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Abstract This paper proposes a novel rapid circular mi-
crofluidic mixer for micro-total-analysis-systems (u-TAS)
applications in which an unbalanced driving force is used
to mix fluids in a circular chamber at low Reynolds num-
bers (Re). The microfluidic mixer has a three-layered struc-
ture and is fabricated on low-cost glass slides using a sim-
ple and reliable fabrication process. Using hydrodynamic
pumps, fluids are driven from two inlet ports into a circular
mixing chamber. Each inlet port separates into two separate
channels, which are then attached to opposite sides of the
3-dimensional (3-D) circular mixing chamber. The unequal
lengths of these inlet channels generate an unbalanced driv-
ing force, which enhances the mixing effect in the mixing
chamber. Numerical simulations are performed to predict the
fluid phenomena in the mixing chamber and to estimate the
mixing performance under various Reynolds number condi-
tions. The numerical results are verified by performing flow
visualization experiments. A good agreement is found be-
tween the two sets of results. The numerical and experimen-
tal results reveal that the mixing performance can reach 91%
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within a mixing chamber of 1 mm diameter at a Reynolds
number of Re = 3. Additionally, the results confirm that
the unbalanced driving force produces a flow rotation in the
circular mixer at low Reynolds numbers, which significantly
enhances the mixing performance. The novel micromixing
method presented in this study provides a simple solution for
mixing problems in Lab-on-a-chip systems.

Keywords Circular microfluidic mixer - Low Reynolds
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1 Introduction

Microfluidic mixers have attracted considerable attention for
various applications in the fields of micro-total-analysis-
systems (u-TAS), Lab-on-a-Chip systems, and chemical
process technology (Tabuchi et al., 2004; Fu et al., 2004;
Kamei et al., 2005; Xiang et al., 2005; Xuan and Li, 2005;
Wang et al., 2006; Wei et al., 2006). Therefore, develop-
ing a thorough understanding of the mechanisms governing
electrokinetic manipulations, particularly those associated
with discrete micromixers, is essential if microfluidic sys-
tems designs are to be optimized. Most microfludic mixing
systems are limited to the low Reynolds number regime,
and therefore species mixing occurs predominantly through
diffusion effects rather than through the convection or turbu-
lence mechanisms associated with higher Reynolds numbers.
Thus, microfludic devices which require a mixing operation
typically bring the individual fluid streams together within a
single channel and rely on diffusive effects to mix the two
samples (Liu et al., 2000). However, diffusive mixing tends
to be slow and therefore requires a relatively long mixing
channel to obtain a satisfactory mixing performance.
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In general, microfluidic mixers can be categorized as
either active microfluidic mixers or passive microfluidic
mixers. Active microfluidic mixers generally achieve mix-
ing by applying an external field to generate a flow dis-
turbance. Accordingly, active microfluidic mixers can be
further categorized in terms of the type of external distur-
bance effect they apply, e.g. temperature, acoustic/ultrasonic,
pressure, actuator, electrokinetic, magneto-hydrodynamic,
electro-hydrodynamic, or dielectrophoretic. However, the in-
tegrated components required to generate the external field
complicate the structure, and hence the fabrication proce-
dure, of these active microfluidic mixers. The earliest active
microfluidic mixers utilized disturbances of a pressure field
to generate a mixing effect. Tang et al. (2002) and Fujii et al.
(2003) used an integrated planar micropump to sequentially
drive and stop the flow in the mixing channel in order to
partition the mixed liquids into serial segments and to render
the mixing process independent of convection. Glasgow et al.
(2004) and Coleman and Sinton (2005) performed numerical
and experimental investigations into a simple T-mixer using
a pulsed side flow to perform mixing at a low Reynolds
number (0.3). The structure of a microfluidic mixer based
on electro-hydrodynamic disturbances is similar to that of
the mixer presented by Niu and Lee (2003) and Dodge et al.
(2004) in which an actuator system was used to produce a
series of oscillating periodic flows to enhance the mixing
efficiency.

