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Abstract: The use of vibration and acoustic characteristics for micromanipulation has been prevalent
in recent years. Due to high biocompatibility, non-contact operation, and relatively low cost, the
micromanipulation actuated by the vibration-induced acoustic wave and streaming flow has been
widely applied in the sorting, translating, rotating, and trapping of targets at the submicron and
micron scales, especially particles and single cells. In this review, to facilitate subsequent research, we
summarize the fundamental theories of manipulation driven by vibration-induced acoustic waves
and streaming flow. These methods are divided into two types: actuated by the acoustic wave,
and actuated by the steaming flow induced by vibrating geometric structures. Recently proposed
representative vibroacoustic-driven micromanipulation methods are introduced and compared, and
their advantages and disadvantages are summarized. Finally, prospects are presented based on our
review of the recent advances and developing trends.
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1. Introduction

Since the first microparticle manipulation method based on optical techniques proposed by Ashkin
et al. in 1986 [1], micromanipulation has shown potential in the translation, rotation, pattern, sorting,
and separation of particles or cells. In particular, some cell-oriented manipulations, such as cell-cell
interaction, cell injection, physical transfection, have been achieved. Micromanipulation via optical
techniques named optical tweezers [1] has achieved success and is now the primary tool used in the
scientific community. However, consensus has been reached that the benefits of optical tweezers come
at the cost of expense, complexity, inefficiency, and potential damage to cells [2], so the applications of
such devices are limited. The emergence of lab-on-a-chip technology has motivated effort to replace
optical tweezers in recent years [3]. Many alternative manipulation methods have been developed
using magnetic [4], dielectrophoretic (DEP) [5], optoelectronic [6], and acoustic [7] methods. Acoustic
field and vibration provide an essential tool for accurate, biocompatible, and non-contact manipulation
of cells and microparticles, so they have received considerable attention more recently. As a means of
manipulating orientation of micron-scale objects such as particles and cells, micro-manipulating devices
actuated by vibration will have lower operating costs and be more reconfigurable, flexible, versatile,
and biocompatible in the future. For its development, especially in practical applications, achieving a
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more comprehensive, extensive, and profound understanding of vibration actuated manipulations
is vital. Notably, vibroacoustic methods cannot manipulate molecular-scale particles like optical
or magnetic methods, as stated in the review by Neuman et al. [8] and Shi et al. [9]. Due to the
diffraction phenomenon caused by acoustic wavelengths and the highly nonlinear characteristics of
fluid on the nanometer scale, the effective range of vibroacoustic manipulation is generally limited
to the micron or submicron scale, which is also the scale mainly studied in this review. Since these
micromanipulation schemes are usually actuated by vibro-acoustic phenomena, we refer to the concept
of micromanipulation actuated by acoustic waves and streaming flow as vibration-induced acoustic
wave (VAW) and vibration-induced streaming flow (VSF), respectively. VAW and VSF are two different
vibration-induced physical phenomena. Acoustic radiation force (ARF) and acoustic stream are the
two main mechanisms of VAW, referred to as acoustophoresis [10]. Due to the scattering between
particles in the medium, an acoustic field forms in the propagation of VAW, where a radiation force
exists in the gradient direction [11]. A difference exists between acoustic streaming and VSE. Here,
acoustic stream refers explicitly to the phenomenon of nonlinear acoustic force propagation caused
by second-order sound pressure. Although the acoustic stream is a widespread phenomenon, its
performance usually needs to meet two conditions: high frequency vibration and appropriate particle
size. VSF is generated by the action of a Reynolds stress, defined as the mean value of the acoustic
momentum flux [12]. Streaming flow has no strict requirements for high vibration frequency and
particle diameter. In other words, vibration is not a sufficient condition for streaming flow. However,
VAW and VSF often occur simultaneously and are difficult to eliminate their mutual influence. To
ensure the operability and achieve the desired effect, we discuss the physical principles of the two
mechanisms above to determine and explore the functions performed by each. The principles of forces
induced by the acoustic wave and streaming flow are complicated, but these issues are vital for their
study. Therefore, we introduce these forces briefly in Section 2. Some typical VAW and VSF devices are
shown in Figure 1.

Similar to magnetic and dielectrophoretic manipulation, VAW uses vibration to excite a wide
range of acoustic fields in the medium, where gradient forces are used to manipulate the particles
or cells. Acoustic radiation manipulation devices can be used for transport [13-15], sorting and
filtering [16,17], trapping [18,19], patterning of particles or cells [20-22], droplet generation [23], and
fusion [24]. Acoustic radiation force can be generated using many methods such as surface acoustic
waves (SAWs) and bulk acoustic waves (BAWs). Micromanipulation by acoustic waves is arguably the
most popular and mature research solution. The actuators of these devices are usually stationary and
can generate a widely distributed acoustic field in channels or chambers. Different from the complex
principle of acoustic field force, SAW and BAW are the two branches separated from each other based
on the propagation forms. Compared with BAW devices, SAW devices are more diverse, including
in-plane manipulating devices and acoustic actuators arrays, which results in an efficient operating
process in the simultaneous transport and patterning of multiple particles. Interfaces between different
media are straightforward to find, which is the basis of SAW propagation. BAW devices usually have
a certain depth and stable propagation medium. BAW devices have viscous boundary layers at the
fluid cavity walls that cause boundary-driven streaming on the boundary parallel to the propagation
direction [25]. The existence of boundary streaming restricts the wave’s propagation in the boundary
direction, which generated concentrated acoustic waves. However, numerical analysis of the BAW
boundary streaming is a troublesome task. In the cross-sectional direction, BAWSs can generate a Bessel
vortex, where particles can be trapped in the center. The BAW devices generate acoustic beams for
manipulation, which is similar to magnetic tweezers and optical tweezers, which we also label as
acoustic beam actuators.

Traveling and standing acoustic waves are two different manifestations. Traveling acoustic
waves propagate in a certain direction, where the particles in the traveling acoustic wave field usually
move in the same direction. Standing waves are generally superimposed by traveling waves of the
same frequency propagating in opposite directions, which can be generated by a reflecting plate or
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symmetrically arranged transducers. The superposition of two waves generates nodes or potential wells
with the lowest potential energy in the acoustic field, where particles gather spontaneously. Considering
both traveling and standing waves have been applied in micromanipulation, the micromanipulation
based on SAW can be further divided to using traveling SAW (TSAW) and standing SAW (SSAW).TSAW
and SSAW are common concepts of in-plane micromanipulation. One of the important characteristics
of micromanipulation based on BAWs is using high-frequency vibration to induce ultrasonic waves.
Thus, to emphasize the high frequency used, the micromanipulation based on BAWs can be divided to
manipulation by ultrasonic traveling waves (UTWs) and ultrasonic standing waves (USWs) [26,27].
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Figure 1. Schematic diagrams of several typical (a-d) vibration-induced acoustic wave (VAW) and
(e—g) vibration-induced streaming flow (VSF)devices (introduced in Section 4): (a) cell sorting device
based on traveling surface acoustic wave (TSAW) [16], which is a widely used scheme; (b) dynamic
acoustic field micromanipulation device based on standing surface acoustic wave (SSAW). (a,b) Typical
SAW devices, which will be introduced in Section 3.1. (c) Ultrasonic acoustic beam actuator using bulk
acoustic wave (BAW). (d) One-dimensional (1D) ultrasonic acoustic transducers array manipulator.
(c,d) Typical BAW devices, which will be introduced in Section 3.2. (e) Vibrated needle manipulation;
(f) vibrated geometric substrate manipulation systems [10]. (g) Manipulation by vibrated microbubble
induced microflow.

