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Abstract

Fluid manipulations at the microscale and beyond are powerfully enabled
through the use of 10-1,000-MHz acoustic waves. A superior alternative in
many cases to other microfluidic actuation techniques, such high-frequency
acoustics is almost universally produced by surface acoustic wave devices that
employ electromechanical transduction in wafer-scale or thin-film piezo-
electric media to generate the kinetic energy needed to transport and ma-
nipulate fluids placed in adjacent microfluidic structures. These waves are
responsible for a diverse range of complex fluid transport phenomena—from
interfacial fluid vibration and drop and confined fluid transport to jetting and
atomization—underlying a flourishing research literature spanning funda-
mental fluid physics to chip-scale engineering applications. We highlight
some of this literature to provide the reader with a historical basis, routes
for more detailed study, and an impression of the field’s future directions.
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Piezoelectric:
material possessing a
spontaneous electrical
polarization in the unit
cell of a crystal or grain
of a polycrystalline
material

1. INTRODUCTION

Acoustic waves are easily generated within a piezoelectric material through the transduction of
electric fields; such waves propagate within and onward to the boundaries of the material in
diverse ways dependent on the field and material geometries. The incredible variety of wave types
studied reveals the long history of the subject, and substantial progress has been made. Indeed,
surface acoustic waves (SAWs) are a relatively recent development, the beneficiary of exhaustive
research due to their usefulness to the telecommunications industry since the mid-1960s (Campbell
1998). SAWs may be formed along an interface when the material properties of one medium
differ substantially from the other, under certain conditions imposed on the more rigid material.
However, for the purposes of this review, the SAW is usually formed on a piezoelectric solid
medium, a method made ubiquitous with the development of easily fabricated electrodes (White
& Voltmer 1965). The most important aspect of SAWs is their relatively slow speed compared to
the bulk wave speed of sound in the medium itself, causing the wave and its energy to be trapped
on the surface (Friend & Yeo 2011), within a very few wavelengths.

One of the most attractive aspects of using SAWs for microfluidic actuation and manipulation
is their very efficient fluid-structural coupling owing to the presence of most of the energy adjacent
to the interface. The elastic energy present at high frequencies due to the SAW is responsible for
extreme accelerations; at the maximum vibration velocity of order 1 m/s (see the sidebar Extreme
Accelerations in High-Frequency Ultrasound), the acceleration is at least 10% m/s*. This enables
a host of microfluidic operations to be carried out entirely on a chip-scale substrate powered by a
palm-sized portable electronic driver circuit (Figure 1) (Yeo & Friend 2009). By circumventing
the need for large and cumbersome benchtop pumps or external power supplies such as amplifiers,
signal generators, and transformers, SAW microfluidics therefore addresses one of the most fun-
damental constraints in microfluidics that precludes the widespread implementation of practical
lab-on-a-chip devices: the delivery of a complete microfluidics solution at the microscale, includ-
ing sample preparation and analyte detection (Yeo et al. 2010a). In what follows, we examine the
different SAW microscale fluid actuation mechanisms developed to date and their use in various
microfluidic applications, which span biomolecular and cellular manipulation and detection, drug
delivery, biomaterials synthesis, and point-of-care diagnostics. The use of SAWs in sensing ap-
plications is both vast and beyond the scope of this review, so we only briefly discuss the use of
SAW microfluidics for detection enhancement. The reader is instead referred to, for example, Fu
etal. (2010), Hossenlopp (2006), Jakubik (2011), Linge et al. (2008), and references therein.

EXTREME ACCELERATIONS IN HIGH-FREQUENCY ULTRASOUND

The generation of acoustic waves with piezoelectric materials generally follows a curious rule of thumb: The
maximum vibration velocity that may be induced in any such device, continuously, is of the order of 1 m/s regardless
of the scale of the device or the frequency chosen. Consequently, it is reasonable to wonder why one would choose
a SAW if one could use lower frequencies, such as audible frequencies (Oberti et al. 2009). Beyond the benefit of
acoustic wavelengths in the fluid from SAW that correspond to the typical 1-100-pm dimensions of a microfluidics
device, there is the advantage of extreme accelerations. The acceleration induced is a product of the frequency and
the vibration velocity, and on reaching 10 MHz, for example, the acceleration induced is over 107 m/s?, larger than
any other known technique except for particle accelerators or synchrotrons (McMillan 1945). For this reason, it

is possible to obtain extraordinary inertial behavior from fluids and particles down to the nanoscale, such as the
ejection of nanoparticles from the surface of a SAW device (Tan et al. 2007a).
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Figure 1

A prototype portable circuit on the left for driving the surface acoustic wave device on the right.

2. VIBRATION

Since the discoveries of Chladni (1787), Faraday (1831), and Kundt (1866), surface and bulk fluid
vibrations have long constituted mechanisms by which particles can be concentrated or aligned at
nodal or antinodal points along a standing wave, either imposed on the free surface of a vibrated
liquid body in the former or induced as a pressure field in the bulk of the fluid as a consequence of
reflections at the boundaries of the fluid body in the latter. The positioning of the nodes and (anti-
nodes) can be altered by the presence of capillary waves or by a purposeful change of the boundary
conditions (Tan etal. 2010a). Whether the particles assemble at nodes or antinodes is complicated
by factors such as their size, density relative to the fluid, compressibility, and wettability (in the case
of free surface vibrations), as discussed in Friend & Yeo (2011). Furthermore, the capillary waves
themselves may exhibit a broadband, turbulent response that is difficult to predict; fascinating
from a physical standpoint; and effective at driving the entire fluid sample into chaotic behavior,
which eliminates the ability to effectively form regular patterns of particles within (Blamey et al.
2013). Nevertheless, the possibility of rapidly and precisely altering the positions at which the
particles collect by simply switching the applied frequency and hence wavelength, together with
other more advanced techniques such as varying the distribution of the vibration via more complex
device resonance architectures (Laurell et al. 2007), offers an attractive method for spatial (and
even temporal) control of particles in a microfluidic system for various applications, such as flow
cytometry and DNA, protein, and cell microarray templating.

Most literature on particle manipulation reports the use of standing surface acoustic waves
(SSAWs), reminiscent of the particle patterning reported in Kundt’s (1866) tubes and more fun-
damental work examining the forces on a particle in a fluid (Doinikov 1996a,b, 2001; Gor’kov
1961). This also builds on the vast and similar body of work on ultrasonic standing waves, or what
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Figure 2
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Schematic depiction of the various surface acoustic wave (SAW) particle alignment/focusing concepts (not to scale). (#) Transverse
linear particle assemblies in a drop with a longitudinal standing surface acoustic wave (SSAW). In certain cases, the particle lines may
appear to be curved similar to beaching curves (Li et al. 2008, Tan et al. 2007b) owing to SAW diffraction arising from the curvature of
the drop contact line, as seen in Figure 3b. A glass cover slide is occasionally mounted over the drop, providing stronger reflections and
hence a standing sound wave in the bulk of the fluid (Wood et al. 2008). (%) Pointwise particle array in a drop (or within a confined fluid
layer) with transverse and longitudinal SSAWs (Wood et al. 2009). Again, the patterns may be distorted by the drop shape because of
contact line diffraction. (¢) Longitudinal particle alignment and focusing using a transverse SSAW combined with a continuous laminar
sheath flow within a microchannel bonded onto the substrate for possible downstream particle separation (Shi et al. 2008, 2009b, 2011).
(d) Linear particle assemblies along the length of a microchannel cut into the SAW substrate using a longitudinal traveling SAW (Tan
et al. 2009a). Similar assemblies can also be achieved with bonded microchannels atop the substrate. (¢) Linear particle assemblies
shown in panel 4, with the particles collecting at lateral pressure nodes in the fluid channel, illustrated by the corresponding computed
pressure distribution (inset). The six computed pressure nodes align with the experimentally observed collection lines.

