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It is difficult to mix two liquids on a microfluidic chip because the small
dimensions and velocities effectively prevent the turbulence. This paper describes
two 2-layer PDMS passive micromixers based on the concept of splitting and
recombining the flow that exploits a self-rotated contact surface to increase the
concentration gradients to obtain fast and efficient mixing. The designed
micromixers were simulated and the mixing performance was assessed. The mixers
have shown excellent mixing efficiency over a wide range of Reynolds number.
The mixers were reasonably fabricated by multilayer soft lithography, and the
experimental measurements were performed to qualify the mixing performance of
the realized mixer. The results show that the mixing efficiency for one realized
mixer is from 91.8% to 87.7% when the Reynolds number increases from 0.3 to 60,
while the corresponding value for another mixer is from 89.4% to 72.9%. It is
rather interesting that the main mechanism for the rapid mixing is from diffusion to
chaotic advection when the flow rate increases, but the mixing efficiency has not
obvious decline. The smart geometry of the mixers with total length of 10.25 mm
makes it possible to be integrated with many microfluidic devices for various
applications in u-TAS and Lab-on-a-chip systems. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4827598]

. INTRODUCTION

The past decade has seen the rapid development of micromixers in microfluidic systems. It
is becoming increasingly difficult to ignore the importance of the micromixers for their wide
applications." Mixing is necessary in various microfluidic applications for chemical reactions,’
enzyme reactions,” biological analysis,*> and drug delivery.® Central to these micromixers is to
sufficiently mix dissimilar fluids, especially for bio-macromolecular solutions.” Mixing small
volumes of fluids in microfluidic system at low Reynolds number is difficult due to the laminar
flows which rely mainly on molecular diffusion. Therefore, a method to increase the contact
surface between different fluids, shorten the diffusion length or introduce chaotic advection is
urgent to achieve the rapid mixing in microsystems.

In general, micromixers can be divided into two categories: passive micromixers and active
micromixers. Passive micromixers'®*'? do not require external energy but only depend on the
structure of the channel, and the mixing mechanism relies entirely on molecular diffusion or cha-
otic advection. For achieving a high mixing efficiency, active micromixers usually utilize the dis-
turbance induced by an external field, such as the electric ﬁeld,13_16 the acoustic ﬁeld,”_20 and
the magnetic ﬁeld,21’22 etc. However, it is often difficult to fabricate active micromixers for their
integration with complicated components that trigger external fields. Moreover, the external fields
usually generate temperature rise, which may damage the biological samples.
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In the last decade, for better mixing efficiency, many researchers have made great effort to
develop various types of passive micromixers composed of 2-D curved channel with radial
baffles,” 2-D cylindrical grooves adjoining to the main straight channel®* and 2-D structures
based on the concept of the splitting and recombination.”>® These micromixers did exhibit
high performance at high flow rates, but at a low level the channel geometries cannot result in
obvious vortices or chaotic advection and the contact surface between the streams are usually
vertical without rotation and expansion, so these micromixers are not effective at lower
Reynolds number unless these micromixers have a longer mixing length.

Different three-dimensional (3-D) structures have been also devised for improving mixing
performance. Some of the structures were machined on PMMA plates using laser ablation
method® or CNC micro-milling method®*?' and then bonded by thermal techniques. These
realized layer-by-layer micromixers with reasonable structures have exhibited high mixing effi-
ciency. However, the mixing length could be relatively long and the process of the fabrication
would be complicated. Another method to construct pattern of the microchannel is to utilize
conventional photolithography process. Examples contain micromixers fabricated with two’ or
three PDMS layers™ or by inserting microstructures™ in the channel. Although some of the
micromixers can be short enough and effective at low Reynolds number (Re) or Peclet number
(Pe), the mixing efficiency would apparently decline as Re increases.****

In the present work, we propose two effective and cheap 3-D micromixers based on the
principle of splitting and recombination (SAR). The micromixers were simulated and the mix-
ing performance for these two models was evaluated and compared by employing a straight
microchannel. Meanwhile, the contours of the concentration gradient at different cross sections
are used to imply the diffusing trend of the solute and that can represent where the diffusion
occurs. The results of the simulation have exhibited their significant efficiencies at different
Reynolds numbers. Then, the two-layer and 3-D PDMS structures are fabricated through multi-
layer soft lithography. The total length of the realized micromixers is 10.25 mm. Finally, the
mixing experiments were accomplished to evaluate the performance quantitatively in the real
conditions. The experimental results show a good mixing performance over a wide Re range.

