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7.1
Introduction

Micromixers can generally be categorized as passive micromixers and active micro-
mixers [1] (Figure 7.1). The mixing process in passive micromixers relies entirely on
molecular diffusion or on chaotic advection of the flow in the mixing channel or
chamber. Apart from the forces required for driving the flow, no further external
energy is required for mixing. According to the arrangement of the mixed phases,
passive mixers can be further categorized into several types: lamination, chaotic
advection and droplet. Lamination micromixers can be further divided into serial and
parallel types. The injection micromixer is considered as a parallel lamination
micromixer. In contrast to passive micromixers, the mixing process in active
micromixers relies on disturbances generated by an external field. Active mixers
can be categorized based on the source of disturbances: pressure, electrohydrody-
namics (including dielectrophoretics and electrokinetics), magnetohydrodynamics,
acoustics and thermal field disturbance. Due to the induced external fields and the
corresponding integrated active components, the structures of active micromixers
are often complicated and require complex fabrication processes. Furthermore,
active micromixers require external power sources for their operation. Therefore,
it is both challenging and expensive to integrate active micromixers into a micro-
fluidic system. In contrast, passive micromixers have simpler structures and do not
require external actuators except those for fluid delivery as in active micromixers. The
often simple passive structures are robust, stable in operation and easy to integrate
into a system. For the above-mentioned reasons, more attention is given to passive
micromixers.

Previously, the fabrication of micromixers was based on microsystem technology
or microelectromechanical system (MEMS) technology, which focused on hard
materials such as silicon and glass [2]. Recently, polymers have been extensively
used for fabricating micromixers. Polymers have several advantages over silicon and
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glass, such as low cost of both materials and fabrication, degradability and biocom-
patibility. A number of polymeric fabrication techniques such as hot embossing,
injection molding, casting, laser ablation and surface micromachining are readily
available for large-scale industrial and academic research.

Micromixers can either be integrated in a microfluidic system or work as stand-
alone devices. Furthermore, investigation of micromixers is fundamental for under-
standing transport phenomena on the microscale. This chapter provides information
on the latest advances in micromixing technology. Readers can also refer to some
earlier review articles and book chapters, such as [1, 3-7]. For general references on
mixing, there are some excellent books and review papers available. The theory on
thermal motion of molecules proposed by Einstein is the foundation for diffusion
theory [8]. For macroscale mixing [9], the two common mixing methods are the
generation of turbulence [10] and chaotic advection [11, 12]. Introducing turbulence
in a mixer makes fluid motions vary irregularly. This random movement causes
the components inside the device to mix together quickly. Chaotic advection can be
generated by splitting, stretching, folding and breaking up a laminar flow, which is
very effective at small Reynolds numbers. For more elaborate and focused work on
diffusion theory and various transport phenomena, the reader can refer to [13-15],
which are useful for understanding the fundamentals of species transport and flow
behavior in micromixers.

Since different types of micromixers have different operating conditions, this
chapter considers and discusses various micromixer types separately. Depending on
the particular mixer types, attention is paid to a number of operating parameters such
as Reynolds number (Re) and Peclet number (Pe). The Reynolds number:

_UD,
Y

Re (7.1)
represents the ratio between the momentum and the viscous friction, where Uis the
average velocity of the fluid, Dy, is the hydrodynamic diameter and v is the kinetic
viscosity of the fluid. A high Reynolds number above a critical value (2300 on the
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macroscale) indicates a turbulent flow. Due to small Reynolds numbers, laminar flow
can be expected in most micromixers. The Peclet number:

UL

P
°~D

(7.2)

represents the ratio between convective and diffusive species transport, where Lis the
mixing path and D is the diffusion coefficient between the species. A large Peclet
number indicates that convection is more dominant.

7.2
Passive Micromixers

Owing to its simple concept and low requirements for fabrication processes, the
passive mixer was one of few first reported microfluidic devices. Because of the
laminar flow on the microscale, mixing in passive micromixers relies mainly on two
mechanisms: molecular diffusion and chaotic advection. Molecular diffusion is
always the final mixing stage in all micromixers. Increasing the contact surface
between the mixing fluids and decreasing the diffusion path between them lead to
enhancement of diffusive transport. Chaotic advection can be realized by methods
that exist on the macroscale for highly viscous fluids.

7.2.1
Parallel Lamination Micromixers

As mentioned above, mixing can be enhanced by decreasing the mixing path and
increasing the contact surface between the two flows. Parallel lamination splits the
inlet streams into substreams of n. In the basic case, n is equal to 2. Parallel
lamination mixers with two streams are also called T-mixers or Y-mixers [16-18]
(Figure 7.2a and b). When the mixing channel width Wis far larger than its height H,
an analytical solution for the concentration distribution in the mixing channel can be
derived (Figure 7.3a). Assuming the same viscosity and a resulting uniform flow
velocity U inside the mixing channel, the dimensionless concentration distribution
¢* = ¢/ Co between a solute (c = Cy) and a solvent (c = 0) with an arbitrary mixing ratio r
is

2 Sasinwrm 2n’w? )
(XY )=r+— cos(nmy*)exp| — x
>y n; n (nmy") p( Pe ++/ Pe? + 4n*n?

n=1,223,... (7.3)

where x* = x/ W, y* = y/ Ware dimensionless coordinates (Figure 7.3a). The solution
in Equation (7.3) [19] (Figure 7.3b) can be extended for the case of parallel lamination
with multiple streams [20] (Figure 7.3c). The inlet streams of a T-mixer can be twisted
and laminated as two thin liquid sheets to reduce the mixing path [21]. Because of its
simple configuration, the T-mixer is ideal for investigations of basic transport
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Figure 7.2 Parallel lamination micromixers: (a) basic T-mixer; (b)
Y-mixer; (c) mixer with a throat; (d) concept of injection mixer; (e)
concept of parallel lamination; (f) and concept of hydraulic
focusing.

phenomena in microfluidics such as the butterfly effect [16], scaling law [18] and
other non-linear effects [19].