Lin et al. (2004) and Fu et al. (2005) presented active T-
shaped and double-T-shaped microfluidic mixers utilizing a
low-frequency switching electroosmotic flow. These mixers
employed a single electrokinetic driving force to drive the
sample fluids and produce a periodic switching frequency.
This approach has the advantage that no other form of ex-
ternal driving force is required to induce perturbations in the
flow field. Yang et al. (2000) proposed an active microfluidic
mixer using lead-zirconate-titanate (PZT)-generated ultra-
sonic vibrations to enhance the mixing performance. Liu
et al. (2003) carried out mixing by exploiting the acoustic
streaming effect induced around an air bubble by an inte-
grated PZT actuator. Yaralioglu et al. (2004) also utilized
acoustic streaming to disturb the flow in a conventional Y-
shaped microfluidic mixer. In a non-related study, Mao et al.
(2002) established a linear temperature gradient across a
number of parallel channels. Although this technique was
originally proposed as a means of investigating the tempera-
ture dependence of fluorescent dyes, it also has potential for
micromixing applications.

In contrast to the active micromixers discussed above, pas-
sive microfluidic mixers do not require an external energy
source, but carry out the mixing process using only diffu-
sion or chaotic advection mechanisms. Passive microfluidic
mixers can be categorized on the basis of their arrangement
of the mixed phases, i.e. parallel flow, serial lamination, hy-
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drodynamic focusing, flow separation, chaotic advection, or
split and recombined flows. The parallel flow arrangement
splits the inlet flows into n sub-flows and species mixing is
achieved via diffusion. The basic design of micromixers of
this type involves a long microchannel with two inlet streams.
Typical designs include the T-shaped microfluidic mixer and
the Y-shaped microfluidic mixer (Wu et al. 2004); (Wong
et al., 2004). Hydrodynamic focusing techniques were first
developed by Knight et al. (1998) to perform the ultra-fast
mixing (in the millisecond range) of one fluid lamella. In
hydrodynamic focusing designs, the micromixer is equipped
with three inlets; a central inlet for the sample flow and two
outer inlets for the supply of solvent streams to sheath the
sample flow. The latest generation of mixing devices using
extreme hydrodynamic focusing is the SuperFocus mixer
proposed by Lob et al. (2004) and Hardt and Schonfeld
(2003), which features a multi-lamination pattern in the fo-
cusing zone.

Microfluidic mixers based on chaotic advection can be de-
rived from the microscale design with three-dimensionally
twisted conduits. Liu et al. (2000), Chen and Meiners (2004)
and Park et al. 2004) fabricated passive microfluidic mixers
with three-dimensional serpentine microchannels on silicon
and glass substrates, respectively. It is known that the mixing
performance of micromixers is enhanced at high Reynolds
numbers, which suggests that chaotic advection occurs pre-
dominantly at higher Reynolds numbers (i.e. Re = 25-70).
Hong et al. (2004) demonstrated an in-plane micromixer with
a two-dimensional modified Tesla structure. It was shown
that the Coanda effect in this structure prompted chaotic ad-
vection and significantly improved the mixing performance
in flows with Reynolds numbers of Re > 5. Various other
forms of three-dimensional passive microfluidic mixer struc-
tures have also been proposed (Kim et al., 2004a, b; Chung
et al., 2004; Lin et al., 2005). For example, several studies
have indicated that grooves on the channel wall can gen-
erate chaotic advection and therefore enhance the mixing
efficiency (Johnson et al., 2002; Stroock et al., 2002; Fer-
rigno et al., 2004; Liu et al., 2004; Kang and Kwon 2004).
Johnson et al. (2002) were among the first researchers to
investigate this phenomenon. In their study, grooves were
ablated on the base of the microchannel using a laser and it
was shown that the mixing performance attained a level of
99% at a cross-section located 6.9 cm downstream from the
T-junction. Stroock et al. (2002) also investigated this effect
and published their results in Science.

