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Part I

OVERVIEW OF THE PHD PROJECT



Chapter 1

Introduction

1.1 Motivation

The ability to undergo deformation, in response to mechanical/electrical stimulation or thermal
fluctuations, distinguishes soft bodies from the well-known colloidal particles.

A typical example of soft bodies aggregation is represented by cell assemblies. Looking
through an optical microscope at a culture of living cells, one of the most striking observations
is the endless flickering motion of the membrane enveloping them. As will be detailed in Chap-
ter 5, membrane fluctuations are closely linked to the viscous and elastic properties of the cell,
such as cell tension, membrane thickness and elasticity, membrane-cytoskeleton coupling and so
on [1]. These properties are also known to modulate fundamental membrane processes, such as
intercellular communication and adhesion (see, e.g., [2]).

Intriguing questions stemming from the above observations are:

* How do membrane fluctuations affect chemoreception, that is, the transport rate of molecules

from the bulk solution to the cell interior?
» Can the pressure waves associated to the cell surface trigger signalling pathways?

These questions are far from being trivial. Indeed, cell-cell communication relies on different
coupling mechanisms, as will be discussed in Section 5.3. In particular, the sensing of pressure
waves propagating in the surrounding fluid is of great relevance, since purely mechanical stimuli
are known to influence the exchange of signalling factors between nearby cells (see, e.g., [3]).

My Thesis is intended to answer the simpler question of how a biomimetic cell can feel

the oscillatory motion of a nearby cell. This goal will be pursuited by a combination of

experimental (interferometry), theoretical (Rayleigh-Plesset model) and computational
(Lattice-Boltzmann techniques) approaches.
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1.2 Objectives and overview of the research plan

In light of the crucial role played by membrane deformations in cell functionality (see, e.g., [2]), as
well as in cell-cell interactions [3], the aim of my research project is to investigate the hydrodynam-
ically-mediated interactions (e.g., synchronisation) between two nearby biomimetic cells (see panel
C of Figure 5.2, page 24), which has been poorly investigated so far.

In particular, a key step in the understanding of these potentially long-range interactions is
to evaluate the decay length of the cell surface oscillations inside the surrounding solvent due to
viscous dissipation. This translates into finding the maximum distance at which such oscillations
can be perceived by a nearby cell, initially at rest. Special focus will be given to small-amplitude
oscillations, to find out the minimum perceivable deformations and to investigate the generation of
hydrodynamic vortices by linear oscillators.

As pointed out in Section 6.5, bubble oscillations may assume a discrete spectrum of eigen-
frequencies. A question then arises: what kinds of vibrations are worth investigating? It can be
distinguished between "breathing" deformations — involving volume variations with maintenance
of spherical shape — described in terms of one-dimensional motions, and shape deformations —
occurring at constant volume — which are tridimensional and hence more complex to study.

Throughout this work, I will focus mainly on the shape fluctuations of bubbles. The reasons
are as follows. First, volume modes are not relevant to biology, cells being incompressible (assum-
ing negligible water exchange between the interior and the exterior through the membrane’s pores
during the fast cycles of oscillation). Secondly, surface modes are more insightful to interfacial
properties. Finally, bubbles have some advantages over drops of immiscible fluids in terms of nar-
rowness of the resonance peaks, accuracy and simplicity of the models. However, the information

extracted from both experimental models is very similar [4, 5].

A biomimetic study

Due to the complexity of cells, the most effective way to isolate the key physical principles un-
derlying their oscillation-mediated interactions is to use biomimetic models. Moreover, the pos-
sibility to finely tune all the chemico-physical properties of the investigated systems ("cell" radii,
charge and chemical composition of their surface, relative distance, medium viscosity, intensity of
the excitation field and so on) allows to effectively blend theoretical modelling with experimental

measurements of this multi-scale problem.



The simplest conceivable model of soft, interacting cell membranes is represented by two
identical gas bubbles, surrounded by water and set at a distance D apart (or; equivalently,
two drops made up of an immiscible liquid). A layer of surface-active molecules on the
bubbles surface may well mimic the cellular lipid membrane.

Further activities

The last part of my doctoral research was dedicated to the study of the interactions between os-
cillating microbubbles via an optical tweezers setup, in the framework of a six-month internship
at the University of Tours, France, in the laboratory of professor Ayache Bouakaz (UMR Inserm
U 1253 — Imaggérie et Cerveau). Unfortunately I didn’t obtain any significant results due to lack
of time, hence they are not reported here. However, this activity gave me the opportunity to gain

experience with optical trapping, besides providing an introduction to biomedical research.

1.3 Method

The hydrodynamic coupling between such deformable bodies will be studied by means of a “bubble
spectroscopy”’. The theoretical basis of this approach is laid in Part III.

The proposed study, set on a collaboration basis, adopts a combined approach:

* Theory. Theoretical modelling is grounded on the hydrodynamic Rayleigh-Plesset theory
of fluctuating interfaces [6], linearised by assuming small-amplitude oscillations. Following
this method, the inter-bubble interaction is introduced as a distance-dependent perturbation
to the system: this parameter is the clue of the theory and its analytical form depends on
the invoked coupling mechanism. Two coupled differential equations are obtained for the
bubble radii dynamics. Their solution yields the characteristic features of the two bubbles’
oscillations — amplitude, frequency, damping and relative phase — whose variation over D

marks the inter-bubble interactions.

» Experiments. The interaction between millimetric bubbles has been investigated interfero-
metrically. The adopted method, detailed in Parts V and VI, is based on the extension of an
interferometric technique recently developed by professors Mario Corti (Milan, Italy) and
Antonio Raudino (Catania, Italy) [7]. Previous works from our laboratory [7-9] had proven
that the eigen-frequencies of bubbles and drops can be selectively excited by a tunable lo-

cal field (electric or acoustic) and that the associated vibrational parameters — amplitudes,



frequencies and width of resonance peaks and relative phases — can be measured with great

accuracy.

In brief, the vibrational spectrum of an initially resting bubble (called the slave bubble, un-
excited and acting as a "receiver"), induced by a nearby vibrating bubble (called the mas-
ter bubble, excited by an external field and acting as a "transmitter") is measured as a func-
tion of inter-bubble distance D. The oscillation amplitudes of the slave bubble are evaluated
in relation to the viscosity and ionic strength of the medium, to the chemical nature of the
covering (bare water, pure lipid monolayers, lipid mixtures, proteins) and to the frequency
and amplitude of the field applied on the master bubble. Measurements have been carried
out in Milan in collaboration professor Corti and with his group at the LITA (Laboratorio

Interdisciplinare di Tecnologie Avanzate) institute.

* Simulations. Computer simulations are set within the recently developed object-in-fluid
framework [10], based on the coupling of the lattice-Boltzmann (LB) method to describe the
fluid dynamics with the immersed boundary (IB) method to describe the immersed object.
The distance between the two objects, the chemical nature of the covering (e.g., surfactants
or proteins), the solvent viscosity, amplitude and frequency of the exciting field can be con-
veniently varied. Both the set-up and run have been performed by Doctor Martina Pannuzzo,

from the Italian Institute of Technology, in Genoa, Italy.

Many are the advantages of the described method. The bubbles features (such as radii, composi-
tions and mutual distances) and the different oscillation parameters (type of deformation, frequen-
cies and amplitudes) can be finely tuned. Moreover, since bubbles are uniform bodies lacking in
organelles, any variation in their mechanical properties can be directly related to the interfacial
interactions induced by the motion of liquid. Finally, the technique allows to investigate inde-
pendently the oscillation parameters with extreme sensitivity (of the order of 1A for amplitude

measurements) and without the use of probes that could interfere with the system response.

Interdisciplinarity

The mechanical coupling of soft bodies, that this study aims to investigate, relies on an intricate
meshwork of interactions set at the crossroads of chemistry (chemical nature of the surfactant,
ionic strength and composition of the medium), physics (soft bodies undulations coupling, gener-
ating pressure forces) and biology (cell-cell communication, up-down regulated inter- and intracel-

lular signalling). An interdisciplinary approach, combining theoretical modelling with computer



simulations and experiments, is the best way to tackle such a multifaceted problem.
Moreover, the inherent versatility of models allows to describe different systems, regardless of

their peculiar features, or to apply them to disciplines other than biology.

1.4 Originality and innovative aspects of the research

The proposed method enables to focus selectively on the hydrodynamics-mediated interactions
between biomimetic cells, excluding the complexity typical of cellular systems. Several and im-
portant experimental parameters can be finely tuned and the mechanical forces acting at the bubble
interface can be quantitatively evaluated and easily related to the theory. Notably, the innovative
experimental approach here proposed has unprecedented sensitivity, if compared to other interfer-

ometric techniques employed to measure cell deformations (see, e.g., [11]).



Chapter 2

Overview of the thesis

This thesis work is structured as follows:

* Part Il introduces the concept of bubbles and cells oscillations. Chapter 3 introduces capillary
surfaces, of which bubbles and drops are an example, and capillary waves generated at their
oscillating interfaces. A phenomenological introduction to the rich bubble physics is given
in Chapter 4. Chapter 5 deals with cell membrane oscillations and inter-cellular coupling,
focusing on the hydrodynamic mechanism and drawing an analogy between oscillating cells

and harmonic oscillators.

 Part IIT lays the theoretical background of bubble-bubble interactions, starting from linear
oscillations of single bubbles (Chapter 6). Some noteworthy nonlinear effects are commented
on in Chapter 7. Chapter 8 speculates on the possible interaction mechanisms. The basic
theory on bubble interactions and the most pertinent literature on the topic are presented in
Chapter 9. Finally, the brief, but important Chapter 10 explains the rationale underlying our
"bubble spectroscopy".

 Part IV reports our theoretical calculations. Chapter 11 proposes a qualitative hydrodynamic
model for interacting bubbles undergoing shape oscillations in the close-distance regime.
Chapter 12 reports some preliminary results on bubble-bubble interactions obtained via com-

putational approaches.

» Part V gives an overview of the experimental techniques employed in the measurement of
capillary waves and membrane deformations (Chapter 13), followed by a theoretical intro-
duction to optical interferometry (Chapter 14). Chapter 15 explains the functioning of the

interferometric apparatus employed by our group to study single-bubble oscillations.



» Part VI concerns double-bubble experiments. Chapter 16 describes the interferometric ap-
paratus purposely designed for this research project. Experimental results are presented in

Chapter 17 (shape oscillations) and Chapter 18 (volume oscillations).

* Conclusions on the theoretical and experimental results, as well as future and ongoing activ-

ities, are discussed in Part VII.

* Part VIII collects appendices providing details on the employed theory (Appendix A), on the

principle of interferometric detection (B) and on the experimental setup (C).



Part 11

PRELIMINARY BACKGROUND



Chapter 3

Capillary surfaces, bubbles and drops

3.1 Capillary surfaces [12,13]

Fluid-fluid interfaces are ubiquitous in soft matter systems and appear in various shapes and sizes.

The simplest case is given by two (or more) immiscible fluid phases mixed with each other.
The interface, called a capillary surface, is then defined by the common boundary between the
phases. Basic capillary surfaces are the boundaries of drops, made up of two immiscible liquids,
and bubbles, made up by a gas and a liquid. Typical systems encountered in everyday life are
emulsions (liquid drops suspended in a liquid), foams (gas bubbles separated by thin liquid films),
and liquid aerosols (liquid drops in gas). Such systems are of central importance, for instance, in
food processing, cosmetics and pharmaceutics and enhanced oil recovery.

A more complex and intriguing class of interfaces is represented by vesicles (closed membranes
defined by a bilayer of phospholipid molecules), capsules (closed polymeric membranes), and all
kinds of biological cells. Here, the interface is provided by an additional material whose constitu-
tive behaviour (e.g., viscosity and compressibility) has to be specified. Understanding membrane
dynamics is important for disease detection by measuring mechanical properties of living cell mem-
branes and/or biofluids, for targeted drug delivery, and for the development of lab-on-chip devices.
For many scopes, especially when the interfacial layer is thin, the concept of capillary surfaces and
its implications may well be extended to covered interfaces and membranes.

The macroscopic behaviour of complex fluids — be they emulsions or cell suspensions —
strongly depends on the microscopic properties of the constituting interfaces. The reason

is that the ratio between interfacial surface and bulk volume — scaling as the inverse of
the size of the phase enclosed by the interface — is usually large in this systems.

10



3.2 A quick overview

In light of their ubiquitous occurrence, as well as of emerging applications exploiting fluid confine-
ment by surface tension on the micro- and nanoscale [14], capillary surfaces are both a classical
and a modern topic. The first attempts date back to Aristotele in 350 B.C., but it was not until
the development of proper mathematical methods — specifically calculus, calculus of variations,
and differential geometry — that the theory on this topic could be made quantitative (for a detailed
historical outlook, the reader may refer to Ref. [12]). Nevertheless, fluid-fluid interface stability
is still a nontrivial problem, especially concerning dynamic systems, since the interface is usually
deformable and its shape not known a priori.

Some experimental techniques commonly employed to characterise fluid interfaces are sum-
marised in Section 13.2. Quantities of interest are the surface tension, the shear and dilational
viscosities of the interface, as well as the dilational modulus if it is compressible (unlike typical
bulk phases). Theoretical studies prove useful in complementing experiments, by providing hardly
accessible observables via numerical calculation and simulations (analytical solutions being limited

to few simple cases), as well as in the model-dependent interpretation of data [15].

3.3 Stability of capillary interfaces [13]

Capillary surfaces can reconfigure or exhibit oscillations, either spontaneously or in response to
perturbations. Such behaviours are controlled by static and dynamic stability, respectively, which

are in turn related, as well as by the presence of solid boundaries.

Free vs constrained

Many relevant physical configurations, starting from the well-known capillary tube, up to supported
bubbles or drops, involve solid boundaries. In many cases the latter yield the dominant influence
for determining the whole system configuration. The line intersection of the capillary surface with
the solid surface, common to all of the involved phases, is called the contact line (CL) and is a key
parameter in stability problems.

In summary, when a solid is introduced (for instance, to support a drop), the free surface be-
comes constrained. This is stabilizing as the surface is subject to fewer disturbances with respect to
the free one. However, if the CL is free to wet or dewet the solid, a new degree of freedom arises,

which is destabilising. The resulting capillary configuration may be unstable or not depending on

11



the two competing effects.

The situation gets foreseeably more involved in the case of dynamic systems. Remarkable
effects are the onset of low-frequency modes and a global change in the oscillation spectra (de-
tailed in Section 6.9 for the case of anchored bubbles/drops), contact-angle hysteresis dependent
on the CL velocity [16], stick-slip behaviours dependent on deformation amplitudes (transition
from sticking CL to slipping with increasing amplitudes) [17], or symmetry reduction (e.g., az-
imuthal instability) in the oscillation modes due to CL dissipation [18]. For a broad overview on
wetting phenomena, we refer the reader to the De Gennes’s review [19]. In our study, we disre-
garded such dynamic effects because of the extremely small oscillation amplitudes investigated.

However, wetting experimental conditions were checked prior to any assumption.

Static vs dynamic

Following Gauss’s approach, the stability problem can be faced from an energetic point of view.
Accordingly, the potential energy U of a configuration is given by the sum of its interface areas A;;

weighted by the corresponding surface interfacial energies o;;:
U =) 0ijAi.
ij

In fact, U = U[x] is a functional of the local surface configuration x' , which may be therefore
obtained via calculus of variation. Apart from volume conservation, static and dynamic stability

have different constraints.

* Static or configurational equilibrium entails bulk, surface, and (if solid boundaries are present)
CL equilibrium. Bulk equilibrium requires an equilibrated hydrostatic pressure throughout
the liquid (i.e., in the absence of gravity, a uniform pressure field, or a wavelength larger
than the system dimension). Surface equilibrium requires the pressure at the liquid surface
to match the Young-Laplace pressure, a condition highly exploited in interface studies (see
Section 13.2). Finally, CL equilibrium imposes either a "pinned" CL, or a free CL with a

fixed equilibrium contact angle.

* The dynamic stability is a more complex issue. Assuming irrotational flow, the velocity po-

tential over the entire fluid domain must satisfy Laplace’s equation (Equation 6.4). Interfaces

Ix = X+ 5x, % being the equilibrium configuration, perturbed by an amount &x.

12



(fluid-liquid and, if present, solid-liquid) impose additional boundary conditions which con-
strain fluid motions with respect to the correspondent bulk behaviour. Typical constraints are
the geometry of the supporting surface and the CL boundary conditions (e.g., no-penetration
condition on the solid support), or the kinematic condition on free surface, relating the local
velocity field to the interface disturbance. Since deformations are rarely small and linear,

complex and time-dependent boundary conditions are generally expected.

It turns out that on scales smaller than the capillary length

le=+/0/pg G.1)

the surface shape and dynamic behaviour are largely determined by surface tension o. The term
pg is the buoyant force per volume according to the gravity level g and the density difference p
between the fluids. Hence, for a finite, unperturbed two-phase system at equilibrium, a spherical
shape is predicted, as for bubbles and drops. On the whole, static capillary surfaces have constant

mean curvature.

For bare fluid-fluid interfaces (e.g. drops), or covered by a thin adsorbed film, p can be
rather small, yielding up to tens-of-centimetre capillary lengths. In the case of gas-liquid
systems (e.g. bubbles), l. is of order of a few millimetres (values being lower than drops
because of higher p). In space applications, the capillary length for a liquid against gas
can be of 100 cm.
On scales larger than /., gravitational contributions are no longer negligible, and the equilibrium
surface shape will depend on the balance between buoyancy and surface tension. For instance,
large bubbles or drops will appear deformed, which is of critical importance to interfacial studies
(see Section 13.2). Concerning the dynamic equations, body forces (see Equation 6.1) will have to

be accounted for.

3.4 Capillary waves

Upon stimulation, planar and "infinite" fluid-fluid interfaces can undergo sinusoidal deformations,

called surface waves, characterised by the following dispersion relation [20, 21]:

—p’ o
o = k| (g+g,g+p+p, k2> (3.2)

Here, o is the angular frequency, p and p’ are the fluid densities, o the interfacial tension, g the

gravitational constant and |k| = 27/A the wavenumber (compare with the familiar, linear relation

13



for electromagnetic waves in vacuum, @ = c |k|, where the phase velocity c is the speed of light in
vacuum).
It can be seen from Equation 3.2 that the behaviour of surface waves strongly depends on

the wavelength A. At large wavelengths, fluid deformations are dominated by gravity effects
2 _p=p
(0= 555

waves. When A gets smaller (typically within 1 cm), the effect of gravity becomes negligible and

gk, which simplifies to @ = gk for gas-liquid interfaces) and are referred to as gravity

fluid dynamics is regulated by the interfacial tension (@? = P KB ie o= %k3 for gas-liquid
interfaces). Those waves are defined capillary waves [20]. The transition between gravity and
capillary waves corresponds to the capillary length (Equation 3.1), that is to say to A = [, [21].
Capillary waves typically feature rounded crests and a V-shaped trough and the phase velocity
¢ = ®/k increases with decreasing wavelength (c o< A~1/2), unlike gravity waves, for which ¢ o< A.
The upper wavelength limit, observable in air-water interfaces, is 1.73 cm, corresponding to a min-
imum velocity ¢ of 23.1 cm/s [21]. Because of their sensitivity to surface tension, capillary waves
are widely investigated for fluid interface characterisation [22]. An overview of the measurement

techniques is given in Section 13.1.

In my thesis I will mainly study the capillary waves at the air-liquid interface of oscillat-
ing bubbles. As will be detailed later in the text, bubble interfaces differ from the planar,
infinite ones by two main points, stemming from their finite and curved geometry:

* The wavevector distribution of the waves at a bubble surface is discrete rather than
continuous,

* Bubble deformations are better described by curvilinear coordinates (spherical for
a single bubble, spheroidal for two bubbles), rather than Cartesian coordinates.

Hence, the resulting equations are quite different than Equation 3.2.

14



Chapter 4

""Bubble phenomenology"'

In the previous chapter we introduced bubbles and drops as capillary surfaces, and highlighted the
role of deformability in determining their stability. When it comes to gaseous bubbles, interface
deformations often involve compression-expansion motions. As illustrated in Figure 4.1, the two
processes typically occur at two different timescales, compression being much faster than expan-
sion. This asymmetric compressibility is responsible of the well-documented hydrodynamic and
chemical instability of bubbles (see, for instance, [23]), associated to the phenomenon of cavitation.

In this chapter we will give an overview of the rich phenomenology related to bubble oscilla-

tions, and in particular to cavitation, without going into detail on this highly nonlinear process.

4.1 Cavitation

Acoustic cavitation [23] is the formation of gaseous cavities in a liquid when subject to rapid
changes of pressure, for instance, when high-frequency sound waves are applied. In brief, cavities
are formed in the liquid where the pressure is relatively low; when subjected to higher pressure,
these voids implode and can generate an intense shock wave.

Cavitation is at the root of many interesting phenomena. Everyday manifestations may be
found, for instance, in the sound of flowing water [25], as well as of cracking joints [26]. Other

examples are illustrated in Figure 4.2 and discussed as follows:

* Sonoluminescence and sonochemistry [27]. When the change in pressure and correspond-
ing bubble collapse are particularly fast the bubble effectively implodes with enough force
to generate tremendous heat (local temperatures of the higher than a thousand degrees are

reached). The heat generates radical species, which may react with each other, otherwise
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Figure 4.1: Calculated radial response of a bubble (orange curve) driven by a sinusoidal acoustic field
(blue curve). No mass transport occurs at the bubble interface over any single acoustic cycle. Image
retrieved from [24].

energy relaxation may lead to a burst of light. The spectrum of the emitted light is peaked in

the ultraviolet and depends strongly on the type of gas dissolved in the liquid.

* Vortex cavitation. Regions of concentrated vorticity arise in many cases of high Reynolds
number flows. In this cases, cavitation bubbles forms and concentrate in the lower pressure
(highest velocity) regions (e.g. in the tip vortices of ships propellers or in the draft tube of

water turbines, as shown in Figure 4.2, panel B).

The study of cavitation was first undertaken in 1894 by Reynolds [28]. Later on, Lord Rayleigh [6]
investigated the collapse of a spherical bubble in an infinite fluid and thus developed the above
described implosion mechanism of cavitation, leading to the generation of extremely high pressures
during the last moments of the bubble collapse.

A more interesting behaviour arises when the bubble neighbourhood lacks spherical symmetry,
as in proximity of a solid boundary (see, e.g., [29-31]): in this case, owing to symmetry breaking,
vectorial microjets are formed instead of radial collapse (see Figure 4.2, panel C), which can be
up to 200ms ! fast and point towards the surface. Interesting consequences stemming from this

observation are:

» Cavitation damage. Repeated formation of microjets is responsible for structural damage
to ship propeller blades, turbomachinery and hydraulic equipment, which can range from

minor pitting to a total breach of the inside of the pump (see, e.g., [32,33] and Figure 4.2,
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Figure 4.2: Examples of cavitation-related phenomena: A) A cloud of collapsing bubbles lit by their
own sonoluminescence. B) Vortex cavitation: left, cavitation tip vortices on a hydrofoil; right, severe
cavitation damage leading to the erosion of a pump impeller. C) Directional microjet formed by an
imploding bubble. D) Sonoporation of a protein-endowed lipid membrane in a shock wave simulation,
similar to the effect induced by insonified microbubbles.

panel B). Due to the vortex cavitation phenomenon, the damage occurs in the external parts
of the blades.

* Sonoporation. Insonified microbubbles in proximity of cells have been shown to induce
pores or larger holes in membranes, a remarkable example being blood vessels endothelia [].
The underlying mechanism, still not fully understood, has been explained in terms of many
concurring events (see, for instance, [34-36]). Among them, a role seems to be played by

the shock waves induced by bubble collapse at the cell wall (see Figure 4.2, panel D).
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Applications

The ability of microbubbles to focus and concentrate energy paves the way to many applications in
acoustics on the micrometre scale (microacoustics), spanning from cell manipulation to microflu-
idic devices. In particular, the use of shock waves and ultrasound in a biomedical context is ap-
pealing because of their non-invasiveness (see, e.g., [34,37,38]). Ultrasound-driven microbubbles
have been used to enhance the acoustic contrast between blood and surrounding tissues in ultra-
sonic imaging, while sonoporation may find a therapeutical application in the delivery of drugs or
chemotherapeutic agents as an alternative to cell-wall permeation techniques like electroporation
and particle guns. The combined use of ultrasound contrast agent microbubbles (UCAs) for non-
invasive, precise and targeted drug delivery and therapeutic monitoring has been demonstrated in
a variety of animal models and clinical indications. Recent studies address the evaluation of the
sonoporation mechanism(s), ultrasound parameters, drug type and dose in order to translate this
technology into clinic use.

Typically, the bubbles used for biomedical purposes have a diameter on the order of a few
micrometers and are encapsulated by a shell of albumin, polymer, or lipid, whose function is to
prevent fast dissolution or coalescence. It should be noticed that special care is required when mod-
elling encapsulated bubbles or comparing experimental results with the better-known free bubbles.
The presence of a shell alters many of the functional properties of microbubbles, like the viscous
and elastic parameters, and dramatically enhances the compression-expansion asymmetry. The

reader may refer to [39] for a recent review on this topic.

4.2 Interacting bubbles

The onset of attractive interactions between bubbles was postulated by Bjerknes in 1917 [40].
Indeed, bubbles seldom appear isolated in real systems, but, regardless of their size and charge
state, tend to aggregate into complex and specific ensembles like clusters, filaments and clouds
(see Figure 4.3). The effects are emphasized in the presence of oscillating acoustic or electric
fields (see left panel of Figure 4.3), where the pattern shapes depend on the strength and frequency
of the applied field (see, e.g., [41-43]). Indeed, the nonlinear nature of the sound field and the
complex inter-bubble interaction in a cloud present challenges to a comprehensive understanding

of the physics of the bubble cloud in high-intensity focused ultrasound.
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Figure 4.3: Patterns of interacting bubbles. Left: a characteristic web (resembling the "Lichtenberg
figures" observed in electric discharges) of micrometer-sized bubbles subject to an acoustic field. Image
retrieved from [43]. Right: bubble trains (millimetric) in motion in a champagne flute.
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Chapter 5

Biological background: from bubbles to cells

The striking variety of terrestrial life has evolved thanks to the development of cell membranes,
which allowed segregation of functional information and processes occurring inside the cell from
the exterior. Meanwhile, cells continually take decisions concerning survival, proliferation, differ-
entiation, migration or secretion based upon information on the surrounding environment. A major
challenge in cell biology is to understand what kind of data cells extract from their environment
and how fast the information decays in space and time.

Hydrodynamic effects, in the case of particles in proximity to a rigid surface, are generally
considered negligible. However, they could become significant in the proximity of oscillating
surfaces, as in the case of cells, owing to the possibility of synchronised oscillations. The degree of
synchronization will depend on the distance between the oscillators, on their orientation and on the
medium viscosity. Current knowledge suggests that oscillations of plasma membranes may play a

pivotal role in the acquisition of environmental cues, thereby directing inter-cellular coupling.

5.1 Cell membrane fluctuations

The theoretical basis for the study of membrane fluctuations was laid in the 1970s by Helfrich,
who applied the theory of thin elastic shells to lipid bilayers. According to his model [44], the
deformation of a vesicle from the spherical (equilibrium) shape is ruled by the elastic modulus &,
a constant depending on the lipid composition and lipid membrane status. The elasticity concept
has proven useful in modelling several situations, such as the budding of a new vesicle from the
membrane surface, phagocithosis events or the adhesion and fusion mechanisms between contigu-
ous cells [45]. In line with theoretical predictions, simple lipid bilayers in aqueous solution have

been observed to incessantly fluctuate around their average shape. These motions, called undula-

20



tions [46,47], result from thermal excitation and occur with characteristic frequencies of order of
1000 Hz. Study of membrane undulations is highly informative of the mechanical properties of the
bilayer and its interactions with the environment (e.g., membrane-bound proteins).

Cell membranes are no exception in this regard, their oscillating behaviour being more varie-
gated because of the variability in cell types and living conditions. These deformations have the
capacity to strongly influence the signals generated by cell interaction with foreign surfaces. The

associated timescales range between less than a second and several seconds.

Main features

First observations of cell membrane fluctuations (CMFs) were made in 1890 in red blood cell
(RBC) suspensions by phase contrast optical microscopy [48], evidencing rhythmic membrane
deformations accompanied by turbulence in the cytoplasm. The quantitative study of this “flicker
phenomenon” was pioneered several years ago by Brochard and Lennon [49], who measured the
frequency spectrum of RBCs under physiological conditions. Plasma membrane undulations of
nucleated cells were first thought to be absent because of excessive surface tension and bending
rigidity. However, they were later demonstrated using more sensitive microscopy techniques [46].

Recent data have improved our understanding of the physical properties of CMFs, which may

be grouped into two categories [46]:

* “Conventional” membrane deformations — e.g., formation of finger- or sheet-like structures
such as filopodia, microvilli and lamellipodia [50], or blebbing [51] — with membrane de-
formations extending up to several micrometres. The characteristic time-scales of these cell

deformations range from several tens of seconds to one minute.

* Rapid membrane undulations, with frequency of 1 Hz or more. While RBCs display high
frequency undulations (of order of 1000 Hz), with amplitudes ranging between a few tens
and hundreds of nanometres [1,52,53], membrane undulations of nucleated cells are charac-
terised by lower frequencies and amplitudes [54], due mainly to differences in size, surface
tension and bending modulus. For instance, blood lymphocytes or monocytes display sur-
face undulations with 0.2-30 Hz frequency and 20-30 nm amplitude, while human [55] or
murine [56] fibroblasts fluctuate with a frequency between 0.5 and 0.01 Hz and amplitude of
14 nm.
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Biological significance

The rhythmic movements of cells, as closely related to membrane deformability, were initially
explained in terms of thermally excited undulations, i.e., as purely physical phenomena (see, e.g.,
[48,49]). Metabolic regulation of CMFs — in terms, for instance, of ATP-dependence — has been
widely debated since [1,52,57]. Membrane undulations and cell metabolism now appear to be
intimately related, and changes in the biomechanic properties of membranes have been shown to
reflect particular subcellular processes, as well as infectious or genetic diseases [46, 58,59].
Moreover, the existence of different oscillation modes associated to specific time- and space-
scales, as observed above, could allow cells to perform complementary tasks. For instance, for-
mation of large-amplitude (micrometric) protrusions, exploited per se in sensory and explorative
functions [60], may not allow cells to sense their environment with sufficient rapidity (say, less than
1 s), in such circumstances as in immune response (see, e.g., [61,62]). This difficulty, by contrast,

may well be overcome by the faster undulation modes.

Cell oscillation spectra

Erythrocytes (RBCs) provide an excellent model system to study CMFs, since they are easy to
study and exhibit unique reversible shape deformability, essential both for their function of trans-
porting oxygen and for their survival. Indeed, remarkable biomechanical membrane properties
have been found altered in some pathological states including blood diseases [58,59]. Human
RBCs have a radius of 3—4 um and display undulation frequencies of order of 10Hz with very
large amplitudes (a fraction of a micron) [46,49], as well as much slower motions (in the scale
of seconds) associated to protrusions or blebbing [51]. Their vibration features are well explained
by the harmonic model, as testified by the agreement between experimentally observed shapes and

calculated eigenmodes (see Figure 5.1) [1,63,64]. In short:

Cell membranes behave as (round-shaped) spring-mass systems, with oscillation eigen-
modes occurring at characteristic frequencies giving rise to oscillation spectra. As we
shall see in Chapter 6, this is the same behaviour as the electron density fluctuation
around a nucleus (atomic orbitals), or as a vibrating bubble/drop surface.

The oscillations of other cellular types are less pronounced and more complex to study, albeit
observable (see, e.g., [54-56]), due to the presence of nuclei and organelles, which increase the
cytoplasm (non-homogeneous) viscosity. In addition, most cells are part of tissues, hence they are
at least partially anchored rather than freely floating and their oscillations may exhibit different

features.
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Figure 5.1: 3D confocal images of the canonical shapes of human RBCs, obtained at increasing con-
centrations of NaCl. The shape changes follow the spherical harmonic series expansions of the theoret-
ical cell surfaces. Adapted from [64].

Finally, it should be noticed that membrane fluctuations are strongly influenced by the cytoske-
leton-bilayer coupling [57]. Simpler model systems are provided by RBC shells (where the lipid
membrane is removed by detergent solubilisation [65]) and ghosts (where all of the cytoplasmic

content is removed by cell lysis, leaving only the outer membrane [66]).

Decay lengths of cell oscillations

While cell membrane fluctuations are widely studied, a much less explored field involves the decay
length of such oscillations inside the surrounding medium due to viscous dissipation. Although
some attempts date back to the end of the nineteenth century (the so-called secondary Bjerknes
forces, discussed in Section 7.2), they apply to idealized systems (a pulsating sphere in a viscous
fluid) and the overall understanding of this complex problem is poor so far.

The solution of the decay length around a fluctuating body is the clue to estimate the ef-

fectiveness of the hydrodynamic mechanism for cell-cell coupling (panel C of Figure 5.2,
Section 5.3).

5.2 Mechanosensitivity of cell membranes

The conversion of physical signals, such as contractile forces or external mechanical perturbations,
into chemical signalling events is a fundamental cellular process. Indeed, membrane deforma-
tions can generate forces capable to initiate and modulate early signalling cascades triggered by
membrane receptors.

