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ARTICLE INFO ABSTRACT

Keywords: Manipulation of micro-objects have been playing an essential role in biochemical analysis or clinical diagnostics.
Acoustic manipulation Among the diverse technologies for micromanipulation, acoustic methods show the advantages of good
Microfluidics

biocompatibility, wide tunability, a label-free and contactless manner. Thus, acoustic micromanipulations have
been widely exploited in micro-analysis systems. In this article, we reviewed the acoustic micromanipulation
systems that were actuated by sub-MHz acoustic waves. In contrast to the high-frequency range, the acoustic
microsystems operating at sub-MHz acoustic frequency are more accessible, whose acoustic sources are at low
cost and even available from daily acoustic devices (e.g. buzzers, speakers, piezoelectric plates). The broad
availability, with the addition of the advantages of acoustic micromanipulation, make sub-MHz microsystems
promising for a variety of biomedical applications. Here, we review recent progresses in sub-MHz acoustic
micromanipulation technologies, focusing on their applications in biomedical fields. These technologies are
based on the basic acoustic phenomenon, such as cavitation, acoustic radiation force, and acoustic streaming.
And categorized by their applications, we introduce these systems for mixing, pumping and droplet generation,
separation and enrichment, patterning, rotation, propulsion and actuation. The diverse applications of these
systems hold great promise for a wide range of enhancements in biomedicines and attract increasing interest for
further investigation.

Sound and vibration
Acoustic radiation force
Acoustic streaming
Acoustic cavitation

fields, e.g. electrical [16-19], optical [20-22], magnetic [23,24],
acoustic [25-27], thermal [28,29], hydrodynamical [30,31] and

1. Introduction

Attributed to the fast development of micro- and nano-
manufacturing, in recent decades, there have been a wide range of
technologies emerging for microscale object manipulation. For those
micromanipulation technologies aiming at enhancing biochemical
analysis, the manipulated objects are usually in a fluidic environment.
This attracts plenty of research interest towards the field of micro-
fluidics, which refers to the dynamics and precise manipulation of
microscale fluid. Due to its small sample volume and the automation
compared to the conventional biochemical analysis, the microfluidic
platforms have the advantages of low cost, wide tunability and portable
sizes [1-15].

Aiming at these microfluidic manipulations, a variety of technologies
have been developed, which can be categorized by their applied physical
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combinational methods [32,33]. These methods show their promises in
sample treatment between the sample collection and analysis, such as
mixing, synthesis, separation, and enrichment. The exploitations of the
various control methods usually involve the consideration of their
merits and limitations. For example, the electrical method commonly
utilizes the electrostatic or dielectrophoretic force for near-field particle
manipulation. The size of the manipulated object has a wide range from
~ 10 nm to ~ 100 pm. However, the distance between the manipulated
objects and the electrodes is limited due to its near-field identity, which
might impede its application. The optical tweezers are shown as prom-
ising tools for nanoparticle or cell manipulation, while the high optical
intensity at focus and the resultant thermal effect might cause potential
damage to the bio-samples. Magnetic methods are widely used in the
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high throughput separation and enrichment of microparticles. Whereas,
it requires the magnetic properties or magnetic labelling of the samples.
Acoustic methods show the advantages of incomparable good biocom-
patibility and simple setup. The acoustic waves can transmit through the
various mediums between the solids and liquids, thus providing flexi-
bility among a vast range of positions between the manipulated micro-
objects and the acoustic source. In the recent decade, acoustic micro-
manipulation has been attracting growing research interests and has
offered promising tools for biochemical analysis [34-36].

Some recent reviews have highlighted the fast development of
acoustic micromanipulation [6,37-40]. The acoustic waves have a very
broad range of frequencies from below 10 Hz to over 1 GHz, which re-
sults in a wide-range review across different acoustic and hydrodynamic
effects, acoustic sources, and micro-fabrications. In contrast, this review
is mainly concerned with acoustic waves at a relatively low-frequency
range which is below 1 MHz. In comparison to high-frequency Micro-
electromechanical Systems (MEMS) devices, the sub-MHz acoustic
micromanipulation systems commonly require acoustic supply with
low-cost and simply produced acoustic components such as buzzers,
piezoelectric plates, and speakers. Moreover, the acoustic wavelengths
in the medium are larger than one millimeter when the system works at
the sub-MHz range, which matches the common size of the microfluidic
channels or chambers. This results in a good homogeneity of the acoustic
energy distribution, which is advantageous to high throughput and
parallel manipulation. In addition, if at the same acoustic intensity, the
low-frequency acoustic waves have a higher vibration amplitude than
the high-frequency ones. The larger vibration amplitude leads to a
higher possibility for cavitation, which has been applied in sonochem-
istry for synthesis and mixing [38,41]. The low-frequency acoustic
waves could introduce the acoustic cavitation effect as a new mechanism
to the microfluidic system.

This review complements other recent reviews on the topic of
acoustic micromanipulation [6,37-40]. In contrast to reviewing the
whole frequency range of acoustic waves, we focus on the recent
breakthroughs in microfluidic manipulation with low frequencies
(lower than 1 MHz), aiming to illustrate their promising applications in
a variety of life science, biomedical applications and chemical reaction
controls. Here, we review acoustic micromanipulations based on sub-
MHz acoustic waves concerning their operation principles and appli-
cations (Fig. 1). In session 2, we introduce three basic principles (ses-
sions 2.1-2.3) and setups (session 2.4) for the acoustic
micromanipulation at the sub-MHz frequency range, including acoustic
radiation force, acoustic streaming effect and acoustic cavitation. In
session 3, we present a literature review of this field, which is
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categorized according to their applications, i.e. mixing (3.1), pumping
and droplet generation (3.2), separation and enrichment (3.3),
patterning (3.4), rotation (3.5), propulsion and actuation (3.6), other
application (3.7). Finally, we discuss the future perspectives and out-
looks on microparticle manipulation with sub-MHz acoustic waves.

2. Basic mechanisms

While using acoustic waves for micromanipulation, one of the fun-
damentals is the conversion from acoustic energy to the movement of
the micro-objects. This relies on some nonlinear acoustic effects that
induce the momentum change of the microparticles or their environ-
ments. In this session, we describe three basic acoustic effects that are
commonly used in micromanipulation based on sub-MHz acoustic
waves, namely acoustic radiation force, acoustic streaming, and acoustic
cavitation.

2.1. Acoustic radiation force

The acoustic radiation force (ARF) is a time-averaged force that ex-
erts on the interface between two media with different acoustic prop-
erties, due to the scattering and absorption of the acoustic energy. It can
be experienced by surfaces, structures, or particles exposed to acoustic
waves. The evaluation of acoustic radiation relies on integrating the
time averaged stress tensor in the total acoustic field over the closed
time-varying surfaces based on the stress tensor proposed by Brillouin
[42] and far-field scattering theory,

am:ffuwvmﬁqummV+%mum §

where § means the surface integral, ds = nds represents direct away
from the obstacle. The time average over the acoustic wave period is
denoted by the angled brackets < --- > and I is the unit tensor. p, and ¢
is the density and sound speed in the fluid respectively. The total
acoustic pressure and velocity generated from the sum of waves incident
and scattered by obstacles are presented by p and v. The equation illu-
minates that the acoustic force can be influenced by the acoustic prop-
erties of the particle and fluid.

Generally, equation (1) is commonly used to analyze acoustic radi-
ation force induced by complex acoustic fields and non-spherical par-
ticles. For the situation of manipulation of microparticles in the sub-MHz
acoustic field, the radius of particle a is much smaller than the acoustic
wavelength, which is called Rayleigh particle (a<1), such as cells.
Gor’kov [43] derived an equation to calculate the ARF on Rayleigh
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Fig. 1. Micromanipulation based on sub-MHz acoustic systems.
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particle in the position where the acoustic field has a standing wave
character or spatial gradient of acoustic wave energies:

F=-VU 2)

where U presents Gor’kov force potential and is expressed using the
acoustic pressure and velocity as:

U = (42’ [3) [fi(0%) /2065 — 3P0 V") /4] 3

where 47a® /3 is the volume of the particle and the scattering coefficients
are given by:

hi=1 —Po"(Z)//’pC;vﬁ = z(ﬂp _/’o)/(zf)p +po) (€]

where p, and ¢, are the density and the longitudinal wave velocity of the
particle; the scattering coefficients f; and f, represent the monopole and
dipole coefficients, respectively.

