in the medium [C2/J*m]

ε0 : dielectric constant in the vacuum [C2/J*m]

Fig. 8. Potential variation in the same cross section height (zeta po-
tential=0.1 V, height=10 µm).

Fig. 9. Potential variation in the same cross section width (zeta po-
tential=0.1 V, width=30 µm).

Fig. 7. Potential variation in the same cross section area (zeta po-
tential=0.1 V, area=100 µm2).
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ρ
∞

: net charge density [C/m3]

ψ : potential [V]

ψ
* : dimensionless potential
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