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Abstract The applications of electrokinetics in the
development of microfluidic devices have been widely
attractive in the past decade. Electrokinetic devices gen-
erally require no external mechanical moving parts and can
be made portable by replacing the power supply by small
battery. Therefore, electrokinetic-based microfluidic sys-
tems can serve as a viable tool in creating a lab-on-a-chip
(LOC) or micro-total analysis system (uTAS) for use in
biological and chemical assays. Mixing of analytes and
reagents is a critical step in realizing lab-on-a-chip. This
step is difficult due to the low Reynolds numbers flows in
microscale devices. Hence, various schemes to enhance
micro-mixing have been proposed in the past years. This
review reports recent developments in the micro-mixing
schemes based on DC and AC electrokinetics, including
electrowetting-on-dielectric (EWOD), dielectrophoresis
(DEP), and electroosmosis (EQO). These electrokinetic-
based mixing approaches are generally categorized as ei-
ther active or passive in nature. Active mixers either use
time-dependent (AC or DC field switching) or time-inde-
pendent (DC field) external electric fields to achieve mix-
ing, while passive mixers achieve mixing in DC fields
simply by virtue of their geometric topology and surface
properties, or electrokinetic instability flows. Typically,
chaotic mixing can be achieved in some ways and is
helpful to mixing under large Péclet number regimes. The
overview given in this article provides a potential user or
researcher of electrokinetic-based technology to select the
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most favorable mixing scheme for applications in the field
of micro-total analysis systems.
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1 Introduction
1.1 Microfluidic systems

Recent advances in the field of microelectronics have made
possible the miniaturization of microfluidic systems on a
microchip in order to carry out analytical analyses. Such a
microfluidic system is generally known as a lab-on-a-chip
or micro-total-analysis-system (yTAS). These systems
perform a complete, integrated and automated analysis of
the target analyte in a complex sample matrix. These de-
vices offer significant advantages over their macro-scale
counterparts, including a reduction in reagent consumption
and the amount of chemical waste, a more rapid analysis,
and a significant improvement in performance. The com-
pact devices are portable and therefore allow samples to be
analyzed on site rather than at a centralized laboratory.
These devices are expected to have a low production cost
and will be disposable after diagnostic use. A collection of
topical reviews that discuss the history, design, application
and future of lab-on-chip technologies, focusing on mi-
crofluidic flow devices, is published in Nature (Whitesides
2006; Janasek et al. 2006; Psaltis et al. 2006; Craighead
2006; deMello 2006; El-Ali et al. 2006; Yager et al. 2006).

In general, uTAS devices are designed to carry out the
following functions: sample introduction, injection, mix-
ing, reaction, dispensing, separation and detection through
a series of micrometre-scale channels. Figure 1 presents a
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Fig. 1 Illustration of microfluidic components in a typical lab-on-a-
chip device

schematic illustration of a typical lab-on-a-chip. The
sample of interest is introduced via port 1 and subsequently
interacts with a reagent injected via port 2. The sample is
then mixed with the reagent to facilitate the subsequent
chemical reaction process. Finally, the reacted product is
dispensed into a separation channel for component sepa-
ration and detection using optical instrumentation. Forcing
sources are required to manipulate fluids moving along the
microchannels; mechanical force produced from syringe
pumps is typical. Due to the large ratio of the surface area
to volume in the microchannels, many interesting interfa-
cial phenomena, namely wetting properties, surface ten-
sion, capillary effects, electrokinetic effects, etc. could be
considered as driving forces. These effects are usually
neglected in macro-scale fluid mechanics. Recent reviews
on the micro-scale fluid mechanics were written by Stone
et al. (2004) and Squires and Quakes (2005).

Microfluidic devices which employ electric fields to
manipulate fluids demonstrate the most promise. Unlike
using a syringe pump which needs to transport fluids
through leaky connectors and must be hand connected,
elctrokinetic pumping simply embeds electrodes together
with an inserted power supply within the devices. Also,
electrokinetic pumping requires no external mechanical
moving parts. Such systems can be made portable by
replacing the power supply with a small battery. In fact,
since mechanically driven parts are mostly bulky, many
microfluidic related products which involve purely
mechanically driven forces have almost become obsolete in
the last few years (Chang 2006). Hence, we only focus on
microfluidic systems which use electrokinetically driven
forces in this article.

1.2 Electrokinetics
Electrokinetics generally involve the study of liquid or

particle motion under the action of an electric field; this
includes electroosmosis, electrophoresis, dielectrophoresis,
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and electrowetting. In this review, we focus primarily
on electroosmotic flow mixing. Regarding the information
of electrophoresis, dielectrophoresis and electrowetting,
interested readers can refer to many excellent references
(e.g. Probstein 1994; Morgan and Green 2003; Jones 2005;
Lee et al. 2002). Electroosmosis (EO) usually refers to the
movement of electrolyte-containing fluid relative to a sta-
tionary charged surface (e.g. microchannel) by an applied
electric field. Further, it is also classified into two subfields:
classical (DC) electroosmosis and field-induced electroos-
mosis (or induced-charge electrokinetic phenomena)
(Squires and Quakes 2005; Chang 2006).

Classical electroosmosis depends on surface charges at
solid-liquid interfaces (Li 2004). These surface charges
result from the surface functional groups. The surface
charges attract counter-ions from the electrolyte solution
and repel con-ions from the surface to maintain local
electroneutrality. An excess of charge is built up near the
solid-liquid interface, thus forming an electrical double
layer (EDL) with a thickness equal to the Debye screening
length (Jp) (Hunter 1981); this results in a screened electric
field normal to the surface (E). Its strength depends on its
surface charge density. The double layer thickness is
approximately 10-100 nm and corresponds to the electro-
lyte solution (e.g. KCI solution) with a bulk concentration
of 10 to 107> M. The counter-ions screen the electric field
(Es) such that it rapidly decays from E; to zero over the
distance of Ap. The potential drop over this distance is
known as the zeta potential ({), which is dependent on the
surface charge density and Debye screening length. The
surface charge density is usually dependent on the pH
value, bulk concentration of electrolytes and surface
material (Hunter 1981). For most materials of microchan-
nels with moderate surface charge density in typical elec-
trolyte solutions, the magnitude of the zeta potential is less
than 100 mV. When an external electric field is applied
parallel to the channel wall (E)), an electrical force within
the thin electrical double layer is produced which drives the
mobile ions in this double layer. Due to fluid viscosity,
fluid surrounding the ions will move along. Since there is
an excess of counter-ions and a net momentum transfer to
the fluid, bulk fluid motion is produced. The resulting flow
field has a high shear rate within the thin double layer; the
velocity outside of this layer is known as the Smolu-
chowski slip velocity (Probstein 1994):

&l
s — T ) 1
Uy u E” ( )

where & and u are the permittivity and viscosity of the
fluid. Equation (1) indicates that electroosmotic flow
velocity is linearly proportional to the external electric field
which is labeled as linear electroosmosis. When the double
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layer thickness is much smaller than the channel dimen-
sion, electroosmotic flow is the same as the wall-driven
flow, resulting in a plug-like velocity profile.

In field-induced electroosmosis, double layer polariza-
tion near the solid-liquid interface is primarily due to
surface charges induced by the external electric field but
not the permanent surface charges of the channel surface.
The inducing surface in the literature is either the electrode
itself (Ramos et al. 1999; Green et al. 2000; Gonzalez
et al. 2000; Lastochkin et al. 2004) or is independent of
electrodes e.g. dielectric surface (Thamida and Chang
2002), a conducting ion-exchange granular (Dukhin 1991;
Ben and Chang 2002), a conducting surface (Squires and
Bazant 2004), etc. The former generally requires an AC
electric field with a suitable frequency and is labeled as
““AC electroosmosis’” (Ramos et al. 1999; Morgan and
Green 2003). The latter can occur as either DC or AC
electric fields. The field-induced zeta potential is usually
dependent on the external electric field strength (E). In this
case, the electroosmotic slip velocity would be proportional
to the square of the external electric field (i.e. ug ~ E%
(Dukhin 1991; Mishchuk and Takhistov 1995; Ben and
Chang 2002; Squires and Bazant 2004). Thus, it is also
known as nonlinear electroosmosis in the literature. This
nonlinear slip velocity is often much larger than the
Smoluchowski slip velocity shown in Eq. (1). This would
be beneficial for high-throughput electrokinetic-based mi-
crofluidic systems with low applied voltages (Chang 2006).

1.3 Microfluidic mixing and mixing principles

The mixing of two or more miscible fluids in microfluidic
systems is important in a variety of applications, e.g. to
achieve a homogenized solution of the reagents to ensure
maximum products in chemical reactions. Furthermore,
biological processes such as cell activation, enzyme reac-
tions and protein folding commonly involve reactions
which require the mixing of reactants for initiation and fast
processing. An ideal micromixer should possess features of
rapid and efficient mixing, be compact in size, be easily
integrated with other components. Achieving such a mixer
is an essential but challenging task when developing mi-
crofluidic devices for chemical and biological analysis
applications. The development of micromixing approaches
for microfluidic applications has attracted the attention of
many research groups worldwide, and a quite large number
of papers have already appeared which reported on the
development of micromixers based on different strategies
(Nguyen and Wu 2005; Hessel et al. 2005; Hardt et al.
2005).

