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In this paper we present a numerical and experimental investigation of a chaotic mixer in

a microchannel via low frequency switching transverse electroosmotic flow. By applying a low

frequency, square-wave electric field to a pair of parallel electrodes placed at the bottom of the channel,

a complex 3D spatial and time-dependence flow was generated to stretch and fold the fluid. This

significantly enhanced the mixing effect. The mixing mechanism was first investigated by numerical and

experimental analysis. The effects of operational parameters such as flow rate, frequency, and

amplitude of the applied voltage have also been investigated. It is found that the best mixing

performance is achieved when the frequency is around 1 Hz, and the required mixing length is about 1.5

mm for the case of applied electric potential 5 V peak-to-peak and flow rate 75 mL h�1. The mixing

performance was significantly enhanced when the applied electric potential increased or the flow rate of

fluids decreased.
Introduction

Micromixing is a critical process in miniaturized analysis systems

such as lab-on-a-chip and microfluidic devices.1–4 However, the

mixing of fluids at the microscale faces a big challenge because

viscous effects dominate at small scales, where the flow is

laminar, and the mixing between different streams in the flow

mainly depends on the molecular diffusion. Unfortunately, the

diffusive mixing is slow compared with the convective mixing;

thus the mixing length for molecular diffusion is always

prohibitively long which negates most of the benefits of mini-

aturization. In recent years, to reduce the mixing length, many

efficient chaotic micromixers have been explored. The concept of

the chaotic mixer is to generate chaotic advection via stretching

and folding fluids. Generally, micromixers can be broadly clas-

sified as two types: passive micromixers and active micromixers.

In passive micromixers, the flow field is perturbed by changing

the geometry of channels or adding geometric obstacles.

Researchers have developed many passive micromixers focusing

on using chaotic advection, such as the square-wave micro-

mixer,5 the zigzag micromixer,6 the rapid three-dimensional

passive rotation micromixer,7 the multivortex micromixer,8 and

the staggered herringbone micromixer.9 In active micromixers,

fluids are always perturbed by using an external energy source

such as mechanical pulsation,10,11 acoustic vibration,12–15

magnetic force,16 electrohydrodynamic force,17 electrothermal

force,18 and electroosmotic force.19–28 Among all these external

resources, electroosmotic flow is the most widely used technique

for efficient active mixing. One of the common methods is to

disturb fluids by generating patterned transverse electroosmotic
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flow on heterogeneous surface charges with non-uniform, time-

independent zeta potentials.19,20 The heterogeneous surface can

be generated by coating the microchannel walls with different

materials19,20 or by applying suitable surface-chemistry treat-

ments.29,30 An alternative way to change the distribution of the

surface charge is to induce a non-uniform zeta potential surface

by using a field-effect to mix the fluids.21,22 However, the fabri-

cation process of the heterogeneous surface was complex. An

easier method to enhance the mixing effect is to control the flow

pattern by periodically switching the high voltage electric field

applied on the different inlets of a T-form channel. Glasgow

et al.23 present a design of a microfluidic mixing device in which

the electroosmotic flow at the two inlets pulse out of phase to

cause the fluid mixing. Lin et al.24 developed an active T-form

microfluidic mixer utilizing switching electroosmotic flow oper-

ated either in a conventional switching mode or in a pinched

switching mode to perform electrokinetically driven mixing. Fu

et al.25 also used this scheme to improve the mixing performance

by using multiple streams in a microchannel. Although the

fabrication of this type of mixer is very simple (only a T-form

channel with applied high voltage electric field through the inlets

is needed), there are two main disadvantages. At first, the

disturbed transverse flow is always quasi two-dimensional (2D),

and it is difficult to realize uniform mixing on the cross-section in

high depth ratio three-dimensional (3D) channels. In addition,

electrodes are always placed at the inlet and outlet in the above

devices, so that the electric potential drops along the length of the

channel. The required electric voltage is always higher than

several hundred volts which require high voltage power supplies.

