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Abstract

Mixing in microfluidic devices presents a challenge due to laminar flows in microchannels, which
result from low Reynolds numbers determined by the channel’s hydraulic diameter, flow velocity,
and solution’s Kinetic viscosity. To address this challenge, novel methods of mixing enhancement
within microfluidic devices have been explored for a variety of applications. Passive mixing
methods have been created, including those using ridges or slanted wells within the
microchannels, as well as their variations with improved performance by varying geometry and
patterns, by changing the properties of channel surfaces, and by optimization via simulations. In
addition, active mixing methods including microstirrers, acoustic mixers, and flow pulsation have
been investigated and integrated into microfluidic devices to enhance mixing in a more
controllable manner. In general, passive mixers are easy to integrate, but difficult to control
externally by users after fabrication. Active mixers usually take efforts to integrate within a device
and they require external components (e.g. power sources) to operate. However, they can be
controlled by users to a certain degree for tuned mixing. In this article, we provide a general
overview of a number of passive and active mixers, discuss their advantages and disadvantages,
and make suggestions on choosing a mixing method for a specific need as well as advocate
possible integration of key elements of passive and active mixers to harness the advantages of both

types.
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1. Introduction

Microfluidic devices have a wide variety of chemical and biological applications, including
medical diagnostics, DNA and protein analysis, and drug development. They can be
miniaturized, allowing for quick analysis using portable instrumentation. They also use
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minimal amounts of samples and consume little reagents, reducing the waste generated and
leading to overall low-cost operations.

However, microfluidic devices also have limitations. One of the challenges is mixing, which
is often required for sample dilution, reagent homogenization, and chemical or biological
reactions. The difficulty in achieving sufficient mixing in a microfluidic device results from
laminar flows that can be explained by low Reynolds number. The characteristic length (L)
of a microflow is typically on the order of 100 pm. The hydraulic diameter of the channel is
used as the characteristic length, and is defined as 4A/P,, where A is the cross sectional area
and P, is the wetted perimeter of the channel at the cross section. The low L values
commonly found in microfluidic devices suggest a high surface-area-to-volume ratio,
yielding enhanced heat and mass transfer within these devices [1]. However, this low
hydraulic diameter, combined with typically small (~1 mm s™1) flow velocities (V) due to
extremely high backpressures and with typical kinematic viscosities (v) of on the order of
VL
1076 m2 571, leads to very small Reynolds numbers (T) for flow in microchannels (~0.1).
As a result, flows in microfluidic devices are almost always laminar in nature. The low
Reynolds number implies that viscous forces are dominating over inertial forces within the
flow, dampening out any flow irregularities that might aid in fluid mixing. Since the
Reynolds number for flow is so small within microfluidic devices, they are unable to harness
the advantages of turbulent mixing that can be found in macro-scale systems. As a result,
microfluidic devices must rely solely on diffusive mixing, which is an inherently slower
process and requires a long channel to achieve sufficient mixing [2]. Hessel et al give an in-
depth explanation of the principles of mixing, as well as methods to overcome the low
Reynolds number in microchannels, and common approaches to determine the mixing
efficiency [3]. These approaches for characterizing the mixing efficiency are explained in
great detail by Aubin et al [4]. In addition, Kockmann gives an overview of convective
micromixers that typically operate under higher Reynolds number flows in larger
microchannels (100-1000 pm) [5]. Convective mixers are useful in industrial processes
where high throughput and the avoidance of fouling are necessary.

Since microfluidic devices are forced to rely on slow diffusive-mixing process, there is a call
in the field to discover new ways in which mixing efficiency can be enhanced. Surprisingly,
many laminar flows have the potential to achieve chaotic mixing, and microfluidic devices
are currently being fabricated to take advantage of this phenomenon [6, 7]. Enhanced
laminar mixing will allow for shorter channels to be used within the devices, increasing the
throughput of the devices and ultimately allowing for the realization of more efficient lab-
on-a-chip systems [2]. Kumar et al show a rapidly increasing trend in the amount of
publications on micromixers from 1999 to 2009, reinforcing the fact that this area of
research is thriving in the scientific community [8].

Mixing within microfluidics can be separated into two major categories: active and passive
mixing [2, 9-13]. Passive mixing is achieved by altering the structure or configuration of
fluid channels. This type of mixing is incorporated into the system during fabrication and is
not externally controlled by users. The key benefit of passive mixing is that there are no
moving parts within the mixer, resulting in easier fabrication and operation [12]. However,
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the extent of mixing is determined by the device configuration and can only be adjusted by
the users through the imposed flow rates after fabrication. This results in difficulties to
obtain the optimal mixing from a given device, and also does not allow users to ‘turn off’
the mixing enhancement if needed once a device is fabricated. Nguyen and Wu reviewed
these types of micromixers with a focus on the operation points based on characteristic
dimensionless numbers [11].

Active mixers are able to be activated on demand by a user, and controllable mixing may be
carried out using pressure gradients, electrical voltages across the fluid, or integrated mixing
elements like stirring bars [10, 12, 14, 15]. They typically enhance mixing by stirring the
fluid mechanically, magnetically, electrically or acoustically. Although active mixers can be
useful in enhancing mixing, particularly for chamber mixing, they tend to be harder to
fabricate than passive mixers due to movable parts and often require an external power
source [9, 10]. Campbell and Grzybowski reviewed various approaches to active
micromixers, proposing a self-assembly method that effectively creates a stirring bar effect
[16].

Research in both types of mixing enhancements has led to many novel types of mixers that
can be incorporated into microfluidic devices. When utilizing these mixers, multiple system
parameters such as flow velocity, energy input, and geometry can be adjusted to obtain ideal
mixing, as discussed by Mansur et al [17]. Meijer et al advocate for the use of the mapping
method to gain insight into the optimal parameters for commonly used passive mixers [18].
Lee et al reviewed both active and passive mixing enhancement in microfluidic devices, and
discussed the advantages and disadvantages of both types of enhancement [2]. Capretto et al
provided an in-depth look into active and passive mixers focused on the microscale behavior
of the fluid due to the mixing enhancement [13]. Chang and Yang examined all
electrokinetic mixers [19] while Jeong et al reviewed the broad applications of micromixing,
including chemical and biological detection/ analysis that generally drive the research in the
field of microfluidics [20].

