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Micromixing Within Microfluidic Devices

Lorenzo Capretto, Wei Cheng, Martyn Hill, and Xunli Zhang

Abstract Micromixing is a crucial process within microfluidic systems such as
micro total analysis systems (WTAS). A state-of-art review on microstructured
mixing devices and their mixing phenomena is given. The review first presents an
overview of the characteristics of fluidic behavior at the microscale and their
implications in microfluidic mixing processes. According to the two basic princi-
ples exploited to induce mixing at the microscale, micromixers are generally
classified as being passive or active. Passive mixers solely rely on pumping energy,
whereas active mixers rely on an external energy source to achieve mixing. Typical
types of passive micromixers are discussed, including T- or Y-shaped, parallel
lamination, sequential, focusing enhanced mixers, and droplet micromixers. Exam-
ples of active mixers using external forces such as pressure field, electrokinetic,
dielectrophoretic, electrowetting, magneto-hydrodynamic, and ultrasound to assist
mixing are presented. Finally, the advantages and disadvantages of mixing in a
microfluidic environment are discussed.

Keywords Active micromixers - Microfluidics - Micromixing - Mixing principles -
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Symbols

A Cross-sectional area (m?)

Ca  Capillary number

D Diffusion coefficient (m2 s_l)

Dy, Hydraulic diameter (m)

f Frequency of the disturbance action

h Height of the channels (m)

j Diffusion flux (mol m~% s ")

k Boltzmann’s constant (k = 1.381-107 %% Kil)

n Number of parallel fluid substreams

Pe Peclét number

Py  Wetted perimeter (m)

0, Volumetric flow rates for the lateral channels (m> s~ 1)
0, Volumetric flow rates of the central inlet channel (m> s~ )
0; Volumetric flow rates for the lateral channels (m> s~ )
(on Volumetric flow rates of the focused stream (m3 sfl)

R Radius of the particles (or molecules) (m)

Re Reynolds number

St Strouhal number

t Time (s)

T Absolute temperature

u Velocity of fluid (m sfl)

vy Average flow velocity of the flow within central inlet channel (m s h
Ve Average flow velocity of the flow within focused stream (m s~ )

Vo Average flow velocities of the flow within the mixing channel (m s_l)

2 Width of central inlet channel (m)
we Width of the focused stream (m)
Wo Width of the mixing channel (m)
X Position of the species (m)

Greek Symbols

Interfacial tension (N m ™)
Species concentration (Kg m ™)
Fluid density (kg m )

Fluid dynamic viscosity (Pa s)
Fluid kinematic viscosity (m* s~ ')

= =D 6 =
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Abbreviations

UTAS Micro total analysis systems

ASM Asymmetric serpentine micromixer
CDM Circulation—disturbance micromixer
CGM Connected-groove micromixer
CMM  Crossing manifold micromixer

EKI Elecrokinetic instability

EWDO Electrowetting on dielectrics
LOC Lab on a chip
MHD Magneto hydrodynamic

PCR Polymerase chain reaction

PSM Planar serpentine micromixer

SAR Split-and-recombine micromixers, sequential lamination micromixers
SGM Slanted-groove micromixer

SHM Staggered-herringbone micromixers

SOC Staggered overlapping crisscross micromixer

1 Introduction and Outline

Over the past two decades, lab-on-a-chip (LOC) technologies have driven considerable
progress in the development of microsystems, particularly for chemical, biological, and
medical applications. LOC technology has been applied in a wide range of processes
such as nanoparticle crystallization [1, 2], extraction [3-5], polymerization [6-9],
organic synthesis [10-12], enzyme assay [13, 14], protein folding [15], biological
screening [16, 17],analytical assay [18-20], cell analysis [21, 22], bioprocess optimi-
zation [23, 24], clinical diagnostics [25, 26], and drug delivery studies [27].

The miniaturized systems, designed for the above cited applications, are gener-
ally implemented with a microscale mixer to provide an intimate contact between
the reagent molecules for interactions/chemical reactions. Furthermore, beside their
integration in more complex micro total analysis systems (LUTAS) [28], microscale
mixers could also work as stand-alone devices for applications where a superior
control and a scaling-down of the mixing process are required.

The exponential increase of research in miniaturization and in microfluidic
applications highlights the importance of understanding the theory and the mechan-
isms that govern mixing at the microscale level. This chapter will review the most
recent research and developments in mixing processes within microfluidic devices.
In order to better understand the rationale behind the design of the microfluidic
mixers reported in the literature, Sect. 2 will discuss the unique physical character-
istics and theory of the microfluidic environment and their implications in the
context of mixing. Then, an up-to-date critical review of the different types and
designs of micromixers will be provided in Sect. 3.
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Owing to the increasing interest in “digital” or droplet-based microfluidics, the
microfluidic generation of microdroplets, the associated active and passive mixing
process, and the manipulation of microsized droplets in microfluidic devices will
also be covered.

Finally, a section summarizing the general advantages of microfluidic mixers/
reactors is presented. Although of high interest and importance, an in-depth review of
microfluidic mixers in a diversity of microsystems for specific applications is not
addressed since it falls out of the scope of this chapter. The reader is therefore directed
to a number of excellent recent review articles on the specific subjects [9, 19, 29-36].

2 The Microfluidic Environment and Mixing Principles

In this section, we will summarize the basic theory of fluid flow and the implications of
using microfluidic devices for mixing purpose. Generally, the same laws that describe
the flow at a macroscale govern fluid flow in the microenvironment. However, minia-
turization confers additional characteristics that can be leveraged to perform processes
not possible at a macroscale. Microfluidic devices, indeed, are not merely a miniature
version of their macroscale counterparts because many physical characteristics, such as
surface area—to-volume ratio, surface tension and diffusion, do not simply scale linearly
from large to small devices. Another important feature is the omnipresence of laminar
flow conditions because in the microfluidic channel viscous forces dominate. These
factors become significant at a microscale level, and their effects should be taken into
account during the design and implementation of LOC devices.

In other words, it must be noted that, rather than design microfluidic mixer as
just a scaled-down copy of a macroscale mixing device, they should be designed in
ways that leverage the physical characteristic of the mixing in a confined space.

2.1 Reynolds Number and Diffusion

Fluid flow is generally categorized into two flow regimes: laminar and turbulent.
Laminar flow is characterized by smooth and constant fluid motion, whereas
turbulent flow is characterized by vortices and flow fluctuations. Physically, the
two regimes differ in terms of the relative importance of viscous and inertial forces.
The relative importance of these two types of forces for a given flow condition, or to
what extent the fluid is laminar, is measured by the Reynolds number (Re):

Re = PMPn _ 4Dn )

U v

where p and pu are the fluid density and dynamic viscosity, respectively; v is the
kinematic viscosity; u is the velocity of fluid and Dy, is the hydraulic diameter of the
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channel. The hydraulic diameter of the channel is a characteristic number that
depends on the cross-sectional geometry of the channel, and is given by:

4A

Dh = ’
Pwet

(@)

where A and P, are the cross-sectional area and the wetted perimeter of the
channel, respectively.

At low Re, the viscous effects dominate inertial effects and a completely laminar
flow occurs. In the laminar flow system, fluid streams flow parallel to each other and
the velocity at any location within the fluid stream is invariant with time when
boundary conditions are constant. This implies that convective mass transfer occurs
only in the direction of the fluid flow, and mixing can be achieved only by
molecular diffusion [37]. By contrast, at high Re the opposite is true. The flow is
dominated by inertial forces and characterized by a turbulent flow. In a turbulent
flow, the fluid exhibits motion that is random in both space and time, and there are
convective mass transports in all directions [38].

