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ABSTRACT

Dynamic fields and forces from ultrasound can enable clinical and contactless acous-
tic energy transfer applications. This thesis examines the generation and control of
ultrasound wavefronts, as well as the use of sound to manipulate microbubbles and
cm-scaled objects for assembly:.

For the latter, this dissertation investigates the dynamics of insonified microbub-
bles and their long-range interactions associated with the Bjerknes force. It is shown
that arrays of microbubbles can be used to amplify the secondary Bjerknes force to
permit the manipulation and positioning of cm-sized objects via bubble arrays. The
geometry of the bubble arrays can be used to either achieve continuous rotation of
an object on the water surface or its relative positioning with 15pm accuracy, even
though the sound wave has a wavelength of 50 cm.

The second part of the thesis presents two new ways to dynamically form ultra-
sound fields. Complex ultrasound fields are useful in a number of applications, and
they play a particularly important role in ultrasound-based therapy. Traditionally,
phased array transducers (PATs) are used to achieve dynamic shaping of ultrasound
wavefronts. However, the number of elements is limited as all the transducers re-
quire a power amplifier. In addition, only the limited (discrete) phase control can at
present be realized. This thesis therefore proposes and experimentally demonstrates
a light-based scheme to control the phases in a transducer array. Termed the “Opti-
cally Programmable Array of Transducers” (OPATS), an analog circuit consisting of a
dual-cascaded network of resistors and capacitors, including photoresistors, is realized
that can be used to achieve phase shifts of up to 27 of 121 transducer elements with
a single power amplifier. A light intensity pattern from a projector determines the
phase of the transducer array. Various dynamic wavefronts including a vortex beam
are demonstrated using the OPAT technology, as well as the dynamic updating (up
to 100 Hz) of wavefronts.

Finally, this thesis explores material systems that could be used to realize a mod-



ABSTRACT xi

ulator for ultrasound. Different materials are discussed and a phase change material
that shows a solid-to-liquid phase change upon a modest temperature increase is iden-
tified as a promising candidate to modulate the speed of an ultrasound wave. A re-
flective acoustic metasurface and a one-dimensional stack containing the phase change
material are experimentally realized. A modulator will require a two-dimensional ar-
ray of heater elements to drive the spatially-controlled phase change, and this thesis
therefore also describes the fabrication of a microheater array for this purpose. Its
design and operation are characterized.

In summary, this thesis describes several novel developments in physical acoustics
that are expected to find application in systems and devices that use ultrasound
for manipulation, or that require the control of ultrasound wavefronts. The designs
presented in the thesis show promise, as they achieve relatively large forces and high
precision for manipulation, and as they can be used to achieve complex ultrasound
fields with affordable, flexible architectures. The thesis paves the way for a first

realization of a robust, large-scale ultrasound modulator.



ZUSAMMENFASSUNG

Ultraschall generierte dynamische Felder und Krafte konnen kontaktlose, klinische
Anwendungen ermoglichen, bei denen Energie in Form von akustischen Wellen iiber-
tragen wird. Diese Arbeit untersucht die Erzeugung und Steuerung von Ultraschall-
wellenfronten, sowie die Verwendung von Schall zur Manipulation und Anordnung
von Mikroblaschen und Objekten im Zentimetermafstab. Fiir Letzteres untersucht
diese Dissertation die Dynamik beschallter Mikroblaschen und ihre Wechselwirkun-
gen im Zusammenhang mit der Bjerknes-Kraft. Es wird gezeigt, dass Arrays von
Mikroblaschen verwendet werden konnen, um die sekundére Bjerknes-Kraft zu ver-
stirken und so die Manipulation und Positionierung von Objekten tiber Blasen-Arrays
zu ermoglichen. Die Geometrie der Blasenanordnungen kann genutzt werden, um
entweder eine kontinuierliche Rotation eines Objekts auf der Wasseroberflache oder
seine relative Positionierung mit einer Genauigkeit von 15 um zu erreichen, obwohl die
Schallwelle eine Wellenldnge von 50 cm hat.

Im zweiten Teil der Arbeit werden zwei neue Moglichkeiten zur dynamischen For-
mung von Ultraschallfeldern vorgestellt. Komplexe Ultraschallfelder sind in einer
Reihe von Anwendungen niitzlich und spielen insbesondere in der ultraschallbasierten
Therapie eine wichtige Rolle. Traditionell werden hierbei Phased-Array-Wandler
(PATs) verwendet. Die Anzahl der Elemente ist jedoch begrenzt, da alle Wandler
einen Leistungsverstiarker benotigen. Dartiber hinaus kann derzeit nur die begrenzte
(diskrete) Phasensteuerung realisiert werden. In dieser Arbeit wird daher ein licht-
basiertes Konzept zur Steuerung d er Phasen in einem Wandlerarray vorgeschlagen
und experimentell demonstriert. Unter der Bezeichnung ,,Optisch programmierbares
Wandlerarray“ (OPATs) wird eine analoge Schaltung realisiert, die aus einem dop-
pelt in Kaskade geschalteten Netzwerk aus Widerstdnden und Kondensatoren, ein-
schlieflich Fotowiderstanden, besteht. Die Schaltung erzielt Phasenverschiebungen
von bis zu 27 in 121 Wandlerelementen die mit einem einzigen Leistungsverstérker er-

reicht werden konnen. Ein Lichtintensitatsmuster von einem Projektor bestimmt die

xii
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Phase des Wandlerarrays. Mit der OPAT-Technologie konnen verschiedene dynamis-
che Wellenfronten, einschliefllich einem Vortex-Strahl, sowie die dynamische Aktual-
isierung (bis zu 100 Hz) von Wellenfronten demonstriert werden.

Abschlieend werden in dieser Arbeit Materialsysteme untersucht, die zur Real-
isierung eines Modulators fiir Ultraschall verwendet werden kéonnten. Es werden ver-
schiedene Materialien diskutiert und ein Phasenwechselmaterial, das bei einer gerin-
gen Temperaturerh6hung einen Phasenwechsel (fest-fliissig) zeigt, wird als vielver-
sprechender Kandidat zur Modulation der Geschwindigkeit einer Ultraschallwelle iden-
tifiziert. Eine reflektierende akustische Metaoberflache und ein eindimensionales Schicht-
system, die das Phasenwechselmaterial enthélt, werden experimentell realisiert. Ein
Modulator benétigt eine zweidimensionale Anordnung von Heizelementen, um den
rdumlich kontrollierten Phasenwechsel zu steuern. In dieser Arbeit wird daher auch die
Herstellung einer Anordnung von Mikroheizelementen fir diesen Zweck beschrieben.
Das Design und ihre Funktionsweise werden charakterisiert.

Zusammenfassend beschreibt diese Arbeit mehrere neuartige Entwicklungen in
der physikalischen Akustik, die voraussichtlich in Systemen und Gerdten Anwendung
finden werden, die Ultraschall zur Manipulation verwenden oder die Steuerung von
Ultraschallwellenfronten erfordern. Die in der Arbeit vorgestellten vorgestellten Sys-
teme sind sind vielversprechend, da sie relativ grofle Kréafte und eine hohe Prézision
fiir die Manipulation erreichen und da sie zur Erzeugung komplexer Ultraschallfelder
mit kostengiinstigen, flexiblen Bauweisen verwendet werden kénnen. Die Arbeit ist
wegweisend fiir die erste Realisierung eines robusten, skalierbaren Ultraschallmodula-

tors.



PREFACE

The primary difference between the propagation of light waves and acoustic waves is
the dependency on the medium . The presence of a medium is essential for the acous-
tic waves to travel from one point to another whereas; light waves can traverse in
vacuum . The periodic vibrations of particles in a medium allows the propagation of
acoustic waves, hence the physical properties of a medium characterize the parameters
of traveling acoustic waves [9]. The research field of ultrasound has been of particular
interest from past 100 years due to its biocompatibility and contactless transfer of
energy in a medium . The acoustic waves offer higher penetration depth in biological
samples in comparison with light waves or radio frequency waves . The technology
of ultrasound imaging is the evidence of applications that acoustic waves have pro-
vided to the biomedical research community . The application of acoustic waves is not
just limited to imaging but it also provides an efficient way of particle manipulation
and assembly . Acoustic radiation forces govern the assembly and manipulation of
particles in the acoustic field . The classical acoustic principles have proven to be ex-
tremely useful in quantitative and qualitative description of the radiation forces that
has led to the development of high power acoustic systems . The advantage of acous-
tic waves over light for particle manipulation is the larger wavelength, which provides
the flexibility to navigate particles in broad range of dimensions . However, it is ex-
tremely difficult to break the constraint imposed on the particle size by the acoustic
wavelength in the medium. Further, the acoustic radiation forces are generally in
the range of nN to pN. Thus, it becomes challenging to apply the acoustic radiation
forces on structures with an order of magnitude size larger than the wavelength. The
work in this thesis is divided into two categories. In the first part, the thesis answers
the problem of macrostructure assembly through the amplification of acoustic radia-
tion forces. The second part of this thesis introduces novel approaches for dynamic
control of ultrasound wavefront in spatial and temporal domain simultaneously. The

first part of this thesis introduces a novel method to assemble structures using sec-

Xiv



PREFACE XV

ondary Bjerknes forces between resonant scatterers in a sound field. Bjerknes forces
have been used to manipulate individual bubbles and are generally fall in the range of
10nN which has been considered weak for manipulation of macrostructures. There-
fore, it has been shown experimentally that the array of microbubbles can be used
to amplify Bjerknes forces. Microbubbles provide many advantages such as efficient
scattering of sound and most importantly, the size of microbubbles are much smaller
than the resonance wavelength. This thesis shows how a novel amplification scheme
can be used to benefit from the small bubble size, and at the same time increase the
force between objects. The second part of this thesis answer the questions of how
complex ultrasound wavefronts can be generated in a dynamic manner. This thesis
demonstrates two methods for the generation of dynamic ultrasound wavefront, where
phased array transducers make the foundation of first method with a novel controlling
architecture. A phased transducer array is in principle capable of generating acoustic
waves with tunable wavefronts, but the digital variation in the phase of electrical sig-
nal provides less fidelity to generate different ultrasound wavefronts. Moreover, the
complexity of its electrical driving circuitry and unfavorable scaling of power require-
ments poses several challenges and limits the number of elements that can be operated
in an array and thus the complexity of the sound field that can be attained. The first
method presents an optically programmable approach to potentially realize very large
phased transducer arrays by harnessing the excellent control of optics. Light is used to
shift the phase of electrical signals locally, and hence a light-controlled 121 elements
transducer array is constructed and generation of various ultrasound wavefronts is
experimentally demonstrated. The second method introduces an approach where
the medium of sound propagation is manipulated using materials with reconfigurable
physical properties. A low temperature phase change material has been considered as
a potential candidate for the practical realization of an ultrasound modulator. The
phase change material modulates the sound speed through thermal input and hence
indirectly affects the propagation path length of acoustic waves. A first large scale
multiplexed microheater array is designed and fabricated that has more elements that
are also smaller than what has been reported previously. The microheater array is
constructed to generate spatial distribution of thermal pattern, which would then
modulate the phase change material and hence ultrasound. The work provides a
pathway for fabricating an integrated on-chip device for ultrasound modulation. The
Chapter 1 of this thesis introduces the basic equations describing sound waves and
their propagation through space and describes the angular spectrum method employed
to calculate the excitation phase of elements in transducer array. The electrical pa-
rameters for piezoelectric transducer is presented as a function of material constants
which is subsequently followed by the description of transmitted and reflected acoustic

waves across a boundary between two different media. Further, the Chapter 2 intro-
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duces secondary Bjerknes forces, starting with the analytical expression of bubble
resonances. The fabrication procedure employed to construct a microbubble array is
described in a sequential manner. Next, the chapter presents experimental measure-
ments of bubble oscillations and variation of fundamental resonance frequency as a
function of radial distance between the microbubbles. The next chapter of this thesis
Chapter 3 further extend the work presented in Chapter2 and provides experimental
validation for the amplification of secondary Bjerknes forces. The chapter describes
the mechanism that causes the amplification of secondary Bjerknes forces and how it
can be applied for acoustofluidic manipulation and assembly. A comparative analysis
with magnetic force is provided to highlight the favorable scaling of secondary Bjerk-
nes forces. A numerical model validates the experimental results obtained for the
secondary Bjerknes force measurements. Finally, this chapter experimentally demon-
strates the acoustic assembly and controlled manipulation of centimeter-scale objects.
The next chapters of this thesis constitute the second part of the work. The Chap-
ter 4 starts with a brief description of phased array technologies and how it has been
utilized to create dynamic ultrasound wavefronts. The limitations of the current ar-
chitecture of phased array technology are discussed and then, a completely different
concept is presented that uses light intensity to precisely control the phase-shift in
the electrical signal driving the ultrasound transducers. The chapter further discusses
the large-scale implementation of the technology enabled through optical control in
an analog architecture. The Chapter 5 builds on the previous chapter and introduces
a realization of an "Optically Programmable Array of Transducers' (OPATs). The
chapter presents several different experimental demonstrations to dynamically shape
ultrasound wavefronts, including multifocal beam formation, and a vortex beam. The
last chapter of this thesis, Chapter 6 presents yet another approach to modulate
ultrasound wavefronts. The chapter is divided into two sections; the first section fo-
cuses on a discussion of different material classes that have been explored for their
potential to modify ultrasound wavefronts. The second section presents interesting
properties of a low temperature phase change material. Further, an in-depth analysis
of a low-temperature solid-liquid transition is presented which is then described as
a potential means to modulate the sound speed. The chapter further demonstrates
the functioning of phase change material as a reflective metasurface element and then
presents a proof-of-concept for dynamic functionality of ultrasound. A system of 1D
metamaterial consisting of periodic stacks of different materials is selected as an ex-
ample for proof-of-concept demonstration. The phase change material acts as one of
the constituents of the constructed metamaterial. A dynamic tuning of stop-band
and pass-band in the transmission of ultrasound. Lastly, the chapter presents a large
scale integrated and multiplexed operation of microheater array fabricated to generate

spatial distribution of thermal pattern. The chapter describes the microfabrication
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of microheater array in great detail along with the multiplexed operation of electri-
cal architecture. The chapter ends with several different measurements performed
to characterize the thermal signature of microheater array. The final chapter of this
thesis, Chapter 7 contains a concluding assessment as well as an outlook of how the
work presented in the last chapter paves the way for an integrated on-chip dynamic

ultrasound modulator.
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INTRODUCTION

1.1 GENERATION AND DETECTION OF ULTRASOUND

The generation of ultrasound involves creating a mechanical oscillation at a specific
frequency. The effectiveness of ultrasound wave propagation at this frequency relies on
the interaction between these oscillations and the medium they enter, facilitating dis-
placements within that medium. A prevalent method for producing ultrasound is the
use of piezoelectric materials. By applying an electric voltage across such materials,
mechanical deformations occur, thus transforming electrical energy into mechanical
energy. Furthermore, an alternating electrical signal induces oscillatory geometric de-
formations in the piezoelectric material at the corresponding frequency. When there
is efficient coupling of the material’s surface to the medium, this leads to the genera-
tion of acoustic waves that propagate at that frequency. It is important to recognize
that the piezoelectric material exhibits a resonance frequency, which is influenced by
its geometric and elastic properties. Consequently, the greatest amplitude of acoustic
waves is achieved when the piezoelectric material is operated close to its resonance
frequency, or, to a lesser extent, at its harmonic frequencies. The work presented in
Chapter 2 - Chapter 6 of this thesis utilizes piezoelectric transducer as the source to
generate ultrasound waves. The piezoelectric material and resonance frequency of the
transducer varies from chapter to chapter based upon the field of applications.

An interesting but less practical way of generating acoustic waves is through mag-
netostrictive materials. Magnetostriction has been considered in this thesis in the
context of dynamic modulation of ultrasound and is discussed in Chapter 6. The
principle of magnetostriction is the deformation of ferromagnetic material when sub-
jected to a magnetic field. An oscillating magnetic field can thereby generate an
oscillating displacement, and hence an acoustic wave can be produced in the medium.
However, one drawback of magnetostrictive materials comes from the fact that the
phenomenon is generally efficient only at frequencies below 30kHz. The operational

frequency is limited by the losses in the magnetostrictive material which translates to
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heat generation in the system.

1.2 ELECTRICAL PROPERTIES OF PIEZOELECTRIC TRANSDUCERS

Piezoelectricity is a complex electrical phenomenon that combined with the mechan-
ical resonance of the transducer geometry makes it challenging to solve the charac-
teristics of transducer elements. The theoretical background presented in this section
is based on a discussion in the book of Physical Acoustics [23] and a research article
[24] and shall serve as a general reference for this chapter and the understanding of
piezoelectric mechanisms and the inter-dependency between material constants and
electrical parameters of piezoelectricity. The operation of piezoelectric transducers
is approximated as a thickness resonator with a geometry of a plate or a disc. The
resonator’s impedance in the thickness extensional mode, depending on the actuation

frequency w, is typically referred to as [24],

E [ R tanle/(af,)]
jAwe% w/(4fp)

Z(w) = (1.1)
where A is the surface area of the transducer perpendicular to the thickness ¢, €3, is
the electrical permittivity under clamped operation, and k; is the electromechanical
coupling constant. The electromechanical coupling constant describes the capacity of

a material to accumulate mechanical energy in response to an electrical input which

can be defined as [23, 24],
his x €35
ey

k? = (1.2)

where hss is the piezoelectric field constant and c3D3 is the elastic stiffness at constant
displacement. The term f, in the Eq. 1.1 is the parallel resonance frequency. The

parallel resonance frequency can be defined in terms of the density p and elastic

D 1/2
Jo= [ﬁ] (1.3)

stiffness as follows [24],

The meaning of parallel resonance frequency (f,) can be interpreted from the
Fig. 1.1. It can be observed from the Fig. 1.1 that the frequency which provides
the maximum in the impedance of the piezoelectric transducer is defined as f,. The
impedance of a piezoelectric transducer varies as a function of frequency due to the
reactive components (inductor or capacitor) such the the maxima of the impedance
curve provides the numerical value of f, as denoted by long red dotted line in Fig. 1.1.
The equation for the impedance defined by Eq. 1.1 does not change significantly for
typical material constants (e3;, ¢k}, and hg3). It should be noted that a complex ma-

terial constant causes the parallel resonance frequency f, to be complex in nature.
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Figure 1.1: Schematics of the generalized impedance curve of a piezoelectric transducer.
The curve is drawn schematically and inspired from a Technical Article of Analog Devices.

Therefore, it is important to understand the physical interpretation of real and imag-
inary components of complex f,. The real component of f, indicates the parallel
resonance frequency (f = w/2m), whereas, the imaginary component of f, pertains to
the resonance width. [24].

RR
R S
OR C, == Ly
c, =
CR
L [l T
(A) (B)

Figure 1.2: Equivalent circuit for the operational piezoelectric transducer. (A) Lumped
element equivalent of piezoelectric element. (B) Electrical resonance in a RLC circuit anal-
ogous to the mechanical response of the transducer.


https://www.analog.com/en/resources/technical-articles/how-to-choose-a-quartz-crystal-oscillator-for-the-max1470-superheterodyne-receiver.html

4 CHARACTERIZATION OF A TRANSDUCER ARRAY

The IEEE standard on piezoelectricity [25] recommends the Van Dyke circuit
model which has been widely used for representing the equivalent circuit of a piezo-
electric resonator. The Van Dyke model is shown in Fig. 1.2 which uses five real circuit
parameters, Ry, Cr, Rr, Lr, and Cg, to represent the operation of piezoelectric trans-
ducer near its resonance. The modified Van Dyke model [24] considers a piezoelectric
ceramic as a capacitor (C) and the losses of the capacitor by a frequency-independent
resistor (Ry) added in series as shown in Fig. 1.2 (A). The parallel resonance frequency
of the piezoelectric resonator is defined by f,, similarly there exists another parame-
ter f, which gives the series resonance frequency. The series resonance frequency f;
for a piezoelectric transducer is represented schematically in Fig. 1.1. The resonance
frequencies, fs and f, determine the impedance shape of the piezoelectric resonance
curve. The series resonance frequency is generally defined in the form of transcen-
dental equation and the solution of the equation gives the numerical value of the
series resonance frequency. The transcendental equation is given by the following
(23, 24, 26, 27],

ffp’fS] (1.4)

2
_ %12
fs = —=k;j fpcot
s 2 P
The series and parallel resonance frequencies are also known as resonance and anti-
resonance frequencies, respectively. The complex circuit constants in terms of the

material constants can be written in the following way [24, 26],

S S

Cr =
g2 12
1
L = —-—-—— 1.
R 47]_2]382012% ( 5)
_ 633A/t _
Cu= 57 -Cr

It would be valid to argue that because fs and f, are functions of material constants,
therefore the complex circuit parameters C, Lgr, and Cg also depend on material
constants. The electrical properties of a transducer is of relevance to the work in the
Chapter 3, 4, 5, and 6. The equivalent complex circuit parameters of a piezoelectric
transducer are necessary to design electrical circuits to drive the transducers. The
phase of the ultrasound waves emitted by the transducer is governed by the impedance
characteristics of the piezo element, which is the focus of work mentioned in Chapter 4
and 5. The connection between the sound speed and the conductivity is discussed in
Chapter 6 of this thesis.
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Figure 1.3: The discretized input plane for computation of pressure fields produced by a
transducer array. (A) The plane containing the transducer array is discretized in a N x N
grid for the angular spectrum calculations where the input pressure plane of an individual
transducer is initialized in a (B) M x M grid such that N > M. The spectral propagation
of waves is then evaluated in a N x N grid for the calculations.

1.3 CHARACTERIZATION OF A TRANSDUCER ARRAY

The discussion in this section draws from and is largely based on the work referenced
as [28]. In an array, the fields produced by the individual transducer elements overlap
to generate the pressure wave. There are various methods to compute the pressure
fields in parallel planes including the angular spectrum approach which is known
for its rapid computation. It is also useful in computing acoustic holograms [29].
The angular spectrum calculation firstly decomposes the propagating wave into the
components of plane waves via the two-dimensional (2D) Fourier transform of the
time domain signal [30]. Next, the process involves propagating the components of
the plane wave within the frequency domain, followed by calculating the pressure
field in the spatial domain using the inverse Fourier transform. The initial input is
defined as the pressure field in a specified plane, although it can also be replaced
with the velocity field derived from the deformation vector of the transducer surface.
Ultimately, the output is the pressure evaluated across a series of parallel planes.
The primary function of the Fourier transform is to relate the spatial variation of

pressure field and angular spectrum at each plane. The schematic representation of
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the geometry and variables employed in the angular spectrum approach is shown in
Fig. 1.3. The propagation of the acoustic waves in a homogeneous medium can be

described in the spatial frequency domain as [28, 31, 32|,
P(l{?x, ky, Z) = PQ(]{?:,;, ky, ZQ)HP(]{:I, k‘y, z— Zo)[28] (16)

or

P(ky, ky,2) = jpcUy(ky, ky, 20) Hy (kg ky, 2 = 20)[28] (1.7)

where k, and k, are the wavenumbers in the transverse plane such that k2+k2+k2 = k2.
28] The 2D Fourier transform of po(x,y, z9) with respect to z and y is represented by
Py(ky, ky, 20) and similarly, the 2D Fourier transform of the normal particle velocity
of the transducer surface discretized in a M x M grid is represented as Up(ky, ky, 20)-
[28] The angular spectrum of the pressure in a plane parallel to the source plane
given by z = 2, is represented by P(k,,k,, z) as shown in Fig. 1.3 (A). Subsequently,
the pressure field for each plane at z can be computed by taking the inverse Fourier
transform of P(k,, k,, z) with respect to k, and k,. The propagation function for an

input pressure plane is described as follows [28],

e CTROVRITRETRG g 2 4 g2 < g2
Hp(ky ky,z—29) = ooy 1.8
P( v O) 6_(Z_ZO)\/k“2”+k§_k2 if k% + k; > k2 ( )
The expression defined in the Eq. 1.8 is Hp(ky, ky, 2—20) which describes propagating
waves in the angular space where k2 + k2 < k2. The functions describing the wave
propagation in the Eq. 1.8 can be multiplied by a factor (S(k.,k,,z — 20)) for per-
forming calculations in attenuating media. The attenuation factor S(k,, k,, z—zy) can

we written as [28],
S(ky, ky,z - 2) = P N VES ) (1.9)

where « is the attenuation coefficient for a fixed ultrasound frequency. The inverse
Fourier transform of the term S(k,, k,, 2—20) * H (k,, ky, 2— zo) provides the equivalent
attenuation in the spatial domain.

The angular spectrum approach begins by discretizing the pressure or normal
particle velocity field of the source within the spatial domain, as demonstrated in
Fig. 1.3 (A). Here, a Lx L plane of the transducer array is divided into a grid comprising
N x N points, with a spatial sampling distance denoted as . In this grid setup, each
individual transducer occupies M x M grid points, as depicted in Fig. 1.3 (B). It
should be noted that the pressure or velocity vector represented as A, ; (Fig. 1.3 (B))
must be governed by the actuation amplitude of transducer element which is spatially

occupying the respective M x M grid points. A similar constraint must be applied to
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the actuation phase ¢, ; (Fig. 1.3 (B)) of transducer elements. The variables A4; ; and
¢; ; are critical to the work presented in Chapter 4 and Chapter 5 where the mentioned
variables are computed to dynamically generate ultrasound wavefront. A Fast Fourier
Transform (FFT) algorithm can be used to compute the angular spectrum of the input
pressure field. The primary reason for multiple grid points for discretizing the space
of single transducer is to increase the resolution in the spatial frequency domain. This
increased resolution plays an important role in reducing the spectral aliasing errors
and artefacts. The spectral sampling rate is denoted as Ak, which allows us to express

the discretized transverse wavenumbers as follows [28],
ky = mAk and k, = nAk (1.10)

where m and n e [-N/2+1+¢, N/2+¢] and ¢ is defined to be —1/2 and 0 for odd and
even values of N, respectively [28, 33]. The parameter ¢ corrects the offset caused
by the odd number of grid points, ensuring that both m and n are integers. In the
discussions found in Chapter 4 and Chapter 5 of the thesis, we employ the angu-
lar spectrum approach. Here, we calculate the excitation phase for each transducer
element to achieve the desired acoustic wavefront, as illustrated in fig. 1.3 (B). Typ-
ically, the pressure field generated by a phased array can be described as the sum of

the complex pressures that the transducer array produces, which is given by [28§],

po(z,y) = g:JZV:Aij(x,y)ej%(m’y). (1.11)
i=1 j=1
The pressure field po(x,y) mentioned in Eq. 1.11 provides the source pressure at points
(z,y) in the input plane z = zy, which then can be multiplied by the appropriate
propagation function in frequency domain for the calculations for the wavefront at
the parallel planes [28, 30].

The theoretical framework outlined in this chapter serves as a foundation for com-
prehending the research presented in this thesis. This research explores innovative
methods for generating ultrasonic fields. Chapter 4 and Chapter 5 demonstrate how
the incorporation of light as a control element can enhance the simplicity of operat-
ing transducer arrays. Furthermore, Chapter 6 investigates the modulation of wave
characteristics through the passage of acoustic fields within a medium, ultimately

presenting a design for a device capable of dynamically modulating ultrasound fields.



SECONDARY BJERKNES FORCES AND MICROBUBBLE
ARRAY

The contents of this chapter have been published in Physical Review Letters under
an open access license [34]. The author performed the experimentation work and the
theoretical analysis was undertaken together with Dr. Athanasios Athanassiadis and
Dr. Zhichao Ma.

2.1 RESONANCE OF AIR BUBBLES IN WATER

Air bubbles are prominent source of scattering of acoustic waves and thereby are
used as contrast agents for ultrasound. The acoustic properties of single air bubbles
in water generally depend on the volume of the bubble [35]. There exists a large
difference between the acoustic impedances of air and water, therefore the air bubbles
can act as a mean to scatter sound effrectively. The oscillation of bubbles in the
monopole mode involves a radical movement of the bubble surface, expanding and
contracting while maintaining its shape, gives rise to a large scattering cross-section.
The mathematical description of a monopole mode of a spherical bubble is given
by Minnaert Resonance [36]. It is based on a theoretical bubble, assuming that the
process is adiabatic and disregarding any losses caused by water viscosity and thermal

damping. This leads to the frequency wy of the monopole resonance given by [36],

D00 pa=Luy /28 (2.1)
c c p

where kg is the propagation wave number at resonance space,a is the bubble radius,
v is the ratio of the gas specific heats (y = g—i, where C'p and Cy are specific heat
capacities of gas at constant pressure and volume respectively),and P4, p, and ¢ are
the ambient pressure, density, and sound speed, respectively, of the surrounding liquid.

For an air bubble at atmospheric pressure in water (¢ = 1483m/s) the value of kya
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= 0.0136, the wavelength at resonance is around 100mm for 250 pm bubble radius
which is several hundred times greater than the bubble radius [37]. The presence of
multiple air bubbles in water is very different from a single air bubble. The interplay
of multiple air bubbles within the scattered acoustic field alters how sound travels,
especially in dense bubble clouds compared to a single bubble. Understanding the
acoustic interactions between these bubbles is crucial for the experimental studies
discussed in this chapter. [38].

The main physical aspect of how sound scatters from a group of interacting bubbles
is that the monopole resonance of the bubble cluster differs from that of a single
bubble. At the monopole resonance frequency, the acoustic wavelength is significantly
larger than the size of an individual bubble and also exceeds the typical distance
between adjacent bubbles in the group. It’s important to understand that, at this
frequency range, the bubbles aren’t seen as separate entities by an external sound
source. Therefore, imagining sound rays bouncing back and forth between individual
bubbles isn’t quite accurate. Instead, it’s more fitting to consider that the bubbles are
collectively responding to a shared external field. Moreover, when an external field is
present, the oscillating bubbles are coupled in such a way that they act as a unified
source of acoustic scattering. [39].