Different from the use of acoustic actuators to generate ultrasonic waves for operation, the
high-frequency vibration of a certain geometric structure can be used to generate acoustic streaming,
medium flow, or vortexes—the VSF devices. Compared with the method mentioned above, VSF
devices can achieve more complex functions that focus on single particles such as translation, rotation,
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trapping, localization, and orientation. VSF is less constrained by particle volume and shape, and
system design is relatively easier. Many of these systems can perform different tasks without making
changes, as exemplified by Liu et al. [28,29], Li et al. [30], and Chung et al. [31].

Vibrated needle driven micromanipulators, which are the most widely used in this kind of
solution, use the vibration of probes or needles to directly generate acoustic and fluid flow. Substrates
with a variety of geometric units are also a popular scheme. In particular, particle patterning by the
vibration of the substrate and micromanipulation using vibrated microbubbles or microrobots can be
considered geometric structure manipulation. The manipulation of geometric structures generally
has several advantages over direct manipulation of acoustic waves. Firstly, the vibration frequency of
the geometric structure is generally much lower than the vibration frequency of acoustic waves (>100
kHz). Some needle-driven micromanipulators can even operate with vibration frequencies lower than
ultrasound. Secondly, many geometries, especially the needle-driven and substrate devices, can avoid
microfabrication [32], thereby considerably reducing the manufacturing cost. This method is also easy
to control. Microrobots may be an exception. Although their production and control are relatively
cumbersome, this method has strong compatibility and expansibility, which guide the development of
vibroacoustic micromanipulation methods as well.

The study of microbubbles also needs emphasis. Microbubbles are important in the
micromanipulation of vibration acoustics. With flexibility and scalability similar to microrobots,
their cost is much lower. Microbubbles have complex fluid and vibration models [33], especially for
the Bjerknes force generated by the interaction of multiple bubbles [34,35], and the control method
means that it is also one of the objects of micromanipulation [36]. The study of microbubbles has its
own field. VSF devices will be introduced in Section 4.

In this paper, we outline the latest progress of various VAW and VSF micromanipulation schemes
and classify them according to the principle of the device. We mainly focus on the application effects and
characteristics of various schemes on the particle or cell at the micron and submicron scales, including
operation accuracy, system complexity, application scenarios, and future development directions.
Representative or forward-looking advanced solutions with high precision, outstanding operation
effects, and complete systems are favored in this paper. Finally, we summarize all the vibration-induced
micromanipulation methods in Sections 5 and 6 and propose several future development directions.

2. Forces Induced by Acoustic Wave and Streaming Flow

Before the detailed discussion, we provide a general introduction to various kinds of phenomena
or forces in the acoustic field and the effect of particles in streaming flow induced by vibration.

2.1. Acoustic Radiation Force on the Targets

Acoustic radiation force based on first-order acoustic pressure is the simplest acoustic field force
model. Generally, both the static and dynamic field devices mentioned above use the Gor’kov potential
in the acoustic field. This was first described mathematically in Lord Rayleigh’s research [37,38], but
its basic phenomena had been known for some years before as acoustic standing wave in the Kundt
tube, which was used to test the speed of sound separation in various mediums. After a period of
development, Gor'kov proposed an elegant model to explain and describe the potential energy and
force of standing waves and traveling wave fields [39]. When the diameter of particles is much smaller
than the incident wavelength of sound (kR, < 1, where k = ZT” and Ry, is the particle radius), the
acoustic field force, F(r), resulting from a potential field (note that it is a scalar), U(r), can be found
as [40,41]:

F(r) = -VU(r)
(r) = V(1= 2 ) - L2 i) (1)

Epot(r) o (p12) and Eyn(r) o (2l )
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where V is the volume of the particles being manipulated (usually a sphere, V = 47IRp3/ 3); x()
and p .y are the compressibility and density, respectively; the subscripts p and f denote the particles
and fluid, respectively. The time-averaged radiation potential energy U of the particle of volume V
located at r is related to the time-averaged kinetic energy (Eg;,, which is proportional to the mean

squared particle velocity, (Iv_1;|2)) and potential energy densities (Epot, which is proportional to the
mean squared pressure, {|p1[%)), ignoring the flow of the fluid in the sound field and the force between
the particles. Note that for a fluid, kf =1/ pc?, where c is the wave speed. The premise of this formula
is that the particles must be spherical and small enough, and the flow in the field and the interaction
between multiple particles are negligible. The acoustic streaming more significantly influences the
small particles than the ARF, according to Skowronek et al. [42]. For some large or non-spherical
particles, many methods are available for analyzing the ARF in typical conditions via numerical
analysis [43,44]. In methods operating with dynamic acoustic fields, the flow of fluid is generally
considered an interference term. However, the microfluid is an alternative to micromanipulation,
which we discuss later.

Acoustic streaming induced by second-order sound pressure and Reynolds pressure is a popular
method of fluid generation, which involves the precise application of the nonlinear part of the acoustic
radiation force. The influence of acoustic streaming on many systems is vital because second-order
acoustic pressure is ubiquitous in various systems based on ARF. The reason why the quadratic term
is generally neglected is that the influence of the quadratic term on the operation accuracy of the
particles that are small enough is limited [42]. However, to cope with exceptional cases such as large
particle size (kRy, > 1) for which the influence of the second-order term cannot be ignored, many studies
have numerically analyzed second-order acoustic pressure. The most common approach has been to
integrate the second-order acoustic pressures around a boundary that encloses the particle. If we use

sound pressure to describe the force of particles in the sound field, F, can be found as [10,41]:

~Fr= < fs r Pzr_{dsr> - < fs r Pf(zal;)al;dSr> @)

2= ger(if) - 3e(n]) ®)

where the integration surface S;, which encloses the particle, can be chosen arbitrarily, and 7 is the
normal of that surface. Typically, for inviscous fluids, p» can be derived from first-order terms similar
to Equation (1). These equations provide a straightforward model of the relationship between acoustic
field force and acoustic stream. A specific range should be found so that these principles can be
fully used.

