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for optimized acoustic streaming†
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Surface acoustic waves can induce force gradients on the length scales of micro- and nanoparticles,

allowing precise manipulation for particle capture, alignment and sorting activities. These waves typically

occupy a spatial region much larger than a single particle, resulting in batch manipulation. Circular arc

transducers can focus a SAW into a narrow beam on the order of the particle diameter for highly

localised, single-particle manipulation by exciting wavelets which propagate to a common focal point.

The anisotropic nature of SAW substrates, however, elongates and shifts the focal region. Acousto-

microfluidic applications are highly dependent on the morphology of the underlying substrate

displacement and, thus, become dependent on the microchannel position relative to the circular arc

transducer. This requires either direct measurement or computational modelling of the SAW

displacement field. We show that the directly measured elongation and shift in the focal region are

recapitulated by an analytical model of beam steering, derived from a simulated slowness curve for 128�

Y-cut lithium niobate. We show how the negative effects of beam steering can be negated by adjusting

the curvature of arced transducers according to the slowness curve of the substrate, for which we

present a simple function for convenient implementation in computational design software. Slowness-

curve adjusted transducers do not require direct measurement of the SAW displacement field for

microchannel placement and can capture smaller particles within the streaming vortices than can

circular arc IDTs.
1. Introduction

Surface acoustic waves (SAWs) are widely used for non-contact
micromanipulation of particles in microuidic systems as
they can generate force gradients on length scales similar to the
particles.1–10 When placed beneath a microuidic channel, the
displacement of a SAW generates a pressure wave in the liquid.
The attenuation of this pressure wave in the liquid causes
acoustic streaming that can act on suspended particles via
a drag force, as well as acoustic radiation forces (ARFs) which
direct suspended particles along time-averaged pressure gradi-
ents.8 Recently, these two effects have been used in synergy to
trap suspended particles (with diameter smaller than the
acoustic wavelength) near the stagnation points inside acoustic
streaming vortices.11–16 Similarly, particles can be translated to
specic streamlines in a continuous ow microchannel
according to their size.13 The pressure gradient at the beam edge
generates an ARF that drives suspended particles away from the
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beam axis and across ow streamlines towards the vortex
centres. As the streaming ow recirculates suspended particles
past these vortices, the concentration of trapped particles
increases. A critical particle size below which the drag force
dominates the ARF and particles cannot be captured has been
reported previously:16

rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6mJ

clkeffrlFc

s
(1)

where m is the uid viscosity, cl is the sound speed in the uid
and Fc is the acoustic contrast factor. The effective wavenumber

keff ¼ p

w
; where w is the beam width. J is a channel geometry

dependent factor relating the second order streaming velocity,
v2, to the rst order uid displacement velocity, v1:

J ¼ v2cl

v12
(2)

To capture smaller particles, one must generate a narrower
acoustic beam. SAWs are typically generated by interdigitated
transducers (IDTs), which resonate at a frequency f¼ v/l, where v
is the acoustic velocity in the substrate and l is the acoustic
wavelength, which corresponds to the pitch of the IDT. Focused
SAWs are produced by IDTs with a curvature that directs wavelets
to a common focal point. Circular arc IDTs have been used for
This journal is © The Royal Society of Chemistry 2020
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particle focusing activities, but SAW substrates are anisotropic,
meaning that the propagation directions of the excited wavelets
are altered by beam steering.17 Ultimately, the steered wavelets
converge to an elongated focal region that is displaced from the
geometric centre of the IDT arc. The effects of beam steering can
be negated by adjusting the IDT curvature according to the
slowness curve of the substrate. Such slowness-curve-adjusted
IDTs have been explored to produce a focused spot,18 nebuliza-
tion,19 uidic jetting20 and acoustic tweezing,21 but their use in
microuidic particle capture has not been explored. They offer
a distinct advantage over circular arc IDTs by correcting the travel
time for wavelets propagating from the electrode to the focal
point so that wavelets interfere constructively at the geometric
centre of the IDT. Circular IDTs, in contrast, require specialised
tools to measure the substrate displacement and determine the
focal point.12,22 The location of the focal point is critical in particle
capture studies, since the acoustic beamwidth is narrowest at the
focal point and this inuences the balance of the drag force and
ARF. The design of slowness-curve-adjusted IDTs requires
knowledge of the slowness curve for the substrate material,
which can be obtained laboriously from the stiffness matrix by
solving the surface Green's function,18,23 nding Eigenvalues to
the substrate Christoffel matrix24,25 or by numerical simulation.26