The interaction between bubbles in water significantly impacts their fundamental
properties by altering the collective resonance frequency compared to that of indi-
vidual bubbles. It’s crucial to consider these shifts in resonance frequency for the
analyses presented in this chapter to ensure precise calculations [40]. By recombining
the equations that describe each bubble’s resonances, we can develop a mathematical
framework that simplifies the analysis of scattering from multiple bubbles. This allows
us to concentrate on the scattering behavior of each normal mode within the ensem-
ble. A model based on coupled oscillators was introduced to effectively capture the
acoustic resonance of several bubbles [41]. This model stands out because it offers a
clear insight into how frequency shifts within bubble ensembles correlate with various

controlled parameters in the system.

2.2 RADIATIVE COUPLING IN RESONANT BUBBLES

The physical behavior of a population of resonating bubbles cannot be sufficiently
represented by the classical theory of linear acoustic propagation [42]. The classical
theory assumes the independent oscillation of bubbles, however it has been shown
experimentally in the literature that the bubbles are strongly coupled by acoustic ra-
diation. Therefore, the most accurate way of understanding the sound propagation is
through the collective action of the medium. The fundamental theoretical work was
performed by C. Feuillade in late 1990s [43-45]. Since then the method developed
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by him has been employed to provide adequate description and theoretical charac-
terization of bubble clouds. This section of the thesis briefly presents the theoretical
background on the ensemble of interacting bubbles. The formulations [41, 43, 45]
presented helps in the understanding of behavior of bubbles interacting through the
scattered acoustic field. The equation governing the motion of a monopole resonance

within a spherical bubble can be expressed as follows [43, 45, 46],
mi + bo + kv = — Pe'! (2.2)

The variable v represents the differential volume, indicating the difference between
the bubble’s instantaneous volume and its equilibrium volume. The coefficient m is
referred to as the inertial mass of the bubble, while x denotes the adiabatic stiffness
of the bubble. These can be calculated using the relationships outlined below [43, 45],

P

3’}/PA
KR = W (24)

The coefficient b characterizes how the bubble’s motion is dampened, while P and
w denote the amplitude and frequency of the external pressure field acting on the
bubble, respectively. It should be noted that P is preceded by a negative sign since
a decrease in pressure results in an increase in the volume of the bubble [43, 44, 47].
A harmonic steady-state solution of the mathematical form v = ve*! can be assumed
for the sinusoidally varying input pressure wave, substitution of the solution gives the

resonance response which can be defined as [48],

-P ~ -P/muw?
K—wdm+wb  [w?fw? - 1]+ 1(bjmw)

(2.5)

V=

where wg = \/k/m is Minnaert’s resonance frequency. The expression of Eq. 2.5
describes a Lorentzian response. It should be noted that the imaginary component
b/mw in the denominator of Eq. 2.5 can be denoted with a damping constant . which

reflects radiative, thermal, and viscous terms, which can be written as,
b/mw = 0. =08, + 0 + &, (2.6)

The radiation damping component is explicitly expressed as ¢, = ka, where k = w/c.
Additionally, the quality factor @ at the resonance frequency of the response can be

defined and related to b by the following equation:

Q = wom/b (2.7)
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The acoustic field reradiated by the bubble is predominantly monopolar such that the
pressure field at the radial distance r from the bubble due to reradiation/scattering
is given by [37],

p(r) = (pe™*" [4mr)i (2.8)

Therefore, an external pressure field driving an ensemble of N interacting bubbles in

Ensemble of Interacting Bubbles

Input Acoustic Wave

Figure 2.1: The schematic diagram shows that the total field impacting the primary bubble
is a combination of the external field (red arrow) and the scattered fields coming from the
neighboring bubbles (yellow arrows). The schematic is inspired from [43, 44, 47]

a full space can now be considered to define the total incident field that acts on an
individual bubble. The pictorial representation for ensemble of interacting bubbles
is shown in Fig. 2.1. The total field acting on any given bubble is composed of the
primary external field along with the cumulative scattered fields from the remaining

N -1 neighboring bubbles. The overall response of the entire bubble ensemble can be
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expressed through a series of coupled differential equations, as shown below [44, 47],

N pe—Lijl

mﬂfl + bﬂjl + R1U1 = —Ple(LWt+¢l) _ i}j,
kr;

. : e J" .

My Uy + by + KUy, = — B e(whtén) — Z P (2.9)

i 47rrjn

N pe—Lkr‘jN

myUN + byvy + kyvy = —Pyelwttén) — — 1,

where P, represents the amplitude and ¢,, denotes the phase of the external field acting
on the n'* bubble, r;, indicates the radial distance from the center of the n'* bubble
to the center of the j** bubble [43, 44, 47]. The harmonic steady-state solutions are
still valid for the set of equations defined in 2.9, therefore by substituting v, = v,e!

in 2.9, a matrix equation can be obtained which may be written as,
MV =P, (2.10)

where v = {U1,..., 0, ..., 05} and p = {-Pye*¥1 ..., —P,e'¥n ... — Pye'~}  are column
vectors representing the steady-state volume oscillation amplitudes and the external

fields for each bubble, respectively, and M is an N x N matrix with elements,

M., = Ky — w?my, + twb,,,
—w2pe Lk'r (211)
Myj = =—=(n #j),

The diagonal elements M,,, represent the characteristics of an individual bubble in
the ensemble and can incorporate variations in size, damping, and other dependent
variables. The radiative coupling between the bubbles is described by the off-diagonal
elements M,; which can be physically interpreted through scattered sound fields.
The solution to the matrix equation v = M~!p allows us to characterize steady-state
scattering from the entire group of bubbles based on the amplitude and frequency of
the external field [43, 44, 47].

The case of just two interacting bubbles can be understood by observing two
coupled differential equations of the sequence (2.9). The two bubbles are assumed to
have identical geometric and physical properties which means that m; = my = m and
b1 = by = b and are separated by radial distance r, these equations can be conveniently
solved by forming their sum and their difference. It is also assumed that both bubbles
experience the same external field amplitude (P; = P, = P) which can be explained

by the fact that the dimensions of bubbles are smaller than the acoustic wavelength,
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then the equations can be written as [44],

—tkr
{m + pj }(@’1 T+ 05) + bV + ) + K(v1 +vn) = —P(e91 + €92t (2.12)
r
pe k| . o S1 bz ot
m= = (U1 = Up) + b(v1 — V) + K(v1 —vg) = —P(e'?' — e'¥2)e". (2.13)
r

The combined quantity v; + vy is often represented as v,, which corresponds to the
symmetric oscillation mode of two bubbles. This symmetric resonance mode describes
a scenario where the bubbles oscillate together, in phase, and with identical ampli-
tudes. It’s important to highlight that when the bubbles are excited by a plane wave
that travels perpendicular to the line connecting them, the phase difference between
the two bubbles will be negligible, leading to the activation of the symmetric mode
in the system. In general, the phase difference in the excited field of the two bubbles
remains quite small since, as previously noted [43, 44, 47|, the acoustic wavelength
at the bubble’s resonance frequency is significantly larger than both the distance be-
tween the bubbles and their individual sizes. The symmetric mode effectively has
an increased mass due to the radiative coupling between the bubbles. Thus, under

the assumption of harmonic steady state, we can express the solution to Eq. 2.12 as

follows: P( it 5
—_ L1 L2
b, = (et + ) (2.14)
K- w2{m + pj‘;:r} + 1wb
_P(6L¢l + 6L¢2)
_ , 2.15
U K —w?m, + wb, ( )

where an expansion of e **" into its real and imaginary components is performed to

give the following relations,
pcoskr

m. = m o+ B (2.16)
b, = by PSIAT (2.17)
4ar

The symmetric mode resonates at a frequency different from that of a single bubble
and is denoted by wy, and the corresponding wave number for acoustic wave propa-
gation can be written as ko, = wo./c. Application of Minnaert’s resonance frequency

procedure then gives [41, 44],

_ “o
Wo+ = \/m7+ \l 14 pcosk0+T] - \/(1 . [%] o me) (2.18)

Adtrm

It should be noted that the frequency wg, does not depend upon the damping of
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the individual bubbles or the amplitude of the incident field [43, 44, 47], but only
upon the value of wy and the radial distance between the bubbles. The conclusive
statement of this section is that the resonance frequency of ensemble of interacting
bubbles is smaller than the frequency of individual oscillating bubbles. The collective
in-phase oscillation of interacting bubbles is called as "symmetric" normal mode and

this principal is presented experimentally in the later sections of this chapter.

2.3 BuUBBLES TRAPPED IN CIRCULAR MICROCAVITIES

Microfluidics is an exciting scientific tool that’s really making waves in the research
community thanks to its remarkable precision! At the heart of this technology are
microbubbles, which shine brightly when driven by acoustic fields. In the world of lab-
on-a-chip applications, microbubbles are absolutely crucial in acoustofluidic devices,
as highlighted by numerous studies [49-53]. One of the fascinating phenomena we’ll
explore in this chapter is the secondary radiation force (SRF), also known as the
Secondary Bjerknes force [54-58].

But that’s not all! Oscillating bubbles are also being utilized in a plethora of
applications such as micropumps [59], microtweezers [60-62], microfilters [63, 64],
microrotors [64], biosensors [65], microswimmers [66, 67], and sorting techniques [68—
70]. A wealth of literature exists around the theoretical predictions of bubble dynamics
and their resonant behaviors, originally explored by M. Minnaert, who is famous for
the [71] Minnaert frequency.

The dynamics of spherical bubbles, whether they're free or confined in cavities,
have been extensively modeled in the literature, with pioneering contributions from
Rayleigh [72] and Plesset [73], among others. Vincent and Marmottant [74] have put
together a fantastic overview of cutting-edge technologies arising from fully confined
bubbles. However, the situation with partially confined bubbles presents a unique
challenge, as they're quite different in terms of parametric dependence.

When comparing free spherical bubbles to those that are trapped, we find that
the latter offer enhanced stability and controllability. These intriguing characteristics
have been recognized and applied in various experimental microfluidics applications.
Nonetheless, there’s still a gap in the theoretical studies on this topic, particularly
regarding semi-cylindrical bubbles trapped in rectangular cavities [75, 76] and rectan-
gular bubbles situated on a rectangular horse-shoe structure [77]. A key assumption
made in this work is that the gas-liquid interface can be modeled as a thin clamped
plate, which allows us to leverage existing theories of vibrations for solid plates [78, 79].
The potential here is tremendous, and the journey of discovery is just beginning!

Oscillations of a single free spherical bubble, as noted in previous research [80],

are not applicable to a trapped bubble due to the constraints imposed by clamped
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boundary conditions. Nevertheless, theories surrounding bubble interactions can be
harnessed [81, 82|, particularly focusing on scenarios involving pairs of bubbles, which
take into account microstreaming effects and secondary radiation forces (SRF). A
significant alteration necessary for addressing the experimental framework outlined
in this chapter is replacing the Minnaert frequency with that relevant to a partially
confined bubble. Previous investigations by Miller [83, 84] and Gelderblom [85] have
explored the dynamics of bubbles trapped within circular cavities. The remainder
of this chapter aims to analyze the experimental responses of gas-filled cylindrical
microcavities when subjected to ultrasound. The analytical model applied in this
section is based on the work of Dmitry Goetinski [80], who formulated approximate
analytical and semi-analytical solutions. The solution to the problem of obtaining
resonance frequency for a fundamental mode of interface oscillations starts by defining
the time-dependent interface displacement [IW (r,6,t)]. The interface displacement W
can be assumed to have harmonic time dependence because of the sinusoidal variation
in the input given to the bubble and therefore can be written in the following way
[86-88],

W(r,0,t) =w(r,0)e™ (2.19)

The interface displacement W exhibits harmonic time dependence, stemming from
the sinusoidal input applied to the bubble. In this context, the variables A, x, and w
denote the amplitude of the oscillations at the interface, the radial wave number, and
the frequency of the driving force, respectively [41, 44]. The time-independent bubble
displacement w(r, #) is articulated by the following equation: [41, 44],

viw(r,0) - k*w(r,0) = 0. (2.20)

The differential equation mentioned in (2.20) is a fourth-order differential equation

with the general solution given by [41, 44]:
w(r,0) = (Jo(kr) + cl, (k1)) x (Acos(nf) + Bsin(nf)) (2.21)

where J,(-) and I,() [89] stand for the Bessel and modified Bessel functions of the
first kind of order n and A, B, and c are arbitrary constants which can be explicitly
calculated from the boundary conditions. We have used MATLAB 2020A to find the
solutions for a non-linear multivariate system of equations.

An analytical model [90] has been employed to perform numerical calculations of
the fundamental resonance mode of bubbles contained within a cylindrical cavity that
is stimulated by an external acoustic field. This model operates under the premise
that the air-water interface behaves like a thin clamped circular membrane, oscillating

in a vertical direction. The formula for the resonant frequency of a single bubble is
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expressed as follows:

3 J—TL R _ 42
£ - QL\/F& 0 J-a(KRo)(p1 + p2) — K1 (222)
T pP1+ P2

where p; and ps are the density of water and air respectively, o is the surface tension
of the air-water interface, J_,(-) stands for the Bessel function of the first kind of
order —n, Ry is the mean radius of the bubble, and 7 is the viscosity of water. The
radial wave number is denoted by k (k # 0) which is the smallest positive root of the

equation

Jn(6Ry)  Jna(KRy) = Jni1(KRo)
I,(kRy) ~ In1(kRy) + Ini1(KRo) (2.23)

where J,,(+) and I,(+) [89] stand for the Bessel and modified Bessel function of the first

kind of order n. For the lowest order radial mode, n = 1. The resonance frequency is

calculated by substituting x from Eq. (2.23) into Eq. (2.22). Using the geometry of
our bubbles yields a resonance frequency of f, = 3.98 kHz.

When the bubbles are patterned as an array, we expect their coupling to lower the
resonance frequency [91]. The presence of a second array that is in the close vicinity
of the first array will shift the resonance frequency of the bubble system to fy,s, which
can be estimated based on the frequency shift experienced by two bubbles separated

by a distance H [90]:
fo

fos = ((1+2Ro/H)? + C2)}

(2.24)

where fj is the resonant frequency of a single bubble (see Eq. (2.22)), Ry is the
bubble radius, and ( is the damping coefficient of a single bubble. We have applied
the theoretical model outlined in this section to establish the fundamental mode of
a single bubble confined within a circular cavity [89]. This model operates on the
premise that the gas-liquid interface behaves like a thin, clamped circular membrane,
as previously discussed. This approach has also been utilized to forecast the resonance
frequency of a coupled bubble pair. Notably, the theoretical coupling of identical
bubble pairs produces a controllable frequency shift, which has been experimentally

demonstrated in the latter part of the chapter.

2.4 EXPERIMENTAL METHODS

2.4.1 FABRICATION OF CYLINDRICAL CAVITY IN PDMS

Planar PDMS (Poly Di-Methyl Siloxane) slabs containing cylindrical cavities are fab-
ricated using soft lithography. A 275 pm thick layer of negative photoresist (SU-8
2075, Kayaku Advanced Materials Corporation, Westborough, MA) is spin-coated on

a silicon wafer (WS-650 spin coater, Laurel, PA, USA), exposed on a mask aligner
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(MJB4, SUSS MicroTec, Garching, Germany) with a photomask, and then the wafer
is developed and hard baked to obtain the master mold. The soft photomask that
is used to create the master mold consists of an array of 11 x 11 transparent circular
holes. The hole diameters are 300 pm and have a center-to-center spacing of 500 pm.
This mask produces cylindrical posts after developing the negative photoresist with
the solution MR-DEV 600, which dissolves the non-exposed photoresist. Further, a
degassed mixture of PDMS prepolymer and curing agent (Sylgard 184 Silicone Elas-
tomer Kit, Dow Corning Corporation, Freeland, MI) with a weight ratio of 10:1 is
poured onto the SU-8 mold on the silicon wafer and cured at 75°C for 2 hours. Fully
cured PDMS replicas are then peeled from the wafer, leaving cylindrical cavities in
the PDMS with a height L = 275 pm and diameter d = 300 pm. When the dried PDMS
surface is immersed in water, air bubbles are trapped in the cavities facilitated by the
small size of the cavity and the hydrophobicity of PDMS [92].

B —

]
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Bubble-Array I
_________________________ N ——
PDMS Structure ==
High-Speed Objective]  Transducer
Camera
Mirror
Tube
Lens

Figure 2.2: Experimental setup used for monitoring and excitation of the microbubble
array. Image taken from the Supplementary Information of [34].

2.4.2 AcousTic EXCITATION

A piezoelectric transducer (Part #724-3162, RS Electronics) is attached to the under-
side of the petri dish using vacuum grease. The transducer is pushed firmly against the
dish, leaving a thin acoustic coupling layer. The disk-shaped buzzer transducer has a
diameter of 27 mm and a thickness of 0.52mm. This transducer was chosen because

of its size, availability, and flat response in the audible frequency range, which makes
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Figure 2.3: Bubble resonance frequency as a function of distance between bubble arrays
H. The dark blue solid line represents the resonance frequency of a single isolated bubble
of diameter 300 pm. As bubbles are brought closer together, the resonance frequency shifts
downward. Image taken from the Supplementary Information of [34].

it well-suited to sweep the frequencies when searching for a bubble resonance. The
signal from a function generator (AFG 1062, Tektronix) is fed to a low-impedance 50x
voltage amplifier (WMA-300, Falco Systems), which drives the transducer (Fig. 2.2
(b)). The transducer was driven with 15V signals from the signal generator. The bub-
ble oscillations were observed in an upright microscope with a water layer covering
the fixed array. The array was imaged with a 5x objective and a high-speed camera
(Photron Nova S16) recording at 100,000 FPS. The resonance frequency of the bubbles
determined experimentally by sweeping the frequency in the interval from 1kHz to
10kHz, with a resolution of 0.1 kHz, and found to be 3.3kHz. Because the frequency
of maximum oscillation does not correspond to a traditional Minnaert frequency, or a
volume resonance, the resonance is instead governed by the air-water interface geom-
etry [41, 44], as has been shown in other experiments with trapped bubbles [86, 93].
For bubbles on the order of Ry =100 pm driven below 100 kHz, damping is dominated
by thermal effects and ¢ ~ 0.1 [48]. The bubble resonance as a function of bubble
spacing H is plotted in Figure 2.3. For a bubble spacing of A = 0.5mm in the array,
we expect a resonance frequency of fo, = 3.3kHz. This is in excellent agreement with

our experimentally determined resonance frequencies.
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Figure 2.4: Fabrication of a Poly Di-Methyl Siloxane (PDMS) layer incorporating mi-
crostructures. The graphics (A) — (D) correspond to the fabrication of a rigid master
structure through the process photo lithography whereas (E) and (F) can be considered
as the processing steps of soft lithography. The schematics are adapted from the Elveflow
microfluidics.

2.4.3 DETERMINATION OF THE BUBBLE OSCILLATION AMPLITUDE §

The oscillation amplitude of bubbles in the PDMS plate is measured by observing the
trapped bubbles under the microscope. The microscope is focused on the air-water
interface of the bubble, and as the bubble interface oscillates, so does the intensity of
the transmitted light, due to an optical lensing effect from the interface. Experimental
images of bubbles in the PDMS plate are shown in Figure 2.5 (a) at different points in
their oscillation cycle. These images clearly highlight the variation of the transmitted
light through the interface as it oscillates with the frequency fj.

The optical focusing can be modeled using the Fresnel equations [94], so that the
geometry of the interface at each time step gives a two-dimensional power distribution
of the transmission light which is used to calculate the magnitude of the bubble
oscillations. It is assumed that initially at ¢ = 0, the interface has a small enough
curvature that it can be approximated as a flat surface. The power transmittance of
parallel-polarized light (Tp) from a medium of refractive index (n;) to the medium of

refractive index (nr) is given by [95],

_npcos(0r) ,

Tp= ———7—+ 2.2
F nycos (0;) (225)

where 67 and 6; are angles of the transmitted and the incident light wave with respect
to the normal of the surface, and tp is the transmission coefficient [95]:
2n;y cos (6r)

tp = 2.2
F nycos (67) + nycos (6;) (226)

In cylindrical coordinates, the interface position Sc of the fundamental resonance
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Figure 2.5: Variation in light transmission associated with bubble oscillations can be
used to estimate the oscillation amplitude. (A) A series of transmitted light microscopy
photographs taken regularly during one bubble oscillation at a frequency of 3.3kHz. Scale
bar: 300 pm. The images are extracted from the Movie S1. (B) (I) Modeled bubble interface
shape at time ¢ = 1/(4fp)), and (II) the resultant numerical image. By thresholding the
image at 95% of the max intensity, a characteristic spot size can be calculated that depends
uniquely on the oscillation amplitude §. (C) The interface shape is plotted for varying §. The
highlighted regions represent the central bright spot after thresholding (see images right).
The spot size clearly depends monotonically on d, and can therefore be used to calculate &
from experimental images. Image taken from the Supplementary Information of [34].

mode is given as

Sc = 0o Jo(kr) sin(2m fot) (2.27)

where Jy denotes the Bessel function of 0** order, dy is the amplitude of the interface,
x is the wavenumber in the radial direction which is substituted from Eq. (2.23), and
fo is the resonant frequency of bubble (see Eq. (2.22)). The interface shape S¢ is
plotted in Fig. 2.5 (b)(I), and the corresponding transmittance is plotted in subpanel
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(IT). The transmittance is calculated using a 1pm grid.

The oscillation amplitude of the experimental bubbles is identified by comparing
the microscope image corresponding to peak transmission with the computed trans-
mittance Tp(r) of the interface at its maximum (time ¢ = 1/(4fy) where f; = 3.3kHz).
The comparison process is further simplified by isolating the image of a single bubble
and then thresholding the image to 95% of the maximum intensity, as shown in Fig. 2.5
(b)(IIT). The size of the central spot after thresholding varies monotonically with the
oscillation amplitude 0. As shown in Fig. 2.5 (¢), as § increases, the thresholded spot
size decreases. The numerical results are used to calculate the spot size as a function
of 4, which can then be used to directly find the value of ¢ from the experimental
images. The resultant ¢ = 1.25 pm is thus obtained, which corresponds to oscillations
of approximately 1% of the bubble radius Ry, in good agreement with linear bubble
oscillation amplitudes typically reported in the literature [96]. Because the images
used to calculate § were acquired with only a single PDMS structure, the actual value
of 0 in our alignment experiments may vary, because of interactions between two bub-
ble arrays. Therefore, to determine the actual values of § in our experiments, we fit
the model trajectories to the experimental trajectories by eye. The resulting values

of ¢ for each height are given in Table 3.2.

2.5 SECONDARY BJERKNES FORCE

C. A. Bjerknes and his son V. F. K. Bjerknes uncovered a fascinating scientific phe-
nomenon known as the Secondary Bjerknes force [97]. According to their findings,
when bubbles oscillate in sync, they attract one another, while those that oscillate
out of sync repel each other. They elucidated this effect by presenting a mathematical
model demonstrating that any object immersed in or moving through an accelerating
fluid experiences a kinetic buoyancy. This buoyancy is equal to the product of the
fluid’s acceleration and the mass of the fluid that is displaced by the object. [98, 99].
The force responsible for the attraction and repulsion in the oscillating bubbles is very
weak because of the low amplitude of pressure wave radiated by the bubbles oscilla-
tion. It was also observed by C.A. Bjerknes that the secondary force increases with
increasing the frequency of oscillations. The secondary force between two interacting
bubbles is basically based on the law of kinetic buoyancy and is analogous to the
Archimedian law, when two bubbles are submitted to an oscillatory pressure field of

angular frequency w,
p(t) — Poe[—uut]
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Figure 2.6: (A) Schematic representation of a pulsating bubble. The red arrows represent
the velocity field. (B) Schematic representation of the bubble interaction occurring through
secondary sound field scattered from the bubbles.

the secondary force between two bubbles of mean radius R; and R;, with respective
pulsation amplitudes AR; and AR, separated by distance |7';;| is expressed as [100],

., T —T;

Fp =2mp (R;R;w)* (AR,AR)) m cos (¢ — &)
i~ T

where p is the density of the liquid, #; and 7; are the position vectors of bubbles ¢ and

7 respectively which can be written as,

. Ty =17,

Tij =12 =

TR =l

and each bubble is oscillating with an instantaneous radius given by,
Rz(t) = Rz + ARZ'(?[_L(wt_(’bi)]

Rj (t) = Rj + ARje[ib(wtiqﬁj)]

For simplicity we assume that the bubbles are of equal mean radius (R, = R; = Ry)
and pulsating amplitudes (AR; = AR; = ARy), and disregard attenuation effects
(¢;—¢; = 0), which yields the expression for the secondary interaction force as follows
(98, 99],

2 iy

Fip = 2mp ((Ro)*w)® (ARo) (2.28)

|7 = 75
When two bubbles are coupled, they should not be seen as separate resonators.
Rather, they create a two-level system characterized by a symmetric mode that res-
onates near the Minnaert frequency of the bubbles, where w represents the resonant

frequency of the combined bubble system. The coupled system resonance frequency
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can be calculated from Eq. 2.24. Given the dependence of the Bjerknes force on the
relative phase of the bubbles, it is natural to obtain an attractive force for in phase
excitation (¢; —¢; = 0), and a repulsive force for out of phase excitation (¢; —¢; = 7).
The work presented in this thesis focuses mainly on the attractive nature of secondary

Bjerknes forces for acoustically triggered assembly applications.

2.6 SUMMARY

This chapter discusses the frequency characterization of bubble arrays, which are fabri-
cated using soft-lithography. The interaction of oscillating bubbles is described as well
as an experimental method to accurately determine the amplitude of oscillation is pre-
sented. The concept of the secondary Bjerknes force is introduced which is the result
of coupling between the scattered sound field from bubbles. The resonance frequency
obtained experimentally is consistent with the theoretical predictions employed for
coupled resonant system of microbubble array. We have experimentally measured the
pulsation amplitude of bubbles in the acoustic field based on optical measurements

and the resultant amplitude corresponds to oscillations of approximately 1% of the
bubble radius R,.



AMPLIFICATION OF SECONDARY BJERKNES FORCES
ENABLES
ACOUSTOFLUIDIC MANIPULATION

The chapter is adapted from a paper which first appeared in Physical Review Letters
under an open access license [34]. The author performed all the experimentation work
and the theoretical analysis was undertaken together with Dr. Athanasios Athanas-
siadis and Dr. Zhichao Ma.

3.1 ACOUSTOFLUIDIC MANIPULATION AND ASSEMBLY

Sound, from a long time has been an interesting candidate to manipulate particles
due to its contact-free nature and low attenuation in liquids. The acoustic assembly
using primary radiation force on the particles is the topic of majority work that
exists in the literature. The pattern of assembly is dependent on the geometrical
shape of the acoustic field, and the size of the particles is restricted by the acoustic
wavelength. Thus, the spatial complexity together with the necessary electrical power
to produce sufficiently large primary radiation force scale unfavourably with the size
of the individual components, this poses a great challenge for the primary radiation
force to direct the assembly of macrostructures.

Recently, a promising approach for manipulation and directed assembly is through
the application of acoustic fields. Acoustic fields can propagate through most media
and generally do not require special responsive materials [34, 101-105]. The acoustic
assembly techniques that exists are fundamentally restricted by the wavelength of

sound [34]. The following constraints entail the acoustic assembly:

e The dimension of the manipulated object must be smaller the wavelength of

acoustic field.

o The accuracy of positioning is controlled by the field shape and hence the min-

24
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imum feature size also cannot be smaller than the acoustic wavelength.

Acoustic fields with longer wavelengths tend to perform better in water applications
due to the increase in attenuation that occurs with higher operational frequencies.
While shorter acoustic wavelengths can provide more precise positioning, they come
with the downside of higher attenuation, which leads to less effective acoustic excita-
tion. Consequently, a trade-off arises for larger objects or structures that could greatly
benefit from assembly and manipulation techniques utilizing acoustic fields.

It is intriguing to delve into secondary interactions within the realm of acous-
tic assembly. In this chapter, we explore how air bubbles offer a distinctive method
for acoustically guiding the assembly of macrostructures through the interplay of the
scattered sound field. We introduce an innovative approach for assembling and ma-
nipulating macrostructures facilitated by the secondary acoustic radiation forces that
arise between resonant scatterers, as depicted in Fig 3.1. These resonant scatterers
are activated by a sound field. Microbubbles, which scatter sound efficiently and are
typically subwavelength in size, play a crucial role here. The sound fields scattered
by these bubbles create a coupling effect that leads to secondary radiation forces,
commonly referred to as secondary Bjerknes forces [97].

Notably, individual bubbles have been effectively controlled using these forces
[106], which directly contributes to the clustering behavior observed in bubble en-
sembles when they are stimulated by an acoustic field [107-110]. Although secondary
Bjerknes forces generally operate within the 10nN range, making them seem inad-
equate for larger systems, this chapter demonstrates how these secondary radiation
forces can be enhanced between approximately ~ 100pm bubbles. This enhance-
ment allows acoustic assembly and manipulation techniques to be utilized on cm-scale
structures, as illustrated in Fig. 3.2. Importantly, we employ acoustic fields with wave-
lengths significantly larger than the objects and bubbles, effectively overcoming the

constraints posed by primary radiation forces.