To reduce the required electric potential, integrated microelect-

rodes are fabricated on the surface of chips, and the distance is on

the order of the width of the microchannel. Electroosmotic

manipulation with integrated microelectrodes has been applied

to mix the fluids under high frequency AC electric fields26 (AC

electroosmotic flow) and DC electric fields.27,28 However, the
This journal is ª The Royal Society of Chemistry 2010
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flow remains a steady helical streamline, and the stretching and

folding of fluid remain in the same direction, where the chaotic

advection is not very strong.

In this paper, we present a chaotic micromixer via periodic

switching transverse EOF when a low frequency electric field is

applied on a pair of electrodes placed at the bottom of the

channel. The flow mechanism is different from AC electroos-

motic flow,26 where the flow is generated by the action of an

electric field on its own induced diffuse charge near a polarizable

surface such as an electrode plane. In AC electroosmotic flow,

the oscillation period of the electric field should be comparable to

the charging time, normally several milliseconds. In our design,

the oscillation period of the low frequency electric field is much

longer than the charging time. Thus, AC electroosmotic flow

decays very fast and the flow at each half period can be deemed as

DC electroosmotic flow. It is also different from the mixer with

a DC electric field,27,28 where the flow is steady and the stretch

and fold of the fluid remain in the same direction. In our design,

fluids will be stretched under the transverse electroosmotic flow,

and the direction of stretch turns in alternating directions, where

the flow is more complex and the chaotic advection is much

stronger.
Model and methods

Device fabrication

There are two components of the device: the channel and the

patterned microelectrodes. A schematic process is shown in

Fig. 1. The channel was fabricated with PDMS by using the soft

lithography technique. A cleaned and dried 2.5 inch silicon wafer

was used as the substrate. A negative photoresist, SU8-2075, was

coated on the wafer with a spin speed of 3000 rpm for 30 s. After

the resist had been applied to the substrate, the coated substrate

was initially baked on the hot plate for 5 min at 65 �C, and then

the temperature was increased to 95 �C for 15 min. The coated

substrate was exposed with the mask under UV-light. Following

exposure, a post-exposure bake (1 min at 65 �C and 15 min at

95 �C) was performed, and then the photoresist was developed to

get the master layer. A curing agent and the PDMS prepolymer

(Sylgard184, Dow Corning Company) were mixed in a 1 : 10

weight ratio and allowed to settle for 10 min or longer to remove
Fig. 1 The fabrication process of the device.

This journal is ª The Royal Society of Chemistry 2010
the air bubbles. The mixture was poured onto the master layer of

SU8 on a hot plate for 1 h at 65 �C and into a heat oven at 80 �C

overnight. The final channel was obtained by peeling off the

PDMS replicas from the master layer. To be able to inject fluid

into the microchannel, 1 mm diameter holes were bored at the

inlet and outlet positions of the channels. The patterned micro-

electrodes were fabricated using the standard photolithograph

technique. We used gold as the material for the electrodes. To

enhance the reliability between gold and the cover glass, a 20 nm

thick layer of Ti was first deposited on the cover glass. Following

the process, a 50 nm gold layer was deposited over the Ti on the

cover glass. To get the electrode pattern, a positive photoresist

AZ-P4110 was spun on the top of the gold layer at a speed of

4000 rpm for 30 s. After pre-exposure bake (1 min at 95 �C), the

photoresist was exposed under the UV-light using the electrode

pattern mask, and was developed for 60 s using the photoresist

developer (1 : 4 AZ400K and DI water). Under the protection of

the photoresist pattern, Au and Ti can be safely etched by using

the etching solution gold etchant (GE-8148) and 2% HF–0.5%

HNO3 solution, respectively, to get the final pattern of micro-

electrodes. The final device was obtained by aligning and irre-

versibly bonding the channel layer onto the patterned

microelectrodes layer after treating the contact surfaces using the

oxygen plasma methodology.

Experimental setup

The sealed chip with electrodes was placed on the object stage. A

syringe pump (PHD 2000, Harvard Apparatus, US) was used to

drive the prepared solutions. Prior to running the experiments,

the channel was cleaned with 0.1 M NaOH solution and rinsed

with deionized water to decrease the hydrophobicity of PDMS.