Ideal mixing is especially important in reactive systems, where non-idealities lead to
inefficiencies in the device. Mixing efficiency can be predicted via simulations using CFD
codes, but it is crucial that experimenters be able to accurately measure the mixing
efficiency of a particular device experimentally to determine optimal parameters and to
understand the nature of the enhancements. Hessel’s review provides a section on mixing
characterization that summarizes the nature of these experimental measurements [3].

Mixing evaluation can be undertaken in a variety of ways, which typically rely on flow
visualization methods. The most common way to visualize mixing and study mixing
efficiency is through mixing a dyed liquid with a clear liquid and examining the color of the
product stream over time using a microscope and high-speed camera. For example, the
mixing of a blue stream and a yellow stream creates a purely green stream when fully mixed
[14]. Fluorescent particles or fluids are also used in conjunction with a microscope to
quantitatively characterize the mixing [21, 22]. In a similar manner, 3D flow patterns can be
constructed using confocal-fluorescence microscopy [23]. Furthermore, experimenters can
mix reactive components and track the reaction along the channel length, which can be
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correlated to the efficiency of mixing enhancements [24]. These methods can help
researchers to qualitatively and quantitatively evaluate the efficiency of designed
enhancements, allowing for the optimization of mixing in the device.

In this review, we first discuss the fundamental diffusive mixing present within
microchannels. We then examine the common types of passive micromixers (e.g. in
geometry or surface properties) with improved performance over pure diffusive mixing.
Emphasis is placed on enhancement methods for mixing liquid flows, with a section devoted
to multiphase flows as well. We then present active mixing methods and their integration
into microfluidic devices, and advocate possible integration of passive and active mixing
elements together to take the advantages of both types of mixers. Unsolved problems and
promising research directions are then presented, along with recommendations for the
implementation of the previously described mixing enhancements for certain processes.

2. Enhanced mixing by passive elements

Passive mixing elements are commonly incorporated into microfluidic devices during
fabrication. As the name suggests, these types of elements are passive, and they do not
require additional controls by users. They are often achieved by utilizing clever alterations
to the channel walls, geometry, or surface properties. Passive mixing elements are usually
easy to incorporate, and can provide great enhancement to mixing in microfluidic devices.
However, these elements offer no additional mixing control after fabrication; users cannot
easily manipulate the level of mixing enhancement. Passive mixing enhancement is
recommended for researchers looking for an easy way to incorporate mixing enhancement in
processes where the level of mixing control is not crucially important.

2.1. Diffusion and stream splitting/combination

Two different fluids, when put in contact with one another, will eventually mix through
molecular diffusion. This fundamental idea was used to develop one of the most primitive
methods of mixing within microfluidic devices. Basic microfluidic devices rely on bringing
together two split streams into a single larger channel in order to enhance mixing. The
mixing generally occurs as a two-step process and is known as stream splitting [25].

During the first step, the two streams are brought together within a single channel. Next, the
diffusion between the two fluids across the interface leads to a uniform mixture at the
molecular level. The transport of fluid in this case is a result of Brownian motion along the
concentration gradient between the two fluids. Since the interface between the two fluids is
long, the diffusion occurs at an accelerated rate across the interface. However, within
microfluidic devices, this process is still typically very slow due to a large Peclet number.
Bessoth et al utilized long channels with multiple points of combination and a focus on
creating a system with a low dead volume in order to effectively mix [26]. Figure 1(a) shows
a representation of the process of mixing by combining two channels into one channel in a
microfluidic device. Mixing in such a device requires a long channel in order for full mixing
to take place [27].
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This traditional T-shaped or Y-shaped mixer can be enhanced by using complex geometries
or by twisting the inlet streams to reduce the mixing path. Once streams are combined, they
can also be split and combined again in series to enhance mixing further. Multiple streams
running in parallel can be combined in a T-shape manner in order to mix them [5], or 3D
flows can even be generated within microfluidic devices if designed correctly, such as in the
interdigital micromixers produced by Haverkamp et al and those described by Hessel et al
[28, 30] (figure 1(b)). Ahn’s research group utilized a serpentine channel with F-shaped
mixing units in order to realize the benefit of stream splitting and recombination to mixing
efficiency [29] (figure 1(c)). Many other researchers have also varied the traditional T-
shaped mixers in order to enhance mixing [31-33]. Kim et al fabricated a 3D manifold
micro-mixer embedded in a microchannel to achieve fast mixing in a short channel length
[34]. These variations, however, require a more difficult procedure for the fabrication of
channels, which increases the device cost. Dreher et al used CFD simulations to characterize
the various flow regimes of a traditional T-mixer, showing different mixing regimes
depending on the Reynolds number for the flow [35]. Li et al were able to achieve uniform
mixing between two fluid streams in 5.5 s using a stream combination method combined
with a uniquely shaped mixing channel [36].

Though splitting and recombining streams are more effective than relying on diffusion
between two streams in contact alone, the mixing still occurs slowly and long channels are
often required. A variety of active and passive mixing enhancements can be designed to
decrease the necessary mixing channel lengths, enhancing mixing to a much greater extent
when combined with stream splitting.

2.2. Slanted wells, ridges or grooves

Slanted wells are a type of passive mixers that are relatively easy to fabricate within a
microfluidic device that can provide additional mixing within the system without increasing
the overall channel length. These types of mixers came about as an expansion on the
traditional method of stream splitting for mixing enhancement within microfluidics.
Researchers attempted to increase the mixing rate beyond what would be obtained by
diffusion alone by increasing the amount of lateral transport within the channel, in theory
decreasing the mixing distance [37].

Johnson et al developed this type of passive mixer by using an excimer laser system to
create slanted wells along a prefabricated polycarbonate microchannel [37]. Figures 2(a) and
(b) show a comparison between a microchannel with slanted wells and a smooth channel.
Electroosmotic flow was generated by applying a voltage across the channel, and the
resultant mixing was compared between two types of microchannels.

