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a b s t r a c t

Miniaturized systems based on the principles of microfluidics are widely used in various fields, such as
biochemical and medical applications. Systematic design processes are demanded for the proper use of
these microfluidic devices based on mathematical simulations. In this research, passive mixing, without
eywords:
icrofluidics
icro-mixers

assive mixing
bstructive structure

external forces, was simulated and analyzed with Fluent 6.1. After the simulation process, PDMS-based
micro-chips were fabricated for use in experiments. In the experiments, gold nano-particles and CuSO4

solutions were used to visualize their mixing tendencies. Because the gold nano-particles were composed
of specific aggregations with metal ions, colorimetric variations could be detected by the naked eye
without any optical equipment. The simulation results showed good agreement with the experimental
ones. The pressure drop in the micro-mixers was small and, therefore, their structures were deemed to

with
old nano-particles aggregation be suitable for integration

. Introduction

Microfluidic systems have attracted a great deal of attention in
range of fields as diverse as physics, chemistry, biology, medicine
nd engineering. Miniaturized systems, such as micro-total analysis
ystems (�TASs) and lab-on-a-chips (LOCs), are suitable for cases
equiring a small amount of reagent. Microfluidic systems will be
ndispensable for reducing the experimental cost if the prices of the
eagents become too expensive for some biological experiments. In
ddition, their low production cost, reduced reaction time, porta-
ility and the multiplicity of design are the general merits of
icro-scale systems [1]. However, mixing is a crucial factor for the

erformance of microfluidic devices, because of their low Reynolds
umbers. Previous reviews on micro-mixers are given in Refs. [1–4].
ixing at the micro-scale can be classified into passive mixing and

ctive mixing. In passive mixing, external energy is not required but
iffusion or chaotic advection induces mixing. Parallel lamination
5,6], serial lamination [7,8] and interdigital multi-lamination [9,10]
rovide fast mixing by decreasing the mixing path and increasing
he contact surface between the mixing phases. Chaotic advec-
ion can be generated by special geometries in the mixing channel.

xamples are obstacles on the wall of flow channel [11,12], obstacles

n the flow channel [13,14] and zigzag channel [15]. Similar works
ave been studied extensively both numerically and experimentally
o enhance the convective heat transfer in micro-channels with var-

∗ Corresponding author. Tel.: +82 31 219 2388; fax: +82 31 219 1612.
E-mail address: cbshin@ajou.ac.kr (C.B. Shin).
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lab-on-a-chips or micro-total analysis systems.
© 2009 Elsevier B.V. All rights reserved.

ious fin arrangements [16–18]. Injection of substreams via nozzles
into main stream presents a means for mixing [19]. In active mixing,
external energy is used for the mixing process. Examples of exter-
nal energy sources are micropumps [20,21], ultrasound [22] and
acoustically induced vibrations [23,24] and electro-hydrodynamic
[25] and magneto-hydrodynamic actions [26] among others. How-
ever, the integration of external power sources in a microfluidic
system often requires complex fabrication processes. In contrast,
the passive mixers are stable in operation and easily integrated in
a complex microfluidic system. Although the processes of design
and fabrication of passive systems are generally known to be sim-
pler than those of active ones, the flow control is a critical problem
in these systems [27]. Therefore, the optimum design of passive
mixing systems is very important and needs a preprocessing step,
such as a mathematical simulation [27,28]. In a passive mixing LOC,
the flow stream is controlled by adjusting its dimensions, such as
the height, length and width, because of the absence of any exter-
nal power resource [29]. Thus, careful consideration of the design of
the micro-channels and obstructions is essential to raise the passive
mixing performance. The fundamental principles of microfluidic
systems focus on the behavior of fluids in microfluidic channels,
and the Reynolds number (Re) can be used to define their behavior
[30]. The flow instability that induces disturbed flow is determined
by the Reynolds number, Re = lv�/� where l is the most relevant

length scale, � is the viscosity, � is the fluid density, and the v is
the average velocity of the flow, which means the ratio of the iner-
tia forces to the viscous forces in the fluid stream. The Reynolds
number regime is a crucial factor influencing the design of microflu-
idic systems. Due to the micro-scale dimensions of the design, the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cbshin@ajou.ac.kr
dx.doi.org/10.1016/j.cej.2009.05.035
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eynolds number is generally <100 or may even approach 1. In this
ase, the flow is fully laminar and there is no turbulence within it.
transition from laminar flow to turbulent flow generally occurs
hen the Reynolds number exceeds 2000. In the regime of laminar
ow, the behavior of the micro-scale flow is predictable to a certain
xtent, because of its slow and uniform flow tendency. Its behavior
an be predicted more precisely and reasonably by mathematical
imulation [29,31].

