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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
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
be suitable for integration with lab-on-a-chips or micro-total analysis systems.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidic systems have attracted a great deal of attention in
arange of fields as diverse as physics, chemistry, biology, medicine
and engineering. Miniaturized systems, such as micro-total analysis
systems (L TASs) and lab-on-a-chips (LOCs), are suitable for cases
requiring a small amount of reagent. Microfluidic systems will be
indispensable for reducing the experimental cost if the prices of the
reagents become too expensive for some biological experiments. In
addition, their low production cost, reduced reaction time, porta-
bility and the multiplicity of design are the general merits of
micro-scale systems [1]. However, mixing is a crucial factor for the
performance of microfluidic devices, because of their low Reynolds
numbers. Previous reviews on micro-mixers are given in Refs. [1-4].
Mixing at the micro-scale can be classified into passive mixing and
active mixing. In passive mixing, external energy is not required but
diffusion or chaotic advection induces mixing. Parallel lamination
[5,6], serial lamination [7,8] and interdigital multi-lamination [9,10]
provide fast mixing by decreasing the mixing path and increasing
the contact surface between the mixing phases. Chaotic advec-
tion can be generated by special geometries in the mixing channel.
Examples are obstacles on the wall of flow channel [11,12], obstacles
in the flow channel [13,14] and zigzag channel [15]. Similar works
have been studied extensively both numerically and experimentally
to enhance the convective heat transfer in micro-channels with var-
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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 = Ivp/u where [ is the most relevant
length scale, u is the viscosity, p 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
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Reynolds number is generally <100 or may even approach 1. In this
case, the flow is fully laminar and there is no turbulence within it.
A transition from laminar flow to turbulent flow generally occurs
when the Reynolds number exceeds 2000. In the regime of laminar
flow, the behavior of the micro-scale flow is predictable to a certain
extent, because of its slow and uniform flow tendency. Its behavior
can be predicted more precisely and reasonably by mathematical
simulation [29,31].

Along with mathematical simulations, micro-scale flow visual-
ization plays animportant role for understanding microfluidic flows
to develop novel microfluidic devices. Regular fluorophores such as
fluorescein are commonly used in direct visualization of mixing in
microfluidic devices [29,32]. Matsumoto et al. measured optically
a depth-averaged concentration fields in a liquid micro-channel
flow [33]. In order to get the three-dimensional information of the
concentration field with high spatial resolution, confocal laser scan-
ning microscopy (CLSM) should be used [34]. Park et al. repeated
scanning for multiple focal planes to reconstruct three-dimensional
images [35]. Yamaguchi et al. used confocal microscopy to visual-
ize fluorescent intensity patterns in micro-channels and compared
them with the results from computational fluid dynamics [36]. The
microscopic particle image velocimetry (-PIV) has been success-
fully adapted for measuring flow fields within microfluidic devices.
Hsieh and Huang studied passive planar micro-mixers with geo-
metric variations through microscopic laser-induced fluorescence
and p-PIV [31]. Park et al. applied CSLM in connection with .-
PIV and showed a unique optical slicing capability allowing true
depth-wise resolved p.-PIV vector field mapping [35].

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

2. Micro-chip design

The passive microfluidic systems were designed to operate by
capillary force. Therefore, natural flow from the inlets to the micro-
channels was necessary, without any additional external forces.
When 200 .l of two sorts of solutions were injected into each inlet
in drops, the solutions flowed in the micro-channels and mixed
together. Fig. 1 shows the schematic geometries of the proposed
passive micro-mixers. In this paper, the investigation was focused
on the passive mixers within the red rectangular region, because
the overall performance of the system is dependent on the pre-
mixing of the passive mixers. The wavy channel on the left-hand
side of the total structure was proposed to control the residence
time of the solutions. The obstructions and winding channels in the
pre-mixing zones were expected to induce more effective mixing
performance than the basic type, which had no baffles or winding
channels. The velocity profiles, such as the velocity and direction,
were expected to variously change near the obstructions.