Since molecular diffusion is a slow process even on the microscale, generally a
T-mixer has along mixing channel and a corresponding long mixing time. Apart from
the introduction of lamination of multiple streams, good mixing could also be
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Figure 7.3 Concentration distribution in a parallel lamination
micromixer: (a) the dimensionless 2D model; (b) result for
Y-mixer (n=1,r=0.5); (c) result for parallel animation mixer with
multiple streams (n=>5, r=0.5).
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achieved with a short mixing length at an extremely high Reynolds number [22, 23].
The resulting chaotic advection or vortices are expected to enhance mixing efficiently
at these high Re. In [22], vortices were generated at Re above 10. When Re was higher
than 30, good mixing was achieved right after the bend of the mixing channel.
Adopting a planar spiral channel [24], the Dean flow effect was used to achieve good
mixing at Re above 10. Wong et al. [23] utilized Re up to 500 in a T-mixer with flow
velocity as high as 7.60 ms™ " and driven pressure up to 7 bar. In a diamond-shaped
cavity close to a straight microchannel, a fluid flow can also generate high shear to
drive very fast circulation under extremely high Re (Re= 245, 45ms ") [25]. Fast
vortices can be obtained with multiple inlet streams focused in a circular chamber for
fast mixing [26, 27]. In these micromixers, the velocities were on the order of 1 ms ™"
(7.6ms ™" in[23]), 10 ms [26] or even higher (up to 45 ms™ ' in [25]) and required high
driving pressures. These high pressures (1.0-5.5 bar in [23], 15 bar in [26]) challenged
the present bonding and interconnection technologies. Roughening the channel
wall [28] or throttling the channel entrance [29] (Figure 7.2c) could also benefit the
mixing in a T-mixer. In addition, 3D vortices can be generated in a surface tension-
driven mixing chamber [30]. However, the operating parameters such as velocity and
Re were not reported.

A simple approach to reducing the mixing path is to make a narrow mixing
channel [31, 32], which can be realized by adopting parallel lamination with multiple
streams [33-35] (Figure 7.2e) or with 3D interdigitated mixing streams [36]. A parallel
lamination mixer with 32 streams can achieve full mixing in 15 ms [37]. This mixer
type was successfully used in a practical analysis [38]. The flows in micromixers based
on parallel lamination are usually driven by pressure, but can also be driven by
electroosmosis [39-41]. The concept of an injection mixer (Figure 7.2d) [42-45] is a
special parallel lamination mixer. This mixer type only splits one of the inlet flows into
many streams and injects them into the other flow stream. An array of nozzles was
used to create a number of microplumes. These plumes decrease the mixing path and
increase the contact surface between the two inlet flows to the same extent. In [42],
400 nozzles were designed in a square array in a mixing chamber fabricated in silicon
using deep reactive ion etching (DRIE). Larsen et al. [43] demonstrated a different
nozzle shape with a similar concept. In [44] and [45], microplumes were achieved by
using capillary forces.

Another concept for reducing the mixing path for parallel lamination micromixers
is hydrodynamic focusing [46]. The basic design for hydrodynamic focusing is a long
microchannel with three inlets. The middle inlet is for the sample flow, while the
solvent streams join through the other two inlets and work as the sheath flows
(Figure 7.2f). Assuming that two fluids with n; and 1, are sandwiched in a channel
with width 2Wand height H, the velocity distribution 4, and u, in the channel can be
described by the Navier—Stokes equations [47]:

uy  %u _10p
0y? 0z  m;0x
u, uy _109p
0y? 0z  m,0x
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Figure 7.4 Hydrodynamic focusing: (a) the dimensionless 2D
model and (b—d) the dimensionless velocity profile(h =0.14,

k=1); (b) p=0.5; () p=1; (d) p=2.

where r is the dimensionless position of the interface and subscripts 1 and 2
represent the sample flow and the sheath flow, respectively. Owing to natural
symmetries, one-quarter of the cross-section needs to be considered. Normalizing
the velocity by a reference velocity u and the coordinates by W leads to the following
dimensionless model (Figure 7.4a):

o'up  o%uj W Op

oy 0z*2  Myup Ox”
62u; n 82u; _ w Gl
Oy2  0z*2 MUy 0x”

(7.5)

With P’ = nlluoaa:i B =m,/n; 6= (2n—1)x/h, the solutions of Equation (7.5) have the

following forms (0<y" <1, 0<z"<h/2):

Kok % Z*z_h2/4 = % * . %
ui(y,z) =P — +Zcosez (Ajcosh6y" + Bisinh 6y*)
i (7.6)

P |z2-h /4 &
(Y, z") = B [22/ + Zcos 0z"(A;coshBy” + B;sinh Gy*)}
n=1
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For a flat channel (h < 1), the position of the interface can be estimated as

1

r= T 2px (7.7)

where K = Q,/Q; is the flow rate ratio between the one sheath stream and the sample
stream. A Fourier analysis with the above boundary conditions results in the
coefficients of Equation (7.6):

A; = DB sinh 0r cos h?6r cos h®—sin h*6r cos ho
—(B—1)sin h*6r sin h6 cos hO—(B—1)sin h*6r(cos h6—cos hor)
+ (B—1)sin hOr cos hOr cos h(cos h—cos hor)]/
[B cos h”6r sin h6r cos h?6—sin h*6r cos h?6—
(B—1)sin h*6r cos hér sin h cos h] (7.8)

A, = D|B cos h*6r cos h6—sin h?0r cos h6—(B—1)sin hor cos h6 r sin ho
—(B—1)sin hOr cos hBr cos h6(cos h—cos hor)]/
[B cos h?6r sin h?6—sin h”6r cos h?6—
(B—1)sin hOr cos hor sin h6 cos ho] (7.9)
Bi=0 (7.10)

B, = D|(B—1)sin hOr(cos h6—cos hor)]/
[B cos h”6r cos h@—sin h*6r cos ho—

(B—1)sin h8r cos hor sin ho] (7.11)
where ,
D= (_1)n+1 L
(2n—1)’n3

The velocity of the sample flow is lower, if the sample flow is more viscous than the
sheath flow (B < 1) (Figure 7.4b). If the viscosities are equal (8 = 1), the flows behaves
as a single phase, (Figure 7.4c). If the sheath flows are more viscous (B> 1), the
sample flow is faster, (Figure 7.4d). From the above results, the sample fluid can be
focused to a narrow width by adjusting the flow rate or/and viscosity ratio between the
sample flow and the sheath flow. Hydrodynamic focusing reduces the stream width,
and consequently the mixing path.