This work explores the use of slowness-curve-adjusted IDTs for
particle capture in acoustic streaming vortices. IDTs are designed
using a simulated slowness curve, to which we t a convenient
function to simplify IDT design in CAD soware. The effects of IDT
design parameters (number of nger pairs, focal length and angle
subtended at the focal point) are discussed in relation to
a numerical model of SAW propagation which has been validated
using laser Doppler vibrometry measurements of real devices. A
subset of IDT designs was selected for particle focusing studies to
compare particle capture in streaming vortices generated by
circular arc and slowness-curve-adjusted IDTs.
2. Experimental
2.1 Simulation of slowness curve

The phase velocity was determined for 128� Y-cut lithium niobate
as a function of propagation direction (dened at an angle f to
the crystallographic X axis) via an Eigenfrequency study using
COMSOLMultiphysics (v5.0). The simulation domain comprised
one straight IDT nger pairmeasuring l in the X and Y directions
and 3l in the Z direction. Periodic boundary conditions were
applied to the XY and XZ faces. The phase velocity was dened as
v(f) ¼ f(f)l, where f is the Eigenfrequency for the propagation
direction. The geometry was rotated by intervals f ¼ 10� about
the Z axis to nd the phase velocity for 0 < f < 180�; symmetry
about the crystallographic X direction was assumed to construct
a slowness curve between 0 < f < 360�. A mesh convergence study
was conducted as described in ESI S2.†
2.2 Design of focused IDTs

Circular arc IDTs are dened here by the curvature of the inner-
most nger (which is equal to the geometric focal length, L0,
and is an integer number of acoustic wavelengths, L0 ¼ nl0) and
This journal is © The Royal Society of Chemistry 2020
the angle, q, subtended at the geometric focal point. Subsequent

ngers are offset in the -X direction by
l0

2
; where

l0 ¼ vðf ¼ 0Þ
f0

; v(f ¼ 0) is the phase velocity in the crystallo-

graphic X direction and f0 is the resonant frequency of the IDT.

The aperture, a, of a circular arc IDT is given by a ¼ 2L0cos
�
q

2

�
:

Slowness-curve adjusted IDTs are also dened by the curva-
ture of the innermost nger however, the curvature is an integer
number of acoustic wavelengths in all propagation directions,

i.e. L0 ¼ nl(f), where lðfÞ ¼ vðfÞ
f0

; illustrated in Fig. 1a. The

curvature thus follows the slowness curve of the substrate. The
slowness-curve adjusted IDT geometry was dened in Solid-
Works (2015 x64) with L0 ¼ 10l(f); l(f) was calculated from the
simulated slowness curve for l0 ¼ 20 mm.
2.3 Simulation of SAW displacement elds

Out-of-plane surface displacements on 128� Y-cut lithium
niobate were modelled using frequency-domain FEM analysis
(COMSOL Multiphysics, v5.0). Both circular arc and slowness-
curve-adjusted IDTs were investigated with a range of L0 and q

values (see Fig. 1a). The computational domain was reduced to
an IDT region and a propagation region extending 25l in the X
direction and 2l in Z. The top XY face is stress free and all other
faces are treated as low-reecting boundaries to reduce
spurious reections and approximate a semi-innite substrate
domain. IDT ngers are dened as alternating equipotential
and ground planes. Wave attenuation and mechanical reec-
tion at the electrodes is ignored, which is a suitable approxi-
mation for light-weight metals as Al on LiNbO3 used here. A free
tetrahedral mesh was used, which converged for a maximum
element size of l/6 with a 1.96% error; a coarser mesh was
required for IDTs with q ¼ 60� (maximum element size of l/5,
with an error of 5.39%) owing to computational limitations.
Mesh convergence was evaluated using the method reported
elsewhere;27 this is described in ESI† and a mesh convergence
plot is provided in ESI Fig. S1.†

