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Surface acoustic wave diffraction driven mechanisms
in microfluidic systems†
Armaghan Fakhfouri,a Citsabehsan Devendran,a Thomas Albrecht,b David J. Collins,cde
Andreas Winkler, f Hagen Schmidt, f and Adrian Neild,∗a

Acoustic forces arising from high-frequency surface acoustic waves (SAW) underpin an exciting
range of promising techniques for non-contact manipulation of fluid and objects at micron scale.
Despite increasing significance of SAW-driven technologies in microfluidics, the understanding
of a broad range of phenomena occurring within an individual SAW system is limited. Acoustic
effects including streaming and radiation force fields are often assumed to result from wave propagation in a simple planar fashion. The propagation patterns of a single SAW emanating from a
finite-width source, however, cause a far richer range of physical effects. In this work, we seek a
better understanding of the various effects arising from the incidence of a finite-width SAW beam
propagating into a quiescent fluid. Through numerical and experimental verification, we present
five distinct mechanisms within an individual system. These cause fluid swirling in two orthogonal
planes, and particle trapping in two directions, as well as migration of particles in the direction of
wave propagation. For a range of IDT aperture and channel dimensions, the relative importance
of these mechanisms is evaluated.

1

Introduction

Manipulation of particles is key for tasks such as sorting, patterning and concentration within microfluidic chips. Manipulation can take place using passive physical features to give rise
to hydrodynamic interaction which result in motion along fluid
streamlines. 1–4 Alternatively, active methods employ external
force fields, arising from magnetic, 5,6 dielectrophoretic (DEP), 7,8
optical 9,10 or acoustical 11 effects, to act on the suspended objects.
Ultrasonic excitation generates acoustic forces acting both on
suspended matter and the fluid itself. In addition, the straightforward on-chip integration, non-contact and bio-compatible nature 12 of acoustic methods has made them particularly interesting for biologically oriented microfluidic systems. 13–15 Two
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key approaches have been established, the use of bulk acoustic
waves 16–18 (BAW) and surface acoustic waves 19–22 (SAW). In
BAW systems, a piezoelectric component which is adhered to the
microfluidic chip is used as an excitation source. Waves couple
into the fluid, which is typically contained within materials such
as silicon and glass, in which strong reflections occur. By choice
of a suitable excitation field, the resulting standing wave will become resonant, yielding sufficient forces to push particles to the
planes of either the pressure nodes or antinodes. This means that
the pressure field is restricted to the resonant modes of the fluid
volume. 23–26
SAWs are excited by a pair of comb-shaped electrodes on a
piezoelectric substrate. By selecting a suitable frequency of oscillation, the waves which propagate from each electrode along
the surface of the substrate interfere constructively. As the resonance required to maximise the amplitudes of excitation occurs
due to this constructive interference, the frequency of operation
is dictated by the pattern and spacing of the electrodes and not
the fluid volume dimensions. Thus, it is not necessary to include
interfaces which ensure high degrees of reflection; typical SAW
systems use a fluid volume contained in polydimethylsiloxane
(PDMS), a material which has lower acoustic impedance to that
of water. Accordingly, a travelling surface acoustic wave (TSAW)
can be excited, where acoustic energy passes through the fluid
and into the PDMS bulk, in which it is then damped. In contrast,
standing surface acoustic waves (SSAW) can be excited by the use
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Fig. 1 Visualisation of the combined acoustic streaming field and acoustic radiation force resulting from incidence of fluid and a TSAW generated by
a finite-width set of IDT. (a) Conceptual illustration of particle behaviour upon interaction with the SAW-field depicting five distinct key mechanisms; (1)
migration of particles in the direction of TSAW propagation, (2) peripheral streaming vortex (x-y plane) at the SAW beam’s edges, (3) lobe streaming
vortices (x-z plane) within the extent of SAW beam, (4) orthogonal trapping of particles along the y-direction due to diffraction patterns on the oscillating
LN substrate along the TSAW propagation, (5) parallel trapping of particles (along the x-direction) as a result of diffraction in the fluid arising from
the knife edge at the far end. (b) The mechanisms are experimentally visualized within an aqueous quiescent solution of 1 µm polystyrene particles
subjected to a TSAW. (c) Streamlines of the acoustic streaming field generated by the TSAW-beam. Within (i-top view) the red region indicates high
acoustic intensity which decreases as the colour fades to blue, and subsequently white (minimum intensity). The vertical vortices in the x-z plane
shown in (ii-cross-sectional view) are extracted from the dashed white lines in fig (i). (d) 3D rendered image of the experimental setup depicting key
resultant mechanisms. Scale bars are 100 µm