In [46], the prototype has a mixing channel of 10 x 10 um cross-section. The
focusing width was adjusted by the pressure ratio applied on the sheath and sample
flow. The mixing time can be reduced to a few microseconds [48]. Hydrodynamic
focusing and mixing were used for cell infection as reported in [49]. In [50], focusing
using an immiscible fluid was utilized to obtain rapid mixing. Multiple reagent
mixing could be achieved using focusing structure [51]. Focusing structure could be
used in droplet mixing, which will be discussed later. Tables 7.1 and 7.2 list the typical
parameters for parallel and injection micromixers, respectively.
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Table 7.2 Typical injection micromixers.

Channel Nozzle Channel Typical

No. of  width size height  velocity
Ref. nozzles (um) (nm) (nm) (mms™") Re Pe  Materials
Miyake [42] 400 2000 330 15x15 1.2 0.018 18  Silicon—glass
Larsen [43] 10-20 NR* $100 50 1 0.1 100 Silicon—glass
Seidel [44] 1 280-600 135-175 20-43 NR NR NR  Silicon—glass
Voldman [45] 1 820 7 70 15 0.1 105  Silicon-glass

“NR, not reported.

7.2.2
Serial Lamination Micromixers

Mixing can also be enhanced by serial lamination via splitting and later joining the
substreams (Figure 7.5a) [52-55]. The inlet streams are first joined horizontally and
then twisted vertically in the next stage. Through splitting and joining m stages, 2™
laminated liquid layers can be achieved. The process leads to a 4™ ' times improve-
ment in mixing time. The mixers in [52-54] (Figure 7.5b) were fabricated via wet
etching in KOH or the DRIE technique in silicon. The same approach can be realized
using polymer materials [55] (Figure 7.5¢). As serial lamination micromixer can also
be achieved using electrokinetic flows [56] (Figure 7.5d). Introducing electroosmosis
flows between the multiple intersecting microchannels, the mixing was enhanced
significantly. In[57], a similar design was demonstrated under a pressure-driven flow.
However, this approach is only suitable for a plug of the two mixing liquids. Table 7.3
compares the typical parameters for serial parallel micromixers.

,
(a) 4 (b) e

(c) (d)
Figure 7.5 Serial lamination mixer: (a) join—split—join; (b)
split—join [52]; (c) split-split—join [55]; (d) multiple intersecting
microchannels [56] .
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Table 7.3 Typical serial lamination micromixers.

Channel Channel Typical
Number of width height  velocity

Ref. stages (nm) (nm) (mm/s) Re Pe Materials
Branebjerg [52] 3 300 30 1-22 0.03-0.66 15-330 Silicon-glass
Schwesinger [53] 5-20 400 400 1.8 0.072 72 Silicon-glass
Gray [54] 6 200 100 NR* NR NR Silicon-glass
Munson [55] 6 600 100 0.5 0.05 50 Mylar

He [50] 1 100 10 0.25 0.0025 25 Quartz

Melin [57] 16 50 50 2 0.1 14 Silicon-PDMS

“NR, not reported.

7.2.3
Micromixers Based on Chaotic Advection

In general, advection is often parallel to the main flow direction, and mixing
processes prefer transversal transport. By introducing transversal flow between the
mixing species, the so-called chaotic advection can be used to improve the mixing
process. Since the advection is far stronger than diffusion even on the microscale,
chaotic advection is widely used in designing micromixers. Naturally, chaotic
advection can be induced by an external force and will be discussed later under
active mixers. On the macroscale, chaotic advection can also be generated by specific
geometries in the mixing channel or chambers. The basic idea is splitting, stretching,
folding and breaking of the flow via the modification of the channel shape, which are
well investigated and summarized in [12]. However, this mechanism was ignored for
along time in the earlier development of micromixers because people took laminar
flow for granted in microfluidics. With relative structure and versatile working
conditions (working from very low Re such as a few one thousandths to high Re such
as a few hundred), the development of passive micromixers based on chaotic
advection attracted a lot of attention and progressed rapidly in recent years. In the
following, micromixers working at different ranges of Re are discussed. The ranges
Re>100 is considered high, 10 < Re< 100 intermediate and Re<10 low [1].

7.2.3.1 Chaotic Advection at High Reynolds Numbers

The simplest method to generate chaotic advection is to introduce obstacle structures
in the mixing channel. A numerical investigation of obstacles at high Rewas reported
in [58]. The simulated diameter of the obstacle was 60 pm within the mixing channel
of 300 um in width, 100 um in depth and 1.2-2 mm in length (Figure 7.6b). After
investigation of many arrangements of obstacles at Pe = 200, it was found that eddies
or recirculations cannot be generated by introducing obstacles in a microchannel at
low Re. However, these obstacles could improve the mixing performance at high Re.
The asymmetric arrangement of obstacles could alter the flow directions and force
fluids to merge and create transversal mass transport. In [59], seven cylinders of
10 um diameter were used to enhance mixing in a 50 x 100 x 100 pm mixing
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(a) (b) %

Figure 7.6 Designs examples for mixing with chaotic advection at
high Reynolds numbers: (a) obstacles in side wall [28]; (b)
obstacles in the channel [59, 77]; (c) zig-zag shaped channel [60].