Since viscous forces dominate the flow in microfluidic
devices and the flow is limited to the low Reynolds number
regime, turbulence does not readily occur. In electroki-

netically driven flow in microfluidic systems, the Reynolds
number is typically less than unity (i.e. Stokes flow). In a
conventional straight microchannel, the Stokes flow is
generally unidirectional. Even in curved or twisted chan-
nels (Chen et al. 2006), the transverse flow component (i.e.
the secondary flow) is very small compared to the
streamwise component since the inertial effect is very
weak. Therefore, mixing of two fluid streams within the
microchannel chiefly takes place as the result of molecular
diffusion. The rate of diffusive mixing in microscale
channels is very slow compared to the convection of the
fluid along the channel since the Péclet number
(Pe = Uw/D, where U is the average flow velocity, w is
the channel dimension, and D is the molecular diffusivity)
of typical microchannel flows is very high. The diffusive
mixing time is given by #p ~ w?/D and the mixing length
(L) along the downstream channel increases linearly with
the Péclet number (i.e. L,, ~ Pe X w). In practice, many
biochemical applications, e.g. immunoassays and DNA
hybridization, require the rapid mixing of macromolecules
with relatively low molecular diffusivity (e.g. 107" m? /s
for DNA and small proteins). Typical values in conven-
tional straight microchannel devices show an average
electroosmotic flow velocity of 500 um/s and a channel
dimension of 100 um; the mixing time and mixing length
required to achieve a complete mixing are approximately
1,000 s and 0.5 m, respectively. However, these values are
unsuitable for rapid biochemical analysis in uTAS devices.
Accordingly, developing the means to enhance mixing in
micro-scale devices is essential. To reduce these values, the
diffusion length (w) must be shortened and the interfacial
contact area should be increased within the microchannel.
A large interfacial contact area allows for a large area of
mass transfer, while a shortened diffusion length increases
the concentration gradients and increases the mass flux. In
general, chaotic mixing is a powerful way to reduce the
diffusion length and increase the interfacial contact area
(Ottino 1989; Wiggins and Ottino 2004).

Although it is difficult to induce turbulence (so-called
Eulerian chaos) in microchannels, an effective mixing in
low Reynolds number flow regimes can be obtained by
the chaotic advection mechanism (or so-called Lagrang-
ian chaos or laminar chaos). This mixing can occur in
regular ‘‘smooth’” (from a Eulerian viewpoint) flows and
provides an effective increase in the interfacial contact
area and concentration gradient due to reduction of the
striation thickness (i.e. diffusion length) (Ottino 1989;
Wiggins and Ottino 2004). In this way, mixing time and
length can be considerably reduced. If an exponential
reduction of striation thickness should occur, the mixing
time and mixing length can be reduced down to f, ~
In(Pe ) and L, ~ In(Pe), respectively, for chaotic flows
in the limit of large Pe (Stroock et al. 2002a; Ottino and
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Wiggins 2004a; Song et al. 2003). It is important to note
that chaotic advection cannot occur in steady two-
dimensional flows, but is restricted to two-dimensional
time dependent flows and three-dimensional flows. From
this principle, we can immediately conclude that a small
cylindrical rotor spinning around its centre with a uni-
form angular frequency (i.e. Couette flow) is not likely to
be an efficient micromixer, while two such rotors turned
on and off alternatively (a blinking vortex model) can
form an efficient mixer (Ottino 1989). In Couette flow,
the fluid is only stretched and chaotic advection cannot
be induced, therefore the mixing is poor. In contrast,
when two alternating rotors are arranged together, the
fluid is repeatedly stretched around one of them and then
folded around the other; hence, chaotic advection can be
induced and then the mixing is good. Consequently,
effective mixing always requires repeated stretching and
folding of fluid elements. Blinking vortex models are
similar to the link twist map (LTM) strategy which is
based on a dynamic system theory described in the lit-
erature (Wiggins and Ottino 2004; Ottino and Wiggins
2004b). An LTM is often obtained when the dynamic
system has a structure such that the motion can be de-
scribed by the repeated application of two twist maps.
Over the past few years, many effective micromixers
have been designed according to the LTM strategy
(Wiggins and Ottino 2004).

As discussed above, mixing in microfluidic channels
relies primarily on molecular diffusion or chaotic advection
(laminar chaos) mechanisms. The diffusive mixing effect

can be improved by increasing the interfacial contact area
between the different fluids and reducing the diffusion
length between them. This paper reviews various strategies
to improve the mixing of two or more fluids in micro-
channels based on electrokinetics.

2 Basic methodology

As shown in Fig. 2, either theoretical or experimental ap-
proaches were adopted to study micromixing in the liter-
ature. Many electrokinetic micromixers are made of
dielectric materials such as silicon, glass, polymers, etc.
Within the framework of the continuum assumption, the
electrokinetic flow in micromixers can be modeled by the
continuity equation as well as the momentum equation,
modified to include the electrical body force term (F).
These are given respectively by

V-u=0 (2)
and

ou 2
Py a—s—qu =—-Vp+uVu+F, (3)

where f,u,p, p; and u are time, fluid velocity, pressure,
fluid density and viscosity, respectively. F is the Coulom-
bic force (p.E) arising due to the presence of free space
charge p. interacting with E, where p. is the net free charge
density in the bulk liquid at the solid-liquid interface (i.e.
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Fig. 2 Methodology classifications for the study of micro-mixing
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EDL) and E is the externally applied DC or AC electric
field. In general, the distribution of net free charge density
is described by the Poisson—Nernst—Planck model (Prob-
stein 1994; Li 2004). Under conditions of thermodynamic
equilibrium, the ion concentration in EDL is described by
the Boltzmann distribution and the net free charge density
can be simply described by the Poisson-Boltzmann equa-
tion (Hunter 1981). Furthermore, the electrical driving
force term in Eq. (3) can be assumed to be neglected when
the EDL thickness is much smaller than channel dimension
and no free net charge density exists in the bulk liquid. The
effect of electroosmotic flow is considered to be the slip
wall boundary condition shown in Eq. (1). In the literature,
Egs. (2) and (3) were usually solved through various well-
known numerical methods such as the finite difference
method (FDM), finite volume method (FVM), and finite
element method (FEM).

For typical microfluidic applications, the Reynolds
number is much less than unity (Re = p;Uw/u < 1) and
the flow can be approximated as a creeping flow (i.e.
Stokes flow). Then, the convection term in Eq. (3) can be
neglected, and thus the electrokinetic flow in micro-devices
is governed by Egs. (2) and (4):

Oou

Py, = —Vp+uViu+F. (4)

In addition, if the time required to reach the viscous
diffusion is much less than the oscillation (afl), ie.
prow? /i < 1, or for time-independent problems, the time
derivative term in Eq. (4) can be neglected, time-dependent
flow fields can be regarded as quasi-steady Stokes flows
described by Eqgs. (2) and (5):

0=-Vp+uViu+F. (5)

In a simple flow system and channel geometry, Eq. (5) can
be further solved through various analytical approaches
(Anderson and Idol 1985; Ajdari 1995; Qian and Bau 2002;
Thamida and Chang 2002; Yossifon et al. 2006).

Recently, the lattice Boltzmann (LLB) equation has been
proven useful for the description of mesosystems with
complicated geometry and composition (Succi 2001).
Hence, it also has been widely used over the past years to
describe the electrokinetic flow field and mixing (Tian
et al. 2005; Wang et al. 2005a, 2006a; Tang et al. 2006),
which is solved through the so-called lattice Boltzmann
method (LBM).

2.1 Visualization of micro-mixing

The majority of the numerical studies of micromixing
solved the convection-diffusion equation, Eq. (6), to visu-

alize the mixing process and evaluate the mixing perfor-
mance:

a—C+u-vc = DV>C, (6)
ot

where C and D represent the sample concentration and
diffusivity, respectively. Note that the -electrophoretic
effect is not considered in the convective term of Eq. (6),
but it should be considered when the samples are not
neutral dyes or biological elements. However, there are
several drawbacks to this approach. For example, if the
deformation of the interface is complex and the mixing
channel is too long, solving this equation may fail to
identify the precise interface due to numerical diffusion
and species diffusion in nature. Furthermore, for large
Péclet number cases, convective transport dominates
diffusive transport; in this case, dispersion of the sample
in the flow field can be greatly enhanced by promoting the
convective transport. In such diffusion-limited cases, the
diffusion effects can be neglected; the sample just convects
with the fluid along the local instantaneous streamlines.
Then, the Lagrangian particle tracing technique which
places mass-less, non-interacting passive particles in the
flow fields to observe the advection of tracer particles is
sufficient to provide the information on the sample mixing
process in the unsteady flow field without solving Eq. (6).
The motion of a tracer particle can be tracked by the
kinematic equation (dynamic system):

dr
i u(r,t), (7)
where r is the location of the tracer particle and u(r,f) is
the Eulerian velocity field. The tracer particle position in
the time-independent or dependent flow field at different
times can be obtained by integrating Eq. (7). Many inte-
gration methods are presented in the literature, ranging
from the simple first-order Euler method to the fourth-order
Runge-Kutta method or even higher-order methods (Sprott
2003). Besides, when using the particle tracing method to
simulate the dispersion of a blob of samples, the stretching
and folding of fluid elements effects in a time-dependent
flow field can be clearly observed.