Bulk acoustic wave
(BAW): waves that
propagate in the solid
bulk, including a
variety of distinct
waves in solids (e.g.,
Love, Lamb, and
flexural)

is known as bulk acoustic waves (BAWs) (e.g., Hertz 1995, Laurell et al. 2007, and references
therein). Wood et al. (2008) generated an SSAW and hence a vertical standing pressure wave
in a fluid using two counterpropagating SAWs from interdigital transducers (IDTs) at opposite
ends of the drop containing the particle suspension that was confined under a glass cover slide.
Particles were then observed to aggregate into transverse linear assemblies corresponding to the
nodal lines of the pressure wave, which in turn coincided with the nodes of the SSAW (Figure 24),
whose spacing could be easily adjusted by tuning the SAW frequency. Such alignment of particles
on nodal positions generated by the SAW contrasts with earlier work by Smorodin et al. (2005),
Seemann et al. (2006), and Kong et al. (2010) using SAWs to align single- and multiwalled carbon
nanotubes and larger structures, primarily owing to the electric field arising from the piezoelec-
tric effect of the SAW (typically 10°~107 V/m). Although it is claimed that the nanotubes align
lengthwise primarily along the SAW propagation direction as a consequence of the dipole field,
aided by the streaming, it is not clear from Kong et al.’s (2010) work that the alignment does not,
at least in part, result from dielectrophoretic effects (motion due to an induced dipole moment
on a particle in the presence of a nonuniform electric field) (Pethig 2010). Although the dielec-
trophoretic forces are typically too weak to drive particle motion at nanometer scales, they are
known to drive alignment of the nanotubes owing to the latter’s enhanced conductivity (Chang
& Yeo 2010). Indeed, Kong et al. (2010) demonstrated the role of the dielectrophoretic force in
aligning micrometer-dimension rod-like metallic structures: When the electric field was screened,
no alignment was observed.

The SSAW linear particle assemblies in Wood et al. (2008) were later extended to produce
an array of pointwise assemblies by generating another orthogonal SSAW using two additional
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IDTs in the transverse y-crystal direction (Figure 2b), exploiting the weak SAW present along
the off-axis y direction and illustrating the low power requirements for this particular application
(Wood et al. 2009). As with the particle line spacing, spatial control in the transverse direction
has also been demonstrated through the adjustment of the y-axis propagating SAW frequency.
In principle, however, only two orthogonally arranged IDT's, instead of the four in Wood et al.
(2009), are required if solid boundaries confine the fluid. For example, Shi et al. (2009a) placed
a square polydimethylsiloxane (PDMS; Friend & Yeo 2010) chamber atop the SAW substrate.
This was an extension of their preceding work on particle focusing using two IDTs to set up
an SSAW transverse to the continuous laminar flow along a long PDMS channel driven using
capillary pumps (Shi et al. 2008) (Figure 2¢). The particle spacing along the channel can also be
varied with the use of tapered interdigital transducers (tIDT's) to modify the SAW frequency and
hence wavelength along the sides of the channel in the one-dimensional and two-dimensional
configurations (Ding et al. 2012b). This also hints at the difficulties resulting from the presence
of boundaries, where the acoustic impedance changes from one medium to the next: Even though
PDMS and water have similar acoustic impedances, reflections from a PDMS/water interface are
strong enough to cause standing waves. Chirped IDT’s possess a variation in the finger periodicity
(width and spacing) that has been used to achieve the same effect and for even finer manipulation
(e.g., trapping, translation, and elongation) of single particles, cells, and organisms, although the
individual particles or cells have to first be isolated as the SAW cannot as yet be employed to
segregate a single entity from a cluster (Ding et al. 2012a).

Unlike particle alignment on dry vibrating substrates (see, e.g., Tan et al. 2007a), particles do
not align directly on the displacement or pressure nodes (or antinodes) of the SSAW itself. This
is widely misunderstood and improperly presented in the majority of the work on SSAW particle
manipulation. In fact, particles align with and aggregate onto the pressure nodes of the standing
sound wave within the fluid (i.e., the BAW). This is a consequence of the acoustic waves radiated
into the fluid from the SSAW (i.e., leaky SAW) reflecting off the channel or chamber walls in both
cases to produce standing waves in the fluid. There are strong reflections in unconfined fluids as
well, both at the free surface of the fluid and at the solid-fluid interface, that give rise to a standing
sound wave in the bulk of the drop before the propagating wave decays due to viscous dissipation
(Johansson et al. 2012b, Tan et al. 2010a). At times, the BAW in the fluid is somewhat aligned
with the SSAW; at other times, it most certainly is not (Tan et al. 2010a). In any case, one has
to carefully choose the frequency such that the channel width accommodates only one pressure
node and hence one line of focused particles—if a single line of aligned particles is desired. Strictly
speaking, therefore, it is the sound wavelength in the fluid, and not the SAW wavelength, that
should be considered together with the channel width (Tan et al. 2009a), although both are related
and the particles should focus into a line along the centerline of the channel if the sound wave
reflection off its walls is symmetric.

Subsequent work by the same group suggested the possibility for alignment and focusing of
particles across the channel depth (Shi et al. 2011), although the principle appears to be based on
standing sound waves being generated in the fluid. Conceivably, the same mechanism (i.e., the
standing BAW in the fluid) is responsible for the particle alignment in both the two-dimensional
and three-dimensional focusing experiments (and not the direct effect by the SSAW in the former).
The focusing across the channel depth may have been difficult to observe in the former experiment,
and we also note that the channel was twice as deep in the latter work. Further manipulation of the
aligned particle assemblies can be achieved, for example, by varying the relative phase ¢ between
the two input signals to the IDT, which results in a linear translation in the position of the pressure
node (Meng et al. 2011); particles can be translated a distance Ax = ¢/2k, where k is the wave
number. This really only works if the reflection at the channel walls is weak, as the standing
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wave across the channel defined by the width of the fluid channel will interfere with the ability
to perform phase shift manipulation. Such phase shifting was employed to alter the positions of
the particle alignment (Meng et al. 2011, Orloff et al. 2011), which is useful for the downstream
separation of particle species (see below) and marching single cells and bubbles in one and two
dimensions (Meng et al. 2011, 2012; O’Rorke et al. 2012). The ease of varying the phase using
voltage control makes it particularly attractive in microfluidic systems for particle manipulation.
More recently, Tran et al. (2012) demonstrated that a similar phase shift (albeit a dynamic relative
phase shift in contrast to that above) between the generation and reflection IDT's can be generated
through the application of a slight frequency modulation from the IDT resonance to induce the
same SSAW particle manipulation in two dimensions. Particle species can be acoustophoretically
separated (Durand Vidal et al. 2001, Lin et al. 2012) as they are aligned or focused by exploiting
the difference in the forces experienced across different species.

Given that sedimentation forces are relatively small at these scales, the acoustic radiation
pressure-driven forces and viscous drag dominate the particle motion. The acoustic radiation forces
scale with #* for SSAWs and 4° for traveling SAWs (Friend & Yeo 2011), and the viscous drag
scales linearly with respect to the particle size 2. Below a frequency-dependent critical crossover
size (Rogers et al. 2010), the drag force dominates, whereas above this crossover, the acoustic
force dominates. Shi et al. (2009b) made use of this size-dependent discrimination in the forces to
separate two particle species of similar density but with different sizes in a continuous sheath flow, as
larger species focus onto the pressure node at the center of the channel much faster than the smaller
species above the crossover size. Guldiken et al. (2012) later demonstrated this in the absence of a
sheath flow. Given the different particle trajectories along the channel length, the different species
can therefore be separated through channel bifurcations downstream (the separation efficiency
can be improved by adjusting the channel length, flow rate, or the SSAW frequency and power)
(Figure 2¢). In addition to size separation, particles can also be separated based on density and
compressibility—especially useful, for example, for sorting viable and nonviable biological entities
or for removing debris and other sample contaminants—given the dependence of the acoustic force
on the acoustic contrast factor, a ratio dependent on the density difference between the fluid and
particles within the fluid (e.g., Raeymaekers et al. 2011, equation 6). Differences in the acoustic
contrast factor were, for example, exploited by Nam et al. (2011) and Jo & Guldiken (2012).
Nam et al. (2011), in particular, demonstrated the separation of platelets from whole blood and
even the separation of particles encapsulated with cells of different number densities (Nam et al.
2012), with high separation efficiencies (>97%) but with very small throughputs (of the order of
0.1-10 pl/min and ~2,000 particles/min) compared to the 10°~10* particles/s typical of the most
efficient microfluidic sorters and conventional fluorescence-activated cell-sorting devices.