Along with mathematical simulations, micro-scale flow visual-
zation plays an important role for understanding microfluidic flows
o develop novel microfluidic devices. Regular fluorophores such as
uorescein are commonly used in direct visualization of mixing in
icrofluidic devices [29,32]. Matsumoto et al. measured optically
depth-averaged concentration fields in a liquid micro-channel

ow [33]. In order to get the three-dimensional information of the
oncentration field with high spatial resolution, confocal laser scan-
ing microscopy (CLSM) should be used [34]. Park et al. repeated
canning for multiple focal planes to reconstruct three-dimensional
mages [35]. Yamaguchi et al. used confocal microscopy to visual-
ze fluorescent intensity patterns in micro-channels and compared
hem with the results from computational fluid dynamics [36]. The

icroscopic particle image velocimetry (�-PIV) has been success-
ully adapted for measuring flow fields within microfluidic devices.
sieh and Huang studied passive planar micro-mixers with geo-
etric variations through microscopic laser-induced fluorescence

nd �-PIV [31]. Park et al. applied CSLM in connection with �-
IV and showed a unique optical slicing capability allowing true
epth-wise resolved �-PIV vector field mapping [35].

In this study, various passive mixing systems with low Reynolds
umbers near to 1 were designed, simulated and fabricated to
btain efficient mixing performance. To verify the simulated results,
small amount of solution with gold nano-particles (Au NPs) was
sed in the tests. The specific character of the colorimetric reaction
etween two solutions was expected to reveal the mixing tendency
o the naked eye. This method does not need additional equipment
or observation. To optimize the performance of the microfluidic
evices, a mathematical simulation was conducted based on three-
imensional meshes. The AutoCAD 2006 and Fluent 6.1 software
rograms were used in the design and simulation processes, respec-
ively. To fabricate the microfluidic systems, polydimethylsiloxane
PDMS) was used and the fabricated devices had planar shapes. The
riving force was only the capillary force in the micro-channels.

. Micro-chip design

The passive microfluidic systems were designed to operate by
apillary force. Therefore, natural flow from the inlets to the micro-
hannels was necessary, without any additional external forces.

hen 200 �l of two sorts of solutions were injected into each inlet
n drops, the solutions flowed in the micro-channels and mixed
ogether. Fig. 1 shows the schematic geometries of the proposed
assive micro-mixers. In this paper, the investigation was focused
n the passive mixers within the red rectangular region, because
he overall performance of the system is dependent on the pre-

ixing of the passive mixers. The wavy channel on the left-hand
ide of the total structure was proposed to control the residence
ime of the solutions. The obstructions and winding channels in the
re-mixing zones were expected to induce more effective mixing
erformance than the basic type, which had no baffles or winding
hannels. The velocity profiles, such as the velocity and direction,

ere expected to variously change near the obstructions.

The width and height of the mixer were 10.6 mm and 38.9 mm,
espectively. The depth of the mixers was 10 �m and the length
cales of all of the mixers were equal, except for the obstructions.
or the obstructions, in Fig. 1(a)–(c), the area of all of the baffles was
Fig. 1. Various schematic geometries of micro-mixers with obstructions or winding:
(a) circular type, (b) rectangular type, (c) rhombic type, (d) contraction-enlargement
type and (e) zigzag type.

equal, although they each had different shaped baffles, viz. circular,
rectangular and rhombic. The diameter of the circular baffle was
0.4 mm and the length of the edges of the rectangular and rhom-
bic baffles was 0.3536 mm. The distances between the centers of
the baffles were equal in all three types. The horizontal distance
between the two centers of the baffles was 1.08 mm. The verti-
cal and diagonal distances were 1 mm and 0.73 mm, respectively.
For the contraction-enlargement type, the contracting width was
1.0 mm and the enlarging width was 2.16 mm. Continuous vari-
ations of the velocity of the flow streams occurred and effective
mixing was induced in this micro-mixer. The width of the micro-
channel of the zigzag type was 1.0 mm and the curved angle was
90◦. Sudden changes of the flow direction were expected to occur
in the zigzag type of mixer.