In experiments from the literature, the velocity fields in
micromixers were usually measured through micro-particle
image velocimetry (micro-PIV), while mixing patterns
were visualized through fluorescence or confocal fluoren-
sence microscopy. Confocal fluorensence microscopy was
usually used to observe the three-dimensional structure of
steady flow mixing. Regarding microflow visualization,
interested readers can refer to the excellent review paper by
Sinton (2004) for more details.
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2.2 Characterization of chaotic mixing

In order to understand and optimize fluid deformation in
micromixers during the mixing process, it is necessary to
understand the mechanism of fluid stretching and folding,
and evaluate them in a quantitative manner. In the past
two decades, it has been demonstrated that chaotic mixing
is associated with such stretching and folding of fluid
elements described by dynamic system techniques such as
Poincaré maps and Lyapunov exponents. Regarding the
information of Poincaré maps and Lyapunov exponents,
interested readers can refer to the references for more
details, e.g. Ottino (1989), Wolf et al. (1985) and Sprott
(2003). The velocity field of micromixers used to describe
Poincaré maps and Lyapunov exponents is obtained
through either theoretical analysis or micro-PIV mea-
surements (Suzuki et al. 2004). Using the combination of
Poincaré maps and Lyapunov exponent analysis, the
chaotic characteristics of micro-mixing systems can be
described thoroughly. Poincaré maps can be used to ex-
plain the process of the mixing system from periodic or
quasi-periodic to chaos, while the Lyapunov exponent can
be used to measure the strength of the chaotic behaviors
and then provide information of the effects of parameters
such as the surface topology, amplitude and frequency of
perturbation to chaos; it can also be used to optimize the
design and operation of mixing micro-devices. A positive
Lyapunov exponent means chaotic behavior. Larger
Lyapunov exponents indicate that the system is more
chaotic.

3 Micro-mixing based on electrokinetics

In this review, electrokinetic mixing is categorized as ei-
ther active or passive mixing, as shown in Fig. 3. Passive
mixing refers to the mixing effect in electrokinetically
driven systems and is enhanced by virtue of their particular
geometry topologies, surface properties, or instability
phenomenon which occurs naturally under a static (DC)
electric field. Active mixing refers to the enhancement of
mixing in electrokinetically driven microfluidic systems
using a time-dependent electric field or in pressure-driven
flow systems by means of an externally time-dependent or -
indepentent electrical force. Chaotic mixing can be
achieved by means of the following schemes: dielectro-
phoreric (DEP) force perturbation, the shaking of elec-
trowetting-based droplet, DC/AC EKI (or EHD) instability,
field-induced electroosmosis, and surface charges or
grooved surface patterning.

3.1 Passive mixing

In general, electrokinetic passive mixing can be catego-
rized as either lamination or chaotic mixing. In the case of
lamination mixing, mixing mainly relies on the molecular
diffusion effect between two or more parallel streams,
while chaotic mixing usually refers to the interfacial con-
tact area between two mixing streams. In chaotic mixing,
this area is greatly increased and the diffusion length is
reduced by means of the repeated stretching and folding of
the fluids in a microchannel.

Fig. 3 Classification scheme Electrokinetic (EK)
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3.1.1 Mixing of multiple parallel electroosmotic
streams based on molecular diffusion

T- or Y-shaped microchannels with two inlets were com-
mon microfluidic devices for the mixing of analytes and
reagents in the literature (Kamholz et al. 1999; Ismagilov
et al. 2000). Two streams of distinct species are injected
side-by-side into a single microchannel. Mixing of the
streams is only through molecular diffusion across their
common interface. Furthermore, Jacobson et al. (1999)
proposed an electroosmotic-based microfluidic device
designed with series T-intersections capable of multiple
samples parallel mixing, as shown in Fig. 4a. The device
was tested by mixing a sample with buffer in a dilution
experiment. Figure 4b shows that mixing images and sig-
nal responses for seven individual analysis channels gen-
erates calculated sample fractions of 1.0, 0.84, 0.67, 0.51,
0.36, 0.19, and O in this parallel mixing device.

In the literature, the major portion of the microfluidic
mixing studies is two species mixing within one inlet
stream in a microchannel. Hence, parallel lamination
mixing generally refers to the inlet mixing stream being
split into two or more sub-streams, and then joins them
horizontally as individual laminae in a single stream. Par-
ticularly, the concept of reducing diffusion length for
parallel lamination mixing is known as hydrodynamic
focusing (Knight et al. 1998). In this technique, the mi-
crofluidic device is designed with three inlets, as shown in
Fig. 5a. The sample (solute) flow is introduced through the
middle inlet, while the solvent streams are fed through the
side inlets; these function as sheath flows to restrict the

width of the sample flow and consequently reduce the
diffusion length. Similarly, the flow focusing effect can
also be controlled using electroosmostically driven flow,
which is called electrokinetic focusing (Jacobson et al.
1997; Yang et al. 2006), as shown in Fig. 5b. Knight et al.
(1998) reported that the sample stream width (wyg) can be
focused to 50 nm, resulting in a mixing time of no more
than a few microseconds (¢, ~ w?/D). This rapid diffu-
sion-based mixer has been successfully integrated with
microfluidic platforms to enable the accurate description of
fast chemical reaction kinetics such as protein folding
(Pollack et al. 1999; Hertzog et al. 2004). The rapid mixing
based on the hydrodynamic focusing approach was also
extended to multiple stream mixing in pressure-driven flow
system, namely ‘‘SuperFocus’’ micromixing (Hessel et al.
2003; Hardt and Schonfeld 2003; Lob et al. 2004). Fig-
ure 6a shows an example of the SuperFocus micromixing
with 138 interdigital streams. The streams were injected
separately from many inlets and then joined as individual
laminae in a single stream in the downstream channel.
Thus, lamination parallel mixing is greatly improved due to
diffusion length (striation thickness) reduction. Similarly,
Wang et al. (2005b) and Wu and Yang (2006) also used
multi-stream electrokinetic focusing to improve lamination
mixing, as shown in Fig. 6b. Although it can be used to
enhance micromixing, there is one problem to be consid-
ered and resolved regarding the integration of microfluidic
system: how to split two mixing streams from two inlets
into multiple parallel streams. In prior studies (Lob et al.
2004; Wu and Yang 2006), these streams (six streams)
were injected separately from multiple inlets (six inlets);

Fig. 4 a Schematic of the By Sa
microfluidic chip for buffer-2 &' ﬂsample-z
electroosmotic parallel mixing. Bj Ss
<8 B, “A”. and “T" 5 . &
refer to the sample, buffer, : s /,/
analysis channel, and S ™ / Bs
intersections, respectively. The SAmpie-1 @52 v - Bﬁ® buffer-3
channels are represented by %
double lines. b Fluorescence / A
. . T2 Te
image and signal for parallel
mixing of the sample with
buffer (Jacobson et al. 1999) 2
B2 B4 sz Iss g
-} - w
[ @
buffer-1 sample-3
Ag-
Az ~As
Az~ As
Ag” ~A7 pixels
s
waste
(a) (b)
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Fig. 5 Fluorescence images of
rapid mixing in a a
hydrodynamic focusing device
(Knight et al. 1998) and b an
electrokinetic focusing device
(Jacobson et al. 1997). The
width focused sample stream
(wy) is smaller and indicates that
the mixing is faster

10 pm

Fig. 6 a Multi-stream mixing
with hydrodynamic focusing
(Lob et al. 2004) and b with
electrokinetic focusing (Wu and
Yang 2006)

Fig. 7 a Schematic illustration
of the two sample
electroosmotically address-flow
device used as a microreactor. b
Fluorescence images of the
intensity of the reaction product
fluo-4/Ca** for different
distances between two reactant
streams (Kohlheyer et al. 2005)

this is not practical in microfluidic systems. This problem
is not easily solved in in-plane microchannel structures, but
it may be solved by the design of out-of-plane micro-
channel structures. In addition, Kohlheyer et al. (2005)
proposed an adjusted multi-stream diffusion-based mic-
roreactor using electroosmotic guiding flow streams com-
posed of two sample inlets, three guiding buffer inlets, and
one reaction chamber, as shown in Fig. 7a. The region
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where the molecular diffusive profiles of two parallel
sample streams overlap is used for the reactions. The size
of the region (or the distance between two sample streams)
can be adjusted by changing the flow rate ratio of three
guiding buffer streams. Figure 7b shows the reactions of
two reactant streams (one consists of buffer and fluo-4, and
the other consists of buffer and CaCl, solution) at different
distances between two parallel reactant streams. In prin-
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ciple, this parallel lamination mixing device can also be
categorized as an active mixer or reactor since the mixing
is controllable.