Il. THE 3-D MICROMIXER DESIGN, FABRICATION, AND EXPERIMENTAL DETAILS
A. Chip design

For improving the mixing efficiency, two passive micromixers based on the concept of
splitting and recombination are proposed. Two models of the micromixers, named model XO
and XH, are fabricated in this work. As shown in Fig. 1(a), a Y-type mixer with a straight
channel is used for comparison. Figs. 1(b) and 1(c) provide the configurations of model XH
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FIG. 1. Structure of the micromixers and parameters involved. (a) Straight channel for comparison. (b) Model XH.
(c) Model XO.
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and XO, respectively. Two local parts with detail dimensions of the microstructure are magni-
fied in two dashed regions. In model XH, two streams from the inlets meet at cross section
Al. And at section BIl, the fluid is split into two streams: one is directed along the top
branch; another along the underlying branch. Then, these two streams guided by the diagonal
channels go across at section C1 where the fluids are folded together horizontally and split
into two fluids vertically. At section D1, two fluids treated by the three-dimensional X struc-
ture from section B1 to DI flow into the three-dimensional H structure from section D1 to
B2. After that, the streams are reunited at section E1. And then, the fluid is dispensed into
two parts at section B2 similar to that at section B1. As can be obviously seen from the struc-
ture of model XH, the first cycle with the length of 1 mm, i.e., the first mixing unit is from
section B1 to B2, and the model XH consists of nine and a half mixing units. Model XO has
similar structures but the three-dimensional O structure. In other words, at section D1 of
model XO, two fluids treated by the three-dimensional X structure flow into the three-
dimensional O structure instead. In our mixers, the channel depth in different layers is 75
um, and the channel length is 10.25 mm. Other parameters are shown in Fig. 1. More impor-
tantly, both “H” and “O” are transitional structures between two neighboring structures “X”.
The key differences between XH model and XO model are that the structure “H” can recom-
bine fluids horizontally and the structure “O” like an obstacle directs these two fluids with
less contact and then flow directly into the X structure. We noticed that the X structure in
both XH and XO models was ever used by Xia,29 and also other researchers.’>=7 However,
our detailed models and motivations are different, because the transitional structures between
two “X” structures and meanwhile the same repeated “X”’s are used, while the neighboring
structures “X” are opposite in Xia’s work.?” In this way, the contact surface can be rotated
continuously in one direction (detailed description in Sec. III).

B. Fabrication of the device

We make polydimethylsiloxane (PDMS) devices using replica molding with negative photo
resist(Ordyl SY355, Elga Europe, Italy) as the mold master.’®?° Since it is topologically
impossible to make three-dimensional structure using a single-layer PDMS, we first make two
complementary masters, one for the top part of the non-planar junction and another for the bot-
tom part with planar structure. To point that, only the top master consists of two layers, as
shown in Fig. 2(b). The multilayered masters are fabricated by two-step UV exposure process,
applying a second photo-resist layer between the two exposures and aligning the second expo-
sure through manually matching the five pentagrams on the masks (2) and the corresponding
pattern replicated from the mask (1) on the first exposed photo-resist layer. After replicating the
top and bottom molds with PDMS, the two PDMS replicas as showed in Fig. 2(c) were aligned
using a ‘‘concave and convex’’ method***? through matching three pairs of concave-convex
triangles face to face on both sides. After treating both sides with oxygen plasma, we apply
a drop of distilled water for lubrication, match the two parts and bake dry at 60°C for 3 h
to bond.