Another example of the use of SSAWs for dynamic patterning is the creation of transverse pe-
riodic lipid concentration localization in supported lipid bilayer membranes (Hennig et al. 2009).
Alvarez et al. (2008a) had earlier shown such macromolecular patterning in which long-range
regularly ordered polymer arrays, whose spot dimension and spacing strongly correlate with the
SAW wavelength and hence applied frequency, were generated by a combination of traveling
SAWs and SSAWs. The traveling wave component allowed a drop containing the polymer solu-
tion to be translated across the SAW substrate, leaving behind a trailing film. As a consequence
of the longitudinal and transverse instabilities induced by the SAW acceleration at the film inter-
face, the solvent rapidly atomized (Qi et al. 2008; see Section 5) to form a two-dimensional
array of polymer spot residues on the substrate in a hexagonally close-packed arrangement
(Figure 3a), demonstrating the potential of the technique for fast substrate patterning without
physical or chemical templating. Whereas other instances of traveling SAWs for particle manip-
ulation have also been explored in the context of microchannel flows, we note that longitudinal
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Figure 3

Other examples of vibration-induced patterning. (#) Long-range hexagonal close-packed ordering of polymer spot patterns generated
through longitudinal and transverse interfacial instabilities of the atomizing film trailing a drop of polymer solution translated with
traveling and standing surface acoustic waves (SAWSs) (schematic). Panel 2 modified from Alvarez et al. (2008a). (b) Colloidal patterning
on the free surface of a sessile drop induced by capillary wave vibration, illustrating the different patterns obtained as the power is
increased for a drop of fixed dimension (moving horizontally from left to right). At low powers, linear colloidal assemblies are observed,
whose spacing correlates with the SAW wavelength, similar to those shown in Figure 24. At higher powers when the entire drop
undergoes a breathing mode vibration associated with a circular nodal ring, the intersection between the nodal lines associated with the
SAW wavelength and the nodal ring gives rise to pointwise island assemblies. As the power is further increased, streaming in the drop
causes these islands to be erased; however, this phenomenon appears to be cyclic. When the streaming ceases, the islands reform, only
to be dispersed again when the streaming resumes. At the high-power extreme, strong constant streaming within the drop causes either
the dispersion or concentration of the colloids (Li et al. 2007b, Shilton et al. 2008), discussed in Section 3. Panel b modified from Li
etal. (2008).

particle alignment still occurs along pressure nodes of a standing wave transverse to a channel that
results from the reflections of the sound wave in the fluid at the channel walls (Figure 2d,e), the
sound wave arising as a consequence of leaky SAWs in the fluid (Tan et al. 2009a). A fundamental
difference between the traveling SAWs in Tan et al. (20092) and SSAWs in Shi et al. (2009a,b)
is the placement of the IDT and hence the direction of the SAW with respect to the channel.
Despite the standing BAW in the fluid orthogonal to the channel along which the particles align
in both cases, the SAW propagates longitudinally along the channel in the former and orthogonal
to the channel in the latter. Although both cases therefore facilitate the same particle alignment
and control within the channel, an advantage of using traveling SAWs is the ability to transport
the fluid and hence transport the channels using the SAWs (Tan et al. 2009a), therefore circum-
venting the need for external capillary pumps; such SAW-driven microchannel fluid actuation is
discussed in Section 3.2.

Besides linear particle aggregation, it is also possible to carry out more complex particle
manipulation, for example, by exploiting other vibration modes or the intersection of a series of
nodal lines. Li et al. (2008) showed that particles in the linear assemblies clustered into pointwise
island assemblies arising from the intersection of the nodal lines associated with low-amplitude,
high-frequency (i.e., the SAW frequency) capillary waves and the circular nodal ring associated
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with large-amplitude capillary waves at the capillary-viscous resonant frequency of the drop
(Figure 3b). Each nodal intersection gave rise to a particle cluster that could be dynamically
erased at higher applied powers when streaming in the drop ensued but that reformed when the
streaming ceased. The number of nodal intersections and hence particle clusters clearly depended
on the drop dimension but was seen to dynamically evolve as the drop dimension varied, for
example, as it evaporated. Other alternatives for microfluidic particle manipulation are discussed
in Section 3.3, including the use of direct acoustic forces on the particles and fluid flow to influence
particle motion (e.g., the use of microcentrifugation to concentrate and separate particles).

3. ACTUATION

The inverse scaling of the capillary pressure and the quartic scaling of the volumetric flow rate, both
with respect to the channel dimension, reveal the inherent difficulty of driving microscale fluid
actuation in which viscous and surface forces dominate (Yeo et al. 2010a). This is compounded by
the existence of disjoining pressure effects that complicate the wettability control of drops in open
microfluidic platforms. Consequently, there are few efficient ways to move and manipulate fluids
in microchannels. Fortunately, SAW offers a solid-state actuation mechanism, free from moving
parts susceptible to wear and reliability constraints, offering an efficient and compact scheme
appropriate for integration for drop transport, microchannel transport, and microcentrifugation.

3.1. Drop Translation

SAW drop transport and manipulation are enabled by the ability of the time-averaged body force
exerted on the entire drop—a consequence of the bulk streaming that arises as acoustic energy
is transmitted into the drop (Friend & Yeo 2011)—to overcome the pinning of the drop contact
line (Beyssen et al. 2006, Brunet et al. 2010, Tan et al. 2007b). In the past decade, various groups
have exploited this to translate drops on the SAW substrate at speeds of the order of centimeters
per second (slightly higher with focused IDT's) (Ai & Marrone 2012). For example, SAWs were
used to rapidly drive drops comprising a suspension of cells into scaffolds for three-dimensional
cell culture in tissue or orthopedic engineering (Bok et al. 2009, Li et al. 2007a). Compared to
capillary-gravity-assisted seeding, which is painfully slow and leads to most cells being seeded only
along the scaffold periphery, cells driven into the scaffold using SAW-assisted drop translation
were found to penetrate deeply, thereby facilitating a more uniform seeding density. In other
work, SAWs were employed to dispense and transport individual drops (Renaudin et al. 2006) to
different heater locations on an open polymerase chain reaction platform, in which it was claimed
that the mixing in the drop due to the SAW streaming (Alghane et al. 2011; Shilton et al. 2008,
2011b) led to enhanced hybridization efficiencies (Wixforth et al. 2004). The drops’ positions
may be determined using an echo-localization method (Renaudin et al. 2009). However, more
recently Travagliati et al. (2012) demonstrated the possibility of detecting the presence of a drop
and positioning it. This led to the design of integrated logic gates without a feedback control
requirement by incorporating two Bragg reflectors comprising parallel short-circuited periodic
strips between the IDT's to form a cavity for the traveling SAW. A SAW that matches the resonance
of the cavity is therefore fully transmitted in the absence of a fluid loading on the cavity pad but
is nearly fully reflected when the drop is in (and trapped by) the cavity. Simultaneously, the SAW
may be used to detect the presence of the drop, and the drop can then be routed to other locations
and exploited for other sequential operations.

The rapid translation of sessile drops on open platforms can also be used for bioparticle
collection, sampling, and concentration (Tan et al. 2007b) and for subsequent downstream
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CLASSIC TERMS FOR ACOUSTIC STREAMING

Eckart streaming is acoustic streaming within the fluid bulk, away from the sound source (Eckart 1948). It appears
over length scales greater than one sound wavelength in the fluid, due to viscous attenuation of the sound radiating
into the fluid from the source. If the fluid size is less than one wavelength, this streaming may not appear.