Surface-normal displacement proles were exported to code
in MATLAB for analysis. The focal length (dened as the
distance in X between the IDT and the point of minimum beam
width), minimum beam width and peak displacement ampli-
tude were evaluated for 0 < q < 60� (where L0 ¼ 10l0), 2l0 < L0 <
14l0, (where q ¼ 60�) and l0 ¼ 20 mm.
2.4 SAW device fabrication

IDT structures were dened on 128� Y-cut lithium niobate
wafers with 200 nm aluminium on top of a 10 nm chromium
adhesion layer using conventional photolithography, metal
sputtering and li-off. Wafers were diced into 16 mm-square
chips with a wafer saw (DAD 3240, DISCO, Japan) and moun-
ted in a custom, 3D-printed chip holder containing custom
printed circuit boards for electrical connections.
RSC Adv., 2020, 10, 11582–11589 | 11583



Fig. 1 (a) Schematic of circular arc (black) and slowness-curve-adjusted (grey) IDT structures. (b) Illustration of FEM simulation domain.
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2.5 LDV measurements

Acoustic wave eld measurements, i.e. the determination of the
surface-normal displacement amplitude and phase, were carried
out in a laser Doppler vibrometer (UHF-120, Polytec GmbH, Ger-
many) with temperature insulation and an autofocus system for
up to 5115measurement points. Amulti-carrier (MC) signal in the
frequency range of 182–192 MHz (slowness-curve IDTs) or 183–
193 MHz (circular IDTs) was used with a frequency resolution of
250 kHz. Twenty-fold complex averaging for each point and 1.5 V
forward voltage for the MC signal were applied. The data pre-
sented is not averaged, interpolated or otherwise modied.
2.6 Acoustic streaming experiments

Microuidic channels were formed by replica moulding of
polydimethylsiloxane (PDMS) on a silicon wafer with channel
features dened in SU-8 using optical lithography. A 10 : 1 ratio
of elastomer to curing agent was used and PDMS was bonded to
the SAW device aer exposing both bonding surfaces to air
plasma for 1 minute, bringing into contact and heating for
10 minutes at 70 �C on a hotplate. A custom-made 6-axis
alignment jig was used to precisely position the microchannels
relative to the IDTs, using alignment markers on the micro-
channel and SAW device. The channel was perfused with an
aqueous suspension of uorescent microparticles (diameters
5.1, 2.1, 1 and 0.3 mm) and surfactant (0.5% w/w pluronic F127).
The IDTs were excited at the resonant frequency of 185 MHz
(determined as the S11 minima; see ESI Fig. S5†) with an
applied power of 2 mW using a function generator and power
amplier. Videos and still images of particle motion in
streaming vortices with no applied uid ow were recorded via
a uorescence microscope and analysed using Image J.28
3. Results and discussion
3.1 Design and simulation of slowness-curve-adjusted IDTs

The simulated phase velocities for propagation directions 0 < f

< 90� along 128� Y-cut lithium niobate are plotted as data points
in Fig. 2a. To facilitate analysis of beam steering, we tted the
following continuous fourth-order Fourier series to the discrete,
simulated phase velocities:
11584 | RSC Adv., 2020, 10, 11582–11589
vðfÞ ¼ a0 þ
Xn¼4

n¼1

ancosðnufÞ þ bnsinðnufÞ: (3)

Eqn (3) is plotted alongside simulated values in Fig. 2a, with
the 95% condence interval shaded; tted parameters are given
in ESI Table S1,† which yielded goodness of t r2 ¼ 0.999. The
simulated phase velocities are in excellent agreement with
published values,1 which are also plotted for comparison.

