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Abstract

We showed that efficient mixing of fluid flows at microscales can be achieved by a simple type of micromixers based on
microporous structures. We used sugar particles as templates for fabricating the microporous structures. We quantitatively
studied the relation between the mixing performance and the characteristics of the microporous structures, and showed that
permeability is the key indicator of the mixing performance. By visualizing the flow inside the microstructures using con-
focal microscope, we also found that flow passage having repetitive and sudden contraction—expansion is the chief factor

leading to mixing enhancement.
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1 Introduction

Efficient and rapid mixing of fluids has been an intrinsic
challenge in microfluidic applications (Stone et al. 2004;
Nguyen and Zhigang 2004; Whitesides 2006), e.g., biologi-
cal processes and chemical reactions (Nguyen and Zhigang
2004; Janoschka et al. 2015; Noack et al. 2015) in which
minute amounts of fluids are handled in microchannels.
Besides working as independent devices for rapid fluid mix-
ing, the micromixers can also be integrated into a microflu-
idic system, e.g., biochemistry analysis. With small charac-
teristic length scales ranging from 10 to 10° um and limited
flow rates, or equivalently small Reynolds numbers varying
from 1073 to 10> (Nguyen and Zhigang 2004), mixing of
fluids flowing in these channels is slow and inefficient as it
is dominated by diffusion.

To address this problem, numerous devices used exclu-
sively for mixing of fluids in microfluidic applications have
been devised. Typically, these devices are categorized into
active and passive micromixers (Ward and Fan 2015). Active
micromixers utilize flow disturbances induced by motion
of active elements caused by external forces. Examples
of active micromixers found to substantially enhance the
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mixing efficiency include those ultilizing micro-pillars actu-
ated by magnetic force (Yu et al. 2016; Hejazian et al. 2016),
inlet velocity instability imposed by electric field (Yupan
et al. 2017; Shang et al. 2016), and vibration induced by
acoustic field (Huang et al. 2013; Van Phan et al. 2015;
Huang et al. 2015; Bachman et al. 2018; Huang et al. 2018).
With sufficient input power and suitable design of structures
in microchannels, high mixing performance can be achieved
even with relatively short channel length.

Passive micromixers, on the other hand, can be operated
without external power input. This is a desirable feature for
easy integration of such micromixers into more complex
systems (Nguyen and Zhigang 2004), or those having sensi-
tive elements such as living cells (Sudarsan Arjun and Ugaz
2006). However, passive micromixers often require com-
plex structures to create secondary flows or chaotic flows
inside microchannels. Examples of such passive micromix-
ers include those utilizing spiral (Sudarsan Arjun and Ugaz
2006) and meandering microchannels (Ahn et al. 2008). This
type of micromixer requires microchannels of large lengths
due to relatively weak secondary flow. Crosswise grooves
were used in microchannels to generate chaotic advection
and intensify mass exchange between two fluids (Stroock
et al. 2002). In addition, stacked micromixers (Ritter et al.
2016; Sudarsan and Ugaz 2006) consisting of several lay-
ers of microchannels were used to enhance flow circulation
and separation. Several of these micromixers can be con-
nected in a row to further increase the mixing efficiency.
Nonetheless, an apparent drawback of existing passive
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micromixers is the extensive fabrication efforts required to
create complex structures or to incorporate sub-components
into microchannels.

To reduce the efforts required in design and fabrication
of complex structures while still maintaining high mixing
efficiency (Nguyen and Zhigang 2004), random and complex
network of fluid passages in porous media may be utilized in
fabrication of passive micromixers. Such a method has been
widely used in various engineering applications, e.g., chemi-
cal reactor engineering, energy storage and recovery (Schei-
degger 1958; Nield et al. 2006). Porous structures with suf-
ficiently small pores may bring viscous dominating flows in
microchannels to inertial controlling flows at low Reynolds
numbers, i.e., from 1072 to 10> (Nguyen and Zhigang 2004).
In particular, polydimethylsiloxane (PDMS) porous media
fabricated with sugar particles as templates were utilized for
various microfluidic applications, e.g., gas generation and
absorption reactions (Yuen and DeRosa 2011), oil adsorp-
tion (Si et al. 2015), micropumping (Linfeng et al. 2015),
and storage and release of aqueous solutions (Thurgood et al.
2017). Furthermore, functionalizing such media using inor-
ganic nanomaterial creates inorganic—organic composites,
which inherit properties of inorganic nanomaterial and elas-
ticity of organic polymer. These composite materials are of
great engineering and industrial interests since nanomaterial
additives are capable of substantially enhancing mechani-
cal, wetting, and conductive properties of the materials (Han
et al. 2013; Tran et al. 2015; Liang et al. 2016; Qiu et al.
2017).