Electric fields were generated via a synthesized function gener-

ator (Protek 9302, Korea) and signals were connected to the

electrode pads on the microfluidic chip. A CCD camera attached

to the microscope and connected to the computer was used to

observe and record the experimental images and videos. To

capture the mixing images (in plane or cross-section), a Leica

TCS SP5 confocal fluorescence microscopy was used. A 0.1 mM

fluorescent dye (Rhodamine B) was dissolved in a 5 mM TES (N-

[tris-hydroxymethyl]methyl-2-aminoethanesulfonic acid, Sigma).

A pure 5 mM TES solution (pH 7.5) was injected into one inlet,

and the 5 mM TES solution with Rhodamine B was injected into

the other inlet to visualize the mixing process. The cross-sectional

images were captured using a 10� air-dry objective lens with the

image size 512 � 512 pixels, and the lateral resolution was

estimated to be 1 mm.

Numerical method

The governing equations for a viscous incompressible EOF

consist of two parts: fluid dynamic equations,

V � V ¼ 0 (1)

r

�
vV

vt
þ ðVVÞV

�
¼ �Vpþ mV2V þ reE (2)

and the electrostatic equations

E ¼ �VF (3)
Lab Chip, 2010, 10, 734–740 | 735
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V � (sVF) ¼ 0 (4)

where V is the velocity vector; r, p and m are the density, pressure,

and viscosity of the fluid. re is the charge density; E is the electric

field strength; F is the electrostatic potential, and s is the electric

conductivity. The mechanical and electrical equations are

coupled in terms of the electric field force reE. The velocity

should be subjected to the slipless condition on the solid wall V|b
¼ 0. The externally applied electric field is subjected to the

insulating boundary conditions on dielectric surfaces
vF

vn
jb ¼ 0.

The static charge distribution on the solid–liquid interface is

simplified and obtained by using the Debye–H€uckel approxi-

mation:31

V24 ¼ �re/3 ¼ k24 (5)

where k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n0e2z2

3kbT

s
; n0 is the concentration of the i-th ion at

infinity; zi is chemical valence of the i-th ion; e is the electron

charge; kb is Boltzmann constant; T is the temperature of elec-

trolyte, and 3 is the electric permittivity. A well-known Helm-

holtz–Smoluchowski formulation of the electroosmotic flow

velocity is expressed as:

UEOF ¼ �
3zE

m
(6)

here z is the surface zeta potential. Eqn (6) shows the electro-

osmotic flow depends on the applied electric field, the surface

zeta potential, the electric permittivity, and the viscosity of the

fluid. Increasing the viscosity of the fluid will decrease the elec-

troosmotic flow velocity, where a longer mixing length is

required.

The general physical model of this active micromixer is shown

in Fig. 2a. A T-type microchannel with two inlets and one outlet

is located on the top layer. A pair of parallel patterned electrodes

is placed at the bottom of the channel. The length of the channel

is 3.5 mm; the width of the channel is 140 mm, and the height of
Fig. 2 (a) 3D scheme of the physical model, (b) square-wave electric

potential applied on the electrodes, (c) flow diagram of cross-section at

the first half period of electric field, and (d) flow diagram of cross-section

at the second half period of electric field.

736 | Lab Chip, 2010, 10, 734–740
the channel is 60 mm. The width of the electrodes inside the

microchannel is about 30 mm, and the distance between the left

and right electrodes is 80 mm. As the flow in the microchannel is

laminar, and the corresponding Reynolds number is low, the 3D

velocity field is approximately decomposed as an axial velocity

field uz and a 2D cavity flow field on the cross-section. The axial

velocity is acquired from the Fourier series solution for the

rectangular duct flow, and the 2D cavity flow velocity is obtained

by solving eqn (1)–(5) for the rectangle geometry of the cross-

section with a structured mesh, which contains 280 � 120 grids,

by using the commercial software CFD-ACE+ (CFD Research

Corporation, Huntsville, AL). To simulate the mixing process,

a large number of two different types of particles are injected into

the two different inlets. These particles are treated as non-mass

and diffusionless (do not affect the flow field). The trajectories of

particles in the flow field are obtained by:

