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A B S T R A C T

Surface acoustic waves are ∼ 1 nm amplitude vibrations that can be
generated on a piezoelectric material by applying an alternating cur-
rent. Due to the relatively high frequency (MHz range), the generated
surface vibration velocity is typically ∼ 1 m/s with a tremendous
acceleration of ∼ 107 m/s. For the last decade, SAW have found their
way into a wide range of microfluidic applications, and a fascinating
variety of fluid and microparticle flow phenomena.

However, the majority of these applications have been without a
deep understanding of the governing physics in conjunction with
a systematic experimental study; justifiably, due to the complexity
of the interactions of these waves with fluids considering the high
frequency used, (MHz range), compared to the natural resonance
frequecy of these fluids (Hz and KHz range). In this thesis, we demon-
strate through experimental, theoretical, and limited numerical study
how SAW interacts with microfluidic films and drops, and through the
investigation we unravel two novel phenomena of unique fingering
instability and soliton-like wave emergence and propagation, although
the former — i.e. fingering instability — is akin in appearance to
the classical viscous fingering instabilitiy, is distinct as the driving
mechanism being the SAW diffraction.

Beyond elucidating the underlying physics governing SAW-driven
thin films, we designed an experimental setup comprising the inte-
gration of the SAW with microchannels patterned on a wet paper
substrate, where a thin film at the paper’s tip was drawn out using
SAW atomisation, which, led to driving the rest of the fluids at the
channel’s other ends, leading to fluid mixing along the michrochannels.
Mixing was quantified using a novel technique based on hue, which
is shown to be a more practical solution compared to the commonly
known greyscale method, because of the latter’s lack of accuracy with
limited colour contrast between fluids.

Beyond the thorough experimental and theoretical understanding
and integration with paper-based microfluidics, finally, for cost effec-
tiveness and simplicity of use we trade off SAW with a similar type of
waves, in some aspects, known as the Lamb waves to drive a range of
microfluidic applications already achieved by SAW. The setup used
here is exceptionally simple to the point that, in some cases, only stan-
dard aluminium foil is sufficient in simple contact with the lithium
niobate substrate to good actuation. Large elastic deformations were
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achieved causing neublisation of triggering a few µm mono-dispersed
mist from a single µL drop or a paper wick.
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Part I

C H A P T E R S





1
I N T R O D U C T I O N A N D L I T E R AT U R E R E V I E W

In this chapter a broad introduction to the field of microfluidics and the associ-
ated challenges in actuation are presented, followed by an overview of different
actuation mechanisms classified into mechanical and non mechanical ones.
A special attention is then given to acoustics, as one of the non-mechanical
mechanisms that gained considerable attention of late and is the mechanism
of choice for this thesis, followed by a variety of actuation examples achieved
by the use of Surface Acoustic Waves (SAWs). The chapter finishes with the
motivation behind the work presented in this thesis and a roadmap for the
included chapters.

1.1 challenges in microfluidics

Actuating and manipulating fluids and particles at microscale dimen-
sions poses a considerable challenge, primarily due to the increasing
surface area to volume ratio as the characteristic system dimension
is reduced, which reflects the increasing dominance of surface and
viscous forces in retarding fluid flow. This is captured by the character-
istically small Reynolds numbers (Re ≡ ρUL/µ ≤ 1) in microfluidic
systems wherein ρ and µ is the density and viscosity of the fluid, and,
U and L are the characteristic velocity and length scales, respectively.
Laminarity of the flow is also inherent in these low Re systems, thereby
highlighting further challenges with regards to fluid mixing, especially
in diffusion-limited systems.

To date, external syringe pumps have been widely utilized to induce
flow and mixing in microfluidic systems. Although these are precise
and reliable, they are fairly large and hence confined to laboratory
benchtops, thereby proving difficult to integrate with other operations
on the microfluidic device to comprise a miniaturized handheld plat-
form for portable operations, for example, for use at the point of need
[223]. This is further complicated by the inlet and outlet tubing and an-
cillary connections required for fluid transfer between the pump and
the chip, which requires careful handling by a skilled user, therefore,
making their use considerably challenging for adoption by patients,
for example, in diagnostic testing. The majority of medical testing also
involves molecular and bioparticle manipulation, which require addi-
tional microfluidic capability for fast and sensitive preconcentration,
sorting and detection.
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4 introduction and literature review

As shown below in table. 1.1 and 1.2, we summarize the various
actuation mechanisms for microfluidic actuation within two subcat-
egories: mechanical and nonmechanical actuation mechanisms, as
shown below.
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Table 1.1: Summary of the main mechanical actuation mechanisms for microfluidic actuation.

Mechanism Principal/Notes References

Piezoelectric A diaphragm comprising a piezoelectric disc, or a stack, that deforms when subject
to an electric field to induce fluid motion by peristaltic (i.e., sequential contraction
and relaxation) action along the length of the channel.

Koch et al., 1998 [96]; Schab-
mueller et al., 2002 [170]; and
Jang et al., 2007 [85]

Pneumatic/Thermopneumatic Air is employed to actuate and relax a diaphragm to create a pressure difference
that pumps the fluid; often combined with diffusers. Thermopneumatic uses heated
and cooled air.

Pol et al, 1990 [198]; Jeong et
al., 2000 [86]; Kim et al., 2005

[94]and Grover et al., 2006

[69]

Rotary/Centrifugal (e.g., ro-
tary gears, Lab-on-a-CD)

Reservoirs, valves and channels are patterned on a compact disc (CD). Fluid
actuation within these structures arising from centrifugal forces is achieved upon
rotation using a laboratory micromotor. A thermopneumatic addition combines
this with heating of the reservoir to allow bidirectional pumping.

Gorkin et al., 2010 [66] and
Abi-Samra et al., 2011 [2]

Shape-memory alloys (SMA) Shape memory alloy (SMA) are thin films, and recently wires, are used as valves,
pumps, latches and multiplexers as under electric field, they can exert a large strain
on soft elastomers such as PDMS.

Benard et al., 1998 [16]; Xu et
al., 2001 [214] and Vyawahare
et al., 2008 [200]

Electromagnetic Fluid actuation is achieved by applying an oscillating magnetic field with the use of
magnetic elements strategically embedded in a soft polymeric structure, resulting
in its vibration. This is combined with diffuser and nozzle elements close to the
inlets and outlets to achieve net flow direction.

Al-Halhouli et al, 2010 [5];
and Zhou and Amirouche
2011 [225].
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...(continued)

Mechanism Principal/Notes References

Electrostatic Coulombic attraction force between oppositely charged plates drives the deflection
of a soft membrane when an appropriate voltage is applied. The deflected mem-
brane returns to its initial position upon relaxation of the field. The alternating
deflection results in a pressure difference that, in turn, pumps the fluid.

Machauf et al., 2005 [122];
and Bau et al., 2007 [15]

Acoustic (e.g., Flexural waves,
bubble streaming and surface
acoustic waves (SAW))

Flexural Waves: Bulk vibration of a thin piezoelectric film that generates an acoustic
field, which, in turn, causes fluid to flow (acoustic streaming).

Bubble streaming: acoustic streaming driven via excitation of bubbles attached at
strategic positions on a channel using a piezoelectric transducer. Typically used for
fluid mixing and recently for particle sorting and trapping.

SAW: MHz-order frequency electromechanical surface waves that generate a direct
acoustic force on particles or a momentum that generates fluid flow (acoustic
streaming) for fluidic actuation and micro/nano particle and biomolecule manipu-
lation

Moroney et al., 1991 [139];
Luginbuhl et al., 1997 [118];
and Meng et al., 2000 [137]

Ahmed et al., 2009a [3];
Ahmed et al., 2009b [4]; Wang
et al., 2012 [203]; and Hash-
mia et al., 2012 [74]

Friend & Yeo, 2011 [58]; and
Yeo et al., 2011 [223]
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Table 1.2: Summary of the main nonmechanical actuation mechanisms for microfluidic actuation.

Mechanism Principal/Notes References

Capillary (e.g., pressure and
surface tension gradients)

Pressure gradient: flow induced by a pressure difference across an interface that
drives wetting of fluids in channels or in paper-based substrates. Attractive because
it offers a passive actuation mechanism without requiring active pumping.

Surface tension gradient: generation of interfacial flow due to chemical (e.g., surfac-
tant) concentration, thermal (thermocapillary),electrical (electrocapillary), or optical
(optocapillary) gradients.

IIchikawa et al., 2004 [82];
Gervais and Delamarche 2009

[64]and Martinez et al., 2010

[132]

Darhuber and Troian, 2005

[39] and Basu and Gianchan-
dani, 2008 [13]

Electrokinetics (e.g., electro-
osmosis, electrophoresis,
dielectrophoresis and elec-
trowetting) - Chang and Yeo
(2010) [32]

Electroosmosis: bulk motion of aqueous solution along a fixed solid boundary due
to an external electric field.

Electrophoresis: use of an applied electric field to move charged particles or ions in
a stationary fluid.

Dielectrophoresis: motion of dielectric particles suspended in a medium due to the
application of a nonuniform electric field.

Electrowetting: control of the wettability of a drop or film through an applied
electric field by the generation of a Maxwell force at the contact line or a Maxwell
pressure along the interface (depending on electrode configuration).

Lazar and Karger, 2002 [102];
Takamura et al., 2003 [189]
and Wang et al., 2009 [203]

Wu et al., 2008 [212] and
Kenyon et al., 2011 [92]

Pethig, 2010 [155]and Men-
achery et al., 2010. [136]

Yeo and Chang, 2005 [219] ;
Mugele and Baret, 2005 [140];
and Wheeler, 2008 [208]
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Mechanism Principal/Notes References

Optics (optofluidics) (e.g.,
Laser microfluidic actuation,
optical tweezing and, optical
chromatography) - Fainman
et al., (2010) [51]

Laser microfluidic actuation: the momentum carried by the incident propagating
light gives rise to a radiation pressure at the fluid interface due to the difference
in refractive index, resulting in interfacial deformation or even jetting. In addition,
localized laser induces thermocapillary forces leading to fluid flow (see also Capil-
lary entry).

Optical tweezers: Dielectric particles can be trapped and moved due to the optical
gradient within the tightly focused leaser beam. Alternatively, birefringence can be
exploited in which a particle can be rotated in a standard optical trap simply by
manipulating the polarization of the light beam.

Optical chromatography: Use of a focused laser beam to trap particles along its
axis of propagation, where the beam is positioned against the fluid flow and the
particles trapped location is a balance between fluid drag and optical pressure.

Grigoriev, 2005 [68]; Baroud
et al., 2007 [12]; Delville et al.,
2009 [41] and Dixit et al., 2010

[47]

Grier, 1997 [68]; Dholakia
et al., 2002 [43], Chiou et
al., 2005 [34]and Neale, 2005

[143]

Hart and Terray, 2003 [71] and
Hart et al., 2007 [72]

Magnetohydrodynamic Use of a Lorentz force to pump conducting fluids, perpendicular to both the electric
and the magnetic field.

Lemoff and Lee, 2000 [104];
Jang and Lee 2000 [84]; Bau et
al., 2001 [15] and Eijel et al.,
2003 [50]

Microbubbles Generated either electrochemically (e.g., via electrolysis) or thermally (e.g., cavita-
tion). The bubble oscillation is used to drive pumping in microchannels, often by
pushing on diaphragms.

Suzuki and Yoneyama 2002

[188]; Yoshimi et al., 2004

[180]; Yin and Prosperetti
2005 [224]
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Figure 1.1: A typical SAW device comprising a piezoelectric substrate on
which IDT electrodes are patterned (as shown in the enlarged
inset) and a portable battery-operated electronic circuit and power
supply. The black arrow points at the On/Off switch to drive the
circuit. (b) Schematic depiction of the Eckart streaming generated
when energy leaks into a drop at the Rayleigh angle θR when it is
irradiated by SAWs propagating along the underlying substrate.

A technology that has attracted considerable traction of late is the
use of surface acoustic waves (SAWs). Since the piezoelectric substrate
required could comprise the microfluidic chip itself and as the inter-
digital transducer Interdigital Transducers (IDTs) electrodes required to
generate the SAW can be integrated on the substrate, there is no need
for the large transducers typically used in conventional ultrasonic mi-
crofluidics. Moreover, it has been shown that the ability to access high
(MHz order and above) frequencies significantly avoids the amount
of molecular damage caused. One further advantage is the typically
low powers (1 W) required to drive fluid and particle actuation with
SAWs, even to the point of fluid atomization, therefore allowing the
entire operation to be driven using a portable driver circuit that is
driven by camera batteries, which, together with the chip-scale sub-
strate (Fig. 1.1(a)), potentially allows for complete miniaturization and
integration into a truly handheld and portable microfluidic device.
Here, we briefly discuss the basic principles underlying acoustic fluid
and particle actuations and review the developments in the field to
date, particularly focusing on the SAW technology.

1.2 basic principles of acoustic fluid and particle ma-
nipulation

A sound wave is the result of pressure or velocity oscillations that
propagate through a compressible medium, and can be generated
through bulk or surface vibrations of solid materials. A convenient way
to produce such vibration, especially at small scales in microfluidic
systems, is with the use of oscillation electric fields by exploiting the
electromechanical coupling afforded by piezoelectric transducers or
substrates. There are primarily two broad strategies employed for
acoustic particle and fluid actuation, which we describe next.
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The first, generally known as acoustophoresis, exploits standing
acoustic waves set up in a resonator configuration to spatially trap
and move cells. The fundamental basis of the particle localisation at
pressure nodes/antinodes of the standing wave and hence the ability
to carry out particle separation arises from a competition between the
dominant forces acting on the particle (assuming that sedimentation
and buoyancy forces are negligible), namely, the primary acoustic
radiation force

Fa = −kEaVpφ(β, ρ)sin(2kx), (1.1)

assuming a one-dimensional planar standing wave, and the drag force

Fd = −6πµua (1.2)

acting on the particle of dimension a and volume Vp, in which x
is the distance from a pressure node along the wave propagation
axis. In the above, k = 2π f /cl is the wave number, with f denoting
the applied frequency and cl the sound speed in the fluid medium,
Ea = P2

0 βl/4 = P2
0 /4Kl = P2

0 /4ρlc2
l the acoustic energy density of the

standing wave, with P0 being the pressure amplitude of the standing
wave, βl the liquid compressibility, Kl the bulk modulus and ρl the
liquid density, and,

φ =
5ρp − 2ρl

2ρp + ρl
− βP

βl
(1.3)

is an acoustic contrast factor in which ρp and βp is the particle density
and compressibility, respectively. Particles therefore aggregate at the
pressure nodes for φ > 0 and at the antinodes for φ < 0.

The second exploits the fluid flow that results as the acoustic wave
propagates through a fluid, known as acoustic streaming [58]. Dif-
ferent acoustic streaming phenomena are observed to occur over a
variety of length scales imposed by the system geometry. In a thin
boundary layer of fluid immediately adjacent to the vibrating sur-
face with a characteristic thickness defined by the viscous penetration
depth (2v/ω)1/2 strong viscous dissipation of the acoustic wave gives
rise to flow known as Schlichting streaming [172] that is vortical in
nature due to the no-slip condition at the oscillating solid boundary;
v is the kinematic viscosity and ω the angular frequency. At the edge
of the boundary layer (also known as the Stokes layer) over a length
scale on the order of the sound wavelength in the liquid λL (which,
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in turn, is related to the excitation frequency), a steady irrotational
drift flow, known as Rayleigh streaming, occurs as a consequence of
the periodic recirculation in the boundary layer. Over longer length
scales >> λL, the viscous dissipation of the acoustic radiation due
to absorption in the fluid whose pressure and velocity fluctuations
give rise to a time-averaged particle displacement and hence steady
momentum flux (i.e., Reynolds stress) that is non-zero despite the
harmonic oscillation due to the nonlinear effects arising from viscous
attenuation of the wave [112]; the resultant flow being known as Eckart
streaming [49]. It is not uncommon that a combination or all of the
various streaming phenomena exists together in a system, although
one particular mechanism typically dominates contingent upon the
system geometry.

1.3 surface acoustic waves (saws)

Nanometer amplitude surface vibrations on a substrate in the form of
Rayleigh waves offer an attractive and arguably superior alternative
for microfluidic actuation compared to bulk ultrasound. The energy
localization of these SAWs on the substrate and their efficient coupling
into the fluid allows fluid actuation to be carried out with significantly
lower dispersive losses, and hence the power requirement to drive
comparable fluid actuation to that generated by bulk acoustics is sig-
nificantly less, by one to two orders of magnitude, therefore offering
possibility for the battery-powered operation, which, together with
the chip-scale SAW device in Figure 1.1(a), enables attractive miniatur-
ization possibilities [222]. Further, the low powers, together with the
higher frequencies accessible with the SAWs, 10 MHz and above, has
been found to suppress shear or cavitation damage on molecules[158]
thus making them attractive for bioapplications.

The SAW can be generated on a piezoelectric substrate by ap-
plying a sinusoidal electrical signal to interdigital transducer (IDT)
electrodes patterned on the substrate whose finger width d deter-
mines the frequency f of the SAW and hence its wavelength λSAW , i.e.,
f = cs/4d = cs/λSAW . As illustrated in Figure 1.1(b), the coupling of
acoustic energy into the fluid to drive Eckart streaming then arises
from the diffraction of the SAW front in the presence of the fluid
which leads to leakage of the energy into the fluid at the Rayleigh
angle, defined as the ratio between the sound speed of the Rayleigh
wave on the substrate cs to the speed of sound in the fluid cl , i.e.,
θR = sin−1(cs/cl). In addition to the recirculation within the fluid,
the acoustic radiation pressure also imparts a force at the interface,
that together with the momentum transfer to the interface due to
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Eckart streaming, imparts a body force on the drop whose horizontal
component causes it to translate in the direction of the SAW. In the
same way that ultrasonic standing waves and acoustic streaming can
be exploited to drive microscale fluid actuation and particle manipula-
tion, we provide a short discussion of the use of SAWs for this purpose
and their associated applications. For a more detailed discussion on
SAW microfluidics, see, for example, [58].

1.4 saw particle manipulation

Acoustophoretic manipulation can also be carried out using standing
SAWs in a similar manner to bulk ultrasonic standing waves. The
standing wave, in the SAW devices, however, arises when diffraction of
the SAW from the substrate into the liquid (Fig. 1.1(b)) generates sound
waves in the liquid bulk that reflects off the walls of the microchannel
(often fabricated from polydimethlysiloxane (PDMS) and placed atop
the SAW substrate). Depending on the channel dimension and the
sound wavelength in the fluid, the particles then aggregate along
one or more pressure nodal (or antinodal) lines along the channel.
Conventionally, the IDTs are placed perpendicular to the channel and
hence flow direction [177], to achieve linear focusing and subsequent
separation/sorting, for example, by size, compressibility or density
[141]. In addition, the IDTs can also be arranged orthogonally at two
lateral sides of a square chamber to obtain two-dimensional patterning
[178]. A discussion on the use of these devices as ’acoustic tweezers’
for cell manipulation is give in [114].

In addition, the nodal and hence particle positions can also be
shifted along the axis of the standing wave by shifting the relative
phase between the input IDT signal [138, 149]. Particle alignment and
sorting can also be carried out using using IDTs placed at the ends of
the channel such that the SAW propagates along the channel axis [193].
One advantage of this configuration is the ability to alter between fluid
pumping and particle focusing simply by switching the frequency
from the fundamental mode to a higher harmonic [195].

1.5 saw fluid actuation and manipulation

SAW particle aggregation, trapping, patterning and separation is
typically carried out at low input powers, considerably below 1 W,
where the SAW displacement amplitude and velocity are relatively
small, on the order of 0.1 nm and 0.01 m/s, respectively, such that
the streaming is weak in order to avoid dispersion of the particles.
At these low powers, other particle patterning phenomena are also
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Figure 1.2: (a) The images in the top row show mixing of a dye due to pure
diffusion without the action of the SAW, whereas the images in the
bottom rows show effective mixing under chaotic flow conditions
driven by the SAW with an input power of 1 W. (Source: Shilton
et al. (2011).) (b) Concentration of particles in a 0.5 /muL drop via
drop rotation induced by acoustic radiation due to SAW. (Source:
Shilton et al. (2008).) (c) - (e) Separation of pollen and synthetic
particles. (Source: Rogers et al. (2010).) (c) Prior to the application
of the SAW, the pollen and synthetic particles were suspended
homogeneously throughout the entire quiescent drop. (d) 3 s of
applying the SAW, the pollen particles appear to concentrate in
the centre of the drop and are hence separated from the synthetic
particles, which tend to concentrate along the periphery of the
drop. (e) The two species remain separated even after removal of
the SAW and when the drop is fully evaporated after 1 min.

observed, for example, those that form on the nodes or antinodes of
capillary waves induced on the free surface of drops vibrated by the
SAW excitation [109].

At moderate power levels (approximately up to 1 W), it is possible
to dispense and transport drops [160]. For example, sessile drops can
be translated on the substrate when the acoustic radiation pressure
and acoustic streaming results is sufficient to impart momentum
transfer to the interface to overcome the pinning of the contact line
[28]. This was shown for a variety of applications in open microfluidic
systems such as polymerase chain reactions (Wixforth et al., 2004) [211],
bioparticle sampling, collection and concentration [191] scaffold cell
seeding [107] and protein unfolding [174]. In addition, the SAW has
also been combined with electrowetting to enhance drop manipulation
operations such as splitting [106].

At these powers, the SAW can also be used to drive strong convec-
tive flows both within the drop and in channels. For example, it is
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possible to break the planar symmetry of the SAW to drive azimuthal
recirculation in a drop or a microfluidic chamber to generate a rapid
microcentrifugation effect [179]. This was used for example for in-
ducing rapid and chaotic mixing (Fig. 1.2(a)) which can be used to
enhance chemical and biochemical reactions [98, 99], or for particle
concentration/separation (Fig. 1.2(b)). It is also possible to sort two
particle species based on size in this microcentrifugation flow by ex-
ploiting the discrepancy in the scaling between the acoustic radiation
force and the drag force exerted on the particle (Eqs. 1.1 and 1.2):
from a balance between these two forces, it is then possible to derive
a frequency-dependent crossover particle size below which the drag
force dominates to drive smaller particles to the center of the drop and
above which the acoustic force dominates to drive larger particles to
the periphery (Fig. 1.2(c)) [169]. Finally, the drop rotation can also be
used to spin 100 µm to 10 mm thin SU-8 discs on which microfluidic
channels and chambers can be patterned, as a miniaturized counter-
part to the Lab-on-a-CD [123] for centrifugal microfluidic operations;
unlike the Lab-on-a-CD, however, the SAW miniaturized Lab-on-a-
Disc (miniLOAD) platform does not require a laboratory bench-scale
motor given that the SAW can be driven using a portable driver circuit
(Fig. 1.1(a)), therefore constituting a completely handheld microfluidic
platform (Fig. 1.3) [65].

SAW streaming has been demonstrated for fluid actuation in PDMS
channels placed atop the substrate [134], in channels ablated into
the SAW substrate [193] and even on paper [163] In addition, it was
also shown that the SAW can be used to deflect the interfaces of
co-flowing streams for directing emulsion droplets [56] and sorting
cells [57]. Whilst the body of earlier work was carried out in open
microchannels, which have severe limitations due to evaporation and
possible contamination, recent work has focused on fluid actuation
in a closed PDMS microchannel loop [174] although the efficiency of
the pump remained modest as a consequence of the strong absorption
of the acoustic energy by the PDMS channel placed atop the SAW
substrate. A way to circumvent this limitation was proposed in [100],
in which a glass superstrate housing the microchannel was directly
bonded to the SAW substrate using a UV epoxy; alternatively a SU-8
glue layer can also be used [89]. Importantly, it was shown that the
SAW is retained at the interface between the substrate and superstrate.
This is in contrast to previous uses of a superstrate, first proposed
in [80], in which a fluid layer between the SAW substrate and the
superstrate was employed to couple the acoustic energy into the latter,
resulting in a Lamb wave on the superstrate. Nevertheless, it was
shown, that it is possible to achieve similar fluid actuation and particle
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manipulation on the superstrate through Lamb wave excitation, albeit
at considerably lower efficiency. Regardless, the use of a superstrate
remains attractive since the microfluidic operations can be carried
out in conventional silicon-based materials, which are considerably
cheaper, thus allowing the option of disposability. It was later showed
in [25] that it is possible to pattern periodic arrays of holes or posts
in the superstrate to form a phononic crystal lattice that acts as a
bandgap to drive similar azimuthal recirculation to that discussed for
a drop above, or to filter, scatter, reflect or focus the Lamb wave. This
was employed for the development of a biosensor platform for the
concentration of beads labelled with antibodies onto surface sites for
subsequent binding and fluorescent detection [25].

At higher powers above 1 W, it is possible to drive sufficient interfa-
cial deformation of a film or a drop to extrude fluid jets [192, 20] or to
drive atomization [156]. Given that a monodispersed distribution of 1

- 10 µm aerosol droplets can be formed in the latter without requiring
nozzles or orifices, the latter is particularly useful for pulmonary drug
delivery [157], especially the next generation of therapeutic agents
such as DNA, peptides and proteins, in a miniaturized portable plat-
form for point-of-care therapeutics and personalized medicine. A
significant advantage of the SAW pulmonary delivery platform over
conventional nebulizers is the ability to preserve the viability of the
drug, particularly shear-sensitive molecules such as DNA and pep-
tides. In addition to drug delivery, the SAW atomization platform
has been shown to be an efficient ionization source for microfluidic
mass spectrometry interfacing [76, 77]. The atomization of polymer
solutions using the SAW is also a rapid technique for template-free
polymer patterning for microarray applications [6] as well as for syn-
thesizing 100 nm dimension protein and polymer nanoparticles [59, 7]
within which drugs can be encapsulated[8]. This was more recently ex-
tended to synthesize nanocapsules of complementary polyelectrolyte
layers for DNA encapsulation, as an example of tunable controlled
release delivery [159].

1.6 limitations and motivation for this thesis

Although a wide variety of SAW-driven applications have been demon-
strated in the last few years, as alluded to above, a deep understanding
of the physics governing the dynamics of films driven by SAW is not
clear. This is due to the complexity and non-linearity of the waves
upon interaction with the fluids with the added complexity of using
high frequency vibrations - 10 MHz and beyond - which is extremely
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Figure 1.3: (a) Image and (b) schematic depiction of the miniLOAD platform
comprising a 10 mm diameter SU-8 disc on which microchannels
with a variety of designs ((c) - (e)) are fabricated to demonstrate
capillary valving, micromixing and particle concentration/sepa-
ration on a miniaturized centrifugal platform.The disc rotation
is driven by coupling an asymmetric pair of SAWs into the fluid
underneath the disc. (Source: Glass et al. (2012).
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Figure 1.4: Schematic illustration of the SAW atomization device setup. The
liquid to be atomized was supplied from a reservoir (not shown)
through a paper wick. As illustrated by the expanded inset image,
the SAW drew out a meniscus from the paper, comprising a thin
advancing film and a bulk region, both of which are characterized
by different length scales, capillary frequencies, and resultant
droplet sizes. The majority of the atomized droplets, however,
originated from the thin film region with characteristic height
and length scales denoted by H and L, respectively, both of which
are small compared to the width of the film, which, in turn, is set
by the width of the paper wick. Source: David et al. 2012 [36].

far from the typical natural resonances of liquids at the Hz and KHz
range.