Beam steering causes the power ow angle to deviate from
the propagation direction by an angle G, dened as the angle
between the propagation direction and the group velocity
vector, which is the normal vector to (the tangent of) the slow-
ness curve at the intersection with the propagation vector (see
ESI Fig. S2†). This angle is zero for the propagation directions
f ¼ 0�, f ¼ 52.8� and f ¼ 90�, and non-zero for intermediate
angles. The beam steering angle, G, is a function of the wave-

vector, k ¼ 2pf0
vðfÞ ; and is given by:29

G ¼ a tan

�
�dk

k

�
(4)

Eqn (4) was evaluated for f ¼ 185 MHz using wavevectors
obtained from eqn (3) and is plotted in Fig. 2b. These beam
steering angles were used to plot power ow vectors emanating
from circular arc and slowness-curve-adjusted IDTs (with q ¼
60�, L0¼ 10l0 and l0 ¼ 20 mm) in Fig. 2c and d, respectively. The
intersections of the power ow vectors with the crystallographic
X axis are indicated by circular markers and the geometric focal
point is located at x ¼ 0. For circular arc IDTs, the focal length
and focal region are both extended by beam steering. In
contrast, the curvature of slowness-curve-adjusted IDTs negates
beam steering and all power ow vectors converge at the
geometric focal point. The simulated power ow vectors corre-
spond precisely with the near-eld regions in the measured
displacement elds (normalised to a maximum value of one),
which are given in Fig. 3a (the power ow vectors are plotted as
dotted white lines). The focal length is clearly extended for
circular arc IDTs, in contrast to slowness-curve-adjusted IDTs
(the x-location of the geometric focal point is indicated by the
vertical dashed white lines). Fig. 3b shows the simulated
This journal is © The Royal Society of Chemistry 2020



Fig. 2 (a) Simulated phase velocity as a function of propagation direction, alongside eqn (3) and literature values.1 (b) Plot of beam steering angle
(Eqn (4)), G, as a function of propagation direction. (c) and (d) illustration of power flow from (a) a circular arc IDT and (b) a slowness-curve-adjusted
IDT (q ¼ 60�) showing the effect of beam steering in the former; circular markers indicate the individual focal points for each power flow vector.
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displacement elds (normalised to a maximum value of one) for
circular arc and slowness-curve-adjusted IDTs, which accurately
predict the extended near-eld region of circular arc IDTs.

Previous work on slowness-curve-adjusted IDTs has approx-
imated the curvature, R, of the innermost IDT nger to
Fig. 3 Plots of (a) measured and (b) simulated surface displacement fields
60� (L0¼ 10l0 and l0¼ 20 mm). White dotted lines indicate the power flow
indicate the X location of the geometric focus. The scale bars are 100 mm
clarity.

This journal is © The Royal Society of Chemistry 2020
a function of the substrate anisotropy parameter, g, and prop-
agation direction, f:29

RðfÞ ¼ L0

�
1þ g

1þ g

f2

2

�
(5)
for circular arc and slowness-curve-adjusted IDTs with q¼ 30� and q¼
vectors from the edges of the circular arc IDTs, and white dashed lines
in the X direction; displacement amplitudes have been normalised for

RSC Adv., 2020, 10, 11582–11589 | 11585



Fig. 4 Plots of (a) anisotropy parameter, g, and (b) the curvature, R, of the innermost IDT finger as a function of propagation direction, f; the solid
line in b is for a fitted value of g ¼ �0.31.
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where

g ¼ dG

df
: (6)

It should be noted that eqn (5) assumes a constant g

however, the anisotropy parameter for 128� Y-cut lithium
niobate varies signicantly, as shown in Fig. 4a. Nonetheless,
Fig. 5 Plots of (a) maximum (normalised) displacement amplitude and (
geometric focal point, and (c) actual focal length as a function of apertur
the other constant).