channel. The micromixer, worked under Re from 200 to 2000 and a mixing time of
50 us. Another approach for generating chaotic advection is to bend the straight
mixing channel into a zigzag shape and then produce recirculation around the turns
at high Re. Based on a numerical investigation, Mengeaud et al. [60] discussed the
periodic steps of the zigzag shape as the optimisation parameter (Figure 7.6c). The
micromixers were fabricated on a poly (ethylene terephthalate) (PET) substrate
through excimer laser ablation. The mixing channel had a width of 100 um, a depth
of 48 um and a length of 2 mm. In the simulation, the Pe was fixed at 2600 and Re
ranged from 0.26 to 267. A critical Re of 80 were observed. Above this number, mixing
benefited from the generated recirculations at the turns. Below this number, the
mixing process relied entirely on molecular diffusion.

In addition, very tiny obstacles inside the mixing chamber similar to the above-
mentioned design also could work at very low Re (Re<1). In [61], 3D nanosized
obstacles posts were formed in an SU-8 structure on a glass substrate. The prototype
was covered and fluidic confected by a PDMS layer using cold welding. The posthad a
570 nm diameter with 420 nm height and was spaced at 710 nm.

7.2.3.2 Chaotic Advection at Intermediate Reynolds Numbers

On the macroscale, chaotic advection could be generated by introducing three-
dimensionally twisted conducts [62]. However, in-plane structures, such as modified
Tesla [63] and inverse ¢-shaped oscillator [64], fabricated on the microscale, can
produce chaotic advection in for better mixing. In [63], the Coanda effect caused
chaotic advection. The mixer was made on the cyclic olefin copolymer (COC) surface
via hot embossing and thermal diffusion bonding. In [64], five microfluidic ¢-shaped
oscillators [65] were connected serially to produce chaotic advection and further
enhance the mixing process in the chamber. The mixer was fabricated using PDMS
elastomer. Although this design can work over a large range of Re, it has best
performance when Re is equal to 14.

In 2000, Liu [66] demonstrated a three-dimensional C-shaped serpentine micro-
mixer made in silicon and glass (Figure 7.7a). This design was adapted from a basic T-
mixer with six serially contacted mixing units. The total mixing channel length
including the straight channel was about 20 mm. In this design, chaotic advection
only occurred at relatively high Re (Re = 25-70). Vijayendran et al. [67] demonstrated
a three-dimensional serpentine micromixer made of PDMS. Here, the mixing unit
was changed to L-shape, (Figure 7.7b). The mixing channel has a width of 1mm, a
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P

)
d) (e) (f)
Figure 7.7 Three-dimensional designs with chaotic advection at
intermediate Re: (a) C-shape [66]; (b) L-shape [67]; (c) connected
out-of-plane L-shapes [70]; (d) twisted microchannel [71];
(e) F-shape [68]; (f) alligator’s teeth shape [69].

(a (b) (c)
(

depth of 300 um and a total mixing length of about 30 mm. The mixing performance
was tested at Re of 1, 5 and 20. Similarly to the C-and L-shaped designs, the
experimental results also indicated that better mixing was achieved at higher Re.
Later, an F-shaped mixing unit was also proposed [68] (Figure 7.7e). The mixer was
fabricated from COC and had a width of 250 um, a depth of 60 um and a length of
10 mm. In [69], so-called alligator’s teeth were assembled in the mixing channel
(Figure 7.7f), but actually it is more like a modified C-shaped channel. This designs
had a good performance atlower Re (Re = 8). In another design on PDMS, the mixing
unit, a so-called “flow-folding topological structure”, was formed by two connected
out-of-plane L-shapes [70] (Figure 7.7c). The mixing channel had a width of 100 um
and a depth of 70 um. A single mixing unit had a size of 400 x 300 pm. Within this
design, effective mixing can be achieved on short length scales at lower Re
(Re=0.1-2).

A complex three-dimensional micromixer was reported in [71]. This work fully
borrowed from the theory on the macroscale [12] to improve mixing on the microscale
with complex and fine three-dimensional channel shapes. The mixing channel rotated
and separated the two fluids by partitioned walls and generated smaller blobs
exponentially (Figure 7.7d). This structure was fabricated with PDMS on glass. In [72],
many kinds of twisted channel were investigated numerically withholding fabricated
prototypes. The channel had a width of 500 um and a height of 300 um. The mixing
between methanol and oxygen at different velocities (0.5-2.5 ms™') was considered in
the simulation.

7.2.3.3 Chaotic Advection at Low Reynolds Numbers
Similarly to those in macroscale mixers, rips (Figure 7.8a) or grooves (Figure 7.8b and
¢) on the channel wall can produce chaotic advection. In [73], the slanted grooves were
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(a) % (b) % {:}ﬁ

Figure 7.8 Modification of mixing channel for chaotic advection
at low Pe: (a) slanted ribs, (b) slanted grooves [74, 75], (c)
staggered-herringbone grooves [74, 75], (d) patterns on both top
and bottom of the mixing channel, (e) groove pattern vertical
to mail flow, and (f) one of patterns for surface modification in a
micromixer with electrokinetic flows [80].

ablated on the bottom wall on a polycarbonate (PC) sheet via excimer laser ablation
and finally covered by a layer of poly (ethylene terephthalate glycol) (PETG). This
structure twisted electrokinetic flow into a helix mass stream at a relatively slow
velocity of 300 ums ~'. The mixing channel was 72 um wide at the top, 28 um wide at
the bottom and 31 um deep. The width of groove was 14 pm and the center-to-center
spacing between the grooves was 35 um. The length of the region occupied by the
wells from the T-junction was 178 um.