However, we do believe that, a thorough understanding of the
interactions of SAW with fluids will not only enrich our understanding
of these fascinating systems from a physical point of view, which
we shall explore in chapter 2, but will also open the door for more
controlled practical applications, especially for neubilisation. One
example of practical applications is shown in chapter 3, where SAW
is used to drive reliable and fast mixing in paper-based microfluidic
channels.

One example of a recent work in [36] were SAW-driven thin films
where investigated from atomisation behaviour and drop size distribu-
tion point of view, where the set up, as shown in figure 1.4, consisted
of a wet paper in contact with the lithium nioabte substrate. The
authors gave a qualitative picture, shown in figure 1.5, of the tran-
sient response of the water in the paper to the propagating SAW. The
complex transient dynamics, starting from a water meniscus in figure
1.5(a), when the SAW was off to a bulk recirculation in figure 1.5(b),
immediately after SAW was on, followed by a bulk pullback of the
majority of the fluid in figure 1.5(c) and finally an oscillating thin film,
from which atomisation took place in figure 1.5(d). The interesting
highlight of this work is that the dimensions and aspect ratio of this
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Figure 1.5: (a) At rest and prior to SAW actuation, a liquid meniscus formed
between the wetted paper and the LN substrate. (b) Application
of the SAW results in the pullout of a liquid bulk with height and
length scales several times the liquid wavelength λl . (c) After 50 -
500 ms, the leading edge of the liquid bulk was observed to retreat,
(d) leaving behind a thin film region from which atomization
occurred. The film and chaotic bulk liquid regions interacted
dynamically, with the film moving horizontally and occasionally
being obscured completely by the bulk region. Source: David et
al. 2012 [36].

thin film dedicates the atomised drop size. Since the ejected drop
size value and distribution is crucial for many applications, a closer
look and deeper understanding of these films can indeed warrant a
more controlled atomisation. Therefore, using oil films, to circumvent
evaporation, and using input powers below that it is required for
atomisation, we show in chapter 2 a thorough systematic experimental
procedure of a variety of film thicknesses driven by SAW, and with
the aid of robust mathematical derivation and numerical analysis we
unlocked the physics governing these thin films and unravel two new
fluid dynamics phenomena; SAW diffraction driven fingering instabil-
ities and soliton-like wave emergence and propagation, a unique fluid
flow phenomenon with no precedent in microfluidics.

In addition, although a lab-type prototype incorporating SAW with
microfluidics can be shown to drive a range of microfluidics appli-
cations, a practical issue for development and commercialisation is
the cost and complexity of use by non-skilled users, which consti-
tutes a huge hurdle for these prototypes to make their way to the
market. Therefore, we shall show in chapter 4 that, contrary to the
status quo adopted by many scientists across the world, bulk waves
vibrations and more specifically Lamb waves, are shown to drive a
reasonable range of microfluidic applications with a small fraction of
cost required for fabrication of IDT for SAWs generation, as the Lamb
wave design does not require any cleanroom fabrication. Furthermore,
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we show that these devices are superior to SAWs in terms of power
consumption as well as atomised drop size and distribution.

A road map for the remainder of this thesis will now be provided.
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1.7 thesis outline

Chapter 2: acoustowetting : the study of film actuation un-
der saw and other peculiar phenomena

In chapter 2 we report a comprehensive study of thin films actua-
tion driven by SAW using elaborate experiments, analysis, rigourous
mathematical derivations as well as numerical modelling. The study
has revealed the competing role of the interplay between capillary,
acoustic, and intermolecular forces, surface acoustic waves (SAWs)
drive a fascinating emph flow reversal phenomenon in the spreading
of thin films. Other novel phenomenon were observed and elucidated
including unique fingering instabilities due to SAW diffraction as well
as the formation and propagation of soliton-like waves.

Chapter 3: fluid pumping and mixing on paper-based microflu-
idics driven by saw

Beyond elucidating the underlying physics governing SAW-driven thin
films, in chapter Chapter 3, we designed and conducted experiments
comprising the integration of the SAW with Y-shaped microchannels
patterned on wet paper susbtrate, where a thin film at the paper’s
tip was drawn out using SAW atomisation, which, consequently, led
to driving the rest of the fluids at the channel’s other ends, thus,
leading to fast and repeatable fluid mixing along the michrochannels.
Mixing was compared for SAW atomisation assisted pumping method
versus typical capillary driven mixing. The former has shown to offer
more control on the flow rate and is capable of performing faster,
more uniform and reliable mixing, irrespective of the paper surface
roughness. The mixing process was quantified using a novel technique
based on hue, offering more practical and broader use, especially
when the fluids used have similar colour contrast, compared to the
commonly used greyscale method.

Chapter 4: bulk acoustics : simpler and cheaper actuation

setup and other pecuilar flows

In chapter 4 noting from chapter 3 that although a laboratory prototype
is indeed possible to demonstrate the functionally of SAW driven
microfluidics, a significant hurdle for practical use is the cost and
complexity of the patterned IDTs. Here, we exploited the use of simpler
designs and thus selected bulk waves, especially Lamb waves, a more
practical solution from a cost and simplicity of use point of view. Very
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simple electrode deposition techniques where used, such as direct ink
transfer from paper onto lithium niobate using a laminator, where
the ink acts as a shadow mask or even in some cases aluminium
foil — available in any kitchen — was cut into small pieces and
brought into contact with the piezoelectric surface. These simple
setups have shown a tremendous potential for use in a variety of
microfluidic applications such as particle patterning, concentration,
drop translation and mixing and more importantly, atomisation. A
monodispersed mist, with dimensions even smaller than achieved
by SAW, were produced, rendering the applicability of these simple
systems for many applications including drug delivery by inhalation.
In addition to this, a novel poloidal flow phenomena for microparticles
circulating within a water drop was also discovered when frequencies
∼ 100 MHz and beyond were used.

Chapter 5: conclusions and future work

In the final chapter an overview of the work conducted in the thesis
will be provided with a list of the key contributions made. The chapter
and thesis will conclude with possible future work.





2
A C O U S T O W E T T I N G : T H E S T U D Y O F F I L M
A C T U AT I O N U N D E R S AW A N D O T H E R P E C U L I A R
P H E N O M E N A

As alluded to earlier in chapter 1, since thin film dynamics and dimensions
driven by SAW control the atomised drop size and rate, thorough under-
standing of these thin films can indeed guide more controlled experiments
for the atomisation process. This chapter elucidates the mechanisms behind
the dynamics of thin films upon the interaction with SAWs, for input pow-
ers below the ones required for atomisation to facilitate an accurate study
and revealing double flow reversal behaviour for different film thicknesses.
Ultra-thin films ∼ 1 µm were observed to move along the SAW propagation
direction, while intermediate (also named thin films in this thesis) films ∼
10 µm were observed to move counter to the SAW propagation direction.
However, thicker films or drops were observed to reverse direction, again, and
move along the SAW propagation direction. In addition to this, thin films
were observed to develop a unique fingering instabilities due to the SAW
diffraction. Furthermore, solition-like waves, on a microfluidic scale, were
observed for first time, to develop and propagate in a SAW-driven system.
All these fascinating observations, together with a thorough mathematical
derivation has led to a remarkable understanding to this variety of discoveries
and is evident in the publication of parts of this work in Nature Communi-
cations, as well as two other manuscripts one currently under review and the
other about to be submitted. The thorough understanding of the dominance of
relevant streaming at different length scales, could guide further applications
for the SAW microfluidics, as will be shown later in chapter 3

2.1 introduction

High frequency vibration in solids, assuming the form of acoustic
waves with frequencies in a range of 10–300 MHz were recently
found to be capable of driving novel drop and film wetting dynamics
[156, 6, 194, 126, 36, 162, 164] distinct from that excited by their lower
frequency counterparts [21, 175, 145, 9, 38, 18, 121, 24, 26, 52, 27].
In low frequency studies, usually at frequencies comparable to the
natural oscillation frequency of the liquid body (∼ 10 Hz–10 kHz),
the liquid generally responds through the generation of a predomi-
nantly convective (potential) flow in the bulk [184, 210]. This leads

23
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to shape oscillations of the liquid body modulated by the restoring
force imposed by its surface tension, which leads to the generation of
subharmonic (and also superharmonic) capillary waves via parametric
excitation [17, 215], manifesting as patterns on the free surface of liq-
uid films [21, 175, 145, 146, 18]. In addition, the shape oscillations can
cause displacement of the three-phase contact line in sessile drops that,
in turn, results in a change in the contact angle beyond its hysteresis
range, rendering periodic stick-slip contact line motion [48, 79, 78, 52]
and enabling drop translation [38, 26, 27].

Such vibrational excitation also invokes a viscous-dominant periodic
vortical flow field in a thin region adjacent to the surface with a thick-
ness characterised by a viscous penetration length β−1 = (2µ/ρω)1/2,
where µ and ρ denote the liquid viscosity and density, respectively,
and ω the angular frequency of excitation; for water, β−1 ≈ 10–100 µm
in the low frequency excitation range, suggesting that the effective
thickness of the viscous boundary layer, whilst large with respect
to the characteristic submicron length scales over which capillary
and molecular forces shape the three-phase contact line region [40],
is typically small compared to the dimension of the liquid body
that is excited, typically on the order of millimetres. This periodic
boundary layer flow, first examined by Stokes for simple in-plane
periodic substrate motion (see, for example, Batchelor [14]), was sub-
sequently extended by Schlichting (hence the flow being commonly
referred to as Schlichting boundary layer flow or Schlichting stream-
ing) and others to account for more complicated forms of excitation
[172, 147, 117, 81, 165, 186, 176, 166, 167, 168, 173, 207, 201], and, re-
cently, to allow for generalised two-dimensional substrate excitation
in the form of Surface Wave (SW) that propagate on a solid surface
[127].

Whilst high frequency vibrational excitation has received consid-
erable attention of late due to its utility for manipulating flow at
microscale and nanoscale dimensions for a variety of microfluidic
applications [222, 58, 114], little is yet understood concerning the
mechanisms describing how such vibration influences the dynamics
of liquid drops and thin films. The distinct behaviour observed in
high frequency vibrational excitation appears to arise primarily due
to the dominance of the same viscous-dominant periodic flow, but
which at high frequencies above 1–10 MHz, is confined within a region
whose thickness ∼ β−1 is typically below 1 µm. Thus, in contrast to
low frequency substrate excitation, β−1 is now becomes of the same
order as the long-range molecular interactions between the solid and
the liquid associated with the contact line region and therefore could
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potentially influence the dynamics of the contact line to a considerable
extent.

This was first realised for sessile water drops on slightly hydrophilic
substrates excited by bulk pistonlike vibration [126]. Owing to the
relatively large contact angles (at least, initially, prior to the drop
spreading under the influence of the applied vibration), the viscous
boundary layer flow in the vicinity of the contact line was assumed to
be spatially unbounded to leading order, i.e., h→ ∞. The net momen-
tum associated with the exponentially-decaying (in height away from
the substrate) periodic viscous flow field in the boundary layer then
yields a steady Reynolds stress at the interface, which was shown to
be localised within a small region at the contact line given that β−1 is
asymptotically small compared to the drop height h. Consequently,
the interfacial stress averaged over this region yields an equivalent
point force F at the contact line that modifies the equilibrium contact
angle of the sessile drop. Importantly, we note that F ∼ 1/β−1 such
that the higher the applied frequency and thus the smaller the viscous
penetration length, the greater the influence of the substrate vibration
on the contact angle and hence the spreading of the drop. Similar
inverse dependence on the viscous penetration length was consistently
observed in other high frequency vibration systems independent the
nature of the vibration or the liquid geometry employed, for example,
where Rayleigh surface acoustic waves (SAWs) were used in place
of the bulk pistonlike vibration in which it was observed that water
menisci could be drawn out from paper-based substrates [36].

The same dependence is also obtained for the spreading of thin films
comprising low surface tension liquids such as silicone oil where the
liquid forms small contact angles with the solid substrate. However,
in this case of spreading on high surface energy substrates wherein
the film thickness h becomes comparable to β−1 in the contact line re-
gion owing to the small contact angles, the viscous-dominant periodic
flow field generated in the film is no longer strictly a boundary layer
flow due to the enclosing free liquid boundary, i.e., the flow is now
spatially-bounded. Further, since β−1 is no longer asymptotically small
compared to h, the net momentum arising from the viscous-dominant
periodic vortical flow excited by the substrate vibration can no longer
be coarse-grained to produce a microscopic point force at the contact
line; instead we will show below that the slender film geometry al-
lows for an asymptotic solution of the flow field to produce a steady
convective drift within the liquid film, akin to the Stokes drift [173],
that drives the film to spread.

Interestingly, under Rayleigh SAW excitation, these oil films exhibit
a curious thickness-dependent double flow reversal phenomenon.
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Thin submicron and micron order ultra-thin films that initially spread
along the propagation direction of the SAW were observed to reverse
their direction above a critical film thickness Hc1 such that films of
intermediate thickness, called thin films in this thesis, and typically
several microns to tens of microns in thickness, spread in the direction
opposing that of the SAW propagation (Fig. 2.1(a)). Increasing the film
thickness further beyond a second critical value Hc2 ∼ λl , however,
triggered a second flow reversal where submillimetre thick films
and sessile drops were observed to translate again along the SAW
propagation direction (Fig. 2.1(b)) [162, 164].

As an aside, we note that both observations for the high frequency
vibration-induced spreading of sessile water drops and thin oil films
above are analogous to electrowetting—wetting phenomena under the
influence of electric fields. The former is not unlike the equilibrium
contact angle change due to a singular point Maxwell force at the
contact line described by the Lippmann condition in static electrowet-
ting, and the latter akin to spontaneous electrowetting films arising
from the negative Maxwell pressure gradient imparted along the free
surface of the liquid film [219, 220]. Unifying these observations across
both bulk pistonlike and surface wave (e.g., Rayleigh SAW) vibrations
is the existence of an intense viscous-dominant periodic flow field,
constrained in a thin layer whose thickness β−1 in the high frequency
regime is sufficiently small, typically submicron in dimension, such
that the momentum transferred from the vibrating surface into this vis-
cous penetration layer is concentrated in the vicinity of the three-phase
contact line, thus generating a sufficient localised stress or convective
drift that renders the liquid to spread.

In this chapter, we begin by demonstrating the experimental setup
in §2.2, followed by a unified theory that universally describes the
dynamic spreading behaviour of liquid films atop high surface energy
substrates excited by high frequency vibration in the form of gener-
alised travelling SWs, which include, but are not merely limited to
Rayleigh SAWs. We begin in §2.3 by formulating the equations govern-
ing the conservation of mass and momentum subject to the relevant
boundary conditions for the vibrating substrate and the free surface of
the film to derive a generalised film spreading equation that describes
the spatiotemporal evolution of the film. This is then simplified in
§2.4 to first analyse ultra-thin films whose thicknesses are comparable
to β−1, from which we show that the ultra-thin film spreads along
the direction of the convective drift that arises, which is in the same
direction as the SW excitation that produces it. Subsequently, we ex-
amine the role of the acoustic radiation pressure to investigate the
film stability in §2.5, wherein we observe that the thin films which are
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Figure 2.1: Schematic illustration of the spreading observed for liquids on
high surface energy substrates vibrating at high frequencies under
Rayleigh SAW excitation. (a) Thin submicron films spread along
the propagation direction of the SAW whereas films of interme-
diate thicknesses spread in the other direction, opposing that of
the SAW propagation. (b) Sessile drops (or thick submillimetre
films), on the other hand, advance along the SAW propagation
direction. Note the different behaviour in both cases is due to the
amount of fluid displaced on the surface, in case of (a) only a thin
film was deposited while in (b) a sessile drop was placed on the
surface. The wetting properties were identical for both cases.

stable at sufficiently small thicknesses become periodically unstable at
larger thicknesses. For stable films of intermediate thicknesses, the de-
scription for their spreading in §2.6 is observed to produce a reversal
in the spreading direction such that they propagate in a direction that
opposes the drift and hence the SW propagation direction. The film
interface subsequently suffers a unique instability, akin in appearance
to viscous fingering, due to the SAW diffraction as explored in §2.7.
As the films grow further in thickness, Eckart streaming—the bulk
long-range vortical flow that arises from the viscous attenuation of the
acoustic wave generated in the liquid upon leakage of the SW energy
from the substrate into the liquid [49, 147, 111]—becomes appreciable
to drive film/drop translation in the SW propagation direction, as ex-
plored in §2.8 and followed by a unique example and threshold for the
dominance of Eckart flow in the appearance and translation of soliton-
like wave pulse as shown in §2.9. This is followed by concluding
remarks in §2.10.

2.2 experimental procedure for double flow reversal

The substrate material consisted of a 0.5-mm-thick 127.68o Y-rotated,
X-propagating lithium niobate single crystal piezoelectric wafer (Roditi
Ltd., London, UK), diced into 18× 12 mm chip-scale devices, on which
interdigitated transducers (IDTs) comprising 42 straight interleaved
electrode pairs of 175 nm gold and 5 nm chromium layers were pat-
terned using standard photolithography techniques and a photo of the
chip is shown in Fig. 2.2(a). The SAW is then generated by applying an



28 acoustowetting: double flow reversal

Oil film

Interdigital

electrode

Absorber

SAW

x

(b)

z

(c)(a)

Oil drop

Figure 2.2: (a) Image of the SAW device used in the film spreading experi-
ments that comprises a lithium niobate substrate on which IDT
finger electrode pairs (magnified in the inset) are patterned. Also
shown are schematics illustrating the placement of (b) an oil film
of predetermined initial thickness, and, (c) a 3 µ` sessile oil drop,
prior to application of the substrate vibrational excitation, i.e., the
SAW.

AC electrical signal between 9–24 V using a signal generator (Rhode &
Schwarz SML01, North Ryde, NSW, Australia) and amplifier (Amplifier
Research 10W1000C, Souderton, PA, USA) to the IDTs at a frequency
associated with the resonant frequency of the IDTs, as determined by
the sound speed of the SAW in the substrate and its wavelength, i.e.,
λSAW = 4w, where w denotes the width of the finger electrodes as well
as the gap between them. Here, the SAW frequencies used are 50, 32.7,
19.5, or 15.3 MHz. The SAW that was generated was characterised
using a combination of digital oscilloscopes (Tektronix TDS4012B,
Beaverton, OR, USA) and current and voltage probes for measurement
of the electrical input power, together with a laser Doppler vibrome-
ter (Polytec GmBH UHF 120, Waldbronn, Germany) to visualise the
waves as well as to measure the surface displacement amplitudes U in
(4.1). Absorbent gel (Geltec Ltd., Tokyo, Japan) was placed around the
edges of the device to minimise wave reflections. The working fluid
in the experiments consisted of silicone oil (Sigma-Aldrich Pty. Ltd.,
North Ryde, NSW, Australia) with viscosity µ =50,100 and 500 mPa·s,
density ρ =1000 kg/m3 and surface tension γ =0.021 N/m at 25oC.

The first set of experiments involved the use of a 3µ` sessile oil drop
(as shown in Fig. 2.2(b) and Fig. 2.3 ) was pipetted onto the lithium
niobate surface, where intermediate (also named ’thin’ in this thesis)
counter-propgating films were explored in detail [162].

The silicone oil drop experiments were followed by a thorough
study of different film thickness using a thin oil strip of predetermined
thickness was ‘written’ across the lithium niobate surface using a 0.5-
mm-wide polyethylene strip dipped in a reservoir filled with oil and
subsequently clamped onto a moving stage whose translation speed
determined the resulting film thickness. The later set of experiments
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Figure 2.3: (a) Schematic illustration of the experimental setup depicting
the emergence of a thin film from a sessile oil drop under the
influence of a propagating SAW. The inset is a side view sketch
of the film’s leading edge, advancing with velocity dxN(t)/dt;
xN(t) is the position of the film front as it advances with time t
and the characteristic flow field in the film is denoted by (ux, uy).
The panel on the right depicts a sequence of top-view images
of the drop, fluorescently labelled to aid visualisation,(b), in its
initial state, that, (c), upon subsequent excitation with the SAW,
is displaced along the SAW propagation direction while forming
a 20 µm thick film that advances in the opposite direction. (d),
This film later suffers from a transient instability that gives rise
to the formation of fingering patterns. ‘Soliton-like’ wave pulses
subsequently appear above the fingers and translate away in the
SAW propagation direction, first along the side edges of the film,
and then, (e), across the entire film. The scale bars denote lengths
of ≈ 1 mm and the bright corners at the left side of the images
are the electrical connections to the IDT.

revealed a double flow reversal mechanism [164] as alluded earlier
and will be discussed in details later, and shown in figure 2.4; a collage
showing the thickness-dependent spreading behaviour of the oil film
with the critical height for reversal explained in the caption and later
in this chapter. In either cases, for a drop or a film, we placed the
entire initial film/drop on the substrate away from the IDT and edges,
but within the IDT aperture, which was varied between 4 and 7 mm,
as illustrated in Figs. 2.2(b) and 2.2(c). To capture the film spreading,
we use a digital SLR camera fitted with a 60 mm F/2.8 focal length
macro lens (Canon EOS 550D and EF-6, Utsnomiya, Japan) or a 30

frame/s digital video camera (AnMo Electronics Corp. AM4023 Dino-
Eye, Taipei, Taiwan) attached to an epifluorescent stereomicroscope
(Olympus BX-FM, Tokyo, Japan). Film thickness measurements were
inferred from the distance between adjacent fringes that formed under
incident light through the film and the transparent lithium niobate
substrate, which we filter using a 550±10 nm optical notch filter
(ThorLabs FB550–10, Newton, NJ, USA) [196]. As shown below, a
rigorous mathematical derivation describing the dominant forces,
relevant to the used high frequency vibration and their interactions
with microfluids, at different length scales, is derived.
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Figure 2.4: Sequential images of the double flow reversal phenomenon over
time (along the vertical axis (i,ii,iii)) for different initial film thick-
nesses (individual columns a–d) placed as illustrated in Fig. 4.10.
The SAW propagates from right to left as indicated at the bottom
of the images. Row (i) is without SAW, and rows (ii,ii) illustrate the
film development due to the SAW. If the film’s maximum thick-
ness is (a-i) less than or comparable to the viscous penetration
length (h ∼ β−1), the film will move in the direction of the SAW
(a-ii,a-iii). If the film is (b) slightly thicker (λ`/8 < h < λ`/4),
the thicker portions of the film are unstable (b-ii) and grow to
form steppes of thickness h > λ`/4 that move in opposition to
the SAW (b-iii). The regions surrounding these steppes decrease
in thickness below λ`/8 to conserve mass and move along the
SAW propagation direction (b-iii). As the overall film thickness
(c-i) exceeds this unstable region yet remains less than one sound
wavelength in the film (λ`/4 < h ∼ λ`), it continues to flow in
opposition to the SAW but in a stable manner (c-ii,c-iii). Where (d)
the film thickness generally exceeds the SAW wavelength hλSAW,
as shown by the steppe in the bottommost image (d-iii), the flow
direction reverses again, now in the same direction as the SAW.
There are critical transition film thicknesses at which both the
first and second flow reversals occur; these are denoted by hc1
and hc2 , respectively. All scale bars are ∼100 µm.

2.3 generalised film spreading equation

We consider a two-dimensional liquid film of thickness h(x, t) that
spreads atop a horizontal solid substrate; the coordinates x and y are
measured along and transverse (normal) to the solid/liquid boundary,
respectively, and t denotes time. As illustrated in Fig. 2.5, the substrate
undulates due to vibration imposed in the form of a propagating
harmonic SW, such as Lamb and flexural bulk waves, or Rayleigh and
Sezawa SAWs, for example. The motion of the two-dimensional SW

comprises both longitudinal and transverse surface velocity (along
and normal to the substrate surface) with usually similar amplitudes
χU and U, respectively, that differ in time by a phase difference ϕ. The
SW, propagating along the x coordinate along the substrate surface
y = 0, is further defined by a wavenumber k, an angular frequency ω,
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Figure 2.5: Schematic of the two-dimensional liquid film under excitation by
surface waves propagating along the solid substrate.

and an amplitude attenuation coefficient α, and can be described in
general form as follows: ux

uy


y=0

=

 χUei(ωt−kx)−αx

Uei(ωt−kx+ϕ)−αx

 , (2.1)

the real part of which describing the actual physical SW.
The SW propagation at the solid/liquid boundary then gives rise

to a predominantly viscous periodic flow, penetrating into the liquid
over a distance characterised by the viscous penetration length β−1

while supporting a weak convective drift that possesses a steady
component. For h � β−1, this flow attenuates in the bulk of the
liquid and takes the form of a boundary layer flow [127]. On the other
hand, it shall be seen that interactions between this flow, invoked
by direct contact between the SW and the liquid, in the presence
of the free surface associated with the film constitutes the primary
mechanism for its spreading when h ∼ β−1. Further, energy from the
SW leaks into the fluid at the Rayleigh angle θR = sin−1 k/kl , measured
from the positive y-axis, resulting in the generation of longitudinal
compressional acoustic waves (i.e., sound waves) in the liquid with
wavelength λl and corresponding wavenumber kl [58, 199]. Should the
film thickness be larger than or comparable to the acoustic wavelength
in the liquid, i.e., hk−1

l � β−1, these acoustic waves impinge on the
free surface, generating a net acoustic radiation pressure [95, 35, 58].
Additionally, attenuation of the acoustic waves propagating in the
liquid renders an effective body force that invokes Eckart streaming
[49, 147, 111]. Both Eckart streaming and acoustic radiation pressure
contribute to the multiple phenomena associated with spreading of
films under high frequency vibration, as will be shown in §2.8 and
§2.6.

In this section, we however first consider films where h ∼ β−1. The
dominant flow in the film that arises, which is confined from below
by the solid substrate along which the SWs propagate and from above
by the free surface of the film, is governed by conservation equations
similar to the classical boundary layer flow equations, noting that
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these have been used to model the convective dynamics in thin films
elsewhere [19, 97, 37]. We will therefore delay an extension of the
analysis to film thicknesses that approach the acoustic wavelength
in the liquid—usually large with respect to the viscous penetration
length (β−1 � k−1

l )—where Eckart flow is dominant till §2.8.
For thin films with thicknesses on the order β−1, the appropriate

scaling for the variables associated with the flow field in the film are
then

t→ ωt, (x, y, h, α−1)→ k−1(x, ηy, ηh, α−1),

ψ→ k−1ηUψ, (p, pr, Π)→ ηkγ(p, pr, Π), A→ η4k−2γ A,

(2.2)

where η ≡ β−1/k−1 and ψ is a streamfunction satisfying u = (ux, uy) =

(yψ,−xψ); γ is the interfacial tension, A is the Hamaker constant, and,
p, pr and Π are the hydrodynamic pressure, acoustic radiation pres-
sure, and disjoining pressure, respectively. Unless otherwise stated,
we proceed henceforth with the formulation in terms of dimensionless
quantities. The relevant boundary conditions comprise that which
describes the SW motion on the substrate y = 0 given by (4.1) and that
embodying the tangential stress balance and normal stress jump at
the free surface of the film y = h (x, t): ux

uy


y=0

=

 χei(t−x)−αx

ei(t−x+ϕ)−αx/η

 , (2.3)

and  ∂yux

∂yuy


y=h

=

 0

(η/2Ca) (p + 2κ + pr −Π)

 , (2.4)

respectively, where κ = ∂xxh/2 +O
(
η2) is the mean curvature of the

film and Ca ≡ µU/γ is the capillary number. Mass and momentum
conservation further require [167, 168]

∂4
yψ/2 = ∂t

(
∂2

yψ
)
+ ε

[
∂yψ ∂x

(
∂2

yψ
)
− ∂xψ ∂y

(
∂2

yψ
)]

+O(η2), (2.5)

in which ω/k and ε ≡ Uk/ω represent the phase velocity and the
Mach number of the SW propagating in the solid, respectively.