It has been reported that electroosmotic flow microfluidic
mixers featuring only a patterned surface modification (Er-
ickson and Li, 2002; Biddiss et al., 2004; Chang and Yang
2004) can also enhance mixing. The use of heterogeneous
surface charge distributions along the microchannel walls
has also been explored as a means of inducing separation vor-
texes to enhance the mixing efficiency. He et al. (2001) and
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Fig.1 Schematic illustration
of circular micro-chamber mixer
geometry

Burke and Regnier 2003) performed stopped-flow enzyme
assays using microfabricated static mixers and demonstrated
that these devices are capable of providing a similar level of
performance to that obtained from an external mixing de-
vice. In addition to the devices presented above, researchers
have also proposed the use of zigzag (Mengeaud et al.,
2002; Kakuta et al., 2001) and curved-square micromixing
devices (Schonfeld and Hardt 2004; Jiang et al., 2004).

Most passive micromixers are suitable for mixing two
sample fluids in complex geometry microfluidic channels,
afterwards they will be mixed in the mixing channel. The
present study fabricates a novel passive microfluidic mixer
on low-cost glass slides using a simple and reliable fabri-
cation process. In the proposed approach, each sample fluid
is supplied to the circular mixing chamber via two channels
of unequal length, as shown in Fig. 1. The resulting unbal-
anced driving force generates 3-D vortexes in the mixing
chamber. It is shown that these vortexes enhance the mixing
performance at low Reynolds numbers.

2 Microchip fabrication

In order to generate a stable flow during the experimental
tests, the two fluid channels connecting each inlet port to the
circular mixing chamber are designed with different lengths
such that the flow resistances in the channels are unequal.
Therefore, a multilayered microfluidic chip is required to
achieve the necessary channel crossovers for different kind
of samples. In addition, since the proposed microchip is pow-
ered by a syringe pump, high pressures will be generated in
the microfluidic channels during the mixing experiments.
Therefore, the microchip assembly must have a high me-
chanical strength and a good bonding strength between the
various substrates. Accordingly, the present micromixer is
fabricated on low-cost soda-lime plates rather than on plastic
or silicon based substrates (Fu and Lin, 2003,2003a, Fu and
Lin 2004). Figure 2 presents a simplified schematic illustra-
tion of the current fabrication process. Initially, microscope
slides were cleaned using a boiling piranha solution and
then patterned with positive photoresist (AZ 4620, Clariant
Corp., USA) by a standard photolithography procedure (Fig.

(b)

/

(aj Bottom layer (f) Upper substrate drilling

(b) Bottom layer etching A
(g) 1°! stage bonding

[
[

' )
. W/
(c) Middle layer . j’,—..,}ﬁ_,
)
(h) 2™ stage bonding
(d) Middle layer etching

N

(e) Holes drilling in middle layer (i) Tubing package

Fig. 2 Schematic representation of fabrication process employed for
current micromixer