A plethora of mechanosensitive molecules is available to the cell [67], ranging from ion chan-
nels [68] to membrane receptors [3], making the exchange of signalling factors between nearby

cells extremely regulated. In addition, a strong coupling between external mechanical stimuli and
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Figure 5.2: Different types of cell-cell coupling. A) Biochemical, relying on the diffusional exchange
of signalling factors recognised by specific receptors on the cell membranes. B) Ligand-receptor, in-
volving direct binding between membrane receptors; C) Hydrodynamic, triggered by the pressure waves
of the medium, generated by cell membrane oscillations. Red arrows indicate the induced biochemical
response. For simplicity, only one direction of communication (from a "sender" cell on the left to a
"receiver" cell on the right) is illustrated.

cellular adhesion is provided by complex membrane structures, known as focal adhesions [69],

related to both the extracellular matrix and the cell interior.

5.3 Intercellular coupling [70]

Intercellular communication is essential for the maintaining the functionality of tissues (both solid,
where the cells are permanently linked and liquid, where they are floating in a liquid medium),
as well as for cellular colonies (consider, for instance, the quorum sensing behaviour) and relies
on different coupling mechanisms. The most important are sketched in Figure 5.2. In light of the
pivotal role of mechanical sensing in cellular activities, pointed out in the previous section, these
mechanisms appear to be intertwined rather than independent.

Each communication mode has specific time and distance ranges and its effectiveness
will depend on the mutual distance and orientation between individual cells.

Biochemical coupling

This means of communication relies on the transport of chemicals — like signalling factors, hor-
mones or neurotransmitters — from a "sender" secreting cell to a "receiver" cell. Being governed
by diffusion processes, the timescale of transport and its efficiency in terms of length decay and
information loss are dependent on molecular sizes and inter-cellular distances [71]. In particular,
while the paracrine and the neuronal communication (chemical synapse) are extremely fast and

occur over reduced scales (typical distances between the pre- and postsynaptic cells, for instance,
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being of order of 500 A), favoured by small and sheltered inter-cellular environments, the transport
of hormones from endocrine to target cells is mediated by blood circulation.

Concerning the timescales (spanning from milliseconds in neurotransmission [70] to minutes
in endocrine signalling, with rates of order of 10 mm/s [71]), both the rate of diffusion from the
"sender" cell and that of interaction with the surface of the "receiver" cell (chemoreception) are
affected by the motion of the fluid (advection-diffusion) and of the membrane surface. We are
currently addressing a tightly related problem in a study of surfactant adsorption at the surface
of a single bubble, in collaboration with Clarissa Astuto and Professor Giovanni Russo from the

department of Mathematics and Informatics of Catania.

Ligand-receptor coupling

In this case, direct contact between molecules exposed at the cell membranes is required. This
is achieved in two main ways. The former (electrical synapse, typical of muscle and cardiac
tissues) involves molecular structures, called gap junctions, enabling the flow of electrical current
or chemical species via low-resistance pores. The latter entails direct interaction between specific
ligand-receptor couples (as those sketched in Figure 5.2), or less specific adhesion mediated by
jons (mainly Ca®*).

This is a highly efficient method (especially the communication between tight junctions, lim-
ited only by the pore resistance), but requires contact distances between the two cells (of order
of a few nm). In the case of ligand-receptor binding, this is not extremely an easy task, owing
to the long-range electrostatic repulsion between lipid membranes, as well as to the presence of
sterically hindering molecules exposed at the cell surface [72]. I addressed this problem, within the

framework of membrane adhesion, during my master thesis.

Hydrodynamic coupling

Mediated by fluid motions around the cells, this is still a poorly investigated method. However,
it presents several potential advantages over the others, since hydrodynamic waves may propagate
at high speeds and rather constant amplitudes over large distances, thereby enabling long-distance
cell-cell communication.

Recent publications by the Prakash group in Stanford provided interesting theoretical and ex-
perimental insights to the question of fast cell-cell communication mechanisms [73]. In the investi-

gated system, communication is mediated by long-ranged vortex flows stemming from contraction-
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Figure 5.3: Trigger wave propagating though a Spirostomum ambiguum colony. The graph connects
the triggered organisms during the observation time. As it can be seen, the waves propagate over
distances of order of 1cm in less than 0.1 s (cell contraction times of order of 1 ms). Image retrieved
from [73].

elongation (i.e., oscillations) in a community of unicellular protists whose contractile response to
electrical or mechanical applied stimuli is well characterised [74]. The trigger-wave propagation
is found to require a critical concentration of individuals and to depend on distance and mutual
orientation between the cells, with formation of directional interaction patterns in multi-cellular

systems, evidenced in Figure 5.3.

5.4 From (hydrodynamic) interaction to (biochemical) synchronisa-
tion

The evidence presented above, concerning cell active fluctuations and the capability of neighbour
cells to respond accordingly, suggests that two such soft systems could communicate by synchro-
nizing their undulation modes. If the metabolism of a cell and then its stored energy suddenly
change, this will in turn affect the corresponding membrane flickering. Neighbour cells within a
threshold distance could feel these changes earlier than any biochemical change in the surrounding
environment and synchronize in accordance their membrane oscillations thanks to hydrodynamic
interactions. This mechanism may play a role, for instance, in the regulation of cell communities

over large scales, similarly to quorum sensing.
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Figure 5.4: Cartoon representation of biochemical synchronisation between nearby cells, promoted by
physical (hydrodynamic) synchronisation. Cells are shaded in light blue (blue contours: resting cells;
red contours: active cells). Yellow stars inside the cells indicate an “activated” metabolic pathway.
Small circles denote the membrane receptor responsible of the signalling cascade (orange: resting
state; blue/red: activated).

An example of hydrodynamic synchronization has been unequivocally demonstrated in the
case of flagella coupled solely through a fluid [75]. In the case of two cells, a successful syn-
chronization could consequently promote more intense membrane oscillations, which could in turn
influence important chemical-physical aspects of the membrane itself and the related permeabil-
ity. As suggested earlier, cell communication mediated by an oscillatory synchronization could
be reasonably more efficient and faster than the corresponding communication mediated by secre-
tion/adsorption of metabolites. If cells oscillate in a concerted way, the signal can become effective
almost instantaneously at long distances and concomitantly boost the excretion and spreading of
second messengers, driving consequently to the well-known phenomenon of biochemical synchro-
nization. A sketch representation of the whole process is drawn in Figure 5.4. The investigation of
time scales typical for soft bodies synchronization mediated by hydrodynamic interactions could

provide some clues on the order of events in biological systems.

A crucial point for the study of physical synchronisation between two interacting is the
study of the relative phase between the two oscillators.
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Chapter 6

Theory of single oscillating bubbles:
the '"bubble oscillator"

Individual bubbles and drops behave like spring-mass systems, undergoing linear oscil-
lations around their equilibrium state in response to small sinusoidal perturbations.

A more complex physics than mass-spring systems, like the distinction between volume
and shape modes, arises from the dynamic deformations of the constituting fluids. These
are commonly described by Rayleigh-Plesset-like equations.

6.1 Background

The small-amplitude oscillatory motion of bubbles and drops about their spherical shape is a clas-
sical problem in fluid mechanics. Besides the intrinsic scientific interest of this topic (see, e.g.,
[76-78]), a vast literature has focused on its widespread applications spanning, for instance, from
chemical engineering [79, 80], to spray cooling [81], multiphase flow [82], nuclear physics [83],
plasma [84] and meteorology [85].

The first pioneering studies were made in the late 19th century by Kelvin [86] and Rayleigh [87]
for what concerns inviscid liquids, while Lamb [88, 89] introduced viscous effects to describe the
decaying oscillatory waves at a liquid-liquid spheroidal interface. Since then, considerable efforts
have been made to address bubble oscillations and their complex hydrodynamic regulation. Besides
viscosity, special attention has been paid also to the fluid compressibility [90-95], to the oscillation
regime (linear vs nonlinear, see next chapter) [96,97], or to the presence of a covering shell at the
bubble surface (see the review [39] and references therein). The above were only a few examples.

A comprehensive treatment of the subject may be found, for instance, in Refs. [98,99]. In the next
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sections the basic theory of bubble oscillations will be presented as a starting frame for bubble-

bubble interactions, focusing on the Rayleigh-Plesset theory which has set a standard for the field.

6.2 The Navier-Stokes equation

The standard way to describe the dynamics of Newtonian fluids, within the framework of contin-
uum mechanics, is by the fundamental Navier-Stokes equations, which stand to fluid mechanics as
Schroedinger equation stands to quantum mechanics. These are a set of nonlinear partial differen-
tial equations in the three spatial dimensions, arising from the momentum conservation principle.
For the common case of incompressible fluids (for which the density p = const), they take the

form:
ov

pat

where v is the (three-component) velocity vector, p and 7] are the density and the dynamic viscosity

1
—|—V><v><v+§Vv2 =—Vp+nViv—pVo (6.1)

of the fluid, p is the local pressure and ¢ is the body force potential (e.g., gravity). In brief, the
general acceleration terms for the fluid are shown on the left side of the equation, while the forces
acting on the fluid particles — pressure, viscous and (if present) body forces, respectively — are
displayed on the right part.

In order to be solved, the Navier-Stokes equations must be supplemented by the continuity

equation, stemming from the conservation of mass, which for incompressible fluids reads:

Equations 6.1 and 6.2 apply to any Newtonian incompressible fluid system, provided the appro-
priate boundary conditions are applied. In practice, however, the Navier-Stokes equations (6.1)
have no general solution and exact analytical solutions have only been found for a few systems,
involving mainly incompressible fluids [100].

A considerable simplification of Equation 6.1 applies to the frequent case of slow fluid motions
(low Reynolds numbers), where the quadratic terms in v contained in Equation 6.1 can be safely
neglected. Another simplification, independent of the stream rate, is to assume an irrotational
velocity field (V x v =0), i.e. laminar flow. When both assumptions are made and the contribution

of gravity or other body forces is negligible, Equation 6.1 reduces to:

ov
P, =—Vr+ nviy (6.3)

30



This form can be applied to describe the behaviour of a gas bubble immersed in a liquid, or a lig-
uid drop immiscible with the surrounding fluid, undergoing small-amplitude oscillations. Besides
Equation 6.2, Equation 6.3 must be supplemented by the proper boundary conditions at the bubble
(drop) interface, related to the fluid velocities at the inner and outer phases (the so-called kinematic
boundary condition) and the balance of tangential and normal stresses upon bubble (drop) defor-
mations (dynamical boundary conditions). In the course of this thesis we will follow an alternative,

but related approach, presented in the following section.

6.3 Rayleigh-Plesset theory

The most popular equation for describing both the linear and the nonlinear response of a gas bubble
in a Newtonian fluid to a driving field is the Rayleigh-Plesset (RP) equation. It can be derived either
by integrating the Navier Stokes equation (6.3) or (6.1), or from the balance between the kinetic
energy in the outer liquid and the potential energy in the gas [101].

The basic form of the RP equation proves especially useful in the case of individual spherical

bubbles, using the radius R as the only dynamic parameter. Common assumptions are [101]:

* The bubble is surrounded by an infinite medium.

The bubble maintains a spherical shape at all times.

* The gas content is constant (no mass exchanges).

* Spatially uniform conditions (e.g.: density, pressure) exist within the bubble.
* The density of the outer fluid is much greater than that of the internal gas.

* There are no body forces acting (e.g.: gravity).

» Bulk viscous effects are negligible. Hence, if present, viscous forces are confined to a thin

layer around the bubble surface.

* The bubble radius is much smaller than the wavelength of the driving pressure field. This
allows to regard the fluid as incompressible, leading to the velocity v being expressed as the

gradient of a potential ® (v = V®), with:

Vd =0 (Laplace equation) (6.4)

Similar arguments hold for drops immersed in an immiscible fluid. The main differences between

the two systems are summed up in Section 6.7.
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Under these assumptions, the dynamic motion of the bubble radius R = R(t) is governed by

[6,102,103]: . |
RR+SR = B [P(R) — pes(t)] (6.5)

From a physical standpoint, the left side of Equation 6.9 accounts for the kinetic energy of the

fluid displaced by the oscillatory motion of the bubble surface (R(t) being the wall velocity and

u(rt) = 1522 (([t)) -R(t) the velocity at distance r from the centre of the bubble), overdots denoting

differentiation with respect to time. The right side, divided by the liquid density p, represents the
work exerted on the bubble wall by that pressure which would exist at the position of the bubble
centre, were the bubble not to be present. The latter, for incompressible fluids, coincides with the

pressure far from the bubble:
Pes(t) = po+ FPex () (6.6)

where p, is the (constant) hydrostatic pressure and P,y (7) the dynamic component, dependent on

the forcing. The pressure at the bubble wall, p(R), is given by:

20 R

P(R)=p— 7—4% (6.7)

Here, p is the total pressure inside the bubble, 27" is the Laplace pressure at radius R (whose

29 s known as the capillary pressure) arising from interfacial tension o, while

Ro
the last term accounts for viscous dissipation, with 1 being the dynamic viscosity. Concerning

equilibrium value

the form of p, a polytropic compression behaviour of the inner gas is generally assumed [96, 104],

N 20 Ry 3K
p= <p0+ Ri() pv> (R) + py (6.8)

yielding:

k being the polytropic exponent! and p, the vapour pression (often neglected). The first term
enclosed by parenthesis is the internal pressure at equilibrium pe,.
Substitution of Equations 6.6 and 6.7 into 6.5 gives:

L3, 1 20 R
RR4+2R*= —(p—py—Poy(t)— — —dn— 6.9
+2 p<p P +(2) R nR> (6.9)

I'The value of k can range in the interval from 1 (in the isothermal limit: PV = const) to the ratio of specific heats
of the gas, ¥ = C,/C, (adiabatic limit: PV = const). Appropriate criteria for the choice are available only for small-
amplitude linear oscillations [96]. Typically, the proximity of the bubble behaviour to the isothermal or the adiabatic
limit is estimated through the Péclet number, Pe = Ro2wD,;, where Dy, is the gas thermal diffusivity and o is the
angular driving frequency. If Pe > 1 (as is the case, for instance, with modern contrast agents [105]), it is assumed that
the bubble oscillates adiabatically and vice versa. For air bubbles in water it is commonly assumed k = 1.4.
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which will be used as a reference for single-bubble oscillations in this thesis.
If the bubble is subject to a sinusoidal, isotropic forcing sound field of frequency @ and ampli-
tude Py < p,:
P, (t) = Py cos ot (6.10)

it will pulsate about its equilibrium radius Ry with amplitude a(f) < Ry:
R(t) =Ro+a(t) (6.11)

By substituting Equations 6.10 and 6.11 into Equation 6.9, a nonlinear differential equation in a(7)

is obtained. By linearising around x = a(t) /Ro < 1, one finds a forced-damped harmonic-oscillator

equation:
¥+ Bi+A%x = osin ot (6.12)
where A
=1 (6.13)
pwRy

is the damping constant (1] being the viscosity of the liquid), A = %, with @y being the natural

angular frequency?:

h 20 1 20
wf =3k L 0 " g Loy (o) =2 (6.14)
pRo"  pRe™ P Ro Ro
obtained assuming a linearised polytropic law (6.8) for the inner gas, and finally o = ﬁ.

Equation 6.14, derived under the assumption of a perfectly spherical system, predicts one
natural resonance frequency @y for bubble oscillations. However, as will be introduced
in the next section, spherical symmetry is actually broken in many real systems, resulting
in different oscillation properties.

Exact solution of Equation 6.12 is:

R(t) =R [l +b sin(ot + y)] (6.15)
where:
o
b= and tany = 7 BAz (6.16)
(A2—1)* 4 p2

2Neglecting surface tension and assuming an adiabatic behaviour of the gas (with ¥ = Cp /Cv), Equation 6.14 reduces

to the frequency originally estimated by Minnaert [25]: wy = i;;—ﬁ;q.

0
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Here, b = b(®) is the amplitude (normalised to Ry) and y = y() the phase of oscillation. Notice
that the solution (6.15) exhibits a symmetric maximum, together with a 7 phase jump, around
the natural angular frequency @,, meaning a resonance behaviour. On increasing the damping

coefficient 3, the resonance peak becomes broader and broader.

Equations 6.13, 6.14 and 6.16 confirm the similarity between the vibrational dynamics
of a bubble (drop) and that of a mass-spring system oscillating in a viscous medium. In
our case, the oscillation frequency depends on the bubble radius and on the interfacial
tension, while the dissipation at resonance depends on the bubble radius and on the
medium viscosity.

6.4 Volume vs shape oscillations

Most bubble systems observed in real life (or experiments) don’t match the perfect spherical sym-
metry assumed in Section 6.3 for developing the RP equation. In brief, this may depend either on
the system geometry — namely, if the bubble is tethered to a solid support (as discussed in Section
6.9), or a solid surface is present in the surroundings, albeit not in contact — or on the geometry of
the forcing field — i.e., directional, rather than isotropic (as in our setup, described in Section 16.2)
— or on nonlinear effects arising, for instance, from the intensity of the forcing field (see Chapter 7,
Section 7.3). In this chapter we will neglect nonlinear effects and focus on linear oscillations.
Bubbles may undergo two different types of deformations, represented in Figure 6.1, referred

to as volume and shape (surface) oscillations.

* Volume or "breathing" oscillations (left panel of Figure 6.1) retain the bubble’s spherical
symmetry over the entire motion and represent the best-described oscillation mode. This is
the case treated in Section 6.3. Here, as we saw, the bubble shape dynamics is governed
by the time-dependent radius only, R(7) (Equation 6.11). The resulting oscillation dynamics
is thus described by ordinary differential equations like Equation 6.9. Besides R, the other
model parameters are the equilibrium (static) radius, Ry, the fluid pressure inside the bubble,
P, and outside, p, and p, 1 and o, i.e. the density, (dynamic) viscosity and surface tension

of the liquid, respectively, and finally, the polytropic exponent of the gas in the bubble, k.

» Shape, i.e. non-spherical oscillations (see Figure 6.1, right), involve surface deformations
(and dilations) but retain constant bubble volume. In this case, the polar (8) and azimuthal

(¢) angle variables are needed to describe the bubble radius dynamics, R(6,¢,t). Due to
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Volume oscillations Shape oscillations

Figure 6.1: Oscillation modes of a free bubble in Cartesian (x,y,z) and spherical (r, 8, ¢) coordinates.
Left: a bubble undergoing volume oscillations remains spherical. Its dynamical shape is thoroughly
described by the radial coordinate r, R(z) being the radius at time ¢. Right: shape oscillations are non-
spherical and occur at constant volume. The bubble spheroid is conveniently described adopting two
further coordinates: 6 (polar) and ¢ (azimuthal). The local radius is therefore R(6,¢,¢). In case of
axisymmetric deformations — where z becomes a symmetry axis — the local radius only depends on 8
and ¢. In both panels, the bubble at rest has an equilibrium radius Ry and the corresponding spherical
profile is dashed and shaded in grey, while the deformed profiles are filled in blue.

the lower symmetry of the system, these modes are more complex to describe. A simplified

treatment, valid for linear oscillations, is shown in the next section.

As will be pointed out in Section 7.3, combinations of the above described modes (e.g.: non-
spherical and with time-dependent volume) can also take place, depending on the external forces

acting on the bubble.

6.5 Non-spherical RP equation

As discussed in Section 6.3, the classical RP theory assumes that the bubble shape be spherical
(i.e., volume oscillations). However, if the oscillation amplitude is sufficiently small, also shape
modes can be described, to a good approximation, by simple forms like Equation 6.9.

A common procedure (see, for instance, Joseph [78], Brenn [106], and Prosperetti [107, 108]),
is to assume that the bubble surface is only slightly perturbed from its equilibrium shape: by this
way, the fluid-dynamical equation is linearised around the state of spherical symmetry. Following

this perturbation approach, the local radius of the oscillating bubble at time ¢:
r(O,(j),t)\S:[R(t)+l(9,¢,t)]-é, (6.17)
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R(t) is the radius of a sphere of the same volume as the resting bubble (assumed to be constant),
while [ is the local deformation amplitude of an arbitrary point P on the surface S. Adopting a
polar spherical coordinate system (R, 6,¢) centred at the bubble centroid (see Figure 6.1, right),
0 and ¢ are the polar and azimuthal angles, and &, is the unit vector along the radial direction
r. Since [ is assumed to be much smaller than R(z), it is appropriately expanded in terms of real
orthonormal spherical harmonic functions ¥”(8,¢), of degree n and order m,? and factored into a

time-dependent and a space-dependent component:
16,9.1) =} anm(r)-Y,"(6,9) (6.18)

The summation spans over n = 1,2,...,c0 and |m| < n. a, () are complex time-dependent coef-
ficients, while Y(0,¢) = P™(cos 0) - ¢™?, with P""(cos 8) the associated Legendre polynomial of
the first kind.

Each spherical harmonic describes a surface mode with an oscillation pattern having

n node lines in the 0-direction and 2m in the ¢-direction. The coefficients ay ,, are the

oscillation amplitudes of the corresponding modes.

Further simplification arises in the case of axisymmetric deformations, as those assumed in
our model and represented in Figure 6.2. Notably, the (azimuthal) ¢-dependence disappears, to-
gether with the m parameter in Equation 6.18, and P}"(cos 0) reduce to the Legendre polynomials
P,(cos ). Also in this case, different shape deformation modes are retrieved, corresponding to
subsequent eigenmodes (see Section 6.6 for details).

Substitution of bubble radius as defined by Equation 6.17:
R(0,9.1) =R(1)+} an(t) - Y.(6,9) (6.19)

into the traditional form of RP, Equation 6.9, yields a nonlinear differential equation. Upon lineari-

sation, one obtains the following equation in the oscillation amplitude a,(7) [108]:

Gn(t) + Bu(t) an(t) +Cy(t) an(t) =0 (6.20)
Where: 2
B,(t) =3 R8+2(n+2)(2n+1)p£(l)

3This approach is common to linearized descriptions of oscillator dynamics as a superposition of spherical harmonic
contributions. A well-known example is given by quantum mechanics. Each of them represents an oscillation mode and
obeys an independent equation of motion with characteristic frequency. Real functions ¥, (6, ¢) can be obtained from a
linear combination of the complex spherical harmonic functions Y*" (8, ¢).
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Figure 6.2: Axisymmetric deformations of an initially spherical bubble (centre), illustrated for the sim-
plest case of sphere-to-spheroid deformation (quadrupolar mode, n = 2, or n = 1 of a constrained bub-
ble). Vertical elongation (left, corresponding to a,(¢) > 0 in Equation 6.19) yields a prolate spheroid,
while compression (right, corresponding to a,(f) < 0) leads to an oblate spheroid. The vertical symme-
try axis is shown in red.

and:

R (1)

o nR()
oo " VkRE

Cy(t) =(n—1)(n+1)(2n+1) PRI (1)’

+2(n—1)(n+2)

R, being the equilibrium bubble radius, p the fluid density, ¢ the interfacial tension and 7 the fluid
viscosity.

In the relevant limit of constant R(z) (i.e., R(t) - R, = const), Equation 6.20 reduces to
G (t) + Budn (1) + ®2,a, (t) = 0, with damping parameter:

_ n
And natural frequency:
0, =(n—1)(n+1)2n+1) — (6.22)

pR3

coincident with that obtained several years ago by Lamb [78, 89, 98].
Equation 6.20 is formally identical to Equation 6.12. However, unlike the spherical case,
there exist a discrete spectrum of stationary nonspherical modes, with frequencies Wy,
corresponding to the different terms of the spherical harmonic expansion of the bubble
shape (Equation 6.19). Physically, this is due to the periodic boundary conditions natu-
rally provided by the closed geometry of the finite-sized bubble surface.
In the most general case R(¢) is a periodic function of time. Performing the change of variables:

an (t) = bu(t)- (R(O)/R(t))3/2 -exp [—(n—l— 2)(2n+ 1) I Rf” and expanding Equation 6.20 in
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terms of %, one obtains, to the lowest-order terms, the well-known Mathieu equation:

dn(t) + (@3, — By + 8ucos (@t — @,)) an(t) =0 (6.23)
With:

X,
302, + (n+ 1) o> +4p2

1/2
1 2
R R S

with X, = 3(n+ 2)piRg. I do not pause on the solution of the Mathieu equation (6.23), which is
very cumbersome and is reported in several papers (see, e.g. [109] and references in Section 7.3).
Rather, I would like to emphasize the coupling between surface modes (n # 0) and the volume
pulsation mode (n = 0), which may provide a mechanism for an indirect (parametric) excitation of

surface modes (see Section 7.3).

Let us finally notice that the same results could also have been obtained by solving the lin-
earised Navier-Stokes equations for incompressible flow (Equations 6.2 and 6.3), subject to the

following boundary conditions at the interface*:

a. Kinematic boundary condition: the radial fluid velocities at the interface between the two different
fluids must be identical. This is expressed as:

ar(6,r)
at

b. Dynamical boundary conditions, expressing the force balances as the bubble (drop) deforms:

ﬁr|S = Vr|S ~

— The tangential stress balance is a purely viscous term, as it assumes a uniform surface tension
across the interface:

o L9% 9% o 1
"\Roo6 " ar Ro/l; "\Ro30 " ar Ry

and considerably simplifies if either of the two fluids can be considered inviscid (e.g. bubble interior).

1 dv, OJvg ve>

N

— The normal stress balance arises from the local curvature of the moving interface and depends
on the interfacial tension ¢ (i.e. on temperature or chemical composition):

_A+276 (5 av,_zAE)\?r
p—p Ro /| nar nar

where: Alg = R()Tlmze 8‘9—9 (sin 6%). Under stationary conditions the well-known “capillarity condi-

~ 2 2+Al)r(6,8) =0
s Ro

tion”, p—p = %, is retrieved.

Under these conditions, the amplitude a,(7) can be shown to satisfy Equation 6.20.

4y, and vg are the radial and angular components of the velocity vector v, carats denoting the inner fluid. |s means

evaluation at the bubble (drop) interface. Other symbols were defined above in the section.
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Figure 6.3: Axisymmetric deformations of a bubble (drop). The lower-frequency eigenmodes are
illustrated and compared to the shapes of the atomic orbitals (AO) corresponding to the same n (the
degree of the Legendre polynomial P,). The n = 1 mode corresponds to a mere translation of the center
of mass without deformation (in the case of free bubbles) and has an analogue in the unpolarised orbital.
The following modes always occur at non-zero frequencies. The last column shows the deformation of
real bubbles attached to a capillary tip (pictures adapted from Refs. [84, 110]).

6.6 ''Periodic table' of bubble oscillations

As observed in the previous section, shape oscillations differ from the volume ones in that they
occur at various frequencies @, defined by Equation 6.22, corresponding to the different degrees
of the spherical harmonic expansion of the bubble shape (Equation 6.19). In particular, the lowest
vibration mode predicted by Equation 6.22 is the n = 2, corresponding to sphere-to-ellipsoid de-
formations of the bubble (quadrupolar mode), while the n = 1 is associated to degenerate (w = 0)
displacements of its centre of mass. Higher modes occurring with even values of n (n = 4,6, ...)
describe more corrugated (n-lobed) geometrical shapes, with no translation of the centre of mass.
Indeed, the equations describing bubble dynamics — namely the Navier-Stokes or related, like
the Rayleigh-Plesset described in this chapter — bear a resemblance with the Schrodinger equa-
tion [13], the eigenvalue problem describing the fluctuations of electron density around atomic

nuclei. The analogy appears much stronger if we write the bubble dynamics equations in the form
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of eigenvalue problems, which turns out to be a convenient approach in several bubble studies,
exploiting the relatively simple Hamiltonian formalism [111-113].

It should be noticed that the oscillation eigenfrequencies, whatever their nature, are intimately
related to symmetry. In the case of the Schrodinger equation, we see that for the hydrogen atom
it has spherical symmetry (s orbitals). Higher atoms, whose electron configurations have less
symmetry (p, d, and f orbitals), break the symmetry of the corresponding equation, leading to
a splitting of eigenvalues (i.e., of spectral lines). A similar symmetry breaking also takes place
with oscillating bubbles (drops). Taking the RP as an example, it has spherical symmetry if the
bubble is free from constraints and subject to an isotropic external environment, then it undergoes
splitting as some kind of asymmetry is introduced. The conditions in which this degeneracy may
be broken were briefly discussed in Section 6.4.

Figure 6.3 highlights the analogy between axisymmetric bubble deformations (left: computed
shape for a free bubble; right: a real bubble pinned to a capillary) and electron density fluctuations
around a nucleus (i.e., shapes of atomic orbitals, in the centre), for modes with n = 1,2,4. Accord-
ingly, the n = 2 mode corresponds to p orbitals, the n = 4 to d orbitals, the n = 6 to f orbitals, and
so forth, thereby forming a "periodical table" of shapes whose Aufbau principle is given — at least

for free bubbles— by the order n of increasing eigenfrequency.

Interestingly, this analogy between predicted eigenmodes and observed shapes can be
extended to real oscillating cells, like the RBCs illustrated in Figure 5.1 (page 23).

6.7 Bubbles vs drops

So far, we have considered exclusively oscillating gas bubbles, disregarding drops, since the former
represent the more studied system. However, both bubble theory, as well as our experiments, can
be extended to liquid drops as well, such that, to our scopes, the two systems can be almost treated

as synonyms. Some differences, however, are worth noticing:

* Gaseous bubbles may undergo both shape deformations, at constant bubble volume, and
volume or “breathing” deformations, preserving the spherical shape. By contrast, only the
former are allowed for liquid drops (at commonly applied pressures). Breathing modes are

by far more studied in literature, owing to their relative simplicity conferred by the spherical

SFor constrained bubbles things get more involved, since two modes may share the same characteristic frequency, or
the above-defined ordering of modes can be altered [13].
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symmetry. Since cells are incompressible bodies, we will neglect breathing modes. focusing

on the more complex shape fluctuations of both bubbles and drops.

» The interior of gaseous bubbles is practically inviscid, while the inner viscosity plays a role in
drops thereby increasing dissipation. Likewise, the inner density p of a drop is not negligible
as it is for air bubbles.

In this case, Equation 6.22 can be extended to [78,98]:

2 c nn—1)(n+1)(n+2)
a)nO: 73 ~ .
Re  np+(nt1)p

(6.24)

If we compare Equation 6.24 to 6.22, we also observe a frequency lowering in drops with
respect to bubbles of the same size, since the higher density results in higher inertia, together
with the decrease in interfacial tension G.

As far as the damping is concerned, a form similar to Equation 6.21 is retrieved [114, 115]:

(n+1)(n—=1)2n+ 1) +n(n+2)2n+1)n
[(n+1)p +np]Ro” '

Bno = (6.25)

By comparing the two forms it can be seen that drop resonances at n > 2 are broader than
those of bubbles.

6.8 Damping

The derivation of the RP Equation 6.9 and the related forms proposed in the previous section
exclude any sort of damping during bubble oscillations. This hypothesis may be more or less
acceptable, depending on the system parameters. Extensive studies on this topic have followed the
RP formulation, of which Ref. [116] provides an exhaustive review. Here we limit ourselves to

reporting that damping arises from three main contributions:

* Viscous damping, caused by liquid viscosity;

* Thermal damping, due to thermal conduction between the gas and the surrounding liquid;

* Radiation damping, determined by liquid compressibility through acoustic radiation.
Commonly, their joint effect can be accounted for in Equation 6.9 or similar forms by considering

an effective liquid viscosity ug = Uy + Ur + U (instead of the fluid viscosity t), arising from the

sum of each contribution, respectively.
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Concerning the relative contributions of the three effects, it was found [117] that, for linear
oscillations of individual free bubbles: A) thermal damping is dominant when the bubble is driven
below resonance; B) radiation damping, on the contrary, prevails above resonance; and C) vis-
cous damping is generally negligible, except for small (micrometric) bubbles, where it becomes

dominant up to frequencies sufficiently exceeding the resonance frequency.

Viscous damping. Inertial terms

Although viscosity is a typical source of vorticity (see next chapter), several irrotational approaches
have been developed to account for viscous dissipation around an oscillating bubble. A critical
analysis of the problem has been performed by Joseph and coworkers, as summarised in Ref. [78].
Such approaches are valid if viscous forces are confined to the immediate proximity of the surface
of the bubble, i.e. if the so-called "Stokes layers" are relatively thin in comparison with the wave-
length of the distortion mode [89, 118, 119]. In this case, the fluid velocity can be expressed as the
gradient of a potential ¢ and the Navier-Stokes equations reduce to the simple Bernoulli equation,
which does not contain viscosity explicitly.

In the so-called viscous potential flow method [?], the viscosity effect is accounted for by a
perturbative correction to the pressure field and by the viscous term in the normal stress balance at
the interface. An alternative approach, called the dissipation approximation [?], derives from the
evaluation of the mechanical energy equation on the fluid domain, imposing zero shear stress in
the liquid and continuous tangential stress at the gas-liquid interface. In particular, for a spherical

bubble viscous dissipation is related to the fluid velocity field u by:

i/vph;’zdV:—/An-T-udA—/An-ZuD-udA (6.26)
Where p and u are the fluid density and viscosity, T and D are the stress and the strain-rate tensors,
n is the unit vector normal to the surface element dA and A and V are the bubble surface and the
volume of the bulk fluid respectively. The viscous dissipation, proportional to the resonant peak
width, is represented by the last term of Equation 6.26.