of counter-propagating TSAWs. SAW-driven systems have found
applications in droplet generation, 27 merging, 28 steering 29 and
splitting, 30 atomization, 31,32 particle patterning, 33,34 size-based
sorting 35–37 and filtration. 38
Ultrasonic manipulation of particles requires the use of steady
state forces, these arise through two main mechanisms. The propagation of a sound field in a fluid results in body forces being exerted on the fluid, giving rise to acoustic streaming, 39–41 where
the resulting circulating flows entrain suspended particles. 42,43
The ultrasonic field also generates acoustic radiation forces 44
(ARF) which act directly on the suspended matter. The force field
in a travelling wave copouled into the fluid, pushes particles in
the direction of wave propagation, 45 whilst in a standing wave
particles are pushed towards pressure nodes 46 or antinodes 47
depending on the acoustic contrast of the suspended particle in
a given surrounding medium. As the force profiles are different for each mechanism, establishing the dominant force is key
2|
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to understanding the resulting behaviour. In the case of BAW
systems, the sound field has been modelled, 48–51 the streaming
flows predicted, 41–43 and the size dependent nature of the force
dominance has been described; there being a minimum particle
size above which collection occurs within the standing wave. 41
However, the complexity of SAW systems is still being elucidated. For example, a recent study examined the dominant force
affecting particle behaviour outcomes in a SSAW, showing that
the dominant effect is both size and location dependant; 42 this
location dependence is not present in BAW. In addition, many
recent studies, have added depth to the approximations made
about SAW-driven microfluidics and challenged some of the assumptions commonly made. Firstly, in TSAW systems it is assumed that particles migrate away from the ultrasonic source.
However, through a series of experiments, Destgeer et al showed
that an anechoic corner exists in which no migration of particles
is observed. 52–54 Secondly, diffraction of the ultrasonic wave aris-

ing from a discontinuity introduced by the channel wall, means
that particles can be held in spatial periodic patterns within a
TSAW system, 55,56 whereas the periodic nature of this outcome
is usually only expected for SSAW excitation. Thirdly, the counterpropagation of two waves excited by separate sets of electrodes
need not lead to standing waves and so periodic patterning.
Rather, it can result in a single, movable, trapping location if two
slightly different frequencies are used. 57 Finally, the distinction
between SSAW and TSAW systems has been challenged, with the
attenuation of each counter-propagating TSAW (used to establish
a SSAW) meaning that different parts of a channel can be dominated by TSAW or SSAW, a fact that yields an accurate sorting
mechanism. 58
In light of these developments, which have highlighted the
complexity of SAW systems and in each case used them advantageously, this work carefully examines the behaviour of particles
in a TSAW field. In doing so, this study expounds the key features
of a complex acoustic field resulting from diffraction patterns of a
travelling SAW through a three-dimensional spatial system. The
outcomes are discussed in terms of diffraction effects which lead
to multiple distinct particle patterning behaviours in the propagation and lateral directions under the influence of ARF. Additionally, streaming effects occur both at the sides of the TSAW
beam and within its extent. The relative influence of these effects
are compared for high frequency acoustic beams produced by a
series of finite-width interdigitated transducers (187.5 µm, 375
µm, 750 µm, 1500 µm wide), in channels of a range of dimensions (100 µm and 200 µm width and 26 µm, 35 µm and 46.5
µm height) and increasing distances from the IDT (680 µm, 1400
µm and 2050 µm).