Rayleigh streaming is acoustic streaming in the bulk of a fluid typically in a vortical pattern, with each vortex
having a scale of one wavelength in the fluid (Rayleigh 1884). It appears because of streaming present in the viscous
boundary layer surrounding the fluid bulk.

Schlichting streaming is acoustic streaming within the viscous boundary layer toward the source of acoustic
energy due to viscous attenuation (Schlichting 1932). Because the viscous boundary layer is typically much smaller
than the acoustic wavelength, this streaming is the most fine-grained of the three.

All these streaming terms are used in the literature as extensions of the forms of streaming reported by the
respective authors, and not always correctly. The important aspects to keep in mind are the dominance of one form
of streaming over another, depending on the scale of the fluid system, and the potential to have all three forms of
streaming, giving rise to very complex phenomena.

detection, for example, in combination with surface plasmon resonance (Galopin et al. 2007).
Careful heat management is crucial because heating due to the viscous absorption of the BAW in
the fluid arising from SAW leakage has been reported to reduce the signal reflectance (Renaudin
et al. 2010). Nevertheless, not only is the SAW useful here to enhance detection sensitivity
through the convective transport of target analytes to the binding sites, but additionally the SAW
streaming can be harnessed to hydrodynamically shear unbound or nonspecifically bound targets
(Sankaranarayanan et al. 2008, 2010). In a similar manner, the shear stresses imposed by the SAW
streaming have also been employed to stretch and unfold von Willebrand factor fibers—repeated
protein dimer units that play a crucial role in mediating the blood-clotting process by regulating
platelet adhesion to damaged blood vessel walls—beyond a critical shear rate that triggers a
globule stretch transition (Schneider et al. 2008b).

3.2. Microchannel Transport

Cecchini et al. (2008) reported the first SAW microchannel transport mechanism, in which liquid
was drawn through a PDMS microchannel placed atop the SAW substrate in the direction op-
posing SAW propagation (Figure 44). Rather than a typical pump mechanism, the reported flow
is actually a result of atomization of the meniscus that deposits droplets ahead of the meniscus
front, which subsequently coalesce with the front to cause it to advance as the authors claim, albeit
very slowly. If the surface tension is reduced, a thin film can be drawn out from the fluid drop
owing to Rayleigh streaming, which propagates at a higher speed toward the SAW source than
with the atomization-driven front advancement (Rezk et al. 20122) (see the sidebar Classic Terms
for Acoustic Streaming). Upon reaching the IDT providing the source of acoustic radiation, it
thickens until Eckart streaming takes over, forcing the rapid flow of rivulets of fluid in the direction
of SAW propagation.

Microparticles placed into a system reminiscent of Cecchini et al. (2008) can be shown to collect

in cross-channel patterns that illustrate how a leaky SAW decays in only a few wavelengths along
the fluid channel from the IDT source (Manor et al. 2012). Liquid actuation in a two-dimensional
5 x 5 square microchannel grid was demonstrated using multiple IDT’s arranged at the entry
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Figure 4

Schematic depiction of the various surface acoustic wave (SAW) fluid actuation and manipulation concepts (not to scale). (#) Fluid
transport through a polydimethylsiloxane (PDMS) microchannel, open at both ends, placed atop the SAW substrate along the
longitudinal axis of SAW propagation (Cecchini et al. 2008). (5) This was later extended toa 5 x 5 square PDMS microchannel grid
with multiple interdigital transducer (IDT’s), each being located at the entry and exit points of the grid (Masini et al. 2010). (¢) Fluid
transport around a closed PDMS microchannel loop placed atop the SAW substrate (Langelier et al. 2012, Schmid et al. 2012).

(d) Fluid switching mechanism with two transverse IDT’s flanking a microchannel. The central hydrodynamically focused stream is
deflected into a bifurcated outlet downstream with the transverse SAW by imparting a direct acoustic force on the liquid-liquid
interface or as a consequence of acoustic streaming induced in the coflowing laminar streams (Franke et al. 2010).
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and exit points of the grid (Figure 4b) (Masini et al. 2010). By controlling selected IDT's, one can
cause the liquid to turn at right angles at the desired grid junctions or even to split the flow at an
intersection. Because of the trigonal anisotropy of single-crystal lithium niobate and the almost
ubiquitous use of the 127.86° Y-rotated, X-propagating cut for making SAW devices, the crossflow
along the y axis is significantly weaker than the flow along the x axis. The open channels also pose
significant disadvantages, in terms of the susceptibility of the liquid to evaporation, the nonuniform
contact line advancing speeds due to contact line instabilities, and pinning and hysteresis in the
presence of surface impurities. The difficulties in maintaining a uniform advancing speed are also
compounded by the atomization of the meniscus front and its coalescence with the deposited
droplets. Schmid et al. (2012) subsequently demonstrated a closed-circuit PDMS microchannel
pump that circumvents these limitations (Figure 4c). The same racetrack loop was used several
times in succession for microfluidic cell-cell, cell-particle, and cell-surface interaction studies
(Fallah et al. 2010, Fillafer et al. 2009, Schneider et al. 2008a) and to invoke the shear stretching
of the von Willebrand factor fibers discussed in Section 3.1.

Liquid interfaces in coflowing laminar streams within a straight PDMS channel may also be
manipulated by placing the IDT's transverse to the channel in a setup similar to that of Shi et al.
(2009b) and that depicted in Figure 2¢, except employing traveling SAWs (Figure 44) (Franke
etal. 2010). In this case, however, the authors used the transverse SAW from the transverse IDT's
to deflect the central hydrodynamically focused stream. Cells flowing within the central stream
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can then be sorted into the branches of a downstream channel bifurcation. In this case, the acoustic
radiation force on the cells was sufficiently small—a consequence of the choice of frequency such
that the cell’s size is below the crossover size at which the drag force on the cell dominates (Rogers
et al. 2010). As a result, the cells are enslaved to the hydrodynamics and follow the trajectory of
the carrier stream. It is not clear whether the deviation of the stream arises as a consequence of
SAW-induced streaming as the authors claim or whether it arises as a consequence of the direct
acoustic force on the particles themselves. We believe that the latter is perhaps more plausible
based on the results of a related study employing the same setup to deflect individual drops in an
immiscible fluid continuum flowing within the microchannel (Franke et al. 2009).

As with Cecchini et al. (2008) and the channels described in Section 2 for continuous-flow
particle separation, PDMS channels in all of these designs were mounted on the SAW substrate to
compose a partial or complete fluid enclosure. Nevertheless, the use of PDMS atop the substrate
is a major limitation despite its fabrication ease and low costs because of the acoustically lossy
nature of elastomeric materials, which leads to excessive absorption of the acoustic radiation, thus
resulting in excessive heating, undesirable resonance or reflection, high power consumption, and
hence low efficiency (Langelier et al. 2012). To circumvent this, Tan et al. (2009a) laser-ablated
microchannels into the SAW substrate along the crystal orientation axis (Figure 2d) such that
the SAW travels along the sides of the microchannel. The leakage of the sound field into the fluid
at the Rayleigh angle along the channel side walls then results in acoustic streaming, which drives
fast unidirectional fluid actuation in the microchannel in the direction of SAW propagation, if the
channel width typically matches the sound wavelength in the fluid, or induces an oscillatory flow,
which can be exploited for micromixing if the channel width is considerably larger than the sound
wavelength.

