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Abstract:

Acoustofluidic technology enables the precise motion control of microfluids and their
suspended matter through microscale flow channels or acoustic streaming mechanisms,
featuring multi-functionality, high throughput, dynamic controllability, fast response, high
precision, and low energy consumption. In recent years, numerous literatures have reviewed
the development of acoustofluidic technology, discussing the acoustic manipulation modes
of particles in microfluids and their applications. However, research on the surface acoustic
wave-based acoustic manipulation of particles and fluids in different microfluids remains
scarce. This paper aims to provide a comprehensive review of this topic, delving into
the fundamental principles of surface acoustic wave-based acoustofluidic technology and
discussing the latest advancements in this field. First, the basic theory of acoustofluidic
technology is introduced along with the forces involved in manipulating particles and
fluids, then the advantages and disadvantages of different types of surface acoustic wave
devices are reviewed. Microfluids are categorized into two main types: Fluids within
microchannels and droplets on open surfaces. The surface acoustic wave-based acoustic
manipulation methods for their internal fluids and suspended particles are discussed
separately. Subsequently, the advantages and limitations of surface acoustic wave-based
platforms in the acoustic manipulation of fluids and particles are analyzed. The work
concludes with a summary of the challenges faced by acoustic streaming in the field
of fluid and particle manipulation, followed by prospects for the future development of
acoustofluidic technology.

1. Introduction

The field of microfluidics has emerged in response to the

has found broad applications in the areas of optics (Li et
al., 2015; Xia et al.,, 2019), biomedicine (Li et al., 2017;

demand for intelligence, integration and miniaturization in
modern technology (Hossein and Angeli, 2023). It enables the
precise control of microscale fluids and suspended particles
(e.g., cells) via microchannels or flow mechanisms, offering
multifunctionality, high throughput, dynamic control, rapid
response, high precision, and low energy consumption (Qi
et al., 2023). As a cross-disciplinary platform, microfluidics
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Poudineh et al., 2017; Zhang et al., 2020b), materials physics
(Huang et al., 2005; Mitragotri et al., 2015; Chen et al., 2019;
Koo et al., 2023), chemistry (Sun et al., 2014; Astruc, 2020),
energy (Wang et al., 2014; Kuljabekov et al., 2023), and
electrical engineering (Choi et al., 2016; Zhao et al., 2021b;
Jo et al., 2022). In biomedicine, microfluidics supports a
range of applications: Lipid nanoparticles for drug delivery
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(Xu et al.,, 2022), antibody-protein conjugates for targeted
therapy (Mullard, 2021), and Deoxyribonucleic Acid (DNA)
molecules for constructing complex nanostructures (Ramezani
and Dietz, 2020). For instance, the efficient enrichment,
screening and isolation of cells are essential for detecting
specific targets in blood samples, making high-performance
cell sorting critical for disease diagnosis and treatment. In
addition, the pores of human skin, which is regarded as
porous media, are important channels for drug delivery in
vitro, and the transport mechanism within these channels has
also been widely studied (Zhou et al., 2023, 2024; Cai et
al., 2024). Over the past decade, microfluidics has become
a powerful tool for improving sorting efficiency. According
to the energy source, microfluidic technologies are classified
into passive and active systems. Passive microfluidics relies
on laminar flow-driven molecular diffusion, often requiring
complex channel designs tailored to specific applications.
In contrast, active microfluidics introduces external fields
to simplify the device architecture while achieving dynamic
control. Currently, active microfluidics integrates electric (Diirr
et al., 2003; Deivasigamani et al., 2023; Lomeli-Martin et
al., 2023), magnetic (Jang and Lee, 2000; Lee et al., 2001),
optical (Wu, 2011; Zhou et al., 2022), and acoustic fields
(Doinikov et al., 2018; Yang et al., 2022a), providing tunable
and high-throughput alternatives to passive methods.

The advent of active microfluidics has allowed the reduc-
tion of particle and cell damage during multi-step, contact-
based operations, effectively addressing the limitations of
conventional methods in processing trace or rare samples (Wu
et al., 2017; Song et al, 2023). Among the active techniques,
acoustic tweezers stand out for their non-contact nature, label-
free operation, broad applicability and excellent biocompatibil-
ity, making them highly suitable for microfluidic applications
(Li et al., 2024). With recent advancements in microelec-
tromechanical systems and the maturation of high-precision
transducer fabrication, acoustofluidics has progressed signifi-
cantly, leveraging high-frequency Body Acoustic Wave (BAW,
2-10 GHz) and Surface Acoustic Wave (SAW, 10 MHz-1
GHz). It currently serves as a powerful platform for the
manipulation and analysis of complex particulate samples
(Zhao et al., 2021a; Yang et al., 2022b).

In acoustofluidics, fluid and suspended particle motion
are governed by both acoustic and hydrodynamic forces.
Both BAW and SAW require a piezoelectric substrate for
wave propagation (Fan et al., 2022; Liu et al.,, 2023b).
BAW propagates through the substrate thickness, whereas
SAW is confined to its surface. Compared to BAW, SAW
exhibits lower energy loss, allowing equivalent control with
reduced power consumption. Moreover, SAW enables the
precise manipulation of submicron and nanoscale particles:
By tuning their frequency and amplitude, the acoustic forces
exerted on fluids and particles can be modulated, enabling
accurate control and selective manipulation within microfluidic
environments (Zhang et al., 2020a).