In this study, we demonstrated fabrication and utilization
of micromixers made of PDMS-based structures with vary-
ing pore size. We used sugar particles of two nominal sizes,
120 pm and 440 pm, to fabricate porous media of different
pore sizes in the mixing chambers of the micromixers. We
characterized the mixing chambers optically using confocal
microscopy and quantitatively by measuring the permeabil-
ity. Finally, we evaluated and compared the mixing perfor-
mance of all the micromixers for a wide range of flow rates,
from 40 to 320 pl - min~".

2 Methods
2.1 Fabrication of the micromixers

Each one of our micromixers consisted of two main compo-
nents: microchannels and a mixing chamber with intercon-
nected microstructures inside. First, we fabricated a polym-
ethyl methacrylate (PMMA) mold of a “T”’-shaped junction
joining two inlets and a mixing chamber. The two inlets
were 400 pm in width and 640 pm in depth (Fig. 1a), while
the mixing chamber of 1600 pm in width and 1800 pm) in
length. We casted a mixed polydimethylsiloxane (PDMS)
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precursor with a mixing ratio of 10:1 onto the PMMA
mold. The PDMS precursor polymerized at 80 °C for 2.5
h (Fig. 1b). The interconnected microstructures were then
created inside the mixing chamber.

To fabricate microstructures inside a mixing chamber,
we ground sugar particles and selected two groups of sugar
particles each within a narrow size distribution using two
sieves. A pair of sieves with hole sizes of 50 pm and and
150 pm was used for one group, while another pair with
hole sizes of 250 pm and 350 pm was applied for another
group. We denoted these two groups as groups “A” and “B”,
respectively. The chips in group A were labelled from Al to
A4, and the chips in group B from B1 to B4. We carefully
filled the chamber with sugar particles (Fig. 1b) and placed
it in a Petri dish together with a drop of DI water (0.1 ml).
The Petri dish was put in an oven at 40 °C for 1 h. This pro-
cess facilitated bonding between neighboring sugar particles
and eventually formed microporous structures (Yang et al.
2010; Si et al. 2015; Yuen et al. 2011). A PDMS precursor
was carefully poured onto the sugar structures and subse-
quently cured in oven. After the PDMS was cured, PDMS
residual around the entrance and exit of the chamber (see
Fig. 1a) was carefully removed to expose the sugar struc-
ture. We then dissolved sugar in the microstructures in an
ultrasonic bath of a mixture of DI water and ethanol (50 %
mass ratio at 70 °C) for 2 h. The resulting chip with inter-
connected microstructures inside the mixing chamber was
finally bonded with a PDMS-coated glass slide by air-plasma
surface activation and post-baking at 80 °C for 30 min.

2.2 Characterization of the micromixers

We geometrically characterized the microstructures of the
mixing chambers of chip Al and B1 using a laser scanning
confocal microscopy (LSM710, Zeiss) having numerical
aperture of 0.3 and an objective having 10X magnification
and 5.2 mm working distance. We immersed the chips in a
fluorescent solution made by dissolving fluorescein sodium
salt (Sigma-Aldrich) in de-ionized (DI) water into final
concentration of 1 mM. We then degassed the immersed
chips in a vacuum chamber to make sure that the fluorescent
solution filled the microstructures completely. We scan each
chip filled with the fluorescent solution and show the repre-
sentative images of the microstructures at different depths
in Fig. Ic. The cell size in chip Al ranged from 40 pm to
160 pm, with averaged value of 120 pm, while the averaged
cell size in chip B1 was 440 pm.