As it may often be impractical to expand or contract the channel to pump and mix on a
single device, reversible switching between transport and mixing can be achieved along the same
microchannel by switching between the fundamental and harmonic frequencies employing a single
IDT configuration using the fundamental and harmonic overtone resonance frequencies (T'an etal.
2010b). Tan etal. (2009¢) also demonstrated particle sorting into downstream channel bifurcations
while pumping in these microchannels embedded in the SAW device by driving double-aperture
focusing IDT's. A particle traveling along the microchannel experiences an asymmetric acoustic
radiation force that deflects it to one side of the microchannel when one of the two IDTs is
activated. The standing wave across the channel can be deliberately suppressed by employing an
anechoic trapezoidal channel with channel side walls that have different slopes, leaving only a
traveling wave across the channel that presents a direct acoustic force on the particle from one
side or the other as desired. The anechoic form of the channel cross section avoids the standing
acoustic waves in the fluid bulk as discussed in Section 2. One can then also introduce streaming
and hence flow through the microchannel to facilitate particle transport.

The microchannels in Tan et al. (2009a,c, 2010b) were nevertheless open to atmospheric con-
ditions, suffering from the same drawbacks of evaporation and sample contamination of other
open-channel or planar drop devices. There had been longstanding challenges associated with
the bonding of piezoelectric materials, including a need to accommodate electrodes and the in-
tolerance of wafer bonding processes, particularly the high temperatures that lead to charging,
fracture, and even depolarization of the piezoelectric material. Therefore, closing the channels
with nonacoustically lossy materials such as glass and silicon has only recently been made possible.
Langelier et al. (2012) first aligned a glass cover slide and brought it into contact with the SAW
substrate with the aid of a compressional load. A low-viscosity epoxy resin was then wicked into
the microscopic gap between the surfaces via capillary pressure and then cross-linked under UV
light to form a thin, rigid adhesive bond between the surfaces. The transmission of SAWs along
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THE REYNOLDS NUMBER: HYDRODYNAMIC, STREAMING, AND ACOUSTIC
REPRESENTATIONS

A universal issue in treating acoustic fields in microfluidics is the appropriate use of the Reynolds number, Re. The
hydrodynamic Reynolds number is typically less than 1 in most microfluidics devices. This form, however, makes
use of the Eulerian fluid velocity, which is inappropriate for situations incorporating acoustics. The streaming
Reynolds number is the typical and far more useful representation in these cases, using instead the Lagrangian fluid
velocity, incorporating the vibration velocity induced by the passage of the acoustic wave. The need for a distinction
is apparent from the literature in this area, with researchers showing turbulent flow, mixing, enhanced diffusion,
and other such phenomena in microfluidics devices in which typically the hydrodynamic Re < 1. Unfortunately,
there are various definitions of the streaming Reynolds number, and some call this number the acoustic Reynolds
number (which is actually a fluid property and constant) (see the glossary in Friend & Yeo 2011).
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the bonded substrates appeared to improve with thinner bond interfaces, particularly when the
bond was made to be far thinner than the wavelength of the SAW, which was achieved through
higher compressional loading placed on the interface before instilling the epoxy. This technique
breaks down for very high-frequency SAWs, for which the wavelength becomes comparable to
the micrometer-order thickness of the bond. Langelier et al. (2012) demonstrated that a SAW
closed-loop microchannel pump bonded using this technique achieved similar backpressures in
comparable microchannel dimensions but with a tenfold decrease (10 dB) in the requisite energy
transmission compared to that of the PDMS-bonded microchannel pump of Schmid et al. (2012).

3.3. Microcentrifugation

To date, sample preconcentration remains a considerable challenge in microfluidics, and there
have been few viable solutions, let alone attempts, to drive efficient centrifugation at small scales.
Fortunately, as seen above, the fluid-structural coupling associated with SAW microfluidics is suf-
ficiently effective to drive flows to have Reynolds numbers beyond unit order (see the sidebar The
Reynolds Number: Hydrodynamic, Streaming, and Acoustic Representations). Driving azimuthal
fluid recirculation in microcentrifugation, however, requires the ability to break the symmetry of
the planar SAW wave across a drop or fluid confined in a circular chamber. Li et al. 2007b) were
the first to report several methods to systematically and reliably break the symmetry of the planar
wave and therefore induce fluid rotation across the entire drop (Figure 5), by offsetting the drop
such that part of it lies outside the radiation pathway, incorporating a slanted cut at the device
edge such that the reflections at the edges are asymmetric across the device, or absorbing part of
the energy of the wave at the reflector IDT.

Mixing is notoriously difficult in microfluidic devices, particularly because the low Reynolds
numbers do not permit turbulent mixing vortices. As such, both passive and active micromixing
strategies have been pursued to introduce chaotic advection into the system to efficiently stretch
and fold the fluid element striations, thereby increasing the interfacial area and hence reducing the
diffusion timescale. Given the relatively large Reynolds numbers typical of SAW-driven microflu-
idics (Re ~ 10-100), SAW-driven advective flows are therefore particularly efficient at driving
chaotic micromixing (Alghane et al. 2012a,b; Frommelt et al. 2008; Shilton et al. 2011b) whether
through oscillatory flows in microchannels (Tan et al. 2009a, 2010b) or through azimuthal mi-
crocentrifugal flows in drops or cylindrical microchambers (Li et al. 2007b, Shilton et al. 2008)
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Figure 5

Schematic depiction of various schemes for symmetry breaking of a surface acoustic wave to drive microcentrifugation (Li et al. 2007b).
(@) Offset placement of the drop such that only part of the drop lies in the radiation pathway. (b)) Asymmetric wave reflection at the
slanted edge of the device. (¢) Asymmetric wave reflection via wave absorption on one-half of the reflector interdigital transducer.

(Figure 6a). Indeed, such efficient mixing (Tseng et al. 2006), possibly aided by modest sample
heating by the leakage of the SAW into the fluid, has led to a notable enhancement in chemical and
biochemical reaction yields and has significantly reduced reaction times (Kulkarni et al. 2009). For
example, a standard overnight in-gel tryptic digestion procedure can be reduced to a mere 30 min
with a SAW while maintaining excellent and reproducible protein coverage (Kulkarni etal. 2010).
However, it has yet to be ascertained whether activation energy barriers are overcome via temper-
ature or compressional effects. Such mixing has also been shown to lead to enhancement in sensor
detection (Ducloux et al. 2010). SAW-driven drop mixing was reported by Li et al. (2012b), who
further combined the SAW platform with an electrode array to take advantage of the finer ability
for drop manipulation (e.g., translation, splitting, and merging) with electrowetting. A scheme to
detect the drop position using surface-horizontal SAWs (see, e.g., Kondoh et al. 2003) was also
included.

In contrast to dispersing solutes through chaotic advection, particle and bioparticle suspensions
can be concentrated for partitioning, separation, and sorting within a drop placed on a SAW de-
vice as a microcentrifuge, mimicking conventional laboratory-based centrifugation at a far smaller
scale. Figure 6b shows the rapid concentration of submicrometer fluorescent particles under a
strong microcentrifugation flow induced within a drop or cylindrical microchamber by the SAW
in under 1 s (Li et al. 2007b, Shilton et al. 2008). This is extremely useful, for example, for the
separation of red blood cells (Li et al. 2007b) from plasma for subsequent downstream processing,
analysis in microfluidic point-of-care diagnostic devices, or for sample preconcentration for subse-
quent downstream detection, circumventing the low-detection sensitivity limitations that typically
plague biosensor technology to date. In addition to allowing detection with greater sensitivity,
the rapid convective flow overcomes diffusional limitations in the transport of the analyte to the
capture probes immobilized on the surface, thus enhancing the detection speed, and also can aid
in shearing unbound or nonspecifically bound targets to amplify the selectivity of the detection.
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Figure 6

Microcentrifugation driven by surface acoustic waves in a millimeter-dimension microchamber demonstrating (#) efficient micromixing
(Shilton et al. 2011b), (b) rapid concentration of 500-nm fluorescent particles (Shilton et al. 2008), and (c) size-dependent particle
sorting between pollen (1213 pm; center) and polystyrene microparticles 31 umy; periphery) (Rogers et al. 2010).
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The particles concentrate within the microcentrifugation flow via three possible mechanisms:
on the free surface of the drop by shear-induced diffusion (Li et al. 2007b, Shilton et al. 2008),
within the bulk of the drop owing to drop-scale secondary meridional vortices that convect the
particles to a pseudoconverging stagnation point in the center of the drop (Raghavan et al. 2010),
or sound wavelength-scale segregation due to the BAW in the fluid.