3. Methods

3.1. Numerical simulation

Fluent 6.1 (Fluent Inc.) was used to carry out the three-
dimensional simulation in this study. Fluent is a comprehensive tool
for computational fluid dynamics and is widely used in many engi-
neering fields, such as aerospace, fluidics and even semiconductor
manufacturing. In the microfluidics field, this tool is used in a wide
range of activities and provides reasonable performance [36–38]. In
addition to Fluent, other simulation tools are also used in microflu-
idics studies, such as COMSOL [39], ANSYS-CFX5 [40], CFD-ACE
[41] and FEMLAB [42]. Fluent provides comprehensive modeling
capabilities for a wide range of incompressible and compressible,
laminar and turbulent fluid flow problems. In addition, it also pro-
vides reasonable solutions for the steady or transient states. The
regime of microfluidic devices developed in this paper was included
in the lamina region (Re � 2100) [43], and the reagents were incom-
pressible liquids containing particles. For these conditions, Fluent
was selected as the simulator of choice in this study.

Mixture model involved in multiphase models of Fluent was
used to obtain Au NPs distributions and velocity profiles. The
mixture model is suitable for simulating the transport of two or

more sorts of particles in liquids, and the phases are treated as
interpenetrating continua. The mixture model solves the mixture
momentum equation and sets relative velocities to describe the dis-
persed phases. The phases were composed of water, Au NPs and a
target material to be detected by the Au NPs. The target material
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ig. 2. Schematic diagram of the experimental method of observing the colorimetr
he micro-flow in the mixer in real-time. The practical flow velocity was lower than

as assumed to be a hypothetical substance reacting with the Au
Ps which could be metal ions or bio-samples such as proteins. The

nitial velocities of the inflow from the two inlets were assumed to
e 3 mm/s and the initial volume fractions of the Au NPs and the

arget material were set to 0.1. The target material was assumed to
e an arbitrary material having the shape of complete spheres and
density of 1500 kg/m3. The diameters of the target material and
u NPs were specified as 4 nm and 20 nm, respectively. The bound-
ry condition for the inner walls of the micro-channels was defined

ig. 3. Contours of volume fraction of Au NPs and path lines of particles in different micro
ven dispersion of the Au NPs. The plot of path lines was colored by particle ID in Fluent
eferred to the web version of the article.)
ations. The digital micro-scope was focused on the micro-mixer part and recorded
imulation parameter (2–3 mm/s).

as the no slip condition for the sake of simplicity [36]. The total
number of meshes was about 83,000 sections with an interval of
0.05 �m.
3.2. Fabrication method

The fabrication processes were composed of mold fabrication,
chip fabrication, and surface treatment. In the mold fabrication
process, a 4 in. silicon wafer was used as the substrate. SU-8 2000

-mixers in unsteady state. A green color on the contour plot is an indication of the
6.1. (For interpretation of the references to color in this figure legend, the reader is
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ig. 4. Velocity profiles of mixtures in different micro-mixers with vectors and con
elocity was meters per second.

as used as a photoresist material (MicroChem Inc.) and micro-
atterns of PDMS were generated on the substrate by a replica

olding method [44]. In the fabrication processes, polydimethyl-

iloxane (PDMS) was the basic component of the microfluidic
evices. A Sylgard 184 kit (Dow Corning Corporation) contain-

ng PDMS pre-polymer (Sylgard 184-A) and curing agent (Sylgard
84-B) was employed. The pre-polymer has the physical form of

ig. 5. Cross-sectional distributions of volume fraction of Au NPs in micro-mixers. The
icro-mixers except for the basic type. The pure blue and red colors indicated the pure Au

n this figure legend, the reader is referred to the web version of the article.)
. The velocity variations were observed near the obstructive locations. The unit of

a colorless liquid with a specific gravity and viscosity at 25 ◦C of
1.11 and 5000 cSt, respectively. The curing agent is also a color-

◦
less liquid with a specific gravity and viscosity at 25 C of 1.03
and 110 cSt [45], respectively. PDMS based materials have many
advantages for biological analysis [44], which include a low produc-
tion cost, non-toxicity, reversible deformation and an optically clear
surface.

