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Acoustic waves—and ultrasound waves in particular—are bio-
compatible, with excellent transmission through biological tissues.
Furthermore, the wavelength and intensity of acoustic waves can
be tuned over several orders of magnitude. Most notably, the
commonly used 10-300 MHz frequency range is attractive for
biomedical applications, as its wavelength in water (5-150 pm)
corresponds to the cellular-length scale. Thus, acoustic micro-
manipulation has emerged as a promising tool for biomedical
studies and clinical diagnostics. Its basis is the movement of tiny
particles and objects actuated by acoustic waves, which is termed
acoustophoresis. The origin of this field can be traced back to the
17th century, when Hooke described the nodal patterns formed
by sand grains or flour as they spread on a vibrating drum surface
[1]. The method was later extended to visualize vibrations and
acoustic fields, and the patterns have since been known as Chladni
figures [1]. Two centuries later, Rayleigh provided a theoretical
explanation of the underlying principles—the acoustic streaming
effect [2] and the acoustic radiation force [3]. Since the 1920s
and the development of piezoelectric materials and electronic
devices, acoustophoresis has been exploited for the manipulation
of microscopic objects. For example, in 1928, Harvey and Loomis
[4] reported an intracellular protoplasmic rotation actuated by
ultrasonic waves.

In terms of instrumentation [5,6], acoustic waves are usually
generated by applying an alternating current voltage to a piezo-
electric material. According to the geometry of the piezoelectric
material, the acoustic source can be classified as a bulk transducer
[7], a plate transducer [8], a surface acoustic wave (SAW) trans-
ducer [9], and so forth. The acoustic energy from the transducer
is transmitted to the fluid for manipulation via a waveguide, such
as a glass substrate or a coupling medium.

The following discussion highlights promising applications of
acoustic micro-manipulation according to its underlying mecha-
nisms—namely, the acoustic streaming effect and the acoustic radi-
ation force—as schematically shown in Fig. 1.

The acoustic streaming effect arises from the attenuation of
acoustic waves and the concomitant induced motion of the fluid,
and can be used for the manipulation of micro-objects. This effect
can be generated near a vibrating fluid boundary, such as a vibrat-
ing bubble surface or a resonant microstructure surface, where the
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attenuation of acoustic energy induces boundary-layer streaming,
also known as Schlichting streaming. The shear by this
boundary-layer streaming drives a flow in the bulk fluid, which
is known as Rayleigh streaming. The acoustic streaming can also
be generated in the bulk of a fluid where acoustic waves propagate,
in which case it is known as Eckart streaming. Particles suspended
in the flow will migrate or rotate along with the acoustically
induced flow due to the fluid drag. These flows enable the acoustic
manipulation of micro-objects and of the fluid itself, which can be
exploited for pumping [10,11], mixing [12], and rotational motion
[8,13]. A typical system to realize acoustic manipulation is a
microfluidic chamber, where the resonant mode of the microstruc-
tures or microbubbles is excited by acoustic waves approximately
in the kilohertz range. The resultant acoustic streaming intensity
and profile are dependent on the acoustic intensity and acoustic
field distribution. Acoustic streaming permits the contact-free
manipulation of cells and organisms, and has become a promising
tool in biomedical studies.

First, acoustic streaming can provide tunable fluid pumping at
rates ranging from nanoliters per second to microliters per
second, which otherwise might require complex and expensive
mechanical pumps. Using acoustics, the pumping can be wire-
lessly activated and thus is potentially applicable even in implan-
table devices. Moreover, acoustic streaming can be used for
mixing in micron-sized fluid volumes, which is needed in lab-
on-a-chip devices to accelerate reactions and facilitate heat
transfer, but is challenging at these small scales due to the low
Reynolds number laminar flows. Intense convective flows can
be generated using the acoustic streaming effect, which can fur-
ther accelerate mixing. Finally, rotational control via fluid flow
permits the user to reorient a sample, such as a cell or small
organism (whose size ranges from ~1 pm to ~1 mm) [8,14], so
that it can be imaged from all sides without having to touch
the sample. Depending on the acoustic intensity, the rotation
speed can be tuned from approximately 10-1000 rotations per
minute (rpm). Aside from manipulation based on immobilized
microstructures or bubbles, acoustic streaming has also been
applied to actuate the motion of mobile microstructures, such
as propelling micro-swimmers [15] and actuating miniature
wireless robot arms [16].
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Fig. 1. Acoustic micro-manipulation and its biomedical applications.

The second key mechanism for manipulation is the acoustic
radiation force, which is the time-averaged force exerted on an
object due to the scattering and absorption of acoustic waves,
when the object is suspended in a fluid and subject to an acoustic
field. This force depends on the particles’ size and acoustic proper-
ties, as well as those of the surrounding medium (e.g., the density
and speed of sound). Standing waves in an acoustic resonator cause
particles to move to the acoustic pressure maxima or minima,
depending on the corresponding acoustic properties. The associ-
ated acoustic radiation force enables the manipulation of micro-
objects, including particle separation [7,17,18], patterning [9,19],
and remote capturing [20,21]. Since the acoustic radiation force
depends on size, density, and compressibility, it can be used to
separate microparticles that differ in one or more of these proper-
ties. This is useful in, for example, increasing the diagnostic
efficiency and accuracy of bio-analysis by isolating essential
biomarkers from a mixture or raw sample. In such an application,
a bio-sample typically flows through a microfluidic channel, and a
standing acoustic wave field redirects the analytes (i.e., cells and
microparticles) into the corresponding outlets due to differences
in the acoustic radiation force exerted on them. For example, cells
can be separated based on their difference in size (e.g., circulating
tumor cells can be separated from whole blood [17]) or in acoustic
properties (e.g., the acoustic phenotyping of tumor cells and blood
cells [7]). Particles ranging in size from 1 to 100 pm can commonly
be separated with a corresponding acoustic frequency ranging
from 1 to 100 MHz. Based on the device setup, micro-separation
systems can be classified as bulk acoustic wave (BAW) [7], SAW
[17], or film BAW (FBAW) devices [18]. In general, the acoustic fre-
quency of these three types of devices increases in the following
sequence: BAW (100 kHz-10 MHz), SAW (1 MHz-1 GHz), and
FBAW (1-10 GHz).