*
X
�
tþ dt

�
¼*X ðtÞ þ

ðtþdt

t

*
up

*
�

X
�
t
�
; t
�

dt (7)

here
*
X ðtÞ is the placement of particle, and

*
upðtÞ is the velocity

vector of particle at time t.
*
Xðtþ dtÞ is the new position of the

particle after one time step dt. The integration process in eqn (7)

was performed by a fourth order Runge–Kutta scheme with

a constant time step dt ¼ 0.001 s.
Results and discussion

Mixing mechanism

In our numerical and experimental investigation, a low frequency

switching square-wave electric field was applied (shown in

Fig. 2b) on the left electrode, and the right electrode was

grounded. Due to the non-uniform distribution of the electric

field along the walls of channel, there are two recirculations

generated. The primary recirculation is generated by the trans-

verse electroosmotic flow near the bottom wall with a higher

electric field, and the secondary recirculation is generated by the

transverse electroosmotic flow near the side and top wall with

a lower electric field. At the first period of electric field, due to the

potential of the left electrode being above zero, the transverse

electroosmotic flow is generated from the left to the right. Thus,

the direction of primary recirculation is counterclockwise and

that of the secondary recirculation is clockwise (Fig. 2c). Fluids

are stretched and folded under both recirculations. In the second

half period, the directions of both recirculations are reversed

because the electric potential at the left electrode is below zero

(Fig. 2d). Thus, fluids are stretched and folded in the opposite

way from the first half period. A three-dimensional (3D) complex

spatially and time-dependent flow was generated under these

recirculations, whose directions were alternatively changed. Thus

fluids were not only stretched but also oscillated on the trans-

verse direction, where chaotic advection was much stronger than

that with DC electric field. The uniform mixing generated in 3D

channels was different from the quasi 2D mixing process of the

active mixers generated by switching the electric field at different

inlets 22, 23, 24. To track the mixing profile along the channel,

a large number of two types of particles (approximately 14 000

particles for each) were injected into the inlets, and the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 The mixing images at the cross-section at different times (t¼ 0, T/

4, T/2, 3T/4) during one period by using the numerical method. Two types

of particles were injected into different inlets (denoted as red for particles

in the left inlet and blue for the particles in the right inlet) to visualize the

mixing process. The left side of the figure shows the mixing images at z ¼
125 mm, and the right side shows the mixing images at z ¼ 750 mm.

Fig. 4 (a) Microphotograph of the fabricated device, (b) the comparison

of confocal fluorescence images of the x–z plane at y ¼ 30 mm (half

height) at the start point of the electrodes (z ¼ 0 mm), and (c) the

comparison of the confocal fluorescence images of the x–z plane at y¼ 30

mm (half height) at the downstream distance (z ¼ 1 mm). Top figure

shows fluids were mixed when the electric field is on and were still

separated when the electric field is off. The darker region corresponds to

the pure TES solution, and the red color region corresponds to the TES

solution with a 0.1 mM a fluorescent dye (Rhodamine B).
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distribution of particles on the cross-section at different axial

distances was recorded.

Fig. 3 shows the mixing images of these two types of particles

along different axial distances z ¼ 125 mm and z ¼ 750 mm

(particles denoted as red color from the left inlet and blue from

the right inlet) at different times during one period. The flow rate

was 37.5 mL h�1, and applied electric potential was 5 V peak-to-

peak at 0.5 Hz. During the first half period, the particles on the

left near the bottom were driven from the left to the right and

were stretched following the counterclockwise direction due to

the primary recirculation, and the particles on the left near

the top are stretched following the clockwise direction due to the

secondary recirculation. During the second half period, the

mixing images were almost symmetric to the images at the first

half period because the direction of the recirculations was

changed to the opposite way. We found that the mixing images

were almost the same during the first half period (images of t ¼
0 and t¼ T/4 shown in Fig. 3) and the second half period (images

of t ¼ T/2 and t ¼ 3T/4 shown in Fig. 3) at the distance z ¼
125 mm only the distribution of particles close to the wall were