This configuration can also be extended to pressure-driven micromixers [74]. Two
different groove patterns were proposed (Figure 7.8b and c). The so-called staggered
herringbone mixer (Figure 7.8b) can work well at Re ranging from 1 to 100. Later, this
concept was extended to electrokinetic flow by modifying the surface charge [75]. The
combination of these two kinds of groove patterns on both the top and bottom wall
surfaces was investigated in [76], (Figure 7.8d). The effect of chaotic advection with the
ripped channel was numerically investigated by Wang et al. [77]. The length, width and
depth of the channels were 5 mm, 200 um, and 100 um, respectively. The mean velocity
ranged from 100ums™" to 50 mms. The grooves were also ablated on the PDMS
substrate by alaser [78]. Further, this slanted groove can be vertical to the main channel
direction (Figure 7.8e) and in the form of a 3D shape on the PDMS side wall of the
channel by using an inclined multilithography-fabricated SU-8 master [79]. Electroki-
netic mixing [80] with only patterned surface modification can also enhance mixing
(Figure 7.8f). With a field strength of 70-555Vem ™! along the 1.8 mm long micro-
channel, mixing efficiencies can be improved by 22-68% at Pe 190-1500. The concept
of surface modification can be found in [81]. Kim et al. [82] found that it was also
effective using embedded barriers parallel to the flow direction for the design in [74].
These embedded barriers bring a hyperbolic mixing pattern instead of the original
elliptical one in [74]. The mixing channel of this design was 240 um in width, 60 pm in
depth and 21 mm in length. The barriers had a cross-section of 40 x 30 pm.
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Borrowing from a conventional mixer with helical elements, a miniaturized version
was reported in [83]. This so-called Kenics static mixer [84] utilized the three-
dimensional inner surface to introduce chaotic advection in a cylindrical mixing
channel. Two designs were demonstrated: the first design was formed by four mixing
elements, made of 24 rectangular bars placed at 45°, and the four mixing elements
were arranged at 45° in the channel. The second design consisted of right- and left-
handed helical elements containing six small-helix structures. Due to the complicated
geometry, the micromixer was fabricated via stereo microphotography, which builds
up the complex structure layer by layer. The most important parameters for the above-
mentioned chaotic advection micromixers are summarized in Table 7.4.

In addition to various geometries, the instability between the multi-miscible fluids
can also be used to generate chaotic advection using focusing structure and abrupt
divergent channels at low Re [85, 86]. Generally, the miscible fluids behave as laminar
flow in focusing structure. However, when the viscosity difference between the two
miscible flows is large enough, the flow would become unstable and produce
complex patterns, which can be used for mixing. Using two kinds of silicone oil
with viscosities of 500 and 0.5 cP, the highly folding pattern was generated inside a
silicon—glass fabricated microfluidic device [85]. The channel had a width and height
of 100 um. Various viscous folding patterns can be formed in this approach:
oscillatory folding folding modified by strong diffusion, heterogeneous folding and
subfolding. This folding induced by diverging channels significantly enhances the
mixing between liquids with different viscosities. In [86], viscoelastic effects between
amore viscous poly(ethylene oxide) (PEO) in glycerol-water and less viscous PEO in
water were investigated in a similar structure fabricated in poly(methyl methacrylate)
(PMMA). An obvious recirculated pattern was observed in the contract part of the
channel and subsequently good mixing was achieved after the divergent channel at
low Re (Re=0.149) Typical chaotic advection micromixers are summarized in
Table 7.4.

7.2.4
Droplet Micromixers

Tiny formed droplets have two natural merits for enhancing the mixing process: first,
the process of forming the droplet itself is a process to reduce the distance and
increase the contact surface between the mixing species; second, similarly to the
rotation of solid particles inside fluids, it is convenient to make droplets recirculate
and sequently enhance the mixing of the species inside the droplet by simply
modifying the channel shape. The movement of a droplet causes an internal flow
field and makes the mixing inside the droplet rapid. Compared with the continuous
mixing process, a droplet micromixer affords an isolated microenvironment, which
is very suitable for many chemical syntheses and reactions.

Generally, droplets can be generated and transported individually through pres-
sure [87] or capillary effects such as thermocapillary [88] and electrowetting [89].
Furthermore, droplets can be generated in a small channel with multiple immiscible
phases such as oil-water or water—gas using a T-shaped structure [90] and focusing
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Table 7.4 Typical chaotic advection micromixers.

Channel Channel Typical
width  height  velocity

Ref. Type (nm) (nm) (mms™") Re Pe Material
Wang [58] Cylindrical 300 100 0.17 0.25 51 NA*
obstacles
Lin [59] Cylindrical 10 100 20 0.2 200 Silicon—
obstacles glass
Mengeaud [60] Zigzag shaped 100 48 1.3-40  0.26-267 130-4000 Mylar
Hong [63] 2D Tesla 200 90 5 6.2 10 000 COC
Jeon [64] 2D inverse ¢ 300 150 70 14 14 000 PDMS
Liu [66] 3D serpentine 300 150 30-350 6-70 9000-10*  Silicon—
glass
Vijayendran [67] 3D serpentine 1000 300 2-40 1-20 2000- PDMS
4x10*
Chen [70] 3D serpentine 100 70 1-20 0.1-2 10-200 PDMS
Park [71] 3D serpentine 100 50 n/r 1-50 0.015-0.7 PDMS
Jen [72] 3D serpentine 500 300 2000 48 0.36 NA
Kim [68] 3D serpentine 300 200 20.7 8 16 000 PDMS
Johnson [73] Patterned wall 72 31 0.6 0.024 15 PC-PETG
Stroock [74, 75] Patterned wall 200 70 15 0.01 3000 PDMS
Wang [77] Patterned wall 200 100 0.1-50 0.0013—- 20-10*  PDMS
6.65
Biddiss [80] Patterned wall 200 8 0.01-0.09 0.08-0.7 190-1500 PDMS
Kim [82] Patterned wall 240 60 11.6 0.5 2784 PDMS
Sato [79] Patterned wall 100 100 16.7 1.67 5500 PDMS-
glass