Two naturally small parameters, η � 1 and ε� 1, are observed to
appear in (2.3) and (2.5). It is further reasonable to require ε� ε/η �
1 � 1/η given common values for the SW velocity amplitude U ∼
O(0.01− 1m/s) under high frequency excitation [127], in particular,
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ω/2π ≈ 30 MHz which is the typical frequency of the Rayleigh
SAWs used, for which ϕ = 3π/2. It then follows that ω/k ≈ 4× 103

m/s, χ ≈ 1, and, U ≈ 0.1 m/s, which, together with typical values
characteristic of silicone oil, i.e., µ ≈ 10−1 Pa·s, ρ ≈ 103 kg/m3, and
γ ≈ 10−2 N/m, gives Ca ≈ 1, η ≈ 0.5× 10−1, ε/η ≈ 0.5× 10−3 and
ε ≈ 2.5× 10−5.

We proceed by asymptotically expanding the flow variables using
the following ansatz:

ux =
∞

∑
n=−1

fnux,n, uy =
∞

∑
n=−1

fnuy,n, ψ =
∞

∑
n=−1

fnψn, (2.6)

in which fn+1 � fn and gn+1 � gn, and in which uxn, uyn, ψn, and
hn are O(1). The transverse and longitudinal SW components given
by (2.3) determine the magnitude of the leading order velocity field
f−1 = 1/η and the next order correction f0 = 1. Equating O(1/η)

terms then specifies the leading order streamfunction equation and
boundary conditions:

∂4
yψ−1/2 = ∂t

(
∂2

yψ−1

)
, (2.7)

 ux,−1

uy,−1


y=0

=

 0

ei(t−x+ϕ)−αx

 , (2.8)

 ∂yux,−1

∂yuy,−1


y=h

=

 0

0 +O(η2Ca−1)

 . (2.9)

Further equating O(0) terms gives the next order correction:

∂4
yψ0/2 = ∂t

(
∂2

yψ0

)
, (2.10)

 ux,0

uy,0


y=0

=

 χei(t−x)−αx

0

 , (2.11)

 ∂yux,0

∂yuy,0


y=h

=

 0

0 +O(ηCa−1)

 . (2.12)
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It then follows that (2.7)–(2.9) are satisfied by a unidirectional peri-
odic flow field:

ψ−1 = − 1
i + α

ei(t−x+ϕ)−αx. (2.13)

Should the film be sufficiently thick, surpassing that of the boundary
layer thickness, such that acoustic waves of wavelength k−1

l generated
due to leakage of the SW energy from the substrate can be sustained,
this flow field then describes the propagation of such waves through
the liquid. On the other hand, (2.10)– (2.12) are satisfied by the viscous-
dominant periodic vortical flow field

ψ0 = χ

(
−1

4
+

i
4

)
sinh−2

[(
1
2
+

i
2

)
h
]

ei(t−x)−αx ×

{− sinh [(1 + i) (y− h)]− sinh [(1 + i) h] + (1 + i)y} .(2.14)

As noted previously in Manor et al. [127], (2.14) satisfies only the
O(1) longitudinal velocity of the solid surface and is independent of
the O(1/η) transverse motion. Periodic flow to this order may thus
be represented as a superposition of the unidirectional and vortical
flow fields given by (2.13) and (2.14), respectively, regardless of their
magnitude. This was also hinted in a recent generalised study of
vibration-induced flow [199], in which a similar assertion was made by
decomposing the flow field to its potential and solenoidal components.

We now show that the next correction to (2.13) and (2.14), of mag-
nitude f1 ≡ ε/η and emerging from weak convective interactions
between the two abovementioned leading flow fields, comprises a
steady component that dominates over long times. Following a pro-
cedure employed earlier [172, 186, 167, 168, 127], we decouple the
velocity field to its transient and quasisteady components and time
average the latter over the fast time scale ω−1; physically, this is equiva-
lent to the periodic and linear component of the flow, which alternates
at a frequency ω/2π times every second, and their corresponding
harmonics, naturally vanishing at the much slower hydrodynamic
time scales over which the flow is observed.

Equating the f1 ≡ ε/η magnitude terms, while using the momen-
tum equation to simplify the normal stress condition [19, 150, 37], then
gives, after time averaging, the following quasisteady nonvanishing
components of the streamfunction equation and boundary conditions:

∂4
y 〈ψ1〉 /2 = −

〈
∂xψ−1∂3

yψ0

〉
, (2.15)



2.3 generalised film spreading equation 35

 〈ux,1〉〈
uy,1
〉


y=0

=

 0

0

 , (2.16)

 ∂y 〈ux,1〉
∂yy 〈ux,1〉


y=h

=

 0

−
(

η4/εCa
)
(∂xxxh + ∂x pr − ∂xΠ) +O(η2)

 ,

(2.17)

where ζ and 〈ζ〉 above refer to the real component of the arbitrary
function ζ and its time average, i.e., 〈ζ〉 ≡ (1/2π)

∫ 2π
0 ζ dt. (2.15)–

(2.17) are satisfied by a long analytical solution for the streamfunction
that we omit here given that it has no particular significance in the
present analysis other than to note that at f1 = ε/η, it assumes the
leading order nonvanishing flow field at long times, and therefore
gives rise to the following expression that specifies the nondimensional,
nonvanishing, leading order volume flux in the film:

Q =
ε

η
χe−2αx f (h(x); ϕ) +

η3

3Ca
h3 (∂xxxh + ∂x pr − ∂xΠ) +O

(
ε

η

)
,

(2.18)

wherein

f (h(x); ϕ) ≡ 1

2 (cos h− cosh h)2 × { sin ϕ (cos h− cosh h)2

+h (cos h− cosh h) [sin h (sin ϕ + cos ϕ) + sinh h (sin ϕ− cos ϕ)]

+h2 (sin ϕ sin h sinh h− cos ϕ cos h cosh h + cos ϕ) } . (2.19)

The first term on the right hand side of (2.18) quantifies contribu-
tions to the volume flux from the steady component of the SW-induced
flow (i.e., the convective drift) and the second term incorporates contri-
butions from capillary forces, the acoustic radiation pressure, and the
disjoining pressure invoked by intermolecular forces such as van der
Waals and electrical double layer forces. Contributions from Eckart
streaming due to attenuation of the acoustic wave that is generated
when energy from the SW leaks into the liquid do not appear in (2.18)
and will be discussed subsequently in §2.8.

The volume flux in (2.18) can then be employed to derive the requi-
site relationship that describes the dynamics of the liquid film under
high frequency SW excitation. Given that the spreading occurs on
hydrodynamic time scales, which is significantly longer than that asso-
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ciated with the period of forcing, i.e., k−1/U � ω−1, we rescale time
by

t→ 1
χ

η

ε

k−1

U
t, (2.20)

in place of the scaling presented earlier in (2.2), whilst retaining all
other transformations for the rest of the variables. The kinematic
condition

∂th +
1
χ

η

ε

(
ux∂xh− uy

)
= 0 at y = h, (2.21)

subject to continuity

∂xux + ∂yuy = 0 (2.22)

and the homogeneous boundary conditions at the liquid/substrate
interface in (2.16) then lead to the familiar integral mass conservation
relationship

∂th +
1
χ

η

ε
∂xQ = 0, (2.23)

which, together with (2.18) and (2.19), gives the following redimen-
sionalised film spreading equation

∂th− 2αe−2αx f + e−2αx∂h f ∂xh+
2Λ
3χ

∂x
[
h3 (∂xxxh + ∂x pr − ∂xΠ)

]
= 0,

(2.24)

in which

Λ ≡
(

β−1

k−1

)2

We. (2.25)

Here, We ≡ ρU2k−1/γ is the Weber number that describes contribu-
tions to the film dynamics from the SW-induced convective drift and
from capillary forces.

(2.24) is therefore a generalised relationship that describes the dif-
ferent contributions to the film spreading dynamics, whose transient
nature is captured by the first term to the left of the equation. The
second and third convective terms capture SW contributions to the
film dynamics through the drift flow it invokes: the former capturing
contributions arising from viscous attenuation of the SW, and the latter
accounting for contributions arising from the film profile. The last
term on the left in (2.24), on the other hand, captures contributions
from capillary, acoustic radiation pressure, and molecular forces. We
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note that (2.24) is governed by the dimensionless group Λ specified by
(2.25) in which we observe the role of the SW-induced convective drift
to become increasingly dominant as the viscous penetration length
decreases in magnitude, consistent with that discussed in §2.1. Subse-
quently, we consider the spreading dynamics of liquid films governed
by (2.24) wherein convective effects within the film are assumed to
dominate capillary effects near the contact line (i.e., Λ < 1).

2.4 ultra-thin (h ∼ β−1 ) film spreading

We now proceed to apply the generalised film spreading equation
in 2.24 for the case of thin films: films whose thicknesses are too
small to sustain the formation of acoustic waves within it due to SW

energy leakage from the substrate, i.e., h ∼ β−1 � k−1
l , such that

effects due to the acoustic radiation pressure and Eckart streaming—
phenomena that are a direct consequence of the generation of acoustic
waves in the liquid—are weak and can therefore be ignored. In these
cases, the attenuation of the SW itself can also be neglected. This is
because in the absence of acoustic waves in the thin film, the leakage
of SW energy through the momentum transfer given by (2.13) which
causes its attenuation occurs effectively into the air phase above the
film. For example, the attenuation coefficient for Rayleigh SAWs, α ≈
ρk−1

f /
(
2πρsk−2), ρs being the density of the solid substrate and k f

the wavenumber of the acoustic wave in the fluid phase above the
substrate, for a thin film is small, typically 2× 10−4 mm−1, compared
to the case of thicker films which support the formation of acoustic
waves within (i.e., films where h� k−1

l ) where α ≈ 1 mm−1 [10]. For
SWs in the form of propagating bulk waves, the attenuation length is
even longer given the distribution of its mechanical energy throughout
the solid substrate. Whichever the case, given that the SW attenuation
length scale under thin films is thus much larger than the substrate
length itself, it is therefore not unreasonable to assume α→ 0 together
with negligible effects due to the acoustic radiation pressure, i.e.,
pr ≈ 0.

Expanding (2.18) for small h then yields the following simplification
for the volume flux expression:

Q =
χη

ε

[
cos ϕ

4
h2 − sin ϕ

72
h4 +O

(
h6)]+ η3

3Ca
h3 (∂xxxh− ∂xΠ) . (2.26)

If, for example, the film is excited by SWs in the form of Rayleigh
SAWs with phase difference ϕ = 3π/2, the expression for the volume
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flux in 2.26 for the convective drift that is induced further simplifies
to

Q =
χη

ε

[
h4

72
+O

(
h8)]+ η3

3Ca
h3 (∂xxxh− ∂xΠ) . (2.27)

The leading equation governing the dynamic spreading of the thin
film in (2.24) then becomes

∂th+
1
18

h3∂xh+
2

3χ
Λ
[
3h2∂xh (∂xxxh− ∂xΠ) + h3 (∂xxxxh− ∂xxΠ)

]
≈ 0.

(2.28)

Considering earlier work on the inertial spreading of films [19], it
is clear that the positive convective component (second term on the
left hand side of (2.28)) drives the film to spread along the the SAW
propagation direction.

For convenience, we rescale time again by t→ 18t to further simplify
(2.28) to

∂th + h3∂xh + Λ′
[
3h2∂xh (∂xxxh− ∂xΠ) + h3 (∂xxxxh− ∂xxΠ)

]
≈ 0,

(2.29)

such that the SAW-induced spreading dynamics is governed by a
single dimensionless parameter Λ′ ≡ 12Λ/χ. Λ′ � 1 infers the case
of convective film dynamics in which the spreading is governed by the
second term on the left hand side of (2.29) that includes contributions
arising from the SW excitation. Λ′ � 1, on the other hand, encom-
passes the case in which the film dynamics is governed by capillary
forces and intermolecular forces described by the third term on the
left hand side of (2.29).

To further elucidate the case of convective film dynamics, we exam-
ine the limiting case in which the film spreading is solely induced by
the SW by assuming the singular limit Λ′ → 0 such that (2.29) reduces
to [164]

∂th + h3∂xh ≈ 0. (2.30)

We further constrain the film by requiring the conservation of its
volume, i.e.,

∫ x1(t)

x=0
h dx = constant, (2.31)
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where x = x1(t) is the front position of the spreading film. A similarity
solution for the above equations can then be obtained by introducing
the following similarity transformation:

ξ ≡ x/ta, H ≡ h/tb, t = τ, (2.32)

which, upon substitution, render (2.30) and (2.31) time independent,
i.e., ∂τ H = 0, when 3b− a + 1 = 0 and a = −b. It then follows that
a = 1/4 and b = −1/4 such that the leading edge of the film spreads
as

x1 ∼ t1/4, (2.33)

whilst the film decreases in height as

h(x) ∼ t−1/4, (2.34)

eventually approaching a singularity as the rear of the film catches
up with its advancing front, leading to a steepening of the slope near
the advancing front where the influence of capillary and intermolec-
ular forces, though assumed insignificant to begin with, becomes
sufficiently strong to overcome the assumed initial dominance of the
convective term in (2.29).

To further support the postulated mechanism and spreading dy-
namics, experimental and numerical investigations were carried out.
For experiments, the corresponding plot for the film flow in the SAW
propagation direction is shown in figure 2.4(a) and the variation in
the position of the advancing film front as a function of time, seen in
Fig. 2.6, shows that the film advances self-similarly as t1/4, as predicted
by (2.33)—not unsurprisingly, given that the experimental parameters
render Λ′ ≈ 0.00014 in (2.29) such that the spreading resembles the
dynamics of inertially-driven films. This is further verified by numeri-
cal simulations in which (2.29) is solved using the Numerical Method
of Lines [171] subject to no-flux boundary conditions

∂xh|x→±∞ = 0, ∂xxx|x→±∞ = 0, (2.35)

and the following initial condition:

h|t=0 = sinh−1 x. (2.36)

In the numerical scheme, fourth-order centered differences were em-
ployed for the discretisation of spatial derivatives whereas Gear’s
method was used for advancing the solution in time. The parameters
used for the simulation are f = 19.5 MHz, µ = 50 mPa.s, A = 10−19, Λ
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Figure 2.6: Position of the advancing front of very thin (∼1 µm) silicone oil
films x1 as a function of time t. The circles are experimental points
and the squares are those predicted by numerical simulations,
both of which indicate that the film spreads in a self-similar fash-
ion as x1 ∼ t1/4 Also shown in the inset are the spatiotemporal
evolution profiles of the spreading film, obtained from the numer-
ical simulation. Experimental parameters were f = 19.5 MHz, µ =
50 mPa.s, A = 10−19 and Λ = 0.00014

= 0.00014 over maximum spatial domains of 600 k−1 dimensionless
units and times of 0.1610−5 dimensionless units, with 4500 grid points;
convergence was obtained by refinement of the mesh.

2.5 acoustic radiation pressure and film stability

As explained earlier in §2.4 for ultra-thin films, they move along the
SAW propagation direction as shown in the time sequence images in
fig. 2.4(a) and 2.7 (a, i), as long as their thickness is ∼ β−1. As the film
thickness was experimentally increased, the films were observed to
experience bizarre instability where the thicker portions of these films
were observed to ’pop’ and grow to a thicker stable state and then
move in a direction opposite to the SAW propagation direction, shown
in the time sequence column in fig. 2.4(b) and the phase map in fig. 2.7
(a, ii) to (iii). As the film was increased in thickness, it moved stably
opposite to the SAW propagation direction as seen in fig. 2.4(c) and
in fig. 2.4(iii). The physics governing the film instability and flow in
opposite direction to SAW is explained below in the light of thickness
dependent radiation pressure as seen in fig. 2.7 (b) and linear stability
analysis. We also note that even thicker films (called thick films in
this thesis) were observed to reverse flow direction, again, but due to
sound attenuation in the fluid, known as Eckart streaming, as we shall
explain in §2.8.
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Figure 2.7: The experimental behavior of the spreading film is illustrated
through (a) a phase plot of the vibration velocity of the substrate,
U dependent upon the normalized film thickness, h/λ`, using
different starting film thicknesses, oil viscosities µ = 50,100 and
500 mPa·s; and SAW frequencies 19.5, 32.7, and 48.5 MHz; for
clarity, the distinction between individual parameter choices in
the figure is not illustrated. The solid horizontal lines on the left
in region (i) indicate the thickness range of stable films observed
to move along the SAW propagation direction, as indicated by the
arrow on the top of the figure and shown in Fig. 4.10(a). The solid
horizontal lines terminating at the white squares with min-max
error bars (n = 5), are for films with portions having thicknesses
greater than h/8λ`. These portions are unstable according to
linear stability theory, as shown in Fig. 4.10(b): positive values of
∂h pr correspond to an unstable film, consistent with experimental
observations. Acoustic radiation pressure acts to rapidly thicken
these portions of the film to a new stable thickness, a steppe, from
the white squares; before SAW is applied) to the black squares;
after SAW). The film takes heights either in regions (i) or (iii) with
a pronounced gap in region (ii), between the upper limit of the
thinner film (white squares), and the steppe regions’ thicknesses
(black squares). The portions of the film in region (i) move with
the SAW, the portions of the film in region (iii) move against it.
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2.5.1 Acoustic radiation pressure

In anticipation of our analysis in §2.8 for the spreading of thick films,
i.e., films with sufficient thickness (hk−1

l � β−1) to support the leakage
of the SW energy into the fluid, we now turn to a discussion on
the acoustic radiation pressure and how it could potentially affect
the stability of the film. Owing to the large difference in acoustic
impedance (density times the speed of sound) across the free surface,
the transfer of momentum associated with the generation of acoustic
waves in the liquid upon leakage of the SW energy into the liquid from
the substrate produces a net steady force on the free surface over long
times (t � 1/ω). This is known as the acoustic radiation pressure
[95, 35, 73, 23, 58] and takes the generalised form

pr = (pI · n) · n + (〈ρuu〉 · n) · n, (2.37)

where I and n are the identity tensor and the unit outward normal
vector to the free surface, respectively. In particular, we examine acous-
tic radiation pressure effects along the nearly flat portion of the free
surface of the film away from its advancing front in the vicinity of
the contact line. It shall be shown that these nearly flat free surfaces
serve as a near-ideal reflector (as a consequence of the large jump in
the acoustic impedance across the free surface) of the acoustic waves
that form in the liquid due to leakage off the SW energy, and gives
rise to acoustic resonances and anti-resonances within the film, thus
leading to appreciable acoustic radiation pressure effects at specific
film thicknesses.

More specifically, the acoustic waves propagating in a liquid can
be described predominantly by a potential flow field generated by
the normal component of the SW velocity uy in (4.1), whose local
form, we assume, for simplicity, resembles a completely in-phase
vertical substrate motion of a pistonlike acoustic wave transducer—
not unreasonable given h/k−1 ∼ 1. It then follows that the parallel
acoustic waves generated from such pistonlike motion of the substrate
produces an acoustic radiation pressure at the free surface of the form
[36]

pr ≈ Wea
e−2αx

cos2 [(kl/β) h] sin2 [(kl/β) h]
. (2.38)

Wea ≡ (1 + B/2A)ρairU2k−1/8ηγ is an acoustic Weber number that
describes the relative magnitudes of the acoustic radiation and cap-
illary pressures acting at the free surface, in which B and A are the
Fox and Wallace coefficients [35] and ρair is the density of the air
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Figure 2.8: Dimensionless acoustic radiation pressure and its gradient as a
function of the scaled film thickness.

phase above the liquid film. It can then be seen from Fig. 2.8 that
pr decays to negligible values at the vicinity of each of its minima
at h/2πk−1

l β = (1 + 2i) /8 (i = 0, 1, 2, . . .) and becomes singular at
h/2πk−1

l β → 2i/8 (i = 0, 1, 2, . . .), suggesting that the film, being
nearly flat, may only assume stable quantum thickness values, con-
sistent with that observed in previous experiments [36]. In particular,
low surface energy oil films were found to spread with a characteristic
film thickness corresponding to i = 3 [162] while high surface energy
water films were found to form with a quasisteady film thickness
corresponding to i = 7 and to undergo further transient plateaus
formation that span a variety of thicknesses corresponding to i > 7
[36].

We however note that the hk−1
l � β−1 constraint for (2.38) suggests

that the singular result for small h, i.e., h ∼ β−1 � k−1
l , is therefore

not valid given that pr diminishes to leading order. More specifically,
pr is linearly proportional to the average excess acoustic energy in the
film, i.e., pr ∝ 〈E〉, where along the path of the acoustic waves emitted
by the SW [35],

E =
ω

2kl

ρL − ρ

ρ
+

ρuL
y

2

2
; (2.39)

the right hand side of the equation describing the Lagrangian excess
potential and kinematic energies with respect to the normal SW veloc-
ity arising from the deviation of the Lagrangian density and normal
velocity fields, ρL and uL

y = uy − ei(t−x+ϕ)−αx/η, from their equilib-
rium values, ρ and uL = 0, respectively. For sufficiently thin films
of thicknesses h ∼ β−1 � k−1

l which do not permit the generation
of acoustic waves in the liquid, the flow in the film is strictly the
unidirectional flow field in (2.13), which, together with uL

y = 0 and
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ρL = ρ that causes the excess energy in the film in (2.39) to vanish,
leads to

pr ≈ 0. (2.40)

For thicker liquid films that are able to sustain the generation of
acoustic waves in the liquid, the leading approximation to the actual
transverse flow component (2.13) can be used in place to calculate the
effect due to the acoustic radiation pressure on the spreading, which
we shall consider in §2.8.

2.5.2 Linear Stability

We now turn our attention to the instability apparent in experiments
on films with thicknesses λ`/8 < h < λ`/4 while exposed to the SAW
(Fig. 4.10(b-ii)), corresponding to region (ii) in the phase plot given
in Fig. 2.7(a). The instability appears to be driven when the acoustic
radiation pressure imparted on the free surface of the film, which
forces it upwards such that the film thickness is increased to an extent
that it can no longer be balanced by restoring capillary forces. This
is because while radiation pressure is negligible in a sufficiently thin
film (h ∼ β−1), causing it to spread solely due to the drift flow along
the direction of the SAW as governed by Eq. (2.29), an increase in the
film thickness into the range λ`/8 < h < λ`/4 (Fig. 4.10(b)) leads to
significant acoustic radiation pressure on the film, overwhelming the
restoring capillary forces, in turn driving the observed instability in
the film thickness.

We now consider a linear stability analysis to obtain a theoretical
prediction for this observed unstable film thickness range and hence
the critical film thickness at which the transition occurs hc1 . Briefly,
we linearize the film evolution equation given by Eqs. (2.29) far from
the contact line, retaining effects due to the acoustic ÃŁradiation
pressure but excluding the relatively weak contributions arising from
the disjoining pressure

∂th ≈ −
U2

18ω

h3

β−4 ∂xh− 1
3µ

∂x
[
h3 (γ∂xxxh + ∂x pr)

]
. (2.41)

Introducing a periodic disturbance to the film thickness

h(x, t) = h0 + δg(x, t), (2.42)

in which δ/h0 � 1 and g(x, t) = C exp (inx + σt) ∼ O(1), where h0,
C, n and σ are the base state film thickness, an arbitrary constant,
the disturbance wavenumber, and the corresponding growth rate of
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the film thickness, respectively. Omitting complex and small O(δ2)

contributions then simplifies Eq. (2.41) to the O(δ) linear equation

∂th ≈ −
h3

0
3µ

(γ∂xxxxh + ∂h pr|h=h0 ∂xh) + . . . , (2.43)

from which we obtain the real disturbance growth rate coefficient

σ = −n2h3
0γ

3µ

[
n2 − 1

γ
∂h pr|h=h0

]
, (2.44)

indicating that capillary forces act to stabilize the film (σ < 1) while
the radiation pressure pr acts to destabilize it (σ > 1) when σ increases
with increasing h.

Substituting for pr in Eq. (2.44) using Eq. (2.38) then reveals that the
film is stable only over specific thicknesses in the range 2jλ`/8 < h <

(1 + 2j)λ`/8 (j = 0, 1, 2, . . .). This behavior is represented in part by the
solid horizontal lines in Fig. 2.7(a), the range of stable film thicknesses
found in the experiment. It can be seen that these primarily reside
in region (i) when h < λ`/8, consistent with the range predicted
above with j = 0 and corresponding to the films whose behavior is
exemplified by Fig. 4.10(a). In region (ii) in between the predicted
j = 0 and j = 1 stable regions, as illustrated by the shaded region in
Fig. 2.7(b), however, the film tends to rapidly form thicker plateaus
under the action of the acoustic radiation pressure, scavenging fluid
from adjacent regions to reduce the thickness of those regions, and
altogether remaining within the stable thickness ranges. This is seen
by the truncation of the solid horizontal lines by the squares () in
Fig. 2.7(a), with the curved arrows in the plot indicating the jump in
the film thickness to the points indicated by the filled squares () in
the next stable region, region (iii) in Fig. 2.7(a) corresponding to the
next predicted stable region j = 1, associated with the formation of
the steppes.

In reality, the experimental data denoted by the solid horizontal
lines in Fig. 2.7(a) indicate that the film remains stable even into region
(ii), the region of instability predicted by linear stability theory. This
is likely due to the omission of azimuthal γ/h curvature effects from
the capillary stress term in Eq. (2.44) in the linear stability analysis, as
demonstrated in examining a dominant balance between the azimuthal
curvature and the time-averaged Reynolds stress ρU2 that gives rise
to the acoustic radiation pressure. Imposing volume conservation of
the film hL ∼ 1 in the resultant relationship h ∼ LWe−1, where L is
the characteristic film length scale and We ≡ ρU2L/γ is an acoustic
Weber number, explains the h ∼ 1/U scaling of the experimental data
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Figure 2.9: Eigenvalues of the real component of the instability growth rate
Re[σ] as a function of the disturbance mode n, showing that
the film is always stable for ∂h pr < 0 and unstable for long
wavelengths, i.e., short wavenumber modes below n = ∂h pr.

in Fig. 2.10 for the threshold film thickness hc1 beyond which the film
becomes unstable in region (ii) of Fig. 2.7.