a little different. However, the mixing images become more

different during each half period at the distance z¼ 750 mm. This

is due to the parabolic distribution of the axial flow under

pressure-driven flow. The fluid near the channel wall will require

a much longer time to pass the same distance as the fluid near the

center of the channel. If the time is larger than half of the period

of the electric field, the direction of fluid stretch will change and

oscillate in the transverse direction. At z ¼ 125 mm, the down-

stream distance is very short, and the passing time for most of the

fluid to reach the cross-section is below half a period of the

electric field. Only a little fluid very close to the wall requires

a passing time longer than a half period. Most of the fluid

remains in the same direction of recirculation, where the image

remains almost the same. Only a little fluid very near to the walls

oscillates during each half period. When the downstream

distance increases to 750 mm (z ¼ 750 mm), more of each fluid
This journal is ª The Royal Society of Chemistry 2010
moved close to the wall due to the recirculations and required

a longer time (bigger than half period of electric field) to pass the

same distance than the time if it is kept in the center. More of

each fluid was stretched and oscillated with time at the down-

stream distance z ¼ 750 mm during each half period. Thus the

mixing images are more complex and change with the time

during one period. As the downstream distance increases (the

required passing time is longer and more fluid moves near the

wall), the movement of the fluids is more intertwined, and

the mixing effect is better.

The mixing mechanism was also experimentally investigated.

Fig. 4a shows the microphotograph of the fabricated device.

Fig. 4b and c show the comparison of confocal fluorescence

microscopy images of the x–z plane at y ¼ 30 mm (half height) at

the starting location of the electrodes (z ¼ 0 mm) and at the

downstream with a distance 1 mm (z ¼ 1 mm), respectively. The

applied electric potential is 5 V peak-to-peak at 0.5 Hz, and the

flow rate is 37.5 mL h�1. In Fig. 4b, fluids from the two inlets

flowed separately when the electric field is off. Only molecular

diffusion across the interface can be observed; when the electric

field is on, the fluids moved across the interface and mixed due to

the transverse electroosmotic flow. In Fig. 4c, most of the two

fluids mixed well when the electric field was on and still separated

when the electric field was off at z ¼ 1 mm.

To further investigate the mixing profile on the cross-section,

the mixing images of cross-sections at different downstream

distances were also recorded and compared with the numerical

results in Fig. 5. The images of the simulation results and the

experimental results were shown on the left side and on the right

side, respectively. In the numerical simulation, a large number of

non-mass and diffusionless particles were injected into the left

side, and the distribution of particles were recorded as red color

dots in Fig. 5. In the experimental investigation, TES buffer with

fluorescent dye (Rhodamine B), which is excited as red color, was

injected in the left, and the concentration of fluorescent dye on

the cross-sections was also recorded. The flow rate was 37.5 mL

h�1, and the applied electric potential was 5 V peak-to-peak

at 0.5 Hz for both numerical and experimental investigation.

In Fig. 5, the cross-sectional images of the numerical and
Lab Chip, 2010, 10, 734–740 | 737
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Fig. 5 The comparison of the cross-section images at different down-

stream distance (z ¼ 125 mm, 250 mm, 1 mm, and 3 mm) between the

numerical and experimental results. A large number of particles (denoted

as red dot) and TES buffer of 0.1 mM Rhodamine B (denoted as red)

were injected into the left inlet in the numerical and experimental inves-

tigation, respectively, to visualize the mixing process.

Fig. 6 Fluorescence images of the x–z plane at y ¼ 30 mm (half height)

were captured with different electric frequencies (f¼ 0 Hz, 0.5 Hz, 1 Hz, 2

Hz, and 3 Hz). The left part of the figure shows the images captured at the

start point, and the right part of the figure shows the images captured at

the downstream (z ¼ 1 mm).
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experimental results match well. The fluids started to stretch from

the bottom and the top due to the recirculations. The stretch of the

fluids was small when the downstream distance was short. It

shows that the stretch was increased when the downstream

distance increased from 125 mm to 250 mm. When the downstream

distance increased to 750 mm, the fluids became more intertwined,

and the contact area between two fluids was much larger than in

the inlets. We noticed that the numerical results show the particle

regions have been split into several strips, but the edge of the strips

was dim and difficult to identify in the experimental results. It is

reasonable because we assumed the particles were diffusionless in

numerical simulations, but the diffusion of fluorescent dye

(Rhodamine B) cannot be neglected in the actual experimental

investigation. The diffusion coefficient of Rhodamine B is

approximate 2 � 10�10 cm2 s�1, and the corresponding Peclet

number is about 1000. We also noticed the stretch shape of the

fluids is a little different between the experimental and numerical

results. The reason for this discrepancy is because the numerical

images were recorded at the exact start of each period, but it was

difficult to capture the image at the exact same time in experi-

mental investigation. Nevertheless, the comparison between

numerical and experimental results still matches very well. It was

clearly shown that particles were split into dozens of thin strips in

the numerical simulation at z ¼ 3 mm which indicated that the

fluids mixed well. A uniform and completely mixed image was

also captured at z ¼ 3 mm in experimental investigation, which

matches the numerical images well.