Particle size here is a critical factor. When the radius of the particles R, is much smaller than the
wavelength A (R, < A), the traveling wave force F scales with the sixth power of the radius (F o Rg);
when R, > A, F scales with the second power of the radius (F « R%) due to the tremendous scatting
force. A strong nonlinear relationship exists when R, and A have the same order of magnitude (R, ~ A).
For this kind of device, although small particles provide the optimal control conditions (we usually
control the frequency to achieve the relationship between the wavelength and the particle radius ratio
of k¥ = 21R, / A), the force, in this case, is too small, resulting in lower efficiency. Many studies have
confirmed that only when the particle diameter approaches that of the acoustic wavelength is the
force substantial enough to generate significant particle translations, where the nature of the scattering
of sound waves from the particle interface transitions from isotropic (Rayleigh scattering state) to
anisotropic-dominate (Mie Regime) [42,45]. This characteristic determines that similar operations can
only be performed at very high frequencies (~10 um particles correspond to ~100 MHz in a fluidic
environment).
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2.2. Force Acting on the Target in Streaming Flow

Manipulate particles must be manipulated with the vibration-induced streaming flow. Although
it is impossible to accurately calculate the mathematical model of the fluid, three equations—continuity,
Navier-Stokes, and energy conservation—can be applied on the macro-scale to solve many fluid
dynamics problems based on the continuum assumption [46]. Generally, the performance of
microfluidics is not the same as that of macrofluids. However, the scale of micromanipulation
is still much larger than the molecular size of the medium, other numerical analysis methods of
micro-fluids are too complicated, and the continuous medium assumption is still reliable with certain
accuracy. Therefore, particles can still be dynamically analyzed by the method described above.
Hydrodynamics is highly nonlinear, and studies related to micromanipulation are numerous and
complex [33,47,48]. Here, we summarize the simple mechanical principles involved in streaming flow
rather than precise numerical solutions.

For streaming flow with a low Reynolds number on the micro-scale, the influence of the fluid’s

convection acceleration can be ignored. So, the drag force F; of the spherical particles in streaming
flow can be solved by using the Navier-Stokes equation (NSE):

Fg = —6muR, v, @)

where 1 is fluid viscosity. The drag force is positively related to the particle velocity, and the direction
is precisely the opposite. This result means that the fluid hinders the movement of the particles, but
due to the existence of relative motion, the moving fluid can also cause the movement of the particles.
For non-spherical particles, the way in which drag forces work is also different, for which readers can
refer to related microfluidics dynamic works.

In addition to the drag of the fluid, the particles are also affected by gravity and buoyancy, which
is a fundamental mechanical equation:

Gy +Fp= V(pp - pf)g. (5)

Equation (5) calculates the sum of the gravity G, and the buoyancy force Fj of particles, where g is
the acceleration due to gravity. Usually, particles with a density close to the fluid remain suspended in
the medium. For particles with a density much smaller than the medium, especially microbubbles, the
surrounding liquid moves during its accelerated motion. In other words, this is equivalent to adding
additional mass to the particles, which is the virtual mass force [49]:

Fo = ~VpsKna ©6)

where a_;, is the acceleration of particles and Kj; is the empirical coefficient of the virtual mass force,
which is set to 0.5 in the calculation. The effect of this force can be ignored due to the large motion
inertia for high-density particles.

Considering only the above conditions, the force of the particles in the streaming flow field is
concise. Streaming flow is always use to drive particle motion, so the direction of motion is determined
by the direction of fluid microelements integration, which is almost unpredictable at the micro level.
Regular vibrations of some geometric structures can produce corresponding regular flows. Therefore,
manipulation is feasible using microfluid without fully grasping the movement details of each position
of the microfluid field.
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3. Micromanipulation by Vibration-Induced Acoustic Wave

3.1. Manipulation by SAW

In-plane micromanipulation is the most prominent feature of SAW-based manipulation. Since
surface acoustic waves always propagate along the surface, the manipulation of particles also occurs
in the plane. The in-plane micromanipulation environment is usually a liquid-filled channel or
chamber that can be integrated on a tiny silicon chip named lab on a chip. Figure la,b show the
concept of in-planar manipulation. More examples are shown in Figure 2. According to the previous
description, we classify these devices into TSAW and SSAW devices. We introduce the features and
their relationships in the next two subsections. In-planar manipulating devices are generally operated
in a manner that is dominated by ARFs, primarily to achieve transport, sorting, and patterning of large
numbers of particles. Table 1 provides some research schemes of in-planar manipulating devices in
recent years, where their information is introduced. The particle sizes are mostly on the micron and
submicron scales, the driving frequency is larger than 1 MHz, and the power is usually low.

OFF
(a)
Luk;\. ., Leaky
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& b 4 *° SO N =
szat - £ z — Efff N
kel XAY :::::ys 1
(c) (d)

Figure 2. Typical in-plane manipulating devices proposed by (a) Franke et al. [16], which represents
manipulation in R, < A conditions; (Republished with permission of the Royal Society of Chemistry
from reference [16]. Copyright © The Royal Society of Chemistry 2010; permission conveyed through
Copyright Clearance Center, Inc.) (b) Collins et al. [45], using acoustic stream in plane, when the
particles’ radii are similar to the wavelength size, the acoustic stream plays a vital part in the devices;
and; (Republished with permission of the Royal Society of Chemistry from reference [45]. Copyright
© The Royal Society of Chemistry 2017; permission conveyed through Copyright Clearance Center,
Inc.) (c) Guo et al. [13], which is the most typical model of two-dimensional (2D) SSAW manipulation.
The frequency and phase can be changed by chirped Interdigital Transducers (IDTs) to change the
field, which means the dynamic field devices. (Republished with permission of the National Academy
of Sciences from reference [13] Copyright © National Academy of Sciences 2014;) (d) A new kind of
SAW operation method proposed by Zhang et al. [50]. The IDTs with different shapes compared with
the other systems are placed at the substrate of the operating plane in an array. (Republished with
permission of the Royal Society of Chemistry from reference [50]. Copyright © The Royal Society of
Chemistry 2019; permission conveyed through Copyright Clearance Center, Inc.)
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Table 1. Some in-plane manipulation research schemes in recent years. Freq, frequency.

8 of 23

Author Year Function Particles Size (um) Freq. 3 Acous 4 Wave Power
(MHz) Form (mW)
: 1
Ding et al. [51] 2012 Transport Bovine 15¢ o 185-37 SSAW 320
Guo etal. [13,52] 2014 Transport and HEK 293T, ~15 13.35-13.45 SSAW 10-30
rotation HeLa, and
HMVEC
Collins et al. [45] 2017 Transport PS 0.1-0.3 633 TSAW 126-251
Fakhfouri et al. [10] 2018 Swirling, PS 0.1-6 155 TSAW 320
transport, and
patterning
Chen et al. [53] 2013 Patterning Silver nanowires & 0.06, Length 12.6 SSAW 10-250
40
2D capture and Human LYMPH 6-10
Collins et al. [21] 2015 R Human RBC 6.5 101-229 SSAW 220-520
patterning PS 51-10
Fakhfouri et al. [17] 2016 Sorting PS 5-10.36 129.5-258 TSAW >43.4
Ng et al. [54] 2017 Sorting PS 5-10 75.8-76.2 TSAW 508-1040
Wu etal. [55] 2019 Sorting Extracellular 0.04-2 ~20 SSAW Input
vesicles and voltage
lipoproteins 2040 Vpp
Brenker et al. [23] 2016 Droplet Water-in-oil >200 fL 129 TSAW 1500
generation droplet
Sesen et al. [24] 2014  Droplet merging Water-in-oil 100-150 485 TSAW 500-2500
droplet
Zhang et al. [50] 2019 Patterning, PS, zebrafish 10-1000 24-24.2 TSAW and 630-5000
transport, larvae, SSAW
trapping, and water-in-oil
droplet droplet
transport

1 RBC: Red Blood Cell; 2 PS: Polystyrene; 3 Freq: Frequency; 4 Acous: Acoustic

3.1.1. TSAW Devices

TSAW devices are the most common in-planar micromanipulation method, and have been
maturely applied in microfluidic systems and lab-on-a-chip. Figure 1a shows the structure of a typical
TSAW micromanipulation device. The acoustic potential gradient generated by a radiation force or
streaming manipulating particles along its direction is a fundamental phenomenon for TSAW, and is
vital for the sorting and transportation of particles or cells.