Under the standing wave generating in virtue of the reflection layer
which parallels the transducer, suspended particles will be positioned to
a nodal or antinodal position via the acoustic radiation force (Fagrr),
expressed as:

Fagr = — 2o, V, @ (B, p)sin(4mx/2) /22 )

where V), means particle volume, py is acoustic pressure and ® presents
acoustic contrast factor [44]. @ is determined by the density of particle
(p,) and medium (p,,), also the compressibility of particle (4,) and me-
dium (3,,), listed as:

©(B,p) = (50, —20)/ (20, + Pu) — B,/ B (6)

The acoustic contrast factor measures the difference in density be-
tween the particle and fluid media. With the great density differing of
particles and fluid, the acoustic contrast factor increases. The force po-
tential is in turn proportional to the acoustic contrast factor @, and the
ARF strength increase, too. In comparison, the cell will experience lower
ARF than solid particles in a fluid environment because it contains
plenty of water. The positive and negative acoustic contrast factor is
determined by particle material thus the direction of ARF changed. For
example, in the same acoustic field and fluid, silica particle has positive
acoustic contrast (® > 0) which will move against spatial pressure
gradient and enrich in the pressure node (where P = 0), while the bubble
has negative acoustic contrast (® < 0) which will migrate to the anti-
node (where P = max).

In addition to the ARF induced by the momentum transfer from the
primary acoustic field to the particle, which is commonly called primary
ARF, the particle vibration also radiates and induces ARF to the adjacent
particles, which is known as secondary ARF or Bjerknes force. It was first
described by Vilhelm Bjerknes in his 1906 Fields of Force [45].
Compared to the solid particles, the compressible bubbles can be excited
with more oscillation displacements at resonance, thus the Bjerknes
forces are more obviously observed from bubble clusters. Attraction and
repulsion can arise from Secondary Bjerknes force by adjusting bubble
size and the acoustic field [46]. When bubbles aggregate in the low
acoustic pressure region, secondary Bjerknes force can be applied in
patterning bubbles. The Bjerknes force can be experienced by
compressive particles, like polymer particles.

2.2. Acoustic streaming

Acoustic streaming is a nonlinear acoustic effect which converts
acoustic energy to fluid flow [47]. In the aspect of particle manipulation,
acoustic streaming flows will exert a drag force on the particles to
translate or rotate them.

There are three main kinds of acoustic streaming phenomena: Eckart
streaming, Schlichting streaming and Rayleigh streaming. Eckart
streaming occurs in a bulk fluid due to acoustic attenuation during
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propagation. The absorbed energy from the acoustic waves attenuation
gives rise to flow [48]. Schlichting streaming is driven by shear within
the viscous boundary layer next to a solid wall [3,49]. Rayleigh
streaming appears out of the viscous boundary layer and is driven by its
shear of it in the bulk fluid [50]. The last two types of streaming are
commonly used for manipulating microparticles in the fluid under a sub-
MHz acoustic source.

Taking a common example in this review, when structures (channel
walls, micropillars, microbubbles or sharp edges) are excited inside the
microfluidic channel and immersed in the fluid, the steep velocity
gradient induces inner (Schlichting) streaming inside the boundary
layer, which is caused by vibration energy dissipation. Then outer
(Rayleigh) streaming vortices will generate in the nearby bulk fluid. The
suspended particles in the microfluid channel will experience a drag
force from the acoustic streaming and thus be manipulated, which is
given by:

Fp = 3mudu )

where y is the dynamic viscosity, d refers to the particle diameter and u
is the velocity of surrounding flows relative to that of the particle.
Obviously, the drag force is proportional to the particle size. The
properties of the fluid (viscosity) also influence streaming and particle
manipulation. More importantly, outer steady Rayleigh streaming mo-
tion will depend on the microstructure (in the microfluid channel or
microparticle). When the microstructure is excited on resonance, the
vibration is maximal, together with the strongest Rayleigh streaming.
Generally, the high-aspect-ratio (like sharp edge) structures provide
stronger streaming than low-aspect-ratio structures when the acoustic
intensity is at the same level. At last, the acoustic source is also one
crucial factor for manipulating particles, the key acoustic parameters
include frequency, amplitude, and vibration mode.

2.3. Acoustic cavitation

Acoustic cavitation describes a phenomenon when the negative
acoustic pressure reaches a certain level that vaporized the liquid or
drags the dissolved gas for forming cavities in the liquid. The bubbles
generally grow up on the solid boundary with rough surfaces or sprint
from microcavities suspended in the fluid. Cavitation can be classified as
two models based on the follow-up development of the cavity. The
mechanical index (MI) [51] is used for indicating the strength of the
cavitation effect:

MI = P,,/\/fo ®

where Py, is the peak negative pressure in an acoustic wave and f, means

the frequency. MI unit is MPa/+/MHz. At High acoustic power (MI > ~
0.7), a void or bubble in a liquid will violently oscillate to rapidly col-
lapses, thus producing a shock wave. This is known as inertial cavitation
[52]. Bubble collapse can provide strong mechanical and thermal
stimuli, thus the temperature can reach several thousand kelvins
temporarily and pressure on the order of tens of megapascals. Therefore
it is a strong approach to transfer acoustic energy into the fluid. This
effect is easier to realize at a lower frequency, where the strong negative
pressure duration of each cycle is longer than the higher frequency. At a
slightly higher mechanical index (0.1 < MI < 0.4), a bubble in a fluid is
forced to oscillate in size or shape due to an acoustic field, which is
referred to as non-inertial cavitation. Hence, the vibration of the
embedded bubble in the structure generating streaming can be called
cavitation, too. For utilizing non-inertial cavitation in acoustic manip-
ulation more easily, optothermal [53], electrochemical [54,55] or direct
inlet gas [56] is induced to generate bubbles [57]. While at low power
(MI < 0.1), the bubble linearly scatters the acoustic wave which is
usually not considered in acoustic manipulation [58].

Acoustic cavitation is widely adopted in the sub-MHz acoustic
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micromanipulation system. The cavitation-induced flow profile,
whether by inertial or non-inertial cavitation, is an enhancement to the
mass exchange within the fluid, thus becoming an approach for fast
mixing and chemical synthesis. The cavitation-induced momentum
transfer can provide propulsion to the microparticles or mobile micro-
structures, thus working as a new actuation method for micro-
mechanical systems. Acoustic cavitation can also be used to tune the
permeability of some biological barriers, such as cell membrane,
blood-brain barrier, and blood-spinal cord barrier. When the cavitation
is at certain high intensity, the cells or thrombus can be lysed. A similar
mechanism can also be applied in microreactors for chemical reactions,
water purification, and suspended particle degradation in a colloidal
liquid compound.

2.4. System setups

There are two central elements in the sub-MHz acoustic microma-
nipulation system: the acoustic sources and the microfluid environ-
ments. Thus, the system setups can commonly be categorized based on
the relative positions of these two elements, though the system param-
eters and the applications may differ. The relative positions of the
acoustic source and fluid also determine the wave propagation approach
from the former to the latter. Based on this criterion, this review cate-
gorizes the sub-MHz acoustic micromanipulation systems into three
types: guided wave propagation, transmissive wave propagation and
standing wave (Fig. 2). For guided wave propagation, the acoustic wave
propagates along the length of the plate. The examples (Fig. 2a) are the
side-affixed acoustic source near the microchamber, vibration stage with
plate pane and bonded acoustic source at one side of a probe. For direct
transmission, the acoustic wave propagates along the thickness of the
plate or directly interact with particle through fluid (Fig. 2b). One of the
examples is a speaker positioned beneath a microchamber, where the
vibration from the speaker directly transmits to the fluid environment.
For reflected wave, the acoustic wave reflects and generate a standing
wave between two reflective surfaces. An example is positioning a
reflective plate in parallel with a plane acoustic transducer (Fig. 2c),
where the acoustic waves generated from the latter transmit into the
fluid and reflect at the former, thus interfering as a standing acoustic
field. Due to the simple setup of an acoustic source, sub-MHz acoustic
manipulation devices can be assembled easily. By putting the acoustic
source in different positions of the devices and exciting selectively,
multiple vibration modes can be realized.

3. Applications of the sub-MHz acoustic micromanipulation
system

3.1. Mixing
Effective control over the concentration or gradient of certain

chemical species in microfluidic systems is essential for successful
biochemical analysis [59], and particle synthesis [60]. The miniaturized

a
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fluid geometry in microfluidic systems offers a superior surface-to-
volume ratio compared to macro chemical reactors, resulting in
improved heat and mass transfer. However, the small fluid dimensions
also result in a low Reynolds number (typically smaller than 0.1)
[59,61]. A low Reynolds number results in limited turbulent mixing.
Under the laminar flow condition, species diffusion dominates the
mixing process, yet it is inherently slow. To enhance the mixing effi-
ciency in microfluidic systems, researchers have explored various stra-
tegies like magnetic [62], optical [63], electrical [64], hydrodynamical
[65] and acoustic [66] methods. Among these, sub-MHz acoustic
methods are advantageous due to label-free, low cost and wide-
tunability, thus have been widely applied in microfluidic mixing
[59,67].