2.6 intermediate stable films

We now turn our attention to an analysis of the spreading dynamics of
these stable intermediate (also called thin in this thesis) films, shown
in figure 2.1 (b) and (c), 2.4(c) and 2.7 (a, iii)—films whose thicknesses
hk−1

l � β−1 are sufficiently large to permit appreciable generation of
acoustic waves in the film as a consequence of energy leakage from
the SW on the substrate into the liquid. Under these circumstances,
contributions to the spreading dynamics due to the acoustic radiation
pressure, SW attenuation and Eckart streaming, whose effects were
negligible in the thin film limit in §2.4, need to be taken into account.
In §2.6, we, however, first consider films of intermediate thicknesses on
the order k−1

l (typically 10–100 µm for common liquids for the system
parameters specified in §2.3) in which only the first two contributions
are dominant, and defer the introduction of effects due to Eckart
streaming in very thick films and sessile drops (h� k−1

l ) to §2.8.
The considered stable intermediate films here with thicknesses com-

parable to the acoustic wavelength in the liquid, hk−1
l � β−1, that,

under high frequency SW excitation (Fig. 2.11), satisfies the periodic
stable film thickness constraint in with the exception of the region
next to the three-phase contact line. The larger thicknesses of such
films, however, means that there is now appreciable SW energy leakage
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Figure 2.10: Correcting the linear stability prediction by accounting for the
azimuthal curvature of the film in the capillary stress term of
Eq. (2.44) is seen to improve the prediction of the onset of fluid
instability in region (ii) of Fig. 2.7(a).

from the substrate which, in turn, generates acoustic waves in the
liquid, therefore supporting the attenuation of the SW along its propa-
gation axis as well as the generation of an acoustic radiation pressure
at the free surface of the film. Ignoring edge effects and adopting a
similar approach to the linearisation in §2.6, the film thickness can
be assumed to approach a stable nominal value h0—considered large
with respect to the viscous penetration length since β−1 � k−1

l (i.e.,
h0 � 1) [165, 186, 199]—thus relegating any small deviations from the
equilibrium film thickness to the dominant balance between the cap-
illary and acoustic radiation pressures considered earlier. To leading
order, intermolecular forces can be neglected and since the acoustic
radiation pressure is satisfied by the capillary pressure, the volume
flux in (2.18) for the stable, nearly flat film can thus be approximated
by

Q|h�1 →
ε

η

χe−2αx

2
(cos ϕ− sin ϕ) h. (2.45)

From (2.23), the generalised film spreading equation (2.24), to leading
order, then takes the form

∂th = −∂x

[
χe−2αx

2
(cos ϕ− sin ϕ) h

]
, (2.46)
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Figure 2.11: Schematic of the leading edge of a film of intermediate thick-
ness where the SW penetrates the liquid and is attenuated. The
Eulerian film spreading velocity is denoted by dx1/dt.

subject to the approximated film profile

h/h0 ≈ 1 0 < x < x2(t), (2.47)

where x = 0 is the position of the film front where the liquid first
meets the propagating SW and x = x2(t) is the position of the film’s
rear edge; for simplicity, the film is assumed to terminate sharply at
these positions. In contrast to the case of thin films in §2.4, we retain
the term that accounts for the exponential decay of the SW under
the liquid for the case of Rayleigh SAWs since there is a loss in the
momentum of the SAW, generated at x → −∞, once it penetrates the
film at x = 0 and leaks its energy into the liquid, generating acoustic
waves in the liquid as a result.

The nearly constant thickness h ≈ h0 associated with the nearly
flat stable film, which is a consequence of the leading order balance
between the capillary and acoustic radiation pressures, nevertheless,
does not permit the usual Lagrangian treatment of the film spreading
dynamics in which the advancing film front, in a reference frame that
moves with the front, thickens to satisfy the flow into the contact line
region (in this case, the convective drift generated by the SW vibration)
whilst the trailing edge of the film thins to conserve the overall mass
of the film. Instead, the film thickness away from the advancing front
remains relatively constant (h ≈ h0) and any small deviation from
the stable thicknesses is suppressed due to capillary forces. Mass
conservation of the film then requires its free surface to be ‘displaced’
in the direction opposing that of the SW-induced drift given by (2.18).
For SWs whose propagation results in the retrograde trajectory of the
solid particle elements along the substrate, such as that in Rayleigh
SAW, ϕ = 3π/2 and hence the convective drift, from (2.18), is in the
same direction as the SW propagation direction. On the other hand,
SWs whose propagation results in the prograde trajectory of the solid
particle elements along the substrate, such as that in Sezawa SAW,
ϕ = π/2 and hence the drift is in the direction opposite to that of
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the SW propagation. In the case of the Rayleigh SAW, therefore, the
spreading of films of intermediate thicknesses occur in the direction
that opposes that of the SAW propagation in the Eulerian framework,
in contrast to the case of the co-propagating thin films in §2.4 which
are not subject to acoustic radiation pressure effects and hence the
constant thickness constraint (Fig. 2.1(a)).

Thus, reverting to an Eulerian framework using the coordinate
transformation (xE, yE) = (x + x1(t), y) and ∂t = ∂tE + (dx1/dt)∂xE ,
(2.46) can be written as

∂tE h + (dx1/dt) ∂xE h = −∂xE

[
χe−2α(xE−x1(t))

2
(cos ϕ− sin ϕ) h

]
,

(2.48)

where x1(t) is the position of the advancing film front in the Eule-
rian framework where the SW penetrates the liquid. Upon spatial
integration over the film and using Leibniz’s rule, (2.48) then becomes

∂tE

∫ x2

x1

h dx + h
(

dx1

dt
− dx2

dt

)
+

dx1

dt

∫ x2

x1

∂xE h dx =

−χh
2

(cos ϕ− sin ϕ)
[
1− e−2α(x2(t)−x1(t))

]
. (2.49)

Assuming that the mass of the spreading film does not change signifi-
cantly over time, the first term in (2.47) can be omitted and hence we
obtain

dx1

dt
− dx2

dt
= −χ

2
(cos ϕ− sin ϕ)

[
1− e−2α(x2(t)−x1(t))

]
. (2.50)

Physically, this implies that while the stable film thickness is governed
by a balance between acoustic radiation pressure and capillary stress,
the SW-induced volume flux in the film must be balanced by a comple-
mentary volume flux, invoked by the displacement of the film’s edges,
i.e., the spreading of the film front, in order for mass to be conserved.

When the film is drawn out from a large fixed reservoir, such as
a large sessile drop whose volume is significantly greater than that
of the film, dx2/dt ≈ 0 and the SW essentially attenuates completely
underneath the film and in the reservoir so that α(x2(t)− x1(t))� 1.
In this case, (2.50) can be simplified to

dx1

dt
= −χ

2
(cos ϕ− sin ϕ) , (2.51)

or, in dimensional form,

dx1

dt
= −χ

2
ε

η
U(cos ϕ− sin ϕ) = −χ

2
U2

ωβ−1 (cos ϕ− sin ϕ), (2.52)
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which describes the dynamic spreading of the film’s leading edge. For
SWs in the form of Rayleigh SAWs (ϕ = 3π/2), film spreading occurs
in the direction opposing that of the SW propagation, consistent with
that alluded to above.

Parenthetically, we note that the mechanism introduced here is
equivalent to the Rayleigh streaming induced spreading discussed
in a different work we derived [162]. The difference in the prefactor
to (2.51), i.e., 1/2 as opposed to 1/6 log 2 in the other result, simply
arises due to the different boundary conditions employed. Here, the
normal stress jump in (2.9) accounts for the balance in capillary and
acoustic radiation pressures at the free surface, whereas in the other
work, a stress-free condition for the normal stress at the free surface in
the large capillary number limit was assumed, that gave rise to the 1/6

factor multiplied by the curvature, resulting in the 1/ log 2 prefactor.
Comparison of both theories to the experimental results nevertheless
suggests that both approximations are in good agreement with that
observed.

When, for example, the 1/6 log 2 prefactor solution is scaled with
SAW wavelength λSAW, the position of the advancing film front xN as
a function of time t reads

xN(t)/λSAW ≈ − (1/6 log 2) (t/tc) , (2.53)

where tc ≡ Re−1/2
s

[
λSAW/

(
U3/cSAW

)1/2
]
= (2π/ε)(β−1/U) is a

characteristic spreading time scale, in which ε ≡ U/cSAW is the Mach
number in the solid and β−1 ≡ (µ/πρ f )1/2 is the viscous penetration
length. ρ and µ are the fluid density and viscosity, respectively, U
is the substrate (SAW) displacement velocity amplitude, cSAW is the
propagation speed of the SAW of frequency f , and ϕ = 3π/2 is the
phase difference between its longitudinal and transverse components,
which have roughly the same amplitude. We note that the streaming
Reynolds number Res ≡ ρUλSAW/4πµ is small, indicating that the
spreading of the film is driven by a weak convective mechanism—
Stokes drift—invoked by the viscous-dominant Rayleigh streaming
in the film. Not only is the linear relationship in equation (2.53) in
qualitative agreement with the experimental observations presented
in Fig. 2.12 (a), there is also very good quantitative agreement between
our theoretical prediction and the experimental results (see Fig. 2.12a
inset), remarkably in the absence of any empirical fitting parameters.
This inspires confidence in the proposed Rayleigh streaming theory
as the underlying film spreading mechanism. Further comparison
between the theoretically predicted and experimentally measured film
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velocities over a range of SAW amplitudes and frequencies, and fluid
viscosities is given in Figs. 2.12 (b) and (c).
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Figure 2.12: (a) Displacement of the advancing film front xN with time t as a
function of the substrate (SAW) displacement velocity U, fluid
viscosity µ and frequency f , parameterised by the streaming
Reynolds number Res. The same experimental data is replotted
in dimensionless form in the inset by normalizing xN and t with
the scaling apparent in equation (2.53), i.e., x̂ ≡ xN/λSAW and
t̂ ≡ − (1/6 log 2) t/tc, where λSAW is the SAW wavelength and tc
is the characteristic spreading time scale; the collapse of the data
with the universal spreading law derived indicates the excellent
agreement between the theoretical prediction and experimental
observations. Legend: +: U = 0.16 m/s, µ = 500 mPa.s, f = 19.5
MHz (Res = 0.0052, β−1 = 1.14 × 10−6 m); : U = 0.13 m/s,
µ = 50 mPa.s, f = 32.7 MHz (Res = 0.025, β−1 = 2.78× 10−7 m);
4: U = 0.185 m/s, µ = 100 mPa.s, f = 19.5 MHz (Res = 0.03,
β−1 = 5.1× 10−7 m); ×: U = 0.21 m/s, µ = 50 mPa.s, f = 19.5
MHz (Res = 0.0682, β−1 = 3.6 × 10−7 m); : U = 0.26 m/s,
µ = 50 mPa.s, f = 19.5 MHz (Res = 0.0845, β−1 = 3.6× 10−7 m);
•: U = 0.31 m/s, µ = 50 mPa.s, f = 19.5 MHz (Res = 0.1, β−1 =
3.6× 10−7 m). β−1 is the viscous penetration length. Two distinct
devices were used to generate the two SAW frequencies reported
in the data set. The subfigures on the right portray the variation
in the velocity of the advancing film front with (b) the substrate
(SAW) displacement velocity amplitude U, and, c, the fluid
viscosity, showing the comparison between the experimental
data and the theoretical prediction given by equation (2.53). In
the former, the fluid viscosity is held constant at 100 mPa.s and
in the latter, U = 0.185 m/s. The SAW frequency is fixed at
19.5 MHz in the latter case. In all cases, error bars denote the
standard error for n = 3 runs for each data set.

2.7 fingering instabilities due to fresnel diffraction

As shown in Fig. 2.3, the interdigital transducer (IDT) electrode com-
prises 42 interdigitated finger pairs of finite aperture, the center of
each pair being placed one SAW wavelength away from the center of
the adjacent pair. Each interdigitated electrode pair is modelled as a
one-dimensional linear ‘slit’ with length L equal to the IDT aperture,
emitting a SAW directed normal to the ‘slit’ in both the positive and
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negative x0 directions, in analogy to the identical effect seen in optics
in light propagating from finite width slits. Ignoring reflection of the
SAW upon contact with subsequent electrode pairs, the effects of the
metallisation ratio, and other nonlinear effects that are not direct con-
tributors to the Fresnel diffraction, we model the mutual SAW signal
from the 42 interdigitated electrode pairs as a superposition of the
SAW signal emitted from the same number of one-dimensional ‘slits’,
each ‘slit’ separated from its neighbour ‘slit’ by one SAW wavelength.
The spatial intensity of the SAW produced by one ‘slit’ is then given by
the Kirchhoff integral and is approximated here by a Fresnel integral
of the form

An(x0,n, z0) =
1√
2

∫ N+

N−
e−iπζ2/2dζ, (2.54)

where

N± ≡ x0,n ± L/2√
λSAWz0/2

. (2.55)

In the above, x0,n = x0 − nλSAW and z0 are Eulerian spatial coordi-
nates tangent to the solid surface, along and transverse to the SAW
propagation axes, respectively, with their origin located at the center
of ‘slit’ n. z0 = ±L/2 are the transverse coordinates representing the
edges of the ‘slit’. The spatially superimposed absolute SAW intensity
produced by the IDT is then given by the summation rule

A(x0, z0) = ∑
n

An(x0,n, z0). (2.56)

For convenience, we model the SAW diffraction by setting the origin
of the Eulerian coordinate x0 in equation (2.56) at the outer IDT ‘slit’
first encountered by the liquid film. Considering comparisons between
theory and experiment in earlier work36–38, the agreement obtained
between the predictions obtained from equations (2.54)–(2.56) with
the experimental results is fairly reasonable with deviations isolated
to the mid-section of the SAW beam, as observed in Fig. 2.13. These
deviations can possibly be attributed to the simplifying approximation
of a simple ‘slit’ from which a sound beam is emitted to model the
Rayleigh wave SAW beam generated when each IDT pair operates
out-of-phase with the other, the omission of wave reflections on con-
tact with subsequent electrode pairs, the high SAW energy density
that gives rise to second order nonlinear effects in its transmission
path, and, to a lesser degree, the use of a theory for homogenous
substrates (i.e., the speed of sound is identical in all directions) to
model SAW diffraction atop the lithium niobate substrate, which is



2.8 thick films: effect of eckart streaming 53

weakly-heterogeneous, at least along the surface in the present crystal
cut.

The images in Figs. 2.3(d) and 2.13 show the transverse fingering
instability that subsequently develops along the advancing film front.
Laser Doppler vibrometer (LDV) scans of the substrate displacement
velocity directly beneath the fingers in Fig. 2.13a reveal the existence of
transverse variations in the SAW amplitude. Agreement between the
LDV measurements with predictions based upon a Fresnel integral
diffraction model (see Supplementary Information for further details
of the model), as seen in Fig. 2.13(a), then suggests that the transverse
SAW amplitude variation arises as a consequence of Fresnel diffraction
due to the finite aperture of the interdigital transducer (IDT) electrode;
a modest quantitative discrepancy is present, common in the mod-
elling of Fresnel diffraction phenomena. Given the dependence of the
wetting speed of the advancing film front on the SAW amplitude U,
apparent from equation (2.53), such transverse variations in U impose
a corresponding fluctuation in the wetting speed across the leading
edge of the film, and drives a transverse instability that results in the
fingering patterns observed in Figs. 2.3(d) and 2.13(a).

This is further corroborated by favourable comparisons between
the fingering patterns and the Fresnel diffraction distribution at pro-
gressively longer distances from the IDT along the SAW propagation
direction (Fig. 2.13(b)). The coarser appearance of the fingering fas-
cinatingly corresponds to the broader, longer wavelength features of
the Fresnel diffraction the further away the comparison is made from
the IDT that generates the SAW. Curiously, and in further support
of Fresnel diffraction as the mechanism responsible for driving the
fingering instability, the finger spacing was found to be linearly de-
pendent on the wavelength of the SAW, yet insensitive to changes in
the SAW aperture and the ‘gap’ between the individual IDT finger
tips and the adjacent bus bar (Fig. 2.14).

2.8 thick films: effect of eckart streaming

Finally, we consider films or sessile drops that are sufficiently thick
(h� k−1

l ) that Eckart streaming—the bulk vortical flow that arises as a
result of the net volume force generated as the acoustic wave intensity
in the liquid decays due to viscous dissipation or due to the attenuation
of the SW—can no longer be neglected. As the film thickness increases
beyond a critical value, Eckart streaming becomes the dominant flow
within the film/drop, overwhelming the convective drift invoked by
direct contact between the SW and the liquid that we have considered
to this point, and consequently driving the film to spread or sessile
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Figure 2.13: (a) Magnified image of the advancing film front showing the
fingering instability triggered by transverse Fresnel diffraction
of the underlying SAW directly above the IDT, as measured via
a LDV scan of the substrate displacement beneath the fingers
(see bold grey line in the inset above the image). Also shown by
the thin blue line in the inset is the displacement predicted by
the Fresnel diffraction model, which agrees well with the LDV
results. The LDV data is provided as the root-mean-square dis-
placement velocity amplitude U along the transverse z-direction.
The scale bar denotes a length of ≈ 1 mm. (b) Similar images
of the fingering patterns at positions λSAW, 10λSAW and 35λSAW
(left to right) from the edge of the IDT, respectively, along the
SAW propagation axis; λSAW is the SAW wavelength and the
scale bars denote lengths of ≈ 1 mm. A magnified image of the
finger patterns for each location is shown below together with
the corresponding transverse displacement velocity amplitude U
predicted by the Fresnel diffraction model, again showing good
qualitative agreement.
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Figure 2.14: Dependence of the characteristic spacing of the fingering pat-
terns on a, the SAW wavelength (and hence frequency), b, the
IDT aperture, and, c, the ‘gap’ between the IDT finger tip and
bus bar. The measurement is made when the advancing front of
the film where the finger patterns develop reaches the middle
of the IDT. When not varied, the SAW frequency, IDT aperture
and distance between the IDT finger tip and bus bar are held
constant at 32.7 MHz, 7 mm and 500 µm, respectively. It can be
seen that the fluid finger spacing is almost linearly dependent
(R2 = 0.98) on the SAW wavelength but is independent of the
IDT design. The error bars denote the standard error for n = 10
finger patterns for each point.

drops to translate in the direction of the SW propagation—that drops
translate along the SW propagation direction under Eckart streaming is
well known (see, for example, Tan et al. [191], Brunet et al. [28], Friend
and Yeo [58]) and shown in Fig. 2.15.

As a first approximation to the acoustic beam, consisting of com-
pressional acoustic waves that propagate through the liquid as energy
from the attenuating SW leaks into the liquid, we consider an acoustic
field in a half-space of liquid, generated by similar excitation to that
in (4.1). Ignoring the viscous attenuation of the acoustic beam close
to the substrate boundary, which is typically weak compared to the
attenuation of the SW [181], this satisfies [31] ux

uy


y>0

=

 Uei(tω+ϕ)−(α+ik)(x+ξy)/ξ

Uei(tω+ϕ)−i(k−iα)(x+ξy)

 , (2.57)

where ξ =
[
(kl/k)2 − 1

]1/2
. The dimensional volume force along the

solid surface, i.e., along the x-coordinate, that is generated by the SW

described by (2.57) can then be written as [181]

Fx = (ρu · ∇u + u∇ · ρu) · x̂ ≈ ραU2
(

1 + ξ2

ξ2

)
+O(αk−1), (2.58)

where x̂ is the unit vector along x; here, both x and y are assumed to
scale with k−1. In search of the viscous volume flux associated with
(2.58), we seek a solution for the streamfunction ψE that satisfies the
no-slip boundary condition at the solid/liquid boundary ∂yψE|y=0 = 0,
the stress-free condition along the tangent to the free surface of the
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film ∂yyψE|y=0 = 0, and a volume force Fx of the dimensional form
∂yyyψE = −Fx/µ. Dimensionally, this reads

ψE =
α
(
ξ2 + 1

)
ρU2y2(3h− y)
6µξ2 . (2.59)

The corresponding volume flux (also dimensional) is then

QE =
αh3 (ξ2 + 1

)
ρU2

3µξ2 . (2.60)

Equating the volume flux imposed by SW induced drift in §2.6, i.e.,
Q ≈ h (dx1/dt) wherein dx1/dt is obtained from the expression in
(2.52), and for Eckart streaming in (2.60) then leads to∣∣∣∣ Q

QE

∣∣∣∣ ≈ 3χ

4
α−1β−1

h2 |cos ϕ− sin ϕ|
∣∣∣1− (k/kl)

2
∣∣∣ . (2.61)

It is interesting to note that the volume flux ratio in (2.61) is inde-
pendent of the SW velocity amplitude U. Further, we observe that h
is naturally scaled by the mean of the viscous penetration length β−1,
which is the characteristic scaling for the viscous flow layer Rayleigh
streaming invoked directly by the SW motion, and the SW attenuation
length α−1, which is the characteristic scaling for the Eckart streaming.

For Rayleigh SAWs where ϕ = 3π/2, requiring |Q/QE| < 1 in (2.61)
for Eckart streaming to dominate at the onset of the flow reversal
(h ∼ Hc2) and matching the parameter values used in the experiments,
i.e., µ = 10−1 Pa·s, ρ = 103 kg/m3, U = 10−1 m/s, ω/k = 4× 103

m/s, ω/kl = 1.5 × 103 m/s, α = 103 m−1, χ ≈ 1 and ω/2π =

30× 106 Hz, then leads to Hc2 ≈ 90 µm, which is in approximate
order-of-magnitude agreement with the critical heights hc2 obtained
experimentally (Fig. 2.4(d) and later in Fig. 2.17.

2.9 soliton-like wave emergence and propagation

The finger formation is followed by the emergence of wave pulses
(see Figs. 2.3(d) and (e) and 2.13(a), that, from Fig. 2.16, appear to
grow mainly from the capillary ridges above the advancing film front
and eventually translate away in the direction reverse to that of the
film spreading (i.e., along the SAW propagation direction), exhibit-
ing soliton-like behaviour and maintaining a constant volume. The
dimensions of the wave pulses were found to be insensitive to the
SAW power and fluid properties, only depending on the wavelength
of the SAW. We attribute the initial growth of the film (Fig. 2.16(a) and
(b) to the continued flow into the capillary ridge as the film spreading
is arrested at a specific location along the IDT.
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Figure 2.15: Snapshots for drop translation under Eckart dominant flow,
where the drop dimension is many times larger the acoustic
wavelength. Time difference between each image is 0.01s.

film direction
parent
 drop

capillary 
ridge

‘soliton-like’ wave 
pulse propagation

LN

LN

LN

a

c

b

SAW

hcritical ⇡ �SAWhcritical SAW�

h

parent 
dropthin filmridge

critical height

Wave pulse 
propagation

Figure 2.16: Schematic (left) and fluorescent images (right) showing a, the
capillary ridge at the leading edge of the advancing film front
pulled out from the parent drop in the direction opposing that of
the SAW propagation. b, The capillary ridge subsequently grows
when the film is prohibited from spreading further to form c, a
‘soliton-like’ wave pulse that propagates away in the direction
opposite to that of the film spreading once the film height h
reaches a threshold value hcritical ≈ λSAW at which point Eckart
streaming begins to dominate; λSAW being the SAW wavelength.
Dashed lines were added to aid visualisation of the thin film.
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Figure 2.17: Comparison between the frequency Φ at which the wave pulses
are generated, predicted by applying volume conservation across
a control volume around the capillary ridge region, with exper-
imentally measured data. The inset shows the critical height
hcritical (normalised by the SAW wavelength λSAW) to which
the capillary ridge (wave pulse) grows before it translates away
under Eckart flow. This is measured as a function of the ap-
plied power for different frequencies and liquid viscosities. The
error bars are the standard errors for n = 5 wave pulse size
measurements for each point.
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More specifically, the growth of the capillary ridge to form a soli-
tary wave-like structure can be attributed to continued inflow into
the nose of the film due to Rayleigh streaming, as long as the film
front is prohibited from further spreading and as long as there is no
mechanism for outflow away from the ridge region. The former occurs
because the SAW is partially composed of a standing wave within the
IDT and assumes a complete standing wave form at some location
along the IDT. The latter is true as long as the height of the film and
ridge remain sufficiently small such that the confinement provided
by their thicknesses prohibit sufficient pathlength to attenuate the
energy leaked into the fluid by the SAW to drive Eckart streaming.
Given that the dominance of Rayleigh streaming over Eckart streaming
begins to wane as the ridge (wave pulse) thickness h exceeds λl , it is
reasonable to assume that the ridge (wave pulse) grows to this critical
threshold height hcritical ∼ λSAW > λl before being transported away
in the opposing direction due to the now dominant Eckart flow. This
is verified by experimental measurements of hcritical, which appear to
strongly correspond to λSAW irrespective of the viscosity, frequency,
or input voltage (see Fig. 2.17 inset).

Volume conservation applied over a control volume around the
capillary ridge region then permits an estimation of the rate at which
these wave pulses appear since the rate at which each capillary ridge
(wave pulse) height grows must equal the volumetric inflow rate into
the capillary ridge region. Given that the latter can be estimated from
the velocity (equation (2.53)) and film thickness (≈ 20 µm), the rate
at which these wave pulses are generated can then be predicted if it
is assumed that the capillary ridge grows to hcritical before translating
away. The close agreement in Fig. 2.17 not only verifies the postulated
reason for the existence and transport of the wave pulses but also sup-
ports the proposed mechanism underpinning the spreading dynamics
which forms the basis on which equation (2.53) is derived.

2.10 concluding remarks

In this work, we have derived a generalised model that governs the
dynamic spreading behaviour of liquid films on substrates under high
frequency (MHz order) vibration in the form of propagating SWs. In
contrast to low frequency (Hz to kHz order) excitation, the viscous
penetration length β−1, which scales inversely with one half the ex-
citation frequency, becomes sufficiently thin at high frequencies, to
the point at which it is then effectively comparable to the capillary–
molecular length scale characteristic of the contact line region such
that it exerts a considerable influence on the contact angle, thus trig-
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gering the spreading of the film. In particular, the film spreading is
driven by the invocation of a dominant viscous periodic flow, which
supports a weak convective and steady contribution in the form of a
confined Reynolds stress that may translate into an effective surface
force or an equivalent convective drift near the contact line region.
In fact, the role of β−1 is prevalent and appears throughout the ex-
pressions governing the spreading in various cases, be it in the point
surface force that arises due to the coarse-grained Reynolds stress on
the interface in the case of low surface energy substrates where the
initial contact angles are large [126], or in the velocity of the advancing
front in (2.52) for films of intermediate thicknesses on high surface
energy substrates [162]: the smaller the value of β−1 as the excitation
frequency is increased, the larger the force or the velocity. Both di-
rectionality and phase of the substrate excitation are also found to
play an important role, influencing the direction along which the film
spreads: spatially-isotropic vibration on the substrate was found to
render axisymmetric spreading in all directions whereas directionally-
propagating SWs were found to render spreading along a specific
direction, influenced by the phase of the SW between its longitudinal
and transverse component.