Both methods yield similar quantitative results, especially for moderate viscosities and rela-
tively small eigenmode numbers, predicting the effects of viscosity on both the peak width (leading
to expressions like Equation 6.13 and 6.21 under the assumption of purely viscous dissipation) and
on the resonance frequency (i.e., shift from oscillatory to monotonically decaying waves over a

certain viscosity threshold).
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Rigid plate Wire loop Capillary tip

Figure 6.4: Common constraints used in bubble/drop studies. Left: tethering to a plane surface (e.g.
glass). The equilibrium bubble shape is a spherical segment. The value of L, as well as of contact angle
0., will depend on wetting (L — 0, 6, — 0 meaning zero wetting, while L — oo, 6, — 7 full wetting).
Centre: tethering to a wire (glass or metallic) loop. The bubble retains an approximately spherical shape
(provided the wire thickness is much smaller than the ring diameter L and wetting is negligible) and the
contact surface tends to a circular line of diameter L. Right: tethering to a capillary tip. The dead volume
of fluid inside the capillary (and the related contact surface), depending on the experimental conditions,
must be considered as well. In all cases, buoyancy effects leading to deviations from constant curvature,
observable in large bubbles and especially drops, have been neglected for simplicity.

6.9 Free vs constrained bubbles

To avoid disturbances due to buoyancy (and to coalescence, when multiple bubbles are considered),
it is common practice in experiments to constrain the bubble (drop) to a solid support. Typical
configurations, illustrated in Figure 6.4, are the wire loop (left), the rigid plate (centre) and the
capillary tip (right). Likewise, as we will discuss in Chapters 15 and 16, the bubbles used in our
experiments are not freely floating, but anchored to one or two solid electrodes (see Figure 6.5).
Albeit necessary, this practice inevitably modifies the inherent properties of the capillary sur-
face (see Section 3.3) and hence, the experimentally observed resonance modes. The most promi-

nent effects are the following:

* Preference for nonspherical (e.g., axisymmetric) modes, due to the decreased symmetry of

the system;

* Onset of eigenmodes which are degenerate (w = 0) in free bubbles/drops, like the ones with

odd values of n (n = 1,3,...), corresponding to translational modes [120, 121];

* Variation in the resonance frequency of a given mode.

Knowing the extent of such modifications allows to properly assign the observed resonance

peaks and to extract information concerning the restoring force (e.g., surface tension) from them.
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Solid tip (electrode)

Figure 6.5: Left: a bubble (Rp =0.76 mm) anchored to an upper, solid electrode and a doubly-anchored
bubble (Ry =0.6 mm), from our two-bubble experimental apparatus. In both pictures, the diameter of
the anchoring electrodes is L =1 mm. Right: schematics of a bubble tethered to a solid tip (electrode)
of diameter L. If the profile is spherical, the contact angle 6, and the attachment angle 6, are equal.

This entails a good understanding of the interaction between the bubble (drop) and the solid
boundary, as a function of the adopted experimental setup and of the external driving (acous-
tic, mechanical, electric). Accordingly, many attempts have been made by numerous researchers
[110, 115,120-126] for different rigid boundaries. Some of them have also addressed the case of
multiple constraints, of great relevance, for instance, to microfluidics. However, the influence of
the boundary on the bubble dynamics in an oscillating pressure field remains unclear.

On the whole, a pivotal role is found to be played by surface wetting, via the contact angle
6., affecting the inertial mass of the system in a non-monotonic way. Accordingly, the predicted

[-mode eigenfrequency €, follows a relationship of the kind:
Qo =Qq,- f(l,a) (6.27)

where € , is the frequency of the corresponding mode for a free bubble and f(I,a) depends on the

mode / and on the attachment conditions via the (6,-related) parameter a.

6.9.1 Comparison with our system

To get a physical insight into the dynamics of our tethered bubbles and estimate the anchoring-
dependence of the observed spectral features, we will consider the literature models which best
match the attachment geometry shown in Figure 6.5. A distinction will be made between volume

and shape oscillations (Section 6.4).
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Volume mode

To describe the breathing oscillations of a bubble anchored to a solid electrode we will follow the
results by Maksimov [124], referred to a gas bubble attached to a rigid plate. The geometry of the
problem is illustrated in the left panel of Figure 6.4. The equilibrium shape profile is represented
by a spherical segment of radius Ry, L being the diameter of the contact ring. Besides Ry, the key
parameter to predict the bubble behaviour is the contact angle 6. with the adjacent solid surface.
Its magnitude depends on wetting of the material of the boundary by the liquid and on the surface
tension of the bubble wall. The analytical approach makes use of image theory, whereby the rigid
boundary is replaced by the mirror image of the bubble relative to the boundary plane.

The fundamental frequency of the breathing mode for the tethered bubble is found to be [124]:
Qo (Ro, 6.) = Q5(Ro) - f(6,) (6.28)

with Q§(Ro) = \/% being the Minnaert frequency of the free bubble® [25] (see Section 6.3). As
the boundary-dependent part, f(6,.), takes an integral form, closed solutions of Equation 6.28 can
be obtained only for a set of particular values of 6,. Notably, in the limit of 6, — 0 — that is to say,
when the bubble is tangent to the solid substrate at a single point (i.e., zero wetting or spreading) —
it is obtained Q¢ = v/In2 Q ~ 0.83Q (see also [127]). The behaviour of Q) over 6. is represented
in Figure 6.6 (solid line, frequency normalised on the normal mode € of a free bubble of equal
volume), showing that for moderate 6, values, say up to 7/2, Qo is of the order of 0.8 Q/, while
at higher values it may exceed Q. However, values of 6. larger than /2 (corresponding to a
hemispherical equilibrium shape of the bubble), are not of great interest, since we are no more in
the presence of a "bubble". From a physical standpoint, the results for 6, < /2 indicate that the
constraint hampers acceleration of liquid at the bubble wall. This leads to an increase in the inertial
mass, and thus to a lowering of the natural frequency of the volume oscillations. Similar results are

obtained also for bubbles attached to a wire loop of diameter L (Figure 6.4, centre), where f(6,)

Rysin 6.’
As far as viscous damping is concerned, it is obtained (under the assumption of inviscid and

irrotational fluid flow) [125]:
20
Y= \/> 7?F(9c) (6.29)
Ro

which can be related to the damping factor of the free bubble Equation 6.13. F(6,) is the anchoring-

appearing in Equation 6.28 takes the simpler form , /1 — -—%—, a < L being the wire radius [126].

dependent factor, whose behaviour is reported in Figure 6.6 as a dashed line. As it can be seen,

6k is the polytropic exponent, j is the equilibrium pressure in the bubble (equal to 1.4 for air), p the fluid density
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Figure 6.6: Breathing oscillations of a bubble of fixed volume V) tethered to a plane surface (see left
panel of Figure 6.4) at varying contact angle 8, (in radian units), from Ref. [125]. Solid line: natural
frequency Qo (Vp, 6.), normalised on the normal mode Q(Vy) of a free bubble of the same volume.
Dashed line: normalised viscous damping F(6.) (Equation 6.29). The area shaded in gray encloses the
highest variability region of 6, in our experiments (typical figures lying in the range 0.45-0.50rad).

unlike the resonance frequency, F(6,) can vary as much as two orders of magnitude over 6,. In
particular, viscous damping is generally increased, owing to the greater dissipation near rigid walls
in comparison with the free fluid-fluid interface, as well as to a contact line dissipation effect (see
Section 3.3). However, within the 6, interval of our experiments (shaded in gray in Figure 6.6),

both the resonance frequency and viscous damping stay approximately constant.

Shape modes

The effect of contact line on the shape oscillations of bubbles and drops has been widely investi-
gated in the literature, taking into account different constraint geometries, like the above-mentioned
capillary tip (see, e.g., [110,121]) and wire loop [120, 122].

A geometry similar to our setup, consisting of a bubble/drop supported on a slightly concave
solid support, has been described by Vejrazka [115]. Here, the reported numerical values show
that: a) the eigenfrequencies of a given /-th mode vary as a function of the contact angle 6, in
a non-monotonous way and may assume higher values than the corresponding free-bubble case;
b) the relative amplitudes of the resonance peaks in a spectrum also vary with 6, such that, for

instance, the highest-intensity experimental peak is not necessarily, as one would expect, the [ = 1.
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Chapter 7

A sadder and wiser view: nonlinear effects

So far, when describing single-bubble oscillations, we only considered linear effects, as we as-
sumed small-amplitude deformations. However, nonlinearity plays a prominent role in bubble
dynamics, even for slow fluid motions, especially in the case of multi-bubble systems [97].

The nonlinear response of a fluid subjected to an acoustic field can be explained in terms of the

law of momentum conservation (Euler equation):

av av 1dp

e |l=—Z= 7.1

o Var|T Tpor .h
where v is the fluid velocity at time ¢ along direction r, p is the density and p(r,t) the pressure.
While for ideal linear flows the nonlinear (boxed) term of Equation 7.1 can be neglected, this is not
the case in most real systems.

In the following sections we will discuss some intriguing consequences of this observation.

7.1 Acoustic streaming and microstreaming

Acoustic streaming is a steady fluid flow formed by the viscous attenuation of a propagating sound
wave [128]. This phenomenon seems to contrast with the basic notion that fluids undergoing small-
amplitude (linear) oscillations have a zero time-averaged net displacement. In fact, in real fluids,
the nonlinear term appearing in Equation 7.1 may result in second-order mean flow velocities,
which are much lower in magnitude than the (first-order) oscillatory flow, but, unlike the latter, do
not cancel out at each oscillation cycle and hence generate a net drift of the fluid.

The occurence of streaming strictly depends on the fluid flow properties and, as implied by
Equation 7.1, it is accompanied by a gradient in the acoustic field. In particular, streaming is

significant in case of:
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Figure 7.1: Leonardo da Vinci’s study of turbulence (1508-1513). The drawing illustrates the velocity
streamlines of water entering in a tank from a channel, giving rise to vortices around the main flow.

a) Large v: acoustic streaming.

b) Large %: acoustic microstreaming.

Mechanism

The first theoretical description of acoustic streaming was given by Rayleigh in 1884 [129]. Since
then, a large volume of related work has been published, complementing Rayleigh’s theory (see,
e.g., [128, 130]) and providing experimental insights (see, e.g., [131-133]), as well as numerical
solutions to existing theoretical models and application problems [134].

The main (but not only) mechanisms underlying acoustic streaming involve viscous attenuation
of an acoustic wave [128], either within the bulk fluid or in the boundary layer with a solid (compa-
rable or greater in length than a quarter of the acoustic wavelength) [135]. The first case gives rise
to the so-called Eckart streaming [136]. Basically, as an acoustic wave propagates in a fluid, part
of its energy is adsorbed by the fluid, at a rate proportional to the square of the sound frequency
(Stoke’s law of sound attenuation). The consequent attenuation of the wave amplitude generates a
gradient in the pressure amplitude along the propagation distance from the wave source. This re-
sults in a steady momentum flux, forming a jet of fluid in the direction of acoustic propagation. The
second case behaves similarly, but the dissipation into the boundary layer is larger than bulk dissi-
pation, because of the steep velocity gradient that is formed perpendicular to the solid boundary as

the acoustic wave propagates parallel to the boundary. This argument provides an explanation to
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the phenomenology observed in Section 4.1.

When the boundary layer is a gas-liquid interface, the gas compressibility comes into play and
the associated streaming flows are termed cavitation microstreaming [137-139]. Microstreaming
is usually noticeable when the obstacle is a bubble, because of its special ability to locally am-
plify and transform an acoustic field. In short, bubble oscillation results in an increase of acoustic
scattering so that the local amplitude of the bubble-scattered field is much larger than that of the
incident field [128]. The consequence of this is a much larger boundary layer oscillation and hence
higher velocity flows. The first detailed characterization of microstreaming around an oscillating

microbubble was carried out by Elder [137]. For more recent works, see, for instance, [139-143].

Streaming patterns

Back in the XVI century, Leonardo da Vinci addressed the problem of turbulence and represented
water flow as curved lines forming tight vortices (Figure 7.1). First observations of streamlines
concern the patterns assumed by sand and fine powders on Chladni’s vibrating plates [144]. The
same principle is at the basis of Particle Image Velocimetry (PIV), the optical method commonly
employed for instantaneous visualisation of fluid velocity flows [132,133] (see Figure 7.4).

Streaming patterns may vary considerably from one another in velocity, length scale and ge-
ometry (e.g., jets vs vortices), depending on the mechanism of acoustic wave dissipation [145].
However, a common characteristic of acoustic streaming is that the flows are time-invariant, as long
as the acoustic excitation is kept unaltered: in other words, they are stationary from an "Eulerian”
(velocity field) point of view, albeit dynamic from a "Lagrangian” (single-particle) perspective.

Let us now look at Figure 7.2, showing microstreaming around oscillating bubbles. As reported
in Ref. [138], the observed patterns vary on the bubble radius and on the amplitude, frequency and
mode of vibration.

It is easy to imagine that, in the case of two (or more) vibrating bubbles, streaming

flows may impact both the direction and the length scales of their mutual hydrodynamic

interactions. Namely, anisotropic interaction patterns and long-range interactions are
expected, which could not be accounted for by purely irrotational models.

Relevance and applications

Streaming phenomena typically give rise to vortex fluid flows, especially for what concerns mi-

crostreaming. An interesting consequence is that fluid mixing is considerably enhanced (with
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Figure 7.2: Microstreaming patterns around an oscillating supported bubble. Left: volume oscillations;
right: shape oscillations (n = 6). The reported streak photographs were taken along the plane of the
solid support by Manasseh et al. [138], as part of a micro-PIV study.

respect to diffusion rates) whenever cavitation bubbles are present [138, 139, 146]. This finds ap-
plication, for instance, in engineered micromixers operating on volumes of order of 1 ul [147], of
great interest for biochemical assays, or in enhanced mass transfer in sonochemistry [148]. Recent
biological applications of microstreaming involve sonothrombolysis [149] and sonoporation [150],
based on the possibility to generate local shear stress on cell membranes [151], in a more gentle

way than inertial cavitation (see Section 4.1) and hence less likely to cause cell death.

7.2 Bjerknes forces

Another nonlinear effect that can be important for bubbles placed in an acoustic field is represented
by the Bjerknes forces. Named after their first observers [40], they are commonly divided into two
types: the force on an individual bubble is called the acoustic radiation pressure or the primary
Bjerknes force, while that between bubbles is called the secondary (or mutual or merely) Bjerknes
force. However, both are identical in nature and originate from the finite wavelength of sound

waves crossing the liquid.

7.2.1 Primary Bjerknes forces

Propagation of a finite-wavelength pressure wave implies an instantaneous pressure gradient in the

liquid (right term in Equation 7.1, which in turn raises the nonlinear term). Like any other pressure
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Figure 7.3: Streaming flows between two supported bubbles. Left: bubbles undergoing volume oscilla-
tions; right: bubbles undergoing mutual translations along their joining axis. Images taken from [138].

gradient, this produces an instantaneous force F; on the bubble in the direction of the pressure field
x; (see Figure 7.5). In the case of a spherical bubble we have:

4 dp
Fi=——nR | — 7.2
3" (dxi) (7.2)

with R being the instantaneous radius of the bubble, governed by the Rayleigh-Plesset equation
(Equation 6.9, Section 6.3). Since both R and %’ contain oscillating components, their combination
in Equation 7.2 will lead to a nonlinear, time-averaged component in F;, that we will denote by F;.
A good approximation for this force component, valid if p, is small and the natural frequency of

the bubble @y is not too close to the excitation frequency o, is found to be (see, e.g., [152, 153]):

TKkRg p,2sin (2K x;)
p (0> — ap?)
This is the form of the primary Bjerknes force. Here, Ry is the equilibrium radius of the bubble,

B (7.3)

p the liquid density, and p, and k o< @ the density and wavenumber of the applied pressure field.
If o < wyp, then the force will cause migration of the bubbles away from the nodes in the pressure
field and toward the antinodes (points of largest pressure amplitude). On the other hand, if ® > @y,
the force is directed towards the nodes.

Note that Equation 7.3 is an average form. Since the bubble natural frequency is related to the
radius (see Section 6.3, Equation 6.14), which may vary during excitation (particularly if ® ~ @),

primary Bjerknes forces may produce some interesting bubble migration patterns in a stationary
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Figure 7.4: Examples of streaming flow visualisation. Left: micro-PIV velocity field of a supported
bubble undergoing radial oscillations (the same shown in Figure 7.2, left) along the plane of the solid
support. Right: Particle Image Velocimetry (PIV) measurement on a vibrating protist (image retrieved
from [73]) against numerical calculation. The velocity vector field is indicated by arrows. PIV involves
photographic recording of the motion of microscopic particles, seeded in the fluid, that follow the flow
dynamics. Photographic recordings are then processed to determine the particle motion, and hence the

flow velocity.

sound field. An example is provided by the "bubble dancing" phenomenon abundantly reported in

the literature (see, for example, [154, 155]).

7.2.2 Secondary Bjerknes forces

An oscillating bubble may be considered itself as a source of acoustic waves. Hence, in multi-
bubble systems, the contributions coming from each oscillating bubble combine with the effects of
the applied external field (Equation 7.3) and cause the bubbles to interact with each other. These
inter-bubble forces are in all ways similar to the primary Bjerknes forces, although they are cus-
tomarily distinguished and denoted as secondary Bjerknes forces [152,156-162].

The observed interacting patterns often give rise to bubble clusters or "grapes" (resembling the

one shown in Figure 4.3), depending on the features of the bubbles and of the applied field.

7.3 Inter-mode coupling

Theory of coupled oscillators describes the coupling between two (or more) linear oscillators as a
linear combination of their normal modes. A requisite for effective coupling is that they display

similar energy and symmetry. However, these "selection rules" are often broken in real systems,
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Figure 7.5: Oscillating bubbles (blue spheres) immersed in a pressure field of wavelength A (green
curve on the background) experience an average force, called the primary Bjerknes force (red arrows),
along the field direction x. The force depends on the bubble’s resonance frequency and in this case is
directed towards the pressure antinodes. Each bubble, in turn, exerts secondary Bjerknes forces (black
arrows) towards the other bubbles, which can be either repulsive or attractive like in this picture.

where most coupling events are intrinsically nonlinear. A prominent example, familiar to chemists,
is given by atomic and molecular orbitals, in the so-called orbital hybridisation and in the for-
mation of molecular bonds. In any case, the coupling strength depends on energy and symmetry
differences.

Referring to our bubble system, two cases are worth mentioning:

a) Coupling between different oscillation modes, within a single oscillating bubble.

In Chapter 6, we described the overall shape of a bubble as a linear combination of individual
eigenmodes (Equation 6.20), with different symmetries and characteristic frequencies. Ac-
cordingly, we can assume each peak to represent an individual oscillation mode (e.g., n = 2,
n =4 etc.). In reality, inter-mode coupling is widely documented in literature [97, 109]. Not
only combinations of different shape modes are observed (occurring at rather similar fre-
quencies), but also between shape and volume modes (the frequency gap being of one order
of magnitude), up to vibro-translational coupling, yielding "dancing" phenomena. Below we

will consider a relevant case of inter-mode coupling.
b) Coupling between different oscillation modes from two (or more) bubbles.

Indeed, our experiments described in Chapter 17 report the interactions between the n = 2

mode of one bubble (the master) and the n = 1 mode of a second bubble (the slave). Hence,

53



as we will see, the coupling between two identical oscillators, sketched in Section 8.1 and
in Figure 8.1, is an oversimplified picture of bubble-bubble interactions not reflected by our

experiments.

Careful choice of the experimental setup, especially the geometry, frequency and intensity of the
excitation field, can strongly minimise (or emphasize at will) the occurring of such nonlinear cou-
plings by focusing on specific oscillation modes, in order to get results comparable with theoretical

predictions.

Parametric resonance

In the linear steady-state limit, a bubble driven by an isotropic pressure field will exhibit vol-
ume oscillations of the same frequency as the applied field, with an amplitude maximum at the
breathing-mode resonance. As observed in Chapter 6, the excitation of shape modes requires a loss
of degeneracy of the system, for instance some anisotropy in the applied pressure field or in the
surrounding environment.

However, shape modes can be excited as well in isotropic environments, as long as the ampli-
tude of the applied field exceeds a certain threshold. This phenomenon is known as parametric
resonance and arises from a form of nonlinear coupling between the volume and shape bubble
modes. The lowest-order description of this effect is based on similar arguments to those used in
Section 6.5, leading to Mathieu equations like Equation 6.23, and was first given by Benjamin and
Strasberg [163]. A higher-order approximation was provided by Eller and Crum [154].

Parametric resonance has been exploited to excite shape modes by means of acoustic field (see,
e.g., [?2,164]). The excited mode will be the one whose natural frequency is closest to the subhar-
monic frequency of the applied driving, the minimum frequency being that of the breathing mode,
®,. Hence, the most easily excited surface mode is the n = 2, the threshold of which has a mini-
mum in the vicinity of ® = 2®,. The intensity and frequency of the threshold are very sensitive to
the external parameters [126, 165]. Recent studies have addressed transient and near-threshold pro-
cesses, motivated by the discrepancies between the existing theory and the experimentally observed
thresholds [165, 166].
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Chapter 8

Hypotheses on coupling mechanisms

8.1 A naive (wrong) view of bubble interactions:
Interacting bubbles as coupled oscillators

In Chapter 6 we drew an analogy between the oscillations of isolated bubbles and drops and the
behaviour of spring-mass systems, based on the (harmonic) oscillator theory. We may then wonder
whether the analogy can be extended to the case of two nearby interacting bubbles (drops), that
is, if these objects may behave like coupled harmonic oscillators. Based on this argument, we
formulated a working hypothesis on the interaction between two oscillating bubbles (identical for

simplicity), as described by Figure 8.1:

* Two equal bubbles set at infinite — i.e., sufficiently large — distance will act as degenerate

oscillators (panel A of the figure).

* When the two bubbles are brought at a finite distance D apart, the displacement of the fluid
near their surfaces causes them to interact: the two oscillators are thus coupled by hydro-
dynamic motions. This breaks down the degeneracy of their frequencies, giving rise to
low-frequency (populated) and high-frequency (unpopulated) states, as shown in panel B.
In other words, the system evolves from a separated to a bound state.

Under this hypothesis, the red shift in the natural frequencies of the two oscillators gives

a measure of their interaction strength.

This mechanism is similar to that employed to describe the formation of molecular bonds from
atomic systems (recalling the analogy evidenced in Section 6.6), as well as the London or the
van der Waals forces in molecular systems, where synchronised electron fluctuations determine

significant attractive forces among apolar molecules [167, 168].
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Figure 8.1: Vibrational behaviour of two identical harmonic oscillators (like two identical atoms, or
bubbles undergoing small deformations). Panel A: independent oscillators (set at an infinite distance
D) are degenerate. Panel B: interacting oscillators (finite distance D) give rise to frequency splitting.

Albeit intriguing, this hypothesis turned out to be wrong. As we shall see in the following
chapters, other more sound models work better in explaining the experimental findings.

8.2 Coupled oscillators

In this section we will describe the coupling mechanism between two spring-mass harmonic oscil-
lators (mimicking the interacting bubbles), subject to (viscous) damping and selective excitation of
one of the two masses.

Let us first consider a driven-damped harmonic oscillator of mass m and spring modulus &,

immersed in a viscous fluid and excited by a periodic force f(¢) = F;cos wt:

k

m
e e
Fjcos ot

As is known, its natural frequency is @y = \/k/m.
One first coupling option is to add a second identical oscillator, connected to the first one via a

spring of modulus k # k. We obtain the two-mass, three-spring system depicted below:

>
Fycos ot
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Here, the second mass, not directly excited, will respond as a "receiver" to the oscillations of the
first mass ("transmitter"), excited by f (7). The dynamics of the system can be expressed by two
coupled F = ma equations in x| and x,, i.e. the displacements from the (unstretched) equilibrium

positions of the left and the right mass, respectively:

mi) = —kx; — K(x] —x2) — bx; + F;cos ot

mx, = —kxp — K(x2 —x1) —bxp ®.1)

where b is a (viscous) drag coefficient.
The steady-state behaviour of the system, reached after damped oscillations have vanished and

regulated by the driving force f(¢), is given by the particular solution of Equations 8.1:

x1(t) =C_cos(wt+ ¢_) +Cycos(wt + ¢ )

x2(t) =C_cos(wt + ¢_) —Cycos (@t + ) (8.2)
where .
—Yw
= 2 g = 0 (8.3)
e e e
and

k k+2
o=, o= 2K (8.4)
m m

Hence, two identical, interacting masses can oscillate at two frequencies (normal modes):

* The first, @_, is the resonance frequency of the isolated oscillators and is independent of the
coupling force k. If ¥ is small, and if the driving frequency @ matches @w_ the two masses
undergo stable oscillations of the same amplitude C_ and phase ¢_. The distance between

the two masses remains constant.

e The second, w., depends on the coupling spring via k. In this case, for small Y and o ~ @,
the two masses oscillate out of phase with equal amplitudes C (as indicated by the relative

minus sign in Equation 8.2). The centre of mass of the system remains fixed.

8.3 Coupling mechanisms

Unlike the interaction potential between two nearby dipole oscillators, which is exquisitely elec-
trostatic and governed by the dielectric constant of the medium, with a decay length over the
dipole-dipole distance comparable with the Debye length of the solution (lying in the 0.1-1000 nm

range), the coupling between two oscillating bubbles (drops) is mainly of hydrodynamic nature. As
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such, the decay of these hydrodynamic forces with bubble-bubble distance D is much smoother (of
the order of bubble radii, see Chapter 17) and strictly associated to the solvent viscous dissipation.

However, other coupling mechanisms can be considered as well. For instance, if a bubble is
covered by a distribution of surfactants (like SDS), oscillations will induce a surfactant redistri-
bution towards the more curved regions to minimize the electrostatic repulsion. The electric field
around the bubble loses its spherical symmetry giving rise to oscillating multipoles. In the case
of two adjacent bubbles, their synchronized motion will give rise to favourable attraction between
the fluctuating multipoles located on their surfaces. These forces contrast the expected repulsion
between identically charged spheres (bubbles) and have been invoked to interpret the attractive
interactions in charged colloids.

Proper choice of the coupling mechanism is crucial for the success of our model in pre-
dicting the spectral features and the decay length of bubble-bubble interactions.
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Chapter 9

Background on interacting oscillating bubbles

9.1 Survey of the literature

The interaction between two (or many) oscillating bubbles under the effect of an external per-
turbation (typically an acoustic field) has been extensively investigated — both theoretically and
experimentally, as well as by calculation — over the years, although not as much as single-bubble
vibrations (Section 6.1).

In this section we will give a general and by no means exhaustive outlook of the available
literature. Extreme conditions lying beyond the scopes of our study — such as very small (sub-
micrometric) bubbles, large-amplitude oscillations, or high-energy phenomena like cavitation —
will be mostly neglected.

It is worth noticing that, in spite of the wealth of published works on bubble-bubble interac-
tions, theoretical and experimental works have generally been conducted separately. Hence, very
little data exist from well-controlled laboratory experiments for which comparison with theoretical

predictions can be performed [169, 170].

Theory

The starting modelling step for multi-bubble systems is clearly the two-bubble system. The first
attempt was made by Shima in 1971 [171], albeit under rather restrictive assumptions (e.g.: radial
oscillations, incompressible and inviscid fluid, distance larger than bubble radii). Later studies dealt
with different system parameters, such as bubble sizes and mutual distances, oscillation modes, or
fluid properties like viscosity and compressibility.

Notice that most of the literature has focused on bubbles undergoing radial oscillations (see,

for instance, [143,161, 162, 172—174]) and/or on relative translation along their line of centres (see
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also [175,176]). A smaller, but significant number of papers, like Refs. [156,157,177-179], have
dealt with shape oscillations, which are the focus of the present thesis.

Moreover, because of the mathematical intricacies, many of them have been discussed in Chap-
ter 7, most theoretical models address the case where the distance between the centres of the
bubbles significantly exceeds the sum of their radii. In such a limit, the angular dependence in
the bubble-bubble interaction can be neglected and a perturbation approach is quite natural. This
approach often leads to simple analytical expressions, of which the works by Doinikov and his
coworkers are self-explicating exempla (see the above references), allowing also to model many
complex physical effects, like the formation of stable bubble clusters or "grapes" mentioned in
Section 7.2.2 [158, 159,180, 181].

Much less investigated is the opposite limit, where the centre-centre distance is comparable
with the sum of bubbles radii. In this case, the most natural procedure is that of adopting a specific
coordinate system (e.g., bi-spherical coordinates) that enables to decouple the equation of motions
for the fluid around the oscillating and interacting bubbles. This approach has been pioneered by
Morioka [182] within the large-distance frame. Later on, Maksimov was able to deduce different
analytical expressions for this kind of difficult problems also in the short-distance regime [183,
184], based on a symmetry approach (for a recent review on this topic, see [185] and references

therein).

Experiments

A broad variety of experiments have been conducted on bubble-bubble interactions, starting from
two-bubble systems, up to complex ensembles like clusters and grapes. However, the lack of data
from well-controlled experiments prevents direct and fruitful comparison with the existing theory.

Most studies address micrometer-sized bubbles, in light of their applicative interest (see Sec-
tion 4.1). In this case, especially for large bubble ensembles, the most common observable is the
acoustic backscattered signal (see, for instance, [169, 186]). Typically, volume oscillations are ex-
cited by an acoustic transducer and the backscattered waves are recorded by a second transducer.
The occurrence of shape deformations is related to instability phenomena as those discussed in
Section 7.3. Since the recorded signal is extremely sensitive to the interaction forces between the
bubbles — in terms of mutual distances, directions and of their attractive or repulsive nature — it
provides a "fingerprint" of the interacting system. Exciting frequencies lie in the range of 10? kHz,
detected frequencies decrease with the number of bubbles and may differ significantly from those

of isolated bubbles. Videometry measurements are also feasible by use of modern ultrafast cam-
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eras, however they require rather large oscillation amplitudes and contained frequencies due to the
spatial and temporal resolution limits of optical imaging.

Experiments on the interactions between larger (millimetric) bubbles, often tethered ot sup-
ported on solid surfaces, have been performed as well. Interestingly, results for the typical 1kHz
acoustic frequency on a pair of equal sized bubbles of 1 mm have confirmed the existence of sym-
metrical (low-frequency) and anti-symmetrical (high-frequency) eigenmodes [170]. The close-
distance regime, in particular, has been addressed by several numerical and experimental studies,
like Refs. [187-193].

More complex systems have been investigated as well. Many involve bubble interactions in
proximity of solid boundaries, like Ref. [192] or Refs. [187, 188], providing some clues on the

formation of bubble clusters, or acoustic emission by coalescing bubbles [189, 190].
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Chapter 10

Basis of '"bubble spectroscopy"'

10.1 Bubble resonant response to external excitation

As it can be observed from Equations 6.12 and 6.20, unexcited bubbles undergo only small, ran-
dom perturbations caused by the temperature or pressure fluctuations in the thermal bath (damped
oscillations). By contrast, resonant fluctuations with characteristic Lorentzian decay (damped and
forced oscillations) can be observed in the presence of controlled external excitation (the F (¢) term

in Equations 6.12 and 6.20). The excitation may be applied in several ways:

* For instance, charged bubbles (drops) can be excited by applying an oscillating electric field.
Electric excitation may take place also in the absence of a net interfacial charge, due to the
difference in the dielectric constant between the fluid (gas or liquid) inside the bubble (drop)
and the surrounding liquid, although the resulting force is very small compared to the direct
excitation obtained with a net surface charge. The latter case is easily distinguishable from
direct excitation since the coupling is quadratic in the electric field, thus, given a field of

frequency f, the force acts at a frequency 2f.

* For the broadly investigated acoustic excitation, the mismatch in compressibility and density

between the facing media is at the basis of the bubble or drop response.

* Bubbles (drops) can also be deformed from their equilibrium shape by simple shear, due to
the flow properties of the surrounding medium [194] or to the movement of a contacting
surface [115], as in the case of anchored bubbles (drops). The response to this mechanical

excitation is particularly sensitive to interfacial properties like surface tension.

Bubble resonances are extremely reproducible and bring a lot of information on the bubble itself:
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Figure 10.1: Molecular vibrational (IR) spectroscopy (source: web), vs bubble vibrational spec-
troscopy obtained with our setup. The former allows to study the vibrational modes of single mole-
cules, whose typical frequencies are of order of 10'> Hz (100cm™!). The latter, by contrast, refers to
the collective vibrations of the bubble (drop) interfaces, which occur at much lower frequencies (10 Hz
for radii R ~ 500 pum). The underlying principle, however, is markedly similar. Moreover, in both cases
the detected amplitudes are, in terms of sensitivity, of order of 0.1 nm (length of molecular bonds).

* The oscillation amplitude at resonance depends on the net surface charge;
» The resonance width reflects the energy dissipation at the interface;

» The resonance frequency is connected to the dilation restoring force at the interface.

All of the above parameters are experimentally accessible for every harmonic (n), as will be dis-

cussed in detail in Chapter 15. This lays the theoretical basis for a “bubble spectroscopy”.