Results show that fluid enters and follows the contours of the wells, which induces lateral
transport across the channel to aid in mixing. Johnson et al found that for electroosmotic
flow, the four well design enhanced mixing over the traditional design, and that the
percentage mixing was dependent on the number of wells. Using the four-welled structure,
the group achieved 74.7% mixing at a distance of 183 um past the T-junction when using a
flow rate of 0.06 cm s~1. Figure 2(c) shows an experimental graphic representation of the
mixing occurring as a result of the slanted walls within the system.
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Further experiments were conducted using different numbers of wells and well orientations,
and a more optimal configuration for slanted wells was found for higher flow rates. Figure
2(e) shows a more advanced configuration used for higher flow rates up to 0.83 cm s™. The
average depths of the additional partial wells were found to be 100 um below the channel
depth of 31 um for the majority of the well. These partial wells redirected a portion of the
flow back toward the center of the channel, further enhancing the mixing. By utilizing this
more advanced structure, Johnson et al achieved 80.5% mixing at a flow rate of 0.81 cm s~1
after only 443 pm, where the four well design only achieved 63.8% mixing and diffusion
alone only achieved 21.8% mixing for the same distance [37].

In a similar fashion, Stroock et al developed a passive mixer for microfluidic devices by
using oblique ridges [7]. They hypothesized that *stirring flows’, or flows that have
transverse components that fold fluid elements over the channel cross-section cause chaotic
advection [38] within the flow, which in turn enhances the mixing. In short, the traverse
flows generated cause the fluid streams to stir into one another [39]. Stroock et al generated
this chaotic flow by creating a repeated sequence of rotational and extensional flows. This
passive mixer incorporates patterned grooves on the floor of a channel. These patterned
grooves follow a ‘staggered herringbone’ structure, which allows for even greater mixing
enhancement than the slanted wells. The structure of the staggered herringbone mixer
(SHM) contains groove shapes that vary based upon the axial position in the channel.
According to Stroock et al, the change in orientation of the ridges causes the centers of
rotation to exchange and therefore enhances mixing. Figure 3(a) shows a schematic of the
ridges that are used in the SHM and the flow patterns that are generated when a fluid flows
through a cycle of these ridges [7].

Chaotic flows can be generated within devices that create alternating flow patterns for the
fluids. These alternating patterns cause a periodic velocity that ultimately results in chaotic
trajectories of the fluid elements. The SHM accomplishes this task by periodically switching
the orientation of the ridges. However, there are also many other ways in which to generate
this type of flow within microfluidics. For example, Sugioka numerically studied a chaotic
active mixer that works by alternating between a pressure-driven directional flow and a
vortex flow generated by induced-charge electroosmaosis [40]. The group concluded that this
type of mixer is effective for producing chaotic mixing within a device, even at large Peclet
numbers. Many other researchers have also harnessed chaotic advection as a method for
enhancing microfluidic mixing [41].

Xia et al developed another patterned structure to enhance mixing by creating microridges
within a channel [42]. These microridges were created as a result of undercutting during the
chemical etching of a glass plate, which was then used as a master to create plastic devices.
The microridge structure created in this manner mimics that of the herringbone structure
created by Stroock et al. These ridges were even easier to fabricate than the slanted well or
herringbone structures, due to the fact that their fabrication only requires one step instead of
two. The resultant flow patterns were similar to those observed when using slanted wells.
Figure 3(b) shows the undercutting created by isotropic etching as well as the final
microridge structures created. Mei et al demonstrated a related microfluidic device for
biological reactions and luciferase detection [43]. Recently, Marschewski et al created a

J Micromech Microeng. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward and Fan

Page 7

passive mixer inspired by the herringbone mixer that allows for the mixing of individual
reactants in a co-laminar flow while simultaneously avoiding mixing between the individual
streams [44].

Passive mixers with patterned grooves allow for enhanced mixing within a microfluidic
channel with relatively easy microfabrication methods (due to no moving parts required) and
no need for an external power source. If grooves are deep enough, the channel length
required for complete mixing drops dramatically when using patterned grooves. However,
these types of grooves do have a drawback, as they create dead volume within the channel
[9]. Further research in reducing or eliminating this dead volume should be conducted in
order to further the advancements in mixing enhancement obtained by using this type of
groove.

Many more different types of patterned grooves similar to those studied by Johnson et al and
Stroock et al have been researched extensively as passive methods to enhance mixing in
microfluidic devices [45-47]. Computational Fluid Dynamics (CFD) models have been used
to simulate the flow generated by patterned grooves in order to aid in the development of
this type of device. Wang modeled flows over patterned ridges using CFD code to good
accuracy, exhibiting that the code can accurately describe the flows occurring [9]. Forbes et
al further simulated herringbone style mixing enhancements, offering guidelines for the
depth, geometry, and frequency of ridges for optimized performance [48]. Lynn et al also
used computer simulations to model flow over a similar type of ridge in order to enhance
mass transfer to a capture spot for DNA detection [49]. Many other computer simulations
for this type of mixer are also present in the literature [50, 51]. These types of codes can
provide design guidelines that will allow researchers in the future to develop new ridge
patterns for the channels in order to achieve the best possible mixing, increasing the mixing
efficiency of microfluidic devices. Different groove depths, orientations, and spacing can be
studied inexpensively using similar codes and analytical descriptions of the mixer before
undertaking a research project to develop a better-patterned micromixer [9, 52, 53].

2.3. Multiphase micromixing

In addition to passive mixing enhancements associated with miscible liquids, mixing could
also be enhanced in a device that allows for multiphase flows. For example, some
researchers have created devices that produce droplets of reagents suspended in an
immiscible carrier fluid (e.g. oil). Confining reagents that are to be mixed into a droplet or
plug localizes their potential dispersion. In other words, the reagents are unable to penetrate
into the surrounding fluid due to immiscibility, and thus they remain concentrated within
their droplet. This localization, when combined with other naturally occurring enhancements
such as chaotic advection or recirculation, can greatly enhance the mixing within the
droplets.

Song et al experimentally studied mixing enhancement due to chaotic advection within
droplets in microchannels [54]. The group generated fluid plugs containing three species
within a stream of immiscible fluids. These plugs flowed through a winding channel, which
in turn caused chaotic advection to occur within the plugs due to periodic recirculation. This
recirculation was generated as a result of the shearing interaction of the fluid with the walls
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[54]. Tice et al used a similar approach to generate plugs within a device, and show that
recirculation occurs inside the plugs even without the use of a winding channel [55]. The
group found that the recirculation obtained within the plugs was highly sensitive to the
initial distribution of the reagents inside the plugs. However, an optimal mixing of the
reagents could be achieved by simply altering the relative flow rates of the reagents and
immiscible carrier fluid to an experimentally determined value.

