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|. Abstract

Acoustofluidics enables contact-free manipulation of particles and fluids, offering
transformative potential for biomedical applications. Recent advancements in acoustic
streaming, driven by leaky surface acoustic waves (SAWS) generated through radio
frequency signals applied interdigital transducers (IDTs) on piezoelectric substrates,
have gained significant attention. This technique addresses challenges posed by low
Reynolds numbers in micro- and nanoscale liquids, paving the way for applications

such as isolating tumour cells, precise drug delivery, and tissue engineering.

This thesis extensively reviews the mechanisms and applications of acoustic
streaming, revealing promising new avenues. The primary aim was to investigate
innovative configurations for producing acoustic streaming with SAWs to enable
versatile applications. A reconfigurable device utilizing a Hexagonal Flexible Printed
Circuit Board (FPCB) IDTs was developed for rapid investigations beyond the
limitations of conventional IDTs. This approach, combined with numerical analysis
using COMSOL Multiphysics, allowed exploration of wave mode characteristics at

different angles and their resulting acoustic streaming actuation.

Significant findings include enhanced acoustic streaming at 90° pseudo shear-
horizontal-SAW (P-SH-SAW) compared to the conventional Rayleigh SAW (R-SAW
at 0°) under identical power (30 dBm /1 W) and fluid volume (100 pL) conditions. The
90° P-SH-SAW at 34.4 MHz achieved an average area streaming velocity of 1.58
mm/s - approximately 15% higher than the R-SAW at 0° (1.35 mm/s at 19.8 MHz) -
despite having a Z-displacement magnitude that was ~40% of the R-SAW. At a
constant fluid viscosity (60:40 water:glycerol), P-SH-SAW consistently outperformed
R-SAW by ~50% across all tested powers (20, 27, and 30 dBm). When varying
viscosity, P-SH-SAW maintained higher streaming velocities, with over 50%
improvement at low viscosity and a 55% drop at high viscosity, compared to a 42%
drop for R-SAW. Streaming of a 1 mL fluid volume (25 mm diameter PDMS ring) was
achieved within 2 seconds using pseudo-SH-SAW at 30 dBm, whereas R-SAW
showed minimal displacement. Notably, P-SH-SAW induced streaming through a
standard 96-well culture plate at 30 dBm, achieving velocities of 1.2 mm/s, whereas
R-SAW failed to generate effective streaming under the same conditions. These



results highlight the potential of using combined wave modes and multidirectional
SAW configurations on the 128° YX-cut LiNbOs substrate for enhanced fluid
manipulation. These combined wave modes achieved enhanced particle
concentration for 10 ym, 1 um, and 500 nm particles. For example, R-SAW plateaued
early - often within the first 20% of the actuation time - while the combined wave modes
continued to concentrate particles steadily throughout the duration, demonstrating

superior performance for micro- and nanoparticle manipulation.

The development and characterization of the Hexagonal FPCB IDT expanded
understanding of how anisotropic properties affect acoustic streaming. This insight
improves device optimization by shifting focus from altering IDT designs to
manipulating the wave mode selection. These findings address key challenges such
as excessive damping of R-SAW and low-power acoustic streaming, optimizing device
performance. The Hexagonal FPCB IDT supports multiple applications by utilizing
different IDTs, providing the foundation for future research.
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Chapter 1  Introduction

1.1 Background

Acoustofluidics use acoustic waves to manipulate fluids and particles within fluids, all
in a contact-free and biocompatible manner [1]. Among the techniques in this field,
surface acoustic wave (SAW) technology has driven significant advancements in
particle manipulation and bio-sensing [1-3]. SAWs have gained extensive interest due
to their ability to generate multiple functions on a single platform [3-5]. However, each
functionality often requires a specific acoustic mode, necessitating different or multiple
geometries and devices, which presents a significant challenge for integration into a
single lab-on-a-chip [4].

SAWSs can be characterised by two main acoustic wave modes in non-layered SAW
devices [5] (shown in Figure 1.1): Rayleigh SAWs (R-SAWSs) and Shear Horizontal
SAWSs (SH-SAWSs). R-SAWSs involve acoustic propagation near the surface of an
elastic medium, creating elliptical particle motion. SH-SAWSs involve oscillatory
shearing motion along the longitudinal direction. Traditionally, R-SAW has been
favoured for acoustofluidic actuation due to its effective energy transfer to fluids [6]. R-
SAW mode has been found to support a wide range of fluidic functions through the
mechanism of acoustic streaming, which can be used for mixing, pumping, and
ejection of sessile droplets [2,7,8]. Whereas, SH-SAWs have been used as an
effective fluid biosensor due to its minimal damping or attenuation in fluid, making them

less effective for fluid actuation [4,9,10].
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Figure 1.1. Distribution displacements of (a) R-SAW and (b) SH-SAW. [Minor
adaptation from [11].]

Pseudo-SAW modes combine characteristics of different wave modes. They can be
generated by methods such as actuating SAWSs in various directions and frequencies
on an anisotropic substrate [12], or by varying the thickness of an anisotropic substrate
[4,13]. These combined modes could enhance acoustofluidic actuation through
improved acoustic streaming, leveraging the beneficial properties of each wave mode
[12]. A multidirectional device using different wave modes could create multifunctional
SAW devices for single lab-on-a-chip devices. Therefore, understanding SAW
phenomena, particularly when oriented at various angles on anisotropic substrates, is

critical for optimizing acoustofluidic effects.

Comprehensive investigations into pseudo-SAW modes and their effects on acoustic
streaming remain limited [12]. This limitation is due to the fixed nature of cleanroom
fabricated SAW devices, which cannot be adjusted once constructed [14,15].
Investigating various angles would require producing numerous devices, which is
prohibitively expensive. Research into different wave modes and their fluid interactions
can lead to the development of multidirectional and multifunctional SAW devices,

enhancing their acoustofluidic applications.

1.2 Aims and Objectives

The main aim of this research is to investigate innovative configurations for producing
acoustic streaming with SAWs to enable microparticle manipulation for versatile

biomedical applications.
The objectives of the research include:

¢ Review the mechanisms and applications of acoustic streaming.

e Develop a reconfigurable device that enables rapid investigation.

e Explore different angles and wave modes, and evaluate how they affect
acoustic streaming.

e Simulate and characterise wave modes at different angles.



e Evaluate fluid manipulation capabilities of acoustic streaming produced by
different wave modes.
e Evaluate particle manipulation capabilities of acoustic streaming produced by

different wave modes.

1.3 Thesis Outline
This thesis is structured into seven chapters, described as follows:

Chapter 1 provides a brief introduction to the thesis and outlines the main aims and

objectives.

Chapter 2 reviews the fundamentals of acoustic streaming, the governing equations,
and discusses current applications in this field. This chapter includes content
published in Stringer et al. Methodologies, technologies, and strategies for acoustic
streaming-based acoustofluidics. Applied Physics Reviews 1 March 2023; 10 (1):
011315. https://doi-org.abc.cardiff.ac.uk/10.1063/5.0134646 [2], with the permission
of AIP Publishing.

Chapter 3 details the construction of both the active components (SAW devices) and
passive components (channel/chamber) of acoustofluidic devices which can perform
the streaming applications discussed in Chapter 2. This chapter includes content
published in Stringer et al. Methodologies, technologies, and strategies for acoustic
streaming-based acoustofluidics. Applied Physics Reviews 1 March 2023; 10 (1):
011315. https://doi-org.abc.cardiff.ac.uk/10.1063/5.0134646 [2], with the permission
of AIP Publishing.

Chapter 4 provides comprehensive information about the motivation, rationale, and
pathway in the design and development of the Hexagonal Flexible Printed Circuit
Board (FPCB) Interdigital Transducer (IDT).

Chapter 5 describes the assembly of the system and experimental platform. This
includes the system set-up, and the experimental procedure.



Chapter 6 presents the numerical models and numerical analysis results. This covers
numerical analysis of different wave modes at various angles, further numerical
analysis of P-SH-SAW.

Chapter 7 presents and discusses the experimental results. This chapter characterises
the Hexagonal FPCB IDT explores the experimental investigation of acoustic
streaming by different wave modes, the damping effects of P-SH-SAWSs, and the

concentration capabilities of different wave modes on micro- and nanoparticles.

Chapter 8 summarises the results with reference to the objectives outlined in Chapter
1, draws the main conclusion from the work, and outlines potential future work based

on the findings in this thesis.

1.4 Contribution to Knowledge

1. Authored a comprehensive review on acoustic streaming-based acoustofluidics,
which was featured on the homepage of a highly reputable journal (impact factor =
15) [2]. This review serves as an invaluable reference in an important and emerging
topic for both newcomers and experts in acoustofluidics.

2. Developed an innovative Hexagonal FPCB IDT device that simplifies the
acoustofluidic prototyping process, facilitating research and exploration of unique
applications.

3. Conducted an in-depth investigation of the anisotropic behaviour, providing a
valuable resource and tool for researchers in the field.

4. Discovered a promising wave mode, P-SH-SAW, offering practical benefits for
acoustofluidics, including:

- Enabling macro-scale manipulation ideal for clinical samples sizes.
- Facilitating cost-effective reuse of single SAW device using disposable and
standardised superstrates, such as multi-well culture plates.

5. Explored various concentration configurations, achieving rapid and efficient

concentration of micro- and nano- particles



Chapter 2 Acoustic Streaming

2.1 Introduction

The interaction between acoustic and fluids has ancient roots, illustrated by practices
like the Chinese resonance bowl promoting healing [16]. This bowl generates standing
waves by inducing vibrations from rubbing the handles, leading to the ejection of water
droplets with intriguing patterns [17]. However, it was not until 1866 that research on
acoustic streaming began with the design of the Kundt's tube experiment, which aimed
to measure the speed of sound in a fluid medium [18]. The experimental setup involved
rubbing a resonating rod in a fluid-filled tube, which formed standing waves leading to
particle clusters at the nodes [18]. Subsequently, Dvorak, in 1876, first reported
acoustic streaming in Kundt’'s tube, observing airflow from nodes to antinodes and
inversely along the wall [19]. Rayleigh’s 1884 theoretical model was built on these
findings [20]. Scientists such as Schlichting (1932) [21], Westervelt (1953) [22] and
Nyborg (1953) [23] expanded the study to incompressible and compressible fluids.

Acoustic streaming induces fluid recirculation and pressure gradients in fluids, offering
the potential for particle manipulation, including patterning [24], concentration [25,26],
and separation [27,28]. Particle manipulation aims to control particle dynamics
precisely and can be realised by various passive methods, such as deterministic
lateral displacement, hydrodynamic filtration, and inertial microfluidics [29]. While
these methods offer advantages such as simplicity and low costs, they do not always
provide precise and on-demand control in comparison to many active ways involving
external forces or fields, such as magnetic [30], electrical [31-33], optical [34,35], and
ultrasonics or acoustic wave forces. Acoustic waves excel in manipulating various
bioparticles, from nanometre-sized extracellular vesicles to micrometre-sized
circulating tumour cells (CTCs), with considerable throughputs and high compatibility
[36—40]. These non-invasive, label-free tools integrate well with other systems for
multifunctionality [3,10,39]. Despite being a studied phenomenon, acoustic streaming
has only recently gained traction in microfluidics applications as it overcomes
challenges posed by low Reynolds numbers of micro- or nanoscale liquids, whether in

sessile droplets or a continuous fluid within microchannels/chambers [41-44].



Acoustic streaming also generates acoustic pressure or force for operations such as
deformation, transportation and manipulation of bulk fluid, namely jetting [45,46],
nebulisation or atomisation [47-50], microscale streaming [51], object rotation [52,53].
Figure 2.1 summarises the acoustic streaming-based acoustofluidics topic,
emphasising biological applications and methodologies (Chapter 2.5) using IDTs
based devices (Chapter 3). It illustrates applications (drug delivery [54], bioprinting
[55], pumping droplets [56], small organism phenotyping [52], chemical reactions [57],
particle sorting/separation [25]) and their respective methodology (nebulisation,
jetting, transport, rotation, mixing, separation, trapping). A handful of popular IDT
designs (bidirectional IDT, chirped IDT, slanted-finger IDT, and focused IDT) are
shown in the centre. Overall, Figure 2.1 displays a glimpse of the potential that

acoustic streaming-based acoustofluidics holds.
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Figure 2.1. Acoustic streaming generation IDT-based acoustofluidic devices,
methodologies (nebulisation, jetting, transport, rotation, mixing, separation), and their
respective applications in drug delivery [54], bioprinting [55], pumping droplets [56],
small organism phenotyping [52], chemical reactions [57], particle sorting/separation
[25]). [Reproduced from “Stringer et al. Methodologies, technologies, and strategies
for acoustic streaming-based acoustofluidics. Applied Physics Reviews 1 March 2023;
10 (1): 011315. https://doi-org.abc.cardiff.ac.uk/10.1063/5.0134646” [2], with the
permission of AIP Publishing.]

The following chapter focuses on the fundamentals of Acoustofluidics, providing
gualitative and quantitative descriptions of its mechanisms and the formation of
Acoustic Streaming. Finally, key biomedical applications are discussed, highlighting

the importance of Acoustic Streaming in Acoustofluidics.

2.2 Fundamentals of Acoustofluidics

Acoustofluidics refers to manipulating particles in fluids, or the actuation of the fluid
itself, through applying acoustic waves. These waves are mechanical, propagating
energy through the movements of atoms and molecules and can span infrasonic,
audible, and ultrasonic ranges. In Acoustofluidics, ultrasonic waves are particularly
favoured as they offer a versatile and powerful toolset for manipulating and controlling
fluids and particles. The higher energy levels and frequencies associated with
ultrasonic waves enable them to penetrate fluids effectively, facilitating precise
manipulation of fluids and particles. This level of high-frequency control proves
especially valuable in microfluidic systems, where even small alterations can

significantly impact the outcomes.

Ultrasonic waves can be generated using a transducer — a device that converts one
form of energy to another. The most popular type of ultrasonic transducer in this field
is an electromechanical transducer featuring a piezoelectric crystal. This piezoelectric
crystal possesses a remarkable material property known as piezoelectricity, wherein
an oscillating electric field is converted into a mechanical vibration. It should be noted
that piezoelectric materials exhibit anisotropic properties, implying that they do not
possess uniform characteristics across all axes. Anisotropy depends on factors such

as crystal symmetry and orientation, which directly influence the type of wave
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generated [3]. Further information on this aspect is presented in Chapter 3.3.3,
Piezoelectric Substrates, as it constitutes a critical component in the design of

acoustofluidic devices.

The acoustic waves generated from the piezoelectric effect can be generally classified
into two types [58]: bulk acoustic waves (BAW), where the acoustic wave propagates
perpendicular to the material's surface into the bulk medium, and SAW, which
propagate along the surface of the material. BAW is produced by applying an
alternating current across the two sides of the piezoelectric material. As a result, the
acoustic wave propagates throughout the entire thickness, forming a stationary wave
at specific frequencies [58]. Depending on the crystalline orientation, the piezoelectric
material can expand and contract perpendicularly to the surface [58]. On the other
hand, SAW is typically produced using metallic electrodes that consist of two
interlocking comb-shaped arrays called interdigital electrodes (IDEs). These IDEs are
patterned onto a piezoelectric substrate to produce the IDTs. Further information on
the design of these IDTs for Acoustofluidic Devices is discussed in Chapter 3. When
a radio frequency (RF) voltage is applied to the IDTs, it causes alternating regions of
tensile and compressive strains between the fingers of the electrode, thus producing
mechanical waves that can propagate on the surface. While IDTs have been
extensively researched in the past fifty years for applications in RF communications,
filter applications [59,60], and RF identification [59,61,62], their potential in
acoustofluidic applications remains a relatively new and intriguing area for

exploration[60,63].

Note that this thesis predominantly centres around SAW-based acoustofluidic devices
for acoustic streaming. The choice is attributed to the versatile design adaptability of
SAWSs, allowing for generating diverse acoustic wave modes, miniaturisation, low
power consumption, and precise manipulation capabilities. Hence, BAW-based
streaming information is presented briefly, focusing on fundamental details. The
inclusion of BAW-based applications could extend the thesis beyond its intended

focus.

SAW's capability to offer a wide range of surface wave modes benefits various

applications [10]. Among these, Rayleigh waves are generated by most acoustofluidic



SAW devices due to their strong interaction with liquids and particles. Rayleigh waves
propagate along the surface of the substrate with both longitudinal and vertical shear
components. In Rayleigh waves, particles on the surfaces have elliptical trajectories
and show a rapid decay of particle oscillation with depth [64]. The waves' velocity
depends on the substrate's material and the crystals' orientation. A conventional
Rayleigh SAW device comprises an IDT that produces travelling SAW (TSAWS), as
shown in Figure 2.2(a). When two identical IDTs face each other (Figure 2.2(b)), they
generate two oppositely propagating TSAWSs that interfere, leading to a standing SAW
(SSAW) with pressure nodes (PNs) and antinodes (ANs), which are often used for
particle manipulation [65,66].

In addition to the fundamental Rayleigh waves (depicted in Figure 2.2(c)), SAWs can
produce wave modes. For example, high wave modes in a layered device known as
Sezawa waves primarily propagate through boundaries or interlayers at velocities
greater than the top layer [64]. Lamb waves (Figure 2.2(d)), generated in a thin plate
or membranes, share similarities to Rayleigh waves; however, they travel along the
whole plate structure (i.e., along both upper and lower surfaces), resulting in two free
surfaces as guiding boundaries instead of just one [67]. Shear horizontal SAWs (SH-
SAWSs, Figure 2.2(e)) propagate on the substrate surface and various piezoelectric
thin films with in-plane crystal textures [68]. Love waves arise in SH-SAWSs (Figure
2.2(e)) when the surface is covered with a thin waveguide layer. The SH-SAWSs and
Love mode waves are predominantly employed for biosensing rather than microfluidic
applications due to their limited damping effects or weak coupling with the liquid
compared to Rayleigh waves [64]. It should be noted that in practice, these wave

modes can often exhibit a blend of different components.
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Figure 2.2. Schematic illustrations of SAW devices [69] and types of wave propagation
through the distribution of displacements [68]. (a) Top and side views of SAW
generated by a single IDT, producing TSAW. (b) Top and side views of SAW
generated by a pair of opposite IDTs, producing SSAW, demonstrating regions of PNs
and ANs. (c) Rayleigh wave[70] (d) Lamb waves[71] (e) Shear horizontal waves and
Love waves|[64]. [Reproduced from “Stringer et al. Methodologies, technologies, and
strategies for acoustic streaming-based acoustofluidics. Applied Physics Reviews 1
March 2023; 10 (1): 011315. https://doi-org.abc.cardiff.ac.uk/10.1063/5.0134646” [2],
with the permission of AIP Publishing.]

2.3 Governing Equations

Fluid dynamics enables the study of the behaviour of fluids under the influence of
external forces such as acoustic forces. This section delves into the fundamental fluid

dynamics equations and explores the forces specific to Acoustofluidics.
Fluid Dynamics

The fundamental equations governing fluid dynamics are the Continuity and Navier-

Stokes equations, which describe how the velocity and pressure of a fluid change in
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response to external and internal properties. Acoustofluidics is analysed quantitively
using this continuity (conservation of mass) and Navier-Stokes (conservation of
momentum) equations. In the general form for compressible fluids, respectively, these

equations are, [17]

9 .
a—’t)+v-(pv)=0 (2.12)

9 .
p (a_: + (- V)v) = —Vp + uV?v + (py + %) V(V-v) + Foaw (2.1b)

The continuity equation (Equation 2.1a) states that the rate of change of mass density
(p) with respect to time (t), plus the divergence of mass flux density (pv, where v is
the velocity vector) must be zero. In basic terms, it means that the mass is conserved,

and the change in density is due to fluid flow.

The Navier-Stokes equation (Equation 2.1b) describes how the velocity of the fluid
changes over time and space due to pressure gradients, viscous forces, and external
forces. Here, p is the fluid density, v is the velocity vector, p is the pressure, u is the
dynamic shear viscosity of the fluid, u, represents the bulk or dilatational viscosity.
The term Fg,yy is the SAW action force, defined as the energy transferred by SAW to
the fluid medium [72],

— 2\5 42,2 (2.2)
Fsaw = — p(1 + ay)2Aw*kexp(2[kx + a1 kz])

where a; = —j(w/l — (vs/vl)z) is the attenuation coefficient, A the wave amplitude, w
the wave frequency and k the SAW wave number, which can be calculated by a linear

function of the wave frequency [72].

The left-hand side of the Navier-Stokes equation is the inertia force per unit volume of
fluid. The first term is unsteady acceleration, which represents the acceleration of the
fluid particles. The second term is convective acceleration, which accounts for the
advection of momentum associated with Reynolds stress [17]. The net forces per unit
volume on the right side include pressure gradient (first term) and viscosity gradients
(second and third term) [73]. For incompressible fluids ((V - v) = 0) the third term may

be neglected. All external fields, such as gravity, buoyance, and electromagnetism,
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have not been considered for simplicity. The heat transfer equation is normally not
required as only the isothermal case has been considered in many cases [74]. These
equations can be used with the boundary conditions and the linear relationship
between pressure p and mass density p to predict the motion of the fluid and, hence,

acoustic streaming [75].

P =chp (2.3)
where ¢, is the speed of sound in the fluid. Nonetheless, solving these equations
analytically presents considerable challenges. The concept with a well-established
basis is perturbation theory, which only applies to slow streaming scenarios and not

fast streaming [3,7].

Reynolds number (R.) serves as a parameter characterising the fluid flow. It
represents the ratio of inertia to viscous terms. The flow is laminar when the viscous
force dominates or turbulent when the inertia forces dominate. In the context of slow
streaming, the effect of inertia on the streaming motion is negligible compared to
viscous effects, leading to laminar flow. In contrast, fast streaming occurs when the
effect of inertia cannot be disregarded, indicating that R, > 1. Reynolds number

depends on the flow velocity and the fluid mechanical system [76]. It is defined as,

Re = pUoL/p (2.4)

where L is the characteristic length, U, = |U| is the characteristic flow velocity, which
includes the velocity of the fluid vy and the effect of the acoustic propagation |U| =
vy + (p1v1)/po. Reynolds number for each streaming form uses a different length
scale: Schlichting £ = 6, Rayleigh £ = A1 and Eckart £ = L. §, is viscous penetration
depth, and L is a characteristic length scale much larger than the acoustic wavelength
A [17].

Due to their small dimensions, the R, tends to be low in most microfluidic systems. As
a result, the flow is typically laminar, and no turbulence occurs. For slow streaming,
perturbation theory provides a reliable linear model to predict the behaviour. However,
in cases of fast streaming, where R, can become considerably high, and the flow

becomes unstable, the nonlinear term needs to be considered in the analysis [17,75].

12



Perturbation theory is a method to find approximate solutions for the continuity and
Navier-Stokes equations, represented by Equation 2.1. By considering minor
disturbances in density, pressure, and velocity, a linearised form of these equations

can be derived,

P =Dpo+Ep+epy + - (2.5a)
p=poteps+epy+- (2.5b)
V=vy+ eV + €V, + - (2.5c¢)

where subscripts 0, 1, and 2 denote static (absence of sound), first-order, and second-
order quantities, respectively. In the absence of sound, the undisturbed state, v, is 0
as the fluid is quiescent. To quantify the smallness perturbations, the Mach number
€ = v,/cy is used [17], where v, is the fluid velocity, and ¢, is the speed of sound. The
perturbation method relies on the assumption that successive approximations
converge. Consequently, e must be sufficiently small, making the method applicable
only for slow streaming analysis [17]. The successive approximations do not converge

for fast streaming, rendering the perturbation approach unsuitable for such cases.

By incorporating perturbation expansions, the continuity and Naver-Stokes equations
can be solved for each order component of the acoustic field. The first-order acoustic
field solution describes acoustic wave motions in the system, encompassing
oscillatory motions characterised by v,, the acoustic velocity, and p, , the acoustic

pressure field. The first order acoustic field solution is

dp 2.6a
LV (pov)) = 0 (2:62)

dv,

i 2.6b
Po—. = —Vpl—uv2v1+(ub+§)vvv1 (2.6b)

This first-order solution is substituted into second-order equations and time-averaged
to find the solution for acoustic streaming (v,) [17].

P2 (2.7a)

d
<¥> + V- (p1v1) + poV - (v2) =0
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po (=) + (o1 %) + pol(v1 - VIVy) = —V(p,) + uV(v,) + (llb + %) WV (v,) (2.7D)

at

This streaming consists of both harmonic and steady components [3]. Physically, the
second-order time-averaged velocity (v,) is the acoustic streaming, and the second-
order time-averaged pressure (p,) produces the acoustic radiation force that occurs

when the acoustic waves are scattered on the particles, causing them to move [74].

Zarembo [77] proposed an alternative approach that overcomes the limitations of the
perturbation method, enabling the calculation of acoustic streaming velocities
exceeding particle velocities, such as the case for fast streaming. This approach
involves decomposing the dependent variables in the fluid into a time-averaged
streaming flow component and an instantaneous first-order component. The
streaming motion can be solved by substituting the variables into the continuity and
Navier-Stokes equations and performing time averaging over the exception period
[17]. By employing this method, it is possible to study cases of fast streaming and

obtain results for acoustic streaming velocities.
Acoustofluidic Forces

Particles in a fluid experience various forces when exposed to an acoustic wave.
These forces can be categorised into two main types: the net acoustic radiation force
FARF and the SAW acoustic streaming-induced Stokes drag force F4r28 [78]. The
dominance of either force depends on the size of the particles, particularly larger than
a certain threshold size, which is primarily influenced by acoustic radiation force [3].
This threshold size is influenced by actuation frequency, acoustic contrast factor, and

kinematic viscosity [79].

The net acoustic radiation force comprises two components: primary acoustic radiation
pressure and secondary acoustic radiation pressure. Primary acoustic radiation
pressure represents the force exerted on an individual particle in a fluid due to the
direct irradiation by the acoustic field [3]. In comparison, secondary acoustic radiation
pressure is the force that arises from the acoustic interactions between particles in the

fluid [3]. The particle moves towards either the PNs or ANs depending on its

14



mechanical properties, with its destination determined by the acoustic contrast factor
[3,80].

To quantify FARF a surface integral of the time-averaged second-order pressure p,
and momentum flux tensor p,(v,v;) at a fixed surface just beyond the oscillating

sphere is employed [81,82]. Hence, the generalised equation can be written as:

FARF = _ [ daf(p,)n + po((n- v)wy)} (2.8)

a0

where n is the unit normal vector of the particle surface directed into the fluid.

Additionally, particles in a fluid experience the Stokes drag force (F4r28) resulting from
acoustic streaming induced by the SAW. Fir2& depends on particle size and shape,
the fluid flow field, and viscosity [83]. For a spherical particle of radius r, with medium

viscosity n and relative velocity v, Fi™8 it is given by [83,84]

F938 = 6mnrv (2.9)

It is important to note that microfluidics introduces a range of significant forces at small
scales, such as surface tension and viscosity. In contrast, at a larger scale, forces like
gravity become more influential [17]. Moreover, particle-particle interaction forces, like
van der Waals interactions, electrostatic interactions and hydrophobic/hydrophilic

effects, also play a role [8].

2.4 Formation of Acoustic Streaming

Acoustic streaming exhibits diverse forms and is sensitive to varying geometries and
boundary conditions. It is observed in Newtonian fluids, superfluids, and non-
Newtonian viscoelastic fluids, hence finding wide-ranging applications [85]. This
section aims to provide an overview of acoustic streaming, starting with its
fundamental concepts and then delving into its generation mechanisms and

classifications.

Acoustic streaming arises as a liquid flow phenomenon, resulting from forces
originating from the gradient in time-averaged acoustic momentum flux in a fluid [8,86].

Put simply, it is the fluid flow generated by the attenuation of an acoustic wave in the
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fluid. It can be classified into two common types: boundary-driven and bulk-driven

streaming (Eckart streaming or quartz wind) [8].

Boundary-driven streaming is characterised by the attenuation of the acoustic wave at
the container walls, forming inner (Schlichting streaming) and outer boundary
streaming (Rayleigh streaming) vortices. When an acoustic wave propagates parallel
to a solid boundary, the non-slip boundary creates a high-velocity gradient
perpendicular to the surface. The high-velocity gradient is what causes the generation
of a steady inner boundary layer vorticity confined within the thin viscous boundary
layer (referred to as the shear-wave layer or Stokes layer) of thickness given by §, =
\/m, where v is the kinematic viscosity, and w is the angular frequency of the
acoustic wave [75]. The resulting strong inner boundary streaming induces counter-
rotating vortices within the fluid, the outer boundary streaming [75]. Examples include
wave propagation in waveguides, standing waves in resonant chambers, or waves
scattering off solid objects [75]. This streaming predominantly occurs in smaller
acoustofluidic channels, where the characteristic length scale of the fluid chamber (k)

is much smaller than the acoustofluidic wavelength (1), expressed as 4 > h > §,.

In contrast, bulk-driven streaming, also known as Eckart streaming, originates from
the viscous attenuation within the bulk of the fluid [8]. As described by Stoke's Law,
the dissipation rate of sound energy leads to a steady momentum flow, generating a
fluid jet along the direction of acoustic propagation. This fluid jet, in turn, creates a
vortex-like flow due to the fluid replacement and pressure difference from the sides of
the chamber [87]. Bulk-driven streaming becomes more pronounced in larger devices,
where the length of the fluid chamber (Lg) exceeds the acoustic wavelength,

expressed as Lg > 4 [88].

It should be noted that the driving mechanism for streaming significantly varies
between BAW and SAW systems. In BAW systems, streaming is mainly driven by
boundary layer effects (Schlichting streaming and Rayleigh streaming). In contrast, in
SAW systems, it is primarily due to the velocity gradient resulting from the attenuation
within the fluid (bulk-driven streaming) [89-91]. The angle of sound propagation plays
a crucial role; for BAW systems, the sound propagation is parallel to the edge of the

fluid chamber, giving rise to strong boundary effects, whilst these effects are lessened
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in a SAW system where the sound propagates at an angle to the boundary [89].
Nevertheless, inner boundary streaming may arise in SAW systems due to the
transmission of shear from the substrate to the fluid [90]. Consequently, this can
induce outer boundary streaming in the bulk of the fluid. However, it is important to
note that boundary layer streaming is not commonly reported in SAWSs [92] and often
remains negligible compared to bulk streaming, particularly if the fluid container size
and SAW attenuation length greatly exceed the SAW wavelength [93].