Between the definite regimes of laminar and turbulent flow there is a transitional Re
range. The exact values of this number range are a function of many parameters, such as
channel shape, surface roughness, and aspect ratio. The transition Re is generally
expected to be in the range of 1,500 and 2,500 for most situations [39]. For microfluidic
systems, Re are typically smaller than 100 and the flow is considered essentially laminar.
This characteristic has a direct consequence on mixing within microfluidic devices.

In an environment where the fluid flow is restrictedly laminar, mixing is largely
dominated by passive molecular diffusion and advection. Diffusion is defined as the
process of spreading molecules from a region of higher concentration to one of
lower concentration by Brownian motion, which results in a gradual mixing of
material. Diffusion is described mathematically using Fick’s law:

dyp
=D 3
J o 3)
where ¢ is the species concentration, x is the position of the species, and D is the
diffusion coefficient. For simple spherical particles, D can be derived by the

Einstein—Stokes equation:

kT

D=—— 4
onR’ 4)

where k is Boltzmann’s constant, T is the absolute temperature, R is the radius of the
particles (or molecules) and u is the viscosity of the medium. The diffusion
coefficient for a small molecule in water at room temperature has the typical
value of 10" m” s~ [40].

Diffusion is a nonlinear process in which the time ¢ required for a species to
diffuse scales quadratically with the distance x covered. A simple case of diffusion
can be modeled in one dimension by the equation:
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x* = 2Dt, (5)

where ¢ is the average time for particles to diffuse over the distance x. Regarding
the microfluidic channel, x represents the stream width of the fluid to be mixed
along the microfluidic channel [41]. On a microfluidic length scale, the diffusion
distance can be extremely small, particularly if the fluid streams are hydrody-
namically focused. Because x varies with the square power, a decrease in
distance dramatically reduces the time required for complete mixing. Therefore,
diffusion becomes a viable method to move particles and mix fluid in micro-
fluidic devices.

2.2 Mixing in Microfluidic Devices

At a macroscale level, mixing is conventionally achieved by a turbulent flow, which
makes possible the segregation of the fluid in small domains, thereby leading to an
increase in the contact surface and decrease in the mixing path. As discussed in the
previous section, the Re is small in microfluidic systems, implying that hydrody-
namic instability does not develop; therefore, the flows cannot be turbulent. Owing
to this limitation, mixing in microfluidic devices is generally achieved by taking
advantage of the relevant small length, which dramatically increases the effect of
diffusion and advection.

Micromixers are generally designed with channel geometries that decrease the
mixing path and increase the contact surface area. According to the two different
basic principles exploited to induce mixing at the microscale, micromixers are
generally classified as being passive or active.

Active micromixers use external energy input as well as fluid pumping energy to
introduced time-dependent perturbations that stir and perturb the fluid for accel-
erating the mixing process [42]. The type of external force employed by active
micromixers can be further categorized as pressure field-driven [43], acoustic
(ultrasonic)-driven [44], temperature-induced [45] or magneto-hydrodynamic
[46]. Generally, active micromixers have higher mixer efficiency [47]. However,
the requirement to integrate peripheral devices such as the actuators for the external
power source into the microdevice, and the complex and expensive fabrication
process, limit the implementation of such devices in practical applications. In
addition, in active mixing mechanisms such as ultrasonic waves, high temperature
gradients can damage biological fluids. Therefore, active mixers are not a popular
choice when applying microfluidics to chemical and biological applications [48].

Passive mixing devices rely entirely on fluid pumping energy and use special
channel designs to restructure the flow in a way that reduces the diffusion length
and maximizes the contact surface area. Passive mixers were the first microfluidic
device reported, often entail less expense and more convenient fabrication than
active micromixers, and can be easily integrated into more complex LOC devices.
The reduction in mixing time is generally achieved by splitting the fluid stream
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using serial or parallel lamination [49, 50], hydrodynamically focusing mixing
streams [51], introducing bubbles of gas (slug) or liquid (droplet) into the flow
[52, 53], or enhancing chaotic advection using ribs and grooves designed on the
channel walls [54, 55].

Micromixers are also commonly characterized accordingly to three nondimen-
sional fluid parameters: Re (as discussed above), Peclét number Pe, and Strouhal
number St. Peclét number is defined as:

ul
Pe = D (6)
which is a measure of the relative importance of advection and diffusion in
providing the mass transport associated with the mixing. Advection is dominant
at high Pe.
The Strouhal number is defined as:

sr=Pn )

u

where f is the frequency of the disturbance action, is generally associated with
active micromixers, and represents the ratio between the residence time of a species
and the time period of disturbance [48, 56, 57].

3 Micromixers

3.1 Passive Micromixers

Passive micromixers rely on the mass transport phenomena provided by molecular
diffusion and chaotic advection. These devices are designed with a channel geom-
etry that increases the surface area between the different fluids and decreases the
diffusion path. By contrast, the enhancement of chaotic advection can be realized
by modifying the design to allow the manipulation of the laminar flow inside the
channels. The modified flow pattern is characterized by a shorter diffusion path that
improves the mixing velocity. In this section, an overview of the different types of
passive micromixers is provided. Mixed phase passive micromixers can be cate-
gorized as:

T- and Y-shaped micromixers
Parallel lamination micromixers
Sequential lamination micromixers
Focusing enhanced mixers

Chaotic advection micromixers
Droplet micromixers

A
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3.1.1 T- or Y-Shaped Micromixers

The easiest and most basic design for a micromixer is represented by either T- or Y-
shaped channel micromixers [58—61]. A schematic of the general design of this type
of mixer is shown in Fig. 1.

The mixing process in this type of micromixer is obtained by guiding the two
liquids to be mixed in contact through a flow-through channel. It must be noted that,
for the basic design of T- and Y-type micromixers, mixing solely depends on
diffusion of the species at the interface between the two liquids, hence the mixing
is rather slow and a long mixing channel is required. In order to enhance the mixing
efficiency, different authors proposed slight modifications to the geometrical setup
by adding obstacles or roughening the channel walls [54, 59, 62]. Further reduction
of the mixing time could be achieved by using a high flow rate, hence high Re,
where a chaotic flow is expected [63, 64], (Fig. 2). Veenstra et al. further reduced
the mixing path in a T-shaped micromixer by a simple narrowing of the mixing
channel and therefore shortening of the diffusion length [65].

3.1.2 Parallel Lamination

The concept of T- and Y-shaped micromixers can be improved by using more
complicated designs that split the inlet main streams into n sub-streams and then
rejoin them to form a laminate stream (Fig. 3) [66, 70—72]. This type of micromixer
enhances the mixing process by decreasing the diffusion length and increasing the
contact surface area between the two fluids.

According to Erbacher et al., the subdivision of each stream into # laminae leads
to mixing that is faster by a factor of n? as reported in the following expression
derived from (5) [66]:

Liquid A

Flow-through channel
(interdiffusion region)

e '

Fig. 1 T-shaped micromixer
with two input fluids, each
containing one diffusing
species. L and w represent the
length and width of the
mixing channel, respectively
(Adapted with permission
from [58]. Copyright 1999
American Chemical Society) Liquid B

TrYrvyyyyy
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Stratified
flow
Re =12

Vortex
flow
Re =80

Engulfment
flow
Re =240

Fig. 2 Path lines (a, c, ) and streamlines (b, d, f) for different Re numbers of 12 (a, b), 80 (c, d)
and 240 (e, f). The swirling of the fluid flow obtained at higher Re number results in better
dispersion of the fluid within the channel volume and hence an improvement in the mixing quality
(Reprinted from [61]. Copyright (2008) with permission from Elsevier)

2

t=55p ®)

where 7 is the number of parallel fluid substreams.

