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The size dependant behaviour of particles driven by a
travelling surface acoustic wave (TSAW)†
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Neild∗a

The use of travelling surface acoustic waves (TSAW) in a microfluidic system provides a powerful
tool for the manipulation of particles and cells. In a TSAW driven system, acoustophoretic effects
can cause suspended micro-objects to display three distinct responses: (1) swirling, driven by
acoustic streaming forces, (2) migration, driven by acoustic radiation forces and (3) patterning
in a spatially periodic manner, resulting from diffraction effects. Whilst the first two phenomena
have been widely discussed in the literature, the periodic patterning induced by TSAW has only
recently been reported and is yet to be fully elucidated. In particular, more in-depth understanding
of the size-dependant nature of this effect and the factors involved are required. Herein, we
present an experimental and numerical study of the transition in acoustophoretic behaviour of
particles influenced by relative dominance of these three mechanisms and characterise it based
on particle diameter, channel height, frequency and intensity of the TSAW driven microfluidic
system. This study will enable better understanding of the performance of TSAW sorters and
allow the development of TSAW systems for particle collection and patterning.

1 Introduction
The manipulation of particles and cells is essential to a number of
applications within microfluidic technologies, particularly in the
development of systems for cell patterning, concentration or sort-
ing. A wide range of methods for particle manipulation have been
developed using hydrodynamic,1–3 magnetic,4,5dielectrophoretic
(DEP),6,7 optical,8,9 and acoustic force fields.10 Acoustic fields
provide a powerful tool for precise, non-contact and biocompat-
ible11,12 manipulation of particles and cells, thus, have received
considerable attention recently.

Acoustophoresis, defined as the movement of particles by
acoustic forces, is key for acoustic manipulation. In a typical
acoustically driven system, suspended objects are subjected to
steady state acoustic forces that are generated through two main
mechanisms. Firstly, the presence of particles in a sound field
leads to scattering and this in turn results in acoustic radiation
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forces13 (ARF) which act to move particles in a certain direc-
tion. Secondly, gradients in the resultant acoustic field give rise
to a steady state flow, termed acoustic streaming.14,15 This flow
field in turn induces drag forces that act on the suspended parti-
cles. The particle behaviour depends on the relative significance
of these distinct acoustophoretic mechanisms. In order to control
the intended manipulation and achieve a desired outcome, we
seek to present an understanding of the origin of each effect, and
establish the critical factors that influence the relative dominance
of these forces.

Acoustically driven microfluidic systems are mainly actuated
using either bulk acoustic waves16–21 (BAW) or surface acous-
tic waves22–25 (SAW). The former are excited within volumes of
fluid using a piezoelectric transducer affixed to the microfluidic
channel, typically operated at frequencies corresponding to reso-
nant modes in the fluid volume. As such, the sound fields that are
established, consist of standing waves. Within standing waves,
the ARFs act to hold particles at certain locations, usually corre-
sponding to the nodes or antinodes of the field, hence patterns
of particles are formed as they cluster at these stable locations.
In addition, acoustic streaming flows exist within these systems,
which act to drag particles along a swirling trajectory. Thorough
theoretical and numerical studies21,26,27 have determined the na-
ture of both the radiation force and streaming fields, establishing
an understanding of the relative dominance of these two effects
as a function of particle diameter. Below a frequency dependant
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critical particle size, streaming induced drag forces act to keep
the particles in constant motion driven by the fluid flow, whilst
above this cut-off size ARF dominates and particles are held in
fixed locations.14

Contrary to BAW systems, SAWs are generated on the surface
of a piezoelectric substrate by a set of interdigitated electrodes.
Upon application of an alternating voltage, each electrode fin-
ger displaces, creating a wave. By designing the spacing be-
tween each electrode in accordance to the SAW wavelength at
an intended operational frequency, constructive interference will
occur, improving the efficiency of the system.22,28 In contrast
to BAW, fluid resonances are not excited, and hence, there is a
greater flexibility in the sound fields that can be generated within
fluid volumes confined on the substrate. SAW systems are suitable
for diverse applications including droplet generation,29,30 merg-
ing31 and steering,32,33 atomization,34,35 size-based sorting,36