2

System mechanics

Application of an oscillating electrical signal to each electrode
patterned on the piezoelectric substrate is used to generate substrate waves. An interdigitated transducer (IDT) is formed by
patterning multiple electrodes in a periodic pattern dictated by
the intended frequency of operation. Exciting the system at the
synchronous frequency will result in each electrode ’s vibration
to constructively interfere and generate a surface acoustic wave
to propagate across the surface of the piezoelectric substrate. A
TSAW couples into an overlying fluid in the form of a plane wave
propagating at the Rayleigh angle θR = arcsin(c0 /cs ) where c0
and cs represent the speed of sound in the liquid and the SAW
phase velocity of the substrate, respectively. However, a complete description of the ensuing sound field must also consider
the inherent diffraction of the waves. This is important in determining the spatial amplitude of the wavefront; this is true for
both the SAW in the substrate and the wave coupled into the
fluid. Diffraction can be accounted for by the Huygens-Fresnel
principle. 59 This describes each vibrating point as a source of a
spherical wavefront which interfere with each other, resulting in
spatial amplitude variations. Typically, the impulse response of
a system describes geometrically the arrival of each wavefront
from all source locations, which is then convolved with the actual excitation waveform. 59,60 The locations in the sound field of
maximum amplitude are those at which these secondary wave-

fronts constructively interfere. An alternative description, using
a mathematical simplification, considers a source as consisting of
an emitter of a plane wave and edge waves from the perimeter
of the aperture. 55,60 . These diffraction effects can strongly influence acoustic streaming and ARF, as these forces depend on the
amplitude and gradient of the pressure field.
The acoustic radiation force acts directly on particles exposed
to an ultrasonic field. For a particle radius much smaller than
the acoustic wavelength (a << λSAW ) the time-averaged resultant
radiation force is given by Eqn. 1, 42,61 derived using perturbation
theory, considering continuity and the Navier-Stokes equation:
F ARF = −πa3




2κ0
R [ f1∗ P1∗ ∇P1 ] − ρ0 R [ f2∗ v ∗1 · ∇vv1 ]
3

(1)

where the asterisk indicates complex conjugates and R[] the real
part. P1 and v 1 are the first order pressure and velocity field and
factors f1 and f2 are given by:
f1 = 1 −
and
f2 =

κp
κ0

(2a)

2(1 − γ)(ρ p − ρ0 )
2ρ p + ρ0 (1 − 3γ)

(2b)


i
3h
1 + i 1 + δ˜v δ˜v
2

(2c)

√
2η
δ˜v = √
a ωρ0

(2d)

where,
γ =−

κ0 = 1/(ρ0 c20 ) and κ p denote the compressibility of the liquid and
particle respectively, ρ0 and ρ p represent density of liquid and particles respectively, ω is the angular frequency of excitation and η
is the shear viscosity coefficient of the fluid. As can be seen in Eqn.
1, both terms are a measure of the sound field (either pressure or
fluid particle velocity) and the gradient of that term. The effect of
taking the complex conjugate of these two terms means that the
time variations, due to the oscillation of the harmonic sound field,
are removed. Accordingly, the acoustic radiation force is a steady
state force which acts to translate or capture particles over a much
longer time scale than the time period of the excitation. The most
common description of particle behaviour resulting from exposure to a travelling wave is migration in the direction of propagation. However, in this work, we will also investigate the role
of diffraction in generating forces to trap particles in both lines
parallel to the microfluidic channel edge (we term this parallel
trapping) and into clumps along the channel length (orthogonal
trapping), as depicted in Fig 1a.
An additional mechanism, acoustic streaming, is a timeaveraged body force which acts to induce fluid motion. This in
turn exerts a drag force on suspended particles. The force is given
by: 42,62
F i = ρ0 h(vv1 · ∇) v 1 + v 1 ∇ · v 1 i
hF

(3a)
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Fig. 2 Experimental results of cross-over between streaming dominated to acoustic radiation dominated migration of (1 µm) particles, corresponding
to distinct IDT apertures (d) as well as channel widths (W ). 21 µm wavelength TSAW (at 180 MHz frequency and 15 dBm generator power level) vary
in their aperture sizes. Peripheral streaming dominated translation of particles is visualized in Figs (a-b) and (e-f). In between the peripheral streaming,
ARF dominates and orthogonal as well as parallel trapping occurs as visualized in systems driven by 1500 µm (d & h) and 750 µm (c & g) aperture
IDTs. All channels have a dimension H = 35 µm high. Scale bar is 200 µm in (a-d) and 100 µm in (e-h)


  
4
F i = −∇hP2 i + η 0 +
hF
η ∇(∇ · v 2 ) + η∇2 v 2
3

(3b)