“NA, not applicable.

structure [91] because a large difference in surface forces exists between the multiple
immiscible phase flow. In [87], the prototype was made of PDMS and covered by a
PMMA sheet. The approach utilized a hydrophobic microcapillary vent, which joins
the two initial droplets. By introducing an effective dispersion coefficient inside a
rectangular channel and simplifying the mass transport equation, Handique and
Burns proposed an analytical model for droplet mixing actuated by thermocapil-
lary [88]. Electrowetting can also be used to transport droplets [89]. Different mixing
schemes can be used with this concept. Droplets can be merged and split repeatedly
to generate the mixing pattern. For studying the mixing pattern inside the droplets,
the reader is referred to [92]. The merged droplet can be transported around using
electrowetting. Another approach for droplet mixing is to utilize the flow instability
between two immiscible liquids [90, 91] or liquid-gas [93]. Through a carrier or
sheath liquid such as oil, droplets of the aqueous samples were formed. While
moving through the zigzag [90] or modified zigzag [94] shaped microchannel, the
shear force difference between the wall and the sample accelerated the mixing
process inside the droplet.
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Table 7.5 Typical droplet micromixers.

Droplet Channel Channel
Ref. Transport type size (nL)  width (um)  height (1m)  Material
Hosokawa [87]  Pressure driven 10 100 150 PDMS/PMMA
Paik [89] Electrowetting 1600 2480 600-1000 Glass
Song [90] Multiple phases ~ 75-150 20-100 NR* PDMS

“NR, not reported.

Another effective strategy is to latinize gaseous slugs to create unsteady flow to
enhance the mixing process [95]. The mixer had a serially connected O-shaped
mixing channel. A focusing structure was used to form the bubble slugs. These slugs
could split, stretch and fold the fluid inside the O-shaped mixing units and
subsequently enhance the mixing process. Typical droplet micromixers are summa-
rized in Table 7.5.

7.3
Active Micromixers

7.3.1
Pressure-induced Disturbance

Pressure-induced disturbance was one of the earliest investigated active micromix-
ers. By modulating the pressure on the inlets of a T-mixer [96, 97] (Figure 7.9a), the
mixing fluid was formed into serially segmented droplets along the mixing channel,
which increased the contact surface significantly. The mixer was fabricated in silicon
using DRIE and integrated in a microfluidic system. The pressure disturbance was
produced by an integrated planar pump. This approach can also be realized through
an external micropump [98]. Further, combining with focusing structure, Nguyen
and Huang demonstrated a time-interleaved segmented micromixer [99]
(Figure 7.9i). The mixing channel was fabricated on a polymer substrate and had
a cross-section of 1 mm x 100 pm and was 50 mm long. The presssure disturbance
was produced by two piezo discs glued on the mixer.

Another alterative approach to pressure disturbance is the introduction of pulsing
velocity [100, 101] (Figure 7.9b). In [100], a simple T-mixer and simulation were
shown with a pulsed side flow at a low Re of 0.3. Later, a computer-controlled
source-sink system was used to generate pulsing velocity and further to obtain the
pressure disturbance [101]. Details on this operation principle of a source—sink
system can be found in [102]. The performance of the mixing process is dependent on
the pulse frequency and the number of mixing units. In [103], the mixing pattern of
this approach was extensively investigated using numerical simulation.

The pressure disturbance can also be introduced by directly moving the parts
inside the mixing channel, which is similar to the commercial stirrer used on the
macroscale. In [104], a micromixer was demonstrated using integrated conductors. A
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magnetic field was generated by these electrical conductors and moved magnetic
beads 1-10 pm in diameter. The disturbance caused by the magnetic beads improved
mixing significantly. Disturbance also was generated by an integrated microma-
chined magnetic microstirrer [105] (Figure 7.9c). The microstirrer was placed at the
interface between two liquids in the mixing channel. An external magnetic field drove
the stirrer at a speed between 100 and 600 rpm.

7.3.2
Electrohydrodynamic Disturbance

Similarly to the conceptin [101], eletrohydrodynamic disturbance can be generated in
the micromixer [106]. Instead of pressure sources, electrodes were placed along the
mixing channel (Figure 7.9d). The mixing channel was 30 mm long, 250 um wide and
250 um deep. Numerous titanium wires were deposited in the direction perpendicu-
lar to the mixing channel. Good mixing could be obtained in less than 0.1s by
adjusting the voltage and frequency on the electrodes at a low Re (Re=0.02).
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Dielectrophoresis (DEP) is a phenomenon in which a force is exerted on a
dielectric particle when it is subjected to a non-uniform electric field. This effect
causes the particle to move towards and against an electrode. Two prototypes based on
DEP were reported in [107, 108]. With a combination of electrical actuation and local
geometry channel variation, chaotic advection was generated by embedded particles
for good mixing (Figure 7.9e).

In microfludics, electrokinetic flow, in addition to pressure-driven flow, is a major
approach to transport tiny amounts of liquid in microchannels. Similarly to other
pumping mechanisms, it can also be used to enhance the mixing process in
micromixers. Jacobson et al. [41] reported electrokinectically driven mixing in a
conventional T-mixer. Similarly to a pressure-driven T-mixer, throttle structures were
still effective in the electrokinectically driven mixer [109]. In [110], the electrokinetic
effect was used to disturb the pressure-driven flow in a micromixer. Another
approach is to use oscillating electroosmotic flow in a mixing chamber via an AC
voltage [111-113]. The pressure-driven flow becomes unstable in a mixing chamber
(Figure 7.9f) or in a mixing channel (Figure 7.9g). Further details of this instability
can be found in [114]. Similarly to the previous pressure-driven approach [96],
switching on or off the voltage supplied to the flow generates fluid segments in the
mixing channel [115, 116]. This flow modulation scheme was capable of injecting
reproducible and stable fluid segments into microchannels. The working frequency
in [115] was between 0.01 and 1 Hz and in [116] between 1 and 2 Hz. An approach
involving modification of the zeta potential of the channel surface was also tried [117].
Of course, complex fabrication and a controlled mechanism were required for this
approach. A simple but interesting approach is to utilize the oscillation inside the
droplet using electrowetiing [118]. The introduced pattern can enhance mixing
significantly.