The diversity of height scales that a liquid body can assume relative
to the viscous penetration length β−1 then yields various scenarios for
the spreading film as uncovered in recent experiments. This is captured
through the generalised film spreading equation derived in (2.24),
particularly for thin and intermediate films whose spreading is solely
due to the convective drift generated by the dominant viscous periodic
flow arising directly from the interaction of the undulating substrate
boundary as the SW traverses it with the liquid in the film immediately
adjacent to the substrate over a length scale described by the viscous
penetration length β−1. For sufficiently thin films (h ∼ β−1 � k−1

l )
which are not able to support the propagation of acoustic waves into
the liquid due to the leakage of SW energy from the substrate, the
acoustic radiation pressure acting on the interface is negligible; the
convective drift generated by this dominant viscous periodic flow
described by (2.28) is then the primary mechanism that drives the
spreading of these thin films in the same direction of the drift, which,
in turn, is along the propagation direction of the SW for the case
of Rayleigh SAWs. In the inertial limit in which the convective drift
dominates the film dynamics over capillary effects, the film is observed
to spread self-similarly as t1/4, consistent with that observed in the
experiments. Films of intermediate thicknesses (hk−1

l � β−1), on the
other hand, permit the leakage of the SW energy from the substrate
to produce acoustic waves in the liquid, and are therefore influenced
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by an additional stress mechanism, namely, the acoustic radiation
pressure, leading to stable and unstable films (or regions within a film),
in addition to the drift flow, which together, impose a volume flux that
causes the film to spread with constant velocity according to (2.52) in
the opposing direction to that of the drift, and, in the case of Rayleigh
SAWs, opposite to the SW propagation direction, consistent with that
observed experimentally. For thick films and sessile drops whose
characteristic thickness h � k−1

l is sufficient to permit an adequate
path length for the viscous attenuation of the acoustic wave generated
in the liquid through leakage of the SW energy from the substrate, long-
range vortical Eckart streaming dominates and drives the film/drop to
translate in the direction of the SW propagation. As such, two critical
film thicknesses exist, associated with the transitions at which the
film spreading reverses its direction as the film thickness is increased
beyond the range over which each phenomenon dominates.





3
F L U I D P U M P I N G A N D M I X I N G O N PA P E R - B A S E D
M I C R O F L U I D I C S D R I V E N B Y S AW

Our thorough understanding of films and how different streaming phenomena
dominate at different length scales is implemented here in the use of Eckart
streaming — which dominates at fluid length scale larger than λSAW — to
drive atomisation at a paper-based microchannel’s tip, which in turn pulls
and mixes fluids along a Y-channel structure. The mixing induced by the
30 MHz acoustic waves is shown to be consistent and rapid, overcoming
several limitations associated with its capillary-driven passive mixing coun-
terpart wherein irreproducibilities and nonuniformities are encountered in
the mixing along the channel. Capillary-driven passive mixing offers only
poor control, is strongly dependent on the paper’s texture and fibre alignment,
and permits backflow, all due to the scale of the fibres being significant in
comparison to the length scales of the features in a microfluidic system. Using
a novel hue-based colourimetric technique, the mixing speed and efficiency is
compared between the two methods, and used to assess the effects of chang-
ing the input power, channel tortuousity and fibre/flow alignment for the
acoustically-driven mixing. The hue-based technique offers several advantages
over grayscale pixel intensity analysis techniques in facilitating quantification
without limitations on the colour contrast of the samples, and can be used,
for example, for quantification in on-chip immunochromatographic assays.

3.1 introduction

The increasing costs of in-patient healthcare compounded by the
chronic shortage of medical professionals in many developed nations
underlie a need to shift diagnosis from the hospital to the patient at
home or in the physician’s office to facilitate prevention or early de-
tection and timely treatment of disease. Widespread implementation
of point-of-care testing, however, requires portable, inexpensive and
reliable diagnostic technologies for which microfluidics has become a
key area of research[223]. Nevertheless, few microfluidic diagnostic
devices have been commercially successful, due to their complexity,
difficulty in integration, and especially the cost of producing them in
large quantities. Paper-based microfluidics offer an exciting alternative
to standard polymer and integrated circuit substrate materials, poten-
tially lowering the mass production costs of even complex microflu-
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idics devices to serve the needs of healthcare systems in developed
nations, and perhaps even to the point where the technology becomes
an affordable solution to the unfortunate lack of even basic medical
equipment or medical expertise in developing nations [216, 133].

In their simplest form, paper-based microfluidic diagnostics are
based on lateral flow immunochromatographic assays (a well-known
example being the home pregnancy test strip) where the physiolog-
ical sample is drawn through a paper strip via capillary action to
regions where antibodies specific to the detection protocol are immo-
bilised. An absorbent pad placed at the waste end of the strip is often
used to aid in drawing sufficient volume of the sample across the
antibodies. Creative microfabrication and microfluidic strategies have
recently been proposed to advance this simple technology beyond the
one-dimensional lateral flow strip to allow for multiplex operation
or multianalyte detection and to enhance detection sensitivity and
quantification, whilst minimising the costs associated with producing
these test kits [130, 1, 129, 53, 61, 62].

The ability to use paper in place of soft lithography polymer ma-
terials and especially silicon, glass and other such materials typically
employed for integrated circuit fabrication is justifiable on more than
cost alone, given the convenience of working with it. Hydrodynamic fo-
cusing, dilution, mixing and separation schemes have been developed
that employ capillary wetting, an attractively simple transport mecha-
nism that eliminates the pumps and active mixing devices typical of
standard microfluidics[151].

Unfortunately, capillary wetting offers only rudimentary control
over these processes. Moreover, irregularities in the porosity as well
as the anisotropy and irregularity of the fibre orientation and length
in paper altogether leads to nonuniformity and unpredictability in
the capillary flow through the paper compared to flow in channels
made from silicon, glass, or polymers in conventional microfluidic
devices, especially for dynamic operation. When controllability and
uniformity of the flow are important, an alternative to capillary flow
is worth considering: active transport mechanisms through external
forcing, e.g., with electric or acoustic fields [183, 223]. Whilst the
introduction of such microfluidic actuation schemes appears contrary
to the principle of simplicity and the inexpensive nature of paper-
based devices, the advantages of controllability and uniformity help
offset this concern, especially given recent developments in surface
acoustic wave (SAW) microfluidic transport [222, 58, 204] that may
be driven by inexpensive, miniature battery-powered circuits (see, for
example, Ref. [157]) which can thus be integrated with the paper-based
device.
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In particular, SAWs have been shown to provide a useful means to
extract bioanalyte molecules from paper substrates via atomisation
for further analysis [158], for example, using mass spectrometry [76,
77]. Whilst this work focussed on the post-atomisation integrity of
the molecular structures as they are transported through and out
of the paper network [158, 77], we demonstrate here the possibility
of extending the fast atomisation-induced fluid transport through
paper to facilitate uniform mixing of two fluids within the paper
structure, in particular, for the purpose of enabling low cost point-of-
care paper-based diagnostics in a portable integrated device. Although
the method is reminiscent of evaporative-driven transport inspired
by transpiration in plants [142], atomisation[156] does not rely on
phase change, which is difficult to control and often requires stringent
temperature regulation [226], which can be costly and impractical
in paper-based microfluidic devices. Moreover, the flow velocities
generated using SAW atomisation, even in paper-based channels,
are at least one to two orders of magnitude larger than the ultra-
low flows in evaporative-driven transport in microfluidic channels or
passive capillary-driven flows through paper channels. Further, the
SAW mechanism is shown in this work to promote fast, uniform and
consistent mixing in paper networks compared to that obtained via
capillary action.

In quantifying the mixing performance, we introduce an alternative
colourimetric technique employing the hue instead of the intensity
(or brightness), enabling the use of multiple colours in a manner not
possible with traditional methods that employ grayscale [115, 185,
93] or a specific colour channel, for example, the red component
of the RGB colour space [30]. In addition, the method provides the
ability to dynamically track the progression of the colour change
both in space and time without requiring a large colour contrast as is
required using grayscale analysis. Moreover, in contrast to grayscale
methods which are based on intensity and hence sensitive to the
illumination consistency across runs, the hue method is robust under
different lighting conditions through normalisation by exploiting the
property that hue values vary linearly with the colour scale. This
also allows the method to easily be extended to include more than
two colours. Finally, this quantitative technique can be employed to
provide quantitative analysis and hence extend currently available
immunochromatographic assays that are, at present, limited to visual
qualitative tests [135], such as the duplex test for influenza type A
and type B antigens and triplex tests for HIV–1 and hepatitis B and C
viruses [44].
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Location Number 1 2 3 4 5 6 7 8 9 10 11 12 
Distance along the 
pathlength (mm) 0 4.55 9.1 13.65 18.2 22.75 27.3 31.85 36.4 40.95 45.5 50.05 

12 
12 

11 
11 

Figure 3.1: Different channel branch configurations and the mixing effect
within: (a) zigzag , (b) curved, and (c) straight. The numeric labels
indicate the locations at which the quantification is carried out.

3.2 materials and methods

3.2.1 Paper Channels

Y-shaped flow channels with two inlets merged to form a single outlet
channel were created in paper using a similar protocol to FLASH (Fast
Lithographic Activation of Sheets) [131]. The outlet channel was either
patterned as a straight, curved in a serpentine fashion, or fabricated
in a zigzag pattern with straight-line sections joined by sharp corners,
as shown in Fig. 3.1. First, polyester-cellulose clean room paper (Lym-
Tech, Chicopee, MA, USA) was soaked into a photoresist mixture
(56.3% by volume SU8–25 + 37.5% by volume PGMEA + 6.2% by
volume triarylsulfonium hexafluorophosphate salts (photoacid)) for
20–30 minutes to allow the paper to fully absorb the photoresist.
After removing the paper from the solution and draining off excess
photoresist, the paper was baked at 70

◦C for several minutes until
a semi-dry surface was obtained. The paper was then covered with
an inexpensive polyester plastic film photomask for negative tone
exposure (the channels were black at 4000 DPI resolution), exposed
to UV flood lighting for 30 minutes and subsequently baked for 5–6

minutes until the surface became dry. The unexposed regions of the
photoresist were then removed from the paper by immersing it in
acetone for 1–2 minutes.
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Figure 3.2: (a) Image of the focused SPUDT across which an oscillating RF
signal is applied to generate the SAWs that act to draw flow
through the paper microfluidics device. (b) The end of the flow
channel at the edge of the paper is placed at the focal point of the
SAW such that (c) the atomisation of the fluid out of the channel
at the paper edge draws liquid through the Y-channel from its
two reservoirs.

Although a variety of channel widths can be patterned, we demon-
strate the technique with 2-mm wide channels. Narrower channels
improve mixing, though at the cost of our ability to quantify the
mixing—as the colour is assessed across the width of the channel in
our structure that stretches over a length of 5 cm, even high resolution
cameras are unable to accurately resolve the mixing with channels
1 mm in width or narrower whilst maintaining a field of view that
encompasses the entire channel length. Though it is possible to zoom
in to particular locations or use several cameras, the speed of the flow
under certain conditions and the simple aim of the study in comparing
behaviour between capillary- and SAW-driven mixing both suggest
that, for now, a simple approach is best. Fluids were introduced onto
the paper by first horizontally suspending two pippettes, each contain-
ing 10 µ` of coloured dye. To ensure that equivolumes of both fluids
were deposited onto the paper at approximately the same time and
location in both reservoirs, the pipette tips were then placed just above
the paper surface and the plungers simultaneously pushed with equal
displacements using a flat backing piece that spanned both plungers.

3.2.2 SAW Device

Using standard UV lithography, chromium–aluminium elliptical SPUDT
electrodes were patterned on a 127.86o y-x rotated single crystal
lithium niobate (LN) piezoelectric substrate (Fig. 4.9(a)) [222]. The
gap and width of the interleaving electrode fingers were patterned
to produce focused SAWs with 132 µm wavelengths, corresponding
to a resonant frequency of 30 MHz. Applying a sinusoidal electrical
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signal at this frequency then generates a Rayleigh SAW propagating
from the SPUDT towards a focal point on the substrate. The end of
the paper channel is placed at this point (Fig. 4.9(b)). As depicted
in Fig. 4.9(c), the fluid in the paper channel is drawn out to form a
meniscus which subsequently atomises at the edge of the LN sub-
strate, thereby resulting in a negative pressure gradient that draws
fluid through the channel. For this method to work best in the paper
microfluidics application, the channel structure must be pre-wetted.
In the case of aqueous reagents, the channel can be pre-wetted using
organic liquids given that these can still be atomised using the SAW.

3.2.3 Colourimetric Analysis

Fluid mixing in microchannels is commonly quantified using grayscale
techniques, either involving the standard deviation from a reference
value or the mean value of the pixel intensity [115, 144]. Both methods,
however, require two fluids with a strong contrast in intensity between
them—in other words, the grayscale technique works best when one
fluid is bright and the other is dark in intensity in response to trans-
mitted or reflected light. This often means that one fluid needs to
be fluorescent and the other colourless to enable good quantification
of their mixing. What this typically means is that the analysis is not
just limited to the mixing of two fluids—the limitation also extends
to the type of fluids that can be used since a colour difference be-
tween the fluids alone is rarely sufficient for quantification. Moreover,
such limitation in grayscale techniques also place severe restrictions
on the quantification of immunochromatographic assays in practical
diagnostic tests, and the detection of most colour changes in chemical
reactions.

To the best of our knowledge, only one colourimetric technique has
been proposed to date for quantifying the mixing intensity[30]. In
this technique, the red component of the RGB colour space was used
to quantify the mixing of a small quantity of red dye agitated in a
transparent fluid container. As with grayscale models, this technique
is limited to two fluids, one with a primary colour (red, green or blue)
and the other colourless. Often, however, the analysis is restricted to
the samples that are to be assessed and hence the choice of colour (or
absence of colour, for that matter) is not always available, especially in
practical diagnostic assays that may exhibit changes in colours over
time or location without significant change in intensity.

To circumvent these limitations, we propose the hue as an indepen-
dent means to quantify mixing. Every colour, independent of intensity
(and hence the method and consistency of illumination), has a base
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hue value (see the colour bar in Fig. S1 in the ESI). As the colour shade
varies upon mixing, the hue values change correspondingly and can
be tracked both spatially and temporally. For simplicity and to demon-
strate the concept, we mix two aqueous solutions of different coloured
food dyes from two separate reservoirs as they are drawn from the side
Y-branches connecting the reservoirs into a single channel with the
SAW. One reservoir contained a blue solution with hue Hblue ≈ 210
and the other contained a yellow solution with hue Hyellow ≈ 50, such
that they form a green solution with a hue value Hgreen ≈ 130 when
mixed in equal amounts and concentrations. More specifically, upon
mixing two 10 µ` drops of the two coloured solutions, the hue changes
to a value described fairly well by linear interpolation between the
hues of the original solutions, using the ratio of the blue and yellow
dye concentrations 3.3.
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Ratio of blue to yellow
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Figure 3.3: Hue values for different colours (top) and that of a mixture of
two 10 µ` drops containing varying concentrations of blue and
yellow dye (bottom). The data was linearly fitted with R2 = 0.989

(n = 5).

A digital SLR camera (EOS 550D, Canon, Utsnomiya, Japan) fitted
with a macro lens (EF-S, 60 mm focal length, F/2.8, Canon, Utsnomiya,
Japan) for high resolution imaging was used to photograph the fluid
channel region in 0.5 second intervals, as shown in Fig. 3.1. Each
image was processed to recover channel cross-sections 60 pixels wide
by 5 pixels tall at specific locations along the channel’s path length,
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taking into account their tortuousity. The hue values of the pixels were
normalised as follows:

Hblue/yellow =
H − Hgreen

Hblue/yellow − Hgreen
; (3.1)

a mixing index can then be obtained by averaging this normalised hue
value over the 300 pixels in each channel cross-section at steady-state.
Each run was performed three times to assess the variability in the
results; the reported data is thus the statistical result of all three runs.
Due to the way the normalisation is performed, either unmixed blue
or yellow will give a normalised hue value of 1, while a fully mixed
combination of equal parts of blue and yellow to give green will
result in a normalised hue value of 0. For each of the positions along
the microfluidic path, the average normalised hue value can also be
determined as a function of time, as shown in Fig. 3.4 for the curved
channel in Fig. 3.1(b).
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Figure 3.4: Mixing intensity (the normalised hue value given in averaged
across the pixels in a cross-section of the channel at several prede-
termined locations) as a function of time for the curved channel
shown in Fig. 3.1(b). The normalised value of the fully unmixed
(blue or yellow) states is 1 and approximately 0 for the fully mixed
(green) state. We note that there is a slight increase in the hue
value at the beginning of the experiment due to the initial filling
of the channel; the steady hue values in the reservoirs, on the
other hand, are accounted for in the normalisation of Eq. (3.1).
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Figure 3.5: A comparison of the wetting speed through the paper channel for
capillary- and SAW-driven transport (with various input power
levels) indicates the nearly constant velocity flow induced by the
SAW and the recovery of the Washburn model prediction for
capillary-driven fluid transport. The former is substantially faster
for channels longer than about 2 cm. The inset shows a rescaling
of the data for the capillary-driven flow (0 W), indicating that the
flow eventually slows beyond the predicted rate of the Washburn
model due to evaporation.

3.3 results and discussion

3.3.1 SAW-Driven Flow Compared to Capillary-Driven Flow

Figure 3.5 shows a comparison between the wetting speeds due to
pure capillary action in which fluid is pushed through the channel and
that due to the SAW in which fluid is pulled through the channel. It
is clear that the mechanism by which fluid is transported along the
paper channel using SAW is somewhat different to capillary imbibition
through the paper pores, predicted by the Washburn scaling x ∼ t1/2

(x being the length along the channel traversed by the advancing fluid
front and t being time)[205, 153, 63] that arises from a balance between
the viscous and capillary stresses that dominate the flow behaviour.
Over longer periods of time, evaporation causes the flow to deviate
from the Washburn model, as shown in the inset of Fig. 3.5—such
behaviour was also observed elsewhere.[11] In contrast, the negative
pressure gradient generated within the paper channel due to the SAW
atomisation at the edge of the channel drives flow within the channel
which can be characterised by a balance between the dynamic pressure
and capillary stress, yielding x ∼ t in agreement with the linear
response exhibited in Fig. 3.5. This indicates a dominant convective



72 uniform mixing in paper-based microfluidic systems using saw

mechanism in which fluid is transported over the paper surface rather
than through the pores of the paper. It is worth emphasising that the
above mentioned linear scaling with SAW is valid even when longer
channels are employed due to the constant atomisation rate which is
the mechanism that drives the flow within the channels.

The SAW-driven convective transport of the fluid over the paper nev-
ertheless provides more than merely higher flow
speeds (and hence reduced assay times, thereby reducing problems
due to evaporation and dryout in paper-based assays). The SAW-
driven flow is observed to be more uniform and predictable compared
to its capillary-driven counterpart, in which inconsistencies in the flow
behaviour are commonly observed due to irregularities in the fibre
alignment and length—the source of the large error bars in Fig. 3.5 and
the poor behaviour observed in the mixing experiments we describe
below (see, for example, Fig. 3.6(a))—this despite the higher quality
and more expensive clean room paper used in this study. Even if the fi-
bre orientation could be controlled, the scale of the fibres is significant
in comparison to most microfluidic structures, and anisotropy exists
in the wetting characteristics between the direction along the fibres to
across them, both of which also lead to irregularity in the flow.

Another advantage of SAW transport is the elimination of backflow,
where capillary flow from one inlet reservoir travels down to the Y-
junction and both down the outlet leg as well as up the inlet leg of
the other reservoir (Fig. 3.6(b)). This can occur if a fluid is not present
at the Y-junction or if there is an imbalance between the capillary
pressures of the two fluids. Such backflows can significantly affect
the downstream channel behaviour (and hence the mixing in the
experiments to be described subsequently), where one fluid reaches
the junction before the other, causing a partial blockage in which the
section of the channel available for the second fluid to flow is reduced
(Fig. 3.6(a)). Backflow can also lead to wastage, which is a concern if
expensive reagents or samples are involved.

3.3.2 Mixing Performance

These undesirable effects in capillary-driven flow translate to irregu-
larities when mixing is attempted in paper microfluidics. The image
at 40 s in Fig. 3.6(a) illustrates the effect of one Y-branch of the chan-
nel being partially blocked by fluid from the other Y-branch due to
backflow as a consequence of an imbalance of the capillary pressure
between both reservoirs (we note that this effect appears to be random
and cannot be attributed to the faster mobility of, in this case, the blue
dye in the paper over the yellow dye—reversing the dyes resulted
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Figure 3.6: (a) Time series of images showing the mixing of two coloured
solutions in a straight Y-channel (Fig. 3.1(c)) when driven by pure
capillary wetting through the paper. The enlarged images above
show an example of backflow of one solution from one Y-branch
into another due to the imbalance of capillary pressures between
the two reservoirs. As a consequence, the capillary wetting front
suffers from irregularities and the subsequent mixing appears
to be nonuniform. Good mixing is observed at the Y-junction
but deteriorates downstream due to wetting irregularities and
blockages in the flow. The mixing index in panel (c) quantifies this
behaviour. (b) Capillary-driven fluid transport showing backflow
arising when a fluid is placed in one inlet (left), while transport
using the SAW pulls the fluid from the inlet towards the out-
let without backflow (right). It is worthwhile noting that three
times as much volume of the sample fluid had to be placed in
the capillary-driven system to fill the identically sized channel
to the same extent. (c) Comparison of the mixing performance
between capillary and SAW-driven flows in the straight channel.
The large error bars for capillary-driven mixing arise due to poor
repeatability, a consequence of the paper’s nonuniformity.

in equally random behaviour, which arises due to the irregularities
in the paper structure). We observe not only the advancing front to
be irregular but also the mixing to be erratic and nonuniform along
the channel length. Good mixing is observed to appear, for exam-
ple, at the junction where the branches intersect followed by poorer
mixing downstream in the straight channel. The mixing performance
thereafter recovers at some downstream location only to deteriorate
once again. The mixing nonuniformity can be more clearly seen in
the large error bars as well as the dip (location 4) and subsequent
rise in the mixing index associated with the data for capillary-driven
mixing (0 W) in Fig. 3.6(c). The large variation in the data arises as a
consequence of inconsistent runs. In comparison, the mixing in the
same straight channel (Fig. 3.1(c)) generated by the SAW appears
to be considerably more uniform, with little variation in the mixing
intensity for each of the measured locations from run to run. Such
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repeatability in the results can often be an important consideration
in practical diagnostic devices, especially for quantitative tests, and
hence the advantage of using the SAW to achieve such repeatability
could in these circumstances outweigh the cost of the inclusion of an
active transport mechanism.

In addition to more uniform and predictable mixing, we also note
enhancement in the mixing performance. This can be seen more evi-
dently by comparing the transverse concentration profile across the
paper channel with that predicted by a steady convective-diffusive
model, which, in dimensionless form, reads

Pe
∂c∗

∂x∗
=

∂2c∗

∂x∗2 +
∂2c∗

∂y∗2 , (3.2)

wherein the asterisks (∗) denote dimensionless quantities: the axial
and transverse coordinates are scaled with the channel width, i.e.,
(x∗, y∗) ≡ (x, y) /W , and the concentration is scaled with the initial
concentration, i.e., c∗ ≡ c/co. In this case, we take c to be the concentra-
tion of the blue dye; co is hence the concentration in the reservoir. Pe
≡ UW/D is the Péclet number, which captures the relative contribu-
tions between convective and diffusive transport. D is the diffusivity
and U is the average velocity at which the SAW pulls the fluid through
the channel, which, from Fig. 3.5 can be assumed constant; from our
experimental observations, it is also not unreasonable to assume that U
is uniform across the channel cross-section. At the inlet to the straight
channel x∗ = 0, the initial unmixed condition requires c∗ = 1 for
0 ≤ y∗ < 0.5 and c∗ = 0 for 0.5 ≤ y∗ ≤ 1, whereas a no-flux condition
∂c∗/∂x∗ = 0 can be imposed at the outlet (x∗ → ∞, 0 ≤ y∗ ≤ 1).
Further, we assume that the channel sidewalls are impermeable, i.e.,
∂c∗/∂y∗ = 0 at y∗ = 0, 1 for all x∗. Equation (3.2), subject to these
boundary conditions, has an analytical solution of the form[213]

c∗ (x∗, y∗) = 0.5 +
2
π

∞

∑
n=1

sin (nπ/2)
n

cos (nπy∗)

exp

(
− 2n2π2x∗

Pe +
√

Pe2 + 4n2π2

)
. (3.3)

Figure. 3.7 shows the concentration profile predicted by Eq. (3.3)
and that obtained from the experiment for an input power of 2 W,
which given U = 1.33 × 10−3 m/s, W = 2 mm and Do = 10−9

m2/s, corresponds to Pe = 2600, at a representative location along the
channel length; here, we take the position roughly corresponding to
the middle of the channel length, x∗ = 10. It can be seen that the theory
considerably underpredicts the mixing compared to the experimental
profile at the same location. It is nevertheless possible to capture,



3.3 results and discussion 75

at least approximately, the mixing enhancement of the SAW-driven
transport above that given by the standard convective-diffusive model
using an effective diffusivity, Deff—we observe that the analytical and
experimental concentration profiles appear to roughly match when
Deff = 10Do, corresponding to a tenfold decrease in the Péclet number
(Peeff = 260).
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Figure 3.7: Comparison of the transverse concentration profile predicted by
the standard convective-diffusive model (solid line) with that
observed in the experiment (points) at a representative midpoint
location along the channel x∗ = 10. At a power of 2 W, the exper-
imentally determined SAW-driven flow velocity U is 1.33× 10−3

m/s in the 2 mm wide channel, corresponding to Pe = 2600. We
note that the analytical prediction significantly underpredicts
the mixing. To roughly quantify the mixing enhancement, we
match the experimental concentration profile to the analytical
solution with a modified Péclet number Peeff, which essentially
corresponds to an effective diffusion coefficient Deff. It can be
seen that the experimental and analytical (bold solid line) pro-
files roughly match with a tenfold increase in the diffusivity, i.e.,
Deff = 10Do, and hence an order of magnitude decrease in Pe,
i.e., Peeff = 260. Also shown by the dotted and dashed lines is the
effect of increasing the input power of the SAW (associated with a
corresponding increase in the flow velocity U), captured through
an effective Péclet number in the analytical solution. In any case,
the similar shaped trends between the experimental and analyt-
ical concentration profiles suggest that the mixing in the paper
takes place through diffusion between the two laminar streams
although we note that the interface between the streams is located
at a slightly offset from the middle of the channel y∗ = 0.5 due to
slight irregularities along the paper surface.