The method proposed by Franke et al. [16] in Figure 2a shows an earlier typical TSAW sorting
device. Earlier studies could only use an acoustic field force to manipulate particles. The particles are
carried into the channel by a jet. The Interdigital Transducer (IDT) switching can control the deflection
direction of the jet to achieve particle sorting. Researchers must be careful to avoid the effects of
acoustic streaming, scattering forces, and internal reflection in channels on the particles. This means
that the efficiency of such particle sorting is not high enough because more accurate classification can
be achieved only when the number of particles is limited and the passing speed is fast. As described in
Section 2.1, particles with different particle sizes behave differently in the same acoustic field. Therefore,
more efficient classification methods exist for distinguishing particles with different particle sizes.

As shown in Figure 2b, the TSAW-based in-plane manipulation scheme proposed by
Collins et al. [45] is one of the most representative solutions in recent years. Different from
previous similar schemes, the x in this work was set to nearly 1 (actually x was ~ 1.3, which
is the threshold between acoustic-streaming-dominant and scattering-forces-dominant) rather than
x < 1(linear-ARF-dominant). Although acoustic streaming and the scattering force show specific
nonlinear characteristics at this ratio, rules must be followed at a specific position. At the very middle
of the IDTs, the equation of motion of the particle can be simplified as [45]:

Vmiddle (X) = Agwe™ X 7)
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where v(x) is the fluid displacement velocity in position X, A is the initial substrate displacement
(similar to the initial amplitude), w is the angular frequency, « is the interface propagation attenuation
between different media, and x indicates the position. The maximum vibration velocity is shown in
Equation (7), which can be applied approximately in a nearby area where the acoustic field force can
be described as:

Fa = pBaniddle (x) 8

where p is the fluid density and {3 is the velocity attenuation parameter in the fluid. Since such devices
are oriented toward large particles and do not reduce the effects of acoustic streaming (and even
emphasize this effect), these devices have limited influence on small particles and tend to perform
better in particle sorting.

Although it is widely used in particle sorting, TSAW has other applications. Fakhfouri et al. [10]
showed that the acoustic streaming produced by TSAW can make particles swirl and thus form
patterns. Brenker et al. [23] and Sesen et al. [24] proposed droplet generation and droplet fusion
methods, respectively, based on TSAW with similar equipment, verifying the effectiveness of TSAW in
droplet operations.

3.1.2. SSAW Devices

The device shown in Figure 1b is another kind of in-plane manipulation method, a SSAW
manipulating device, which places the IDTs symmetrically to create a stable SSAW field inside the
chamber or channel, according to the review of Lin et al. [3]. The chamber or the channel should have
a simple shape, which is typically has 1D properties. A simple setting method of the two-dimensional
(2D) symmetrical distribution is shown in Figure 1b. The placement of the transducer can be designed
according to other distributions, such as an annular array. Compared with the TSAW field described
above, SSAW better manipulates large numbers of particles. Particles in the standing wave field are
easily concentrated at the standing wave node (1D) or in the potential well (2D or 3D). This means
that, in most cases, R, should be relatively much smaller than the wavelength, which satisfies the
optimal operating conditions based on acoustic field forces. The devices based on SSAW have different
operation modes. These systems can be driven by sinusoidal signals that require only a few volts of
input voltage or less than 1 W of input power. Since the condition of resonance needs to be satisfied in
a state where the system is stable, and the particle size, mentioned later, should have an additional
limitation, the frequency of generating the ARF is approximately larger than 1 MHz (affected by
the medium).

The use of SSAW equipment is difficult. The particle transport of SSAW requires constant changes
in the position of the nodes or potential wells by changing the frequency or phase of the IDT, for which
further optimization is required. Single SSAW devices create a static acoustic field, which means that
the standing wave field has a fixed 1D shape. If the system has a low input damping, the resonant
operation model can provide high efficiency in terms of force applied for given input power. However,
if the system does not work in resonant conditions, higher input power may not be accompanied by
higher output efficiency. Researchers have to design different resonant devices, which may be infinite
but cannot be used in different conditions, to adapt to different applications. A solution was provided
soon after people realized this problem. Researchers have tried to overcome the traditional method of
operating in a chamber or channel, in other words, the resonant devices, but using a dynamic field.

By controlling the input frequency of the transducer, the distribution and strength of the acoustic
field can be changed dynamically [41]. Compared to a static field, SSAW manipulation using a dynamic
field is not limited to a simple switching operation. In contrast, the complexity and cost of dynamic
field devices have also increased dramatically. A single dynamic device might be able to perform
multiple functions, such as reconfiguration, oriented to multiple kinds or sizes of particles, which
require multiple static acoustic field devices to complete. In general, dynamic fields can be generated
using two methods: moving the transducer to change the focus or structures of the field and using a
non-resonant device that sets the arrangement of the different transducers and their frequency and
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phase to change its Gor ’Kov field. The non-resonant manipulation methods have a lower efficiency
due to the existence of damping. The efficiency can be evaluated, according to Glynne-Jones et al. [40],
by multiplying the efficiency of the corresponding resonance field by the reciprocal of a quality factor
(Q factor). Q is strongly correlated with the damping generated by the system (material, medium, etc.).

The dynamic field manipulation devices proposed by Guo et al. [13,52] shown in Figure 2¢
have indicated the tendency of in-plane micromanipulation, which is the purpose of controlling
particle motion by continuously changing the acoustic field. In this work, the transducers were set
symmetrically and emitted acoustic waves with the same frequency, generating a 2D standing wave
field in the middle chamber. The 2D standing wave field generates a potential well at the intersection of
two sets of 1D standing wave nodes perpendicular to each other, where the particles are concentrated.
When the particles need to be moved, the position of the nodes can be changed by changing the phase
relationship of the standing wave field in the corresponding direction, thus changing the position of
the particles. The acoustic streaming in the standing wave field is still ubiquitous in each potential
well, so the particles located within it are continually making a rotating motion. However, particles
in a single potential well cannot be operated independently. Thus, it is almost impossible to control
multiple particles to move along different paths simultaneously using this device.

Both TSAW and SSAW devices are important branches of in-planar manipulation methods. TSAW
is more conducive to particle transport and classification, whereas SSAW has better performance in
particle patterning and precise translating. In terms of the driving frequency, particle size, input power,
and operating object, no pronounced difference exists between them, as shown in Table 1. Both TSAW
and SSAW share characteristic limitations. These two devices are applied only inside the plane, but
do not provide control in the vertical direction. However, neither of these devices can control the
movement of individual particles along different paths when there are a large number of particles in
the acoustic field.