733
Magnetohydrodynamic Disturbance

Magnetohydrodynamic-induced transversal and chaotic advection can be used in
micromixers. With an external magnetic field, applied DC voltages on the electrodes
generate Lorentz forces. The resulting Lorentz forces can roll and fold the liquids
inside the mixing chamber and further enhance the mixing process [119, 120]. This
concept only works with an electrolyte solution. The mixer in [119] was fabricated
from co-fired ceramic tapes. The electrodes were printed with a gold paste. A
fabrication process based on PDMS was also realized later [120]. Another approach
is to introduce magnetic beads in the presence of a rotating magnetic field [121]. The
mixer was achieved in a centrifugal platform made of PMMA.

7.3.4
Acoustic Disturbance

The proof of concept for acoustic mixing was reported by Moroney et al. [122] with a
flexible-plate-wave (FPW) device. An analysis of the focused acoustic wave model in a
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mixing chamber was proposed by Zhu and Kim [123]. They demonstrated an acoustic
micromixer with a mixing chamber of 1 mm x 1 mm x 10 um fabricated in silicon.
The acoustic wave was generated by a zinc oxide membrane located at the bottom of
the mixing chamber. The vibration could be adjusted by changing the frequency and
voltage of the input signal. The concept of acoustic streaming was also used as an
active mixing scheme [124]. Focused acoustic streaming could also be optimized by
electrode patterns inside the mixing chamber [125]. In [126], glass and plastic
substrates were tried to serve as a mixing chamber. However, due to energy
absorption, the mixer fabricated on a plastic wafer had a lower performance that
those fabricated on silicon or glass. In addition to the integrated design, stirring at
high frequency can also be realized by an external pump [127].

It is noted that ultrasonic mixing may have some problems in applications in
biological and chemical analysis. The first concern is the temperature rise caused by
acoustic energy. Many biological fluids are highly sensitive to temperature. The
second concern is ultrasonic waves around 50 kHz. These ultrasound waves may lead
to cavitation, which is harmful to biological samples. To avoid these problems,
Yasuda [128] used loosely focused acoustic waves to generate stirring movements. A
piezoelectric zinc oxide thin film was used as an actuator, which was driven by
a sinusoidal wave with frequencies corresponding to the thickness-mode resonance
(e.g- 240 and 480 MHz) of the piezoelectric film. The results indicated that there was
no significant temperature increase and the method could be used with temperature-
sensitive fluids. Further acoustic microdevices for mixing water and ethanol and also
water and uranine were reported [129, 130].

In addition to fluids, acoustic streaming induced around air bubbles could be used
for mixing [131, 132]. In this mixer, cavities of 500 pm diameter and 500 um depth
were used to trap air bubbles. An integrated lead zirconate titanate (PZT) actuator was
used in the design. Acoustic streaming was also used to disturb the flow in a
conventional Y-mixer in [133]. Whereas the channel was made of PDMS, the acoustic
actuator was integrated into the cover quartz wafer. An 8 um thick zinc oxide layer
with gold electrodes worked as the actuator. In [134], the use of a surface acoustic wave
(SAW) approach was demonstrated for the mixing process. The SAW devices were
fabricated on 128° Y-cut lithium niobate (LiNbO3) and integrated in a PDMS-made
prototype of microliter size. Another similar approach can be found in [135]. Typical
active micromixers are summarized in Table 7.6.

7.3.5
Thermal Disturbance

Introducing thermal energy to form bubbles, a planar pulsed source—sink system was
used to cause chaotic advection in a mixing chamber [136]. The mixer was fabricated
in silicon on a 1cm? area. The mixing chamber measured 1500 x 600 um with a
height of 100 pm. Another similar design [137] utilized a thermal bubble to generate
disturbance in a mixing channel.

Since the diffusion coefficient and advection depend highly on temperature, the
thermal field also can affect the mixing process strongly [138, 139]. Introducing a
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Table 7.6 Typical active micromixers.

Channel Channel Typical
width  height velocity Frequency

Ref. Disturbance (um)  (um)  (mms") (Hz) Re Pe Material
Deshmukh [97] Pressure 400 78 0.09 1 0.01 36 Silicon-glass
Fujii [98] Pressure 150 150 0.9 100 0.13 133  PDMS
Glasgow [100] Pressure 200 120 2 0.3 0.3 400 NA®
Okkels [103] Pressure 200 26 1.6 0.85 0.04 321  PDMS
Suzuki [104]  Pressure 160 35 0.3 0.02 0.05 48 Silicon-glass
Lu [105] Pressure 750 70 0.14 5 0.01 105 PDMS-glass
El Moctar [106] EHD 250 250 4.2 0.5 0.02 1050 NA
Deval [107]  DEP 50 25 05 1 00225  Si-SU8—glass
Lee [108] EKD 200 25 0.5 1 0.01 100 NA
0ddy[111]  EKD 1000 300 05 10 0.15 1050 PDMS-glass
Tang [115] EKD 500 35 1 0.17 0.04 509  PDMS-glass
Bau [119] MHD 4700 1000 NR* NR NR NR Ceramic
Moroney [122] Acoustic 1000 400 0.5 10 0.15 1050  Silicon-glass
Rife [124] Acoustic 1600 1600 1 NR 1.6 1600 NR
Yasuda [128]  Acoustic 2000 2000 6.4 NR 12.8 12800 Silicon—glass
Yang [130] Acoustic 6000 60 0.5 NR 0.03 30 Silicon-glass
Liu [131] Acoustic 15000 300 5 NR 1.5 1500 Silicon—glass
Yaralioglu [133] Acoustic 300 50 1 NR 0.86 300 PDMS-
quartz
Evans [136] Thermal 1500 100 NR NR NR NR  Silicon—glass

“NR, not reported; NA, not applicable.

transverse temperature gradient [138] (Figure 7.9h), thermocapillary convection was
investigated numerically. The analysis indicated that helical streamlines appeared
inside the channel, which can increase the contact area between the mixing fluids
inside. Using an infrared (IR) laser, an interfacial thermocapillary vortical flow was
demonstrated for microfluidic mixing. The high gradient from the IR laser induced
cavitation bubbles and further vortical flow, which in turn helped the mixing inside
the fluid.