11586 | RSC Adv., 2020, 10, 11582–11589
eqn (5) can provide a sufficient approximation to the slowness-
curve-adjusted curvatures. By extracting the curvatures, R(f),
used here from the simulated slowness curve according to:

RðfÞ ¼ L0

vðfÞ
vðf ¼ 0Þ ; (7)

and using g as a tting parameter, eqn (5) can recapitulate the
curvature for slowness-curve-adjusted IDTs for q # 60�
b) minimum beam width as a function of the angle q subtended at the
e (where aperture was varied by changing either q or L0, whilst keeping

This journal is © The Royal Society of Chemistry 2020
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(corresponding to propagation directions f# 30�), as shown in
Fig. 4b. Thus, eqn (5) serves as a convenient function with which
to dene these structures in CAD soware. The tted value of
g¼�0.31 is within the range of simulated anisotropies for 128�

Y-cut lithium niobate.
Fig. 6 Fluorescencemicrographs of 0.3 and 1 mmparticles exposed to
a focused SAW at 185 MHz and 2 mW, generated at circular arc IDTs
with q¼ 45� for amicrochannel located at (a) the geometric focal point
of the IDT and (b) the simulated focal point of the IDT. Insets show the
simulated time-averaged substrate displacement field beneath the
microchannel. Scale bars are 100 mm.
3.2 Effect of transducer geometry on acoustic beam
morphology

Simulated displacement elds were characterised by their peak
displacement amplitude, minimum beam width and measured
focal length, which are plotted in Fig. 5 as a function of the
angle subtended at the focal point, q, and the aperture, a.
Exemplary simulated displacement elds are shown alongside
measured elds in Fig. 3b for comparison. For circular arc IDTs
the aperture was varied by changing q and L0, whilst for
slowness-curve-adjusted IDTs the aperture was varied by
changing q.

Slowness-curve-adjusted IDTs exhibit consistently larger
displacement amplitudes and smaller beam widths than
circular arc IDTs for q > 20�, which indicates superior focusing.
The morphologies of the measured displacements elds are
consistent with the simulated elds however, we note that the
measured peak displacement amplitudes were actually larger
for circular arc IDTs than slowness-curve-adjusted IDTs (134 pm
and 82.4 pm for circular arc and slowness-curve-adjusted IDTs,
respectively). This small difference in measured displacement
amplitudes is likely a result of a difference in the electrical
impedance of the devices (S11 minima were �5.48 dB and
�3.20 dB for circular arc and slowness-curve-adjusted IDTs).
The relationship between the number of nger pairs, aperture
and electrical impedance has been well characterised for
straight IDT devices.30–32 We may extend this analysis to curved
IDTs by dividing the IDT into segments across which the
curvature is negligible; then, the overall IDT impedance is the
parallel sum of individual segment impedances. Given that the
crystallographic X direction exhibits the strongest electrome-
chanical coupling coefficient, we expect the impedance to be
lowest for the segments oriented in this direction. Although the
variation in impedance across the arc of the IDT will depend on
the anisotropy of the electromechanical coupling coefficient,
the lowest impedance will dominate the overall IDT impedance.
As such, we expect to see little impact on the overall impedance
by altering either the arc (q) or the curvature of the IDT. The
morphologies of the simulated displacement elds agree
exceptionally well with the measured displacement elds,
which validates the use of simulated displacement elds to
investigate the design of focused IDTs.

Not surprisingly, the focal length of circular arc IDTs
increases with aperture, regardless of whether the aperture was
altered by varying q or L0. In contrast, the focal length converges
at the geometric focal length for slowness-curve-adjusted IDTs.
Whilst this is consistent with our expectations of beam steering
effects, slowness-curve-adjusted IDTs also exhibit a linear rela-
tionship between focal length and aperture for a < 100 mm
(corresponding to q < 40�). We speculate that as the aperture
This journal is © The Royal Society of Chemistry 2020
approaches several acoustic wavelengths, diffraction will
dominate the anticipated focusing behaviour.
3.3 Impact of IDT structure on particle capture in streaming
vortices