particle filtration37 and patterning.38

In SAW-driven devices, acoustic fields are generally classified as
being either travelling39 (TSAW) or standing40,41 (SSAW) in na-
ture. SSAWs are generated when two counter propagating SAWs
interfere, resulting in the formation of time-averaged nodal and
anti-nodal positions in the sound field. In SSAW field radiation
forces collect suspended particles to either the nodal42 or antin-
odal43 positions based on their acoustic contrast with the host
fluid. Whilst, fields have been established with counter propagat-
ing SAW of differing frequencies for adjustable locations,44 and
pulsed actuation for spatially selective patterning,45 typically the
standing field is established across the entire channel area using
frequency-matched counter propagating waves, resulting in pe-
riodic patterning.46–48 As with BAW, the dominant mechanism
(patterning or streaming) has a size dependency, however, in
SSAW systems, the critical particle size varies locally across the
width of the channel due to inherent SAW attenuation.46

In a TSAW system, the SAW propagates in one direction, as
does the wave which is coupled from the TSAW into the fluid.
As such, it is broadly assumed that the resultant radiation forces
act to continuously push particles away from the acoustic source.
Whilst this mono-directional mechanism has been used success-
fully for particle sorting,49 it is not the only form of behaviour
resulting from TSAW. Indeed, Skowronek et al50 demonstrate
that there is a dimensionless parameter (defined by Kappa (κ))
that determines the cross-over from streaming dominated to ra-
diation dominated behaviour of particles. However, a series of re-
cent studies have observed some rather complex features within
a TSAW system which significantly affect the particle outcome be-
haviour. Destgeer et al51,52 have demonstrated the existence of
an "anechoic corner" within the channel. This is located along
the edge of the channel nearest to the source; in this region, the
sound field is weak and strong streaming flows exist. Additionally,
through numerical and experimental studies, periodic patterning
has been demonstrated, formerly only linked to SSAW. The pat-
terning of particles into stable locations results from diffraction
effects as the TSAW couples into the fluid volume and is affected
by the channel edge, which acts as a discontinuity.53,54

We explore the transition between these three distinct
acoustofluidic effects on the particles. Demonstrating the transi-

tion between particles entrained in vortices driven by streaming,
particle patterning resulting from diffraction effects and mono-
directional particle migration in the direction of TSAW propa-
gation, as a function of particle size. Furthermore, we char-
acterise the dominant effect based on TSAW wavelength (fre-
quency), power intensity and channel height. In doing so, IDTs
with a range of wavelengths (15, 21, 25 and 36 µm) and channels
heights (15 and 26 µm) are used.

2 System mechanics
Surface acoustic waves are actuated by a set of conducting in-
terdigitated transducers (IDT) structured on a piezoelectric sub-
strate. The IDTs are actuated at a frequency such that the surface
displacements originating from each electrode constructively in-
terfere with waves emanating from adjacent electrode. As such,
the spacing of the electrodes dictate the optimum frequency of
operation and wavelength of the propagating SAW, with λSAW =

Cs/ f , where Cs and f represent the speed of sound and frequency,
respectively.

Upon arrival at the edge of the microfluidic channel, the
SAW couples energy into the fluid at the Rayleigh angle θR =

sin−1(Cl/Cs) with Cl and Cs representing the speed of sound in
a given liquid and substrate, respectively. The acoustic wave is
coupled into the fluid in the form of a plane wave, albeit with
spatial variations in the amplitude of the plane wave across its
wavefront due to inherent diffractive effects, based on Huygens-
Fresnel principle.53 As a result, a field with complex amplitude
patterns is created within the fluid. Two main mechanisms arise,
that of acoustic streaming and acoustic radiation forces and, as
we will show, the latter gives rise to mono-directional motion and
particle patterning. These two mechanisms lead to three distinct
outcomes in terms of the particle behaviour; drifting in the direc-
tion of propagation (Fig. 1a), patterning in stable locations (Fig.
1b) and continuous motion in circular trajectories (Fig. 1c).

The two mechanisms of acoustic streaming and ARF are well
known, so we describe their origin, briefly. Firstly, acoustic
streaming, arises from gradients in a sound field as it propagates
through a viscous fluid, which give rise to time-averaged body
forces acting on the fluid.55 As a result, a steady swirling flow
is generated (Fig. 1c), inducing a drag force on the suspended
particles, with Fdrag ∝ a, where a is the particle radius.