3.2 AMPLIFICATION OF SECONDARY BJERKNES FORCE

The secondary Bjerknes force generally depends on the oscillation amplitude of bub-
bles and the frequency of acoustic field [100]. The secondary Bjerknes force experiences
by a bubble of radius Ry located at the origin, due to an identical bubble located at
position 7, is given by [100]:

F = 2npRiw?6%7 1. (3.1)

where the notations are described as follows,

« p is the density of the liquid
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Figure 3.1: Schematic illustration of the direct assembly and handling driven by the
secondary Bjerknes force acting between resonant scatterers in an acoustic field. Image is
adapted from weltderphysik.

o w=2nf is the radial oscillation frequency

e 0 is the radial oscillation amplitude of each bubble

We consider that the sizes of the bubbles, denoted as Ry, and the distance between
them, 7, are both significantly smaller than the acoustic wavelength A [34]. The force
acting between the bubbles is directed along 7 and is attractive, as illustrated in
Fig. 3.2 (a). For bubbles with a radius of Ry = 150 pm that are 7 = 1 mm apart in
water, with a gap of 6 = 5pm and a frequency of f = 3.3kHz, the resulting attractive
force is Fp = 28nN. The force acting on a single bubble at the origin by a bubble
array with N bubbles is given by the pairwise sum of forces between the lone bubble
and each bubble in the array:

2 T

N
Fp1 =) 2mp Rjw® 65 — (3.2)
=1

o

7 7

where the index i indicates the bubble in the array and r; = |F;|. Extending this to the

interaction between two arrays of N and M bubbles, respectively, the force becomes

I SES 4 2 52 Tij
j=1li= i

where j indicates the bubbles in the second array and 7;; = 7; — ;. We ignore inter-
actions between bubbles within the same array due to the physically trapped nature
of microbubbles. Therefore, the force responsible for acoustic assembly is secondary

Bjerknes force exist between independent microbubble array.


https://www.weltderphysik.de/gebiet/technik/nachrichten/2022/schallwellen-vibrierende-luftblasen-ziehen-sich-an/
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The azimuthal angle 6 as shown in Fig. 3.2 (b), denotes the angular deviation of
the total interaction force vector (Fgy) relative to the x-axis. The horizontal (Fpg ., )

and vertical (Fp,.) components are estimated by the equations given by,

|FBQ7my| = |FBQ| COS 9

i K (3.4)
|FB2,z| = |FB2| sin9

The total force on the mobile PDMS structure from the fixed array can be computed
for any point in space by employing the Eq. (3.3) and thus, it can be used to spatially

model the variation of the total force.
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Figure 3.2: The interaction between bubbles significantly increases when they form an
array. (a) The graph above illustrates how the force between bubble arrays scales with
the size of the arrays in various geometries depicted schematically. The blue pentagons
indicate that the forces experienced between two bubble arrays are amplified by a factor of
25 compared to an equivalent number of isolated bubbles, as shown by the black dashed
line. Similarly, the force between comparable magnetic arrays, represented by red hexagons,
is lower than that of the bubble arrays in a sound field. (b) This section describes the
forces at play between two structures with embedded bubble arrays that are activated by
a sound field. The lateral component of the secondary Bjerknes force, denoted as F B,zy>
is responsible for the movement of the floating structure. The fluid drag, Fp, opposes this
motion. Meanwhile, buoyancy, Fij, counteracts gravity, F¢, while the vertical component
of the Bjerknes forces is represented by F' B,.- Image is taken from [34].

The forces are numerically calculated to provide a mathematical foundation for
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the understanding of secondary Bjerknes forces. The forces can be scaled up or am-
plified by patterning microbubbles into an array using soft-lithography as discussed in
Chapter 2. The microbubbles create a pattern that significantly increases the overall
secondary Bjerknes force, which is illustrated in Fig. 3.2. In this figure, we can see the
forces related to different arrangements of microbubbles. The yellow line represents
the force acting on a single bubble from an array of bubbles spaced at A = 500 pm. To
calculate this force between the array and the individual bubble, we sum the vector
forces Fig exerted on the free bubble by each bubble in the array, indexed by i [34]:

Fgy = ZFB(ﬁ) (3.5)

The interactions between bubbles do not lead to rearrangement of bubbles in the array
because the bubbles in the array are rigidly fixed in a place. Moreover, scattering from
the PDMS structure would be significantly weaker than scattered acoustic field from
bubbles because of the weak acoustic contrast between water and PDMS relative to the
contrast between water and air. Therefore, it is reasonable to ignore the scattering
of acoustic field from PDMS structure. The force between one bubble and a line
of 9 bubbles increases to ~ 100nN as denoted by yellow arrow of Fig. 3.2 (a), but
then saturates as more bubbles are added to the 1D arrangement due to the r=2
dependence of the secondary Bjerknes force. This saturation of secondary Bjerknes
force can however be solved by considering the interaction between two arrays of
bubbles. Then, each bubble in one array will always have a neighbouring partner in
the other array, leading to a growth of Fp with the number of bubbles in each array.
A two 9-bubble arrays separated by a height H = 1 mm experience an attractive force
of 930 nN which is denoted by green arrow in Fig. 3.2 (A).

The amplification in secondary Bjerknes force is more favourable when 2D arrays of
bubbles are considered as shown in Fig. 3.2 (A): the secondary Bjerknes force between
two 3 x 3 arrays of bubbles is 1260 nN as pointed out by the blue arrow in Fig. 3.2.
The secondary Bjerknes force has so far been considered to be in the range of nN
and was not explored for practical applications. The numerical estimates presented
herein open therefore opportunity for applications including the switchable assembly
of larger objects resulting from secondary radiation force between resonant scatterers

in a sound field.

3.3 SCALING OF AMPLIFIED SECONDARY BJERKNES FORCES

This section explores the dependency and variation of the secondary Bjerknes force on
parameters which can be controlled externally. The mathematical equation signifying

the secondary Bjerknes force experienced by the two-dimensional arrays of bubble is
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given by Eq. 3.3 which can be directly used to predict how the force will scale with
different parameters such as the driving pressure (P) or the bubble radius (Ry).

The first externally controlled parameter is the driving pressure P which depends
on the power provided to the piezoelectric transducer coupled to generate the acous-
tic waves, since P determines the bubble oscillation amplitude ¢ [48]. In a linear
oscillation regime,  ~ P and increasing the pressure will increase the force Fpy ~ P2.

We simplify the understanding by considering arrays of identical bubbles, but the
mathematical description could be applied to non-identical bubbles, id required. The
second independent variable is the bubble radius Ry. Although the role of the bubble
radius Ry is more complex than the driving pressure. The oscillation amplitude at
resonance should grow linearly with bubble size so that § ~ Ry. At the same time
the resonance frequency will drop with increasing bubble size. It can be shown from
Eq. (2.22) that the frequency scales as fo ~ k1. Since KRy is a constant (Eq. (2.23)),
k~ Rg! and w ~ Ry15.

We assume that gap heights and bubble spacing are fixed by the experimental
parameters, but r and Ry are independent, so that Fpy ~ R3 with bubble size. If
instead, the entire system were scaled up proportionally, so that » ~ Ry, the total
force would scale as F' ~ Ry, indicating that the force will still grow with bubble size,
albeit more slowly.

These scalings should hold for oscillations in the linear regime, and therefore will
be valid for low pressures, until a maximum bubble size, which would likely be set by
surface tension and the onset of nonlinear oscillations of the bubble interface. Such
effects could lead the bubbles to pinch off during oscillations. These effects are beyond
the scope of this work but provide an interesting direction for future work.

The secondary Bjerknes force is closely tied to the number of bubbles, showing
that as the number of bubbles N in each array increases, the force amplification
rises accordingly. What’s interesting is that this force does not increase in a linear
fashion with N, which might be the initial expectation for N independent bubble
pairs, illustrated by the black-dashed line in Fig. 3.2 (A). Instead, the force between
bubble arrays exhibits a superlinear growth concerning N. As depicted in Fig. 3.2
(a), the force between these arrays initially scales as approximately $F ~ N16 for
lower values of N [34], before transitioning to an asymptotic behavior of F'~ N as N
becomes large. This superlinear scaling of the secondary Bjerknes force highlights the
significance of long-range interactions among bubbles within the arrays, interactions
that aren’t considered when calculating the force purely on the basis of independent
bubble pairs. The experimental parameters have already been established, showing
that this long-range coupling allows for a remarkable amplification, reaching up to
approximately 25x compared to the force generated by independent bubble pairs

when N is very large. It is important to note that extremely large arrays aren’t a
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necessity for practical applications; thus, the number of bubbles should be determined
according to the required force. A two-dimensional array with /N = 100 already offers
a 13x amplification compared to N independent bubble pairs [34], producing nearly
0.1 mN of force.

3.4 COMPARATIVE ANALYSIS OF BJERKNES AND MAGNETIC FORCES

The forces generated by the Bjerknes bubble arrays is compared to a similar array
consisting of paramagnetic particles in a magnetic field. For the force estimates, we
assume that the bubbles in the PDMS structures are replaced by an equivalent volume
of paramagnetic material. We compare the magnitude of both forces and show that,
while magnetic forces are stronger at short ranges, the Bjerknes force is two orders of
magnitude larger at larger distances, and that the Bjerknes force grow more rapidly
with the number of bubbles/particles. The Bjerknes force is calculated as described
in the main text.

The magnetic forces are calculated between two square, N-particle arrays consist-

ing of uniformly magnetized paramagnetic particles with dipole moment
m=mgZ. (3.6)

The particles will create their own magnetic fields, which in turn gives rise to a force
on the other surrounding dipoles. The force on a dipole in a magnetic field is given
by

F=-YU, (3.7)

where

U=-m-B (3.8)

is the magnetic interaction energy of the dipole in the field.

The magnetic field at a point 7 produced by a single dipole at the origin is given
by [111, 112]:
(3.9)

Fo =
ro r3

Bo(F) = Z—;[

where r = |7| > 0, and g is the permeability of free space. Combining Eqs. (3.7)-

3m-r ﬁz]
Y

(3.9) gives the force on dipole my due to the dipole my, when they are separated by

T2 =T2—T1:

S 3 Y N Y N W . B(myTe) (M To) L
F(T12)= ,U(; (ml-rlg)m2+(m2-r12)m1+(m1-m2)r12+ ( ! 122( 2 12)T12
4mry, 1o
(3.10)

We assume parallel and equal magnetic moments as in Eq. (3.6) in the presented
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system, which allows Eq. (3.10) to be simplified to

2 A= 212 .
= [22122+7‘12—5(—) 7"12], (3.11)
T12
where z15 represents the z-distance between the two dipoles.

In general, the force between two magnetic dipoles is not central, because of the
term parallel to m. However, the magnetic force between particles in the same array,
for which 215 = 0, is central and purely within the z—y plane. Assuming that such forces
are countered by the rigidity of the structure, as we assumed for the bubble arrays,
we can continue the force calculations ignoring the interactions between particles in
the same array.

The force between two arrays of N magnetic particles can then be calculated by
adding the pairwise forces between particles in the arrays. If the arrays are separated
by a vertical height H, and the particles in the fixed and mobile arrays are indexed

by i and j, respectively, then the total force on the mobile array is given by [113]

2
Fur = JEV;;ZV; 35;:;3 lZHﬁ I (%) F,-]] . (3.12)
ij

We estimate the actual forces between the arrays by considering Iron (II) Oxide
(FeO) as a paramagnetic material, due to its commercial availability and high mag-
netic susceptibility compared to other paramagnetic materials. The molar magnetic
susceptibility (xas) is typically reported in CGS units, and is 7.2 x 1073 for FeO. This
can be converted into a volume magnetic susceptibility in the SI system of units by
the equation [114]:

P
W = arLages (313

where M is the molar mass of FeO and p is the density of FeO. The volume magnetic
susceptibility can be used to calculate the saturation magnetization mgar of FeO in

the presence of an external magnetic field B [114]:

B xi! )
m = — 3.14
SAT 1o (1+X‘5}I ( )

where 119 denotes the vacuum permeability which is equal to 47 x 10~ Hm=!. Thus, if
Ve denotes the volume of an individual paramagnetic particle, then the total magnetic

moment of the particle is given by,
M| =mgsarVe (3.15)

Thus, the dipole strength of the Iron (IT) Oxide particles is 2.72x10~7 Am?. The phys-
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Parameters Value
M(gmol™) 71.84
p(g/cm?) 5.74

X (cm3/mol) 7200 x 1076

Xv (SI units) 0.0072
B(T) 1

mSAT(Am‘l) 5.71 x 103

Table 3.1: Physical properties of iron oxide (FeO) at 20 °C [1, 2].

ical properties of FeO and the derived magnetic properties used for force calculations
are tabulated in Table 3.1.

The magnitude of the Bjerknes and magnetic force between the arrays are pre-
sented in Figure 3.3, using the parameters given in Table 3.2. It is clear from the re-
sults that while magnetism provides competitive forces for the directed-organization of
microstructures, the magnetic forces are an order of magnitude weaker than the acous-
tic counterpart, and decay more quickly with respect to the space (H). Moreover, as
the array size is increased, the acoustic forces can be amplified more effectively than

the magnetic forces. This is likely because the acoustic forces provide longer-range

interactions, decaying as r~2 rather than r=.
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Figure 3.3: Comparison between the Bjerknes force (|[Fz|) and the magnetic force (|Fiyl).
The magnitude of secondary Bjerknes force between the microbubble arrays and the mag-
netic force due to dipole-dipole interaction between the paramagnetic particles (FeO) of the
arrays are plotted as a function of the (a) distance (H) between the arrays and the (b)
number of particles/bubbles N in the square array. Image is taken from [113].

Magnetic forces are popular for manipulation and assembly applications and there-
fore we compared them with the acoustic forces between the bubble arrays. We found
that the bubble arrays lead to more effective force scaling than the magnetic counter-

part. Magnetic forces are typically considered to be much stronger than acoustic forces
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between bubbles but surprisingly we find that these benefits are limited to small-range
interactions or very large system dimensions. The quantitative comparison between
the secondary Bjerknes force and magnetic force is shown in Fig. 3.2 (a), the detailed
description of the calculations involved in the magnetic force is presented in the later
section of the chapter. It can be observed that while the force between two mag-
netic particles is stronger than that between two bubbles of the same size, the force
produced by bubble arrays increases more efficiently and quickly with N, yielding
higher forces when N > 1 [34]. The benefits of bubble arrays stand out especially in
longer-range interactions, whereas magnetic arrays excel in generating greater forces
during close-range interactions—specifically at distances comparable to the particle’s
size. The enhanced force scaling observed in bubble arrays for longer ranges can be

=2 in contrast to the

attributed to the secondary Bjerknes forces, which scale as r
magnetic dipole forces that scale as r=*. This distinction clearly illustrates why the

secondary Bjerknes force prevails over the magnetic force in long-range scenarios.

3.5 ASSEMBLY AND ALIGNMENT OF SOUND ACTIVATED STRUC-
TURES

We experimentally demonstrate the manipulation with the secondary Bjerknes forces
by fabricating identical array of patterned bubbles. The bubble arrays are embedded
into ~ 1 cm-diameter PDMS structures using soft lithography [115]. An array of 11x11
cylindrical cavities is molded into the center of each structure which is schematically
shown in Fig. 3.2 (B). Each cavity has a diameter 2R, = 300 um and height L = 275 um.
The cavities are uniformly spaced with a pitch A = 500 pm. The cavities are only open
on one face of the disk, so that when the PDMS structures are placed in a reservoir of
water (Fig. 3.2 (b)), air bubbles are trapped. In the presence of an acoustic field, the
bubble surfaces vibrate, with a primary resonance (maximum vibration amplitude)
at 3.3kHz. All bubbles in the system are excited in phase which can be justified by
the long acoustic wavelength in water (450 mm). It should be noted that in phase
excitation of bubble arrays lowers the resonance compared to predictions for a single
bubble interface.

The upper structure is designed to float freely at the interface of air and water,
while the lower structure remains securely anchored to the bottom of the reservoir
through a plasma-bonding process that connects glass and PDMS. The gap between
the upper and lower structures is maintained at a vertical distance of H. When the
acoustic transducer mounted to the reservoir is activated at the bubble’s resonant
frequency, the attractive secondary Bjerknes force generated between the bubbles
propels the free-floating structure towards its fixed counterpart. The vertical part of

this force counteracts buoyancy, while the horizontal component initiates movement
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Figure 3.4: Assembly and alignment of bubble-embedded structures. (a) This diagram
illustrates the assembly experiment. (b) The experimental findings are shown, with the
blue square indicating the position of the floating array and the red square illustrating the
location of the fixed array, which are separated by a distance of H = 1 mm. The microscope
images below focus on the central area of the fixed array, highlighting its precise alignment.
Scale bars are provided as follows: 5mm (black) and 300 pm (white). Image is reproduced
from [34].

along the surface of the water. Additionally, the motion of the floating structure is
influenced by other forces, such as fluid drag and gravity, as illustrated in Fig. 3.2 (b).

The acoustic forces acting on the bubble arrays generate sufficient thrust to fa-
cilitate the assembly of centimeter-scale PDMS structures. The assembly of bubble
arrays using secondary Bjerknes forces is schematically shown in Fig. 3.4 (a). A 2D
graphics of the 11 x 11 bubble arrays are shown in Fig. 3.4 (a). Experimental images
at different time instants of the alignment process are shown in Fig. 3.4 (b) where the
bubble arrays are separated by a water layer of height H = 1mm. The movement of
mobile array towards a stable trap position is revealed by the time-lapse photographs
shown in Fig. 3.4 (b). The mobile structure moves at a speed of 10mm/s to 30 mm/s
until it is aligned above the fixed bubble array which is denoted by red square in
Fig. 3.4 (b). We conducted the same experiments using a 10x microscope objective
to assess the precision of our alignment technique. Our findings showed an alignment
accuracy of 14pm + 4 pum for structures measuring a few centimeters. This translates
to an accuracy of 0.1 % when compared to the objects’ dimensions and 0.003 % relative
to the acoustic wavelength [34].

We performed further experiments to confirm the dominant role of secondary
Bjerknes forces in our system of acoustic assembly. The following experiments are

performed as control to validate the presence of secondary Bjerknes force:

o The experiment involves replacing the mobile structure with a bubble-free PDMS
slab, allowing for the observation of the floating structure’s motion when exposed

to a sound field.

o The experiment involves the presence of the original mobile structure while the

fixed structure is absent, allowing us to observe the effects of the sound field on
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the mobile structure.

The floating structure did not respond in both the experiments when the transducer
was turned ON. This non-responsive behavior of mobile structure clearly indicates
that the acoustic assembly is driven by the secondary Bjerknes forces between the
bubble arrays and not by forces or streaming effects from the primary acoustic field.

We further validated the role of secondary Bjerknes force using a numerical model
which calculates the position of mobile structure under the influence of secondary
Bjerknes force. The bubble-embedded structure undergoes damped oscillatory mo-
tion during the process of assembly and at the steady state it aligns with the fixed
alignment target according to signature of central trapping force. The dynamics reveal
that the attractive Bjerknes force is responsible for the motion, while viscous drag at
the water interface acts as the source of damping in the motion. The assembly dy-

namics can therefore be described by the differential equation:

0%%

= 0T
mW=FBQ(ZE)—ﬁa7 (316)

where Z denotes the center of mass of the free PDMS structure relative to the fixed
PDMS structure. The mass of the structure is denoted by m and 8~ 2.5x104 Nsm™!
is a viscous damping coefficient which is estimated experimentally using the conser-
vative properties of secondary Bjerknes force. The spatially-dependent force exerted
on the mobile structure from the fixed structure is denoted by Figo(Z).

The force between the arrays is calculated by summing the pairwise Bjerknes force
(Eq. 3.1) between the bubbles in the two arrays [34]:

Ep(74i). (3.17)

M=

FBQ([f) = ;

=1

where 7;; denotes the displacement vector connecting the position of bubble 7 in the
free array with the position of bubble j in the static array. The 7;; depends implicitly
on the position of mobile array which is denoted by Z [34]. The total force on the
mobile structure is calculated by taking the sums over all N bubbles in each array.
The horizontal component of the force between the two arrays is always attractive
and exhibits a trapping force field with a stable equilibrium point at the center. The
equilibrium point at the center can be observed in Fig. 3.5 (b) (inset). As described
in Eq. (3.1), F depends on the pulsation amplitude & of bubbles in the acoustic field.
The estimation of the bubble oscillation amplitude (J) yielded approximately 5pm
which is based on optical measurements of the bubble oscillations. The experimental
measurement of pulsation amplitude is also consistent [34] with other observations of
excited bubbles that are reported in the literature [96]. Given, Eq. 3.16 can be used

to estimate Hence, the dynamics of the free-floating structure under the influence of
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Figure 3.5: Comparison between numerical results and experimental results. (a) The
results of the simulation which calculated the motion of the floating array under the influence
of secondary Bjerknes forces (black lines) for four different separation between arrays denoted
by heights H. The simulation results match very well with the experimental measurements
which are denoted by the scattered plot of different colors namely, blue, yellow, green, and
red. (b) The analytical prediction (dashed lines) for the lateral component of secondary
Bjerknes force between the bubble arrays matches very closely with the experimentally
obtained results (symbols) and the analytical prediction. Upper inset: zoomed region around
r = 0 showing lower forces. Lower inset: 2D lateral force distribution showing a central,
attractive trap. Image is adapted from [34].

the secondary Bjerknes forces between the arrays can be estimated through Eq. 3.16,
provided that the force field Fio(Z), m and 3 are explicitly known for the experimental

system.

3.6 NUMERICAL MODEL OF THE MOTION

The system is modelled as an equivalent of damped harmonic oscillator, where damp-
ing is governed by the drag force which can be modelled as being proportional to the
velocity () of the object (Fp o< ©). In particular, as mentioned previously, we con-
sidered that the vertical component of the Bjerknes force is balanced by buoyancy, so
that the mobile structure remains at the water-air interface. Therefore, we only model
the horizontal motion of the mobile PDMS structure in response to the Bjerknes force

given in Eq. (3.4). Accounting for all of the lateral forces, we can write

Fpo(z,y,2) F’(v)—md—m[d :%+d2yA] (3.18)

B2\T, Y, D = = dt2 dt2 Yyl- :
where m and a is the mass and acceleration of object, respectively. And Fp represents
the velocity-dependent fluid drag on the structure, which we assume to be a Stokes

drag

- R dr . dy .
Fp=-pv=-p [ax + d_?;y] . (3.19)
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where [ is the viscous damping coefficient and v is the velocity vector of object.

The array motion is simulated by solving Eq. 3.18 using an explicit 4;,-order
Runge-Kutta method from the Ordinary Differential Equation (ODE) library of MAT-
LAB 2020A. The ordinary differential equation is solved by starting from an initial
condition, [z;o , yjo , 0], as well as a period of time over which the answer is to be
obtained, [ty , tf], the solution is obtained by solving the equation iteratively. The
final result is a vector of time steps [ty , t1 , t2 , ... , t7] as well as the corresponding
solution at each step x; = [zjo , Tj1 , Tj2 , .. , Tjf) and y; = [Yjo , Yj1 , Yj2 » -
yjf]. The pulsation amplitude (§) and viscous damping coefficient (/) are essential
control parameters for the computation of the numerical model. Unidirectional radial
oscillations of the bubbles complicate the optical measurement of § therefore we have
approximated the magnitude as 1% x Ry. Similarly, to estimate the magnitude of
the damping coefficient (/3), the space-dependent Bjerknes force is assumed to be a
single-valued function of position and this provides the mathematical value of order
~ 107 to the viscous damping coefficient (3). The detailed description to calculate
[ is provided in the later section. The initial position of the floating structures is
taken to be in the x —y plane with coordinates set to match experiments. The height
is constrained to z = H. The fixed structure is centered at the origin. The total

simulated time is 10s with a time step of 3ms.

3.6.1 PHYSICAL PARAMETERS FOR NUMERICAL SIMULATIONS

To simulate the motion of the PDMS structures with embedded bubbles under the
influence of the Bjerknes forces, values for the fluid damping coefficient 5 and the
bubble oscillation amplitude dy must be known. We empirically determined these
values from experiments, as described in the sections below. Both values were found to
depend on the vertical separation between the two structures H. The values extracted

from experiments and used for our simulations are given in Table 3.2.

H B 9o

(m) (Nsm™) (m)
0.5x1073 4.25x10-* 4.750 x 106
1.0x 108 2.50 x 10~ 2,125 x 106
1.5x 107 1.75x 10" 1.750 x 106
2.0x1073 1.25x10"* 1.250 x 106

Table 3.2: Parameters used to simulate the dynamics of PDMS plate driven by Bjerknes
forces.
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3.6.2 DETERMINATION OF THE DAMPING COEFFICIENT /3

The damping coefficient was identified based on the measured motion of the PDMS
structure under the influence of the attractive Bjerknes forces. The motion of the
PDMS structure can be described by Eq. 3.18. Based on this equation, we can cal-
culate Fgg .y () given an estimate for 3, the raft’s mass m, and the trajectory infor-
mation 7(¢) from experiments, as shown in Fig. 3.5. While the raft’s mass can be
measured independently, we determine [ using other information. We assume that
Fpy is a conservative force, that is, it does not introduce losses and therefore must
be a single-valued function of position 7. Because the PDMS structure undergoes a
damped oscillation around the final alignment position, the end of its trajectory revis-
its the same spatial point multiple times, and can be used to test this assumption for
different values of 3. As shown in Fig. 3.6, only one value of 3 is compatible with this
assumption (fy in the figure). Other values of 8 produce estimates of Fgs ., that are
multi-valued over a large range of positions, as shown by the spiral traces in panels (a)
and (c). Therefore, for each height, we use the value of § that is most compatible with
the assumption that Fs ., is conservative. As can be seen in Table 3.2, 3 decreases

with increasing height H, following a roughly linear dependence.
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Figure 3.6: Determination of damping coefficient 5 from the experimentally-measured
trajectories of PDMS structures. The secondary Bjerknes force should be conservative and
therefore a single-valued function of position 7. When estimating F'p ., from trajectory
data, this condition is only satisfied for a single value of damping coefficient 5 = 5y (panel
(b)) and false when 8 < By (panel (a)) or 8 > By (panel (¢)), as indicated by the multi-valued
spiral trajectories. Image is taken from the Supplementary Information of [34].

The model’s performance was evaluated against assembly experiments conducted
at various separations between the microbubble arrays, with H ranging from 0.5 mm
to 2.0mm. A comparison of the measured positions of the mobile structure from
these experiments with simulation results is presented in Fig. 3.5 (a). It’s important
to highlight that the model’s parameters, § and [, exhibit only a slight dependence
on H, which can be attributed to the fluidic interactions between the two plates.
As shown in Fig. 3.5, the theoretically predicted trajectories align remarkably well
with the experimental data. The findings consistently indicate that assembly time

increases with greater separations H. Additionally, the numerical model precisely



ACOUSTIC ROTOR ASSEMBLY 39

reproduces the observed overshoot and damped oscillations of the mobile structure
as it approaches a stable equilibrium position. Additionally, we performed further
verification by estimating the spatially-dependent secondary Bjerknes force acting on
the mobile structure through the measured trajectories Z(t) and Eq. 3.16. These
estimates agree very well with the analytically calculated forces as shown in Fig. 3.5
(b). Tt is evident that the secondary Bjerknes forces agree in both trend and magnitude
where the peak lateral attractive forces lies in the range of 1 pN and 30 pN for different
H. The inset in Fig. 3.5 (b) shows the two-dimensional force on the floating array
as a function of position [34]. The results obtained from the simplified model to
match the dynamics and force magnitude of the structures in experiments where
only the secondary Bjerknes force between the arrays is accounted, demonstrates that
the assembly process is dominated by secondary forces and not other effects such as

acoustic streaming [34].

3.7 AcousTic ROTOR ASSEMBLY
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Figure 3.7: Schematic representation of acoustic rotation of structures with the asymmetric
bubble arrays. Image is reproduced from [34].

The experimental and numerical description provided previously in the chapter
gives the foundation for understanding the interaction between oscillating bubbles.
It is clear that the force vector depends directly on the spatial arrangement of pat-

terned bubbles. Therefore, we further explored the acoustic-force mediated assembly
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by exercising the possible combinations of interactions between subunits for various
interesting applications. We explored an acoustic rotor assembly as shown in Fig. 3.7,
which could demonstrate a continuous rotational motion even though the acoustic
field imparts no direction preference. This can be accomplished by exploiting both
the static and dynamic configuration of the secondary Bjerknes force. The disordered
configuration of structures when activated by the acoustic field should autonomously
assemble in a coaxial configuration and then subsequently start rotation due to torque
generated by a differential interaction force along the tangential direction. The ap-
plication of an asymmetric force on the mobile subunit can generate a torque which
can be harnessed to create a circular motion. We therefore designed an asymmetric
pattern of bubble structures such that the fixed and mobile units have a different
arrangement of bubbles. The bubble patterns of the structures are shown in Fig. 3.7.
The secondary Bjerknes force between the bubble arrays can be calculated by the
Fpo(3) = 2N, Z?ﬁl Fp(7;), which can be employed to determine the torque I' along

the axis of the mobile structure.
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Figure 3.8: Numerical simulation for acoustic rotation of structures. (a) Angular position
as a function of time. (b) 2D distribution of the lateral secondary Bjerknes force between the
structures shows a central trap along with the tangential gradient of force. (c) Numerically
calculated torque applied on mobile structure as a function of relative angular position
between the structures. (d) Vector representation of the forces acting on the mobile structure
at different angular positions. Image is reproduced from [34].

The rotational motion of the PDMS plate is modelled in an identical manner as

the static assembly by solving the following ordinary differential equation,

(3.20)

T -Tp(Q)=1Ip [diftgt)]
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where I is the torque generated by the Bjerknes force along the centre axis of the
PDMS plate, I'p is the rotational drag on the PDMS plate, Ip is the moment of inertia
of the circular PDMS plate and ¢ is the angular displacement of the PDMS plate.
The torque generated by the Bjerknes force is calculated by applying summation to
the vector product of Bjerknes force vector of an individual bubble and position vector
of the bubble with respect to the centre of the PDMS plate which can be written as

follows,
M N -7
D=3 > 2mp Rjw? (6)? mcose ® 7'4j (3.21)
j=li=1 j T

(i) t=00s (i) t=1.1s (i) t=23s (iv)t=3.5s (V) t=44s

Figure 3.9: Acoustic rotation of structures. Experimental images of acoustically-driven
rotation of structure through asymmetric distribution of bubbles. Red colored rectangle
and white colored arrow indicate the instantaneous position and orientation of the mobile
structure, respectively. Scale bar: 5mm. Image is reproduced from [34].