Whilst the similar exponential trends for the analytical and experi-
mental transverse concentration profiles indicate that the mixing in
the paper channels indeed occurs via diffusion between the laminar
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Figure 3.8: (a) Effect of the input power and flow/fibre alignment on mixing
performance. The inset shows the direction of the flow with
respect to the fibre orientation. (b) Comparison of the mixing
performance between the straight, curved and zigzag channels
shown in Fig. 3.1. The straight channel gave the poorest mixing
performance, taking into account the different path lengths, whilst
the curved channel provides the best mixing, albeit with some
minor handedness effects due to the asymmetry of the junction
where the Y-branches intersect.

streams, we note that the mixing enhancement does not arise directly
due to the SAW-driven convective transport along the channel (Section
3.3.1). In contrast to fast and chaotic mixing driven by SAW convection
in a sessile drop [108, 179, 60, 120], we observe little effect of increasing
the input power to the SAW (corresponding to an increase in the
speed at which fluid is transported along the paper channel (Fig. 3.5)
and hence the Péclet number) on the mixing performance, as seen in
Fig. 3.8(a). This is confirmed by the analytical prediction in Fig. 3.7,
which shows little change in the concentration profiles, for an increase
in the effective Péclet number from 260 to 430 to account for the higher
flow velocity as the power is increased. In fact, the faster flow leads to
a slight deterioration in the mixing performance due to the reduced
residence time of the fluid in the paper. The mixing enhancement also
cannot be due to increased interfacial area of contact for mixing as no
significant changes to the interface between the two parallel laminar
streams was observed.

Another mechanism must therefore be responsible for the mixing
enhancement captured through the effective diffusivity above: the ob-
struction to the flow posed by the paper fibres over which the fluid has
to be transported—a paper analogue of the flow structures patterned
in microchannels (e.g., grooves [185], slants[91] or obstacles[202]) de-
signed to break the laminarity of the flow. This mechanism becomes
clearly evident when we deliberately drive the flow at an angle to the
fibre orientation (see inset of Fig. 3.8(a)) wherein the misalignment be-
tween the channel (and hence flow direction) and the fibre orientation
is observed to lead to further improvement in the mixing performance,
as seen in Fig. 3.8(a). This is in sharp contrast to capillary-driven flow
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where the fibre orientation actually governs the direction in which the
fluid is transported, and random fibre misalignment often leads to
irregularities in both the flow speed and mixing behaviour.

It is possible to further enhance the mixing improvement due to the
presence of the fibres by increasing or spatially-varying the flow/fibre
misalignment by introducing tortuousity in the channel. To illustrate
this, we patterned both zigzag and curved channels, as shown in
Figs. 3.1(a) and Figs. 3.1(b), in which we observe considerable im-
provement in the mixing performance (Fig. 3.8(b)). It should be noted
that the mixing enhancement cannot not attributed to the vortical struc-
tures induced by Dean flows that was previously shown in curved
microchannels [187]. Given a channel hydraulic diameter DH ≈ 0.002
mm, radius of curvature of the flow path R ≈ 3 mm, and Reynolds
number Re ≡ ρUW/µ ∼ O (1) (ρ and µ being the fluid density and
viscosity), the Dean number κ ≡

(√
DH/2R

)
Re ∼ O (0.01) is small.

This suggests that the Dean flow due to the channel curvature is
weak and any mixing enhancement arising from flow vorticity can be
neglected. In contrast, the mixing enhancement due to the channel
tortuousity can be attributed to the amplification of the flow/fibre
misalignment effect as the flow is forced to traverse the fibres multiple
times as it is guided through the tortuous channel geometry. Hand-
edness effects in the mixing are apparent though, arising from the
asymmetry in the outlet channel from the Y-junction. For example,
as seen in Fig. 3.1 as well as Fig. 3.8(b), there is poorer mixing on
the right-hand bends at the odd-numbered locations (3, 5, 7 and 9)
compared to the left-hand bends at the even-numbered locations (2,
4, 6, 8 and 10) for the zigzag and curved channels. The handedness
is however more prominent in the zigzag channels due to the sharp
bends.

3.4 conclusions

Paper-based microfluidic systems offer a simple, low-cost and dispos-
able alternative for point-of-care diagnostics. Whilst the single-strip
lateral flow immunochromatographic assay is now used for a wide
range of diagnostic testing, advances in paper microfluidic networks
offer significant opportunity in applications beyond simple qualita-
tive tests to multiplex, sensitive and quantitative assays not only for
third-world diagnostics but also for field-use environmental moni-
toring, smart food labelling and drug development, amongst other
applications. The obvious advantages of these paper-based systems
over conventional microfluidic substrates also provide justification to
broaden their functionality to replicate that of the silicon and PDMS
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counterparts. This, however, requires typical microfluidic operations
such as flow actuation and bioparticle manipulation to be carried out
on paper substrates. Here, we demonstrate the use of SAWs, powerful
fluid actuation and manipulation tools already part of the microfluidic
arsenal, to drive the flow and induce uniform mixing in paper-based
microfluidic channels. Though at the expense of introducing external
forcing, we show that nonuniformities and poor reproducibility in
passive mixing in paper networks that arise as a consequence of limi-
tations unique to capillary-driven flow in paper can be circumvented
to provide faster, more uniform, repeatable and predictable mixing on
paper. The expense in terms of cost, size and integrability is however
minimal with SAW actuation since it has been previously shown that
the highly efficient fluid-mechanical coupling allows a wide range of
microfluidic operations to be carried out in an inexpensive chip-sized
device at very low powers driven by a miniature battery-powered cir-
cuit that can easily be integrated. In the process of examining various
parameters that control the flow speed and mixing efficiency, such as
input power, channel shape/tortousity and fibre/flow alignment, we
also introduce a new hue-based colourimetric technique that allows for
mixing quantification without limitations on the colour and contrast
of the samples.



4
B U L K A C O U S T I C S : S I M P L E R A N D C H E A P E R
A C T U AT I O N S E T U P A N D O T H E R P E C U I L A R
F L O W S

In this chapter we show that it is possible to circumvent the necessity of costly
and complex cleanroom fabrication procedures in the production of MHz-
order acoustically-driven microfluidic platforms through the use of electrode
strips simply cut from kitchen aluminium foil or depositing simple, large
scale gold electrodes. By completely removing the high device production costs
and addressing issues associated with the reliability of complicated electrode
technology, this exceptionally simple and low-cost acoustofluidic platform, on
which we demonstrate rapid and efficient fluid transport and manipulation,
microcentrifugation, and, remarkably, even nebulisation, in both sessile drops
as well as paper-based substrates, is therefore a significant step closer towards
commercially-viable consumer diagnostic devices, especially for use in the
developing world. At high frequency vibrations, a novel poloidal flow within
a drop was observed and is explored in the second part of this chapter.

4.1 introduction

The majority of the early work on acoustically-driven microfluidic
actuation focused on the use of bulk ultrasonic transducers. These typ-
ically consisted of thin plates or membranes comprising a piezoelectric
ceramic along which flexural waves (i.e., asymmetric Lamb waves)
are generated; the plate/membrane thickness being a fraction of the
wavelength of the flexural wave. For example, in [139, 137] silicon
nitride was coated onto a ground plate, followed by the deposition of
a thin zinc oxide layer and subsequently the aluminium interdigital
electrodes. The bulk vibrations that ensue then drive acoustic stream-
ing, which due to the large attenuation length for the 1 MHz order
employed, extended over a long range, typically a few centimeters
from the membrane [118]; as such, the device can also be used for
mixing applications [218]. Nevertheless, these flexural wave pumps
are not as efficient compared to the SAW fluid actuation which we
discuss in the next section, with larger powers required and one to
two orders of magnitude lower in velocity (typically up to 100 µm/s),
even when focusing electrodes are employed [137].

79
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In a similar manner, it is also possible to exploit substrate vibration
to depin contact lines and to drive droplet motion in open microfluidic
platforms. In the former, a contact line hysteresis condition for a drop
subject to vibration was derived in which the depinning was depen-
dent on the vibrational acceleration [145]; in other work, the drop can
be shown to spread under 1 MHz order piston-like thickness mode
vibration of the underlying substrate, which induces a boundary layer
streaming flow that endows an additional surface force at the contact
line [126]. In the latter, a flexurally vibrating beam was employed in
[9] on which different modes were excited in order to translate the
drop between nodal locations.

Ultrasound-induced bubble oscillation can also be exploited to in-
duce oscillatory flows, particularly useful for micromixing, or to facili-
tate nucleic acid transfection across cell membranes (i.e., sonoporation),
even to the point of cell lysis [148]. In these cases, the bubbles are
sonicated at resonance (typically kHz order) to induce a strong flow
known as cavitational microstreaming that arises as the sound energy
is dissipated due to the fluid viscosity in a boundary layer surround-
ing the bubble [147]. Pumping flows of around several mm/s can be
achieved, for example, with multiple bubbles housed in a cavity array
and can be used to drive micromixing [197] or even cell sorting [152] .
More examples of the use of bubble oscillation in microfluidics can
be found in this review [74]. Whilst relatively fast flows with reason-
able throughput on the order of 100 µl/min and efficient mixing can
be generated using bubble-based microfluidic actuators, difficulties
associated with generating, trapping and maintaining the stability of
bubbles is a common problem that has yet to be adequately resolved
in addition to limitations arising from molecular/cell lysis due to
cavitational damage that can be undesirable in bioapplications other
than gene transfection.

Much more progress has been observed on the acoustophoretic
front, on the other hand, in which ultrasonic standing waves are em-
ployed to focus particles onto nodal lines for cell sorting [70], colloidal
filtering [75] or particle switching [125] applications. Particles can also
be separated based on size by exploiting the discrepancy in the size
scaling between Eqs. 1.1 and 1.2 and hence the dependence of the
particle migration time on the particle dimension (larger particles ag-
gregate more quickly compared to smaller ones); such fractionation is
more specifically known as free-flow acoustophoresis when conducted
in a continuous flow system with the particles being driven orthogonal
to the flow. Other design variations have also been investigated, for
example flow splitting [90] and frequency switching [116]. Two vastly
different particle species can also be separated given that the acoustic



4.2 simple and low cost acoustomicrofluidics using aluminium foil 81

radiation force switches directions between positive and negative con-
trast factors in Eq. 1.3, a property that was exploited for separating
lipids from red blood cells [154] The reader is referred to [101] for a
more detailed discussion on acoustophoresis and its applications.

4.2 simple and low cost acoustomicrofluidics using alu-
minium foil

The prohibitive cost (primarily associated with fabrication) and com-
plexity of microfluidic technology are common reasons given to ex-
plain why only a very small fraction of microfluidic devices have so
far successfully navigated the arduous commercial translation path
to reach the vast point-of-care diagnostics market. These factors are
only compounded further if the technology is aimed for use in the
developing world where extremely low costs and simplicity of op-
eration are of utmost importance. Of late, there has therefore been
considerable effort aimed at making microfluidic devices simpler and
cheaper in order that the technology can be made more accessible
both to the developing world or to the wider consumer market. Some
of the best examples of simple and low cost microfluidic platforms
are paper-based [131] or even thread-based [105] systems, as well as
other creative solutions that have been proposed to enable rapid and
high volume production of low cost or disposable devices such as the
‘Print-n-Shrink’ [182] and Lab-on-a-Foil [54] technologies, amongst
others [128].

We are inspired, in particular, by the imaginative use of pencil
lead rubbed onto paper as a simple and low cost method for creat-
ing electrodes to drive electrokinetic flow on paper-based microflu-
idic substrates.[124] In this work, we demonstrate, simply by using
a small strip of kitchen aluminium foil as electrodes (Fig. 4.1(a)),
the possibility for circumventing the barrier associated with the sig-
nifiant costs incurred during complex cleanroom fabrication of the
interdigital transducer (IDT) electrodes required to drive the high
frequency acoustically-driven microfluidic devices that have recently
received widespread interest given their powerful potential for a
wide range of microfluidic actuation [119, 58, 113, 46, 221] for ap-
plications across drug delivery,[157] biosensing,[161] cell sorting,[57]
and disease diagnostics.[25] In a manner analogous to the low-cost
electrokinetically-driven paper-based microfluidic platform [124], we
show in the present work that we can replicate the ability to drive
microfluidic transport in paper-based substrates using surface acoustic
waves (SAWs)[163]—albeit with greater simplicity and significantly
lower costs—whose considerable advantages of enabling uniform flow
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Figure 4.1: (a) Image showing the simple setup of the device which com-
prised the lithium niobate piezoelectric substrate placed atop two
strips of aluminum foil. The aluminium foil is in contact with
the lithium niobite substrate and is connected to an AC source
via the contact probes. (b) Portable palmtop driver circuit used
for the SAW experiments that runs on a single camera battery
[222, 157]. (c) Top-down image of the device with a LDV scan
of the surface displacement overlaid over the device; the inset
shows a magnification of the scan showing the existence of a
two-dimensional Lamb wave pattern. Scale bars ∼ 1 mm.

and highly reproducible mixing over passive capillary-driven paper
systems was somewhat limited by the cost of fabricating the complex
IDT structures on the SAW devices.

On top of the usual challenges associated with driving high fre-
quency (MHz order) acoustofluidic actuation, the mechanism by which
fluid is acoustically transported through paper predicates on the abil-
ity to nebulise the fluid from the paper[163]—which is not trivial given
that nebulisation has the highest power requirement over all other
microfluidic manipulations given the need to deform and eventually
break up the fluid interface by overcoming the large capillary stresses,
particularly that in aqueous systems [222]. As such, we require our
simple design based on the aluminium foil electrodes to be sufficiently
efficient in driving fluid nebulisation in order to retain the use of the
low cost palmtop driver circuit previously reported [157] (Fig. 4.1(b))
in place of large, cumbersome and expensive amplifiers and signal
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generators—which was one of the unique advantages of the SAW
technology[163] over other microfluidic actuation strategies [65].

In certain respects, these design specifications constituted somewhat
conflicting requirements. On the one hand, we have shown that the
SAW is by far the most efficient acoustic mechanism for microfluidic
actuation, thus allowing it to be driven at sufficiently low powers to
allow the use of a portable driver circuit—an advantage that cannot be
replicated using all other microfluidic actuation, let alone ultrasonic,
technologies. On the other, the generation of the SAW requires the
patterning of IDTs on piezoelectric substrates that involve complex
and costly cleanroom photolithography and wet etching procedures.
Removal of this step and hence the IDTs would therefore require the
generation of bulk acoustic waves that have efficiencies for microflu-
idic actuation that are close to that of the SAW such that nebulisation
can be carried out even with the portable driver circuit running on
a single camera battery (Fig. 4.1(b))—to our knowledge, this has not
been possible to date. The only exception that comes remotely close
to partially meeting these requirements is the use of poled lead zir-
conate titanate (PZT) to generate Lamb waves on a glass substrate on
which drop translation and mixing was demonstrated.[206] In that
work, the PZT element containing a single phase transducer, which
is considerably simpler to fabricate than IDTs, was glued to the glass
substrate. Nevertheless, the reduction in cost and complexity in this
work came at the expense of device efficiency, and the possibility for
driving ‘high power’ applications such as the nebulisation necessary
for acoustically-driven transport through paper substrates using this
setup has not been demonstrated even with conventional benchtop
power supplies, let alone a portable driver circuit which has a power
output limitation of approximately 1 W. Further, unlike the mono-
lithic substrates employed in the SAW and in the present work, the
PZT-based devices are not easily miniaturised given difficulties in
reducing the size of the element to chip-scale dimensions without
further sacrificing efficiency considerably beyond which it is no longer
possible to drive microfluidic actuation.

Here, we nevertheless show that it is possible to employ an even
simpler and cheaper design, without requiring any cleanroom fabrica-
tion whatsoever, but yet achieve better efficiencies through the use of
lithium niobate (LN) in place of PZT and retaining the possibility for
integration together with the palmtop battery-powered driver circuit
into a miniaturised device commensurate with that required for point-
of-care diagnostics applications. The process by which the electrodes
are made is exceptionally simple. Standard aluminium foil such as that
used for food preparation in home kitchens was cut into rectangular
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Figure 4.2: (a) A 5 µ` sessile water drop pipetted onto the LN substrate is (b)
completely nebulised within 2 s to form a mist of monodispersed
aerosol droplets 3.5 µm in diameter when Lamb waves are excited
on the substrate simply by applying an AC electrical signal to the
aluminium foil strip placed underneath the substrate at 3.5 MHz.
The input voltage and power to the device is 20 V and 0.5 W. The
device had an impedance of 48 ohms. Scale bars ∼ 5 mm.

strips using a pair of scissors and subsequently placed in contact with
the LN substrate (Fig. 4.1(a)). An alternating current was then applied
at the resonant frequency to the foil that then gave rise to Lamb waves
on the LN substrate, as shown by the laser Doppler vibrometer (LDV,
UHF-120, Polytec GmBH, Waldbronn, Germany) scan in the inset of
Fig. 4.1(c). The resonant frequencies that gave rise to the Lamb waves
are proportional to the substrate thickness, and a fundamental mode
appeared at 3.5 MHz for this case where the substrate thickness was
500 µm, as verified through the LDV scan. When the substrate was
lapped to 250 µm thickness, the fundamental resonant frequency was
observed to double to 7 MHz. Other resonances are also observed at
multiples of the fundamental frequency, although we mainly restrict
ourselves to the fundamental mode (unless otherwise indicated) as
this provided the most efficient fluid actuation.

Whilst the generation of Lamb waves on LN substrates has previ-
ously been reported,[88] we show here for the first time that this can
be done without the need for IDTs and hence any cleanroom fabrica-
tion process. Unlike the SAW, which is localised within a thickness of
several wavelengths (typically several hundred micron) on the surface
of the substrate, the Lamb waves generated transmit through the entire
thickness of the material. Although Lamb waves have been previously
thought to be considerably less efficient than the SAW in driving
fluid actuation, we show, quite remarkably, that the powers required
despite the use of the aluminium foil are still low for us to retain the
use of the portable driver circuit even to drive nebulisation, which was
a key design requirement, by Lamb wave excitation. Moreover, the
use of Lamb waves can also be advantageous in that the aluminium
foil can simply be contacted from the rear face of the substrate and
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(b)

(a)

Figure 4.3: (a) Fluid nebulisation at the outlet edge of a Y-channel patterned
onto paper in contact with the LN substrate, on which Lamb
waves are excited, is observed to drive rapid flow through the
paper without backflow into the other arm of the inlet channel. (b)
Two differently dyed fluids placed in the inlet reservoirs on each
arm of the Y-channel are observed to be rapidly and uniformly
mixed as they are transported through the serpentine sections
of the channel due to nebulisation at the outlet. The applied
frequency and power to the device are 3.5 MHz and 0.95 W,
respectively. Scale bar ∼ 5 mm.

hence is never in contact with the fluid, which is placed on the front
face. This is in sharp contrast to the SAW devices wherein both IDT
electrodes and the fluid are co-located on the same face, rendering
SAW devices prone to short-circuiting when conductive substances
such as physiological samples are used.

Figure 4.2 verifies the ability of the simple design to drive efficient
nebulisation of a drop at powers from as low as approximately 0.33

W—two orders of magnitude smaller than conventional ultrasonic
nebulisers and slightly lower than with the SAW, which is the reason
why we are able to retain the use of the portable battery-operated
driver circuit (Fig. 4.1(b)). When the device is placed in contact with
the outlet of the virtual fluidic channel patterned on a paper-based
substrate using a similar method to the FLASH (Fast Lithographic
Activation of Sheets) protocol[131] reported elsewhere,[163] we show
that we are able to replicate our results for driving rapid and uni-
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Figure 4.4: (a) Time sequence snap shots showing an initial 3 µ` sessile drop
containing a suspension of 4.5 µm fluorescent microparticles at
t = 0 being rapidly concentrated to its centre within 2 s due to
fast azimuthal microcentrifugation flow that arises under Lamb
wave excitation of the underlying substrate at a frequency of 17.5
MHz with an input power of 0.09 W. Circles that defined the
edge of the drop were drawn to aid visualisation of the drop’s
position and the scale bar represents a length of ∼ 300 µm. (b)
The particles are observed to remain aggregated even after the
relaxation of the vibration; scale bar ∼ 1 mm.

form fluid transport through the paper without the disadvantages of
backflow and variability associated with passive capillary-driven flow
(Fig. 4.3(a)).[163] When two different fluids are placed separately in the
inlet channels, fast and uniform mixing through the paper channel is
achieved with the simple low-cost device (Fig. 4.3(b)), again overcom-
ing limitations of poor reproduceability and mixing nonuniformity
associated with mixing in pure capillary-driven paper devices.[163]

In addition to fluid transport through paper-based substrates, we
also briefly show that the simple low-cost device is able to replicate the
range of microfluidic functionality of the SAW[119, 58, 113, 46, 221]
with comparable efficiencies. To illustrate, we present two demonstra-
tive results here. By breaking the azimuthal symmetry of the Lamb
wave, which can be achieved by either using an asymmetric chip
geometry (for example, a triangular device instead of one that is rect-
angular), using asymmetric electrodes or titling one of the aluminium
foil electrodes at a slight angle, colloidal particles suspended in the
drop can be rapidly concentrated in a manner akin to that shown
using SAW microcentrifugation.[179] Similarly, rapid mixing within a
sessile drop due to chaotic acoustic streaming and the fluctuation of
the drop’s interface can also be induced, as shown in Fig. 4.5.

The chip had many resonant frequencies starting from 3.5 MHz,
being the fundamental resonant frequency and then another strong
resonance every 7 MHz. The resonant frequencies are proportional
to the substrate thickness (500 µm) here and when the substrate
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t = 0 s

t = 2 s

t = 4 s

t = 6 s

Figure 4.5: Time lapse images for the rapid mixing within a 10 µ` water drop
to which a 1 µ` drop of fluorescent dye is added, the Lamb wave
excitation at 17.5 MHz and an input power of 0.11 W. Circles are
added at the drop’s edge to guide the eye and the scale bars are
∼ 300 µm.

was lapped to be only 250 µm, the fundamental resonant frequency
doubled, i.e. 7 MHz instead of 3.5 MHz.

A common way to compare the performance piezoelectric perfor-
mance of materials and their associated waves is the use of Figure of
Merit (FOM), which is the product of the quality factor (Q) and the
electromechanical coupling (K), the former indicates the resonance
band frequency width while the former indicates the ratio between
the output mechanical energy to the input electrical energy. Contrary
to common belief that Lithium niobate being unpractical for bulk and
thickness vibrations, especially for microfluidic actuations, and thus
SAW has been employed for over a decade now [58], we show here
a very high Figure of merit of more than an order of magnitudes
than typical SAW. As shown in figure 2 a, the resonance band for this
setup is so small, reflecting a very high quality factor (Q) ∼ 16,000 in
comparison to SAW in figure 2 b, with a quality factor (Q) ∼ 70. The
electromechanical coupling coefficient, although larger for SAW (K =
3.5 %), in comparison to the Lamb waves generated here using the
Aluminum foil setup (K = 0.45 %), the overall product, figure of merit
is a lot larger using this simple set up.
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Figure 4.6: Top figure showing s11 repsonse indicating a very narrow re-
sponse band which leads to a very high quality factor of ∼ 20, 000
compared to the bottom figure, for a typical SAW generated with
IDTs, with a low quality factor of ∼ 70.

0	  

2	  

4	  

6	  

8	  

10	  

12	  

14	  

16	  

0.7	   0.9	   1.0	   1.2	   1.4	   1.6	   1.8	   2.2	   2.5	   2.9	   3.4	   4.0	   4.6	   5.4	   6.3	   7.4	   8.6	   10.0	  

Vo
lu
m
e	  
fr
eq

ue
nc
y	  
(%

)	  

Drop diameter (µm) 

Figure 4.7: Neubilisation results measured using Spraytec, where reasonably
monodispersed 3.5 µm droplets were detected.
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4.3 novel poloidal flow at high frequencies ∼ 100 mhz

Standing Lamb waves in single crystal lithium niobate, generated with
a pair of L-shaped electrodes at 157 to 225 MHz, are found to form
poloidal flows in a µ` sessile water drop: flows that possess radial
symmetry about the center of the drop, propagating from the contact
line along the free surface, and downwelling at the center, thus driving
fluid recirculation outwards along the substrate to the drop’s edge.
Unlike Rayleigh surface acoustic waves, the Lamb waves propagate
throughout the substrate, forming a regular standing wave pattern
in three dimensions. Dependent upon the attenuation of the sound
formed and transmitted in the sessile drop, the poloidal flow was
found to exist over a narrow range of Lamb wave resonances from 157

to 225 MHz, but absent at lower frequencies where the attenuation
was insufficient to prevent multiple sound reflections in the fluid and
consequent acoustic streaming along these conflicting directions, and
higher frequencies where the attenuation was so high that the core
of the vortex was placed near the drop contact line and too far away
from the bulk of the fluid to drive it into motion. Driven by shear-
induced migration, particles suspended in the drop were found to
form azimuthal rings with diameters inversely proportional to the
applied frequency.

The manipulation of fluids by high frequency acoustic waves over
the 1 MHz to 1 GHz range [58, 114] has recently produced many
interesting phenomena that spans fluid jetting [192], fast wetting
and unique fingering instabilities [162], chaotic advection [60] and
self-similar surface droplet patterning [190]. Suspended particles in
the fluid give rise to many other additional phenomena, from mi-
crocentrifugation and dispersion [179] and strong nonlinear aggre-
gation [109] to unprecedentedly precise cell and particle manipula-
tion [45].

In this second part of the chapter, we report the emergence of a
unique poloidal flow—recirculatory flows about a circular locus—in
a sessile drop when it is driven by high frequency acoustic wave
coupling and its consequence on the unique aggregation dynamics of
particles suspended in the drop into a toroidal ring; the characteristic
length scale of the vortical recirculation in the poloidal plane being
defined by the confinement of the fluid within the drop, as it occurs
in toroidal tokamaks intended for plasma containment in nuclear
fusion [83], in the confinement of the mantle between the solid core
and flexible crust of the earth [55], or in spherical drops immiscibly
suspended in another fluid subjected to rotation about an axis ex-
tending through its center [29]. In each case, the force or acceleration
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applied to the fluid has an axis of symmetry that is perpendicular to
the plane of and in the center of the recirculation trajectory. Whilst
acoustic waves have been known to generate azimuthal recirculation
in fluids [179, 109], they have never been reported to form poloidal
recirculation as found here.

A key reason for the unusual flow behavior is the form of acous-
tic wave propagation in the substrate. Traditionally, Rayleigh surface
acoustic waves have been used in high-frequency acoustic fluid manip-
ulation [58], though on rare occasions other forms of vibration have
been attempted, including thickness-mode [217], flexural [137], and
Lamb waves with either piezoelectric thin films [139] or mode con-
version to a non-piezoelectric substrate [110]; modal conversion can
provide effective results [80], though it often requires careful design to
align the resonance frequencies of the different modes. Generally, the
frequencies used for these other forms of vibration have been less than
10 MHz and the fluid flow induced by these other vibration modes has
been weak (µm/s order), the probable reason for the few publications
describing devices that use them. As we will show, however, under
higher-order Lamb waves at 100 MHz and beyond, the induced flow
is rapid due to a combination of strong sound attenuation in the fluid
and relatively large acceleration due to the high frequency [42]—the
essential ingredients responsible for the phenomena reported here.