Given the distinct particle size scaling of the acoustic radiation force and the drag force discussed
in Section 2, these competing forces, which act on a particle suspended in the flow in opposing
manners, can be exploited to discriminate, sort, and partition particles based on their size in
the microcentrifugation flow (Rogers et al. 2010). Given that the drag force dominates below a
frequency-dependent crossover particle size, particles with dimensions smaller than the crossover
appear to concentrate in the center of the drop, whereas particles with dimensions above the
crossover are seen to be driven to the periphery of the drop by the direct acoustic force that
dominates the fluid drag above the critical crossover size of the particle. This was demonstrated
to separate synthetic particles from pollen in the SAW microcentrifuge (Figure 6¢).

Furthermore, the azimuthal microcentrifugation flow on the SAW device can be exploited to
drive the rotation of impellers housed in microchambers filled with the rotating fluid and arranged
such that it is exposed to asymmetric SAW radiation through one of the schemes illustrated in
Figure 5 (Shilton et al. 2012) or discs placed atop the rotating fluid (Shilton etal. 2011a). Rotation
speeds of the order of 1,000 rpm and up to 10,000 rpm with torques of the order of 100 nN-m,
depending on the viscosity of the fluid, have been reported for a range of impeller and disc designs
between 200 nm and 5 mm in diameter. In the case of the impellers or discs in the microchambers,
the rotation is driven directly by contact with the SAW vibration on the substrate without requiring
a fluid couplant by exploiting adhesive stiction with the impeller or disc surface (Shilton et al. 2012,
Tjeung etal. 2011). The bane of microelectromechanical systems is made useful here: Such solid-
state actuation is desirable when the presence of a fluid couplant is inconvenient and acts to retain
the rotor in place both when operating and when off.

Finally, microfluidic features such as microchannels and reaction/separation microchambers
can be patterned onto the discs to carry out a variety of chip-scale microcentrifugal operations, not
unlike the concept of a lab on a compact disc (CD) (Madou et al. 2006). The distinction, however,
is the small size of the discs in the SAW-driven miniature lab-on-a-disc (miniLOAD) platform
(Glass et al. 2012), which are one to two orders of magnitude smaller than the CD structures
(Figure 7) and consequently more convenient to use and discard, a necessity in hygienically
sensitive operations such as medical diagnostics. In addition, the entire miniLOAD platform, which
comprises the SAW substrate together with the portable driver circuit (Figure 1), is integrated
within a battery-powered, miniature handheld platform, unlike the lab on a CD, which requires
a large laboratory benchtop CD player to drive the bulk rotation of the CD. In the initial proof
of concept, Glass et al. (2012) demonstrated various microfluidic operations, such as capillary-
based valving, micromixing, and size-dependent particle separation, on the miniLOAD platform.
Alghane et al. (2012b) also explored the behavior of confined acoustic streaming relevant to the
action of the fluid on the disc by examining the scaling effects of the fluid height and their coupling
to the SAW-induced streaming within.

4.JETTING

If the streaming in a drop is confined and directed toward the drop’s free surface with sufficient
inertia to overcome the capillary stress and hence deform the drop interface, it is possible to
extrude a thin liquid jet that emanates from the free surface of the drop; this was first illustrated
by Shiokawa et al. (1990). Tan et al. (2009b) later showed examples of controlled jetting in which
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Figure 7

The miniature lab-on-a-disc centrifugal microfluidics platform (Glass et al. 2012). A typical capillary valving operation on the platform

is shown.
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a millimeter-sized drop deforms into an elongated liquid column that extends over centimeters in
length without requiring nozzles or orifices. To concentrate the energy under the drop and hence
drive inertial streaming that converges from the side of the drop vertically toward the drop’s free
surface to deform the drop into a jet, Tan et al. (2009b) employed a pair of elliptical focusing
single-phase unidirectional transducers (Shilton et al. 2008), driving two coincident SAWs from
both ends of the substrate such that they converge at a focal point underneath the drop. As shown
in Figure 84, the jet subsequently suffers from the usual Rayleigh-Plateau instability and either
pinches off to form a single droplet or breaks up to form multiple droplets, depending on the
jet’s Weber number, We = psz,- R;/y,where Uj, R;, p, and y are the jet velocity and radius and
the fluid’s density and surface tension, respectively. This defines the relative magnitude between
the destabilizing inertial stress and the stabilizing capillary stress that in turn describes the jet’s
behavior.

Bhattacharjee et al. (2011) employed SAW jetting to extend a pendant drop on an inverted
substrate such that it formed a liquid bridge with a second substrate beneath it (Figure 85). They
then showed that the capillary thinning of the Newtonian liquid bridge followed the expected
behavior for viscous fluids undergoing surface-tension-driven necking in which the neck radius
decreases linearly until breakup occurs, thus demonstrating the SAW-driven microfluidic liquid
bridge platform, termed the Acoustics Driven Microfluidic Extensional Rheometer (ADMIER), as
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Figure 8

Surface acoustic wave (SAW) jetting. (#) Time-series images of the liquid jets and their subsequent breakup to form single or multiple
droplets as a function of the Weber number, We (Tan et al. 2009b). (») Time-series images showing the downward jetting of pendant
drops with the SAW to form liquid bridges connecting a second bottom substrate. The subsequent thinning behavior of the liquid
bridge is used to characterize the extensional behavior of Newtonian and viscoelastic fluids (Bhattacharjee et al. 2011).

a reliable rheometric tool for examining the evolution of fluid microstructures under elongation.
A significant advantage of the ADMIER platform over the commonly employed capillary breakup
elongation rheometry (CaBER) technique is the possibility of circumventing CaBER’s limitation
in forming capillary bridges of fluids with a viscosity below 70 mPa-s, which break up quicker
(<50 ms) than the CaBER is able to form them. The ADMIER approach, however, is able to form
a stable fluid bridge in just 0.1-10 ms. For the first time, therefore, one can carry out extensional
rheometry of low-viscosity fluids such as water. Furthermore, the capillary thinning of viscoelastic
liquid bridges followed the expected exponential thinning behavior in the elastocapillary dominant
regime, thus allowing the measurement of the viscoelastic relaxation time, which is a clear signature

of polymer-induced elasticity.
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CAPILLARY WAVES AND NEBULIZATION

Capillary waves and their breakup to form droplets have been features of ultrasound technology for at least 40 years,

with ultrasonic nebulizers widely available for medication and mist generation. A SAW is an effective means for

generating atomized mists via capillary wave breakup, although it forms droplets possessing a size not correctly
predicted by classical theories such as those used by Lang (1962). Indeed, why capillary waves appear at all at a
fluid interface when the fluid bulk is excited by 10-MHz-order acoustic waves is an important question. By exciting
the fluid interface, Blamey et al. (2013) demonstrated in a recent study the presence of capillary wave turbulence, a
broadband Rayleigh-Jeans cascade from the fundamental capillary wave mode at frequencies of the order of 100 Hz
to 1 MHz. The capillary wave train was formed from turbulence induced by the acoustic streaming. However, it
remains an open question as to what drives the droplet size from such a broadband response.
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5. ATOMIZATION

At higher powers, typically of the order of 1 W, the acceleration induced by the SAW increases to
the order of 108 m?/s, providing sufficient energy coupled through the streaming in a sessile drop
to destabilize its interface, leading to its subsequent breakup to form 1-pm-order aerosol droplets
(Chono et al. 2004, Kurosawa et al. 1995, Qi et al. 2008). The underlying physical phenomenon
that gives rise to atomization through capillary wave breakup is surprisingly complex (Blamey
et al. 2013) (see the sidebar Capillary Waves and Nebulization). Regardless, such an ability to
produce a fine mist of monodispersed micrometer-dimension aerosol droplets with input powers
that can still be generated using a battery-operated portable driver circuit coupled to a miniature
chip-scale SAW substrate (Figure 1) constitutes a powerful tool for many applications involving
aerosol production.