Acoustofluidic technology for fluid and particle manipu-
lation has advanced rapidly, with manipulable particle sizes
shrinking from the micrometer scale to below 100 nm within a
few decades (Wiklund et al., 2012; Zhang et al., 2021). Particle
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Fig. 1. Overview of acoustofluidic manipulation for particles
and fluid.

manipulation efficiency is highly size-dependent. For micron-
and submicron-sized particles, motion is primarily governed
by acoustic radiation force, enabling effective capture, sep-
aration and enrichment. In contrast, for nanoparticles (10-
100 nm) commonly used in biomedical applications such
as targeted drug delivery, acoustic streaming is becoming
the dominant mechanism, while its effectiveness is limited
by Brownian motion. Consequently, higher acoustic intensity
or alternative excitation strategies are required to maintain
control over such small particles (Gu et al., 2021). Recent
studies have demonstrated that tilted, high-frequency SAW
with increased acoustic intensity significantly enhances the
precision and efficiency of nanoscale particle manipulation
(Lee et al., 2024; Peng et al., 2024). While these advances
have improved sorting, trapping and concentration with lower
energy consumption and higher spatial resolution, SAW-based
techniques still face challenges in complex fluidic environ-
ments. In practice, achieving the accurate manipulation of di-
verse particle types with a single-frequency, a single-intensity
SAW device remains insufficient.

Recent reviews have summarized the development of
acoustofluidics and the acoustic manipulation modes in mi-
crofluidic systems (Hossein and Angeli, 2023; Qi et al., 2023;
Amorim et al., 2025; Hsu, 2025). However, comprehensive
analyses focusing specifically on the SAW-based manipu-
lation of particles and fluids across different microfluidic
environments remain limited. This gap is particularly evident
in biomedical applications, where the precise and efficient
separation or screening of cells, viruses and secretions is often
required in sessile droplets or microchannels. To address this
challenge, the present review offers a systematic overview of
SAW-based acoustofluidic manipulation techniques, covering
the fundamental principles, device configurations, and recent
technological advances. First, the theoretical basis of acous-
tic streaming is introduced and the forces involved in fluid
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and particle manipulation are discussed. Then, various SAW-
generating devices are examined, analyzing their advantages
and limitations. Microfluidic systems are categorized into two
types: Enclosed microchannels and open-surface droplets, as
shown in Fig. 1. SAW-based manipulation strategies for fluids
and suspended particles in each system are discussed sepa-
rately, along with a critical evaluation of their performance,
benefits and constraints. The review concludes by outlining
the current challenges and forecasting the future directions for
SAW-based acoustofluidics in particle and fluid manipulation.

2. Theory of SAW for microfluidics
manipulation

2.1 Perturbation theory

In acoustic devices, applying an electrical signal to a
piezoelectric material induces resonance in its crystal structure,
generating acoustic waves. Two primary types are produced:
BAW, which propagates through the bulk of the material, and
SAW, which travels along its surface (Ali and Prasad, 2020).
These vibrations transfer into the fluid, generating acoustic
waves through perturbations in fluid density and pressure
under quasi-equilibrium conditions. Since the relative change
in fluid density induced by sound waves is typically less
than 1%, acoustic waves are treated as first-order effects in
fluids. However, due to the fluid’s inherent nonlinearity, the
convective derivative in the momentum equation introduces
second-order effects, resulting in a steady fluid flow known
as acoustic streaming. This phenomenon is a secondary effect
that forms the basis of acoustofluidics (Kaushik, 2022). Pertur-
bation theory, applicable to low-velocity regimes where fluid
speed is much lower than the speed of sound, is commonly
used to model these effects (Orosco and Friend, 2022). In
biomedical applications, fluids such as water or saline are
typically used, with flow velocities in the micron range-well
below the speed of sound in water (1,500 m/s)—thus satisfying
the conditions for perturbation analysis. Under this framework,
disturbances in pressure (p), density (p) and velocity (v) are
expressed as series expansions, with first-order and second-
order terms denoted by subscripts 1 and 2, respectively (Wei
et al., 2024):

P=potpitp2

p=po+p1+p2 (1)

V=vo+Vvi+V
where po, po and vo represent hydrostatic pressure, density
and velocity vectors, respectively. This formulation highlights
the primary effect of sound waves in fluids: They propagate
as pressure waves that cyclically compress and expand the
medium, enabling acoustic energy transmission. However,
fluid viscosity leads to a gradual attenuation of wave intensity.
By substituting the first-order solution into the second-order
equation and applying time averaging, the acoustic streaming
field can be derived, comprising both oscillatory and steady-
state components. The time-averaged second-order pressure
p2 acts on the suspended particles, generating acoustic ra-
diation forces. Overall, acoustofluidic effects represent the

combined impact of acoustic energy and momentum transfer
on nanoparticles in fluid. This interaction results in both
acoustic radiation force and streaming-induced drag force,
driven by the stabilized acoustic streaming flow.