pure blue and red regions gradually decreased at the lower positions in all of the
NPs and CuSO4 solutions, respectively. (For interpretation of the references to color
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Using the completed mold, PDMS based devices were fabricated
hrough a series of steps. The pre-polymer and curing agent were

ixed on a square dish at a weight ratio of 10:1 for 5 min. After
ixing, the mixture with many bubbles was positioned in a vacuum

ven at 40 ◦C for 1 h. The bubbles escaped from the mixture through

his degassing process. The mixture was then baked in an oven at
0–80 ◦C for 1 h. After the PDMS based chips were fabricated, their
urface was cleaned with acetone in an ultrasonicator for 5 min.

The pure PDMS surface after curing was quite hydrophobic.
owever, the completed microfluidic devices need to be used with

ig. 6. Distribution of Au NPs across the channel cross-section in the simulation at variou
he mixing effect.
ng Journal 152 (2009) 575–582 579

hydrophilic solutions, such as water or a buffer solution. There-
fore, the surface should be treated to render it hydrophilic for the
sake of ensuring smooth flow. To increase the hydrophilic prop-
erties of the cured PDMS surface, surface treatment was carried
out with an RF plasma and a functional solution, viz. hydrox-

yethyl methacrylate (HEMA, CAS: 868-77-9). The hydroxyethyl
methacrylate (Samchun Chemical Inc.) solution was used as a sur-
face modifier [46,47]. It is a colorless liquid with the systematic
formula, H2C C(CH3)COOCH2CH2OH. Its boiling point is 67 ◦C at
3.5 mmHg and its vapor pressure at 25 ◦C is 0.01 mmHg. The RF

s positions. The contours in Fig. 5 were quantified to recognize slight differences of
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lasma was induced with a power of 100 W for 15 min. Initially, the
xygen plasma modified the cured PDMS surface with a pressure of
00 bars and flow rate of 20 sccm. The RF power was 100 W and the
xposure time was 30 s. Then, the surface was coated with HEMA
y a spin coating method at 1500 rpm. Finally, the oxygen plasma
reatment was performed under the same conditions for 5 min.

.3. Experimental observations

Protein aggregation is one of the key elements of the biophysi-
al stability of a protein, as well as a pathological feature of many
isorders in the human body. As an example, the aggregated struc-
ure of superoxide dismutase (SOD1) in motor neurons is a key
eature of the pathology of both sporadic and familial amyotrophic
ateral sclerosis (ALS) [48]. Hong et al. reported the Au NP-based
ighly sensitive and colorimetric detection of the temporal evolu-
ion of SOD1 aggregates [49]. This property provides the potential
o develop a novel microfluidic device for the diagnosis of ALS. As a
reliminary study, we observed the colorimetric variations induced
y the mixing of the solutions containing Au NPs and a target mate-
ial in a microfluidic system. In this study, CuSO4 solution was
elected as the target material, as shown in Fig. 2. The aggregation
f Au NPs with copper ions results in a colorimetric response and
akes the mixture of two solutions increasingly darker over time

50]. The diameter of the Au NPs was 20 nm and the concentration of
uSO4 was 100 mM. The Au NPs and CuSO4 were dissolved in deion-

zed water. 150 �l each of the Au NPs and CuSO4 solutions were
imultaneously injected into the two inlets. Because the purpose of
his study was the observation of the colorimetric variations by the
aked eye, a commercial digital micro-scope (AM311S – DinoLite,
nMo Electronics Inc.) was used to record the flow patterns and

endencies from the same viewpoint as that of the naked eye. The
ther mixing test reactions such as the Dushman reaction proposed
nce by Villermaux and coworkers [51] which may provide quanti-
ative information on mixing were not used, since the main purpose
f this study was to test the feasibility of the microfluidic device
ased on the colorimetric variation of the solution containing Au
Ps.
. Results and discussion

The three-dimensional simulation with Fluent 6.1 provided the
ixing tendencies of the two solutions in the different micro-

ig. 7. Simulation of mixing efficiencies in different micro-mixers. The basic type
howed the lowest mixing efficiency and the rhombic type provided higher mixing
fficiency than the other similar types of mixers with circular or rectangular baffles.
Fig. 8. Simulation of pressure drop in different micro-mixers. The basic type
incurred the smallest pressure drop, because of its straight structure without any
obstructions. The pressure drop in the zigzag type was the largest, due to the drastic
change of the flow direction induced by its curved geometry.