The 2D distribution of force between the asymmetric bubble arrays is plotted in
Fig. 3.8 (b) which is calculated numerically from Eq. 3.5. The numerically calculated
angular position of the mobile structure as a function of time is shown in Fig. 3.8
(a), which clearly suggests that the rotational motion is continuous. The interplay
between the positive and negative torque can be witnessed from Fig. 3.8 (c) where the
analytically calculated torque at different angular positions is presented. The spatial
distribution of the force acting on every individual bubble of the mobile structure
along with the direction of force vectors are presented in the Fig. 3.8 (d). The dif-
ferent bubble patterns of the two structures creates a force distribution which varies
tangentially and hence generates a torque that varies with the angle. It should be
noted that the acoustic rotation of structure has no preferred direction unlike as in
an electric motor. The initial position and angular momentum of the rotor determine
the rotational direction of the motor. Once it rotates in a specific direction, inertia
maintains the rotation direction. The results of the rotation experiments are shown in
Fig. 3.9 for a H = 1mm [34]. With the given parameters, our acoustic rotor spins at
a rate of 1.4rads™!, or about 14 RPM. By further designing different bubble patterns
into fixed and mobile structures, it is expected that more complex manipulations can
be realized [34].
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3.8 ANGULAR ASSEMBLY AND CONTROLLED ROTATION
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Figure 3.10: Simultaneous demonstration of assembly and manipulation through patterned
microbubble arrays. (a) Experimental images of acoustically powered angular oriented as-
sembly. (b) Simultaneous demonstration of acoustic rotatory motion and static assembly
assisted by the secondary Bjerknes forces between differently patterned microbubble arrays.
The black colored rectangle indicates the mobile structure and white colored array denotes
the instantaneous angular position of the mobile structure. The red colored rectangle de-
notes the position of fixed structure and green colored rectangle indicates the instantaneous
position of mobile structure. Scale bar: 5mm. Image is reproduced from [34].

We performed experiments to demonstrate the assembly with rotation and trans-
lation components as shown in Fig. 3.10 (a). The structures autonomously organize
into stable defined-patterns where 'red’ rectangle denotes the acoustically active bub-
ble surface, whose dynamics depends on the interplay between the angular and the
space coordinates of the components. The experimental results clearly show accurate
interlocking of the assembly. The digital images presented in the Fig. 3.10 at differ-
ent time instants are extracted from the experimental recording performed through
a Canon DSLR camera. Finally, we present the combination of rotor assembly and
static assembly. The experimental images at different time instants are shown in
Fig. 3.10 (b). The bubble arrays are patterned differently such that the 'rectangular’
bubble-array acquires a ’acoustic rotor assembly’ due to the application of an asym-
metric force and performs continuous rotation at an average angular speed (€2) of ~ 5.4
rad.s™t whereas the ’square’ bubble-array transitions to an equilibrium interactive state
and generates a static assembly of structures. The assemblies form within seconds of
the application of an external sound field, and dissolve when the external field is re-
moved, indicating the rapid and switchable nature of the assembly technique presented

in the chapter. Application of the demonstrated acoustically actuated self-assembly



SUMMARY 43

technique to three-dimensional components might provide a general approach [115] to
create complex structures for a broad range of spatial dimensions. More immediate

and practical can be the alignment of planar components.

3.9 SUMMARY

In conclusion, a method for directed assembly powered by acoustic fields has been in-
troduced which is based on the secondary Bjerknes force between arrays of microbub-
bles. By using bubbles, it has become possible to achieve a precision in assembly
far below the wavelength of the acoustic field. Although scattering forces between
bubbles have been typically considered to be weak, it has been shown that arrays of
bubbles can amplify the interaction forces by up to 25x compared to an equivalent
number of individual bubble pairs. The benefits of bubble arrays arise from their long-
range interactions associated with the Bjerknes force, which leads to higher forces in
macro-scale systems, compared to a comparable arrangement based on magnetic as-
sembly. cmm-scale objects in solution were rotated and translated using the jpN-scale
forces produced by an 11 x11 array. The suggested technique’s switchable character is
demonstrated by the assemblies that form within seconds after an external sound field
is applied and continue to exist for as long as the sound field is applied. Experiments
and theoretical predictions of the forces and motion dynamics are in good agreement.
Although slower dynamics due to increasing drag are anticipated, the technique should
be scalable to larger and heavier systems. The weight and buoyancy of the floating
structure should establish size restrictions. The cm-scale objects that are assembled
and manipulated from the secondary Bjerknes force between microbubble arrays are
experimentally demonstrated for the first time in this work.

Selective and pre-programmed directed assembly may be made possible by this
acoustic approach. Although the larger cm-scale structures have been the focus of
these demonstrations, mm-scale structures should also be able to be assembled by
reducing the bubble and array dimensions. In addition to opening the door for possible
uses in manufacturing, soft robotics, and microfluidics, the all-acoustical approach
of manipulating and assembling macrostructures utilizing bubble arrays might be
coupled with position-sensitive optical observations for contactless manipulation and

control.



LIGHT-ADDRESSABLE PHASE SHIFTER (LAPS)
FOR ULTRASONICS

The results presented in this chapter are part of an under review manuscript titled as
"All-Optically Controlled Phased-Array for Ultrasonics". Some of the results of this
chapter have also been submitted as a patent application "Optically Controlled Phase
Shifter and Phased Array for Ultrasound Applications" under the inventor names of

Rahul Goyal, Athanasios Athanassiadis, and Peer Fischer.

4.1 INTRODUCTION TO PHASED ARRAY TECHNOLOGY

A dynamic ultrasound wavefront can be projected when the amplitude and/or phase
are spatially altered over the wave front. A phased array made up of several indepen-
dently controlled transducer is the conventional method for producing a desired sound
field. The complexity of driving electronics, which necessitates a single channel, and
the digital control in phase, which is limited by the digital control electronics, are the
two main drawbacks, though which restrict the scalability of phased array technol-
ogy. This chapter presents a completely new concept of optical control for using an
ultrasound phased array to produce intricate ultrasonic wave fields.

Electronically controlled phase-arrays provide significant systems advantages and
are receiving considerable attention b for airborne-, space-, surface- and ground-based
applications and specially for medical imaging and treatment purposes. The arrays are
mostly act as a central transmitter or receiver but have to shift the phase at each ra-
diating element or subarray. The input to the radiating element is generally provided
by the feeder network which contains a high power amplifier and a control system for
phase configuration. FPGA (Field Programmable Gate Array) is the current state of
technology which can be used to implement the phased-array configuration on chip
based devices. FPGAs also have digital functions in addition to analog features,
the most common analog features are quartz-crystal oscillators, on-chip resistance-

capacitance oscillators and phase-locked loops with embedded voltage-controlled os-

44



ELECTRICALLY CONTROLLED PHASE-SHIFT 45

cillators. They are engineered to have integrated peripheral ADCs (analog-to-digital
converters) and DACs (digital-to-analog converters) with analog signal conditioning
blocks allowing them to operate as a SoC (system-on-a-chip). The distinct advantage
of functionalizing phased-arrays with FPGAs is that they are dynamic and can be
reconfigured in real time with controllable phase of individual elements. This sim-
ple approach can really revolutionized the generation of electromagnetic waves and
ultrasound waves. However, the complexity arrives in implementing elaborate arrays
where each radiating element is individually addressable, which typically requires an
independent drive input with complex support electronics. Thus, the complexity and
cost of phased-array systems increases unfavourably with the number of radiating
elements.

The primary application of the phased array was originally conceived by military
radar systems. A phase array antenna in broadcast engineering means an array of mul-
tiple radiator elements designed to radiate a directional radiation pattern, as opposed
to a single radiator element which emits radio-frequency waves in an omni-directional
pattern. Generally, a radiated signal arrives at spatially separated antenna elements
at different times which is controlled by electrical circuitry. Versatile multiple an-
tenna systems provide a plethora of solutions for communications and radar, such as
MIMO (Multiple-Input-Multiple-Output) diversity transceivers and SAR (Synthetic
Aperture Radars). The phased array principle can also be used in acoustics, and
phased arrays of acoustic transducers are used in medical ultrasound imaging scan-
ners, reflection seismology, and military sonar systems. Electronically configurable
phased-array systems are well engineered in shaping electromagnetic fields but are
less well know in the ultrasonic acoustic field, but exist in a basic form especially
in the sonic (audible) acoustic area. Generally, the electroacoustic transducer can
be driven by an analog signal which is fed by a digital power amplifier. The digital
power amplifier incorporates a signal input, a clock input, an output clock, which is
either internally generated, or externally controlled by clock generator circuits, this
constitutes the variable digital signal time-delay element which translates to phase
control of the signal. This provides a means to adjust the delays between a given
input terminal and each electroacoustic transducer, therefore it can shape a sound

field which may comprise of a directed beam, focus beam or a simulated origin.

4.2 FELECTRICALLY CONTROLLED PHASE-SHIFT

Phase shift is a relative quantity and is generally denoted by the difference in phase
between the output and input analog signal. Phase shift in an electrical circuit origi-
nates from the presence of reactive components: capacitors and inductors. Capacitors

causes a 90° lag of voltage behind current, while an inductor causes a 90° lag of current
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behind voltage. This is represented by the +¢ or —¢ in the inductive and capacitive
reactance respectively. The basic circuit that provides a phase-shift to an input analog
signal is a series RC network. Inductors can also be utilized to design the phase-shift
networks such as in LCR series or LR series but inductors generally introduce fre-
quency instability and distorted waveforms in the output. Moreover, they have larger
aspect ratio compared to resistors and capacitors which poses a problem in the de-
sign of array of phase shift circuits operating in a parallel configuration. Inductors
stored the electrical energy in the form of magnetic field and therefore they can easily
establish electromagnetic coupling with the adjacent inductors based on the mutual
inductance. This further introduces another drawback of electromagnetic interfer-
ence between the individual elements of array, when inductors are constituted the
phase shift networks. It is therefore justified to design a phase shift network based on
passive elements which are resistors and capacitors for good frequency stability and
undistorted waveform in the output of the circuit.

The other branch of electronic elements that can be utilized for the design of
phase-shift networks are active elements such as BJTs (Bipolar Junction Transistors),
FETs (Field Effect Transistors), OpAmps (Operation Amplifiers) and so on. Active
elements become important in the design of active circuits that use an OpAmp or
transistors as the active element in combination with some resistors and capacitors
to provide an analogue performance with respect to LCR series circuits. The first
problem that one encounters in designing the transistor-based phase shift is that of
the relatively low impedance associated with the transistor. Secondly, the transistors
mostly operate in the positive voltage regime therefore the AC sinusoidal voltage
inputs are generally superimposed on a DC voltage to match the low negative voltage
level with the zero level voltage. This means that at the output terminal one has
to design a high pass filter circuit to obtain the undistorted waveform without the
presence of constant voltage. The requirement of the biasing at constant voltage
makes it a non-feasible design for the high power applications which has very high
input voltages (100V - 500V). The addition of the high pass filter circuit at the output
increased the level of complexity in an array of phase shift circuits operating in parallel
based on a single/double input. The design based on the active elements thus makes
it difficult to be implemented on a chip scale fabrication which is not the case for the

passive elements circuit due to the presence of fundamental electronic components.
4.3 SPATIAL LIGHT MODULATOR: MOTIVATION FOR ACOUSTIC

ANALOGUE

The control of optical waves have achieved a major technological advance where a

complex optical wavefront can be obtained by the superimposition of secondary wave-
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fronts, thereby generating a desired wavefront. A SLM (Spatial Light Modulator) is a
state-of-the-art device that modulates intensity or phase of a light beam or both. Most
SLMs are based on liquid crystal technology. A microsystem called DMD (Digital Mi-
cromirror Device) is another way to shape beams. It consists of mirror actuators ar-
ranged in a matrix. The angle of each mirror can be adjusted individually through the
application of electrostatic fields. Hence, these devices are generally called a EASLM
(Electronically Addressable Spatial Light Modulator). There are also OASLM (Op-
tically Addressable Spatial Light Modulator) which contains liquid crystals or metal
oxide nanoparticles which can modulate the wavefront in response to an optical signal
by displaying a phase pattern configured by the intensity distribution of write light
input. These technologies used to generate phase modulated optical wavefronts sug-
gest that one may employ light as the control for a phased-array system of radiating

ultrasound generating elements (transducers).
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Figure 4.1: Schematics of series resistor-capacitor circuit.

The strategy involves implementing a monolithic optically addressable control cir-
cuit in conjunction with the radiation element to adjust the phase of the output waves.
This process begins with a basic resistor-capacitor (RC) network that can provide the
desired phase shift to an input signal represented by +V = V;sin(wt) (see Fig. 4.1).
In a straightforward RC circuit, the output voltage (Vivansducer O V1) theoretically
lags the input voltage by a phase angle of 90°. Generally, the phase angle will be
slightly below 90°, because a purely ideal capacitor does not exist and has resistive
components. The phase shift of a practical RC network depends on the value of the ca-
pacitor, resistor and the operating frequency. Piezoelectric elements used to generate
sound waves upon the application of alternating external voltage, behave like capaci-
tive loads and hence can be implemented in a series RC circuit (Eq. 4.1). It is evident
from Eq. 4.2 and Eq. 4.3 that a photoactive resistor provides a variable phase shift
to the output voltage. The magnitude and phase of the output voltage with respect
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to the input supply voltage at the terminal V1 (Fig. 4.2 and Fig. 4.3) clearly present
the variation in the phase as a monotonic function of resistance (R). The terminal

voltage at Vr is a sinusoidal output voltage which is equal to Vo p sin(wt + ¢cp).

Cr=C+Cr (4.1)
Vv
= 4.2
Ver 1+wx RCp (4.2)
V
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Figure 4.2: Analytical results for the magnitude-response of the output voltage in the
series resistor-capacitor circuit.

4.4 CIRCUITS TO GENERATE A ELECTRICAL PHASE-SHIFTED SIG-

NAL

The primary disadvantage of a simple RC circuit for phase modulation is unfavourable
scaling in the amplitude of the output voltage. This makes the circuit unreliable and
power inefficient for practical applications. Nevertheless, it provides a ~ 90° phase
shift control to the output signal based on the value of resistance. Hence, the circuit
can acts as a basic building block for designing more efficient phase control circuit.
Further improvement is obtained by implementing a two-stage RC circuit (Fig. 4.4)
where the resistors vary identically upon the optical excitation. The phase output of

two-stage RC circuit is governed by the following set of equations:

CF = C2 + CT (44)
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Figure 4.3: Analytical results for the phase-response of the output voltage in the series
resistor-capacitor circuit.

C 1{2 * VTransducer

)
)
_|_
<
~ ,
(Y
VWA
O/
NO
||
I
Transducer

Figure 4.4: Schematics of two-stage resistor-capacitor circuit.

+w R Cy xV
—w2C’1C'FR1R2 + 1+ ww x (R101 + RQCF + Rle)

P -I-L(,deCl xV
—w2010FR1R2 + 1+ ww x (RlCl + RQCF + Rlcp)

The analytical variation in the magnitude and phase of the output voltage (Vransducer)

Ver = (4.5)

Gcp = (4.6)

in the two-stage RC circuit are provided in the Fig. 4.5 and Fig. 4.6 respectively. This
circuit provides the phase difference of ~# 180° which approximately ranges from -7 to
+3 and therefore gives a better phase-shift output as compared to the conventional
RC phase shift circuit. Despite the improvement in the phase response of the two-
stage RC circuit, there is a 10% to 50% variation in the output voltage with respect
to the input voltage.

To minimize the variation in voltage and maximize the phase change, the following
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Elements Values
(& 200 pF
C, 100 pF

Table 4.1: Values of the elements in the two-stage RC circuit.
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Figure 4.5: Analytical results for the magnitude-response of output voltage in the two-
stage resistor-capacitor circuit.
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Figure 4.6: Analytical results for the phase-response of output voltage in the two-stage
resistor-capacitor circuit.

improvement in the form of a simultaneous application of a 7w phase-shifted input
and a 0 phase-shifted input signal. This change is inspired from the balanced RC
filter circuits, where the ground terminal is replaced by the 7 phase-shifted input

to provide a constant output voltage, numerically equivalent to the input supply
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voltage. Therefore, the circuit of the two-stage RC phase circuit is further modified

by substituting the ground terminal with the 7 phase-shifted input signal (Fig. 4.7).
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Figure 4.7: Schematics of the two-stage resistor-capacitor circuit with m phase-shifted
input signal.

The voltage response (Fig.4.8) is well improved as compared to the two-stage
RC circuit and therefore provides a better solution to the problem of obtaining an
optically controlled phase shifter circuit. Similarly, the phase response (Fig.4.9) shows
an almost complete —m to +7 phase variation. This circuit can be modelled by the

following set of equations:

CF=02+CT (47)
v _ V x (+w2R1R2010F—1+Lw>< (R101 —RQCF—RlCF)) (4 8)
or - —w2C10FR1R2 + 1+ ww x (R101 + RQCF + Rle) .
V x (+w?R1RyCi1Cr -1+ w x (RCy — RyCr — R C
¢CF:4 ( 1LV 1VE ( 1V1 2V F 1 F)) (49)

~w2C1CpRiRy + 1+ w x (R1Cy + RyCr + RCF)

The circuit contains the m phase-shifted input signal to balance the magnitude-
response of the output signal (V) and hence it should be noted that the voltage
across the transducer is not directly given by V1. The voltage across the transducer is
actually equivalent to Vo—(=V') where V = Vo sin(wt+¢cp) and V = Vrsin(wt). The
output voltage can be simplified to sin(wt) x (Vg cos(¢) +V7) +cos(wt) x (Vo psin(e)).
This clearly shows that the output voltage is a superposition of two-voltage signals
with 7/2 phase difference. The superposition results in a non-sinusoidal waveform
which depends on the numerical values of Vi and ¢ and therefore, it is important
to constrain the output voltage across the ground terminal to restrict the superposition
of voltage signals. The possible amendment to the circuit is connecting the m phase-
shifted input terminal to ground (Fig. 4.10), this solves the problem of superposition
and also partially isolates the circuit from the variation in the electrical properties of

piezo-capacitance. The mathematical description now only contains in the term for
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Figure 4.8: Analytical results for the magnitude-response of the output voltage in the
two-stage resistor-capacitor circuit with m phase-shifted input signal.
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Figure 4.9: Analytical results for the phase-response of the output voltage in the two-stage

resistor-capacitor circuit with 7 phase-shifted input signal.

piezo-capacitance (CF), in the expression for the voltage and phase:

OF = 02 + CT (410)

v _ V x (+U)2R1R20102—1+Lw>< (RlCl _RQCQ_R102))
o= —WQOlchlRQ + 1+ 0w x (R101 + RQCF + Rlcp)

V x (+w2R1R20102 -1+ w x (RlCl - RQCQ - Rng))

= 4.12
(bCF “ —w2C’1C’FR1R2 + 1+ w x (R101 + RQCF + Rlcp) ( )

(4.11)

The analytically calculated value of the voltage at the terminal V¢ varies by 50%
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Figure 4.10: Schematics of two-stage resistor-capacitor circuit with m phase-shifted input
signal and grounded transducer.

across the phase change with respect to the input voltage (Fig. 4.11). The voltage is
neither monotonically increasing nor monotonically decreasing which is the primary
drawback of series RC circuits when employed in phase modulating networks. The
circuit is capable of generating a full 27 phase shift which is demonstrated by varying

the resistors present in the circuit (Fig. 4.12).
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Figure 4.11: Analytical results for the magnitude-response of output voltage in the two-
stage resistor-capacitor circuit with 7 phase-shifted input signal and grounded transducer.

4.5 OPTICALLY CONTROLLED PHASE-SHIFT FOR ELECTRICAL SIG-
NAL

In order to achieve controlled phase-shift in the electrical signal, a variety of tun-
able/reconfigurable digital phase-shifters have been reported and designed using vari-

ous technologies based on either semiconductor-based devices [116] (such as field-effect
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Figure 4.12: Analytical results for the phase-response of output voltage in the two-stage
resistor-capacitor circuit with 7 phase-shifted input signal and grounded transducer.

transistors [FETs], PIN diodes, varactors) [117-119] or micro-electro-mechanical sys-
tems (MEMS) devices [120]. The phase-shifter circuits shown in the cited literature
use tuning/switching components integrated into individual channels or placed in front
of several output transducer channels (switched multiplexer design). However, in or-
der to function, each of the aforementioned technologies needs a sophisticated biasing
circuit [117-120]. Due to digital control in the phase from the bias circuitry, perfor-
mance issues are introduced, which cannot be avoided. Additionally, circuit design
and integration become challenging. The resolution of the digital phase control be-
comes more low as frequencies enter the higher ultrasound domain (5 MHz to 10 MHz).
In addition, switching circuits typically exhibit significant performance degradation
making them unsuitable for future systems. Although MEMS switches can be applied,
their extremely challenging fabrication, and potential reliability issues make them ex-

tremely costly and sophisticated to integrate with multifunctional systems [116, 121].

To address these challenges and we propose a completely different approach for
achieving high fidelity phase-shift in next-generation ultrasound phased-array systems.
A novel optical control technology based on the modulation of conductivity in pho-
toresistors (Fig. 4.13 (A)) has been introduced and explored. To realize our device,
it is necessary to choose a photoresistor with low capacitive charge storage and high
resistance ratio. These characteristics are necessary to achieve high phase tunability
in a wide frequency band. To meet these requirements, we use a NSL-19M51 photore-
sistors (Advanced Photonix), whose resistance can be tuned from 50 Q2 to 20k{2 with a

maximum operating voltage of 100 V. We measured how the photoresistor resistance
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Figure 4.13: (A) Light addressable elements integrated with a Active Network based on
photoresistors. (B) Electrical characteristics of the photoresistive element embedded in the
pixel unit where the resistance (R) is measured for different values of light intensity (I7,).

depends on the incident light intensity. The measured values of resistor are 24.7 k(2
and 54.5Q for a maximum incident light intensity of 65.7mWecm 2. The experimen-
tal results for the variation of resistance as a function of light intensity is shown in
Fig. 4.13 (B). This photoresistors-based method reduces circuit complexity and in-
creases frequency bandwidth by doing away with the need for extra biasing circuits
to achieve tunability and reconfigurability, especially in the context of phased-array
designs at high frequencies (0.1 MHz to 5.0 MHz).

To further harness the simplicity in optical control and in pursuit of achieving a
complete 27 phase-shift in the electrical as shown in Fig. 4.12, we substitute both the
resistors Ry and R, with the photoresistor such that the photoresistors are coupled
together with an identical light intensity. By changing the illumination light, the
resistive component of the circuit (Fig. 4.10) can be dynamically reconfigured and
continuously tuned. We expect that using the light as an external control signal,
a wide range of wirelessly tunable/reconfigurable analog phase-shifter with various
frequency responses and multiple functionalities can be achieved. The element is

driven with a 10-cycle sinusoidal pulse, amplified to 25V,,.

4.6 ELECTRICAL CHARACTERIZATION OF LIGHT-ADDRESSABLE PHASE
UNIT

The architecture of the light activated phase-shifter is presented in Fig. 4.14 (A). We
used piezoelectric disks as the ultrasound transducers which are 3mm in diameter
and have contact electrodes on the top and bottom surfaces. We considered the

transducers that are driven at a frequency of 2.25 MHz with peak-to-peak voltage
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Figure 4.14: FElectrical architecture with the measured and calculated performance of
light addressable phase unit. (A) Simplified circuit diagram of the programmable pixel unit
where the loaded transducer element is modelled as a capacitor with the capacitance Cr.
(B) Electrical characteristics of the photoresistive element embedded in the pixel unit where
the resistance (R) is measured for different values of light intensity (I1). (C) and (D) The
experimental and theoretical curves of phase-shift (A¢) (C) and relative amplitude (D) in
the ultrasound pressure wave presented for several different values of resistance R. The
resistance R is controlled by regulating the light intensity Ir. (E) The phase-shift (A¢)
of the emitted ultrasound wave under a reversible alternative switching at 1 Hz between
0 and 1 states of light intensity which symbolize power of 0.1 pW cm™2 and 65.7 mW cm ™2
respectively. The insets (i) and (ii) describe the magnified sections of the reversible phase
switching to determine the rise-time (At,) and fall-time (Aty) respectively. (F) Experimen-
tally measured range of total phase shift presented for several different values of frequency

(Vpp) of 82.5V with a maximum current of approximately 12.7mA. The transducer
under the operation of high frequency voltage signal is modelled as a capacitor, where
the capacitance (Cr) is evaluated to be in the range from 75.3pF to 80.1pF. We
constructed a balanced dual-cascaded RC network which can be interpreted as a
second-order (two-pole) type system attributed to the two reactive components in the
structure. By adjusting the resistance of the embedded resistors, the driver circuit’s
effective time constant can be altered with this configuration without changing the
ultrasound element’s physical dimensions. This causes the excited ultrasound wave
to phase change from -7 to +m at a fixed frequency (F'). The phase-shift (A¢) with
respect to the input electrical signal (V;) applied at the angular frequency w (w = 27 F)

can be written as:
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A¢ =tan”

1 w X (ROCS - ZROCP)] _ -1 [w X (ROCS + 2RO(CP + CT) (4 13)

sz(%C’SCp -1 —szgCS(CP + CT) +1

where Ry is the photo resistance value at a defined optical intensity (Ir).

The substrate of the ultrasonic transducer is composed of the low-loss dielectric
material FR4, which has a dielectric constant (e,) of 4.3 and loss tangent (tand) of
0.025. The transducer elements are cylindrical piezoceramic disks of diameter 3 mm
and height 1mm, which are made of hard ferroelectric piezo material (PIC181, PI
Ceramic). The transducer elements have coated silver electrodes and a resonance
frequency of 2.25 MHz in the thickness mode of operation. We designed suitably des-
ignated circular copper pads analogous to the dimensions of elements on the rigid
Printed Circuit Board (PCB). The copper pads are approximately 20 pm thick, which
provide sufficient mechanical support to the transducer elements. The signal from
a function generator (AFG 1062, Tektronix) is fed to a low-impedance 50x voltage
amplifier (WMA-300, Falco Systems), which drives the transducer. The pressure am-
plitude and phase output by the transducers are recorded using a 0.4 mm diameter
hydrophone (HGL0400, Onda Corporation) and a digital storage oscilloscope (Tek-
tronix, TDS2000C). We extracted the equivalent continuous wave pressure field by
taking a Fourier transform of the received pulse, and the pressure amplitude and
phase are extracted at 2.25 MHz. The error bars are present due to the variation in
the light intensity which is around 1.1 mW/cm? to 2.0mW/cm2. The other reason
for the presence of error bars in the phase is the non-identical variation in the photo-
resistances upon the excitation with light. The photo-resistances have a 10% variation
in the resistance which also contributes towards the generation of errors in the phase
of the output signal.

We selected a photoactive element with low capacitive charge storage and high
resistance ratio as mentioned previously in the chapter. The detailed measurement
results of photoresistors as a function of light intensity are presented in the Fig. 4.14
(B). Then, we monitored the pressure with a hydrophone that is placed approximately
2.5mm above the surface of transducer while changing the light intensity incident
on a photoresistor. The experimental and theoretical results for the relative ampli-
tude (Vr/V;)and phase-shift (A¢) of the ultrasound wave for distinct resistance values
are shown in Fig. 4.14 (D) and (C), respectively. Tuning the light intensity from
0.1pWem=2 to 65.7mW ecm™2, the phase-shift of the electrical signal is translated
into the phase-shifted ultrasound wave emitted from the transducer. The experi-
mental results convincingly validate the device functionality. Its agreement with the

theoretical analysis supports the argument that a broadband optically programmable
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phased-array of transducer can be constructed experimentally in the complete angular
domain of -7 to +7.

The refresh rate of the phase reconfiguration is limited by the switching speed of
the cascaded network, whose operation depends on the response time of embedded
resistors and capacitors. We modulated the light intensity between ON/'1" (high
light intensity of 65.7mW cm=2) and OFF/"0" (low light intensity of 0.1 pW cm=2),
which provides an ON/OFF ratio of approximately 58 dB and started the digital light
intensity control clock at 1 Hz. We experimentally measured the rise-time (At,) and
fall-time (Atf), which is the phase reconfiguration time from -7 to +7 and +7 to
—m respectively, as shown in Fig. 4.14 (E). The measured values of At, and At are
~4.1ms and ~5.2ms described in Fig. 4.14 (E) (i) and (ii) respectively, which clearly
suggest that the total cycle time for phase reconfiguration is At (At, + Aty) ~ 9.3 ms.
This switching time definitely suggests the modulation of the ultrasound wavefront at
a maximum rate of ~ 100 Hz. The optical switching of ultrasound phase at a frequency

of 100 Hz is demonstrated experimentally as shown in Fig. 4.15.
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Figure 4.15: Fast switching of ultrasound phase. The phase-shift of the emitted ultrasound
wave when the light is switched on (I, = 65.7mW cm~2) and off at 100 Hz.

Additionally, we investigated the output electrical characteristics for different ca-
pacitor loads and determined that the total phase shift (max(A¢) - min(A¢)) is
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independent on the capacitance of the transducer element. We performed a frequency
analysis to measure the bandwidth of the system by substituting the transducer el-
ement by an equivalent non-polarized thin film capacitor. The LAPS as discussed
in previously in the chapter can produce an approximate total phase-shift of 27 in
a wide frequency band ranging from 0.1 MHz to 10 MHz by tuning the light inten-
sity (I1). The results are demonstrated in Fig. 4.14 (F). Thus, the realized device
facilitates controlled implementation of sophisticated phased-devices by simple light
illumination with the benefits of gentle change in the phase-shift and large dynamic

tuning range from -7 to +m.

4.7 EXPERIMENTAL MEASUREMENT OF CROSSTALK EFFECTS

It has been mentioned that in an ultrasound transducer array, the phase output of an
individual transducer element could experience electrical crosstalk which could give
undesirable distortion in the performance characteristics of the array structure while
observing other elements. We therefore investigated the amount of crosstalk effects
and measured the performance by individually addressing elements with different
intensity of light. We evaluated crosstalk in our architecture by individually addressing
individual elements in a 5 x 5 array of cylindrical piezos with different light intensities
projected onto the LAPS. We quantified cross-coupling by measuring phase changes

in the remaining inactive transducers.