The effects of operational parameters

Further we investigated the effects of operational parameters

such as the applied electric frequency, potential, and the flow rate
738 | Lab Chip, 2010, 10, 734–740
on the mixing performance. The applied electric frequency is the

most important parameter and plays a key role for the mixing

process. When the frequency increases, the change of recircula-

tion direction is faster, and the flow becomes more time-depen-

dent, which will enhance the mixing effect. However, the mixing

performance is also related to the transverse movement of fluids.

If the frequency is too high, the oscillation is too fast and fluids

cannot travel enough distance to generate valid stretching along

the cross-section. Fig. 6 shows the comparison of confocal

fluorescence microscopy images of the x–z plane at y ¼ 30 mm

(half height) at the starting location of the electrodes (z ¼ 0 mm)

and at the downstream with a distance 1 mm (z ¼ 1 mm),

respectively, when the electric field frequency varies from 0 Hz to

3 Hz. The applied electric potential is 5 V peak-to-peak, and the

flow rate of fluids is 75 mL h�1. It is shown that fluids were

strongly stretched on the cross-section when the frequency was

under 2 Hz, and fluids oscillated quickly on the transverse

direction, and only formed a wave-like structure when the

frequency is 2 Hz or higher. Comparing the mixing images at z ¼
1 mm, we found that the flow is steady when the frequency is zero

(DC electric field). Fluid with fluorescent dye moved to the other

side along the top and bottom wall due to the recirculations, and

the fluid without fluorescent dye moved toward the center (cor-

responding to a black strip in the center on the image) where the

mixing is bad. When the frequency is not zero, the fluids are not

only stretched by the recirculations, but also the direction of

recirculations will change periodically and generate oscillation

on the transverse direction to further enhance the mixing

performance. Although part of the fluid in the center mixed well,

the oscillation was still slow, and this made it difficult to disturb

the other part of the fluid in the center, which formed a small

triangular dark zone in the center on the mixing image when the

frequency increased to 0.5 Hz. Fig. 6 shows most of the fluid is

disturbed by the oscillation and mixed well when the frequency

was 1 Hz. However, the mixing performance decreased again

when the frequency increased up to 2 Hz and 3 Hz because the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 The index of the mixing performance with different frequencies of

the applied electric field. (The applied electric potential is 5 V peak-to-

peak, and flow rate is 75 mL h�1).

Fig. 8 The index of mixing performance with different applied electric

potentials. (The frequency of applied electric field is 1 Hz and flow rate is

75 mL h�1).

Fig. 9 The index of mixing performance with different flow rates. (The

frequency of applied electric field is 1 Hz, and the applied electric

potential is 5 V peak-to-peak.)
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flow formed a wave-like pattern due to the oscillation being too

fast. The qualitative conclusion from Fig. 6 is that the mixing

performance becomes better when the frequency increases from

0 to 1 Hz and decreases when the frequency is increased to 2 Hz

or above.

To quantify the mixing performance, we measured the mixing

index of the captured cross-section images, which is defined by,

i¼ 1� Is, where Is is the discrete intensity of segregation, which is

introduced by Danckwert:32 Is ¼

D
ðc� hciÞ2

E
hciðcmax � hciÞ

, where c is the

intensity of the pixel; h i means the average value over all pixels,

and cmax is the average intensity. In a perfectly mixed system, Is¼
0 or the index of mixing performance i ¼ 1, while in a completely

segregated system, Is ¼ 1 or i ¼ 0. Fig. 7 shows the index of

mixing performance at different frequencies along with the

downstream distance from the start. For each position, the index

of mixing performance i was the average value obtained by

calculating sequence images with the same time interval and the

error bar on the figures shows the deviation range from the

average value. We assumed that fluids are completely mixed

when the mixing index reaches 0.9 (the dashed line shown in

Fig. 7), corresponding to 90% of the fluid being mixed,9 and the

downstream distance is defined as the required mixing length.