Additionally, particles are directly subjected to primary acous-
tic radiation forces, where, in a pure standing wave this force
is proportional to the radius cubed,13,56 whilst in a pure trav-
elling wave, the relationship is to the sixth power57 (with the
wavelength assumed to be significantly larger than the particle
size in both cases (a << λSAW)). As such, the ARF can be ex-
pected to dominate over streaming induced drag as particle sizes
increase.58 Here, we have neither a pure travelling nor stand-
ing wave, rather a complex field arising from the amplitude pat-
terns caused by diffraction.54 Nonetheless, we can expect that,
streaming will be the dominant mechanism for the small particles.
Whilst, for a certain range of particle sizes which this study will
determine, the ARF will act to pattern particles within stable loca-
tions dictated by diffraction lobes as shown in Fig. 1b. Beyond a
second critical size, the particles will move mono-directionally in
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Fig. 1 Conceptual illustration of three distinct behaviour of particles resulted from acoustophoretic mechanisms within a TSAW driven system. 3-
dimensional rendered drawing of the system exhibiting (a-i) particle drifting in the direction of TSAW propagation (b-i) particle patterning resulted from
diffraction effects (c-i) acoustic streaming flow field. (a-ii) Illustration of the instant transmission of TSAW into the fluid, where a simulated instantaneous
absolute pressure field after initial excitation is shown. This effect is classically understood to drift particles away from TSAW source. (b-ii) a simulated
time-averaged absolute pressure field 〈|P1|〉 with lobe patterns which serve to pattern particles into stable locations. (c-ii) The simulated streaming
field indicated by white streamlines across the channel width. Red arrows show streaming velocity. Streaming vortices induce drag force on the small
particles. Pressure and velocity surface plots have units of Pa and m/s, respectively.

the TSAW propagation direction, akin to particles drifting away
from the source (Fig. 1a).

3 Methods
In this work, one set of straight interdigital transducers (IDTs)
with 15, 21, 25 or 36 µm pitch (operating at 260, 185, 155 or
110 MHz, respectively) was used in each experiment to gener-
ate the TSAW. The IDT, with aperture (overlapping width) of 750
µm, is made of a 10 nm chromium (adhesive layer) and 200 nm
aluminium (conductive layer) deposited on a piezoelectric 128◦

rotated Y-cut X propagating Lithium Niobate (LN, LiNbO3) wafer
by an e-beam evaporator. The 200 µm wide microfluidic channels
(with 15 µm or 26 µm height) were cast in polydimethylsilox-
ane (PDMS; 1:10 ratio of curing agent/base) and subsequently
bonded to the LN substrate aided by plasma treatment (Harrick
Plasma, PDC-32G). To prevent corrosion of the electrodes and
to enhance bonding of the PDMS, a 270 nm thick layer of SiO2

was deposited on the LN wafer. Fluorescent polystyrene parti-
cles (Magsphere, Pasadena, CA, USA) with a range of diameters
(0.1, 0.3, 0.5, 1, 2, 3, 5 and 6 µm) were suspended in a homoge-
nous solution of 1:10 particles/water, diluted with 0.2% polyethy-
lene glycol (PEG). A signal generator (Anapico, APGEN3000) was
used to apply an AC signal to the IDT at the intended frequency.
For visualisation, two set-ups were used. The first used a fluo-
rescence microscope (Olympus BX43) coupled with a compatible
light source (Olympus URFL-T) and a PixeLink (PL-B782U usb2)
CCD colour camera to capture particle behaviour. Image intensity
analysis was conducted on the captured images using MATLAB,
yielding data on the spatial distribution of the particles.