Understanding these driving mechanisms and their impact on fluid interactions
provides valuable insights into the formation of streaming patterns when the wave
contacts a liquid. For example, when SAW contacts a liquid, a portion of the SAW
refracts into the liquid as a longitudinal wave at an angle known as the Rayleigh angle
Or [3,94], given by,

1%
Oy = sin™? v—l (2.10)
S

where v is the SAW velocity on the surface material, and v, is the acoustic velocity in
the liquid [95]. For example, a Rayleigh angle of about 22° is obtained when using a
128° YX-cut lithium niobate (LiNbO3) piezoelectric substrate at room temperature,
where the SAW velocity is about 3,990 m/s, and the speed of sound in water is 1,490
m/s [3]. This value can be as large as 41° for a ZnO/Al plate SAW-based device, as
the SAW velocity in the aluminium substrate is about 1,835 m/s [96]. Consequently,
the SAW undergoes a mode change into a leaky SAW within the fluid, with its intensity
attenuating exponentially as it propagates through the medium due to viscosity [97].

This decay length is the attenuation length, a~* [98]:

-1 — pSvS2
fo

a (2.11)

where p; and p, are the densities of the fluid and the solid, respectively. On the other
hand, SAW propagates within the liquid medium following the Rayleigh angle,

exhibiting a significantly greater attenuation length, g~ [86]:

17



g1 = oy
2F2 4 !
Amifi(zu+u)
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where u and u' are the shear and bulk viscosities of the fluid, respectively.

Nonetheless, the streaming pattern induced by SAW exhibits a significant variation
depending on the shape of the confined liquid. Two primary categories of
acoustofluidics have been established to address this: digital acoustofluidics and
continuous flow acoustofluidics. Typical SAW streaming patterns that may occur for
digital and continuous acoustofluidics are displayed in Figure 2.3. Figure 2.3(a-c) and
Figure 2.3(d-e) illustrate streaming patterns in droplets and channels, respectively,
demonstrating the varying streaming patterns with different SAW propagation

positions and directions (blue arrow).

Digital acoustofluidics involves sessile droplets subjected to an acoustic field. These
droplets serve as sample carriers, enabling systematic sorting, trapping, micing,
pipetting, and splitting. This approach offers numerous advantages, such as reduced
sample consumption, high throughput, flexible manipulation, the elimination of cross-
contamination, and the need for complex channel fabrication [99]. The specific
parameters of the droplets, such as their shape, volume, contact angle, and
evaporation rate, play a crucial role in determining the resulting acoustic streaming
patterns, which subsequently influence the behaviour of particles [100,101]. Figure
2.3(a) illustrates an example of a droplet streaming pattern with SAW propagation
entering from the left, forming two vortexes. Figure 2.3(b) showcases streaming when
the SAW propagates laterally offset to the droplet, creating a single vortex.
Additionally, Figure 2.3(c) displays SSAW propagation, generating four vortexes. The
applications of these streaming types, which include mixing, concentration, and

pumping, are further explored in Sections 2.5.1.1, 2.5.1.2 and 2.5.2.1.

Continuous flow acoustofluidics involves the liquid within microchannels or chambers
interacting with acoustic waves. Channels and chambers offer distinct advantages,
including containing larger liquid volumes, accommodating flow, and modifying
boundary conditions for versatile applications. It is important to note that the boundary

of a channel or chamber significantly impacts its applications. This boundary can be
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composed of different materials (e.g., glass capillary, polydimethylsiloxane (PDMS)),
interfaces (e.g., liquid-air, liquid-glass) or geometries (e.g., different dimension/shape
tubes or chambers). Figure 2.3(d) and Figure 2.3(e) illustrate continuous flow
acoustofluidic patterns, where the fluid is driven by propagating SAWSs originating from
the left and the bottom of the channel, respectively. These SAWSs create two distinct
vortex-like flows, one at the top and bottom, and the other at the left and right sides of
the channel. These streaming patterns offer versatile applications, including mixing,
concentration, and rotation, as outlined in Section 2.5.1.3. Furthermore, Figure 2.3(f)
illustrates SSAW streaming from a front-view perspective, revealing the presence of
two vortexes [102]. These applications of SSAW streaming are discussed in Section
2.5.2.2.
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Figure 2.3. lllustration of two-dimensional fundamental streaming patterns for (a-c)

droplets and (d-f) channels, with varying positions of SAW propagation indicated by
the blue arrows. In the droplet top view, SAW propagation enters from (a) the left, (b)
laterally offset, and (c) both left and right (SSAW). In the channel top view, (d) and (e)
streaming patterns, the SAW propagation enters from the left and bottom, respectively.
In the front view, (f) streaming patterns with SAW propagation from both the left and
right result in SSAW streaming. [Reproduced with minor adaption from “Stringer et al.;

Methodologies, technologies, and strategies for acoustic streaming-based
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acoustofluidics. Applied Physics Reviews 1 March 2023; 10 (1): 011315. https://doi-
org.abc.cardiff.ac.uk/10.1063/5.0134646” [2], with the permission of AIP Publishing.]

It is important to acknowledge that the SAW-induced streaming patterns in digital and
continuous flow acoustofluidics exhibit significant variation influenced by various
factors. For instance, the input power applied to a transducer for actuating a droplet
can considerably vary the streaming patterns. At low input powers (in the order of
mW), preliminary acoustic streaming on the free surface is generated, which can be
used for vibration, mixing and driving applications. Higher input power (e.g., above a
few watts) leads to a breakup of the stabilising interface and allows for techniques
such as jetting, atomisation or nebulisation [100]. Other aspects include the type of
configuration used to actuate the acoustic signal (e.g., the IDT design), the incident
position, the angle, and the operating frequency [3]. A comprehensive exploration of
these aspects is presented and discussed in detail in Chapter 3. Acoustofluidic
Devices. The following section will delve into the applications of acoustic streaming,

building upon the streaming patterns discussed in this section.

2.5 Applications of Acoustic Streaming

Acoustofluidic devices are increasingly used in biomedical applications as they are
non-invasive, label-free, and meet most point-of-care requirements. Acoustic
streaming-based acoustofluidics is versatile and tuneable, providing flexibility and
adaptability for various tasks. These advantages make acoustic streaming an
attractive and valuable tool in various biomedical applications, supporting research,
diagnostics, and potential personalised medicine and healthcare advancements.

This thesis section will be organised by first categorising applications based on
whether they utilise TSAWs or SSAWSs-based acoustic streaming technique.
Applications will be further classified within each technique based on whether they
involve digital or continuous acoustofluidic systems. Subsequently, the methodologies
employed within each category, such as mixing, concentration, and pumping, will be

discussed.
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2.5.1 TSAWs based streaming and acoustofluidics

2.5.1.1 Mixing, concentration, and splitting of sessile droplets in digital

acoustofluidics
Mixing

Microfluidic applications involving sessile droplets encounter challenges due to
diffusion-limited mixing linked to their small dimensions. SAW devices offer a solution
by acting as effective mixers. The implementation of TSAW-induced streaming proves
successful for mixing sessile droplets [103] and nanolitre order droplets [104], as
shown in Figure 2.4(a). The ability to manipulate droplets is promising for micro-total-
analysis systems, especially in portable healthcare.

Microfluidic functionality can be enhanced with the addition of other techniques. For
instance, an electric field can increase the streaming velocity in a droplet by a factor
of about 2-3 [105]. Moreover, employing a focused SAW [106] significantly elevates
the streaming force by 480% compared to conventional SAW [107]. Additionally, other
technologies can be combined, such as metal-enhanced fluorescence [108],
electrowetting on dielectric [109], or surface plasmon resonance system [51] to
improve mass transfer through mixing. Such mixing and mass transfer capabilities are
valuable for biological sensors, for example, cleaning biosensors and removing fouling
caused by nonspecific binding proteins on the surface, for more accurate
determination and reuse of the devices [110]. A demonstration is found in a study that
employs this method to shorten SARS-COV-2 antibody immunoassay from 20 min to
40 s, enabling rapid detection and minimising sample waste [111].

As a result of the mixing and, hence, inhomogeneous acoustic streaming in a droplet,
cells within the liquid droplet will experience a shear force [112]. This shear force may
interact with cells through biological pathways, including the cell membrane,
extracellular matrix, and cytoskeleton, instead of simply displacing cells [113]. The
shear forces can induce action potentials [114] and calcium responses [115] in
neurons. This has significant implications for neuroscience research and the treatment
of neurological disorders. Notably, SAW-based techniques offer advantages over

traditional ultrasound methods for neuron stimulation, such as generating less self-
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heating, less cavitation, and physically smaller [113]. Furthermore, mixing-induced
shear forces can affect cell adhesion and survival rate in cell culture [112,116-118].
Investigating and evaluating cell properties is instrumental in better understanding
biological processes. Cell adhesion is important for wound healing, cell growth and
immune response. For example, a SAW device has been used for the characterisation
of adhesive properties of red blood cells (RBCs) in a 9 um droplet within just 30 s
[116]. Similarly, the detachment and sorting of human embryonic kidney 293 cells from
AT7r5 cells, displayed in Figure 2.4(b), were based on differences in adhesion strength
within minutes [118]. This showcases rapid diagnostics and disease monitoring in a
small fluid volume, preventing the need for external rising agents such as trypsin,
typically used for cell detachment from the solid substrate. The shear force produced
through TSAW-induced mixing can also aid in gentle and controllable cell lysis. For
example, the collision between cells and magnetic Ag-nanowires in a droplet can lead
to 97% lysis efficiency with a power of just 1 Watt [119]. Cell lysis is vital for detecting
intracellular secrets for biochemical detection, biomechanical analysis, and biophysics
[119].

Acoustic streaming-based droplet mixing also holds significance for particle
manipulation techniques. One application is a particle sampling device for collecting
airborne micro-particles [120], which is important given the increasing risk of
bioterrorism and the emergence of antibiotic-resistant bacteria. Moreover, TSAW
mixing enables size-tuneable nanoparticle fabrication using droplet fusion [121]
(Figure 2.4(c)), which is beneficial for treating cancer and genetic diseases.
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Figure 2.4. Examples of applications of TSAW streaming for digital acoustofluidic
mixing. (a) Nanolitre order droplet mixing [Minor adaptation from [104]]. (b) Cell
detachment for diagnostics [Reproduced from [118]]. (c) Nanoparticle formation via

droplet fusion [Reproduced from [121]].
Concentration and Separation

The key to concentration within a droplet lies in the asymmetric SAW radiation
distribution along the droplet width [122]. This method can concentrate polystyrene
microspheres (1 to 45 ym) and living yeast cells (10-20 um) at low powers from 120
to 510 mW [122]. The particle enrichment enhances analyte detection sensitivity,
overcomes diffusion limits without particle damage, and broadens sensor applications.
Particle concentration is controlled by factors such as particle diameter, SAW
frequency, acoustic wave field (travelling or standing), acoustic waves' attenuation
length, droplet volume [26] and the contact angle [123]. One study shows four district
regimes (R1-R4) [26]: concentrated particles at the centre (R1), particle ring around
the periphery (R2), particles at the side of the droplet (R3), and smaller ring of particles
near the centre (R4) [26]. Additionally, adjusting the contact angle allows label-free,
noncontact concentration of cancer cells as shown in Figure 2.5(a). Such
concentration can mimic a primary tumour site, serving as a valuable cancer cell model

for advancing cancer therapy [124].

The concentration process may be augmented by employing different forms of SAW.
For instance, circular and elliptical SAWSs, can rapidly concentrate particles in under 1
s due to their increased wave intensity and asymmetry, — this is several orders of
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magnitude faster than conventional microscale devices [106]. Amplitude modulation
can further improve the speed of particle concentration y up to 70% and reduce droplet

temperature [125].

Combining acoustic ration force and acoustic streaming can efficiently concentrate
and separate microparticles of different sizes within a droplet [126,127]. For example,
SAW actuations can separate malaria-infected RBCs (shown in Figure 2.5(b)) based
on density differences in less than 3 s while maintaining the capability to detect
infection levels as low as 0.0005% [128]. This rapid separation demonstrates the
potential for point-of-care diagnosis, especially at low infection levels. Moreover, this
technology can be employed with finger-prick blood samples [128], further enhancing

accessibility.

Despite challenges in nanoscale manipulation due to dominant acoustic streaming and
insufficient radiation force, acoustic centrifuge motion offers a biocompatible and
versatile solution [28]. This method is important for gene/drug delivery, precision
bioassays, cancer diagnosis, and catalysing reactions. This system facilitates
differential concentration and separation, notably exosome separation (<100nm size
range), transport, drug loading and encapsulation [28,129] (displayed in Figure 2.5(c)).
Nevertheless, the extraction process of the separated species is often challenging. An
omnidirectional spiral SAW configuration can extract size-based particles and cells
[27]. This can be used for platelets from mouse blood for further integrated point-of-

care diagnostics.
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Figure 2.5. Examples of applications of TSAW streaming for digital acoustofluidic
concentration and separation. (a) Concentration of cancer cells [Minor adaptation from
[124]]. (b) separation of malaria-infected RBCs [Minor adaptation from [128]]. (c) Drug

loading and exosome encapsulation [Reproduced from [129]].
Splitting

SAW technology not only focuses on particle concentration and object separation
within droplets but also enables merging and splitting of droplets [130] as shown in
Figure 2.6(a). This methodology increases throughput, reduces volumes, washes
samples, and produces identical droplets [130,131]. A simple SAW device can achieve
on-demand size tuneable droplet splitting (Figure 2.6(b)), unlike electrowetting, which
requires multiple devices [131]. Additionally, SAW can separate different fluids, such
as water from a microliter oil/water drop, highlighting its potential for separating

immiscible liquids [132].
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Figure 2.6. Examples of applications of TSAW streaming for digital acoustofluidic
splitting and merging. (a) Open platform droplet splitting and merging [Reproduced
from [130]]. (b) On-demand droplet splitting [Minor adaptations from [131]].

2.5.1.2 Pumping, jetting, nebulisation/atomisation, and droplet generation in

digital acoustofluidics
Transportation

Droplet pumping uses SAW power above a threshold to induce streaming and
deformation, propelling the droplet. In microfluidics, the challenge is to pump droplets
without increasing temperature or causing evaporation, which is crucial for protecting
biological activities and low-power lab-on-chip systems. Various strategies are
employed to mitigate these challenges, including utilising low power levels [133,134],
encapsulating the droplet within an oil medium [44,135,136] introducing a steel ball
medium [137], preventing direct radiation of SAWs onto the substrate, or converting
microdroplets into a continuous flow [138]. Another example is with SAW Rayleigh-
Lamb inertia-capillary modes, which uses higher amplitude oscillations, enabling
droplet movement at a speed of 5 mm/s with reduced power by a factor of 3 [134].
Moreover, alternative SAW configurations can also be used. For instance, a focused
SAW can propel a droplet approximately five times faster than conventional SAW
methods [139]. SAW-induced droplet transportation and temperature control via thin
film heaters have proven effective in biological analysis chips enabling highly sensitive,
rapid, and specific PCR reactions even with volumes as low as 200 nL [135]. This
device has successfully identified single nucleotide polymorphisms (SNPs) associated
with Leiden Factor V syndrome in human blood [135]. Droplet pumping promising

applications in diagnostics, drug testing, automated reactions, and sample processing.
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The substrates surface properties also influence the velocity of the droplet pumping.
Optimising the hydrophobic film can reduce the necessary power by 50 to 75% [133],
minimizing temperature increase and evaporation. For example, by implementing a
hydrophobic self-assembled monolayer of octadecyl trichlorosilane (OTS) [140],
pumping of 5 pl droplets at approximately 1.4 cm/s has been achieved. Alternatively,
a slippery layer of lubricating oil-filled hydrophobic surface can significantly reduce (up
to 85%) the threshold power to pump the droplet on a ZnO/Si SAW device [141]. The
surface behaviour of droplet manipulation in microfluidics has been discussed in detall
by Wu et al. [142].

Typically, droplet acoustofluidic devices need a flat surface to operate correctly.
Nevertheless, alterations in surface treatment and the adoption of thin-film SAW
devices, such as ZnO/Si, ZnOlglass, AIN/Si or ZnO/Al, can achieve droplet
transportation [143,144]. These approaches enable effective droplet transport across
various substrates and diverse geometries, as shown in Figure 2.7(a), including
inclined, curved, vertical, inverted, and laterally positioned surfaces [56,143]. This
capability is promising for next generation microfluidic systems and biosensors, such

as wearable, flexible multilayered or 3D devices.

Chemical modifications to the chip surface can create pathways for programmable
microfluidic processing. This enables droplet transport along predetermined
trajectories for actions for actions like splitting, merging, mixing, and processing [145].
Alternatively, acoustic streaming-induced hydrodynamic traps offer contactless droplet
transport and manipulation, maintaining a contamination-free environment (diffusion
into the fluorinate carrier old lower than 10-10%) and high biocompatibility (with 99.2%
cell viability) [146]. Such a system, demonstrated Figure 2.7(b) used an array of IDTs
for streaming-based pumping in vertical directions [146]. Such re-programmable
platform can achieve various droplet manipulations transport, merge, mix and split)
and scale to perform massive interaction matrices within a single device [136].
Electrical control of multitoned signals provides fluidic functions such as routing and
gating droplets, minimizing cross-contamination and extending to fluidic processors
akin to transistor arrays [44].These techniques are promising for biomedical and

biochemical applications such as on-chip bioassays, high throughput compound
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screening, biochemical synthesis, and droplet processing strategies that follow digital

logic rules.
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Figure 2.7. Examples of applications of TSAW streaming for digital acoustofluidic
transportation. (a) Flexible/bendable droplet pumping [Reproduced from [56]] (b)
Digital programmable droplet manipulation [Minor adaptation from [146]].

Jetting

Generating jetting phenomena involves concentrating wave energy into a confined
region to optimise mechanical displacement within sessile droplets. SAW offers a
nozzle-free, contact-free approach that minimises cell damage, benefitting
applications like 2D and 3D bioprinting, needle-free fluid injection, and single-molecule
detection. This method is cost-effective, easy to manufacture, and suitable for
miniaturisation. Jetting can be achieved using standard SAW devices on
hydrophobically-treated 128° Y-X LiNbOs substrate [147]. Focused SAW
implementations can amplify droplet jetting and ejection [45], enhanced by adjusting
the substrates wettability [148]. However, focused SAW devices can increase

temperature in water environments, posing risks to biological tissues and cells [149].

Different materials and wave modes yield various jetting phenomena. For example,
droplets are generally ejected along the Rayleigh angle (e.g., 23° on a 128° Y-X
LiNbOs substrate), while SH-SAW devices on a 36° Y-X lithium tantalate (LiTaOs3)
substrate in Figure 2.8(a) induce vertical jetting [9,150]. Surface reflected bulk waves
on 128° Y-X LiNbOs substrate can obtain improved nebulization efficiency without

added device complexity or cost, suitable for large-scale nanoparticle synthesis,
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therapeutic encapsulation, and crystallization [151]. This specially designed droplet
ejection technique protects the device by preventing direct liquid contact with
electronics, offering a modular, reconfigurable platform for use in 96-well plates [152].
Nonetheless, it is essential to consider the anisotropic characteristics of such
piezoelectric materials. In some instances, designs may mitigate the differences in
acoustic velocities, enabling efficient or focused effects. However, this introduces

complexities in terms of modelling and mask design [153].

Thin-film SAW devices, like those using ZnO or AIN [154], present advantages for
jetting phenomena. Beyond their isotropic wave velocities, these devices exhibit
superior power-handling capabilities. In-plane isotropic ZnO/Si circular SAW devices
can produce controlled, concentrated vertical droplet jetting, superior to 128° Y-X
LiNbO3 substrate [46]. However, ZnO SAW devices have lower electromechanical
coupling coefficient, potentially weakening jetting [155]. Integrating an ultra-smooth
nanocrystalline diamond (UNCD) interlayer into a ZnO/Si device enhances efficiency
by increasing SAW energy transfer to the liquid [156]. Furthermore, thin-film materials,
such as the AIN/Si SAW device displayed in Figure 2.8(b), can enable jetting along
inclined or curved surfaces [144].

SAW-generated jetting serves various biomedical applications, including droplet
suspension a liquid bridge formation, useful for studying fluid dynamics in biological
systems [157]. Moreover, the jetting phenomenon can repetitively eject individual
droplets into the air, from the continuous resupply of a parent drop reservoir. The
droplet size can be adjusted by the pulse width duration [158,159]. Such technique is
used for encapsulation of single cells (Figure 2.8(c)) [160], single CTCs [161-163] and
rare cryopreserved cells [164]. Additionally, it supports acoustic droplet-based printing
of tumour organoids [55] and tumour microenvironment [165] as shown in Figure

2.8(d), facilitating single-cell analysis and cell-based diagnostics.
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Figure 2.8. Examples of applications of TSAW streaming for digital acoustofluidic
jetting. (a) Vertical jetting induced by SH-SAW [Minor adaptation form [150]]. (b)
Jetting along inclined surface [Minor adaptation from [144]]. (c) Focused acoustic
beans to encapsulate single cells [Reproduced from [160]]. (d) Focused acoustic

beams for printing tumour microenvironment [Minor adaptation from [165]].
Nebulisation

Atomisation and nebulisation techniques generate finely dispersed aerosol droplets
for applications requiring precise, uniform droplet sizes, such as spray cooling,
inhalation therapy for drug delivery, mass spectrometry, and bioprinting. SAW
technology excels in creating monodispersed microdroplets, mitigating shear and
cavitation effects through high frequencies and low powers, minimising biomolecule
damage [166]. Droplet size in the atomised mist can be controlled by adjusting the
liquid properties, frequency, and input power [47,50]. Thin-film liquid geometries
enhance atomisation efficacy due to their capacity for higher frequencies and
concentrated effects on the surfaces [47]. For instance, a thin graphene film deposited
on 128° Y-X LiINbOs can boost fluid atomisation rates by up to 55% [167]. Atomisation
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performance can also be improved with focused SAW to enhance concentration [50]
or amplitude modulation to reduce power requirements [168]. Additionally, tapered
SAW designs enables selective local cooling by changing the excitation frequency
without repositioning the device [169]. These advancements lead to practical,

handheld, battery-powered nebulisation devices.

A SAW nebulising device has successfully nebulised epidermal growth factor receptor
monoclonal antibodies into a fine aerosol mist for pulmonary delivery, particularly
relevant in lung cancer treatment [48]. This versatile SAW setup can also deliver drugs
through the pulmonary route for treating various diseases [170], including chronic
obstructive pulmonary diseases and respiratory infections. Integrating additional
devices enhances functionality; for example, coupling with an ionization device, as
shown in Figure 2.9(a), allows detection of nhanomolar drug concentrations in blood
and plasma and heavy metals in tap water [171]. An acoustofluidic nebulisation device
can also use surface reflected bulk waves for increased output and efficacy. This wave
propagates along and through the substrate, drawing the solution through the
substrate-contacting needle and then nebulising the liquid [172]. This method has
achieved in vitro pulmonary delivery of antibiotic alternatives that can be successfully
achieved against Staphylococcus aureus (prototype illustrated in Figure 2.9(b)) [54]

and in vivo human lung deposition [172].
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Figure 2.9. Examples of applications of TSAW streaming for digital acoustofluidic
nebulisation. (a) SAW nebuliser for sample delivery and ionization demonstrating
sensitive mass spectrometry [Reproduced from [171]]. (b) Prototype nebuliser

employed for in vitro lung characterisation of aerosols [Reproduced from [54]].

2.5.1.3 Mixing, concentration, and rotation of liquid in chamber/channel for

continuous acoustofluidics
Mixing

Microchannel or chamber mixing predominately relies on diffusion-based
mechanisms, but efficiency is limited due to the low Reynolds number. SAW-based
methods provide a low-power, non-invasive, and effective solution to enhance mixing
by overcoming diffusion constraints. This is significant in chemical and biochemical
assays and miniaturised total analysis systems. Microchannel or chamber mixing
holds significant biomedical potential; increasing reaction yield in biosensing [173],
removing cells to improve cell culture quality (Figure 2.10(a)) [41], and supporting

nanoparticle production for nanomedicine (Figure 2.10(b)) [174]. Integrating SAW-
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mixing with a surface plasmon resonance microfluidic sensor enhances
functionalization efficiency by up to 5 times with respect to instances without SAW
[175].

Acoustic streaming-based mixing in microchannels is controlled by parameters such
as SAW power, fluid viscosity, and flow rate [176]. Additionally, altering the SAW
device setup, such as using focused [177] or tapered SAWSs [178], can achieve rapid
and uniform mixing in microchannels. However, substantial channel thickness
attenuates acoustic waves. Directly coupling SAWs and fluids in micromixers
increases throughput (e.g. total flow rate of 50 pl/min) while reducing power
consumption (e.g., 12 V) compared to standard SAW-based counterparts [179]. While
sessile droplet systems avoid such challenges, they encounter instability at high
power. Adopting a dome-shaped chamber addresses this, offering flexibility in contact
angle (e.g., 68°) and reflection angle (~22°) to enhance mixing (mixing indices > 0.9
at 300 pl/min with 20 V) [57]. Other methods involve employing three-dimensional dual
SAWSs from the top and bottom substrates, inducing internal swirling for high efficiency
(100% at 50 pl/min flow rate with 14 V) [180]. Conductive liquid-based electrodes can
also achieve high mixing efficiency (97% at 80 pL/min with 21 V) [181].

Introducing bubbles within channels can amplify the mixing effects [182-186].
Resonating acoustic waves activate these bubbles, inducing streaming and disrupting
laminar flow, rapidly mixing viscous fluids in about 50 milliseconds [184]. Challenges
with bubble stability, heat generation, and the intricacies of bubble trapping must be
considered. Additionally, channel geometry significantly influences the acoustic
streaming vortices and mixing. Sharp edges [187-196] generates a substantial
Reynolds body force compared to using a non-sharp edge [187]. This characteristic
has proven effective in mixing[194], cell lysis [197], pumping [198] and rotation
[199,200]. The potential of enhancing acoustic streaming is not confined to sharp
edges; other microstructures [201,202] such as microcylinders[203—-205], micro

square pillars[206], and micro parallelepipeds[202,207] offer viable alternatives.

Vibrational mixing with high-frequency and low-power continuous SAW signals is
advantageous for applications requiring mechanical stimulation without cavitation or

heat. This method can be used for vibration-enhanced cell growth [208] and for
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investigating ultrasound-induced mechano-transduction at the single-cell level, such
as inducing intracellular calcium responses in human embryonic kidney 293T [209].
Additionally, successful acceleration of neural differentiation in human embryonic stem
cells has been achieved, (Figure 2.10(c)) highlighting a potential avenue for regulating
stem cell differentiation in therapeutic contexts [210]. This approach, as shown in
Figure 2.10(d), enhances uptake in difficult-to-transfect nonadherent cell lines like
suspension T cells within 10 minutes, maintaining high cell viability (>91%) and
outperforming methods like conventional nucleofection (76%) [211]. These findings

highlight the diverse applications of SAW-induced acoustic streaming-based mixing.

a b
Cells in PBS
B \
N _—~
GSI DTS
~ : g =
LiNbO; sub -~/ @
IOy SNDSURN wooter droplet
C hESCS d DT Cells GClass
f\Neurons LiINbOs SAW bottom
/ ‘ Fluid
FPCB SAW ‘ TF Couplant
\\\f’
FSCS L
Scale bar: 50 um

Figure 2.10. Examples of applications of TSAW streaming for channel/chamber
acoustofluidic mixing. (a) Locally remove cells from culture surface to improve cell
culture quality [Reproduced from [41]]. (b) Controllable mixing for fabrication of
therapeutic nanoparticles [Reproduced from [174]]. (c) Acoustically accelerated neural
differentiation of human embryonic stem cells [Reproduced from [210]]. (d)

Acoustofection for intracellular delivery device [Minor adaptations from[211]].
Concentration and separation

The concentration and subsequent separation of particles and cells within a channel

have traditionally relied on acoustic radiation forces [99], utilising SSAW to drive
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objects toward minimum PNs or ANs. This method is significant for concentrating and
isolating extracellular vesicles [212,213] and CTCs [214,215], which are pivotal in

diagnostic and treatment decisions.

Incorporating both SSAW and TSAW can enhance separation performance in
multistage devices. For example, as shown in Figure 2.11(a), the initial SSAW stage
concentrates CTCs and RBC at pressure nodes, while a subsequent TSAW stage
uses acoustic streaming forces to separate CTCs from RBCs, achieving approximately
94.2% particle separation efficiency for 2 ym and 5 ym polystyrene particles [216]. A
single TSAW can independently achieve the separation of 10 and 15 ym particles in
a detachable microchannel with separation efficiency surpassing 98%, displayed in
Figure 2.11(b) [217]. The disposability and assembly convenience of this system
enable the practical application of noncontact, disposable particle manipulation

techniques in biomedical sample preparation.

Further strategies involve employing two counterpropagating TSAWSs at different
frequencies to laterally migrate 5 ym particles across the fluid flow to precise locations
with a £10 ym accuracy [218]. This approach facilitates longer-range force fields,
driving particle concentration to a single trapping site [218]. Moreover, high amplitude
and frequency focused SAWSs induce robust acoustic streaming, leading to fluid
streamlines and vortices (Figure 2.11(c)) [219]. This method underpins the selective
capture of 2 um particles from mixed suspensions of 1 um particles in a continuous
flow [219], size-selective aggregation down to 300 nm in enclosed channels [220],
and consistent differential focusing of nanometre particles with continuous channels
[25].

Integrating configurations with passive microfluidic cell sorting techniques offers
promising solutions for increased performance. Techniques like reverse wavy [221] or
spiral [215] microchannels ((as shown in Figure 2.11(d)) are used for inertial cell
enrichment, alongside active TSAW single cell sorting. For instance, this approach
achieves at least a 2500-fold purity enrichment of MCF-7 breast cancer cells spiked in
diluted whole blood samples with cell viability maintained at 91 + 1% (compared to 94
+ 2% before sorting) [221]. SAW holds the potential for high-throughput and precise

isolation of rare cell populations in practical biomedical applications.
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Figure 2.11. Examples of applications of TSAW streaming for channel/chamber
acoustofluidic concentration and separation. (a) Sorting of tumour cells by a multi-
stage SAW device [Reproduced from [216]]. (b) Particle separation using a detachable
acoustofluidic system [Reproduced from [217]]. (c) Selective particle and cell capture
in continuous flow [Minor adaptation from [219]]. (d) Hybrid spiral microfluidic platform

for passive and active separation [Minor adaptations from [215]].
Rotation

Accurate and noncontact rotation and manipulation of physical and biological objects
are highly desirable in nanofabrication, micro and nano-robotics, drug delivery, and
cell and tissue engineering applications. Acoustic tweezers have rapidly emerged as
a versatile platform enabling precise manipulation across a broad object size range.
Typically, acoustic tweezers rely on SSAW, yet a different approach employs TSAW
to leverage streaming fluid flows. This indirect handling of particles in fluids through
streaming vortices simplifies operation but may compromise spatial resolution due to

the challenging control of nonlinear streaming [9].