2(a)). The patterned glass substrates were then immersed in
an ultrasonically agitated BOE bath for 40 min to gener-
ate microchannels of depth 36 um (Fig. 2(b)). The second
layer of the multilayered microchip was fabricated using
the same photolithography and etching processes (Figs. 2(c)
and (d)). Fluid via-holes and the mixing chamber were then
drilled in the second layer using a diamond drill-bit (Fig.
2(e)). A third glass substrate was then drilled with through
holes to form the sample inlets (Fig. 2(f)). The three sub-
strates were cleaned in a boiling piranha solution and then
bonded using a two-stage fusion bonding process designed
to achieve a high bonding strength. In the bonding process,
the upper and middle glass substrates were bonded in a sin-
tering oven for 20 min at a temperature of 580°C (Fig. 2(g)).
In the second stage of the bonding process, the same ther-
mal treatment conditions were applied to bond the lower
substrate and the previously sealed structure (Fig. 2(h)). Fi-
nally, Teflon tubing with an outer diameter of 1.5 mm and an
inner diameter of 500 um was packaged using epoxy glue to
form the connections between the microchip device and the
syringes holding the two mixing samples.
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Fig. 3 (a) Photographic image
of assembled micromixer. Note
that channels are filled with red
dye to enhance observation. (b)
SEM image of mixing chamber
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Fig. 4 Schematic illustration of experimental setup
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Figure 3(a) presents a photo of the assembled mi-
crofluidic mixer. The fabricated chip has dimensions of
30 mm x 26 mm (width x length) and the mixing cham-
ber is 815 um in diameter and 1 mm in height. The sample
outlet channel is orientated perpendicularly to the mixing
channel between the upper and middle substrates and has a
diameter of 360 «m and a depth of 30 um. The SEM image
of the circular mixing chamber shown in Fig. 3(b) shows
that the chamber has a very sharp geometry and a smooth
etched surface. Figure 4 presents a schematic illustration of
the experimental setup used to test the proposed unbalanced
driving force microfluidic mixer. In this setup, high precision
syringe pumps (KDS-200, KD scientific, USA) are used to
generate the necessary hydrodynamic driving forces. The
two mixing fluids are DI water and a solution with 107® M
Rhodamine B fluorescence dye or containing blue dye, re-
spectively. The experimental tests were performed under a
fluorescence microscope (E-400, Nikon, Japan) using a mer-
cury lamp module for fluorescein excitation. A CCD module
(DXC-190, Sony, Japan) with a high-speed image acqui-
sition interface (DVD PKB, V-gear, Taiwan) was used to
acquire the optical images. The captured images were then
analyzed using digital imaging techniques to evaluate the
mixing performance.
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3 Mathematical framework

In general, comprehensive computational fluid dynamics
simulations are usually conducted before physical models
are built and tested because these simulations enable all
of the system parameters to be varied over a wide range
of values and permit simultaneous and instantaneous data
collection throughout the model. Numerical simulation is
an important technique in optimizing micro-mixer designs
and enables a reliable interpretation of the experimental
results.

The numerical results presented for the current microflu-
idic mixer are based on the solution of the incompressible
Navier-Stokes equations, i.e.

Viu; =0, (1)
3u,’ 2
pW-I-p(uj-Vj)ui:—Vip-i-MV Ui, 2

and on the convection-diffusion equation for a concentration
distribution, i.e.

oC
-7 F Ve = DV?C, 3)

where u; denotes the fluid velocity, p the density, u the
viscosity, D the binary diffusion coefficient, p the pressure,
and C the concentration. In the present simulations, p, i and
D are assigned values of 1000 kg/m?, 0.001 kg/m/sec and
10~7 m?/sec, respectively.

In this study, the governing equations were cast into a
set of finite difference equations by the third order QUICK
scheme (Leonard, 1987). The technique employed here was
the finite-volume method. Note that the adoption of the
QUICK scheme is consistent with the recommendations of
Hardt and Schonfeld (2003) aimed at minimizing the nu-
merical diffusion. The SIMPLEC algorithm (van Doormal
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and Raithby 1984) was then used to solve the resulting dif-
ference equations for the pressure-velocity coupling in the
Navier-Stokes equations.

As shown in Fig. 1, the circular micro-chamber contains
four inlet microchannels and one outlet microchannel. In the
present simulations, the inlet velocity of the four inlets was
set to 0.87-30 cm/sec, corresponding to Reynolds numbers
in the range 0.5-17.1. In this study, the Reynolds number is
defined as,

D
Re:u’

n

where D), is the hydraulic diameter of the inlet microchan-
nels. In the simulations, the fully developed condition was
applied in the outlet microchannel, a no-slip boundary con-
dition was imposed on the micro-chamber walls, and it was
assumed that the sample concentration had zero flux.

In order to ensure a good resolution of the numerical re-
sults, the computational domain was discretized with struc-
tural hexahedral meshes, with most of the cells having equal
sides of length 5 um. The computational domain contained
approximately 800,000 cells.