In the second set up, the experiments were conducted on the
stage of an inverted microscope (Olympus IX51), where parti-
cle behaviour was captured using a high speed camera (MEMRE-

CAM HX). Particle image velocimetry (PIV) was then utilized to
obtain a more precise temporal and spatial observation of par-
ticles behaviour. The single exposed image pairs were analysed
using multi-grid/multi-pass cross-correlation digital particle im-
age velocimetry (MCCDPIV) implemented in the in-house de-
veloped parallel program 2C-2D-CCDPIV+PTV which uses MPI.
The algorithm is described by Soria et al,59 with its origin ex-
plained by Soria.60,61 It uses an iterative and adaptive cross-
correlation algorithm to increase the velocity dynamic range and
reduce the uncertainty, yielding 2-componenent – 2-dimensional
(2C-2D) instantaneous velocity fields. The performance, accu-
racy, and uncertainty of the algorithm with applications to the
analysis of a single exposed 2C-2D PIV and holographic 3C-3D
PIV (HPIV) images have been reported by Soria62 and von Ellen-
rieder et al.63 The 2C-2D MCCDPIV algorithm also incorporates
a local cross-correlation function multiplication method64 to im-
prove the search for the location of the maximum value of the
cross-correlation function. For the subpixel peak calculation, a
two-dimensional Gaussian function model is used to find the lo-
cation of the maximum of the cross-correlation function using the
least mean square value.60,61

Prior to PIV analysis, the raw image data were cropped to re-
move the unwanted peripheral region. The size of the interroga-
tion window used for the MCCDPIV analysis was 32×32 pixels2

with a spacing of 16 pixels between the velocity vectors. A lo-
cal chi-squared χ2 fit, utilizing 13 points to the velocity field, is
used to filter the velocity field and remove noise.61 The velocity
in physical units is determined by multiplying the velocity dis-
placement by the imaging scale factor and dividing by the time
separation between the two single-exposed images.

To better investigate the transition mechanisms, a simplified
2-dimensional fully coupled LN substrate and fluid domain is
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modelled using COMSOL Multiphysics v5.1. To generate the
intended surface acoustic waves, a voltage potential is applied
along equipotential lines mimicking the IDT design used ex-
perimentally. The LN crystal matrices were rotated to repre-
sent the crystal cut used in the experiments (i.e. 128◦ Y-cut X-
propagating).

The fluid domain is modelled using two different approaches,
probing the distinct transition regimes independently. Firstly, to
probe the streaming to patterning transition characteristics, the
fluid domain is fully coupled to the LN substrate, and solved us-
ing the thermoviscous set of equations (i.e. thermoacoustic mod-
ule in COMSOL Multiphysics) to accurately obtain the pressure
and velocity fluctuations. To obtain the streaming fields (i.e. vvv2),
the first order solutions were used to calculate the body force (i.e.
Reynolds stress), which in turn is utilised to drive the fluid flow
in a laminar flow stationary study. A similar approach is used in
previous publications.14,54,65 The transition characteristics were
probed by increasing the particle size and observing the resultant
particle trajectory. The acoustic force exerted on a particle con-
siderably smaller than the wavelength is given by Eqn 1a.14,65,66

FFFARF =−πa3
[

2κ0

3
R [ f ∗1 P∗1 ∇P1]−ρ0R [ f ∗2 vvv∗1 ·∇vvv1]

]
(1a)

The asterisk indicates complex conjugates and R[] the real part.
P1 and vvv1 are the first order pressure and velocity field and factors
f1 and f2 are given by,

f1 = 1−
κp

κ0
(1b)

and

f2 =
2(1− γ)(ρp−ρ0)

2ρp +ρ0(1−3γ)
(1c)

where,

γ =−3
2

[
1+ i

(
1+ δ̃v

)]
δ̃v (1d)

δ̃v =

√
2η

a
√

ωρ0
(1e)

κ0 = 1/(ρ0c2
0) and κp denote the compressibility of the liquid and

particle respectively, ρ0 and ρp represent density of liquid and
particles respectively, ω is the angular frequency of excitation and
η is the shear viscosity coefficient of the fluid.

FFFdrag = 6πηa(vvv2− vvvp) (2)

Where vvv2 and vvvp are the streaming (steady state) velocity and
particle velocity respectively.