A tri-directional symmetrical acoustic tweezer (Figure 2.12(a)) generates TSAW to
control microparticle movements precisely. By switching excitation combinations,

programmable motion control is achieved, facilitating linear, clockwise, and
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anticlockwise trajectories [222]. For increased precision in 2D fluid and particle
manipulation, an array of transducers generating swirling acoustic forces offer a more
refined approach [223]. Moreover, using an array of transducer plates creates stable
and symmetrical pairs of vortices, establishing hydrodynamic traps [9]. These versatile
transducer plates function as acoustic wave generators and boundaries to shape 3D
streaming-based acoustic tweezers [9]. 3D tweezers can be achieved without a
complex transducer array by combining SSAW to manipulate in two directions with

TSAW streaming vortex for levitation in the third dimension [224].

The devised rotational mechanisms manipulate and propel objects, as demonstrated
by their application in a centrifugal microfluidic platform. For example, a miniaturised
lab-on-a-disc (miniLOAD) SAW device (Figure 2.12(b)) [225] is designed to harness
acoustic streaming for the steering rotation of thin millimetre-scale discs resting atop
a fluid coupling layer. Adjusting the power and input frequency to the device allows the
rotational velocity and direction of the disc to be controlled [226]. Disposable
microchannels can be fabricated on the discs to achieve self-contained and portable

centrifugal functionalities.

Utilising the same methodology, whereby TSAW generates an acoustic streaming
vortex within a channel, enables noncontact rotation of small veritable models
[53,199]. This rotational manipulation opens avenues for high-speed, 3D multispectral
imaging and digital reconstruction, culminating in accurate 3D models that facilitate
guantitative evaluation of morphological characteristics and advanced combinations
metrics. This basis proves valuable for small organism phenotyping, screening, and
microsurgery. For example, controlled rotation of Caenorhabditis elegans can be
achieved using alternate counterpropagating TSAWSs for clockwise or anticlockwise
motion in a continuous or stepwise manner [53]. However, the vortex size confines its
suitability to larger organisms, such as millimetre-scale zebrafish larvae, commonly
used in rapid drug screening and disease evaluation. Consequently, it is vital to
develop functional platforms that provide clear visualisation and precise analysis,
essential for high-throughput phenotypic evaluations. Addressing this need, a robust,
stable, and consistent unidirectional polarised vortex pattern, as shown in Figure
2.12(c), has been developed for quantification and 3D reconstruction of zebrafish

larvae [52]. Collectively, such systems hold promise across diverse biomedical
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domains, including accelerating drug discovery and simplifying testing of personalised

therapies in animal models.
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Figure 2.12. Examples of applications of TSAW streaming for channel/chamber
acoustofluidic rotation. (a) Tri-directional symmetrical acoustic tweezers for
programmable trajectory manipulation [Reproduced from [222]]. (b) Controlled rotation
on a lab-on-a-disc device [Reproduced from [225]]. (c) Rotational manipulation of
zebrafish larvae, demonstrating multiple imaging of the rotation for 3D reconstruction
of models [Minor adaptation from [52]].

Droplet manipulation

Confining droplets within microchannels presents a versatile strategy for fluid control
[42], establishing discrete microenvironments to prevent cross-contamination [227].
This capability benefits various biological applications, including complex micro-total
analysis systems or high throughput single-cell screening in large cell populations.
Notably, the selective merging of droplets has been demonstrated to initiate
biochemical reactions [227,228], facilitate encapsulate samples [229], and enable
precise dispensing based on droplet volumes (Figure 2.13(a)) [230]. Additionally, the
use of TSAW-based streaming allows for precise manipulation of 200 fl [231] and 10
fl (Figure 2.13(b)) [232] droplets within nanofluidic channels, overcoming challenges
inherent to nanoscale manipulation governed by surface and viscous forces [231,232].
Manipulating nano-droplets within these nanostructures can increase the sensitivity of
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analytical tools for applications such as medical diagnostics and personalised

treatments.
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Figure 2.13. Examples of applications of TSAW streaming for channel/chamber
acoustofluidic droplet manipulation. (a) Deterministic droplet coding of through
dispensing of droplet volumes [Reproduced from [230]]. (b) Manipulation of 200
femtoliter droplets in nanofluidic channels [Reproduced from [232]].

2.5.2 SSAWSs based streaming and acoustofluidics
2.5.2.1 SSAW induced droplet streaming in digital acoustofluidics
Mixing

When a pair of IDTs generate SSAWSs to actuate a sessile droplet, it initiates
symmetrical acoustic wave propagation, inducing strong acoustic streaming forces
within the droplet, even if its movement is not easily observed. Consequently, SSAW-
induced streaming proves advantageous for the stable mixing of sessile droplets. For
example, SSAW-induced mixing finds applications in dynamic cell culture [233],
labelling of nanoparticles [234], or lowering the detection limit for biomarkers [235].
Moreover, SSAW mixing enhances the kinetic impact on the recrystallisation process
of metal-organic frameworks, as illustrated in Figure 2.14(a). For example, this is
achieved with HKUST-1 crystals [236] and variously sized glycine crystals [237] within
droplets, as well as the isolation of sodium chloride crystals [238] within evaporated
droplets. This mixing holds promising potential for drug delivery and release

applications within the pharmaceutical industry.
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Concentration and Separation

The SSAW field can be modified using nickel pillar-type crystals to introduce scattered
SSAW and consequently induce strong acoustic streaming localised in the half of a
droplet. Such a mechanism has been utilised for concentrating and separating 2 and
20 pum polystyrene (PS) particles within a microliter droplet [239]. Furthermore,
concentration and separation within a sessile droplet via SSAWs can be achieved by

adjusting the droplet's contact angle [240], as presented in Figure 2.14(b).
Transportation

While SSAWs do not inherently contribute to droplet transport, coupling SSAW-
induced streaming with anisotropic ratchet conveyors achieves this by utilising
hydrophilic patterns on the substrate to control droplet movement direction [241]. For
example, Figure 2.14(c) shows this technique for transporting and merging droplets
[241]. Another method uses a combination of TSAW and SSAW, where the velocity
and direction are controlled by adjusting the temporal phase shift of SAW in exciter-
exciter modes [242]. The simplicity of this device can improve the convenience and

programmability of lab-on-chip applications.
Jetting and Nebulization

The stability of SSAWSs actuating a droplet enables controlled jetting. When SSAW is
generated through a small aperture in a vertical capillary tube, as demonstrated in
Figure 2.14(d), it can produce controlled and stable jetting [243]. This configuration
harnesses the benefits of higher energy density output performance and enhanced
driving capability, resulting in focused energy concentration and more uniform wave
paths [243]. Moreover, adding anisotropic rachet conveyors can aid droplet

confinement for nebulisation [241].
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Figure 2.14. Examples of applications of SSAW streaming for digital acoustofluidics.
(a) Growth of glycine crystals promoted by SSAW [Minor adaptations from [237]]. (b)
Particle concentration and separation by SSAW through change in contact angle
[Minor adaptations from [240]]. (c) Droplet transportation and merging with anisotropic
ratchet conveyors control movement [Minor adaptations from [241]]. (d) SSAW
induced stable jetting in capillary tubes [Minor adaptations from [243]].

2.5.2.2 SSAW induced streaming in a microchannel in continuous

acoustofluidics
Mixing

SSAWs are typically recognised for generating ANs and PNs to manipulate particles;
however, they also influence fluid streaming within a chamber. Notably, SSAWs mixing
(shown in Figure 2.15(a)) has been demonstrated to outperform TSAW with a mixing
performance of 96.7% compared to TSAWs 69.8% under the same applied voltages
(85 Vp-p) and flow rates (10 pl/min) [244]. The mixing behaviour induced by SSAW
acoustic streaming proves to be advantageous, offering prevention of particle
deposition within a microchannel [245] or facilitating microextraction functions for

applications in biochemical analysis [246,247].
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Concentration and Separation

As discussed in Section 2.2, the interaction of two counterpropagating TSAWSsS
generates SSAW, establishing a time-averaged pattern of nodal and antipodal
positions across the channel [248]. Consequently, SSAWSs readily form one-
dimensional nodal lines within channels or chambers, allowing particle and cell
patterning for concentration and separation applications [249]. For example, Figure
2.15(b) demonstrates the separation of red blood cells and bacteria using a tilted-angle
SSAW device [250]. This approach can seamlessly integrate into a straightforward
multistage device [251-253], enhancing efficiency and throughput. For example,
SSAW patrticle/cell sorting in the first stage is followed by TSAW patrticle/cell deflection
in the second [216,254,255]. To further enhance effectiveness, alternative strategies
can be employed, such as phase modulation to align particles at various moving
pressure nodes without needing an increase in channel width [256-258] or the
application of nanosecond-scale pulses to generate localised time-averaged

patterning regions for selective trapping [259].

SSAW has proven effective in sorting cell-encapsulating beads according to bead
density, a pivotal parameter in evaluating encapsulated cells' biocompatibility and
immune response, notably in cell therapy [260]. Furthermore, SSAW-based sorting
has been applied to separate different size constituents in whole blood samples
[261,262], which holds significance for whole blood analysis and antigen-based cell
diagnostics. This sorting capability extends to the isolation of circulating tumour cells
within whole blood samples, offering early-stage cancer diagnosis potential
[214,215,249,263]. SSAW methods also facilitate exosome separation in whole blood
samples, which is crucial for exosome-related health monitoring, disease diagnosis,
and therapeutic research [264]. The separation of exosomes and lipoproteins in blood
[212] is particularly significant given the challenge of isolating submicron-scale
components with overlapping size distributions. This separation is beneficial as both
components are valuable for diagnostics biomarkers and therapeutics. By engineering
the acoustic field pattern and channel dimensions, distinct groups can be directed
towards different outlets based on their acoustic contrast factor. Moreover, SSAW-
based separation has already shown its potential in early traumatic brain injury

diagnosis by successfully isolating circulating exosomes from plasma samples, as
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demonstrated in Figure 2.15(c) [213]. Overall, SSAW-based approaches offer high
sensitivity, efficiency, throughput, and rapid processing advantages for total analysis
and diagnosis applications. Their label-free, contact-free nature ensures
biocompatible control, preserving the structural, characteristic, and functional

attributes of particles and cells.
Tweezers

Acoustic tweezers can be realised through two orthogonal SSAWSs [3,265], forming a
2D pattern of nodes and antinodes for particle manipulation [266—268]. This
straightforward approach offers rapid, precise, and noncontact control over particles
and cells. The compact nature of SSAW-based tweezers allows seamless integration
with microfluidic systems, enabling versatile lab-on-a-chip tools [36]. For example, 2D
SSAW single-cell patterning has been used to examine Plasmodium falciparum-
infected red blood cells [266], paving the way for investigations into cell-to-cell, cell-to-
bacterium, and organism-to-bacterium interactions [36]. Furthermore, extending the
capabilities, 3D SSAW acoustic tweezers can be achieved by manipulating acoustic
parameters such as phase shifts [269], frequency, or amplitude modulation (as
illustrated in Figure 2.15(d) [270,271]. These techniques enable dynamic
reconfiguration of tweezer patterns without complex electronics [271]. For instance,
3D SSAW approaches have been employed for single-cell manipulation [269] and
controlled rotation and translation of spherical particles or living cells in a 3D format
[272]. Additionally, bio-acoustic methods can be incorporated through an extracellular
matrix-based hydrogel, like gelatibe methacryloyl [273]. Furthermore, SSAWSs enable
the patterning of particles and cells into 3D spatial lines [274], crystal-lattice-like matrix
patterns in chambers with millimetre height [275] (suitable for whole organism
manipulation such as Caenorhabditis elegans) [276], or the formation of multicellular
spheroids [277,278]. The 3D spatial distribution of cells maintains their viability and
functionality, making them valuable for diverse biomedical applications, including
tissue engineering, in vitro cell studies, or the creation of 3D biometric tissue

structures.

In summary, acoustic tweezers, with patterning and particle manipulation capabilities

through SSAWSs, have emerged as a prominent research area in the acoustofluidic
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field. This field has been comprehensively reviewed in many papers [36,38,279-282].
However, as the primary focus of this thesis centres on acoustic streaming techniques,
further exploration of acoustic tweezers will not be addressed within this work.
Interested readers should refer to the above or other review papers for more

information.
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Figure 2.15. Examples of applications of SSAW streaming for channel/chamber
acoustofluidics. (a) SSAW fluid mixing of deionized water and dye solution [Minor
adaptations from [244]]. (b) Tilted-angle SSAW separation of red blood cells and
bacteria [Minor adaptations from [250]]. (c) Isolating circulating exosomes from plasma
samples device for early traumatic brain injury diagnostics [Minor adaptation from
[213]]. (d) Dynamic and selective particle manipulation using harmonic acoustics

[Minor adaptation from [270]].

2.6 Conclusion

This chapter provides a comprehensive overview of acoustic streaming, exploring its

mechanisms, applications, and recent developments. Its role in various fields, from
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biomedical research to clinical applications, highlights its valuable contribution to
modern science and technology.
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Chapter 3  Acoustofluidic Devices

3.1 Introduction

Recent studies have investigated electrode designs and patterning for lab-on-a-chip
applications, including bio-sample functions, precise sensing, and, more importantly,
improved microfluidic functions [60,63]. However, current IDT designs are primarily
tailored for RF communication and sensing applications rather than optimising their
designs for acoustofluidic functions [39]. Therefore, this chapter delves into the
intricacies of designing and constructing the active and passive components of
acoustofluidic devices, specifically for acoustic streaming-based acoustofluidic
applications explored in Chapter 2. The methodology provides a detailed overview of
the active components, including Acoustofluidic Device Configuration and IDTs. It
covers design criteria, transducer materials, fabrication techniques, and IDT
advancements. Additionally, passive components such as fluidic vessels are
discussed. By offering a comprehensive guide to constructing streaming-capable
acoustofluidic devices, this chapter equips researchers to advance their work in
Acoustic Streaming-based Acoustofluidic applications. It plays a pivotal role within the
broader thesis, exploring the multifaceted capabilities of SAW acoustofluidic devices
for acoustic streaming. Furthermore, this chapter sets the stage for subsequent
chapters, particularly Chapter 4, which discusses the novel Hexagonal FPCB

acoustofluidic device.

3.2 Configuration of Acoustofluidic Devices

An Acoustofluidic system contains three main components: the experimental set-up,
the acoustofluidic device, and the data collection/analysis methods. To briefly describe
these components, the experiment includes a function generator connected to the
acoustofluidic device to generate acoustic waves. Optionally, an amplifier can be
integrated to enhance power, and a power meter for power measurement, as depicted
in Figure 3.1(a). The operation of the acoustofluidic device is typically observed
through a benchtop microscope equipped with an objective lens and a camera. The
acoustofluidic device comprises the piezoelectric substrate, the IDT, and the fluidic

vessel. The fluidic vessel can take various forms, such as a sessile droplet, a
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microchannel, or a chamber, illustrated in Figure 3.1(b-d). The acoustofluidic device
generates acoustic waves to manipulate particles and fluids within the adjacent fluidic
vessel. Data collection is facilitated through the microscope’s camera, and subsequent
analysis is conducted using software tools like ImageJ. The specific parameters
subjected to analysis may vary depending on the application; examples encompass
time, speed, and fluorescence intensity. Chapter 5 delves into the details of the
experimental set-up and data collection/analysis techniques, focusing on the

Hexagonal FPCB IDT, as discussed in Chapter 4.
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Figure 3.1. Typical configuration of a SAW acoustofluidic device. (a) Acoustofluidic
experimental set-up. (b) SAW device consisting of a single conventional IDT on a
piezoelectric substrate (c) Continuation of the TSAW from the IDT in (a) showing an
example of fluidic mixing within a sessile droplet [283]. (d) Continuation of TSAW from
(a) demonstrating particle separation within in microchannel [99]. (d) Continuation of
TSAW from (a) causing vibrational stimulation of biological cells in a closed chamber

[210].

A typical SAW IDT, using a SAW resonator as an example, consists of several key
elements: electrode fingers, bus bars, electrode pad, and, sometimes, reflectors. In
47



applications related to biosensing, these SAW devices necessitate specific
characteristics, including higher SAW frequencies, larger amplitude, reduced width
(leading to higher quality factor), minimised noise levels, and precise IDT dimensions.
Researchers have extensively reported these types of SAW devices [71,284-286].
Conversely, SAW devices are tailored to perform multiple microfluidic functions in
microfluidic applications. These applications often demand higher power outputs,
increased vibration amplitudes, various wave modes, and occasionally a broader
range of frequencies, spanning from low frequencies in the MHz range to several
hundred MHz. Some SAW devices operating at high frequencies, in the range of
several hundred megahertz, have been explored for tasks such as manipulating
nanoscale droplets, single cells or sub-micron particles [287,288], as discussed in

Chapter 2. Acoustic streaming applications.

The design of SAW IDTs involves considering several critical factors, which will be
delved into in the following section. Briefly, these factors encompass aspects such as
geometry and thickness, electrode materials selection, mass loading, metallisation
patterns, electrical regeneration and geometric discontinuity, piezoelectric shorting
and strength of electromechanical coupling constant [289,290]. However, as already
mentioned, most existing IDT designs primarily serve for RF communications and
sensing applications. Consequently, there is a challenge in designing IDTs that are
specifically tailored for optimal acoustofluidic performance [39]. The following sections
will cover various IDT topics relevant to acoustofluidics, separated into active and
passive components. The active components include the IDT design, transducer
materials, fabrication technigues, and advances in IDT for acoustic streaming and
acoustofluidics applications. The passive components involve the fluidic vessel types,

materials, and fabrication.

3.3 Basics of IDTs

3.3.1. Design criteria

Designing effective IDTs for SAWs involves considering multiple key considerations.
These parameters encompass [147] frequency (centre (or resonant) frequency,
frequency spectrum and bandwidth), power and efficiency (power output density,

insertion loss, reflection/transmission functions and resistance), electrode (electrode
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materials, types, positions, shape/dimensions (including thickness), number of
reflective electrodes, phase, delay effect, electrode length and aperture), substrate
(substrate materials and isotropic/anisotropic properties), and wave characteristics

(dispersion and wave direction/directivity (e.g., bidirectionality or unidirectionality)).

The primary objectives when enhancing electrode designs for acoustofluidics are to (i)
increase the generation efficiency of acoustic waves, (ii) improve spurious signal
suppressions, (iii) reduce insertion loss, and (iv) minimise signal distortion [64]. A

labelled schematic of a conventional IDT is shown in Figure 3.2(a).

Depending on the specific applications (e.g., biosensing or acoustofluidics), the critical
design factors and issues concerning IDT designs that need to be considered are:
[291]

(1) Phase velocity: The propagation velocity of a single plane wave [6]. Phase
velocity is a function of propagation direction; hence, the frequency applied to the IDT
would change with its placement angle for a particular IDT design. Additionally, distinct
wave modes will have different phase velocities. The phase velocity can be calculated

with the simple wave velocity equation,

v (0) = f2 (3.1)
Where f is the eigenfrequency of the acoustic mode, and 1 is length of the acoustic

mode, i.e., the wavelength/pitch of the IDT.

(2) Numbers of fingers (N) [70,292]: The number of fingers in an IDT. This number
directly impacts its bandwidth, with an increase narrowing the bandwidth and
improving the quality factor of resonant peaks. Bandwidth is inversely proportional to

the number of fingers, calculated by,

_2f (3.2)

BW
N

Increasing the finger number can minimise spurious responses. However, too many
finger numbers will result in mass loading and scattering effects from the electrodes,

performance degradation, and increased electrode size or area.
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(3) Acoustic aperture [293]: The overlapping length of the electrode. Precise design
of the acoustic aperture is essential to prevent acoustic beam diffraction. A narrow
aperture can result in beam steering and increased wave spreading during
propagation. The impedance of the IDT is also influenced by this aperture size,
typically requiring it to be at least 50 times the wavelength to ensure effective
functionality.

(4) Heating effect [64]: Consequence of propagating waves generating atomic
vibrations, leading to heat generation (Figure 3.2(b)). Factors such as defects,
degradation, device malfunction causing internal energy dissipations, or reflections
from the power supply can worsen this effect.

(5) Electromechanical coupling coefficient [294]: The numerical measure of
conversion efficiency between electrical and acoustic energy in a piezoelectric

material. The electromechanical coefficient of the mode is calculated by,
Vs — Um

2
Ko =2— (3.3)

where v and v, are the SAW phase velocities, calculated for free and electrically
short-circuits surface, respectively [295]. Due to the phase velocity being a function of
propagation direction, it also causes an orientation-dependent coupling coefficient.
The coefficient will also change depending on the wave mode, electrode, and
substrate materials. For example, 128° YX- LiNbOs has a maximum R-SAW coupling

coefficient K2 = 5.4% for propagation along the X-axis (6 = 0) [296].

(6) Beam divergence or wave diffraction [70]: Deviation from the perfectly normal
wavefront propagation direction [70], illustrated in Figure 3.2(c). This deviation is due
to beam steering effects or the anisotropic behaviour of piezoelectric materials. The
beam divergence also has orientation and frequency dependency for the same reason
as the coupling coefficient. The slowness curve can reveal the beam direction by
demonstrating the curve that deviates from a circular shape [6]. Hence, if the slowness
curve is not circular, the beam direction is generally no longer parallel to the

propagation direction [6]. This slowness curve is defined by,

_ v (3.4)
= v (6)
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where k is the wave vector, and w is the angular frequency of the wave mode.
Additionally, the power flow angle (y,,), which is the angle between the wave vector
(defining the propagation direction) and the beam direction (given by the power flow)
is also used to calculate the beam divergence. Uniqgue wave modes and orientation
angles will have distinct power flow angles that may need to be considered [295]. The

power flow angle (Figure 3.2(c)) is calculated by:

_ 1 dv, (3.5)
l/)n = arctg aﬁ

where dv, is the change in mode velocity caused by a change in dé (radians) in its
propagation direction on a plate face, and y,, (radians) is an angle between a mode

beam and a propagation direction [295].

(7) Impedance matching[70,297]: Ensuring the impedance at the input and output
impedance are the same, preventing acoustic energy from being dissipated within the
IDTs. Electrical dissipation in other forms should be avoided, such as electrical
shielding and conductive short connections. Solutions include using matching
networks or adjusting the IDT designs. This is one of the key factors in the complexity
of SAW fields used for microfluidic applications [297].
(8) Bragg reflection [293]: The wave reflections due to the electrode interactions lead
to in-phase scattering waves with significantly stronger reflections. This occurs when
the wavelength (1) equals the periodicity (P). Alternative electrode designs, such as
double electrode or spit electrode IDTs, are discussed in the following section as
potential solutions.
(9) Triple transit signals [293]: This phenomenon, also referred to as triple-transit-
interference (TTI) or multiple-paths effects, is generated by the non-matched output of
IDTs, leading to periodic ripples in frequency responses. This interference is attributed
to reflected waves produced by output IDTs, undergoing multiple reflections, including
reflections from the opposite IDTs and a secondary reflection by the input IDTs (shown
in Figure 3.2(d)).
(10) Bidirectional effect [70]: Conventional IDTs simultaneously propagate waves in
two directions (Figure 3.2(d)), potentially wasting wave energy if one direction is
unused. This can be resolved using alternative designs, such as a single-phase
unidirectional transducer, discussed later.
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Figure 3.2. Conventional IDT and illustrations of example design considerations. (a)
Schematic of conventional IDT with labelled parameters: period, finger spacing,
aperture, and finger width. (b) A continuation of (a) illustrating the SAW wavefront
propagation and associated heating effects. (c¢) Continuation of (a) showing the SAW
wavefront during beam steering, highlighting the power flow angle. (d) Further
continuation of (a) incorporating an opposing IDT configuration, demonstrating the
triple transit and bidirectional effects of IDTSs.

3.3.2. Electrode materials

The choice of materials for the IDT electrodes influences the SAW devices’
performance and electromechanical coupling coefficient [298—300]. IDTs are typically
required to possess specific characteristics to optimise their functionality. These
include low mass to minimise damping, high acoustic impedance to confine acoustic
waves within the piezoelectric layer, and high conductivity to reduce series resistance
during the transmission of excitation signals. Different electrode materials have been
examined by Fu et al. [64], primarily considering their acoustic impedances (Z = p - v,
with p and v being the material density and wave velocity) and resistivity (&) of the

materials.

In the fabrication of SAW devices, the most used electrode materials are aluminium
(Al) and gold/chromium Au/Cr (or gold/titanium; Au/Ti). Aluminium stands out due to
its advantages, including its abundance, low cost, low resistivity, low acoustic
impedance, and high Q factor, making it suitable for SAW IDTs. Nonetheless, it does
have critical drawbacks, such as low mechanical strength, a low melting point, and
poor resistance to electro-corrosion. Typically, it requires enough thickness
(commonly 100 to 200 nm) to achieve low electrical resistance while avoiding issues

related to mass loading and excessive acoustic impedance. Gold electrodes excel at
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high-power applications, liquid environments, or corrosive settings. However, gold
IDTs show large mechanical losses at higher frequencies, relatively high mass
loading, and reflection. In contrast, aluminium IDTs display high reflection coefficients

and Q factors at higher frequencies [301].

Other materials, including conductive and transparent oxides, such as aluminium-
doped zinc oxide and indium tin oxide, have applications as electrode materials in
transparent SAW devices [302,303]. Additionally, Graphene [304,305] and its
derivatives, known for their exceptional conductivity and minimal mass loading [306]
due to their thin and lightweight nature, have been employed as IDTs for SAW devices
[307,308]. Multilayer graphene with a sheet resistance in the tens of Q/sq has been

explored to enhance transmission properties [309].

3.3.3. Piezoelectric materials

Various factors should be considered when selecting the substrate materials to place
the IDTs on. These factors include cost, temperature dependence, attenuation, and
propagation velocity. It is important to recognise that piezoelectric materials exhibit
anisotropy, meaning their properties vary across axes. Moreover, the ratio of plate
thickness (h) to wavelength (1) within the substrate can influence the anisotropy [295].
This anisotropy will impact the phase velocities, types of waves generated [3],
electromechanical coupling coefficient and the power flow angle at different orientation
angles and cuts [6]. Therefore, the layout and orientation of IDTs on the substrate and
choice of substrate cut play a pivotal role in determining the efficiency of electrical
energy transduction from SAWs [148], especially for desired optimum acoustofluidic
effects. For example, the coupling coefficient may be increased 10 times or decreased
to zero by changing the plate thickness [295]. The total modes detected in one
substrate may be as large as ~100 [295]. Nevertheless, some modes may have small
electromechanical coupling coefficients and/or larger power flow angles. These wave
modes include SH-SAWSs, leaky SAW, or pseudo-SAW [3].

For SAW fabrication in microfluidics, R-SAW on 128° YX-cut LINbOs is typically used
due to the large surface normal displacement component, which produces the transfer
of momentum to the fluid [6]. To harness R-SAW on this particular substrate, an IDT

is placed perpendicular to the X-axis, exploiting its exceptional electromechanical
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coupling coefficient in this orientation [292]. However, this configuration is limited to
acoustofluidic manipulation only in the X-direction. Alternative piezoelectric materials
can address this limitation and achieve multidirectional SAW propagation. Among
them, 152° Y-cut LiINbO3 has demonstrated optimal performance, offering minimal
anisotropic  effects while maximising electromechanical properties [294].
Nevertheless, it's worth noting that 128° YX-cut LiINbO3s remains the most widely
adopted for R-SAW due to its outstanding electromechanical coupling, ensuring
optimum acoustofluidic manipulation performance. Nonetheless, the inherent rigidity,
brittleness, and anisotropic characteristics of LINbO3 have led to exploring various
alternative substrates. Piezoelectric thin films, including zinc oxide (ZnO) [310-312]
and aluminium nitride (AIN), can be deposited onto various substrates such as silicon
(Si), glass, ceramics, diamond, quartz, glass, and more recently also polymer, metallic
foils and bendable glass/silicon for making flexible devices [64,311]. Piezoelectric films
would allow for integrated, disposable, or bendable device fabrication. Due to the
isotropic nature of thin film materials deposited onto a planar substrate, flexible
designs of electrodes or IDTs, such as focused, curved, circular/annular, or randomly
shaped patterns, are readily achievable on thin film acoustic wave devices [64].
Furthermore, a bulk ceramic substrate such as LiNbOs has a low thermal conductivity
and poor fracture toughness, which becomes a challenge when high power is needed.
In contrast, thin films such as aluminium nitride or gallium nitride (GaN) could present
novel piezoelectric films that, although piezoelectric performance is compromised,
offer higher input power and superior thermal stability [313,314].

3.3.4. IDT Fabrication techniques

Cleanroom manufacturing techniques, including photolithography, evaporation,
sputtering, lift-off and etching, allow the fabrication of high-efficiency, small-scale,
precise, and reproducible IDTs. The two main standard patterning methods are
subtractive and additive. Subtractive patterning involves deposition, lithography, and
etching (wet or dry), starting with wafer cleaning, followed by IDE material deposition
using methods like sputtering, thermal evaporation, or chemical vapour deposition.
Lithography patterns photoresist with ultraviolet light exposure to create a positive IDE
image, then etching techniques are used to remove the IDE material, and the
photoresist is finally removed. In contrast, additive patterning employs lithography to
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create a negative IDE image, deposits the IDT material on the patterned photoresist
and utilises a lift-off process to remove both.

Advanced techniques like electron beam lithography, focused ion beam milling, or
nanoimprinting enable the creation of sub-micron wavelengths for super-high
frequency SAW devices. For instance, the e-beam lithography method has produced
SAW devices with frequencies from 20 to 44 GHz based on LiNbOs, ZnO/SiO2/Si, or
LiNbO3/SiO2/SiC heterostructures [315-317].

Cleanroom techniques can be expensive, and brittle substrates like LINbO3 pose
challenges in modification and repair. An alternative approach involves manufacturing
IDEs separately from the piezoelectric material. For example, the IDEs can be made
onto printed circuit boards (PCBs) and pressed onto piezoelectric substrates,
especially for prototyping. This method involves mechanically clamping electrodes
made using PCB or even flexible PCB with a piezoelectric substrate [14,15,318];
hence, the waves can be generated by simply applying RF frequency to the pressed

IDEs on the piezoelectric substrates.