Where P2 and v2 are the second-order (steady state) pressure
and velocity field respectively. η 0 represents the bulk viscosity
coefficient. Again, as with the acoustic radiation force, the timeaveraged force magnitude scales with the spatial gradient of the
pressure and velocity fields.
In this work, the excitation of a travelling wave gives rise to
a steady swirling flow at the periphery of the finite-width SAW
beam due to the large velocity gradient at this location in the
width (x) direction (which we term peripheral streaming). In addition, due to the diffraction lobes in the plane orthogonal to the
electrodes (x-z plane), a significant swirling motion is observed
within the aperture of the IDT. These vortices occur about an axis
parallel to the channel length (lobe streaming). These streaming
based mechanisms are also depicted in Fig. 1a. Here, we examine the interactions of particles with a combined influence of ARF
and streaming in a travelling wave system and how the relative
influence of the effects depend on channel geometry, channel position and actuation power. This excitation gives rise to five distinct acoustofluidic actuation mechanisms beyond the standard
propagation driven migration (Fig. 1a); an example of the results
of streaming and ARF is shown in Fig. 1b. Fig. 1c depicts the
streaming-driven vortices.
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Methods

The device used in this work consists of a narrow microfluidic
channel which is bonded onto a piezoelectric SAW device as
shown in Fig. 1d. SAWs are produced using a straight interdigital transducer (IDT) designed with sets of 19, 14, 9, and 7 connected metallic finger pairs with overlapping width (aperture) of
187.5 µm, 375 µm, 750 µm and 1500 µm respectively. The IDT,
with 21 µm pitch (operating at 180 MHz), are composed of a
conductive 200 nm aluminium layer on top of a chromium adhesion layer deposited on a piezoelectric 128◦ rotated Y-cut X propagating Lithium Niobate (LiNbO3 ; LN) substrate using an e-beam
evaporator. A 270 nm thick layer of SiO2 was then deposited to
insulate the electrodes from corrosion and to promote PDMS-LN
4|

bonding.
The experiments used a quiescent homogenous solution of fluorescent 1 µm polystyrene particles (Magsphere, Pasadena, CA,
USA) and water diluted with 0.2 % polyethylene glycol (PEG),
which filled the rectangular microfluidic channel. To study the influence of channel geometry on the streaming flows and particle
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Fig. 3 Travelling SAW results in particle migration in the propagation
direction. (a) Experimental visualisation of 1 µm particle behaviour existing within a channel (H = 35 µm, W = 200 µm), as a 21 µm wavelength
TSAW (at 180 MHz frequency and 15 dBm generator power level) interacts with the particles. (b) Normalized mean image intensity along the x
direction of the area bounded within the white square in (a) as a function
of x location indicating that most particles are located away from the IDT,
i.e. as we move from x = 200 µm towards x = 0, showing that particles
are displaced in the direction of TSAW propagation.

patterning within the system, 100 µm and 200 µm wide (along
x-direction, see Fig. 1a) and 26 µm, 35 µm and 45.6 µm high
(along z-direction) microfluidic channels casted in polydimethylsiloxane (PDMS, 1:10 ratio of curing agent/polymer) were utilized. Upon application of an AC signal using a signal generator
(Rohde and Schwarz HAMEG HM8134-3), particle behaviour was
visualized via a fluorescence microscope (Olympus BX43) coupled with compatible light source (Olympus URFL-T). A PixeLink
(PL-B782U usb2) CCD colour camera was used to capture the migration behaviour digitally. All spatial 2D measurements of particle collection were conducted via image intensity analysis using
MATLAB.
To further investigate the effects of the system, a simplified 2dimensional fully coupled LN substrate and a fluid domain was
modelled using COMSOL Multiphysics v 5.1. The relevant LN
substrate properties were rotated to accommodate for the particular crystal cut orientation used experimentally. The single set
of IDT were represented by equipotential lines on the piezoelectric solid domain, mimicking the IDT patterns used in the experiments, excited with a harmonic voltage potential (using a cou-
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D = 2050 µm