mixers, as shown in Fig. 3. We presented the dynamic inlet flow
behaviors at the start-up stage and those are not the steady-state
flow behaviors. Using these contours, the degrees of mixing of
the micro-flows could be estimated from their shapes. To ensure
a reasonable analysis, the contours were selected and compared
at the point in time when the volume fraction first reached 0.05
at each outlet in the case of all of the micro-mixers. In the case
of the basic type without any modification, the Au NP solution
from the left inlet did not disperse and flowed parallel with the
flow of the target solution. Because of its simple geometry, there
was no mixing and the solutions just straightly flowed through the
micro-mixer. On the other hand, in the three micro-mixers with
circular, rectangular and rhombic obstructions, respectively, more
effective dispersion of the Au NPs was simulated than in the basic
one. The three types of mixers had similar dispersion tendencies
in their contours and the circular case is shown in Fig. 3. The driv-
ing force of mixing in the circular type micro-mixer was based on
the variations of the flow direction, as shown in the path lines in
Fig. 3. The no slip boundary condition influenced the direction and
velocity of flow near the surfaces of the baffles. The micro-mixers
with contraction-enlargement and zigzag shapes also showed more
effective mixing performance than the basic type. The direction of
the path lines in these two micro-mixers also varied continuously.
The variations of velocity and pressure through the repeatedly con-
tracting and enlarging channel were the driving force for mixing in
the contraction-enlargement type micro-mixer. In the zigzag type
micro-mixer, the channel with a curvature of 90◦ influenced the
flow direction and velocity at the inner and outer corners of the
channel, as shown in Fig. 4.

The effective mixing performance is expected between the Au
NPs and target solution as the Au NPs evenly dispersed in the micro-
mixers. The green color, with a value of 0.5, on the contour plot is
an indication of the even dispersion of Au NPs. The cross-sectional
contours in Fig. 5 clearly showed the differences of the mixing
tendencies. Red and blue regions should disappear in the case of
effective mixing. However, in the basic type of mixer, the red and
blue zones remained near the outlet of the mixer. Among the vari-

ous micro-mixers, the zigzag type included the most homogeneous
green regions and, thus, this type of micro-mixer was expected
to have the best mixing performance in the simulation. However,
quantitative analysis of the simulation results is needed to compare
the various cases precisely.
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ig. 9. Observation of mixing tendencies of different micro-mixers by the naked ey
imulation. All of the micro-mixers except the zigzag type showed biased mixing flo
he start-up.

In Fig. 6, the quantitative plots of the distribution of the Au NPs
re displayed for specific positions, viz. the upper, middle and lower
arts. As the differences in the volume fractions between the left
nd right sides were small, the mixing was effective. In the upper
art, there was no mixing, because all of the micro-mixers had the
ame geometry without obstructions. As the target position moved
ownward, different degrees of mixing were observed depending
n the shapes of the mixers. The zigzag type of micro-mixer had
he best mixing performance and this result corresponded with the
onclusion reached based on the contours. Based on the quantita-
ive simulation results, the mixing efficiency was evaluated at the
ifferent positions, from the upper to lower locations. The mixing
fficiency was defined as:

eff =
(

1 −
∫ w

0
|v − v∞|dx∫ w

0
|v0 − v∞|dx

)
× 100% (1)

here meff is the mixing efficiency, v is the volume fraction distribu-
ion across the transverse direction at the outlet, v∞ is the volume
raction of complete mixing, v0 is the initial distribution of the vol-
me fraction before any mixing occurs and W is the width of the
icro-mixers [31]. To evaluate the mixing efficiency based on the

olume fraction of Au NPs, the concentration terms in the original
xpression were substituted for the volume fraction in Eq. (1). Based
n the data in Fig. 6, the mixing efficiencies of the various micro-
ixers were calculated for the transverse locations and the results

re shown in Fig. 7. The distribution of the mixing efficiency showed
imilar tendencies to the former simulation results. The zigzag type
icro-mixer provided the most effective mixing and the basic type
ithout obstructions showed the least mixing. Although the basic