Lamination of the fluids to be mixed can be achieved using two different feeds
arrangements known as (1) bifurcation-type feeds and (2) parallel interdigital-type
feeds. Bifurcation-type feeds [66, 70-72] are characterized by an alternate arrange-
ment of feeds (Fig. 3a) that are later joined by passing through an inverse bifurca-
tion channel pattern followed by a folded mixing channel in which the mixing takes
place. By exploiting this configuration, Bessoth et al. [70] demonstrated that mixing
was completed is less than 100 ms, while 95% of mixing was achieved in 40 ms.

Parallel-flow interdigital-type feeds is the most-used feeding concept. This type
of micromixer comprises a feeding structure characterized by a co-[67, 73-76] or
counterflow [77] interdigital array of microchannels. Similar to the previous types
of feed concept, the microchannel array leads to an alternate lamellae arrangement
of the liquid to be mixed. However, unlike bifurcation-type feeds, the way to obtain
this pattern is based on a pressure-loss triggered flow equiparation (Fig. 3b).
Generally, after the lamellae rearrangement, the multilaminated flow is focused
through a geometrical constrain (mixing channel narrowing) [67, 71, 73, 75, 76] in
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Fig. 3 Parallel lamination micromixer types: (a) Bifurcation-type feeds (Adapted from [66] with
kind permission from Springer Science). (b) Interdigital-type feeds, super focus mixer (Repro-
duced from [67] with permission. Copyright Wiley-VCH ). (¢) Chessboard micromixer (Adapted
from [68] with permission. Copyright IOP Publishing). (d) Circular micromixer (Adapted from
[69] with permission. Copyright IOP Publishing)

order to decrease the diffusion length and enhance the mixing, using a concept
similar to that presented by Veenstra et al. [65] for a T-type micromixer.

Drese et al. [73], developed a special interdigital-type feed micromixer, named the
super focus mixer (Fig. 3b), in which the various lamellae have a different angle with
respect to the channel direction and which is capable of obtaining 95% mixing in 4 ms.

Interdigital-type feed micromixers were recently applied as a reactor for a
nitroxide-mediated radical polymerization, demonstrating a control over the molec-
ular weight distributions as a result of an improved control of the co-polymerization
reaction [78, 79].

Cha et al. [68] presented a novel micromixer design relying on a concept not far
from that of the multilamination mixer, named a chessboard mixer. The mixer was
able to complete the mixing in only 1.400 mm and the author claimed that the flow
rate can be increased easily by using different arrays without affecting the perfor-
mance (Fig. 3c).

A further interesting concept for the creation of multilaminated streams is that
applied in circular micromixers [69, 80, 81]. Circular micromixers rely on the
formation of a vortex due to the self-rotation of the fluid stream injected in a
quasitangential orientation to the circular mixing chamber (Fig. 3d). Excellent
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mixing performance of this type of micromixer was reported at either high
(Re = 150) [80] or low [81] Re number (Re = 4).

Lastly, StarLaminators are devices based on a multilamination concept and are
capable of high liquid throughput up to 1,000 Lh™' [56, 82, 83]. The mixing is
provided by a stack of plates with star-like openings that leads to turbulent flow,
which causes mixing by formation of eddies.

3.1.3 Sequential Lamination

Similar to parallel lamination micromixers, sequential lamination micromixers
[also called split-and-recombine (SAR) micromixers] rely on an exponential
increase in the contact surface area and decrease in the length path to achieve a
shorter mixing time. The difference between the two types of micromixers is the
method used to achieve lamination of the fluid to be mixed. As suggested by the
name, the lamination in sequential lamination micromixers is obtained by sequen-
tial processes of splitting and rejoining the fluids (Fig. 4a) [84, 86—89].

Different geometries for SAR micromixers have been proposed, such as ramp-
like [86] and curved-like [90] architectures. However, in order to achieve exponen-
tial sequential lamination, three steps are typically required: flow splitting, flow
recombination, and flow rearrangement (Fig. 4a).

It must be noted that SAR mixers generally work at small Re. However, some
secondary recirculation flows can be generated, as demonstrated by particle track-
ing simulation [90].

Recently, Fang et al. [85] proposed a SAR micromixer incorporating chaotic
advection features named (SAR p-reactor design) to mix fluids in a wide range of
Re and viscosity (Fig. 4b—c). They compared the results with those obtained from a
slanted-groove micromixer (SGM) (see Sect 3.1.5) [55], demonstrating better
mixing efficiency of the SAR p-reactor compared to SGM as result of the synergis-
tic effect of the two mixing concepts.

Bertsch et al. [91] presented two micromixers, similar in concept to the SAR
micromixer, with internal structures resembling conventional large-scale static
mixers (Fig. 5). The first micromixer was characterized by introducing an internal
structure with intersecting channels, which worked in a similar way to a SAR
micromixer by splitting and recombining fluid streams. The second micromixer
comprised a series of helical elements (Fig. 5a). Computational fluid dynamics
(CFD) simulated results showed the higher mixing efficiency of the first type of
micromixer over a helical based mixer.

Recently Lim et al. [92] presented a three-dimensionally micro-mixer, named
crossing manifold micromixer (Fig. 5b). The micromixer was able to perform
almost complete mixing of 90% channel length of 250 um.

The main disadvantage of SAR mixers is the complex fabrication process
required to make a 3D structure. However, an effect on the liquid stream similar
to that exploited by SAR can be achieved by a planar, packed bed configuration that
enhances trans-channel coupling. Melin et al. [93] fabricated and tested multiple
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Fig. 4 Sequential lamination micromixer (I): (a) Mixing unit of the SAR micromixer and
corresponding cross-section view of the laminated flow (Adapted from [84] with permission.
Copyright IOP Publishing). (b) Mixing unit and (c¢) computed cross-section view of fluid arrange-
ments along the SAR p-reactor (Re = 1). Chaotic advection generated by the fluids overlapping
causes the fluid interface to rotate, increasing the mixing efficiency (Reprinted from [85] with
permission. Copyright 2009 Elsevier)

intersecting microchannels (known as a packed bed micromixer) that create
a constantly changing flow pattern as the liquid samples pass through the mixing
chamber, and achieved homogenous mixing of the two fluids in just 0.4 s. This
concept was also applied to electrokinetically driven flow, as reported by He et al.
[94] (Fig. 6a).

Another way of obtaining a SAR-like effect within a planar microfluidic chip was
introduced by Sudarsan et al. [95] (Fig. 6b). It works with a multistep action: Initially,
this geometry leveraged the generation of Dean vortices that arise in the vertical plane
of curved channels to induce a 90° rotations in the fluid. At this point, the fluid is
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Fig. 5 Sequential lamination micromixer (II): (a) Static micromixer, with intersecting channel
(top) and helical elements (bottom) (Reproduced from [91] by permission of The Royal Society of
Chemistry). (b) Internal structure of crossing manifold micromixer (CMM) (Reproduced from
[92] by permission of The Royal Society of Chemistry)

divided into many substreams that undergo the same 90° rotations in the fluid. At the
end, the transformed substreams rejoin to create a multilamellae arrangement.

3.1.4 Flow Focusing

Another solution for reducing the mixing path is hydrodynamic focusing [51]. The
basic design for hydrodynamic focusing is a long microchannel with three inlets
(Fig. 7).