10.2 ''(Single) Bubble spectroscopy"

If we record the oscillation response of an excited bubble over the applied frequency, we get a
vibrational spectrum of the bubble, like that shown in the right panel of Figure 10.1 (obtained by
the interferometric apparatus described in Chapter 15). Here, the first detected peaks denote shape
oscillation eigenmodes with increasing n (for a free bubble, the frequency is given by Equation
6.22); the volume mode generally falls at higher frequency (see Equation 6.14 for free bubbles). As
anticipated in Section 6.9, anchored bubbles display a somewhat different spectrum, characterised
by a shift in resonance frequencies and by the appearence of the degenerate n = 1 mode; however,
apart from the frequency shift, the information that can be extracted is the same.

The left part of Figure 10.1 shows by comparison a molecular vibrational spectrum (obtained

by a customary FT-IR spectrometer). Resonance frequencies differ as much as 10 orders of mag-
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nitude in the two cases: while molecular vibrational spectroscopy measures the oscillations of
single molecular bonds (with energies falling in the infrared region, corresponding to 10'? Hz fre-
quencies), bubble spectroscopy addresses the collective motions of molecules at the bubble (drop)
interfaces (lying at much lower frequencies, of order of 10? Hz for shape modes and 10 Hz for
volume modes). The principle underlying these two spectroscopies, however, is markedly similar:
both study the characteristic resonances of a mass-spring oscillator (molecular bonds linking atoms
in a molecule, and the closed interface between two immiscible fluids, respectively) in order to in-
fer its properties (e.g., bond strength, or interfacial tension), with amplitude sensitivity of order of

1 A (length of molecular bonds).

10.3 From single to interacting bubbles

The spectroscopic approach described above has been exploited to study oscillations of single
bubbles and drops at different amplitudes and with different coverages. Details are given in Chapter
15. We now want to extend it to measure the interaction forces between two nearby bubbles.

Many studies have addressed force measurements involving soft interfaces. For instance, the
well-assessed atomic force microscopy (AFM) techniques have been applied to numerous systems,
from the simple air-liquid interfaces to membranes (for a comprehensive review on the topic, see
Ref. [195]). In such measurements, the interaction force between the interface and a probe tip
mounted on a cantilever is measured by monitoring the distance between the tip and the sample,
while a feedback loop ensures that the force is kept constant.

On the contrary, in our experiments the relative distance D between the oscillating bubbles
(drops) is held constant (see Chapter 16). Hence, their weak attractive forces cannot be measured
directly. Instead, following the arguments of Section 8.1, we may exploit the frequency shift of the
interacting bubbles set at different distances D. This frequency shift can be theoretically linked to
the distance D in order to fit the strength of the bubble-bubble interactions.
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Part IV

THEORETICAL MODELLING
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Chapter 11

A theoretical model of interacting bubbles

In this chapter, I propose an intuitive and qualitative approach aimed at rationalizing the experi-
mental trends of the bubbles vibrational properties — amplitudes, viscous dissipations (proportional

to the resonance width), phases and frequencies — as a function of the inter-bubble distance.

11.1 Formulation of problem

The basis for the description of two interacting pulsating bubbles lies in the theory of single oscil-
lating bubbles. In particular, the Rayleigh-Plesset (RP) theory, introduced in Chapter 6, provides a
convenient framework for our task.

The modelling entails modifying the equations for a single bubble, seen in Section 6.5,

by introducing a perturbation term that depends on the relative inter-bubble distance D

and on the invoked coupling mechanism.
However, the two-bubble system investigated in our study — and in particular the experimental
setup, described in Chapter 16 — is much more complex than that assumed by the RP theory.
To best match our experimental conditions while preserving model simplicity, we will have to
consider precise system geometry and bubble oscillation modes. In particular, we are looking for

the simplest analytical model of two interacting bubble oscillators with the following features:

» Two axially symmetric anchored bubbles, with a partially charged surface, undergoing shape

(at least quadrupolar) oscillations.

* Inter-bubble distance spanning from the order of bubble radii to contact. Hence, crucially, it

must account for the close-distance range (see Chapter 9).
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* Directional driving field (acoustic and electric) selectively applied on one bubble: this so-
called "master" bubble will in turn act as a pressure wave source (transmitter) towards the

second one (receiver), denoted as "slave" bubble.
* Possibility of mixed interaction mechanisms (mainly hydrodynamic and electrostatic).

To a first approximation, we will assume irrotational flow, leaving out the highly nonlinear mathe-
matics related to vorticity (see Chapter 7). Moreover, we will not make hypotheses on the nature of
the applied field and on the bubble response to the driving. Indeed, as our experiments are mainly
based on electrical or mechanical stimulation of the master bubble by a contacting electrode, the
response may differ from the typical case of an applied pressure field at "infinite" distances. Such a
difference would in turn affect the bubble dynamics via the F(¢) term in Equation 6.20 (or similar
forms). We have addressed this problem for the case of electric excitation in collaboration with
Professor Alexey Maksimov, from the Oceanographical Institute of Vladivostok (Russia). Results

are still preliminary, some information will be given in a later version.

System description

The problem of a spherical bubble (the slave bubble) locally excited by an oscillating bubble (the
master bubble) can be addressed by introducing two local spherical coordinates centred at the
bubbles centroids, as depicted in Figure 11.1, in a similar way to the first two-bubble models
like [171].

We recall from Section 6.5 that, in local spherical coordinates, an axisymmetric deformation of

the radius R; of bubble j is described by an angular modulation of the radius:
R;(6,1) = Roj+ Y aju(t)Py(cos 6)) (11.1)

where Ry; is the unperturbed radius (j = 1,2), P,(cos 0;) is a Legendre polynomial and a,, (1) < Roj
is the time-dependent amplitude of the bubble maximum surface deformation. Strictly speaking,
Ro; is a function of time, oscillating around the equilibrium position of the bubble radius. This
point will be addressed shortly later.

The presence of a second oscillating bubble (the master bubble) induces an oscillatory motion
of the slave bubble (otherwise unexcited). The master-slave interaction is mainly localized within
a relatively small surface area, hereinafter referred to as the "contact region". The calculation of
the fluid-mediated vibrational properties of the system depicted in Figure 11.1 in the case of shape

deformations and is described in the following section.
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Bubble 1 Bubble 2

Rt . ——

Figure 11.1: Representation of two interacting bubbles in local spherical coordinate systems. The
bubbles are described as axially symmetric spheroids (axes in red) of equilibrium radius R, ;, with j =1
(master bubble) or j = 2 (slave bubble). Their centroids O; are vertically aligned and set at a distance
D. The bubbles’ deformed profiles — set in antiphase in this representation — are filled in blue and their
equilibrium (spherical) shapes are shadowed in grey. Since the system has global axial (C.) symmetry,
the azimuthal (¢;) dependence is suppressed, thus simplifying calculations. Given a point P in the
surrounding fluid, r; is the local radial coordinate, 6; being the angular coordinate and R;(6;,?) the
local radius of Bubble ;.
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11.2 Approximate solution for two interacting bubbles undergoing
shape oscillations

If we neglect the relatively small contact region, the oscillation of the bubble surface can be de-
scribed by the standard equations set forth for the isolated bubble. Of course, the oscillation prop-
erties will be modified by the presence of a contact region. As we shall see shortly, the effect of a
second bubble will be considered as a perturbation to the oscillation of the free bubble.

I will restrict the analysis to incompressible fluids (i.e., sound velocity ¢ — o), but more com-
plete descriptions valid also to compressible fluid, like the Keller-Miksis equation [91], have been
widely reported in the literature. In incompressible fluids, the starting equation to describe the
motion of a free bubble is the well-known Rayleigh-Plesset, Equation 6.9 (see Section 6.3), here
rewritten as:

S 3, R 20
P <RR+2R > 41+ AP(r) =0 (11.2)

where p is the fluid density (assumed to be constant), R the bubble radius, ¢ the surface tension
at the liquid-gas interface and AP(r,t) = P, (r,t) — Pp(t) the difference between the pressure far
from the bubble P, (r,7) (that may depend on space r and time #) and that within the bubble Pg(t).
From a physical standpoint, the first term accounts for the kinetic energy of the fluid displaced by
the oscillatory motion of the gas-liquid boundary of the bubble. The second term derives from the
viscous dissipation energy, the third accounts for the energy spent to deform the liquid-gas surface
area and the last describes the master-slave interactions.

In the case of two interacting bubbles, I have to consider two RP equations coupled through
a term dependent on their mutual distance. Labelling with 1 and 2 the two bubbles and letting D
be the relative distance between their centres (D = R; + R, + h, where h is the shortest distance
between the bubbles walls), I write, up to O(D~2) terms:

. 3. R, 20
p (RlRl +R12> +4n4+ R AR =

- <2R2R2 L R2R,

(11.3)

@\TD U\’O

.. 3. R 20
p (R2R2+R22) +4n7+ 20 APy () =

2R (R RR)
3 R, ( 11+ 1

The coupling term 5 <2R R; +R R; ) with j = 1,2, describes to the lowest order the dynamic
effect of a nearby bubble set a distance D apart. Its analytical expression can be derived following,
for instance, the reasoning reported in [196]. Higher-order terms in D™" (with n > 2) can be

calculated, their analytical expressions can be found for instance in Refs. [162,174]. In this Thesis,
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only the lowest-order approximation will be used. Notice that, in the case of surface-active species
(e.g., surfactants) adsorbed on the bubble surface, possible direct interactions may arise, mediated
by the surface layers. Such interactions may be taken into account by adding an additional distance-
dependent term, ® (R;,|D|), to the purely hydrodynamic coupling term. This effect is generally
neglected in standard models of bubble-bubble interactions, but can be important if one considers
"dressed" bubbles as we did in many experiments. In Section 11.7 I report an analytical expression
for ®(R,|D|), based on the Derjaguin approximation (Appendix A.l), for the case of charged
bubbles suspended in an electrolyte solution.

At variance with the overwhelming number of papers present in the literature, our experimental
setup used imposes that the forcing term acting on the second (slave) bubble be zero. Indeed,
researchers customarily employ acoustic fields to excite the bubbles oscillations. Generally, the
acoustic field is homogeneous in the scale of the bubbles dimensions, so all of the bubbles feel an
identical exciting field. On the contrary, in my experiments I purposely used a strongly localized
excitation that enables to trigger selectively the oscillations of a single bubble (the master). Several
control experiments performed in our laboratory confirm that the exciting field is confined over a

single bubble alone even at short bubble-bubble distances. Consequently:

AP](I‘,[) :Pext(R17917t)+P0_PB(t)

(11.4)
APy(r,t) = P, — Py(t)

where P, is the atmospheric pressure (a constant) and P, (R1, 0;,7) is the additional pressure gen-

erated by an external field applied to the first bubble (the master bubble) alone.

I pause for a moment and stress the key conceptual differences between the setup employed in
our experiments and that commonly adopted to investigate volume or shape oscillations, relying
on intense, homogeneous acoustic fields. Because of the relative size of the acoustic wavelength
and bubble radius, the time-dependent pressure of the acoustic wave can be considered spatially
uniform in the scale of bubble dimensions. If one assumes a constant bubble radius, such a ho-
mogeneous pressure field cannot excite shape deformations. On the contrary, if the bubble radius
is allowed to change in time during bubble oscillations, one can observe a parametric excitation
of the different shape oscillation modes above a some critical threshold. The mechanism of this
parametric excitation has been briefly discussed in Section 7.3.

In the setup used in my laboratory, the exciting field is strongly inhomogeneous. Electric or

mechanical (piezoelectric) excitation is focused on a part of the bubble by exploiting the needle
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shape of the electrodes to which the bubble is supported. One may wonder if the classical paramet-
ric excitation still persist even in our experiments. To answer this question, we performed several
experiments by using drops instead of bubbles. We investigated shape oscillations of immiscible
drops suspended in water using different hydrophobic fluids and exciting them with strongly in-
homogeneous fields as described above [4, 5]. Because of the virtual incompressibility of liquids
with respect to gas, no significant variations of the bubble radius is to be expected during the drops
oscillations. Results constantly show only tiny differences in the oscillatory behaviour of drops
and bubbles, ruling out significant contribution of the parametric excitation mechanism. On the
basis of these experimental results, I neglected radius variations during the shape oscillations of
the bubbles. Moreover, the pressure of the gas, Pg(t), inside the bubbles is assumed to be identical
and spatially homogeneous.

From a modelistic point of view, the direct excitation of the shape modes through spatially inho-
mogeneous fields introduces important semplifications. Indeed, the standard parametric excitation
mechanism for shape modes requires a modulation of the bubble radius that, upon linearization,
leads to coupled Mathieu-like equations. On the contrary, direct excitation of the shape modes
through a inhomogeneous field leads, upon linearization, to the classic (damped) driven oscillator
equations that can be easily solved even in the case of interacting bubbles. Even if the theory of
coupled Mathieu equations exists in the literature (see, e.g., [197]), it is very cumbersome and dif-
ficult to apply. Therefore, a direct excitation of the shape modes could be advantageous in studying

the dynamics of interacting bubbles.

For a bubble undergoing shape oscillations alone, the spatial profile of the radius reads: R;(6;,7) =
Roj+ Y., ajn(t)Py(cos 6;) as defined by Equation 11.1. Replacing this expression into the coupled
RP equations (11.3) and expanding in linear terms of a,,(¢) /Roj (a permissible approximation since

in our experiments a,() is in the nanometre scale and Ry falls in the millimetre scale), I find:

S agki

[d]n(l‘) +b1nd1n(t) + (1)10(11) . aln(t)Pn(COS 91) +Czn(D) . dzn(t)Pn(COS 92)] = ;Pex[ (R1,91,t)

(11.5)
Z [éion (1) 4 bandon(t) + @np(n) - @y (1) Py (cos 62) + (D) - iy (1) Py(cos 61)] = 0 (11.6)
n
where: b, =2(n+2)(2n+1) %, 03 (n) = (n—1)(n+1)(n+2) =% and:
pROj Jo PRy;
R? R?
D)= —2_. D)= —° 11.7
cin(D) RAD’ can(D) RoaD (11.7)
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Equations 11.5 and 11.6 are the classical equations for two driven-damped harmonic oscillators
with damping coefficients b j, and characteristic frequencies ®j, (). The forcing term %Pm (R1,6y,1)
arises from the spatially inhomogeneous field (either electric or acoustic) used to excite the master
bubble. In the geometry employed in this Thesis, the field is essentially dipolar (a bubble pinned
at the poles by two oppositely charged electrodes), however, higher -order multipoles (mainly
quadrupole) show non-vanishing amplitudes.

In writing the above equations, I neglected any distortion of the bubble geometry and eigenfre-
quencies due to bubble adhesion to the electrodes. This approximation stems from the observation
that: i) the bubbles maintain a thin layer of water when approaching to the electrodes as observed
by an optical microscope; and ii) the geometry of the bubble does not deviate appreciably from the
spherical shape when it is gently adhering to the electrode. So, by properly selecting the electrodes
coating, we can minimize the wetting phenomena between the drop and the electrodes. In any case,
more advanced theories enable us to include the strong adhesion effects (see, e.g., [120,122,126]).
It must be recalled that bubble adhesion enables to observe the bubble deformation motion n = 1
(displacement of the centre of mass, i.e., translation), that is degenerate for free bubbles. For an
anchored bubble, the associated frequency differs from zero and increases with the strength of
bubble-electrode binding. Indeed, we experimentally observed the motion n» = 1 in most of our
measurements.

Without loss of generality, one may multiply both sides of Equation 11.5 by sin 6;P,,(cos 6;)

and integrate over d6; obtaining:

i [(din (t) +bindin (t) + ©F, (n)-a1, (1)) /+nPn (cos 0;)Py, (cos Oy)sin 0;d6; + ¢2,(D)

-
+7r 1 /=
“don(t) P, (cos 6;)P,, (cos 6 ) sin Oldel] = E P.y (Ry, 61,t)P,, (cos 6;)sin 6,d6,

- -7
(11.8)
The first integral is easily calculated by exploiting the well-known orthogonality relationships for

Legendre polynomials:

+r 2 ifn=m
B, (cos 8) Py, (cos 8;)sin 8;d@; = { 2"+! _ (11.9)
-z 0 otherwise

More difficult is the evaluation of the second integral [*7 P, (cos )Py, (cos 8 ) sin 6;d6;. Making

use of the mathematical relationships [198]:

P,(cosB) (—1)" & Ro1
RZ;A = Tl kgbcnk D

k
> Py (cos 0;) (11.10)
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(n+k)!

where G, = =1~ and of the orthogonality condition Equation 11.9, the above integral becomes:

+
P, (cos 6,) P, (cos 0;)sin0,d0; =

-7

Rn+1 - ol kot .
- Dn—HZ nk( > - Py, (cos 8)) P (cos ) sin 0,d 0 = (11.11)

wo (R & Cu (R \*
—-1)"2
(=1) <D) kgozkﬂ D

Finally, the third integral /™7 P,y (R1, 61,1)P,, (cos ;) sin 8;d; can be calculated by expanding the

applied pressure P,y (R;, 6;,¢) in terms of Legendre functions, that is: P,y (R1,0;,1) =Y.~ A, (?)
-P, (cos 0;), where A, are multipolar terms that can be theoretically calculated or experimentally

determined from the geometry of the applied excitation field. Hence:

2
2n+1

+7
/ Pex,(R1,91, ) (COS@])SIHQ]dGl An(t) (11.12)
-

With the aid of the integrals (11.9), (11.11) and (11.12) and setting A, (t) = A,, - €'“" (periodic

applied force), I transform Equation 11.8 into a much simpler expression:

(1n () + biadin (t) + OF, (1) a1y (t)) + Q1(n,D) -l (t) = Aoy €' (11.13)

where the dimensionless coupling parameter Qi (n,D) takes the simple form: Q; (n,D) = cp,(D)
(=1)"(2n+1) (R )nHZk 02k"k ( ”1) that is, from Equation 11.5:
k
> , n>1.

By repeating exactly the same procedure, a form similar to Equation 11.13 is deduced from (11.6):

n+3 o
— n 02
Q1 (n,D) =(-1)"(2n+1) Ry D" Z 2k—|—1 (

(ian (t) + bandon (t) + 03, (1) - a2 (t)) + Q2(n,D) -Gty (t) = Agn - (11.14)

where

Rn+3 ) C R2k
D) =(—1)"(2n+1) o L > 1.
0:(n.0) = (1) ot 1) ooy ¥ ()

Notice that Equations 11.13 and 11.14 are valid only for the shape deformation modes (n > 1) and
were obtained under the approximation of a constant radius of the bubble during the oscillations.
The case n = 0, that is, the pure volume mode, entails a compression/dilation response of the bubble

and will be treated separately.
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In order to numerically estimate Q; (n,D) and Q5 (n,D), we need to calculate the convergent

N
series 2(n) = Y5 221‘1 (%) with C, = (’;{,f!)!. A general closed formula valid for all n values

cannot be obtained. However, only the oscillation eigenmodes with small n are of experimental

interest, namely the n = 1 (dipolar mode) and n = 2 (quadrupolar mode). Higher oscillation modes
like n = 4 and n = 6 can be experimentally detected, but their intensity decreases with n. Letting

X =2~ 0.5, simple algebra yields:
(X — l)tanh_1 (\/}7) —VX

Yn=1)= eV .
Y(n=2 _-?’()(2—2)(—&-1)tanh_1 (\/)?)4_5\/)7_3\/@ .
"=y 8(X — 12X

where tanh~! (v/X) is the inverse hyperbolic tangent. In the limit X — 0 (large inter-bubble dis-
tances), I get: Z(n=1) =1+ 32X +...,and: £(n=2) = 1 + X +..., that s, the series is weakly
dependent on R,; and D. The system of second-order ordinary differential Equations 11.13 and
11.14 can be easily solved. Neglecting irrelevant transient terms that occur near t = 0, I seek for a
solution of a1, (t) and ay, (¢) of the form: a;, (1) = a?ne"“” . Replacing this formula into Equations
11.13 and 11.14, I get:

(@f, (n) — @* +iwbi,) af, — ©* Q1 (n,D) a3, = Aoy

2 o 2 2 . 0 (1116)
—w~Qs (n,D)af, + (wz(, (n) — o+ lwbzn) as, = 0.
Exact solution to Equations 11.16 reads:
o (@3, (n) — ©* + iwb,) 4
" (@2, (n) — @2+ ioby,) (03, (1) — @2 + i0ba,) — ©*Q, (1,D) Qs (n,D) " a1
5 .
®-Q>(n,D
as, = — 2(n, D) Aon-

(@f, (n) — ©*+iwb,) (a)go (n) — @2 +iwby,) — ®*Q, (n,D) Q> (n,D)

The phase of the amplitude oscillations of the two bubbles are defined through the relationships:
aj, = |a3,| e~01(®) and g, = |a3,| ¢~%(®)_thus the phase difference between the two oscillators

(master and slave) can be calculated as ¢ (@) — ¢»(®), yielding:

01 (0)— ¢ (0) =T —tan~" (wzbza’) (11.18)
20

(n) — w?

which reproduces the classical sigmoidal shape with a £ jump at the resonance frequency, observed

also for a single harmonic oscillator.

74



Once the coefficients af, and a9, have been calculated through Equations 11.17, the averaged
response of the bubbles, (Afn) 1/2 can be easily calculated by performing a space and time averag-
ing. This quantity can be directly compared with the experimental data on the amplitudes of the

surface deformations obtained from the interferometric apparatus.

W= (7 [ an @0

where T is the oscillation period (T = 27/ @,;(n)), a},(t) denotes the conjugate complex of a;y ()

+7 1/2
P, (cos®j)P, (cosﬁj)sinﬁjdﬁj} dt) (11.19)

-

and j = 1,2. Performing the integrations:

i

Separating real and imaginary parts, from Equation 11.19 it is obtained:

1/2
2n+1Re{a‘1’na?fl}> , n>1. (11.20)

<A%>1/2: F(n,0) A
" /P2 (n,®,D) + ©*S2(n, ») o (1121)
5 .
<A%n>1/2 = ® ’QZ (n,D)\ A/on

- /P2 (0,D) + 0°5*(0)
where:
P(n,o,D) = ((0]20 (n)— (02) (co%o (n) — wz) —0*Q, (n,D)Q; (n,D) — @*by, by,
S(n, ®) = by, (03, (n) — ©*) + by, (07, (n) — ©7)

F (n,0) = (@}, (n) — 0%) (03,(n) — ©*) + ©*b2, S(0)
I Aon
=t

11.3 Two interacting bubbles undergoing volume oscillations

Before discussing the numerical results, let me briefly report the equations for the vibrational prop-
erties of two interacting bubbles submitted to radial deformations.

Two main points are worth noticing:

* First, the eigenfrequency of the radial mode is generally higher than those of the lower-
energy surface modes. This is because the restoring force to volume bubble deformation
arises from a combination of surface area variation and compression of the gas inside the
bubble. On the contrary, for surface modes, the compression of the gas during the bubble

deformation is negligible.
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* Secondly, the formulas reported in the literature for two pulsating bubbles set a distance D
apart cannot be used because they have been derived under the assumption of a perturbing
field identically acting on both bubbles. However, the extension of the model to the case of

radial oscillations is straightforward.

By repeating the procedure employed to derive Equations 11.21, I look for a variation of the bubble
radius during a volume deformation of the kind: R; () = R,; + €;(t), where &;(¢) is the amplitude

of the oscillation around the equilibrium radius R, ;, obtaining:

Fn=0
<A%O>l/2 = [ 0 <Dn 7(20;2 0 Ago
VP (n=00, );Lw (n=0,0) (11.22)
Q)]
(A3)'/* = |02 (n = 0,D)| Ay

VP2 (n=0,0,D)+ 02S*(n=0,0)

where (A7,)"/2 and (A},)!/? are the mean amplitudes of the master (j = 1) and slave (j = 2)
bubbles. Explicit expressions for P (n =0,®,D), S(n = 0,®) and F(n = 0, ®) have been defined
after Equations 11.21, while the coupling terms ’Qj (n= O,D)’ are given by: |Q) (n=0,D)| =~

2 2
RR;;"D and |Q> (n=0,D)| = Ii”zD. The resonance frequencies of the two bubbles are: wfo (n=0)=

Ry
1 <;§§j + 12?3 (3y— 1)>, where 7 is the gas polytropic exponent (y = 1.4 for air) and P, is the

p
atmospheric pressure.

11.4 Numerical results

The resonance spectrum of the slave bubble, i.e. the oscillation amplitude <A§n>1/ 2 against the
frequency o of the perturbing field (applied to the master bubble alone), is shown in Figure 11.2.
For the sake of simplicity, the bubbles were assumed to be identical. Curves have been calculated
for different values of the bubble-bubble distance D (more intense curves refer to shorter master-

slave distances, D ranging from 100 to 300 um, respectively). Arbitrary units were always used.

Analogous calculations have been made for what concerns the master bubble. As expected,

variations are much smaller and slightly depend on the bubble-bubble distance D.
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Figure 11.2: Amplitude < A, >!/2 of the “slave bubble” against the frequency @ applied to the

“master bubble”. Data refer to the vibrational mode n = 2. The different curves have been calculated at
increasing inter-bubble distance D. Notice that when D — o, the amplitude < A%n >1/2 goes to zero.

11.5 Approximations for the squeeze flow in the contact region be-
tween two bubbles

At short distances, hydrodynamic forces are strong and the fluid motion inside a narrow gap
between two bubbles can be described in the framework of the lubrication approximation (see,
e.g., [199]). This approach is particularly suitable to describe the deformations of a fluid contained
in an oscillating gap of thickness A(7).

Since extremely simple formulas can obtained in the limit of flat plates, I assume that the gap
between two nearby bubbles can be approximately considered as planar, with an effective radius
of the upper and lower circular plates r.ss (see Figure 11.3). Let § be a cutoff distance beyond
which the squeeze flow characteristics sharply decay, and let A(z) be the shortest distance of the
oscillating gap and R, the unperturbed radius of the bubbles (assumed identical), simple geometry
shows that: R, — %5 = /R2— rsz, which is trivially solved yielding to the leading terms:

Teff =/ OR, (11.23)

The next step is to calculate the fluid velocity in the region limited by the plates of effective radius
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Bubble 2

Fetf

Bubble 1

Figure 11.3: A zoomed representation of the two interacting bubbles of Figure 11.1 (rotated by 7/2).
The equilibrium radii R, have been assumed to be equal for model simplicity, and the closest equilib-
rium distance between the surfaces is 4, < R,. The so-called "contact region", where the interaction
between the bubbles is the most effective, is defined by the spherical segments on their surfaces with a
base of radius 7. 7¢, determined by the cutoff distance assumed for effective interactions, &, + .

resf and relative distance h (t) = h, + €¢'®", where € is the oscillation amplitude, ® the oscillation
frequency and ¢ is the elapsed time.

To solve the problem, I adopt a local system of cylindrical coordinates (r,z, ¢), centred in the
middle of the contact region between two nearby bubbles. The starting point is the usual Navier-
Stokes, Equation 6.3. For a squeeze flow originated from the oscillatory motion of the boundary,

the i-th component of the fluid velocity vector U;(r,z, ¢,¢) (with i = r,z, @) can be written as:
Ui(r,z,0,1) = u; (r,z, @) ' (11.24)

This particular form of U; enables us to write the Navier-Stokes equations as:

(8214, 1 du, %u, ur>

or ' r or 072 72

9%u, N 1du, 0%u,
or? r ar 072

, oP

wpu, = — —+1m
ar

(11.25)

, d
opu; = — 7Z+n

where p and n) are the density and dynamic viscosity of the fluid, respectively, while u, and u,
are the radial and perpendicular components of the velocity within the gap (see Figure 11.3). In
writing Equations 11.25 we dropped out the angular component of the fluid velocity u, because,

by symmetry reasons, the fluid rate is angular independent. Equations 11.25 must be supplemented
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by the equation of continuity, that for incompressible fluids reads:

d(ru,) =~ du;
S rSE=0 (11.26)

Symmetry arguments and use of Equation 11.26, lead to the fact that, in planar (or quasi-planar)

geometries, the radial and perpendicular components of the velocity behave as:

u,:%f/(z)-r; u, = —f(2) (11.27)

where f(z) is a function of z alone and the dash refers to differentiation with respect to z. Inserting

Equations 11.27 into Equations 11.25 yields:

1 , oP 1, . oP
Floprf (&) =—a-+onrf7(z)  and: iopf(z)= - +n/() (11.28)

Eliminating P by cross-differentiation and combining together Equations 11.28, I obtain:
(@) +af"(z) =0 (11.29)

where o? = —i%. Boundary conditions at the wall of the slave bubble are: U,|._, = U.|._, =0
(no-slip conditions) and: U, —n(r) = 0 (no-slip condition) and: U] () = % = iwee' (kinematic
condition) at the wall of the master (i.e., directly excited) bubble. The above conditions imply:
£(0) = f(0) = 0and: £ (h,) =0, /' (hy) = 1.

Analytical solution to Equation 11.29 satisfying the boundary conditions defined above is fea-

sible, but not very informative; an useful formula is recovered in the limit o — O (i.e., negligible

Z 3 Z 2
f(Z)=—2<hO> +<h> (11.30)

More precise results can be obtained by adding the -dependent terms as a perturbation, these

inertia):

formulas will not be reported here. Once the explicit, approximate expression for f(z) has been
obtained, with the aid of Equation 11.27 the components of the velocity vector can be easily calcu-
lated:
1. iot
U, = Eza)s:e rf1(z) (11.31)

Thus, the z- and r-averaged mean flow within the contact region (r = r.rs = v/OR,, see Equation
11.23) is:

\ 5R0 eiwt

11.32
4h, (11.32)

1 [fho 1 [resy
U) = — / U,drdz = ioe
ho Jo  reprlo
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The above result clearly evidences the different behavior of the fluid near the contact region of two
close oscillating bubble and that of a fluid oscillating in a narrow layer of fluid lying between the
two bubbles. Indeed, if we compare Equation 11.32 (the averaged radial velocity just outside the
contact region), with the radial component of the interfacial velocity far from the contact region,

Urlg = iwee'® 1 obtain that their ratio scales as:

<Ur>contact region ~ 6R0 172
U & 1672

(11.33)

where the length 0 is of the same order of magnitude as the shortest bubble-bubble distance #,.
Equation 11.33 clearly shows a divergence of the local velocity in the limit 4, — 0 (touching bub-
bles). Even at non-vanishing distances the fluid rate enhancement is significant, in our experiments
h, is in the micron range and R, is in the millimetre range, it follows that the fluid velocity in the
gap between the bubbles is estimated to be about 10 times faster than in regions far from the contact
region'.

The occurrence of unusually large velocities makes questionable some approximations widely
adopted in solving the Navier-Stokes equation, at least in the critical contact region. The fluid
motion cannot be considered any more irrotational and non-linear terms in the fluid velocity cannot
be neglected as usually made at low Reynolds numbers. Both effects are well-known since long

time (see, e.g., [140-143]) and belong to the microstreaming phenomena described in Section 7.1.

11.6 Qualitative predictions of the model

The model we have developed in my laboratory foresees a number of effects associated to the same

variation of the inter-bubble distance. I summarize the main results:

* Because of the greater fluid velocity inside the inter-bubble spacing gap, the fluid kinetic
energy is larger than in distal regions near the surface bubble. The resulting apparent “added
mass” lowers the oscillation frequency of the slave bubble, the effect being more pronounced

at short distances.

* The great fluid velocity in the gap induces a strong dissipation of the kinetic energy (the dis-

sipated energy is proportional to the square of the fluid velocity times the fluid viscosity). As

IStrictly speaking, the radial flow in the gap and far from the gap have different orientations. Inside the gap, the
fluid motion is almost parallel to the bubble surface, while far from the gap, the radial motion is perpendicular to the
oscillating surface. This difference, however, does not modify the conclusions.
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a consequence, the viscous dissipation (experimentally related to the width of the resonance
peak) must decrease with the distance. Since the behaviour of the fluid patterns strongly

depends upon the bubble distance, the dissipation behaviour is very intricate.

The amplitudes of the oscillation modes decrease with the distance with different powers for

volume and shape modes.

The form of Equations 11.21 and 11.22 predicts only a slight variation in the oscillation fre-
quency along with the inter-bubble distance, especially for what concerns shape oscillations

(see Figure 11.2), meaning weak interactions.

In the absence of strong inter-bubble attraction forces (e.g., “stickers-receptors” couples uni-
formly distributed at the bubble surfaces), the oscillations of the master and the slave bubbles

must be always out of phase.

The decay law for the vibrational parameters with the inter-bubble distance D is faster on
increasing the eigenmodes number n. Therefore, for a volume oscillation (n = 0) the decay
roughly behaves as D~! while for a quadrupolar mode (n = 2), the decay approximately
follows a D~* law. This result implies that the shift of the spectroscopic parameters is smaller

for shape oscillation modes than for the radial mode, as seen in our experiments.
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Bubble 1 Bubble 2

Figure 11.4: Representation of two interacting bubbles in local spherical coordinate systems, similar
to Figure 11.1. The most notable difference is that here the symmetry axes (shown in red) are vertical,
as in the real experimental setup. For convenience, both bubbles have equal equilibrium radii Ry.
The distance between their centroids O and O, (vertically aligned) is constant and equal to rj2. As
the bubbles vibrate, the distance of closest approach D (length of the segment AB) varies about the
equilibrium distance Dg. Given a point P; on bubble i surface, R; is the local radius of the bubble.