C. Experimental details

It is common to evaluate mixing effect by observing the changes of color or intensity of
various indicators. It is well known that phenolphthalein changes its color from colorless to red
when solution pH is greater than 8. We explored this phenomenon to evaluate the mixing effi-
ciency of our designed structures. Two different colorless fluids, i.e., aqueous alkali composed
of 2.4 g sodium hydroxide (solute A), 30g water and 30g glycerol and indicator containing
1.5 g phenolphthalein (solute B), 30 g ethyl alcohol and 30g glycerol, were injected into the
main channel from two inlets with same flow rates using a syringe pumps (LSP04-1A, China).
After the streams meet, both the solutes will diffuse in the channel. Because the reaction
between phenolphthalein and sodium hydroxide is very fast, we can neglect the time of the
reaction. The color changes across the main channel were captured using a microscope (BX53,
Olympus) equipped with a digital camera (Retiga-2000R). The color intensity from the captured
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FIG. 2. Fabrication of the two-layer device. (a) Three masks used for making the masters. (b) Two photolithographic mas-
ters that are used for replicating PDMS molds. The master (i) has two layers: The base of the master is white, the first layer
is blue and the second layer is dark blue. The master (ii) has only the dark blue layer. (c) Two PDMS molds, the top one
with three convex triangles replicated from the master (i) in (b) and the bottom one with three concave triangles replicated
from the master (ii) in (b) are bonded face to face, with three pairs of concave-convex triangles on both sides matching to
align the molds and make the final device. (d) The fabricated device of model XH.

images was analyzed using Image J (Version 1.44p, USA). For the dimension of the length and
width are rather bigger than the height in our models and realized mixers, the 2-D top view of
concentration distribution was approximately used to represent the 3-D concentration distribu-
tion, referred to some other similar work 2>10-31:3443

lll. SIMULATION MODELS
A. Numerical setups

Numerical simulation was carried out to quantify the mixing performance of the micro-
mixers by commercial software COMSOL multiphysics (COMSOL 4.3, Sweden). The flow pro-
file was investigated using the 3-D models depicted in Fig. 1. Attention should be paid to two
key parameters, i.e., the Reynolds number (Re), and the Peclet number (Pe). The Reynolds
number Re = UL/v represents the ratio between momentum and viscous friction, where U is the
mean velocity of the flow, L is the hydraulic diameter and v is the kinetic viscosity of the fluid.
The Peclet number Pe = UL/D indicates the ratio between the mass transport due to convection
and that of diffusion, where D is the diffusion coefficient of the fluid. Convection is dominated
at higher Peclet numbers. In the numerical simulation models, the type of the fluid is incom-
pressible newton fluid, governed by the Navier-Stokes equation.'> The component of the fluid
is water with the kinetic viscosity v=1x10"° m?/s at room temperature. The hydraulic diame-
ter L is 225 um for all the three models. The inlet velocity of the flow ranges from 0.15 mm/s
to 5mm/s and the corresponding Re is from 0.03 to 11.25. The transport of diluted species
dominated by the convective-diffusion equation®* coupling with the flow field is also simulated.
The concentrations of two different fluids to be mixed are set as C:Omol/m3 and
C=1mol/m? at inlet 1 and inlet 2, respectively, while the diffusion coefficient of the solute in
water is D= 1x10""! mz/s. As a result, the Pe number varies from 0.034 x 10° to 1.13 x 10*
according to the velocity of the flow.

To comprehend the mixing in these models, mere study of distribution of the concentration
is far from over. According to Fick’s second law dC/0t=DV?>C, concentration gradient can be
used to describe the diffusing trend of the solute and the distribution of the concentration gradi-
ent contour can represent where the diffusion happens. Therefore, it is easy to understand that
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the more homogeneous and the more sufficient the distribution of the concentration gradient
contours are on the transverse section, the easier it is to shorten the diffusion path and thus the
more conducive to mix the two fluids with different concentration of solute.