ype micro-mixer generally showed the worst mixing performance,
he value of the basic type micro-mixer drastically increased at the
ast location. This may be the benefit of hydrodynamic focusing
ue to the funnel-shaped outlet. In Fig. 8, the pressure drops in

he micro-mixers are evaluated. As shown in Fig. 8, the pressure
rop in the basic type micro-mixer was the smallest, because of its
imple geometry. However, the other micro-mixers provided larger
ressure drops than the basic one due to their modified structures.
mong them, the zigzag type provided the largest pressure drop.
captured photographs showed good agreement with the contours determined by
e numbers on the top of the photographs indicate the elapsed time in seconds from

The reason for this was likely that the overall flow direction changed
most drastically with an angle of 90◦. The pressure drop in the zigzag
mixer was larger than those of different types, but its value was not
very large and would be suitable for overall passive micro-mixers
[29]. A high mixing efficiency and low pressure drop are essential
factors for applications, such as the integration of LOCs [51–54].

Practical mixing in the micro-mixers was observed by the naked
eye and recorded by the commercial digital micro-scope from the
same viewpoint as that of the observers. The observation results
of the mixing of the two reagents are presented in Fig. 9. The pink
stream is the Au NPs solution and the pale blue stream is the CuSO4
solution. If the two solutions completely mixed, the mixture involv-
ing Au NPs aggregations had a dark color [50]. In Fig. 9, analogous
tendencies of the mixing patterns are observed compared with the
contours determined by the mathematical simulation. As expected,
the mixing in the basic type micro-mixer was ineffective. The cir-
cular type and contraction-enlargement type micro-mixers showed
more capable mixing, but the dark regions were biased to the left
side of the micro-mixers. However, the dark region of aggregations
was homogeneously distributed in the zigzag mixer. This result
corresponded with the simulation results shown in Fig. 6. This cor-
respondence indicated that the zigzag type of micro-mixer had the
most effective mixing performance.

5. Conclusions

In this study, the effective mixing performance of passive pla-
nar micro-mixers with different geometries was investigated by the
simulation and experiments. The microfluidic devices were simply
designed to operate with only capillary force. The obstructive struc-
tures induced the efficient mixing of the reagents in the simulation
with a low Reynolds number (Re < 1). The simulation of passive mix-
ing in the planar micro-mixers was achieved using Fluent 6.1. In the
fabrication based on PDMS, it was simple and easy to fabricate the

devices without complicated 3D structures. The modification of the
surface to render it hydrophilic was essential to ensure the smooth
flow of the aqueous solutions without additional equipment, such
as micro-pumps. The experiments with Au NPs and CuSO4 solutions
showed good agreement of the mixing tendencies with the simula-
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ion results. The colorimetric observation of the mixing effects with
he devices was very simple, economic and time saving, because
t demanded just a few hundred micro-liters of input solutions,

ithout the need for any fluorescent equipment. Moreover, the
icro-mixers incurred a small amount of pressure drop and, thus,

ave the potential to be integrated with other microfluidic sys-
ems. Research into LOC involving nano-particles has been actively
ursued in the biological, chemical and physical fields. Therefore,
he method of analyzing the mixing performance described in this
aper is expected to provide valuable guidelines for mixer design
ith various nano-particles.
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Chaotic mixer for microchannels, Science 295 (2002) 647–651.

13] H. Wang, P. Iovenitti, E. Harvey, S. Masood, Optimizing layout of obstacles for
enhanced mixing in microchannels, Smart Mater. Struct. 11 (2002) 662–667.

14] Y. Lin, G.J. Gerfen, D.L. Rousseau, S.R. Yeh, Ultrafast microfluidic mixer and
freeze-quenching device, Anal. Chem. 75 (2003) 5381–5386.

15] V. Mengeaud, J. Josserand, H.H. Girault, Mixing processes in a zigzag microchan-
nel: finite element simulations and optical study, Anal. Chem. 74 (2002)
4279–4286.

16] Z.Y. Guo, Z.X. Li, Size effect on single-phase channel flow and heat transfer at
microscale, Int. J. Heat Fluid Flow 24 (2003) 284–298.

17] L. Li, G.P. Peterson, O. Cheng, Three-dimensional analysis of heat transfer in
micro-heat sink with single phase flow, Int. J. Heat Mass Transfer 47 (2004)
4215–4231.