As one example, the SAW atomization platform has the potential to revolutionize pulmonary
drug delivery with a means to efficiently deliver a uniform distribution of aerosolized drug with
aerodynamic droplet diameters in the 1-5-pm range to target the deep lung region, all within a
miniaturized, low-cost handheld platform (Qi et al. 2009). Unlike inhalers, which require hand
and breath coordination, and hence training on proper usage, which leads to poor compliance
with infants and children, the specific amount of drug delivered can be adjusted such that the
administered dose can be tuned to the physiological profile (age, gender, size, disease severity)
of a particular patient (Yeo et al. 2010b). Furthermore, there is a significant advantage of SAW
atomization over ultrasonic nebulization beyond the capability for miniaturization: The cavitation
and shear damage commonly inflicted on large therapeutic molecules such as peptides, proteins,
DNA, and stem cells during ultrasonic nebulization are typically negligible at the considerably
higher frequencies (10 MHz and above) of operation associated with SAW atomization (Yeo
et al. 2010b). Because the onset of cavitation is dependent on the square of the frequency of the
acoustic irradiation (Friend & Yeo 2011), cavitation is essentially absent at higher-megahertz-
order frequencies. Moreover, the characteristic timescales at high frequencies are considerably
shorter than those associated with molecular hydrodynamic shear relaxation and with molecular
degradation or cell damage (Li et al. 2009, Qi et al. 2010).

Qi et al. (2009) demonstrated the miniaturized SAW atomization platform for the pulmonary
delivery of asthmatic steroids. They reported up to 80% in vitro lung dose efficiencies, significantly
higher than the 10-30% obtained with commercially available inhalers and nebulizers. The SAW
atomizer is nevertheless a generic platform: Any drug solution that can be atomized can potentially
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be delivered by inhalation. Indeed, there have been recent in vitro and in vivo studies that show
good therapeutic efficacy with monoclonal antibodies and DNA-based vaccines (A. Rajapaksa,
J. Ho, A. Qi, T.H. Nguyen, M. Tate, et al., manuscript under review). In the latter, in sheep dosed
with plasmid DNA encoded with an HINT1 influenza vaccine sequence delivered via inhalation
with SAW atomization, the systemic antibody response showed results comparable with those
obtained with vaccines delivered parenterally (A. Rajapaksa, J. Ho, A. Qi, T.H. Nguyen, M. Tate,
et al., manuscript under review).

Polymeric and protein nanoparticles can also be simply and rapidly synthesized by atomizing
a solution of polymeric excipient (Alvarez et al. 2008b, Friend et al. 2008, Kim et al. 2005). The
evaporation of the solvent in-flight as the droplets leave the free surface of the parent drop then
leaves behind a 100-200-nm-diameter solidified spherical cluster comprising sub-50-nm particle
aggregates, arising as a consequence of spinodal phase separation driven by nonuniformity in the
evaporation (Friend et al. 2008). Furthermore, peptides, proteins, DNA, and other therapeutic
molecules can be encapsulated within the polymer shell (Alvarez et al. 2009). If the polymer is
biocompatible and biodegradable, such particles then constitute a method for uniform and con-
trolled release of the drug over prolonged periods determined by the polymer in vivo degradation
timescale. The ability of the SAW atomizer here presents a unique opportunity for simultaneous
synthesis and encapsulation together with in situ pulmonary delivery at the point of need, which
could potentially address problems associated with the stability and degradability of the nanopar-
ticles during storage or transport, particularly in the developing world, where problems associated
with extreme heat or the breaking of the cold chain due to a lack of refrigeration facilities are
common. In addition, solvent evaporation as the polymer solidification method typically leads
to higher encapsulation efficiencies compared to other synthesis and encapsulation methods that
rely on solvent extraction (i.e., polymer desolvation), as the solvent evaporates much more quickly
than the aqueous phase containing the therapeutic, thus trapping it within the fast solidifying
polymer shell. Furthermore, Qi et al. (2011) demonstrated the possibility of drug encapsulation
within nanoparticles comprising multiple layers of polymers by simply suspending the solidified
polymer nanoparticle within a complementary polymer solution and reatomizing this solution.
Every successive repetition of this atomization-suspension cycle adds an additional polymer layer
over the existing nanoparticle. Qi et al. (2011) showed good stem cell-transfection efficiency
with plasmid DNA encapsulated nanoparticles with up to eight alternating layers of chitosan (or
polyethyleneimine) and carboxymethyl cellulose.

Atomization can also be carried out from the liquid meniscus that forms at the edge of a paper
strip brought in contact with the SAW device (Qi et al. 2010). Atomization from paper has several
advantages. At the paper edge, it generates a negative pressure gradient that draws liquid rapidly
through the paper such that it acts like a capillary wick, therefore constituting a simple, low-cost,
disposable fluid delivery option connecting the SAW device with a liquid reservoir. There are two
further advantages associated with the use of paper delivery for SAW atomization. As opposed to
atomization from a sessile drop, SAW excitation tends to draw out a counterpropagating (i.e., in
the direction opposite to the SAW propagation direction) thin-film meniscus (Manor et al. 2012,
Rezk et al. 2012a) that forms at the edge of the paper substrate in contact with the hydrophilic
lithium niobate substrate; the thin meniscus is defined by the thinness of the paper. The small
aspectratio of the advancing film from which atomization ensues not only facilitates the generation
of the smaller 1-5-um droplet sizes necessary for optimum inhalation therapy, but also allows the
possibility of generating submicrometer droplet dimensions given the dependence of the interfacial
instability wavelength and hence the ejected droplet size on the aspect ratio of the parent liquid
source (Collins et al. 2012, Qi et al. 2008). Furthermore, the paper can act as a filter matrix that
allows analyte preseparation prior to subsequent on-chip operations or atomization (Ho et al.
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2011). Tllustrating the use of this approach on cell cultures, Bllaci et al. (2013) showed that live
islets of Langerhans can be irradiated with SAWs and the fluids within the intercellular matrix of
these islets can be nebulized to examine the key factors in the onset of diabetes with matrix-assisted
laser desorption/ionization mass spectrometry.

In fact, paper can be employed in place of conventional silicon or elastomeric microfluidic
substrates to carry out a wide range of assays—as a more versatile and sophisticated version of
its ubiquitous predecessor, the home pregnancy test strip. Paper-based microfluidics has received
widespread attention of late because of its promise of portable, inexpensive, and reliable point-of-
care diagnostics, especially for use in developing nations (Li et al. 2012a, Martinez et al. 2010).
Rezk et al. 2012b) demonstrated the use of SAW atomization for driving fast and uniform fluid
flow and mixing in paper networks to overcome limitations associated with microscale nonuni-
formities present in paper and consequent irregularities in passive capillary transport through the
tortuous channels of the paper. Atomization is also a powerful tool for the extraction of analytes
and biomolecules out of the paper substrates for subsequent analysis and detection (Qi et al. 2010).
For example, SAW atomization has been employed as a simple, yet effective ionization source to
interface microfluidic chips and paper-based microfluidics with mass spectrometry, achieving de-
tection limits comparable with those obtained with inductively coupled plasma mass spectrometry,
which is considered the gold standard for trace quantities of toxic heavy metals (Heron et al. 2010,
Ho et al. 2011). A further advantage of SAW atomization as an ionization source is its ability to
produce ions with lower internal energies than electrospray ionization, therefore leading to lower
molecular fragmentation tendencies (Huang et al. 2012), thus enabling the application of SAW
atomization for the analysis of, for instance, amphiphilic and labile molecules with aggregation
tendencies, such as lipid samples (Yoon et al. 2012).