2.2 Acoustic radiation force for manipulation

Particles suspended in an acoustic field are subject to
time-averaged forces arising from wave scattering, known as
acoustic radiation forces, which are classified into primary
and secondary types. Primary acoustic radiation forces re-
sult from the direct interaction between sound waves and
submicron to nanoscale particles in a fluid, while secondary
forces originate from inter-particle interactions mediated by
the scattered waves within the medium (Wu et al., 2013).
In a non-viscous fluid under ultrasound, if the radius a of
suspended compressible particles is much smaller than the
acoustic wavelength Ay (ie., a < Ay), they act as weak
scatterers. The resulting acoustic radiation force can be derived
using the first-order scattering theory. Denoting the velocity
of the incident wave as v;, and the scattered wave as vy, the
first-order acoustic velocity field can be expressed as:

Vi = Vip + Vs (2)
For a given first-order incident field v;,, once the scattered
field v has been determined, the acoustic radiation force F%?
on the particle can be calculated as a time-averaged second-
order force on a fixed surface dQ in a nonviscous fluid. The
conservation of momentum and zero volume force ensure that
any fixed surface can be chosen; for an inviscid fluid, F rad
equals the sum of the time-averaged second-order pressure
and momentum flux, with its expression given as (Zhang and
Chen, 2021):

Pt —— | aa{[30}) 20D n+pofn-vim) } &)
where Ky represents the particle compression coefficient and

n is the unit normal vector on the particle surface pointing
toward the fluid.

2.3 Acoustic streaming force for manipulation

Acoustic streaming, a nonlinear flow phenomenon induced
by sound wave propagation in a fluid medium, manifests as
vortices or jets characterized by specific velocities, length
scales and flow geometries. The hydrodynamic pattern of
acoustic streaming is influenced by various features of the
acoustic field, such as boundary conditions and acoustic at-
tenuation coefficients.

In acoustic streaming applications, classical acoustic
streaming terminology is often used, such as Eckart acoustic
streaming, Rayleigh acoustic streaming, Schlichting acoustic
streaming, and Oscillating microstreaming (Lighthill, 1978).
Eckart acoustic streaming is formed by the dissipation of
acoustic energy into a fluid. As sound waves propagate through
a fluid, a portion of the sound energy is absorbed by the
fluid at a rate proportional to the square of the frequency of
the sound wave. Thus, the amplitude of the sound wave is
weakened, causing the sound pressure amplitude to decrease
as it moves away from the source. The loss of acoustic
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energy causes momentum flow, the formation of fluid jets
inside the acoustic beam in the direction of sound propagation,
and the generation of vortices in the microfluidic cavity or
part of the cavity. To produce significant Eckart sound flow,
the dimensions of the chamber that forms the propagation
length of the sound wave must be comparable in length to or
greater than the acoustic attenuation length. If the dimensions
of the fluid are smaller than the acoustic attenuation length,
such streaming may not occur. This phenomenon is driven
by a volumetric force, engendered by the sound wave, which
impels the fluid in a designated direction. This force is the
cornerstone of the acoustofluidic effect and is intrinsically
linked to the vibrational velocity field of the sound wave.
When determining the volumetric force, it is imperative to
ascertain the acceleration response of the fluid to the acoustic
stimulus. The volumetric force can be expressed as (Friend
and Yeo, 2011):

Fye=—((vi-V)vi)+

1 2 H
oz [(Plvpﬁ —u(p1Vvy) — (71 + g) (PlVV'W)}
where the subscript dc represents the steady-state value of

the associated second-order component, and 11 and u denote
the volume viscosity and fluid viscosity, respectively. When
the acoustic streaming described above acts on a particle, the
velocity of the fluid at the surface of the particle must be equal
to the velocity of the particle, which is the no-slip boundary
condition. Suppose that the external force moves a spherical
particle p of radius a with velocity v, while the fluid itself
leaves the particle with velocity v. This implies that there is a
relative velocity difference between the particle and the fluid.
Due to the viscous effect of the fluid, as the particle moves,
it is subjected to a drag force, called Stokes drag force “F”,
which can be expressed as:

“4)

Fy. :/ da(—pn+06'-n)=6mna(v—vy) 5)
QP

Rayleigh acoustic streaming (Nyborg, 2024) refers to the
acoustic streaming phenomenon occurring within the fluid,
aligned parallel to the propagation direction of acoustic waves.
This streaming is marked by substantial energy dissipation
and pronounced velocity gradients within the boundary layer.
Usually occurring in a vortex mode with vortex dimensions of
the same order of magnitude as the wavelength, it describes
the mechanism by which the fluid flow matches the flow at
the edge of the boundary layer. The thickness of the viscous
boundary layer (dy) is based on the viscosity (1), density (oy)
and acoustic frequency (@) of the fluid:

& = | ©)
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Schlichting acoustic streaming is the streaming of sound
within a viscous, incompressible boundary layer toward a
sound source due to viscous attenuation. Because the viscous
boundary layer is typically much smaller than the wavelength
of the sound wave, this streaming type is the finest of the
three. The dominance of one form of flow over another in
a fluid field, as well as the possibility of all three forms of

flow, can lead to highly complex physical phenomena, and the
determination of the presence or dominance of these forms of
acoustic streaming in a fluid usually depends on the size of
the fluid system.