Fig. 3 compares the mixing performance in the first two and half units of model XH and
the straight mixer with the convection-diffusion model at Re =0.56. Fig. 3(a) implies that the
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FIG. 3. Comparison of mixing results between model XH and the straight mixer without structure on the wall. L indicates
the mixer length. (a) Mixing of the straight mixer and the distribution of concentration and concentration gradient from
L=0mm to L =2.625mm at Re =0.563; (b) mixing of the first two and a half cycles of model XH and the distribution of
concentration and concentration gradient at Re =0.563, the sampled planes are A;, C;, C,, etc., as depicted in Fig. 1(b).
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straight mixer only exhibits slight mixing as expected. The concentration gradient contours dis-
tribute vertically in the middle of the transverse section. And as the mixing length increases,
these contours move parallelly to both sides. The contours show that little chaotic advection
happens, and then the diffusion path is really long along the transverse direction. The mixing
result of the straight channel is not good. The mixing results of model XH in Fig. 3(b) show
the process of the disarrangement of the concentration gradient contours. It can be obviously
seen that the contours rotate counterclockwise at the section C;, C,, Cs;, etc. The
“saddle-shaped” flow pattern also appeared in other micromixers,”>*>*” which can efficiently
rotate the contact surface, because two streams from the upper layer and the downside extrude
each other strongly. And then they are stretched along the transverse direction. As a result, the
contours are going to be full of the whole transverse section, when the mixing length increases.
The contours become in chaos so that complete advection will probably occurs, and then the
contact surface will be enlarged and the diffusion path will be shorten along the transverse
direction. What” more, in our design compared with Xia’s work,” the neighboring structures
“X” were devised to be the same in order to rotate the contact surface continuously in one
direction as Fig. 3(b) shows. And in Xia’s work, the motion of the contact surface showed a
different way from ours. The continuous transverse rotation of the two fluids in the rectangular
channel contributes to chaos and convection.

B. Simulation results

The performance of the mixing at sampled sections is evaluated by calculating the follow-
ing equation:*®*7*

2

o= [ 1= /5| x 100%, )
O
max

where g = %

> (Ci— COC)2 , in which C; (from O to 1) is the value of the concentration at
n=1

grid i (i=0...n), C, is the concentration value resulted from perfect mixing. g, is the maxi-
mum standard deviation (no mixing at the inlet). The value of ¢, ranges from O for no mixing
or diffusion to 1 for perfect mixing.

Before performing the simulation, mesh independency tests>”** for these three models
are made to determine the suitable number of elements. Take the XH model, for example;
five different structured tetrahedral grid systems with an element number ranging from
2.8 x 10* to 5.03 x 10°> were tested, as shown in Fig. 4. The mixing efficiency is calculated
under different element numbers. Obviously, beyond the element number of 1.48 x 105, the
influence of increasing the element number on the mixing efficiency was negligible. In order
to keep the simulation precision and save the CPU time, a grid system with 2.53 x 10° ele-
ments was selected as the suitable grid system for further calculations. Similar mesh inde-
pendence tests on the straight channel and XO model were also conducted to identify the
suitable grid system and the corresponding suitable elements are 2.09 x 10° and 2.49 x 10°,
respectively.

Fig. 5 compares the mixing efficiencies of the three mixers at different Reynolds numbers.
At Re=0.3, the value g, of the straight mixer increases from 2.7% to 21.0% at a distance
10.25 mm from the inlet. For model XH, it increases from 2.9% to around 90% after 2.9 mm
mixing length, while the corresponding length is 7.2 mm for model XO. There are not obvious
changes when Re increases to 6. But as Re inclines to 11.25, the 90% mixing length reduces
apparently to 4.6mm. The mixing of these three models at Re=60 was also simulated.
However, as the values of oy reach 90% for model XH and model XO, the mixing lengths
decrease by about 0.2 mm and 4.3 mm, respectively, compared with that at Re =0.3. From these
results, the mixer XH consistently keeps a high mixing performance at Reynolds number rang-
ing from 0.3 to 60 while the mixer XO becomes more and more effective as Re increases.
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FIG. 4. Mesh independency test of the model XH at Re =60
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FIG. 5. Compare the mixing results at different Reynolds number of the three mixers in simulation using the Equation (1).
(a) At Re=0.3. (b). At Re=6. (c) At Re=11.25. (d) At Re = 60.
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IV. RESULTS AND DISCUSSIONS

To quantify the mixing efficiency, the following formula® is used:

1 12’1: i = I\ x 100% 2)
Oe = - - T 7 )
n I in ‘

n—1 max Im

where n, I;, 1., and 1,,;, are the total number of pixels, the intensity at pixel i, the intensity at
pixel i if no mixing or diffusion, and the intensity of the perfectly mixed solution at pixel i,
respectively. The value of . ranges from O for no mixing or diffusion to 100% for perfect mix-
ing. Generally, the value of g, equal to 90% was considered complete mixing.