0.4 x10-3

pled electrostatic module) oscillating at the frequency of operation. This was then fully coupled to the fluid domain, modelled
using the thermoviscous set of equations (Thermoacoustic module within COMSOL Multiphysics) to accurately capture the pressure and velocity fluctuations. This approach is similar to that
of previous publications 41,42 with the exception that an assumed
input displacement/velocity profile is not needed, as the coupled
solid LN substrate is present. The PDMS ceiling of the fluid domain was modelled using an impedance boundary condition (this
assumes that the thickness of the PDMS cover exceeds the attenuation length; as with the experimental device). However, the
PDMS side walls were modelled with a coupled acoustic pressure
domain consisting of a PDMS block 50 µm wide on either side
(similar to that of the PDMS wall thickness in experiments). The
floor of the PDMS blocks were coupled to the solid LN substrate,
which allows for the SAW displacement amplitude decay as well
as any effects that arise due to the acoustic transmission through
the PDMS wall into the fluid. There is no significant influence on
the pressure field in the fluid domain arising from the pressure
field in the PDMS block on either side, in line with observations
reported by Collins et al. 56,64
To obtain the second order streaming fields (i.e. v 2 ), a laminar flow stationary study is carried out. The known first order
velocity fields from the solved thermoviscous set of equations are
utilised to calculate the body force (i.e. Reynold’s stress) as in
Eqn. 3a, which in turn is used to drive the fluid flow, resulting
in the acoustic streaming fields. All the relevant parameters and
properties used in the model are given in Table 1 provided in ESI.

4

D (µm)

2050

c

D = 1400 µm

d

D = 680 µm

1400

680

-600

0

y (µm)

600

Fig. 4 (a) Amplitude distribution of surface-normal displacement patterns
on the LN substrate extending across IDT aperture measured via Laser
Doppler vibrometer (LDV). An IDT (consisting of 7 finger pairs) with d
= 750 µm was used here. (opperating at applied generator voltage =
2.5 V and the frequency = 180 MHz). Dashed lines represent distinct
channel locations used experimentally. (b)-(d) magnitude of substratenormal displacement as a function of y location. Scale bar is 200 µm

Results and discussion

In a typical travelling wave system, whereby the wave is propagating orthogonally to a microfluidic channel and interacts with suspended matter (i.e. particles or droplets), the matters are pushed
in the direction of wave propagation, conforming to present theoretical 65 and experimental literature. This effect has been used
for sorting, 66 droplet displacement 67 and on-chip fluorescenceactivated cell sorting (FACS). 65,68,69
Similarly, we observe monodirectional translation of the particles, but our experiments show that it is one effect amongst many.
When particles within a static aqueous solution are exposed to a
finite-width TSAW beam they also experience acoustic radiation
force due to the complex amplitude pattern caused by diffraction,
as well as a drag force induced by acoustic streaming. The relative strength of these two forces, which varies spatially, dictates
particle translation behaviour. As such, we describe a total of five
distinct mechanisms that occur within a SAW system. These are,
firstly, migration in the direction of TSAW propagation. Secondly,
peripheral streaming, which consists of lateral streaming vortices
at the vicinity of the SAW beam (x-y plane). These extend across
the entire width of the microfluidic channel (x-direction). Thirdly,
lobe streaming which causes vertical vortices (x-z plane) along
the channel length (y-direction). These occur at the channel edge
closest to the SAW-beam source and (in our experiments) are at
a much smaller length scale compared to peripheral streaming.
Fourthly, orthogonal trapping which creates particle aggregation
in clumps along the length of channel (y-direction), and finally,
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a

in this area is dominated by streaming (lobe streaming), however
outside this area we see a rich range of particle behaviour.

Vortices spacing

Nonetheless, underlying this, we do see an increase in particle
concentration at the channel edge furthest from the IDT, consistent with migration in the direction of wave propagation. Fig. 3
shows the fluorescence intensity measured across the width of the
channel, clearly showing an increase in particle numbers away
from the source. For this particle size, the intensity is periodic
arising from an additional mechanisms that we have identified,
however, if the channel width were increased this would diminish 62 and propagation migration would dominate.
4.2

At the edges of the ultrasonic beam, substantial lateral vortices
(within the x-y plane) occur. In this location, large spatial gradients in pressure can be expected which will generate significant
body forces on the fluid, according to Eqn. 3a. These vortices
have previously been used for nanoparticle manipulation, 39,72,73
making use of the tendency for particles to be diverted into inner
rotating streamlines and eventually focus them at the centre of
the swirling fluid. This feature can be seen at each end of the
channel along the length direction (besides the IDT aperture) in
Fig. 2, with the size of the vortex extending the full width of the
channel.