Secondly, to investigate the second transition regime, in which
the particles are no longer small in comparison to the wavelength,
a different approach must be used. Here, a fully coupled fluid do-
main is modelled using the Pressure Acoustics module in COM-
SOL Multiphysics. The resultant acoustic forces must be calcu-
lated by integrating over the particle’s surface due to the parti-
cle’s size, the numerical complexity and requirements placed on
element size means that only a 2-dimensional model can be con-
structed (hence, the particle is represented as a cylinder, rather

than a sphere). The force equation is given by,26,46,67

FFFARF =
1
2

ρ0

∫
S0

[
〈vvv2

1〉−
1

ρ2
0 c2

0
〈P2

1 〉

]
nnndS−ρ0

∫
S0

〈(nnn.vvv1)vvv1〉dS (3)

A study was carried out to investigate the relative difference
between the resultant acoustic forces obtained when solving the
Helmholtz set of equations (i.e. Pressure Acoustics Module) as
opposed to the significantly more computationally expensive ther-
moviscous set of equations (Thermoacoustic Module). No signifi-
cant difference in calculated forces were observed for the particle
sizes considered. This is consistent with the findings detailed in
Habibi et al.67 Thus, the computationally more efficient Pressure
Acoustic module was used in the data presented here.

4 Results and discussion
To determine the effect of TSAW frequency and particle diame-
ter on the transition in the acoustophoretic behaviour, a series of
experiments were conducted and the particle response was ob-
served, as shown in Fig. 2a. Here, the experimental data is ob-
tained for a range of particle diameters and four distinct TSAW
wavelengths, whilst TSAW power intensity (25 dBm) and chan-
nel dimensions (h = 26 µm and W = 200 µm) are held constant.
In the series of images shown in Fig. 2a, the experimental results
inform the mechanism at play by observation of key features in
the image.

Areas of higher and lower intensity corresponding to local con-
centration and rarefication of particles is a result of patterning,
ARF being the dominant mechanism, as in Fig. 2a (denoted P).
In images demonstrating a different effect, a line of particles are
formed at the wall of the channel furthest from the IDT, this
is a result of the particles having been pushed across the chan-
nel width due to the dominance of mono-directional motion as
a result of ARF, we term this effect (most commonly associated
with TSAW) drifting, (denoted d). There is a transitional region
present, between distinct patterning and drifting (denoted P & d)
characteristics, in which both of these features occur.

In contrast to ARF, the streaming dominated motion of par-
ticles causes them to be carried continuously through the fluid
volume, thus images of such motion in Fig. 2a appear uniform
in colour and somewhat blurred (denoted S). In some images,
patterning is seen in the form of bands of high and low intensity
superimposed on a uniform background, this is the, rather large,
transition region in which both streaming and patterning occur
(denoted S & P). Observations through the microscope, clearly
depict a continuous motion, whilst resulting in a structure to the
image, indicating simultaneous trapping of some particles.

Skowronek et al50 examined streaming and drifting in a TSAW
system actuated with a different configuration than the conven-
tional systems (coupling via pillars). They identified a dimen-
sionless constant, (κ), to describe the transition between the two
regimes, wherein the frequency and particle diameter play the
key roles, κ = ka, where k and a denote wave number and particle
radius, respectively. In Fig. 2b, which summarises the observed
behaviour, this relationship has been plotted. It is observed to lie
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Fig. 2 Experimental observations representing transition in particle behaviour influenced by the TSAW wavelength (frequency) as a function of particle
diameter. The applied power is constant at 25 dBm. The microchannel is 26 µm-high and 200 µm-wide. (b) The plot of transition behaviour where
each region (indicated by different colour) shows the dominant mechanism governing particle behaviour. Dotted lines are the predicted locations for
the cross-over behaviour. The red circles represent the cross-over from streaming dominated to radiation dominated behaviour predicted based on (κ)
value (the dimensionless constant) as explained by Skowronek et al. 50 Scale bar is 100 µm.

between the streaming and drifting regions identified in our data
which was a conventionally actuated system. It is also evident,
however, that a linear relationship between diameter and wave-
length cannot be used to describe the transitions we observe.

The regimes of particle behaviour are clearly identified in Fig.
2b, we now examine them further by way of numerical analysis,
probing the key features and examining the transitions between
the regimes. In doing this, we consider the forces which occur
and dominate, starting with large particles before decreasing the
size.

4.1 Transition from drifting to patterning

Examining the behaviour shown by Fig. 2 for a 25 µm wave-
length, it can be seen that 3 µm particles drift, whilst 1 µm par-
ticles form patterns. This transition is shown in Fig. 3, in which

the intensity is plotted as measured across the width of the chan-
nel at two excitation power levels. For both powers examined the
highest intensity is clearly at the edge of the channel away from
the IDT for 3 µm particles (Fig. 3c), whilst a patterned intensity is
seen for the 1 µm particles (Fig. 3a). However, for the 2 µm par-
ticles, a clear transition in behaviour is observed with an increase
in drifting as a result of increasing power (Fig. 3b). At 15 and
25 dBm (the powers used in Fig. 3a and c) both patterning and
drifting traits are seen, thus, this size sits in the transition region
between the two distinct outcomes.