4 Results and discussion
4.1 Irrotational flow

The present numerical simulation results provide a clear un-
derstanding of the physical phenomena which take place in
the unbalanced driving force circular microfluidic mixer and
enable a rapid and accurate estimation of the mixing perfor-
mance. Figure 5 presents the 3-D streamline distributions in
the mixing chamber at a Reynolds number of Re = 1. The

Fig. 5 3-D streamline distributions in circular micro-chamber at
Re = 1 (a) Side view and (b) top view

Reynolds number can be defined as the ratio of the inertia
forces to the viscous forces. Fluid flows with “sufficiently
large” inertia forces (i.e. a sufficiently high Reynolds num-
ber) generally produce a self-rotation effect in the circular
micro-chamber. However, flows in which the inertia forces
are “small” compared with the viscous forces are character-
istically laminar in nature (i.e. irrotational flows). In flows
with a Reynolds number of Re = 1, the inertia forces in the
circular micro-chamber are smaller than the viscous forces.
Therefore, as shown in Fig. 5, the unbalanced driving force
is insufficient to produce a flow rotation and the stream-
lines flow directly from the inlet to the outlet of the circular
micro-chamber.

Figure 6 shows the numerical simulation results obtained
for the species concentration distribution at different cross-
sections of the circular micro-chamber for a Reynolds num-
ber of Re = 1. As discussed above, a flow rotation is not in-
duced in the circular micro-chamber at this particular value of
the Reynolds number. Figures 6(a)—(c) show that the species
concentration distribution has two very distinct areas. There-
fore, the mixing performance is dominated by the diffusion
of the two samples and therefore this low Reynolds number
flow fails to provide an effective species mixing. Figure 7
presents the species concentration contours at a cross-section
located 100 um downstream from the outlet of the mixing
chamber and plots the normalized concentration intensity at
different heights of the sample outlet channel for a Reynolds
number of Re = 1. In this figure, the normalized concentra-
tion values of the two samples are 1 and 0, respectively, and
therefore a value of 0.5 indicates that the two samples are
fully mixed. It is obvious that the normalized concentration
profiles in Fig. 7 deviate significantly from the fully-mixed
condition. To quantify the degree of mixing in the outlet
channel, the present study adopts the following mixing ratio
parameter (Erickson and Li 2002),

o= 1—fA|C_C°°|dA x 100% 4)
JalCo—Cxl dA

where C is the species concentration profile across the width
of the mixing channel, and C, and C, are the species concen-
trations in the completely unmixed (0 or 1) and completely
mixed states (0.5), respectively. Analyzing the results of Fig.
7, it is found that a mixing ratio of 51.22% is obtained for
a Reynolds number of Re = 1. This result confirms that
irrotational flow fields in the circular micro-chamber yield a
poor mixing of the two samples.

4.2 Rotational flow

Most passive microfluidic mixers adopt complex geometry
microchannels to increase the contact area and contact time
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Fig. 6 Numerical simulation
results for species concentration
distributions at different
cross-sections of circular
micro-chamber at Re = 1, (a)
Z = 20 um, (b) Z = 460 pum,
and (¢) Z = 950 um

(a) Z=20um
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0.75

0.50

Normalized concentration

0.00F :
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Channel width (pm)

Fig.7 Species concentration contours at cross-section located 100 um

downstream from outlet and normalized concentration intensity at dif-
ferent heights at Re = 1

of the sample fluids in order to enhance the mixing per-
formance. In these designs, mixing is obtained by diffusive
effects only and hence the mixing channel must have an ex-
tended length in order to achieve a satisfactory mixing result.
However, this study aims to enhance the mixing performance
at low Reynolds numbers by utilizing an unbalanced driving
force to induce a 3-D vortex in the circular micro-chamber.
In the current circular micro-chamber, the critical value of
the Reynolds number, i.e. the value of the Reynolds number
at which irrotational flow transits to rotational flow, is found
to be 1.85. Therefore, an acceptable mixing performance is
obtained by establishing flows with Reynolds numbers of
1.85 or higher.

Figure 8 illustrates the 3-D streamline distribution in the
circular micro-chamber at a Reynolds number of Re = 3.
As this Reynolds number, the inertia forces are “sufficiently
larger” than the viscous forces and a flow rotation is induced.