In recent years, new solutions have emerged that combine TSAW and SSAW. In the system
proposed by Zhang et al. [50], the transducers are smaller units that can be controlled separately by the
upper controller. In this work, the authors used the mixed effect of ARF and acoustic streaming in the
water layer to push the floating object following the directions of SAW propagation. When a small
transducer unit (referred to as a micro-pump) is activated, an upward jet is generated in the +z direction
to suspend the particles. Simultaneously, a high acoustic field gradient is generated around the edges
of this transducer, and leaky waves simultaneously occur. Under the combined effect of acoustic
streaming and the leaky wave generated by the acoustic field gradient, particles can be pushed away
from this micropump. As shown in Figure 2d, each of the unit IDTs in an array embedded beneath
the carrier fluid serves as a micro-pump for fluids along the x and y axes. Therefore, an object can
be programmed to move in predesigned routes following the sequential triggering of hydrodynamic
gradients by selectively switching different unit IDTs on and off.

3.2. Manipulation by BAW

3.2.1. UTW Devices (Ultrasonic Acoustic Beam Tweezers)

As mentioned above, research on such devices is not popular, but some research programs are
important. The most prominent feature of in-plane micromanipulation is that this system is suitable for
manipulating a large number of particles or cells simultaneously, but cannot control a single particle
without affecting the movement of the other particles. The acoustic beam manipulator driven by
BAW (or UTW for detail) can compensate for this disadvantage. The ideal acoustic beam tweezers is
depicted in Figure 1c.

Wau et al. [56] first proposed the concept of ultrasonic acoustic beam tweezers. They followed the
idea of optical tweezers and experimentally explored using two counter-propagating focused acoustic
beams from 3.5 MHz transducers. Although they trapped the latex particles successfully, no movement
of the trapped particles was performed in their experiments. A variant on this simple beam device
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was reported by Yamakoshi et al., who trapped particles in a channel at the focus of two propagating
acoustic beams driven out of phase, where the transducers were placed side by side. Lee et al. proved
a single acoustic beam is able to trap particles like an optical beam if the particles are small enough and
the acoustic field force is relatively large [19,57]. UTW devices have two manifestations: shear wave
and longitudinal wave. This device can generate Bessel vortex in a cross-section. Similar to the sound
field pattern in Figure 1c, particles can be trapped in the center of the sound field in the cross-section to
achieve the manipulation effect.

Baresch et al. used a single beam to achieve three-dimensional (3D) control of particles, as
shown in Figure 3a [58-60]. Acoustical beam tweezers can push, pull, and accurately control both
the position and the forces exerted on a single particle. The broad spectrum of frequencies covered
by coherent ultrasonic sources provides a wide variety of manipulation possibilities from macro-
to microscopic-length scales. However, the array of equipment that produces the acoustic beam is
too large, which is cumbersome to move and thus provides inflexible manipulation of particles. In
response to this problem, Baudoin et al. proposed a simpler solution [18], as shown in Figure 3b. They
unleashed the potential of focalized acoustical vortices by developing the first flat, compact, paired
single electrode, and focalized acoustical tweezers. These tweezers rely upon spiraling transducers
obtained by folding a spherical acoustical vortex on a flat piezoelectric substrate. The focused vortices
acoustically trap in a small range, so produces better performance in the control of a single particle or
cell. Due to the simplicity of the technology and its scalability to higher frequencies, this work opened
possibilities of individual manipulation and in situ assemblies of physical and biological micro-objects.
To strictly demonstrate the 3D trapping function with progressive waves, it is necessary to eliminate
any stray standing waves that may occur due to wave reflections on the wall and thus should be
performed in a large water tank to simulate free-space conditions.
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Figure 3. Ultrasonic acoustic beam tweezers by Baresch et al. [58-60], Baudoin et al. [18], and Marzo et
al. [61]: (a) the earliest ultrasonic acoustic beam tweezers, which were large, and the particle could
be manipulated within the diameter of the tank. (Reprinted with permission from [60]. Copyright
2013, Acoustic Society of America.) (b) Similar to the research of Baresch et al. [58-60] but with a small
volume. The chamber is moveable so that the particles can translate with the chamber. (This figure
is republished reference [18] of Baudoin et al. and licensed under CC BY 4.0. Copyright © 2019 The
Authors) (c) Acoustic beams designed as optical beams. A particle is manipulated at the focus of a
concave surface where beam transducers are set regularly. (This figure is republished reference [61] of
Marzo et al. and licensed under CC BY. Copyright © 2015, Springer Nature)

The device shown in Figure 3¢, which was proposed by Marzo et al. [61], is another kind of acoustic
beam tweezer. The main idea is to levitate objects in the air through the acoustic beam generated by a
BAW. This method has the advantages of optical tweezing (i.e., single-beam, rotation, holographic
control, and multiple particles) with the efficiency and versatility of acoustic levitation, and could
lead to the development of powerful tractor beams. Multiple acoustic beam manipulation units are
evenly arranged on the arc surface and aligned with the center of the sphere. By changing the phase or
switching the unit, different-shaped sound field potential wells are formed at the focal point to achieve
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operation. Particles can move and rotate in the potential field without moving the units. However, the
size of the particles that can be manipulated by such equipment is usually large, and a large energy
concentration is generated in the place of the operation area, so it may not be biocompatibile.

3.2.2. USW Devices (Ultrasonic Transducers Array)

The ultrasonic transducers array manipulating devices, as shown in Figure 1d, are also called
ultrasonic standing wave (USW) devices. For a 1D USW device, the transducers are evenly arranged
on the substrate in a specific direction, where silica reflector covers particle-manipulating channels.
Therefore, a stable standing wave field can be generated in the longitudinal direction of the flow
channel, achieving particle levitation (Figure 4). Since acoustic waves are transmitted inside the
medium, this type of device belongs to the BAW category. With the orderly switching of the transducer
array below, particles can move freely in the direction of the array arrangement, which is similar to
the principle of a magnetic levitation train. Based on the same principle, Qiu et al. [27] expanded
the array to a two-dimensional scale, constructing an operation method to control the movement of
particles in 3D space. Related research is much older, such as the research of Kozuka et al. [15], but
it is not particularly popular. This configuration is not innovative in mechanics. The aggregation
and propagation of particles at the nodes produce a variety of effects using the ARFs, as mentioned
above [14]. Many studies have not specifically emphasized the longitudinal movement of particles
because it is easily achieved. Similar to the application of SSAW, the instantaneous change in the phase
of the transducers can change the position of the standing wave node in the longitudinal direction,
thereby controlling the movement of the particles in the longitudinal direction. Fushimi et al. [62]
recently proposed a special hologram display device. A phased array of ultrasonic emitters was used
to realize a volumetric acoustophoretic display in which a millimetric particle is held in mid-air using
ARF and moved rapidly along a 3D path. Synchronously, a light source illuminates the particle with
the target color at each 3D position. The response of the particle operation in this system is fast and the
rendering speed can reach 10 Hz.
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Figure 4. Ultrasonic transducers array by Qiu and Glynne-Jones et al. [14,26,27], Fushimi et al. [62], and

Kozuka et al. [15]: (a) in the x,z plane, particles can be suspended at the standing wave node formed by
resonance between the actuator and the reflector. (This figure is republished reference [27] of Marzo et al.
and licensed under CC BY 4.0. Copyright © 2015, Elsevier) (b) Structure of a pseudo-one-dimensional
acoustic driver array. (This figure is republished reference [27] of Marzo et al. and licensed under CC
BY-NC-SA 3.0. Copyright © 2014, The Authors)