3.1.2 Split-and-recombine (SAR) lamination mixing

In contrast to the multi-stream lamination mixing
mentioned above, the SAR lamination mixing relies on a
multi-step procedure, as show in Fig. 8a. Three basic steps
are required: fluid element splitting, recombination, and
rearrangement. The three steps can be completed when the
two mixing streams flow through an out-of-plane micro-
channel structure, as shown in Fig. 8b (Schonfeld et al.
2004). After one SAR step, the two streams can be split
into four lamellae. Then, the interfacial contact area is
increased by double and the diffusion length is reduced to a
half of channel width (w). The lamellae dimension depends
on the number of SAR steps (n). The diffusion length after
n SAR steps leads to an exponential decrease of w/2", and
exhibits an exponential increase of the interfacial contact
area. Thus, a positive Lyapunov exponent can be achieved
by means of a SAR mixing scheme at a low Reynolds
regime (Schonfeld et al. 2004; Hardt et al. 2006); then this
approach was also termed as ‘‘uniform chaotic mixing’’ in
their studies. Although this mixing scheme was only suc-
cessfully applied to the pressure-driven flow mixing in the
previous studies and no other literature regarding split-and-
recombine electroosmotic flow mixing has been noted, it
may be suitable for the electroosmotic flow system. Since
the mixing scheme requires a series of out-of-plane

(a)

Initial

' ™m omem 1 )

Spiltting Recombination Rearrangement

Fig. 8 a Schematic illustration of split-and-recombination mixing
scheme. b One split-and-recombine unit (Schonfeld et al. 2004). The
arrow indicates the flow direction

microchannel structures for splitting and recombining
flows, it may not be easily integrated into microfluidic
systems.

3.1.3 Grooved surface enhanced electroosmotic mixing

Stroock et al. (2002a) proposed a chaotic mixing channel
with patterned grooves for pressure-driven flow system.
The transverse flows can be produced in the grooved
channels which result in a helical flow motions at a low
Reynolds number regime (Stroock et al. 2002a, b; Stroock
et al. 2003). Similarly, helical flow motion also can be
achieved for electroosmotic flow in grooved microchannels
(Johnson et al. 2002), as shown in Fig. 9. Since the slanted
groove design of this mixing channel is able to induce a
lateral transport across the channel (see Fig. 9c), the mix-
ing is not limited by molecular diffusion. From Fig. 9a, it is
seen that the incoming fluorescent stream was split into two
streams after four slanted grooves at a flow velocity
0.81 cm/s, corresponding to a Reynolds number 0.45. Al-
though the mixing is improved after the slanted grooved
region, the stream splitting phenomena still results in poor
mixing due to the lack of repeated stretching and folding of
the fluid in the downstream channel. To avoid splitting the
stream and to achieve complete mixing, another design
shown in Fig. 9b was also proposed. In addition, it also can
be avoided by means of periodic staggered herringbone
grooves, as proposed by Stroock et al. (2002a). Once the
induced transverse flow is strong enough for efficient lat-
eral transport, it will conform to the LTM idea (Ottino and
Wiggins 2004b; Wiggins and Ottino 2004); then, electro-
osmotic flow chaotic mixing can be induced. Johnson and
Locascio (2002) also investigated the numerical effect of
the groove angle relative to the channel axis, the groove
depth, and the zeta potential (i.e. surface charge density)
ratio of groove to main channel on electroosmotic flow
mixing over periodic slanted grooves. The numerical re-
sults show that mixing performance was improved by
increasing the groove depth, decreasing the groove angle,
and increasing the magnitude of the zeta potential ratio.
The effect of surface charge patterning on electroosmotic
flow mixing will be discussed in the following section.

3.1.4 Heterogeneous surface charge patterning enhanced
electroosmotic mixing

According to the theory of similitude between electroos-
motic flow velocity and electric field (Cummings et al.
2000), the electroosmotic flows streamlined in uniform zeta
potential microchannels are the same as the electric field
lines governed by the electric vector field (E). As a result,
the flow velocity and electric vector fields are both irrota-
tional. Electroosmotic flow fields are unique in that they
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Fig. 9 The pattern
configurations of two different

Inlet-
Rhodamine B in
Carbonate Buffer

slanted grooves (wells) and
fluorescence images of mixing 'F 1 i
in a T-shaped microchannel

(a and b) at a Péclet number of
Pe = 1500 (Johnson et al.
2002). ¢ Simulation results of —I
species mixing in configuration

(a) for a groove angle of 0 =
15° and a groove depth of

50 um at a Péclet number of Pe
= 700 (Johnson and Locascio
2002)

* Inlet-

Buffer with
Rhedamine B

can also be described as a potential flow due to the slip
condition. However, the irrotational feature of potential
flow implies that closed streamlines and vortices are
impossible to be generated. Surfaces with non-uniform zeta
potentials are one way to produce vortices or specific flow
structures in electroosmotic flow fields. Hence, the surface
properties of the microchannel play an important role in
controlling surface-driven electroosmotic flow (Stroock
and Whitesides 2003) and can be exploited to produce
specific flow structures to improve the mixing perfor-
mance. Anderson and Idol (1985) and Ajdari (1995) per-
formed a theoretical investigation into electroosmotic flows
induced by a non-uniformly distributed zeta potential along
the pores and microchannel walls, and suggested that the
application of oppositely charged surface heterogeneities to
the microchannel walls generated recirculation regions
within the bulk flow near the heterogeneous regions. This
flow phenomenon was observed experimentally by Stroock
et al. (2000). In later studies, these induced localized cir-
culations in the steady flow field were successfully em-
ployed to improve species mixing in a microchannel
(Erickson and Li 2002; Chang and Yang 2004; Fushinobu
and Nakata 2005; Wang et al. 2005a; Tang et al. 2006) or a
curved microchannel (Lin et al. 2006). However, chaotic
mixing was absent in the proposed mixers since the zeta
potential was time-independent and hence the induced
circulations were closed and steady in two-dimensional
flow systems. To achieve chaotic advection in two-
dimensional flow systems, these circulations must be
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broken in some way. For example, various researchers have
performed theoretical studies of electroosmotic flows in
2-D microchannels driven by time-dependent zeta poten-
tials or a time-dependent external electric field, and have
demonstrated that chaotic advection can be induced by
time-wise periodic alternations of the zeta potential and can
improve the mixing performance as a result (Qian and Bau
2002); these are to be described in the section of active
mixing scheme. In addition, chaotic advection or transverse
flows can also be induced in three-dimensional steady
electroosmotic flows with time-independent zeta potentials
through the use of specific surface charge patterning con-
figurations (Ajdari 1996, 2001; Erickson and Li 2003; Ng
et al. 2004; Yang and Chang 2004; Biddiss et al. 2004;
Chang and Yang 2006). Generally, heterogeneous surface
charges or non-uniform time-independent zeta potentials
are obtained through passive approaches such as coating
the microchannel walls with different materials (Liu et al.
2000; Stroock et al. 2000; Fushinobu and Nakata 2005) or
applying suitable surface-chemistry treatments (Hau et al.
2003; Krishnamoorthy et al. 2006).

Biddiss et al. (2004) used a polybrene-coated method
proposed by Liu et al. (2000) to create a non-uniform zeta
potential distribution on the bottom of a PDMS micro-
channel, as shown in Fig. 10a. The electroosmotic mobili-
ties of native-oxidized PDMS and polybrene-coated
surfaces for sodium carbonate/bicarbonate buffers of pH 9.0
were measured to be =5.9 x 10~% and 2.3 x 107 m>/V S,
which correspond to the zeta potentials of —83 and 32 mV,
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Fig. 10 a Heterogeneous surface charge patterning configuration in a
T-shape microchannel. b Experimental image of species mixing in the
homogeneous and heterogeneous charged microchannel (a) for an
electric field strength of 280 V/cm corresponding to a Péclet number
of Pe = 760 (Biddiss et al. 2004)

respectively. The ratio of the zeta potential of the hetero-
geneous surface to that of the channel wall is —0.38. In this
mixing channel, the channel wall with negative zeta po-
tential drives the flow along the net flow direction, while
the heterogeneous surface with a positive zeta potential