Gunther et al created a device that operates in a similar manner to enhance the mixing
within liquid droplets [56]. However, instead of utilizing an immiscible liquid as the carrier,
this group segmented the flow into plugs by using a gas. After the mixing occurred in each
droplet, the liquid was removed downstream using a capillary separator, and thus the final
product from the device is a single phase. The device they used is shown in figure 4(a). This
mixer has a slight advantage over the previous mixer utilizing an immiscible liquid, because
it can be successfully operated over a much higher range of reagent flow rates. The mixing
in this device, in the same way as described above, relies on the recirculation that comes
about due to the multiphase aspect of the flow to enhance the mixing. Figures 4(b) and (c)
show the streamlines for the recirculation in a straight channel and a winding channel
respectively. Garstecki et al were also able to utilize a similar type of mixing enhancement
generated by utilizing only a hand-operated source of vacuum to enhance mixing within
portable, rugged microfluidic devices [57]. Tangen et al created a droplet-on-demand device
capable of injecting nanoliter sized droplets from up to 9 separate injection points that can
be integrated into microfluidic devices for mixing purposes [58].

Dogan et al also examined the mixing enhancement in segmented flows [59]. They
computationally modeled the mixing enhancement in winding channels similar to those
tested experimentally by Song et al. The group used a finite volume/ front tracking method
to conduct 2D numerical simulations. They confirmed numerically that chaotic mixing
occurs within the droplet as a result of recirculation. In addition, they found that chaotic
advection would be achieved within the droplets as long as segmentation was achieved. Key
system parameters that governed the extent of mixing included a weak dependence on the
Reynolds number, the corrugation wavelength of the mixing section, and the relative initial
distance between bubbles [59]. Che et al also numerically examined this enhancement in 2D
winding channels using a particle tracking method that is computationally easy and
inexpensive. They found that the optimum mixing occurs in plugs with large curvature, a
low Peclet number, a moderate viscosity ratio, and a moderate plug length [60].

2.4. Hydrophobic surfaces and other passive mixing enhancements

Ou et al studied the use of hydrophobic surfaces with microridges for mixing enhancement
within microfluidic systems [61]. This type of enhancement works on a similar principle to
those described in the previous section, but the hydrophobic surface creates a shear-free air—
liquid interface due to the increased contact angle between the fluid and the channel walls,
resulting in a reduction in drag forces on the fluid by more than 40% [62].

Figure 5(a) shows the schematic of the hydrophobic surface with microridges in the
microchannels. The microridges were 5 um deep with spacing of between 30 and 90 um,
oriented at angles between 30 and 90° to the flow direction. The mixing is enhanced due to
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the generation of a secondary flow similar to those found in normal microchannels with
ridges or wells. However, aligning the air—water interface generated by the hydrophobicity
with the flow at a transverse angle generates additional enhancement of the mixing (figure
5(b)) by increasing the amount of stretching and folding. This phenomenon is due to the
lower resistance to the downward flow into the ridge generated by the shear-free air-liquid
interface found between the structures [61]. Another interesting implication of the
hydrophobic surfaces is that they allow an air-liquid interface to form within a closed
system. This could allow for unique applications within the field of microfluidics that are
unavailable without the generation of this interface [61]. Through use of experiments and
simulations, Ou et al were able to optimize their design for a passive micromixer, and
reduce the mixing length in relation to a smooth channel by over an order of magnitude [61].

The use of ‘wavy walls’” within microfluidic devices also creates mixing enhancement due to
the increased interfacial contact area between the fluids. Chen and Cho numerically
investigated mixing enhancement in microfluidic devices with wavy walls of varying
amplitudes and lengths, and have also studied the effect of adding a charged surface to the
walls, which is an additional active enhancement [63]. Results showed that these additions
to the channel were able to effectively enhance the mixing. The waves were introduced into
the system with amplitudes varying from 20% to 80% of the channel depth, and varying
lengths of the wavy region were tested. Wang et al also numerically examined the use of
surface modification for mixing enhancement in microfluidic devices [64]. Staggered
hydrophobic and hydrophilic regions were simulated through the use of an alternating
boundary condition on the channel walls. The competition between these regions generated
an oscillatory flow pattern within the channel in order to enhance the mixing.

In addition, Kamio et al achieved mixing enhancement through the use of concentric tubes
to create a mixing zone within a microfluidic device [65]. This simple mixing enhancement
is reminiscent of stream recombination discussed above. Kockmann and Roberge also used a
device with winding channels with repeating contracting and diverging geometries to
enhance mixing within a device [66]. The group later experimentally characterized the two-
phase mixing properties of this type of device by utilizing a test reaction for several different
geometries [24].

3. Enhanced mixing by active forces

Active mixing enhancement, when compared to passive mixing enhancement, offers
superior control over the level of mixing obtained. This control, however, comes at the cost
of more complex and expensive fabrication due to the moving parts required. Active mixing
enhancements can also require an external power source or field for operation. There are a
wide variety of active mixers to choose from, allowing for a suitable fit to almost any
microfluidic device that requires more control over mixing than the passive mixers
mentioned above.

3.1. Microstirrers

Similar to a magnetic stirring bar in a macroscale mixing operation, microstirrers can be
fabricated for use in microfluidic devices. This type of active mixing enhancement uses a
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rotating magnetic field, which causes a microbar to rotate within a fluid system, enhancing
the mixing in the vicinity of the bar. Multiple bars can be used simultaneously to enhance
the system mixing. This type of mixing bar is literally a miniaturized version of those found
in chemistry laboratories, operating on the same general principles [10].

The stirring bars within the microsystem generate circulation loops, which lessen the time
needed for mixing. Lu et al created a fabrication process for microstirrers, and studied their
effects on the mixing characteristics of fluid systems [14]. The group found that rapid
mixing could be obtained within a channel or a large reaction chamber using the stirrers.
Also, since the stirrer motion is driven by magnetic actuation, there is no need for electronic
wires to intrude into the system to power the mixer. The dimensions of the stirrer, as well as
the speed at which it rotates are parameters that can be varied to achieve the desired mixing
level within the system. Between speeds of 100 and 600 rpm, Lu et al found the degree of
mixing to increase with increasing rotor speed [14].