Electrodes are patterned on a single-crystal piezoelectric substrate—
lithium niobate (LN, 127.68

◦ Y-rotated, X-propagating; Roditi Ltd.,
London UK) to be specific—using a liftoff technique with polyimide
tape (Kapton; DuPont, Wilmington, DE) and the sputtering of 150

nm gold. The choice of L-shaped electrodes (Figs. 4.8(a) and 4.9(a))
is deliberate, such that two-dimensional standing Lamb waves are
produced on the substrate with resonance frequencies defined by the
500 µm substrate thickness: the fundamental Lamb wave mode ap-
pears at 3.5 MHz, possessing a wavelength of 1 mm, and harmonics
appear—consistently—at 7 MHz increments to beyond 250 MHz. The
resonances, nature of the wave and the wavelength λLamb at each reso-
nance, and the absence of other, perhaps parasitic, waves were verified
by measuring the vibration velocity U distribution perpendicular to
the LN surface via a scanning laser Doppler vibrometer (LDV, UHF–
120, Polytec GmBH, Waldbronn, Germany) and the S-parameters
using a vector network analyzer (ZVA, Rhode & Schwarz Pty. Ltd.,
North Ryde, NSW, Australia). Perhaps surprisingly, the resonance
frequencies only very weakly depended on the electrode geometry
and the mounting of the LN chip. By leaving the edges of the chip free,
the Lamb wave reflections were strong and a standing wave formed
throughout [67], as observed in Fig. 4.9(b).
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Figure 4.8: (a) A pair of L-shaped Au electrodes that provide effective piezo-
electric coupling for the generation of Lamb waves across a broad
range of frequencies in the 500 µm thick LN substrate, from
3.5 MHz to 225 MHz and beyond were patterned on the lithium
niobate substrate on which a 3 µ` sessile drop was placed. (b)
Side view of the sessile drop in which particles were suspended
subject to two-dimensional substrate vibration at 225.3 MHz and
0.8 W power after the formation of a particle torus due to the
poloidal flow helps illustrate the flow geometry, as does (c–f) the
time sequence of top-view images for the same drop, showing the
steps by which the torus forms due to shear-induced migration
and is subject to a subsequent instability; dotted lines were added
to aid visualization of the drop edges and arrows indicate the
flow direction. Scale bars are ∼ 300 µm.



92 mhz bulk acoustics

12

2

3

12

Normalised wavelength
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0.1

0.2

0.3

0.4

A B

d

R
α

β

R
Lithium niobate

0.1

0.2

0.3

0.4
c

d

R
α

β

R
Lithium niobate

(n
m

)

10 12

2

3

10 12

Su
rfa

ce
 d

isp
la

ce
m

en
t (

pm
)

d

R
α

β

R
Lithium niobate

f
Water
 drop

A
B

a b

c

d

R
α

β

R
Lithium niobate

d

R
α

β

R
Lithium niobate

✓R

Normalized wavelength

12

2

3

12

Normalised wavelength
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0.1

0.2

0.3

0.4

A B

d

R
α

β

R
Lithium niobate

Figure 4.9: (a) Top-view sketch of the device comprising the L-shaped elec-
trode configuration and the drop, and an indication where a line
scan from A to B is carried out using the LDV before and after
placing the drop. The vibration amplitude distribution across the
area confined by the electrodes at 157 MHz shows the formation
of a standing wave in (b), while in (c) the LDV results for the
line scan A–B prior to drop placement indicates a standing wave
ratio (SWR) of nearly 4 and a wavelength along both axes of
λLamb, 157 MHz = 23 µm (filled circles), and a SWR of approxi-
mately 2 in the presence of a drop, which draws acoustic energy
from the substrate to leave a travelling wave on the substrate
(open circles). (d) Schematic illustration of the drop across the
poloidal plane indicating the characteristic length scales pertinent
to the mechanism underlying the formation of the poloidal flow:
the Lamb wave attenuation in the solid beneath the drop α, the
sound wave attenuation within the bulk of the fluid β, the drop
dimension R and the poloidal recirculation length scale R.
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For the flow experiments, water drops spanning a range of diame-
ters (0.5 to 10 µl) were placed on the bare LN substrate after cleaning,
and a signal generator (SML01, Rhode & Schwarz Pty. Ltd., North
Ryde, NSW, Australia) and amplifier (10W1000C, Amplifier Research,
Souderton, PA, USA) were used to provide a continuous sinusoidal
electrical input at the defined frequency f . Polystyrene spherical parti-
cles with diameter a ≈ 4.5 µm in diameter (Polysciences, Warrington,
PA USA) were employed to visually track the flow in the drop; the
particles are below the transition size at which direct acoustic forces
influence their behavior, and hence they can be assumed to follow
the trajectory of the flow via the influence of the Stokes drag. As
shown in the side-view image in Fig. 4.8(b) or the time sequence top-
view images in Fig. 4.8(c–f), the effective coupling of the Lamb waves
into the drop at high frequency (225 MHz) is seen to drive a unique
poloidal flow within the drop, which, in turn, drives the formation of
a particle toroidal ring, which we shall show below, can be attributed
to a shear-induced particle diffusion process.

To elucidate the underlying mechanism responsible for the gener-
ation of the poloidal recirculation in the drop, it is necessary to un-
derstand the nature by which the acoustic energy is coupled into the
drop to drive the flow. In particular, we note the presence of the drop
on the LN substrate on which a checkerboard standing Lamb wave
pattern pre-exists due to the high frequency excitation (Fig. 4.9(b)) acts
as an energy sink, weakening the standing wave toward and beneath
the drop. This is evident from the decrease in the standing wave ratio
(SWR) by approximately one half, as observed in Fig. 4.9(c), along
the radial direction toward the center of the drop (for example, along
A → B in Figs. 4.9(a) and (c)), suggesting that the energy loss from
the substrate increases from 16% for Lamb wave excitation on the
bare LN substrate to 44% when the drop is present. Given that the
LN is otherwise nearly lossless, it is reasonable to assume that this
difference (28%) is subsumed by the drop, generating a propagating
sound wave in the bulk of the fluid, as a consequence, at the Rayleigh
angle θR = sin−1 c/cLamb, as illustrated in Figs. 4.8(b) and 4.9(d); c
is the speed of sound in the liquid (1482 m/s for water) and cLamb

is the Lamb wave speed. Given that the latter is dependent on fre-
quency [87]—especially in this case of a uniquely two-dimensional
Lamb wave—θR is similarly frequency-dependent. For the high-order
harmonics at 25 MHz and upwards, however, cLamb

∼→ 4000 m/s [87],
and hence θR ≈ 22◦.

More specifically, the Lamb wave attenuates in the substrate beneath
the fluid loading at a rate that is strongly dependent upon the chosen
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mode. Given the higher-order mode excitation, this can be estimated
by an attenuation length (Fig. 4.9(d)) [33]

α =
ρc

ρLambcLambλLamb
, (4.1)

in which ρ and ρLamb are the liquid (998 kg/m3) and substrate (4630 kg/m3)
densities, respectively. With cLamb = 4000 m/s, α = 2.5, 0.35 and 0.18

mm for 25, 175.5, and 225.3 MHz, respectively. Notably, the value of α

is less than that of the drop radius R = 1.5 mm for the higher pair of
frequencies: the acoustic wave cannot be sustained to the center of the
drop in the substrate, and so any energy leakage into the drop occurs
in a region that is confined by a distance of α from the contact line of
the drop. On the other hand, the propagating sound wave in the fluid
possesses a different attenuation length

β =
4π2 f 2

ρc3

(
4µ

3
+ µ′

)
, (4.2)

which has values of 80, 1.5, and 1 mm for 25, 175.5, and 225.3 MHz,
respectively; in the above, µ and µ′ are the shear and bulk viscosities,
respectively. Importantly, β < R at the higher frequencies, indicating
that under these conditions and allowing for reflections at the free
surface of the drop due to its curvature and the propagation of the
sound wave along θR (Fig. 4.9(d)), the sound wave is likely to be
completely attenuated before it reaches the center of the drop.

Both the sound attenuation behavior along the substrate and in
the bulk of the fluid then suggests that a substantial portion of the
drop core over a length scale given by the lesser of R− α and R− β

is not exposed to any acoustic radiation that is required to drive the
flow, at least at sufficiently high frequencies. In contrast to the previ-
ously observed acoustic streaming behavior in drops excited at lower
frequencies in which the entire bulk of the fluid in the drop recir-
culates (Eckart streaming [49, 28]), such confinement of the acoustic
energy around the periphery of the drop over a region characterized
by R ∼ min |R− α, R− β| (Fig. 4.9(d)) gives rise to the poloidal flow
exemplified in Figs. 4.8(b–f) and 4.10 at these high frequencies. We
note that the acoustic excitation appears to remain symmetric about
the z-axis along the centre of the drop despite the underlying Carte-
sian form checkerboard Lamb wave pattern on the substrate: there
are no first-order circumferential variations in the acoustic radiation
within the drop. To further confirm this hypothesis, we observed the
absence of poloidal flows when R is decreased below 0.5 mm such
that (α, β) < R (not shown). Similarly, the poloidal flows in the larger
drops (R ≈ 3 mm) are replaced by the usual Eckart streaming for
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larger α and β with a lower excitation frequency of 25 MHz (Fig. 4.10,
top left image).

Further support for our postulated mechanism is supported by the
very good agreement between the experimentally-observed poloidal
flow, captured through the behavior of the suspended particles in the
drop (the specific mechanism by which the particles assemble into
toroidal rings will be discussed below), and that predicted through a
numerical simulation that accounts for the acoustic wave coupling and
the resultant flow field. More specifically, the numerical simulation
involved a finite element analysis (850,000 node brick mesh with node
separation of approximately 2 µm using ANSYS CFX 14.5 (ANSYS
Inc., Canonsburg, PA)) of a single-phase water drop with a diameter
of 2R = 3 mm and an air-water interface with a shear-free boundary
corresponding to the 3 µ` drop in the experiments. The drop was
assumed hemispherical with its contact line pinned, justified through
the absence of any spreading or shape variations in the experiments.
Simulations were run until convergence was obtained with the mo-
mentum and mass residuals falling to a value below 10−6. Laminar
flow was assumed in the model due to the low Reynolds number and
based on past evidence of the acoustic streaming behavior [42]; no
capillary waves are expected as a consequence of the laminar flow [22],
as verified using the LDV, and hence the free surface was reasonably
assumed to be rigid. Ideally, a full model of the fluid and piezoelec-
tric LN substrate would be used, but the high frequency and short
wavelength analysis of such a model (forming well over 20 million ele-
ments) rendered it impossible to analyze. Instead, the fluid-substrate
vibration coupling is captured through a slip boundary condition at
z = 0 incorporating the drift flow generated by the surface wave [127]:

 ur

uz

 =

 (εχξU/2η) e−2α(R−r)

αδzεχξU(R− r)e−2α(R−r)

 , (4.3)

in which r is the radial coordinate, and ur and uz are the radial
and axial drift velocities, respectively. ε ≡ U/c is the acoustic Mach
number; χ ≈ 1 is the ratio between the longitudinal and transverse
velocity components of the wave, ϕ is the phase angle between the
longitudinal and transverse velocity components of the wave, ξ ≡
(cos φ− sin φ), and δ ≡

√
4πµ/ρ f is the characteristic thickness of

the viscous boundary layer.
The formation of the toroidal particle ring typically exemplified in

Figs. 4.9(c–f) can be attributed to the homogenization of the suspended
particles that are swept by the poloidal flow trajectory into closed
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Figure 4.10: A plane cross-sectional view comparison of the particle behavior
in the 3 µ` drop between images captured during the experi-
ments (left) and that predicted from the finite element analysis
(right). When driven at 25 MHz (top image), in which the Eckart
streaming [49] is found to be dominant throughout the drop in
both the experiment and analysis; instead of poloidal flow, bulk
recirculation reminiscent of most acoustic drop manipulation ex-
periments is seen [28], leading to the dispersion of the particles
[179]. When driven at 157 MHz (middle image), the poloidal flow
leads to the the collection of fluorescent polystyrene particles
into an toroidal ring; the white region on the right represents
the region of the fluid with vorticity at or greater than 0.5 s−1,
serving as an effective means to track the circular vortex at the
core of the poloidal flow. Increasing the excitation frequency
to 255.3 MHz (bottom image) produces a larger particle ring
because of the increased attenuation of the sound wave in the
substrate and fluid at this greater frequency.
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Figure 4.11: (a) Schematic illustration of the poloidal flow driven shear dif-
fusion mechanism responsible for the formation of the toroidal
particle ring, and, (b) the corresponding aggregation time T as a
function of the particle size a. The initial particle concentration
of the drop is 105 particles/m` and the RF power to the Lamb
wave device is held constant at 0.8 W. The arrows in (a) indicate
the cross-streamline transport of the particles in the poloidal
plane as a consequence of shear diffusion from the high shear
outer poloidal flow region to the recirculation interior, which
causes them to aggregate into a torus.
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streamlines of length scale R. Due to the higher velocities along the
outer streamlines, a shear gradient exists that, upon the local volume
fraction of the particles along the streamline φ exceeding a critical
value (usually corresponding to the maximum packing fraction 0.68

for hard spheres), results in cross-streamline particle transport from
the high shear regions along the outer streamlines [103] to populate
the low shear interior regions of the poloidal locus, as illustrated by
the schematic in Fig. 4.11(a). This is verified by the particle diffusion
time which scales as 1/a2, as shown in Fig. 4.11(b), consistent with
that expected from an effective cross-streamline diffusion rate γ̇φa2;
γ̇ being the shear rate and a the particle size. This is further verified
by the good order-of-magnitude agreement between the O(10−10)

slope predicted for the particle aggregation time T ' V2/γ̇φa2 with
a characteristic particle aggregate dimension R′ ∼ 10−4 m and γ̇ ∼
10 s−1 and that measured experimentally (Fig. 4.11(b)). To our best
knowledge, this is the first time that a toroidal particle aggregate
arising from a poloidal-oriented shear diffusion gradient has been
reported. Further, the particle ring instability observed in Figs. 4.8(f)
and 4.10, reminiscient of vortex ring instabilities [209] appears to
arise possibly from azimuthal disturbances to the flow driven by small
perturbations in the substrate vibration around the contact line of the
drop.

4.4 conclusions

In Conclusion, we show arguably the simplest MHz acoustics plat-
form using a very attractive single crystal material, such as lithium
noibate in this case here, which is previously believed to have weak
bulk piezoelectric properties and thus rendering it unpractical for
Bulk wave type vibrations, such as Lamb waves. Together with the
ability to use a portable palmtop driver circuit powered by a single
camera battery, we believe that the removal of the costly, complex and
cumbersome fabrication procedures required for the patterning of
IDTs in SAW devices simply through the use of strips of aluminium
foil is a significant step that addresses issues surrounding the costs
and reliability of active microfluidic actuation platforms, especially for
use in consumer devices, particularly those aimed for the developing
world.

In addition, we show, for the first time, 2D dimensional Lamb waves
generated by a very simple setup by depositing two L-shaped large
mm-scale gold or aluminium electrodes which, at high frequency ( ∼
100 MHz) vibration, lead to an unprecedented poloidal flow inside
a drop, where, the attenuation length is smaller than the radius of
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the drop thus suppressing the multi-interface reflection responsible
for chaotic flow at lower frequencies. Then followed by an azimuthal
shear induced migration mechanism to generate a vortex ring.





5
C O N C L U S I O N S A N D F U T U R E W O R K

In this final chapter we provide an overview of the work conducted in the the-
sis and list the key contributions made. The chapter and thesis will conclude
with possible future work that could come out of the findings.

5.1 conclusions

In this thesis we have conducted an extensive Experimental, theoreti-
cal and numerical study of films actuated by SAWs, with two newly
discovered microfluidic phenomena; fingering instabilities and soltion-
like wave propagation. In addition, an application for the use of the
SAW for paper-based diagnostics was demonstrated by showing that
SAW can drive uniform, reliable and fast mixing in paper micro chan-
nels. Furthermore, a creative cheaper and simpler design for MHz
acoustomicrofluidics was considered where the piezoelectric lithium
niobate was used without any costly IDT fabrication and instead sim-
ple electrodes of gold or aluminium were deposited or even in some
cases kitchen aluminium foil was used instead as an electrode. Finally,
the use of the these simple Lamb wave device at high frequencies of
100 MHz and beyond, has unraveled a novel poloidal flow which led
to a unique ring formation within µl drop.

The chief contributions of the thesis are as follows:

• The first exhaustive study of SAW interactions with low viscosity
thin oil films where a double flow reversal phenomenon was
revealed; ultrthin films with a thickness comparable to viscous
penetration depth were observed to flow along the SAW drift,
thin films were observed to move opposite to the SAW propa-
gation direction, while thick films and drops, revered direction
again and moved along the SAWs. The thin films were also seen to
develop a unique interfacial fingering instability due to the SAW
diffraction pattern and and a curous soliton-like wave trains
were shown to emerge and propagate on top of these thin films.

• We demonstrated the use of SAWs, powerful fluid actuation
and manipulation tools already part of the microfluidic arsenal,
to drive fluid flow and induce uniform mixing in paper-based
microfluidic channels. Though at the expense of introducing

101
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external forcing, we show that nonuniformities and poor re-
producibility in passive mixing in paper networks that arise
as a consequence of limitations unique to capillary-driven flow
in paper can be circumvented to provide faster, more uniform,
repeatable and predictable mixing on paper. In the process of
examining various parameters that control the flow speed and
mixing efficiency, such as input power, channel shape/tortousity
and fibre/flow alignment, we also introduce a new hue-based
colourimetric technique that allows for mixing quantification
without limitations on the colour and contrast of the samples.

• A simpler and cheaper design was then developed and shown
to be capable of not only driving many microfluidic applications
such as drop mixing mixing, particle concentration and pattern-
ing with a drop but also ’high power’ applications such as drop
atomisation and atomisation through a wick. Ealier work for
mixing on paper using SAW-driven atomisetion of the channel’s
end was replicated here using the much simpler and cheaper
design, where, in some configureations only kitchen aluminium
foil was cut into rectangles and brought into contact with the
lithium niobate.

• At even higher frequencies (∼ 100 MHz) the first ever observed,
to the best of our knowledge, poloidal flow within a drop was
produced where a shear induced migration mechanism was
shown to consequently ’collapse’ the poloidal flow into one
single ring. The ring dimension was observed to be inversely
proportion to the applied frequency, as the attenuation length
decreases with higher frequencies.

5.2 future work

Aspects of the work proposed in chapter 4 where aluminium foil
is brought into contact with lithium niobate substrate to generate
sufficient vibrations for microfluidic actuation, although, ultra-simple,
reliability of use is questionable due to the different electrode size used
in every experiment, in addition to the varying contact force between
the aluminium film and the LN in every experiment. Therefore, a
simple and cheap yet reliable electrode configuration is indeed crucial.
We have developed a simple way of printing our large scale electrodes
on LN by simply transferring the pattern, which is originally printed
on paper, to the LN through a standard plastic laminator instrument.
The LN wafer wafer needs to be pre coated with metal, which can be
achieved using a bench top gold sputter - for example the one used
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Figure 5.1: An image of the large electrodes patterned on lithium niobate
substrate using a simple laminator.

to precoat sample for SEM - and followed by etching the remaining
gold. The results are well defined large scale electrodes, as shown
in figure. 5.1. Thorough study of different electrode configurations
and which design is provides the most efficient power consumption is
currently taking place.

Surface acoustic waves have traditionally been generated by the
metal deposition of IDT, however, as explained earlier in the thesis,
this possess the challenge of high fabrication const as well as the
practical hurdle when conducting fluid come into contact with these
IDT. Therefore, a different mechanism of generating SAW, without the
need of depositing metal would be advantageous. Periodic polling
of Lithium nioabte has been recently proposed by Professor Arnan
Mitchell group, where I was partially involved in the project, using a
novel UV irradiation mechanism. The results of this work is currently
under review, however, further microfluidic actuation application
using this novel platform, where UV light can be used to ’write’ the
electrodes is anticipated, especially for high frequency (100 MHz and
beyond) applications, where, standard IDTs fail to provide sufficient
power.
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A
M AT L A B C O D E S F O R N U M E R I C S I N C H A P T E R 2

%% pde_1_main.m is the main code to run and it calls initial_1.m
and fourthDerivEx1.m. The former contains the initial function equal-
tion and the latter contains the fourth order equation function (or
any less order function that is included) to be solved whch calls
the other finite difference routines. pde_1_main.m also calls ’simp-
sons.m’ which calculates the error %. Centre-difference method was
used here, but forward and backward methods are also included
but just commented.

pde_1_main.m

simpsons 
calculates error%

fourthDerivEx1.m

initial_1.m dssxC.m

dssxxC.m

dssxxxC.m
dssxxxxC.m

Figure A.1: flow chart for the code solving fourth order partial differential
equation.

%% File name ’pde_1_main.m’
% Clear previous files
clear all
close all
clc
% Parameters shared with the ODE routine
global T ux uxxx n x xl xu d f s v uxx
% Parameters
n=101;
xl=0;
xu=1;
d = 50;
% Initial condition
t0=0.0;
u0=inital_1(t0);
% Independent variable for ODE integration
tf= .000222;
tout=[t0:tf/5:tf]’;
% ODE integration
reltol=1.0e-7; abstol=1.0e-6;
options=odeset(’RelTol’,reltol,’AbsTol’,abstol);

109
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[t,u]=ode15s(@fourthDerivEx1,tout,u0,options);
figure(1);
plot(x,u,’b’)
xlabel(’x’)
ylabel(’u(x,t)’)
for i = 1:length(tout)
T(i) = simpsons(u(i,:),xl,xu,1000000);
end
T
k = length(tout);
Dev = (T(1,k-1) - T(1,1))/ (T(1,k-1))
figure(2);
plot(x,ux)
%figure(3);
%plot(x,uxx);
figure(4);
plot(x,uxxx);
%figure(5);
%plot(x,uxxxx);

%% File name ’initial_1.m’

function u0=inital_1(t0)
% Function inital_1 sets the initial condition
global dx nl nu n x d xl xu ncall ncase ndss vis
% Analytical solution initially
u0=zeros(1,n);
dx=(xu-xl)/(n-1);
for i = 1:n
x(i)=xl+(i-1)*dx;
% u0(i) = exp(-x(i)2/0.05);
% if i ==1

% u0(1) = 0;
% elseif i ==n
% u0(n) = 0.0001;
% else
% u0(i)= gaussmf(x(i),[0.05 0]) + .2;
% u0(i) = exp(-(x(i)).2);
% u0(i) = roundn(u0(i),-d);
if i < 0.25*n
u0(i) = 10*((exp(-(1/16)/((x(i)+0.25))2) ∗ exp(−(1/16)/((x(i)− 0.25))2)))...
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+ 6.31*10
−5;

else
u0(i) = 6.31*10

−5;
end
% if i <= n/2

% u0(i) = -(x(i)2) + 4;
% else
% u0(i) = 0;
% end
% u0(i) = (sech(4*x(i))2);
% if i >= n/4 i <= (3*n)/4

% u0(i) = -cos(x(i)) + 0.001;
% else
% u0(i) = 0;
% end
% u0(i) = 0.8 - cos(pi*x(i))+ 0.25*cos(2*pi*x(i)) -0.05;
% else
% u0(i) = 0;
%end
% if i >= n/3 i <= (2*n)/3

% u0(i) = -x(i)2 + 1;
%else
% u0(i) = 0;
%end
end
%u0(i) = round2(u0(i),1e-4);

%% File name ’fourthDerivEx1.m’

function [ut] = fourthDerivEx1(t,u)
global x n ux f v s uxx uxxx uxxxx ubl xl xu nl nu % Global variables
[ux] = dssxC(xl,xu,n,u);
[uxx] = dssxxC(xl,xu,n,u);
[uxxx] = dssxxxC(xl,xu,n,u);
[uxxxx] = dssxxxxC(xl,xu,n,u);
% [ux,uxx,uxxx,uxxxx] = dss(xl,xu,n,u);
f = zeros(1,n);
s = zeros(1,n);
ut = zeros(1,n);
v = zeros(1,n);
fst = zeros(1,n);
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snd = zeros(1,n);
thd = zeros(1,n);
for i=1:n
% ut(i) = -2i*k*c*exp(2i*k*x(i))*exp(2i*w*t)*(u(i).2) ∗ ux(i) + ...
% (4/3)*(u(i).3) ∗ k ∗ c ∗ exp(2i ∗ k ∗ x(i)) ∗ exp(2i ∗ w ∗ t)...
%- (u(i).2) ∗ (ux(i)) ∗ uxxx(i)− (1/3) ∗ (u(i).3) ∗ (uxxxx(i));
% ut(i) = - ux(i);
%fst(i) = ((((10

−14 ∗ u(i)3 + u(i)4) ∗ 7 ∗ (u(i)6 ∗ ux(i)))− ...
% (u(i)7 ∗ (3 ∗ 10−14 ∗ (u(i)2 ∗ ux(i)) + 4 ∗ (u(i)3) ∗ ux(i))))...
%/((10

−14 ∗ u(i)3 + u(i)4)2)) ∗ uxxx(i);
%snd(i) = (u(i)7/(10−14 ∗ u(i)3 + u(i)4)) ∗ uxxxx(i);
%thd(i) = (1.5*0.5*(u(i)−0.5) ∗ (ux(i)2)) + (1.5 ∗ u(i)0.5 ∗ uxx(i));
% if u(i) > .2;
% thd(i) = (18*pi*4*(u(i)−5) ∗ (ux(i)2))− (18∗ pi ∗ (u(i)−4) ∗ (uxx(i)));
% else
% thd(i) = 0;
% end
%thd(i) = (1/6*pi)*((-u(i)−2 ∗ ux(i) + (uxx(i)/u(i))));
fst(i) = - 3.*u(i)2. ∗ ux(i) ∗ uxxx(i);
snd(i) = - u(i)3. ∗ uxxxx(i);
%v(i) = (-10