Fig. 11 Visualization of
mixing at different periods in

tends to stop the flow. To satisfy continuity, transverse flow
components must be induced in the heterogeneous regions
(i.e. transverse pressure gradients are induced), resulting in
secondary flows within the mixing channel. In Fig. 10b, it
can be seen that the transverse flow was induced and the
mixing was greatly enhanced in the heterogeneous micro-
channel; also, the channel length required for complete
mixing is reduced to 2.6 mm, which is much shorter than
the value 22 mm for mixing in a homogeneous micro-
channel. In addition, Chang and Yang (2006) also em-
ployed a particle tracking method to visualize the fluid
mixing process from a cross-section perspective in heter-
ogeneous microchannels, as shown in Fig. 11. The mixing
channels considered in their study were characterized by a
periodically repeating mixing protocol. To clearly observe
the dynamics of the mixing process, the positions of each
particle were recorded at the outlet of the computational
domain of each period. Figure 11a shows that clockwise
transversely rotational flows with an elliptic region (i.e. an
unmixed island) are generated in the microchannel. The
elliptic region, similar to a ‘‘cat’s eye’’ structure, is also
clearly visible in the Poincaré maps shown in Fig. 11a.
According to Kolmogorov—Arnold—Moser (KAM) theorem
in the dynamic system (Ottino 1989; Sprott 2003), the fluid
in this region cannot mix with their surroundings (without a
molecular diffusion effect). Thus, the mixing is locally
chaotic in the mixing channel with patterned straight

microchannels with a straight
diagonal heterogeneous strips

and b staggered asymmetric
herringbone heterogeneous
strips; its Poincaré maps are
obtained from particle tracing
for 200 periods with 20
particles. The zeta potential
ratio of the heterogeneous strip
({,) to channel wall ({;) is 0.5
(Chang and Yang 2006)

Poincaré map

Poincaré map

(@ (b)
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diagonal heterogeneous strips. In contrast, the unmixed
island vanishes in Fig. 11b and the global chaotic mixing is
induced. The concept of this design is similar to that of the
staggered herringbone mixer (SHM) proposed by Stroock
et al. (2002a) and also fits within the LTM framework
(Ottino and Wiggins 2004b; Wiggins and Ottino 2004). It
is seen that two unequal counter-rotating vortex flows (i.e.
a blinking vortex) exist in this mixing system. The blinking
vortex provides the main transport mechanism of the two
different colored particles from left to right and right to left
in a periodic manner. From Fig.11a and b, it should also be
noted that in addition to the particles near the bottom wall,
the particles near the channel walls are not easily stirred.
This is because the electroosmotic flow is surface-driven
and hence the streamwise velocity near the walls is larger
than the transverse flow velocity. Hence, the results show
that the mixing efficiency decreases as the channel aspect
ratio (channel height-to-width) increases in their study.
This may be a reason why the channel is designed to be a
low aspect ratio (approximately 0.04) in the study of
Biddiss et al. (2004). The mixing in heterogeneous mi-
crochannels with a higher aspect ratio may be improved by
increasing the magnitude of the zeta potential ratio. This is
because a higher magnitude of the zeta potential ratio
generates a stronger secondary flow (Chang and Yang
20006).

One important effect on the electroosmotic flow trans-
port is not mentioned above and should be considered for
the mixing in heterogeneous microchannel. Because the
continuity condition must be satisfied, the axial pressure
gradients, except the transverse pressure gradients, are also
induced in a non-uniform zeta potential microchannel
(Herr et al. 2000; Ren and Li 2001; Fu et al. 2003), which
may result in a reduced net flow rate of electroosmotic flow
in microchannels, especially for the high magnitude of the
zeta potential ratio. Therefore, the tradeoff between elec-
troosmotic flow mixing and transport should be considered
in this mixing scheme (Tian et al. 2005).

3.1.5 DC electrokinetic instability (EKI) mixing

The electrokinetic instability (EKI) phenomenon was first
observed experimentally in microfluidics by Oddy et al.
(2001). This instability phenomenon is not due to mech-
anisms such as time-modulated electric fields (Suresh and
Homsy 2004) and Joule heating effects (Chang and
Homsy 2005). It is described by charge accumulation at
perturbed interfaces due to electrical conductivity gradi-
ents, Vo, which exist in the bulk flow (Lin et al. 2004b;
Chen et al. 2005). The net charge density in the bulk
liquid derived from electrostatics theory can be expressed
as
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Fig. 12 Experimental images of electrokinetic instability phenome-

where € is the perimittivity of the electrolyte and E is the
external electric field. Then, it results in an electrical force
p.E) which distorts the interface, as shown in Fig. 12.
This mechanism is similar to that of electrohydrodynamic
instability as proposed by Hoburg and Melcher (1976,
1977). The differences between them are that the
electroosmotic effect and molecular diffusion effect of
electrical conductivity are considered in EKI model (Lin
et al. 2004b; Chen et al. 2005; Posner and Santiago 2006).
The onset of instability is governed by an electrical
Rayleigh number, which represents the relative importance
of electrical body forces to dissipative forces due to
molecular and viscous diffusion.

—

Uevh
Ra, = , 9
¢ Deg (

~—

describes the case where U, is electro-viscous velocity
generated from the electrical force balanced by the viscous
force, h is length scale of channel width and D is
effective diffusivity of electrolyte. The electrical force
plays a role in destabilization of the electrokinetic flow,
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while the flow is stabilized by the dissipative forces. Thus,
the flow field is conditionally unstable. The critical elec-
trical Rayleigh number has been found to be approximately
10 in the case of an electric field perpendicular to the
electrical conductivity gradients in thin microchannels
through a linear stability analysis (Chen et al. 2005). Over
this critical value, the unstable flow can be generated. In
addition, the ratio of electro-viscous to electroosmotic
velocities (i.e. Smoluchowski velocity) governs the onset
of absolute instability; the critical value of this ratio is
approximately 4 (Chen et al. 2005). The absolute insta-
bility always occurs at a high intensity of the electric field.

Recently, this instability flow has also direct applica-
tions to rapid electrokinetic passive mixing in a DC field
(Park et al. 2005; Tai et al. 2006; Huang et al. 2006).
However, there are two disadvantages of the application of
electrokinetic instability flow to microfluidic mixing. One
is that the electrical conductivity gradients must exist in the
bulk flow (i.e. two flow streams with different conductiv-
ities are required); the other is that a high electric field
strength is required. In general, the critical strength of the
electric field resulting in unstable flow decreases as the
conductivity ratio is increased, but still there is a limitation
(Chen et al. 2005; Posner and Santiago 2006). For a fixed
electric field, the experimental results also show that the
mixing performance is greatly enhanced in the case of high
conductivity ratios when compared to the case of low
conductivity ratios (Huang et al. 2006). Unfortunately, the
conductivities of various sample and buffer streams in
microfluidic systems are either unknown or poorly con-
trolled. In Fig. 12, it can be seen that a more chaotic flow
induced by a higher intensity of electric field (>500 V/cm)
to achieve efficient mixing when an electrical conductivity
ratio is 10, while the value of the electric field strength is in
general too large for practical microfluidic systems. The
electrokinetic convective instability flows usually occur at
a relatively lower electric field strength compared to that of
absolute instability flows (Chen et al. 2005). However, the
convective instability flow in microchannels always shows
a periodic motion in the downstream and results in poor
chaotic mixing. More chaotic mixing may be achieved
under a lower electric field by breaking the periodic
behavior in some ways, e.g. use of the specific designs of
channel geometry (Park et al. 2005; Tai et al. 2006; Huang
et al. 2006) or patterned porous structures (i.e. block) in the
mixing channel. As shown in Fig. 13, the peak of the
unstable wave is pulled to the corner by strong electrical
forces (note: net charge density calculated from Eq.(8) has
a negative value at the corners) due to there being a high
electric field at the cavity corners when the unstable wave
approaches to the cavity corners (Park et al. 2005). The
wave remains attached to these corners (i.e. stagnation
points), and the interface is stretched repeatedly along the

Fig. 13 Experimental images of electrokinetic instability phenome-
non for different channel geometries at an electric field strength is
approximately 300 V/cm. Here conductivity ratio is 10 (Park et al.
2005)

downstream resulting in a more unstable or chaotic flow
pattern. In addition, more chaotic flow patterns can also be
achieved by applying time-periodic electric fields (Shin
et al. 2005); this is described in the section of AC elec-
trokinetic instability mixing.

3.2 Active mixing

In general, the choice of driving amplitudes and frequen-
cies, and optimization of operation conditions is a chal-
lenge in designing an active micro-mixer. Under
appropriate operation conditions, the major portion of
electrokinetic active mixing schemes in the literature is
able to induce chaotic mixing, except the case of periodi-
cally switching electroosmosis mixing enhancement.

