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Abstract A special phenomenon was found when sharp
wedges were set in a microchannel where electroosmotic
flow occurred, vortices were induced near the wedges when
a DC electric field was imposed. The strength of the
induced vortices depends on the concentration of electro-
lytes and the intensity of the electric field. Latex particles
are used to aid the flow visualization. Formation of vortices
is due to concentration depletion in the microchannel.
Furthermore, the vortices are used to enhance mixing in a
micromixer. Experimental results showed that the vortex
structures created within the mixing section increase the
mixing index from a value of 3% in the upstream region of
the microchannel to 78% at the outlet of the mixing
section.

Keywords Concentration depletion - Vortex -
Microfluidics - Micromixing

1 Introduction

Microfluidic devices, lab-on-a-chip systems, and micro
total analysis systems (micro-TAS) applications have
attracted considerable attention over the past decade as a
means of performing a variety of bioanalytical and chem-
ical processing tasks. Electroosmotic flow (EOF) has
emerged as the method of choice for manipulating fluids in
such microdevices, and many applications of EOF have
been presented in the literature (Johnson and Locascio
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2002; Lazar and Karger 2002; Glasgow et al. 2004; Lin
et al. 2004; Hardt et al. 2005; Wu et al. 2005; 2007, etc.).

In practical microfluidic applications, it is frequently
necessary to achieve a thorough mixing of two or more
species (Chang and Yang 2007). The characteristic velocity
of EOF is generally described by the Smoluchowski
equation, i.e. Vgp = %‘fV(b, where ¢ is the dielectric per-
mittivity of the solvent, &, is the permittivity of a vacuum, {
is the zeta potential, y is the viscosity of the fluid and V¢ is
the external potential gradient (Probstein 1994). The
Smoluchowski equation indicates that the characteristic
velocity varies linearly with the magnitudes of the zeta
potential and the external potential drop. The related flow
phenomena are generally referred to as classical linear EOF
and are characterized by a Reynolds number of less than 1.
Cummings et al. (2000) demonstrated the similitude
between the flow streamlines and the electric field lines in
linear EOF given a neutral fluid with a uniform density,
viscosity, and conductivity and a uniform surface zeta
potential at the fluid—solid interface. In other words, the
characteristics of the linear EOF are similar to those of
inviscid potential flow, which is irrotational. The genera-
tion of vortices in linear microfluidic systems is difficult. In
such systems, the species flow tends to be laminar, so
species mixing takes place primarily as a result of molec-
ular diffusion. Molecular diffusion, however, is an
inherently slow process, so achieving an adequate species
mixing performance requires the use of a long mixing
channel and a long retention time. To improve the mixing
efficiency of microfluidic devices, researchers have paid
increasing attention to the feasibility of utilizing nonlinear
electrokinetic phenomena to agitate the species streams
within the microchannel. Bazant’s group (Bazant and
Squires 2004; Squires and Bazant 2004) studied the
“nonlinear electrokinetics” generated when a conductor is
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placed within an AC or DC electric field. Bazant et al.
(2004) investigated the boundary conditions required to
induce the nonlinear electrokinetic effect near electrode
surfaces. Olesen et al. (2006) focused on the effect of
geometrical confinement, Faradaic current injection, and
the nonlinear surface capacitance of AC nonlinear elec-
trokinetic micropumps.

In this study, we found that the vortices could be
induced when a wedge was set into a channel without any
AC EOF systems. Generally, the vortices are not easily
induced in a low Reynolds number flow even when the
flow passes around a sharp wedge. Vortices are rare in DC
microfluidic systems especially in DC EOF (electrokinetic
instability was not discussed here). Recently, Levitan et al.
(2005) used a similar geometry showing induced-charge
electro-osmosis (ICEO) with AC fields in microfluidics.
They set a metal wire in the microchannel and vortices
were induced near the metal wire. Thamida and Chang
(2002) and Yossifon et al. (2006) reported that vortices are
formed near the corners of microchannel intersections in
microfluidic devices once the magnitude of the externally
applied DC electric field exceeds a certain threshold value.
Large field penetration exists near a corner of the channels.
The external field can penetrate the double layers and
produce non-equilibrium electrokinetics near sharp cor-
ners. The fabrication of a sharp corner (the radius of the
curvature is around 10 nm) needs a very precise manu-
facturing process. Our facilities can at best fabricate sharp
corners with a radius around 10 pm, which means that
electric field penetration was not the major reason for the
vortices induced near the wedge in our study.