The acoustic radiation force has also been used for cell pattern-
ing, which is an essential technique for studying intercellular inter-
actions and building sophisticated three-dimensional (3D) cellular
assemblies and organoids for tissue engineering. In the standing
acoustic fields formed by oppositely placed acoustic sources or
by a source and a reflector, cells will migrate to the acoustic pres-
sure nodes and aggregate in lines. The distance between the nodes
is half the wavelength, which can be tuned using the acoustic
frequency.
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It is also possible to capture a micro-object at a distance further
from the source (at the centimeter to meter scale) using the acous-
tic radiation force. Benefiting from high transmission through bio-
logical tissues, acoustic waves can even control micro-objects
within the human body [22,23], which is expected to be useful
for noninvasive therapies. One of the most common methods is
to trap a microparticle in an acoustic vortex field. In the center of
a focused acoustic vortex beam, there is a region where the acous-
tic pressure is minimal and where microparticles—including cells
[21], polymeric particles [24], and microbubbles [22]—can be
trapped. Focused vortex beams can be generated with a phased
transducer array [23,25], an acoustic lens [26], acoustic metamate-
rials [27], or SAW devices [21]. It is worth mentioning that there
are other biomedical applications of acoustic radiation pressure
as well, such as cell stimulation [28], neural modulation [29],
and elastography [30].

The acoustic streaming effect and the acoustic radiation force
always arise simultaneously; however, it is common for research-
ers to only speak of the most dominant effect when discussing
acoustic manipulation. The dominant effect is usually determined
by analyzing and comparing the scale of the acoustic radiation
force and that of the streaming-induced drag force on the manipu-
lated particles, which is a result of various factors such as particle
size and acoustic properties, fluid viscosity and geometry, and the
applied acoustic field. However, there are certain cases in which
both phenomena are equally important and must be considered
for a correct understanding. For example, the attractive acoustic
radiation force may prevent the escape of particles from the acous-
tic streaming vortex during acoustic streaming-based rotation
[8,31]. In acoustic patterning, the acoustic streaming effect has
been utilized to control the vertical position of acoustically trapped
cells [32] or to transport cells at a distance to the trapping position
[33,34]. Acoustic streaming also expands the range of particles that
can be trapped in a certain acoustic vortex beam [35].

Enabled by recent advances in acoustophoresis, contact-free
and noninvasive acoustic manipulation provides versatile tools
for controlling micro-objects and holds great potential for biomed-
ical research. Recently, it has also been shown how the mutual
attraction due to the secondary Bjerknes force, provided by arrays
of air bubbles that interact over larger distances in a fluid, permits
the precise positioning and manipulation larger objects with
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ultrasound [36]. In the future, the development of further techno-
logical advances will expand the range of potential applications in
a number of exciting directions, including the following:

e High-frequency acoustic waves, such as hypersonic waves,
are expected to be applied in acoustic micro-manipulation.
Both the acoustic streaming effect and the acoustic radiation
force will be enhanced as the frequency increases [37,38].
The high frequency will be important in the manipulation
of submicron particles [18]. Moreover, high-frequency acous-
tic waves have small wavelengths, which will increase the
precision of cell patterning [19].

e Developments in generating and shaping complex acoustic
fields are expected to improve the various applications of
acoustic manipulation, such as cell patterning, capture, and
rotation [24,33,34,39,40]. Complex-shaped acoustic fields
promise a breakthrough in the generation of complex-shaped
cellular assemblies that will mimic natural tissue structures
better than is currently possible with conventional periodic
and symmetric acoustic cell-patterning methods. Develop-
ments in 3D field control will bring further advances in ther-
apy and surgery, along with new opportunities in the acoustic
assembly of cells and organoids.

e New principles for acoustic micro-manipulation are likely to
play an important role in other acoustic effects, such as
acoustic droplet vaporization [41], inertial cavitation [42],
and piezoelectricity [43]. In addition, acoustic manipulation
could be integrated with other acoustic-biological effects,
such as sonoporation [44] and cell lysis [45]. Moreover, while
taking advantage of the intrinsic merits of acoustic waves
(e.g., high transmission, good biocompatibility, and wide tun-
ability), the synergy of acoustic micro-manipulation with
other field-driven manipulation methods (e.g., magnetic
[46], optical [47], and electrical methods [48]) could open
up new directions in biomedical studies.

We envisage that these developments in acoustic micro-manip-
ulation will advance biomedical research, including sample pre-
treatment, biomechanics, and drug delivery. Acoustophoresis also
plays a major role in any solution-based effects that use ultrasound
to trigger material changes or chemical reactions, and in the use of
focused ultrasound in medical applications, such as the opening of
the blood-brain barrier [49]. Innovations in micro- and nano-
fabrication, precise acoustic field characterization, and the
computational modeling of acoustic waves through complex media
are expected to accelerate these advances.
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