3.2.1 Dielectrophoretic-based mixing

Dielctrophoresis (DEP) refers to the polarization of a par-
ticle or biological element relative to a suspension medium
in a non-uniform electric field which results in motion
(Morgan and Green 2003; Jones 2005). Positive DEP for-
ces moves particles to regions with a higher electric field
(i.e. near the electrode edges), while the particles are re-
pelled from the electrode edges to a lower electric field by
negative DEP forces. The positive or negative DEP force is
only induced by applying the specific range of the fre-
quency of the AC field, which is dependent on the per-
mittivity of the biological element and suspension medium
(i.e. Clausius—Mossotti factor). Lee et al. (2001) and Deval
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et al. (2002) have used dielectrophoretic forces as a per-
turbation source to facilitate chaotic mixing in simple mi-
crochannel geometry. It takes advantages from the
relatively high magnitude of the DEP force compared to
other forces acting on micron or submicron biological
elements. The main stream in their device is driven by a
syringe pump. The working unit is composed of cavity and
electrodes, as shown in Fig. 14. The saddle point regions
can be generated when the positive or negative DEP force
is large enough to overcome hydrodynamic force, where
particle distributions are stretched and folded, resulting in
chaotic trajectories as shown in Fig. 14 (note: saddle point
refers to the the mathematical definition of bifurcation in a
dynamic system (Sprott 2002)). The chaotic strength of this
mixing system depends on the cavity geometry, electrode
distribution, and the combination of fluid velocity, electric
field strength and electric field actuation frequency (i.e.
frequency switches between positive and negative DEP
forces). In addition, the particle distribution would be more
homogeneous across the channel width downstream after
more and more working units. This is because the particle
distribution is stretched and folded repeatedly.

3.2.2 Electrowetting-on-dielectric (EWOD) droplet-based
mixing

Electrowetting refers to that the wetting properties of a
droplet in contact with an insulated electrode which can be
altered by means of an electric field. If an electric field is
applied non-uniformly on an electrode array, a surface
energy gradient is induced which can be used to manipulate
the motion of the droplet (Lee et al. 2002; Moon et al.
2002). Multiple-electrode arrays allow for manipulation of
a large number of droplets independently. Recently, an
electrowetting-based digital microfluidic system was

2 mg DEP Pos. n:p Pas. nep l
S 4 ' —
t =0.5sec t=1.0sec
Ncg. DEP | Fos DEP
“x -
1 =1.5sec. 1 =2.0sec.

Fig. 14 Stretching and folding of particle distribution in a time-
series. Average flow velocity of the main stream is maintained at 500
pm/s and 10 V. AC voltage is applied between electrodes 1 and 2
and between 3 and 4. AC frequency switches between 700 kHz
(positive DEP) and 15 MHz (negative DEP) at a rate of 0.5 s (Deval
et al. 2002)
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developed and provides a path toward realizing the true
lab-on-a-chip in the future (Fair 2007). The analytes and
reagents are transported in this system through the motion
of discrete droplets rather than continuous flow streams.
The droplets act as a virtual mixing chamber, and an active
mixing scheme was developed by shaking the merged
droplet (Paik et al. 2003a). Complex flow patterns inside
the merged droplet can be induced to greatly enhance
mixing during droplet oscillating motion on one dimen-
sional four-electrode arrays at an appropriate switching
frequency. The results show that the fastest time for mixing
two 1.3 pl droplets was about 4.6 s in a linear oscillation
on four electrodes at a frequency of 16 Hz. An alternative
rapid droplet mixing scheme, split-and-merge droplet
mixing on one-dimensional three-electrode array, was also
proposed by Paik et al. (2003b), as shown in Fig. 15. It can
be seen that splitting and remerging resulted in a rapid
mixing of two 0.8 pl droplets within 1.7 s.

3.2.3 Electrohydrodynamic (EHD) instability mixing

Electrokinetic force generally refers to the force generated
by the interaction between electric field and net charge
density near the solid-liquid interfaces. Electrodynamics
(EHD) also includes forces that act away from solid—li-
quid interfaces in regions where the bulk liquid has
conductivity and permittivity gradients in addition to the
electrokinetic force. Over past years, EHD studies typi-
cally deal with near-dielectric liquids (e.g. oil, alcohol,

(a)

Fig. 15 Experimental images of a droplet mixing on a three-
electrode array with splitting and merging. a A merged droplet is
oscillated across the three electrodes at a frequency 16 Hz. b The
droplet is then split into two droplets and then remerged (c) at the
same frequency (Paik et al. 2003b)
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Fig. 16 Experimental images of electrohydrodynamic mixing under a DC electric field. a Initial condition, b intensity of electric field is 4 kV/

cm, and ¢ 6 kV/cm (El Moctar et al. 2003)

etc.) and can be described by the Taylor—Melcher leaky-
dielectric model (Saville 1997). The electrokinetic effect
in EHD studies usually can be neglected due to the liquid
being non-conducting to form polarized layer at solid—
liquid interface (i.e. electrical double layer). As men-
tioned in EKI mixing, the EHD instability phenomenon
may also be induced due to electrical conductivity gra-
dients existing in the bulk liquid (Hoburg and Melcher
1976, 1977). Hoburg and Melcher (1976, 1977) per-
formed an experimental and stability analysis for an
electric field parallel or perpendicular to the liquid-liquid
interface (corn oils with different conductivities). Re-
cently, a microfluidic mixer was developed by El Moctar
et al. (2003) utilizing an electrohydrodynamic instability
phenomenon. In the micromixer, two fluids with identical
viscosity and density (oil) but different electrical proper-
ties (e.g. conductivity and permittivity) were injected into
the mixing channel by syringe pumps; the electrodes were
arranged in such a way that the electrical field was per-
pendicular to the species interface, as shown in Fig. 16,
creating a chaotic flow. The average flow velocity of main
stream was 4 mm/s, corresponding to a low Reynolds
number of approximately 0.02. The mixing effects in-
duced by both DC and AC electric fields were explored in
a series of experimental investigations. In Fig. 16, it can
be seen that the mixing becomes more chaotic as the
intensity of the DC electric field increases. In the case of
AC fields, the mixing is only greatly enhanced under the
lower frequency electric field. This is because the free
charges do not have enough time to build up in the bulk
flow when the period of AC field is much smaller than the
charge relaxation time scale (approximately 0.68 s for
corn oils). The results revealed that the application of an
appropriate voltage and frequency to the electrodes yiel-
ded a satisfactory mixing performance within less than
0.1 s over a short mixing distance, even at Reynolds
numbers as low as 0.02. In their experiments, the elec-
trochemical (Faradic) reaction on the electrodes was not
observed and no bubbles were generated in mixing
channel under a DC field or a low frequency AC field due
to the working fluid is corn oils. In general, DC voltages
in excess of 2 V will produce bubbles when electrodes in
contact with typical electrolyte solutions. Consequently,
the design of this EHD mixer is not suitable when the
fluids are aqueous solutions. To avoid bubble generation

inside microchannels when the working fluids are aqueous
solutions, their electrodes must be housed in open reser-
voirs of the side channels to allow release of the bubbles
(Oddy et al. 2001).

3.2.4 AC electrokinetic instability mixing

As mentioned in DC EKI mixing, more chaotic flow pat-
terns may be induced by time-dependent electric fields,
which can improve the mixing performance at a low
intensity of electric field. Oddy et al. (2001) first presented
an active micromixer in which an AC electric field induces
a more chaotic flow field to enhance the mixing of a two
pressure-driven flow stream (conductivity ratio of two
streams was not provided in their work). A high intensity
AC electric field (1 kV/cm with a relatively low frequency)
from side channels was still required to induce electroki-
netic instability for enhancing mixing in their experiments.
As shown in Fig. 17, the experimental results showed that
the average velocity of the main flow stream is 0.5 mm/s,
and the EKI flow field resulted in a rapid stretching and

Fig. 17 Experimental images of EKI mixing in a micro-chamber
(Oddy et al. 2001)
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folding of the fluid in the chamber and achieved an
effective mixing performance within 3 s, corresponding to
less than 1% of the time required to achieve mixing via
diffusion effects in a conventional straight microchannel.
In their experiments, no information was mentioned con-
cerning whether time-dependent electric field could be
used to improve EKI mixing performance. Nevertheless, it
was demonstrated by Shin et al. (2005). In Fig. 18, it can
be seen that the more chaotic trajectories can be generated
in a cross-shaped microchannel by a time-dependent elec-
tric field. The dynamic voltage (Vpc + Vac sin 27 ft)) is
applied to inlet port IT and a static voltage (Vpc) is applied
to inlet ports I and III. There is an optimal frequency (f) of
12 Hz for enhancing the instability and fluid mixing in
their studies.