Fig. 6 shows the mixing results of the straight channel, mixer XH and mixer XO at
Re=0.3 and Re =6, respectively. And Fig. 7 depicts the mixing results at different Reynolds
number of these three mixers. As displayed in Fig. 6(a), nearly no chaotic advection is pro-
duced and the mixing relies mainly on diffusion in the straight channel. Under the same condi-
tion, mixer XH and mixer XO can both guarantee the occurrence of chaotic advection. This
point can be easily seen from Fig. 7(a), the value o, of the straight channel increases from
27.5% to 66.7%, while the corresponding values of mixer XH and mixer XO respectively
increase to 91.8% and 89.4%. The experimental mixing efficiency of the straight channel as
shown in Fig. 5(a) is apparently higher than the simulation result as shown in Fig. 7(a). The
reason to make it happen would be that the diffusion coefficient of the solute in water is rela-
tively low (in order to mainly observe the occurrence of chaotic advection) and the sodium hy-
droxide and phenolphthalein in fluids used in experiment diffuse faster. However, this result did
not have more impact in evaluating the mixing performance of mixer XH or mixer XO.
Because when Re increases, the diffusion is not dominated in the mixing of these two fluids.
Fig. 6(b) shows a different case that no chaotic advection happened and the diffusive mixing is

500um |

500um, !

!
-

FIG. 6. Compare the experimental mixing results of these three mixers at two different Reynolds numbers. The scale bar is
500 um. (a) The mixing results of the straight mixer, the mixer XH and the mixer XO at Re = 0.3, displayed from the left
column to the right, i.e., from column (1) to column 3) in (a). (b) The mixing results of the straight mixer, the mixer XH
and the mixer XO at Re = 6 displayed from the left column to the right, i.e., from column (1) to column (3) in (b).
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FIG. 7. Compare the mixing results at different Reynolds number of the three mixers in experiment using Eq. (2). (a), (b),
and (c) Show the mixing efficiency g, as a function of the mixing length at Re = 0.3, 6, and 60, respectively. (d) Show the
mixing efficiencies at the outlets of these three mixers as a function of Re ranging from 0.3 to 60.

very low in the straight channel at Re = 6. Because of the disarrangement of two fluids caused
by the structures of model XH and model XO, the contact surface of the fluids experience peri-
odic splitting, extrusion, rotation, and recombination, as a result, many dark red stripes are
brought about especially in mixer XH. And Fig. 7(b) implies that the value o, at the outlet of
the straight channel reduced to 25.9%. However, the efficiency . remains approximately
unchanged for mixer XH with the value 90.2% and the efficiency for mixer XO decreases to
78.7%. Therefore, mixer XH exhibits better mixing than mixer XO. The main reason is that the
structure “O” resisted the efficient contact between the two fluids coming out from the structure
“X”.

Fig. 7(c) shows that the value o, at the outlet of the straight channel at Re =60 remains at
around 10% while the efficiency o, declines to 87.7% for mixer XH and the efficiency for
mixer XO decreases to 72.9%. Fig. 7(d) compares the mixing efficiencies at the outlets of these
three mixers at Re 0.3, 0.6, 1.2, 6, 12, and 60. As Re increases from 0.3 to 60, the efficiency
o. only has a reduction of about 4% for mixer XH and the corresponding values are 16% and
59% for mixer XO and the straight channel, respectively. In this perspective, the mixing effect
of mixer XH is the best among them.

V. CONCLUSIONS

Two 2-layer PDMS passive micromixers based on the concept of splitting and recombining
the flow are presented in this paper. Both the mixers composed of two-layer structures exhibited
high mixing efficiency at microscopic scales. For the reason that the contact surface of the flu-
ids underwent periodic splitting, extrusion, rotation, and recombination, chaotic advection was
introduced and the diffusion path was greatly shortened, the mixing was effectively enhanced
especially for mixer XH. More importantly, as the Reynolds number (Re) increased from 0.3 to
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60, the mixing efficiency had a reduction of only about 4% for mixer XH and the correspond-
ing reductions are 16% and 59% for mixer XO and the straight channel, respectively. Under
these circumstances, that meant the lowest correlation between the mixing efficiency and Re for
mixer XH. Because of the perfect performance of mixer XH at Re from 0.3 to 60, it will have
many applications in improving fluid mixing in various microfluidic systems for chemical syn-
thesis, biological analysis and drug delivery, etc.
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