Oscillating microstreaming is an acoustic flow effect result-
ing from the viscous attenuation of acoustic waves near the
fluid boundary of a stable oscillating object. Depending on the
acoustically oscillating object, oscillating microstreaming can
be divided into two main categories: Oscillations with sharp
edges (Akthakul et al., 2005) and those with microbubbles
(Zhao et al., 2011). When alternating current or radiofrequency
excitation is applied to an electrode on a piezoelectric material,
a BAW propagates into the bulk medium in a direction
perpendicular to the material surface. The sharp edges oscillate
with the acoustic wave, generating a pair of counter-rotating
acousto-hydrodynamic vortices at the tip position. Bubble
microflows (Liu et al., 2002) are caused by steady oscillations
of microbubbles in the acoustic field. In this case, the viscous-
induced attenuation of the acoustic waves in the boundary
layer surrounding the microbubbles eventually leads to a local
amplification of the first-order velocity. Consequently, flow
velocities will result that significantly exceed those around
incompressible particles. The efficacy of microbubbles within
the acoustic field is intrinsically linked to their resonance
properties, and the resonance frequencies can be expressed

as:
2mrf = /3’;)& 7)

where r represents the radius of the microbubble, f represents
the resonant frequency, ¥ denotes the ratio of specific heats
of the gas, Py denotes the hydrostatic pressure, and p is the
density of the liquid medium.

3. Principles of preparation and design of SAW
devices

Interdigital Transducer (IDT) is a fundamental component
of SAW devices, patterned on the surface of a piezoelectric
substrate. It comprises at least one pair of interleaved metal
electrodes arranged orthogonally, with converging electrodes
at both ends to facilitate SAW excitation and detection, en-
abling bidirectional conversion between electrical and acoustic
signals. The structural configuration of IDT directly deter-
mines the bandwidth and propagation direction of the gen-
erated SAW.

The wavelength of the SAW, A, is defined by the width
m of the metal fork-finger electrodes and the fork-finger pair
spacing n. The classical design scheme is A;/4 =n/2 =m,
which excites the strongest SAW with the IDT called a
uniform transducer, as shown in Fig. 2(a). The SAW velocity
¢y depends on the material properties of the piezoelectric
substrate, the propagation direction, and the thickness of the
IDT. Therefore, the center frequency of a SAW device is deter-
mined by a combination of piezoelectric substrate properties,
propagation direction, and IDT design. The structure of the
IDT determines the bandwidth and direction of the generated
SAW, and the acoustic properties of the SAW can be changed
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Fig. 2. Structure diagram of interdigital transducer. (a) Straight uniform IDT (Potter et al., 2016), (b) single-phase unidirectional
IDT (Nakagomi et al., 2003), (c) distributed acoustic reflection IDT (Shui et al., 2002), (d) floating electrode unidirectional
IDT (Kondoh et al., 2008), (e) dispersed delay line IDT (Ding et al., 2012a), (f) conical IDT (Ding et al., 2012b); (g) focused
IDT (Zhou et al., 2019) and (h) variable trace IDT (Bausk et al., 2003).

by varying the number, spacing and aperture diameter of the
fork finger electrodes.

SAW devices in acoustic fluidics typically operate in the
range of 1 MHz to 1 GHz. Using 128°Y-X LiNbOj as the
substrate yields acoustic wavelengths (4,) from 4-200 pum,
corresponding to IDT feature sizes of 1-50 um, which are
fabricated via UV lithography. Fig. 2 presents various IDT
structures for microfluidic actuation and sensing, which are
listed as follows:

(a) Straight uniform IDT (Potter et al., 2016): A simple and
widely used design that generates bidirectional SAWs
with equal energy.

Single-phase unidirectional IDT (Nakagomi et al., 2003):
It incorporates a reflector grid to suppress regenerative
waves, enabling unidirectional SAW transmission and
reducing insertion loss. However, overall SAW energy is
diminished, limiting excitation efficiency.

Distributed acoustic reflection IDT (Shui et al., 2002): It
comprises periodic cells (length = A;), with two electrodes
of A;/8 width, one of 3A,/8 width and with a spacing
of As/8. This design eliminates net reflection and trans-
mission and allows adjustable reflectivity via electrode
segmentation.

Floating electrode unidirectional IDT (Kondoh et
al., 2008): It features at least one electrically isolated
electrode per unit cell. By configuring open or shorted
terminals, it enables the directional control of SAW
propagation.

(b)

(©

(d)

(e) Dispersed delay line IDT (Ding et al., 2012a): It uses
a gradient in electrode width and spacing to generate
a broadband SAW spectrum with tunable frequency re-
sponse.

Conical IDT (Ding et al., 2012b): It varies electrode pe-
riodicity along the aperture length to achieve frequency-
dependent SAW direction control, enabling wide band-
width and dynamic droplet actuation.

Focused IDT (Zhou et al., 2019): It concentrates acoustic
energy into a localized area, enhancing pumping, mixing
and sensing performance.