The width and height of the mixer were 10.6 mm and 38.9 mm,
respectively. The depth of the mixers was 10 wm and the length
scales of all of the mixers were equal, except for the obstructions.
For the obstructions, in Fig. 1(a)-(c), the area of all of the baffles was
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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
1.0mm 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



W. Jeon, C.B. Shin / Chemical Engineering Journal 152 (2009) 575-582 577

CuS0, solution : 150p]

Au NPs solution : 150pl

PDMS-based microdevice

Observation with the naked eye

;’ and capture with a digita[ microscope

Fig. 2. Schematic diagram of the experimental method of observing the colorimetric variations. The digital micro-scope was focused on the micro-mixer part and recorded
the micro-flow in the mixer in real-time. The practical flow velocity was lower than the simulation parameter (2-3 mmy/s).

was assumed to be a hypothetical substance reacting with the Au
NPs which could be metal ions or bio-samples such as proteins. The
initial velocities of the inflow from the two inlets were assumed to
be 3 mmy/s and the initial volume fractions of the Au NPs and the
target material were set to 0.1. The target material was assumed to
be an arbitrary material having the shape of complete spheres and
a density of 1500 kg/m3. The diameters of the target material and
Au NPs were specified as 4 nm and 20 nm, respectively. The bound-
ary condition for the inner walls of the micro-channels was defined
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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 pm.

3.2. Fabrication method
The fabrication processes were composed of mold fabrication,

chip fabrication, and surface treatment. In the mold fabrication
process, a 4in. silicon wafer was used as the substrate. SU-8 2000
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Fig. 3. Contours of volume fraction of Au NPs and path lines of particles in different micro-mixers in unsteady state. A green color on the contour plot is an indication of the
even dispersion of the Au NPs. The plot of path lines was colored by particle ID in Fluent 6.1. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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Fig. 4. Velocity profiles of mixtures in different micro-mixers with vectors and contours. The velocity variations were observed near the obstructive locations. The unit of

velocity was meters per second.

was used as a photoresist material (MicroChem Inc.) and micro-
patterns of PDMS were generated on the substrate by a replica
molding method [44]. In the fabrication processes, polydimethyl-
siloxane (PDMS) was the basic component of the microfluidic
devices. A Sylgard 184 kit (Dow Corning Corporation) contain-
ing PDMS pre-polymer (Sylgard 184-A) and curing agent (Sylgard
184-B) was employed. The pre-polymer has the physical form 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.
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Fig. 5. Cross-sectional distributions of volume fraction of Au NPs in micro-mixers. The pure blue and red regions gradually decreased at the lower positions in all of the
micro-mixers except for the basic type. The pure blue and red colors indicated the pure Au NPs and CuSO;, solutions, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)
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Using the completed mold, PDMS based devices were fabricated
through a series of steps. The pre-polymer and curing agent were
mixed on a square dish at a weight ratio of 10:1 for 5 min. After
mixing, the mixture with many bubbles was positioned in a vacuum
oven at40°C for 1 h. The bubbles escaped from the mixture through
this degassing process. The mixture was then baked in an oven at
70-80°C for 1 h. After the PDMS based chips were fabricated, their
surface was cleaned with acetone in an ultrasonicator for 5 min.

The pure PDMS surface after curing was quite hydrophobic.
However, the completed microfluidic devices need to be used with
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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, H,C=C(CH3)COOCH;,CH,O0H. Its boiling point is 67 °C at
3.5mmHg and its vapor pressure at 25°C is 0.01 mmHg. The RF
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Fig. 6. Distribution of Au NPs across the channel cross-section in the simulation at various positions. The contours in Fig. 5 were quantified to recognize slight differences of
the mixing effect.
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plasma was induced with a power of 100 W for 15 min. Initially, the
oxygen plasma modified the cured PDMS surface with a pressure of
100 bars and flow rate of 20 sccm. The RF power was 100 W and the
exposure time was 30s. Then, the surface was coated with HEMA
by a spin coating method at 1500 rpm. Finally, the oxygen plasma
treatment was performed under the same conditions for 5 min.