Utilizing Ohm’s law to determine the current density
near the corner, the similitude between the electric field
lines and streamlines that described by Cummings et al.
(2000) is realized. In other words, vortices should not be
formed near the corner features, but the experimental
observations presented later in this study reveal that vortex
structures were, in fact, formed near the corners in the
microchannel. Recently, Park et al. (2006) demonstrated
that vortices could be formed in a bottleneck of a con-
stricted channel under DC EOF. They explained it in terms
of finite double layer thickness effects. Chu and Bazant
(2006) gave a theory for nonlinear relaxation effects with
thin double layers around conducting protrusions from a
channel wall. They predicted concentration gradients due
to salt adsorption and surface conduction in the double
layer near the edges. Takhistov et al. (2003) argued that the
vortex structures could be attributed to a local concentra-
tion depletion effect prompted by the requirement to
maintain a balance of the electrical current near the corner
in the microchannel. The authors showed that the con-
centration depletion effect led to an increased zeta potential
at the corner and therefore increased the EOF slip velocity
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at the walls. This phenomenon is generally referred to as
“DC nonlinear electrokinetics”. Because of the concen-
tration depletion near the sharp wedge, the zeta potential is
altered according to the concentration distribution. The
above mechanism should be the major cause of vortex
formation near a sharp wedge presented in this study. A
similar topic was studied by Bazant et al. (2007). They
demonstrated that by varying the salt concentration can
affect the electroosmotic flow velocity.

In this paper, we investigated the above-mentioned flow
physics near the sharp wedge in the microchannel. Fur-
thermore, we applied this phenomenon to enhance
micromixing for a micromixer. Accordingly, the current
study presents a novel micromixer composed of a serrated
mixing channel in which a DC nonlinear electrokinetic
effect is used to enhance species mixing. The experimental
results reveal that, when two species streams were intro-
duced simultaneously into the microchannel, the vortices
induced by the concentration depletion effect near the
individual serrations in the mixing section constrained both
streams to flow through the central region of the micro-
channel. As a result, the mixing distance between them was
significantly reduced, thus achieving an improved species
mixing effect.

2 Materials and methods

Figure 1 illustrates the basic geometry of the microchannel
employed to examine the effect of a single pair of wedges
(referred to henceforth as “corners”) on the flow structures
generated within the fluid stream. As shown, the inlet and
outlet reservoirs had a diameter of 4 mm, while the mixing
channel had a length, width and depth of 1 cm, 200 and 45

D: 4 mm

1200 um

y

I \J
’ 1cm
v

Fig. 1 Microchannel depth is 45 pm; width is 200 um; length is 1
cm; reservoir diameter is 4 mm. The corners have an apex angle of
30° and are separated by a distance of approximately 100 um
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pm, respectively. The individual corners had an apex angle
of 30° and were separated by a distance of approximately
100 pm. The microchannel was fabricated from poly-
dimethylsiloxane (PDMS). In the fabrication process,
silicone elastomer and elastomer curing agent (Sil-More
Industrial Ltd, USA Sylgard 184A and Sylgard 184B) were
mixed in a ratio of 10:1 and then poured onto an SU-8
mold. The PDMS was cured at a temperature of 70°C for
one hour and then treated using oxygen plasma to change
its inherent hydrophobic surface property to a hydrophilic
property. The PDMS inverse structure was then peeled off
the template and bonded with a flat glass substrate. Full
details of the fabrication process are presented in
McDonald and Whitesides (2002).

To observe the flow fields induced within the micro-
channel under the application of an external DC electric
field, latex particles with a diameter of 3 um were intro-
duced into the sample. Having examined the flow
structures induced by the DC nonlinear electrokinetic
effects, a series of mixing experiments was performed
using Rhodamine B as the sample and de-ionized water as
the electrolyte. During these experiments, the flow struc-
tures were observed using a mercury lamp induced
fluorescence technique. The experimental images were
captured by an optical microscope (Model: Eclipse 50i,
Nikon, Japan), filtered spectrally, and then observed using
a charge-coupled device camera (CCD, model: SSC-
DCS50A, Sony, Japan). The mixing effectiveness within the
microchannel was quantified based on the intensity of the
Rhodamine B sample using the mixing index presented in
Lin et al. (2005) and Chen and Yang (2007), i.e.