6. ACTUATION ON THIN-FILM DEVICES

In addition to piezoelectric substrates, it is also possible to generate SAWs on piezoelectric thin
films such as zinc oxide (ZnO) and aluminum nitride, thus allowing the possibility of carrying out
SAW-driven microfluidics on conventional silicon substrates, on which a thin film with a 1-um-
order thickness is deposited. To drive acoustic streaming in a drop, investigators employed the
first harmonic of Rayleigh SAWs (i.e., the Sezawa SAW mode) that exists in these structures when
the ratio of the film thickness to wavelength is around unity. The streaming velocities obtained
were comparable with or slightly higher than those obtained with Rayleigh SAWs generated on
lithium niobate at the same frequency (Du et al. 2008). Drop transport driven by both Rayleigh
SAWs and Sezawa SAWSs was subsequently demonstrated by patterning a silane layer atop the
ZnO film to render the film hydrophobic, again with translation velocities of the order of 1 cm/s,
similar to those obtained on lithium niobate devices discussed in Section 3.1 (Du et al. 2009). Brief
allusion was made to other fluid manipulation schemes demonstrated on lithium niobate devices
discussed above, such as particle manipulation (Section 2) and atomization (Section 5) (Fu et al.
2012a,b), although a thorough investigation to show careful control of their behavior has yet to
be reported. Fu et al. (2010) have provided an in-depth discussion on the material properties that
support good acoustic wave transmission in thin ZnO films together with an overview of various
deposition methods. Recently, Fu et al. (2012a) showed a promising possible route to circumvent
these limitations by depositing a ZnO thin film on a very smooth nanocrystalline diamond layer,
which permitted the growth of the film along the c-axis orientation (i.e., the principal axis) of
the crystal. Diamond was chosen not only because of its large elastic modulus and enhanced
mechanical strength, but also especially for its fast sound propagation—in fact, diamond has the
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highest sound speed of all materials—thus isolating the Sezawa wave energy to the piezoelectric
thin film present atop the diamond and avoiding parasitic losses into the substrate.

7. SUPERSTRATE COUPLING

Hodgson et al. (2009) first demonstrated the possibility of transmitting the acoustic energy from
the SAW into a glass superstrate mounted above the SAW device atop a fluid/gel coupling layer,
thus presenting an opportunity for microfluidic operations to be conducted on a material conven-
tionally used in fabrication instead of a piezoelectric substrate. The isolation of the working fluid
from the piezoelectric substrate not only provides the option for disposability with cheaper ma-
terials and reuse of the SAW device, but also allows greater flexibility for chemical and biological
functionalization and heating of surfaces that may otherwise be impractical or unsuitable.

Nevertheless, despite misunderstandings that have been repeated in subsequent literature, the
manner in which the acoustic energy is coupled does not support the existence of a SAW in the
superstrate—a Lamb wave is excited on the substrate in place of the SAW with roughly 50%
transmission efficiency, as shown by Hodgson et al. (2009). Within, it has been shown that it is
still possible to carry out microfluidic manipulations atop the superstrate similar to those driven by
the SAW, such as drop translation and atomization, albeit at the expense of additional dissipative
losses through the superstrate and the lower fluid-structural coupling efficiency of Lamb waves.
In addition to drop translation and merging, Bourquin et al. (2010) later showed the potential for
driving the same microcentrifugation processes for particle concentration discussed in Section 3.3.
Symmetry breaking of the planar acoustic wave into the drop to drive the azimuthal recirculation
was instead achieved using tIDT's. The width of the SAW generated by the application of a specific
input frequency corresponding to a particular location along the tIDT aperture (and associated
with the particular finger and gap width there) is much smaller than the drop dimension (Wu
& Chang 2005). This finding was later employed to drive rapid convective mixing in the drop
suspended with beads labeled with antibodies to facilitate antigen capture and subsequently to
concentrate the beads onto the surface for binding with detection antibodies (Bourquin et al.
2011a). In addition, a wash step was also incorporated by sweeping the drop containing unbound
beads away from the locality of binding to achieve more sensitive detection via fluorescence. Later
work also used a similar setup for superstrate-based microcentrifugation for the release of DNA
through lysis of the blood cells, and subsequent detection via amplification of specific malarial
parasitic sequences using polymerase chain reaction (Reboud et al. 2012a).

To compose band gap and waveguide structures that can be exploited to filter, scatter, or reflect
the Lamb waves, one can construct a phononic crystal lattice by patterning on the superstrate a
regular periodic array of vacancy sites, circular holes, or posts, each with a diameter D correspond-
ing to the IDT spacing and hence one-half the acoustic wavelength, with an array pitch p specified
to give a fill fraction (7t D?/4p?) of 0.5 (Khelif et al. 2004). This was demonstrated for shielding
a sessile drop from part of the Lamb wave as an alternative symmetry-breaking measure to those
discussed in Section 3.3 for driving azimuthal recirculation within the drop (Wilson et al. 2011)
or for focusing the wave to drive jetting (Bourquin et al. 2011b) similar to that in Section 4 or
atomization (Reboud et al. 2012b) similar to that in Section 5.

Finally, it is also possible to transmit acoustic energy into a superstrate without the use of a
fluid/gel coupling layer. Johansson et al. (2012b) placed a fused silica superstrate atop an X-cut,
Z-propagating lithium tantalate substrate, both with and without a 5-um-thick SU-8 adhesive
layer. The authors used the Stoneley interface waves generated between the piezoelectric sub-
strate and the silica superstrate to align particles (Section 2) in a microchannel etched into the
superstrate. The same group subsequently demonstrated a similar setup and particle alignment
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strategy by bonding a glass superstrate on the SU-8 layer deposited above a lithium niobate chip
(Johansson et al. 2012a). Unlike the case of Tan et al. (2009¢) discussed above in Section 3.2,
the trapezoidal channel they etched into the superstrate had side walls with similar slopes, and
hence the standing BAW generated within the fluid channel required to align the particles was
not suppressed. Nevertheless, the use of interface waves is an interesting development that may
find much broader use in the future.

FUTURE ISSUES

1. Current approaches to acoustic streaming typically follow the classic approaches of
Rayleigh, Nyborg, and Westervelt. They omit the treatment of streamwise accelera-
tion and overlook the fact that the vibration velocity may substantially exceed the fluid
velocity, each aspect invalidating the classic approach. Lighthill (1978) noted that for
megahertz-order frequencies, even weak acoustic waves (~1 mW) are beyond the lim-
its of the classic approach, exhibiting turbulence that results in fascinating phenomena
(Blamey et al. 2013), but also indicating that a new method is needed.

2. Confined flow generation using acoustic streaming is a challenge because of the forma-
tion of standing waves in the fluid chamber. These interfere with the symmetry breaking
necessary to form unidirectional flow with sufficient inertia to serve as a fluid or par-
ticle transport device. The use of SAW is helpful, but on mode conversion (Hodgson
et al. 2009), the acoustic wave is no longer bound to the surface, with substantial losses
throughout the system, particularly in devices constructed using soft lithography with
PDMS. Although alternatives have been offered (Langelier et al. 2012), they are only
stopgap solutions to the problem. The use of diamond and tungsten layers as acoustic
reflectors, silicon and glass patterning, and fluid superstrate coupling will potentially help
address these issues.

3. Interfacial dynamics is strongly coupled to the acoustic waves carried in the bulk of
fluids. The deformation of a fluid interface causes changes in the acoustic wave field in
the fluid bulk that can cause rapid fluid flow changes that are difficult to predict, let alone
accommodate, in microfluidics devices. Better understanding of the dynamics, especially
with very thin fluid films, is needed.

4. Fabrication improvements are vital to the integration of acoustic devices into microstruc-
tures for microfluidics. Although the mature discipline of soft lithography is suitable in
limited cases, many applications require the incorporation of piezoelectric materials into
silicon or glass structures. Even though this has been explored in piezoelectric inkjet
printing with success (Wijshoff 2010), manipulating fluids with greater acoustic powers
and acoustic streaming requires far more work.
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