In hydrodynamic focusing, a central sample solution (supplied from the middle
inlet) flows within the sheath of outer fluids (supplied from the side inlets), which
constrain laterally the inner sample flow to achieve a smaller stream and thinner
lamination width. The extent of the width decrease of the focused stream depends
on the volumetric flow rate ratio between the sample flow and sheath flows. The
greater the flow rate difference, the greater the degree of width reduction. As
indicated by (5), mixing time is inversely proportional to the square of the diffusion
path length (in this case represented by the focused stream width), therefore,
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Fig. 6 Planar SAR-like micromixers: (a) Mixing unit of a packed bed micromixer (Adapted from
[94] with permission. Copyright 2001 American Chemical Society). (b) Planar SAR micromixer
that relies on Dean flows to generate alternate lamellae of fluid in a SAR-like fashion (Adapted
from [95] with permission. Copyright 2006 National Academy of Sciences, USA)

Inlet—=

10 um

10 pm

Side T

Fig. 7 (a) Focusing enhanced mixer. (b) Effect of ratio « of the side pressure to the inlet pressure
on the width of the focused stream: (a) 0.5, (b) 1.0, (¢) 1.1, and (d) 1.2 (Reprinted from [51] with
permission. Copyright 1998 American Physical Society)

decreasing the stream width results in faster mixing. Notably, the position of the
focused stream is also a function of the relative flow rate ratio of the three inlets. As
a result, by changing the relative flow rate of the two side streams it is possible to
direct the focused stream into a specific outlet [96].

The relative flow rate of the three streams is generally controlled using multiple
external pressure sources or pumps (e.g., syringe pumps) (Fig. 7b). However, Stiles
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et al. proposed and tested the use of a vacuum-pumped microfluidic device using
either a single suction pump or a capillary pumping effect to control the relative
flow rates by varying the flow resistance of the input channels [97]. The analysis
and prediction of the focused stream width employs a simple model based on mass
conservation principles [98, 99]. The 2D focused stream width is computed under
these simplified assumptions:

1. Flow in the microchannel is steady and laminar

2. Fluids are Newtonian

3. Fluids have the same density in the four channels (three inlet channels and one
outlet channel)

4. Fluids flow in a rectangular microchannel

5. The four channels have the same height

According to the mass conservation principle, the volume of sample liquid that
passes through the inlet channel (Q,) must match the volume of the focused stream:

0> = vawah = vewrh = Q. 9
This leads to (10):
)
=== 10
we ol (10)

In (9) and (10), wy and w,, represent the width of the focused stream and central
inlet channel, respectively. O, and QO are the volumetric flow rates of the central
inlet channel and focused stream, respectively. / is the height of the channels, and
v, and vy are the average velocity of the flow in the central inlet channel and of the
focused stream, respectively. The amount of fluid passing through the outlet
channel (channel O) must be equal to the total amount of the fluid supplied from
the three inlets:

0o = wovoh = Q01 + 0> + 03, (11)
WO:Q1+Q2+Q3, (12)
voh

where O, and Q5 are the volumetric flow rates for the two lateral channels, and v,
and w, are the average velocities of the flow and width of the mixing channel,
respectively. Combining (9) and (12), and assuming v, and v¢ have the same values,
it is possible to obtain the relationship between the width of the focused stream and
volumetric flow rate of the inlets:

wr 9))

W_0:Ql+Q2+Q3‘ (13)

This equation provides a simple guideline for predicting the focused stream
width. However, it does not reflect the effect of other factors such as device
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structure, channel surface, and fluidic property, which could affect the focusing
process. In this respect, Lee et al. [99] proposed a similar model in which the
effect of the density of the different fluids is taken into account. Moreover, Wu
and Nguyen [100] presented a more complex method that considered the effect of
the different viscosities of the sample stream and sheath streams.

In recent years, more complex channel geometry structures that rely on the
hydrodynamic focusing to achieve mixing have been fabricated and examined.
Wu and Nguyen [101] reported a mixer with two sample streams (solvent and
solute streams). The two streams are brought into contact and then focused by two
lateral sheath streams. The dramatic decrease in the diffusion path length improves
mixing significantly. Park et al. [102] described a novel five-inlet port mixer in
which the additional two diagonal sheath flows served as a barrier between solu-
tions flowing from the center and the two side channels during the focusing process.
In that configuration, the additional sheath reduced premixing before the formation
of the focused jet without compromising rapid mixing by diffusion. Nguyen and
Huang [103] reported a microfluidic mixer that relied on a combination of hydro-
dynamic focusing and sequential segmentation to reduce the mixing path and
shorten mixing times. The sequential segmentation step divided the solvent and
the solute into segments that usually occupied the whole channel width. Because of
the additional segmentation step, the dispersion occurred even along the flow
direction, leading to increased mixing efficiency.

Typically, focusing-enhanced micromixers focus the sample flow only in the
horizontal dimension. Different authors have proposed microfabricated devices
capable of focusing the sample horizontally and vertically [104—107]. Such devices
add an additional dimension of focusing and are often referred to as 3D hydrody-
namic focusing devices to distinguish them from traditional 2D focusing devices.
Building these devices requires complex methods such as multistep photolithogra-
phy, leading to an increase in fabrication cost. Recently, a novel fluid manipulation
technique called “microfluidic drifting” was applied to obtain 3D focusing with
a single-layer planar chip that is relatively easy to make [38, 108, 109] (Fig. 8).

The process of 3D focusing in this device can be divided into two steps. First, the
sample stream is focused in the vertical direction using microfluidic drifting. The
lateral drift of the sample flow is caused by the effect of the Dean vortices induced
by the centrifugal effect of the curve, which transports the fluid in the opposite side
of the channel. Second, classic horizontal focusing is obtained using two horizontal
sheath streams. The result of these two steps is a stream focused in both the vertical
and horizontal directions.

3.1.5 Chaotic Advection Micromixers

Advection is the transport of a substance within a moving fluid. In the micromixers
discussed above, advection generally occurs in the direction of the flow, hence it
has no effect on the transversal transport of the substance. However, advection
in other directions, so-called chaotic advection [110], can generate a transverse
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Fig. 8 The “microfluidic drifting” process. (a) Slices 1-10 are the cross-sectional profiles of the
sample stream in the device; inset shows formation of Dean vortices in the 90° curve. (b) 3D
microfluidic drifting focusing characterized by confocal microscopy (Reproduced from [109] by
permission of The Royal Society of Chemistry)

component of flow [55]. These generated transverse flow components cause an
exponential growth of the interfacial area and a corresponding decrease in the
striation thickness, which can significantly improve mixing.

These “stirring” transverse flows can be generated by channel shapes that stretch,
fold, break, and split the laminar flow over the cross-section of the channel. This effect
can be achieved using 2D curved [111-113], or 3D convoluted channels [114—116]
and by inserting obstacles [117] and bas-reliefs on the channel walls [54, 118, 119]. It
must be noted that such type of chaotic flow could also be achieved by an active mixing
strategy such as one using electrokinetic instability (EKI), as described in Sect. 3.2.2.

The simplest way to induce transverse flow is to insert an obstacle into the mixing
channel. Obstacles can be inserted into the walls of the microchannel [62] or into the
channel itself [117, 120—122]. The presence of obstacles alters the flow direction, and
the streamlines induce whirl flow and recirculation that create the transversal mass
transport. Generally obstacles in microchannel are not very efficient in creating
transverse flow unless they are used at moderately high Re (typically more than
100) [120]. However, Bhagat et al. [121, 122] recently reported a micromixer with
optimized cubic and rectangular structure capable of mixing with Re < 1 (Fig. 9).