4.7.1 INDEPENDENT OPERATION OF TRANSDUCER ELEMENTS

An important aspect in the circuit design is that there is no or little electrical cross-talk
between the operating load of the circuit. The two-stage RC circuit with 7 phase-
shifted input signal and grounded transducer are utilized for the cross-coupling study.
The circuit schematics of the bi-piezo experimental system is shown in Fig. 4.16. The
pressure measurements are performed upon the excitation with a voltage pulse. The
voltage pulse contains 10 cycles at the respective frequency. The system is synchro-
nized by a 10V positive square voltage pulse whose positive edge provides the trigger
to execute the input voltage and start the recording of the generated pressure through
the hydrophone. The method is utilized to differentiate the true pressure signal from
any Electro-Magnetic Interference (EMI) signals. The differentiation is based on the
fact that the EMI signal is recorded in the adjacent time proximity of the positive
edge of trigger voltage pulse while the hydrophone receives the true pressure signal
after a certain interval of time based upon the sound propagation distance between
the hydrophone and piezo surfaces. The current experimental system has the time

interval of 2.5 s to 4.9 ps.
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Figure 4.16: Simplified circuit diagram of the programmable pixel unit where the loaded
transducer element is modelled as a capacitor with the capacitance Cp

The experimental measurements are performed at 2.25 MHz (Fig. 4.17) and 2.50 MHz
(Fig. 4.18), these results corresponds to the two-stage RC circuit and the light-ON
mode symbolizes the maximum intensity of » 66 mW/cm? whereas the light-OFF mode
symbolizes the intensity of ¥ 0mW/cm?. It is evident from the pressure waveform of
Py piezo that the output signal phase varies from —7/2 to +7/2 when compared in the
light-OFF and light-ON mode. Thus, this provides the phase control of 7 to the P;
piezo output pressure which is depicted both numerically and experimentally in the
phase of the output voltage. Similarly, the pressure waveform for the P, piezo is plot-
ted for the actuation frequency of 2.25 MHz (Fig. 4.17b) and 2.50 MHz ((Fig. 4.18b)).
The result shows the independent phase modulation and hence the absence of cross-
coupling in the bi-piezo system.

Further experiments on the two-stage RC circuit considered the variation of P,
piezo and P, piezo based light amplitude and examined the output pressure waveform
generated by the P; piezo through the hydrophone. The measurement is performed
at the operating frequency of 2.50 MHz (Fig. 4.19). The term Ip symbolizes the
maximum intensity of ¥ 66 mW /cm?; I; and I represents the P, piezo and P piezo
based light-control amplitude respectively. The results further validate the fact that
the output pressure waveform from the P; is completely independent of the P, based
light amplitude (/3) and therefore the phase of the output pressure from the P is a
single-variable function of light amplitude (1;).

The next stage of experiments considered the two-stage RC circuit with 7 phase-
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(a) Pressure measurements of P; piezo with respect to light-ON and light-
OFF mode of P;.

Input Voltage Output Pressure (Light-OFF Mode)
— Trigger Voltage Output Pressure (Light-ON Mode)
50 H H H T H T H T H T H T H T H 80
40 ! ﬁ L 60
>0 H 40 5
S 20 | - )
% 10 (20 2
] ] = \ \ %
I [al
5 -101 I 0 =
£-20 S,
: F-40 3
“30 n ' L
40 ﬁ L -60
-50 - T T — 7T T T 1 ~ T T * T - -80
o 1 2 3 4 5 6 7 8 9 10
Time (ps)

(b) Pressure measurements of P piezo with respect to light-ON and light-
OFF mode of P;.

Figure 4.17: Pressure measurements in a bi-piezo system developed using two-stage RC
circuit to examine the effect of P; piezo based light-ON and light-OFF mode on the P» piezo
output pressure at the ultrasound frequency of 2.25 MHz.

shifted input signal and grounded transducer. The pressure measurements are per-
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(b) Pressure measurements of P piezo with respect to light-ON and light-

OFF mode of P;.

Figure 4.18: Pressure measurements in a bi-piezo system developed using two-stage RC
circuit to examine the effect of P, piezo based light-ON and light-OFF mode on the P» piezo
output pressure at the ultrasound frequency of 2.50 MHz.

formed based on an identical pulsed-input based method and the effect of P, piezo
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based light amplitude control (I;) and P, piezo based light amplitude control (I5)
on the output pressure from P, and P, are plotted sequentially at the ultrasound
frequency of 1.75 MHz (Fig. 4.20), and 2.25 MHz (Fig. 4.21). It is evident from the re-
sults that the phase of output pressure waveform from the P; piezo is a function of P;
piezo based light amplitude (I;) and is completely independent of P piezo based light
amplitude (I5). The amplitude of the pressure waveform shows a weak dependency
on the P, piezo based light amplitude (/) and this can be explained by the fact that
the power source is constraint by the maximum current supplied to the circuit. The
circuits have an equivalent impedance which varies depending upon the magnitude of
the photo-resistances which thereby affects the current level of the circuit elements
of array. Each circuit is the array connected in parallel and the maximum voltage
level of the sinusoidal input is kept constant across the end terminals. The variation
in the equivalent impedance of each circuit in the array affects the current level pro-
vided to the complete circuit architecture but the performance of individual elements

is independent of each other in the parallel configuration.
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Figure 4.19: Pressure measurements in a bi-piezo system developed using two-stage RC
circuit to examine the effect of P; and P, piezos based light-control mode on the P; piezo
output pressure at the ultrasound frequency of 2.50 MHz.
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(a) Pressure measurements of P piezo with respect to light amplitude
control (I1).
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(b) Pressure measurements of Py piezo with respect to light amplitude

control (Iy).

Figure 4.20: Pressure measurements in a bi-piezo system developed using two-stage RC
circuit with 7 phase-shifted input signal and grounded transducer to examine the effect of P;
piezo based light amplitude control (I1) on the P, piezo output pressure at the ultrasound
frequency of 1.75 MHz.
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(a) Pressure measurements of P piezo with respect to light amplitude
control (I7).
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(b) Pressure measurements of P, piezo with respect to light amplitude
control (Iy).

Figure 4.21: Pressure measurements in a bi-piezo system developed using two-stage RC
circuit with 7 phase-shifted input signal and grounded transducer to examine the effect of
Py based light amplitude control (I;) on the P, piezo output pressure at the ultrasound
frequency of 2.25 MHz.



66 EXPERIMENTAL MEASUREMENT OF CROSSTALK EFFECTS

4.7.2 DESIGN PARAMETERS FOR TwO-DIMENSIONAL ARRAY OF ULTRASONIC
TRANSDUCERS

We constructed the 5 x 5 array of ultrasonic transducers on a printed circuit board.
The substrate of the ultrasonic transducer is composed of the low-loss dielectric ma-
terial FR4, which has a dielectric constant (e.) of 4.3 and loss tangent (tand) of
0.025. The radius r of an individual element is 1.5 mm and the thickness ¢ is 1.0 mm.
We designed suitably designated circular copper pads analogous to the dimensions of
elements on the rigid PCB. The copper pads are approximately 20 pm thick, which
provide sufficient mechanical support to the transducer elements. The copper pads are
implemented in the system for two major functions, first to provide an alignment for
precise positioning of the actuator elements, and second to operate as the terminals for
power transfer to the bottom electrode of ultrasonic actuators. In order to facilitate
soldering of pads which supply excitation voltages to the electrodes and the ground
paths, solder flux is often applied to the part of the surface of electrodes in piezoce-
ramic disks, which does not affect the electro-mechanical parameters of transducers.
The array pitch is 5.0mm. The top electrodes are operated as the ground terminal
in order to minimize electromagnetic interference between the actuation voltage and
the measurement system. The top electrodes are custom-machined rectangular pads
from a bronze sheet of thickness 100 pm. The rectangular-shaped top electrode pad
has a length of 2.5 mm and width of 1.0 mm. The width of the bus line is 0.5 mm. The
transducer elements are cylindrical piezoceramic disks of diameter 3mm and height
1mm, which are made of hard ferroelectric piezo material (PIC181, PI Ceramic).
The transducer elements have coated silver electrodes and a resonance frequency of

2.25MHz in the thickness mode of operation.

4.7.3 MATHEMATICAL DESCRIPTION OF CROSSTALK MATRIX

We quantify the crosstalk by a statistical parameter that describes the cross-correlation.
We calculate the cross-correlation g;; of the acoustic phases ¢;; produced at pixel ¢ as
a function of the light-controlled phase shift on pixel j. The cross-correlation is taken
over a vector of phases measured as a function of different light intensities incident
on pixel j of the OPAT. For our 5 x 5 array, the normalized cross-correlation matrix o
is a 25 x 25 matrix containing the pairwise cross-correlation between all elements, as
given by

0s - pldid;] = uldilpl o] 7 (4.14)

O¢; X Og;

where ¢; and ¢; are the output phase vectors of the transducer elements ¢ and j,

respectively. The output phase vectors ¢; and ¢; are recorded with respect to the
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Figure 4.22: Crosstalk measurement in 5 x 5 transducer array. (A) Schematic of the
constructed 5 x 5 transducer array. (B) The results of the cross-correlation measurements
plotted in matrix representation.

input light intensity vector I); controlling the active transducer element £;. p and o
denote the mean and standard deviation operator, respectively.

The function g;; is defined such that the value must lie in the range [-1,1], with 1
indicating perfect correlation and —1 indicating perfect anti-correlation. This provides
a scale free measure for the strength of the statistical dependence. The magnitude of
cross-correlation factor is always less than 1, therefore in a decibel scale it always has

to be a negative dB value. The cross-correlation factor in decibels can be defined as,

0i;(dB) =10 x logy, ['foj(ﬂ (4.15)
The results of the crosstalk measurements for our 5 x 5 array of cylindrical piezo ele-
ments are shown in Fig. 4.22 along with the schematic presentation of the constructed
5 x5 transducer array (Fig. 4.22 (A)). The results presented in the Fig. 4.22 (B) show
that the OPAT introduces minimal crosstalk (< 10%) in the output ultrasound phase.
The maximum measured crosstalk level of transducer elements is —28.5 dB which cor-
responds to less than 10% correlation in ultrasound phase transmitted by the adjacent

transducer elements.



OPTICALLY PROGRAMMABLE ARRAY OF
TRANSDUCERS (OPAT)

The results presented in this chapter have been in part submitted as a patent appli-
cation "Optically Controlled Phase Shifter and Phased Array for Ultrasound Applica-
tions" under the inventor names of Rahul Goyal, Athanasios Athanassiadis, and Peer
Fischer. Some of the work presented in this chapter forms the basis of a publication
titled as "All-Optically Controlled Phased-Array for Ultrasonics" that is under review

for publication in a scientific journal.

5.1 INTRODUCTION

The discovery of holography in ultrasound [104] made possible the modification of ul-
trasound fields with very high resolution which considerably increased the complexity
of projected ultrasound fields. It enabled the realm of ultrasound wavefront engineer-
ing and applications ranging from in single-shot acoustic fabrication [19, 122], cellular
assembly into complex patterns [123], manipulation of sub-micron particles [124, 125]
and neurostimulation [126]. Phase plates are widely used for complex wavefront shap-
ing as they can be constructed with high fidelity using 3D printing technology. Yet,
they come with the limitation of producing only static wavefronts. The ability to
dynamically change the phase would allow programmable functionality such as beam
steering and focusing. Various control mechanisms have been explored for providing
dynamic functionalities to ultrasound wavefront control [127, 128], including electron-
ically or optically controlled microbubble arrays[101, 129] and multiplane diffractive
acoustic phase networks [130]. An established approach for creating dynamic wave-
fronts at ultrasonic frequencies is to employ phased array transducers (PATs), which
consist of periodic or quasi-periodic elements with a spacing of the order of a wave-
length. They can be used to emit ultrasound waves dynamically by pulsing elements

in a programmed manner. However, this comes with a complex drive circuitry to
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address the individual elements electrically and requires an amplifier for each trans-
ducer that is cascaded with matching circuits. Furthermore, it is challenging to scale
and develop to large numbers because the external power supply units or amplifiers
need to be physically connected to each transducer element with a synchronized clock
[131, 132].

PATs have been used for more than 50 years since the industrial application of
ultrasonic phased array systems [133], and recent microfabrication advances have led
to better power-saving electrical architectures and surface integrated board electron-
ics [134]. However, there has been no improvement in the multi-channel sequential
architecture for individually addressing transducer elements, which determines the
scalability of phased array systems. Optical control [135] can be conceptually used to
address the transducer elements remotely which could provide a great advantage by
providing parallel addressability and thereby scalability to large phased array systems
[136, 137]. Thus, optical control is in contrast to the operation of wired electrical
control. Moreover, these optically driven networks would have a larger bandwidth,
and wireless reconfigurability of ultrasound waves [135]. Hence, an approach based
on optical intensity can significantly reduce the size, and cost of electronic systems
and is attractive to many diverse applications including therapeutic ultrasound, non-
destructive testing [138] and neural modulation [139].

This chapter introduces a novel analog technology that can be programmed op-
tically at ultrasonic frequencies to generate dynamic wavefronts. We implement our
Optically Programmable Array of Transducers (OPATS) by integrating an array of
transducers with Light Addressable Phase Shifters (LAPSs) that have been intro-
duced in Chapter 4 and which are connected to a single source power unit. Generally,
PATs are integrated with independently connected amplifier chips addressing individ-
ual transducer elements and a Field Programmable Gate Array (FPGA) for digitizing
the phase of transmitted ultrasound waves [103, 132]. The approach of generating a
phase-digitized electrical signal is called Direct Digital Synthesis (DDS) where a syn-
chronized clock in operation with phase registers perform time discretization which
results in phase-shifted signal [140]. The LAPSs discussed in chapter 4 are high fre-
quency analog circuits based on photoresistive elements coupled with passive electronic
devices in a cascaded architecture. The electrical circuits convert an optical intensity
into a precisely controlled phase-shifted electrical signal. The phase is controllable
in real-time by the externally applied light intensity. which is confirmed by mea-
surements of ultrasound waves through hydrophone. The idea to shape ultrasound
wavefront with a light-addressable phase-shifter is schematically shown in Fig. 6.1.
Subsequently the components and their operations are explained in detail. The ex-
perimental setup is then used to generate a vortex beam and to switch multifocus

ultrasound fields.
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Figure 5.1: Optically Programmable Array of Transducers (OPATs) for implementing ul-
trasonic functions. The ultra-compact OPATs are programmed by light intensity patterns
(I) which are illuminated from (A) projector unit in the representation of (B) time-framed
motion picture. The pixel unit of OPATs are individually and independently addressed by
(C) illuminating light and contains (D) 2 light addressable elements integrated with an Op-
tical Active Network (LAPS) based on photoresistors. The time domain characteristics of
the network are analyzed using equivalent circuit model and when the light is projected onto
the photoresistive elements, the LAPS will convert the various (E) illumination intensities to
phase-shifted (A¢) electrical signal which is then applied to the corresponding transducer
element. The optical control provides a great advantage of favourable scalability to (F)
large-sized transducer array, (G) which can be simply plugged to the network for generating
dynamic phase distributions locally without complex electronic circuits and power ampli-
fiers. The relative phase-shift (A¢) of the ultrasound waves emitted from the individual
transducers (H) can be tuned remotely through different light patterns. the programmable
OPATS can generate various phase distributions on the transducer array, thus creating com-
plex ultrasonic wavefronts which are dynamically switched analogous to a motion picture
(I) of ultrasound wavefronts.

5.2 PRINCIPLE OF THE OPTICALLY PROGRAMMABLE ARRAY OF
TRANSDUCERS

The concept of controlling individual phase of ultrasound actuators in an array using a
light projection system is illustrated in Fig. 5.1. The system consists of two electrically
connected layers: first layer is photoactive layer which constituted by light-dependent
resistors and connected to a single power supply unit, these networks correspond to
the LAPSs introduced in chapter 4. The second layer consists of ultrasound actua-
tors which are connected in parallel with the cascaded network of LAPSs to control
the emitted ultrasound waves independently. We employed a digital light projector to
generate optical patterns in the current work, but in principle this technique could also

work with other optical projection methods such as Digital Mirror Device (DMD) or
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Light Emitting Diode (LED) matrices. The communication with the system is through
the light projection, where the optical intensity individually manipulates the tempo-
ral parameters of the networks which thereby manipulates the phase of the electrical
signal and thus controls the phase-shifted (A¢) ultrasound waves. Compared with the
traditional electrically controlled PATs, which require bulky power supplies, complex
wiring and controllers, the presented programmable OPATs are lightweight, compact,
scalable, and wirelessly tunable. Most importantly, the integrated LAPSs have broad-
band operational bandwidth which signifies the compatibility of the network circuits

with transducer arrays of diverse frequency operation.

5.3 EXPERIMENTAL INSTRUMENTATION AND HARDWARE

5.3.1 TRANSDUCER ARRAY

(A)

Figure 5.2: 11 x 11 transducer array with the operational frequency of 700kHz. (A) A
photograph of the transducer array probe where one end is the I'TT canon connector and
the other end is the array of piezoelectric elements. The probe is generally covered with
layer of soft material for best acoustic contact and to protect array. (B) A photograph of
the diced composite material which shows matrix-structure of active elements whereas the
right and lower edge shows the passive area of the transducer array. The black color scale
bar represents a length of 7.5 mm.

The custom 11 x 11 matrix array transducer was provided by Dr. Marc Fournelle
from the Fraunhofer Institute for Biomedical Engineering IBMT, St. Ingbert, Ger-
many. It is shown in Fig. 5.2. The transducer array has been produced as follows: a
1-3 PZT composite material was generated from bulk PZT using a dice and fill tech-
nique. The composite plate was then applied to a backing carrier material and the
matrix structure was generated with a new dicing step. Dicing was performed with
a kerf of 250 um and a resulting pitch of 2.81 mm. Individual contacting of the ele-

ments was generated from the bottom side. The array gaps were filled with an epoxy
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material and a common ground electrode was applied using a sputtering process on
the top side. A matching layer was then applied for optimization of the transducer
bandwidth. After housing integration, a protective coupling layer made of soft silicone
was applied. Connection was provided in a multi-micro coaxial cable terminated with
an ITT Cannon connector [141], which could be connected to the OPAT for transfer
of electrical power. The capacitance Cp of individual elements is measured to be in
the range 301.7pF to 309.2 pF.

The transducers are driven through individually connected LAPS which is supplied
with two sets of synchronized RF voltage signals. The first is denoted by +V; and the
other is a 7 phase shifted signal represented as —V;. The frequency of the driving
signal was 0.7 MHz which has been used for the experimental demonstration. The
positive and negative source signals were generated separately by a single function
generator (AFG 1062, Tektronix) in the experiments, and each amplified by their
own low-impedance 50x voltage amplifier (WMA-300, Falco Systems). It would be
possible, however, to split a single amplified RF signal and use a phase shifter on
one branch of the signal to provide both +V; to the OPAT and then followed by the

ultrasound generating transducer elements.

(A)

Transducer Transducer Transducer

Array Array Array
- - -
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Figure 5.3: Experimental setups for acoustic pressure measurements. (A) To measure the
generation of complex phase patterns at the transducer, the hydrophone is scanned in a
plane 1.5 mm from the surface of the transducer array. (B) To measure fields generated with
multiple focus points, the hydrophone is scanned in a plane 50 mm from the transducer array.
(C) To measure the temporal response when switching between two foci F_ and F, two
hydrophones are positioned at the focal points and their output is recorded simultaneously.

5.3.2 MEASUREMENT OF ULTRASOUND WAVEFRONTS

Ultrasonic pressure fields were mapped using a 0.5 mm-diameter needle hydrophone

(HNR0500, Onda Corporation) scanning in a water tank. An open 3D printed water
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tank (175 mm x 175 mm x 75 mm) made from a UV-cured polymer (VeroClear, Strata-
sys) was filled with deionized water and the transducer array was placed in acoustic
contact with the water. For experiments with the 11 x 11 array, the array was cou-
pled to the outer surface of the water tank using a thin layer of vacuum grease (Dow
Corning), projecting through the wall and into the tank. For experiments with the
PZT disks, the piezoceramics were mounted onto a printed circuit board, which was
waterproofed with a spray coating of dielectric strength 48kV/mm (RS Components
GmbH, Germany) and the water tank was coupled to the piezos using vacuum grease.

Pressure waves from the transducer produce a voltage in the hydrophone, which
was digitized using a USB oscilloscope (Picoscope 5000 Series, Pico Technology) and
saved on the computer. The time-domain voltage data was converted to a pres-
sure using the manufacturer-provided calibration. For accurate measurements, a 25-
cycle sinusoidal pulse was used to drive the OPAT. The hydrophone correspondingly
recorded a pulse, which was converted to amplitude and phase data using a Fast
Fourier Transform. The spatial variation in pressure field is measured through hy-
drophone scanning, where the hydrophone was mounted on a computer-controlled
three-axis motorized translation stage (MTS25-Z8, Thorlabs GmbH). The scan area
in the imaging plane was 20mm x 20mm, with a lateral resolution of 0.37 mm. 25
pulse measurements were averaged at each point of the imaging plane to increase the
signal to noise ratio. A typical scan took 3 - 4h which can be reduced if needed by

decreasing the lateral resolution of the two-dimensional hydrophone scan.

5.3.3 COMPUTATION OF SOURCE PHASES FOR COMPLEX WAVEFRONTS

The Iterative Angular Spectrum Approach (IASA) has been employed to compute
the relative phase shift for individual transducer elements required in generating the
programmed wavefront [104, 142, 143]. The phase distribution of the transducer el-
ements is determined by iteratively propagating a wave from the target plane to the
transducer plane and back, with amplitude constraints being applied in each plane. In
our adaptation of the IASA algorithm, we applied an amplitude constraint per pixel
to match the experimentally measured phase shift-dependent amplitude. The ampli-
tude constraints for every iteration are set separately and explicitly. The algorithm
converges in a few tens of iterations to yield the desired phase map. We performed 50
iterations for every wavefront to accurately compare the performance of OPATs for
different applications. To set the transducer phases for fields with higher resolutions
than the driving array, we subdivided the transducer elements into multiple pixels and
assumed a uniform phase output of all pixels corresponding to a single element. The
relative phase shift for individual transducer elements is then calculated by averaging

the obtained phase shift for all pixels comprising one element. The algorithm provides
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good experimental results which are consistent with the theoretically predicted wave-
fronts. The IASA-computed phase distribution is then converted to a light intensity
using a look-up table based on the experimentally measured curves provided by the

light addressable phase shift architecture.

5.4 ELECTRONICS BOARD DESIGN

The optically controlled transducer array is implemented by projecting light from a
commercially available light projector (ViewSonic PRO8510L-S Light Stream 5200-
Lumen Projector) to a 2D array of photoresistors (NSL-19M51, Advanced Photonix).
The printed circuit board design of the photoresistor board is shown in Figure 5.4. It
can be seen for the Figure 5.4 that a total 2 x 11 x 11 number of photoresistors are
mounted in close proximity to decrease the net footprint of the array. The photore-
sistor board is used for light detection, where the light intensity causes a change in
resistance. The board has a Samtec Socket Strip with a pitch of 2.54 mm which al-
lows the connection of pin headers of identical pitch and hole dimensions. The socket
strip has the insulator material of black liquid crystal polymer with the contact ma-
terial and plating (1.27pm) of Phosphor Bronze and Gold respectively. Board has
dimensions of 351 mm x 285 mm with a thickness of 1.55 mm. The photoresistor board
is connected separately to measure the AC resistance and capacitance at operation
frequencies of up to 1 MHz and is then passed on further electronics operation.

The photoresistor board is connected to a capacitor board which is shown in
Fig. 5.5. The capacitor board performs the analog conversion of the light intensity to
an electrical phase-shift through a cascaded architecture which has been explained in
chapter 4 of the thesis. The capacitor board is mounted with through-hole-pin-header
connects directly with the socket strip of the photoresistor board. The terminal mate-
rial is Phosphor Bronze with a Gold plated contact. The pin headers are rated to be
operational below 3.2 A with a high-speed channel bandwidth of 8 Gbps. The 8 Gbps
of bandwidth provides 12-bit resolution for an electrical signal at 1 MHz. The PCBs
are designed using the computer-aided software KiCad 6.1 with components from
standard distributor libraries. The capacitors are surface mounted on the capacitor
board as shown in Fig. 5.5 (C). The capacitors are thin film ceramic capacitors with
a maximum operational voltage of 250V.

The capacitor board also consists of the input and output power connectors which
are different based on the components. The input power is supplied through vertical
shaped BNC Coaxial connector as shown in Fig. 5.5 (D). It should be noted that the
input power connectors are central to the individual elements of the transducer array
and hence does not scale linearly with the number of elements in the array. which

happens in the conventional transducer array devices. The placement of ITT canon
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Figure 5.4: Design of the printed circuit board for the photoresistor panel of the OPATs
where (A) and (B) shows the magnified areas of the board to mount photoresistors and pin
headers, respectively. See text for further details on the electronics design and components.
Scale bar in the (A) represents a length of 5 mm.

connector on the capacitor board is shown in Fig. 5.5 (A) with white dotted line
and the corresponding magnified version of the footprint is shown in Fig. 5.5 (B). ITT
canon connectors are circular mechanical connectors which provides high-performance
solutions for electronics component where load is reactive in nature. The capacitor
board is designed in a four layer architecture, as indicated by the four different colors
of wire tracks shown in Fig. 5.4 and Fig. 5.5. The combination of the board for the
photoresistors with the board for the capacitors together generate the phase shift
and together provide the following functions: photodetection, phase modulation, and
transducer actuation. After the design, the boards were manufactured by Eurocircuits

GmbH. The components were then assembled and soldered in the lab.
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Figure 5.5: Design of the printed circuit board for the capacitor panel of the OPATs where
(A), (B), and (C) show the magnified areas of the board to ITT canon connectors, surface
mounted capacitors, and power connectors, respectively. See text for further details on the
electronics design and components. Scale bar in (A) represents a length of 5mm.

5.5 CONCEPT DEMONSTRATION AND ULTRASOUND WAVEFRONT

(GENERATION

The suggested technology works on the basis of adjusting the light’s illumination in-
tensity to produce the required phase distributions. The LAPS contains 2 NSL-19M51
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photoresistors cascaded with 2 thin film capacitors which convert the optical signals
into corresponding phase-shifted voltage signals for energizing the loaded transducer
element. We fabricated 11x11 LAPS array to verify experimentally the concept of pro-
grammable OPATs. The wired board of LAPSs is printed on the 1.55 mm-thick FR4
dielectric substrate, implemented with a panel mountable connector having zwitter
contacts for a custom designed transducer probe of 11 x 11 elements. The integrated
transducer probe is operational at the frequency of 0.70 MHz with the total acoustic
aperture of 30.9mm x 30.9mm. The pixel unit can dynamically and locally control
the ultrasound phase by receiving light of various illumination intensities. A graphical
representation of the realized system for the measurements is shown in Fig. 5.6 (A)
with the 3 main components depicted : light projector, power unit and transducer
array. We connected a centralized power source unit to distribute the power across a
large-scale array of transducers. Importantly, the proposed architecture is established
on a design approach that constructs an explicit and optically tunable phase rela-
tionship between individual transducers and the input signal (V;). The interference
of local phased-shifted ultrasound waves generate an ultrasound wavefront pattern
which is presented in the Fig. 5.6 (B).

We projected several different light intensity patterns denoted in Fig. 5.6 (A)
(i) onto the LAPSs which resemble to the numerical digits. The contour map of the
illumination pattern are plotted in Fig. 5.6 (B) (i), (ii), (iii), (iv), and (v) respectively.
The absolute amplitude of the light intensities illuminated for the digits "0", "1", "2",
'3", and "4" are 61.1, 64.3, 65.7, 37.4, and 49.2mW cm~2 respectively. It should be
noted that the experiments are performed in a dark room to avoid the interference
of ambient light. The light intensities are determined to achieve a differential phase-
shift (d¢) of approximately 7/3 as presented in the Fig. 5.6 (B) (i). A two-dimensional
hydrophone scan is performed to gather information about the ultrasound wavefront
at the monitoring plane which is approximately 1.5 mm from the surface of transducer
array. The graphical representation of the close-proximity scanning of the ultrasound
wavefront is presented in the Fig. 5.3 (A) which simultaneously shows the experimental
system for the results presented in Fig. 5.6. It is obvious from the amplitude and phase
distributions of ultrasound wavefronts presented in Fig. 5.6 (C) and (D) that there is,
indeed local tuning in the phase of pressure wave at the pixel unit level. The amplitude
distributions presented in the Fig. 5.6 (C) (i)-(v) corresponding to the illumination
pattern of Fig. 5.6 (B) (i)-(v) respectively. This clearly indicates that the magnitude
of the emitted pressure wave is changed slightly during the optical tuning of phase.
However, the variation in the pressure magnitude has small effect on the performance
of OPATs and most importantly, would be compensated in the iterative calculations

to optimize the parameters for desired ultrasound wavefront.
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Figure 5.6: Phase mapping of ultrasound wavefront based on the light intensity pattern
projected on the LAPSs. (A) Graphical representation of the OPATs which main compo-
nents: light projection unit for illuminating defined intensity pattern (i), single power source
unit, and transducer array for emitting ultrasound wavefront (ii). (iii) The photograph of
the integrated transducer operated at the frequency of 0.75 MHz. A distance of 31 mm is
symbolized by the white color scale bar. The measurement of the complex amplitude of
pressure wave is performed through hydrophone at the close-proximity of the transducer ar-
ray. The scanning plane is approximately 1.5 mm from the surface of transducer array. (B)
The projected light intensity pattern represented by (A) (i) which are spatially structured
to describe the formation of numerical digits (i) "0", (ii) "1", (iii) "2", (iv) "3", (v) "4". The
maximum and minimum projected intensities are 65.7mW cm™2 and 0.1 pW cm ™2 respec-
tively. (C) and (D) (i) - (v) The distribution of amplitude and phase-shift in the pressure
wave recorded by the hydrophone at the close-proximity ((A) (ii)) of the transducer surface,
which corresponds to the projected light patterns of (B) (i) - (v) respectively. The approx-
imate area for the scan is 31 mmx31 mm. The black color scale bar represents a length of
7.5mm

5.6 FAST SWITCHING OF ULTRASOUND FociI

We selected multifocal beam formation as the first ultrasonic function to experimen-
tally demonstrate the dynamic reconfigurability of OPATs. We show that modulating
the light intensity pattern generates multifocal ultrasound wavefronts as shown in
Fig. 5.7 where Ny denotes the number of focal points, which otherwise require a
complex electrical architecture.