Fig. 9 Numerical simulation
results for species concentration
distributions at different
cross-sections in circular
micro-chamber at Re = 3, (a)
Z = 20 um, (b) Z = 460 pum,
and (¢) Z = 980 um
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Fig. 8 3-D streamline distributions in circular micro-chamber at
Re =3

The streamlines in Fig. 8 reveal a rotation phenomenon and
show the presence of an induced 3-D vortex in the circular
micro-chamber. Figure 9 shows the numerical simulation re-
sults for the species concentration distributions at different
cross-sections of the circular micro-chamber at a Reynolds
number of Re = 3. When the samples are initially loaded
into the circular micro-chamber, the species concentration
distribution exhibits two very distinct regions. However, the
unbalanced driving force is sufficient to subsequently es-
tablish rotational flow in the micro-chamber, and hence a
3-D vortex is formed. The spiral distribution pattern re-
sulting from this rotational flow field is clearly evident in
Fig. 9.

Figure 10 shows the species concentration contours at a
cross-section located 100 um downstream from the outlet
of the micro-chamber at a Reynolds number of Re = 3
and plots the normalized concentration intensity at differ-
ent channel heights. The results show that the normalized
concentration intensity profiles are very close to 0.5 (i.e. a

1.00
IG,GG
0.33
0.00

(a) Z=20pm

(b) Z = 460um (c) Z =980um
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Fig. 10 Species concentration contours at cross-section located
100 pm downstream from outlet and normalized concentration inten-
sity at different heights at Re = 3

fully-mixed condition) across the channel width. The mix-
ing ratio in the outlet region is found to be 91.23%. Com-
paring Fig. 10 (Re = 3) with Fig. 7 (Re = 1), it can
be seen that the flow rotation generated by the 3-D vortex
at a higher Reynolds number enhances the species mixing
considerably.

Figure 11 presents the experimental flow images obtained
for the evolution of the flow rotation in the circular micro-
chamber mixer with Rhodamine B fluorescence dye and
containing blue dye, respectively, at a Reynolds number of
Re = 3. It can be seen that the “sufficiently large” inertia
forces existing in the flow at this Reynolds number cause the
gradual evolution of a flow rotation in the circular micro-
chamber. The experimental results are in good agreement
with the numerical predictions.

Finally, Fig. 12 presents the optimized operating con-
ditions for the current unbalanced driving force circular
microfluidic mixer under Reynolds numbers ranging from
Re = 0.5 to Re = 6. The optimal mixing ratio is found to
be greater than 90% for the current flow conditions Hence,
the feasibility of the proposed unbalanced driving force cir-
cular microfluidic micromixer is confirmed.

Fig. 11 Experimental flow
images of flow rotation in
circular micro-chamber mixer at
Re = 3 with different samples,
(a) Rhodamine B, and (b)
containing blue dye
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Fig. 12 Numerical calculations of mixing ratio at different Reynolds
numbers

5 Conclusions

This study has developed a 3-D vortex passive micromixer
utilizing an unbalanced driving force to perform efficient
species mixing in a circular micro-chamber. The microflu-
idic mixer has a three-layered glass structure and is fabricated
using a simple and reliable fabrication process. A numerical
model has been developed to analyze the 3-D vortex stream-
line distribution and mixing performance. It has been shown
that the numerical results are in good agreement with the
experimental findings. When the Reynolds number exceeds
a critical value of Re = 1.85, the streamline distribution
in the circular micro-chamber transits from irrotational flow
to rotational flow and produces a 3-D vortex. The mixing
ratio obtained from irrotational flow is less than 65% at a
cross-section located 100 um downstream from the micro-
chamber and is therefore insufficient to meet the mixing
requirements of many applications. However, in rotational
flow at a Reynolds number of Re = 3, the mixing ratio
is enhanced to 91%. The unbalanced driving force circular
microfluidic micromixer and numerical method presented in

D.
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this study provide a valuable contribution to the ongoing
development of integrated microfluidic chips with an en-
hanced mixing performance.
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