Another efficient solution to induce transverse flows and chaotic advection at
small Re (typically Re ~ 1) is to use a channel wall with a grooved pattern. SGM
[55, 118] and staggered-herringbone micromixers (SHM) [55] subject the fluid to a
repeated sequence of rotational and extensional local flow that, as result, produces
a chaotic flow. The internal structures endow SHM with high mixing efficiency
compared to the classic T-type mixer without them. In particular, a classic T-shaped
mixer requires a mixing length (1-10 m) that is two order of magnitude larger than
SHM mixers (1-1.5 cm) at Pe within 10 to 107°.

A series of improved grooved pattern micromixers has been proposed. A mod-
ified SHM micromixer that utilizes sequences of asymmetrical herringbone grooves
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Fig. 9 Mixer with rectangular structure and inset reporting key features and dimension (above).
Mixing extent at various portions downstream of the entrance at Re = 0.05 (below) (Adapted from
[121] with permission. Copyright IOP Publishing)

was introduced and computationally studied by Hassel et al. [119]. Different
authors have proposed micromixers in which the grooved pattern and zigzag
barriers are not only applied on the bottom wall of the channel but also on the
side and top walls to promote mixing, named respectively connected-groove micro-
mixer (CGM) [123] (Fig. 10a) and circulation—disturbance micromixer (CDM)
[124, 125] (Fig. 10b). Adding additional mixing elements to the side and top
walls promotes lateral mass transport and assists the formation of advection pat-
terns increasing mixing efficiency. In particular, CGM showed a mixing perfor-
mance over 50% better than the classic SGM for Re ranging from 1 to 100 as a
result of the intense transverse transport induced in the fluids [123].

Chaotic advection can be induced with a 2D alternatively curved microchannel
(2D serpentine) [112, 113] or zigzag channel shape [111]. In the first case, the
chaotic advection is induced in the curved microchannel by consecutive generation
of Dean vortices (Fig. 11a). Typically such type of micromixer can provide an
effective mixing only for high Re in the range of few hundreds. These micromixers
are generally described using another dimensionless number, the Dean number (De):



Micromixing Within Microfluidic Devices 45

Fig. 10 Micromixers with grooved pattern: (a) Connected-groove micromixer (CGM) and inset
reporting key features and dimension (Reprinted from [123] with permission from Elsevier.
Copyright 2008). (b) Schematic representation of circulation—disturbance micromixer (CDM)
and inset reporting key features and dimension (Adapted from [124] with permission. Copyright

IOP Publishing)
Dy
De = Rey| — 14
e e/ R (14)

where R represent the channel curvature. Jiang et al. [112] demonstrated that in
order to provide an efficient mixing De must be greater than 140.

Sundarsan et al. [95, 127] reported two improved 2D serpentine micromixers,
namely the planar spiral micromixer [127] and the asymmetric serpentine micro-
mixer (ASM) [95] (Fig. 11a). Both the micromixers were able to produce effective
mixing at low Re number. The mixing enhancement was due to the synergistic effect
of Dean and expansion vortices, where the latter were introduced by abrupt expan-
sions of the microchannels.

In a zig-zag micromixer [111], mixing is provided by laminar recirculation that
induces trasverse velocity components localized at each channel angle. The micro-
mixer studied had a critical Re number (Re = 80), below which the mixing was
solely due to molecular diffusion (see Fig. 11c).

Another interesting planar structure able to induce chaotic advection has been
reported by Hong et al. [126] (Fig. 11d). This micromixer comprised a modified
tesla structure that redirected the streams, by exploiting the Coanda effect. The
authors demonstrated an efficient mixing at relative low Re number (Re < 10).

Based on the 2D twisted micromixers, the so-called 3D serpentine micromixers (or
3D twisted micromixers) have been developed. These micromixers have a complex
3D structure with a repetition mixing unit that induces the formation of secondary
flows that stretch and fold the fluids. Different channel arrangements have been
presented. Liu et al. [115] fabricated a 3D structure created by a series of C-shaped
segments aligned in a perpendicular plane. The authors showed that the microreactor
performed well at relatively high Re number, (Re > 25) and that the mixing efficiency
increased with an increase of the Re number. A 3D structure comprising an L-shaped
segment aligned in the perpendicular plane has also been presented (Fig. 12) [116].



46 L. Capretto et al.

.. Expansion _—1 Dean
L ~ vortices ~— | vortices
iy — s

" 100um
—~._ 500
Iy i ! N i
f omm 02 I"-;'Qmm J 1)
; = F58omm T $F  —+
R | / / W& S/ 7.8mm
s N n/ (i) \\._ s - s .;/_(A/(lv)
Entrance (i)

[ Fluid 1 Cross-section of the

o
fluids in micromixer i u B
Coanda effect :- !

First expansion exit (ii)

Second expansion exit (iii)

|
D | ——
L |

!

~—_F soum
/| 200um

Fig. 11 Planar micromixer for chaotic advection: (a) 2D serpentine micromixer and insets
showing the cross-section view of the channel and corresponding secondary Dean flows vortices
(Adapted from [113] with permission. Copyright 2004 American Institute of Chemical Engineers ).
(b) Asymmetric serpentine micromixer (ASM) (fop) and confocal cross section view showing
synergistic effect of Dean vortices and expansion vortices at different section along the mixer and
at different De number (Adapted from [95] with permission. Copyright 2006 National Academy of
Sciences, USA). (¢) Zigzag micromixer and recirculating pattern created at each zigzag (Adapted
from [111] with permission). (d) Mixer with modified tesla structure and their effect on the liquid
interface (Adapted from [126] with permission. Copyright 2002 American Chemical Society)

Chen et al. [114] reported a more complex structure derived from the connection
of two helical flow channels with opposite chirality, and called it a topological
mixer. By splitting, rotating and recombining the flow streams, the micromixer
provided an effective and fast mixing at low Re between 0.1 and 2.

Park et al. [128] reported a structure that added the break-up effect in order to
increase mixing efficiency. The break-up process enhances the mixing process by
increasing the interfacial area as a result of the production of smaller fragments of
blobs. Another interesting approach using a 3D structure was recently developed by



Micromixing Within Microfluidic Devices 47

Stream 2

Fig. 12 3D serpentine micromixers with L-shaped segment. (Adapted from [116] with permis-
sion. Copyright 2003 American Chemical Society)

Long et al. [129]. They used an easily fabricated 3D structure comprising a circular
chamber in which inlet and outlet channel are connect tangentially. When the
two liquids to be mixed flow in the circular chamber, a vortical motion is generated.
The vertical motion provides distortions and elongations of material interfaces
and high mixing efficiency at relatively low Re (Re > 21).

Also, many micromixers combining chaotic advection and an SAR approach
have been presented [85, 130-133]. Park et al. [130] and Kim et al. [131] presented
a serpentine-laminating micromixer (Fig. 13a, b). These micromixers have a series
of F-shaped mixing units that combine the effect of a 3D serpentine structure with a
splitting/recombination mechanism. Wang et al. [132, 133] reported a micromixer
that combines the effects of a grooved surface and a splitting/recombination process
(Fig. 13c, d). This micromixer, called staggered overlapping crisscross micromixer
(SOC p-mixer), consists of an overlapping crisscross entrance and asymmetrical
herringbone grooved surface channels. The author demonstrate 46% better mixing
indices at the same longitudinal distance when compared with the SHM mixer. The
authors claimed that the superior mixing characteristic was due to the induction of
vertical tumbling near the intersections of the two crossing channels.