The main problem associated with using microstirrers is that the mixing enhancement effect
does not extend very far from the region defined by the diameter of the stirrer. This can be
remedied by designing the stirrer such that its diameter is near that of the channel, and by
using multiple stirrers in series or parallel to ensure mixing throughout the length of the
channel. However, using an array of stirring bars increases the difficulty of device
fabrication. Simulations have been conducted using commercially available software to aid
in the design of efficient microstirrers [14].

Mensing et al also explored the use of magnetic microstirrers for mixing in microfluidic
devices [12]. Both Mensing and Lu’s mixers were designed to be controlled solely by a
magnetic stirring plate as opposed to a strong external field that would require special
equipment. The commercial availability of these magnetic stirring plates makes these
microstirrers practical for use in laboratories not equipped to generate stronger magnetic
fields. Mensing’s microstirrer was able to mix two streams flowing between 0.02 and 10 ml
min~1, though the most efficient mixing occurred at or below 4 ml min~1, This wide range
of flow rates would allow experimenters to mix streams in various devices to a great extent
using a microstirrer [12].

Tierno et al also utilized a magnetic field to create a microstirrer, but used colloidal
paramagnetic particles as the ‘stirring bar’ [67]. Lee et al used ferromagnetic particles that
could be manipulated with a rotating magnetic field in order to enhance mixing [68]. These
particles aligned similar to stir rods under low flow conditions, or as aggregates under high
flow conditions, increasing their mixing enhancement potential. Figures 6(a) — (c) show the
enhancement obtained in Lee’s device when using this type of particle. Along the same
lines, though technically a passive enhancement, Wei and Lee numerically examined a
micromixer that could be used to mix magnetic fluids, utilizing stationary, tapered magnets
that enhance mixing magnetically without the use of an external magnetic field, therefore
cutting down power consumption [69]. Recently, Chen et al studied a device that enhances
mixing by actuating artificial cilia with embedded magnetic particles within microchannels
both numerically and experimentally for multiple trajectories, as shown in figure 6(d) [70].
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Zhou et al developed a similar type of micromixer that does not require the same amount of
extensive hardware as the device created by Chen et al [71].

Research on microstirrers extends to fabricating micromotors to power a stirrer [15]. The
main problem associated with this type of mixer is that the miniaturized motor is more
difficult to fabricate than a stirrer alone operating by an external magnetic field. However,
such a motor allows for easy variation of rotation speed using a computer, allowing the user
to achieve precise levels of mixing within the device. For experimenters who require very
precise control over the level of mixing or the shear generated by the stirrer (e.g. when the
fluids are shear thinning) this type of stirrer would prove to be the best to use.

3.2. Acoustic mixing

Another unique way to promote mixing in microfluidic devices is by the use of acoustic
waves. Frommelt et. al studied the use of surface acoustic waves (SAWS) to generate time-
dependent flow patterns which promote mixing in microfluidic devices [72]. These SAWs
are a type of elastic energy along the surface of the fluid, which can induce acoustic
streaming through the fluid when excited. The produced streamlines have been shown to
cause efficient mixing within systems of fluids and movement of liquid droplets even at low
Reynolds numbers.

Generating SAWSs across a solid surface in contact with a fluid is easily accomplished using
interdigital transducers (IDTs) as shown in figure 7(a). Using this type of technology,
Frommelt et al attempted to demonstrate a mixing enhancement within liquids by using
SAWs at varying frequencies (figure 7(b)). The results showed that there is an optimal
frequency of 0.17 Hz to be used in order to obtain the best mixing when utilizing a duel jet
setup, creating a uniform distribution of tracer particles within the testing fluid. For these
experiments, a droplet of water with a volume of 35 pl was used as the testing fluid. This
droplet was held between two hydrophilic planes and was laterally confined by a
hydrophobic sample surface. In addition to experimental results, the group was able to verify
flow patterns using theoretical calculations. Acoustic-based mixing methods are a versatile
technique that can easily be implemented into microfluidic devices to mix fluids within a
channel or in open geometries [72].

Ahmed et al combined acoustic waves with a microfeature to create a fast bubble mixer
within a microchannel [73]. The first step in creating this type of mixer was to design a
horseshoe shape within a channel between two fluids, opening in the same direction as the
flow direction (figure 7(c)). When the fluids flowed past the horseshoe geometry, an air
bubble was caught inside the horseshoe due to the streamlines of the fluids. Once this bubble
was trapped, a piezoelectric transducer was used to excite the bubble to its resonance
frequency using acoustic waves. This caused the bubble to oscillate and send acoustic
streaming through the surrounding fluid in a similar fashion to the SAWs.

The acoustic bubble mixer operates extremely quickly, causing near homogenous mixing
past the horseshoe almost instantaneously when operated at the correct frequency (figure
7(d)). Since the horseshoe geometry is relatively easy to fabricate into channels, this type of
mixer could easily be used for various microfluidic devices in order to achieve mixing of an
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entire channel in the near millisecond regime [73]. This bubble mixer was claimed to be ‘the
micromixer champion’ by Folch in his book [74]. This research group advanced the acoustic
micromixer via bubble inception and cavitation for mixing high-viscosity liquids (Re ~ 0.01)
by mixing high-viscosity fluids in the range of 21.2-95.9 mPa s with water [75].

The enhancement designed by Ahmed et al works very well for the enhancement of
micromixing, but requires a bubble to be trapped in the device in a pre-designed and
microfabricated horseshoe. To counteract this drawback, Wang et al developed a similar
mixing enhancement, which introduced the bubble inside the microfluidic device by
piezoelectric transducer excitations instead of manually adding the bubble [76]. This
enhancement proved to be effective for high-viscosity fluids and relatively high flow rates.
Petkovic-Duran et al also successfully used acoustic waves produced by low-cost and easy-
to-obtain audio equipment to enhance mixing in microfluidic devices [77]. They simplified
the system of Wang et al and Ahmed et al by eliminating the need for a bubble by ensuring
that their system has a liquid—air interface due to an open well. This decreased the mixing
time by more than an order of magnitude when compared to diffusion alone. Recently,
Bezagu et al utilized ultrasonic waves to selectively vaporize a perfluorocarbon phase
strategically placed between two fluids, greatly enhancing the mixing of the fluids in
roughly 100 ms and allowing for an easy separation of the perfluorocarbon phase after the
completion of the enhancement process [78].