In general, USW devices have some of the advantages of in-plane manipulation, including easy
establishment, easy control, and stable performance in particle cluster operation. USW devices extend
the operation dimension of in-plane operation equipment. However, they have some limitations,
mainly including the high driving frequency (~10 MHz) and high cost. This kind of equipment
only performs well in the translation of particles or cells, and some complex movements still cannot
be achieved.
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4. Micromanipulation by Vibration-Induced Steaming Flow

4.1. Vibrated Needles

Vibrated-needle-driven manipulation is another kind of popular method. A simple example
of needle-driven micromanipulation is depicted in Figure le. Different from in-plane manipulation
systems, needle-driven manipulation is more flexible and versatile. Different needle-driven
manipulation methods differ in terms of needle shape, operating environment, oriented object,
and principle. In general, the principle of needle-driven manipulation can be divided into two
categories: inducing the flow of the surrounding fluid through the vibration of the tip, thereby driving
the movement of the object in the fluid; and stimulating the acoustic streaming and radiation force,
which we discussed in the previous session, in the vicinity of the tip through its high-frequency
vibration. The term needle here refers to a generalized needle shape, which means an operating
end with a large aspect ratio. The shape of the needle directly influences the manipulation effect,
according to the Tang et al. [63]. Their results showed that the ultrasonic needle’s vibration generates
the acoustic field, which aggregates materials at the micro or nano scales, and the ARF contributes
little to the concentration. The elliptical, rectangular, and rhombic cross-sections of the needle were
investigated as well. The needles with elliptical or rhombic cross-sections were found to perform better
in concentrating ability than those with rectangular cross-sections.

The development of needle-driven micromanipulation started with contact operation. The tip
did not vibrate but directly pushed the cell to move. The research Hagiwara et al. [64,65] is shown
in Figure 5a, providing a typical example of contact operation. They presented a driving method for
an on-chip robot, for which a piezoelectric ceramic is applied to induce ultrasonic vibration to the
microfluidic chip. The tip and the base constitute a controllable miniature robot, which is actuated by
permanent magnets in a microfluidic chip. The high-frequency vibration reduces the sufficient friction
on the magnetically driven microtool (MMT) significantly, so the operation accuracy, output force,
movement velocity, and execution efficiency were significantly improved. However, high-frequency
vibration does not directly affect the manipulation of the robot on the cells, which is still a type of
contact operation. The rotation of a single cell needs to be coordinated by the needle tips of two robots.
This is troublesome, but due to the simple structure, the cost is still acceptable.
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Figure 5. Several vibrated-needle-driven manipulators: (a) Hagiwara et al. [64,65]. The rear end of
the needle is connected to a square base that can be rotated and translated by the magnet below. An
ultrasound stream is applied to the operation units consisting of needle and base to suspend these units
stably in the liquid, but the needle manipulates the cells in a contact operation. (Republished with
permission of the Royal Society of Chemistry from reference [65]. Copyright © The Royal Society of
Chemistry 2011; permission conveyed through Copyright Clearance Center, Inc.) (b) The methods
proposed by Li and Chen et al. [30,66] generate high-frequency vibration (~100 kHz) to form acoustic
microstreaming, which can trap tiny objects near the tip to realize movement. (Reprinted from [30],
with the permission of AIP Publishing.) (c) Liu et al. [28,67] proposed a universal and efficient operating
system. The needle tip is fixed to a movable piezoelectric actuator that generates a micro-vortex in the
liquid medium through low-frequency vibration (~350 Hz) to drive the particle to move and rotate.
(Republished with permission of the John Wiley and Sons from reference [28]. Copyright © 2018, the
John Wiley and Sons; permission conveyed through Copyright Clearance Center, Inc.)
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Although contact operation is low cost and high efficiency, microparticles, especially cells,
are considerably influenced. Using vibration to stimulate fluids or acoustic field force to keep
microparticles or cells from contacting the manipulating end is an alternative approach. In the early
work of Hu et al. [68], they used high-frequency vibration to rotate tiny particles around the tip of a
needle. In this work, the frequency of the tip vibration was determined by the mode of resonance;
the frequency of vibration in a section of water was about 66.75 kHz. In other words, they used
a method of exciting acoustic microstreaming near the tip to trap small particles. The streaming
rotates the trapped particles near the tip. The viscosity of the liquid and the density of the particles
determine the minimum driving sound pressure separately, which means that the effective range with
the same power output is different for different types of particles or liquid media. In the process of
rapid translation, the limiting force of acoustic pressure is not sufficient, so particles sometimes fall
off. Enhancing the acoustic field is the most effective solution to this problem, so such devices are
often inefficient. Some other studies used the high-frequency vibration of the tip to generate acoustic
radiation to drive the movement of particles, such as Chen et al. [53], as shown in Figure 5b, who
achieved in-air manipulation. A 40 um diameter copper wire with a length of 1-14 mm can be trapped
stably by ultrasound and transferred through any 3D path in the air by moving the transducer.

For special situations, such as cell manipulation, which needs a fluidic environment in most cases,
flow can be generated by low-frequency vibration, called stirring. Compared to exciting an acoustic
field in liquid, generating a micro-vortex directly through vibration is more efficient and natural. Liu et
al. proposed a multifunctional noncontact micromanipulation system [28,29,67], as shown in Figure 5c.
Resonance of a cantilever structure is used to extend the vertical vibration of a single piezo actuator to
the 2D circular vibration of a micropipette. The circular vibration in fluids generates the whirling flow
featured by low pressure in the core area and a flow velocity gradient. The low pressure can immobilize
objects nearby and transport them together with the micropipette, and the flow velocity gradient is
used to form a torque to rotate the immobilized object. The advantages of using the low-frequency
oscillation (~350 Hz) method are that the low-frequency vibration mode is highly controllable, and
such a low frequency easily achieved with a piezoelectric driver, and the cost is low. Although the
method is versatile in the current practical application of micromanipulation, which is the operation of
micron-sized cells in a liquid environment, it still has certain shortcomings. The microflow induced by
low-frequency vibration is hard to control, especially for cell rotation. Such microflows have strict
requirements for the medium, and the minimum scale of manipulation is also limited by the nature of
the fluid, making it challenging to reach submicron or even nanoscale manipulations.

Compared with in-planar micromanipulation, needle-driven manipulation is more flexible when
controlling a single particle and provides more motions. 3D operation is easy for needle-driven
manipulation but difficult for the in-plane manipulation method. It avoids the complex mathematical
models required for control and the many conditions that must be ignored when establishing the
model. The transducers used in the in-plane systems are more expensive and experience more
manufacturing difficulties, which pose barriers to practical implementation. Compared to the scheme
using second-order sound pressure to generate microfluidics, probe vibration is more similar to the
effect of agitation, so its action mode is simple. The vibration frequency requirements are much
lower, and the non-contact operation mode makes it biocompatible. Therefore, the needle-driven
micromanipulation system is relatively easy to control, inexpensive, and has potential for application
in an open environment instead of chambers or channels. However, the in-plane operation method is
better than the application of needle-point driving in the field of programming design and automatic
control. The latter still needs to be performed by an operator, and experience is required. The control
of the particles depends more on the operator’s observation, which means a certain difficulty in
automatic control.
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4.2. Vibrated Geometric Substrates

The vibrated geometric substrate (VGS) refers to the terminal performing the operation function
being the substrate or being mounted on the substrate. This kind of manipulating device has a variety of
shapes and structures. Figure 1f shows a typical substrate manipulating structure. Micromanipulation
using a structure mounted on a substrate is suitable for many specific operational tasks. Micropillars,
micro line-shaped strips, and special-shaped cavities are all common structures that expand upon the
substrate. Although the VGS manipulator is similar to the general in-plane manipulating device in
shape, the former is more inclined to use the vibration-induced phenomenon of fluid rather than ARFE.