3.1.6 Multiphase Microfluidics and Microdroplet-Based Mixers

Microdroplets can be generated within microfluidic devices using different methods
such as electric fields [134], micro-injectors [135] and needles [136]. However, the
most widely used methods for droplet generation rely on flow instabilities between
immiscible fluids that lead to the so-called multiphase flow. Any fluid flow consisting
of more than one phase or component (e.g., emulsions and foams) are examples of
multiphase fluids. Traditional emulsification methods are based on the agitation of
immiscible fluids and result in the formation of a polydisperse collection of droplets. By
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Fig. 13 Micromixer combining SAR and chaotic advection approaches: (a) Serpentine laminat-
ing micromixer (SLM) and (b) concentration contours along the mixers channels, (Reproduced
from [131] by permission of The Royal Society of Chemistry). (¢) Staggered overlapping
crisscross micromixer (SOC p-mixer) and (d) corresponding cross-section view showing concen-
tration profiles after flowing through two junctions (Adapted from [132] with permission. Copy-
right IOP Publishing)

contrast, methods based on the use of microfluidic devices have been shown to produce
highly monodisperse emulsions with a small size variation (e.g., <1%) [53, 137-140].

In microfluidic devices, multiphase flows are created when two (or more)
immiscible fluids come into contact. Depending on the interaction between the
interfacial and viscous forces, the resulting multiphase flow can take different
forms, such as suspended droplets, slugs (droplets occupying the whole channel)
or stratified flow (parallel) [141, 142]. In addition to the forces exerted between the
two liquids, the channel geometry and physical characteristics also play an impor-
tant role in the process [143]. In this respect, the use of hydrophobic channels is
suitable for the formation of water-in-oil emulsions, whereas hydrophilic channels
favor the creation of oil-in-water emulsions [144].

Capillary number (Ca) is a parameter that expresses the competition between
viscous and interfacial forces, and is generally used to describe multiphase flow
behavior in micro- and nanochannels. Ca is defined as the ratio between the viscous
and interfacial force:

Ca="", (15)

v
where p is the viscosity of the continuous phase, u is the average flow velocity, and
y is the interfacial tension between the two fluid phases. The viscous forces mainly
act tangentially to the fluid interface causing the elongation of it, whereas the
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interfacial force acts preferentially normal to the interface and leads to droplet or
slug formation [145]. Generally, when viscous forces dominate interfacial forces, a
stratified flow occurs, whereas capillary instability leads to the formation of seg-
mented flow when the interfacial forces dominate.

The basic channel configurations used to generate multiphase flows include the
T-junction and flow focusing configurations (Fig. 14a, b). In the T-junction config-
uration, the channel transporting the dispersed phase intersects perpendicularly
with the continuous phase channel, and an emerging droplet is formed at the
intersection of the two channels. The effect of the viscous force generated by the
continuous phase flow, and the pressure gradient generated upstream of the junc-
tion, causes the narrowing of the neck and merging of the droplet, which eventually
breaks, leaving the liquid plug (or droplet) flowing downstream. By varying the
viscosity of the two phases, the relative flow rates, or the channel dimension it is
possible to tune the dimensions of the produced microdroplets [146, 148, 149].

In flow focusing configuration (Fig. 14c, d), the dispersed phase flows in the
middle channel, whereas the continuous phase flows in two lateral channels [147,

c i1
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Rkl 'i l

water —p < water

Pipette-
channel

Fig. 14 Mechanism of droplet formation by flow instabilities between immiscible fluids: (a) T-
junction droplet generator and (b) photomicrograph of water-in-oil emulsion formation (Reprinted
from [146] with permission. Copyright 2001 by the American Physical Society). (¢) Flow focusing
configuration, and (d) formation of the water-in-oil droplets (Reproduced from [147] by permis-
sion of The Royal Society of Chemistry)
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150]. The two phases are forced through a narrow region (orifice) located
downstream of the three channels. The effects of pressure and shear stress exerted
on the inner fluid cause the formation of a thin neck that eventually collapses,
leading to the formation of a droplet. In this design, the flow rates of the two
phases and their viscosity play crucial roles in controlling droplet generation
[150].

Generally speaking, mixing inside microdroplets is enhanced by a reduction in
diffusion length and by the intimate contact between the fluids to be mixed due to
the geometrical confinement of the droplet itself. Furthermore, the contact
between the droplet surface and the channel walls causes the generation of
recirculating flow within the droplet fluid [137] (Fig. 15). When the droplet is
transported through a straight channel, these flows are generated in the two halves
of the channel. Each flow pattern consists of two counter-circulating flows. This
flow pattern provides a mixing of the two halves; however, mass transport is not
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Fig. 15 Mixing in microdroplets flowing in a microchannel: (a) Recirculation flow generated in a
straight channel. (b, ¢) Mixing patterns generated in winding channels that causes (b) stretch, fold,
and reorientation of the fluids interface and (c) asymmetrical recirculation patterns in the droplet
halves. (d) Experimental results showing the chaotic advection thus generated in microdroplets
(Adapted from [151] with permission)
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activated between the two halves that thus remain separated and unmixed [137]
(Fig. 15a). In order to create chaotic advection within the whole volume of the
microdroplets, the channel geometry must be varied in order to stretch and fold
the liquid in the droplets [53].

A classic passive way to introduce chaotic advection relies on the introduction of
turns and bends in the channel in order to introduce unequal recirculating flow in
each half of the droplet. This type of micromixer is known as a planar serpentine
micromixer (PSM). When a droplet is driven through a winding channel, each half is
in contact with a different section of the turn. The half that is exposed to the inner arc
is in contact with a shorter section, while the other is in contact with the larger
section of the outer arc. Within the half exposed to the inner part, a smaller reci-
rculating flow is generated compared with the other half. This asymmetrical distri-
bution of the recirculating flows in combination with the alternate switching of them
therefore causes chaos and crossing of fluid streams (Fig. 15¢) [53, 139, 151, 152].
Furthermore, the turn in the winding channel causes the interface between the two
halves of the plug to be reoriented from the direction of plug movement, leading to
an exponentially thinner striation between the two fluids to be mixed (Fig. 15b). It
must be noted that the extent of mixing can be controlled by controlling the number
of turn in the microchannel.

Interestingly, has been reported that a combination of very high relative viscos-
ity of disperse and continuous phases, together with the use of surface active
molecules, caused a combination of slug flow and fine droplet dispersion, providing
efficient mixing and increasing the interfacial area between the two phases [153].
This mechanism was particularly useful in enhancing the reaction rate of interfacial
reactions, such as lipase-catalyzed acetyl isoamyl acetate synthesis [153].

Other channel geometries to induce chaotic advection in microdroplets have also
been developed. Liau et al. [154] proposed the introduction of bumps on one side of
the channel wall to promote droplet deformation. The authors proposed that the
enhancement of mixing could be addressed to the thinning of the lubricant layer of
dispersant fluid and by the interfacial stress induced by the bumps. A similar
approach was presented by Liau et al. [154]. However, in this case the bumps
were introduced in both the lateral channels walls. Similarly, Tung et al. [155]
proposed the introduction of a nonuniform cross-section of the wall to deform the
microdroplets and enhance the mixing.