7.4
Fabrication Methods

Numerous fabrication techniques have been used for making micromixers. In the
past few years, there have been two obvious developments in micromixer fabrication:
the substrate was changed from silicon to polymers and the structures were changed
from simple planar structure to complex 3D structure. Most of the early micromixers
were fabricated in silicon. The mixing channels were either wet etched with
KOH [16, 35, 42, 52, 53, 66] or dry etched using DRIE (deep reactive ion etch-
ing) [23, 26, 31, 37, 45, 54, 59, 96]. Anodically bonded glass on top of the channel
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offered both sealing and optical access. Passive micromixers can be made entirely of
glass [39—41]. Due to its electrically conducting properties, silicon cannot be used in
applications with electrokinetic flows. Most active micromixers with integrated actua-
tors were fabricated in silicon because the established technologies [104, 122, 127,130],
such as sputtering of metals and piezoelectric materials, are based on a silicon
substrate.

However, silicon-based micromixers are relatively expensive because of the
large surface area needed for microchannels and the required cleanroom facilities.
Furthermore, silicon devices are chemically and biochemically not always com-
patible. Polymeric micromachining offers a lower fabrication cost and a faster
prototyping cycle. A simple approach named soft lithography, established by
Whitesides’ group [140], has become very popular [25, 49, 74, 75, 111, 115]. In
this approach, a lithography mask was printed using a high-resolution laser
printer. Subsequently, the pattern was transferred to a negative expoxy photoresist
of SU-8 on the silicon substrate. After developing and hard baking, the SU-
8-silicon wafer worked as a master for subsequently elastomer replication. The
elastomer most often used is polydimethylsiloxane (PDMS). PDMS can be sealed
to glass reversibly by pressing the clean. PDMS and glass slides. This sealing can
be used in some applications that do not involve high pressure. PDMS—glass or
PDMS-PDMS can be sealed irreversibly via a surface treatment in an oxygen
plasma. A high sealing strength can be achieved. PDMS is optically transparent
to wavelengths above 280 nm. The mechanical rigidity of PDMS can adjusted
by changing the ratio of the monomer and crosslinker. Normally, the more
crosslinker is inside, the greater is the rigidity of PDMS. Further, several PDMS
layers can be fabricated in the same way and bonded directly to form a complex
three-dimensional structure [67, 70, 71, 82]. For PDMS-PDMS bonding, methanol
could be used as a lubricant between the PDMS layers. Due to its sealing property,
PDMS can also be used as the adhesion layer between glass and silicon [46] and
some other materials.

Mixing channels were also fabricated by hot embossing with a hard template,
which is micromachined in silicon [73] or nickel [63]. This approach can be adapted to
injection molding for large-scale production. However, this approach is limited to a
two-dimensional channel structure. Fast prototyping can be achieved with laser
micromachining on thin polymer and adhesive sheets [19, 55]. This solution does not
requires cleanroom facilities and expensive equipment. It is very suitable for
academic research and earlier phototyping. However, the resolution of this approach
is limited by the wavelength of the laser used).

7.5
Conclusion

The characteristic dimensionless numbers such as Reynolds number (Re) and
Peclet number (Pe) are very suitable for discussing the operating conditions for
micromixers. From the definitions in Equations (7.1) and (7.2), the relation
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between Pe and Re can be derived as
Pe Lv
Re DyD

(7.12)

In micromixers, the hydraulic diameter Dy, and the mixing path L are usually on
the same order. Hence we can assume L/ Dy, = 1. For liquids, the kinematic viscosity
is on the order v=10"°m?s~ ' and the diffusion coefficient on the order D =10

9m2

s~ '. Based on Equation (7.12), the relation between Pe and Re can be estimated

as Pex~1000Re for liquids. On a Pe—Re diagram, the relation Pe=1000Re is
represented by a straight line (Figure 7.10). The operating conditions of micro-
mixers for liquids are expected to be around this line. Similarly, for gases with a
typical kinematic viscosity and a diffusion coefficient of v=10"m?s™" and
D=10"m?*s"", respectively, the operating conditions can be expected to be

around the line of Pe= Re.

List of Symbols and Abbreviations
Symbols

B viscosity ratio of sheath flow to sample flow
n dynamic viscosity (Pas)
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kinematic viscosity (m?s ")
concentration of a species (kgm )
dimensionless concentration
diffusion coefficient (m?s ")
hydraulic diameter (m)
channel height (m)

mixing path (m)

number of serial mixing stages
pressure (Pa)

flow rate (m*s™")

mixing ratio

average flow velocity (ms™)
average flow velocity (ms™"')
channel width (m)

Abbreviations

CoC cyclic olefin copolymer
DEP dielectrophoresis
EHD electrohydrodynamic disturbance
EKD electrokinetic disturbance
FPW flexible-plate-wave
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MEMS microelectromechanical system
MHD magnetohydrodynamic disturbance
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PDMS polydimethylsiloxane
Pe Peclet number
PEO poly(ethylene oxide)
PET poly (ethylene terephthalate)
PETG poly (ethylene terephthalate glycol)
PMMA poly(methyl methacrylate)
PZT lead zirconate titanate
Re Reynolds number
SAW surface acoustic wave
SEBS polystyrene—(polyethylene/polybutylene)—polystyrene triblock copolymer
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