3.3. Periodic fluid pulsation

Periodic fluid pulsation or periodic forcing is another method to induce mixing of two
flowing fluids within a microsystem. Instead of the traditional approach of bringing two
channels together with continuous flow in each channel, the flow in one or both channels is
‘pulsed’ in order to enhance mixing at the interface between the two streams. This pulse is
easily achieved by varying the voltage applied across the channels in a time-dependent
manner when electroosmotic pumping is used. Since the flow is not constant, streamlines are
constantly changing and there are induced changes in the flow patterns of the fluids within
the system [79].

Glasgow and Aubry found that pulsing both streams is the most efficient way to utilize
periodic forcing within a simple mixing channel [79]. By utilizing pulsation in both fluid
channels, they achieved a degree of mixing 5 times greater than that without any pulsing.
Flow pulsation from only one channel also increased the degree of mixing, but to a lesser
extent. In-phase and out-of-phase pulsing were both tested, with 90° phase difference
providing the best mixing. Figure 8(a) shows the numerically simulated flow patterns that
are observed at a 90° phase difference between the pulsing of both streams [80].

This type of periodic forcing is very easy to implement within microfluidic systems, as there
is no additional equipment or change in fabrication required to employ it. It works well even
at very low Reynolds numbers, and it is easy to manipulate its effects on the mixing within
the system by simply changing the forcing parameters. CFD code is also available for
simulations in order to determine the optimal wavelengths and amplitudes of the forcing for
a given system [79].
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Niu and Lee also used the idea of periodic forcing to create active mixing enhancement
within microchannels [81]. They created a micromixer utilizing multiple pumps for side
channels perpendicular to the direction of the fluid flow. The pumps were then connected to
a computer, allowing experimenters to oscillate the pressure drop over the side channel. The
manipulations create a sort of ‘source—sink” mechanism in which the fluid can be easily
perturbed in a periodic fashion.

The induced perturbations within the system cause the fluids to flow oblique to the natural
flow direction. Similar to the patterned ridge and slanted well methods, this flow induces
chaotic mixing within the fluid when the control parameters are manipulated correctly.
Chaotic mixing presents a great improvement in mixing time over traditional diffusive
mixing, and thus this type of periodic forcing can be used to enhance mixing. Figure 8(b)
shows the experimental results obtained using this type of mixer with one pair of side
channels. As is shown, the mixing occurs rapidly once the transverse perturbations give rise
to an interfacial distortion [81].

Niu and Lee used pumps to generate the perturbations in their analysis, and they also stated
that the same chaotic mixing patterns could be generated using an electric field. This would
potentially ease the fabrication of devices, as additional external micropumps would not
need to be fabricated. In addition, this would transform the apparatus into one very similar to
that studied by Glasgow and Aubry. Balasuriya studied the optimal frequency of oscillation
for a similar type of enhancement, utilizing both electromagnetic and fluid pumping
strategies [82].

Abolhasani et al also utilized oscillations within microfluidic devices, and observed
possibilities for mixing enhancements [83]. However, they oscillated the direction of the
flow back and forth in order to accomplish this enhancement. A gas was used in addition to
the liquid within the channel in order to segment the fluid, and oscillatory flow was
generated with electric fields. This type of mixing enhancement presents an interesting and
easy-to-implement active mixer within microchannels.

3.4. Thermal mixing enhancement

Diffusion coefficients typically increase with increasing temperature. Mao et al
demonstrated that linear temperature gradients could be generated within a microfluidic
system across multiple parallel streams simultaneously [84]. These gradients themselves
may not enhance mixing in microfluidic devices, but being able to precisely control the
temperature of a fluid could help users to control the diffusion rate obtained within the
streams. Though these experiments were not conducted to study mixing within the channels,
the approach used to induce the temperature gradients could potentially be utilized for
developing a novel active mixing enhancement method based on temperature [11].

Tsai and Lin developed a device that generates wavy interfaces between the two fluids after
a Y-mixer instersection by using a ‘thermal bubble actuated nozzle-diffuser micropump’, as
shown in figure 9 [85]. A thermally excitable bubble is first introduced into the system
between the two streams at the junction. The bubble is then excited, causing it to oscillate
and enhance mixing between the two streams.
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Utilizing the same property changes with temperature, Kim et al also developed a simple
active mixing enhancement by utilizing temperature control [86]. Two separate heaters at
two distinct locations were used in an alternating fashion within a single mixing chamber.
The natural convection flow patterns that arose within the system provided a great mixing
enhancement without the need for pumps. Kim et al were careful to prevent unwanted
evaporation during the experiment by coating their cartridges with parylene. However, the
production of vapor bubbles near a heated element would add extra agitation to the system,
enhancing mixing so long as the device was structured to accommodate this phase change.

Though the use of temperature as a mixing parameter within microfluidic devices seems
intuitive, this area is still largely unexplored by microfluidics community. This could be
partially due to the fact that temperature gradients can damage samples or change their
properties. When it is not a concern, temperature gradients could be utilized in the future as
effective means of mixing enhancement alongside other methods discussed above.

3.5. Electrokinetic mixing enhancement

Electroosmosis is a commonly used pumping method for microfluidic devices. This type of
pumping utilizes electrodes within the channels to create an electrical double layer (EDL).
Once the EDL is formed, an external electric field applied would cause a mation of the
uncharged liquid in the direction of the electric field. This type of operation can be achieved
using both dc and ac currents. Electroosmotic pumping holds multiple advantages over other
micropumps, such as eliminating the need for moving parts and the creation of constant
flows. They are also easy to integrate into microfluidic devices, making them ideal
candidates for lab-on-a-chip applications [87].