The shorter the required mixing length, the better is the mixing

performance. Fig. 7 shows that fluids were completed mixed

when the frequency was below 3 Hz, and only 82% of the fluid

was mixed when the frequency was 3 Hz. The corresponding

required mixing lengths are approximate 3.5 mm, 2.5 mm,

1.5 mm, and 2.5 mm when the frequency increases from 0 Hz,

0.5 Hz, 1 Hz, and 2 Hz, respectively. This indicates that the

mixing performance becomes better when the frequency

increased from 0 Hz to 1 Hz and becomes worse when the

frequency continuously increases to 3 Hz or higher, which

matches the qualitative conclusion based on the analysis of the

x–z plane image. The frequency of 1 Hz is the optimal frequency

in this case, and the corresponding required mixing length is only
This journal is ª The Royal Society of Chemistry 2010
1.5 mm. Fig. 7 also demonstrates that the required mixing length

at 1 Hz is much shorter than that by using a DC electric field

(frequency ¼ 0 Hz).

The applied electric potential is another important parameter

in the mixing process because the strength of the transverse

movement is related on the transverse flow velocity, which is

linear with the applied electric potential. The comparison of

mixing performance with different applied electric potentials is

shown in Fig. 8. It shows that only 20% of the fluid is mixed at the

outlet when the electric field is off, and 80% of the fluid is mixed

at the outlet when the applied electric potential increased to 3 V

peak-to-peak. Fluids were completely mixed when the applied

electric potential increased to 5 V peak-to-peak and 7 V peak-to-

peak with the required mixing lengths of 1.5 mm and 1.25 mm,

respectively. This result indicates that the mixing performance

was improved rapidly when the applied electric potential
Lab Chip, 2010, 10, 734–740 | 739
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increased. The required mixing length is relatively short by

comparison with the published work.

We should note that the formation of bubbles due to elec-

trolysis is a common problem in electroosmotic flow. We found

that a lot of bubbles were generated when applying a DC electric

field with the amplitude 3 V. However, the electrolysis is signif-

icantly reduced when we apply the low frequency electric field.

The mixer worked well and no bubbles were generated when the

amplitude of the square-wave electric field increased up to 9 V

peak-to-peak.

The flow rate of the fluids is also important for mixing.

Increasing the flow rate will reduce the oscillation frequency and

increase the Peclet number. The mixing performance becomes

worse when the flow rate increases. Fig. 9 shows the comparison

of the mixing performance at the flow rates of 75 mL h�1, 150 mL

h�1, and 225 mL h�1. Fluid is completely mixed at 1.5 mm when

the flow rate is 75 mL h�1. The required mixing length increased to

2.5 mm when the flow rate increased to 150 mL h�1, and only 85%

of the fluid was mixed at the outlet when the flow rate increased

to 225 mL h�1.
Conclusions

In this paper, we demonstrated a chaotic micromixer to enhance

the mixing effect via periodical switching transverse EOF, which

is generated by applying a low frequency electric field on a pair of

electrodes placed at the bottom of the channel. The mixing

mechanism was investigated by both numerical and experimental

methods. It indicates that a complex 3D spatially and time-

dependent flow was generated. Fluids are not only stretched but

also oscillate on the transverse direction to significantly enhance

the mixing effect. The effects of applied electric frequency,

applied electric potential, and flow rate for mixing performance

were also discussed. For the case of an applied electric potential

of 5 V peak-to-peak and flow rate 75 mL h�1, the mixing

performance was improved when we increased the frequency

from 0 to 1 Hz, but became worse when the frequency increased

to 2 Hz or higher. An optimal frequency of 1 Hz was chosen, and

the required mixing length was only 1.5 mm. In addition, the

mixing performance was significantly enhanced when the applied

electric potential increased from 3 V peak-to-peak to 7 V peak-

to-peak, and became worse when the flow rate increased from

75 mL h�1 to 225 mL h�1.
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