The relation between the flow rate and the pressure drop
of flows through porous media is described by Darcy’s law
(Scheidegger 1958; Nield et al. 2006):

Vp = _Eu’ (1)
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Fig.1 a Schematic (not to scale) of a micromixer, which consists of
two inlets and a mixing chamber. Fluorescent intensity profiles are
recorded and measured at the exit of the mixing chamber (highlighted
in red). b Fabrication process of micromixers. In step 1, an empty
mixing chamber is created by casting PDMS on a PMMA mold. Sub-
sequently, the chamber is filled with sugar particles. In step 2, the
chamber filled with sugar particles and a water droplet are put in a
sealed container and baked in an oven at 40 °C for 1 h to make the

where Vp is pressure gradient in the chamber, u is character-
istic velocity, p is viscosity of a solution, and K is permeabil-
ity of porous medium. This relation was obtained from the
incompressible Navier—Stokes equations and is only applica-
ble for viscous-dominated flows, or equivalently flows with
sufficiently low velocity. For flows with high liquid inertia
(Scheidegger 1958; Nield et al. 2006; Teng and Zhao 2000;
Chai et al. 2010) or large deformation of the microstructures
at high pressure (Veyskarami et al. 2016; Wang et al. 1999),
the relation between the flow velocity and pressure gradient
may deviate from the linear behavior.

We determined the permeability K of each chip based on
measurements of the volumetric flow rate Q and pressure
difference Ap between the outlet and the inlet. In Fig. 2a, we
showed the dependence of Ap on Q for two representative
chips, chips Al and B1, which were fabricated with sugar
particles of two nominal sizes 120 pm and 440 pm, respec-
tively. For each chip, we noted that the pressure difference
appeared to be a non-linear function of the flow rate Q due
to possible deformation of PDMS microstructures (Young
modulus =~ 580 kPa) in the mixing chamber (Beavers et al.
1981; Parker et al. 1987). For a fixed flow rate, we observed
that the pressure difference required for chip A1 was higher,
consistent with its smaller cell size (Fig. 1¢). In Fig. 2b,

particles stick to each other. In step 3, a mixture of PDMS base and
curing agent is casted onto the sugar particles. In step 4, the micro-
mixer is immersed in a hot ultrasonic bath for 2 h to dissolve sugar
particles. ¢ Images of the two representative chips taken at different
depths by confocal microscopy showing the microstructures inside
the mixing chamber. The green areas indicate hollow cells filled with
fluorescent dye, while black areas are pure PMDS

we showed the permeability of all tested chips; there were
two groups, A and B, fabricated by sugar particles of two
widely different nominal sizes, 120 pm and 440 pm, respec-
tively. We observed that while the variation in permeability
of chips in group B was rather large, from 2.0 x 10~'* m? to
2.0 x 1072 m?, it was much smaller for chips in group A,
from1.0 X 107* m?to 1.8 x 10~'3 m?, suggesting that using
smaller particles results in both smaller values and smaller
variations in permeability. In other words, using smaller par-
ticles in the fabrication process increased the reproducibility
of chip performance.

2.3 Mixing experiment

We used aqueous solution of glycerol (G7757, Sigma-
Aldrich) with 30 wt% in DI water as the stock solution.
The resulting viscosity is p = 2.13 mPa s at 25 °C. For each
chip, we used a duo-syringe pump (Legato 101, KD Scien-
tific) to supply to one inlet with the stock solution, while
the other one with fluorescent solution with concentration
of 1 mM. The solutions were supplied to the inlets at the
same flow rate, which ranged from 20 to 160 pl - min~'.
The resulting total flow rate Q in the channel varied from

40 to 320 pl - min~!, with corresponding Reynolds number
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Fig.2 a Variation of pressure drop 4p with flow rate Q for chip Al
and chip B1. b The permeability K the chips used in this study. The
chips were categorized into two main groups based on the nominal
size of sugar particles used in the fabrication process: group A con-
tained chips made from nominal sugar of size 120 pm (circles), while
group B from nominal size 440 pm (squares). For each chip, the
upward and downward triangles, respectively, indicated the upper and
lower limits of permeability measured at the highest (320 pl - min™')
and the lowest (40 pl - min™") flow rates

Re = puD/p ranging from 0.60 to 4.82. Here D is the
hydraulic diameter of the channel, u is the average velocity,
p is the density and p is the viscosity of the fluid.