Since this type of pumping is common, it comes as no surprise that the concepts have been
exploited as an active mixing enhancement for microfluidic devices. Ng et al developed an
ac electrokinetic mixing approach that was able to produce a 92% mixing efficiency over a
mixing length of 600 um in less than 80 ms [88]. The mixer was constructed by placing two
coplanar electrodes in a microchannel, oriented parallel to one another. An ac voltage with a
dc offset was applied to the electrodes, resulting in an induced flow transverse to the flow
direction. This induced flow simulated stirring in the device, and was able to quickly and
efficiently mix two fluid streams. Figure 10(a) shows a pictorial representation of the
induced flow, and figure 10(b) shows a general schematic for the device. The group tested
the effects of varying the dc bias, the polarity, the ac frequency, and the flow rates on the
mixing efficiency [88]. These adjustable parameters allow for a high level of fine-tuning
when utilizing this type of enhancement. Figure 10(c) shows an image of a typical two fluid
laminar flow in a microfluidic channel with and without the ac and dc voltage applied.

In a similar manner, Sugioka’s numerical generation of chaotic advection described in
section 2.2 utilized induced-charge electroosmosis in conjunction with strategically placed
vertical posts to enhance mixing [40]. Both Ng and Sugioka were able to use very low
voltages (~1-30 V) to provide adequate mixing enhancement. Tang et al were also able to
numerically examine some common mixing enhancements that can be used in conjunction
with electroosmatic flow, including wall blocks in the microchannel similar to Sugioka’s
posts, as well as an active modification of the zeta potential of the channel surfaces similar
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to the approach taken by Chen and Cho [40, 63, 89]. Recently, Choi et al effectively
enhanced mixing using electrokinetic methods to generate vortexes near an assembled
nanoparticle interface [90].

Since electrodes are commonly integrated into microfluidic devices, electrokinetic mixing
enhancements are easy to implement, and often do not require large voltages to operate
effectively. Moreover, the common use of electroosmotic pumping means that many
microfluidic devices already implement the tools necessary for this type of mixing
enhancement. However, there are drawbacks to using this type of enhancement, such as
portability and the potential to create bubbles within the device when utilizing a dc voltage.

3.6. Other types of active mixing enhancement

In addition to those discussed above, many other forms of active mixing enhancement can
be used within microfluidic devices. Aeinehvand et al utilized microballoons inside a
centrifugal microfluidic device to enhance mixing [91]. This enhancement was obtained
through oscillatory expansion and contraction of the balloon in order to alter the fluid flow.
Bynum and Gordon utilized a dual-axis centrifuge to produce a constantly changing
meniscus within a microfluidic device, which enhances the mixing properties even for a
very thin channel [92]. Berenguel-Alonso et al also successfully created a simple magnetic
bead actuator that can be used for microfluidic devices to enhance mixing [93], and Zhu and
Nguyen have studied mixing enhancement using ferrofluids and uniform magnetic fields
[94]. Overall, the possibilities for active microfluidic mixing enhancement are endless, and
the field is still an area of active research.

4. Conclusions

Microfluidic devices have a variety of applications in the chemical and biological fields.
They offer a portable and low-cost alternative to experiments/operations typically conducted
in a fully equipped scientific laboratory. However, microfluidic devices suffer from
inefficient mixing when required for certain applications. This review discusses numerous
passive and active techniques to enhance mixing to address this challenge. Table 1
summarizes the enhancement techniques discussed, their advantages and disadvantages, and
provides recommendations for their incorporation into microfluidic devices. Enhanced
mixing will allow for shorter channels to be used within a device and for the realization of
more efficient lab-on-a-chip systems.

Using the methods discussed above, one can greatly enhance the degree of mixing that is
limited by the diffusive mixing impairment inherently found in microchannels. The method
of mixing enhancement that should be chosen depends heavily on the application. There is
no one mixer that will be the best choice regardless of the scenario. For some applications,
these current mixing enhancements could be enough for effective utilization of the
microfluidic devices. However, more complex systems may require mixing on a smaller
timescale or in a more specific matter, and therefore there is still an interest in the field for
developing more efficient mixing enhancement methods.
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Simple yet effective mixing methods like periodic forcing or thermal mixing enhancement
could potentially lead to efficient methodologies when combined with other enhancement
methods. The draw of this type of mixing enhancement is that the necessary instrumentation
is inherently included in many microfluidic devices, as it is required for the device’s
operation. Future research may include efforts on developing novel enhancements using
components that are already commonly found in microfluidic devices. This type of
enhancement cuts down fabrication costs and simplifies device operation, as no additional
fabrication steps or moving parts are necessary.

Creating chaotic advection within the channels of a device is a reliable way to enhance
mixing. Passively, there is room for improvement in this area through the development of
new structures or surface modifications that will allow for the onset of this phenomenon
without creating large amounts of dead volume in the channel. Ideally, scientists would be
able to fabricate these structures at low extra cost, adding an effective mixing enhancement
to devices quickly and inexpensively. Enhancements that incorporate both passive and
active elements could also lead to discoveries of novel micromixers [95]. The field of
microfluidics is broad and the applications are vast and continually growing, hence
micromixer development will remain an important area of research within the scientific
community. With development of new miniaturized devices, the application-specific needs
for mixing enhancement will continually evolve, and an understanding of the underlying
physics of the microflows will become crucial to the field’s expansion.
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Figure 1.
(a) Images and simulated predictions for concentration contour at the entry (left) and exit

(right) of a microfluidic channel at a flow rate of 2 ml min~L. The degree of mixing is
minimal because the mixing is relying on diffusion alone (adapted from [27] with
permission). (b) Scanning electron micrograph (SEM) of a mixer consisting of 2 x 15
interdigital channels with corrugated walls (adapted from [28] with kind permission from
Springer Science and Business Media). (c) Diagram of serpentine laminating micromixer
(adapted from [29] with permission from The Royal Society of Chemistry).
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Figure2.
(a) Configuration of the experimental setup and image of a channel with a series of slanted

wells. (b) Image of a smooth channel. (c), (d) Fluorescence image of electroosmatic flow of
the corresponding channels in (a) and (b). (e) Fluorescence image for electroosmotic flow
past an optimized mixer at a high flow rate (0.81 cm s™1). These figures are adapted from
[37] with permission.