To probe the underlying physics associated with this transi-
tion in behaviour, a numerical model is used, this consists of a
microfluidic channel (width 100 µm; height 26 µm) excited by
TSAW with a wavelength of 15 µm (propagating in the positive
x-direction). In Fig. 4a the resultant instantaneous absolute pres-
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sure field generated after initial excitation is shown. At this mo-
ment in time the TSAW can be seen to couple into the fluid at an
angle (the Rayleigh angle, θR). As a result a region, in the up-
per left of the channel, which remains largely unaffected by the
propagating wave is present, this has been termed the anechoic
corner.51,52 However, this field is only transient in nature, the
relative slowness of the particle motion compared to the speed of
sound, means that they respond rather to the steady state sound
field (albeit distorted locally by their own presence). In Fig. 4b
the time-averaged absolute pressure field generated by the TSAW
when coupled into fluid contained in a 100 µm-wide PDMS chan-
nel is shown. Several features are present in this sound field,
firstly, there is a decay in amplitude with increasing distance
across the channel width (x) as energy in the surface wave de-
cays due to coupling of energy into the fluid (this is also seen
in Fig 4a). Secondly, in the vertical direction, bands of higher
and lower pressures (one such band of lower pressures has been
labelled alpha-line) are present, this arises due to waves being
reflected by the upper boundary of the fluid volume (despite this
PDMS boundary being relatively low reflecting). This feature has
the potential to trap particles in vertical bands. Thirdly, there are
bands of lower pressure at angles across the fluid chamber, one
such band is labelled beta-line (Fig. 4b). These bands, or lobes,
are caused due to the diffraction of the wave as it couples into the
fluid and is due to the finite nature of the fluid volume.53,54

Figure 4c and d show the forces experienced by particles of
different sizes placed in the sound field. The model integrates
the forces around the circumference of the particles (Eqn. 3) in a
2D plane. By placing the particle in the field the wave scattering
is accurately captured, coupling this with calculation of the force

by integration allows accurate assessment of forces for particles
of sizes which approach the wavelength, albeit in 2D. The forces
in the z-direction are shown for particles placed along beta-line
in Fig. 4d. It can be seen that at low values of x (which also
indicates low values of z), the large particles are pushed upwards,
however, there are stable trapping locations at x = 20 and 23 µm
(where the vertical force is zero). This potential for trapping at
different heights is also present for the smaller particles, albeit
the trapping forces are weaker.

In Fig. 4c, the forces in the horizontal (x) direction are shown
along alpha-line. It can be seen that there are strong variations
in force amplitude at different x-locations as expected from the
pressure field. For the smaller particles the forces change in sign
as x is increased, including stable trapping locations, and the par-
ticles can be expected to be held at multiple stable locations; pat-
terning occurs. Whilst for the larger particles, the force varies in
amplitude but is always positive, hence, the particles will move
in a monodirectional manner; drifting occurs. The particle size
at which this transition between behaviours cannot be directly
compared to the experimental data due to the 2D nature of the
simulation, however, the trends are consistent.

The nature of the force field indicates that, as a result of ARF,
the particles will migrate away from the IDT source. In some
cases (smaller particles) this migration in the positive x-direction
is expected to occur until the next stable location (i.e. Fac,x = 0)
is reached, whilst for larger particles the migration will continue
to the far edge of the channel.