3.1.1. The sub-MHz acoustic micromixer

Several early studies have demonstrated that vibrations in micro-
fluidic channels can induce acoustic streaming, thereby expediting the
exchange of chemical species. For example, Yang et al. [73] reported a
microfluidic mixer actuated by a 60 Hz transducer placed under the
microchamber. It accelerated the mixing of urine solution and water
flowing at an mL min " scale. Neild et al. [74] showed that swirling flow
caused by harmonically vibrating fluid boundaries enhanced the mixing.
In the later studies, the microstructures (e.g. micropillars [75], sharp
edges, cavitation bubbles) were introduced into the microfluidic chan-
nels to achieve more localized streaming control. The resonant micro-
structures induce greater pressure and velocity fluctuations within the
fluid, leading to rapid and homogenized mixing. In general, bubble
vibration-induced streaming occurs at resonance frequency > 10 kHz,
while sharp edge vibration-induced streaming occurs at resonance fre-
quency < 10 kHz. As shown in Fig. 3a, Ahmed et al. [68] reported a
microfluidic mixer based on bubble-induced acoustic streaming effects.
The cavity structures were fabricated on both sides of the microchannel
to trap air, and the piezo transducer is bonded with the microchannel
onto a petri dish to supply acoustic energy for the vibrating bubble. By
utilizing this design, deionized water and ink were mixed <120 ms at a
frequency of 81.4 kHz. Similar mixer devices were made by Huang et al.
[76] that the embedded bubbles are replaced by sharp edges to achieve
rapid mixing under 4.5 kHz. Except for the structure placed on both
sides of the microchannel, a single structure, such as a horse-shoe
structure for trapping air bubbles [41] or microneedles [77], can also
enable fast mixing.

Despite the capability for fast mixing, acoustic micromixers are faced
with a challenge that restricts their effective application in industrial
settings — low throughput capacity. Generally, the majority of these
acoustic micromixers can only achieve a throughput level of 1-100 uL
min~![41,76]. Thus, improving throughput level is vital for the suc-
cessful utilization of acoustic micromixers in practical applications. The
research conducted by Le et al. prioritized achieving high throughput
performance in acoustic micromixers, resulting in a large flow rate of 8
mL/min through the utilization of a star-shaped micromixer with an
oscillating frequency of up to 620 kHz. [60]. To solve the limitation that

LIS

Wave Fluid

Fig. 2. The schematics for the three types of sub-MHz acoustic manipulation systems (categorization based on the relative positions of the acoustic source and the
fluid). (a) guided wave propagation (b) transmissive wave propagation (c) standing wave.
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Fig. 3. Mixing in sub-MHz acoustic
microsystems. (a) The sub-MHz acoustic
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inherently designs normally restricted the operational throughput,
Bachman et al. [78] developed an acoustic mixing device capable of
handling flow rates ranging from 20 to 2000 pL min " by oscillating the
sharp edges combined with the tesla valve structure at the frequency of
5.3 kHz.

Accurate control over microenvironments within microfluidic de-
vices is another crucial aspect of micromixers besides mixing efficiency.
Generating tunable chemical gradients has practical implications for the
characterization of dynamic biological and chemical processes, such as
resolving the dynamics of cellular response to a chemical microenvi-
ronment [34,79]. A chemical gradient generator was developed by
Ahmed et al. [69] for generating both static and pulsatile chemical
gradients using acoustically activated bubbles arranged in a ladder-like
configuration, as shown in Fig. 3b. Huang et al. [80] also developed a
spatiotemporally controllable gradient generator by manipulating the

777777777 96-wellsurface

driving voltage and actuation time of a piezoelectric transducer located
in sharp-edge array structures embedded in a microchannel. They
further designed the chemical signal generators with bubble [81] and
sharp edges [82] structure, respectively. In addition to the chemical
gradient within microchannels, the vibration-enhanced streaming also
works in a sessile droplet. Lee et al. [70] selectively mixed two 6 pL
magnetic droplets based on their size by inducing acoustic streaming
within the droplet’s liquid-gas interface using 249 Hz acoustic vibra-
tion. Mixing was completed within 60 s with acoustic excitation, while
no mixing occurred without it (Fig. 3c). A novel approach has also been
proposed by Won et al. [83] for manipulating and blending droplets in
an electrowetting microfluidic platform using acoustic excitation.

The aforementioned acoustic mixers primarily depend on acoustic
streaming effects. In contrast, Chen et al. [71] demonstrated that inertial
acoustic cavitation can enhance mass/heat transfer, as depicted in
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Fig. 3d. The intense acoustic waves generated from the Langevin
transducer transmitted into the microchannel, leading to the formation
of cavitated microbubbles. The microbubbles within the microchannels
undergo violent oscillation and collapse, accelerating the Toluene con-
version reaction. The group also showcased the utilization of compara-
ble mechanism in gas-liquid, liquid-liquid mass transfer intensification
[84-88], as well as emulsification [89,90].

3.1.2. Material synthesis

The significance of nanomaterial synthesis technology lies in the vast
potential of nanoparticles in areas such as medical diagnosis, imaging,
and therapeutics. However, Conventional bulk mixing and most
microfluidic approaches faces difficulties in synthesizing reproducible
and controlled particles. With the capability to manipulate the local
microfluidic environment, the sub-MHz acoustic micromixer can syn-
thesize nanoparticles accurately and efficiently [60,91-93]. For
example, Rasouli et al. [94] utilized the combination of vibrated sharp
edges and cavitation bubbles array to produce microstreaming, which
enabled swift synthesis of polymeric nanoparticle and liposome. Zinc
Oxide Nanoarrays are a type of nanostructure composed of zinc oxide
nanowires or nanorods that are arranged in an array-like pattern. It has
unique physical and chemical properties that make them attractive for
various applications in electronics, optoelectronics, energy harvesting,
sensing, and biomedical devices. By applying a sharp edge base acoustic
micromixer, Zinc Oxide Nanoarrays can be grown in situ with robust and
customizable geometries [95,96]. These methods rely on structure-
vibration-induced microstreaming to enhance mixing and control par-
ticle synthesis and nanoarray growth, while some others employ oscil-
lating bubbles generated from a chemical reaction to enhance mixing
and produce nanoparticles. For example, an electrochemical method
was employed by Iranzo et al. [54] to cultivate iron branches and
generate Hy bubbles inside micromixer. While streaming induced by
vibrating bubbles fragment branches, dendritic particles with a very
high specific surface, ~ 2 pm long and ~ 1 pm wide, and needle-like
particles, ~ 200 nm long and ~ 20 nm in diameter (broken tertiary
dendrites) were produced, as shown in Fig. 3e.

3.1.3. Biosample mixing for analysis

Acoustic micromixer plays an important role in biological analysis,
particularly in bio-sensing, as it promotes the efficacy and sensitivity of
biochemical reactions [77,97]. Moreover, it can greatly save sample
amounts and reduce the detection time. According to a recent report,
multiple cancer biomarkers were simultaneous detected within minutes
using an acoustic micromixer integrated magnetic-based single-bead
trapping technique, in which acoustic microstreaming was generated for
minimizing the diffusion length scales [98]. Conde et al. [99] conducted
a study where they compared the performance of hybrid micromixer and
bench protocol for cell-free DNA extraction in 100 pL plasma samples
using a commercial kit based on magnetic beads. The results shows that
the hybrid micromixer was able to significantly outperform the bench
protocol in terms of efficiency and effectiveness. Gao et al. [72]
increased the antibody-antigen binding rate in immunoassays (ELISA)
by using a well plate micromixer (Fig. 3f). The results showed the
acoustic micromixer achieved an equivalent binding level in 9 mins,
compared to 45 mins in a standard platform rocking mixer. In addition
to accelerating the biochemical reaction, the acoustic micromixer ex-
hibits potential for bio-sample processing. This includes liquefaction or
emulsification of viscous bio-samples, which is the fundamental step for
subsequent bioanalysis or medical diagnostics, like analyzing bacteria
and causative agents. The sub-MHz acoustic micromixer has led to ad-
vancements in developing portable and fast microchip platforms.
Human-resource samples (stool [100], sputum [101]) have been ho-
mogeneously liquified at a throughput rate of 30 pL min~' using this
technology.

As above, sub-MHz acoustic mixers express brilliant capability in
enhancing gradient control, synthesizing, and sample processing. The
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precise control over microenvironments can improve the analysis by
reducing the experiment duration consumption and providing more
controllable conditions, such as the species concentration, pH, and
microparticle characteristics. Therefore, sub-MHz acoustic micro-
mixing systems greatly aids in advancing biochemical research and
medical diagnostics.