b
D = 2050 µm

D = 1400 µm

D = 680 µm

d = 750 µm

Fig. 5 (a) Spacing between the center of each peripheral vortex for four
different IDT aperture (d) and three different channel locations (D). The
experimental images from (a) 187.5 µm and (b) 750 µm IDT are presented. (b) The spacing between inner edge of the peripheral vortices
(shown with a double arrow between dashed lines) are 573 µm 468.6
µm and 428.3 µm for D of 680 µm, 1400 µm and 2050 µm respectively.
Scale bar is 100 µm.

parallel trapping, which forms periodic particle patterning across
the microfluidic channel width (x-direction).
Whereas previous numerical and experimental studies have focused on some of these mechanisms individually, here we capture
all these effects simultaneously in a single experimental set up, as
shown in Fig. 2. This allows us to examine the underlying mechanisms and the alteration in particle behaviour (corresponding to
geometric parameters of transducers as well as the channel dimensions) in the following subsections.
4.1 Propagation migration
The most commonly described effect of TSAW is the migration of
particles in the direction of propagation. This has been very effectively used for sized-based particle separation. 45,66,71 Destgeer
et al 52 describe an area of the channel, along the channel edge
nearest the ultrasound source, in which this doesn’t occur, which
they term an anechoic corner. Our work will show that behaviour

6|
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The formation of the ultrasonic SAW beam occurs in the substrate, hence, a Laser Doppler Vibrometer (LDV) scan has been
performed (scan resolution = 10.5 µm) to characterise the width
of the beam emerging from a 750 µm wide IDT operated at 180
MHz frequency and 18 dBm generator power level with no channel attached. The resultant displacement field arises from diffraction effects within the substrate which occur because of the finite
IDT aperture. Across the TSAW beam, the area of maximum amplitude is in front of the IDT, though its width varies with propagation distance. Within the beam there are regions of higher and
lower displacement amplitudes. Fig. 4 shows line scan data at
three distinct distances (D) from the IDT. The distance between
the peak displacements in the beam decreases with propagation
distance.
Figure 5a shows the experimental data taken for four different aperture widths and 3 distinct channel locations along the
SAW beam. In every case the distance between the centre of each
peripheral vortex is measured. By defining vortical spacing as a
function of IDT aperture with the slope of 0.9, (vortical spacing
= 0.9 aperture), it can be seen that in each case the separation
distance is smaller than the IDT width (x-axis), in line with the
LDV data. However, the downside is that this measure combines
information about where the edge of the vortex is with the size
of the vortex. To better compare how the vortex location changes
with channel location, in Fig. 5b, the images from the 750 µm
IDT are presented and the distance between the inner edge of the
vortices (extremity of the swirling flow) is measured, something
which is more easily seen in the experimental videos. For larger
propagation distances the vortex edges are closer together, measuring 573 µm, 468 µm and 428 µm at propagation distances of
680 µm, 1400 µm and 2050 µm, respectively. This is expected as
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tic streaming induced drag forces, this spatial variation in which
mechanism is dominant was shown by Devendran et al 42 for a
SSAW system, and is similarly observed here. Within this region
we observe a vortex near the channel edge that occurs in the x-z
plane.
The result of our numerical model, Fig. 6a, considers the absolute pressure field in a plane across the channel width (x-z plane
with reference to Fig. 1a). As such it captures the diffraction
which occurs in the fluid. The “anechoic corner” 52,53 an area
of low pressure at the channel edge closest to the IDT, can be
seen. The diffraction lobes which are formed, are present as areas of high pressure, the first of which occurs at approximately
the Rayleigh angle and marks the boundary of the anechoic corner. In this region, the 1 µm particles follow the fluid streamlines.
Fig. 6b shows the predicted flow field in this plane, and shows a
streaming vortex within the anechoic corner. As the lobe streaming vortex is driven by the first diffraction lobe, emerging from
the substrate at an angle close to the Rayleigh angle, a change in
channel height can be expected to change the extent of the vortex
in an approximately linear manner. Fig. 6c, which compares simulation and experimental data, shows that this is indeed the case.
In addition, the data (Fig. 6c inset) demonstrates that an increase
in channel width also increases the extent of the vertical vortex.
From Fig. 6b, it can be seen that the lobe vortex drives a weaker
vortex across the rest of the channel width, where an increase in
channel width results in a weakened secondary vortex. This, in
turn, allows the lobe vortex to grow in size. This increase in size
is, however, small compared to the increase in channel width, indicating that at larger widths there is considerably more channel
area, in which streaming is not dominant.
4.4