Other electrode manufacturing methods include pouring low-melting-point metal into
a mould by PDMS [319], stacking aluminium foil strings onto substrate [320] and using
superstrates on conventional SAW devices for reuse in different applications [321]. 3D
printing can produce various shapes of electrodes and electrode arrays with specially
designed reflectivity and directionally (e.g., bidirectionality/unidirectionality) and varied
frequency spectra. However, the IDTs’ resolution may not match lithography produced

ones.

3.4 Advances of IDTs

3.4.1. Conventional IDT structures

The standard bidirectional IDTs, discussed in Section 3.3.1, have a simple design
(Figure 3.3(a)). The design comprises two electrode fingers, bus bars, and an
electrode pad. However, it has issues such as internal mechanical edge reflections
and loss of wave energy due to half the energy being wasted in one direction.
Alternative designs to address these issues have been explored, including straight or

curved (focused or plane waves) IDT types, standing waves versus propagating
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waves, and aligned or shifted waves. While some IDTs are designed for sensing
purposes, they may not be optimally suited for acoustic streaming applications.

Q) Split IDTs (Figure 3.3(b)) [64]. These IDTs reflect some waves, reducing
reflections and minimising spurious responses caused by finger reflections.

(2) Single phase unidirectional transducer (Figure 3.3(c)) [64]. These are
commonly used to reflect or cancel regenerated waves through internally tuned
reflectors within the IDTs, enabling unidirectional SAW propagation. They are effective
in minimising the triple transmission effect, reducing noise/insertion loss, and
decreasing passband ripples [322,323]. Various designs exist: (1) Split finger pair
using 1/16 A, in which all the gaps equal 1/8 L. (2) Fixed split finger pair or different-
width split finger (varied widths to obtain a required directivity) [324], (3) Triple
electrode section, with specific gaps and finger sizes of 3A/8, which will generate a
third harmonic response stronger than its fundamental response. (4) Special designs
include finger widths of 1/5, 2/5, 1/5, and 1/5 A. However, these may limit the
fabrication of super high-frequency devices, resulting in reduced SAW energy
efficiency and higher insertion loss.

3) Distributed acoustic reflecting transducer (Figure 3.3(d)) [64,325]. These
consists of a sequence of identical cells with a length equal to wavelength A. Each cell
has two electrodes with a width of 1/8 A, and one with a width of 1/4 A, separated by
an inter-electrode space of 1/8 A. This design enables variable reflection to cancel net
reflection and transmission effects. Segmenting the reflecting electrodes provides
design flexibility, beneficial for SAW microfluidics and sensors as it enhances
performance while maintaining optimal operating conditions.

(4) Floating electrode unidirectional transducers (Figure 3.3(e)) [64,326]. One
or more electrodes are not connected to others (floating). These shorted or open
electrode configurations change the transducer/reflector interactions and promote
forward transmissions.

(5) Apodised IDTs (Figure 3.3(f)) [64]. Apodised IDTs achieve non-uniform beam
profiles by varying or setting the lengths and positions of the IDTs. Varying the
electrode overlaps along the transducer length produces a specific frequency
response. This generates impulse response/pre-pattered pulse waves. Apodisation

technigues involve designing the top electrode with non-parallel edges to increase the
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resonant path and attenuate spurious lateral modes. This pattern is used for wave
shaping, frequency response manipulation, minimising heating effects, avoiding bulk
wave interferences, diffraction, and IDT end-effects, or optimising the output signal
profile.

(6) Focused or curved IDTs (Figure 3.3(g)). Focused IDTs generate concentrated
acoustic force or energy, enhancing pumping and mixing efficiency in acoustofluidics
[327] and improving sensitivity and resolution in sensing applications. However,
modification of IDTs into a concentric elliptical shape is recommended for anisotropic
crystal cuts of bulk piezoelectric materials, ensuring that the curvature aligns with that
of the waves surface [327,328].

(7) Chirped IDTs or dispersive delay lines (Figure 3.3(h)). Chirped IDTs control
wave modes and reflectivity by varying the width and frequency of the IDTs, enabling
linear modulation of wave pitch/frequency. These IDTs have a relatively large
bandwidth and can gradually change frequency by altering the electrode spacing.
These can be designed as expanders (large width to smaller width) or compressors
(small width to larger width). Chirped IDTs are valuable for creating focused acoustic
energy by tuning the frequency, manipulating droplets in different directions, and
manipulating single microparticles, cells and organisms [276,329,330].

(8) Slanted finger IDTs or tapered or tilted IDTs (Figure 3.3(i)). [178,331]
Slanted finger IDTs feature varying frequencies in the IDT section achieved by altering
the electrodes periodicity. These IDTs have broad bandwidths and can change the
moving direction of a droplet by continuously adjusting the operating frequency
[3,332,333].
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Figure 3.3. Conventional IDT designs. (a) Standard bidirectional IDTs (b) Split IDTs
(c) Single phase unidirectional transducer (d) Distributed acoustic reflecting
transducer (e) Floating electrode unidirectional transducer (f) Apodised IDT (Q)
Focused or curved IDT (h) Chirped IDT or dispersive delay lines (i) Slanted finger IDT
or tapered or tilted IDTs. [Reproduced with minor alterations from “Stringer et al.
Methodologies, technologies, and strategies for acoustic streaming-based
acoustofluidics. Applied Physics Reviews 1 March 2023; 10 (1): 011315. https://doi-
org.abc.cardiff.ac.uk/10.1063/5.0134646” [2], with the permission of AIP Publishing.]

3.4.2. Unconventional IDT structures

Many uncommonly used IDT patterns exist besides the commonly used IDT

structures.

(2) Circular or annular IDT (Figure 3.4(a)) [334,335]. Circular IDTs, an extension
of focused IDTSs, offer a large focused acoustic force or energy and find applications

in improved pumping, mixing and droplet jetting. However, like focused IDTs, they
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encounter issues related to the anisotropic properties of substrates. This can be
addressed by designing a slowness curve-adjusted device (deviating from the circular
shape) or using a concentric elliptical shape, shifting the beam direction away from a
parallel propagation direction [336]. These issues are often less significant for
piezoelectric thin film-based SAW devices due to the isotropic wave propagation on
the planar surfaces [64].

(2) Spiral IDT designs [271,337] or anisotropic swirling SAWSs (see Figure 3.4(b)
to Figure 3.4(d)). The three types main types of Spiral IDTs are: (1) Swirling IDT
designs (Figure 3.4(b)), which enable varied acoustic wave fields by adjusting the
applied signals; (2) Constant electrode spiral angle (Figure 3.4(c)), which provides a
uniform spiral angle for electric field but varied intensity [27,337]; (3) Constant pitch
(distance) between adjacent electrodes (Figure 3.4(d)), which provides a uniform
intensity of electrode fields but various spiral angles, allowing for in-plane torsional
displacement and vibrations [338,339]. This design, also known as Ring waveguide
resonator IDTs [340], is suitable for sensor applications due to its high-quality factor
and absence of sidelobes in electrical admittance. Additionally, circular slanted finger
IDTs with angularly varying finger widths and spacing can introduce frequency-
multiplexing [341]. These complex wave fields generated using spiral SAW acoustical
vortices can be used for particle tweezing, liquid twisting, and swirling on a single
functional platform. This design can generate focused waves which are varied
constantly by adjusting different focusing points in arbitrary positions [223,342]. This
has been used for various biological applications, including 3D manipulation, droplet
transportation, separation, fusion, and nebulisation [223,342]. However, spiral IDTS
can be difficult to design when considering anisotropic substrates.

3) Holographic IDTs (Figure 3.4(e)) [343,344]. Holographic IDTs create waves
using specially designed metallic electrodes that form equi-phase lines of the targeted
wavefield on the surface of the piezoelectric substrates. This results in laterally-
focused (cylindrical) and 3D-focused (spherical) acoustical vortices. These IDTs
[343,344] offer advantages such as high working frequency (resolutions down to
micrometric scales), ease of fabrication with standard lithography techniques, and
seamless integration with standard microscopes, as they are flat, transparent and
miniaturised [343,344].

59



4) Ball shaped IDTs (Figure 3.4(f)). In these IDTs, waves propagate around the
equator of a large sphere in multiple roundtrips. The number of SAW circulations
around the ball is the SAW propagation length. This configuration is beneficial for
sensors and acoustofluidic devices on spherical surfaces, as it minimises energy loss
from diffraction and allows for longer propagation paths, enhancing sensitivity [345].
5) Inter-digitated IDT (Figure 3.4(g)) [346]. These IDTs utilise interweaved input
and output transducers to eliminate the inner transducers' bidirectional insertion losses
and suppress spectral sidelobes.

(6) Tuneable IDT (Figure 3.4(h) and multiphase IDTs (Figure 3.4(i)). Tuneable
IDTs are a series of densely distributed electrodes [347]. Different wavelengths can
be formed by connecting them in various configurations without changing the electrode
layout. Other tuneable IDTs could consist of several IDTs arranged in an in-line
configuration with different centre frequencies and bandwidths [348].

(7) Embedded IDTs. In these IDTs, the fingers are embedded within the
substrates, mitigating reflection and scattering effects [349]. However, this approach
requires additional fabrication steps, such as etching into substrates and post-
polishing [349]. Embedded IDTs are particularly important for focused IDTs as they
minimise finger grating effects on the angular dependence of phase velocity [350].
This process is simplified for thin film-based SAW devices as the IDTs can be
deposited onto the surface or filled into the grooves to eliminate technological
imperfections [351,352].
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Figure 3.4. Unconventional IDT designs. (a) Circular or annular IDT (b) Swirling IDT
(c) Electrode spiral angle IDT (d) Ring waveguide resonator IDT (e) Holographic IDT
() Ball shaped IDT (g) Inter-digitated IDT (h) Tuneable IDT (i) Multiphase IDT.
[Reproduced with minor alterations from “Stringer et al. Methodologies, technologies,
and strategies for acoustic streaming-based acoustofluidics. Applied Physics Reviews
1 March 2023; 10 (1): 011315. https://doi-org.abc.cardiff.ac.uk/10.1063/5.0134646”
[2], with the permission of AIP Publishing.]

3.4.3. IDTs embedded into multi-layer structures

As previously discussed, the isotropic nature of thin-film materials deposited onto a
planar substrate enables flexible electrode designs of IDT designs, including focused,
curved, circular/annular, or randomly shaped patterns, on thin-film acoustic wave
devices [148]. Furthermore, the thin film deposition process offers flexibility in the

placement of the IDTSs relative to the piezoelectric materials.
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IDTs do not always need to reside on top of piezoelectric materials. For instance, a
“‘liquid needle” was demonstrated using a circular self-focused bulk wave acoustic
transducer with circular IDTs on the top and bottom of the thin-film piezoelectric
material. This configuration generated a focused acoustic wave, resulting in a needle-
shaped liquid column on the free liquid surface [353-355]. In thin-film acoustic wave
devices, various layers have been employed to enhance temperature stability, phase
velocity, and electromechanical coupling coefficient, leading to different IDT
placement options [356]. These designs include placing IDTs on top of the substrate
or intermediate layer, incorporating piezoelectric or insulating layers, and configuring
short-circuiting planes [64].

The position of the IDT can vary, whether on the piezoelectric layer or beneath it, to
generate acoustic waves. The addition of a piezoelectric layer or dielectric layer with
high permittivity above the IDTs enhances electromechanical coupling. This allows for
the fabrication of devices with reduced insertion loss or smaller dimensions [357]. In
some cases, a hard insulating top layer can shield the IDTs, piezoelectric film, sub-
layers, and the substrate from harsh environments or liquids, thereby improving the

long-term stability of the devices [358].

3.5 Fluidic Vessel

3.5.1. Vessel type

The fluidic vessel used in microfluidics is typically split into two types: digital or
continuous. Digital normally refers to droplet-based, which has the benefits of high
mobility, reduced cross-contamination, flexibility, sample isolation and elimination of
channel fabrication. However, droplets have a limited volume and may be more
complex to handle, especially due to their droplet instability and inconsistent formation.
Parameters, including the droplet's shape, volume, contact angle, and evaporation,
determine acoustic streaming patterns that lead to various particle manipulations.
Additionally, the vessel's position can be adjusted concerning the IDT to create
different functions; for example, a droplet offset to an IDT can create concentration
[359].
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Continuous microfluidics is the liquid within microchannels or chambers. This includes
open chambers (exposed to air), closed chambers (entirely closed and sealed from
the surrounding environment) and microfluidic channels (open or closed chambers
with micron-sized dimensions that fluid can flow through). Incorporating a chamber
provides stability and control for larger volumes of liquid. Additionally, a chamber can
mimic a droplet, such as a dome chamber [57] or a PDMS ring [12,360] which enables
consistent droplet sizes. Channels offer a steady flow and higher throughput.
Nevertheless, channels and chambers have limited mobility and may be susceptible
to cross-contamination and sample loss within the channel/chamber. It is important to
note that the channel/chamber boundary significantly impacts the streaming patterns,
which allow for versatile applications. The boundary could consist of different
geometries (e.g., dimensions/thicknesses or shape, tubes or chambers), interfaces
(e.g., liquid—air, liquid—glass) or materials (e.g., glass capillary, PDMS). For example,
boundary shapes can be manipulated to create sharp edges or microstructures for

improved streaming [361].

The choice between using droplets or channels in acoustofluidics depends on the
specific requirements of the application. Researchers need to carefully consider their
experimental goals and constraints when selecting the appropriate approach.

3.5.2. Vessel materials

Acoustofluidic manipulation functionality and performance are significantly impacted
by the material used for the channel/chamber. These materials typically fall into three
categories: hard, soft, or hybrid, each with advantages and drawbacks in
acoustofluidics.

Hard materials offer precise control over channel geometry, high chemical
compatibility, transparency, thermal stability, and durability [362]. However, these
materials are primarily used in BAW devices due to their low attenuation and high
acoustic  reflection  properties. Examples of hard materials include
polymethylmethacrylate, polycarbonate [362], silicon/glass slides [363], or steel
sheets [364]. These materials are typically not used for SAW due to the high reflection
rate, which prevents SAW from interacting with the sample [365]. Additionally, hard
materials tend to be brittle and involve complex fabrication processes [366].
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Soft materials have reduced acoustic reflection, flexibility, and biocompatibility. They
are easy to fabricate, cost-effective, disposable, and transparent for observation
[367,368]. These are made with plastics and elastomers, with PDMS being the most
common choice [362,366,368]. Nonetheless, soft materials have higher permeability
to specific chemicals and require more precise temperature control, limiting their
suitability. They may also undergo dimensional changes over time, potentially

impacting device performance [366].

Hybrid materials offer a middle ground, enhancing functionality for complex device
designs, structural integrity, and flexibility. Customisation options allow users to tailor
materials to specific application requirements, considering biocompatibility, precision,
and cost. Examples include using PDMS with a reflective layer such as PDMS/glass
slides [369,370], PDMS/hard PDMS thin film [371] or PDMS/aluminium [372]. In such
cases, users benefit from the soft properties of PDMS while enhancing reflective
properties, which change the acoustofluidic manipulation. For example, this can be
used to increase the critical particle diameter that a device can actuate, increase the
channel throughput [373], or change the position of the nodal lines [372]. However,
designing and fabricating hybrid materials are more complex, especially with limited
laboratory resources [362].

In summary, microfluidic vessels encompass a range of materials, a comprehensive
review of which can be found in references [366,368,374]. PDMS is a popular choice
for acoustofluidic applications due to its biocompatibility, ease of fabrication, flexibility,
low cost, transparency, reduced acoustic reflection, and the ability to integrate with
electronics. It suits various biological and biomedical applications, preserving sample
integrity and precise control. Nevertheless, material selection should align with specific

application requirements.

3.5.3. Vessel fabrication techniques

The choice of fabrication technique depends on the material, channel complexity,
required precision, and the available equipment in the research/manufacturing facility.
These techniques can be categorised into material removal and depositional

processes [374].
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For hard materials, which demand precision and can endure aggressive techniques,
some options include photolithography, wet or dry etching, and laser ablation.
Photolithography (250 nm resolution) selectively removes material from a wafer,
typically using SU-8 negative photoresist [375] (due to its high resolution, mould
durability and capacity for high aspect ratios[376]) and ultraviolet light exposure. Other
photolithography techniques can include nanoimprint lithography (15 nm), x-ray
lithography (15 nm) or electron beam lithography (10 nm); however, these methods
are primarily used in large-scale manufacturing facilities [377]. Wet or dry etching [378]
can remove material through dissolved chemical solution or ionised gas, respectively.
Laser ablation vaporises or removes material through high-energy beams [377]. These
methods offer high precision and fast manufacturing; however, they have complex

procedures and often need expensive cleanroom procedures.

Soft materials may require different material removal/deposition techniques. Soft
lithography is like photolithography but tailored to soft materials like PDMS, using their
elastomeric properties [379]. This technique is often the standard fabrication method
of microfluidic devices due to their high-resolution replicas and 3D geometries.
However, there are issues with pattern deformation and damage. Hot embossing is
ideal for soft materials like PDMS, which can deform as a patterned template is
pressed into uncured PDMS, which is then cured to replicate the pattern for the
microfluidic channel [376]. For the same reason, PDMS also works with injection
moulding, where uncured PDMS is injected into a cavity, cooled, and removed from
the mould [376]. Injection moulding and hot embossing are more popular in
commercial microfluidic devices due to their mass production capability [380];
however, their initial costs limit them for microfluidic researchers [376]. Low-cost
manufacturing methods include micro-milling (25 pum), laser cutting (25 pm), and 3D
printing (5-100 pum) [377]. Micromilling and laser cutting use mechanical drills or lasers
to cut and engrave layers to create channel structures. 3D printing involves creating
the channel layer-by-layer, which is useful for microfluidic researchers and can be
easily used for prototyping [376]. An alternative approach consists of utilising a 3D-
printed master mould on a smooth glass slide [381], enabling the creation of a PDMS
channel using off-the-shelf components. A straightforward cleaning procedure with
isopropanol alcohol (IPA) alone ensures adequate adhesion of the PDMS channel to

the substrate [12], making it highly suitable for prototyping. Alternatively, adding a thin
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layer of PDMS gel or using a mechanical clamp can further strengthen the bonding
[210,381]. Notably, this technique relies solely on suction or mechanical pressure and
eliminates the need for clean room facilities, such as plasma treatment [381]. While
most materials require bonding to the substrate, the specific bonding method can vary,
such as clean room methods (e.g., plasma treatment), thermal techniques, a
mechanical pressor, suction, or adhesive materials (e.g., a thin gel).

A demonstration of the vessel fabrication procedure is presented in Figure 3.5. Initially,
the selection of the appropriate fluidic vessel type, be it droplet, chamber, or channel,
is determined based on the specific application requirements. In the case of chambers
or channels, computer-aided design (CAD) software is used to create the
corresponding mask design. Subsequently, a chosen fabrication method is applied to
create the master mould, exemplified by 3D printing for a chamber and soft lithography
for microchannels. Following the mould fabrication, a PDMS mixture is prepared by
combining PDMS elastomer with a curing agent (10:1 ratio). Vacuuming is then used
to eliminate any trapped air bubbles within the PDMS mixture. The PDMS mixture is
poured into the prepared mask and allowed to cure. Once solidified, the mask can be
gently removed and bonded to the substrate using one of several bonding techniques,
such as mechanical pressor or plasma treatment. In the case of microchannels, it is
necessary to incorporate inlets and outlets, which can be achieved by perforating the
PDMS material.
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Figure 3.5. Typical procedure for producing microfluidic vessels using two methods,
3D printing [210] and soft lithography, for a chamber and microchannel, respectively
[377,382]. (1) Choice and design of fluidic vessel (2) Fabrication of the master mould,
involving 3D printing the design or lithography mask process. (3) Vessel fabrication,
including the PDMS preparation, casting, curing, peeling, bonding, and inserting

inlets/outlets for channels.

3.6 Conclusion

In brief, IDT and the fluidic vessel designs and fabrications are critical in generating
streaming patterns using SAW devices. Different designs and configurations can
generate a variety of sensing functions and distinct streaming patterns. Adjusting the
IDT design, configuration, and input parameters (such as applied power, amplitude,
and frequency) makes improving sensitivity or manipulating acoustic streaming

patterns for the desired applications possible, as discussed in Chapter 2.
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Chapter 4  Development of Hexagonal FPCB IDT

4.1 Introduction

Chapter 4 of this thesis delves into the foundation, development, and specifics of the
Hexagonal FPCB IDT. As previously discussed in Chapter 2 [2], SAW-based acoustic
streaming generated by IDTs has found diverse biomedical applications. Chapter 3
reviews the strategies by which one can complete these acoustofluidic applications.
This includes varying IDT designs, piezoelectric substrates, wave modes, and the
fluidic vessel [5,39,60,70,71,284]. This chapter offers a thorough insight into the
rational and the developmental pathway, based on the knowledge covered in Chapter
3, of a novel Hexagonal FPCB IDT suitable for rapid prototyping and investigations for

acoustic streaming based acoustofluidic applications.

4.2 Motivation of a Hexagonal FPCB IDT

Typically, acoustofluidic functions were generated using R-SAW on 128° YX-cut
LiNbOs substrate. This choice is attributed to its substantial surface normal
displacement, facilitating efficient energy/momentum transfer to the fluid [6].
Therefore, they have been extensively applied to generate functions such as mixing,
pumping, concentrating, and jetting [2]. The 128° YX-cut LiNbO3 substrate is optimal
for generating R-SAW along the X-axis, however, this orientation limits acoustofluidic
manipulation along a single axis, restricting its use in applications that benefit from

diverse configurations.

The ability to generate various types of waves in a multidirectional manner offers
substantial advantages in acoustofluidics [294]. For instance, the use of
multidirectional SAWs for acoustic tweezers, such as two orthogonal symmetric
SSAWSs [3,265], enables the creation of intricate 2D patterns of nodes and antinodes
for precise manipulation of particles/cells [266—268]. Additionally, incorporation of
TSAWS for levitation in a third direction allows for the realization of three-dimensional
(3D) acoustic tweezers [224]. Another acoustic tweezer configuration using
symmetrical tri-directional IDTs generates TSAWS to achieve programmable control
microparticle movements [222]. These straightforward approaches offer rapid,

precise, and noncontact control over particles and cells [36], making it suitable for
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diverse biomedical applications including tissue engineering, in vitro cell studies, or
3D biometric structures. Understanding SAW phenomena, particularly when the IDTs
are oriented at different angles on anisotropic substrates, is crucial for determining
subsequent acoustofluidic effects [6]. Research effort has been made to explore R-
SAW phenomena under various setups, shedding light on practical considerations for
optimal transducer designs [6]. This understanding becomes paramount when
considering the interaction of SAWs with the fluidic environment, as it enables the
mitigation of adverse effects and optimization of acoustic streaming for enhanced

micro- and nanoparticle manipulation [294,336].

Moreover, simultaneous excitation of multiple wave modes, such as SH-SAWs and R-
SAWSs, has shown promise in enhancing biosensor sensitivity [383] and overcoming
diffusion limitations without causing particle damage [384]. Such SH-SAW biosensors
hold significant potential for the detection of [385], DNA [386] and proteins [387] in
liquid environments. Although both fluidic and sensing functions have been realised
effectively on various crystal cuts, the integration of SH-SAW for acoustofluidic
actuation applications remains relatively unexplored [9,388], mainly due to its reduced
damping effects or weakened coupling with the liquid. The promising result of
dominant SH-SAWSs on alternative crystal cuts, such as 36° YX-cut LiTaOs substrate,
underscore its suitability for acoustofluidic applications requiring mixing, pumping, and
jetting [9,388]. For instance, SH-SAW generated on 36° YX-cut LiTaOs achieved
streaming velocities of 5 mm/s, exceeding those of R-SAW on the same substrate,
which produced 2 mm/s for 2 ul water droplet at 15 dBm [9]. Additionally, SH-SAWs
have also demonstrated vertical jetting [388]. This technique presents valuable tools
for applications such as 2D and 3D bioprinting, needle-free fluid injection, and single-
molecule detection. However, it is noteworthy that the SH-SAW streaming velocity on
36° YX-cut LiTaOs is comparable in magnitude to that observed on standard R-SAW
produced on the 128° YX-cut LiINbO3 substrate with a similar size and power [9,389].

Despite advancements with multidirectional wavefields and wave modes, a
comprehensive investigation of wave modes and angles remains largely unexplored.
Understanding these complex wavefields and wave modes is crucial for optimizing
acoustofluidic devices as it determines all subsequent acoustofluidic effects
[6,294,336,390]. This knowledge can shift the focus from altering IDT designs to
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manipulating wave mode selection, enhancing device performance by enabling
multiple acoustofluidic effects within a single device. For example, our team
demonstrated that alternating the X-rotation angle on the 128° YX-cut LiNbOs3
substrate enabled a synergistic blend of R-SAW and SH-SAW mechanisms for rapid
exosome concentration [12]. Utilizing COMSOL studies and the Hexagonal FPCB IDT,
we can uncover novel wave modes on the 128° YX-cut LiNbOs substrate with

promising use in acoustofluidics.

This thesis introduces using hexagonal FPCB IDT to enables the study of
multidirectional wavefields, which offers a reconfigurable platform for rapid
investigations beyond the constraints of those conventional IDTs. This opens new
possibilities for multidirectional SAW applications, providing unprecedented variability
and control in manipulation techniques. To our knowledge, the utilisation of Hexagonal
IDTs [391] has previously been used only for simultaneous surface manipulation and
sensing in a biosensor [392,393]. This research opens new possibilities for enhanced
manipulation and sensing in diverse fields such as biomedicine and industrial

processes.

4.3 Overview of Hexagonal FPCB IDT

The schematic illustration of the Hexagonal FPCB-SAW device is shown in Figure 4.1.
The subsequent sections provide a comprehensive explanation of each component of

this device, along with the detailed rationale:

Piezoelectric Substrate (Section 4.3.1)

IDE Design (Section 4.3.2)

IDE Fabrication Technique (Section 4.3.3)
Mechanical Housing and Assembly (Section 4.3.4)
Matching Network (Section 4.3.5)

Fluidic Vessel (Section 4.3.6)

S T oA
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Figure 4.1. Abstract illustration overview of the Hexagonal FPCB IDT Device. (1)
Piezoelectric substrate (128° YX-cut LiNbOs substrate) (2) IDE (3) FPCB (4)
Mechanical Housing (5) Matching Network (6) Fluidic Vessel (PDMS Ring).

4.3.1 Piezoelectric Substrate

When selecting the appropriate piezoelectric substrate for multidirectional
acoustofluidic device, several critical factors were considered, including material
choice, crystal orientation, electromechanical properties, thickness, acoustic wave
mode, cost, availability. The considerations are elucidated as follows:

Firstly, the substrate material choice was a vital decision due to the range of properties
associated with different materials, as discussed in Chapter 3. For instance, thin films
like ZnO or AIN exhibit isotropic in-plane behaviour allows greater flexibility in
electrode design for generation and propagation [5,394]. However, they generally
possess lower electromechanical coupling coefficients in comparison to LiNbO3 [294].
LiNbO3 stands out for acoustofluidic devices due to its large coupling coefficient
relative to other single-crystalline materials for SAW and other wave modes [294].
Furthermore, it offers the advantage of being free from hysteresis and heating issues
associated with in polycrystalline piezoelectrical materials [395], along with the

convenience of use when compared with thin-film piezoelectric materials [294].

Nonetheless, the specific cut of the LiNbOs also influences its properties. For example,
the 131° Y-cut LiNbOs has previously demonstrated the highest electromechanical

coupling coefficient and insertion loss [396,397]. However, this cut comes with the
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drawback of generating numerous parasitic bulk waves [294]. On the other hand, 128°
YX-cut LINbOs is optimal for generating R-SAW along a single x-axis. Nevertheless,
at other angles, beam steering and a reduction in electromechanical coupling occurs.
For example, SAWs along the x-axis exhibit double the vibration displacement and
particle velocity compared to those along the y-axis [294,398]. Studies employing
multidirectional circular IDTs have often favoured the use of X-cut LiNbOs rather than
128° YX-cut LiNbO3s [271] [341] due to its capacity to support a broader range of
directions with relatively high-energy SAWSs. Additionally, a study has found that 152°
Y-cut LINbOs is the most optimal in achieving both minimal anisotropic effects and
maximum electromechanical properties [294], rending it suitable for multidirectional
SAW.

For the acoustofluidic device under discussion, the choice of substrate ultimately fell
upon the 128° YX-cut LiNbOs. The decision was primarily influenced by factors such
as ease of availability, particularly during the constraints posed by the COVID
pandemic, the cost, and the substrates status as one of the most widely used materials
in the field of acoustofluidics. The use of multiple IDTs on this substrate allows
leveraging the high electromechanical coupling in the X direction [6] and provides
room for exploration in other angles and wave modes. Despite the potential of other
waves modes, their characterisation for 128° YX-cut LiINbO3s have received limited
attention in the field of acoustofluidics. Nevertheless, the reconfigurability of this
device, further discussed in Section 4.3.3, allows for easy adjustment and investigation
of the orientation of the 128° YX-cut LiINbOs using all six IDTs. Additionally, the
reconfigurability offers the flexibility to swap the substrate, and hence the choice of
substrate in the initial design phase was not as critical compared to devices where

such flexibility is not an option.

Furthermore, the substrates thickness can impact the performance. For example,
changing the plate thickness can lead to a wave mode’s velocity shifting, the coupling
coefficient being increased 10 times or decreased to zero, or an acoustic beam
direction changing [295]. Therefore, the available 128° YX-cut LiNbO3s substrate of
constant thickness of 0.5 mm (resulting in a plate thickness of h/A = 2.5), was chosen
and maintained throughout experiments. Additionally, a circular-shaped substrate with
a diameter of 10 cm was selected to provide adequate space for the IDEs, the fluidic
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vessel, and for observation. However, this size choice introduces a degree of
brittleness, which prompted the design of the mechanical housing to account for this
(Section 4.3.4).

4.3.2 IDE Design

The decision to produce a multi-IDT acoustofluidic device was to explore acoustic
streaming effects and potential applications in directions other than the X-axis on 128°
Y X-cut LINbOs substrate. An even number of IDTSs, placed opposite to each other, was
chosen due to the substrates inherent two lines of symmetry so that it can also facilitate
investigation of SSAW at various angles. While four IDTs have been extensively
investigated for acoustofluidic tweezers, the exploration of six IDTs or more is not often
studied. Although more than six IDTs are intriguing, this device was constrained by
factors such as power supply and signal generator resources. Consequently, a
multidirectional SAW device was devised, featuring six IDTs, striking a balance
between research possibilities and resource limitations, to investigate acoustic

streaming manipulation.