3.2. Pumping and droplet generation

At the micro- to nano-scale, precise controlling over fluid is neces-
sary for various microfluidics application, including biochemical anal-
ysis, drug delivery, and diagnostics. To realize these operations,
microfluidics devices have employed diverse external energy inputs,
such as electrical, magnetic, optical and acoustic approaches [107-111].
Among them, acoustic methods exhibit the advantages of good
compatibility, high integration and wide adjustability. And sub-MHz
acoustic attracted increasing research interest for its low-cost,
simplicity as well as good homogeneity distribution of acoustic en-
ergy. Here, we categorize the fluid control into two groups on account of
the functions: pumping and droplet generation. Generally, the sub-MHz
acoustic fluid pumping systems work by inducing acoustic streaming
flow through oscillating different structures: microbubbles [102,112-
114], and sharp-edge structures [103,104,115,116]. Acoustic droplet
generation systems work based on acoustic radiation force [105,117]
and acoustic streaming [106].

Acoustically activated microbubbles induce resonance at the liquid-
air interface, producing streaming flows around the microbubbles that
can drive fluid flow. Tovar et al. [112] developed a microbubble pump
based on lateral air cavities. By changing the cavity orientation, acti-
vation frequency and driving amplitude, the pumping fluids rate
reached 250 nL min~". Similarly, as shown in Fig. 4a, Ryu et al. [102]
presented a microfluidic pump by placing a capillary tube above the
oscillating bubble and the flow rate was about 0.6 pL s~ .. Recently, Gao
etal. [114] developed a bidirectional micropump based on the resonant
frequency discrepancy for different microbubbles. By tuning the size and
location of bubbles, the flow direction can be changed by modifying
acoustic frequencies. Moreover, it is also capable of pumping high-
viscosity fluids, such as blood-mimicking fluid, without damaging cell
fluid delivery.

Besides the bubble-based acoustofluidic pump, vibrating sharp
structures can also be adopted to pump fluid by taking advantage of
acoustic streaming flows around the structures. For example, in Fig. 4b,
Huang et al. [103] realized a programmable acoustofluidic pump uti-
lizing tilted sharp-edge structures. By tuning the input voltage and
structure parameter, it was capable of generating flow rate ranging from
~ 10 nL min~! to ~ 100 pL min~!. To provide more tunability and
flexibility, Durrer et al. [104] demonstrated a simple and versatile fluid
pumping method based on robot-assisted acoustically activated capil-
laries (Fig. 4c). By positioning the oscillating capillary tip closer to one
side of the channel wall, the device generates acoustic streaming
vortices and control liquid pumping in a spiral fluidic channel.

The other type of acoustic fluid control is controllable droplet gen-
eration. For instance, Zhang et al. [117] proposed a droplet aspirator
that utilizes the small radiation pressures with orbit angular momentum
induced by a spiral-electrode transducer to produce droplets ranging
from micrometer to nanometer scales. To broaden the selection of ma-
terials, Foresti et al. [105] took use of an acoustic Fabry-Perot resonator
to generate and pattern droplets with various materials, including those
with viscosity as high as 25,000 Pa-s (Fig. 4d). In addition to the
aforementioned devices that rely on acoustic radiation force, Xu et al.
[118] introduced piezoelectric actuators to control the deformation of
microchannels, which could produce droplets ranging from 40 pL to 4.5
nL (Fig. 4e). Furthermore, as shown in Fig. 4f, He et al. [106] presented a
vibrating sharp-tip capillary which could induce acoustic streaming in
the oil phase to generate water droplet with high throughput (up to 5000
droplets s~1). The size of droplet can be controlled (6.77-661 um) by
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B.V.

adjusting the acoustic excitation time.

These above studies demonstrate that the implementation of acous-
tically activated sharp-edge structures and microbubbles can effectively
pump fluid and generate droplets. Ultrasound’s biocompatibility and
good transmission through tissue allow it to induce motion in hard-to-
access regions, making it a promising technology for biomedical appli-
cations in smart devices.

3.3. Separation and enrichment

Microparticle separation and enrichment have been playing an
essential role in biomedical analysis and early disease detection
[124,125]. Accurate and rapid diagnosis of certain diseases rely on
identifying the associated pathogens or cells. Hence, it becomes imper-
ative to separate these particles for detection and treatment. For
example, the separation of circulating tumor cells (CTCs) from human
blood cells is quite essential for inchoate diagnosis of cancer. In another
example, the separation of platelets from whole blood will greatly
contribute to clinical application, as platelets are a rich source of growth
factors that can accelerate the recovery of bone and soft tissues.
Microfluidics has gained popularity as a method that enables several
microscale particle manipulations, applying force gradients on the scale
of cells within minute volumes of fluid. These manipulation can be
achieved through hydrodynamic techniques [126] or through external
energy-based microfluidic devices (e.g., electrical [127], magnetic
[128], optical [129] and acoustic [130,131] fields). Among these tech-
niques, acoustofluidic devices are a prospective method for cell sepa-
ration and enrichment because of their noninvasive, good penetrability
and label-free properties [132-134]. In addition, the use of sub-MHz

acoustic wavelengths in the medium facilitates particle separation and
enrichment as they match the common dimensions of microfluidic
channels or chambers.

Acoustic radiation force [119] and acoustic streaming
[120,121,135,136] are the two basic mechanisms for microparticle
separation. For instance, as shown in Fig. 5a, Chen et al. [119]
demonstrated an acoustofluidic device to separate platelets from whole
blood. The separation principle is due to the significant difference in
acoustic radiation force between the red/white blood cells and the
platelets. The device showed high platelet recovery (>85%) and red/
white blood cell removal (>80%) at a flow rate of 10 mL min". Qiu
et al.[137] uses an ultrasonic concentrated energy transducer (UCET)
coupled with PDMS channel to separate circulating tumor cells (CTCs)
from whole blood. The UCET can generate acoustic radiation force
(ARF) for sorting at 20 kHz frequency and the PDMS channel generated
inertial forces can be used for pre-focus.

Additionally, microstructures have been designed to separate micro-
objects [120,135,136]. Through vibrating these structures, the acoustic
streaming flow will be generated around them. Tumor -cells
[120,135,136] can thus be separated using these methods due to the
density and size discrepancy with other cells (Fig. 5b). Furthermore,
Garg et al. [121] presented a device for whole-blood separation by
lateral cavity acoustic transducers (LCATs). The LCATs function by
trapping bubbles in patterned dead-end side channels, creating liquid-
—gas interfaces that serve as sources of acoustic microstreaming
(Fig. 5¢).

The sub-MHz acoustic microsystem can also be used to enrich micro/
nanoparticles for biomedical and biochemical systems. As presented in
Fig. 5d, Xie et al. [53] proposed a bubble-based particle enrichment



Y. Liu et al.

d Lens 2 e
Filter
405 nm
CW laser sohllel
-
Objective Bubbk -

Translational | sample

Leb:zﬂl - \ %

White light

Ultrasonics Sonochemistry 96 (2023) 106441

@ ® (o} o

Acoustofluidic
multi-well plate

Droplet

)

Single well [ — ®
Glass slide
Piezo ring o

®

Circular standing
flexural waves

Fig. 5. Acoustofluidic devices for particle separation and enrichment. (a) High-throughput separation of red blood cells/white blood cells and platelets from whole
blood using vertical acoustic radiation force difference. Reproduced from reference [119]. Copyright 2016, Royal Society of Chemistry. (b) An acoustic microfluidic
trap array to separate cancer cells. Reproduced from reference [120]. Copyright 2019, John Wiley & Sons, Inc. (c) A device for whole blood separation by lateral
cavity acoustic transducers (LCATs). Reproduced from reference [121]. Copyright 2018, Elsevier B.V. (d) A technique utilizes the opto-thermal effect to generate
bubbles in a microchamber and acoustic radiation force to trap particles/cells. Reproduced from reference [53]. Copyright 2013, Royal Society of Chemistry. (e)
Particles enrichment in oscillating sharp edges. Reproduced from reference [122]. Copyright 2015, Springer Nature Limited. (f) Micro/nanoparticles and cells are
concentrated in multi-well plates by using a piezo ring array. Reproduced from reference [123]. Copyright 2020, Royal Society of Chemistry.

device. This method employs the laser optothermal effect to generate
bubbles, which are subsequently excited using acoustic waves. The
resulting acoustic radiation force effectively trapped particles/cells,
including 15 um polystyrene beads and HeLa cells. Zhou et al.[223]
explore that ultralow frequency (800Hz) acoustic vibration can effec-
tively concentrate submicron particles at two sides of a micropillar in a
microfluidic device. This phenomenon is resulting from a collective ef-
fect of acoustic streaming induced drag force and non-Newtonian fluid
induced elastic lift force. This means acoustic wave with a wavelength
six orders of magnitude larger than the particle size can be used to
manipulate particles. Leibacher et al. [122] presented a strategy that
utilize vibrating sharp edges induced streaming to trap yeast cells
around the sharp edges (Fig. 5e). Similarly, Qi et al. [138] developed a
nanoparticle enrichment device, which relies on the acoustic streaming
generated by an ultrasonically vibrating micro-manipulated probe
inserted into a nanoparticle suspension droplet. More recently, Liu et al.
[123] simplified systems by using a piezo ring array to concentrate
micro/nanoparticles and cells in multi-well plates, as depicted in Fig. 5f.
In this work, the piezoelectric transducer could generate circular
standing flexural waves in the substrate of each well. The resulting vi-
brations caused acoustic streaming near the interface between the sub-
strate and fluid droplet positioned in the well, ultimately leading to the
concentration of micro/nanoscale objects at the center of the droplet for
enrichment.