11.7 Electrostatic interaction energy between two bubbles undergo-
ing shape deformations

In this section I will suggest an approximate form of the coupling term & (R, |D|) required in
Equations 11.3 to account for direct bubble-bubble interactions mediated by the surface charge.

A word of caution is needed. The calculations made in this section refer to a slightly different
system, as shown in Figure 11.4. The adoption of this symmetry, dictated by the real experimental
setup, changes slightly the final form of Equation 11.47 with respect to the system described in
Figure 11.1, via the radius form, Equation 11.38. However, the numerical differences are small and

the qualitative behaviour is unaltered.
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System description

Let bubbles 1 and 2 be axially symmetric spheroids, as those represented in Figure 11.4, whose
centroids are vertically aligned (a simplification with respect to the real system) and located at
a constant distance r, and with their symmetry axes oriented vertically. We shall denote as A
and B the points of least separation between the two bubbles, which define the distance of closest
approach D. While ry, is held constant (as is done experimentally by anchoring the bubbles to the
electrodes), D varies along with the oscillation motion.

Since, for the purpose of describing shape oscillations, the bubble volume is assumed to be
constant, the local radius of the bubble must be rescaled to ensure bubble (drop) incompressibility,

yielding (see Appendix A.2):
4
Ri(6;,t) = Roi + |1 +2x;(t) - Po(cos 6;) + gx,‘(t)2 +0(x?) (11.34)

where Ry; is the initial radius of the resting bubble and the variable change x;(r) = %(;) was intro-
duced for convenience.

For the sake of simplicity, we shall first consider two equal bubbles (drops) of initial radius Ry.
Then, Dy is the distance between the bubbles at rest. We shall also assume that they both bear an

overall surface charge ¢, i.e. a global charge density:
0 = q/47Ry> (11.35)

If the bubbles bear a net electric charge, the surface charge density is related to the electrostatic
potential at the bubble surface by the Grahame equation [200,201]:

6 = \/8RTeeyC.. sinh =¥ (11.36)

2kT
where ze is the charge of the covering ions, € and &y are the medium and vacuum dielectric permit-
tivity, k and R the Boltzmann and the gas constants, T the temperature and C.. the ion concentration
in the bulk®.

Calculation via Derjaguin’s Approximation

Let us now evaluate the electrostatic interaction energy between two bubbles (drops) undergoing

shape deformations, in terms of the pair potential between two axisymmetric spheroids immersed

ZNotice that in the absence of charges in the medium (C. = 0) an unphysical infinite potential y would be obtained:
physically, this means that there must always be charges. In the case of pure water, or very small concentrations of
electrolyte, the contribution from the auto-dissociation of water must be taken into account, hence: Coo = /Ky = 1077,
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in a fluid. We shall follow an approach based on Derjaguin’s approximation [202] (DA, detailed
in Appendix A.1) and refer to the scheme presented in Figure 11.4. In brief, provided the appli-
cability conditions are met, this method enables us to evaluate the global inter-bubble electrostatic
interaction in terms of local properties, that is, the curvature and charge density of the two bubbles
in proximity of the closest-distance points.

We begin by imposing (ideal case of perfectly identical bubbles) that the equally-charged bub-
bles bear the same and locally uniform surface potential W as well®. Then, for y; = y, = y the

electrostatic free energy U becomes (see Equations A.3 to A.6):

Amege, w2

where &) is the vacuum dielectric permittivity, € the relative permittivity, k¥ the inverse Debye

U log (1+e*P) (11.37)

length of the medium and D the distance of closest approach. A and 4, are the effective curvatures

as defined in Equations A.5 and A.6. As expected for two bodies of the same charge, U is repulsive.

We proceed by calculating the local curvatures at the points of closest approach on bubbles 1 and 2, to

determine the curvature factor (7LH7L L)_l/ 2 in Equation 11.37. We first calculate the local radius R; at the
closest-approach points of bubbles 1 and 2. As the bubble centroids are vertically aligned, points A and B lie
on the equator lines (corresponding to 6; = t/2), hence, using Equation 11.34:*

4 4 2
R; (§’t> =Ry [1 —Xi+ 5 ] =Ri(t) (11.38)

The assumption of small-amplitude vibrations simplifies the calculation of the curvature radii R|; and R ;

with respect to their analytical definition (see, e.g., [203,204]). In fact, the local radius R; (%,t), coinciding
with the equatorial radius R|; and may well approximate the longitudinal radius R |;, that is:

RJ_,'%RHI-:R,'(I) (11.39)

1 n 1
Rl(l) Rz([)

1

1 1 \!
~ i 11.41
VA AL (Rl(f) Rz(¢)> (b

We substitute Equation 11.38 into Equation 11.41 and expand in Taylor series truncating to second order:

1 R 1 3 1
~ 0 [1 — 5 tn)+ 55 (x1% +x2%) + 2x1xz] +0(3) (11.42)

\/M 2 20

3This assumption is not straightforward, since, even for identical bubbles bearing the same global charge, the local
density may differ due to charge redistribution at the surface, depending in turn on local curvature.

41f we assume 6; = 0 (horizontal symmetry axes as in Section 11.2), then it becomes R; (% , t) =Ry [1 —xi+ %x,-z] =
R;(t) and the following equations change accordingly.
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We now determine the electrostatic shielding factor log (1 +e KD ) appearing in Equation 11.37. Look-

ing at Figure 11.4, the distance D can be written as:

D =Dy—[a2(t) - P2(cos 01) +anx(t) - Pr(cos 6,)]

which, after normalising (see Appendix A.2) and substituting x; = 2%"0 as above, yields:

D ~Dg+Ro(x1 +x2)+0(3)
Therefore:
log (1+e *P) =log [1 + e_K(D0+RO<X1+X2))]
~ ko +ki(x1 +x1) + ko (41> + %) + kam X102+ O(3)
with:

ko = log (1+e~ ™)
K'Ro
14+e¥Do
K2 eK‘DO R02
K2 eDo R 2

(1+e~¥Do)?

ki =

ko =

Hence, the pre-logarithmic factor reads:

log (14e*P)

VA

~ 0+ +0t (x1 +x1) + 00 (x1% +x22) + O x1X2 + O(3)

with:
a0 = log (1+¢ )
o = 7&105; (1 Jre_KDO) - 2(1’:1_23;1)0)
= *% log (1+¢7*) + 7 (1?2;0) i 41<(216+"ZOKII§:)32
ey S

(11.43)

(11.44)
(11.45)

(11.46)

We finally obtain the form of the electrostatic interaction energy between two identical, uniformly

charged bubbles:

U~ [Olo + oy (x1 —I—x1) + 062()612 +XZ2) + Oszxle] 47[80&1[/2 + 0(3)
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Figure 11.5: Electrostatic interaction energy U (calculated from Equation 11.47) between two equally
charged deformed spheroids (x = 107, corresponding of bubble deformation of about 1nm), as a
function of their closest distance D. Red curve: spheroids in pure water (Debye length k' = 960 nm);
Blue curve: NaCl solution 1M (x~! = 0.3 nm). While the (repulsive) interactions in pure water decay
over a distance of order of 1 um, the decay length (comparable with the Debye length of the solution)
decreases up to sub-nanometric distances in the NaCl solution.

where numerical coefficients o; were defined above.

Differentiation of Equation 11.47 with respect to x; and x, yields the force (per unit surface)
exerted by a charged bubble upon a surface deformation of magnitude x; and x,, respectively,
giving an estimate of the electrostatic contribution ®(R},|D|) to the coupling between two identical
bubbles, as defined after Equations 11.3. A word of caution is in order, however. Equation 11.47 is
not the most general form for two interacting charged spheroids. In fact, it contains three important

approximations:
* The DA to calculate the electrostatic interactions among curved charged surfaces;
* The assumption of two identically charged spheres;
* The assumption that no charge redistribution occurs at the interface;
» The assumption that deviations from spherical shapes can be described by a single term in

the Legendre functions expansion (sphere-to-ellipse deformation).

The behaviour of U(D), Equation 11.47, is shown in Figure 11.5 for typical experimental
values of bubble radii and deformation amplitudes and for two limit values of the Debye length.
Unsurprisingly, the electrostatic contribution to the interactions between two identical deformed

bubbles (drops) with uniform surface charge distribution is repulsive and decays over extremely
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short ranges (comparable with the Debye length of the medium).

While the decay length of bubble-bubble interactions (long-ranged, as observed in Chap-
ter 17) is determined by hydrodynamic effects, electrostatic effects will contribute to mod-
ulate the interactions, via a repulsion effect, within the close-distance regime. At larger
distances the contribution of ®(R;, |D|) to Equations 11.3 will be negligible.
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Chapter 12

Purely computational approaches

The simple arguments put forward in Section 11.5 have proven the need of an accurate estimate of
the fluid rate in the contact region, by means of non-linear hydrodynamics. Owing to the difficulties
of this theory, requiring non common technical skills, I decided not to tackle the problem from an

analytical point of view and to rely instead on computational approaches, on a collaborative basis.

12.1 Lattice-Boltzmann methods

I started an intense collaboration with Dr. Martina Pannuzzo, a researcher from the Italian Insti-
tute of Technology (IIT) in Genoa. Dr. Pannuzzo is an expert of numerical calculations of meso-
scopic systems and has already set up simulations on bubble dynamics. In previous works, coarse-
grained Molecular Dynamics (MD) approaches were used to describe the oscillatory behaviour of
a surfactant-covered bubble [9]. These computer simulations are very accurate and produce results
in good agreement with the experimental findings. Unfortunately, MD simulations are very long
and demand nontrivial computational facilities. Despite many simulations had been performed
with the help of international networks of computer clusters, the extension of MD simulations to
two-bubbles systems is hardly feasible in terms of time and costs. After different attempts, we
found that the best computational tool to address my two-bubble problem are the so-called Lattice-
Boltzmann techniques.

Unlike the classical Navier-Stokes equations, Lattice-Boltzmann (LB) approaches are based
in essence on the numerical simulation of fictive particles that perform consecutive propagation
and collision processes over a discrete lattice mesh. LB techniques blend together a reasonably
good accuracy in the results and fast computational times, for this reason they are becoming very

popular among researchers working on complex fluids. The calculation procedure we used follows
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the one recently developed by Cimrak, Gusenbauer and Jancigova [10,205], set within the recently
developed object-in-fluid framework, based on the coupling of the LB method to describe the fluid
dynamics with the immersed boundary (IB) method to describe the immersed object. This allows to
get reliable information on the fluid velocity around deformable objects that continuously change
their shape with time. Despite the growing number of papers dealing with LB techniques, I will

refer to their works for the relevant literature concerning LB calculations of mesoscopic systems.

Setup

Briefly, we simulated two spherical deformable objects (mimicking the oscillating bubbles) weakly
adsorbed to solid supports (mimicking the electrodes) and immersed in an isotropic and homoge-
neous fluid. The distance between the oscillating bubbles and their radii can be changed at will
together with the fluid properties (e.g., viscosity) and bubble surface (e.g., charge, air-solvent inter-
facial tension). A driving pressure field stemming from the surface of a single electrode was applied
to the system to simulate the experimental conditions. Intensity and frequency of the pressure field
can be varied over a wide range. In this way, we can simulate the interaction of master and slave
bubbles, using relative scales similar to those used both in our interferometric measurements and
in the theoretical modelling (the individual parameters being adimensional instead). Hence, apart
from some details, our LB setup is not too far from the experimental conditions.

To describe the oscillating air-water interface, we partitioned the curved surface of the bubble
into an array of close small triangular meshes. By increasing the number and decreasing the size of
the meshes, we were able to simulate with a good accuracy the relevant properties of an oscillating

and curved interface.

Results

Results from simulations are summarized in Figure 12.1, reporting a series of snapshots of the
dynamics of the two bubbles, spanning approximately half an oscillation period. For the sake of
clarity, we show in the movie also the velocity vector of tagged fluid particles (a very informative
and widely used parameter obtained from both theory and experiments). Different colours, shown
in a legend aside the movie, label the intensity of the fluid velocity.

Although these results are preliminary and a lot of additional computer experiments are needed
to test the validity and limitations of the LB technique (see below), altogether our results qualita-

tively confirm a couple of hypotheses.
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Figure 12.1: Snapshots from a LB simulation of two interacting oscillating objects (mimicking bub-
bles) gently adsorbed on solid supports (electrodes), along approximately half of an oscillation cycle.
On the left is Bubble 1 (the master, directly excited), on the right Bubble 2 (the slave). The time-
changing streamlines are shown in colour velocity scale. Deformation amplitudes were amplified with
respect to real experiments for clarity. The inter-bubble distance D was varied in the simulations from
values comparable to the bubble radii (as in the reported snapshots) to the contact distance.
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* The fluid motion around two oscillating bubbles is very complex and akin to that of a turbu-

lent motion, as evidenced by the flux lines in Figure 12.1.

* The master and slave bubbles communicate at great distances through the oscillation-induced
fluid motion that strongly depends on the distance between the oscillating bubbles and on the
fluid properties. In particular, the non-monotonous behaviour of the fluid velocity and the

dependence on viscosity are clear from Figure 12.2.

» The oscillations between the two bubbles are always out-of-phase, as evident both from Fig-
ure 12.1 and from the analysis of the gyration radii of the individual bubbles over the simu-
lation time (data not shown), thereby ruling out the hypothesis of attractive forces mediated

by correlated turbulent motions.

To obtain more quantitative results we are proceeding through a statistical analysis of our re-
sults. A first and still preliminary analysis concerns the calculation of the total viscous dissipation.
It is well known that the energy dissipated by a moving fluid depends on the square of the particles
velocity times the fluid viscosity (see Section 6.8). Using the data on the fluid velocity calculated
in our LB simulations (like those illustrated in Figure 12.2) and the experimental value of solvent
viscosity (we used water + sucrose mixtures in our interferometric experiments) and integrating
over the whole volume of the fluid, we were able to extract the first data on dissipation. This
parameter is particularly interesting because the width of the resonance peaks detected experimen-
tally is proportional to the energy dissipated during the oscillations at different frequencies, which
is in turn proportional to the average of the squared velocity. Apart from the obvious viscosity-
dependent enhancement of dissipation, our LB results show a nontrivial bell-shaped variation of
the dissipation with the inter-bubble distance (Figure 12.2). The explanation of this seemingly
strange behaviour is probably simple. Indeed, at large distances, the mutual effect of the bubbles is
small, so the viscous dissipation is similar to that of the isolated bubbles. Conversely, at very short
distances the mutual perturbation is strong but it is localized in a quite small region of the fluid. At
intermediate distances, the perturbed flow patterns span over large portions of the fluid, so the vis-
cous dissipation attains the largest values. It is worth noticing that a non-monotonous trend in peak
widths vs distance has been observed in our experiments of interacting bubbles undergoing volume
oscillations (albeit not for shape oscillations) and analytically predicted by Maksimov [183] for a

very similar system (see Section 18.2).
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Figure 12.2: Averaged fluid velocity vs inter-bubble distance for two different fluid viscosities, cal-
culated by LB method. The black scatter (viscosity 1) mimicks water, the black scatter (viscosity 5)
corresponds to an increased 5X viscosity. A nontrivial non-monotonous (bell-shaped) behaviour of the
velocity (and hence, of viscous dissipation) with distance can be observed, together with the expected
increase with viscosity. Notice that the average of the squared velocity is proportional to the viscous
dissipation and then to the (experimental) peak width.

12.2 Other computational approaches

To confirm the validity of the used LB techniques, we are facing the problem using a more standard
procedure based on the numerical resolution of the classical Navier-Stokes equations. The difficult
issue is the presence of curved and moving boundary conditions at the air-liquid interface the
modelling of which requires the use of unconventional discretization approach. This part of the
research has been conducted in collaboration with Prof. Armando Coco, Associate Professor of
Mathematics at Oxford Brookes University, UK. The problem has been successfully solved in
the case of a single oscillating bubble, within the PhD activity of Clarissa Astuto (University of
Catania, Department of Mathematics). Numerical results are very accurate and do not require
excessively long computational times. The procedure will be extended soon to the case of two
interacting bubbles. A hint at results is given in Figure 12.3. I will not comment any longer on this
active and interesting topic because my contribution to this research has been up to date partial.
Furthermore, to confirm the validity of our results, we are comparing the results obtained by
numerical simulations with those coming from particles tracking velocimetry, a powerful technique
that enables a direct visualization of the fluid streamlines around the oscillating bubbles (see, e.g.,

[206]). Results, at the moment, are preliminary.
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Snapshot of a numerical simulation of an axisymmetric oscillating bubble, calculated

Figure 12.3

from the Stokes equation. Notice the presence of a vortex even in the irrotational assumption. The

snapshot was taken at the equilibrium position (maximum velocity of the bubble wall, as indicated by
the colour bar on the right). Distances are expressed in mm. Calculations were performed by Armando

Catania.

s

Coco, Oxford UK, and Clarissa Astuto
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Part V

EXPERIMENTAL BACKGROUND.
THE SINGLE BUBBLE
INTERFEROMETER

94



Chapter 13

Measurement of surface deformations:
from air-water to cells

A plethora of experimental techniques have been applied so far to the measurement of surface os-
cillations. Based on the aim of the study — from surface characterisation up to molecular detail, to
rheology, to biology and biomimetics — they will vary in: scale (from nanometric to macroscopic)
and nature of the investigated system (from the bare air-water interface to complex fluids and recon-
stituted membranes, up to living cells); nature of deformations (equilibrium or out-of-equilibrium,
spontaneous or forced); measurement principle (optical imaging, acoustics, interferometry, scatter-
ing, ...). Performances, such as time- and scale- sensitivity, vary accordingly.

This chapter provides a broad, not exhaustive overview of these techniques, functional to com-
parison with the one adopted in this thesis. For convenience, the review has been divided based on

the investigated system, starting from generic capillary waves to finish with cells.

13.1 Capillary waves

The study of capillary waves, introduced in Section 3.4, has mostly been focused on large planar
interfaces. Here, due to the “infinite” nature of the flat interface, a continuous frequency spectrum
can be observed (see Equation 3.2).

In the case of gas/liquid systems, experimental measurements are typically based on the scat-
tering of incident light at the surface, whereby capillary waves act as gratings and diffuse light in
directions related to their wave-vector k' [21,22,207-210] (see Figure 13.1). Such experiments

have been applied to determine the surface tension and surface viscoelasticity of both pure and

whose modulus is the wavenumber mentioned in Equation 3.2 and direction is normal at every point to the phase
front of the wave.
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Figure 13.1: Scheme of capillary wave measurement on a planar interface via dynamic light scattering.
The shaded cone indicates the solid angle of scattered light detection. The direction of maximum
intensity is related to the wavenumber k.

complex bidimensional fluids and allow to investigate large (electrically or acoustically excited) to
small-amplitude (thermal) surface oscillations.

In the case of thermal motions, which generate capillary waves of all wavelengths, the wave-
length selection is made by the scattering angle, and then the frequency response is measured
[22,207,209]. Typical values are A = 100um, corresponding to v = 10kHz. With excited waves,
by contrast, the frequency is fixed and the wavelength is measured [22,211]. Sinusoidal waves
can be generated by mechanical (movable surface barriers), acoustical (loudspeakers) or electrical
(electrocapillarity) methods. Frequencies and wavelengths vary accordingly, within the ranges of
1-100Hz and 1-100 mm, respectively. Typical accuracies are 0.1% for wavelengths and 1% for

frequencies [21].

13.2 Bubbles and drops

As mentioned in Chapter 3, gas bubbles in a liquid, or liquid drops in an immiscible liquid, repre-
sent a special case of capillary surfaces. The main difference with the flat-surface case discussed
in the previous section lies in their finite and closed geometry, which imposes periodic boundary
conditions on the propagation of capillary waves. Hence, as discussed in Chapter 6, the vibrational
spectrum is no more continuous, but composed of a discrete set of stationary oscillation modes

(see, for instance, Equations 6.22 and 6.24).
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The experimental tools to study non-flat interfaces are on a good level and several techniques
are commercially available. In particular, a lot of different setups have been devised for measuring
surface tension— e.g., the Wilhelmy plate, spinning drop, or capillary rise method — varying in
geometry as well as in the detection principle [212-214]. Here we will focus only on the oscillating
drop and bubble methods. Measurements usually rely on videometry and digital image processing
of a drop (bubble) shape oscillating in a solvent where surface-active molecules (e.g.: surfactants,
proteins, polymers, nano/micro-sized particles) can be dissolved. This procedure yields a two-
dimensional image of the cross section of the vibrating drop (bubble). From these data surface
oscillations can be carefully reconstructed and the mechanisms underlying the surface dynamics
can be unveiled. Typically, the drops or bubbles are anchored at a solid support, similarly to our
experiments, although the anchoring mode can vary (see Section 6.9).

Interesting observables are, for instance, the interfacial tension, the surface dilational viscoelas-
ticity and the viscous dissipation. The dynamic properties of interfacial layers also give information
on adsorption/desorption mechanisms, such as molecular diffusion in/from the bulk phases and the

kinetic processes occurring inside the adsorbed layer (re-orientation, aggregation, etc.).

As a general rule, optical techniques are inherently limited by the space- and time-
resolution of the camera. Improving either of the two comes at the expense of the second.
The maximum theoretical resolution of digital images is of 110 nm (half the Abbe limit).
Hence, despite the progress of digital cameras and the excellent software programs for
image analysis, very small and/or very fast surface deformations cannot be detected.

A brief description of the most popular bubble/drop techniques is provided below.

Pendant drop

"Gold standard" of interfacial techniques, it is specially suited for equilibrium (static) surface ten-
sions, but can be applied also to oscillating drops. A scheme of the experimental setup is reported
in Figure 13.2: a droplet of about 2-3 mm in diameter is suspended from a needle and its profile is
recorded by a digital (video) camera.

If the drop is static, its shape profile, resulting from a balance of capillary and gravity forces,
is fitted against the (axisymmetric) Young-Laplace equation, which relates the surface tension o to
the capillary pressure jump AP across the interface:

1 1
— +— | =AP=APy)—A 13.1
G(R1+R2> 0 —Apgz (13.1)
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Here, R| and R; are the principal radii of curvature of the drop; Apgz is the hydrostatic pressure at
height z from the bottom of the drop, Ap being the density difference between the two fluids, while
AP, is the pressure at z = 0. Once the profile is known, the equilibrium surface tension ¢ can be
calculated [214].

If the drop undergoes sinusoidal oscillations, the dynamic surface tension can be measured from
the time-dependent profile [215]. The surface response to local compression or expansion — deriv-
ing from shape and/or volume deformation, as well as from the adsorption/desorption of surface-

active species — is quantitatively described by the complex surface dilational modulus [216]:
do

e(v) = dinA

Where A is the surface area. Hence, by relating € to the time-dependent amount of adsorbates I

= |g|-e/? (13.2)

at the drop surface [216], the technique can also be employed to study the adsorption-desorption
processes. Moreover, the amplitude of the surface tension response (real part of Equation 13.2) is
proportional to the dilational elasticity, while the phase lag ¢ between the surface tension and the
applied area perturbation (imaginary part) is related to the viscosity. Both parameters can therefore
be extracted as a function of the oscillation frequency v.

However, since the underlying models are valid only at (quasi-)equilibrium, the pendant drop
technique is limited to small-amplitude and low-frequency oscillations (within the 1073~10~! Hz
range). A second shortcoming is of experimental origin. Indeed, the sensitivity in the detection of
o depends on the drop dimension Ry and on o itself (see Figures 13.2 and 13.3). Namely, below
or about the capillary length of the interface — indeed, when o exerts the highest effect on the drop

shape — the shape changes are below the detection limit of optical imaging.

Capillary pressure tensiometry

This method [217,218] can be used in alternative to the pendant drop to investigate higher-frequency
oscillations. It allows the determination of dynamic surface tension, as well as of surface viscoelas-
ticity, for instance, over adsorption/desorption kinetics experiments.

The experimental setup, sketched in Figure 13.4, consists of an oil drop or gas bubble of con-
trolled volume, anchored to a glass capillary, immersed in a closed cell containing water or an
aqueous solution. Unlike the pendant drop, the drop/bubble must be spherical (see figure). This is
achieved by keeping the radius R small (of an order of 10? um), with an extra benefit for sensitivity.

Harmonic perturbation of the drop/bubble interfacial area is induced by a piezo system lo-

cated at the bottom of the cell and oscillating with angular frequency w. The pressure response
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Figure 13.2: Left: basic experimental setup for pendant drop tensiometry. Right: digital images of
two drops. For radii Ry smaller than the capillary length (left drop) the drop retains a spherical shape,
otherwise it is deformed by gravity (right drop). From Equation 3.1 we see that for small Ry the drop
shape is hardly affected by changes in &, leading to low accuracy in 6 measurement, while large drops
allow more accurate measurements. Adapted from [214].

of the system is recorded by a sensor. Under linearity conditions, a harmonic response of all of
the drop/bubble parameters is expected, including the capillary pressure AP between the inner and
outer phase: AP(t) = APy + APsin (@t + ¢), with AP being the equilibrium (static) value. AP(t)

is the parameter of interest to bubble/drop tensiometry and coincides with the Laplace pressure
20(t
R(1)
Ry, = R, = R) and is hence related to the dynamic surface tension. Moreover, the viscoelasticity

for small spherical bubbles or drops: AP(t) = ) (obtainable from Equation 13.1 by imposing

of the interface can be obtained by the phase shift ¢ from the excitation signal. In actual fact, the
pressure signal acquired by the detector does not coincide with AP, as it contains different bulk
pressure contributions. Consequently, specific models of the experimental apparatus and calibra-
tion procedures are required to obtain the desired observables.

Concerning the oscillation frequencies, as each tensiometer works properly in a given time
scale, a quite broad range could in principle be covered. Limitation in frequency arise from the
onset of non radial oscillations [219] as well as by other fluodynamic effects which may set a limit
between 100 Hz (for drops and/or highly viscous systems) and 1000 Hz (for bubbles), depending
on the experimental setup and conditions [220]. Therefore, for higher frequencies, drop/bubble

tensiometers are not longer appropriate and other methods are preferable.

Resonant Droplet Tensiometry

Finally, although not common at all, it is worth signalling the "Resonant Droplet Tensiometry" tech-

nique, recently developed at Sofia University [221-223]. The setup, schematised in Figure 13.5,
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Figure 13.3: o-dependency of the pendant drop method. Left: for high o (e.g., bare drops or low
surface coverages) the shape is only slightly perturbed upon & variation (e.g. adsorption-desorption
of material), resulting in low sensitivity in the optical measurement of ¢. Right: for low ¢ (e.g. high
surface coverages) the sensitivity is improved. The two drops have the same volume V. Red full
lines mark the equilibrium shape, gray dashed profiles the sphere segment corresponding to V. Image

adapted from [214].

bears a striking resemblance to our single-bubble apparatus. In brief, a spherical droplet suspended
to a needle/electrode, is stimulated by an axial electric field and undergoes axisymmetric oscilla-
tions. The instrument is endowed with a camera and shape analysis software, enabling to accurately
measure the droplet radius (1 pm). The amplitude and frequency of oscillation are detected by fol-
lowing the time-dependent modulation and/or deflection of a laser source pointed about the droplet
bottom, as a function of the applied frequency. Resonance curves similar to ours are obtained,

whose analysis allows to estimate several properties like the surface tension (benefiting from the

500 1 pixel
=0
407 4 N L
4 =
0 7o INCrease
300 in ¥
200
5 % decrease
\ / in?
100 N
equilibrium HH
shape
0 ' 5 0 5
—200 -100 0 100 200

comparison with optical imaging) or the viscosity of the liquid.

Figure 13.4: Capillary pressure tensiometer. Left: sketch of the experimental setup. The camera is
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optional. Right: a typical spherical droplet of radius R. AP is the capillary (Laplace) pressure.
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Figure 13.5: Scheme of the Resonance Droplet Tensiometry setup. Image retrieved from [222].

In spite of the similarities with our method, however, the two techniques exhibit markedly
different figures concerning the oscillation amplitudes. In fact, typically operated amplitudes are

of order of 10-50 um, with 1 pm sensitivity [222].

13.3 Biomembranes and cells

Measurement of shape fluctuations in biomembranes (biological and biomimetic membranes) and
cells also relies on numerous techniques. The vast majority of them are based on far field op-
tical imaging or scattering techniques. Less used methods are x-ray scattering [224], dark field
microscopy-based edge detection [225], and defocusing microscopy [226]. An exhaustive review
on this topic has been published by Monzel and Sengupta quite recently [11]. Table 13.1, outlining
the mostly employed techniques with their merits and limits and related references, is drawn from
this review.

Among these methods, RICM (Reflection Interference Contrast Microscopy) -based techniques
have been largely employed to investigate the adhesion processes between living cells (or biomimetic
models) and solid substrates or supported membranes [2,235-242,253]. In recent developments,
these techniques have reached a great sensitivity, enabling to detect oscillation amplitudes as small

as a few nm [254]. As we will show in Chapter 15, our differential interferometer further improves
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Technique  Principle Resolution Advantages Shortcomings
FS [49,227- Contour analysis (phase ~ ~10ms (camera  Simple setup Assumption of refractive index
230] contrast) limited); 86 ms variation; Limited to perimeter
DODS Displacement of 10 ps; 20nm Simple setup; can measure Single-point information;
[231,232] fluorescent membrane in anywhere on vesicles or cells; Fluorescent labelling
the confocal volume applicable to nucleated cells
TRMFS Light scattering from ~1ps; <1nm Label-free; high Sophisticated setup;
[233,234] object edge spatio-temporal resolution Single-point information
RICM Optical path difference ~10ms (camera  Label-free, topographic Restricted to ~1 um from a
[235-242] between interfering rays  limited); 5 nm information with high axial surface; Requires well defined
resolution interfaces of known reflectivity
(or approximations)
FLIC Optical path difference ~10ms (camera  Topographic information with ~ Requires special substrates;
[243-248] between interfering rays  limited); ~Inm  high axial resolution Fluorescent labelling;
Sophisticated analysis
DPM |58, Phase shift of scattered ~10ms (camera  Label-free, thickness change Strong assumption on
249-252] light limited); ~1 nm refractive index variation;
Requires optically
homogeneous samples
DLS ] Elastic light scattering 0.5 pus—5 ms; Probing of hydrodynamic Averaging of the process over
~1nm theory of membrane dispersion  several minutes; Requires
behaviour; probing of homogeneous sample
membrane structural changes
NSE [] Neutron scattering; ~1ps; 1-100 A Fluctuations on molecular Measurements at spallation

dephasing of neutron
spins

scales; probing of membrane
structural changes

neutron source; Limited
number of experiments

Table 13.1: Overview of experimental techniques for probing biomembrane fluctuations, with their
merits and limits. FS: Flicker Spectroscopy; DODS: Dynamic Optical Displacement Spectroscopy;
TRMFS: Time Resolved Membrane Fluctuation Spectroscopy; RICM: Reflection Interference Con-
trast Microscopy; FLIC: FLuorescence Interference Contrast; DPM: Diffraction Phase Microscopy;
DLS: Dynamic Light Scattering; NSE: Neutron Spin Echo. Adapted from [11].
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resolution and allows exploring also the sub-nanometric region. Looking at Table 13.1, we see that
these figures are only achieved by neutron-scattering, which, however, relies on accelerator-based
neutron sources. By contrast, our setup is definitely compact (as large as an optical bench) and

economical (easily retrievable materials, total cost of the apparatus of order of 10000 €).
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Chapter 14

Main features of interferometry

In our work, an interferometric apparatus was constructed to study capillary waves rising at the
surface of bubbles or drops when they are perturbed from the equilibrium shape by an external
oscillating field. The technique here applied allows to measure shape fluctuations in sub-millimetric
bubbles and drops, with sub-nanometer accuracy in amplitude.

An exhaustive survey of interferometry is out of our scopes. Rather, we shall provide an es-
sential background to the technique and its main applications and then focus on the interferometric
study of bubble and drop oscillations - hereinafter referred to as “Bubble interferometry”. Details

of the experimental apparatus and of the measurements performed will be given in Part VI

14.1 Principle

Basically, interferometry measures waves using waves. The detection method relies on the pre-
cise determination of the phase difference between two interfering wavefronts originating from a
common source.

Any kind of radiation can give rise to interference, so long as it exhibits wave behaviour. In
fact, when two wave sources S1 and S, meet up, their wavefronts generate an interference pattern.
In particular, if they have the same wavelength A, this pattern is characterised by an alternating
series of fringes of decreasing intensity around the central (maximum) fringe. Here, an intensity
signal can be measured of the following form:

2T
I(X)=A|L+b+2 IllzcosTx (14.1)

where A is a constant depending on the detection method, /; and /I, are the intensities coming from

S1 and Sy, respectively, and x is the path difference between S| and S;. The last term in Equation
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14.1 is the interference term, which depends on the phase difference % between the two sources.
Intensity maxima are only observed when the path difference is equal to an integer multiple of the
wavelength:

x=mA, m=1,2,... (14.2)

which is the well-known condition of constructive interference.

Equation 14.1 also implies that the pattern shape is extremely sensitive to the spectral
properties of the interfering radiation (via A) and to the system geometry (via x). There-
fore, tiny variations in either of the two parameters can be easily detected, especially
Sfor small A (e.g., visible light) and/or large x (e.g., astronomical distances). This makes
interferometry ideally suited for ultra-sensitive measurements.