18] P.X. Jiang, R.N. Xu, Heat transfer and pressure drop characteristics of mini-fin
structures, Int. J. Heat Fluid Flow 28 (2007) 1167–1177.

19] J.T. Coleman, J. McKechnie, D. Sinton, High-efficiency electrokinetic micromix-
ing through symmetric sequential injection and expansion, Lab Chip 6 (2006)
1033–1039.

20] T. Fujii, Y. Sando, K. Higashino, Y. Fujii, A plug and play microfluidic device, Lab
Chip 3 (2003) 193–197.

21] A. Glasgow, N. Aubry, Enhancement of microfluidic mixing using time pulsing,
Lab Chip 3 (2003) 114–120.

22] Z. Yang, H. Goto, M. Matsumoto, R. Maeda, Ultrasonic micromixer for microflu-

idic systems, Sens. Actuators A 93 (2001) 266–272.

23] R.H. Liu, J. Yang, M.Z. Pindera, M. Athavale, P. Grodzinski, Bubble-induced acous-
tic micromixing, Lab Chip 2 (2002) 151–157.

24] R.H. Liu, R. Lenigk, R.L. Druyor-Sanchez, J. Yang, P. Grodzinski, Hybridiza-
tion enhancement using cavitation microstreaming, Anal. Chem. 75 (2003)
1911–1917.

[

[

ng Journal 152 (2009) 575–582

25] A.O. El Moctar, N. Aubry, J. Batton, Electro-hydrodynamic micro-fluidic mixer,
Lab Chip 3 (2003) 273–280.

26] J. West, B. Karamata, B. Lillis, J.P. Gleeson, J. Alderman, J.K. Collins, W. Lane,
A. Mathewson, H. Berney, Application of magnetohydrodynamic actuation to
continuous flow chemistry, Lab Chip 2 (2002) 224–230.

27] C. Jen, C. Wu, Y. Lin, C. Wu, Design and simulation of the micromixer with chaotic
advection in twisted microchannels, Lab Chip 3 (2003) 77–81.

28] W. Lin, A passive grooved micromixer generating enhanced transverse rotations
for microfluids, Chem. Eng. Technol. 31 (2008) 1210–1215.

29] A.A.S. Bhagat, E.T.K. Peterson, I. Papautsky, A passive planar micromixer with
obstructions for mixing at low Reynolds numbers, J. Micromech. Microeng. 17
(2007) 1017–1024.

30] J.M. Ottino, S. Wiggins, Introduction: mixing in microfluidics, Philos. Trans. R.
Soc. Lond. A 362 (2004) 923–935.

31] S. Hsieh, Y. Huang, Passive mixing in micro-channels with geometric variations
through �PIV and �LIF measurements, J. Micromech. Microeng. 18 (2008) 1–11.

32] M.H. Oddy, J.G. Santiago, J.C. Mikkelsen, Electrokinetic instability micromixing,
Anal. Chem. 73 (2001) 5822–5832.

33] R. Matsumoto, H. Farangis Zadeh, P. Ehrhard, Quantitative measurement of
depth-averaged concentration fields in microchannels by means of a fluores-
cence intensity method, Exp. Fluids 39 (2005) 722–729.

34] M. Hoffmann, M. Schlüter, N. Räbiger, Experimental investigation of
liquid–liquid mixing in T-shaped micro-mixers using �-LIF and �-PIV, Chem.
Eng. Sci. 61 (2006) 2968–2976.

35] J.S. Park, C.K. Choi, K.D. Kihm, Optically sliced micro-PIV using confocal laser
scanning microscopy (CLSM), Exp. Fluids 37 (2004) 105–119.

36] Y. Yamaguchi, F. Takagi, K. Yamashita, H. Nakamura, H. Maeda, K. Sotowa,
K. Kusakabe, Y. Yamasaki, S. Morooka, 3D simulation and visualization of
laminar flow in a microchannel with hair–pin curves, AIChE J. 50 (2004)
1530–1535.

37] D.A. Boy, F. Gibou, S. Pennathur, Simulation tools for lab on a chip research:
advantages, challenges, and thoughts for the future, Lab Chip 8 (2008)
1424–1431.