These above studies summarized different methods and mechanisms
of the sub-MHz acoustic micromanipulation for particle separation and
enrichment. Typically, these methods depend on differences in particle
size. For particles with similar sizes, acoustofluidic separation methods
based on other properties such as impedance and density differences

have shown feasibility and great potential. Despite being contactless,
biocompatible and noninvasive, it is crucial to separate targets directly
from raw samples. Currently, the separation demonstrations still require
the usage of pretreated samples.

3.4. Patterning

In the past decades, numerous manipulation approaches have been
described in the field of particle assembly and biomedical engineering,
especially for cell patterning and tissue regeneration [139-142].
Compared to other techniques, acoustic manipulation shows the ad-
vantages of contactless, fast, controllable and spatially precise assembly.
Especially, the acoustic manipulation of cells in culture medium,
including the collagen solution [143,144], hydrogel [145,146] and
other viscous mediums, makes it possible to mimic the dense tissue
structure and natural multilayered structure, in which the cells were
firstly patterned by acoustic techniques and followed by the cross-
linking of the culture medium. Moreover, complex three-dimension
(3D) structures can be obtained when applying proper building ele-
ments in patterning. For example, 3D organoids can be patterned using
spheroids, cell carriers as building elements [147-149]. In this session,
we focus on the recent advancements in microparticle patterning based
on sub-MHz acoustic systems. The sub-MHz acoustic wave is proven
easier to be produced by low-cost acoustic devices compared to the high-
frequency wave, and it is capable of presenting a more spatially uniform
energy field for particle assembly since larger wavelength in liquid (>1
mm) can better match microchannel or chambers. Generally, according
to the different wave types, these works are categorized as flexural wave,
Faraday wave and reflective standing wave. These three methods
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respectively correspond to the three system setup shown in the general
introduction (Fig. 2). In the principle of most patterning methods via
sub-MHz acoustic wave, the particles will move to and then be restricted
in the position of pressure nodes or antinodes induced by the acoustic
wave, of which the phase and amplitude have been usually spatially
modulated in the manipulation system.

Faraday wave is the waveform at the liquid-air interface while the
liquid bottom is actuated by vertical vibration. Taking the advantage of
its complex geometries, which can be tuned by altering the vibration
parameters, chamber shape or liquid properties, Faraday wave can
pattern the microparticles to diverse structures. Briefly, recirculating
flow resulting from Faraday-wave-induced liquid surface deformation
will drive the suspended particles to the static positions which are
located beneath wave nodes via Stokes drag force, and patterned con-
struction consequently forms.

Demirci et al. reported an acoustic patterning method using Faraday
wave to establish the liquid surface morphology for the microscale as-
sembly of floaters [148]. In their work, low-frequency reflective stand-
ing wave, no >200 Hz, created diverse liquid-based templates via
changing the geometries of the chamber or vibrational parameters, and
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drift energy gradient was distributed in the liquid surface where the
floaters were able to move from low drift energy region to high drift
energy region. Their liquid-based template method was available for
various materials, including hydrogel, elastomer particles, cell micro-
carriers and cell spheroids, meanwhile the particles with sizes in the
range from 10 pm to 2 mm could be patterned. Using their method, ring-
shaped, “H”-shaped, cruciate, stripe-shaped and other combined struc-
ture was successfully obtained, as shown in Fig. 6a. The versatility of the
Faraday wave has made it attractive in particle patterning and verified
the possibility to develop various complex structures.

Furthermore, patterning of cell spheroids or cell-containing elements
via Faraday wave has gradually emerged and has been applied to the
bio-assembly of the organoid. In 2015, in the same group, Demiric et al.
investigated the hepatic organoid assembly by patterning multiple types
of cell spheroids with a Faraday wave at a low frequency (120-140 Hz)
[147]. They successfully applied acoustic nodes to pattern the fibroblast
and endothelial cell spheroids into a ring-shaped structure, which
completely fused after 72 h culture to generate vasculature-like con-
structs. And they further patterned the mixture of hepatocyte spheroids,
fibroblast spheroids and endothelial cell spheroids to assemble liver
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Fig. 6. Sub-MHz acoustic patterning via different types of waves. (a) Liquid-based template generated by Faraday wave for particle patterning. Reproduced from
reference [148]. Copyright 2014, John Wiley & Sons, Inc. (b) Schematics of ring-shaped hepatic organoids bio-assembly with Faraday wave. Reproduced from
reference [147]. Copyright 2015, John Wiley & Sons, Inc. (¢) Patterning of the lobule-like liver model by applying Faraday wave to different heterogeneous cell-
containing blocks. Reproduced from reference [149]. Copyright 2022, IOP Publishing. (d) Schematic of the flexural-wave-based device and line-shaped acoustic
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tional (BAL) device based on plane standing wave for multilayered structure patterning. Reproduced from reference [151]. Copyright 2016, John Wiley & Sons, Inc.
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organoids with dense tissue structure after 6-day cell culture, as illus-
trated in Fig. 6b. More recently, a work co-led by Demiric and Chen
showed the differentially bioassembled heterocellular architecture
could be constructed by applying the Faraday wave to the mixture of
liver spheroids and endothelial cell-encapsulating microgels (Fig. 6¢)
[149]. Based on size difference and buoyant density difference of
cellular building blocks, the bioassembly was capable of forming com-
plementary or sandwich cytoarchitectures beneath nodes (or antinodes)
of Faraday wave, resulting in the lobule-like liver model generation, and
such spatially defined hepatic lobule model exhibited several liver-
related metabolic functions. Their methods provided strategies for
organoids formation using acoustic patterning, which may potentially
promote the development of tissue engineering and regenerative
medicine.

Faraday wave can also be applied for the bioassembly of microscale
objectives smaller than cells to generate microorganism-based bio-
structure. Hong and his colleagues recently presented a fascinating work
to control the formation of biofilms with a 45-120 Hz Faraday wave
which was excited by different vertical accelerations [152]. They kept
the thickness of the liquid layer in the microplate wells at 2 mm and
applied a Faraday wave to persuade the motion of E. coli (Escherichia
coli) on the well bottom, which finally developed into ring-shaped,
flower-shaped or unstable square-shaped biofilms according to
different vibration accelerations. In their work, the bacteria were driven
to the antinodes of the surface wave after 24-hour stimulation, indi-
cating the feasibility of acoustic manipulation for bioassembly within a
long duration.

Flexural waves, another low-frequency wave that can induce wall-
liquid boundary deformation in the direction perpendicular to their
propagation, have also been explored for particle patterning. Similarly,
flexural waves achieve patterning by trapping particles in pressure
nodes along the vibrating substrate, and the manipulation of particles is
usually operated in an open well. In a work presented by Bachman et al.,
they mounted two bilateral piezoelectric transducers and a middle
PDMS well on a glass substrate to form an acousticfluidic device based
on the flexural wave [150]. Applying the signals with a frequency of 4.8
kHz out of phase to excite two transducers, they found two antinodes
with a middle line-shaped low pressure were generated in the well
(Fig. 6d), which could be used to pattern the particles into a line.
Aghakhani and colleagues also reported the particle trapping method
using a flexural-wave-based acoustic system comprised of a single
piezoelectric transducer and PDMS channel on a glass substrate [153].
By increasing the wavelength-to-channel width ratio, higher radiation
force would be induced, which contributed to the wall-trapping effect of
the particles. Flexural waves have been gradually applied to particle
patterns in the open chamber since their generation are independent of
the chamber shape, and the low frequency of flexural waves makes it
possible to manipulate the particle on a larger wall surface [150].