To quantify the mixing efficiency of a micromixer, we
used the intensity profile across the exit of its mixing cham-
ber. The mixing chamber was illuminated by a mercury
lamp through an excitation filter (450-490 nm). The emit-
ted light from the micromixer passed through a long-pass
filter (520 nm) and was recorded by a high-speed camera
(SAS, Photron) attached to a long working-distance micro-
scope and a 5x objective (Optem). The intensity profile of
the emitted light at the exit was related to the concentration
profile of the solution and was used to calculate the mixing
efficiency of the micromixer (Yu et al. 2016; Nguyen 2011).

The pressure drop between the inlet and the outlet of the
micromixer was measured by gauge pressure sensors (Hon-
eywell, ABP series) connected to the inlet. The measurement
ranges of the sensors were from 1 to 30 psi with linearity
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Fig.3 Normalized intensity profile ¢* measured at the entrance and
exit of a mixing chamber without any microstructure. Inset: a snap-
shot of the mixing chamber without microstructure. The scale bar
indicates 400 pm

of + 1%. A three-way adapter was used to connect the pres-
sure sensor to the inlet of micromixer, while the outlet was
opened to ambient. The pressure measurement was con-
ducted three times to obtain the mean value and uncertainty.

3 Results and discussion

In Fig. 3 we showed the normalized intensity profiles ¢*(y*)
taken from fluorescent images across the entrance and exit
of the chamber fabricated without microstructures. Here
v =y/wand ¢* = (¢ — cyin)/ (Cnax — Cmin)» Where c is the
greyscale intensity along the transverse direction of the sec-
tion selected to measure the mixing efficiency, and c,,;, and
Cmax> Tespectively, are the minimum and maximum greyscale
intensities. Two feeding solutions, i.e., with and without
fluorescein, were clearly separated at both the entrance and
the exit of the chamber, indicating that mixing caused by the
expansion in cross-sectional area at the empty mixing cham-
ber was negligible. Using the chips with microstructures
inside the mixing chamber, however, resulted in entirely
different intensity profiles at the exit (Fig. 4). Qualitatively,
the intensity profiles at the exit were completely levelled in
chip A1 (Fig. 4a) and chip B1 (Fig. 4b) at both flow rates
80 pl - min~" and 160 pl - min~!, suggesting that the micro-
structures in both chip A1 and B1 were effective in mixing
the solutions supplied at the inlets.

To examine quantitatively the mixing performance of
the tested chips, we measure the mixing efficiency # and
show its dependence on the flow rate Q in Fig. 5. The mix-
ing efficiency # was obtained by calculating the standard
deviation of the normalized intensity profile c¢* at the exit:
n=1-={(c*/{c*) = 1)*)1/2, where () indicates averaging
across the profile (Yu et al. 2016). While the mixing effi-
ciencies of chips in group A were consistently high, ranging
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Fig.4 Snapshots and intensity plots of mixing chambers of chip
Al (a) and chip Bl (b). Each snapshot was taken by fluorescent
microscopy when the inlets of the mixing chamber are, respectively,
fed with a stock solution and a fluorescent solution at the flow rate
160 pl - min~". For each snapshot, the normalized intensity profiles
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Fig.5 Mixing efficiency # vs. volumetric flow rate Q for all micro-
mixers in groups A (a) and B (b)
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Fig. 6 Dependence of mixing efficiency # on permeability K for all
the chips. The error bars represented the variation ranges of # and K

from 0.78 to 0.92, those in group B vary in a wider range,
from 0.46 to 0.95. Nonetheless, we noted that the permeabil-
ity of the chips with high mixing efficiency of group B (chips
B1 and B2) were comparable to the permeability of those in
group A (Fig. 2). This result suggested that the permeabil-
ity is a key indicator of the mixing efficiency performance.
Indeed, from the dependence of mixing efficiency on perme-
ability shown in Fig. 6 for all tested chips, we observed that
for each group 7 increases with decreasing K. It was worth
noting that although low permeability correlated to high
mixing efficiency, more consistent behavior was realized in
group A, i.e., chips fabricated with smaller sugar particles.