Three steps are necessary to compute the light intensity pattern required to gen-
erate a desired ultrasound pressure wavefront at a given distance from the transducer.
First, from the desired ultrasound pressure wavefront, the phase-shifts at the individ-

ual transducer elements are computed. This step is done iteratively using an opti-



N

FAST SWITCHING OF ULTRASOUND FOCI 9

(A) (B) Amplitude of Ultrasound Wavefronts
Projected Measured ©) (D)
Light Incensity Electrlcz}l Experimentally Numerically
Patterns Phase-Shift Measured Calculated
N -

f

®

(iif)

91 L

p (kPa)

Figure 5.7: Light addressable ultrasound wavefront generation with variable number (Ny)
of equivalent focus. (A) The spatially modulated light intensity pattern projected on the
photoresistive elements to demonstrate ultrasound wavefront of variable focal points, which
is categorized as (i), (ii), and (iii) for Ny = 1, Ny = 2, and Ny = 3 respectively. (B)
The electrical phase-shift (A¢) measured with respect to the input signal (V;) addressing
transducer elements individually controlled by the projected light intensity (I1). (C) The
experimental results for the measured amplitude of ultrasound field at the target focal
plane which is situated 50mm from the surface of transducer array. (D) The amplitude of
ultrasound field calculated numerically based on the mapped electrical phase-shift feeding
the transducer elements for Ny =1, Ny =2, and Ny = 3. The scale bar is 5mm

mization algorithm. Then, from the phase of the different transducer elements, the
resistance values of the photoresistive elements are calculated considering the electrical
characteristics of the back-end circuit. It should be noted that amplitude constraint
on the terminal voltage of the transducer resulted from programmed phase-shift is
considered in the calculation. The target light intensity patterns as shown in Fig. 5.7
(A), are then finally calculated based on optical characteristics of the photoresistive

element. These 3 steps are illustrated for different examples with Ny =1, Ny = 2,
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and Ny = 3. The light projector is turned ON and corresponding to the illuminated
pattern, as can be observed in Fig. 5.7 (A) (i), (ii), and (iii). Phase-shifts of elec-
trical signal powering the transducer elements are mapped and represented as shown
in Fig. 5.7 (B). The propagated ultrasound waves are locally phase-shifted by the
transducer elements which interfere at the focal plane to produce the desired target
intensity pattern. The projected ultrasound wavefronts have been mapped with a
two-dimensional hydrophone scan which is schematically presented in the Fig. 5.3 (B)
of the experimental systems. The experimentally measured ultrasound pressure dis-
tributions are in good agreement with the numerical results as shown in the Fig. 5.7
(C) and (D) respectively. These far-field results confirm that the designed OPATS
demonstrate good performance as a multifocal beam generator. The numerical ul-
trasound wavefronts for Ny = 1, Ny = 2, and Ny = 3 are determined by considering
the examined electrical phase-shift actuating the transducer elements. Moreover, it
should be noted that the amplitude constraint on the terminal voltage is considered
in the calculation of the optimizing ultrasound wavefront.

It has been mentioned in chapter 4 that the proposed LAPSs are capable of switch-
ing the phase of ultrasound waves at the maximum refresh rate of 100 Hz. Hence, we
measured the performance of the OPATs to generate a "Movie of Ultrasound Wave-
fronts". The motion picture is constructed from the frames containing information

about the light intensities as grayscale coded pixels; where "white" and "black" pixel
correspond to the light intensities of 65.7 mW cm=2, and 0.1 pW cm~2 respectively. The
light intensity patterns are determined to generate focused ultrasound wavefront in
the observation plane. The magnitude of the light intensity distributions that are en-
coded in the motion picture format are presented in the Fig. 5.8 (A) (i), (ii), and (iii),
which corresponds to focus point/s F'~, F'*, and F~ A F'* respectively, where F'~ A F'*
denotes dual focused wavefront of ultrasound. Firstly, we measured the phase-shift in
the electrical signal feeding individual elements of the transducer array. The results
are plotted in the Fig. 5.8 (B) (i), (ii), and (iii) for the respective light intensity dis-
tributions. Secondly, we mapped the amplitude of ultrasound wavefront to locate the
approximate position of the focal points namely; F'~ and F'*. The surface distribution
of pressure amplitude for the optical wavefront corresponding to Fig. 5.8 (B) (i), (i),
and (iii) are shown in Fig. 5.8 (C) (i), (ii), and (iii) respectively.

The fast-switchable operation of OPATS is recorded by simultaneous mounting of
multiple hydrophones at the positions configured for the focal points at x = =10 mm,
and x = +10mm. The graphical implementation of the experimental system is pre-
sented in Fig. 5.3 (C). Generally, commercially available projector units have update
rate between 30— 50 Frames Per Second (FPS). The light projection hardware used in
the measurements is capable of displaying graphics at the speed of 50 FPS. The frames

representing the wavefront corresponding to focal points left (L, x = —10mm), right
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Figure 5.8: Movie of Ultrasound Wavefronts. A fast-switchable multi-focus ultrasound
wavefront is generated with the OPAT system. (A) (i), (ii), (iii) The spatial modulated
light intensity distributions for constructing focused ultrasound at the points x = =10 mm,
x = +10mm, and x = £10mm respectively. (B) The phase shift of mapped electrical signal
actuating individual transducer elements independently corresponding to the light patterns
of (i),(ii), and (iii). (C) (i),(ii), and (iii) The amplitude of ultrasound wavefronts recorded at
the focal plane for light intensity pattern denoted by the frames L, R, and D, respectively,
located at the distance of approximately 50 mm from the transducer surface. (D) The scale
bar is 5 mm.

(R, x = +10mm) or double focus (D, x = +10mm) are denoted by the alphabets "L",
'R", and "D" respectively. The time frame representation of projected light patterns
contain 4 instances of alternatively displayed 'L" and "R" frames, and 3 instances
of "D" frame projected in a regular pattern. The motion picture is presented in the
form of "moviestrips" as shown in the Fig. 5.8 (D). The light intensity patterns are
projected continuously and pressure is recorded simultaneously in a continuous and
synchronous manner. It should be noted that ON time for the frames "L", "'R", and
"D" is identical and is approximately equal to 17.5msec. The results of the 100 points
averaged pressure recorded by the positioned hydrophones is presented in Fig. 5.8 (D).
We clearly observe a variation in pressure which is analogous and correlated to the
time-framed projected motion picture. The measurement results indicate the genera-
tion of equifocal ultrasound beams with focal points switched at a refresh rate which

is consistent with the property of motion picture.
5.7 ULTRASOUND PHASE GRADIENT AND DIVERGENT BEAM WAVE-

FRONT

Many applications require the ability to modify the amplitude of the ultrasonic field,

but influencing a wave’s phase is just as crucial. An excellent illustration of the
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significance of phase is an acoustic vortex beam, which is produced by a helical phase
distribution. It is particularly helpful for underwater communication [144] and particle
manipulation [145]. The traditional techniques for creating an acoustic vortex beam
include structured transducers [146] and static phase masks [147]. Realizing dynamic
and quickly reconfigurable vortex fields is still difficult, though. Here, we demonstrate
that the OPATs can also create helical phase distributions to create vortex beams,
where patterns of light intensity result in electrical phase shifts that create an acoustic
vortex beam, as shown in Fig. 5.9 (A). The projected light intensity pattern was
first computed to generate the target phase gradient as shown in Fig. 5.9 (B) (i).
The electrical phase-shifts are then controlled by the corresponding light intensity.
The mapped distribution of electrical phase-shift is shown in Fig. 5.9 (B) (ii). The
hydrophone scan shows the experimental results which is shown in Fig. 5.9 (B) (iii) and
the numerical simulations predict the acoustic vortex fields depicted in Fig. 5.9 (B)
(iv). The amplitude distribution and the phase gradient are in good agreement with
the results from numerical simulation, demonstrating the capability of the presented
system, OPATs. The electrical phase map can be optically switched in milliseconds
which enables fast transitions between different ultrasound wavefronts.

2D phased-arrays are used for conventional real-time 3D ultrasound imaging [148]
or for more advanced 3D ultra-fast ultrasound imaging [149]. The field of view (FOV)
for ultrasound imaging is proportional to the size of the transducer array which leads
to the challenge of engineering large FOV devices [150]. However, the programmable
OPATs could potentially be used to develop dynamic functionalities for ultrasound.
OPATS can also generate diverging wavefront to increase the field of view as it is
routinely done in 3D ultra-fast ultrasound imaging [149]. The illustration in Fig. 5.9
shows the increase of the FOV from a plane wavefront (A) to a diverging wavefront
(B). A virtual focus, whose position is behind the plane of the array, allows the beam
to diverge as illustrated in Fig. 5.10 (B). The spatial distribution of light intensity
and the resultant map of phase-shifted input electrical signal is presented in Fig. 5.10
(C) (i) and (ii) respectively. The amplitude and phase distributions of the acoustic
pressure measured at a plane located at a distance of 50 mm from the transducer
surface are plotted in Fig. 5.10 (C) (iii).

5.8 SUMMARY

This chapter has demonstrated a new solid state technology for ultrasound that in-
troduces the idea of optically programmable ultrasound fields. The concept has been
demonstrated with compact OPATSs that consist of 121 LAPSs, each of which inde-
pendently controls 121 transducer elements by a single power source unit. Therefore,

it introduces the foundation for a scalable ultrasonic transducer array. The presented
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Figure 5.9: Generation of ultrasound phase gradient in the vortex beam wavefront. (A)
Schematic representation of vortex beam generation by projecting the corresponding spatial
light intensity distribution (B) (i) The spatially modulated light intensity which resulted in
the (ii) electrical phase shift mapped for the transducer array. The experimental (iii) and
numerically (iv) obtained amplitude and phase maps of the acoustic pressure pattern which

is measured in a plane located at a distance of 60 mm from the transducer surface. The
measured maps are consistent with the theoretical calculations. The scale bar is 7.5 mm.

system is fast with the light-triggered phase switching time of 100 ms. Further, the
system is versatile as their distribution is simply controlled by the projection of a low-
intensity optical images (66 mW cm~2), and easily scalable to large sizes for generation
of complex wavefronts. By varying the illumination intensity, each transducer element
can achieve around 27 phase difference across a wide frequency range (bandwidth).
After receiving different light patterns wirelessly, the OPATs can generate phase pat-
terns to generate desired ultrasound wavefronts. We used spherical diverging wave-
fronts, locally addressable complex phase wavefronts, and multifocal ultrasound to
illustrate the capabilities of our method. A fast-switchable focal point was also used
to experimentally confirm the anticipated frame rate. The programmable OPATs that

are being presented combine ultrasonic tunability and optical control. With > 1000
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Figure 5.10: Experimental demonstration of spherical diverging wavefront. The field of
view increases from a plane wavefront (A) to a diverging wavefront. (C) (i) The spatially
modulated light intensity which resulted in the (ii) electrical phase-shift mapped for the
transducer array. The amplitude (iii) and phase (iv) maps of the acoustic pressure are
measured in a plane located at a distance of 50 mm from the transducer surface. The
measure maps are consistent with the properties of spherical diverging wavefront. The scale
bar is 7.5 mm

transducer elements, it might be utilized to create extremely large phased transducer
arrays. The next chapter of this thesis presents a material systems-based approach
for dynamic modulation of ultrasound, further it discusses the method through which

a ultrasound modulator device could be realized for practical applications.



MATERIAL SYSTEMS TO DYNAMICALLY MODULATE
ULTRASOUND

The results presented in this chapter have been submitted as a patent application
"Thermal Spatial Sound Modulator for Ultrasound" under the inventor names of Rahul
Goyal, Athanasios Athanassiadis, Oscar Demeulenaere and Peer Fischer. The work

presented in this chapter is also being prepared for publication in scientific journals.

6.1 DyYNAMIC MODULATION OF ULTRASOUND

The majority of metasurface-based acoustic holograms have the drawback of being
static, which implies that for a given hologram, only one static acoustic field can
be produced at a target plane [151, 152]. Nonetheless, there are numerous uses for
dynamic acoustic field updating in tissue engineering, 3D printing, and therapeutic
ultrasound [153, 154].

According to the previous chapter, PATs can produce reconfigurable acoustic fields
in principle, where numerous ultrasonic devices are individually actuated with differ-
ent phase/amplitudes [155-159]. Nevertheless, the spatial resolution at which PATSs
can produce complex wavefront manipulation is constrained by the aperture size of
each individual pixel element. [160] This limits the use of PATs in acoustic holog-
raphy, particularly for high-frequency actuation and complex patterns, which would
necessitate tens of thousands of individually addressable, microscale transducers to
produce high-resolution acoustic fields at frequencies and scales similar to those of
static metasurface plates. [161-164] However, the majority of PATs are limited to a
few hundred elements.

A programmable modulator to control the ultrasound wavefront can be concep-
tually generated in a quasi planar device. Thus, allowing for the modulation of the
amplitude, phase and, or a combination of these parameters. This can be enabled
through a local change of the path length, density or elasticity of the ultrasound

propagation medium. The primary requirement of such ultrasound modulator is a
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Figure 6.1: Concept demonstration for modulation of ultrasound wavefront. (A) Plane
wavefront is emitted through a spatially-uniform material incident by a plane wavefront
whereas a (B) wavefront modulation takes place in the output when the material is spatially
different which happens due to the interference of locally modified phase of ultrasound waves.

dynamic material whose physical properties absorption or speed of sound can be
tuned through external control fields. A schematic demonstration of the concept for
ultrasound modulation is shown in Fig. 6.1. The transducer produces a plane wave-
front which remains planar when transmitted through a spatially-uniform material
as shown in Fig. 6.1 (A). Whereas the plane wavefront is (Fig. 6.1 (B)) modulated

when transmitted through a spatially-modified material. The external control fields
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are generally organized into four categories based on the technologies used to gener-
ate the local stimulus; (i) Electric Fields (ii) Magnetic Fields (iii) Optical Fields (iv)
Thermal Fields. This chapter will discuss potential material systems with the aim to

develop an integrated ultrasound modulator.

6.2 THE BULK PHOTOVOLTAIC EFFECT AND ACOUSTOELECTRIC
EFFECT

BiFeO3 (BFO) is considerably one of the most less researched piezoelectric material
due to relatively low piezoelectric coefficient, dss of approximately 15—60 pmV ™ [165].
Ferroelectricity and piezoelectricity of bulk BFO are important functional properties
for device implementation concerning to ultrasound. BFO has a great advantage that
it exhibits the largest switchable remnant polarization (100C-cm™). The key to
solve the problem of low piezoelectricity is to apply external stimuli which can be
rather simple and effective and hence modify the speed of ultrasound propagating
through the material. An article [165] was published recently where the authors
generated interface piezoelectric and pyroelectricity effects using the local fields within
Schottky barriers in centrosymmetric materials. The authors proved that the electric
fields can be applied to manipulate the piezoelectric properties of the BFO crystal,
offering an approach which is simple in implementation.

The main purpose to explore the possibilities with BFO was to modulate the speed
of sound in the crystal using light. It has been reported [166] that the light can be used
as a control parameter to enhance the peizoelectricity of single crystals. The authors
used a 0.5mm thick crystal and a laser light source of 405 nm wavelength was used to
change the conductivity of BFO crystal by generating free carriers. The charge carriers
can be generated optically in the BFO which can affect the polarization properties
of the crystal [167, 168]. The experimental results reported by the authors suggested
that light can potential be used as the control parameter to enhance piezoelectricity
of BFO single crystals. Generally, the quantitative measure of piezoelectricity is the

piezoelectric charge coefficient denoted by the term ds3. The expression of ds3 goes as

d33 = ]{333\/ EOKgS% (61)

where K7 is the relative dielectric constant and sZ; is the charge compliance which

follows:

is given by, sk = s /(1 - k2;). sk is the charge compliance measured with open
circuit and hence is dependent on the sonic velocity (¢) in the crystal (1/ps2?). It
should be noted that substituting the charge compliance sZ, in Eq. 6.2 clearly shows
a dependence of sonic velocity on the piezoelectric charge coefficient. However, after

further research and careful consideration of the BFO as the dynamic material for
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ultrasound modulation, we concluded that it is not a practical solution for the problem
due to two important reasons. First, the Bulk Photovoltaic Effect functions only
for a perfectly constructed crystal which has no defect states in the bandgap. This
constraints the experimental feasibility and cost effective solution to the problem of
ultrasound modulation. Secondly, the speed of sound in crystal is much higher as
compared to water which affects the transmission coefficient of ultrasound waves as
discussed in Chapter 1 of the thesis. We moved ahead in the research of materials that
can acts as a suitable candidate for ultrasound modulator and hence, we explored an
effect called as Acoustoelectric effect.

When a sound wave travels through a substance that contains conduction elec-
trons, its momentum is altered. The momentum of acoustic wave and/or energy are
attenuated by electrons. The electrons drift in the direction of force where the force is
the result of the momentum attenuation of acoustic wave. Direct current is produced
when there is a closed circuit in this direction. Since momentum attenuation is propor-
tional to sound intensity, the generated current, also known as acoustoelectric current,
is proportional to sound intensity. On the other hand, when there is an open circuit,
the drifting electrons produce a space charge whose electric field cancels the DC force
because of the attenuation in the momentum of sound waves. The electric field gen-
erated by the space charge is called as the acoustoelectric field [169]. The attenuation
coefficient and the velocity of acoustic waves propagating through the piezoelectric
semiconductors depend on the conductivity of the crystal [170]. The phenomenon can
be applied to modulate the acoustic flux that travels through the material. By ana-
lyzing how the velocity changes with different levels of illumination, we can identify
key material parameters that describe how acoustic waves interact with conduction
electrons. Specifically, this includes assessing the light-dependent electrical conduc-
tivity and the elements of the piezoelectric tensor matrix. The attenuation coefficient

can be expressed by the relation [170, 171],

K? we
=— X
2v 1+ (wefw+wlwp)?’

(6.2)

where w is the angular frequency of the ultrasonic wave, wp = v2e/(ukT), we = o/e,
K? = €2,/ (ecs3), v is the velocity of ultrasonic wave, e the permittivity, x4 the mobility
of electrons, o the electrical conductivity, es3 the component of piezoelectric tensor,
c33 the component of elastic tensor, T' the temperature of the material, and k the
Boltzmann constant. It should be noted that the term w/wp can be neglected [171]

and the formula can be approximately given by the relation [171],

K? W

"o T () (03



ELECTROSTATIC PARTICLE JAMMING FOR TUNABLE ELASTICITY 89

The relation can then be used to obtain a differential form such that the changes in
the velocity can be calculated from the corresponding variation in the conductivity.

The expression can be writtten as [170-172]

Av_ K? (wcfw)?

v 2 1+ (wefw)?’ (6:4)

The formulation presented in the Eq. 6.4 shows that the conductivity of the piezoelec-
tric semiconductor can manipulate the speed of sound. Cadmium Sulphide (CdS) is
the most promising acoustoelectric material that has been researched for almost 100
years due to its higher sensitivity to the visible wavelength [170, 172, 173]. However,
further research leads us to the fact that this effect generally functions at higher fre-
quencies with time periods smaller than the electron relaxation time (ns) [173]. The
ultrasound frequency range that we are interested in is 3 orders of magnitude smaller
and hence the estimated change in speed of sound with the conductivity is around 2%
(170, 172] which is relatively very low and will require a crystal of thickness 10 mm
to achieve a phase-shift of 27 at 1 MHz of operational ultrasound frequency. This
amount of thick crystal is very ineffective solution to the problem of ultrasound mod-
ulation. The discussed disadvantages related to crystal properties and weak effect on
the sound speed motivated us to move forward and explore further interesting con-
cepts for material systems that can benefit the realization of integrated ultrasound

modulator.

6.3 KELECTROSTATIC PARTICLE JAMMING FOR TUNABLE ELASTIC-
ITY

Externally applied electric field can be used to change the rheological properties of
Electrorheological (ER) materials. This has resulted in promising applications in ac-
tuators, dampers, torque transducers, artificial muscle, and many more [174-177].
The ER materials can be composed by suspending dielectric particles in a noncon-
ducting liquid. [178-183] The primary benefit of electrorheological (ER) fluids lies
in their ability to rapidly and reversibly alter their rheological properties—such as
viscosity and modulus—in response to an applied electric field, typically within a mil-
lisecond. However, despite their impressive ER effects, these fluids are not without
limitations. Challenges such as particle aggregation and liquid medium leakage can
lead to instability in their performance. [184, 185] However, these impediments can be
resolved through selecting a viscous density-matched fluid such that the particles in
ER fluids do not sediment. The tunable viscoelastic properties of ER fluids have been
extensively studied in recent years. [186-188] The storage modulus influenced by an

electric field, which refers to the overall change in this modulus when an electric field
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is applied, is a key factor in assessing ER elastomers. This adjustable storage modu-
lus feature can be harnessed for modulating ultrasound. The speed of ultrasound (c)

depends on the storage modulus which is given by the following equation [189, 190],

c=v\]— (6.5)

where Ky is the coefficient of stiffness and p is the density of medium. The primary
requirement of modulating ultrasound is the manipulation of the phase and/or am-
plitude of the wave and through the sound speed modulation we can manipulate the

phase of transmitted ultrasound.
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Figure 6.2: Experimental system and particle jamming under DC electric field. (A)
Schematics of the experimental setup implemented to study the effect of particle jamming
on ultrasound transmission. (B) Chain-like formation of (i) TiO2 and (ii) BaTiO3 under the
application of DC electric field. The scale bar represents the length of 1mm. (C) (i) and (ii)
Scanning Electron Microscopy (SEM) images of fabricated TiOg particles using hydrolysis
method.

A material with a higher weight fractions of particles generally shows stronger ER
effect [191]. Therefore, we have investigated the possibility to dynamically program
the material properties for practical applications in ultrasound devices. Although
the properties of electrorheological (ER) materials are significantly influenced by the

elastic modulus of the polymer matrix, the role of the suspended particles is equally
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crucial. The polarity of these particles enhances the ER activities within the fluid,
thereby expanding the range of tunability for the elastic modulus. The experimental
system is shown schematically in Fig. 6.2 (A). A high voltage is applied using an
amplifier (Trek 609D-6) which can provide up to 2kV. The high voltage amplifier
is connected with a function generator (Tektronix AFG1022). We have performed

experiments with the following dielectric particles

Description of Particles
Material Dimensions
TiO9-Urea || 750nm to 1000 nm
Aerosil 200 5nm to 50 nm
SiOs 100 pm
BaTiO3 1pm to 2 pm

Table 6.1: Description of particles utilized in the electrostatic jamming experiment.

The particles listed in table 6.1 have been suspended in silicon oil of viscosity
1Pa-s with weight percentage varying between 100% to 200% with reference to the
weight of silicon oil. We have implemented several experiments with the listed parti-
cles but could not observe any practical phase change in the transmitted ultrasound
except with the BaTiO3 particles. The formation of TiOy and BaTiOj3 particles as-
sembly arranged into aligned chains paralleling to the direction of applied electric field
are shown in Fig. 6.2 (B) (i) and (ii) respectively. The urea-coated titanium dioxide
(TiOg/urea) particles with complete core—shell structure are fabricated with a hy-
drolysis method [192] whereas the other particles are purchased from Sigma-Aldrich
Gmbh. We synthesized TiOs-urea particles because it has been observed that po-
lar molecule-coated core-shell particles provide high electrorheological performance
[192] compared with the bare TiO, particles filled elastomer. The TiOy-urea particles
filled elastomer presents higher dielectric constant [192] which indicates the enhanced
polarizability of the particles.

The composition of fabricated TiO, particles as well as the microstructure is ev-
ident in the SEM images shown in the Fig. 6.2 (C) (i) and (ii). The influence of
electrostatically controlled viscoelastic properties of the ER material on the transmit-
ted ultrasound waves is experimentally determined and the results of the experiments
are shown in Fig. 6.3. We have categorized the experimental results in two sections,
first is the effect of DC voltage and second is the effect of frequency of the electric field
in the case of an AC voltage. The observations of the transmitted ultrasound waves
through a jammed-particle assembly for various |DC voltages are shown in Fig. 6.3
(A) (i), (ii), and (iii). It is evident from the results that there is in fact a phase change
in the transmitted ultrasound waves for non-zero applied voltage with respect to the

non-biased copper electrodes. However, the phase change is almost identical for the



92 ELECTROSTATIC PARTICLE JAMMING FOR TUNABLE ELASTICITY

A) (B)
A

V-05kV (DC)

576

1 AAAAAA ﬁ

V-2kV(500Hz) | w
— V-0V ‘ |

L \/v‘v““m/

5.76 5.76
"0 1 5 >0 4 5
Tum (ps) Tum. (ps)

v

(i) (1)

Pressure (10kPa)
Pressure (10kPa)

v

576 576

(wiwi

—— V-10kV (DC)
0V

345

N AR A

—— V-2kV (1000 Hz)

I Uy WA

0 1 4 5 0 1 2 3 4 5
Tlm (ps) Time (ps)

(i) i) 7,

L15

Pressure (10kPa)
Pressure (10kPa)

3454

576 576

Sy,

51— vo2kv(dO) | |
115 -0V

AR

I }— V=2kV (2000 Hz)

Hivvv ANAA

0 3 4 5 0 1 2 3 4 5
Tlmc (ps) Time (ps)

Pressure (10kPa)
Pressure (10kPa)

(iii) (iii)

Figure 6.3: Experimental results for transmitted ultrasound waves through particle as-
semblies jammed with electrostatic fields. (A) Transmitted ultrasound waves plotted for
various DC voltages in the suspension of BaTiO3 particles (i) V = 0.5kV, (ii) V' = 1.0kV,
and (iii) V' = 2.0kV. (B) Transmitted ultrasound waves plotted for various frequencies of
2.0kV AC voltage in the suspension of BaTiOs particles (i) V' = 500Hz, (ii) V' = 1000 Hz,
and (iii) V' = 2000 Hz.

applied voltage of 0.5kV, 1.0kV, and 2.0kV and simultaneously the phase is shifted by
a very small quantity which approximately corresponds to 10°. Next, we experimented
with the frequency of AC voltage while keeping the peak voltage amplitude constant
at 2.0kV. The results are presented in Fig. 6.3 (B) (i), (ii), and (iii) for the frequency
of 500 Hz, 1000 Hz, and 2000 Hz respectively. The dependence of phase on frequency
can be understood through the dielectric properties of the particles involved. In the
case of ER elastomers, the electrorheological (ER) effect is linked to the polarization
of the filler particles, a process that varies with frequency [193]. Although, we have ob-
served a larger phase change for higher operational frequency of AC voltage, we found
difficulties in reproducing the exact phase change with the experiments repeated with
the identical experimental parameters. The non-repeatability of the phase-shift points

towards variabilities in sample preparation including particle sedimentation. This may
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result in changes in the particle number participating in the ultrasound propagation
path. We further experimented with higher viscosity silicon oil to counter the problem
of particle sedimentation. However, increase in the viscosity translated to a further
smaller phase change in the ultrasound at an identical applied voltage. This can be
explained due to increase in the resisting elastic force of the silicon oil with higher
viscosity, indicating less prominent ER activities. Therefore, we concluded that the
reversible particle-jammed assembly method is not suitable for scalable operations for

ultrasound modulation.

6.4 LiQuiD METAL AS PHASE CHANGE MATERIAL FOR SOUND
MODULATION

In this section, we delve into the exploration of phase change materials for their
potential in ultrasound modulation. A crucial aspect in identifying effective dynamic
materials for this purpose is analyzing the speed of sound within the material. The
most reliable method for measuring sound speed in water involves determining the
time-of-flight (TOF) of an ultrasonic signal traveling through a specific path [194].
Typically, the TOF technique employs a piezoelectric transducer to transmit sound
signals, while a hydrophone positioned on the other side of the sample captures the
received signals. This part of the chapter aims to detail an experimental setup designed
to accurately measure the speed of sound in phase change materials under ambient
pressure conditions. Notably, this setup measures the path length directly, eliminating
issues with acoustic reflections, making it ideal for profiling sound velocity in various
materials of interest for dynamic ultrasound modulation.

The time difference method is utilized in the experimental results outlined in this
section. The fundamental idea is to gauge the time-of-flight of an ultrasonic signal
traveling through a precisely known distance in pure water. We assume that the
sound signal propagates as a plane wave, allowing us to determine the speed of sound
based on the measured time-of-flight and the acoustic path length [194]. The process
unfolds as follows: first, we measure the time-of-flight in water; next, we alter the
path length by integrating the phase change material into the acoustic path, and the
time-of-flight is measured with phase 1 of the material, and finally the time-of-flight
is measured again with the material in phase 2. The difference in the time-of-flight
Atror [194] with respect to water of the two measurements for the two phases (for
example the solid and liquid phase of the material) can be calculated. The sound
waves are assumed to be planar. The path length affected due to the introduction of

the material under observation is denoted by L as shown in the Fig. 6.4. The Atror
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Figure 6.4: Experimental configuration of sound speed measurement of Ga in transmission.

can be written as follows:

L [L—2W+2W] 66

Atror =g 7175 T

Thus, the speed of sound in the material after rearrangement of the above equation

can be written explicitly as follows,

Sw x (L - 2W)Sp

S =
“ " SpL — AtrorSwSp — 28w W

(6.7)

where Sy, Sp denote the speed of sound in water and Veroclear respectively, Sg
represents the speed of the sound in phase change material and W denotes the thick-
ness of the container walls which is 3D printed for the storage of the phase change
material. The speed of sound in distinct phase of the material can be sequentially
calculated from the Eq. 6.7 where the speed of sound of sound in water and Veroclear
are considered as the reference for the measurements.