14.1.1 Optical interferometry

Based on the source employed — usually light, radio or sound waves — one can differentiate be-
tween optical, radio and acoustic interferometry, respectively. We shall be concerned with optical
interferometry and neglect the others in this discussion.

The first light interferometer was developed by Michelson in the 1880s. The technology has
improved considerably since — especially owing to the invention of lasers — leading to high stan-
dards of accuracy. Nonetheless, the basic functioning principle of the Michelson interferometer,
described in Figure 14.1, still remains at the core of interferometry. Indeed, the well-known Fabry-
Perot etalon, represented in Figure 14.2, is a “folded” Michelson interferometer: here the multiple
reflections occurring inside the cavity result in much better-defined interference fringes.

As a general rule for interferometers (justified in Appendix B), the optical path difference
between the two beams CLS1 and CLS2 (x in Equation 14.1) affects directly the character of the
observed pattern, for what concerns both the single-fringe intensity and the overall shape of the
pattern. As such, noticeable changes are observed upon path variation (e.g., translation of any of
the two mirrors in the previous examples). Moreover, since the wavelength of visible light is very
short, small variations in the optical path difference can be detected. The actual sensitivity is, of
course, dependent on the experimental apparatus.

Notably, as explained in Figure 14.3, the gas-liquid (or liquid-liquid) interface of bubbles
or drops provides the optical mirrors for light beam crossing, so that these objects may
act themselves as interferometers, where the path length (for central light focusing) is
proportional to the radius. Accordingly, an interferometric pattern will be generated

whose features — both static and dynamic — are directly related to the bubble (drop)
radius.
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Beamsplitter

pirror 2 ra— < —

CLS2 ]
\ Laser source

Interference pattern

Detector

Figure 14.1: Scheme of a Michelson interferometer. It consists of two mirrors and a beamsplitter
(partially reflecting mirror). When the incident light goes through the beamsplitter, two coherent light
sources are generated with different optical paths (CLS1, going to Mirror 1, and CLS2, to Mirror 2).
After being reflected back at the mirrors, the two beams recombine again at the beamsplitter before
reaching the detector. The path difference between the two beams causes a phase difference, yielding
an interference fringe pattern. In this and in the following figures, incident and reflected beams are
represented by filled arrows, while dashed arrows denote transmitted light.

Mirror 2 Mirror 1

Detector T C —

Light source

nTi Gaussian wavefront
Interference pattern

Figure 14.2: Scheme of a Fabry-Perot interferometer. The light source is passed through a pair of
parallel, partially reflecting mirrors and undergoes multiple reflections before reaching the detector.
Interference yields a coherent light source (of which only two components, CLS1 and CLS2, are shown
for simplicity), whose wavelength must satisfy Equation 14.2 and is therefore related to the cavity
width, i.e. to the distance d between the mirrors (x = 2d). Notice how the initially Gaussian wavefront
of the laser source finally yields a complex interference pattern.

106



Detector

d Interference pattern

Figure 14.3: A bubble (drop) as a Fabry-Perot interferometer. Due to the refractive index mismatch,
the bubble (drop) walls act as partially reflecting mirrors towards a crossing light source (in this case, a
laser focused on the bubble centre). Hence, the cavity width d is equal to the bubble diameter. CLS1 and
CLS2 denote the interfering light sources generated at the entering and exiting interfaces of the bubble
(drop) and directed towards the detector. The divergence of light beams as they cross the interfaces at
the indicated points — arising from the curvature difference between the light wavefront and the local
bubble surface — was emphasised to illustrate the origin of the observed interference fringes (shown at
right).

The above observation is at the basis of "bubble interferometry", which will be the main topic of
Chapter 15. In particular, we will be concerned with the dynamic features of the interferometric

pattern resulting from bubble (drop) dynamic motions.

Landmarks of interferometry: strengths and weaknesses

The most striking features, common to all kinds of interferometry, which make this technique a

powerful experimental tool can be summarised as follows:

* Measurements can be performed over a large bandwidth, i.e. over a wide range of wave-
lengths — potentially, all the electromagnetic spectrum. This makes interferometry applicable

to a vast number of systems (see Figure 14.4 and next section).

* Interferometry is a differential technique, as it measures the difference in path lengths be-
tween two coherent radiation sources. As such, it is not affected, to first order, by translations

of the system under study'. This makes interferometric techniques impressively sensitive,

I'This applies only to linear systems and proper working conditions.
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the theoretical sensitivity being limited by the detection method (e.g., shot noise of photode-
tectors).

These features make interferometry an ideal candidate for the study of capillary waves at
water-gas or water-liquid interfaces, as in the case of oscillating bubbles (drops).

However, potential shortcomings are represented by the following points:

e The sample (and the surrounding medium) must be transparent to the incoming radiation.
This limits the span of investigable systems: for instance, opaque media are not accessible

to optical interferometry.

* Due to the high sensitivity, interferometric measurements are prone to noise. Potentially

interfering noise sources must therefore be avoided carefully.

Applications

Interferometric techniques have played a crucial role in modern science. Indeed, the underlying ba-
sic principle has a potentially infinite range of applications, spanning from fundamental research to
instrumental components. A not-exhaustive survey is given below, some examples being illustrated
in Figure 14.4.

The sensitivity to spectral properties of radiation (A in Equation 14.1) may be exploited to
measure certain characteristics of the waves themselves and the materials the waves interact with,
or, for instance, to construct wavelength filters.

More interestingly, the sensitivity to system geometry (x in Equation 14.1) over a broad band-
width can be exploited to study small changes in displacement using light waves (see Figure 14.4).
This displacement measuring interferometry finds application, for instance, in calibration and me-
chanical motion control in precision machining, or in the sensing of building structural stability
[255]. Moreover, it is of cardinal importance to astronomical observations [256,257], atomic and
molecular spectroscopy [258], structure assessment of macromolecules (one for all, DNA [259]),
or to cell and tissue studies [260].

Latest developments have demonstrated the potentialities of this technique in achieving ulti-
mate sensitivities. On this regard, we cannot but mention the Laser Interferometer Gravitational-
Wave Observatory (LIGO) [261], which has deserved the 2017 Nobel prize award for Physics
[262]. Being able to detect 10~ !® m displacements (a thousand times smaller than the proton di-
ameter) over a 4 km-long detector, this is the largest and most sensitive interferometer facility ever
built.
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Molecular bonds Infrastructures Gravitational waves
10-10 m 102 m 1010 m

Figure 14.4: An illustration of the scale span of interferometry. Left image: an FT-IR spectropho-
tometer, measuring the strength of molecular bonds by their deformations. Right image: the LIGO
observatory at Livingston (Louisiana), hosting one of the most popular interferometers for the obser-
vation of gravitational waves. Middle images: examples of civil infrastructures, whose stability can be
monitored non-invasively (by their resonance frequency) using portable interferometric devices. The
corresponding wavelengths are indicated at the bottom.
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Chapter 15

Interferometric measurement of capillary waves:
“(single)-bubble interferometry”’

15.1 Idea behind measurements

The possibility to selectively excite distinct oscillation modes of a bubble (drop), together with the
idea that the bubble (drop) itself can provide a very simple optical interferometer (see Figure 14.3),
lays the basis for a new technique, which we are going to describe in the following sections and
address as “bubble interferometry” (Chapter 10).

In brief, an oscillating field is applied on the bubble (drop) to excite its stationary oscillation
modes, while a laser beam crosses it in the horizontal direction and is reflected at the entering and
exiting air-liquid (or liquid-liquid) interfaces. The deformation from the equilibrium shape is then
detected by the change in the optical path of the laser beam inside the bubble (drop) and finally
analysed in terms of the bubble (drop) resonance behaviour.

Specifically, the following spectral features are evaluated:
* The oscillation amplitude, which is connected to the susceptibility of the bubble (drop) sur-
face to the applied field — the interface tension for shape oscillations;

* The central mode frequency, which is related to the restoring forces acting on the vibrating

bubble (drop) — the interfacial tension in the simplest situation;

* The resonance width, which is determined by the energy dissipation along surface oscilla-

tions — i.e. by viscosity for simple systems.

This method is ideally suited for “bubble (drop) spectroscopy”, as it allows the high sensitivity

necessary to probe vibration amplitudes that are extremely small (< 1 nm) in comparison with the
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Figure 15.1: Scheme of the (single) bubble interferometer.

bubble (drop) radius (= 1 mm). Moreover, this procedure avoids non-linear effects and ensures
complete decoupling among the oscillation modes.

In this chapter we shall discuss in general terms the single-bubble interferometer, evidencing
its functioning and potentialities. The related experimental setup has been extensively employed
by our group in recent and ongoing works, as summarised in Section 15.7. The experimental setup
developed for studying bubble-bubble interactions will be described in full detail in Chapter 16.

We shall see that, in spite of its greater complexity, the underlying principles remain unaltered.

15.2 The single-bubble interferometer

The experimental apparatus, sketched in Figure 15.1, is composed of three main parts, which we

are going to discuss in the following sections:

* Optical interferometer
* Measurement cell

* Photodetection system
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15.2.1 The optical interferometer

This is the most delicate part of the instrumental apparatus. As any interferometer, it must provide
a light source and a means of splitting it into two distinct sources having different path lengths as
they recombine after interacting with the sample.

Here, the light source consists of a laser beam focused at the centre of the bubble (drop) by a
lens. An essential requirement is that its coherence length be larger than the optical pathway 2d,
that is, to twice the bubble (drop) diameter'. As described in Section 14.1.1 (Figure 14.3), the
bubble walls act as optical mirrors by partially reflecting the incident light and giving rise to two
coherent light sources, CLS1 and CLS2, whose optical path difference is equal to twice the bubble
diameter. Then, in the backward direction, a circular pattern of interference fringes is formed on
any plane perpendicular to the laser beam axis®>. The origin of this pattern will be explained in
Section B, in terms of the Gaussian nature of the light beams. Indeed, according to geometrical
optics, CLS1 and CLS2 would be perfectly coincident and no lateral fringes would form.

A portion of the fringe pattern is then deflected by a beamsplitter towards a photodetector,
perpendicular to the beam axis and pointed to the central fringe. Substituting x = 4R to Equation

14.1, the measured signal as a function of bubble radius R has the form (for I} ~ I,):

877:Rl’li
A

I(R) o< 1+ cos ( (15.1)

where #; is the refractive index of the bubble (drop) interior (n; = 1 for air bubbles).

Hence, any change in bubble radius will, in turn, modify the interference pattern in both
its shape (the larger R, the narrower the observed fringes, see Appendix B) and its local
intensity (Equation 15.1). In particular, if R varies along time — as is the case of oscillat-
ing bubbles — a dynamic pattern will be recorded, where a full cycle in the central fringe
brightness corresponds to an optical path variation of A, i.e. to a change in bubble radius
AR =1/4.

It should be noticed that the above reasoning applies rigorously to central fringe operation, whereby
the interferometer is strictly differential. In this case, the optical path difference x depends on the

bubble radius R only (x = 4R) and not, at first order, on the overall movement of the bubble relative

to the laser source or to the detector. In fact, the interferometer can operate in a region where the

! For this reason, He-Ne lasers were preferred to semiconductor devices as they offer superior coherence length. In
fact, customary semiconductor lasers have coherence lengths shorter than 2 mm.

20f course, forward reflection at the bubble walls occurs as well, but the resulting signal is superposed to the trans-
mitted light coming from the laser source and cannot be used for measurements.
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response function /(x) is nearly linear with x. The interested reader may refer to Appendix C.1 for

further information.

15.2.2 The measurement cell

This is the (literally) "pulsating” heart of the experiment. It contains the bubble under study and
the excitation electrodes and is a functional part of the optical bench, on which it is mounted, with
the bubble acting as a reflecting mirror.

A good measurement cell must be both transparent to the incident radiation — a prerequisite for
interferometry — and perfectly clean — an essential requirement due to the extreme sensitivity of the
technique.

Actual experiments were performed in hand-crafted cells made of PMMA (a cost-effective ma-
terial which is transparent, easily washable and does not release contaminants in water at working
temperatures) and small in volume (within 1 cm?). A hydraulic circuit, made of tubes and syringes,
enabled the injection and removal of fluid from the cell at every measurement, both for cleaning
purposes and to form and position the bubbles (drops). Moreover, any possible care was taken to
avoid contaminants in solution, from the cleaning procedure to the use of distinct cells for different
substances (e.g., pure water vs SDS solutions). Figure 16.2 shows a cell adopted in two-bubble
experiments. The differences between single- and double-bubble cells are merely technical and

will be pointed out in Section 16.2.

15.2.3 The detection system

The interference signal produced by the light sources CLS1 and CLS?2 is recorded by a photomul-
tiplier tube (PMT) placed on the central fringe axis and having an aperture much smaller than the
central-fringe width. By this way the input light is converted into a dynamic voltage output Vo
proportional to the bubble radius variations (see Figure 15.3 and Appendix C.1).

To ensure linearity conditions (see Appendix C.1) the detection circuitry is devised so that the

output signal is split in two components (see Appendix C.2 for further details):

* The former operates as a high pass filter, yielding the time-varying voltage Vo, which is in
turn collected by the spectrum analyser. In particular the signal-to-noise ratio is optimised

for frequencies lying in the range of bubble resonances.

» The latter operates as a low-pass filter, yielding a low-frequency (almost continuous) signal,

Vbc. The voltage Vpc can be read in a display and is used to set the working point (see
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Appendix C.1).

Spectrum analyser

Signal analysis may be performed either in FFT (Fast Fourier Transform), or in swept sine mode.
Both of them were exploited in our experiments.

The FFT method is the faster and is ideal for a preliminary evaluation of the bubble (drop) spec-
trum. It converts the time-varying input signal coming from the detector to a frequency spectrum, in
accordance with the Fourier theorem [263]. The resulting spectrum displays all the frequency com-
ponents enclosed in the time signal and is rapidly obtained thanks to the FFT algorithm [263,264].

The swept-sine procedure is the more accurate and was employed to obtain the final bubble
spectra. Unlike the FFT analyser, which collects all of the frequencies at once, the swept sine
measures only one frequency at a time. Basically, it makes use of a comb function, where a
frequency interval from vy to v, is sampled at n points. At any i-th point, the source supplies
a constant frequency (V;) input and the analyser selectively collects signals whose frequency is
v;+ &8 3. The corresponding amplitude A(V;) is averaged over a user-defined number of cycles.
After that, the source steps to the i + 1-th point of the sequence. As can be seen, this method
is slower than the FFT, but enables optimised amplitude measurements over the entire frequency
range. Indeed, as the source is a sine wave, all of its energy is centred at a single frequency value

v; and the signal noise is therefore minimised.

15.3 Surface excitation

Unexcited bubbles undergo only thermal fluctuations, well described by the damped oscillator
model. This can be easily inferred from the RP theory (Section 6.3) by substituting o = 0 into
Equation 6.12. By contrast, application of an external stimulus may allow for damped-forced
oscillations with non-decaying amplitude, from which information on the interface under study
can be drawn.

Most commonly, bubble oscillations can be excited either electrically or acoustically. The two

excitation modes are analysed and compared below. In Chapters 16 to 18 we will comment on the

3 This procedure, called lock-in, is digitally implemented by the analyser by calculating the product between the
function applied at step i (sinV;) and the overall (multi-frequency) signal. Recalling the prosthaphaeresis formula:
2sinasinf = cosp —cosq (where p=o — 8, g = a+ 3 and o and f3 are the frequency components of the applied
and the response functions), it can be seen that for any sine function applied only the v;-component of the overall signal
(corresponding to p = 0) is "filtered".
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specific case of double-bubble systems.

Electric stimulation

Electric excitation is obtained applying a sinusoidal electric field in the frequency range of bubble
(drop) resonance (a few hundred Hz), by means of an electrode in contact or in proximity to the

bubble (drop) surface.

This is the most convenient mode when the bubble (drop) interface bears a net electric
charge, while no vibration is observed if the surface is neutral.

The electric excitation can be swept in a certain frequency range, the oscillation amplitude being
meanwhile recorded by the interferometer. The photodetected signal is measured synchronously

by a spectrum analyzer (see Section 15.2.3).

Acoustic stimulation

Acoustic excitation is performed by a piezoceramic emitting a frequency-swept mechanical wave.
The pressure gradient induces nonspherical deformations, the restoring force being related to the
bubble (drop) interface properties.
Acoustic excitation is a convenient alternative for inducing surface vibrations when the
interface is not charged, or when the ionic strength of the solution cannot be kept suffi-
ciently low. If present, here surface charge only affects the mechanical properties of the
interface, without entering the excitation process.
Notice that, in terms of symmetry, pressure fields tend to be isotropic, while electric fields are
directional. Hence, in order to selectively excite shape modes by a pressure field, special care must
be paid in the design of the excitation setup. Let us look at Figure 15.2, reporting two different
setups for acoustic excitation. In the left one, designed for the detection of volume modes and
similar to the setups employed by other researchers, the acoustic pressure is applied at the bottom
of the cell and an isotropic field reaches the bubble. Its oscillatory response is therefore related
to the surface tension and elasticity and to the compressibility of the gas phase. On the contrary,
in the right setup the excitation is provided by a piezo coupled to the anchoring electrode, so that
the bubble will sense a highly anisotropic field. Hence, strictly speaking, the acoustic excitation
of surface modes can be referred to as a mechanical excitation. In this case, the driving force of
the excitation is related to the shear exerted on the contacting bubble surface, leading to surface
oscillations that are mainly sensitive to the interface properties like surface tension. Details on the

two-bubble system are provided in Section 16.2 and Appendix C.2.
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Figure 15.2: Two different setups for the excitation of bubble oscillations. Left, measuring cell for the
detection of volume modes. Bubble excitation (acoustic) is provided by a piezo placed at the bottom
of the cell. Right, measuring cell for the detection of shape modes. Bubble excitation (electric or
mechanical) is provided by the contacting anchoring electrode, coupled to a piezo (not visible in the
picture — see Figure C.5, detail C, for the two-bubble case).

Moreover, mechanical excitation always yields A/Q~! = const, as expected for linear harmonic
oscillators*, while this is not the case for electric stimulation, where the amplitude dependence is
more articulated, especially in the case of anchored bubbles. A (preliminary) theoretical description
of the surface potential at an oscillating anchored bubble, as a function of the applied electrical field,

will be given in a later version.

Shape vs volume modes

In Section 6.4 we distinguished between volume (breathing) and shape (non-spherical) vibration
modes. Because of their different physical origin, these two modes respond differently to an applied
perturbation. This point must be considered carefully to excite selectively either of the two modes,
since, according to the theory of coupled oscillators, eigenmodes with similar energy and symmetry
are inherently coupled (exactly as happens in molecular orbitals).

Roughly speaking, breathing modes — spherically symmetric and arising from pressure imbal-

ances between the bubble interior and exterior — are best excited by a pressure (acoustic) field,

“In this case the amplitude has a Lorentzian frequency dependence, governed by the width parameter: A(®) o<
m, where @y is the resonance frequency and o is half the full width at half maximum. Recalling that the
quality factor of resonance is Q = %’ and that @y is almost constant, the ratio A/ 0! is a constant as well.
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while surface modes — axially symmetric and more sensitive to changes in interfacial properties —
are better excited electrically.

By contrast, no significant differences arise between shape (of various order n) and volume
modes for what concerns their detection: the interferometric technique will, in any case, detect
local variations of the bubble radius in the direction of the laser beam, passing through the centre
of the bubble (Section 15.2.1), regardless of the excitation method. Therefore, the form of the
interferometric response (Equation 15.1) applies to any oscillation mode, as do the observations

made in the following section.

15.4 Relationship between excitation, interferometric
response and detected signal

Theory of harmonic motion predicts that small applied perturbations will result in small oscillations
around the equilibrium position. In the case of an oscillating bubble, this means that (neglecting
phase delay with respect to the source) its local radius R will vary about the equilibrium radius Req
such that R(t) o< E,p,(t), the proportionality coefficient depending on the oscillation amplitude.
Besides being a convenient assumption for theory, linear oscillations provide the best condition for
quantitative measurements, as illustrated in Figure 15.3.

We know from Equation 15.1 that the bubble oscillatory motion is followed by a variation in
light intensity at the central pattern fringe I(R) (left panel of the figure). If the interferometric
response I(R) is linear with R (i.e., in the neighbourhood of Req, red point in the figure), it is
possible to detect changes in the bubble radius from variations in the detected signal, exploiting the
proportionality between I(R) and the output voltage V (¢) (right panel). The absolute calibration of
the vibration amplitude is easily obtained by comparing the voltage span for the central fringe half
cycle with the peak-to-peak voltage output given by the spectrum analyser.

In Appendix C.1 we will explain how to set the working point for linear operation, detailing
the calibration procedure, and see what happens when oscillation amplitudes lie out of the linearity

range.

15.5 Spectral features

As explained in Section 15.2.3 and in Appendix C.1, the voltage Vo, (7) from the detector can be

readily converted into oscillation amplitude values as a function of the excitation frequency, that is,
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Figure 15.3: Relationship between the applied sinusoidal excitation field E,p, (bottom), the interfer-
ometric response of the bubble [ as a function of local radius R (Equation 15.1, left) and the detected
signal V (t) (right). In the case of small-amplitude (harmonic) oscillations, R(t) o< E,,,(t), where R
varies about the equilibrium radius Req. The bubble oscillatory motion can be interferometrically de-
tected by following the variation of light intensity at the central pattern fringe, I(R) (Equation 15.1).
This explains the link between the applied oscillating field and the interferometric response. I(R) is
in turn related to the detected voltage V(¢), provided it is linear in the neighbourhood of Req (i.e.,
Al o< AR). As shown in the figure, this implies that the working point be chosen at the inflection point
of I(R) (marked in red). In particular, if the working point is set at the left of an intensity maximum
Imax (as represented here) the fringe intensity grows with increasing R, while on the right side a local
increase in R will be followed by a decrease in /. Within these conditions, if the speed of response of
the photodetector exceeds the bubble (drop) oscillation frequency, the voltage V (¢) will follow instant
variations of I and, hence, of R.
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Figure 15.4: Vibrational spectrum of a single anchored bubble (radius Rg =0.64 mm) in pure water,
excited by an inhomogeneous electric field. Different harmonics are clearly visible: / =1 (141 Hz),
| =2 (287Hz), ] =3 (410Hz) and [ = 4 (786 Hz), with [ corresponding to n in our model. Image
retrieved from [7].

to a vibrational spectrum of the bubble. A typical example is given in Figure 15.4, where several
resonance peaks corresponding to increasing values of n (higher harmonics) are evident.

For small deformations, where linear response dominates and the forced-damped harmonic
oscillator model holds, all of the bubble modes are expected to show a simple Lorentzian frequency

dispersion [98] (see, for instance, Figure 15.5):

2A, Y

_ 15.2
T 4(v—vy) + 7 (-2

ap(v) =

Here, a,(V) is the measured amplitude (proportional to Vo) as a function of the frequency v of the
sweeping excitation voltage. A, is the maximum peak amplitude, corresponding to the resonance
frequency Vvy. Finally, ¥ is the peak width measured for a,(v) = A, /2 (known as the full width
at half maximum, FWHO). Subscript n denotes the oscillation mode, such that a whole bubble
spectrum (as that of Figure 15.4) is given, within our linear modelling framework, by the sum of
all the individual harmonics.

As for any vibrational spectroscopy, spectral analysis of bubble resonance gives precious in-

sights on the system properties. In particular, the following parameters can be evaluated:
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Figure 15.5: Vibrational spectrum (black dots) of an air bubble in water, 0.85 mm in radius, excited by
a sweeping sinusoidal voltage of 1 V. The full red line is a Lorentzian fit. Image retrieved from [7].

* The oscillation amplitude
* The peak width

* The resonance frequency

Amplitude

The oscillation amplitude at resonance is connected to the susceptibility of the bubble
(drop) interface to the applied field. If excited by an electric field, the oscillation ampli-
tude is connected to the net surface charge on the bubble. If excited by an acoustic wave,
the mismatch in compressibility and density is involved.

The oscillation amplitude of a bubble over the excitation frequency, a(v) in Equation 15.2, is tightly
related to the interaction between the bubble surface and the applied sinusoidal field (acoustic or
electric), that is, to the nature of the oscillator and that of the forcing.

In the case of acoustic excitation, the forcing consists of an applied sinusoidal pressure. As the
RP theory suggests (see Equation 6.9), the coupling between the applied field and bubble oscillation
modes derives from the imbalance between the pressure inside and outside the bubble, which forces
the bubble radius to vary over time. For this reason, larger amplitudes are observed for the volume
modes than for the shape ones (see Section 15.3). The involved physical properties of the bubble

are density and compressibility.
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When the forcing is of electric nature, resonance behaviour entails a polarisation of the bubble
surface. The coupling with the excitation field is most effective when the bubble possesses a net
surface charge: in particular, at constant surface charge densities, the measured amplitude scales
with the square of the radius R?, meaning a proportionality with global surface charge [265]. How-
ever, the coupling can also take place in the absence of charge, because of the difference in the
dielectric constant between the gas within the bubble and the outer liquid. This is, for instance, the
case of air-water interfaces. The surface charge density on millimetric air bubbles in pure water
was found to be of the order of 1.8 x 107> C~2 [265]. The coupling is quadratic in the electric field
(i.e., A o< E?, with time dependence from the driving o< sin 2t). Due to their inherent directionality,

electric fields couple preferably to surface modes [266].

Frequency

The resonance frequency is connected with the forces restoring the equilibrium bubble
shape, and hence, in the simplest case, to the bubble radius and to the interfacial tension
(analogously to spring-mass systems).
In line with the theory of harmonic oscillators, the characteristic frequencies of a bubble oscillating
at small amplitudes are related to the restoring forces which contrast the applied driving force.
Hence, while in a spring-mass system the oscillation frequency depends on the effective mass
of the oscillator and on the spring constant, in the case of bubbles the radius and the interfacial
tension are involved, respectively (see Equation 6.24). If the bubble undergoes volume oscillations

the compressibility of the inner gas comes into play (see Equation 6.14).

Width

The peak width reflects the energy dissipation along surface oscillations, namely viscosity
for simple systems.

The bandwidth Av of a resonator, given by the full width at half height (the ¥ coefficient in Equation
15.2) is associated with the rate of energy loss relative to the energy stored by the resonator, that is,
to its damping. In the case of bubbles, higher damping means a higher viscosity of the surrounding
fluid (see Equations 6.13 and 6.21).

A common descriptor for resonators is the dimensionless parameter Q, termed quality factor:

_ Y
0= (15.3)

relating the bandwidth Av to the resonance frequency vp.
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In the case of bubbles, since the observed resonance frequency is rather independent of fluid
viscosity, the peak width, and hence viscous dissipation, is directly proportional to the inverse

quality factor, Q.

Phase

As mentioned in Appendix B, the interferometric signal always possesses a phase relative to the
excitation field, owing to its ondulatory origin.

This phase, that we will refer to as the "absolute” phase of the resonance peak, can be directly
accessed in experiments performed under electric excitation, since the sweeping sine voltage, gen-
erated by the spectrum analyser, coincides with the signal used to excite bubble oscillations. It
is interesting to note that one clearly observes a 7 phase shift when the exciting frequency goes
through a peak of the bubble response. This is exactly what is expected when a true harmonic
oscillator undergoes resonance. Since opposite charges will have opposite phases, the information
on phase gives the sign of the net charge at the bubble interface. Moreover, it allows to estimate
the charge adsorbed on a covered bubble, by comparison with the (negative) charge of the bare air-
water interface [265]. However, the information on charge is irrelevant to our scopes, since in our
experiments we know in advance the sign of the species adsorbed at the bubble surface. Moreover,
in the case of acoustic excitation, the phase reference provided by the sweeping voltage is missing,
hence the absolute phase is not easy to define (although possible).

The absolute phase is poorly informative about bubble oscillations. By contrast, infor-
mation on inter-bubble interactions can be gained from the relative phase.

15.6 Covered bubbles

Many kinds of species can be adsorbed at the air-water bubble interface. Among them, we have
tested H" and OH", surfactants, different proteins, porphyrins and gold nanoparticles on single
oscillating bubbles. I will not discuss these experiments in my thesis, apart from one remark.

In our studies of covered bubbles based on the interferometric technique, we have observed the
existence of an adsorbant-dependent threshold concentration above which resonance spectra dis-
play a divergence of the viscous damping (see, e.g., [9]). We have called this threshold the critical
dissipation concentration (CDC). This phenomenon, resembling a a phase transition from a gas-

like distribution to a liquid-like assembly (but occurring at much lower concentrations), has lately
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been interpreted in terms of a Rayleigh instability of the bubble shape upon charging (submitted

article).

15.7 State of the art in the proposed method

The research group, I collaborate with, has been working on the interferometric detection of the
vibration modes of bubbles and drops. A short list of the main investigations performed so far is
presented as follows:

* Air bubbles and oil drops in water [265];

* Electric vs acoustic excitation;

» Surface oscillations in presence of surfactants [9];

* Sorption-desorption of surfactants from a gas-liquid interface [267];

* Diffusion in presence of oscillating traps [8];

* Anomalies of sub-nanometric oscillation amplitudes [4];

* Adsorption kinetics of model globular and membrane proteins (submitted article).

Most of these cases are summarised in Ref. [7], including a detailed description of the experimental

apparatus.
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Part VI

THE DOUBLE BUBBLE
INTERFEROMETER.
EXPERIMENTAL RESULTS
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Chapter 16

Double interferometer

The interferometric setup employed so far by the research group to study capillary waves (described
in detail in Section 15.2 and related references, e.g. [7]) was extended to allow the study of a system
composed of two interacting bubbles by monitoring the vibration parameters of both bubbles at
once. This entailed the use of two interferometers, in order to evaluate the correlated motions of
the two bubbles, as well as of two excitation sources. For this reason, we refer to this instrument

as the double bubble interferometer.

16.1 Functioning scheme

Let ud first describe the basic requirements for the observation of bubble-bubble hydrodynamic
interactions and then extend the discussion to the adopted setup.

A conceptual view of the double-bubble experiment is provided by Figure 16.1. Here, two equal
bubbles, denoted as A and B, are embedded in a cell filled with water. The closest distance between
their surfaces is D. Bubble A is excited by an oscillating field (e.g., electric). Bubble B does not
feel the applied field, but may oscillate due to the pressure waves propagating in the fluid, induced
by Bubble A oscillations. These fluid-mediated bubble-bubble interactions will depend critically
on the distance D and may be studied by recording the vibration spectrum of Bubble B for different
values of D. Individual spectra, like those stacked at the bottom of Figure 16.1, are obtained

according to Section 15.2.1.

16.2 Actual setup

The scheme presented in Section 16.1 needs adjusting for real experiments:
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Figure 16.1: Functioning scheme of the double bubble interferometer. Bubbles A and B are immersed
in a water-filled cell and distant D. Bubble A is selectively excited by an applied oscillating field: as it
vibrates, pressure waves propagate in the surrounding fluid and make Bubble B vibrate as well. Bubble
B oscillations are interferometrically recorded, according to Section 15.2, at several values of D (see
spectra at the bottom) and variations in the spectral parameters are evaluated as a function of D.
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* To begin with, if we only followed Bubble B dynamics we would have a partial view of the
bubbles’ mutual interactions. Rather, motions of both bubbles must be evaluated at once
and independently. This need is met, on the one hand, by splitting the laser source into
two halves, each centred on one bubble, so to obtain two independent interferometers; on the
other hand, the interferometric patterns must be collected by two independent photodetectors
(see Figure C.8). Care must be taken to avoid interference between the light sources going

to the detectors.

* To ensure strict differentiality of measurements (i.e., signal depending on bubble radius vari-
ation only), bubbles are not buoyed up, but anchored to the electrodes. This point will be

covered in Section 16.2.

* Acoustic insulation must be provided to achieve sensitivities of order of 1 A (see Appendix
C.1).

* Bubbles A and B are not identical and exhibit distinct vibration spectra (see Section 16.2).
Albeit lowering the symmetry with respect to our modelling possibilities, this enables to

selectively excite either of the two bubbles and study the effect of its oscillation on the other.

Pictures of the experimental apparatus and related details are provided in Appendix C.2, while
Figure 16.2 shows the interacting bubbles. In the following sections we are going to illustrate the
peculiarities of the double-bubble interferometer with respect to the single-bubble device discussed

in Section 15.2.

Master vs Slave

The double-bubble experiment, conceptually introduced in Section 16.1, entails a role distinction
between the two interacting bubbles. Accordingly, in Figure 16.1 we denoted as Bubble A the bub-
ble directly excited by the applied field and as Bubble B the bubble (not directly excited) whose
oscillations are hydrodynamically induced. Apart from this distinction, the two bubbles were as-
sumed to be identical.

In actual experiments the two bubbles are not identical, but can be distinguished by their dif-

ferent geometric constraints, as is clear from Figure 16.2:

* one bubble is held anchored to both an upper and a lower electrodes and may be excited

either mechanically or electrically. This was called the master bubble.
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Figure 16.2: Detail of the experimental setup, showing the interacting bubbles (at a mutual distance of
about 10 um). Left: the slave bubble (upper-anchored). Right: the master bubble (doubly-anchored).
The smaller lower electrode on the left is the injection capillary (hollow), while the others (solid)
provide the anchoring points. The right electrodes are connected to a piezoelectric feedback, partially
visible in Figure C.5, to allow acoustic excitation of the master bubble.