The VGS manipulator proposed by Hayakawa et al. [69,70] has a typical structure (Figure 6a). By
applying a circular vibration to the spiral pattern of the micropillars array, a swirling flow is induced
around the micropillars, and target particles or cells are transported toward the catcher placed at the
center of the spiral. Li et al. [71] similarly used line-shape strips structures, which are illustrated in
Figure 6b. High-frequency vibration induces strong turbulence at sharp corners of the strips, with
linear flow near the long straight side. So, the particles around the strips can be driven in the linear
region at a stable speed. Their acoustic robotic platform allows large-scale parallel transport for
microparticles and cells along given paths. A human—microrobot interface was designed that enables
the manipulator to respond promptly to the users’ command inputs for accurate transport. The two
methods above can be applied to cell transport. The lower operating frequency (<1 MHz), simpler
operation mode, and potential programmability have certain advantages for application. However,
its particular structure requires complex manufacturing processes and limited execution capabilities.
Every proposed new structure oriented to the operation target has to do all the work from beginning
to end.
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Figure 6. Vibrated geometric substrates by Hayakawa et al. [69,70], Lu et al. [71], and Imashiro et

al. [72,73]. (a) Very small micropillers are machined equidistantly along two symmetrical spiral lines.
When the substrate is vibrated, microfluidic forms between the two helixes, which drives the particles
to move. (This figure is republished reference [70] of Hayakawa et al. and licensed under CC BY-NC-SA
3.0. Copyright © 2014, The Authors) (b) A programmable substrate manipulator. The vibration
of the geometry substrate can simultaneously manipulate particles. (Republished with permission
of American Chemical Society from reference [71]. Copyright © 2019, American Chemical Society;
permission conveyed through Copyright Clearance Center, Inc.) (c) The substrate is composed of glass
instead of traditional LiNbO3. The vibration of the substrate forms a ring-shaped potential well so that
particles are concentrated here.
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Using silicon substrate vibration to control particle motion is another method. The vibration
generated or propagated through the substrate can induce the ARFE. This effect can be observed in the
vibration of the drumhead. Imashiro et al. [72,73] proposed a manipulator where a vibrating glass
substrate was used. Cells amass along with the node of resonance vibration when the vibration is
excited on the substrate, since with the resonance vibration, the antinode position largely vibrates while
the node position does not. The concept is schematically illustrated in Figure 6¢. This resonance-based
device is effortless in patterning, but not flexible enough and hard to apply. The related research is
also less popular, but provides significant inspiration for directly exciting the vibration on the glass
substrate, which significantly reduces the complexity of transducer production.

4.3. Vibrated Microbubbles and Microrobots

Micromanipulation with microbubbles or microrobots is an old idea that was not important until
the more recent development of manufacturing technology. With both microbubbles and microrobots,
the particles can be manipulated by controlling the vibration and movement of single or multiple
microelements in operating space. The manipulation of microbubbles and microrobots is no longer
limited to acoustic driving. Optical tweezers, electrophoresis, and magnetic tweezers are also effective
methods. Microbubbles and robots can further manipulate other particles using the vibrations
generated during the operation. Although this method is intuitively cumbersome, it is flexible, efficient,
and highly biocompatible for cell manipulation in a fluid field.

Manipulation by microbubbles is a useful method. Although a single stable bubble can generate a
fragile flow due to its spontaneous vibration, almost no significant effects are provided for control.
Controllable-bubble-based microfluid can be generated by controlled vibration like SAW or a piezo
actuator, regular collapse by a high-frequency laser pulse, or acoustic cavitation. In particular, several
bubbles that are close to each other and in a vibrating state can produce more complex mechanical
phenomena that can be partially solved by applying Bjerknes’ circulation theorem. Some related
studies were published about the stream around multiple bubbles, such Mobadersany et al. [33], and
the influence of stream on bubbles, such as Combriat et al. [35]. The microrobot system proposed
by Ren et al. showed the potential of Bjerknes force in the field of acoustic manipulation. However,
micromanipulation using forces among multiple bubbles requires considerable research. A simple
microbubble manipulating model is shown in Figure 1g. Many methods for generating microbubbles
are possible. Using a laser pulse to irradiate the substrate and then convert into heat to generate vapor
microbubbles is universal [36,74-76]. Due to the pulse of light and the instability of vapor, the bubbles
collapse periodically, resulting in cavitation in a small range. The original intention of this design
was to avoid direct damage to the cells caused by optical tweezers, but the idea of using microbubble
vibration and cavitation to control the cells has inspired microbubble manipulators. Photothermally
excited bubbles respond quickly and the exciting bubbles can move quickly in the plane. Therefore, a
two-dimensional movement of microbubble-driven particles in a channel or a chamber can be achieved
according to the method above.

Generate bubbles using the photothermal effect or other methods such as acoustic cavitation
and chemical catalysis is difficult. Inject bubbles into the flow channel directly to make them adhere
to the substrate is a more convenient option, as conducted by Chung et al. [31] (Figure 7a). In their
work, the piezo-actuator oscillated the gaseous bubble so that current flows were generated around
the bubble, and then the neighboring objects are captured in and orbiting in the current flows. The
electrowetting-on-dielectric actuation was used in the meantime to move the bubble following the
preset direction. The piezo-actuator remained open during the movement of the bubble so that the
captured object would not fall off. Glass particles, fish eggs, and even live daphnia can be captured in
this system (1.5 mm diameter bubbles, 4.5-15kHz drive frequency, 400 V drive voltage to piezoelectric
actuators, and voltage of 80 V at 1 kHz are applied for electrowetting-on-dielectric actuation). Another
simple method of bubble generation is designing a special cavity so that when liquid enters the channel,
bubbles can be automatically formed or captured in it [77,78]. As shown in Figure 7b, the channel
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contains linear arrays of rectangular microcavities where microbubbles will be trapped due to the
residual gas pressure when the liquid is injected. Although the bubbles cannot move at will, their
array can generate microfluidics in the flow channel through the vibration excited by the acoustic
piezo-actuator, thereby driving the particles (Caenorhabditis elegans in their work) to move.

Some microrobots also use a method similar to microbubbles to manipulate particles through
their vibrations [79,80]. Many microrobots are a kind of particle, and also urgently requiring
micromanipulation. However, compared with some objects sensitive to manipulating methods such as
cells, these microrobots have stronger adaptability. Therefore, this compromise method to achieve cell
translation, rotation, etc. is also feasible. In addition, microrobots have strong scalability. A robot cluster
composed of multiple microrobot units can be regarded as an individual, which can enable the precise
control of a single cell in a large field. Figure 7c depicts the research of Xie et al. [81,82]. A microparticle
can be transported using three methods of manipulation, achieved through microrobot rotation and
vibration, including pushing, steering, or pulling. Compared with microbubbles, microrobots are
more stable and their mechanical properties are more prominent, but their manufacturing costs are
higher and their use involves some difficulties. Some schemes combine microbubbles and microrobots,
such as Ren et al. [83] (Figure 7d). A microbubble was enclosed in a semi-capsule-shaped robot, and
the secondary Bjerknes force formed between the bubble and the actuator was used to drive the
microrobot motion.