To mitigate potential anisotropy-related challenges, straight IDTs were developed.
Furthermore, the hexagonal configurations of 6 IDTs allowed for the option of either
rectangular or trapezium-shaped straight IDTs, which would maximize the use of the
available space.

The Hexagonal FPCB IDT design is illustrated in Figure 4.2(a), with the inset (b)
displaying an image of the IDT fingers. The six IDEs were designed to be 60° apart in
a hexagonal configuration. With the substrate measuring 10 cm in diameter, the inner
diameter of the IDTs was set to 4 cm (measured from the centre of one IDTs to
another). This adjustment allowed for adequate space for placing a fluidic vessel and
for observation purposes. Each IDE was a trapezoidal shape, with dimensions of 2.7
cm for the back and 1.7 cm for the front (aperture). It is noteworthy that the acoustic
aperture should exceed 1 cm, as discussed in Chapter 3, to satisfy the requirement of
being at least 50 times the wavelength for optimal impedance and effective
performance [293]. The bus bars thickness ranges from 1.3 mm to 1.8 mm, where they
are thicker closer to the IDTs. A minimum 0.5 mm spacing between each bus bar

(clearance) was implemented to prevent electrical shorts and crosstalk. The chosen
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pitch size was set at 200 pum, the smallest feasible for the manufacturer, ensuring a
high-frequency output. This pitch size consisted of an IDE width of 50 um and IDE gap
of 50 um. A total of 40 pairs of fingers (80 individual) were used to achieve a narrow
bandwidth.

Figure 4.2. Schematic of Hexagonal IDT design (top view) (a) Entire IDT design
showing the IDT fingers, busses, and the dimensions. (b) Zoomed in real image of IDT
fingers section (highlighted in green).

4.3.3 IDT Fabrication

The IDT fabrication consists of two components: (1) the flexible PCB IDT for the IDEs,
and (2) the rigid PCB IDT for the wiring and connectors.

Firstly, the FPCB-based IDTs designed on AutoCAD (Autodesk, US) and files were
transferred to Eagle software (Autodesk, US). The design was converted to GERBER
files and was sent to be manufactured externally (circuitfly.com), using a standard PCB
manufacturing process. The IDEs were made of metal bilayers Au/Ni, 30 nm/2 um)
patterned on a 70 um thick polyester laminate [399]. Figure 4.3(a) shows the front and
back image of the final manufactured FPCB, respectively. The FPCB-based IDTs are
highly versatile as they can be easily replaced, redesigned, or utilized with different
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substrate materials and therefore it is ideal for prototype testing and research. For
example, their flexible ability enables “lifting” up an IDT if not used to ensure no
reflections. Additionally, if some electrode fingers have inconsistent dimensions, then
the flexibility allows all the fingers to still contact the substrate. Compared to cleanroom
made IDTs, FPCB-based IDTs save manufacturing effort and cost. They also offer the
advantages of dynamic flexing, less weight, and better heat dissipation. PCB- and
FPCB-based IDTs have been characterized in a previous study [399], proving they
are suitable for generating SAWs. Our team has previously demonstrated droplet
streaming, standing waves, and particle alignment using R-SAW [14,400].
Additionally, the use of a PCB-based approach enabled incorporation of a silkscreen
design to assist in experiments. For example, the FPCB’s silkscreen features a
centrally outlined line by the IDT, allowing for precise positioning and alignment of the

IDT with the paper template.

A rigid PCB (Figure 4.3(b)), designed on KiCad, was used for the wiring and
connectors, and helped align the IDT with the substrate-holding base plate. Its shape
matched that of the base plate, with four corner holes for secure fastening and
additional holes for attachment of the pressor. This PCB optimized the devices
compactness and minimized wiring; a valuable feature particularly given there were
six IDTs. Neatly positioned SMA connectors were soldered for external connections,
and a helpful silkscreen aided in identifying each IDT, simplifying diagnostics and
repairs. The central opening on the PCB was reserved for the FPCB IDT and the fluidic
channel. The FPCB IDT was soldered to the relevant PCB solder pads. The design
incorporated thick, equal- length yet direct traces, with adequate clearance maintained
between traces to prevent crosstalk. A separate ground return was established with a
reduced ground loop area, a consideration when separate IDTs were driven at
different frequencies. Stitching vias were used for their higher current-carrying

capacity and heat dissipation capabilities, ensuring reliable functionality.
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Front

Back

Figure 4.3. Images of the Hexagonal Flexible PCB IDT (top view) showing the front
(top) and back (bottom) images (a) Real-life image of the of the Hexagonal FPCB IDT.
(b) Rigid PCB KiCad model displaying the design and silkscreen.

4.3.4 Mechanical Housing and Assembly

The assembly of the Hexagonal FPCB device was a straightforward process, involving
a purpose-built mechanical housing to establish contact between the FPCB IDEs and
the substrate. An exploded view of the SolidWorks assembly is shown in Figure 4.4(a),
followed by a cross-section schematic in Figure 4.4(b), and a fully assembled real-life

model in Figure 4.4(c).

The foundation component was the aluminium base plate, selected for its heat
dissipation and sturdiness properties. The base plate features a circular incision
designed to securely hold the substrate in place. Within this incision, a precisely cut
circular paper template was positioned and secured with double sided tape. This paper

served a dual purpose — firstly it acted as a template for consistent fluidic vessel
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location and displayed the angles offering alignment options. Secondly, it ensured a
smooth surface for the placement of the LiNbO3to avoid cracking due to an uneven or
rough surface when pressure was applied. Both the base plate and the paper template

incorporated observation windows, permitting light to pass through for microscopes.

At the core of the assembly was the 128° Y X-cut LiINbO3s wafer, carefully cleaned with
IPA, and positioned centrally on the base plate, directly on top of the paper template.
The LiNbOs wafer had a district reference flat edge, served as a visual guide for
determining the X propagation direction. A permanent marker was used to draw a line
on the bottom surface, defining the centre of the flat reference. This line was carefully
aligned with the paper templates angles, allowing for the adjustment of the substrates
angle. For example, aligning the flat edge line with 0 degrees on the paper template

ensures that the clamped IDT will conform to that specific angle.

The rigid PCB was aligned to the base plate and securely fastened using four M5
screws located at the corners. Four 3D printed pillars were used to ensure the screws
are fastened at the same height and with uniform distribution of pressure to effectively
hold the structure. The FPCB IDT was cleaned with IPA before assembly and soldered
onto the rigid PCB designated pads. The FPCB was pressed against the LINbOs wafer
using localized pressers and silicon pads which was securely held by an aluminium
ring clamp. The aluminium ring clamp was firmly affixed to the plate using four M5
screws, with the added support of eight 3D printed pillars — four of which were identical
in height to those used for the rigid PCB, while the remaining four were situated above
the PCB, ensuring the height exceeds the silicon pressure pads. Adjusting the screws
altered the pressure applied to the localized pressers, and the silicon pads evenly
distributed the clamping force. When the FPCB IDEs and substrate were coupled, an
RF signal was applied to the IDTs to produce SAWSs. Finally, the addition of a fluidic
vessel (discussed in section 4.3.6) completed the assembly process.
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Figure 4.4. Hexagonal FPCB IDT Mechanical housing and assembly. (a) Exploded
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ium ring clamp was
manufacturing of the
FPCB and rigid PCB were discussed in the previous section. The pillars were
manufactured internally using a 3D printer (Ultimaker 2+ extended, Netherlands),
into g-code, for 3D
printing, using Cura (Ultimaker, Netherlands). They components were printed using
polylactic acid (2.85 mm, Ultimaker) [14,400].



4.3.5 Matching Network

The electrical characterization of the device was conducted using S-parameters.
These parameters describe the relationship between various ports within a network.
In the context of a one-port network, hence just one IDT, there is just one S-parameter,
S11, which represents the input port voltage reflection coefficient. A two-port network
(shown in Figure 4.5) with two IDTs, has Si1, but also Si2 reverse voltage gain, S21 the
forward voltage gain, and S22 the output port voltage reflection coefficient. In other
words, Si11 and S22 are the reflection coefficients which describe the impedance match
between input and output, respectively. S21 and Si2 are the transmission coefficients
that describe the gain/loss and reverse isolation. These parameters are measured
using a vector network analyser (VNWA) which ratio the power observed at each port
(ratios shown in the equations in Figure 4.5). The minima of the Si1 parameter
correspond to the frequency range at which the device reflects the least amount of
power. Ideally, a substantial negative reflection coefficient at the required frequency is

desired, as it signifies optimal power transfer.

Matching Matching
Network 1 Port 1 Port 2 Network 2

1 2

az=0 a,;=0 2

Figure 4.5. A schematic of a two-port network consisting of two IDTs and matching

networks, demonstrating the S parameters and their ratio calculations.

A matching network (illustrated in Figure 4.5, and specific example shown in Figure
4.6) is an electronic circuit designed to improve the electrical power efficiency
transferred to the IDTSs. Its integration leads to an increase in the S11 minima, signifying

enhanced power efficiency through reduced reflection. While matching networks are
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typically unnecessary for clean room IDTSs, it is advisable to use them in FPCB IDTs
due to the mechanical clamping mechanism used for the substrate coupling causing
less efficient power transmission. The matching network operates by matching the
impedance between the source and the load, typically taking the form of a
straightforward yet widely used combination of inductors and capacitors. The design
of this network can be initially theoretical, using the measured impedance values of
the VNWA and a Smith Chart. The goal is to shift the impedance value toward the
origin of the Smith Chart for 50-ohm impedance match. Subsequently, the capacitance
and inductance values can be empirically fine-tuned from the theoretical values using
the VNWA. It is important to note that for the initial testing involving different angles
and frequencies (Chapter 7), a matching network was not used as its construction
depends on the specific frequency and, consequently, the position or angle of the IDT.
As such, a matching network must be individually constructed for each IDT when
specific frequency and angle is determined.

For instance, Figure 4.6(a-d) demonstrates an example of an IDT’s matching network
when working at 19.9 MHz and propagating at 0° X-direction. Figure 4.6(a) shows the
circuit diagram of the matching network created, where the impedance seen at the
load (IDT) is Z; = 34 — j44 2 and an LC circuit with a 540 nH inductor in series and
110 pF capacitor in parallel was needed to achieve a near 50-Ohm impedance match.
A PCB matching network guide was used for simplified manufacturing of the matching
networks. Figure 4.6(b) shows the design (top), and real example (bottom) of these
PCB matching networks, which were useful as they are clear, systematic and allow
interchangeability of the type of network (e.g., LC or CL). Figure 4.6(c) shows the smith
chart procedure for finding the inductor and capacitor values to match the impedance.
Lastly, Figure 4.6(d) shows the result of Si1, where the minima only reached — 5.7 dB
without a matching network, and — 46.8 dB with a matching network, demonstrating

the increased reflection dip and hence improved power transfer.
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Figure 4.6. Example of matching network process for R-SAW 0° (X-propagation) at
19. MHz where (a) the circuit diagram of matching network (b) Top view of PCB
matching network design (top) and photo of example matching network (bottom) (c)

smith chart process (c) Si1 with (blue) and without (red) a matching network.

4.3.6 Fluidic Vessel

A PDMS ring was selected as the fluidic vessel for this device for several reasons.
Firstly, it can be fabricated using readily available laboratory materials, in a cost-
effective and time-efficient manner, avoiding the need for cleanroom facilities.
Furthermore, PDMS rings can be adhered to the substrate surface through a simple
cleaning process with IPA and suction, eliminating the necessity for additional
mechanical pressors that overcrowd the working area. Additionally, PDMS rings offer
advantages such as increased volume capacity, consistent boundary conditions, and

enhanced stability compared to conventional droplets.

Two methods of PDMS ring fabrication are described in Figure 4.7. One method,
Figure 4.7(a) involved creating a 3D-printed mould. This mould, designed in

SolidWorks, had inner and outer circles with a small separation, where the gap
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determined the thickness of the PDMS ring. A glass slide (measuring 76 mm in width,
26 mm in length, and 1 mm in thickness) was placed on the 3D printer surface and
secured using masking tape. The mould was directly 3D-printed onto the glass slide
using a 0.25 mm nozzle and polylactic acid filament. Following cooling, the glass slide
with the mould was detached and placed in a petri dish. PDMS, composed of a silicon
elastomer (Downsil, Sylgard 184) and curing agent (Downsil, RT Cure) mixed ata 10:1
ratio, was prepared by and in a vacuum treatment to remove air bubbles. The PDMS
(Sylgard 184, Farnell UK) mixture was poured into the petri dish containing the mould
and undertook additional vacuum treatment if residual air bubbles persist. The PDMS
naturally cure at room temperature over 48 hours, but it can also be cured on a hotplate
(SD160, Colepalmer) at 45 °C for 24 hours, a temperature below the polylactic acid
melting point of 60 °C. After curing and cooling, the 3D-printed mould was carefully
peeled away from the PDMS. To bond the PDMS ring to the substrate, it was cleaned
with IPA and secured using suction. Alternatively, for added security, a thin layer of
PDMS can be spread on the bottom surface and allowed to cure at room temperature.
This approach simplifies mould creation, eliminating the need for cleanroom facilities,

and enhanced accessibility and efficiency.

Nevertheless, this is method required over 24 hours to complete, which may not be
ideal if there is a need to replace PDMS rings regularly to prevent contamination.
Consequently, a simpler and faster procedure was introduced involving the base of a
pipette tip as the mould (Figure 4.7(b)). Initially, a small quantity of PDMS was poured
into a petri dish. A pipette tip was meticulously inserted into the PDMS and
subsequently removed. An air pump was blown through the tip of the pipette to create
an aperture, allowing the PDMS to envelop the outer neck of the pipette. Careful
attention that no air bubbles were trapped inside the pipette was ensured. The pipette
was gently positioned onto a glass slide, which was cured for just 5 hours at 70°C.
The PDMS solidified and adopted the shape of the pipette tip. Once cured and cooled,
the pipette was extracted from the glass slide and tweezers were used to slowly peel
off the PDMS ring from the base of the pipette, leaving behind the PDMS ring with
diameter corresponding to the dimension of the pipette base. This method demands
attention to detail, and its repeatability is dependent on the user’s skill. It can be
challenging to ensure no air bubbles and no damage to the PDMS ring. Nonetheless,

it was a straightforward and time saving method. Additionally, this technique yields
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PDMS rings with thinner walls, which is advantageous for minimizing SAW damping.
The thinner walls exhibit enhanced adherence to the substrate, reducing likelihood of

leakage.
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Figure 4.7. PDMS ring fabrication methods (a) 3D printing method. Step 1: Design ring
mould using CAD software. Step 2: 3D prints designed mould on a glass slide. Step
3: Pour PDMS into mould and cure for 24 hours on a hot plate. Step 4: Bond cured
PDMS ring to substrate. (b) Pipette method. Step 1: Dip pipette tip into PDMS, remove,
and blow air into the opposite end of pipette tip to create aperture. Step 2: Place pipette
tip with the coated PDMS onto a glass slide and cure for 5 hours on a hot plate. Step
3: Carefully peel the cured PDMS ring off from pipette using tweezers. Step 4: Bond
the peeled PDMS ring onto the substrate.

4.4 Conclusion

This chapter introduced a novel Hexagonal FPCB device designed to investigate
acoustic streaming effects and applications at various angles and/or wave modes on
piezoelectric substrates. The rational and the developmental of each component was
discussed. Techniques for manufacturing SAW IDTs and fluidic vessels without the
need for cleanroom facilities were demonstrated. The flexibility of the Hexagonal
FPCB allows for easy reconfiguration of the device, while the number of IDTs reduces
the configurations required for testing different angles. Overall, this device streamlines

the acoustofluidic prototyping process, enabling investigations for unique applications.
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Chapter 5  System Setup and Analysis Methods

5.1 Introduction

This chapter serves as the materials and methods section for the whole thesis. It is
divided into two parts — System Set-up (Section 5.2), and Experiment Procedure
(Section 5.3). Section 5.2 explains how to construct a system platform and the device
operation of the Hexagonal FPCB IDT (discussed in Chapter 4) to collect the data
presented in Chapter 7. The system platform includes mechanical, electrical, and
software components. Section 5.3 describes the particle manipulation experiment
procedure, including the data collection and analysis methods. Overall, this chapter

provides a clear and detailed account of the conducted research methodology.

5.2 System Set-up

Alongside the Hexagonal FPCB IDT configuration described in Chapter 4, the device
has a system platform to operate the particle manipulation experiments. The overall
system set-up diagram is shown in Figure 5.1. This is divided into the systems control,
acoustofluidic platform, and data collection and analysis. The systems control includes
the RF signal for the IDTs, amplifier, and power monitoring. The acoustofluidic
platforms includes sample collection. Data collection and analysis includes the

microscope, camera, and analysis software.

4 Y4

N )

Acoustofluidic Data collection
Systems controls .
platform & analysis
g ™y
Power meter ]—[ IDT ] Microscope
o S
g I I ™
Amplifier [ Camera
L S
g I I R
RF signal [ Software
L S

\ AN AN /

Figure 5.1. Overall system set-up diagram.
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5.2.1 Device Operation

The circuit diagram for the device operation of a single IDT is displayed in Figure 5.2.
An IDT was actuated by applying an RF signals The RF signal was generated using
signal generators (RS Pro, RSDG 5162) and amplified with a power amplifier (Mini
circuit, LZY-22+), powered by direct-current power supplies (Tenma, 72-295). Power
meters were used to monitor the input signals to the IDT. The signal monitoring
components can help to calculate the real-time efficiency of the electrical input power
of the IDT. The forward power and reverse power were shown by the two power meters
(Keysight 8990B) connected to a coupler (Mini-circuit, ZFBDC20-62HP-S+). The
difference between the forward and reverse power could be calculated to determine
the input power. An abnormal efficiency indicates that a systematic check needs to be
implemented before further operation to avoid damaging the system. Matching
networks were designed (using method in Chapter 4) to improve the electrical power
efficiency transferred to the IDTs.

Matching network !

VYL

Coupler

|
|
|
|
|
|
I |
Reverse :—— ¢ :
Power [ !
I I
meters I i I

Figure 5.2. Circuit diagram for the device operation of a single IDT.

The Hexagonal FPCB is capable of actuating six IDTs simultaneously. The complete
system operation is illustrated in Figure 5.3. This setup involved three signal
generators, amplifiers, and power meters. Power splitters were used to distribute the
signal to two opposite IDTs at the same frequency and power, eliminating the need for
additional equipment. If each IDT is to be used with separate frequencies or power
levels, six signal generators, amplifier, and power meters would be required. Each
power splitter was connected to the matching networks designed for each IDT. The

acoustofluidic platform was placed under the microscope (GX Vision Ltd, GXM-
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L2800), where an overhead camera took videos or images which was analysed with

computer software.
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Figure 5.3. Full system set-up and operation of the Hexagonal FPCB IDT.

5.2.2 Electrical Characterisation

The electrical impedance of the IDT was identified by a VNWA (DG8SAWQ) (VNA,
E5061B ENA, Keysight Technologies, U.K.). The Hexagonal FPCB IDT was setup by
connecting it to the VNWA via the SMA connectors, and the Si1 dip is monitored when
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fastening the screws to ensure an adequate dip without breaking the substrate. The
electrical characterisation of the 128° XY -cut LiINbOs consisted of using the VNWA and
the Hexagonal FPCB IDT (without a matching network) to measure the S11 dips (wave
mode frequencies) at varying angles from 0° to 90° in 15° increments. The VNWA was
set to visualise 15 — 40 MHz to observe the other harmonic frequencies. The 128° XY -
cut LiINbO3s was rotated to align to a paper template with the angles placed under the
IDT to get the correct angles. This was repeated 5 times to ensure correct angles and

frequencies.

When using the Hexagonal FPCB for application purposes rather than experimental,
a matching network was designed to enable optimal power transfer (discussed in
Chapter 4). Its integration leads to an increase in the S11 minima, signifying enhanced
power efficiency through reduced reflection. While matching networks are typically
unnecessary for clean room IDTs, it is advisable to use them in this PCB IDTs due to
the mechanical clamping mechanism used for the substrate coupling causing less
efficient power transmission. It is important to note that for the initial testing involving
different angles and frequencies a matching network was not used as its construction
depends on the specific frequency and, consequently, the position or angle of the IDT.
As such, a matching network must be individually constructed for each IDT when

specific frequency and angle is determined.

5.3 Experiment Process

5.3.1 Sample Preparation and Handling

The sample preparation differed for each experiment. Firstly, red 10 um polystyrene
particles (Sigma Aldrish, USA) were used to visualise the acoustic streaming flow
fields. These particles were prepared by diluting them into various glycerol and water
ratios. The PDMS ring was filled with a sample size of 100 pl. Initially, for the angle-
frequency experiments a ratio of 1:100:100 of particles, water and glycerol,
respectively, was chosen as proof of concept for ease of viewing and analysis the
acoustic streaming patterns using computer software [93]. The water and glycerol
ratios were varied in the viscosity experiments, whereby the least viscous was 100:0
(water: glycerol), following by 80:20, and lastly 60:40 to mimic the viscosity of blood at

room temperature [401]. The power and 1 ml volume experiments were also used
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60:40 ratio to mimic the viscosity of blood. The single 96-well culture plate used
experiments used the same particle ratio, with 300 pl water.

The micro-scale concentration experiments consisted of using a sample size of 100
ul, containing 400:5 mixture of water and PS microspheres. Red 10 um (Sigma Aldrish,
USA), green 1 pm (BaseLine Chromtech, China), and red 500 nm (Sigma Aldrish,
USA) PS particles were used as these cover a wide range of biological cell/particle

sizes, such as cells, bacteria, and extracellular vesicles respectively.

5.3.2 Experimental Procedure

A step-by-step procedure for the experiments is described below and illustrated in
Figure 5.4. The same experimental procedure is used for all experiments, with
variations in device configurations and power, as discussed in each relevant chapter.
Once each experiment was completed, repetitions could be performed by repeating

steps 4 to 6 with the same assembly.

1. Create and Set PDMS Rings: Follow the method described in Chapter 4 to
create PDMS rings. Allow time for the PDMS rings to set.

2. Clean and Assemble the Device: Clean the unassembled device using IPA and
distilled water. Assemble the cleaned device, positioning it at the correct angle
with respect to the flat edge of the substrate. Loosely fasten the device using
screws on top of the aluminium ring.

3. Connect the VNWA and Set up RF System: Connect the VNWA to the device
and properly fasten the IDT, ensuring suitable Si1 minima. Set up the RF
system with the correct power and frequency.

4. Place PDMS Ring and Pipette Sample: Use tweezers to carefully place the
PDMS ring on the substrate at the indicated position on the paper template.
Prepare the same and pipette into the PDMS ring.

5. Activate Systems and Initiate Fluid Actuation: Connect the acoustofluidic
system and RF system. Turn on the camera at the microscope and activate the
RF system to initiate fluid actuation.

6. Complete Experiment and Analyse Data: Once fluid actuation is complete, turn

off the RF system and remove the sample. Clean the assembled device after
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each experiment. Collect videos from the camera on the microscope and

analyse them using computer software.

1. Create & Set - 2. Clean & - 3 C;r;gfzt VFI;\]FWA
PDMS Rings “| Assemble Device - P
System
|
W

4. Place PDMS 5. Activate RF 6. Complete
Ring & Pipette |—>| System & Initiate |—> Experiment &
Sample Fluid Actuation Analyze Data

Figure 5.4. Simplified flow chart illustration of the experimental procedure detailed.

5.3.3 Data Collection and Analysis

The mathematical software MATLAB supplies a particle image velocimetry tool
(PIVIab) [402,403], which is adopted to analyse the velocity field for relevant
experiments. This non-invasive technique calculates the flow field information based
on moving images recorded from the microscope on the overhead camera. The
calibration was set to 1060 pixels for the 8 mm diameter of the PDMS ring for all

videos.

ImageJ (National Institutes of Health) was used to quantify the concentration and
separation. For concentration, the image was set to grey scale and a 1 mm diameter
circle was drawn in the middle. The greyscale intensity was measured over time in the

centre circle to quantify the speed at which the particles concentrated.
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Chapter 6  Numerical Studies

6.1 Introduction

This chapter presents numerical simulations performed using COMSOL Multiphysics
to support the design and analysis of the Hexagonal FPCB IDT developed in Chapter
4. A periodic unit cell model was used to efficiently calculate wave mode
characteristics and coupling coefficients; a simplified 3D model was developed to
visualise displacement fields and substrate-fluid interactions across multiple
orientations; and a life-scale 2D model provided detailed analysis of frequency
responses and fluid behaviour under two orientations. These simulations were used
to validate R-SAW behaviour, quantify anisotropy, and explore the emergence of
hybrid modes. These results provide insights into multidirectional SAW performance
for acoustofluidic applications and complement the experimental findings presented in
later chapters.

6.2 Numerical Models

Numerical studies are conducted to explore, visualise, and calculate wave mode data
generated at different angles and frequencies. Three finite element models using
COMSOL Multiphysics (v.5.5) were created for this thesis: a unit cell IDT, a simplified
3D IDT and life-scale 2D IDT. Figure 6.1 shows a conceptual view of the unit cell IDT
as part of the Basic IDT model. Note that the key parameters for numerical and

analytical analysis is shown in the appendix, Table 6.1.

Table 6.1. Parameters for numerical and analytical analysis.

Parameter Symbol Value (Unit)

Fluid density pr 997 (kg/m?3)

Fluid compressibility Br 4.48E-101° (m?/N)
Fluid thermal expansion ar 2.75E-4 (1/K)
Fluid heat capacity Cpy 4180 (J/kg.K)
Fluid ratio of specific heats Yr 1.012
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Fluid dynamic viscosity Us

Fluid bulk viscosity uBy
Fluid shear viscosity Ny
Fluid thermal conduction kconar
Fluid sound velocity cr
Substrate density Ps

8.9E-4 (Pa.s)
24.7E-4 (Pa.s)
1 (cP)

0.6 (W/(m.K))
1500 (m/s)

4647 kg/m3

Simplified 3D IDT __l_Jp_it_C_‘aP_ !II_):I'__
i _— E
|
n=6 i i
| Life-scale 2D IDT
n =280
s

“‘+-—---

z

o

Figure 6.1. Conceptual view of the unit cell IDT (Model 1) within the simplified 3D IDT

(Model 2) and the life-scale 2D model (Model 3).
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6.2.1 Model 1: Periodic Unit Cell IDT

The periodic unit cell model simulation can be used to reduce the model geometry of
an IDT [404]. The Figure 6.2 displays the period unit cell model, including its (a)
dimensions, (b) boundary condition labels and (c) the mesh used. This model
consisted of using one three-dimensional (3D) straight IDT finger pair measuring A in
X direction, M2 in Y direction and 0.5 mm (substrate thickness) in the Z direction.
Figure 6.2(d) describes the boundary condition parameters. As a 128° XY-cut LiNbO3
wafer was used, periodic boundary conditions were applied in ZX and ZY faces to
mimic the x-direction propagating SAW wave. The model was set up using the
predefined piezoelectric materials interface. The bottom boundary was fixed in the
model, which enforces a zero structural displacement but does not contribute to any
significant reflection from the lower boundary back into the bulk of the substrate [404].
The left and right electrode finger was set to ground and an electric potential, with
zero surface charge accumulation [404]. Note that this model was also used without
electrodes to calculate the free surface eigenfrequency results. All other boundaries
are Free for Solid Mechanics interface and Zero Charge for the electrostatics interface,
respectively [404]. Figure 6.2(e) shows a convergence test through an Eigenfrequency
study to find R-SAW resonance frequency at 0°. Note that an extremely fine mesh
could not convergence. A “fine” mesh was chosen to balance accuracy and
computational time. The fine mesh consisted of a uniform mesh, keeping identical

mesh for the periodic boundary conditions [404].
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Figure 6.2. Model 1: Periodic unit cell IDT. (a) Unit cell IDT dimensions. (b) Boundary

labels. (c) “Fine” mesh. (d) Boundary parameter description. (e) Mesh convergence
test.

The piezoelectric materials physical characteristics were established using a trigonal
crystal system consisting of six elastic stiffness, four piezoelectric tensors, and two
dielectric coefficients. The piezoelectric coefficient values reported in Refs. [405] and

[406] were used to produce a complete definition of the LiNbO3s as presented in Voigt
notation:
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The crystal and IDT coordinate systems were defined as (a, B, y) and (x, vy, z),
respectively. Initially, the LiNbO3s crystal and geometry coordinates were set to (0, O,
0). A Euler angle coordinate transformation of (a + 0°, - 38°, y + 0°) was performed
to describe the 128° XY-cut LiNbOs substrate crystal cut angle. For calculations of
varying Y-cut LiNbOs (3 is rotated. Whereas the rotation of the IDT about the X in-

plane axis was simulated by rotating the substrate along a for different angles

Eigenfrequency studies were used on this model (Figure 6.2) to visualise the type and
shape of the wave mode occurring at different angles and frequencies. Note that an
eigenfrequency analysis can only provide shape of the mode, and not the amplitude
of any physical vibration [407]. Only angles between X-rotation angles 0° to 90° were
needed due to the 128° Y-cut LINbO3s substrate symmetry. Frequencies between 15-
45 MHz were chosen to limit computation time. With the acquired frequency
knowledge of each eigenmode, with and without electrodes, the phase velocity,
coupling coefficient and power flow angle could be calculated for different wave modes
at varying angles. This model (Figure 6.2) was also used in a frequency sweep study
to determine information on the electrical and mechanical interactions, admittance,
resonance frequencies, and material properties. An isotropic loss factor of 0.02 was

considered for simulating the S-parameters. The loss factor was determined by 1/0Q,
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where Q is the quality factor which was calculated form the experimental Si1 results
[408] and was suitable compared to theory [409].

6.2.2 Model 2: Basic 3D IDT

The vibration pattern on the device surface was further studied using a second 3D
COMSOL numerical simulation. This simulation consisted of a simplified 3D IDT

model, with only 6 electrodes and scaled down in length by 10 to reduce computation

time.
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Figure 6.3 displays the model consisting of (a) the measurements, (b) the mesh, (c)

boundary condition parameters, and (d) boundary condition labels.