* the other is anchored only to an upper electrode and can only be excited electrically. This

was called the slave bubble.

Notice that, owing to the double constraint along the axial direction, only the n > 2 modes can be
excited in the master bubble, while the n = 1 mode is accessible for the slave. In our experiments
we excited the n = 2 mode of the master and the n = 1 mode of the slave. The resulting difference
in resonance frequencies (Wyqpe < Waster) 1 further magnified by the smaller size of the master
bubble. This enhances the selectivity of the excitation and allows to monitor unequivocally the

response of the two bubbles.

Electric vs mechanical stimulation

As discussed in previous Section 15.3, bubble oscillations may be excited either electrically or me-
chanically. While no significant differences may be observed in single-bubble experiments between
these two excitation modes, some differences arise in double-bubble experiments.

Broadly speaking, mechanical excitation can be performed at a constant amplitude over the
entire span of distances D, while in the case of applied electric fields a higher intensity is perceived
at smaller D and vice versa (and hence, the exciting voltage must be adjusted to ensure constant
excitation amplitudes). On the contrary, electrical excitation generally yields narrower peaks and

is preferred for some measurement routines, as discussed in Chapter 17.
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16.3 Spectral features

Spectra acquisition is the same as in single-bubble experiments. The numerical values of the spec-
tral parameters will vary as a function of the bubble-bubble interactions. In particular, the oscilla-
tion amplitude increases with the coupling strength, while the resonance frequency decreases. The
peak width, related to viscous dissipation, will depend on both the viscosity of the fluid and on its
average kinetic energy, as commented in Section 6.8. Based on the considerations made in Section
11.5, a peak width increase with the coupling strength is expected. Finally, the phase measurements

deserve a separate discussion.

Relative phase

In Section 15.5 we mentioned the possibility of recording the phase of oscillation of single bubbles.
When it comes to two-bubble system, the relative phase of oscillation A¢ can be recorded as well,
corresponding to the physical quantity defined in Equation 11.18.

Unlike the absolute phase, that is related to the surface charge of the bubble, the relative phase
gives information on the synchronisation between the two oscillators. Namely, a stable A¢ ~ 0
signal along the oscillation recording means that the two bubbles oscillate in phase (attractively),
while A¢ ~ 7 means out-of-phase interactions (due to repulsion) whereby, for equal average dis-
tances between the two oscillators, the instantaneous value is maximised. Finally, a non-constant
phase difference denotes non-synchronised motions.

In Section 17.6 we will show some examples of phase measurements concerning axisymmetric

interacting bubbles and what information can be extracted from them.
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Chapter 17

Experiments on double-bubble systems:
interacting axisymmetric bubbles

In the course of this years, we designed several experiments on two-bubble systems, in collabora-
tion with professor Mario Corti and the LITA laboratory, in Milan (Italy). While I just trained with
simple measurement routines, most measurements were made by professor Corti.

The main experiments performed are listed below:

Bare bubbles in water (Section 17.1)
¢ SDS-covered bubbles in water (Section 17.2)
¢ BSA-covered bubbles in water (Section 17.3)

* Bare bubbles in weakly viscous solutions (Section 17.4)

Bare bubbles in the absence of applied excitation (Section 17.5)

The most typical measurement routine consists in exciting the master bubble mechanically (with
a 5 mm amplitude) over the 70-160 Hz frequency range, including the characteristic frequency for
the n = 1 mode of the slave bubble. As the n = 2 mode for the master bubble falls at a much
higher frequency, its observed spectrum is flat in this range in absence of any interaction. Then the
response spectrum of the slave bubble is recorded for different values of the inter-bubble distance
D. Notice that in the data reported below D denotes the closest separation distance between the
walls of the two bubbles (and not the centre-centre distance). A frequency sweep from vy to v of

each experiment took 10s. All of the spectra were averaged over 3 to 10 replicas.
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17.1 Bare bubbles in water

Our first measurements concern the interaction between two air bubbles in ultrapure water. The
typical routine described above was followed. The slave bubble has an unperturbed radius Ry =
0.7540.01 mm). The inter-bubble distance D ranges from 1.5 mm to below contact. The contact
distance, falling at about 25 um due to the presence of a thin water layer between the two bubbles, is
evaluated as the distance for which the resonance frequency exhibits a minimum (see Figure 17.3).
At lower distances the two bubbles are deformed and the frequency rises over further approaching
(as the local radius decreases). Distances below contact are arbitrary and based on the measured
electrode displacement with respect to the contact distance. Since the data below contact distance
are not relevant to our scopes, they will be disregarded in the other experiments.

The dependence of the observed spectral parameters on the inter-bubble distance is reported

below for the case of mechanical excitation:

* The oscillation amplitude of the slave bubble decreases of a factor 4-5x with increasing D,
up to amplitudes comparable with the master vibrations out of resonance (5 nm). The values
in Figure 17.1 are normalised against the peak width, to ensure that any variations be due

only to bubble-bubble interactions.

* The peak width (Equation 15.3) decreases as well (from 12 to 8 Hz), meaning reduced vis-

cous dissipation when the two bubbles are far apart.

* Resonance frequency (Figure 17.3) increases with D, from 110Hz at contact, to 114 Hz

(coincident with the characteristic frequency of the slave bubble) at 1.5 mm.

* The two bubbles oscillate out of phase (Figure 17.4) regardless of the distance. The relative
phase shows a 7 jump in correspondence to the slave bubble resonance, so the inflection

point shifts to higher frequencies upon an increase in D.

Several measurements performed on different bubbles (with frequencies of the slave bubble lying
in the 100-120 Hz) confirm these trends and the order of magnitude of the observed variations.

These results denote synchronisation between the two bubbles (although in phase opposition).
The variations in the spectral parameters, especially the the red-shift in the slave bubble resonance
frequency compared to the isolated system, are a measure of the strength and of the length decay
of inter-bubble communication.

Hence, the two bubbles feel each other at very large distances (of order of 1 mm, larger
than bubble radii), well beyond the range of intermolecular interaction forces.

131



Notice that, for all the spectral parameters, the first points of the curve (corresponding to dis-
tances within about 100 um) show a different slope with respect to the following ones. One pos-
sible explanation for this "transition" could be a change in the coupling mechanism: for instance,
it might be purely hydrodynamic at large distances, but influenced by electrostatics at smaller dis-
tances. Such distances, however, are much larger than the predictions of pure electrostatic coupling
(Section A.1).

17.2 SDS-covered bubbles

We then measured the interaction between two air bubbles covered by Sodium Dodecyl Sulfate
(SDS), a standard surfactant possessing a net negative charge.

Notice that amphiphilic molecules like SDS form micelles in water. The critical micellar con-
centration (CMC) for SDS is of 0.5%, so in our experimental conditions (0.03%) we ensured that
the SDS was present in the bulk solution as suspended individual molecules. Generally, for the crit-
ical dissipation concentration (Section 15.6) it holds CDC < CMC. For SDS, CDC = 0.0015% [9].

The measurements were taken according to the described routine for different values of SDS
bulk concentration. At the lowest value, 0.013 mM (0.0005%, ~ 1 /4 CDC), the two bubbles behave
as if they were immersed in pure water, apart from a significant broadening in the peak width (data
not shown). The results reported here concern the highest concentration value, 0.1 mM (0.003%,
~ 2 CDC). In this case, the master bubble was excited electrically owing to the extremely large
peaks obtained under mechanical driving. D was varied in the 20-2000 um range. The radius of
the unperturbed slave bubble was 0.65 mm (characteristic frequency for the n = 1 mode: 120 Hz).

Results show that:

* The oscillation amplitude (Figure 17.5) decreases with D, and is about 12 times that observed
in pure water in the case of electric excitation and twice the water values for mechanical

excitation.

* Red shift in the resonance frequency (Figure 17.6) as the bubbles get closer: from 120 Hz at
2000 pum, to 107 Hz at 20 um.

* The Quality factor (Figure 17.7) increases with D (from 0.9 to 2.0 in the case of electric
excitation). Resonance peaks obtained from mechanical excitation of the master bubble are

much larger, which made measurements rather difficult.
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» The two bubbles oscillate out of phase (data not shown) over the entire distance span and for

both concentration values.

Asymmetric coverage

After the above measurements, where both the interacting bubbles were covered by SDS, we stud-
ied the interactions between a bubble covered by SDS (the master) and one bare bubble (the slave).
The idea behind this experiment was to test the capability of the bubbles to exchange chemicals by
their oscillations.

The master bubble was formed in a 0.1 mM SDS solution and allowed to adsorb surfactant at
its surface. The bulk solution was then rinsed several times until the measured conductivity of the
solution matched the value of pure water. In such conditions, the master bubble still retains the
adsorbate on its surface without significant losses in the surrounding medium, as it was verified by
evaluating the surface charge from the electrically excited resonance spectrum (comparable with
those observed in the 0.1 mM bulk SDS solution). The slave bubble was then added and excited
indirectly via the master bubble (mechanically driven) as in the previous routines.

The spectra of the slave bubble obtained via this procedure (not shown here) are superimposable
to those obtained for ultrapure water and for SDS below the CDC. This observation clearly rules
out the hypothesis of an interaction-enhanced exchange of chemicals between the two bubbles,
at least in this weak-interaction regime. However, it demonstrates the possibility of studying the

interactions between two bubbles bearing different coatings.

17.3 BSA-covered bubbles

Many protein-covered single bubbles were previously studied in our laboratory using different
classes of proteins. To extend this study and test the role of adsorbed proteins in bubble-bubble
interactions, we chose Bovine Serum Albumine (BSA), a globular protein of MW = 66.5kDa
bearing a highly negative charge at neutral pH (isoelectric point: 4.7). For this protein, the CDC is
4.5 nM (0.25 mg/L) and CMC>>CDC. Experiments were performed with 1.5 nM and 2 nM (below
CDC) and 6 nM (over CDC) bulk solutions of BSA. The slave bubble radius was in both cases of
0.75 mm. The master bubble was excited out of resonance, both electrically and mechanically (in
the latter case, at the highest concentration the resonances are rather large and difficult to analyse,
see Figure 17.14).

Results confirm the the qualitative behaviour observed in SDS-covered bubbles. Namely, below
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the CDC the spectral parameters behave similarly to those of pure water, except for higher dissi-
pation, with a resonance frequency span over D of about 5 Hz (see Figures 17.8, 17.9 and 17.10).
The frequency span doubles at the higher concentration (Figure 17.11) and the quality factor spans
from less than 1 to 2 on increasing D (Figure 17.12). Finally, Figure 17.13 shows the behaviour
of the relative phase between the master and the slave bubble oscillating in pure water (black) vs
in 0.1 mg/L BSA solution (red), at D =350 um. Phase going from approximately 7, to 0, to —7.
Two inflection points corresponding to resonance frequencies of the two bubbles: the one at about
100 Hz corresponds to the slave bubble frequency; that at 135 Hz to the master bubble resonance
(n=1).

17.4 Weakly viscous solutions

Selective investigation of solvent viscosity effects on bubble-bubble interactions is much more dif-
ficult than the cases reported previously. This is mainly due to the fact that peak detection is under-
mined by broadening. Another major concern is to minimise the adsorption of organic compounds
on the bubble surface, which could affect interface properties as well. Therefore, measurements
were limited to dilute solutions of small, rather polar, high-purity compounds.

Addition of non-adsorbing solutes to the fluid surrounding the two bubbles should only affect
viscous dissipation, i.e. the peak width, without significantly altering interface-related parame-
ters like amplitude and frequency. Experimental results confirm these predictions, evidencing an
increase in peak width with increasing solute concentration, while the frequency and amplitude
span along inter-bubble distance remain comparable to the values obtained in pure water. Some

examples are given below.

Methanol

Figure 17.15 reports the quality factor of resonance Q of the slave bubble in a dilute aqueous
solution of methanol (0.005% w/w), as a function of the inter-bubble distance D. As expected, a

drastic decrease in Q is observed for methanol compared to pure water.

Sucrose

Ultrapure sucrose (Sigma spectroscopic grade) was added to the water medium, first to a 5% w/w

concentration and then to 10%. The spectra of the isolated slave bubble (Ry = 0.75mm, excited
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electrically) upon sucrose addition are shown in Figure 17.16. The major effect is the expected in-
crease in the peak width. Moreover, a slight frequency decrease is observed, owing to the increased
density of the medium. The conductivity of the solution is unaltered, meaning an absence of charge
effects. The master bubble (mechanically driven at 5 nm amplitude) was then introduced into the
10% solution and the slave spectra were recorded at different values of D, ranging from contact
distance (25 um) to 2000 um. Figure 17.17 reports the resonance frequency and Figure 17.18 the
peak width.

17.5 Absence of excitation

Finally, we recorded the spectra of two interacting bubbles in the absence of any applied excitation.
In this experiment the two bubbles were identical (Rg =~ 0.7 mm) and anchored only to the upper
electrodes to prevent buoyancy. The interferometric signal of one of the two bubbles was acquired
and analysed over the 0—150 Hz frequency interval (having verified that the spectra are flat at larger
frequencies) by the FFT mode described in Section 15.2.3, for different values of the inter-bubble
distance D. The results are shown in Figure 17.19.

It can be observed that, even in the absence of any excitation, the oscillation amplitudes are still
detectable, falling in the 0.1-1 nm range. On increasing the inter-bubble distance the amplitude
decreases in intensity, but remains detectable up to a distance of about 400-500 pum.

At first sight, these results may seem counter-intuitive, since the oscillation amplitude is ex-
pected to be zero without external excitation (Equation 6.20). What we miss is the effect of thermal
noise. Indeed, the two bubbles oscillate under the effect of thermal fluctuations (as commented on
in Chapter 3, concerning capillary waves at liquid-gas interfaces and membranes), although the
amplitudes are not as large as at resonance. These oscillations propagate in the surrounding liquid
medium while dissipating a significant part of their mechanical energy before interacting with the
nearby bubble. Therefore, the frequency spectra as a function of bubble-bubble distance (in the
absence of any excitation) probe the response of the bubble surface to thermal noise, reinforced by
the interactions with a nearby bubble.

These capillary spontaneous fluctuations, which we can shortly define as the “sound of silence”
(after a famous song by Simon and Garfunkel of the mid-sixties), are worth investigating as they
constitute a background in the bubble-bubble (or cell-cell) interaction. Any additional supply of
energy (mechanical or electrical excitation in the case of bubbles, enhanced heating due to the

metabolic activity in the case of cells) increases the amplitudes of oscillations that, in any case,
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never have a zero mean amplitude. It is worth remembering that the detection of such a tiny effect
was possible thanks to our differential interferometric apparatus enabling to measure amplitudes in
the sub-nanometric scale.

The results shown in Figure 17.19 are still preliminary and demand further study. Notably, it
would be useful to repeat the same experiment using a white noise source, far more controlled than
the ambient noise (which, by definition, can vary over time according to the external noise sources).
In addition, special attention is needed to avoid any spurious signals coming from the measuring
apparatus (to which, for instance, the presence of some well-defined, low-frequency peaks in the
Figure could be ascribed). This will imply some tailored and not trivial modifications of the setup

and the measurement routine.

17.6 Feedback from the slave

So far only the effect of the master bubble excitation on the slave bubble has been considered. The
possibility to excite either of the two bubbles and to detect independently their responses allows
also to study the feedback effect exerted by the slave bubble on the master, as we are going to show
in this section.

A first example, concerning two bare bubbles in ultrapure water as those of Section 17.1, is pro-
vided by Figure 17.20. Here, the resonance peak of the slave bubble (in black), indirectly excited by
the oscillations of the master bubble (set at a distance of 20 um), is compared to the master bubble
signal (in red). The latter signal, which should be flat over the selected frequency range, displays
a small non-Lorentian peak corresponding to the slave bubble characteristic frequency. This is the
"feedback" sent back to the master bubble by the slave .

Many experiments were performed, both in water and in SDS and BSA solutions, where the
slave bubble was selectively excited (electrically) over its resonance range and the signal of the
master (out of resonance for the isolated system, due to double anchoring) was recorded. Fig-
ure 17.21 displays a typical result (SDS 0.03 mM bulk solution). It is observed that, as the two
bubbles approach each other, the master exhibits an oscillation peak of increasing amplitude about
the slave ’s resonance frequency. Its shape is not Lorentzian, forming a local minimum at the right
of the peak (the following rise in amplitude is due to the master resonance, falling at frequencies
higher than 160 Hz and well separated from the slave resonance). Both the maximum and the
minimum intensities decrease with D and their frequencies get closer. The relative phase shows

correspondingly a 7 jump at the frequency of this minimum (and not at the slave bubble resonance
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frequency), passing from about —20° (nearly in-phase) to —180° (out-of-phase). The inflexion
point coincides with the minimum in the master’s amplitude. This behaviour is not observed upon
mechanical excitation.

Interestingly, the experimental spectra of the master bubble can be reproduced by subtracting a
lorentzian peak centred at the inflection point to a (positive) lorentzian peak centred at the slave res-
onance frequency (both having the same width as the slave peak), as shown in Figure 17.22. This
leads to the hypothesis that the slave bubble oscillation may induce a low-frequency in-phase res-
onance and a higher-frequency, out-of-resonance peak. The latter would therefore subtract to the
existing signal at the corresponding frequency range and generate the observed minimum. Further
control experiments are needed to confirm this hypothesis, however.

Finally, in Figure 17.23 reports the case of two bubbles of the same size and upper anchored
and both excited electrically. One of them is "naked" (the slave bubble, black scatter) and the
other covered by SDS over the CDC (the master bubble, red scatter), as described in Section 17.2.
The distance D is of 150 um. The peak of the master bubble, significantly higher in intensity and
broader due to the SDS coating, exhibits a "valley" at the resonance frequency (identical to the

master’s one), that can be explained in terms of an out-of-phase peak induced by the slave bubble.

17.7 Comment on the results

From the data described above it can be seen that:

* The interactions between two nearby bubbles undergoing shape oscillations are weak, but
attractive. This is mostly evident from the modest red-shift in resonance frequencies when
the two bubbles approach each other — of order of 5-10% the resonance frequencies of the

isolated bubbles (increasing with surface coverage).

* Such interactions are long-ranged, the decay length being of order of 1 mm (in each set of
measurements, no interactions at all can be observed at D = 2mm). The same trend can be

observed following either of the spectral parameters (mostly the oscillation amplitude).

» The oscillations of the master and slave bubble are always out of phase, regardless of the
coating. This supports the thesis of an interaction mechanism not driven by direct interac-

tions, but by an increase of the inertial mass of the system.

* Oscillating coated bubbles dissipate more than air-water interfaces.
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The adopted experimental setup enables to study the interactions between bubbles bearing

different surface coatings.

Mechanical excitation of the master bubble yields broader peaks with respect to electrical
stimulation (see, for instance Figure 17.14) and is more difficult to interpret. Further investi-

gation on this behaviour is needed.

The interactions are mutual and occur in both directions, resulting in complex and non-

lorentzian peaks whose interpretation is still to be elucidated.

As observed in Section 17.1, the region of very-low bubble-bubble distances (up to about

100 um) is quite interesting and deserves further investigation.
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Figure 17.1: Bare bubbles. Oscillation amplitude of the slave bubble (Ry = 0.75 mm) versus the inter-

bubble distance D, normalised against the peak width (Figure 17.2).
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Figure 17.2: Bare bubbles. Peak width of the same bubble of Figure 17.1 versus the inter-bubble

distance.
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Figure 17.3: Bare bubbles. Resonance frequency of the same bubble of Figure 17.1 versus the inter-
bubble distance.
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Figure 17.4: Bare bubbles. Relative phase of oscillation between the slave and the master bubble. The
inflection points correspond to the frequency values reported in Figure 17.3.
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Figure 17.5: SDS-covered bubbles (0.1 mM bulk solution, electric excitation). Oscillation amplitude
of slave bubble (Ry = 0.65mm, n = 1 mode) as a function of the inter-bubble distance D.
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Figure 17.6: SDS-covered bubbles (0.1 mM bulk solution, electric excitation). Resonance frequency
of slave bubble (Ry = 0.65mm, n = 1 mode) as a function of the inter-bubble distance D.
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Figure 17.7: SDS-covered bubbles (0.1 mM bulk solution, electric excitation). Resonance peak width
of the slave bubble (Ry = 0.65mm, n = 1 mode) as a function of D.
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Figure 17.8: Normalised oscillation amplitude of the slave bubble versus the inter-bubble distance
D for: black, ultrapure water; red, 2 nM BSA bulk solution. Slave bubble radius Ry = 0.75mm,
mechanical excitation of master bubble.
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Figure 17.9: Resonance frequency of the slave bubble versus the inter-bubble distance D for: black, ul-
trapure water; red, 2 nM BSA bulk solution. Slave bubble radius Ry = 0.75 mm, mechanical excitation
of master bubble.
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Figure 17.10: Resonance quality factor of the slave bubble versus the inter-bubble distance D for:
black, ultrapure water; red, 2 nM BSA bulk solution. Slave bubble radius Ry = 0.75 mm, mechanical
excitation of master bubble.
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Figure 17.11: BSA-covered bubbles (6 nM bulk solution, electrical excitation). Resonance frequency
of the slave bubble (R = 0.75mm) as a function of bubble-bubble distance D (20-2000 um).
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Figure 17.12: BSA-covered bubbles (6 nM bulk solution, electrical excitation). Resonance Quality
factor of the slave bubble (R = 0.75mm) as a function of bubble-bubble distance D (20-2000 um).
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Figure 17.13: Phase difference between master and slave bubble as a function of frequency. Black
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medium to avoid bubble disturbance. Electric excitation; inter-bubble distance D =350 um; bubble
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Figure 17.14: Resonance Quality factor of BSA-covered slave bubbles (0.4 mg/L bulk solution) versus
the inter-bubble distance. Black, mechanical excitation of the master bubble; red, electric excitation.
The bubble radius is of 0.75 mm in both cases.
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Figure 17.15: Resonance quality factor of bubbles in 0.05% methanol solution (red diamonds), vs pure
water (black squares), as a function of inter-bubble distance D. Electric excitation of master bubble;
bubble radii R =0.75 mm.
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Figure 17.16: Resonance spectra of the isolated slave bubble (Rg = 0.75 mm) under different condi-
tions. Blue: water (resonance frequency: 120.2 Hz, Quality factor: 10); black: 5% sucrose (resonance
frequency: 119.6 Hz, Quality factor: 9.06); red: 10% sucrose (resonance frequency: 118 Hz, Quality
factor: 8.02). Electrical excitation at 5 V/cm. The main effect is an increase in peak width upon sucrose
addition, even at the lower concentration, as well as in resonance frequency.
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Figure 17.17: Resonance frequency of the slave bubble (Rg = 0.75 mm) excited by the master (me-
chanically driven out of resonance at a 5 nm amplitude), as a function of inter-bubble distance D. The
comparison between data obtained in pure water (red scatter) and in 10% sucrose solution (black)
highlights an overall increase in frequency in the latter case, due to the higher fluid density, while the
frequency span over D is comparably small (about 4 and 6 Hz, respectively).
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Figure 17.18: Peak width of the slave bubble (Ry = 0.75 mm) excited by the master (mechanically
driven out of resonance at a 5 nm amplitude) as a function of inter-bubble distance D. Red scatter: pure
water; black: 10% sucrose solution. Notice that the width increase with D is significantly enhanced in
the more viscous solution.
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Figure 17.19: Oscillation spectra in the low-frequency range, recorded in the absence of any applied
excitation. The system is constituted by two identical, upper-anchored bubbles, set at varying distance

D (reported in the inset). The bubble’s response to thermal noise is reinforced by the interaction with
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Figure 17.20: Bare bubbles. The effect of slave bubble oscillations (black scatter) on the master bubble
out-of-resonance signal (red), consisting of a small non-lorentian peak at the slave resonance frequency.

148



0,012 H

0,006

0,000

Master amplitude (mV)

T T
80 120 160

Phase

-160

-240

T T
80 120 160

0,12

0,06

S/ave amplitude (mV)

0,00 T T T T T T
80 120 160

Frequency (Hz)

Figure 17.21: Top: oscillation amplitude of the master bubble (not directly excited). Its natural reso-
nance frequency falls over 160 nm. Middle: relative phase of oscillation between the master and slave
bubbles. Bottom: oscillation spectrum of the slave bubble (electrically excited). The dashed vertical
line marks the correspondence between the phase inflexion point and the minimum in the master signal.
Bubble-bubble distance D = 10 um. Measurements were taken in a 0.03 mM SDS solutions, oscilla-
tion amplitudes of the slave bubble corresponding to the shown voltages are of about 6 nm. v, slave:
100 Hz; v,,s minimum: 115 Hz.
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Figure 17.22: Comparison between the experimental spectrum of the master bubble (blue scatter),

excited indirectly out of resonance by the slave bubble (electrically excited), with the fitted spectrum
calculated as described in the Section (red curve). Inter-bubble distance D = 20 pm.
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Figure 17.23: Feedback of the slave bubble (black scatter) on the master (red scatter). The two bubbles
are equal in size, anchored only to the top electrode and excited electrically at the same time. The
slave bubble is "naked", the master was prepared in SDS solution over the CDC. Inter-bubble distance
D = 150 ym.
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Chapter 18

Experiments on double-bubble systems:
interacting spherical bubbles

After collecting data on axisymmetric oscillations, we decided to test our experimental method
against the simpler and more familiar case where the two bubbles are excited by an isotropic field

and undergo volume oscillations.

18.1 Experiment

This kind of study required a different experimental setup with respect to the one described in
Chapter 16. The main differences concern the measuring cell, as illustrated in Figures 18.1 (scheme
of the experiment) and 18.2 (real measuring cell). Here, both bubbles are pinned to the bottom of
needle-shaped electrodes (analogous to those used in the other experiments, see Figure C.6) and
their mutual distance D can be regulated via micrometric screws. A piezoceramic mounted at

the bottom of the cell enables isotropic acoustic driving of both bubbles with the same exciting

.

o 1

Amplitude (au)
Ampiitude (a.u.)

%)

— g
Piezoceramic

Spectrum 1 (D) += Pattern 1 Pattern2 == Spectrum 2 (D)

o o000
Resonance frequency (Hz) Resonance frequency (Hz)

Figure 18.1: Schematics of the experiment on interacting spherical bubbles described in this chapter.
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intensity, inducing radial deformations of nanometric amplitude.

Since our focus was on selectively excited shape modes, we only made one such experiment.
Further investigations will be performed in a separate study. In order to verify if there were any dif-
ferences in the oscillating response of the two bubbles, we used two different radii, 0.8 mm (Bubble
1, on the left in Figure 18.1) and 0.6 mm (Bubble 2, on the right), measured with a precision of
10 um. The two bubbles were formed in ultrapure water. Distances were varied from 30 um to
4mm (7 distance points). For each chosen value, the spectra of the two bubbles were recorded

independently from the respective interferometric patterns.

18.2 Results

Figure 18.3 reports the oscillation spectra of the two isolated bubbles, exhibiting one single reso-
nance peak. The resonance frequencies of Bubbles 1 and 2 are 4025 Hz and 4831 Hz, respectively,
in line with the values that can be estimated from Equation 6.14 (corrected for the anchoring). The
corresponding quality factors are of 10.5 and 11.2, respectively, values comparable with mechani-
cally excited shape oscillations in ultrapure water.

Figure 18.4 is a typical spectrum observed when the two bubbles interact. The most notable
feature is the onset of two resonance peaks, whose frequencies @; and @y, depend on the bubble-
bubble distance D. For each observation the values of @; and w;, were equal for the two bubbles,
although the oscillation amplitudes differed (being in general one order of magnitude higher for
Bubble 2, see Figure 18.3). Both the energy splitting Aw = w;, — @; and the relative intensities of
the peaks vary with D. Namely, as the two bubbles approach each other, the value of A® increases
(due to both and increase in w, and a decrease in ;) and the amplitude ratio between the low-
frequency and the high-frequency peaks increases.

Figures 18.5 to 18.8 show the individual spectral parameters as a function of the inter-bubble
distance. The w;-peak originates from the contribution of the larger bubble (Bubble 1), the asymp-
totic value of the frequency at infinite distance being Qg (Figure 18.5); the high-frequency peak
originates from the Bubble 2 mode and tends to Qg at infinite D (Figure 18.6). The frequency
span... The partial overlap between the low- and high- frequency peaks (see Figure 18.4) prevents
an accurate fit of peak widths, especially for the high-frequency signals. However, the behaviour

of peak widths against D appears to be non-monotonous, as shown in Figures 18.7 and 18.8.
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18.3 Comment on the results

Albeit limited to a single system, the data described above show that:

* The two interacting bubbles subject to an isotropic excitation exhibit the same vibration
modes. In particular, they may oscillate at a low-frequency, originating from the larger bub-

ble, or at a higher frequency, originated from the smaller bubble.

» The frequency split and the amplitude ratio between these two modes are distance-dependent.
The frequency span of the low-frequency peak is of order of 10% the natural resonance of the
larger bubble, a figure comparable with the observations made on shape modes. By contrast,
the high-frequency mode increases upon bubble approaching of as much as 40% the natural

frequency of the smaller bubble (see Figures 18.5 and 18.6).

* The fitted values of peak widths are less reliable, however they suggest a non-monotonous

behaviour of viscous dissipation over the distance D (see Figures 18.7 and 18.8).

* The long-ranged decay length of the interactions, observed for the shape modes, is con-
firmed. Indeed, the interaction between pulsating spherical bubbles seems to persist over

larger distances (see Figure 18.5).

Further experiments on different systems (different size ratios between the two bubbles and/or
different coverages), as well as computer simulations analogous to those described in Section 12.1,
will be performed to validate the results and to compare them with the shape modes of interacting
bubbles.
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Figure 18.2: Measuring cell for the investigation of volume modes in a two-bubble interacting system.
The piezoceramic (the golden block placed at the bottom of the cell) is protected against water damage
by a waterproofing coating for electronics.
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Figure 18.3: Acoustic spectra of the two isolated bubbles, each evidencing one single normal mode
Q;. Red (left): Bubble 1 (equilibrium radius Ry = 0.8 mm, Qg ; = 4025Hz). Blue (right): Bubble 2
(equilibrium radius R, = 0.6 mm, Qg » = 4831 Hz).
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Figure 18.4: Acoustic spectrum of Bubble 2 in the presence of Bubble 1 (inter-bubble distance D =

370 um). Resonance frequencies: @y = 3715 Hz, @, 1 = 6007 Hz. The difference between the high-

and low-frequency modes Aw increased with D. Bubble 1 and Bubble 2 exhibit almost the same
frequencies.
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Figure 18.6: High-frequency resonances wj, of Bubble 1 (red squares) and Bubble 2 (blue circles), as
a function of inter-bubble distance D. As D increases, the resonance frequency approaches the normal
mode > of Bubble 2 (the smaller bubble), indicated by the dashed grey line.
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Chapter 19

Conclusions

In this thesis work, an innovative method for studying the interactions between two nearby bubbles
vibrating in aqueous medium has been developed. Besides the fundamental interest in bubble-
bubble interactions, motivated by their widespread occurrence in fluids subject to pressure fields
and testified by a growing literature, interacting bubbles also provide a simplified model system of
interacting soft, spherical bodies like cells.

The aim of my study was to identify the main determinants of the interaction between two such
biomimetic cells, with particular interest in its decay length, which is poorly known in cell systems,
albeit crucial to demonstrate the effectiveness of cell-cell hydrodynamic communication.

Accordingly, I have undertaken a collaborative multi-disciplinary study, combining an interfer-
ometric method for the detection of bubble oscillations (extending a previously developed single-
bubble setup [7]) with theoretical modelling (based on the Rayleigh-Plesset theory of fluctuating
interfaces [6]) and computer simulations (based on Lattice-Boltzmann algorithms [205]).

The two bubbles have axial symmetry and sub-millimetric radii. An anisotropic sinusoidal
field is selectively applied to one of them to excite linear oscillations of nanometric amplitudes.
Special attention has been paid to surface oscillations occurring at constant volume, of relevance
to cellular systems, instead of the customary "breathing" modes. The physico-chemical properties
of the system — namely the surface charge and interfacial tension and the viscosity of the bulk
medium — can be varied in a controlled way, either by addition of chemicals in the measuring
cell, or as explicit parameters in the model equations and simulations. Importantly, the range
of mutual distances spans from values larger than the bubble dimensions, up to quasi-contact, a
much less investigated regime in current studies. Moreover, owing to the extreme sensitivity of the

interferometric technique, amplitudes as small as 1 A can be accurately detected.
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19.1 Summary of the achieved results

The study of bubble-bubble interactions is still ongoing and many parts are not yet definitive,
especially computer calculations. However, the results obtained so far seem to converge, at least

qualitatively, to the following observations.

* Bubble-bubble interactions result in a variation of the (experimental or predicted) spectral
parameters — the oscillation amplitude, frequency and width of resonance modes, as well as
the relative phase between the two oscillators — dependent on their mutual distances and on

the physico-chemical properties of the system.

* On the whole, gradual approaching of the two bubbles from an initially isolated system
("infinite" distances) results in: a) an increase in peak amplitude; b) an increase in peak
width; c) a decrease in resonance frequency. The span of these variations is quite modest
(see Equations 11.21 and 11.22 and the experimental data), especially for the case of pure

water or extremely diluted solutions.