To confirm the unidirectional migration which occurs prior to
patterns being formed, the particle trajectories have been mea-
sured using PIV as shown in Fig. 5. For the following parameters,
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Fig. 6 Experimental observations of two simultaneous particle behaviour; patterning and swirling for submicron particles with diameters of 100, 300
and 500 nm. The frequency of operation is 150 MHz (λSAW = 25 µm). The channel width is 200µm. The effect of TSAW power intensity and channel
height are recognized by using plots of image mean intensity against x positions across channel width. The diffraction effects result in particle patterning
across width of the channel. The absorption of this effect within the system increases with reducing channel height and increasing applied power. Scale
bars are 100 µm

1 µm particles at 25 µm wavelength, contained within a 35 µm
high and 200 µm wide channel, we observe particle patterning.
The data shows that for the initial 6 s of particle migration, the
motion is in the direction of TSAW propagation (5b - d). This
delivers the particles to the stable patterning locations, hence,
subsequently, the motion, if any, is solely along the direction of
the channel, as particles move within these stable force poten-
tials (Fig. 5f - h). Whilst the patterning behaviour appears vi-
sually to have similarities to that of a SSAW system, in that it is
periodic (albeit with different spacing53) and stable, the migra-
tion pattern which causes the patterning is dissimilar. In a stand-
ing wave system, homogeneously suspended particles are free to
move in either direction to reach the nearest pressure minima
location, whereas, the initial translation of particles in a TSAW
system takes place unidirectionally along beta-lines (in Fig. 4b)
and the other pressure minima between the pressure lobes.

4.2 Transition from patterning to streaming

As shown in Fig. 2b, at a 25 µm SAW wavelength, the 0.1 µm par-
ticles are strongly influenced by streaming despite some structure
present due to patterning. However, as the particle size increases
to 0.3 µm and 0.5 µm the prevalence of this structure increases;
though streaming is still observed, patterning becomes increas-
ingly significant. This blended streaming and patterning regime
occurs over a range of particle sizes examined and hence has been
denoted as a separate regime in Fig. 2b. We note, that the transi-
tion between streaming and patterning in a SSAW system is also
observed to be broad due to spatial variations in which effect was
dominant.65

To confirm the presence of patterning and streaming, in Fig. 6
we show the light intensity distribution as measured across the
width of the channel. This data is presented for two channel
heights and powers. It is observed, that the 100 nm particles in
the deeper channel (comparable to Fig. 2) show a large baseline
intensity with a weak periodic fluctuation, indicating behaviour
dominated by streaming with relatively weak patterning occur-
ring.
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Fig. 7 Particle trajectories driven by TSAW with a wavelength of 15 µm
in a 26 µm high, 200 µm wide channel of (a) 0.2 µm particles, where two
main streaming vortices are observed; one within the anechoic corner
and the other that streches across the rest of channel width and of (b) 0.5
µm particles exhibitting streaming-dominated and patterning behaviour
(see ESI† Video; 0.2 µm and 0.5 µm particles)

We now examine and seek to explain trends in this data. Two
trends, in the relative size of the baseline level and periodic peaks,
are evident. The first is that as the particle size increases, the pe-
riodicity increases and the baseline level decreases. This is due
to the patterning forces of small particles being related to the
particle size cubed, whilst the drag forces are related to the size
linearly. The second trend is that the baseline is higher for the
channels of larger height, especially for the 100 and 300 nm par-
ticles. This means that there is an increase in streaming effects for
the higher channels. This is consistent with an expectation that a
larger separation between the non-slip boundary condition on the
base and roof of the channel allows larger streaming velocities.65

A third trend is that, especially for the higher channels, there
is a large feature at the edge of the channel nearest to the IDT.
This is observed in Fig. 6d and f, but less clearly observed in the
shallower channel (Fig 6c and e). This particle response is a result
of the nature of the streaming flow field in the vertical plane (x−
z), which is shown in Fig. 1. There are two main flows, a strong
swirl which is (largely) contained within the anechoic corner, and
that a secondary swirl occurs which stretches across the rest of the
channel. It is the swirl within the anechoic corner which causes
this feature. It is more prominent for the higher channel heights
as anechoic corner is bound by a line at the Rayleigh angle, hence
a larger height channel will correspond to this swirl stretching
further across the channel width.

A fourth observation from this dataset is that the number of
lines of particles formed due to the patterning is larger for the
shallow channels. We know that a reduction of the channel
height; firstly, minimises the effects of streaming enabling more
patterning of particles, and secondly, reduces the number of sta-
ble vertical locations present for patterning. We believe, the spac-
ing between lines of collected particles is more easily distinguish-
able in shallower channels (Fig. 6a, c and e). Whereas in deeper
channels, particles appear to form clusters as there are multiple
vertical patterning locations possible. This is a direct result of the

existence of vertical periodicity in the lobed pressure fields which
permits patterning of particles at distinct heights (Fig. 6b, d and
f).