We further explored the difference in mixing behaviors
of chips from groups A and B by comparing the perme-
abilities of two chips with similar mixing efficiency: chip
A2 of group A with n =0.91, and chip B2 of group B
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Fig.7 a Representative images taken by confocal microscopy show-
ing microstructures inside the mixing chamber of chip B1. The
microstructure of the chip was filled by fluorescent solution. b Images
taken at the same depth and viewed as those in a; the only difference
was that one inlet of chip B1 was fed with the stock solution and the
other the fluorescent solution. The different feeding solutions showed
the flow patterns caused by mixing inside chip B1. The flow rate in
this experiment was 160 pl - min~". The scale bar is 100 pm

with # = 0.92. We noted that the permeability of chip A2
was 1.08 x 10713 m?, almost one third of that of chip B2
(3.45 x 10713 m?). This implied that higher pressure was
required to achieve the same value of # using chips made of
smaller cells (group A, due to smaller size of sugar parti-
cles). Thus, higher reproducibility in chip performance, i.e.,
low variance in K, comes at the expense of larger energy
input, i.e., higher operating pressure.

The difference between chips from groups A and B came
from the geometrical configuration of the microstructures
and the resulting flow patterns. For a particular chip, the
fluid patterns inside the mixing chamber can be revealed
using confocal microscopy by feeding an inlet with a fluo-
rescent solution and the other one alternatively between the
fluorescent solution (Fig. 7a) or a stock solution (Fig. 7b).
On one hand, the patterns resulted from mixing of the fluo-
rescent solution and the stock solution of chip B1 are high-
lighted in Fig. 7b, clearly indicating circulative flows in the
observed cells. These circulations may result from sudden
contraction followed by expansion as the fluid passes from
one cell to the other through a pore (see Fig. 1b for illus-
tration of the pore and cell). Furthermore, we noted that
although a single contraction—expansion flow passage might
have a limited effect on Newtonian fluid mixing (Gan et al.
2007), a series of such passages were shown to enhance
significantly mixing at low Reynolds number (from 107!
to 10%) (Ritter et al. 2016; Chen and Li 2017). Thus, the
observed enhancement in mixing in chip B1 might result
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from series of contraction—expansion flow passages in the
microstructures. On the other hand, similar circulative flow
patterns were not observed in chip Al, suggesting a differ-
ent dominant mixing mechanism for flows going through
smaller cells of the microstructures in chip Al. Although
mass convection in individual cells might be limited, smaller
cell size significantly increased the effective diffusion area
and subsequently enhanced the mixing efficiency.

4 Conclusions

In summary, we presented the fabrication procedure and
detailed characterization of micromixers made of PDMS-
based porous media using sugar particles as microstructure
templates. We focused on two groups of chips fabricated
with sugar particles of nominal sizes around 120 pm and
440 pm. We showed that using sugar particles with smaller
size produces micromixer with both low permeability and
smaller variation in permeability, thus resulting in better
mixing efficiency, higher reproducibility, and more consist-
ent mixing performance. The permeability of a chip is a
key indicator for the mixing performance: for micromixers
made of the same sugar size, lower permeability produces
higher mixing efficiency. It was interesting, however, to note
that comparing two chips of the same mixing efficiency, the
one produced by larger sugar size had higher permeability,
thus required smaller pressure gradient. We used confocal
microscopy to reveal that this effect might result from cir-
culative flows generated by sudden contraction—expansion
flow passages in microstructures made of large cells. The
results from this study might serve as a guideline to fabri-
cate low-cost high-efficiency micromixers in microfluidic
applications.
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