J Micromech Microeng. Author manuscript; available in PMC 2016 September 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ward and Fan Page 23

(a) w A A

Figure 3.
(a) Schematic diagram of one-and-a-half cycles of the SHM. A mixing cycle is composed of

two sequential regions of ridges; the direction of asymmetry of the herringbones switches
with respect to the centerline of the channel from one region to the next. At the bottom are
confocal micrographs of vertical cross sections of a channel (from [7]. Reprinted with
permission from AAAS). (b) (left) lllustration of isotropic etching and ridges obtained from
judicious designs and isotropic etching; (right) SEM picture of a ridged channel in a
microfluidic device made from a cyclic olefin copolymer. The scaling bar is 200 um
(adapted with permission from [42]. Copyright 2007 American Chemical Society).
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Figure4.
(a) Visualization of mixing enhancement within liquid plugs and downstream separation of

the liquid and gas phases. (b) Streamlines and visualization of recirculation within liquid

plugs in straight channels. (c) Streamlines and visualization of recirculation within liquid
plugs at the bends of winding channels. These figures were adapted with permission from
[56]. Copyright 2005 American Chemical Society.
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Figure5.
(a) Schematic diagram combining surface hydrophobicity and microridges, allowing water

to stand away from the solid surface. (b) Improvement in the degree of mixing by
hydrophobic microridges (solid squares) in comparison with hydrophilic microridges (open
squares) and smooth surface (solid diamonds). Reprinted with permission from [61].
Copyright 2007 American Physical Society.
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Figure®6.
(@) Fluorescence micrograph of mixing chamber without magnetic particles. No mixing

enhancement occurs and the mixing relies solely on diffusion. (b) Fluorescence micrograph
of mixing chamber with non-rotating magnetic particles. Mixing is enhanced but not
complete using this configuration. (¢) Fluorescence micrograph of mixing chamber with
rotating magnetic particles. Efficient mixing is observed using this configuration. These
figures are adapted from [68] with permission from the Royal Society of Chemistry.
Copyright 2009 Royal Society of Chemistry. (d) Mixing enhancements observed over time
when using magnetically actuated artificial cilia for three separate cilia trajectories. Adapted
from [70] with permission from the Royal Society of Chemistry. Copyright 2013 Royal
Society of Chemistry.

J Micromech Microeng. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward and Fan

Page 27

(a)_ TIDT ] (b) cover water
TIDT I slide reservoir
- T .
TID‘/I.)_
Envelope o 3 ]
controller INDU

.

contact TIDT II
electrodes

>

Figure?7.
(@) Two tapered IDT (TIDT) exciting SAWSs in x and y directions. An envelope controller

runs predefined programs modulating the amplitude of the SAW arbitrarily. When operating
in dual-jet mode, TIDT | works at constant power (solid line), and the power of TIDT Il is
modulated (dashed line). (b) Diagram of a SAW mixer. Reprinted figures with permission
from [72]. Copyright 2008 American Physical Society. (c) A bubble is trapped inside the
horseshoe structure. No mixing effect was observed in the absence of acoustic waves. (d)
Homogenized mixing of water and fluorescent dye in presence of acoustic waves. The flow
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is from the right to the left (adapted from [73] with permission from The Royal Society of
Chemistry). Copyright 2009 Royal Society of Chemistry.
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Figure 8.
(a) Two inlets indicated by inward arrows have pulsation flows while one outlet is marked

by an outward arrow. Pulsation is indicated by the graph next to each inlet, showing the

mean velocity as a function of time. The phase difference is 90° between flows at two inlets.

Contour plots show concentration of the liquid at half the depth of the channel and at 0.5
mm downstream of the confluence (adapted with permission from [80]. Copyright 2004
American Chemical Society). (b) Experimental results of mixing by perturbed flows
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generated using one pair of side channels (adapted from [81] with permission. © 2003 10P
Publishing.
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Figure9.
Pictures of a device with schematic drawing representing components of the device. During

operation, blue food dye from inlet port 1 and isopropy! alcohol from inlet port 2 mix at
point E. The nozzle-diffuser-based bubble pump generates oscillatory flows intrinsically,
inducing mixing effects (adapted from [85] with permission). Copyright 2002 Elsevier.
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Figure 10.
(a) Flow profile generated by the ac electrokinetic mixer and the charge accumulation on the

surface of the electrodes. (b) Schematic of the micromixer device and flow profile
generation. (c) Laminar flow of two fluids in a microfluidic channel with (bottom) and
without (top) the ac and dc voltage components applied. A clear enhancement of the stream
mixing can be seen over small distances when the voltages are applied. These figures were
adapted from [88] with permission. Copyright 2009 Royal Society of Chemistry.
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Table 1

Summary of mixing enhancements presented in the review.
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Methods

Pros

Cons

SuggestionsyComments

Passive micromixers

Stream splitting and
recombination

Slanted wells or
patterned grooves

Hydrophobicity or
surface modification

Multiphase mixing
enhancement

Active micromixers

Microstirrers

Acoustic waves

Flow pulsation

Thermal enhancement

Electrokinetic mixing
enhancement

Basic, but more effective than
pure diffusive mixing

Easy to fabricate (no moving
parts), CFD code available for
optimization

Additional mixing enhancement
over other passive mixers

Low fabrication cost, good
mixing with little sample
dilution, and large mixing
property change by adjusting
flow rates

Versatile; excellent mixing with
precise control

Nearly instantaneous mixing;
easy to operate

Easy to implement using
micropumps or electric fields

Simple to integrate into a device

Can be utilized effectively at
relatively low voltages. Can be
very effective over short mixing
lengths.

May require long channels for
complex micromixer network

Requires additional fabrication
to adjust the level of mixing

May be complicated to define
surface modification zones

Requires additional
purification step as immiscible
carrier liquids or gas must be
introduced into the device

Difficult to fabricate (moving
parts); may require multiple
stirrers

Need a bubble or air interface
Requires fine-tuning to achieve
optimal mixing enhancement

Requires heaters

Requires integrated electrodes

Pay careful attention to the method of
recombination; adequate mixing may
result without additional elements.

Useful for mixing enhancement when
precise control is not required.

Combining with other passive mixers to
maximize mixing potential

Consider for use if introducing an
additional fluid into a device is possible
without hindering device operation.

Useful for applications requiring precise
control over the level of mixing; magnetic
actuation easier than mechanical actuation.
Utilizing magnetic particles may offset
some of the fabrication difficulties.

Consider acoustic mixers if quick mixing
is needed

Convenient when pumps are integrated or
do not compromise operation

Consider thermal micromixers where heat
does not affect samples/reagents

Consider when electrodes are integrated
into the device. Utilize ac voltages to
avoid bubble formation.
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