A 3D rectangle of measurements 4 x 3 x 0.5 mm was used for the 128° Y-cut LINbOs3
substrate. The electrode fingers where 50 pum width and 2 um height. The length of
the electrode figures depended on the shape of the IDT being studied - rectangular
IDT (1.7 mm) or trapezoidal IDTs (2.7 mm to 1.7 mm, in 0.2 mm increments). These
measurements matched the Hexagonal FPCB IDT lengths but were scaled down. A
PDMS ring of height and thickness 0.05 mm, surrounded a droplet of 0.4 mm in radius

and 0.3 mm height. A uniform mesh of A/8 was used for the top surface, the PDMS
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ring and the fluid domain as this is enough for this simulation [410]. A larger mesh of

A was used for the remaining boundaries to save computational time.

The predefined piezoelectric materials interface used, with a fixed bottom boundary
and low reflecting boundaries along the sides. The piezoelectric coefficient values in
equations 6.2 where used, with the same Euler angle coordinate transformation of (0°,
-38°, 0°). The COMSOL “Solid Mechanics” and the “Electrostatics” interface are used
to calculate the stress, strain, electrical displacement field, and the electric field of the

piezoelectric crystal. This is obtained by solving the following equations [410].

Tij = Ciiia Sk — ek - Ex (6.2a)

Di = €ikl" Skl — Sigj . Ek (62b)

Where T;; is the stress vector, Cﬁ-kl is the elasticity matrix (N/m?), Sy, is the strain
vector, el-Tjk is the piezoelectric matrix (C/m?), E,, is the electric field, D; is the electrical
displacement, and sfj is the permittivity matrix (F/m). A “Frequency Domain” solver

was used to solve the physics together at the driving frequencies. The waveforms
produced could visually verify the coupling coefficient and power flow angles
calculated from the Model 1 eigenfrequency study. Model 2 can also be used to study
the interaction of the vibration pattern with the droplet. A 3D semi-sphere was added
to the model. The acoustic pressure and velocity distribution are computed inside the
droplet using the "Pressure Acoustics" module. For the first-order pressure field
calculation, the velocity at the bottom is derived from the displacement variation of the
substrate [410].
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Figure 6.3. Model 2: 3D Simplified IDT. (a) Dimensions. (b) Mesh. (c) Boundary
condition parameters. (d) Boundary condition labels.

6.2.3 Model 3: Life scale 2D IDT

Lastly, a life-scale 2D (side-view) model (Model 3) was created to further analyse the
wave modes, specifically at 0° and 90° angles. The life-scale 2D model (with 90 IDT
fingers) is shown in Figure 6.4(a), where the inset displays two of the IDT fingers on
the substrate. This model provides an accurate representation ensuring precise
analysis of the frequencies and wave modes. Figure 6.4(b) shows the simulated Si1
readings at 0° X-rotation angles for 6 and 80 IDT fingers. Increasing finger count
reduces bandwidth leading to improved Si1 readings. Conversely, with only 6 fingers,
akin to the simplified 3D model, the bandwidth is broad, hindering frequency and wave
mode distinction. Therefore, a life-scale 2D model proves valuable for IDT simulation,
given the computational constraints of a life-scale 3D model. A 2D model allowed more
detailed studies using finer meshes (M10) throughout, as shown in Figure 6.4(c).
Implementing a boundary layer mesh provided results that included the viscous
boundary layer (8), illustrated by the inset in Figure 6.4(c). The same crystal matrix

was used as in Model 1 and Model 2; however, the coordinate system was set to XZ
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for 0° and YZ for 90°. Other X-rotation angles in between (30° and 60°) were not
achievable using Euler angles in 2D as this involved a 3D rotation. This model
employed the same “Frequency Domain” solver to solve “Solid Mechanics” and
“Electrostatics” physics as Model 1 and 2. Rather than "Pressure Acoustics"”, the
“Thermoviscous Acoustics” interface was integrated via the “Acoustic-Structure
Boundary” Multiphysics method to analyse more detailed thermoviscous pressure and
velocity distributions. Additionally, the “Laminar Flow” physics addressed acoustic
streaming. Mass and force source terms were imposed by adding “weak contribution”
and “volume force” conditions, respectively [411,412]. This physics was solved via a
“Stationary” solver by using the solution from the mentioned “Frequency Domain”

Solver.
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Figure 6.4. Model 3: Life-scale 2D Model. (a) Dimensions, with inset displaying 2 IDT
fingers. (b) Simulated Si11 readings at 0° X-rotation for 6 and 80 electrode fingers. (c)
Mesh of a section, with an insert illustrating the boundary layer thickness of the viscous

boundary layer (6).
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6.3 Numerical Analysis

6.3.1 IDE Design Validation

First, the simplified 3D model was used to understand the performance difference
between a conventional rectangular IDE and a trapezoidal IDE that was designed.
Numerical simulation (Figure 6.5) demonstrated that the inclusion of trapezium-
shaped IDTs could potentially enhance the acoustic beam width, thereby enabling the
manipulation of larger fluidic vessels. Additionally, the trapezoidal IDTs have less
dispersion effect when compared to the straight IDTs, which can facilitate uniform

wavefields.

—-——
-
hJ

Y [ V]
0 5 10 15 20 25 30 35 40

Z X

Figure 6.5. Simulation comparison of the displacement field for (a) rectangular and (b)
trapezoidal IDT at 0° X rotation on 128° YX-cut LiINbOs substrate.

6.3.2 Rayleigh SAW Validation

Secondly, numerical studies of a single unit IDT was performed to provide and validate
fundamental information on the excitation of SAW for different orientations with respect
to the X-direction on the 128° YX-cut LiNbOs. Figure 6.6 shows the simulated
eigenfrequency results for R-SAW at varying angles around the X-direction. The image
insert shows the R-SAW wave mode shape at 0°, clearly demonstrating the surface
wave component. The frequency shows the resonant behaviour due to the periodicity

of IDT electrodes and the wavelength-to-frequency relationship v = A- f. The SAW
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wavelength is defined by the IDT electrode periodicity whereas the phase velocity is

given by the substrate’s material and propagation orientation.

The values are consistent with experimental readings of the R-SAW from the
frequency-dependent reflection coefficient (S11) minima and the following continuous

fourth-order Fourier series and the fitted parameters are given in Table 6.2 [336]:

n=4

v(0) =ay+ Z a,, cos(nw0) + b,sin(nwh) (6.3)

n=1

Table 6.2. Fitting parameters and values for Taylor series expansion (Equation 6.3) to
three significant figures [336].

Parameter Value
a0 3710
al 174
a2 126
a3 -4.66
a4 -14.7
bl 0.116
b2 0.169
b3 -0.009
b4 -0.039
w 0.035

It should be noted that the simulated eigenfrequency values were lower with IDTs
placed on top of the substrate compared to with no IDTs. The difference is caused by
the resonance frequency not being equivalent to the synchronous frequency of the

IDT because internal reflections at the electrodes cause an asymmetry of resonance
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peaks of the reflection coefficient. Hence, the resonance frequency is slightly lower in
these cases than the synchronous frequency [6]. Additionally, the difference between
the simulated frequency values and experimental values is caused by differing phase
velocities since the phase velocity within the IDT differs from that of uncoated LiNbO3s
due to the presence of electrode metallisation [6]. In general, the correlation observed
between the unit cell simulated and experimental findings of R-SAW phase velocities
validates the use of simulation outcomes as a foundation basis for exploring various

angles and wave modes in further investigations.

20—/ - . : ;
1 ——Equation
—195 — Simulation (with IDE) .
T Simulation (no IDE)
S 9l —— Experiment (+ SD)
>
(&)
c
$ 185
o
2
“- 18}

17.5 ‘
0 15 30 45 60 75 90

X Angle (%)

Figure 6.6. Eigenfrequency simulation results showing R-SAW Frequency at various
angles, validated by equation (6.3) and experimental S11 measurements. Insert shows

eigenfrequency wave mode shape of R-SAW at 0°.

The simulated eigenfrequency values were used to find the R-SAW phase velocities
for free and electrically short-circuited surfaces. These phase velocities could calculate
the coupling coefficient and power flow angles using equations 3.3 and 3.5 (from
Chapter 3), respectively. The calculated coupling coefficient and power flow angle at
R-SAW with different in-plane X-rotations are shown in Figure 6.7, demonstrating
excellent agreement with the literature [6,294,336]. This further validates the use of
the unit cell simulation to explore various angles and wave modes. For example, it
demonstrates the coupling coefficient of 5.5% for propagation along the X-axis (8 =
0°) [296] and the two lines of symmetry at 8 = 0° and 6 = 90°. Although the coupling
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coefficient decreases, and the power flow angle varies, this presents opportunities for
experimentation, such as using ~30° X-rotation R-SAW, which has a moderate
coupling coefficient of 3.2% while introducing a significant variation in power flow angle
of -12.1°. However, it also shows invaluable R-SAW frequencies, such as at ~60° X-

rotation with a poor coupling coefficient of 1%.
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Figure 6.7. Eigenfrequency simulation results showing calculated R-SAW coupling

coefficient and power flow angle at various X-rotation angles.

Moreover, the simplified 3D model can be used to visualise the power flow angles. In
the case of R-SAW propagating at angles of 15°, 30°, 45°, 60°, 75°, and 90° from the
X-direction, the simulated displacement response at each angle and frequency
correspond well to the power flow angle and coupling coefficient shown in Figure 6.7.
Note that R-SAW for angle 0° was previously shown in Chapter 4 (Figure 6.5),
demonstrating 0° power flow angle. Figure 6.8(a) demonstrates at 15° X-rotation
excited at 19.2 MHz, a power flow angle of ~-7° with high displacements indicating
high coupling coefficient (~5%). By 30° X-rotation the coupling coefficient is still
adequate (~3%), demonstrated by the comparable displacement magnitudes to 15°
rotation. Meanwhile the power flow angle increases to ~-12°, which is shown by the
movement of the beam direction (+Y direction in Figure 6.8(b)). As the X-rotation angle
increases the displacement decreases, becoming similar between 60° to 90°. By 60°
X-rotation, the beam direction opposes that of the beam directions between 15° and
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45°, from +Y to -Y as shown in Figure 6.8(d). When at 90° X-rotation the beam
direction returns to 0° (X direction). Overall, the results validate the R-SAW
frequencies and power flow angles from the unit cell simulations, highlighting the
potential of the simplified 3D model to also investigate other angles and wave modes.

d 15 19 4Ml;|z

76X 0 10 20 30 40

Figure 6.8. Simulation of R-SAW displacement field for trapezoidal IDT for various X-
rotation angles around the substrate (a) 15° (b) 30° (c) 45° (d) 60° (e) 75° (f) 90°.
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6.3.3 Substrate Validation

To demonstrate the rationale behind substrate selection and to quantify the anisotropic
effects on R-SAW performance, a simulation was performed to evaluate the
electromechanical coupling coefficients of rotated Y-cut LiNbOs substrates. This
simulation explores how coupling efficiency varies with different Y-cut angles and in-
plane IDT orientations (0°, 30°, 60°, and 90°).

The results, shown in Figure 6.9, reveal the significant directional dependence of R-
SAW generation. For example, coupling coefficient is maximised at specific cuts and
orientations, such as 128° YX-cut at 0°, and declines as the IDT is rotated away from
this axis. This angular sensitivity reflects the anisotropic nature of LiNbOs and shows
the challenge of achieving consistent SAW performance across multiple directions,
which is critical when designing multidirectional acoustofluidic devices and selecting

an appropriate substrate.

These findings agree with the material considerations discussed in Chapter 4.3.1,
where previous reports [294,396,397] of Y-cut angles were examined. They key crystal
cuts reported in literature [294,396,397] are marked in the figure for reference. This
simulation illustrates why 128° YX-cut was chosen for the current device - offering
strong R-SAW coupling along the X-direction - while also motivating the exploration of

alternate wave modes to improve performance at other angles.
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Figure 6.9. Comparison of coupling coefficients in rotated Y-cut LiNbO3s substrate
orientations for R-SAW. The dependence of the in-plane X angle rotations
(0°,30°,60°,90°) is shown with different curves. The orientations used in previous

studies are marked.

Figure 6.10 shows the admittance graphs of 128° YX-cut LiNbOs with a 200 pum
wavelength IDT, at various in-plane X rotations of the IDT at 0°, 30°, 60°, and 90°
(shown with different curves). The admittance demonstrates the number of modes
detected. The total amount of modes detected in one substrate may be as large as
~100 [295], however some modes may have small coupling coefficients and/or large
power flow angles. This observation highlights the existence of potentially valuable,
underexplored modes within acoustofluidic manipulation devices. For instance,
various wave modes have been investigated revealing possibilities to alter the power
flow angle and coupling coefficient [295] to enhance the performance of acoustic liquid
sensors [296]. Consequently, employing a 128° Y X-cut LiNbOs3, while not optimized for

multidirectional SAW, remains a practical and relevant choice.
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Figure 6.10. Admittance graph for 0.5 mm thick 128° YX-cut LiNbO3s. Demonstrating
other wave modes to be investigated. The dependence of the in-plane X rotations of

0°, 30°, 60°, and 90° are shown with different curves.

105



6.3.4 Wave Modes

The following section investigates alternative wave modes at different angles given
the limitations observed in R-SAW'’s performance at angles other than 0° X-rotation,
on the 128° YX-cut LINbOs. The inadequacy of R-SAW beyond 0° X-rotation highlights
the necessity to explore alternative wave modes for different angles, a step towards
enhancing the versatility and effectiveness of SAW-based technologies.

All the simulated wave mode’s phase velocity between 15 MHz and 40 MHz are plotted
with respect to the X-rotation, as shown in Figure 6.11. This figure shows the simulated
wave modes including an IDT on the surface and without for calculation of coupling
coefficient and power flow angle. The greater the change in phase velocity between
the phase velocity with and without the IDT, the larger the coupling coefficient.
Whereas the power flow angle is related to the change in phase velocity with change
in x-rotation angle. The coupling coefficient and power flow angle were calculated for
each wave mode, as shown in Figure 6.12, and is further discussed per X-rotation
angle in the subsequent section. Although these graphs look visibly similar, the phase
velocity for each wave mode has shifted slightly. An obvious difference in phase
velocities can be seen in wave mode 15, 16 and 17, where they show relatively
different shaped curves.

Note that this is a simplified view of the wave modes — longitudinal waves that do not
have surface wave components and did not change phase velocity were not displayed
to prevent overcrowding of the figure. The Mode 0 (red) exhibits the R-SAW wave
mode, and the other wave modes are excited at higher frequencies. The wave modes

are numbered in order of low to high phase velocity from 0°.
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Figure 6.11. Simulated wave modes with respect to in-plane x-rotation angles, with

and without an IDT.
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Figure 6.12. Simulated wave mode characteristics (phase velocity, coupling

coefficient, and power flow angle) using the unit cell eigenfrequency results for 128°
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YX-cut LINbO3 substrate at X-rotation angles between 0° and 90°. The wave modes
are corresponding to the wave modes phase velocities shown in Figure 6.11 (mode O
to mode 19).
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Figure 6.13. Continuation of simulated wave mode characteristics.
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A broad spectrum of wave modes, totalling over 20, is shown within a 25 MHz
bandwidth, with many of these modes exhibiting harmonics of a fundamental wave.
For instance, as depicted in Figure 6.14, each wave mode has a combination of
surface, shear-horizontal and bulk components. Note that Eigenmode studies cannot
be used to measure the displacement amplitude [407]; hence, the colours are shown
for visual demonstration of the shape and are not to a particular scale. These surface
waves have three mechanical displacement components, comprising two shear and
one longitudinal displacement [413]. Each wave mode has a mixture of each
component, with different rations, which can also change at different angles. The
numerical analysis accounts for all three physical features of wave propagation in

anisotropic crystals [413].

Mode 0 distinctly shows the surface wave component of R-SAW, while Mode 1 (Leaky-
SAW,; L-SAW) demonstrates the penetration of the surface wave component into the
substrate bulk. Mode 2 and 3 both encompass shear-horizontal and bulk components,
whereas Mode 4 predominantly embodies a acoustic wave component in the bulk.
Upon altering the X-rotation angle, such as 45° and 90° as shown in Figure 6.14,
significant alterations in the wave mode shape occur. At 90° X-rotation, minimal
changes in wave mode shapes are observed compared to the 0° X-rotation, albeit with
a visible slight shift. Conversely, at 45° X-rotation, substantial variations in wave mode
shapes are evident, exhibiting a seemingly disorganised and less structures
appearance, despite some resemblance to the original wave mode shapes. Notably,
the L-SAW mode appears to demonstrate a combination of SH-SAW characteristics.
This observation suggests that within the range of X-rotation angles 0° and 90°, wave

modes exhibit hybrid characteristics, offering potential advantages for exploitation.

Further exploration of key wave modes is undertaken in the subsequent section, which
focuses on individual X-rotation angles to facilitate a comprehensive investigation
spanning angles 0°, 15°, 30°, 45°, 60°, 75°, and 90°.
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6.3.5 X-Rotation Angle Analysis

Numerical analysis was used to analyse the relationship between different
characteristics and frequencies (ranging from 15 MHz — 40 MHz) at individual X-
rotation angles (0°, 15°, 30°, 45°, 60°, 75° and 90°). This enables a thorough
investigation of the anisotropic behaviour of the wave modes on the 128° YX-cut
LiNbOs. The characteristics involved the reflection coefficient (Si1), Z displacement,

coupling coefficient, and power flow angle.

The Si1is a useful measure of the conversion between electrical to acoustic energy.
The lower the minimum value of electrical reflection, the less electric energy is
reflected from the IDT towards the signal generator. Hence, more electric energy is
reflected and no longer available for SAW excitation. A higher S11 minimum is caused
by a large impedance mismatch. The Z displacement is the vertical displacement of
the wave mode, which is used as an indication on whether the wave mode can actuate
the fluid. The coupling coefficient is the ratio between the converted energy and the
supplied energy, a useful measurement for the transduction efficiency of the material
[414]. The power flow angle is the angle between propagation direction of wave and
power flow, which is an important parameter for the development of SAW devices as
the ability to control the SAW is vital [415].

Eigenfrequency study was used to comprehend the wave mode shape for the key
frequencies per angle, this gives a clear idea on what wave mode was in use and its
properties. A simplified 3D simulation was also used to visualize the wavefield and the
fluids interaction. This simulation can help visualise the Z displacement, coupling
coefficient, power flow angle, and see how they could impact the acoustofluidic effect.
However, its essential to acknowledge that this simplified 3D model incorporates only
6 IDT fingers, significantly fewer than the 80 fingers. As demonstrated in Chapter 6,
this limitation results in an inaccurate representation, due to the broader bandwidth,
which complicates ensuring the correct wave mode and frequency selection.
Additionally, the 3D model is scaled down significantly with numerous physical
assumptions, hence the wavefields interaction pattern with the fluid is not comparable.

Therefore, the results should be interpreted with caution, and it is used to simply
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determine fluid interaction and not the fluid interaction pattern. Despite its limitations,

this model still contributes to the comprehension of wavefields and fluid interactions.

6.3.5.1 0 degrees

Figure 6.15 displays the simulated Z displacement, Si1, coupling coefficient and power
flow angle with respect to frequency (range of 15-40 MHz) at an orientation angle of
0° relating to the X-rotation. Figure 6.15 demonstrates the simulated Sii values
showing a good correlation to the coupling coefficient. Additionally, the Z displacement
seems to closely match the Sii minima. This shows the potential of using the Si1
minima as a guideline for utilizing other harmonics. Moreover, the power flow angle is
close to zero which corresponds well with theory [295]. Although R-SAW at 19.6 MHz
has clearly got the largest S11 minima, other minima’s can be observed at 35.9 MHz,
and 39.4 MHz which could indicate beneficial wave modes that may offer distinct
acoustofluidic effect. Despite the Si1 minima, the coupling coefficients and Z

displacements are low and hence is unlikely to induce effective acoustofluidic

streaming.
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Figure 6.15. Graph of the relationship between various characteristics and frequency
at 0°, illustrating the reflection coefficient (black), Z displacement (green), coupling
coefficient (red), and power flow angle (blue).
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Figure 6.16(left) displays the wave mode shape for the top three wave modes at an
orientation angle of 0° with respect to the X-rotation. The frequency at the largest Si1
minima being (a) 19.6 MHz, (b) 35.9 MHz, and (c) 39.4 MHz. These frequencies
correspond to the wave modes 0, mode 15, and mode 18, respectively, as shown in
Figure 6.11. Figure 6.16(right) reveals the simulated wavefield in front of a single
trapezoidal IDT oriented at 0° angle with respect to the X-direction and demonstrates
the wavefields interaction with the fluid displaying the root mean squared (RMS)
acoustic velocity (mm/s). The displacement amplitudes (with a unit of nm) show how
characteristic behaviours changed from the different propagation directions and
frequencies. Note that the displacement and RMS acoustic velocity scale is the same

and capped for all the following wavefield simulations for comparison purposes.

Figure 6.16(a) clearly illustrates the district surface component and vertical
displacement of the R-SAW wave mode shape. The R-SAW characteristic is also
presented through the wavefield propagation pattern, shown by peaks and troughs of
the displacement. Conversely, Figure 6.16(b) and (c) shows similar wave mode
shapes with both components in the surface and the bulk. The wavefield demonstrates
beam profile distortion at the higher frequencies indicating bulk waves were excited in
the substrate, thus interfering with the surface waves [6]. Additionally, Schulmeyer et
al. observed corresponding wavefield patterns using Laser-Doppler-Vibrometer
wavefield measurements for R-SAW and SH-SAW modes [383]. The maximum
displacement amplitudes of wavefields occur at the same frequencies of the coupling
coefficient calculations with the largest Si1 minima, where 19.6 MHz presents the
largest (5.5% and -0.018 dB, respectively), followed by 39.4 MHz (0.5% and -0.003
dB, respectively). The wavefield droplet interaction shows minimal acoustic velocity at
the higher frequency wave mode, this also corresponds with the low coupling
coefficient calculations with the Si1 minima, as well as having a small Z displacement

amplitude (< 0.01 nm) when compared to R-SAW (~0.09 nm) as shown in Figure 6.15.
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Figure 6.16. Wave mode and wavefield of top 3 simulated Si1 results at 0° angle with
respect to the X-direction where being (a) 19.6 MHz, (b) 35.9 MHz, and (c) 39.4 MHz.

6.3.5.2 15 degrees

Figure 6.17 presents the simulated characteristics (Z displacement, Sii, coupling
coefficient and power flow angle) at an orientation angle of 15° with respect to the X-
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rotation. The top three S11 minima (19.4 MHz, 35.8 MHz, and 39.2 MHZz) are similar to
that at 0° X-rotation in Figure 6.15, also corresponding to mode 0, mode 15, and mode
18, respectively, however the frequencies show a slight decrease shift and a reduction
in magnitude. The frequency shift correlates to the wave mode phase velocities shown
in Figure 6.11, where the wave modes phase velocities at mode 0, 15, and 18,
decrease marginally at 15° X-rotation. The coupling coefficient and Z displacement
also correlate well with the S11 minima. The key difference is that the power flow angle
varies with frequency. At lower frequency modes, the power flow angle exhibits greater
variation, exceeding -5°, whereas at high frequencies, the variation is more limited,
within a range of ~ +1°.
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Figure 6.17. Graph of the relationship between various characteristics and frequency
at 15°, illustrating the reflection coefficient (black), Z displacement (green), coupling

coefficient (red), and power flow angle (blue).

Figure 6.18(a), for 15° X-rotation, parallels the observations from Figure 6.16(a),
displaying distinct surface features and vertical displacements characteristic of R-
SAW wave mode. The propagation pattern of R-SAW in the wavefield remains evident.
Figure 6.18(b) and (c) similarly demonstrate wave mode shapes indicative of both
surface and bulk components, accompanied by beam profile distortion wavefield

patterns. The maximum displacements amplitude and acoustic velocities aligns with
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the frequencies corresponding to the largest Si1 minima, highest coupling coefficient
and Z displacements. Moreover, the simulated wavefield displacement in the XY plane
confirms the calculated power flow angles. For R-SAW, the wavefield demonstrates
the beam steering (~6.6°), as also shown in Figure 6.17. Beam steering is evident in
the higher frequency wavefield, observed through their asymmetry, albeit challenging
to quantify due to the distorted nature of the wavefield.
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Figure 6.18. Wave mode and wavefield of top 3 simulated Si1 results at 15° angle with
respect to the X-direction where being (a) 19.4 MHz, (b) 35.8 MHz, and (c) 39.2 MHz.

6.3.5.3 30 degrees

Figure 6.19 shows the simulated characteristics at an orientation angle of 30° with
respect to the X-rotation. The top three Si1 minima are 18.5 MHz, 19.5 MHz, and 20.5
MHz, corresponding to mode 0, mode 1, and mode 2, respectively. Higher coupling
coefficient (~3.2%), Si11 (~-0.009 dB) and Z displacements are observed at lower
frequencies. The Si1 minima and coupling coefficient correlate well, with a similar trend
for the Z displacement. However, there are relatively lower Z displacement values for
19.5 MHz and 20.5 MHz (0.01 nm and 0.03 nm respectively, compared to 0.07 nm at
18.5 MHz R-SAW). The power flow angle has large variations with frequency
compared to 0° and 15° X-rotation. For example, at 18.5 MHz, 19.5 MHz and 20.5

MHz, the power flow angle is ~-12.1°, -7.5°, and -2.2°, respectively.

0.1 0 7 15
g ! 182
’E\O'O8' 0.005 é 10 -
= 001} 315 3
== i P
: 0061 & 14 <
S - .0.015 S1{0
(&) - J .
S0.041 2 |
o -0.02} £ e 5
5
K72 12 8 =
= 3| &
0.02f  -0.025} 110 {10
i -0.03 - : 0o |
0 15 25 35 -15

Frequency (MHz)

Figure 6.19. Graph of the relationship between various characteristics and frequency
at 30°, illustrating the reflection coefficient (black), Z displacement (green), coupling

coefficient (red), and power flow angle (blue).

The wave modes with the largest S11 minima at 30° X-rotation, shown in Figure 6.20,

each exhibit predominantly surface features and vertical displacements characteristic
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of R-SAW wave mode. However, the wave modes at (b) 19.5 MHz and (c) 20.5 MHz
also show L-SAW component with the penetration of the surface wave component into
the substrate bulk. The propagation pattern of the R-SAW component in the wavefield

is evident for each frequency.

Notably, the maximum displacements amplitude aligns with the frequencies
corresponding to the largest S11 minima and the highest coupling coefficient, where R-
SAW at 18.5 MHz demonstrates highest displacement magnitude. Although it does
not correlate with the simulated Z displacements, the wavefields show the
displacement magnitude and hence not limited to the Z direction only. This indicates
that the wave modes at 19.5 MHz and 20.5 MHz have displacements in the X or Y
direction. Furthermore, the wavefield displacement in the XY plane confirms the
calculated power flow angles. For 18.5 MHz R-SAW, the wavefield demonstrates the
large beam steering (~-12.1°), whereas, for 19.5 MHz and 20.5 MHz the power flow
angle is -7.5° and -2.2°, respectively. Nevertheless, the beam profiles indicate a slight
focusing effect, i.e. the width of the SAW beam profile decreases with increasing
distance from the IDT. This is probably caused by diffraction effects due to the limited
aperture of the IDTs [6]. The wavefield droplet interaction shows increased acoustic
velocity at 18.5 MHz R-SAW when compared to the 19.5 MHz and 20.5 MHz at 30° X-
rotation; however, this acoustic velocity is reduced when compared to R-SAW at 0°
and 15° X-rotation. Interestingly, 20.5 MHz at 30° X-rotation demonstrates relatively
increased RMS acoustic velocity when compared to 19.5 MHz, even though it has a
reduced Z displacement, as well as a comparable Si11 minima and coupling coefficient.
This indicates that the bulk component exhibits a different displacement direction (X

or Y) which could aid fluid actuation.
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Figure 6.20. Wave mode and wavefield of top 3 simulated Si1 results at 30° angle with
respect to the X-direction where being (a) 18.5 MHz, (b) 19.5 MHz, and (c) 20.5 MHz.

6.3.5.4 45 degrees

The simulated characteristics at an orientation angle of 45° with respect to the X-

rotation is shown in Figure 6.21. Similar to earlier findings, there is a strong correlation
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between the Si1 minima values and the coupling coefficient. The dominant three
frequencies are at 17.8 MHz, 20.4 MHz, and 21.4 MHz, corresponding to mode O,
mode 2, and mode 3, from Figure 6.11, respectively. Additionally, the power flow angle
varies with frequency, where for the largest three Si1 minima the power flow angle is
-5.5°,-0.8°, and -4.4° respectively. The Z displacement is highest at 17.8 MHz R-SAW
(~0.03 nm), when compared to 20.4 MHz (~0.02 nm) and 21.4 MHz (~0.01 nm).
Nevertheless, the Si1, coupling coefficients and Z displacements are relatively smaller

in comparison to 0°, 15°, and 30° X-rotation.

0.1 0 7 115
J I 165

~0.08| 0.005 S {0 -
= | _ oot} 315 3
53 [ b (o
; 0.06 g J4 5
5 - -0.015 8 1o z
(&) \s 4 —
S04 o|
% -0-02- g - A m

5
B2 12 0 2
~ 3| 8
I .

0.02 -0.025} {10 {-10

I -0.03 : : 0o |
0 15 25 35 -15

Frequency (MHz)

Figure 6.21. Graph of the relationship between various characteristics and frequency
at 45°, illustrating the reflection coefficient (black), Z displacement (green), coupling

coefficient (red), and power flow angle (blue).

The wave modes and wavefield interactions at largest three frequencies ((a) 17.8
MHz, (b) 20.4 MHz, and (c) 21.4 MHz) for 45° X-rotation are shown in Figure 6.22.
The wave modes are similar to the wave modes observed at 30° X-rotation, where
they show predominantly surface features and vertical displacements characteristic of
R-SAW wave mode, and the latter wave modes (20.4 MHz and 21.4 MHz) also show
L-SAW component. The maximum displacements amplitudes for each of the wavefield
are comparable, even though R-SAW at 17.8 MHz has the largest Z displacement.

This is likely due to the same reason as for the maximum displacements at 30° X-
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rotation frequencies. The propagation pattern of the R-SAW component in the
wavefield is apparent for each frequency. The wavefield droplet interaction shows
increased acoustic velocity at 20.4 MHz and 21.4 MHz compared to 17.8 MHz.
Although the higher frequencies have a reduced Z displacement, the coupling
coefficients are greater. However, it should be noted that at each of these frequencies
the RMS acoustic velocity is minimal compared to the prior X-rotation angles analysed.
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Figure 6.22. Wave mode and wavefield of top 3 simulated Si1 results at 45° angle with
respect to the X-direction where being (a) 17.5 MHz, (b) 20.4 MHz, and (c) 21.4 MHz.