Acoustic on(T > 0)
Magnetic on

Figure 7. Vibrated microbubble and microrobot methods by Chung et al. [31], Ahmed et al. [77,78],
Xie et al. [81,82], and Ren et al. [83]. (a) Particles are manipulated by an individual bubble, in which
vibration is actuated by piezo-actuator or heat. (Republished with permission of IOP Publishing
Ltd from reference [31]. Copyright © IOP Publishing Ltd; permission conveyed through Copyright
Clearance Center, Inc.) (b) Particles are manipulated by bubbles trapped in channel caves; the vibration
is usually actuated by SAWs. (Republished with permission of The American Association for the
Advancement of Science from reference [77]. Copyright © 2019, The American Association for the
Advancement of Science; permission conveyed through Copyright Clearance Center, Inc.) (c) A kind of
microrobot that can catch and release particles by micro steam from their self-rotation or vibration.
(Republished with permission of John Wiley and Sons from reference [82]. Copyright © 2019, John
Wiley and Sons; permission conveyed through Copyright Clearance Center, Inc.) (d) A typical example
of fusion among bubbles, microrobots, magnetic fields, and acoustic waves. (This figure is republished
reference [83] of Ren et al. and licensed under CC BY 4.0. Copyright © 2019, The Authors)
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The reason why microbubbles and microrobots are classified into one category is that they both
perform secondary micromanipulation, which means that their motion requires manipulation, and
their motion characteristics drive the micromanipulation for other particles. This mode of manipulation
is gentle enough for particles, especially cells that are not easily manipulated directly by other external
forces. However, with the current level of technology, the result produced of this method is not perfect,
the control cost is high, and the efficiency is very low. This field has more significance in research than
in practical applications.

5. Discussion and Future Prospects

Although manipulation actuated by vibration-induced acoustic waves and streaming flow is
not a new concept, much remains to be researched. Simple in-plane micro-manipulating devices
have been extensively applied in the range of lab-on-a-chip scenarios, which is an important research
interest in the related fields of vibration or acoustic micromanipulation. Due to better biocompatibility
and lower cost than optical tweezers, it has gradually become universally applied in the field of cell
micromanipulation. Magnetic tweezers are relatively common biological manipulation methods, but
since most cells are not magnetic, directly manipulating cells with magnetic tweezers is challenging. For
easy control, the current VAW devices, especially the in-plane manipulating devices, have restrictions
on the shape but not the material of particles, which are different from restrictions on magnetic tweezers.
Therefore, in the future, when acoustic tweezers can accurately manipulate irregularly shaped particles,
they could replace magnetic tweezers to a certain extent. However, acoustic waves, as a kind of
mechanical vibration performance, have strict requirements on the medium (a frequency of 200 MHz
in water corresponds to a wavelength of 5 microns). The speed of mechanical wave propagation also
affects the flexibility, accuracy, and response speed of acoustic micromanipulation.

Performance improvement is the primary trend in the development of acoustic micromanipulation.
More sophisticated control strategies may emerge and lead to even more versatile manipulation
capabilities. One possible approach is to cast the manipulation challenge as an optimization problem.
The operation precision problem could be considered as an optimization project [41,84]. The theoretical
basis of acoustic operation is unstable. The mathematical model we use for analysis is too simplified
sometimes, which prevents obtaining ideal results by directly estimating the particle control model
and motion model. The optimization problem could reduce the impact of this model’s inaccuracy to
some extent. In the future, machine learning, a tool based on optimization methods, could be used to
predict the motion of particles and control.

The working scale of micromanipulators is a challenging issue, especially for in-plane devices,
array devices, and beam devices. In the discussion of in-plane devices in this paper, we explained that
the same acoustic wave has different effects on particles of different sizes, which is also applicable to
other SAW and BAW devices. This phenomenon implies that fixed-frequency devices cannot achieve
the same result for particles of various sizes. Chirped IDTs have been used to change the frequency
and phase to control particles of different scales [51]. However, the layout of the transducer also affects
the results, so this kind of device is only versatile within a small range. The acoustic manipulating
devices have a substantial limitation in operating below 1 um. The natures of fluids and mechanical
waves vary significantly on microscopic scales (especially nanoscale), which is an important factor
limiting the minimum scale of acoustic manipulation.

Combining acoustic manipulation with the another method is a solution to the problems above.
Large amounts of related work have been published per the review by Glynne-Jones et al. [85].
Because different operating methods have different applicable scales, combining two different methods
provides a broader manipulating scale and more flexible performance. Take the work of Tang et al. for
example [86]. They combined acoustic transport and photochemical reaction to design an acoustic
nanomotor. Compared with a single acoustic field, this method not only moves more flexibly and
quickly but also provides a braking function. The fusion between the different acoustic operating
modes described in that paper is also an attractive idea. For example, the beam device and the 2D
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in-plane device can be easily combined. As such, not only the simultaneous manipulation of multiple
particles but also the operation of a single particle in a particle swarm can be achieved. In addition,
microbubble and microrobot are typical results of multiple manipulation combinations. The size
of microrobots manipulated by other methods is fixed, by which particles with different sizes can
be transported.

There is additional potential for microrobots in VSF devices. Simple movements or handling tasks
are not all that microrobots can achieve. Due to its small size, microrobots have broader application
prospects in the fields of medical detection, diagnosis, treatment, and drug delivery. Self-assembly and
cluster operation of microrobots were also attractive research areas in recent years. In this process,
VSF is not only a useful tool in the process of microassembly but also the most direct means for the
assembled microrobot to move. The efficient manipulation of particles with different shapes, control of
the sound pressure level, and programmable operation in the microscale and even visual servo are
important issues in this process. These issues have been hot topics in the research of VSF devices in
recent years.

6. Conclusions

This paper provides an overview of the recent advances of micromanipulation by VAW and
VSE devices. VAW devices are more suitable for the simultaneous manipulation of a large number
of particles for cluster operations, such as particle classification and patterning, which are common
in laboratory-on-chip applications. They require an actuator or transducer with high frequency (>1
MHz), the manufacturing process could be cumbersome in many cases, and the application target
size is definite due to the resonance-based operating mode. However, VSF devices are suitable for
independent 3D manipulation of a single or a few particles or cells, whereas it is inconvenient for
cluster operations. These devices do not need a very high-frequency actuator or the strict requirement
for particle size and working space (except the medium). A robust reconfigurable system with
shallow driven frequency (<1 kHz) can simultaneously perform multiple operations such as particle
trapping, transport, and rotation. Although its external drive components are usually large and are
difficult to integrate into small chips, it is suitable as an external operator. Given the many existing
problems, we tried to provide some of the prospects for vibration-actuated manipulations. Besides
the fundamental improvement in control performance and accuracy, the conversion from control
problems into optimization problems, the integration of vibroacoustic and other micromanipulation
methods, and the application of vibration microrobots are suggested future development trends for
vibration-actuated manipulations.
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