Similarly, the principle of patterning by the reflective standing wave
is trapping particles into nodes or antinodes to consequently form the
interested spatial distribution of particles, whereas the patterning using
reflective standing wave is conducted in a closed chamber. Demirci et al.
developed a Bio-Acoustic Levitational (BAL) device to create 3D multi-
layer tissue of neuro-progenitor cells (NPCs), mimicking the physio-
logical characteristic of the native cerebral cortex [151]. Their BAL
device for standing wave generation involved a ceramic acoustic
generator, a glass reflector and an acrylic levitation chamber, as shown
in Fig. 6e. In their work, the reflective standing wave induced parallel
node planes to levitate NPCs that dispersed in fibrin solution within
seconds by acoustic radiation force, followed by fibrin cross-linking to
form 3D multilayer constructs. And the interlayer distance could be
altered by changing the frequency of the reflective standing wave, which
aided to match the natural spacing of the layer structure of the cerebral
cortex. The patterning via the nodes and antinodes plane induced by a
reflective standing wave can be considered as a sophisticated approach
for multilayered structure formation, and the complexity of spatial

10

Ultrasonics Sonochemistry 96 (2023) 106441

distribution of the nodes (antinodes), to a great extent, determined the
configuration of patterned construction.

Utilization of the Bjerknes force is also an additional approach to
achieving particle patterning. Radaud et al. patterned the bubbles
(20-50 pm) in microchannel as ‘crystal-like’ lattices with side affixed
transducer frequency of 155 kHz [46]. In their design, the distance be-
tween each gathering bubble could be tuned through input frequency,
which determined the magnitude of Bjerknes force applied to a certain
bubble from its neighbouring bubble. Those work deftly exploited
Bjerknes force between bubbles to perform patterning, showing the
potential to create microarchitectures with the utilization of secondary
acoustic radiation force.

More and more acoustic methods have been gradually investigated
to pattern the particles into the personalized structure. The particles
within the liquid can be assembled into specific patterns within seconds
when using the acoustic wave, which is a fast and efficient process. Since
acoustic patterning is contactless, rapid, adjustable and biocompatible,
those impressive approaches show the versatility of acoustic wave in
particle assembly and exhibit their potential in biomanufacturing,
especially for tissue engineering and regenerative medicine.

3.5. Rotation

The rotational manipulation of micro-objects can assist the multi-
angle imaging of structures and features. The rotated micro-objects of
rotation include cells, embryos, seeds etc. Rotating these objects can
achieve all-around observation, characterization analysis, label-free
sorting, and biomarker detection. Conventional methods, such as
micropipes or microneedles, commonly require direct contact with the
microparticles which may cause damage to the bio-sample. Acoustic-
based rotation manipulation has recently emerged as a promising
method for rotating microparticles, particularly in biological samples.
This technique can achieve non-contact rotating microparticles, thus
decreasing damage. Additionally, the rotatable micro-objects have a
wide size range from several nanometers to several millimetres. In
comparison to the high-frequency acoustic rotation [154], the sub-MHz
acoustic devices have a larger acoustic wavelength, thus providing a
more homogeneous acoustic field to drive the micro-rotation. Moreover,
the sub-MHz microsystems are based on more accessible acoustic com-
ponents such as buzzers, and piezoelectric plates, dispense with the
microfabrication procedures, which are advantageous for its mass
production.

The rotation method can be classified into two main categories: in-
plane rotation and out-of-plane rotation. The plane is the one that is
parallel with the observing camera plane. In-plane rotation means the
micro-object rotates parallel to the observing camera plane. Out-of-
plane rotation indicates that the micro-object can rotate not only par-
allel to the observing plane. Both rotation control in the sub-MHz
acoustic microsystem can integrate with other manipulation easily,
like mixing [159] and patterning [160]. For example, Ozcelik et al.
[155] demonstrated the acoustic rotation of organisms in a guided wave
propagation setup. The acoustic wave at 1-100 kHz range was generated
from a buzzer and transmitted via the glass substrate to excite the
resonance of sharp-edge structures. Due to the acoustic streaming effect,
the vibrating microstructure induced microstreaming to trap and rotate
the single cell (~20 pm). The streaming-induced flow by microchannel
could even manipulate the rotation of single particle length up to 1000
pm elegans (Fig. 7a). Feng et al. [161] also achieved single oocyte
multiplane rotation manipulation using similar microfluidic devices.

The vibrating direction of the microstructure is an essential factor for
the sub-MHz acoustic rotation system, as the different vibration di-
rections lead to different acoustic streaming profiles. To precisely con-
trol it, Hayakawa et al. [156] utilized a three-dimensional vibration
stage, which contains three individual actuation respectively along X/Y/
Z directions. The stage vibrated at a low frequency of 100-200 Hz and
drove the microstructures to vibrate in the same manner. The directed
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for rotational manipulation. Reproduced from reference [155]. Copyright 2016, John Wiley & Sons, Inc. (b) Oocyte 3D rotation based on vibration-induced local
whirling flow. A pillar array placed on bulk vibration stage can also supply applications for particle transportation, gathering, trapping and rotation. Reproduced
from reference [156]. Copyright 2015, Springer Nature Limited. (c) The microbubble vibrates in an acoustic field to generate acoustic streaming flows, which trap
and rotate the cells. Reproduced from reference [157]. Copyright 2021, John Wiley & Sons, Inc. (d) Acoustic streaming, generated by the resonant vibration of
microbubbles, traps and re-orients the pollen grains with respect to the force sensor, which enables the 3D mechanical characterization of it. Reproduced from
reference [158]. Copyright 2021, Springer Nature Limited.

vibration of the microstructures generated a flow to trap and rotate the around flow and possible applications [162]. Taking advantage of pre-
mouse oocyte (~50 pm) along different planes. As shown in Fig. 7b, cise control over the vibration direction, Liu et al. demonstrated the
when circular vibration along the X-Y plane was applied to a microchip needle-guided circular vibration driven by the piezoelectric stage could
with micropillar patterns, the cell was in-plane rotated; while the stage rotate cells or cell spheroids. [163].

vibration was applied with Z-components, the cell was out-of-plane Similar to the vibrating microstructure, the vibration of the liquid-
rotated. Thus, the direction and velocity of this flow can be controlled —air interface also generates acoustic streaming for rotating the micro-
by changing the direction and amplitude of the stage vibration. The objects. In the sub-MHz acoustic frequency range, the microbubbles
same group also explored various pillar forms’ influence on pillar- usually have multiple resonant frequencies, thus correspondingly
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generating diverse streaming profiles [164-166]. Based on this mecha-
nism, Zhou et al. [157] show that a soft-contact acoustic microgripper
with a bubble generated at the tip of the microcapillary can capture,
transport and rotate microbeads (20-65 pm) and zebrafish (950 pm-1.4
mm) by coupled radiation force and drag force on the microparticles,
enabling multimode movements and keep bioparticles activity (Fig. 7c).
By out-of-plane rotating the biosample, mechanical characterization of
Lilium Longiflorum pollen grains and Caenorhabditis elegans nematodes
using acoustic rotation and force microscopy were conducted (Fig. 7d)
[158]. It reveals local variations in apparent stiffness for micro-living
systems and may be used as the basis for biophysical modelling.

3.6. Propulsion and actuation

Contactless propulsion and actuation of micro-object, known as
micropropeller or microswimmer, have been extensively studied in the
recent decade, which have great potential applications in biomedical
research [167,168]. Acoustic methods for micro-object propulsion and
actuation commonly rely on the vibration of sharp-edge structures or
microbubbles to induce streaming for propulsive force. These methods
have favorable safety, biocompatibility and simple system setup. Such
advantages provide huge benefits to be applied in biomedical scenarios
[40].

With the development of micro-manufacturing technology, complex
structures with a specific character (bubble [178], sharp edge [179]) can
be designed and fabricated as micropropeller. For example, Kaynak et al.
[169] fabricated a bio-inspired sperm-like micropropeller, which was
propelled by flagellum-induced microstreaming. The linear velocity has
reached 1200 pm g1 (Fig. 8a). Dillinger et al. [170] developed
ultrasound-activated synthetic ciliary bands inspired by the natural
ciliary arrangements on the surface of starfish larvae. The liquid flow
controlled by ciliary bands can be used for propulsion (Fig. 8b). Bertin
etal. [171] designed armored microbubbles which allowed the bubbles
to last for hours even under forced oscillations. Net propulsive flow
generated by the bubble vibration could reach 100 mm s~ ! in 320 kHz
(Fig. 8¢c). Lu et al. [180] also presented a superfast strategy for growing
dandelion-like micro swarms from tubular micromotors and driving
them to move freely with an average speed of up to 50 mm s~ in 101
kHz by oscillating self-generated bubbles in an ultrasound field.