6.3.5.5 60 degrees

The simulated characteristics (Z displacement, Si1, coupling coefficient and power
flow angle) at an orientation angle of 60° with respect to the X-rotation are depicted
Figure 6.23. Consistent with prior observations, a notable correlation between the Si1
minima values and the coupling coefficient exist. The largest three frequencies are at
20.5 MHz, 31.7 MHz, and 33.7 MHz, corresponding to mode 2, mode 12, and mode
13, respectively. Compared to the previous angles, 60° X-rotation display frequencies
with good characteristics (moderate Si1 and coupling coefficient) across a range of
lower and higher frequencies. The power flow angle exhibits variation with frequency,
where for the largest three Si11 minima the power flow angle is 2.2°, -4.4°, and -2.2°
respectively. The Z displacement is no longer highest for R-SAW, instead

demonstrating comparable displacement of ~0.01 nm for each frequency.
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Figure 6.23. Graph of the relationship between various characteristics and frequency
at 60°, illustrating the reflection coefficient (black), Z displacement (green), coupling
coefficient (red), and power flow angle (blue).
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The wave modes and wavefield interactions at largest three frequencies ((a) 20.5
MHz, (b) 31.7 MHz, and (c) 33.7 MHz) for 60° X-rotation are shown in Figure 6.24.
Figure 6.24(a) displays similar a wave mode observed at 30° and 45° X-rotation with
R-SAW and L-SAW component. Figure 6.24(b) and (c) both show a combination of
wave mode components, demonstrating surface and bulk components in various
directions. The wavefield propagation for 20.5 MHz displays the R-SAW propagation
characteristic as seen for previous angles. The wavefield observed also validates the
calculated power flow angle of 2.2° at 20.5 MHz. On the other hand, the wavefields at
the higher frequencies (31.7 MHz and 33.7 MHz) demonstrates the beam profile
distortion indicating bulk waves were excited and interfering the surface waves. Similar
to the higher frequency wavefields at other angles, a beam steering can be observed
due to the asymmetry. Although each frequency has comparable Z displacements, the
maximum displacement amplitudes are larger for the higher frequencies at 31.7 MHz
and 33.7 MHz, suggesting the bulk modes have displacements in other directions. The
wavefield droplet interaction shows comparable RMS acoustic velocities at each

frequency.
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Figure 6.24. Wave mode and wavefield of top 3 simulated Si1 results at 60° angle with
respect to the X-direction where being (a) 20.5 MHz, (b) 31.7 MHz, and (c) 33.7 MHz.

6.3.5.6 75 degrees

Figure 6.25 illustrates the simulated characteristics at an orientation angle of 75° with
respect to the X-rotation. Although there exists a relationship between the Si11 minima
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values and the coupling coefficient, it is noteworthy that the coupling coefficient is
greatest at 35.5 MHz, while the largest S11 minima occurs at 33.4 MHz. It is important
to acknowledge that the introduction of mechanical damping during Sii minima
simulation may initiate alterations impacting both the Sii minima and coupling
coefficient outcomes. The dominant three frequencies are at 30.7 MHz, 33.4 MHz, and
35.5 MHz, corresponding to mode 11, mode 14, and mode 15, respectively. In contrast
to preceding angles, the 75° X-rotation angle presents favourable characteristics
particularly at higher frequencies. The power flow angle demonstrates variability with
frequency, where the power flow angle is -2.5°, -2.9°, and 5.2° for the largest three S11
minima, respectively. While Z displacement remains highest for R-SAW at 18.1 MHz
(0.034 nm), higher frequencies such as 33.4 MHz display comparable Z displacement
of 0.024 nm, representing only a 30% reduction. Interestingly, at 35.5 MHz,
characterised by the highest coupling coefficient (4.7%) and moderate Si1 minima (-
0.01 dB), minimal Z displacement (less than ~0.01 nm) is observed, suggesting the

presence of a distinct wave mode.
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Figure 6.25. Graph of the relationship between various characteristics and frequency
at 75°, illustrating the reflection coefficient (black), Z displacement (green), coupling

coefficient (red), and power flow angle (blue).
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The wave modes and wavefield interactions at the three dominant frequencies ((a)
30.7 MHz, (b) 33.4 MHz, and (c) 35.5 MHz) for 75° X-rotation are shown in Figure
6.26. Figure 6.26(a) and (b) both exhibit similar wave modes, akin to those observed
in Figure 6.24(b) at 60° X-rotation, featuring a blend of mode components in various
directions. Figure 6.26(c) also presents a combination of mode components but has
closer resemblance to Figure 6.24(c), highlighting a more pronounced surface
component relative to the bulk component. At these higher frequencies, all wavefields
exhibit distortion in the beam profile, indicating interference between the bulk and
surface waves. A beam steering can be observed due to the asymmetry, with 30.7
MHz and 33.4 MHz exhibiting similar directions, while 35.5 MHz shows the opposite
direction, aligning with the calculated power flow angles. The maximum displacement
amplitudes across the wavefield remain relatively consistent for each frequency.
However, there is minimal Z displacement at 35.5 MHz, suggesting predominant
displacement in alternative directions, as previously discussed. The wavefield droplet
interaction displays minimal RMS acoustic velocity for 30.7 MHz when compared to
the other frequencies, despite a larger Z displacement (~0.02 nm) and comparable Si1
minima (-0.01 dB) to 35.5 MHz. Nevertheless, 35.5 MHz exhibits a higher coupling
coefficient, and the displacement wavefield indicates that another displacement
direction, other than Z displacement, could be valuable for fluid actuation. The acoustic

velocity distribution remains consistent at both 33.4 and 35.5 MHz frequencies.

128



(nm) (mm/s)

Figure 6.26. Wave mode and wavefield of top 3 simulated Si1 results at 75° angle with
respect to the X-direction where being (a) 30.7 MHz, (b) 33.4 MHz, and (c) 35.5 MHz.

6.3.5.7 90 degrees

Figure 6.27 shows the simulated characteristics at an orientation angle of 90° with
respect to the X-rotation. The 90° X-rotation characteristics parallels the 75° X-rotation
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observations; however, the frequencies show a slight shift and an increase in
magnitude. For example, similar to the observations at 75°, a correlation exists
between the Sii minima values and the coupling coefficient, albeit with slight
variations; the coupling coefficient peaks at 35.4 MHz, while the largest Si1 minima
occurs at 33.4 MHz. The dominant frequencies, 30.3 MHz, 33.4 MHz, and 35.4 MHz,
correspond to the same modes as at 75° (mode 11, mode 14, and mode 15,
respectively). However, unlike at 75°, the power flow angle at 90° remains relatively
constant across frequencies, close to zero, aligning well with theoretical expectations
[295]. The Z displacement remains largest for R-SAW at 18.3 MHz (~0.043 nm), with
higher frequencies such as 33.4 MHz displaying comparable Z displacement of
~0.034nm, a 20% reduction. Additionally, this Z displacement is only ~40% of R-SAW
at 0° X-rotation. Similar to at 75° X-rotation angle, 35.4 MHz has the highest coupling
coefficient (5.1%) and moderate Si11 minima (-0.017 dB), yet minimal Z displacement
(~0.01 nm) is observed.
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Figure 6.27. Graph of the relationship between various characteristics and frequency
at 90°, illustrating the reflection coefficient (black), Z displacement (green), coupling

coefficient (red), and power flow angle (blue).

The wave modes and wavefield interactions at the prominent frequencies ((a) 30.7
MHz, (b) 33.4 MHz, and (c) 35.5 MHz) for 90° X-rotation are shown in Figure 6.28.

130



These wave modes exhibit similarities to those observed at 75° X-rotation,
characterised by a blend of mode components in various directions. Moreover, each
wavefield displays distortion in the beam profile, consistent with the higher frequency
wavefields in previous X-rotation angles. Quantifying the minimal beam steering is
problematic due to the distorted nature, however a clear trajectory of maximum
displacements is observed predominantly in the centre. The maximum displacement
amplitudes across the wavefield remain relatively consistent for each frequency,
similar to 75° X-rotation, albeit with larger magnitudes. In terms of the wavefield
droplet interaction, a reduction in acoustic velocity is noted at 30.3 MHz compared to
33.4 MHz and 35.3 MHz, like at the 75° X-rotation.
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Figure 6.28. Wave mode and wavefield of top 3 simulated Si1 results at 90° angle with
respect to the X-direction where being (a) 30.3 MHz, (b) 33.4 MHz, and (c) 35.4 MHz.

6.3.6 Optimal Wave Modes

In summary, regarding R-SAW, the S11 minimum is lower, and the coupling coefficient
is higher at 0° than at other angles. IDT arrangements at 15° and 30° still exhibit good

132



R-SAW performance, but beyond these angles, R-SAW quality diminishes. At 45°,
were R-SAW performance alone is poor, a combination of wave modes proves
effective. Nevertheless, the beam profile at these frequencies still resembles R-SAW,

indicating its primary wave mode component.

At X-rotation angles of 60°, 75°, and 90°, higher frequencies demonstrate good
performance. The beam profile distortion at these frequencies suggest excitation of
waves interfering with the surface waves [6]. Notably, higher frequencies display more
irregularities in the simulated wave modes, likely due to increased crossovers in
frequency and needing a smaller mesh size. Improvement in coupling coefficient and
power flow calculations could be achieved by reducing the frequency (currently 0.1
MHz) and rotation angle (currently 1 degree) incremental size, however this is at the
expense of computational power. Additionally, future research utilizing a laser
vibrometer could provide further validation of power flow angles. Nevertheless, at 0°
and 90°, the power flow angles are mostly near zero, whereas the angles in between
have a greater variation in power flow angle which corresponds well with theory [295].
Interestingly, although the highest coupling coefficient is R-SAW at 0° of ~5.5%, 90°

at ~35.2 MHz shows a comparable coupling coefficient of ~5.1%.

The key wave mode shape for each angle and frequency (between 15 to 40 MHz) is
shown in Figure 6.29. The black arrows indicate the direction of moment of the different
wave types. Figure 6.29 illustrates the distinct surface component and vertical
displacement of the R-SAW at X-rotations 0°, 15°, and 30°. However, at 15° and 30°,
the vertical displacement deviates due to beam steering. At 45°, the L-SAW illustrates
vertical displacement at the surface, also affected by beam steering. Additionally, in
the bulk of the substrate, horizontal displacement perpendicular and parallel to the
propagation direction is apparent. The optimal wave modes at X-rotations of 60°, 75°,
and 90° demonstrate components in the surface and bulk of the substrate. The
substrates surface displays vertical and horizontal displacements, indicative of non-
pure modes of R-SAW and SH-SAW, respectively. Additionally, an elliptical-shaped
displacement occurs in the substrates bulk, involving horizontal motion parallel to the
surface (aligned with the propagation direction) and vertical motion perpendicular to

the surface. This criss-cross pattern highlights the amalgamation of wave modes.
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Typically, pure SH-SAW propagates along a substrates surface with a displacement
perpendicular to the wave’s propagation and no vertical displacement [416]. However,
when excited, SH-SAW often do not exhibit pure SH-wave behaviour [5]; rather, they
typically manifest as a mixture of different wave modes with varying ratios. The
observed wave mode resembles SH-SAW wave with horizontal displacement on both
the surface and bulk of the substrate. It does not strictly adhere to the criteria for SH-
SAW propagation due to the horizontal displacement aligning parallel to the
propagation direction, along with the presence of vertical normal displacement. Hence,
this mode is termed P-SH-SAW.

o° 15° 30° 45° 60° 75° 90°
19.6 MHz 19.4 MHz 18.5 MHz 20.4 MHz 31.7 MHz 33.4 MHz 33.4 MHz

Figure 6.29. Eigenmode shape for the key frequency at each angle
(0°,15°,30°,45°,60°,75°,90°). Black arrows demonstrating displacement direction.

To provide further insight into the wave modes, Figure 6.30 displays the (a) X and (b)
Y displacement at 0° and 90° X-rotation, observed from a point on the unit models
surface relative to the substrate’s axis, across various frequencies. When positioned
at 0° (X-orientation), the R-SAW exhibits X displacement (~0.06 nm), while at 90° X-
rotation (Y-orientation), there is near zero X displacement, relative to the substrate
axis. Conversely, the Y displacement is greater for 90° X-rotation at 35.4 MHz (~0.06
nm) and 33.4 MHz (~0.03 nm), compared to the wave modes at 0° (<0.01 nm). The Y
displacement during 90° X-rotation at 33.4 MHz is comparable to its corresponding X
displacement (~0.03 nm) and 35.4 MHz surpasses their corresponding Z displacement
(0.01 nm) demonstrating the SH-SAW component.
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Figure 6.30. Displacement of (a) X and (b) Y at 0° (X-orientation) and 90° X-rotation
(Y- orientation), observed from a specific point on the unit models surface with respect
to the substrate’s axis, across the frequency range of 15 — 40 MHz. The model

illustrates the orientations at 0° and 90° X-rotation for clarity on axis directions.

Overall, Figure 6.31 illustrates the optimal wave modes (between 15 to 40 MHz) for
the 128° YX-cut LiNbOs substrate, with the dominant R-SAW at 0° and P-SH-SAW at
90°. Observations indicate that the R-SAW mode is optimal at X-rotation angles near
0°, while P-SH-SAW is optimal at angles near 90°. The angles in-between is typically
a combined mode. These findings present opportunities for investigations using the
Hexagonal FPCB IDT at other angles. Leveraging this understanding of wavefields
allows for adjustments in wave mode selection without necessitating IDT structure
redesign for different applications. For example, if an IDT offset is desired, 30° X-
rotation R-SAW could be utilized, offering moderate coupling coefficient (~2%) and a
substantial power flow angle (~12.1°). Moreover, this numerical analysis technique
[413] holds promise for investigating wave modes in other piezoelectric materials or a
larger range of frequencies.
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Figure 6.31. lllustration of the key wave modes around the 128° YX-cut LiNbO3
substrate.

6.3.7 Pseudo-SH-SAW

This section provides an in-depth analysis of P-SH-SAW for fluid actuation. Utilizing
the real-scale 2D model with a refined mesh, it offers a comprehensive numerical
examination, aimed to elucidate the underlining mechanism governing P-SH-SAW

fluidic actuation.

Brodie et al. [9] studied SH-SAW using 36° Y-X LiTaOs and found the flow had larger
streaming velocities than those of the R-SAW, which corresponds well to the cases
shown in Figure 6.28(b), validating the effects due to SH-SAW component. Figure
6.32(a) shows the R-SAW and P-SH-SAW propagating along the length of the
substrate demonstrating the SH-wave component of the wave within the bulk as well
as the vertical component on the surface. Additionally, it illustrates the unique criss-
cross pattern that was observed in the wave mode shape in Figure 6.29. Figure 6.32(b)
displays the Z displacement for each mode demonstrating that the R-SAW is almost
double in magnitude which validates those shown in Figure 6.27. Furthermore, the
observed phenomenon of P-SH-SAW streaming is intriguing given the minimal
attenuation of the SH-wave when interacting with the fluid [9]. This unexpected
behaviour can be attributed to the reduced Z displacement inherent in SH-SAW,
hindering efficient momentum transfer to the fluid. Numerical modelling (Figure 6.27
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and Figure 6.32)) demonstrates that the P-SH-SAW component is 40% that of R-SAW,

making it unlikely to solely account for the observed streaming velocities [9].
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Figure 6.32. Displacement pattern for (a) 2D side view R-SAW displacement (top) and
P-SH-SAW (bottom). (b) Z displacement along the length (1000 um) for both R-SAW
(red) and P-SH-SAW (orange).

Brodie et al. [9] propose a mechanism involving the entrapment of a thin visco-elastic

fluid layer for shear wave polarised devices, which has a decay length of,

2, (6.4)

5 =

where 7 is the shear viscosity of the fluid and p; is the density of the fluid, and w is
the angular frequency [9,417,418]. The oscillation of this layer generates a small
pressure difference relative to the surrounding liquid, attributable to the compression
wave formed at the droplet boundary. The resultant oscillation of this boundary

pressure generates to acoustic waves.

Figure 6.33 shows the simulated streaming mechanisms for both (a) R-SAW and (b)
P-SH-SAW. The top images show the displacement and pressure distribution, and
the bottom images show the laminar flow velocity. The scale values are capped for
comparison purposes. Figure 6.33(a) demonstrates the R-SAW surface displacement
that enters the droplet at the Rayleigh angle (8, = ~22°). Whereas Figure 6.33(b)

confirms the pressure difference at the boundary, giving rise to large boundary laminar
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flow velocities at 655 = 90°. However, the P-SH-SAW also shows vertical cross-
section patterns which is not typical for SH-SAW. This demonstrates the vertical
displacement from the R-SAW component. Both these wave modes show similar
streaming patterns as shown by the white arrows. Notably, the P-SH-SAW has shown
a minimal damping effect in the liquid compared to the R-SAW, as the oscillation of

the boundary layer plays a pivotal role in the streaming phenomena [9].
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Figure 6.33. 2D side view demonstrating streaming mechanism for (a) R-SAW and (b)
P-SH-SAW. The top images show the displacement and pressure distribution. The
bottom images show displacement and laminar flow velocity. The white arrows

indicate the streaming direction inside the droplet.
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Chapter 7  Results and Discussion

7.1 Introduction

This chapter investigates the wave fields and wave modes at various angles using the
Hexagonal FPCB IDT. This study contributes to existing literature by examining
diverse wave modes and angles, demonstrating their acoustofluidic effects via
acoustic streaming. The highly adaptable FPCB IDT setup allows disassembly and
rotation, facilitating this investigation. As a result of this thesis, alternative directions
for fluid manipulation can be considered, and enhances device optimization by shifting
focus from modifying IDT designs to manipulating wave mode selection, thus
enhancing tailored acoustofluidic outcomes. Leveraging this knowledge, alternative

methods for concentrating micro- and nano- particles are explored.

7.2 Experimental Findings

7.2.1 Device Characterisation

The Si1 of the Hexagonal FPCB IDT device was measured at IDT-oriented angles of
0°, 15°, 30°, 45°, 60°,75°, and 90° with respect to the X-direction (Figure 7.1(right)).
This involved three configurations, Figure 7.1(a) where the trapezoidal IDT of the
Hexagonal FPCB was placed parallel to the reference flat at 0°, and the other five IDTs
were positioned at 60°, 120°, 180°, 240°, 300°. Note that due to the symmetry of 128°
XY-cut LINbO3 the S-parameters for 0° = 180° and 60° = 120° = 240° = 300°. The
second configuration (Figure 7.1(b)) was rotated by 15° to realise IDT in positions 15°,
75°, 135°, 195°, 255°, 315°, where 15° = 195°, 75° = 255°, and 45° = 135° = 315°.
Lastly, Figure 7.1(c) was rotated by 30° to realise IDT in positions 30°, 90°, 150°, 210°,
270°, 330°, where 90° = 270° and 30° = 150° = 210° = 330°. This device allows further
study of different wave modes in opposite directions or a combination of different wave

modes simultaneously.
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Figure 7.1. Three configurations (left) of the Hexagonal FPCB IDTs for experimental
verification and the corresponding Si1 values (right) for angles (a) 0° and 60°, (b) 15°,
45° and 75° (c) 30° and 90°.

7.2.1.1 Simulations vs Experiments

The experimental Sii results were found to correlate well with the simulated values.

The largest Si11 minima were at an angle of 90°, followed by the R-SAW at 0°. Figure
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7.2 illustrates the comparison between experimental and simulated results for 0° and
90° X-rotation. However, the simulated data indicate a slight frequency shift decrease.
Interestingly, Mikhaylov et al. also observed this shift in frequency when comparing
cleanroom IDT Si11 with PCB-IDT [15]. Therefore, this difference is likely attributed to
factors like unaccounted coupling effects in simulations, such as substrate surface
imperfections or fabrication discrepancies in the FPCB SAW device.
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Figure 7.2. Comparison of experimental and simulated Si1 results for 0° and 90°.

Compared to cleanroom made SAW devices, the Hexagonal FPCB IDT depends on
the clamping efficiency. The clamping could be affected by the imperfections within
the surface of the substrate or the IDT. To simulate and mimic these imperfections, a
substantial 0.5 um air gap was introduced in the unit cell simulation. This size was
selected to maintain mesh size and minimize simulation time, although in reality, such
gaps would likely be more irregular and smaller than 0.5 um. Figure 7.3 shows the
simulated Si1 results with an air gap between the substrate and the electrode for
various X-rotation angles. Interestingly, with a 0.5 um air gap, the frequencies of the
wave modes also experienced shifts, aligning closely with the experimental results.
However, there was an approximate 70% decrease in Sii minima compared to the

simulation without an air gap, suggesting that the FPCB could compromise the SAW
performance.
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Figure 7.3. Comparison of experimental and simulated Si1 results across different X-
rotation angles with an air gap. (a) Schematic of unit cell model featuring the 0.5 pm
air gap. S results at (b) 0°, (c) 15°, (d) 30°, (e) 45°, (f) 60°, (g) 75°, and (h) 90°.
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7.2.1.2 FPCB Viability

Our team has conducted numerous studies to characterise the performance of the
PCB and FPCB IDT device, as referenced in [14,15,419]. In Figure 7.4 Mikhaylov et
al. concluded that increasing the clamping force on a rigid PCB-IDT resulted in higher
S11 minima for R-SAW. However, this also led to a decrease in droplet velocity at a
higher clamping, possibly due to over-compression of the device [15]. These findings

underscore the significant impact of clamping efficiency on fluidic actuation.
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Figure 7.4. Relationship between the clamping force, S11 and the droplet velocity on
the rigid PCB-IDT [15]. [Reprinted from ‘Development and characterisation of
acoustofluidic devices using detachable electrodes made from PCB’ by Mikhaylov et
al., Lab on a Chip, Volume 20, Issue 10, 2021, DOI: 10.1088/1361-6439/ac0515.
Copyright The Royal Society of Chemistry.]

Mikhaylov et al. also compared the performance of the PCB-IDT device with the
cleanroom IDT (CR-IDT) by actuating droplets across different input powers [15].
These findings revealed that the PCB-IDT exhibited lower efficiency in converting input
power to SAW, attributed to imperfect signal coupling due to the mechanical clamping
[15]. As shown in Figure 7.5, the CR-IDT achieved a droplet velocity of 20 mm/s at 0.6
W, a performance level attained at approximately 1.2 W with the PCB-IDT device.
Consequently, the observed decrease in with the air gap (Section 6.3.1.1) is justifiable.
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Nevertheless, even with this decline, the device remains viable and can be effectively

compensated by increasing the input power.
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Figure 7.5. Comparison between the droplet velocities, which are driven by different
input powers in the PCB-SAW device and CR-IDT [15]. [Reprinted from ‘Development
and characterisation of acoustofluidic devices using detachable electrodes made from
PCB’ by Mikhaylov et al., Lab on a Chip, Volume 20, Issue 10, 2021, DOI:
10.1088/1361-6439/ac0515. Copyright The Royal Society of Chemistry.]

Compared to the PCB-IDT device, the FPCB-IDT, being a thin-film material, can be
easily pressed by the silicone pad to compensate for any surface roughness, ensuring
improved surface contact between the finger electrodes and the LiNbOs substrate
[419]. Unlike the rigid PCB-IDT, the FPCB-IDT does not require evenly distributed
pressure for effective electrical conductivity [419]. By mitigating these factors using the
unique structure and dynamic flexing, Sun et al. found that the FPCB-IDT achieves a
minimum S11 of —47.12 dB (with a matching network), comparable to conventional CR-
IDTs [419].

Moreover, Sun et al. also observed that the relationship between minimum Si1 and R-
SAW frequency varies with clamping force, shown in Figure 7.6 [419]. Initially,
tightening screws increases clamping force and reduces the Sii until around 133 N,
where optimal contact is reached [419]. Further force increase deforms the FPCB,
worsening the Si1. Hence, there is an optimal clamping force for minimal Si1 for SAW
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operation, suggesting monitoring the S11 on the VNWA to inform completion of screw
fastening [419].
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Figure 7.6. Relationship between the clamping force, Si11 and R-SAW frequency on
the FPCB-IDT [419]. [© 2021 IEEE. Reprinted, with permission, from Sun et al.,
"Flexible Printed Circuit Board as Novel Electrodes for Acoustofluidic Devices," IEEE

Transactions on Electron Devices, vol. 68, no. 1, pp. 393, January 2021.]

Additionally, Sun et al. demonstrated that the droplet pumping velocity using an FPCB-
IDT device exceeds that of a rigid PCB-IDT (Figure 7.7) [419], likely due to superior

mechanical contact between the FPCB and the substrate.
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Figure 7.7. Comparison of the pumping velocity of a droplet between the FPCB-IDT
and the rigid PCB-IDT device at different input powers (using matching networks)
[419]. © 2021 IEEE. Reprinted with permission from Sun et al., "Flexible Printed Circuit
Board as Novel Electrodes for Acoustofluidic Devices,". IEEE Transactions on

Electron Devices, vol. 68, no. 1, pp. 393, 2021.

7.2.1.3 Repeatability

Compared to cleanroom made SAW devices, the FPCB IDTs needs to be manually
positioned and aligned when reconfiguring. Previous work has demonstrated that
FPCB-IDT offers good reproducibility and small inter-device variability. For instance,
Sun et al. show the assembly repeatability with respect to the R-SAW frequency and
minimum Saa is shown in Figure 7.8 [419]. Each IDT was assembled at the optimal
clamping force read by the Sii. Both variations in the R-SAW frequency with and
without the matching network are within 0.03 MHz, with the average frequencies of
19.63 and 19.75 MHz, respectively. The variations in the minimum Si1 value with and
without the matching network are -6.79 dB + 1.06 dB and -45.49 dB * 6.20 dB,
respectively [419].
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Figure 7.8. The reproducibility in the (a) R-SAW mode frequency and (b) the minimum
S11 of the reassembly of a FPCB-IDT device with and without the matching network
[419]. [© 2021 IEEE. Reprinted with permission from Sun et al., "Flexible Printed
Circuit Board as Novel Electrodes for Acoustofluidic Devices," IEEE Transactions on
Electron Devices. vol. 68, no. 1, pp. 393, 2021.]

Moreover, our previous work with a reconfigurable FPCB IDT device has shown that
the VNWA can be used to measure and monitor the positioning and alignment when
reconfiguring the device [14]. This is demonstrated by connecting two FPCB IDTs to
the VNWA as a two-port network, as shown in Figure 7.9 [14]. The test keeps one of
the IDTs held, as the receiving IDT, while rotating the other IDT, as the transmitting
IDT. The Si1 of the transmitting IDT is measured to monitor how it changes with

rotation.
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Receiving IDT Transmitting IDT

Figure 7.9. FPCB IDT rotation test for investigating the use of the VNWA to register
the alignment of the IDTs. The transmitting IDT being rotated around its central point,
while the receiving IDT is held fixed. [14]. [Reprinted from ‘A reconfigurable and
portable acoustofluidic system based on flexible printed circuit board for the
manipulation of microspheres’ by Mikhaylov et al., Journal of Micromechanics and
Microengineering, Volume 31, Number 7, 2021, DOI: 10.1088/1361-6439/ac0515.
This figure is licensed under a Creative Commons Attribution 4.0 International

License.]

Figure 7.10(a). shows the Si1 minima when the FPCB is misaligned at different
rotations, demonstrating the largest dip is when the FPCB is placed with 0° rotation
[14]. The S21 peak can be used to establish the angle of the IDTs, when the IDTs are
parallel (0° angle) the maximum S21 peak is achieved as shown in Figure 7.10(b) [14].
This demonstrates that the VNWA can be used when reconfiguring the device to

achieve repeatability.
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Figure 7.10. FPCB IDT device S-parameter results for different rotation angles of the
IDT where (a) Sii (b) S21 [14]. [Reprinted from ‘A reconfigurable and portable
acoustofluidic system based on flexible printed circuit board for the manipulation of
microspheres’ by Mikhaylov et al., Journal of Micromechanics and Microengineering,
Volume 31, Number 7, 2021, DOI: 10.1088/1361-6439/ac0515. This figure is licensed

under a Creative Commons Attribution 4.0 International License.]

The Hexagonal FPCB IDT incorporated several enhancements for improved
repeatability. As described in Chapter 4, this includes an aluminium holder with a
recessed circular section to securely position the substrate, a paper template for
precise rotation, and a securely screwed holder to maintain stability. The VNWA was
also used verify proper screw tightening and positioning. Figure 7.11 displays the Si1
of the six IDTs for a specific configuration ((a) 0° and (b) 60°), demonstrating minimal

inter-device variability, and thereby ensuring consistent performance.
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Figure 7.11. Si11 minima for a specific configuration (0° and 60°) of the Hexagonal
FPCB IDT showcasing inter-device variability where (a) 0° = 180°, (b) 60° = 120° =
240° = 300°.

7.2.2 Acoustic Streaming Velocities

The Hexagonal FPCB IDT was utilized for conducting fluid actuation tests frequencies
corresponding to the three most prominent Si1 minima, across different X-rotation
angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°). Figure 7.12 reveals the average area
streaming velocities measured during these tests, displayed for each configuration, for
clarity. Specifically, Figure 7.12(a), (b) and (c) present the velocities at 0° and 60°,
15°,45° and 75°, as well as 30° and 90°. The absolute Si1 values for each angle are
shaded in the corresponding colour, demonstrating the significant correlation of

velocities with the measured Si11 minima.

Notably, at 90° rotation, each frequency (31.3 MHz, 34.4 MHz, and 36.6 MHz)
achieved comparable average area velocities (~ 1.19 mm/s, 1.58 mm/s, and 1.33
mm/s, respectively) to that of R-SAW at 0° 19.8 MHz (~1.35 mm/s). It is probable that
those 3 frequencies at 90° rotation have R-SAW and SH-SAW components. Among
the 90° wave modes, the 34.4 MHz had the highest acoustic streaming, which
correlates with its larger Z displacement of ~0.034 nm (compared to other Z
displacements at 90°) and a lower Si10f-13.4 dB. At 90° 31.3 MHz, the Z displacement
measured ~0.02 nm, higher than the 0.01 nm at 90° 36.6 MHz, yet the latter offered a

higher S11 of -9.8 dB compared to -6.7 dB. The reflection coefficient signifies how much
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of the input power reflected to the input port of the device; therefore, the 90° 36.6 MHz
frequency proved more efficient than 31.3 MHz, which explained its superior average
acoustic streaming velocity. At P-SH-SAW 34.4 MHz, the average area velocity
magnitude was increased by ~15% compared to 0° R-SAW. Despite the lesser Z
displacement (0.034 nm) of P-SH-SAW 34.4 MHz compared to 0° R-SAW (0.09 nm),
the former had a larger Si1 minima of -13.4 dB compared to -8.2 dB. Nonetheless,
both R-SAW at 0° and SH-SAW at 90° demonstrated notably higher streaming

velocities compared to other angles and frequencies.