P
[y lco — cxc|dA

where c; is the concentration distribution at the outlet of the
serrated mixing section, ¢ is the concentration at the inlet
of the serrated mixing section, and ¢, is the concentration
of complete mixing.

) x 100% (1)

3 Results and discussion

In Fig. 2, the intensity of the electric field was 500 V/cm,
and three electrolytes were used. The strength of the
induced vortex increased when the concentration of the
electrolytes decreased. The decreased concentration resul-
ted in a thicker electrical double layer (EDL). Furthermore,
the thicker EDL induced a higher zeta potential. The
concentration depletion near the sharp wedge had a more
pronounced effect when the electrolyte had a more dilute
concentration. The red dash line marks the region of the
induced vortices in Fig. 2. In Fig. 3, the channel was filled
with DI water, and the three different intensities of the

(a)
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Fig. 2 The intensity of the electric field was 500 V/cm. a NaCl 10
mM; b NaCl 1 mM; ¢ DI water

electric field were imposed on the system. The strength of

the induced vortex trends with the intensity of the electric
field. The vortices in the Figs. 2 and 3 were greatest in DI
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water and then decreased with increasing the concentration
of the electrolyte. This observation is consistent with all
other experiments on related induced-charge electrokinetic
phenomena (Studer et al. 2004; Urbanski et al. 2006; Ba-
zant et al. 2007; Gangwal et al. 2008).

Fig. 3 The channel was filled with DI water. a 150 V/cm; b 200 V/
cm; ¢ 500 V/iem
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Figure 4a illustrates the flow structures induced within
the microchannel by an external DC electric field with an
intensity of 500 V/cm. It was observed that some latex
particles aggregated in the upstream region of the flow near
the tips of the two corners. This suggests the formation of
closed vortex structures within the fluid stream. These
vortices formed a nozzle-like structure between the two
symmetrically-opposed corners, as indicated by the dashed
lines in the figure. The nozzle compressed the fluid stream
and accelerated it along the center of the microchannel.
Therefore, the flow structures induced in the microchannel
were influenced by the EOF effects imposed by the side-
walls. As discussed above, however, the fluid in the central
region of the channel forms vortex structures as a result of
a concentration depletion effect near the corners. Figure 4b

(b)28
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Fig. 4 a Vortices formed near corners when DC electric field of
intensity 500 V/cm is applied. The vortex regions are marked using
red dashed lines for clarity. b Relationship between the average
velocity of particles flowing between the corners and the intensity of
the external DC electric field
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Fig. 5 DC electric field of 500 V/cm is applied resulting in the
formation of vortices (as indicated by red dashed lines). The velocity
of trapped particle was around 6.59 mm/s

illustrates the relationship between the average velocity of
the particles near the corners and the intensity of the
external DC electric field. Note that the velocity data are
related to the latex particles traveling in the streamwise
direction of the flow field rather than those circulating
within the vortex structures. It is observed that the average
velocity remained constant at approximately 1.5 mm/s as
the intensity of the electric field increased from 100 to 400
V/cm, but average velocity increased sharply to 2.07 mm/s
when the electric field was increased to 500 V/cm. This
increase is due to the induced vortex, which had a nozzle-
like effect along the flow passage.

Figure 5 illustrates the formation of vortex structures
upstream of the corners under a DC electric field with an
intensity of E ~ 500 V/cm. As shown, the lower vortex
rotated in a counter-clockwise direction, while the upper
vortex rotated in a clockwise direction. The zeta potential
on the walls of the current PDMS microchannel containing
de-ionized water was estimated to be of the order of 30 ~
40 mV, and the velocity of classical EOF was around 1.06
mm/s under an electric field of an equivalent intensity. In
contrast, the experiments indicate that the velocity near the
corner was estimated to be 6.59 mm/s. The relatively
higher velocity of the flow near the corner region of the
channel compared to that in other regions of the channel
produced a back pressure, which prompted the formation of
the vortex structures in the upstream region of the corners.
It has been reported that sharp corners in a microchannel

Table 1 Mixing indices upstream and downstream of single corner pair

induce a concentration depletion effect in the electrolyte,
which in turn changes the zeta potential on the micro-
channel surface (Takhistov et al. 2003; Bazant et al. 2007).
The higher velocity observed near the corner regions of the
current microchannel suggests that the zeta potential
increased in the corner regions. It is observed that the
directions of rotation of these two vortices are equivalent to
those observed experimentally in Fig. 5. According to
Probstein (1994), the zeta potential on the microchannel
wall, {, is related to the electrolyte concentration, ¢, as
follows:

Cchl/Z' (2)

The two vortices forced the fluid stream to flow along
the central region of the microchannel. Thus, if two sample
fluids were introduced simultaneously into the channel, the
mixing distance between them would be reduced, thus
enhancing the mixing index (Chen and Yang 2007).
Table 1 summarizes the mixing indices computed using
Eq. (1) in regions of the microchannel immediately
upstream and downstream of the corners under various
values of the external DC electric field. In general, the
relative contributions of dispersion and diffusion to the
advection effect within the microchannel can be quantified
via the Peclet number, given by

Pe = %, (3)
where U is the characteristic fluid velocity within the
channel, L is the characteristic length of the channel, and D
is the diffusion coefficient of the electrolyte. As the
intensity of the electric field is increased, the velocity of the
electrolyte also increases, and thus a higher value of the Pe
number is obtained. A higher Pe number indicates that the
flow field within the microchannel is dominated by the
effects of convection rather than diffusion. As a result, the
mixing indices that are shown in Table 1 decrease as the
value of the external DC electric field is increased. None-
theless, it is clear that, for a constant value of the DC
electric field, the mixing index is significantly improved by
the presence of the corners.

Having verified the effectiveness of a single corner pair
in enhancing the mixing index within the microchannel, a
micromixer was fabricated incorporating a mixing section
comprised of four symmetrically-opposed corner pairs
with a pitch of 200 pm, giving an overall length of

300 V/icm 350 V/cm 400 V/cm 450 V/cm 500 V/cm
Front of the corners (%) 34.4 339 34.4 26.4 26.5
Back of the corners (%) 40.7 39.3 39.1 36.9 32.7
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Fig. 6 a Flow field structure in serrated mixing region of length 800
um under external DC electric field with intensity of 210 V/cm. b
Fluorescent dye (Rhodamine B, 10™* M) observations of species
mixing in microchannel with DC electric field intensity of approx-
imately 210 V/cm

approximately 800 um (see Fig. 6a). As in the case of the
single corner pair, each corner had an apex angle of 30°,
and the opposing corners in each pair were separated by a
distance of approximately 100 pm. During an initial set of
experiments, de-ionized water containing latex particles
was introduced into the microchannel, and a DC electric
field with an intensity of E ~ 210 V/cm was applied,
prompting the formation of vortex pairs near each set of
corner pair (see Fig. 6a). The intensity of the DC electric
field was then increased to £ ~ 380 V/cm.

In the subsequent experiments, Rhodamine B (10~* M)
and de-ionized water were introduced into the channel and
a DC electric field with an intensity of £ ~ 210 V/cm was
again applied. The resulting flow field structure is shown in
Fig. 6b. From inspection, it can be determined that the
mixing index increased from 3% in the region of the mi-
crochannel upstream of the serrated mixing section to 78%
at its outlet. Thus, the experimental results confirm the
effectiveness of the vortex structures formed near the
individual corners in the serrated mixing section in
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enhancing  the within  the

microchannel.

mixing performance

4 Concluding remarks

This study presents a special electrokinetic phenomenon
that shows vortex generation when wedges were set in a
microchannel. The vortex generation in the electroosmotic
flow was investigated by a series of experiments. The
strength of the induced vortices was affected by the
concentration of electrolyte and the intensity of the
electric field. The size and strength of the vortex structure
increased as the intensity of the DC electric field
increased. The reduction in the local concentration of the
electrolyte increased the zeta potential in the corner
region of the microchannel and, therefore, increased the
slip velocity at the microchannel wall. The resulting
velocity imbalance between the fluid in the wall region of
the microchannel and the bulk flow resulted in the for-
mation of rotating vortices. The experimental results have
shown that these vortices created a nozzle-like effect that
accelerated the fluid flow in the central region of the
microchannel. Furthermore, when two sample streams
were introduced simultaneously into the microchannel, the
vortices constrained the two samples to the central region
of the microchannel and reduced the mixing distance
between them, thereby improving their mixing effective-
This phenomenon has been exploited in a
micromixer, which incorporates a serrated mixing section
with a length of 800 pm. The experimental results have
revealed that the serrated mixing section yields a mixing
index of around 78%, which is a substantial increase over
a very short distance. Thus, the utilization of special
electrokinetic effects to create a micromixer is possible
and confirmed.

ness.
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