3.2.5 Periodically switching electroosmotic mixing

An efficient active mixing scheme to enhance the mixing
effect of two pressure-driven flow streams at low Reynolds
number is performed by pulsing their velocities or pres-
sures in some way; this has been investigated by many
researchers (Niu and Lee 2003; Glasgow et al. 2004; Ok-
kels and Tabeling 2004; Dodge et al. 2005). For example,
Okkels and Tabeling (2004) and Dodge et al. (2005) pre-
sented a mixer comprising a main channel and one pair of

UL

I

(a) (b)

Fig. 18 Fluorescent particle trajectories for different conditions of
electric fields. a Static electric field with Vpc = 650 V and b dynamic
electric field with Vpc = 650 V, Vaoc = 50 V and f= 12 Hz. Here
the intensity of electric field is approximately 300 V/cm and the
conductivity ratio is 10 (Shin et al. 2005)
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side channels in which the mixing species were stirred by
pulsing the velocities of the fluids introduced through the
side channels. This concept was also extended to a chaotic
mixer comprising one main channel and multiple pairs of
side channels (Niu and Lee 2003). The fluid elements in the
main channel can be stretched and folded repeatedly and
efficiently and then resulted in chaotic mixing when an
appropriate amplitude and frequency of perturbation was
applied. There are two important factors to achieve chaotic
mixing in these systems in addition to applying an appro-
priate amplitude and frequency of perturbation. One is the
corners at the intersection of the main and side channels
which are locations for saddle points; another is that the
velocity profile of pressure-driven flow is parabolic-like. In
general, the stretching rate of the fluid element in pressure-
driven flow fields is much larger than that in electroosmotic
flow fields. This is because the electrical double layer is
always much smaller than the microchannel dimension;
this then results in a plug-like velocity profile. In other
words, the efficient stretching and folding of the fluid
element or chaotic mixing in pure electroosmotic flow
fields may be difficult to be achieved by periodically
switching an externally applied electric field in side
channels. As shown in Fig. 19, it can be seen that the
species distributions or interfaces for any switching fre-
quency are all regular and smooth, and chaotic mixing
cannot occur (Tang et al. 2002). This phenomenon was
also observed numerically and experimentally (MacIlnnes
2002; Lin et al. 2004a). Nevertheless the mixing can also
be enhanced by increasing the interfacial contact area to
improve the efficiency of mass transfer based on molecular
diffusion in a simple microchannel at an optimal switching
frequency or Strouhal number (Lin et al. 2004a; Glasgow
et al. 2004). This increased contact area still has a limited
value, which is unlikely to produce chaotic mixing. Hence,
this active electroosmotic mixing scheme is only suitable

St=04 St=17

St=0.1 St=0.16
Fig. 19 Species distributions in the periodically switching electro-
osmotic flow field for a Peclet number Pe = 500 at different Strouhal
numbers St = fW /U (Tang et al. 2002)
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for enhancing species mixing at low Péclet number re-
gimes. Fu et al. (2005) also used this scheme to improve
the mixing performance of multiple (four) streams in a
microchannel at low Peclet number regimes, as shown in
Fig. 20. In general, the two species mixing streams may not
be easily arranged to form mixing of sub-multiple parallel
streams in in-plane microchannel structures. The arrange-
ment of multiple streams only can be obtained artificially,
e.g. the four streams with two species are injected sepa-
rately from four inlet ports as shown in Fig. 20. Actually,
this mixer is not conveniently integrated into microfluidic
systems.

This concept was also extended to electroosmotic mixing
through a sequential injection strategy (Coleman and Sinton
2005; Coleman et al. 2006). As shown in Fig. 21, the
sample (fluorescent dye) from inlet port A is firstly
dynamically loaded in a cross-shaped region and then dis-
pensed to the downstream by the side flow from inlet port B.
Repeating the above procedure periodically, the mixing is
greatly enhanced by means of the reduced flow velocity, the
reduced striation thickness (diffusion length scale), and the
increased interfacial contact area in the mixing chamber;
these all result from the expansion effect in a sudden
expansion chamber. Without a sudden expansion chamber,
the mixing may be poor using this mixing strategy. This is
because the Taylor dispersion effect in electoosmotic flow
is always not significant in a straight channel compared to
that in pressure-driven flow (Nguyen and Huang 2005).
Nevertheless, the sample band flows through a turn micro-
channel and would be spread due to the race-track effect and
results in dispersion effect (Culbertson et al. 1998; Griffiths
and Nilson 2000; Molho et al. 2001). Therefore, the sam-
ples can be stretched repeatedly in a twisted channel, which
may be helpful in improving mixing in the sequential
injection electroosmotic mixing scheme.

Numerical model

1 3

_ (a) 1 Hz
. Ik
2 4

I ! | (b) 2 Hz

Experiment

pen

Fig. 20 Periodically switching electroosmotic multiple stream mix-
ing at an electric field of 100 V/cm for different switching frequencies
(Fu et al. 2005)

l _--—. o |
Solution A ))
iSolution B

Fig. 21 Electroosmotic sequential injection mixing (Coleman et al.
2006)

500 ym

3.2.6 Field-induced electroosmosis enhanced mixing

Field-induced electroosmosis has been widely applied to
the active control of electroosmotic flows (Schasfoort et al.
1999) and liquid pumping in microchannels (Ajdari 2000;
Brown et al. 2001; Studer et al. 2002; Mpholo et al. 2003;
Ramos et al. 2003; Lastochkin et al. 2004; Bazant and Ben
2006), with a lesser application in micromixing. Some
examples of the application of field-induced electroosmosis
for enhancing micromixing in the literature are introduced
in the following sections.

Field-effect induced non-uniform zeta potentials In
contrast to a passive mixer using non-uniform time-inde-
pendent zeta potentials as mentioned previously, time-
independent or dependent non-uniform zeta potentials can
be controlled actively using a field-effect (i.e. the so-called
capacitive effect) (Lee et al. 1991; Schasfoort et al. 1999).
According to the three-capacitor model proposed by Lee
et al. (1991), the field-effect induced zeta potential ({;) can
be expressed as

~ Cyan
CepL

(i

Va, (10)

where V, is the applied voltage on the electrode embedded
beneath the solid-liquid interface and insulated from the
liquid, and C,,; and Cgp;. are the capacitance of the
channel wall and the electrical double layer, respectively.
Cyan 1s inversely proportional to the distance between the
embedded electrode and the channel wall, implying that the
magnitude of the induced zeta potential increases as the
distance decreases at a constant applied voltage. Cgpy is
dependent on the pH value and concentration of the elec-
trolyte (Hunter 1981). A positive applied voltage induces a
positive zeta potential, while a negative voltage induces a

@ Springer



518

Microfluid Nanofluid (2007) 3:501-525

negative zeta potential. In addition, there are two time
scales should be considered for the cases of time-dependent
induced zeta potentials. One is the charged time for the
EDL capacitor ()ué /D,-7 D; is the diffusivity of ions in
electrolyte), which is generally less than several micro-
seconds when the EDL thickness is thin. Another is that the
time required for fully charging the capacitor of the wall
(i.e. RC time or charge relaxation time f. = &/, & and
os are the permittivity and conductivity of the channel
substrate, respectively). For example, the charge relaxation
time for the Pyrex 7740/soda-lime glass is on the order of
102 s. Once the period of the time-switching applied
voltage is much larger than the two charge relaxation time
scales, the value of the time-dependent induced zeta po-
tential can be regarded as ;. In general, the zeta potential
of the channel wall ({) is represented as the sum of {; and {,,
(original zeta potential dominated by the permanent surface
charge of the channel wall). When the induced zeta po-
tential is much larger than the original zeta potential, the
zeta potential of the channel wall can be represented as {;.

Wu and Liu (2005) used the field-effect approach to
induce a non-uniform time-dependent zeta potential
distribution in the bottom wall of the PDMS microchan-

Fig. 22 a Schematic of a T-
shaped electroosmotic mixing
channel with a 200 pm X 60 um
cross-section. The embedded
electrodes were arranged in a
staggered asymmetric
herringbone configuration. A

5 pum gap between the adjacent
embedded electrodes was
created. Experimental images of
mixing under b zero applied
voltage and c applied alternate
100 V/-50 V at odd/even
embedded electrodes. The
external electric field strength in
the microchannel is 86 V/cm
(Wu and Liu 2005)

Buffer

Even electrodes +—
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Embedded Al electrodes

PDMS structure

nel, as shown in Fig. 22. Figure 22 (c) shows that the
electroosmotic flow mixing is greatly enhanced by
applying a 0.5 Hz, 100 V/-50 V square-wave voltage to
the staggered asymmetric herringbone electrodes; the
mixing efficiency achieves 90% after the fluids pass
through a 5 mm long microchannel. In addition, Qian and
Bau (2002) also used a field-effect to apply time-wise
periodic alterations of the zeta potential along the two-
dimensional microchannel walls to induce an electroos-
motic chaotic advection effect in a closed flow system.
Their designs also fit within the LTM framework (Ottino
and Wiggins 2004b). In their study, they assumed the
induced zeta potential is much larger than the original
zeta potential. As such, the induced zeta potential domi-
nates the zeta potential of the channel wall. As shown in
Fig. 23, two electroosmotic flow patterns are induced in a
closed system with two different zeta potential distribu-
tions. The effect of periodically switching between two
flow fields at various periods was analyzed by performing
particle tracking simulations (i.e. Poincaré maps). The
results indicated that a more chaotic mixing effect was
achieved at an appropriate value of the switching fre-
quency (i.e. 1/T), as shown in Fig. 24. This concept also

Gold electrodes

Inletl

Inlet2

Gold electrode

Ouﬂ-c‘:hh““‘a.% x
(a)
Rhodamune B
[
L PDMS channel —
I I
I ! 200pm . | =
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_h-
Electric field

(a) (b)

Fig. 23 Flow patterns induced by two different zeta potential
distributions in a closed flow system. The symbols ‘‘+’’ and ‘-’
represent the positive and negative applied voltage at the embedded
electrodes, respectively (Qian and Bau 2002)

Fig. 24 Poincaré maps for the periodically switching of two flow
patterns as shown in Fig. 23 at various dimensionless periods 7= 2, 4
and 6 (Qian and Bau 2002)

extended to the mixing enhancement in open flow systems
(i.e. continuous flow system) (Lee et al. 2004; Lin et al.
2005). Figure 25 shows that the particle trajectories are
disturbed and the mixing is enhanced under applied
alternate voltages (900 V) at inclined electrodes with a
frequency 0.5 Hz. This applied voltage is too high for a
viable microfluidic system and should be reduced by

decreasing the distance between the channel wall and the
embedded electrodes to induce an effective zeta potential.
Although mixing efficiency in their system is improved,
the chaotic behavior is not significant.