The average area velocities at 30° rotation were measured at 1.04 mm/s and 1.03
mm/s for frequencies 18.6 MHz and 20.5 MHz, respectively. Notably, although slower
than the velocities observed at 0° R-SAW, they outperformed other R-SAW velocities
for 15° rotation at 19.5 MHz (0.57 mm/s). This finding is unexpected considering R-
SAW at 15° exhibited larger Sia minima, coupling coefficient and Z displacement
compared to 30° R-SAW. It is worth noting that the measurements did not show
significant error bars, however, were based on three repeats rather than the usual six.
At a 45° rotation angle, the highest average area velocity recorded was 0.62 mm/s at
20.6 MHz, slightly lower than the streaming observed for the 60° P-SH-SAW, which
was ~0.72 mm/s (32.3 MHz) and 0.69 mm/s (34.2 MHz). The decline in 60° P-SH-
SAW average area acoustic streaming velocity, compared to 90° P-SH-SAW at 34.4
MHz, was corresponding with the reduced Z displacement (~0.014 nm for both) and
S values (4.5 dB and 4 dB). Despite equivalent Z displacement with 90° 36.6 MHz,
the latter had significantly greater Si1 minima (~40%) and ~30% greater average area
acoustic streaming velocity. Similar results to those of the 90° rotation were observed
at 75° rotation, where 34.2 MHz demonstrated an average area velocity of 1.54 mm/s.
Notably, at 31.5 MHz and 35.8 MHz 75° rotation, the average area velocities were
lower at 0.79 mm/s and 0.72 mm/s, respectively. However, the presence of large error

bars indicates instability.

All angles still offer viable acoustic streaming velocities for acoustofluidic applications.
However, the frequency should be adjusted to obtain optimal acoustic streaming
velocities. This highlights the potential of employing alternative angles using different
wave modes for acoustofluidic applications, with the measured Si1 minima serving as

useful guidelines for utilizing other harmonics. Overall, P-SH-SAW emerges as a
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valuable tool for actuation in acoustofluidics, facilitating opportunities for simultaneous

sensing and actuation.
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Figure 7.12. Measured average area velocity magnitude for the largest three Si1
minima frequencies for each configuration. (a) 0° and 60° (n = 6), (a) 15°, 45° and 75°
(n =3), (c) 30° and 90° (n = 6). The absolute Si1 of the corresponding angle is shown

shaded in the same colour.

7.2.3 Acoustic Streaming Patterns

In Figure 7.13, distinct streaming patterns were found for each angle: 0° at 19.8 MHz,
15° at 19.5 MHz, 30° at 18.6 MHz, 45° at 20.6 MHz, 60° at 32.2 MHz, 75° at 34.2 MHz,
and 90° at 34.4 MHz. Variations in these streaming patterns may be originated from
differences in power flow angles. At 0° and 90°, where the power flow angle is 0°, a
butterfly-shape streaming pattern occurs with the wave propagating through the
centre. Notably, the R-SAW double vortex exhibits stagnant regions near the IDT
actuation, with the highest acoustic streaming velocity in the centre of the droplet
where the wave is propagating through. Whereas the P-SH-SAW'’s double vortex has
stagnant regions further from the IDT, with highest acoustic streaming at the droplet’s
boundary, likely due to reduced damping. This pattern holds true for the 15° and 30°
R-SAW as well as 60° and 90° P-SH-SAW configurations. Additionally, at R-SAW at
15° and 30°, with power flow angles of approximately -6.6° and -12.1° respectively,
one vortex appears larger than the other, possibly due to an offset in the propagating
wave. At 20.6 MHz 45°, the leaky SAW wave mode is employed, showcasing patterns
akin to R-SAW. A double vortex pattern emerges, likely attributed to the low beam
steering (-0.8°). Both 60° and 75° P-SH-SAW show a similar vortex pattern, with power
flow angles of approximately -2.2° and -2.9°, respectively. Nevertheless, the P-SH-
SAW angles appears to have larger vortex patterns than that for the R-SAW angles,
even with smaller power flow angles. This result may arise from inconsistent or
inaccurate positioning of the IDT/PDMS ring, as even a minor milli-mitre scale
alteration could significantly impact the result. It is important to acknowledge that
various other factors might also affect the streaming patterns. Further validation of
power flow angles could be achieved through future research employing a laser

vibrometer.
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Figure 7.13. Corresponding streaming patterns for optimal frequencies / wave modes
(0° at 19.8 MHz, 15° at 19.5 MHz, 30° at 18.6 MHz, 45° at 20.6 MHz, 60° at 32.2 MHz,
75° at 34.2 MHz, and 90° at 34.4 MHz.). The 100 pl fluid (50:50, water: glycerol) within
a PDMS ring was actuated at 30 dBm (1 W).

7.2.4 Damping Effects

Further exploration was undertaken to delve into the damping phenomena within the
fluid medium. It is well-established that SH-SAW experiences significantly less
attenuation when penetrating the liquid compared to R-SAW [9]. However, there is
evidence suggesting that some attenuation does occur due to both in-plane, normal
and parallel to surface components [420]. In Figure 7.14(a), the average area velocity
magnitude of R-SAW and P-SH-SAW fluid actuation at 20 dBm (0.1W) is shown
across different viscosity ratios of water and glycerol. The results reveal that at lower
viscosities, P-SH-SAW exhibits average area viscosity values exceeding those of R-
SAW by over 50%. The P-SH-SAW component demonstrates a velocity magnitude
reduction of 55% with increasing viscosity, while R-SAW experiences a reduction of
42%. These findings show that the damping effect exists with the P-SH-SAW
component when increasing the viscosity. This phenomenon is likely attributable to
the high viscosity impacting the R-SAW component (Z displacement) of the P-SH-

SAW. Nevertheless, the SH-SAW component continues to contribute effective
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boundary layer streaming. This underscores the potential of utilizing P-SH-SAW for

applications involving highly viscous samples, such as blood.

Additionally, Figure 7.14(b) shows the average area velocity at varying powers while
maintaining a viscosity ratio of 60:40 (water: glycerol). Both wave modes display a
consistent linear increase in average area velocity magnitude, with P-SH-SAW
consistently outperforming R-SAW by 50%. This shows that P-SH-SAW can achieve
equivalent acoustic streaming with reduced power consumption, making it

advantageous for low-power applications.
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Figure 7.14. Average area velocity magnitude for 0° R-SAW and 90° P-SH-SAW for
different (a) viscosity fluids (water: glycerol ratio) (b) IDT power (20 dBm (0.1W), 27
dBm (0.5W), and 30 dBm (1 W))

Despite the influence of viscosity on P-SH-SAW, macro-streaming is demonstrated
within a 1 ml fluid volume PDMS ring. Figure 7.15 captures the initial frame (t=0),
where particles are pipetted into the fluid for visualisation purposes. Within just two
seconds, P-SH-SAW propagates through the entire 1 ml sample (25mm diameter),
leaving a distinct clear central line. In contrast, within the same timeframe, R-SAW
induces only minimal fluid movement. Since the boundary layer oscillation is also
responsible for the P-SH-SAW streaming, less damping would be expected. This
indicates that P-SH-SAW can generate acoustic streaming in sample sizes that are

more clinically relevant.
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Figure 7.15. Macro-streaming using 0° R-SAW and 90° P-SH-SAW for a 1 ml fluid
volume (PDMS ring diameter 25 mm) showing att = 0 and t = 2 seconds.

The P-SH-SAW wave mode, characterized by its minimal wave damping as illustrated
in Figure 7.14 and Figure 7.15, was applied to a single 96-well culture plate coupled
with a droplet of glycerol (Figure 7.16(a)). The ability to use a culture plate for SAW
applications offers significant advantages over direct application on the piezoelectric
substrate. Culture plates provide standardization, scalability, and biocompatibility,
fitting seamlessly into existing laboratory workflows and equipment [343]. They also
reduce contamination risk, are cost-effective, and offer greater versatility for various
assays and experimental conditions [233]. Figure 7.16(b) illustrates the average area
velocity magnitude at various powers for both P-SH-SAW and R-SAW, focusing on a

segment of culture plate fluid (as shown in the area and scale depicted in Figure

156



7.16(c)). P-SH-SAW demonstrates a significantly higher streaming velocity of ~1.2
mm/s, outperforming the R-SAW, which fails to generate any streaming through the
culture plate at 1 W (30 dBm). Overall, these results demonstrate the effectiveness of
using P-SH-SAW within culture plates, suggesting significant potential for various
biological applications. For instance, it can be utilized for mixing to ensure uniform cell
exposure to nutrients and factors, as well as facilitating non-enzymatic cell detachment

offering a gentler method of harvesting [421-423].
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Figure 7.16. Streaming in a culture plate coupled with glycerol. (a) 2D device set-up
with a glycerol layer coupling a single 96-well culture plate. (b) Average area velocity
magnitude for 0° R-SAW and 90° P-SH-SAW inside a culture plate at different powers.
(c) PIVLab image of the streaming velocity magnitude for 90° P-SH-SAW inside a

culture plate at 30 dBm. Scale represents 0.25 mm.
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7.3 Concentration of micro- and nano- particles

The investigation into wave modes and angles provides a pathway to enhance device
optimization by shifting the focus from altering IDT designs to manipulating the wave
mode selection. This shift facilitates tailored improvements in acoustofluidic
performance. For example, our previous research demonstrated that a different X-
rotation angle around the 128° YX-cut LiINbOs3 substrate enabled the utilization of a
different wave mode, offering a synergistic blend of R-SAW and SH-SAW mechanisms
for rapid exosome concentration [12]. This approach involved employing the 60° X-
rotation Dual SAW (D-SAW) at an offset to the PDMS ring, to generate a singular
vortex for concentration. Despite this, a comprehensive exploration of wave modes
and angles remained unaddressed. Through COMSOL studies and utilization of the
Hexagonal FPCB IDT, additional novel wave modes on the 128° YX-cut LiNbO3
substrate have been identified, demonstrating enhanced efficacy in acoustofluidic
actuation. For instance, as shown in section 7.2.2, the 90° X-rotation P-SH-SAW
exhibited enhanced average area velocities compared to 60° X-rotation D-SAW.
Hence, this section investigates the utilization of the 90° X-rotation P-SH-SAW for

concentration.

It should be noted that in our previous studies of 60° X-rotation D-SAW concentration
[12], we used 50 pl fluid volume. However, for these particle concentration
experiments, we have increased the fluid volume to 100 pl. This larger volume is more
clinically relevant, providing a more accurate representation of real-world sample sizes
used in medical and laboratory settings [424]. This adjustment not only aligns our
experiments with clinical standards but also allows for better scalability, throughput,

and potential integration into existing diagnostics workflows.

7.3.1 Numerical Analysis

Three concentration configurations were evaluated: the conventional R-SAW at 0° X-
rotation, 60° X-rotation D-SAW, and 90° X-rotation P-SH-SAW. An offset position was
used on each setup to create a single vortex pattern for concentration. Figure 7.17
illustrates the concentration test setups (left) and corresponding numerical analysis
(right) for these configurations. The numerical analysis reveals vibration amplitude and

acoustic pressure distribution within the PDMS ring fluid, both of which are capped for
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comparison purposes. Figure 7.17(a,right) depicts the R-SAW wavefield pattern and

the low-pressure regions in both the centre and periphery of the fluid. Conversely,

Figure 7.17(b,right) shows the beam distortion profile and a low-pressure region solely

at the centre of the fluid. Nevertheless, Figure 7.17(c,right) demonstrates a more

intensive acoustic pressure distribution than the previous two configurations.
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Figure 7.17. lllustration of concentration test configurations (left) and corresponding
numerical analysis (right). (a) R-SAW configuration with 0° X-rotation and PDMS ring
offset. (b) D-SAW configuration with 60° X-rotation and PDMS ring offset [12]. (c) P-
SH-SAW configuration with 90° X-rotation and PDMS ring offset.

7.3.2 Working Mechanism

The asymmetric interaction of SAW within a fluid creates a single vortex flow field. The
dynamic is driven by various forces, including the acoustic streaming-based drag
force, the centrifugal force, the acoustic radiation force due to SSAW or TSAWS,

leading to different particle concentration behaviours [359].

Previous studies [359,425] have shown that the trajectory and final position of particles
in a sessile droplet are influenced mainly by two factors [360]: (1) the ratio of the
acoustic wave attenuation length (a1, Equation 2.11) to the droplet radius; and (2)
the ratio of the particle size to the acoustic wavelength in the fluid (x = k7)), where
ksis the wave number in the fluid and =, is the radius of the particle. When k > 1, the
acoustic radiation force from TSAWSs predominantly affects the particles. Whereas,
when k < 1, the acoustic radiation force from SSAWs becomes more significant [359].
When the wave attenuation length exceeds the droplet radius (a~! > r;), and the
particle size is small relative to the wavelength in the fluid (k < 1), particles within the
vortex streaming field will move and concentrate to the centre. However, even with kK
< 1, smaller particles (< 3 um) [359] are less influenced by the SSAWSs acoustic

radiation force and are more affected by the acoustic streaming drag force.

The PDMS ring plays a role in facilitating droplet spinning, enabling the concentration
of smaller particles. A PDMS ring confines the boundary of the fluid, ensuring that a
water droplet forms its equilibrium hemispherical shape when the force of gravity and
surface tension are balanced [360]. At high acoustic amplitudes, the droplet deforms
and achieves a stable spin with periodic boundary deformation, resulting in a
“rotational capillary wave” [360]. When this occurs, particles within the droplet follow a

dual-axis helical trajectory towards the centre [360].

For particles smaller than 1 ym with diameter, the drag force generated by both

acoustic streaming (tangential direction) and spinning-enhanced secondary flow
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(radial direction) significantly influences the movement of the particles along the fluid
streamlines [360]. In the case of nanoparticles, the secondary flow induced by the
spinning motion has a radial drag force component and dominates the concentration

process, gradually drawing the particles inward [360].

7.3.3 Concentration Results

The concentration results for the three different configurations are presented in Figure
7.18. For the larger 10 pm PS particles, each wave mode demonstrates similar
concentration times of around 8 seconds. This similarity is likely due to the formation
of SSAWSs from reflections, which utilize the acoustic radiation force to concentrate the

particles in the centre [359].

In contrast, for the 1 um PS particles, the concentration time and effectiveness of R-
SAW significantly decreases. At this smaller particle size, the acoustic radiation force
from the SSAW is less dominant, and the drag force becomes more significant,
causing many particles to follow the single vortex acoustic streaming pattern rather
than concentrating at the centre. Both D-SAW and P-SH-SAW maintain good and
comparable concentration times of around 30 seconds. The higher velocities at these
wave modes result in greater acoustic attenuation lengths, leading to the formation of
SSAWs that facilitate concentration. Additionally, the concentration of these small PS
particles is also due to the spinning phenomenon within the PDMS ring [360]. It is
probable that R-SAW does not produce a high enough acoustic amplitude at this
power due to wave damping and does not induce sufficient spinning for small particle
concentration. However, when a combination of wave modes is employed at higher
frequencies, these wave modes experience less damping, which allows SSAW
formation and sufficient spinning for concentrating smaller particles [12]. Too higher
amplitude, however, can cause excessive spinning, resulting in centrifugal forces that
push some PS patrticles of this size to the droplet periphery [426], which might explain
why D-SAW performs slightly better than P-SH-SAW. Nonetheless, the differences

are minimal, necessitating further testing to confirm these observations.

For the smallest 500 nm PS particles, R-SAW again shows inferior concentration
ability compared to the other wave modes for the same reasons. P-SH-SAW and D-

SAW exhibit comparable concentration times of 40 seconds. P-SH-SAW may achieve
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slightly better results for smaller particles due to its capacity to produce higher
amplitudes, as shown in Chapter 6, thus enhancing the spinning effect for
nanoparticles. Future experiments using P-SH-SAW with smaller particles are

recommended to validate these findings.
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Figure 7.18. Concentration results, at 32 dBm power, for different configurations at
three different size PS beads (a) 10 um, (b) 1 um (c) 500 nm. The three configurations
are R-SAW (red), D-SAW (green), and P-SH-SAW (yellow).
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7.3.4 Additional Concentration Results

Furthermore, other configurations of 60° X-rotation D-SAW were explored given it
consistently yielded effective concentration results for 10 um, 1 um, and 500 nm, when
compared to the other wave modes. In section 6.3.4, it was observed that at 60° X-
rotation D-SAW, there was a power flow angle of approximately -4.4°. Consequently,
its inherent offset was leveraged for concentration. Centralising the PDMS ring while
using 60° X-rotation D-SAW enhances the Hexagonal FPCB IDT device multi-
functionality as each of the surrounding IDTs can then also perform their own specific
function to the fluid. This makes the device more practical and effective for achieving
multiple applications with one configuration, such as 0° X-rotation R-SAW for mixing
[2] and 60° X-rotation D-SAW for concentration. Figure 7.19 shows two configurations
employing the 60° X-rotation D-SAW: (a) one with a single IDT positioned directly
opposite the central PDMS ring fluid, and the other (b) employing a pair of opposite
IDTs positioned directly opposite the central PDMS ring.

60° Dual SAW Single 60° Dual SAW Pair
a b

Lo 1o

Figure 7.19. 60° X-rotation D-SAW configurations for concentration, with the PDMS
ring placed centrally directly opposite the IDTs. (a) single IDT. (b) pair of opposite
IDTs.

Figure 7.20 presents the concentration results using 60° X-rotation D-SAW without an
offset for (a) 10 pum, (b) 1 um, and (c) 500 nm sized particles. These results are
normalised with respect to the previous findings in Figure 7.18. The configuration
employing a pair of IDT demonstrates superior concentration performance compared
to the single IDT configuration across all three particle sizes. The single IDT did not
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produce a sufficient offset to generate an adequate single vortex pattern for particle
concentration. Instead, it produced a double vortex with two regions of concentration,
where one vortex was larger and concentrated most of the particles, as shown in
Figure 7.20. In contrast, the pair of IDTs produced the desired single vortex pattern,
as any double vortex pattern formed would have one larger vortex on each side,
effectively cancelling each other out. The larger error bars indicate that interference
from imperfect offsetting of the opposing IDTs could influence the results. For 500 nm,
both methods exhibited poor concentration compared to the previous results with D-
SAW and P-SH-SAW with an offset, as shown in in Figure 7.18. This may be due to
the opposing IDTs reducing the spinning mechanism by producing an interfered single

vortex pattern.

Nevertheless, for micro-particle size, the concentration times are better than for R-
SAW with an offset (red dashed line in Figure 7.20). This highlights the ability to utilize
60° X-rotation D-SAW without an offset to achieve improved concentration times for
micro-sized particles to that of the conventional R-SAW with an offset. Therefore, this
demonstrates the versatility of the Hexagonal FPCB IDT when coupled with the PDMS
ring positioned at the centre, enabling multifaceted manipulation of particles.
Specifically, the 60° X-rotation D-SAW can induce concentration whereby altering the
activation of different IDTs around the substrate allow for adjustment of the vortex
direction. Moreover, employing the conventional R-SAW at 0° in this configuration can
initiate double vortex streaming, as shown in section 7.2.3, potentially offering
advantages for mixing [2].
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Figure 7.20. Concentration results using 60° X-rotation D-SAW single and pair
configuration with no offset for (a) 10 um, (b) 1 um, and (c) 500 nm sized particles.

The red dashed line shows R-SAW concentration for comparison.
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Chapter 8  Conclusion

8.1 Conclusion

This research set out to investigate innovative configurations for producing acoustic
streaming with SAWSs to enable microparticle manipulation for versatile biomedical
applications. The primary objectives included: reviewing the mechanisms and
applications of acoustic streaming, developing a reconfigurable device for rapid
investigation, exploring different angles and wave modes, simulating and
characterizing these wave modes, and evaluating the fluid and particle manipulation
capabilities of the resulting acoustic streaming. Through comprehensive analysis,
several key findings emerged, demonstrating that the research successfully met its

aims and objectives.

Firstly, this thesis provided both qualitative and quantitative insights into the acoustic
streaming mechanism and its applications, addressing the first objective. Secondly,
the reconfigurable Hexagonal FPCB IDT device was developed, enabling rapid
investigation, which met the second objective. This device facilitated the exploration
of different X-rotation angles and wave modes of the conventional 128° XY-cut LiNbOs,
addressing the third objective. Through COMSOL simulations, a large range of wave
modes were characterized, with their coupling coefficients and power flow angles
calculated, fulfilling the fourth objective. Subsequent 2D and 3D simulations validated
these findings and demonstrated interaction between the wavefield and the fluidic

environment.

A P-SH-SAW based streaming mechanism on the 128° XY-cut LiNbOs was
discovered, which effectively combines R-SAW and SH-SAW components, offering
significant Z displacement and advantageous boundary layer streaming with minimal
damping. This mechanism achieved comparable streaming velocities to R-SAW at 30
dBm, with a 100 pul (50:50, water: glycerol ratio) sample. Notably, damping
experiments demonstrated the influence of viscous damping P-SH-SAW performance,
highlighting the considerable promise of P-SH-SAW in both macro- and micro- scale
acoustic streaming compared to R-SAW. Additionally, P-SH-SAW demonstrated its
utility in generating streaming flow in a culture plate, showcasing its potential for real-

world applications with standardized and biocompatible equipment. This addressed
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the fifth objective of evaluating fluid and particle manipulation capabilities. Lastly,
different concentration mechanisms were investigated, demonstrating that a
combination of wave modes at different X-rotation angles can produce superior micro-
and nano- particle concentration compared to the conventional R-SAW, also meeting

the final objective.

The findings of this thesis have several important implications. Theoretically, this
research contributes to the understanding of alternative wave modes and their impact
on acoustic streaming mechanisms. Methodologically, this thesis demonstrates the
effectiveness of using COMSOL simulations to characterize wave modes. Practically,
it suggests new ways to enhance acoustofluidic applications, making them more

versatile and effective, particularly in biomedical research and clinical science.

Despite its contributions, this research has several limitations. One limitation is the
specific focus on 128° XY -cut LiINbO3 at wave modes between 15-40 MHz, which does
not generalise to other materials or substrates. Another limitation is the scope of the
COMSOL simulation, which, while extensive, may not capture all real-world fluid
manipulation variabilities. Lastly, while this thesis has discovered a new wave mode
with significant potential for practical applications, it has not demonstrated these
applications in a biological context. However, it has laid a solid foundation for future

biological projects to build upon and explore these promising wave modes.

Reflecting on this research journey, invaluable insights were gained into the
complexities and potential of acoustic streaming mechanisms. Despite the challenges
posed by the pandemic, which limited laboratory access and resources, adaptations
were made to focus on other critical aspects such as writing a comprehensive review
paper, conducting simulations, and exploring different angles and wave modes. This
determination and adaptability not only enriched technical skills but also enhanced the
ability to navigate uncertainty and persevere through setbacks. In conclusion, this
research underscores the importance of exploring alternative wave modes and angles
of substrates in acoustofluidics. This work sets the stage for future exploration in
creating more versatile and effective acoustofluidic systems for biomedical

applications.
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8.2 Future Work

This thesis has presented initial numerical analysis and simulation of different acoustic
waves as well as the development and characterization of the multidirectional
Hexagonal FPCB IDT for acoustic streaming. This has provided a foundation for future

work in the following areas:
Theory and modelling [1,3,17] —

e Studies need to be focused on improving computational modelling for acoustic
streaming problems in three dimensions for different fluids, geometries, and
frequency regimes, as well as the nonlinear interactions between the liquid and
particles [1].

e The large discrepancy in time and space domains between the driving SAW
and the resulting liquid streaming remains poorly understood. Hence
challenges with numerical computational simulations as a very small time step
and a very fine mesh are required to capture the SAW actuation of the liquid,
but the resulting streaming occurs over a relatively large time scale and large

spatial dimensions [3].
Device applications —

The development and thorough characterization of the Hexagonal FPCB IDT has
opened opportunities for various applications. By utilizing different IDTs, the
Hexagonal FPCB IDT supports multiple applications. A few hypotheses for future

applications are outlines below:

Application 1: Enzyme-free release of adhered cells from standard culture plates [421—
423].

This method enables the release of adhered cells from standard culture plates without
compromising cellular viability, providing an efficient and safer alternative for cell
culture in biomedical applications. Traditionally, trypsin is used to detach cells, but it
can damage cell membranes and is toxic. P-SH-SAWSs, due to their efficient
propagation through culture plates at relatively low powers, can be actuated to induce

sufficient shear stress via the vibration of the culture plate and fluid motion, thereby
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acousto-mechanically detaching adhered cells from the culture plate surface. Previous
studies with SAW for cell detachment on culture plates demonstrated its capability to
perform cell detachment difficult adherent cell types, however, much higher powers
were needed ~200 W [421] and 200 V [422]. This P-SH-SAW approach eliminates the

need for trypsin and high power, thus avoiding harmful effects on cells.

Preliminary results shown in Figure 8.1 demonstrate the detachment of green
fluorescent protein (GFP) cells that had settled on the single 96-well plate overnight.
Figure 8.1(a) illustrates the GFP cells adhered to the bottom of the culture plate using
an inverted fluorescent microscope (SOPTTOP ICV41) before the application of SAW.
When P-SH-SAW was applied for 1 min at only 4 W (36 dBm), the majority of GFP
cells detached from the bottom, as observed in Figure 8.1(b). The percentage of green
fluorescent in Figure 8.1(c) shows a significant change (72%) before and after SAW
application, indicating successful cell detachment. Cell viability (Figure 8.1(d))
decreased by only 18%, suggesting feasible results for practical use.

Future experiments should focus on optimizing parameters such as power levels,
actuation times, and cell adhesion/settling times to maximize cell detachment while
minimizing the drop in cell viability. Additionally, different dyes should be used to
guantify the data in both control (ho SAW applied) and experimental (SAW applied)
samples. For example, DAPI/Hoechst dyes could be used to confirm cell presence by
indicating nuclei, F-actin to visualize cell shape and size, and WGA to observe the
extracellular environment. A live/dead discrimination dye like Pl would also be

beneficial.

To enhance visualization for better quantification, the Hexagonal FPCB IDT device
requires adjustment and optimization. The current device is too large to fit properly
under the microscope with clear visualization. A new Hexagonal FPCB IDT device
should be constructed with a thinner and smaller bottom aluminium plate, as well as a

reduced size and thickness for aluminium holder.

This technique could also be applied to difficult-to-detach cells types that cannot be
treated with trypsin such as mesenchymal stem cells [421] , thus opening a whole new
PhD research project.
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Figure 8.1. Preliminary cell detachment results. (a) GFP cells with no SAW. (b) GFP
cells after SAW has been applied for 1 minute at 4 W (36 dBm). (c) Percentage of
green fluorescence and (d) percentage viability with no SAW applied, and after SAW
applied (n = 2).

Application 2: Nanoparticle enrichment [12] and separation [360].

Currently, nanoparticle concentration and separation can currently be achieved by
only a handful of methods [360,427]. Utilizing multiple IDTs with different wave modes
may enable improved separation across various fluid volumes. Further investigation
into the combined use of R-SAW, D-SAW, and P-SH-SAW is needed to determine
their nanoparticle concentration limits at specific power levels, aiming to achieve size-
selective nanoparticle concentration and separation in different fluid volumes. For
example, previous concentration results in our team demonstrated that D-SAW can

achieve 100 nm and 20 nm concentration in 50 s and 105 s, respectively [12]. The
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significant time difference facilitates effective size-selective separation. However, as
shown in Figure 8.2, preliminary separation results were difficult to quantify due to
colour crossover issues with our microscope, even with different wavelength
emission/excitation particles and the correct filters. For example, green light and filter
were needed to visualize the 100 nm red fluorescent particles (Sigma Aldrish, USA),
and ultraviolet light and filter were needed to visualize the 20 nm blue (Invitrogen,
USA) fluorescent particles. Nevertheless, red fluorescence was visible even without
any 100 nm particles in water, and the 100 nm particles were still visible under
ultraviolet light. This means quantifying the separation based on colours was not
feasible, and the nanoparticle tracking analysis device cannot detect particles as small
as 20 nm. This problem could be mitigated by designing and constructing a smaller
device that can fit inside a higher quality fluorescent microscope from other
laboratories (e.g. Cardiff Tissue Microenvironment Group; TMEG) to prevent colour

crossover.
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Figure 8.2. Preliminary concentration and separation results demonstrating colour

cross-over using the microscope (GX Vision Ltd, GXM-L2800).
Application 3: Transfection for cell therapy [428,429].

This application hypothesis explores transfection for cell therapy, with increased

transfection efficiency and cell viability compared to traditional viral-based methods
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and other ultrasound bubble-based techniques [428]. It should be noted that the
original design and application for this device (pre-COVID) was using multidirectional
SAW to enable acoustic streaming for cell therapy transfection. Nevertheless, due to
the pandemic, resource limitation meant this project was not achievable. This
prompted the exploration of different angles and wave modes with the Hexagonal
FPCB IDT device post- COVID, leading to the discovery of P-SH-SAW. P-SH-SAW
could likely generate greater acoustic streaming-induced shear forces when compared
to R-SAW. Such forces could enhance the cell membrane and nuclear envelope
permeability [428]. This method could be particularly advantageous if performed in
standard culture plates [430] rather than PDMS chambers [428,431,432].
Experimentation to assess the temperature variability of P-SH-SAW may elucidate
whether thermal pulses could contribute to this enhancement [428]. Moreover, the
simultaneous use of multiple IDTs could ensure sufficient shear stress even at low
powers, mitigating the risk of damage. Consequently, this approach could enable safe,

efficient, and high-throughput transfection.
Standardisation and commercialisation —

e Applications should be thoroughly investigated and standardised. Once
achieved, the optimized hexagonal FPCB IDT can offer an all-in-one
acoustofluidic prototype suitable for a range of uses. This versatility would be
highly advantageous for biomedical research laboratories.

e Costis a critical factor in the commercialisation of acoustofluidics devices. The
hexagonal FPCB IDT already offers cost benefits due to its flexible PCB design.
The next step is achieving on-chip functionality that eliminates the need for
costly external equipment and requires minimal user training [433]. Simplifying
adjustments and SAW actuation can be accomplished by integrating modern
technologies such as mobile phones, touch screens, Bluetooth, and the Internet
[282]. Automation through simple interfaces, like buttons or apps, will further

reduce the need for user input.
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