Variable trace IDT (Bausk et al., 2003): It adjusts fork-
finger edge profiles to achieve target waveforms and fre-
quency responses. The extended resonance path increases
attenuation modes and reduces transverse spurious sig-
nals.

4. SAW-based microfluidic devices for
manipulation

~

(g

()

The previous section introduced SAW generation devices
and the physical effects induced when SAWs interact with flu-
ids, which are fundamental to all acoustofluidic systems. De-
pending on the wave excitation mode, SAW-based microfluidic
manipulation techniques are generally classified into Traveling
SAW (TSAW) and Standing SAW (SSAW) approaches. SAWs
have been widely employed for one- dimensional and two-
dimensional particle patterning, with successful applications
in cell counting, spacing control and particle enrichment.



6 Peng, L., et al. Capillarity, 2025, 17(1): 1-15

(@) (b)

sl S

LINbO5
substrate

Whole blood et
LA ot
l.’ «RBC -« Platelet
. 4 WBC - PDMP
& e Ot
Al &
Outlet
) VA =
/L//J//- § s ;;:
//5 A Outlet 3 —
utlet B Separation
Ouélet A by acoustic force

Cross-sectional view

U-shaped
-SSAW device

U-shaped

IDTs ‘I Hy IDTs

Piezoelectric substrate 150 pm

Fig. 3. Aggregation and sorting of biological particles achieved by SSAW excitation of microfluidics. (a) Schematic diagram of
the action of single-node SSAW on particles, (b) cell-centered aggregation equipment (Chen et al., 2014), (c) schematic diagram
of the action of single-node TSSAW on particles, (d) tilted standing surface acoustic wave particle separation equipment (Ding
et al., 2014), (e) two-step SSAW-based model for particle separation (Chen et al., 2022) and (f) recessed standing surface
acoustic wave device with U-shaped microchannels (Lim et al., 2025).

4.1 SSAW manipulation of microfluids

SSAW excitation in microfluidics is primarily applied
for particle manipulation, with the manipulation pattern de-
termined by the number of acoustic pressure nodes within
the microchannel. A classical configuration involves a sin-
gle node, as shown in Fig. 3(a), which facilitates particle
aggregation at the fluid center. Chen et al. (2014) achieved
focused cell aggregation in the absence of sheath flow using
a single-node SSAW and integrated it with a laser-induced
detection system for accurate cell counting. Owing to the
particle size dependence of the acoustic radiation force, this
method also enables size-based particle sorting. An alterna-
tive configuration employs multiple nodes, offering relaxed
alignment requirements between the microchannel and the
electrodes. Using this multi-node approach, Ai et al. (2013)
successfully separated fluorescent particles and biological cells
from mononuclear erythrocytes. Ding et al. (2014) proposed a
design with multiple tilted SSAW nodes to further improve the
sorting efficiency, where the IDT is tilted with respect to the
microchannel, as shown in Fig. 3(d). This configuration allows
particles that escape one node to be recaptured by downstream
nodes, enhancing separation reliability. Although theoretical
separation is possible across tilt angles from 0° to 90°, the
experimental results indicate optimal performance at 10° to
15°.

Microfluidic structures incorporating multiple SSAW nodes
are primarily used for capturing and arranging suspended
particles, and their configurations can be modulated to enable

diverse particle manipulation strategies. Recently, such sys-
tems have been applied to cell culture and the investigation
of intercellular interactions. For instance, Chen et al. (2022)
proposed a two-step SSAW-based design for separating par-
ticles of three different sizes, as shown in Fig. 3(e). Lim et
al. (2025) developed a recessed SSAW device featuring U-
shaped microchannels for isolating platelet-derived microparti-
cles from whole blood, as shown in Fig. 3(f)). The influence of
channel cross-sectional geometry on separation efficiency was
evaluated using rectangular and U-shaped channels of varying
heights, with blood samples at a hematocrit level of 40%.

In addition, orthogonal standing surface acoustic wave
fields with similar frequencies generated using two pairs of
forked finger electrodes are superimposed to form a two-
dimensional standing wave field. The two-dimensional SSAW
allows not only for particle dispersion but also for the manip-
ulation of individual particles in a predetermined trajectory.
Fakhfouri et al. (2023) introduced a method to complement the
otherwise competing acoustic streaming and acoustic radiation
effects by realizing rigid microchannels reproducibly and with
high precision to reliably drive the microchannel cross-section,
as shown in Fig. 4(a). The synergetic effect of both mecha-
nisms markedly enhanced the manipulation of nanoparticles,
down to 200-nm particles, even at relatively large wavelength
(300 wm). Pan et al. (2024) proposed a reconfigurable particle
capture strategy that integrates morphologically tunable mag-
netic micropillar arrays with SAW-induced acoustic stream-
ing, as shown in Fig. 4(b). Neodymium—iron—boron powders
were assembled into porous, shape-adaptable micropillars via
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a magnetic gradient field. The localized streaming enabled
these micropillars to trap nearby particles or induce fluid
perturbations for cargo transport.