38] P. Hinsmann, J. Frank, P. Svasek, M. Harasek, B. Lendl, Design, simulation and
application of a new micromixing device for time resolved infrared spec-
troscopy of chemical reactions in solution, Lab Chip 1 (2001) 16–21.

39] X. He, S. Hauan, Microfluidic modeling and design for continuous flow in elec-
trokinetic mixing-reaction channels, AIChE J. 52 (2006) 3842–3851.

40] J. Aubin, D.F. Fletcher, C. Xuereb, Design of micromixers using CFD modeling,
Chem. Eng. Sci. 60 (2005) 2503–2516.

[41] C.K. Chung, C.Y. Wu, T.R. Shih, C.F. Wu, B.H. Wu, Design and simulation of a novel
micro-mixer with baffles and side-wall injection into the main channel, in:
Proceedings of the 1st IEEE International Conference on Nano/Micro Engineered
and Molecular Systems, Zhuhai, China, 2006, pp. 721–724.

42] A.J. Pfeiffer, X. He, T. Mukherjee, S. Hauan, A lab-on-a-chip simulation frame-
work, in: Proceedings of the 16th European Symposium on Computer Aided
Process Engineering and 9th International Symposium on Process Systems
Engineering, Garmisch-Partenkirchen, Germany, 2006, pp. 1631–1636.

43] C.J. Geankoplis, Transport Processes and Unit Operations, third ed., Prentice Hall
PTR, New Jersey, 1993.

44] J.C. McDonald, D.C. Duffy, J.R. Anderson, D.T. Chiu, H. Wu, O.J.A. Schueller, G.M.
Whitesides, Fabrication of micro-fluidic systems in poly(dimethylsiloxane),
Electrophoresis 21 (2000) 27–40.

45] Material Safety Data Sheet of Sylgard 184 Silicone Elastomer Kit, Dow Corning
Corporation, 2007.

46] D. Bodas, C. Khan-Malek, Formation of more stable hydrophilic surfaces of
PDMS by plasma and chemical treatments, Microelectron. Eng. 83 (2006)
1277–1279.

47] D. Bodas, C. Khan-Malek, Hydrophilization and hydrophobic recovery of PDMS
by oxygen plasma and chemical treatment—an SEM investigation, Sens. Actu-
ators B 123 (2007) 368–373.

48] E. Gaggelli, H. Kozlowski, D. Valensin, G. Valensin, Copper homeostasis and
neurodegenerative disorders (Alzheimer’s prion and Parkinson’s diseases and
amyotrophic lateral sclerosis), Chem. Rev. 106 (2006) 1995–2044.

49] S. Hong, I. Choi, S. Lee, Y.I. Yang, T. Kang, J. Yi, Sensitive and colorimetric detection
of the structural evolution of superoxide dismutase with gold nanoparticles,
Anal. Chem. 81 (2009) 1378–1382.

50] Y. Zhou, S. Wang, K. Zhang, X. Jiang, Visual detection of copper(II) by azide- and
alkyne-functionalized gold nanoparticles using click chemistry, Angew. Chem.
Int. Ed. 47 (2008) 1–4.

[51] M.-C. Fournier, L. Falk, J. Villermaux, A new parallel competing reaction system
for assessing micromixing efficiency—determination of micromixing time by a
simple mixing model, Chem. Eng. Sci. 51 (1996) 5187–5192.

52] C.K. Chung, T.R. Shih, Y.S. Chen, C.H. Wang, Mixing process of an obstacles
micromixer with low pressure drop, in: Proceedings of the 3rd IEEE Int. Conf.
on Nano/Micro Engineered and Molecular Systems, Sanya, China, 2008, pp.

170–173.

53] T.R. Shih, C.K. Chung, A high-efficiency planar micromixer with convection and
diffusion mixing over a wide Reynolds number range, Microfluid Nanofluid 5
(2008) 175–183.

54] C.K. Chung, T.R. Shih, A rhombic micromixer with asymmetrical flow for
enhancing mixing, J. Micromech. Microeng. 17 (2007) 2495–2504.


	Design and simulation of passive mixing in microfluidic systems with geometric variations
	Introduction
	Micro-chip design
	Methods
	Numerical simulation
	Fabrication method
	Experimental observations

	Results and discussion
	Conclusions
	Acknowledgements
	References