The control of micropropeller is an important issue in the way of
their wide applications. One method is based on resonance frequency
changes with the bubble size thus bubble can be actuated selectively.
While different-sized bubbles are placed in different positions of the
micropropeller, turning control can be realized by activating the bubble
independently [178,181]. Qiu et al. [182] showed highly directional
propulsion could be generated from active acoustic surfaces that con-
sisted of two-dimension (2D) arrays of microcavities holding micro-
bubbles and turned centimeter-scale devices in water selectively. Luo
etal.[172] designed a two-bubble micropropeller with different opening
diameters. The micropropeller could swim in a straight line at 301 kHz
frequency and turned to rotate at 234 kHz frequency, as shown in
Fig. 8d.

Some researchers investigated the combination of the magnetic/
electric/chemical and acoustic fields for manipulating micropropeller.
For example, Aghakhani et al. [173] presented bullet-shaped micro-
propellers coated anisotropically with a soft magnetic nanofilm layer,
allowing steering under a magnetic field. Interestingly, they performed
either the straight moving trajectory or turning events with 90 degrees
upon the magnetic field functioned, shown in Fig. 8e. They also
accomplished high shear rate propulsion of acoustic microrobots in
complex biological fluids (non-Newtonian fluids) by the same micro-
propeller and control method [183]. A similar approach also can be
achieved at higher frequency (>1 MHz) [184]. In another study, Bai
et al. [185] presented that a magnetized macrophage robot could target
and kill cancer cells using a combination of external acoustic and
magnetic fields. Gao et al.[186] take advantage of the self-spinning of
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microsphere in 100 ~ 200 kHz ultrasound. In which spinning is attrib-
uted to localized, circular streaming flow around microsphere. Then
acoustic spinning was used to steer surface catalysis powered micro-
motor and AC electric field powered micromotor, respectively. An
example of approach, pick up, transport and release cargos are
demonstrated. Overall, the combination of acoustic propulsion and
other power field (magnetic, electric and chemical) steering can be
effectively utilized to actuate and navigate micropropeller in confined
and hard-to-reach body location areas in a minimally invasive fashion.

As above, acoustic streaming is considered as a major method of
directional transport at small scales. Researchers have also investigated
other acoustic mechanical effects. Arora et al. [174,187] also observed
corrugated, hydrophilic microparticles causing cavitation inception at
their surface when they were exposed to a strong tensile stress wave. The
growing cavity thus accelerated the particle into translatory motion, and
speed reached ~ 40 m s~!. When the volume growth of the cavity
slowed down, the particle detached from the cavity through a process of
neck-breaking, and the particle was shot away (Fig. 8f).

In contrast to an untethered micropropeller, acoustic propulsion is
also used to generate torque for micromechanical systems. The
commonly used sharp edge [175,188] and bubble [189,190] structures
are introduced into the rotor arm or by assembling micropropellers in a
spinner structure, the rotor can be actuated at high speed within acoustic
field [171,188]. Zhou et al. [175] achieved the uniform actuation of
multiple microrotors with high rotational speed by a piezoelectric vi-
bration stage (see Fig. 8g). The paired asymmetric acoustic streaming
generated by a series of curved sharp tips on the microrotor produces a
net torque to propel rotor rotation. The microrotor rotational speed
could be controlled through rotor arm numbers and input frequency,
which achieved the rotational speed of ~ 1600 RPM at the piezoelectric
vibration stage and oscillated at only 800 Hz. Except for the rotor, many
devices which need spin movement may be achieved by acoustic actu-
ation. Qiu et al. [191] reported the miniaturization of a urological
endoscope by acoustic actuation. The thin-layer surface actuator is
based on two-dimensional arrays of microbubbles that resonance with
external ultrasound, giving rise to frequency-selective acoustic stream-
ing thus achieving wireless control and multiple freedom degrees. It
shows the potential medical applicability of acoustic microrotor.
Another interesting study was that Kaynak et al. [176] designed an
acoustically excited pjet engine fabricated by 3D printing. The pumping
was generated by the tip of the conical wedge-induced acoustic
streaming, as shown in Fig. 8h. Various monolithic compound micro-
machinery with multiple engines function to collect, encapsulate, and
process microscopic samples.

Except for micropropeller and microrotor, structure-vibrating
induced streaming is also an actuation method for the surrounding mi-
croparticles. For particle manipulation with a complex path, Lu et al.
[177] proposed a new approach that achieved the directional particle/
cell movement inside the pre-defined complex maze at the side affixed
transducer frequency of 134 kHz, which was relying on the acoustically
induced localized microstreaming generated around microstructures, as
shown in Fig. 8i. Using the same local microstreaming in sub-MHz fre-
quency, they proposed a controllable high-speed acoustic rotary
microsystem that particle rotated along a micropillar [192] and a
method that assembled microparticles to a straight chain at the pillar’s
narrow opening end [193]. They also developed the platform for
microparticle accurate movement upon input signal [194] and vision
feedback control [195]. Ahmed et al. [196] also showed bio-inspired
rolling motion by introducing superparamagnetic particles in magnetic
and acoustic fields, inspired by a neutrophil rolling on a wall. The par-
ticles can self-assemble due to dipole-dipole interaction in the presence
of a rotating magnetic field. The aggregate migrates towards the wall of
the channel due to the radiation force of an acoustic field. Structure-
vibrating actuation will benefit targeted therapeutics and non-invasive
surgery, especially for the need with precise motion in the vasculature.

In conclusion, the main advantage of propulsion using an acoustic
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Fig. 8. Micro-object propulsion and actuation in sub-MHz acoustic microsystems. (a) Schematic of bio-inspired sperm-like micropropeller, which is propelled by
acoustic streaming effect. Reproduced from reference [169]. Copyright 2017, Royal Society of Chemistry. (b) Starfish larva-inspired synthetic ciliary band design for
micropropeller. The synthetic cilia can be acoustically actuated to drive bulk fluid motion. Reproduced from reference [170]. Copyright 2021, Springer Nature
Limited. (c) An armored microbubbles micropropeller (size range, 10-20 pm) made by three-dimensional microfabrication. Reproduced from reference [171].
Copyright 2015, American Physical Society. (d) A two-bubble-based micropropeller with different opening diameters in which the bubble can be selectively actuated
for motion control. Reproduced from reference [172]. Copyright 2021, Royal Society of Chemistry. (e) A bullet-shaped micropropeller that can be acoustically
actuated and magnetically steered. Reproduced from reference [173]. Copyright 2020, National Academy of Science. (f) The process of growing a cavity on the
surface of corrugated, hydrophilic microparticles actuates the particle. When the cavity growth slows down, the particle detaches from the cavity and shot away.
Reproduced from reference [174]. Copyright 2004, American Physical Society. (g) Uniform actuation of multiple microrotors with high rotational speed by a
piezoelectric vibration stage. Reproduced from reference [175]. Copyright 2020, John Wiley & Sons, Inc. (h) An acoustically excited pjet engine fabricated by 3D
printing. The pumping is generated by the tip of the conical wedge-induced acoustic streaming. Reproduced from reference [176]. Copyright 2020, John Wiley &
Sons, Inc. (i) The directional particle/cell movement inside the pre-defined complex maze under structure-vibrating induced streaming. Reproduced from reference
[177]. Copyright 2017, American Chemical Society.
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field is its ability to relatively accurate and contactless control. Addi-
tionally, swarm control can be achieved in a large-scale area in sub-MHz
frequency. Finally, broad adaptability in arbitrary solutions of the
acoustic propulsion device provides a great prospect for practical
biomedical applications.

3.7. Other applications

Besides the basic acoustic micromanipulation listed in sessions
3.1-3.6, some other applications especially in the biological field are
introduced in this session. The first one is cell lysis with sub-MHz
acoustic waves. Cell lysis is a critical step for bio-detection and diag-
nosis applications due to the highly valuable biomolecules such as
proteins, DNA and RNA, as well as disease biomarkers enclosed within
the cell membrane. By acoustically oscillating sharp edges [202] or
microbubbles [197], acoustic streaming is locally generated and derived
shear forces that can physically rupture cell membranes. Existing
research have shown continuous and >90% lysis efficiency , as seen in
Fig. 9a. Malaria is a life-threating disease caused by parasites, which
plagues a significant population of the world. Thus, better diagnostic
platforms are necessary for enhancing detection sensitivity, whilst
reducing processing times, sample volumes and cost. One critical pro-
cess is the effective lysis of blood samples. Amir et al. [198]designed a
star shaped acoustofluidic mixer for enhanced blood cell lysis. the device
is capable of lysing a 20 x dilution of isolated red blood cells (RBCs)
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with an efficiency of ~95% within 350 ms (0.1 mL). (Fig. 9b).