4.2 TSAW manipulation of microfluids
4.2.1 Fluid control in a single microdroplet

Increasing the power of TSAW may result in droplet
ejection and atomization when the radiation pressure inside the
droplet is greater than the surface tension, as shown in Figs.
5(a) and 5(b), which can be initially evaluated using the Weber
number We (Falkovich, 2011), i.e., We = pyv°L/o, where L
denotes the microdroplet characteristic length, v denotes the
fluid velocity, and o is the fluid surface tension. This physical
process is very complex and involves nonlinear effects in fluid
dynamics, while quantitative theoretical studies in this area are
still lacking. Currently, the phenomena of spraying and atom-
ization of liquid droplets excited by surface traveling waves
are mainly focused on via experimental applications, such
as the realization of precise extraction of minute quantities
of liquid from a wet paper connected to a reservoir (Qi et
al., 2008; Vuong et al., 2013). Rajapaksa et al. (2014) applied
this technique to a drug delivery device for shear-sensitive
biomolecules.

Wixforth et al. (2004) experimentally demonstrated the
acoustic streaming field mixing effect within a droplet under
TSAW excitation. Shilton et al. (2014) used ultra-high fre-
quency (1.1 GHz) SAW to generate strong acoustic streaming

fields in nanoliter droplets (> 100 wm diameter), where the
attenuation length of the leakage wave within the droplet
volume and at the solid-liquid interface were 50 and 20 pm,
respectively, much smaller than the droplet diameter. Raghavan
et al. (2010) found that when the TSAW excites a droplet
asymmetrically, a unidirectional acoustic streaming rotating
around a certain tilt angle is formed inside the droplet, as
shown in Fig. 5(c), and its flow velocity is larger than that of
the symmetrical excitation. On this basis, the team proposed
asymmetric excitation of droplets by surface waves as a way to
improve the internal mixing efficiency while maintaining the
shape of the droplets, and they also proposed several methods
to make the surface waves asymmetrically excited droplets, as
shown in Fig. 5(c).

4.2.2 Particle manipulation in a single microdroplet

The acoustic streaming field generated inside the micro-
droplets under the excitation of TSAW not only produces a
mixing effect but also achieves the aggregation or separation
of suspended particles of different densities and sizes in the
droplets by utilizing its tunable characteristics. As shown in
Fig. 6(a), Bourquin et al. (2014) used acoustic streaming gen-
erated in a droplet under surface wave excitation to achieve the
enrichment of rare cells, in order to perform rapid diagnostics
on the cells. Gu et al. (2021) designed a more novel particle
separation device based on droplets, which uses two tilted
fork fingers to differentially separate particles of different
size in two neighboring droplets. This has been successfully
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applied to the separation of DNA fragments and exosomes, as
shown in Fig. 6(b). Qian et al. (2021) verified the integration
performance of a microdroplet-based surface wave micro-
centrifugal detachable device on a membrane plate. The device
uses a coupling layer to transfer the surface wave energy to the
upper substrate, causing acoustic streaming and thus particle
aggregation in the uppermost microdroplets, and characterizes
the particles with the help of the sensing structure of the
upper chip, as shown in Fig. 6(c). Destgeer et al. (2017)
utilized the method of symmetrical excitation of droplets by
surface waves to realize the separation of particles of different
sizes by virtue of the difference in acoustic streaming velocity
generated before and after the inside of the droplets. The
effect of droplet contact angle on the separation effect was
also considered, as shown in Fig. 6(d).

As shown in Fig. 6(e), Nam et al. (2022) investigated
the effects of SAWs on cancer cell behavior within sessile
droplets, initially using polystyrene particles to characterize
internal dynamics. By varying the contact angle of the droplet,
they assessed how droplet volume influences particle motion.
As shown in Fig. 6(f), under the combined effects of acous-
tic streaming, droplet deformation and spinning, submicron
particles follow helical trajectories and rapidly concentrate
toward the droplet center. Building on this, Peng et al. (2021)
achieved a spin velocity of 26,700 rpm at 28 dBm in a 1.5 pL
droplet actuated by a 32.26 MHz SAW on a PDMS substrate.
Similarly, Akther et al. (2021) employed SAWSs to concentrate
diamond nanoparticles into localized clusters within the detec-
tion field, significantly reducing measurement acquisition time
due to the increased density of nitrogen-vacancy centers, as
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shown in Fig. 6(g). They attributed the enhanced concentration
efficiency to the high density and acoustic contrast of diamond
nanoparticles relative to typical cells and particles previously
studied under SAW-induced recirculation flow.

4.2.3 Fluid manipulation in microchannels

The fluid in the acoustic streaming field achieves mixing
through the acoustic streaming field generated by the coupling
of TSAW with the fluid wrapped by the microchannels, as
shown in Fig. 7(a). Destgeer et al. (2014) designed a circular
fork-finger structure that yielded a unidirectionally focused
surface wave field to improve mixing efficiency. In this system,
the pulsed signal is used to control the switching of the
surface waves, which enables the regulation of the solution
concentration gradient within the microchannel, as shown
in Fig. 7(b). In addition, the form of acoustic streaming
field development in microchannel fluids is related to the
fluid geometry. Tiller analyzed the effect of the geometry
of microchannel cavity on the acoustic streaming mixing
efficiency and subsequently proposed a method for selecting
the optimal excitation frequency based on the microchannel
geometry (Tiller et al., 2017). By changing the shape of the
microchannel device to a curved surface, an acoustic streaming
field can be generated in an arbitrary volume of microfluid,
thus facilitating the biochemical reaction, as shown in Fig.
7(c) (Zhang et al.,, 2019). Meng et al. (2015) designed a
device consisting of a circular fork-finger structure and circular
microchannels for drug release and proposed the concept of
miniature high-intensity focused ultrasound, as shown in Fig.
7(d).