We investigated the impact of microchannel placement with
respect to the focused IDTs on particle capture in streaming
vortices. Microchannels were located such that the near
channel wall was aligned with either the geometric or simulated
focal regions of a circular arc IDT with q ¼ 45�. Fluorescence
micrographs of 0.3 and 1 mm particles during SAW excitation
are shown for these two channel congurations in Fig. 6, with
the simulated time-averaged substrate displacement eld
shown in the inset. The extended near-eld region enlarges the
beam width near the channel wall and causes prominent side
lobes (see Fig. 6a inset), which are mimicked in the image of
0.3 mm particles. By locating the microchannel above the
simulated focal point, beyond the extended near-eld region,
the side lobes are eliminated and the beam width is signi-
cantly narrowed, which can likewise be seen in the 0.3 mm
particle image. The narrower beam width at the channel wall
results in complete particle focusing into the stagnation points
of the streaming eld. Whilst locating the focal region for
a given IDT design is a tractable problem either by simulation or
direct measurement, this is not practical.
RSC Adv., 2020, 10, 11582–11589 | 11587



Fig. 7 Fluorescence micrographs 0.3, 1 and 2.1 mm-diameter particles aligned using (a) circular arc and (b) slowness-curve-adjusted IDTs with q

values of 30, 45 and 60�. All images were generated at 185 MHz and an applied power of 2 mW, with the exception of 0.3 mm and 1 mm particles
for the q¼ 30� circular arc IDT, and 0.3 mmparticles for the q¼ 30� slowness-curve-adjusted IDT, for which 6mWwas applied. Images of 0.3 mm
particles for both q ¼ 30� devices have had contrast enhancement for clarity. Scale bars are 100 mm.
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An alternative, more straightforward approach is to use
slowness-curve-adjusted IDT designs, as we now demonstrate.
Fluorescent micrographs of 2.1, 1 and 0.3 mmdiameter particles
aligned in the focused acoustic eld at circular arc and
slowness-curve-adjusted IDTs with q values of 30, 45 and 60� are
given in Fig. 7. Particle focusing can be seen in real-time in ESI
Videos 1 and 2† for 5 mm particles at circular arc and slowness-
curve-adjusted IDTs, respectively for q ¼ 60�. Considering rst
the circular arc IDTs, more particles are concentrated into
streaming vortices at higher q values. This is consistent with our
simulated and measured displacement elds, which indicate
that steeper displacement gradients, thus larger acoustic forces,
are produced at the beam edges for higher q values. Accordingly,
we observe similar improvement in focusing by replacing the
circular arc IDT design with a slowness-curve-adjusted one, as
shown in Fig. 7b. Whilst both IDT designs capture 2.1 mm
particles in tightly circulating vortices, slowness-curve-adjusted
IDTs collect a larger portion of suspended 1 mm particles than
their circular arc counterparts, and only the slowness-curve-
adjusted IDTs show a certain degree of focusing of 300 nm
particles. Furthermore, we see that slowness-curve-adjusted
IDTs demonstrate marginally better particle focusing to
circular arc IDTs where the microchannel was aligned with the
actual focal region, exemplifying the practical benets of
slowness-curve-adjusted IDTs.

4. Conclusion

Focused SAWs are a valuable tool for micro and nanoparticle
manipulation, where particles can be focused into streamlines
at specic channel locations or trapped in the stagnation points
11588 | RSC Adv., 2020, 10, 11582–11589
of acoustic streaming vortices. Both the acoustic streaming
pattern and acoustic radiation force are highly dependent on
the morphology of the underlying displacement eld and, thus,
on the position of the microchannel relative to the IDT. Beam
steering effects in anisotropic substrates shi and elongate the
focal region, which adversely affects the behaviour of sus-
pended particles. Whilst the impact of beam steering can be
directly measured with LDV scans, estimated using computa-
tional models or calculated from the substrate stiffness matrix,
these approaches are time-consuming and require specialised
tools. A simpler approach is to adopt a slowness-curve-adjusted
IDT design which negates the effects of beam steering. Whilst
this approach also requires calculation of the slowness curve for
the substrate, this is a one-time calculation from which we have
provided a simple function to describe the slowness-curve-
adjusted IDT geometry that can be used with conventional
CAD soware. The slowness-curve-adjusted IDTs described
herein reproduce the particle behaviour observed in circular arc
IDTs where the microchannel is placed at the actual beam focal
point, without the need to determine the location of that focal
point.
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