3.2 Active Micromixers

As described previously, active micromixers rely on an external energy input to
introduce perturbation within the fluid streamlines to achieve mixing. Therefore,
they are categorized with respect to the type of external perturbation energy:

1. Pressure field
2. Elecrokinetic
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3. Dielectrophoretic

4. Electrowetting

5. Magneto-hydrodynamic
6. Ultrasound

3.2.1 Pressure Field Disturbance

One of the simple ways to achieve active mixing is to induce a pressure field
disturbance. Active micromixers relying on this strategy have been reported from
different authors [43, 156—159]. Deshmuck et al. [156, 157] proposed a T-junction
microfluidic chip with an integrated micropump that alternatively drives and stops
the flow within the microdevice to create a segmented flow.

A similar approach was presented by Glasgow et al. [43] (Fig. 16) that proposed
the use of a pulsing velocity fluid altering periodically the flow rate in the inlet
channel from high to low. The author used a simple T-shaped mixer to demonstrate
the effectiveness of this method at very low Re (from 0.30 to 2.55). They also
demonstrated that when both inlets were pulsed simultaneously the interface
between the two liquid was stretched through the confluence zone, leading to an
enhanced mixing. The authors also showed the influence of the amount and
periodicity of the pulsing on mixing efficiency, reporting that the best results
were obtained when the pulsing had a phase difference of 180°. Lei et al. [160]
reported a microfluidic mixer based on the same concept of fluid discretization and
operated by two vortex micropumps. The discretized fluid, constituted of discrete
volumes of liquids to be mixed, is then pumped into an expansion chamber to
increase the interfacial surface area between the volumes. The flow in the micro-
mixer had an Re of 30.

3.2.2 Electrokinetic Disturbance

Elecrokinetic instability (EKI) (or disturbance) micromixers take advantage of
fluctuating electric field to induce mixing in microfluidic channels or chambers
[161-163]. The fluctuating electric fields cause rapid stretching and folding of the
fluids interfaces that are able to stir the fluid stream in highly laminar flow
(Re < 1) [161]. Different mixing strategies that implement EKI have been pre-
sented. Oddy et al. [161] reported a pressure-driven micromixer (i.e., connected
with syringe pump) in which oscillating electroosmotic flows were induced by
an alternating current voltage (Fig. 17). A periodically alternated flow approach
was also presented for an electroosmotic-driven flow device by using either
a nonuniform zeta potential along the walls [164] or by varying the voltage
with time [165, 166].

Recently, it has also been reported that EKI mixing effectiveness can be enhanced
by combining its action with a passive micromixing strategy using channel geometries
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Fig. 16 Mixing by pressure field disturbance: (a) Mean fluid velocity along the channel as
function of time for in-line inlet and perpendicular inlet. The fluids are pulsed with a simulated
180° phase difference. Contour levels of mass fraction of the fluids in the Y—Z plane are shown.
(b) Contour levels in the Y-X plane as a function of time as expressed in the graph in (a). Alternate
puffs of fluids are created as result of the pulsation introduced within the fluid stream (Reproduced
from [43] by permission of The Royal Society of Chemistry)

that induce secondary flow [167]. Results show that for a 10-mm long T-type mixer
combining active and passive mixing strategies, the mixing efficiency can be
enhanced from 50% to 90% with respect to the solely active mixing strategy.
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Fig. 17 Electrokinetic instability micromixer. (a) EKI micromixer. Fluids are pumped from inlets
I and 2, and flow toward outlet 5, passing through the square mixing chamber. Side ports 3 and 4
allow for AC excitation. The mixing effect is confined within the mixing chamber. (b) Complex
fluid motion generated within the mixing chamber after the application of the AC field causes rapid
stretching and folding of the fluid interface, thus enhancing the mixing (Adapted from [161] with
permission. Copyright 2001 American Chemical Society)

3.2.3 Dielectrophoretic Disturbance

Dielectrophoresis is a phenomenon in which polarization of particle is induced by a
nonuniform electric field. Polarized particles can move towards or away from the
electrodes in response to the electrical field applied. A synergistic effect between the
movement of the particles and the geometry of the channel causes the creation of
chaotic advection that causes the mixing of the fluid surrounding the particle. This
approach was explored by different research groups in the last decade [168—170].

Recently, a similar approach based on isotachophoresis was reported in a micro-
fluidic device, demonstrating its usefulness for micromixing purposes [170]. The author
demonstrated that a small sample volume could be brought in contact in a controllable
manner to trigger a fairly fast mixing. This type of mixer does not require complicated
geometry and could be particular useful in the field of digital microfluidics.

3.2.4 Electrowetting Shaking

As described in the passive mixer section, movement of liquid droplets can generate
flow patterns within the fluid and enhance the mixing of species inside the droplets.
An active way to induce mixing in droplets is represented by electrowetting on
dielectrics (EWOD), or simply electrowetting. EWOD relies on the control of the
interfacial tension of a droplet by means of an electric field. Droplets containing
different species can be electrically actuated to coalesce using electrowetting effect.
After the coalescence, diffusion begins in the droplet and mixing of the two fluid
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species occurs. However, this passive-like mixing is rather slow [171]. To speed up
the mixing process, different authors [171-173] have proposed the use of electro-
wetting to shake, split, and merge the droplets in order to create recirculating
patterns that increase the interfacial area between the two liquids to be mixed.
The droplets act as virtual mixing chambers, and mixing occurs by oscillating the
droplet across a number of electrodes at various frequencies. The authors demon-
strated an increase in mixing as the number of electrodes and transport velocity of
the droplet increase [171]. Furthermore, it must be noted that EWOD can achieve
mixing in a much more confined space than channel-based mixing.

3.2.5 Magneto-Hydrodynamic Disturbance

Magneto-hydrodynamic (MHD) disturbance relies on the induction of Lorentz
body forces in an electrolyte solution [46, 174, 175]. MHD devices utilize an
array of electrodes deposited in the channel walls to create current flows within
the fluid to be mixed, in the presence of an alternate potential difference on the
electrode pair. By coupling the generated electric field with a magnetic field,
Lorentz body force could be generated. The complex flow field generated deforma-
tions and stretched the material interface, enhancing the mixing (Fig. 18).

3.2.6 Ultrasound Disturbance

Mixing can be achieved by means of acoustic stirring created by ultrasonic waves
[42, 44, 176-181]. Ultrasounds are introduced into the channel by integrated
piezoelectric ceramic transducers [42, 44, 176, 177]. The ultrasonic action causes
an acoustic stirring of the fluid perpendicular to the flow direction and leads to an
enhancement of the mixing inside the microfluidic channel [42] or chamber [44,
180]. A turbulent-like mixing was achieved at Re < 1.
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Fig. 18 Magneto-hydrodynamic disturbance (MHD) micromixer. (a) Cross-section view of an
MHD mixer. MHD mixer comprises the following layers: (/) channel bottom wall containing the
electrodes; (2) spacer layers that constitute the mixing chamber; (3) cover plates; (4) permanent
magnet. (b) Deformation of fluid stream resulting from the application of a Lorentz body force
(upper panel) and corresponding creation of eddies (lower panel) (Reprinted from [46] with
permission. Copyright 2001 Elsevier)
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Fig. 19 Mixing by acoustic microstreaming. (a) Micromixer. An air bubble is trapped within the
horseshoe structure and when activated by the piezo transducer generates a microstreaming around
it, as shown in the inset. (b) Photomicrograph showing microstreaming. (¢) No mixing effect was
observed in the absence of acoustic waves. (d) Fast mixing was achieved in the presence of
acoustic waves. Concentration plots (e) across the channel width and (f) near the bubble (Repro-
duced from [181] by permission of The Royal Society of Chemistry)

Air bubbles can be introduced in a microfluidic mixer in order to enhance the
mixing process. The surface of an air bubble in a liquid medium exposed to a sound
field can act as a vibrating membrane. The membrane vibration causes a bulk fluid
movement at the air—liquid interface. This effect, known as cavitation microstream-
ing, has been applied in microfluidic micromixers using a single bubble [181]
(Fig. 19) or an array of bubbles [178, 179].