Recent studies have shown that TSAW in microfluidic
devices can produce periodic time-averaged acoustic fields.
This is caused by diffraction effects induced by spatially
constrained probes. Kolesnik et al. (2021) demonstrated the
emergence of geometrically correlated acoustic vortices. They
showed that the periodic application of a moving SAW can
produce isotropically rotating Rayleigh flow vortices, and
that the channel dimension determines the type of streaming
developed. While Eckart flows were previously considered
a prominent feature of traveling wave drives, Rayleigh flow
vortices are also generated, as shown in Fig. 7(e). This has
implications for microfluidic actuation, where traveling acous-
tic waves can be used for microscale mixing, separation and
patterning. Li et al. (2022) investigated the temporal acoustic
and flow fields of finite duration TSAW excitation. Taking
the perturbation theory of slow flows as a basis, a concept
of unsteady time-averaged large-scale flows was proposed, in
which slow variations in flow velocity can be detected on
time scales much longer than the acoustic period, as shown in
Fig. 7(f). On the basis of the separation of build times, they
presented a hybrid time-frequency scheme for efficient finite
element analysis, which opens the way to the design of devices
with additional features in the time domain.

4.2.4 Particle manipulation in microchannels

Particle manipulation can also be achieved via acoustic
radiation forces when the particle size is comparable to the
TSAW wavelength. TSAWSs applied perpendicular to the flow

direction enable size-dependent separation within single-layer
microchannels. Additionally, multilayer channel designs or
internal microstructures can assist in localized separation or
filtration. Since TSAW leakage waves propagate into the fluid
at the Rayleigh angle, subsequent waves on the same side do
not affect particles once they are displaced near the channel
wall. This principle was utilized by Destgeer et al. (2015) to
achieve the targeted separation of microparticles.

In addition, some methods can also be employed to modu-
late the traveling surface acoustic wave field to realize different
forms of particle manipulation. By designing a three-way
symmetric right-angle finger array, Wang et al. (2022) realized
linear, clockwise and counterclockwise trajectory motions of
suspended particles in a circular microchannel using ordered
excitation of TSAW, as shown in Fig. 8(a). Devendran et
al. (2017) found that the near-field diffraction of TSAW in
the vicinity of the microchannel wall causes particles passing
through the microfluid to displace, as shown in Fig. 8(b),
which the team explained in detail using Fresnel’s Huygens
principle. In addition, by designing the wall structure of the
microchannel to change the wavefront of the incident wave,
it is possible to arrange the particles into various shapes by
utilizing this diffraction effect (Collins et al., 2019; Raymond
et al., 2020), as shown in Fig. 8(c), while the effective range
of action is more limited.

Recently, Khan et al. (2024) developed an on-demand,
label-free acoustic streaming fluid method based on the acous-
tic radiation force and torque induced by TSAW, which enables
the separation of ellipsoids from spherical particles, as shown
in Fig. 8(d). Liu et al. (2023b) developed a sorting system
based on TSAW for the subsequent differential diagnosis of
early dengue and tick-borne encephalitis, as shown in Fig.
8(e). Wang et al. (2024) used a TSAW technique based on a
piezoelectric membrane acoustic wave platform to demonstrate
that microparticles can be aligned, patterned and concentrated
in circular and rectangular glass capillaries, as shown in Fig.
8(f).

The results show that the propagating SAWs can gener-
ate acoustic pressures and patterns in the fluid due to the
diffractive effects, drag forces and acoustic radiation force,
as functions of the resonant frequency and tilting angle of
the SAW device. Geng et al. (2023) demonstrated an ultra-
compact acoustic device for cell sorting, as shown in Fig.
8(g). This single actuator device allows for a non-invasive
and label-free separation of living cells, thus providing greater
flexibility and applicability. It employs narrow-path TSAW for
precise separation of particle mixtures. Table 1 summarizes
the literature on the SAW-based manipulation of particles and
fluids demonstrated in subsection 4.

5. Conclusions and outlook

SAW microfluidic technology has advanced significantly in
microfluidic and micro/nanoparticle manipulation, leveraging
its advantages of non-contact nature, high precision and low
energy consumption. This study provides a systematic and
comprehensive review of microfluidics for surface acoustic
wave on the basis of the theoretical framework of microfluidics
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Table 1. Summary of particle and fluid manipulation based on SAW.