A Neslab RE 221 bath thermostat is employed to ensure a stable temperature
environment, maintaining the temperature wit the stability of 10 mK throughout its
full operating range. To achieve this, the system utilizes a heater/cooler feedback loop
and features a motor that continuously circulates water between the reservoir and the
experimental tank, effectively eliminating any temperature gradients.

Temperature readings are taken using two K-type resistance thermometers (Fluke,
model SPRT 5683), strategically positioned at the center of the bath thermostat, as

close to the transducer as possible. The transmitting transducer is securely mounted
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on an emitter bracket, while the receiving hydrophone is attached to a sensor bracket
that’s connected to a motorized linear stage (Thorlabs Gmbh, XR25C/M). A rigid
mechanical connection ensures stability between the motorized linear stage and the
bracket.

The emitter and sensor brackets are specially designed to meet the specific exper-
imental needs and are manufactured using 3D printing with Veroclear material from
Stratasys Gmbh. This setup allows the receiving hydrophone to move linearly along
the same axis as the transmitting transducer, ensuring that the centers of both the

hydrophone and transducer are perfectly aligned. The broadband ultrasonic transduc-

Values of Parameters
Parameter Value
Sw 1486 m/s
Sp 1413 m/s
L 7 mm
|74 1mm

Table 6.2: Tabular representation for the values of the parameters employed in the exper-
imental measurements.

ers (Sonoscan IK-5-10) made of a piezoelectric crystal is employed in the experiments
which is illustrated schematically in Fig. 6.4. The transducer is operated at the fre-
quency of 6 MHz and is fixed on the sensor mounting brackets face-to-face with the
hydrophone. The pressure amplitude and phase output of the transmitted ultrasound
waves are scanned in a water tank using a 0.4 mm-diameter hydrophone (HGL0400,
Onda Corporation). The voltage signal from the hydrophone is digitized and stored
in the computer for further analysis using a USB oscilloscope (Picoscope 5000 Series,
Pico Technology). The values of the parameters that are measured experimentally
and have been used in the experiments related to the phase change material are tab-
ulated in Table 6.2. In view of the accuracy and design requirements, high accuracy
time interval measurements are performed which is described in this section. The
oscilloscope digitizes the signal from the hydrophone and enables measurement of
short time intervals. We have sampled the hydrophone signal at a rate of 25 MHz.
A frequency-sweep generator (Tektronix AFG1022) is employed to generate a pulse
signal for triggering the function generator (Tektronix AFG1022), to measure the
ultrasonic time-of-flight. An arbitrary function generator generates a the signal of
50 cycles to drive the transmitting transducer. The active diameter is 10mm, and
coaxial cables with an impedance of 502 are used to connect the signal generator,
transducers, and digital oscilloscope.

The measurements are carried out in the temperature range from 27°C to 34°C
at ambient pressure. This is because, the melting temperature of Gallium is 29.7° as

shown in Fig. 6.5 (yellow dotted line). At every state, the sound pulse is recorded
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Figure 6.5: Experimental results for sound speed measurements in Ga as a function of
temperature. (A) Magnitude of difference in Time-of-flight measured for Ga with respect to
the arrival time of sound waves in water. (B) Sound speed calculated from the time-of-flight
measurements as a function of temperature.

100 times using the digital oscilloscope and the time-of-flight measurement is deduced
sequentially. Before the measurements are carried out, the apparatus is allowed to
equilibrate for at least 1h. In the bath thermostat, two temperature sensors (k-type)
are added alongside the Ga chamber. We have performed repeated measurements
to validate the reproducibility of the data, and the speed of sound in Ga for solid
and liquid phases are 4665m/s + 3.6m/s and 2341 m/s + 2.1 m/s, respectively. The
experimental measurements for different physical property of Ga are presented in
Table 6.3. The experimental results for the time-of-flight measurements followed by
the calculation of the sound speed in Ga as a function of temperature are shown
in Fig. 6.5, (A) and (B) respectively. The relatively larger change in sound speed
indicates the feasibility of using Ga as a promising dynamic material for ultrasound
modulation. The density of gallium in solid and liquid states is almost identical,
which results in a relatively large acoustic impedance mismatch between its solid and
liquid states. In the steep phase transition process as shown in Fig. 6.5 (A) and
(B), The initial melting process is clearly visible in the recorded behavior of sound
speed, leading to a stable liquid medium as validated by the constant time-of-flight
measurements. In the frequency range of 1 MHz to 10 MHz, the attenuation in Ga is

insignificant.

6.4.1 GALLIUM AS REFLECTIVE METASURFACE ELEMENT

Unlike traditional materials whose properties are fixed after fabrication, phase change
materials enable agile tuning of their functions to dynamically adapt to different needs.
Active acoustic metasurfaces is a new avenue for creating potentially compact, high-

performance reconfigurable acoustic devices that can be controlled externally without
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Properties of Gallium in Different Phase
Property - Phase —
Solid Liquid
Density (p) 6095 kg/m3 5910 kg/m3
Longitudinal Speed of Sound (C) 4665 m/s 2341 kg/m?
Characteristic Acoustic Impedance (Zy) || 28433175 kg/m?2s | 13835310kg/m?s

Table 6.3: Material properties of Ga in different phase [3].

the need for mechanical moving components. This can lead to the development of
dynamically modulated complex ultrasound wavefronts. Reflective acoustic metasur-
faces analogous to Digital Micromirror Device (DMD), could be used for shaping
wavefronts. This section explores gallium as a metasurface element by firstly numer-
ically calculating the amplitude and phase of the reflected and transmitted pressure
waves from an incident acoustic wave at different angles (6;) and then experimentally
demonstrates and validates the results predicted by the numerical calculations. The
operation of gallium as a metasurface element requires the phase transformation which
is discussed in chapter 6.

The reconfigurable or static metasurfaces introduced thus far for acoustic fields
are limited to operating in the low frequency region [195] ranging from few kHz to few
10kHz. The reason for the focus on low acoustic frequency is the size requirement of
the metaelement which depends on the wavelength: smaller frequencies require large
elements which are easier to fabricate. The MHz frequency region constraints the
element size to be less than a mm, which makes it more challenging to engineer a
metaelement. The schematics of the experimental system and the numerical frame-
work are shown in Fig. 6.9 (A) and (B), respectively. The wave propagation diagram
at the interface of water-gallium as shown in Fig. 6.9 (B), demonstrates mode-shift
that occurs when a plane-wave reflects off an interface at a non-normal incidence. The

notation in Fig. 6.9 (B) is as follows,

PP - Incident Primary Pressure Wave

PSpk - Reflected Shear Wave

PPg - Reflected Pressure Wave

PSr - Transmitted Shear Wave

PPr - Reflected Pressure Wave

f; - Angle of Incidence for Primary Pressure Wave

01 - Angle of Transmission for Transmitted Pressure Wave
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The numerical calculations for ultrasound waves incident at non-normal angles of
incidence on the water-gallium interface are categorized into two parts: First, the
boundary is considered as a liquid-liquid interface and the reflected and transmission
coefficients are calculated based on the respective medium properties. Second, the
coefficients are determined for the case of a liquid-solid interface. The categorization
of the interface properties is performed to account for the liquid and solid phase
of gallium, separately. The reflection and transmission coefficients of the P-wave

(primary wave or pressure wave) for the case of liquid-liquid interface are defined as

follows,
ZL—L _ ZL—L
R%_L = Z;_TZZ_L (68)
TLE=1+REEL (6.9)

where ZE™F and ZL L are the acoustic impedances for transmitted and reflected P-
waves for liquid-liquid interface. The value of acoustic impedances can be determined

from the following equations [196, 197],

Zé_L _ pW%W
o (6.10)
gL-L _ PciLLalL
T cos Or

where pw = 1g/cm?, pgyr, = 5.91g/cm?, Cy = 1507m/s, and Cgyr, = 2341 m/s ( The
subscripts G/L and W represent liquid state of gallium and water medium respec-
tively). The angle of transmission for pressure wave is represented by € which is

defined as follows,

C
O = sin™* [CL/L x sin&l] (6.11)
w

The energy transfer coefficients E5™ and EX~F can be calculated from the amplitude

coefficients in the following way [196, 197],

Bt =[REP
ZL-L (6.12)

Bt = [T
T

The equations governing the case for liquid-solid interface takes into account the par-
titioning of wave energy at the interface due to mode-shift. Zoeppritz equations [197]
are used to numerically analyze the mode-conversion at the water-gallium interface.
The Zoeppritz equations describe how the amplitude of an incoming pressure wave
(P-wave) at a flat interface relates to the amplitudes of the reflected and refracted
P-waves, as well as the shear waves (S-waves), depending on the angle of incidence.

These equations serve as the cornerstone for exploring how different factors impact the
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amplitude of reflected waves when the angle of incidence changes, a process commonly
referred to as amplitude versus offset analysis. [198]. The Zoeppritz equations are
generally consisting of four equations with four unknowns namely Rp, Rg, Tp, and
Ts which represent the reflected P, reflected S, transmitted P, and transmitted S-wave
amplitude coefficients, respectively. These parameters define the fundamental char-
acteristics of reflected and transmitted waves. The Zoeppritz equations are reduced
to three variables for the case of a water-gallium interface due to non-propagation of
reflected S-waves in water. The equations are denoted in matrix representation as
follows [196, 197],

-1

RE-S cos cos Op sin 07 cosf; ’

TES\=|ZE° -Z§ 5 cos(20r) Wi sin(20r)| x|-ZLk5 (6.13)
Vars .

TL-$ 0 CZ? sin (207) —cos (20r) 0

where d7 is the angle of the transmitted S-wave, Z5™ is the acoustic impedance of
reflected P-wave, Z5~5 is the acoustic impedance of the transmitted P-wave, and Wk
is the acoustic impedance of the transmitted S-wave. The notations Cg/g = 4665 m/s
and Vg/s = 2663m/s represent sound speed of P-wave and S-wave for solid gallium
respectively. The amplitude coefficients as a function of incident angle are determined
from Eq. 6.13 by taking the inverse of the matrix. The acoustic impedances for liquid-

solid interface defined numerically as follows [196, 197],

ZES = pw x Ow
Z%_S = PG/S X Og/s (614)
W™ = pays x Veys

The energy transfer coefficients for the liquid-solid interface can be calculated in the

similar manner as that of liquid-liquid interface, which are defined as follows [196, 197],

Bk = [RESP
ZE=5 cos HT] (6.15)

LS _ [TL-572
rp =15 X[Z}%_SCOSQI

The results of the numerically determined magnitude of reflection and transmission
coefficients are shown in Fig. 6.6. The phase of the reflection and transmission co-
efficients are shown in Fig. 6.7 where a region with identical angles of incidence is
highlighted in Fig. 6.6 and Fig. 6.7. The highlighted section in Fig. 6.7 represents
angles of incidence for the reflected ultrasound wave that have approximately a phase
difference of © when the gallium undergoes a phase transition from solid to liquid or

vice versa. It should be noted that the amplitude of the reflected ultrasound waves



100 LIQUID METAL AS PHASE CHANGE MATERIAL FOR SOUND MODULATION

— s
L] L-L
Qq) S N RL
o y— 3 " L-L1 ]
3 " Ty
G ll -
5 ¥ -oRp
o ' . 7LS
2 ¥ s
: L .
,_8 g 2 -+ TS H
B R 'y
V
'
= Z ™
2 o Pee
o 1 o R ‘ﬂq.“.:."i.'.:..‘.l:_\:._..._....._ S . W
% ................... TR
'. \ s~‘~
9 il "\ e
: [ Soe e S
8 A-----”’I‘ Pl T S N ~\\
QO e« ’_..___._..-..4" . et =t '
= 01-
]
a7

0 /6 /3 /2
o,

Figure 6.6: Plot of the magnitude of reflection and transmission coefficients for a water-
Ga liquid-liquid interface and a water-Ga liquid-solid interface as a function of angle of
incidence.

does not vary with respect to the incident waves in the highlighted range of 6; as
can be observed from Fig. 6.6. The magnitude of the reflection coefficient in solid
and liquid state of gallium is unity which symbolizes that the magnitude of reflected
wave is independent of the phase-shift happening for the highlighted region of incident
angle. We further validated the phenomenon by plotting energy transfer coefficients
corresponding to Eq. 6.12 and Eq. 6.15 as a function of §;. The results for the en-
ergy transfer coefficients are shown in Fig. 6.8. It can be observed that the energy
transfer coeflicients for the reflected waves are the same for the liquid and solid state
of gallium. The numerical results in Fig. 6.6, Fig. 6.7, and Fig. 6.8 show that the
phase-transition in gallium leads to a modulation of the reflected ultrasound waves.
In addition, we identified the optimum angle of incidence to be 38° that contributes
to the m phase-shifted reflected waves tupon the phase-transition in gallium at the
water-gallium interface.

We experimentally validated the numerically calculated results. The experimental
system is shown in Fig. 6.9 (A) which consists of a broadband ultrasound transducer

(Sonoscan IK-5-10) mounted on an adjustable angle mounting system so that the angle
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Figure 6.7: Plot of the phase of the reflection and transmission coefficients for a water-

Ga liquid-liquid interface and a water-Ga liquid-solid interface as a function of angle of
incidence.

of incidence () for the ultrasound waves can be manipulated in a controlled manner.
The angular position of the hydrophone is kept constant for the experiments. The
pressure amplitude and phase output of the reflected ultrasound waves are scanned
in a water tank using a 0.4 mm-diameter hydrophone (HGL0400, Onda Corporation).
Pressure waves produce a voltage in the hydrophone, which was digitized using a USB
oscilloscope (Picoscope 5000 Series, Pico Technology) and saved on the computer.
The time-domain voltage data was converted to a pressure using the manufacturer-
provided calibration. For accurate measurements, a 100-cycle sinusoidal pulse was
used to incident on the water-gallium interface. The hydrophone correspondingly
recorded a pulse, which was converted to amplitude and phase data at the center
driving frequency using a Fast Fourier Transform.

The experimental results of Ga as a reflective metasurface element are shown in
Fig. 6.10. The experimental system for the observation presented in Fig. 6.10 is
analogous to angle-resolved measurements using a goniometer [199].

Ga has been stored in a 3D printed container made from Veroclear and the top

exposed surface of Ga is spin coated with PDMS to maintain a smooth topology of the
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Figure 6.8: Plot of the magnitude of energy transfer coefficients for a water-Ga liquid-
liquid interface and water-Ga liquid-solid interface as a function of angle of incidence. See
text for details.

surface. The topology of the surface plays a critical role in the reflection experiments.
We have optimized the spin coating parameters to deposit a 1 mm thick PDMS layer
on the Ga surface. The PDMS is cured at room temperature for 24h so that the
physical state of Ga is solid during the curing process. The results of the experiments
are shown as a function of amplitude (Fig. 6.10 (A)) and phase (Fig. 6.10 (B)) of the
reflected pressure wave. It should be noted that in the control experiments we have
performed measurements without a reflective surface of Ga and made sure that the
hydrophone does not receive any pressure waves. This validates that the source of
pressure waves received from hydrophone is the reflection from the surface of Ga when
Ga is introduced in the path of the pressure waves. The experiments are performed for
various angles of incidence to experimentally optimize the incident angle to obtain a
7 phase-shifted reflected wave. Based on the continuous pressure measurements from
the hydrophone, we acquired an optimal incidence angle of approximately 48° which
provides a m phase-shift of the reflected wave with respect to the incident wave. It
can be inferred from Fig. 6.10 (A) that with the incident angle of 48° the amplitude

of reflected wave remains unaffected from the solid-to-liquid phase-transition of Ga
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(A)

Figure 6.9: Experimental configuration of Ga as a reflective metasurface element. (A)
Schematic representation of experimental system employed to measure the properties of
water-gallium interface for different incident angles (0;). (B) Wave diagram at the interface
of water-gallium where the notations denote the parameters computed to simulate the be-
havior of Ga as metasurface element.

which is around 31 °C but at the same time the phase of the reflected wave is shifted by
7 when measured with respect to the phase of the reflected wave from the solid state
of Ga. This clearly validates the theoretical predicted results presented in Fig. 6.6,
Fig. 6.7, and Fig. 6.8. We have compared the wave characteristics of m phase-shifted
reflected wave with the pressure wave received by the hydrophone when the wave is
incident with an angle of 37°. The amplitude of the reflected wave attenuates by a

factor of 2 and the phase remains almost similar in the solid and liquid states of Ga.
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Figure 6.10: Experimental results for Ga as a reflective metasurface element. (A) Am-
plitude and (B) phase of the reflected pressure wave as a function of Ga temperature for
different angles of incidence (67).

The comparison of the reflected wave characteristics for incident angles of 6; = 48°
and 07 = 37° demonstrates the phase-shift dependency on the incident angle.

In summary, the acoustic metasurface is composed of liquid metal material and by
changing its phase from liquid to solid or vice versa, we can dynamically change the
properties of reflected acoustic waves. Reflective metasurfaces can achieve large de-
gree of tunability in wavefronts through reversible phase transformation analogous to
phenomena such as the thermo-optic or electro-optic effect [200] for optical fields. The
function of metasurface starts with a metaelement which manipulates the properties

of reflected acoustic waves at local level through phenomenons of wave propagation.

6.5 DvyNAMIC 1-D PHONONIC METASURFACE STACK

6.5.1 1D PHONONIC CRYSTAL

This section of the chapter focuses on the propagation of longitudinal elastic waves
that travel perpendicular to the laminations in a periodically layered system [201]. The
research examines how to achieve a tunable pass band within this framework. The
system involves alternating thin layers of phase change materials, and comparisons
have been made with numerical simulations of these periodically structured systems.
Moreover, we present experimental evidence of an omnidirectional band gap that
arises when longitudinal waves [201] interact with a finite multilayer composed of
two different materials. Additionally, unique transmission peaks that appear within
the gap region of a specifically designed one-dimensional phononic crystal [201] serve
as a proof-of-concept. This demonstrates the potential for dynamic functionality in

ultrasound-based devices that utilize phase change materials.
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6.5.2 PHONONIC GALLIUM STACKS

Temperature tunable gallium shows a large change in sound speed variation induced
by its phase transformation. The phase transformation of gallium does not affect
the density of gallium which makes it a promising material for dynamic wavefront
modulation. Wave transmission in solids and liquids differs because of the physi-
cal properties. A gallium-based phononic crystal is introduced to realize a reversible
liquid-solid phase transition by heating/cooling, which is utilized to tune a high-
frequency (2MHz to 8 MHz) transmission band gap. A 1D phononic crystal is con-
sidered, which consists of a 1D stack of plates filled with either gallium or copper.
We selected copper because of its acoustic properties which are very similar to the
solid phase of gallium. Numerical simulations are conducted to substantiate the ex-
perimental results and to develop a platform to explore the geometric parameters to
obtain a functional phononic crystal at MHz frequencies.

This section of the chapter describes the periodic multilayered stack and exper-
imental details as well as finite element simulations using k-wave [202]. The plane
wave expansion (PWE) method is utilized to obtain the band structure. The results
shown in this chapter prove that the frequencies of the pass band can be tuned by

controlling the temperature.

6.5.3 NUMERICAL MODEL AND SIMULATION

The wave propagation in a periodic multilayered structure composed of alternative ar-
rangement of A and B layers is studied. The symbols dy4, dg represent the thicknesses
of the A, and B layers, respectively, as shown in Fig 6.11. It is assumed that trans-
verse waves cannot be excited at normal longitudinal wave incidence, therefore only
the propagation of longitudinal waves are considered in the periodic system. For this
superlattice featuring a straightforward 1D structure, the transmission characteristics
of the fundamental wave can be readily anticipated using the dispersion relationship
of the linear band structure, as detailed below: [203, 204]:

cos K(da +dp) = cos(wdafca) cos (wdg/cg) — cosh (nwda/ca) sin (wdg/cg) (6.16)

where K is a Bloch vector, and 1 = In(paca)/(pscg). It can be observed from the
Eq. 6.16 that pass bands and band gaps are produced in the frequency spectrum which
is represented by the segments of curves inside and outside of the region bounded by
cos K(da+dpg) = £1, respectively. In the superlattice shown in Fig. 6.11, acoustic
waves are able to travel freely within the pass bands, while those caught in the band
gaps experience exponential attenuation as they move forward. This fundamental

property of the superlattice is essential to the phononic stack model. The general
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band structure can be obtained by solving the Eq. 6.16. We have utilized the so-
lutions of Eq. 6.16 to obtain a general band structure before performing a detailed

numerical simulation in two-dimensions space [204]. Typically, numerical simulation
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Figure 6.11: A 1-D phononic crystal of the multilayered system consisting of a state of
material A, and B. ag is the length of one unit cell composed of material A and B, and ag
is the size of the entire stack.

plays an important role in the development of acoustic metamaterials because it can
provide valuable information for understanding the wave dynamics and optimizing
the technical parameters for specific applications.

We developed our computational framework using k-wave, an open-source acoustic
simulation toolbox based on MATLAB. Initially created for biomedical photoacoustic
tomography, k-wave serves as a numerical tool for realistic wave simulation and im-
age reconstruction. Over time, its capabilities were expanded to include models for
nonlinear ultrasound propagation and elastic wave propagation in absorbing media.
Currently, k-wave is capable of simulating wave propagation in both homogeneous
and heterogeneous media, across one, two, and three dimensions, and operates in
both forward and reverse time [205].

The first step in running a k-wave simulation involves setting up the computational
grid properties that will define other aspects of the simulation [205]. To assist with
this, k-wave includes a predefined function called makeGrid. This function requires
two input parameters: the number of grid points in the x, y, and z directions (Nx, Ny,
Nz) and the spacing between those grid points (dx, dy, dz) for each of the Cartesian

axes. It is important to remember that during the simulation, the x and y directions
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are considered lateral, while the z direction is axial with respect to the ultrasound
transducer.

The grid points represent specific locations within the computational space where
the governing equations will be resolved [205]. Within the makeGrid function, these
grid points and spacings help create matrices that include wavenumbers and Cartesian
grid coordinates. After this setup, an instance of the kWaveGrid class is created,
which houses crucial parameters such as directional wavenumbers, total grid points,
grid spacings, grid coordinates, spatial dimensions, and spatial frequencies that are
used by the utility functions in k-wave [205].

Additionally, a specialized type of anisotropic absorbing boundary layer, referred
to as the perfectly matched layer (PML), is implemented to effectively prevent wave

reflections from the boundary back into the medium.

Simulation Parameters
Physical Property

Medium Sound Speed | Mass Density
Water 1483 m/s 998 kg/m3
Copper 4699 m/s 8960 kg/m3

Gallium (Solid) 4665 m/s 6110kg/m3
Gallium (Liquid) 2341m/s 5990 kg/m?

Table 6.4: Material properties of media used in the k-wave simulations [4].

DEFINING THE COMPUTATIONAL GRID

We utilized a two-dimensional grid featuring 1536 points in both the lateral and eleva-
tion directions, incorporating a perfectly matched layer (PML). The spatial step size
was set at 39 pm (yielding over 10 grid points per wavelength at the maximum fre-
quency) to ensure precise resolution of the acoustic field. The overall grid dimensions
are 60 mm x 60 mm across both lateral and elevation directions. To effectively model
the three-phase medium, which includes water, gallium, and copper as illustrated in
Fig. 6.13, we referenced the material properties detailed in Table 6.4. Additionally, a
10-point PML was applied around the entire computational domain [205].

We utilized the function kWaveGrid to set up the simulation space. The time
array for the simulation duration can be created with the built-in function makeTime
[205]. This time array is a one-dimensional matrix that contains time values starting at
zero and extending to the simulation’s end time. The increments between these time
values are determined by the simulation’s bandwidth. This function takes into account
both the total simulation time and the longitudinal wave speed of the medium. The
time step for the simulation is automatically calculated based on the inputs provided to

the makeTime function. We selected a total simulation time of 750 pis, resulting in an
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automatically computed time step of approximately 4ns. The four input parameters

that define the k-wave simulation are
o Grid
o Media
» Source
e Sensor

The simulation process begins with the implementation of the function kspace-
FirstOrder2D [205], which is preceded by detailing the necessary input parameters.
This function effectively simulates the propagation of compressional waves within a
two-dimensional domain. It is built upon a first-order k-space model [205], enabling
the exploration of wave interactions with various structures or boundaries, as defined
by four specific input configurations. On a setup featuring an Intel(R) Xeon(R) Gold
5215 CPU running at 2.50 GHz with two parallel processors, our simulations typically
take around 19 hours. The workstation utilized is equipped with a Nvidia RTX A6000
that features 47.5 GB of GPU memory and 384 GB of RAM. After each simulation
run, we save the specified acoustic field parameters at the grid points defined by the
sensor mask for each time step.

To enhance computational efficiency for larger-scale 2D simulations, we also op-
timized versions of the functions kspaceFirstOrder2D which are implemented in
Windows Power shell and compatible with 64-bit Windows systems. Depending on
the unique characteristics of the simulation domain and system sizes involved, these
optimized codes can significantly outperform the Matlab implementation by several
folds.

6.5.4 EXPERIMENTAL RESULTS AND DISCUSSION

The 1D phononic crystal stack is composed of alternate gallium (Ga) and copper (Cu)
layers, where pc = 8.96 g/cm?, pgs = 6.09g/cm?, pgyr = 5.91g/cm?, Co = 4699 m/s,
Cqys = 4665m/s, and Cg, = 2341m/s where G/S and G/L represent solid state
gallium and liquid state gallium respectively. The thickness of Ga and Cu are iden-
tical and the experiments only considered the longitudinal wave propagation in the
phononic crystal. The schematic representation is shown in Fig. 6.13 which is com-
posed of Cu (material A) and Ga (material B) layers. We explored the dynamic effect
of phononic bandgaps from the liquid—solid phase transitions by performing wave
transmission. We conducted tests on 1D low-amplitude wave transmission utilizing

our custom testing system, as illustrated in Fig. 6.13.
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Results for Numerical Simulation
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Figure 6.12: Simulation results of the multilayered phononic crystal consisting of Cu and
Ga where the computational framework is architectured in k-wave and Matlab.

The experimental measurement setup consists of a frequency generator (Tektronix
AFG1022), a broadband ultrasound transducer (Sonoscan IK-5-10 EN), a 3D-printed
sample holder for the alternate panels of copper and gallium, a DC power supply,
a water tank, a water circulating chiller (Neslab RTE211) and a digital oscilloscope
(5242D PC Picoscope, Pico Technology) to record signals from hydrophone. The water
circulation chiller system maintains the temperature of water inside the tank holding
the phononic crystal. The DC power supply is connected to a preamplifier which
amplifies the voltage signal from the hydrophone. The thermal flux from the water
causes Ga to undergo a phase transition from solid to liquid. A k-type temperature
sensor is introduced to monitor the temperature of the water. The generator produces
harmonic signals ranging from 2MHz to 8 MHz through the ultrasonic transducer.
To secure the transducer’s head at the left end of the 3D-printed specimen, vacuum
grease is used. At the right end, a hydrophone is positioned to capture the transmitted
output waves. The ultrasonic wave generation and recording are synchronized with
an external trigger signal, enabling accurate time measurements.

The results of the experimental demonstration of dynamic phononic crystal is
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(A)

(B)

Figure 6.13: Schematic showing the experimental measurement system of the multilayer
phononic Cu and Ga crystal stack. The ultrasound transducer has an operational range
from 2MHz to 8 MHz and the hydrophone measures the transmitted ultrasound wave. The
phononic crystal works as a (A) bandstop filter when Ga is in solid phase and as (B) bandpass
filter for the liquid phase of Ga.

shown in Fig. 6.14. Experimental results verify the position of the first-order bandpass
in Fig. 6.14 (A), with a pass-band frequency ranging from 4.45 MHz to 4.75 MHz. The
results of the numerical simulations are shown in Fig. 6.12. The first-order pass band
is located between 4.15 MHz and 4.65 MHz of the numerical simulation which agrees
well with the experimental results. We have tested a phononic stack with five layers.
It is important to note that the number of layers in the phononic crystal only affects
the amplitude of the pass band, not its frequency. In addition, the phase transition
from solid to liquid induces a tunable phononic passband. The numerically simulated
frequency characteristics of the solid-state medium is shown in Fig. 6.12 (with red
colored curve) and it is clearly seen that the stack functions as a stopband in the
complete frequency range from 2MHz to 8 MHz. The experimental results of solid-
solid lattice support the predictions from the numerical simulations.

This work demonstrates the potential of a liquid metal gallium-based metasurface
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Figure 6.14: Results of the dynamic phononic crystal measurement. (A) The transmission
spectrum of the waves transmitted through the phononic crystal where the frequency ranges
from 2MHz to 8 MHz. (B) The time domain characteristics at frequencies (i) 3.6 MHz, (ii)
4.6 MHz, and (iii) 5.6 MHz, which have been Fourier transformed to plot the frequency
spectrum of the phononic crystal (A).

element that can reversibly change the transmission from stop pass ultrasound in
the MHz regime. The experiments successfully demonstrate reversible switching of a
non-mechanical ultrasound filter using pressure pulses of 250 cycles over an effective
switching area of 25 mm x 25 mm. We have also demonstrated a reflected metasurface
element via an angle specific response to the ultrasound waves. To the best of our
knowledge, this is the first demonstration of a metasurface element with reliable and
potentially scalable switching. In addition, through a detailed device characterization,
we identified the parameters that contribute to device functionality and validated

experimentally.
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6.6 TOWARDS AN INTEGRATED ULTRASOUND MODULATOR

To construct a modulator that can shape ultrasound waves it becomes necessary to
realize a spatially controllable phase change of Ga. For this we now consider a heater
array. The heater devices published thus far, however, have individual heating el-
ement on a millimeter length scale [206]. However, the engineering of ultrasound
wavefronts in the frequency range of 1 MHz to 5 MHz for underwater and biomedical
applications will require elements to be < millimeter (range of 100’s of pm). There-
fore, independently controlled and spatially micro heaters in 2D arrays are crucial for
facilitating the advancement of next-generation active ultrasound metasurface devices
or modulators based on the phase change of Ga. The aim is to integrate such a mod-
ulator into the beam path of the singular ultrasound transducer which will be highly
cost effective with less operational complexity. The material used to generate heat
in microheater elements should ideally possess a high melting point, high resistivity,
commendable thermal conductivity, and a minimal coefficient of thermal expansion.
Common choices for heat-generating materials include Platinum, Tungsten, Molybde-
num, and Titanium. Each of these materials has distinct advantages and limitations,
which can vary based on their intended application.