AC electroosmosis induced secondary flows Sasaki
et al. (2006) proposed a rapid micromixing scheme for a
pressure-driven flow system combined with AC electro-
osmosis. AC electroosmosis can be induced by an AC field
without electrochemical reactions on electrodes like elec-
trolysis and bubble generation, so long as the frequency is
higher than the inverse electrode reaction time (>1 kHz). In
general, the maximum AC electroosmotic effect occurs as
the frequency approaches the inverse charging time scale
(RC time) for forming a polarization double layer on the
electrode surface (i.e. t. & Apd/D;, where d is the separa-
tion distance between a pair of electrodes). The double
layer polarization is induced by a capacitive charging
mechanism (Ajdari 2000; Green et al. 2000; Gonzalez
et al. 2000). The time-averaged slip velocity on the elec-
trode surface was derived by Gonzalez et al. 2000; this is
proportional to the square of the applied voltage on elec-
trode. Therefore, a higher electroosmotic flow velocity can
be produced with a lower applied voltage at an optimal
frequency. Figure 26a shows a schematic of an AC
electroosmosis induced flow pattern in a microchannel with
a semi-elliptic cross section. By designing a twisted
electrode patterning configuration as shown in Fig. 26b, a
blinking vortex flow can be produced in the downstream
channel which results in a chaotic mixing. This mixer also
fits within the LTM framework (Ottino and Wiggins
2004b). However, their results show that the channel length
required for 90% mixing increases as the main stream
velocity increases under a constant applied voltage and
frequency. This is because the ratio of the transverse flow
to streamwise flow component decreases as the main
stream velocity increases, which results in a weaker sec-
ondary flow.

The electrokinetic micromixer described above is only
suitable for pressure-driven flow systems and not electr-
okinetically driven flow systems. Furthermore, Lastochkin
et al. (2004) also proposed an AC electroosmotic mixer for
electrokinetically driven flow systems. In this system, high
throughput liquid-pumping and mixing were both achieved
through Faradic charging AC electroosmosis and specific
arrangement of electrodes in microchannels. Faradic
charging AC electroosmosis is induced by driving Faradic
reactions on electrodes deliberately, which is different than
the capacitive charging AC electroosmosis mentioned
above. The magnitude of flow velocity depends exponen-
tially on the applied voltage and achieves a stronger flow
than that of capacitive charging AC electroosmosis under a
lower applied voltage.
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Fig. 25 a Photograph of a Y-
shape mixing channel with the
arrangement of inclined
embedded electrodes.
Fluorescence images of b the
particle trajectories and c¢ the
species mixing at different
times. The external electric field
strength in the microchannel is
of 200 V/cm (Lin et al. 2005)

t =0.0(sec.) t=0.0(sec.)
t =1.0(sec.) t=1.0(sec.)

—

t=1.5(sec.)

Fig. 26 a Schematic of AC
electroosmosis induced a (a)
secondary flow in a
microchannel with a pair of
coplanar electrodes. b
Fluorescence images of mixing
between two streams with or
without an applied sinusoidal
voltage (20 V, 1 kHz). Mean
axial velocity of main stream
was 8.1 mm/s (Sasaki et al.

t =1.5(sec.)

(b) (c)
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Nonlinear electroosmotic vortices generated around a
conducting ion-exchange granular or near a dielectric
sharp corner As shown in Fig. 27a, a conducting ion-
exchange granular is inserted into an electrolyte with a DC
field, due to field penetration (electric field) across the
conducting granular, whereas the streamlines do not pen-
etrate the granular, the velocity field no longer coincides
with the electric field and is hence no longer irrotational,
and then an electroosmotic vortex pair is generated (Duk-
hin 1991; Mishchuk and Takhistov 1995; Ben and Chang
2002). This phenomenon is so-called electroosmosis of the

@ Springer

second kind (Dukhin 1991; Mishchuk and Takhistov 1995).
According to Dukhin’s theory, the effective zeta potential
is estimated to be on the order Ea, where E and a are the
external electric field and granular size, respectively.
Therefore, the electroosmotic slip velocity is estimated to
be proportional to the square of the external electric field.
Hence, the induced vortex is also called a nonlinear elec-
troosmotic vortex. The nonlinear electroosmotic vortices
are closed under DC fields (see Fig. 27a) and may result in
a poor mixing. As an example, AC field nonlinear elec-
troosmotic vortices were applied to improve micromixing
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Fig. 27 a Experiment image of
a electroosmotic vortex pair
near a cation-exchange granular
was generated under a DC field.
b Nonlinear electroosmotic
vortices mixing under AC fields
(square waveform:130 V/cm)
with different frequencies
(Wang et al. 2004)

in a closed flow system (Wang et al. 2004), as shown in
Fig. 27b. The experimental images were captured at 30 s
after the AC field was applied. Their results show that
mixing is greatly enhanced at a lower frequency. The
nonlinear electroosmotic vortices within this mixer can
enhance micromixing in a closed system but are not suit-
able for an open flow system. In addition, it is difficult to be
integrated in microfluidic systems because a conducting
granular is required. Nevertheless, nonlinear electroos-
motic vortices also can be obtained by patterning porous
structures or surfaces in microchannels instead of a con-
ducting granular.

Furthermore, due to field pentration across the dielectric
sharp corner (note: the electric field strength near the cor-
ner is in excess of Es ~ {/Ap), electroosmotic vortices can
also be induced near the dielectric corners (Thamida and
Chang 2002; Yossifon 2006). Wang et al. (2006b) also
used the electroosmotic vortices to enhance mixing in a
four-corner chamber (3 mm diameter) under an AC field,
as shown in Fig. 28. Their results show that a two-order
reduction in mixing time can be achieved at a high fre-
quency. Similarly, this mixer is not suitable for an open
flow system. In an open flow system, we believe that the
electroosmotic vortices can also be produced to enhance
mixing by patterning periodic sharp corners along the
mixing channel.

In general, there remain opportunities for new develop-
ments in electrokinetic micromixers based on field-induced
electroosmosis. For example, nonlinear electroosmosis in-
duced on metal surfaces has been applied for high
throughput liquid pumping (Bazant and Ben 2006). In
addition, it has also shows good potential for developing a
novel electrokinetic micromixer in electrokinetically driven

microfluidic systems through a specific design (Bazant and
Squires 2004).

4 Conclusions and future directions

It seems likely that future micromixer designs will continue
along the current trend for implementing species mixing
without the use of moving mechanical parts. Furthermore,
it seems reasonable to speculate that the use of electroki-
netic forces to induce a mixing effect will become

Fig. 28 Experimental images of mixing in a chamber at different
times by applying a sinusoidal AC field (94 V/cm, 100 kHz) (Wang
et al. 2006b)
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increasingly common since this technique greatly simpli-
fies the microfabrication process and reduces the cost and
complexity involved in embedding active or passive mixers
within microfluidic systems. Electrokinetically driven
flows in microfluidic devices are generally limited to low
Reynolds number regimes and typically involve biomole-
cule transport with low molecular diffusivity. Hence,
micromixers are obliged to function under conditions of
low Reynolds numbers and high Péclet numbers. However,
current diffusion-based micromixing schemes, e.g. parallel
lamination mixing, provide only an acceptable mixing
result at low Péclet numbers. In contrast, the performance
of chaotic advection mixers is not largely dependent on
the Péclet number. Accordingly, the development of
future micromixers should focus particularly on passive or
active chaotic mixing schemes (e.g. Johnson et al. 2002;
Biddiss et al. 2004; Wu and Liu 2005; Shin et al.2004;
Park et al. 2005; Tai et al. 2006). However, current
EKI-based chaotic mixers suffer the drawbacks of requir-
ing high electrical voltages and electrical conductivity
gradients. In DC electrokinetically driven microfluidic
systems, high flow rates usually require high electric
field strengths, and even then a high power supply is
required. This is a great disadvantage in trying to realize a
portable microfluidic system. Accordingly, low-voltage,
AC electrokinetic techniques (field-induced electroosmo-
sis) are expected to receive increasing attention in the
coming years (Chang 2006). Finally, it is known that
the high flow rates required to achieve species mixing can
be produced through various nonlinear electrokinetic
phenomena. Therefore, the application of nonlinear elec-
trokinetic techniques to realize active mixers and
portable microfluidic systems is likely to emerge as a major
research topic in the microfluidics community in the near
future.
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