* The decay law for the vibrational parameters with the inter-bubble distance D is faster on
increasing the eigenmode number n. For volume oscillations (n = 0) the decay roughly
behaves as D~!, while it is sharper for surface modes. For the n = 1 investigated in our
experiments the interactions are still long-ranged, spanning over distances of order of 1 mm,
i.e., larger than the bubbles dimensions, at variance with typical intermolecular or inter-

particle interactions.

» The bubbles always oscillate out of phase, regardless of the surface coverage or their mutual
distance. This kind of oscillations allows to maximise the instantaneous distance between
the surfaces of the two oscillators (their centre-to-centre distances being fixed), signifying an
absence of direct interactions (apart from a slight electrostatic repulsion). Direct, attractive
interactions could in principle arise from “sticker” molecules uniformly distributed at the
surfaces of both bubbles.

* The interactions are mutual. The forward- and back- propagation of oscillations — from the
master bubble to the slave and vice versa — leads to the observation of complex and non-

lorentzian peaks, whose interpretation is still to be elucidated.

 The dissipation behaviour reflects that of the fluid velocity vector in the area between the two

bubbles. Our model predicts a peak width decrease with the distance, in accordance with
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the experiments concerning shape mode oscillations. Computer simulations and breathing
mode measurements, however, seem to suggest a more complex dependence on distance and

oscillation modes.

In light of the above, our starting hypothesis on the mechanism of bubble-bubble interactions (for-
mulated in Section 8.1), based on the theory of coupled oscillators, turned out to be wrong. The
main evidence lies in: @) the modest variation in the spectral parameters over bubble-bubble dis-
tance; b) more importantly, the observation of out-of-resonance oscillations contrasting the com-
mon notion of coupled oscillators.

The model developed in Section 11.2, albeit approximate, suggests that other mechanisms
must be advocated to explain bubble-bubble interactions. In particular, the greater fluid
velocity in the confined region between the two bubbles, compared to the distal regions
near the surface bubble, increases the effective inertial mass of the oscillating system. As
a result, the oscillation frequencies of both oscillators are lowered, the effect being more
pronounced at short distances.

It should be noticed, however, that many works in the literature do predict the onset of in-phase
oscillations, corresponding to lower oscillation frequencies, and out-of-phase oscillations, corre-
sponding to higher oscillation frequencies, for a system of two interacting bubbles. Computer
simulations and numerical calculations are expected to provide further insights on this behaviour
and on other aspects of bubble-bubble interactions which cannot be addressed by our simplified

theoretical description of the involved hydrodynamics.

19.2 Relevance and possible developments

The obtained results pave the way for further studies. In particular, different ideas are presently
under investigation concerning the application of oscillating bubbles as biomimetic systems.

As discussed in Chapter 18, we have recently extended the study of two interacting bubbles
to the volume oscillation modes (n = 0), achieving great accuracy and reproducibility in their
excitation and detection. Results are interesting because the spectroscopic parameters are much
more sensitive to the inter-bubble distance than the surface modes. While in the experiments shown
both bubbles were excited at once, targeted (albeit not trivial) modifications to the measurement
cell would enable selective excitation of either of the two bubbles, similarly to the experiments on
the shape modes.

A reproducible protocol has been developed to study the interactions between asymmetrically

coated bubbles, as demonstrated in Section 17.3 for the case of an SDS-covered bubble and a bare
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bubble. This possibility opens the way to interesting applications. By exploiting our previous
experience in built-up controlled protein "dresses" of single bubbles and drops, we plan to inves-
tigate a ligand-covered bubble interacting, at selected distances, with a receptor-dressed bubble.
For instance, the standard biotin-streptavidin ligand-receptor couple may be used. The result-
ing inter-bubble coupling will change the spectra of slave and master bubbles, enabling accurate
measurements of “non-local” effects of intercellular ligand-receptor coupling. Hopefully, this will
constitute added value for cell adhesion studies. Indeed, ligand-receptor mediated cell adhesion has
been extensively investigated in functionalised biomimetic membranes, typically by the Reflection
Interference Contrast Microscopy (RICM) mentioned in Section 13.3 [2, 11]. This technique ex-
plores the nanoscale region. In contrast, our apparatus explores the mm to um scales: this allows
to work on a real multi-scale basis (needed for matching molecular binding events to larger-scale
motions of fluids), while keeping the model as general as possible.

The surprising response of the slave bubble with the distance from the master bubble even in the
absence of excitation of the master, described in Section 17.5, poses interesting questions related to
the thermal excitation of vibrational modes. On one hand, the experimental findings confirm the ac-
curacy of our differential interferometric apparatus that is able to detect sub-nanometric oscillation
amplitudes. On the other hand, results suggest the need to introduce thermal noise effects when
studying systems undergoing small amplitude oscillations. The contemporary presence of deter-
ministic (periodic) and stochastic forcing is a very rich field (often called stochastic resonance)
leading, especially in non linear systems, to a stunning variety of interesting phenomena.

Finally, the obtained results could benefit from comparison of other complementary approaches.
In particular, my internship activity concerning the interactions between pulsating microbubbles via
an optical tweezers setup (which will be reported on in a later version of my dissertation) will pro-
vide the opportunity for a fruitful comparison of the two techniques and their potentialities. The
ultimate term of comparison for our biomimetic system, of course, would be the interactions be-
tween two (or more) real cells. As pointed out in Section 5.3, a growing interest has been raised for
the interaction patterns between unicellular organisms, triggered by hydrodynamic waves and lead-
ing to biochemical synchronisation (see, e.g., [73]). This would entail rescaling the investigated

spatial ranges, oscillation frequencies and amplitudes, to fit in with cellular systems.
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Appendix A

Theoretical remarks

A.1 Derjaguin approximation (DA)

Background

Dating back to 1934 [202], the Derjaguin approximation (DA) relates the force law F (D) between
two spheres of radii R and R; to the free energy per unit area W (D) between two planar surfaces
by the relation:

F(D) = 2wR.W (D) (A1)

eff

where the effective radius R.; is defined such that R = Ril + Riz. The underlying principle is that,
when the interaction between two bodies decays rapidly (i.e., over a small distance with respect to
their sizes), it will depend essentially on local properties of the two surfaces in the neighbourhood
of the closest distance D.

Although it was initially formulated for inverse-power-law potentials between two spheres, the
DA is applicable to any kind of force law, be it attractive, repulsive or oscillatory, as well as to non-
spherical bodies [201,268]. As such, it has later been generalised and exploited as a simple tool, for
instance, to calculate the van der Waals and the electrostatic forces between two particles which do
not have a spherical or planar surface [269], to describe the potential energy of interaction between
dissimilar spherical colloidal particles for low surface potentials [270], or between macrobodies as
a function of their reciprocal orientation [271].

The form of the potential energy between two non-spherical surfaces is useful for modelling
purely electrostatic interactions between two bubbles undergoing shape oscillations and will be

discussed below.
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Extension to non-spherical shapes [269,271]

Let us consider two convex, smooth bodies a and b as those depicted in the image below. We
denote by 7, and 7}, the points on their surfaces for which the separation distance is least and let D
be this distance of closest approach (i.e., the connecting line between T, and 7).

In order to apply the DA to generally-shaped objects, it is convenient to relate the distance
between the two bodies to their principal curvatures at the closest-distance points. To this aim, we
introduce a Cartesian coordinate system with the origin located at T, so that D is contained in the
z axis, while axes x and y define the tangent plane and are parallel to the two curvature lines of a
at point 7; (parallel and meridian), respectively. A Cartesian coordinate system (£, §,Z) centred at
point 7}, is defined similarly. Notice that, because the tangent planes to surfaces a and b at T, and
T}, are parallel, the Z axis is parallel to the z axis. However, the (£,)) coordinate system is generally

turned away by an angle ¢ from (x,y), as in the figure.

Applying the DA, the interaction force between a and b is is directed parallel to the z axis and is
given by:
oo —+co
F= / P (Az(x,y))dxdy
where P (Az(x,y)) is the force per unit area between two planar and parallel surfaces at a distance
of Az.

For two curved surfaces, Az(x,y) is evaluated in a small area around 7, and T}, and is expressed

as a function of D, of the principal curvatures and of the reciprocal orientation ¢ of the two bodies
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[269]. Proper algebra yields:

21 o
F(D) = N P(z)dz (A.2)

where A; and A, are coefficients depending on the principal curvatures the points of closest ap-
proach and on ¢.

The corresponding electrostatic free energy is given by:

2n *

W (z) is the potential energy of electrostatic interaction per unit area, which, for two weakly parallel

surfaces with dissimilar surface potentials, is given by [201,268,270]:

KEE,
W(z) = 8; [(wi+v3) (1 —cothkz) + 2y ¥, - csch kz] (A.4)

where x is the inverse Debye length of the medium, & the vacuum dielectric permittivity, €. the
relative permittivity and y; the electrostatic potential on bubble i surface.

As can be seen from Equation A.4, the final form of U(d) will depend on the local shape
and reciprocal orientation of the interacting bodies (through the terms A; and A,) and on their
surface electrostatic potentials (through W (z)). Notably, the ¢-dependence translates, in terms of
energy, into a rotational torque exerted by each body on the other, leading them to align parallely
or perpendicularly [269,271].

In the simpler case of ¢ = 0, A; and A, are given by:

1 1
A= —t— A.
M )LH R|\1 + RHZ (A.S)
do=Ay = —— 4 (A.6)
2T Rii1 Ri» '

which are the latitudinal and longitudinal effective curvatures evaluated at the points of closest
approach, R|; and R ; being the principal radii of curvature of bubble i at the evaluation point (see
Section A.1). Since the two interacting bubbles in our system are both vertically symmetric, we

will refer to Equations A.5 and A.6 in our calculations.

Applicability conditions

In order to apply DA, the following conditions must be fulfilled [201,268]:
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1. Low surface potentials.
This condition is at the basis of the Debye-Huckel, in which the DA is rooted. The electro-
static surface potentials for covered bubbles used in our experiments are always within the

limits of this assumption.

2. The interacting bodies must be smooth in the neighbourhood of the points of closest distance
(A and B in Figure 11.4).
This is, of course, the case for oscillating bubbles, whatever the oscillation mode. More
precisely, for any n, the Legendre polynomial P,(cos®) appearing in Equation 11.1 is a

smooth (C*) function.

3. The interaction range between the spheroids is much smaller than the local curvature radii.
Referring to our case, this translates to: D < Ro ~ 1 mm, since the effective radii R, are as
large as Rg for small oscillations. It can be seen from experiments (Chapter 17) that D must

be of order of 10 um to observe significant interactions, so the condition is satisfied.

4. If the bodies are immersed in an electrolyte solution rather than in vacuum, a further condi-
tion is necessary, namely: k' < Ry. Here Kk o \/m is the inverse Debye length, which
depends on the concentration c¢ of each z-charged i-th solute and accounts for the electrostatic
shield [201].
x~! may take very different values, spanning the range of 10~!=103 nm, depending on the
solute nature and concentrations. For instance, k! =960 nm for pure water, while it drops
to 0.3 nm for NaCl 1M [201]. In any case, these values are far smaller than the bubble radius
(Ro ~1 mm).

5. Strictly speaking, DA applies to uniformly charged bodies. However, it may extend to un-
evenly charged, or globally neutral surfaces, so long as the surface charge distribution scale
is larger than the distance D.
Unlike the previous conditions, this cannot be verified a priori, as the redistribution dynamics
of the charged species adsorbed at the bubble surface needs to be evaluated on a case-by-case

basis.

A.2 Volume conservation

Bubble volume must remain constant during shape oscillations. This implies normalisation of the

equilibrium radius Ry, as described below.
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For the quadrupolar mode n = 2, the bubble radius is (Equation 11.1):
R =Ry —{-az(l‘) -Pz(COS 9) (A7)

where Ry is the initial radius of the resting bubble and P>(cos6) = 1 (3cos? 6 —1).
Let us now calculate the volume enclosed by the bubble surface by integrating the volume

element dV in spherical coordinates (, 8, @):

dV = r*sin0drd6 d¢ (A.8)
T 2 Ry
V= / sinGdO/ d¢/ r2dr
0 0 0 (A.9)
_in.R?) 1+E)C2+E.X3
3 57 735
where the variable change x(¢) = ”;Tﬁf} was introduced for convenience.

We truncate V to second order and rewrite it as:
V =~V 1+?x =Vo(l1+¢) (A.10)
with Vo = %nRo3 and € = 15—2x2. The form (A.10) writes, in terms of radius, as:

1
Req:Ro(Hg)%zRo<1+3e>+0(x3) (A.11)

where Ry is the initial radius of the resting bubble.

Hence we find: 4
Req =Ry (1 + 5x2> (A.12)

Replacing R.q with Rg in Equation A.7, the local radius of the bubble becomes:

R(0,t) ~Ro+ {1 +2x(t) - Py(cos 0) + :x(t)z] +0(x) (A.13)
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Appendix B

Gaussian optics and origin of the fringe pattern
[272,273]

Gaussian optics is a branch of geometrical optics that describes the behaviour of light rays making
small angles with the propagation axis. This paraxial assumption is well suited to collimated lasers
and allows to explain such optical phenomena, like the interference fringes described in Sections

14.1.1 and 15.2.1, not accessible by simpler theories (like the plane-wave approximation).

B.1 Gaussian beams

A light beam is defined to be Gaussian if the transverse profile of optical intensity / is given by the

2
I(r,z) = njé)z exp (— W2(2)2> (B.1)

with P being the power and z and r the propagation and transverse coordinates, respectively. The

Gaussian function:

quantity w(z) is the beam width, defined as the distance from optical axis where the intensity drops

to 1/e? of the maximum value. This takes the form:

2z \?
w(z) = wo 1+< 2) (B.2)

W

where wy is the narrowest beam width, called waist, reached at focal point (z = 0); A is the light
wavelength.

Equations B.1 and B.2 show that Gaussian beams retain a Gaussian profile along the propaga-
tion axis and are entirely described by their waist wy (apart from A). In particular, the form of w(z)

implies that:
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I(r,zi)

I(r,0)

Figure B.1: Beam width w(z) of a (circular) Gaussian beam as a function of the propagation coordinate
z (Equation B.2). wy is the beam waist, zg the Rayleigh range and 0 the divergence angle, while r is
the transverse coordinate. In red are shown the Gaussian transverse intensity profiles /(r,z) (Equation
B.1), at the waist (left) and at an arbitrary point z; (right). The evolution of the wavefront over z, from a
flat to a spherical profile, is described by gray lines. R(z) is the curvature radius associated to the green
dashed wavefront.

a) The beam broadens as it propagates from the focus point. w(z) increases slowly for small z,

then it rapidly diverges. The beam divergence in the so-called "far field" is:

A
0=—— (B.3)
Two
b) The smaller the waist wy, the larger (B.3) and more rapid (B.2) beam broadening along the

optical axis. Hence, the Rayleigh range parameter zz was introduced:

. 717W02

iR = F}

(B.4)

which is the propagation distance corresponding to a width increase of a factor /2 and de-
termines the length over which the beam propagates without diverging significantly (i.e. the

extent of beam collimation).

The main features of Gaussian beams are summed up in Figure B.1.
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Lasers

Collimated lasers are the real optical systems which best match the definition of Gaussian
beams.

Lasers are monochromatic light sources narrowly focused along the optical axis with relatively

small divergence. In other words, they are spatially and temporally coherent:

 Spatial coherence refers to the collimation and can be quantified in terms of the beam waist

or, equivalently, the Rayleigh range defined above;

» Temporal coherence is related to monochromaticity. Unfortunately, real laser sources are
not perfectly monochromatic, but display an optical bandwidth Av. This results in intrinsic
interference during light propagation and may therefore affect interferometric measurements.
The coherence length parameter measures the distance over which temporal coherence is

maintained and can be calculated as L. = (c being the vacuum velocity of light).

_c_
AV
The actual performances of laser beams may vary largely as a function of the above parameters
(and of the wavelength). Therefore, laser sources must be chosen in accordance with the experi-

mental requirements (e.g., high focusing for precision cutting vs long propagation lengths for laser

pointers), possibly making a good compromise between costs and performances.

B.2 Origin of interference fringes

Divergence of Gaussian beams not only results in width broadening, but also in a curvature of their
wavefront (see Figure B.1). In fact, while at the focus point (z = 0) a Gaussian beam is identical
to a plane wave of finite extension, during its propagation it acquires a phase shift with respect to
a plane wave with the same optical frequency. This phase shift is not uniform along the transverse

direction and gives rise to a wavefront curvature (represented in Figure B.1) of radius:

w2\ 2
0
1+ (AZ ) ] (B.5)

where the appearing symbols were defined in the previous section and in figure.

R(z) =z

Equation B.5 shows that the wavefront is flat at z = 0 (no phase shift, plane wave) and becomes
spherical at infinite z (phase shift /2, non-paraxial ray), while for small values of z the curvature

is highly sensitive to z.
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The phase shift is irrelevant when considering a single beam. Things get different when
two beams meet up. In the case of a bubble (drop) crossed by a laser beam, the two light
sources backreflected at the bubble (drop) interfaces gain an optical path difference and
hence a curvature and a phase difference. The combination of such differently curved
wavefronts, therefore, generates a circular interference pattern.

The situation for a "bubble (drop) interferometer” is illustrated in Figure 14.3 of the main text and
explained in more detail as follows. A laser beam is focused by a lens on the bubble (drop) surface
(point indicated at right in the figure). As it crosses the bubble interior, the beam retains its Gaussian
behaviour and undergoes reflection at the air-water (oil-water) interfaces (left and right points in
the figure). Two coherent light sources CLS| and CLS, are therefore generated, with intensities /;
given by Equation B.1 and an optical path difference x = Az related to the bubble radius R (x = 4R).
Their corresponding wavefronts have both different widths and curvature radii R;, resulting mainly
from the optical path difference and, to a minor extent, from refraction/reflection at the bubble
(drop) interfaces!.

The combination between CLS; and CLS; yields a light signal of intensity:
I=11+5L+2vV1LI;cosA¢ (B.6)

which is collected at a screen placed at distance L from the bubble. The last term in Equation B.6 is
the interference term, arising from the phase difference between the two wavefronts? on the screen.
The phase term takes the form:

A¢ = <R1R2 Pt R> (B.7)

where p is the radial distance from the propagation axis (centre of the interferometric pattern, see
Figure 14.3) and R; are the curvature radii of the two beams at distance L (Equation B.5). Substi-
tuting Equation B.7 into B.6 gives the shape of the interferometric pattern. Here, the frequency of
the phase term A¢ gives the spacing: the larger the radius, the narrower the fringes. It can be seen
that, knowing the distance L from the screen, the (static) bubble radius R can be measured from the

pattern shape.

!Indeed, the bubble (drop) acts as a spherical lens, with refractive index determined by the inner fluid and focus
dependent on the radius. Hence, back-reflection results in further beam widening and wavefront curvature.

2Recall that the intensity is the square modulus of the electromagnetic field E (I = |E; + E,|*, with I; = |E;|*), whose
phase component contributes to the interaction between CLS; and CLS;.
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If the bubble radius varies, both the pattern spacing and the single-fringe intensity modify. In
particular, taking p = 0 (central fringe) it is obtained:

AP~ =R (B.8)

yielding Equation 14.1 of the main text (dynamic pattern). This relationship allows to quantify
the bubble (drop) oscillation amplitude, since for small bubble (drop) deformations the detected
intensity will vary linearly with the optical path difference x, and hence, with R. (see Appendix
C.1)

It is worth noticing that the fringe pattern could not be explained in terms of plane-wave optics,
since the backreflected beams would have coincident wavefronts (with uniform reciprocal phase
dependent on bubble radius). In that case, we would only observe a central spot, as expected from

a light beam focused on the centre of a spherical lens (bubble).
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Appendix C

Experimental remarks

C.1 Experimental issues and good working practice

Linearity conditions and working point

As pointed out in Section 15.4, measurement results depend on the working point, which is strictly
related to the bubble radius R (see Figure 15.3, left panel). In particular, the form of the response
function I(R) (Equation 15.1, right panel of Figure 15.3) suggests that bubble vibrations are easily
measurable in two extreme cases: very small amplitudes (in the 1-500 A range) and large ampli-

tudes (greater than a few microns):

* In the first case, the interferometer can operate in a region where the response function /(R)
is nearly linear with R, that is, around the inflection point of the response curve, Req (Where
the argument of the cosine term in /(R) is equal to an odd multiple of 7 /2). This is also the
region of highest sensibility for measurements. 1% deviation from linearity is reached with

a peak-to-peak vibration amplitude AR =13.4 nm, given the laser wavelength.

* For large vibration amplitudes, simple fringe counting can be used. One fringe count corre-

sponds to a radius variation AR =1582 A.

Hence, in order to quantitatively measure small-amplitude motions of bubbles, that are in accor-
dance with linearised hydrodynamic theory, it is necessary to set the working point within the
region of linear interferometric response. In actual experiments, this is accomplished by letting the
bubble reach thermal equilibrium with the surrounding fluid and by monitoring the continuum part
of the output voltage Vpc. In fact, if the minimum and maximum values are known, the instant

value of Vpc is informative of the position of the working point on the response curve.
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Notice that, if the working point coincides with a maximum (minimum) of I(R), the pho-
todetected signal will be distorted, due to the local quadratic form of the response function. In
particular, for bubble radii lying in a maximum, higher harmonics can be detected. By contrast, in

correspondence of minima, the output signal is too attenuated to be observed.

Amplitude calibration

Once the interferometer operates in its linear region, the absolute calibration of the vibration am-
plitude is easily obtained as follows by comparing the measured voltage with the voltage span AV
for a full light span in the central fringe.

With a 5 mW He-Ne laser source (A =633 nm), a 10*-gain photomultiplier the photomultiplier
gives a typical variation of 1V = AV on a load resistance of 100k, for a full light span in the
central fringe. From Equation 15.1 we find that AV corresponds to AR = A/8 =79.1 nm, in the
case of a gas bubble, and to AR = A /8n, for a drop of refractive index n. Hence, the amplitude A is

given by:
— Vout .

A
AV

AR (C.1)

Noise and acoustic insulation

Due to the extreme sensitivity of the interferometric technique, every source of noise must be

avoided carefully.

* Light noise. Of course, measurements are taken in the dark. Background ambient noise is
reduced to a minimum by means of an interference filter placed in front of the photomultiplier

aperture.

* Electrical noise is mainly due to the shot noise term related to the granular nature of the pho-
todetection process. This gives the theoretical limit for the bubble interferometer sensitivity.
In a bandwidth of a few hundred Hz, the root-mean-square voltage is evaluated to be on the
order of 10 mV, which, in terms of radius change, corresponds to a few hundredths of nm.
Such theoretical sensitivity is very high and could be even improved further, if necessary,
using a polarizing interferometer scheme (a polarizing beam splitter and a A /4 waveplate),

more laser power, and an avalanche photodiode.

* Acoustic noise. In practice, in laboratory conditions, due to external acoustic noise, the dif-

ferential nature of the interferometer may be reduced, at second order, by the coupling of
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the overall bubble translational motion to the bubble diameter motions. Nonetheless, very
low-amplitude displacements of bubble surface can be measured with confidence, if acoustic
noise sources are properly reduced. To this scope, the laboratory is placed in the basement
floor; the optical system is tightly mounted on a Newport table inside a sound insulating box
and stands on a pneumatically stabilized table (see details B and C of Figure C.3). The table
legs are immersed in sand basins, thus not being in direct contact with the floor. Ultimately,
the most delicate measurements are taken at night to avoid disturbances due to people walk-

ing around.

In our standard experiments, the actual sensitivity was about 0.1 nm. It is important to notice that

such sensitivity can be exploited at best along measurements of vibration amplitudes.

Contaminants and cleaning

Removal of any contaminant that could lead to spurious signals is crucial to benefit from highly
sensitive measurements.

Repeated washing of the measuring cell is performed after each experiment. Before the first
usage, or after a prolonged period of inactivity, a deep cleaning procedure is followed, involving
sonication bath in a (easily removable) surfactant solution and repeated washings with hot water,
cold water and milliQ water.

To check if the cell is clean it is sufficient to acquire a single-bubble spectrum in pure wa-
ter, since the peak amplitude and width are extremely reproducible and extremely sensitive to the
presence of contaminants. Other measurements, such as conductivity, have a far higher level of

detection and are not indicated.

C.2 Details of the double bubble interferometer

Measurement cells

Measurement cells, portrayed in Figure C.5, were fabricated from polished slabs of poly-(methyl
methacrylate) (PMMA). This material, cost-effective and easily manipulated (milled and chloroform-
welded), has the advantage to be transparent and easily washable. Moreover, contaminant release
in water is negligible (lower than glass) under 70 °C. Residual chloroform after manufacturing is
evaporated putting the cells in a stove for a couple of hours. For the sake of compactness, the cell

volume is kept small (500 or 900 ul for single- and double-bubble experiments).
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Figure C.1: Bubble formation and anchoring to an upper electrode.

The hydraulic circuitry for filling and washing the cell consists of two teflon tubes that are
pressure-welded to the bottom of the cell (hole diameter 0.67 mm) and connected to two insulin
syringes for the injection/suction of water.

The bubbles (drops) are obtained by injecting a proper volume of air (or hydrophobic liquid),
of order of 0.5 ul, with a graduated syringe connected to the injection capillary. Once formed, the
bubbles are transferred to the anchoring electrodes, exploiting their higher contact surface with the
bubble (see Figure C.1).

The bubbles ban be visualised on a screen (see detail E of Figure C.3) by positioning a CCD
camera in front of the cell (Figure C.5, image magnification 25x). The equilibrium radius of the
bubbles (Rp in Equation 6.19 and related) is measured from the image on the screen by means of
a digital caliper, taking the upper electrode diameter (exactly 1 mm) as a reference. Precision is of

5 um. Videometry tools can be used as well.

Optics

The light source is provided by a He-Ne laser beam (A = 633 nm), coupled to a single-mode fiber
(Figure C.7), which is then split into two fibers of about 5mW in power. Each of the light beams
is focused at the centre of the bubble by a lens (focal length 150 mm) and is directed towards the
photodetector, after reflection at the bubble walls, by means of mirrors (see Figure C.4).

The fringe visibility is excellent since, after Snell law of reflection, 2v/T1 1>/ (I + L) = 0.9998
(I; and I, being the interfering light sources defined in Equation 14.1) in the case of a gas bubble
in water, with refractive index n = 1.33.

Scatterers, like surfactant micelles, present in the medium surrounding the bubble (drop) do not
cause problems, since the diffused light gives a flat background to which fringes of much higher
intensity are superimposed. Of course, if the solution becomes milky, measurements become diffi-
cult. To give an idea, measurements of (single) bubbles immersed in blood plasma were performed

in previous studies.
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Figure C.2: Two anchored bubbles (Rg = 0.7 mm) at different wetting conditions. Left: at low wetting
the bubble is unstable and tends to "slide" on the electrode surface. Right: at working conditions the
contact surface with the electrode is larger (almost equal to the electrode tip) and the bubble is stable.
The fit profile of the bubble, used to measure the contact angles (software: Fiji ImageJ), is shown. The
observed contact angles lie below 7/6, typically around 27°.

Electrodes and excitation circuitry

As can be seen from Figure 16.2, there are two upper and two lower electrodes in the double-
bubble setup described in Section 16.2. A better view is provided by Figure C.6. The lower
electrode on the left, hollow, is the injection capillary and was obtained from a syringe needle
(outer diameter 0.67 mm, inner diameter 0.3 mm) milled to reduce the contact surface with the
bubble. The anchoring electrodes (obtained from Xe lamps) are solid and larger than the injection
capillary (outer diameter of 1.00 mm) and milled at the extremity (the "tip" diameter is of 0.5 mm
for the lower electrode and 0.7 mm for the upper electrodes, with differences of about 0.01 mm
from one electrode to another due to the manufacturing process). Note that besides geometry, the
electrode wettability is a crucial parameter for modulating bubble anchoring and contact angle,
and may impact on the shape of the bubble. Thus, the electrodes must have a rather reproducible
hydrophilic surface. In standard working conditions, as in Figure C.6, the contact surface of the
bubbles with the electrodes almost coincides with the tip area. Higher wetting leads to larger and
non-planar contact surfaces. At low wetting the contact surface is reduced, up to the ideal single-
point anchoring limit, but in practice the bubble is unstable and tends to escape. Figure C.2 gives
two examples of different wetting conditions and shows the fitted profiles of a typical bubble used
to measure the contact angle at the electrode.

The so-called "master" bubble (see Section 16.2 and Figure 16.2) is doubly anchored. The

anchoring electrodes allow both electric and mechanical excitation. The lower is fixed at a 2 mm
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distance from the injection capillary, while the upper can be moved up-down and left-right through
a system of micrometer screws. The "slave" bubble is anchored only on the top and can be excited
only electrically (the oppositely charged electrode being supplied by the injection capillary, which
is fixed). The anchoring electrode can be moved both top-down and left-right, so that the inter-
bubble distance can be varied.

Selective electric excitation of either bubble along the vertical axis is provided by an electrical
generator connected to each electrode couple. Frequency, intensity and waveform of the applied
field can be finely tuned to meet the experimental needs. Values of the applied electrical field —
within the linear response range — correspond to oscillation amplitudes of 0.1-50 nm. Application
of voltages of order of 5-10V, larger than those employed in ordinary measurements (1-5V),
induce deformations on the other bubble of order of 1-2 A (out of resonance). Acoustic excitation
of the master bubble is obtained by a feedback-controlled piezo circuit (see detail C of Figure C.5,

illustrating the piezoceramic). Amplitudes are similar to those obtained electrically.

Detection circuitry

The back-reflected light beams from each bubble are directed to a photomultiplier (PMT), gen-
erating a cathode photocurrent due to migration of photoemitted electrons (the anode is earthed).
Gain depends on the operating voltage and can be as high as 10° at 800 V. In our working condi-
tions the voltage is less than 400 V. Avalanche photodiodes, having higher quantum efficiencies in
the red (and hence higher sensitivity), could be used instead of PMTs. However, they bear some
disadvantages (need of amplification feedbacks, higher shot noise).

As anticipated in Section 15.2.3 of the main text, the overall output signal coming from the

photodetector is split in two components:

* The former operates as a high-pass filter, yielding the time-varying voltage Vo, which is in
turn collected by the spectrum analyser. In particular, the signal-to-noise ratio is optimised
for frequencies lying in the range of bubble resonances: signals whose frequencies are lower

than 10 Hz cannot be detected, while noise increases for frequencies as high as a MHz.

» The latter operates as a low-pass filter, yielding a continuous (averaged) signal, Vpc!. This
is accomplished by a high-capacity capacitor which integrates the output over a very small

bandwidth of order of 1 Hz2. The voltage Vic can be read in a display (visible in Figure C.3,

li.e., at a much lower frequency than the sweep rate (from vq to vy in 10s).

ZRecall that R o % in RC circuits, so the electrical resistance vanishes for very low frequencies v.
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Figure C.3: Front view of the experimental apparatus. A) Optical bench with the dual bubble interfer-
ometer. B,C) Vibrations insulating system. D) Digital signal analyser (SR785 Two-Channel Dynamic
Signal Analyzer). E) Enlarged view of the cell by the CCD camera.

on top of the screen E). Vpc values range from 50 mV to 100 mV, electrical current (Vpc/R)
flows over a resistance of about 56 kQ. These are quite high signals, for which the maximum

shot noise is of order of 50 uV.

While V, is sent to the spectrum analyser (Figure C.3, detail D) and used to evaluate bubble radius

oscillations, the value of V¢ read on the screen is used to set the working point (Appendix C.1).
Phase data are acquired through the "cross spectrum" function of the dual-channel analyser

(from the excitation and the photodetected signal, in the case of single bubbles, or from the two

independent photodetected signals in the case of interacting bubbles).
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Figure C.4: Top view of the optical bench. A) Master bubble interferometer photomultiplier; B) Slave
bubble interferometer photomultiplier. C) Fiber with coupler (PAFA-X-4-A) for the Master bubble-
interferometer; D) Fiber with coupler (PAFA-X-4-A) for the Slave bubble-interferometer. E,F') Mirrors
which intercept backward interference fringes from bubbles.
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Figure C.5: A closer view of the apparatus. B) Upper electrodes to which bubbles are anchored: while
the master bubble (at right) is held in a fixed position and blocked between upper and lower electrodes,
the slave bubble (left) is allowed to move in the left-right direction. C) Piezoceramic for the mechanical
excitation of the master bubble. D) CCD camera.

Figure C.6: Detail of the measurement cell, showing the upper and lower electrodes. The two sus-
pended bubbles are in "standard" wetting conditions, where the contact surface of the bubbles with the
electrodes almost coincides with the "tip" area (diameter of order of 0.7 mm).
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Figure C.7: Detail of the laser source. A) Laser He-Ne (Thorlabs HNL21L, 20 mW). B) Coupler of
the laser beam into the single-mode fiber (Thorlabs Fiber Port PAFA-X-4-A). C) Single-mode optical
fiber (Thorlabs FC632-50B-FC): the fiber splits into the two fibers which feed the two interferometers
(about 5 mW of light power available at each end).
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Figure C.8: Partial view of the double interferometer, showing the two interference patterns which
allow to monitor both bubbles at once. Optical artifacts arising from interaction between the two light

sources are avoided by a proper choice of laser directions and by positioning a blackout screen in-
between.
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