11

Acoustic

Frequency

forms (MHz) Control object Manipulation effects References
SSAW 12.98 Particle (1-9.8 um) Separation of particles driven in two steps. Chen et al. (2022)
SSAW 775 Platelet ngh—purlty platelet-poor pla;ma separated from whole Lim et al. (2025)
blood without platelet activation.
. Special microchannels allow the otherwise competing
SSAW 12.8 Efnr;mle/p latelet/cell (200 acoustic streaming to complement the acoustic radiation Fakhfouri et al. (2023)
effect.
Through morphologically reconfigurable magnetic
SSAW 9.4 Particle (2 um) microcolumn arrays, reconfigurable particle capture and Pan et al. (2024)
droplet manipulation functions are achieved.
. . Allows acoustic streaming based on the density difference .
TSAW 10 Particle/drop fluid between the particles and the fluid to achieve separation. Bourquin et al. (2014)
15.3, 15.7,  DNA segments/exosome Rapid (< 1 min) nanoparticle concentration and
TSAW 20.3, 21.7 subpopulations (< 100 nm)  size-based separation Gu et al. (2021)
TSAW 11-18 Particle (4-9 1m) Ultrasomc‘lsopycmc separation in sessile droplet/particle Qian et al. (2021)
concentration
TSAW 19.32 Polystyrene microparticles/ Patte}’r}mg of cancer cells under an optimal contact angle Nam et al. (2022)
cancer cell (6/10/15 pm) condition
19.89, Polystyrene microparticles
TSAW 33.15, YSty P Submicron particle enrichment within a spinning droplet ~ Peng et al. (2021)
41.44 (500 nm)
TSAW 16.9 Diamond nanoparticles Con;entratlon of nanoparticles microcentrifugated in a Akther et al. (2021)
(100 nm) sessile droplet
TSAW 18.75 Microchannel fluid Periodic, identically rotating Rayleigh streaming vortices ~ Kolesnik et al. (2021)
TSAW 24.6 Microchannel fluid Slowly varying large-scale streaming in a microchannel Li et al. (2022)
TSAW 108 Brine shrimp egg cells (30 Captur.e and steering of mlc'ropargcles accurately Wang et al. (2022)
pm) according to pre-defined trajectories
TSAW 141, 155 Polystyrene microparticles Se.paratlor.l of prolate ellipsoids from spherical Khan et al. (2024)
(5 pm) microparticles
. . Employs polystyrene microspheres to capture virus and
TSAW 50 ?zo/llyss ty;elr)le microparticles utilizes TSAW device to accomplish microsphere sorting  Liu et al. (2023a)
H according to particle size
TSAW 6.05 Polystyrene microparticles Mlcr.opartlcle.s can be aligned, patterned and cpncgntrated Wang et al. (2024)
(3 um) within both circular and rectangular glass capillaries
Polystyrene
TSAW 63.05 microparticles/blood Isolation of 10 um particles from mixture (5, 10, 20 pm) Geng et al. (2023)

cells/cancer cells (5/8/10/20
Hm)

and separation of 8 and 10 um particles

and the principles of device design. The advantages and
limitations of various IDT configurations are comprehensively
discussed in the context of microfluidic application scenarios,
including the impact of Brownian motion on the maneuver-
ing efficiency and operational accuracy based on acoustic
radiation forces, as well as acoustic streaming effects when
the particle scale is too small. In addition, the advantages
and disadvantages of IDT-based manipulation of particles
and fluids in sessile droplets and microfluidic channels are
evaluated, shedding light on the technological frontiers and
challenges in this interdisciplinary field. By integrating the
summaries and comparative evaluations, in order to establish

the foundation for microfluidic technology studies based on
SAW, the following future research directions are proposed:

1) In the context of standing wave systems, the prevailing
acoustic standing waves primarily concentrate below 100
MHz frequencies (Novotny et al., 2022). To utilize stand-
ing wave effects for manipulating particles smaller than
100 nm, additional strategies are required, and higher
frequencies and shorter wavelengths need to be investi-
gated, such as the design of devices operating above GHz
and improved acoustic field configurations. In addition,
considerable research is underway to study secondary
excitation structures that utilize auxiliary elements, in
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order to extend the lower limit of particle manipulation.

2) To clarify the response of submicron and nanoscale
particles under acoustic streaming, the nanoscale coupling
of acoustic streaming and Brownian motion needs to be
investigated, and the dynamics of particles below 100 nm
needs to be modeled.

3) For biomedical applications, the SAW-induced flow con-
trol of nanoparticle self-assembly (2D arrays/chains) for
novel optoelectronic devices and the real-time charac-
terization of nanoparticles (size/density) can be imple-
mented using high-frequency SAW for earlier and faster
cancer cell or antibody detection. In addition, portable
SAW chips can be used for rapid separation/detection
of aqueous nano-contaminants (heavy metals/viruses) and
for microbial screening of unlabeled foods.

4) In terms of manipulation accuracy, compared to optical
and electrical methods, acoustic fluid manipulation is
relatively limited in its ability to accurately control indi-
vidual submicron to nanoscale particles. Thus, further in-
depth studies are needed, especially for the manipulation
and assisted detection of molecules such as nucleic acids,
proteins, amino acids, and enzymes at the single-molecule
level (Liu et al., 2022).

5) Acoustic streaming particle motion can be predicted
using machine learning to adaptively optimize parameters
(frequency/power). Deep learning can simulate complex
fluid flows to guide IDT inverse design.
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