3.2.7 Other Types of Active Micromixers

Thermal disturbance micromixers rely either on the increase in the diffusion
coefficient due to a temperature increase, or on natural convection to enhance the
mixing in the microfluidic channel [45, 182]. Recently Kim et al. [182] reported a
pumpless micromixer based on thermal disturbance and applied it to perform a
polymerase chain reaction (PCR).

Stirring in microdevices can also be achieved by means of microsized moving
elements that create a turbulent flow within the fluid to be mixed [183—185]. These
devices allow rapid mixing of a large volume of sample within the characteristic
length of the microstirring elements and can be used with a wide range of fluids. Lu
etal. [183] reported the use of a rotating bar made of ferromagnetic material driven by
means of an external rotating magnetic field. A similar approach was developed by
Huh et al. [185] and applied for sensing infectious viral disease. The system proposed
used a rotating micromagnetic disk driven by a commercial rotating magnet.
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inlet

Fig.20 Centrifugal micromixer. (a) Micromixer device and its components. (b) Simulation of the
mixing process shows the effect of the Coriolis pseudoforce (F.) in folding the interface of the two
liquids. Simultaneously, the centrifugal force (F,) drives the liquid toward the outlet (Reproduced
from [186] with permission. Copyright Wiley-VCH)

Another novel micromixer was presented by Haeberle et al. [186]. It consisted of
a modular centrifugal micromixer (Fig. 20) relying on the force generated by the
rotating drive to provide both pumping and mixing energies. The mixing is due to
the Coriolis force, which causes the interface between the two liquids to be mixed
to folds and therefore increases the contact surface between them. The micromixer
consists of a planar rotating disk hosting the mixing channel, a rotating unit
(standard laboratory centrifuge), and a contact-free reservoir. This mixing system
has a high volume throughput on the order of milliliters per minute.

4 Why Microfluidic Mixers?

The intense research over the last two decades on developing microfluidic-based
mixers was driven by the possibility to leverage a number of advantages that stem
from the unique fluid behavior in a microfluidic environment. At microscale level,
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fluid properties become increasingly controlled and provide the possibility of exert-
ing control over the different processes carried out in a microfluidic environment.

First, the degree of mixing of reactants could greatly influence the product
composition for very fast reactions, as demonstrated for both macro- [187, 188]
and microreactors [74, 77]. In this respect, micromixers are appealing tools since
they can provide a fast and controllable mixing process as a result of their small
dimension and the omnipresence of a highly predictable laminar flow. These
properties make micromixers particularly applicable for reactions with very fast
kinetics or for dealing with unstable intermediate substances [56, 189]. The fast
mixing process is also a valuable advantage for precipitation/crystallization pro-
cesses such as production of colloidal systems or nanoparticles [190]. Fast mixing
provided by micromixers can also be exploited to obtain a freeze-quenching
process that allows trapping of metastable intermediates during fast chemical or
biochemical reactions [117].

Microfluidic systems also provide the possibility to spatially and temporally
monitor and control reactions by adding reagents at precise time intervals during
the reaction progress. This was demonstrated by Shestopalov et al. [191] by carrying
out a multistep synthesis of quantum dots using the microfluidic droplet reactor.

The small internal volume also provides an opportunity to decrease the amount
of sample required for the analysis or reaction. This is particularly useful when
rare and valuable substances or samples are used, as well as when a large number of
samples in a limited small volume are available for biological and chemical
analysis and screening [56].

Typically, microfluidic devices have channels with dimensions between 10 and
400 pm. This small dimension compared to conventional mixing systems results in
an increase in the surface-to-volume ratio, to 10,000-50,000 m?>m> compared
with 100-2,000 m* m > of their macroscale counterparts. This characteristic
endows micromixers with a superior heat transfer and control [192], allowing
reactions to be performed in an isothermal manner [83, 193, 194]. Due to their
heat transfer efficiency, micromixers can be conveniently applied for handling
reactions in which fast heating and cooling of the reaction mixture are required,
such as highly exothermal reactions [9, 195-199].

Recently, the development of microfluidic systems that are able to controllably
generate liquid droplets has defined the possibility to perform a diverse range of
chemical and biological processes, including the synthesis of biomolecules, drug
delivery systems, and diagnostic testing [149, 200]. Microfluidic devices are able to
generate highly monodisperse droplets [201-203] in a parallelized fashion, in line
with industrial applications, and avoid cross contamination between the droplets by
separating the droplets with an immiscible fluid or gas [201, 203]. Digital or droplet
microfluidics is particular interesting because it allows the handling of each droplet
as a singular microreactor that can be individually controlled and analyzed in an
high-throughput fashion [204, 205]. The confinement of the substances in discrete
droplets also allows the elimination of residence time variation due to the parabolic
flow profile that frustrates single-phase microfluidic mixers [206].

In general, the small internal volume of the micromixers is beneficial in a safety-
related point of view when handling hazardous substances and chemical reactions
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[198]. The possibility of generation on-demand and in-situ of hazardous and toxic
substances (e.g., H,O,) represents an important advantage [207].

Lastly, it must be noted that another important driving force in developing
microfluidic based mixers and reactors is represented by their possible application
as elements of more complicated and multifunctional pTAS.

5 Conclusions

Research on microfluidics and HTAS has been progressing rapidly in the last two
decades. Micromixers represent one of the essential components in integrated
microfluidic systems for chemical, biological, and medical applications. This
chapter describes the characteristics of the microfluidic environment and the pecu-
liar fluid behavior at the microscale. Among the different features of fluid at the
microscale, one of the most relevant to mixing applications is the omnipresence of
laminar flow where mixing can be dominantly accomplished by molecular diffu-
sion. Nevertheless, this apparent disadvantage coupled with the reduced dimension
of microfluidic devices has been leveraged to provide faster and controllable
mixing. Design and characterization of various microfluidic mixers have been
reported, and their operation conditions and implications for mixing at microscale
have been discussed.

The mixing principles applied can be categorized into two groups, active and
passive. Passive micromixers rely solely on pumping energy to manipulate the fluid
interface and enhance mixing. Passive micromixers are then divided into different
categories that reflect the way in which fluid streams are manipulated in order to
increase mixing. Specifically, T- or Y-shaped micromixers, parallel lamination
micromixers, focusing enhanced mixers, sequential lamination micromixers, cha-
otic advection micromixers, and droplet micromixers have been discussed.

Active micromixers use an external energy source to introduce perturbation in
the fluid stream and are then categorized with respect to the type of energy source
used. Pressure field, elecrokinetic, dielectrophoretic, electrowetting shaking, mag-
neto-hydrodynamic, ultrasound, and thermal-assisted micromixers have been pre-
sented and discussed.

Finally, the practical advantages of mixing on the microscale have been dis-
cussed, showing that microfluidic technology provides a useful approach for solv-
ing a number of practical issues for chemical, biological and medical applications.
Nevertheless, micromixing technology is still mostly focused on laboratory appli-
cations because the possible industrial applications are still frustrated by a lack of
understanding of scalability, profitability, and operational flexibility.

Owing to the excellent capability of microfluidic devices and the presence of
micromixer technology that has been studied in depth, it can be anticipated that in
the near future more practical laboratory and industrial applications for micromix-
ers will be developed.
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