Finally, we examine the cause of the broad transition region
which occurs between streaming and patterning dominated be-
haviour (seen in Fig. 2b). As discussed and shown in Fig 4c,
smaller particles are subjected to smaller upward forces, yet can
be trapped at different heights. Particles trapped at different
heights will experience different drag forces from the streaming
flow; hence, there will be a local variation in the critical diameter,
which globally will be seen as a broad transition region. This is
explored further in the numerical models.

Whilst the force fields shown in Fig 4 assist with understanding
the transition from patterning to drifting, and they indicate that
particles are held at different heights, which assists with under-
standing the broad transition seen between streaming dominated
and patterning dominated behaviour, they do not directly con-
sider the streaming flows. In Fig. 1c, a numerical model has
been used to predict the streaming field and thus, the drag forces
experienced by particles suspended within it. These drag forces
are added to the acoustic radiation force arising from the force
field (calculated using Eqn. 1a, and assuming the particle size is
significantly smaller than the wavelength). The resultant particle
trajectories are shown in Fig 7 (see ESI† Video; 0.2 µm and 0.5
µm particles) the smaller particles swirl around the channel and
the larger particles begin to exhibit patterning behaviour, as ob-
served from the intensity data. In addition, it is observered that
for the larger particles, some will be patterned at certain heights
in the fluid, but those closer to the top and bottom of the channel
will be exposed to stronger fluid flows and as such are entrained
within them.

Particle drifting in 
propagation direction 

Partic
le 

Patterning

Acoustic 
Streaming 

Streaming
&

Patterning 

Fig. 8 The plot representing transition in behaviour of particles affected
by TSAW power intensity as a function of particle diameter. Regions
within the plot that are dominated by various behaviours are distinc-
tively indicated with different colours. The border lines of each region
are shown in dashed.
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4.3 Effect of power on transition

In Figure 3, distinct regions of behaviour have been identified
for a wavelength of 25 µm, over a range of particle sizes and
powers. This is examined further in Fig. 6, in which the degree of
patterning and streaming is observed to differ with respect to the
power used. The features used to distinguish between regions are
the same as those used in Figure 2. The power applied to the IDT
is linearly related to the amplitude of the ARF and strength of the
acoustic streaming. Consequently, the two forcing mechanisms
discussed, so far, should increase linearly as a result of power
increase. The behaviour of the particles is dictated by the relative
dominance of the forcing mechanisms, and an equal increase in
both, will not alter this dominance. However, an increase in the
velocity of the suspended particles will be observed. As such,
the transition between regions, observed with increasing power
in Fig. 3, is unexpected.

For a given power and wavelength, as the particle size is in-
creased, the regimes move from streaming dominated, to stream-
ing and patterning, patterning, patterning and drifting and drift-
ing. Considering this, and in reference to Fig. 8, an increase
in power can shift the particles behaviour from that expected at
lower powers to that expected for slightly larger particles. That
is, upon increase from 10 dBm to 20 dBm, 0.5 µm particles be-
haviour shifts from streaming to streaming and patterning. As
such, we believe this results from particle-particle interactions.
That as the power increases the coagulation of particles as a result
of Bjerknes forces,67,68 from the interaction of scattered waves
from one particle on a neighbouring particle, causes particles to
cluster and as such assume the behaviour of relatively larger par-
ticles.

5 Conclusion
Travelling surface acoustic waves have found applications in par-
ticle sorting and droplet manipulation, however, it is only recently
that a wider range of forcing mechanisms has been identified,
with the additional understanding regarding the occurrence of
particle patterning. This work has delved into better understand-
ing the effect of particle size on particle behaviour as a function of
both acoustic wavelength and power. Three main regimes along
with transitional regions have been identified representing the
dominance of different forcing mechanisms: namely, streaming,
patterning and drifting. To probe the underlying physics asso-
ciated with these distinct particle migration behaviours and its
transitional characteristics, numerical models of the acoustic ra-
diation force and streaming flows are implemented. It is impor-
tant to note that an increase in power can alter the behaviour of
smaller particles to that of a larger particle size, most likely due
to the coagulation of particles at these higher powers.
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