Cell sonoporation is another application that employs cavitation
bubbles to generate transient pores in the cell membrane [203,204],
then foreign substances can enter cells easily by passing through the
pores, which provides promising prospects for drug delivery [205] and
gene transfection [206]. In fact, there are a number of studies on
sonoporation but in high frequency(>1MHz). For example, Connor et al.
[207] developed a spiral microfluidic channel based microfluidic de-
vice. The ultrasound probe as the acoustic source induces microbubble
rupture under 2.5 MHz, leading to transient perforation of cell mem-
branes—enabling enhanced intracellular delivery of soluble compounds
such as trehalose. Meng et al.[208] shown that 24 MHz surface acoustic
wave generated by IDTs can be used to induce microbubble destruction
at the desired location and achieve targeted cell sonoporation. Never-
theless, sonoporation effect under sub-MHz frequency still have some
applications. As presented in Fig. 9c, microbubble arrays and sharp edge
arrays are commonly adopted to trap cells and transiently modulate the
permeability of cell membrane for homogenous sonoporation at single
cell level [199,209]. Michael et al. [210] found that low- frequency
(250 kHz) insonation of microbubbles results in high amplitude oscil-
lation in vitro that increase the uptake of large molecules. Alinaghi et al.
[211] present a sonoporation strategy for adherent cells at 96 kHz fre-
quency. Mechanical oscillation propagated by guided wave facilitates
the cellular uptake of different size cargo materials through endocytic.
The dosage of delivered cargo can be controlled by actuation voltage

After Lysis

First stagej10 ym Second stage

Fig. 9. Other applications in a sub-MHz acoustic microsystem. (a) Schematic of MCF-7 cell lysis. A single cell in the vicinity of the air bubble. As the MCF-7 cell
membrane is intact, the green fluorescence generated by the living cells is observed. After the ultrasound irradiation, the MCF-7 cell is broken into pieces, and only
the red fluorescence is observed. Reproduced from reference [197]. Copyright 2020, Published by MDPI. (b) Microscope imaging of RBCs samples before and after
lysis. Reproduced from reference [198]. Copyright 2022, Royal Society of Chemistry. (c) Microstreaming formed to generate high shear forces for cell trapping and
sonoporation. The schematic of the sonoporation events, indicating Calcein-AM and PI can pass through the cell membrane via the transient pore. Reproduced from
reference [199]. Copyright 2020, IEEE. (d) schematic for cell stretching in the flow field around an acoustically activated oscillating bubble; a spherical-shaped
suspended cell is stretched near an oscillating bubble, where the aspect ratio is used to characterize the cell’s deformability. Reproduced from reference [200].
Copyright 2016, John Wiley & Sons, Inc. (e) Process of heterotypic membrane cell fusion. Fluorescent and bright images for MCF-7 cell (red color) and MDA-MB-231
cell (green color) membrane fusion. Reproduced from reference [201]. Copyright 2022, Royal Society of Chemistry.
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and treatment duration. Song et al. [212] applied acoustically vaporized
nanodroplets to enhance the transmembrane permeability effect for
opening the blood-brain-barrier (BBB). The detailed sonoporation
mechanism can be seen in the review [213]. Cell deformation (Fig. 9d)
also can be realized by acoustic-induced streaming for distinguishing
their mechanical properties [200]. Cell fusion (Fig. 9e) is an essential
event in many biological processes and has been demonstrated that cell
capture, pairing, and fusion are based on oscillating bubbles within an
acoustofluidic device [201]. In short, sub-MHz acoustic micromanipu-
lation plays an extremely crucial role in point-of-care technologies and is
attracting more research attentions [4].

4. Conclusion and perspective

As discussed above, interest in the sub-MHz acoustic wave-based
microfluidic particle manipulation has increased in the last few years.
The different microparticle handling methods have enabled diverse
applications in biomedicine. We briefly introduce the basic mechanisms
that appeared in sub-MHz acoustic particle manipulation, including
acoustic radiation force, acoustic streaming and acoustic cavitation. The
setup is classified by the wave propagation method as guided wave
propagation, transmissive wave propagation and standing wave. The
diverse manipulations, including mixing, pumping and droplet genera-
tion, separation and enrichment, patterning, rotation, propulsion and
actuation are reviewed.

The adaptability of applications with a such wide range is based on
the following advantages: (1) particle manipulation with a size range
from submicron to millimeter scale; (2) low requirement on particle and
liquid parameters, such as magnetic labelling, electrical conductivity,
etc.; (3) great biocompatibility with minimum harm on biological
samples; (4) a wide range of throughput handling from nanoliter to
milliliter; (5) last but not least, for the sub-MHz frequency range, low
cost due to the simple setup and acoustic source requirement (buzzer,
speaker, or piezoelectric plate). These advantages make the techniques
easier to be promoted as large-scale applications and commercialization.

Aiming at further improvements on the sub-MHz acoustic micro-
manipulation, the following aspects should be concerned and explored:

1. The acoustic manipulation devices have multiple functions as shown
in session 3. However, most existing manipulating systems are
demonstrated with one basic function or deal with a single
biochemical process. This makes it hard to afford the whole analysis
process from sample preparation to the final test. Integrating various
functions into one system can expand their universality. With sys-
tematic integration, a series of portable, multi-function, user-friendly
biomedical analysis systems can be expected.

2. Owing to the complexity of fluid mechanics, further deeply theo-
retical exploration (such as analytical solution) on bulk vibration
induced outer boundary layer streaming needs to be conducted,
which can provide precise description and optimize the guidance
upon particle manipulation microfluidic device design.

3. Although the resolution of sub-MHz acoustic wave-based micro-
fluidic particle manipulation can reach submicron and realize high
throughput handling, it is not suitable for applications with
extremely high requirements on manipulation resolution (<100 nm)
due to its inherent frequency settings (typically kHz to a few MHz). In
such cases, researchers may opt for the surface acoustic wave plat-
form actuated by high frequency IDTs (hundreds of MHz to GHz),
offering high accuracy and high resolution but requiring compromise
on the low volume sample handling. Thus, combination of sub-MHz
acoustic wave-based methods with high throughput and surface
acoustic wave platform exhibiting high resolution can perform the
potential solution.

4. Current research breakthroughs are typically limited in the in vitro
systems. For in vivo applications, the sub-MHz acoustic microma-
nipulation has several potential research directions. Across-tissue
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manipulation based on sub-MHz acoustic waves is suitable for in
vivo applications, which means acoustic sources can remotely
actuate the micro-objects. In addition to quality and safety,
biocompatibility is also of particular importance. Some applications
are more applicable in vivo, like Gao et al. [214] showed ultrasound
thrombolysis using acoustic bubbles in vitro. By combining the
acoustic field with the optical or magnetic field, the development of
on-chip micro-robotics with biocompatible materials will greatly
promote the application of minimally invasive medicine in the
clinical field.

5. The precision of the present manipulation method also requires
further improvement, such as rotation and prolusion. One of the
potential directions is to add feedback control, which may benefit
auto and accurate manipulation for circumventing personal error.
However, proper and matched observation methods require further
investigation, such as ultrasound imaging, magnetic resonance im-
aging, etc.

6. To some extent, there are still a lot of applications in the field of
applied acoustics, especially sonochemistry, which have not been
studied in a precise or controllable microfluidic system. For example,
viscosity variations of heavy crude oil [215], ultrasound-assisted
water purification [216], quick freezing [217], air drying [218],
protein modification [219], etc. While these techniques have been
utilized extensively in industry, the challenge of implementing that
into microfluidic devices still exists. It may be possible to adapt these
methods currently used to manipulate microparticles in the micro-
chip, thus developing new manage methods to expand application
scenes of acoustic manipulation devices. There has been a batch of
hopeful works about the sub-MHz frequency acoustic which have
been performed to date and their capabilities need to be investigated
by future experimental work.

7. Though sub-MHz acoustic micromanipulation has been applied in
cells and tissues, the influence of acoustic streaming/cavitation ef-
fect for bionic samples are not clear enough in microfluid devices.
Several studies about ultrasonic and tissue engineering/cell have
been reported [220,221]. For example, Guo et al. [222] apply low
intensity pulse ultrasound (LIPUS) to improve the porosity and
permeability of a 3-D alginate scaffold, thus benefiting nutrition
supply and metabolism during cell growth. The physics mechanism
might lie in microstreaming shear stress generated by ultrasound-
driven microbubble oscillations. However, excessively delivered
acoustic energy might cause undesired cell damage. Thus, evaluation
of the interaction between sub-MHz acoustic and bionic samples is
worthy to explore, which has profound significance for biological
application.

Looking into the future, micromanipulation has been identified as a
major bottleneck to advancing the biomedical and environmental fields.
The sub-MHz acoustic wave-based manipulation exhibits good
biocompatibility, low cost, and simple setup, which are promising in
enhancing future biochemical analysis and benefit healthcare.
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