Fig. 6 Surface plot for a 100 µm wide, 46.5 µm high channel of the
(a) time-averaged absolute pressure field h|P|i and (b) streamlines illustrating the simulated streaming field (λSAW = 21 µm) along the channels’
width (velocity given in µm/s). (c) Extent of the lobe streaming as a function of channel height H and width W . Numerical results (dashed lines)
are compared with experimental results (solid lines). Scale bars are 20
µm

observed from the narrowing beam seen in the LDV scan (Fig. 4),
in which the separation between the two locations of maximum
displacement on either side of the beam is 580 µm, 537 µm and
494 µm. The relationship between the separation between peaks
in the displacement field and the edges of the resulting vortices is
complicated by the complex link between body force generation,
the resulting fluid motion and by the omission of a channel in the
LDV scan. However, it is clear that the vortex separation is somewhat smaller than the peak to peak beam width, as expected.
4.3 Lobe streaming
Within the area between the two lateral vortices, some particles are influenced predominately by ARF and others by acous-

Orthogonal trapping

It is only in areas which are less influenced by streaming that particle patterning can be observed. This occurs between the two
peripheral streaming vortices and beyond the extent of the lobe
vortex, it is in this region that ARF dominates. These patterns can
be seen in Fig. 2, for the two wider IDT widths (750 µm and 1500
µm). The particles’ location is dictated by radiation forces acting
in both the x and y-directions. Such patterns occur due to diffraction of the TSAW in both the substrate and the fluid. We examine
the formation of these patterns in two stages, firstly dealing with
the periodic clustering along the length of the channel (orthogonal trapping), and then subsequently examining the periodicity
across the channel width (parallel trapping). Whilst the spacing
between the peripheral streaming vortices is related to the width
of the SAW beam as it diffracts in the substrate, orthogonal trapping is caused by finer details within the diffraction pattern. It
can be seen from the LDV data in Fig. 4a that there are ripples in
the displacement amplitudes across the width of the beam. This
data is captured from a bare chip, thus, the diffraction causing
these ripples is entirely on the substrate. Generally, in ultrasonic
beamforming, the nearfield pressure amplitude (in a fluid bound
wave) has a complex distribution of peaks and troughs arranged
laterally across the beam width. For increasing distances from the
IDT, these features remain present but diminish in quantity and
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Fig. 7 Spacing of particle aggregation as a function of y locations with y = 0 corresponding to the rightmost approximated edge of the SAW-beam.
Experimental results for three distinct channel/IDT distances (D) shown for devices, each consisting of an IDT with (a) d = 750 µm and (b) d = 1500
µm. Scale bar is 100 µm

the spacing tends to increase. Consider the width of the IDT to
be a series of point sources, in line with Huygens-Fresnel principle; at a point in front of the aperture the distance to each of
these point sources will differ, hence the phase of each wavelet is
different. This governs the resulting amplitude at that location.
If the point is further from the aperture, this difference in phase
from each point source is smaller. The resulting features in the
displacement field are therefore larger in size. These features can
be seen more clearly in the line scans across the width of the beam
(4b-d). It can be seen that for the line scan closer to the IDT that
the features are indeed finer and more numerous. In addition, it
can be seen that the inter-trough spacing is wider at each edge of
the beam than in the middle.
In order to demonstrate that orthogonal trapping is due to substrate diffraction, we have examined the patterns formed using
channels located at different distances from the IDT. Fig. 7 shows
this data, with the spacing between clusters plotted against cluster location for three different channel locations and two IDT
widths (the curves are fitted and intended simply to visually tie
the relevant data points together). When comparing with the LDV
measurement (Fig 4), we must bear in mind that these measurements are made in the absence of the channel, and that the measurement plane is on the substrate surface and not in the fluid.
Nonetheless, the trends match well. The experimental data shows
that the spacing (∆Y ) between the particle clusters are larger at
the edges of the beam, and that the feature spacings are larger
when the channel is positioned further from the IDT. The variation in separation across the width of the IDT is clearly indicative
that this is not simply a case of reflections causing a wave to be
established along the length of the channel, as this would have
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yielded regularly spaced clustering.
4.5