−5 ∗ ux(i))/((u(i)2)) + (10−5 ∗ uxx(i))/(u(i));
% v(i) = (10

−20/(6 ∗ pi ∗ u(i))) ∗ ((ux(i)/u(i) + uxx(i)));
ut(i) = fst(i) + snd(i) + 0*thd(i);
%ut(i) = - fst(i) - snd(i) - thd(i);
% ut(i) = - 0.25*u(i)2 ∗ uxxx(i)− (1/12) ∗ u(i)3 ∗ uxxxx(i);
% ut(i)= - (u(i)3) ∗ ux(i)− 3 ∗ u(i).2 ∗ uxxx(i)− 3. ∗ ...
% (u(i)).3 ∗ uxxxx(i);
end
ut=ut’;
%% File name ’simpsons’
function I = simpsons(f,a,b,n)
% This function computes the integral "I" via Simpson’s rule in the

interval [a,b] with n+1 equally spaced points % % Syntax: I = simp-
sons(f,a,b,n) % % Where, % f= can be either an anonymous function
(e.g. f=@(x) sin(x)) or a vector % containing equally spaced values of
the function to be integrated % a= Initial point of interval % b= Last
point of interval % n= of sub-intervals (panels), must be integer % %
Written by Juan Camilo Medina - The University of Notre Dame %
09/2010 (copyright Dr. Simpson) % % % Example 1: % % Suppose you
want to integrate a function f(x) in the interval [-1,1]. % You also want 3

integration points (2 panels) evenly distributed through the % domain
(you can select more point for better accuracy). % Thus: % % f=@(x)
((x-1).*x./2).*((x-1).*x./2); % I=simpsons(f,-1,1,2) % % % Example 2: %
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% Suppose you want to integrate a function f(x) in the interval [-1,1]. %
You know some values of the function f(x) between the given interval,
% those are fi= 1,0.518,0.230,0.078,0.014,0,0.006,0.014,0.014,0.006,0 %
Thus: % % fi= [1 0.518 0.230 0.078 0.014 0 0.006 0.014 0.014 0.006 0];
% I=simpsons(fi,-1,1,[]) % % note that there is no need to provide the
number of intervals (panels) "n", % since they are implicitly specified
by the number of elements in the % vector fi

if numel(f)>1 % If the input provided is a vector
n=numel(f)-1; h=(b-a)/n;
I= h/3*(f(1)+2*sum(f(3:2:end-2))+4*sum(f(2:2:end))+f(end));
else % If the input provided is an anonymous function
h=(b-a)/n; xi=a:h:b;
I= h/3*(f(xi(1))+2*sum(f(xi(3:2:end-2)))+4*sum(f(xi(2:2:end)))+ ...
f(xi(end)));
end
%% File name ’dssxC.m’
function [ux]=dssxC(xl,xu,n,u)
global x
% Compute the spatial increment
dx=(xu-xl)/(n-1);
ux = zeros(1,n);
% ux(1)=(-3*u(1) +4*u(2) - u(3))/(2*dx);
%ux(1) = 0;
for i=1:n
if i == 1

ux(i) = 0;
elseif i == n
ux(i) = 0;
else
ux(i)=(u(i+1)-u(i-1))/(2*dx);
end
end
%ux(n) = 0;
% ux(n)= (3*u(n) - 4*u(n-1) + u(n-2))/(2*dx);
% figure(5)
% plot(x,ux)
% hold on
%% File name ’dssxxC.m’
function [uxx]=dssxxC(xl,xu,n,u)
% Grid spacing
dx=(xu-xl)/(n-1);
uxx = zeros(1,n);
% uxx at the left boundary, without ux
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uxx(1)=(-2*u(1)+ 2*u(2))/(dx2);
% uxx at the right boundary, including ux
uxx(n)=(-2*u(n) + 2*u(n-1))/(dx2);
% uxx at the interior grid points
for i=2:n-1
uxx(i)=(u(i+1)-2*u(i)+u(i-1))/(dx2);
end
%% File name ’dssxxxC.m’
function [uxxx]=dssxxxC(xl,xu,n,u)
global x d
% Grid spacing
dx=(xu-xl)/(n-1);
uxxx = zeros(1,n);
% uxxx at the left boundary
%uxxx(1) = 0;
%uxxx(1) = roundn(uxxx(1),-d);
%centre
%uxxx(2) = 0;
%uxxx(2) = (u(4) - 2*u(3) - u(2) + 2*u(1))/(2*dx3);
%centre reversed
%uxxx(2) = (-u(4) + 2*u(3) + u(2) - 2*u(1))/(2*dx3);
% %forward
%uxxx(2) = (-5*u(2) + 18*u(3) - 24*u(4) + 14*u(5) - 3*u(6))/(3*dx3);
%uxxx(2) = roundn(uxxx(2),-d);
% uxxx at the right boundary
%uxxx(n)=0;
%uxxx(n) = roundn(uxxx(n),-d);
%centre
%uxxx(n-1) = 0;
%uxxx(n-1) = (-2*u(n) + u(n-1) + 2*u(n-2) - u(n-3))/(2*dx3);
%backward
%uxxx(n-1) = (5*u(n-1) - 18*u(n-2) + 24*u(n-3) - 14*u(n-4) + 3*u(n-

5))/(3*dx3);
%uxxx(n-1) = roundn(uxxx(n-1),-d);
% uxxx at the interior grid points
for i=1:n
if i == 1

uxxx(1) = 0;
elseif i == 2

uxxx(i) = (u(i+2) - 2*u(i+1) - u(i) + 2*u(i-1))/(2*dx3);
elseif i == n
uxxx(n) = 0;
elseif i == n-1
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uxxx(i) = (-2*u(i+1) + u(i) + 2*u(i-1) - u(i-2))/(2*dx3);
else
uxxx(i)=(u(i+2)-2*u(i+1)+2.*u(i-1)- u(i-2))/(2*dx3);
end
end
% figure(5)
% plot(x,uxxx)
% hold on
%% File name ’dssxxxxC.m’
function [uxxxx]=dssxxxxC(xl,xu,n,u)
global d
% Grid spacing
dx=(xu-xl)/(n-1);
uxxxx = zeros(1,n);
%left boundary centre
%uxxxx(1) = (2*u(3) - 8*u(2) + 6*u(1))/(dx4);
%uxxxx(1) = roundn(uxxxx(1),-d);
%uxxxx(2) = (u(4) - 4*u(3) + 7*u(2) - 4*u(1))/(dx4);
% uxxxx(2) = roundn(uxxxx(2),-d);
%forward
% uxxxx(1) = (3*u(1) - 14*u(2) + 26*u(3) - 24*u(4) + 11*u(5) - 2*u(6))/(dx4);
% uxxxx(1) = roundn(uxxxx(1),-d);
% uxxxx(2) = (3*u(2) - 14*u(3) + 26*u(4) - 24*u(5) + 11*u(6) - 2*u(7))/(dx4);
% uxxxx(2) = roundn(uxxxx(2),-d);
%backward
% uxxxx(n)= (3*u(n) - 14*u(n-1) + 26*u(n-2) - 24*u(n-3) + 11*u(n-4) -

2*u(n-5))/(dx4);
% uxxxx(n) = roundn(uxxxx(n),-d);
% uxxxx(n-1) = (3*u(n-1) - 14*u(n-2) + 26*u(n-3) - 24*u(n-4) + 11*u(n-

5) - 2*u(n-6))/(dx4);
% uxxxx(n-1) = roundn(uxxxx(n-1),-d);
%right boundary centre
% uxxxx(n) = (6*u(n) - 8*u(n-1) + 2*u(n-2))/(dx4);
% uxxxx(n) = roundn(uxxxx(n),-d);
% uxxxx(n-1)= (-4*u(n) + 7*u(n-1) - 4*u(n-2) + u(n-3))/(dx4);
% uxxxx(n-1) = roundn(uxxxx(1),-d);
%uxxxx at the interior grid points
for i=1:n
if i == 1

uxxxx(i) = (2*u(i+2) - 8*u(i+1) + 6*u(i))/(dx4);
elseif i == 2

uxxxx(i) = (u(i+2) - 4*u(i+1) + 7*u(i) - 4*u(i-1))/(dx4);
elseif i == n
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uxxxx(i) = (6*u(i) - 8*u(i-1) + 2*u(i-2))/(dx4);
elseif i == n-1
uxxxx(i)= (-4*u(i+1) + 7*u(i) - 4*u(i-1) + u(i-2))/(dx4);
else
uxxxx(i)=(u(i+2)- 4*u(i+1)+ 6*u(i) - 4*u(i-1) + u(i-2)) / (dx4);
end
end
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close all
clear all
clc
N = 100;
% IMAGES = cell(1,N);
% base = ’base%d.jpg’;
Hb = 198.56;
Hy = 50.021;
%Hg = 147;
Hg = (Hb+Hy)/2;
%%%%%%%%%%%%%Allocating memory%%%%%%%%%%%%%%
IMAGES = cell(1,N);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Load images
for k=1:N
IMAGESk = imread(sprintf(’withsaw%03d.png’, k));
end
% Run code
%%Locations corrdinates:
%First
fx1 =85;
fx2 =93;
fy1=501;
fy2=510;
ftot = ((fx2 - fx1)+1)*((fy2-fy1)+1);
%
%Second
sx1 =84;
sx2 =95;
sy1=337;
sy2=347;
stot = ((sx2 - sx1)+1)*((sy2-sy1)+1);
%Third
thx1 =191;
thx2 =199;
thy1=402;
thy2=452;

119



120 matlab codes for mixing in chapter 3

thtot = ((thx2 - thx1)+1)*((thy2-thy1)+1);
%Fourth
fox1 =357;
fox2 =362;
foy1=407;
foy2=441;
fotot = ((fox2 - fox1)+1)*((foy2-foy1)+1);
%Fifth
fix1 =532;
fix2 =537;
fiy1=406;
fiy2=440;
fitot = ((fix2 - fix1)+1)*((fiy2-fiy1)+1);
%Sixth
six1 =698;
six2 =702;
siy1=409;
siy2=443;
sitot = ((six2 - six1)+1)*((siy2-siy1)+1);
%Seventh
sex1 =864;
sex2 =868;
sey1=406;
sey2=448;
setot = ((sex2 - sex1)+1)*((sey2-sey1)+1);
%Eigth
eix1 =1030;
eix2 =1034;
eiy1=406;
eiy2=451;
eitot = ((eix2 - eix1)+1)*((eiy2-eiy1)+1);
%Ninth
nix1 =1357;
nix2 =1364;
niy1=406;
niy2=450;
nitot = ((nix2 - nix1)+1)*((niy2-niy1)+1);
%position 1

for k = 1:N
Te = IMAGESk;
T = rgb2hsv(Te);
%FIRST POSITION
h1(:,:,k)= T(fy1:fy2,fx1:fx2,1).*360;
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for i = 1: (fy2 -fy1) +1;
for j = 1: (fx2-fx1) + 1

if h1(i,j,k)<= Hg
Hnorm1(i,j) = -1.*((h1(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm1(i,j) = ((h1(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue1(k) = mean(mean(Hnorm1));
%Second POSITION
h2(:,:,k)= T(sy1:sy2,sx1:sx2,1).*360;
for i = 1: (sy2 -sy1) +1;
for j = 1: (sx2-sx1) + 1

if h2(i,j,k)<= Hg
Hnorm2(i,j) = -1.*((h2(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm2(i,j) = ((h2(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue2(k) = mean(mean(Hnorm2));
%THIRD POSITION
h3(:,:,k)= T(thy1:thy2,thx1:thx2,1).*360;
for i = 1: (thy2 -thy1) +1;
for j = 1: (thx2-thx1) + 1

if h3(i,j,k)<= Hg
Hnorm3(i,j) = -1.*((h3(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm3(i,j) = ((h3(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue3(k) = mean(mean(Hnorm3));
%FOURTH POSITION
h4(:,:,k)= T(foy1:foy2,fox1:fox2,1).*360;
for i = 1: (foy2 -foy1) +1;
for j = 1: (fox2-fox1) + 1

if h4(i,j,k)<= Hg
Hnorm4(i,j) = -1.*((h4(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm4(i,j) = ((h4(i,j,k)-Hg))./(Hb-Hg);
end
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end
end
Hnormtrue4(k) = mean(mean(Hnorm4));
%FIFTH POSITION
h5(:,:,k)= T(fiy1:fiy2,fix1:fix2,1).*360;
for i = 1: (fiy2 -fiy1) +1;
for j = 1: (fix2-fix1) + 1

if h5(i,j,k)<= Hg
Hnorm5(i,j) = -1.*((h5(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm5(i,j) = ((h5(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue5(k) = mean(mean(Hnorm5));
%SixTH POSITION
h6(:,:,k)= T(siy1:siy2,six1:six2,1).*360;
for i = 1: (siy2 -siy1) +1;
for j = 1: (six2-six1) + 1

if h6(i,j,k)<= Hg
Hnorm6(i,j) = -1.*((h6(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm6(i,j) = ((h6(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue6(k) = mean(mean(Hnorm6));
%SeVENTH POSITION
h7(:,:,k)= T(sey1:sey2,sex1:sex2,1).*360;
for i = 1: (sey2 -sey1) +1;
for j = 1: (sex2-sex1) + 1

if h7(i,j,k)<= Hg
Hnorm7(i,j) = -1.*((h7(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm7(i,j) = ((h7(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue7(k) = mean(mean(Hnorm7));
%EiGHTTH POSITION
h8(:,:,k)= T(eiy1:eiy2,eix1:eix2,1).*360;
for i = 1: (eiy2 -eiy1) +1;
for j = 1: (eix2-eix1) + 1
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if h8(i,j,k)<= Hg
Hnorm8(i,j) = -1.*((h8(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm8(i,j) = ((h8(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue8(k) = mean(mean(Hnorm8));
%NINTH POSITION
h9(:,:,k)= T(niy1:niy2,nix1:nix2,1).*360;
for i = 1: (niy2 -niy1) +1;
for j = 1: (nix2-nix1) + 1

if h9(i,j,k)<= Hg
Hnorm9(i,j) = -1.*((h9(i,j,k)-Hy)./(Hg-Hy)) + 1 ;
else
Hnorm9(i,j) = ((h9(i,j,k)-Hg))./(Hb-Hg);
end
end
end
Hnormtrue9(k) = mean(mean(Hnorm9));
end
% x = 1:N;
% plot(x,hnorm1,’+’,x,h2(:,:,2),’o’,x,h3(:,:,3),’+’,x,h4(:,:,4),’o’,...
% x,h5(:,:,5),’+’)
% % ,x,H(:,6),’o’,x,H(:,7),’+’,x,H(:,8),’o’,...
% % x,H(:,9),’o’)
% title(’HUE angle change over time’)
% hold on
% xlabel(’Frame (time)’)
% ylabel(’HUE angle’)
% legend (’position1’, ’position2’, ’position3’, ’position4’, ...
% ’position5’, ’position6’, ’position7’,’position8’,’position9’)
x = 1:N;
figure
plot(x,Hnormtrue1,’+’,x,Hnormtrue2,’o’,x,Hnormtrue3,’+’,x,Hnormtrue4,’o’,...
x,Hnormtrue5,’+’,x,Hnormtrue6,’o’,x,Hnormtrue7,’+’,x,Hnormtrue8,’o’,...
x,Hnormtrue9,’+’)
title(’Normalised HUE angle change over time’)
hold on
xlabel(’Frame (time)’)
ylabel(’Normalised HUE angle’)
legend (’position1’, ’position2’, ’position3’, ’position4’, ’position5’...
, ’position6’, ’position7’, ’position8’ , ’position9’)
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H = [Hnormtrue1; Hnormtrue2; Hnormtrue3; Hnormtrue4; Hnormtrue5;...
Hnormtrue6; Hnormtrue7; Hnormtrue8; Hnormtrue9];
x = [1;2;3;4;5;6;7;8;9;];
figure, plot(x,H,’+’);



B I B L I O G R A P H Y

[1] K Abe, K Suzuki, and D Citterio. Inkjet-printed microfluidic
multianalyte chemical sensing paper. Analytical Chemistry, 80

(18):6928–6934, 2008. (Cited on page 64.)

[2] K Abi-Samra, L Clime, L Kong, R Gorkin III, T-H Kim, Y-K
Cho, and M Madou. Thermo-pneumatic pumping in centrifugal
microfluidic platforms. Microfluidics and nanofluidics, 11(5):643–
652, 2011. (Cited on page 5.)

[3] D Ahmed, X Mao, BK Juluri, and TJ Huang. A fast microfluidic
mixer based on acoustically driven sidewall-trapped microbub-
bles. Microfluidics and nanofluidics, 7(5):727–731, 2009. (Cited on
page 6.)

[4] D Ahmed, X Mao, J Shi, BK Juluri, and TJ Haung. A millisecond
micromixer via single-bubble-based acoustic streaming. Lab on
a Chip, 9(18):2738–2741, 2009. (Cited on page 6.)

[5] AT Al-Halhouli, MI Kilani, and S Büttgenbach. Development
of a novel electromagnetic pump for biomedical applications.
Sensors and Actuators A: Physical, 162(2):172–176, 2010. (Cited on
page 5.)

[6] M Alvarez, JR Friend, and LY Yeo. Surface vibration induced
spatial ordering of periodic polymer patterns on a substrate.
Langmuir, 24(19):10629–10632, 2008. (Cited on pages 15 and 23.)

[7] M Alvarez, JR Friend, and LY Yeo. Rapid generation of protein
aerosols and nanoparticles via surface acoustic wave atomization.
Nanotechnology, 19(45):455103, 2008. (Cited on page 15.)

[8] M Alvarez, LY Yeo, JR Friend, and M Jamriska. Rapid pro-
duction of protein-loaded biodegradable microparticles using
surface acoustic waves. Biomicrofluidics, 3:014102, 2009. (Cited
on page 15.)

[9] S Alzuaga, J-F Manceau, and F Bastien. Motion of droplets on
solid surface using acoustic radiation pressure. J. Sound Vib.,
282:151–162, 2005. (Cited on pages 23 and 80.)

[10] RMI Arzt, E Salzmann, and K Dransfeld. Elastic surface waves
in quartz at 316 MHz. Appl. Phys. Lett., 10:165–167, Feb 1967.
(Cited on page 37.)

[11] DR Ballerini, X Li, and W Shen. Flow control concepts for thread-
based microfluidic devices. Biomicrofluidics, 5(1):014105, 2011.
doi: DOI:10.1063/1.3567094. URL http://dx.doi.org/doi/10.

1063/1.3567094. (Cited on page 71.)

[12] CN Baroud, MR de Saint Vincent, and J-P Delville. An optical
toolbox for total control of droplet microfluidics. Lab on a Chip,
7(8):1029–1033, 2007. (Cited on page 8.)

125

http://dx.doi.org/doi/10.1063/1.3567094
http://dx.doi.org/doi/10.1063/1.3567094


126 bibliography

[13] Amar S Basu and Yogesh B Gianchandani. Virtual microfluidic
traps, filters, channels and pumps using marangoni flows. Jour-
nal of Micromechanics and Microengineering, 18(11):115031, 2008.
(Cited on page 7.)

[14] GK Batchelor. An Introduction to Fluid Dynamics. Cambridge
University, Cambridge, 1967. (Cited on page 24.)

[15] HH Bau, J Zhong, and M Yi. A minute magneto hydro dynamic
(mhd) mixer. Sensors and Actuators B: Chemical, 79(2):207–215,
2001. (Cited on pages 6 and 8.)

[16] WL Benard, H Kahn, AH Heuer, and MA Huff. Thin-film
shape-memory alloy actuated micropumps. Microelectromechani-
cal Systems, Journal of, 7(2):245–251, 1998. (Cited on page 5.)

[17] TB Benjamin and F Ursell. The stability of the plane free surface
of a liquid in vertical periodic motion. Proc. R. Soc. Lond. A, 225:
505–515, 1954. (Cited on page 24.)

[18] J Bennès, S Alzuaga, P Chabé, G Morain, F Chérioux, J-F
Manceau, and F Bastien. Action of low frequency vibration
on liquid droplets and particles. Ultrasonics, 44:e497–e502, 2006.
(Cited on pages 23 and 24.)

[19] D Benny. Long waves on liquid films. J. Math. Phys., 45:150–155,
11 1966. (Cited on pages 32, 34, and 38.)

[20] PK Bhattacharjee, AG McDonnell, R Prabhakar, LY Yeo, and
JR Friend. Extensional flow of low-viscosity fluids in capillary
bridges formed by pulsed surface acoustic wave jetting. New
Journal of Physics, 13(2):023005, 2011. (Cited on page 15.)

[21] S Biwersi, JF Manceau, and F Bastien. Displacement of droplets
and deformation of thin liquid layers using flexural vibrations
of structures. Influence of acoustic radiation pressure. J. Acoust.
Soc. Am., 107:661–664, 2000. (Cited on pages 23 and 24.)

[22] J Blamey, LY Yeo, and JR Friend. Microscale capillary wave
turbulence excited by high frequency vibration. Langmuir, 29

(11):3835–3845, 2013. (Cited on page 95.)

[23] FE Borgnis. Acoustic radiation pressure of plane compressional
waves. Rev. Mod. Phys., 25:653–664, 2010. (Cited on page 42.)

[24] E Bormashenko, R Pogreb, G Whyman, and M Erlich. Cassie–
Wenzel wetting transition in vibrating drops deposited on rough
surfaces: Is the dynamic Cassie–Wenzel wetting transition a 2D
or 1D affair? Langmuir, 23:6501–6503, 2007. (Cited on page 23.)

[25] Y Bourquin, J Reboud, R Wilson, Y Zhang, and JM Cooper.
Integrated immunoassay using tuneable surface acoustic waves
and lensfree detection. Lab on a Chip, 11:2725–2730, 2011. (Cited
on pages 15 and 81.)

[26] P Brunet, J Eggers, and R Deegan. Vibration-induced climbing of
drops. Phys. Rev. Lett., 99:144501, 2007. doi: 10.1103/PhysRevLett.
99.144501. (Cited on pages 23 and 24.)



bibliography 127

[27] P Brunet, J Eggers, and RD Deegan. Motion of a drop driven by
substrate vibrations. Euro. Phys. J.-Special Topics, 166:11–14, 2009.
(Cited on pages 23 and 24.)

[28] P Brunet, M Baudoin, OB Matar, and F Zoueshtiagh. Droplet
displacements and oscillations induced by ultrasonic surface
acoustic waves: A quantitative study. Phys. Rev. E, 81:036315, Mar
2010. doi: 10.1103/PhysRevE.81.036315. URL http://link.aps.

org/doi/10.1103/PhysRevE.81.036315. (Cited on pages 13, 55,
94, and 96.)

[29] JWM Bush, HA Stone, and J Bloxham. Axial drop motion in
rotating fluids. Journal of Fluid Mechanics, 282(1):247–278, 1995.
(Cited on page 89.)

[30] F Cabaret, S Bonnot, L Fradette, and PA Tanguy. Mixing time
analysis using colorimetric methods and image processing. In-
dustrial & Engineering Chemistry Research, 46(14):5032–5042, 2007.
(Cited on pages 65 and 68.)

[31] JJ Campbell. Propagation of surface waves at the boundary
between a piezoelectric crystal and a fluid medium. IEEE Trans.
Sonics Ultrason., 17:71–76, 1970. (Cited on page 55.)

[32] H-C Chang and LY Yeo. Electrokinetically driven microfluidics and
nanofluidics. Cambridge University Press Cambridge, UK:, 2010.
(Cited on page 7.)

[33] JDN Cheeke. Fundamentals and applications of ultrasonic waves.
CRC press, 2012. (Cited on page 94.)

[34] PY Chiou, AT Ohta, and MC Wu. Massively parallel manipu-
lation of single cells and microparticles using optical images.
Nature, 436(7049):370–372, 2005. (Cited on page 8.)

[35] BT Chu and RE Apfel. Acoustic radiation pressure produced by
a beam of sound. J. Acoust. Soc. Am., 72:1673–1687, 1982. (Cited
on pages 31, 42, and 43.)

[36] D Collins, O Manor, A Winkler, H Schmidt, JR Friend, and
LY Yeo. Atomization off thin water films generated by high-
frequency substrate wave vibrations. Phys. Rev. E, 86:056312,
November 2012. (Cited on pages 17, 18, 23, 25, 42, and 43.)

[37] RV Craster and OK Matar. Dynamics and stability of thin liquid
films. Rev. Mod. Phys., 81:1131–1198, August 2009. (Cited on
pages 32 and 34.)

[38] S Daniel, MK Chaudhury, and PG DeGennes. Vibration-actuated
drop motion on surfaces for batch microfluidic processes. Lang-
muir, 21:4240–4248, 2005. (Cited on pages 23 and 24.)

[39] Anton A Darhuber and Sandra M Troian. Principles of microflu-
idic actuation by modulation of surface stresses. Annu. Rev. Fluid
Mech., 37:425–455, 2005. (Cited on page 7.)

[40] PG de Gennes. Wetting: statics and dynamics. Rev. Mod. Phys.,
57:827–863, 1985. (Cited on page 24.)

http://link.aps.org/doi/10.1103/PhysRevE.81.036315
http://link.aps.org/doi/10.1103/PhysRevE.81.036315


128 bibliography

[41] J-P Delville, MR de Saint Vincent, RD Schroll, H Chraïbi, B Issen-
mann, R Wunenburger, D Lasseux, WW Zhang, and E Brasselet.
Laser microfluidics: fluid actuation by light. Journal of Optics A:
Pure and Applied Optics, 11(3):034015, 2009. (Cited on page 8.)

[42] MB Dentry, LY Yeo, and JR Friend. Frequency effects on the
scale and behavior of acoustic streaming. Physical Review E, In
Review, 2013. (Cited on pages 90 and 95.)

[43] K Dholakia, G Spalding, and M MacDonald. Optical tweezers:
the next generation. Physics world, 15(10):31–36, 2002. (Cited on
page 8.)

[44] MA Dineva, D Candotti, F Fletcher-Brown, J-P Allain, and H Lee.
Simultaneous visual detection of multiple viral amplicons by
dipstick assay. Journal of Clinical Microbiology, 43(8):4015–4021,
2005. (Cited on page 65.)

[45] X Ding, S-C Steven Lin, B Kiraly, H Yue, S Li, I-K Chiang,
J Shi, SJ Benkovic, and TJ Huang. On-chip manipulation of
single microparticles, cells, and organisms using surface acoustic
waves. Proceedings of the National Academy of Sciences, 2012. doi:
10.1073/pnas.1209288109. (Cited on page 89.)

[46] X Ding, P Li, S-CS Lin, ZS Stratton, N Nama, F Guo, D Slotcav-
age, X Mao, J Shi, F Costanzo, and TJ Haung. Surface acoustic
wave microfluidics. Lab on a Chip, 13:3626–3649, 2013. (Cited on
pages 81 and 86.)

[47] SS Dixit, H Kim, A Vasilyev, A Eid, and GW Faris. Light-driven
formation and rupture of droplet bilayers. Langmuir, 26(9):6193–
6200, 2010. (Cited on page 8.)

[48] EB Dussan V and RTP Chow. On the ability of drops or bubbles
to stick to non-horizontal surfaces of solids. J. Fluid Mech., 137:
1–29, 1983. (Cited on page 24.)

[49] C Eckart. Vortices and streams caused by sound waves. Phys.
Rev., 73:68–76, 1948. (Cited on pages 11, 27, 31, 94, and 96.)

[50] JCT Eijkel, C Dalton, CJ Hayden, JPH Burt, and A Manz. A circu-
lar ac magnetohydrodynamic micropump for chromatographic
applications. Sensors and Actuators B: Chemical, 92(1):215–221,
2003. (Cited on page 8.)

[51] Y Fainman, L Lee, D Psaltis, and C Yang. Optofluidics: funda-
mentals, devices, and applications. McGraw-Hill New York:, 2010.
(Cited on page 8.)

[52] IS Fayzrakhmanova and AV Straube. Stick-slip dynamics of an
oscillated sessile drop. Phys. Fluids, 21:072104, 2009. (Cited on
pages 23 and 24.)

[53] EM Fenton, MR Mascarenas, GP LoÌĄpez, and SS Sibbett. Multi-
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