3.3. Experimental observations

Protein aggregation is one of the key elements of the biophysi-
cal stability of a protein, as well as a pathological feature of many
disorders in the human body. As an example, the aggregated struc-
ture of superoxide dismutase (SOD1) in motor neurons is a key
feature of the pathology of both sporadic and familial amyotrophic
lateral sclerosis (ALS) [48]. Hong et al. reported the Au NP-based
highly sensitive and colorimetric detection of the temporal evolu-
tion of SOD1 aggregates [49]. This property provides the potential
to develop a novel microfluidic device for the diagnosis of ALS. As a
preliminary study, we observed the colorimetric variations induced
by the mixing of the solutions containing Au NPs and a target mate-
rial in a microfluidic system. In this study, CuSO,4 solution was
selected as the target material, as shown in Fig. 2. The aggregation
of Au NPs with copper ions results in a colorimetric response and
makes the mixture of two solutions increasingly darker over time
[50]. The diameter of the Au NPs was 20 nm and the concentration of
CuSO4 was 100 mM. The Au NPs and CuSO4 were dissolved in deion-
ized water. 150 pl each of the Au NPs and CuSO4 solutions were
simultaneously injected into the two inlets. Because the purpose of
this study was the observation of the colorimetric variations by the
naked eye, a commercial digital micro-scope (AM311S - DinolLite,
AnMo Electronics Inc.) was used to record the flow patterns and
tendencies from the same viewpoint as that of the naked eye. The
other mixing test reactions such as the Dushman reaction proposed
once by Villermaux and coworkers [51] which may provide quanti-
tative information on mixing were not used, since the main purpose
of this study was to test the feasibility of the microfluidic device
based on the colorimetric variation of the solution containing Au
NPs.

4. Results and discussion

The three-dimensional simulation with Fluent 6.1 provided the
mixing tendencies of the two solutions in the different micro-
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Fig. 7. Simulation of mixing efficiencies in different micro-mixers. The basic type
showed the lowest mixing efficiency and the rhombic type provided higher mixing
efficiency than the other similar types of mixers with circular or rectangular baffles.
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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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Circular baffles type
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" AuNPs (20nm)

Contraction-enlargement type

CuSO, (100mM)

Zigzag type

. NPs aggregation

Fig. 9. Observation of mixing tendencies of different micro-mixers by the naked eye. The captured photographs showed good agreement with the contours determined by
simulation. All of the micro-mixers except the zigzag type showed biased mixing flows. The numbers on the top of the photographs indicate the elapsed time in seconds from

the start-up.

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

w
fo [V — Voo|dX

=0 ] x100% (1)
fo [Vo — VooldX

meﬁ= 1-

where mey is the mixing efficiency, v is the volume fraction distribu-
tion across the transverse direction at the outlet, v, is the volume
fraction of complete mixing, v is the initial distribution of the vol-
ume fraction before any mixing occurs and W is the width of the
micro-mixers [31]. To evaluate the mixing efficiency based on the
volume fraction of Au NPs, the concentration terms in the original
expression were substituted for the volume fractionin Eq. (1). Based
on the data in Fig. 6, the mixing efficiencies of the various micro-
mixers were calculated for the transverse locations and the results
are shown in Fig. 7. The distribution of the mixing efficiency showed
similar tendencies to the former simulation results. The zigzag type
micro-mixer provided the most effective mixing and the basic type
without obstructions showed the least mixing. Although the basic
type micro-mixer generally showed the worst mixing performance,
the value of the basic type micro-mixer drastically increased at the
last location. This may be the benefit of hydrodynamic focusing
due to the funnel-shaped outlet. In Fig. 8, the pressure drops in
the micro-mixers are evaluated. As shown in Fig. 8, the pressure
drop in the basic type micro-mixer was the smallest, because of its
simple geometry. However, the other micro-mixers provided larger
pressure drops than the basic one due to their modified structures.
Among them, the zigzag type provided the largest pressure drop.

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 CuSO,4
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 alow 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 CuSO, solutions
showed good agreement of the mixing tendencies with the simula-
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tion results. The colorimetric observation of the mixing effects with
the devices was very simple, economic and time saving, because
it demanded just a few hundred micro-liters of input solutions,
without the need for any fluorescent equipment. Moreover, the
micro-mixers incurred a small amount of pressure drop and, thus,
have the potential to be integrated with other microfluidic sys-
tems. Research into LOC involving nano-particles has been actively
pursued in the biological, chemical and physical fields. Therefore,
the method of analyzing the mixing performance described in this
paper is expected to provide valuable guidelines for mixer design
with various nano-particles.
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