Parallel trapping

Particle clustering also takes place across the width of the channel. This is due to diffraction which occurs in the cross-sectional
plane of the channel (x-z plane in Fig. 1a). As the SAW couples
into the microfluidic channel, its finite width acts as an aperture
and diffraction ensues. As with the diffraction in the substrate,
the geometry of the system dictates that the particles are within
the near-field of the sound field, in this region lobes of maximum
pressure occur. Devendran et al 55 showed that the diffraction
in this plane can cause particle trapping across the width of the
channel, though in their paper, this trapping was located at the
edge of the channel closest to the IDT. In the systems studied
here, the width of the channels are considerably smaller, so the
effect stretches across the full width of the channel. However at
the edge nearest the IDT these patterns are disturbed by the lobe
vortex.
Figure 8 highlights the patterns and shows a model of the pressure field in this plane. The first pressure lobe is easily seen and
occurs at approximately the Rayleigh angle. More careful inspection also reveals other lobes at lower angles which result in variation in the amplitude of the absolute pressure across the width of
the channel. Upon actuation, the particles are pushed along these
structures in the sound field to the top of the channel where they
are held in the local pressure minima. Due to the angled nature
of these lobes, a higher channel will result in wider separation
between the clusters, and likewise the structures nearest to the
far wall should be separated by the greatest distances. Both these
trends are seen in the experimental and simulation data shown in
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Fig. 8 (a) Experimental results demonstrating the observed parallel trapping along channel width (W = 100 µm, H = 35 µm) driven by IDT (λSAW =
21 µm, d = 1500 µm). The image (i) is an inset of a particular section in (ii) bounded by the white rectangle. (iii) Peaks in y-averaged image intensity
indicates particle alignment locations. (b) Numerical model depicting the first-order time-averaged absolute pressure field h|P1|i established within the
channel. (c) The spacing between parallel trapping locations (in experimental observations represented with solid lines) as well as minimum pressure
locations (numerical results for a W = 100 µm, H = 35 µm channel shown in dashed lines) as a function of x locations, normalized by λSAW . Scale bars
are 30 µm and 100 µm in (a)(i) and (a)(ii) respectively.

Fig. 8c, in which image intensities are analysed to precisely identify particle alignment positions across the channel’s width. The
spacing of the particles is plotted against the location of each set
of particles in the x (opposite to propagation) direction with both
distances normalized by the SAW wavelength. It should be noted
that these features are not due to reflection of the fluid bound
wave from the channel wall, firstly, this reflection is highly inefficient, an analysis of the acoustic impedance mismatch shows
that only approximately 4% of the acoustic energy is reflected. 68
Secondly, if this were the case, the separation between the lines
should be consistently 0.5 λSAW regardless of channel width or
height, not the case here.
The experimental images of particle behaviour have been used
to identify five mechanisms. Of these, propagation migration is
well understood and widely described in the literature. The analysis performed has allowed the other four mechanisms to be related to diffraction in the substrate (yielding peripheral streaming
and orthogonal patterning) and in the fluid (yielding lobe streaming and parallel patterning).

5

Conclusion

In this study, we have experimentally investigated various phenomena arising from the incidence of a propagating finite-width
SAW beam into an enclosed quiescent fluid. The HuygensFresnel principle, wherein superposition of edge waves with planar waves yield rather complex diffraction patterns in the propagating TSAW is utilized to describe experimental findings, aided
by numerical simulations. Acoustic radiation force arises from
pressure field distributions in the fluid, with configurations significantly affected by diffraction effects in the propagating TSAW
within the fluid and along fluid/ LN interface. The resultant radiation force translates particles to the stabilised pressure minima

locations despite the TSAW’s continuous propagation. As such,
distinct particle patterning along channel width and length parallel and orthogonal to the propagation direction are achieved respectively. In addition, streaming is observed in the form of large
lateral vortices at the periphery regions of the ultrasonic beam,
and a vertical vortex between the channel edge and first diffraction lobe. The cross over from streaming-dominated to radiationdominated behaviour of particles depend on the geometries of
IDT as well as that of the microfluidic channel. These findings
and observations give rise to a better understanding of the underlying physics in SAW-driven technologies that can be achieved,
which is essential in unlocking the full potential of such systems
and introducing a broader range of applications.
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