Among these, Platinum stands out as a popular option for resistive heating ele-
ments due to its high melting point, excellent electrical conductivity, stable chemical
properties, and remarkable mechanical characteristics. However, Platinum does not
provide an energy efficient solution due to high current requirements. Titanium has
a 10x higher resistivity than Platinum which makes it a better candidate for the
design of a microheater array. Therefore, Titanium is chosen as the material for the
heat-generators. The other important parameters for a microheater are its uniformity,
i.e. the constancy of the generated temperature field and the efficiency of the micro-
heater, which directly related to its power consumption. The power consumption of

the microheater is directly related to its complex impedance (Z¢) given by,
Zo=R+1X (6.17)

where the real part R translates to the thermal energy and the imaginary part X to
the stored energy. Hence, for maximum power efficieny in a microheater it is impor-
tant to have a very small imaginary component of the effective impedance. We have
selected the architecture of microheater as a double-helix structure which ensures zero
contribution of inductance or capacitance to the effective impedance due to opposite
direction current flow in adjacent current lines. The double-helix structure further en-
sures temperature uniformity. The width of the wire in the double-helix structure is

3 pum which is constrained for two reasons; first due to micro fabrication process to con-
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struct repeatable and identical devices and second to increase the effective resistance
of the microheater which is proportional with the length of double-helix structure. We
have fabricated the microheater on silicon dioxide layer due to its insulating properties

and relatively poor thermal conductivity.

6.7 FABRICATION PROTOCOL

This section of the chapter provides a detailed description of the fabrication pro-
cess adapted to realize an array of microheaters. The description is supported with
schematics that illustrates the fabrication process. The 225 pm x 225 pum heater ele-
ments with minimum feature size of 1.5 pm were placed at an intervals of 400 pm in
a 32 x 32 matrix structure on the substrate. The substrate is a p-type Silicon (Si)
wafer with a thermally grown Silicon Dioxide (SiOs) (Siegert Wafer Gmbh) with layer
thickness of 1pm to 5pm thickness. The actual thickness of SiOs depends on the
method employed for the thermal growth mechanism. The thickness of SiO, for wet
thermal oxidation mechanism is 5 pm +0.5 pm whereas dry thermal oxidation provides
a thickness of 1pm + 0.1pm. The width of the heater element with double spiral
architecture is 7.5 pm, the width of the power lines is 70 pm, and the dimension of the

insulator is 115 pm x 85 pm.

I I

Operation of Piranha Cleaning Flood Exposure and Development
H2S0a : H202 (3:1) 900 mJ/cm? /AZ726 MIF
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Spin Coating of Photoresist Physical Vapor Deposition
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Figure 6.15: Fabrication process flow for 15% layer of the heater array. Left side of the
panel shows the top view and right side represents the side view of the device fabrication
stage. See text for further details.
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The process for addressing individual heater elements is based on row-column
indexing architecture. The fabrication of the micro heater device is performed in 4
layers. The complete fabrication process flow is shown in Fig. 6.15, Fig. 6.16, Fig. 6.17,
and Fig. 6.18 for the 1% layer, 2" layer, 39 layer, and 4" layer, respectively. We
have optimized the fabrication parameters of every layer individually to construct
the complete device. The 1%t layer consists of double spiral heater elements with
extended input and output lines, where firstly the operation of piranha cleaning is
performed to remove the organic and inorganic impurities as shown in Fig. 6.15 (A).
We have used the AZ5214E (Micro Chemicals Gmbh) image reversal photoresist. The
photoresist is spin coated at the speed of 6000 revolutions per minute (rpm) for 30
seconds with an acceleration of 500 rpm as shown in Fig. 6.15 (B), which is followed
by a pre-exposure bake at 90°C for 4min. The photoresist coated substrate is then
subjected to ultraviolet (UV) exposure in the MA/BA6 GEN 4 mask aligner (Suss
Microtec Gmbh), where the vacuum contact mode has been employed to the chrome
mask designed to pattern the array of heater elements. The optimal exposure energy
determined to be 15mJ/cm?. The substrate is then immediately post-baked at 125°C
for 1min which is followed by flood exposure at 900mJ/cm?. The flood exposure is
performed to operate the photoresist in image reversal mode. The main application
for this is to cleanly remove the resist structures. In the image reversal baking step,
a small improvement of the thermal as well as chemical resistance of the photoresist
can be attained which reduces the undercut.

The substrate is then transferred to an electron beam evaporation system (Thermion-
ics) for depositing a thin layer of Titanium (Ti) with a thickness of 100nm. The
Thermionics electron beam evaporation system is a physical vapor deposition tech-
nique which utilizes an electron beam to vaporize a source material under high vacuum.
This technique of physical vapor deposition is employed because of its compatibility
with a wide variety of source materials and well-controlled deposition rates. The de-
position is performed at a constant voltage of 8 kV with the filament current stabilized
at around 30 mA. We have deposited Ti at an average rate of 0.03nm/s. It should be
noted that the substrate holder is rotated continuously around its normal to ensure
uniform deposition on the substrate. The deposition is followed by the lift-off process
with MR REM 700; a solvent-based remover for photoresists. The schematic repre-
sentation of the resultant substrate after the lift-off process is shown in Fig. 6.15 (F).
The first layer has provided the double spiral architectured heater elements which is
fabricated from Ti, the heater elements are still isolated and not connected to the
input and output power lines for electrical and thermal characterization.

The substrate is subsequently ready for the fabrication process of the 274 layer
which is shown in Fig. 6.16. The substrate is firstly cleaned with Iso-Propanol (IPA)

in an ultrasound sonicator for 30 minutes. This is an important step to remove the
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Figure 6.16: Fabrication process flow for 2" layer of the heater array.

residue of the photoresist and other organic/inorganic impurities from the substrate.
The photoresist MAN 1420 (Micro Resist Technology Gmbh) has been employed for
the 27d layer, which is used for the construction of the input power lines to the
individual heater elements. Spin coating of MAN 1420 is performed at 3000 rpm for
30s with an average acceleration of 500 rpm/s. The photoresist coated substrate goes
through pre-exposure bake at the temperature of 90°C for 60s. The corresponding
photomask for pattering the input power lines is irradiated with 550 mJ/cm? (Fig. 6.16
(C)). The substrate is vacuum contacted with the mask to provide a good quality
alignment and features for photolithography. The development is performed with maD
533/S for 60 s and then subsequently the substrate is transferred for the physical vapor
deposition of Ti and Gold (Au) with thicknesses of 10nm and 100nm, respectively
(Fig. 6.16 (F)). The thin layer of Ti acts as an adhesion layer between SiO5 and Au.
It should be noted that the input power lines are patterned such the the gold lines
make contact with the extended input terminal of the heater elements as shown in
Fig. 6.16 (F). The lift-off procedure for the photoresist is performed with Acetone
and the resulting structure is schematically shown in Fig. 6.16 (F). The photoresist
MAN1420 is selected for 274 layer fabrication due to its higher spin coated thickness
of around 2 pm. This thickness is important to uniformly cover the substrate and any
sharp features of the 15t layer of fabrication.

The next step in the fabrication process flow is the construction of insulation

structures between the input and output power lines. The fabrication process flow for
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Figure 6.17: Fabrication process flow for 3'9 layer of the heater array.

3rd layer is shown in Fig. 6.17. The parameters employed for photolithography process
in 3™ layer is identical to the 27 layer, except the chrome mask which is designed
for patterning the photoresist with rectangular shaped isolation structures as shown
in Fig. 6.17 (C). The developed sample, as shown in Fig. 6.17 (D), is then subjected
to physical vapor deposition of SiO5. We have deposited 500 nm of SiOs to construct
isolation crossover joints between the input and output power lines. A particular
method of physical vapor deposition called as Glancing Angle Deposition (GLAD) is
implemented for the evaporation of SiOy material. We have inclined the substrate
during deposition at an angle of 45° with respect to the direction of the vapor flux.
The inclination is performed to minimize the possibility of constructing sharp edges of
Si09 across the overlapping regions of the input power line and the crossover joint. We
have deposited 100 nm under the inclination to construct smooth angled edges which
also reduces the occurrence of defects along the edge. The resulting architecture of
the device after the lift-off process with Acetone is shown in Fig. 6.17 (F).

The final layer of the fabrication process flow is responsible to construct the out-
put power lines. The fabrication process flow for the 4" layer is shown in Fig. 6.18.
The final layer is patterned with a positive photoresist MAP 1215 (Micro Resist Tech-
nology Gmbh). The photoresist is spin coated at a speed of 3000 rpm for 30s with
an acceleration of 500 rpm/s as shown in Fig. 6.18 (B). The pre-exposure bake is
performed at 100°C for 30s at 35mJ/cm? where the chrome mask is vacuum con-

tacted with the substrate for good quality alignment and features. The post exposure
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Figure 6.18: Fabrication process flow for 4" layer of the heater array.

substrate is developed with mrD 526/S for 60s to efficiently remove the exposed pho-
toresist from the substrate. The output power lines are constructed from Ti and Au
with the thickness of 10nm and 100 nm respectively. The substrate is inclined at 45°
for the complete deposition to construct connected crossover output power lines over
the insulation structures of SiO5. The material evaporation is followed by the lift-off
process which is performed in Acetone similar to MAN 1420 photoresist as shown in
Fig. 6.18 (F).

The process flow described in the section has been tested multiple times to validate
the repeatability and reliability of the fabrication process and parameters. It should
be noted that we have utilized certain photoresists and developers depending on the

availability, however the fabrication protocol is not restricted to these chemicals.

6.8 EXPERIMENTAL RESULTS AND DISCUSSION

Images of the fabricated devices are shown in Fig. 6.20. Optical microscopy images of
the device after the completion of 15t, 204 and 3" layers are shown in Fig. 6.20 (A),
(B), and (C), respectively. The magnified SEM images for some particular sections
of the device are shown in Fig. 6.20 (D), (E), and (F) which show the double-spiral
geometry of the microheater, contact pads, and the crossover junction area of the
input and output power lines, respectively. The SEM image of the device is shown in

Fig. 6.20 (G). The inset (H) shows the junction crossover area of the device. We have
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Figure 6.19: Temporal characteristics of a micro heater element when supplied with 130V
DC voltage. (A) Rise in the temperature under constant DC voltage of 130V as determined
by the k-type thermocouple and further verified by the FLIR IR thermal camera. (B) Fall
in the temperature of monitored micro heater element when the applied voltage is turned
off.

constructed a two-probe measurement system to characterize the electrical properties
of the microheater. An image captured by a USB camera while measurements are
performed is shown in Fig. 6.20 (I).

The profiles for the rise and fall in temperature as a function of time is presented
in Fig. 6.19, for one element of the array with an applied voltage of 130V DC for 200s.
The temperature initially rises steeply but then the heating rate decreases as the heater
equilibrates with the surrounding air. It should be noted that the high temperature
of 150°C is not required for the intended application of ultrasound modulation with
Ga. The experiments at such high temperature are performed to test the robustness
and stability of the device in handling high electrical power. The experimental results
clearly validate that the heater array is robust.

It is important that the response of the microheater element should principally
depends on the applied voltage at the steady state but independent on the transient
characteristics of the voltage. We have validated the voltage dependence by increasing
the applied voltage from 20V to 130V with a step size of 10V. We have provided
the DC step voltage for around 300s so that the temperature of the microheater
element reaches a steady state as shown in Fig. 6.21 (A). The temperature stabilizes
after about 100 seconds, resulting in a uniformly distributed temperature field with
no specific hot spots. Figure 6.21 (B) illustrates the temperature scale relevant for
ultrasound modulation, highlighted by a black rectangular outline in Figure 6.21 (A).
Although some heat conduction towards the exterior occurs due to the temperature
difference, the low thermal conductivity of the material mitigates thermal diffusion. To

further investigate the uniform heating capability, we utilized a thermal camera (FLIR
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Figure 6.20: Optical and Scanning Electron Microscopy images of the micro heater ar-
ray at different stages of the fabrication process. Optical microscopy images of the device
after the completion of (A) 1 layer, (B) 2"¢ layer, and (C) 3'¢ layer. Magnified electron
microscopy images of (D) double-spiral microheater (E) contact pads for external charac-
terization and power supply (F) crossover junction of input and output power lines. (G)
Electron microscopy image of the device after completion of the device fabrication process
where inset (H) shows the crossover junction of input and output power lines. (I) Image
captured by a camera during the electrical characterization of the device using a two-probe
setup. The scale bar in (I) represents a length of 1 mm.

A65) capturing images at a rate of 30 frames per second. Snapshots taken at various
time intervals are presented in Figure 6.22. Impressively, over 85% of the heated
area sustains temperatures above 90% of the maximum temperature throughout the
entire overlapping region. This suggests that the microheater can achieve a consistent
temperature distribution across multiple target locations, supporting complex spatial

heat distribution.

6.9 DESIGN OF DicITALLY CONTROLLED ELECTRONICS BOARD

The microheater array is fabricated using a row-column addressing architecture. This
section of the chapter introduces the electrical architecture of the board designed to
individually address the microheater elements of the array. The schematic of the
digitally controlled electronics board is shown in Fig. 6.23. The primary function
of the board is to control the high voltage (Vo) channel switch with a low voltage
(Vss) digital control. The board includes a demultiplexer, parallel-in/serial-out shift
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Figure 6.21: Temperature profile of the micro heater element operated under step voltage
increment of 10V. (A) Variation in temperature of the micro heater when the applied
voltage increases from 20V to 130V with step size of 10V. (B) The magnified section
of (A) marked with black outlined box showing the temperature profile when the applied
voltage increased from 30V to 40V which corresponds to the phase transition temperature
of Ga.
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Figure 6.22: Images recorded by a FLIR IR thermal camera at different time instants.
The temperature of a single microheater element was increased from 20 °C to 50 °C and then
decreased to the initial temperature. The scale bar represents the length of 1 mm.

register and a serially addressed high voltage 1:1 channel switch. The schematics of
Fig. 6.23 show the operation to control a 2 x 2 micro-heater array which is a scaled-
down analogue of the actual 32 x 32 microheater array. The constructed board is then
externally connected to the on-chip contact pads to drive the integrated microheater
array.

The first component of the board is a 1:4 demultiplexer which operates via a four-
stage combination logic function and reduces the number of terminals required to drive
the array, from 4 to 2. The input control terminal shown in Fig. 6.23 takes the 2-bit
code to switch the low-to-high state of the terminals Dy, Dy, Dy, and Ds3. The truth
table of the demultiplexer is shown in Table 6.5. The output of the demultiplexer
is connected to the 4-bit shift-register which operates with a parallel-in/serial-out
architecture. The shift register reads the input D3Ds DDy in parallel and writes the
bits in a serial manner at the output with the positive edge of the clock signal (CLK).
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Figure 6.23: Schematic diagram of the electrical circuit designed for independent row-
column addressing of the heater array.

The write input signal (W) should be high for the operation of the shift-register. The
shift register takes N clock cycles to shift and write the N-bit data at the output.
The output of the shift-register drives the high voltage 1:1 coupled channel switch.
The device has 4 independently selectable 1:1, single-pole, single throw (SPST) switch
channels. Tt supports bidirectional analog and digital signals on the source (Vo) and
drain (Gx; X =0,1,2,3) terminals. The 4-channel switch operates at the negative
edge of the clock cycle which is contrary to the shift register, but is important for the

synchronous operation of the 4:1 shift register and 4-channel switch.

Input Control Active Terminal (V =Vgg) D3DyD1Dy

00 D 0001
01 D, 0010
10 D, 0100
11 Dy 1000

Table 6.5: Truth table of the demultiplexer.

Serial Input Switch Connect

0001 Go
0010 Gy
0100 G
1000 Gs

Table 6.6: Truth table of the high voltage 4-channel switch.

The truth table of the 4-channel switch is shown in Table 6.6. The negative edge of
the clock feeds the input of the switch to the integrated shift registers for controlling
each of the 4 switches independently. It reads the 4 inputs and correspondingly opens

the channel such that the Voo connects directly to the on-chip microheater element
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as shown in Fig. 6.6. The board therefore takes the input in 2-bit code and operate
individually the 2 x 2 microheater array. Thus, the board takes a 32-bit code as the
input for digital and individual addressing of elements in the 32x32 microheater array.

The following electronics components are used in the construction of the board:
« Demultiplexer - CD7T4HC4067M (Texas Instruments)
o Shift-Register - SNLS674 (Texas Instruments)
« High Voltage Channel Switch - TMUX9616 (Texas Instruments)

The 32-bit demultiplexer takes a 5-bit code for the input control which then re-
quires a 5-bit shift register for the operation. The commonly available shift-registers
are in the order of 2! bits (where ¢ is an integer digit). Therefore, two 16:1 demulti-
plexers are selected for the operation (CD74HC4067M from Texas Instruments). The
demultiplexer has a low ON resistance and low OFF leakages. In addition, these de-
vices have an "enable" control that, when high, disables all switches (OFF state). A
16-bit shift register SNLS674 from Texas Instruments is selected to serially write the
parallel input at the output. The storage register is connected in a parallel data loop
with the shift-register and may be asynchronously cleared by taking the store-clear
(STRCLR) input low. It provides a provision of chip-select (CS) input which dis-
ables both the shift-register clock and the storage register clock and places the output
(Q15) in the high impedance state which prevents the high throughput current to the
microheater elements.

The TMUX9616 from Texas Instruments is a 16-channel low resistance, low ca-
pacitance high-voltage analog switch integrated circuit with latch-up immunity. Each
device has 16 independently selectable switch channels. The device is rated to oper-
ate safely with dual supplies up to +110V which can belong either to the category
of digital or analog signals. This provides the capability of the board to operate the
microheater elements with AC or DC voltages. The maximum clock speed of the
entire board is 4.5 MHz which is calculated based on the clock speed of individual
components of the board. The architecture of the printed circuit board is designed in
the software KiCAD 6.1 which is shown in the Fig. 6.24 (A). The layout is based on
a 4-layer design. The board is fabricated by Eurocircuits Gmbh and the components
have been assembled in the laboratory using soldering tools. A schematic of the as-
sembled board is shown in the Fig. 6.24 (B) where the placement of the components
namely, CD74HC4067M, SNLS674, and TMUX9616 are presented in a box with white
boundary. The input control terminals are also shown which are connected externally
with a programmable multichannel digital output supply. The digital inputs can be
provided through Arduino microcontrollers or National Instruments devices. We have

used Arduino Mega 256 microcontrollers for the operation of the electronics board,
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but the DC power supply for the integrated circuit are supplied separately from the
power connectors shown in Fig. 6.24 (B). We have soldered a LPC 6/3-ST-7.62 PCB
connector (Phoenix Contact) on the board for supplying DC voltage to the individual
components of the board which also includes the high voltage power supply for the

microheater array.
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Figure 6.24: Schematic diagram of the electrical circuit designed for independent row-
column addressing of a 32 x 32 heater array.

6.10 OPERATION OF MICROHEATER ARRAY

T OO O O OO OO O O O O g

(i)t=0.0s (ii))t=8.0s (iii)t=15s (iv)t=22s (iv)t=26s (v)t=31s V)t=31s

T (°C)

21 u

Figure 6.25: Images recorded by a FLIR IR thermal camera at different time instants. The
temperature at multiple locations of the microheater array was independently set from 23 °C
to 55°C and 40°C and then decreased to the initial temperature. The scale bar represents
the length of 3 mm.

The spatially modulated thermal functionality includes localized heat generation

and the operation of a pixelated array which is designed to generate complex thermal
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outputs. The capability to generate thermal patterns through row/column address-
ing using the controller is demonstrated in Fig. 6.25. The demonstration shows the
infrared images of the independent operation of two regions in the microheater array.
The first region I’ consists of a 2 x 5 sub-array of microheater elements and the size

of the second region 'IT” is 2 x 2. The target temperature for the ’

I’ and "IT” region is
55°C and 40°C respectively. The time-indexed frames clearly present the controlled
temperature operation in region I’ and 'IT". The method to generate the target pattern
is achieved through the control of the total number of clock cycles and the duration of
operation. The input control code is repeatedly executed in a continuous manner to
activate the target temperature in the region. The control process is already described
in detail in the previous section. The high voltage channel switch in the controller has
been supplied with a constant voltage (Vo¢) of 75V and the board is operated with a
100 Hz clock (CLK). The pixel elements in region 'T" and 'II” are applied with 8 and 5
clock cycles, respectively, for one second of operation. The optimization of the num-
ber of applied clock cycles and the frequency of the clock has been carried out for the
target spatial distribution of the temperature. The microheater array operated with
precision, as each pixel was activated only when the voltage (Voc) was sent to the
horizontal electrodes via the driving signal line. Concurrently, the vertical electrodes
were linked through the ground signal line. This setup created a notable tempera-
ture difference of over 25°C between the activated and inactive pixels, attributed to
minimal thermal diffusion and concentrated heating. As a result, distinct and clear

thermal patterns emerged as shown in Fig. 6.25. The independent operation has been
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Figure 6.26: Images recorded by a FLIR IR thermal camera at different time instants.
The spatial thermal profile shaped in the pattern of ’smiley face’ where the temperature is
increased from 21°C to 38°C and then decreased to the initial temperature. The scale bar
represents the length of 3 mm.

demonstrated but it is also important to achieve 2D spatial distribution of constant
temperature in a complex profile. The 2D spatial distribution is necessary for the ul-
trasound modulation using phase change material which was the primary motivation
to build the integrated microheater array. Hence, a 2D thermal pattern in the shape
of ’smiley face’ has been programmed and demonstrated in the Fig. 6.26. A voltage
of 50V is applied to the driving signal line of the high voltage channel switch for the
described operation. The frequency of the clock signal is 1kHz which sequentially

applies the voltage to the programmed pixel element. The temperature difference
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between the activated and deactivated pixels is around 20 °C where the lower temper-
ature of the FLIR camera has been set to 15°C for a clear observation of the thermal
pattern. The IR images recorded with the FLIR camera are shown at different time
instants in Fig. 6.26 and clearly show the spatially modulated thermal pattern. The
experimental results shown for the functioning of microheater array evidently proves
that even for localized heating at high temperature of 150°C, the microheater array
maintains its thermal function, permits localized heating and row/column addressing
without any dielectric breakdown, so the constructed microheater array is suitable for

its intended application as an ultrasound modulation device with high resolution.

6.11 FUTURE WORK AND OUTLOOK

This work introduced Ga due to its low temperature liquid to solid phase transition.
A phononic 1-D stack constructed from Cu and Ga plates, demonstrates that the
phase transition allows a stop band to be modulated in the MHz regime. A numerical
simulation model was built using k-wave to calculate the attenuation and transmission
zone in the frequency range from 2MHz to 8 MHz. 1D amplitude wave transmission
measurements were carried out to verify the tunability of the bandgaps. By combining
numerical simulations, it is shown that the proposed phononic crystal stack switches
from a bandpass to a bandstop device. The results indicate that the phase transition
induces a neat 100% modulation of the transmitted wave. The underlying mecha-
nism is that the local resonances in the solid-liquid interface generate a pass band
for certain frequencies. The findings suggested a novel approach to realize tunable
acoustic devices which may be of interest for wave suppression, wave guiding, or wave
filtering. Specifically, we have fabricated a heater array that is designed for the spatial
thermal modulation of ultrasound in combination with Ga. The heater array should
now be combined with Ga to demonstrate the dynamic modulation of the ultrasound
wavefront. We have presented the experimental results for the electrical and thermal
characterization of the microheater array device. In future work, we will construct
a circuit architecture for complex patterning of spatially distributed heating which
would then allow the realization of an electrically controlled 32 x 32 modulation of

ultrasound waves (amplitude/phase).
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This thesis describes several results in the field of physical acoustics. First, an ap-
proach to render acoustic manipulation more practical. Then, two new approaches to
generate and control complex ultrasound fields are demonstrated. In this thesis we de-
veloped an approach of directed assembly and manipulation using secondary Bjerknes
forces through multiple strongly-interacting bubble arrays. To the best knowledge of
the author this is the first time that the secondary Bjerknes force has been considered
for selective assembly in a pre-programmed manner. The derived analytic formula
proved to be consistent with experimental results for the microbubbles array. Tra-
ditionally, the forces that scatter bubbles are relatively weak. However, the findings
presented in Chapter 3 demonstrate that using arrays of bubbles can significantly
enhance the interaction strength, achieving an increase of up to 25x compared to the
interactions of individual bubble pairs. The advantages of bubble arrays stem from
the long-range interactions that the Bjerknes force facilitates, which enables greater
force generation in macroscale systems and in some cases can even exceed that found
in similar magnetic systems. The method was used to demonstrate the manipula-
tion of centimeter scale objects on a wafer surface triggered by the pN-scale forces
generated by 11 x 11 microbubbles arrays embedded in the objects. The assemblies
develop almost instantly when an external sound field is applied, and they continue to
exist as long as that sound field is present. This demonstrates the switchable nature
of the proposed technique. The theoretical predictions about the forces and motion
dynamics correlate well with experiment results. We anticipate that the dynamic
acoustic radiation forces technique could be scaled up for larger systems, though it
may exhibit slower dynamics due to increased drag. Limits on size will be determined
by the buoyancy of the floating structure. While our current demonstrations focus on
larger structures measured in centimeters, we believe that reducing the size of bub-
bles and arrays will enable the assembly of structures in the millimeter range. This
all-acoustic method, which employs bubble arrays for manipulating and assembling

macrostructures, can be enhanced with position-sensitive optical observations for con-
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tactless manipulation and control. This approach opens up exciting possibilities for
applications in manufacturing, soft robotics, and microfluidics. Future research could
delve into the behavior of sign reversal at close range and explore the use of 3D bubble
structures.

The dynamic acoustic fields are important for many applications. Nobel laureate
K.F. Braun first proposed the concept of a phased array in 1905 and since then phased
arrays have become a powerful tool to shape waves. The field of ultrasound has been
greatly benefited by this invention, however, most Phased Array Transducers (PATS)
are restricted to a few hundred elements, which limits the ability to shape complex
ultrasound beams. Thus far there is no scalable approach to power and control PATs.
This thesis for the first time demonstrate a completely novel and potentially scalable
technique which is based on control with light and termed: Optically Programmable
Array of Transducers (OPATS). Light intensity is used to control the individual phases
of transducer elements. This technique dramatically simplifies the driving circuitry
where now a single power amplifier independently drives all the transducer elements.
It is also demonstrated that the electrical architecture does not need a separate clock
circuit, because the signal driving each transducer is inherently phase synchronized.
The OPATs are controlled by an analog circuit for high frequency operation based
on photoresistive elements coupled with passive electronic devices in a cascaded ar-
chitecture. The electrical circuit converts an optical intensity into a precisely phase
shifted electrical signal, and permits the phase to be continuously tuned achieving a
phase shift of up to 2w. This is in contrast to current architectures, which do not
provide a net phase shift of 2r and which further operate with low tuning resolu-
tion (>22.5°). The optically controlled array of transducers provides a simple analog
design which comes with optical addressability and superior phase control. This tech-
nique in future can pave the way for scalable transducer arrays and the generation of
high-intensity, spatially-complex ultrasound fields dynamically. After receiving differ-
ent light patterns wirelessly, the OPATSs can generate phase patterns. We demonstrate
a multifocal ultrasound wavefront, spherical diverging wavefronts, locally addressable
complex phase wavefront and a phase gradient vortex beam with video rate (100 Hz)
updating capability. In future, it will be of interest to demonstrate a very large ar-
ray, however, it remains challenging to increase the number of transducer elements to
more than several hundred that is why this thesis also considered a material-based
modulator.

Lastly, the thesis presents the concept of ultrasound modulator which is inspired
by the spatial light modulator which shapes optical wavefronts. Modulation of ul-
trasound is discussed to be enabled through a local change in the ultrasound wave
properties. The thesis discussed various material systems which have been researched

and, or experimented with the possibility to develop the ultrasound modulator. Addi-
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tionally, the applications, possibilities and problems are presented to distinguish the
materials to effectively modulate the local properties of ultrasound. However, ultra-
sound interact weakly with materials and so it is challenging to find materials that
can be used to modulate the sound speed by much. A promising candidate is a phase
change material based on gallium. The acoustic properties of Ga is discussed and
measured experimentally.

A functioning of metasurface element for the MHz regime based on Ga is devel-
oped. A stack of Ga and Cu has been shown to pass or stop ultrasound as a function
of temperature. This constitutes a proof-of-concept demonstration of a dynamic 1D
phononic metamaterial. To extend the work such that a 2D modulator may be re-
alized, a microheater array is fabricated. The heater array which is necessary to
construct a modulator to shape ultrasound waves. The electrical characterization of
the microheater is presented and the independent operation of individual elements of
microheater array is accomplished through a row-column addressing architecture. The
robustness of the microheater design is validated by operating the device at a high
temperature (150°C). The combination of a suitable holder for Ga and the micro-
heater array should allow the realization of a functional ultrasound modulator device
which would be able to create complex ultrasound wavefronts dynamically through
local change in the phase of transmitted ultrasound waves. This will be the topic of

future research.
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