Propositions
accompanying the thesis of David Fernandez Rivas:

TAMING ACOUSTIC CAVITATION
1. Cavitating bubbles can behave in a “social fashion”: they are “narcissist” as they like
to collapse close to a wall reaching for their mirror image; when in a group or cluster,
bubbles tend to shield each other, and if there is a close-by cluster and they have the
right size or “age”, all bubbles will rush to the “city-center” to have “fun” collapsing,
jetting and emitting shock waves (screaming or making the roof shake) altogether
making a mess of the floor after heavy-partying (erosion).
This thesis, Chapters 6, 7 & 8 and Thesis Cover.
2. Bubbles, as people, can behave in a strange way, deforming and collapsing sometimes
alone, towards a wall, or even a neighbor bubble (quarreling). In these processes
they can also split into other tinier bubbles (offspring), seeding the environment with
bubbles that will oscillate in a subsequent acoustic cycle.
This thesis, Chapter 5 & 6 and Thesis Cover.
3. Some bubbles have the ability to emit light (enligthened-gurus) by themselves while
other produce radicals; sometimes the population of both type of bubbles overlap,
and most of them (when in the right mood) are able to remove dirt; providing a good
example of a collaborative society. At the same time, some less interesting bubbles
just dissolve.
This thesis, Chapter 4 and Thesis Cover.
4. Happiness, fun, or even democracy cannot, or should not be imposed. One should try
to facilitate its occurrence and wait for the best.
5. In scientific activities related to research, one must find the way to cope with those
who are not that motivated or not willing to enjoy the process of learning or discovering new things; preventing them to spoil your curiosity and inspiration is crucial.
6. “Practicing Science” can keep you fit and sharp no matter how many hours we work
or travel around the world.
Personal communication with a professor studying bubbles and cavitation.
7. If the weather conditions in southern Europe would be as “nice” as in northern Europe; (perhaps) there would be no “crisis”. It would be very hard to spend hours
enjoying outdoor activities (specially for bankers and politicians).
8. When analyzing scientific results, jumping to conclusions too soon can be dangerous;
but it might be better to keep trying to explain a phenomenon than being defeated by
its complexity.
9. Scientific activity holds the key to the future of Humanity; the moment it loses its
human dimension, we humans will be doomed.
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“Ciencia y libertad son llaves maestras que han abierto las puertas
por donde entran los hombres a torrentes, enamorados del mundo venidero.”
Science and freedom are the master keys that have opened the doors through which men pour in,
falling in love with the upcoming world.
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Introduction

This chapter is intended to give the framework over which this Thesis was founded.
Each subsequent Chapter will contain its own introduction part.
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CHAPTER 1. INTRODUCTION

1.1

Research Project Plan

The Project 07391 of the Dutch Technology Foundation STW, with the title Efficient
Sonochemical Microreactors, financed the research covered in this Thesis. The word
“sonochemical” stands for the use of ultrasound to generate chemical and physical effects. The research goal was to significantly improve the energy efficiency of existing
sonochemical reactors (by at least one order of magnitude). Its main objective was to
design, develop and test energy efficient sonochemical microreactors. The plan was
to miniaturize existing reactors or invent new ones, in order to gain full control over
the appearance and collapse of bubbles (cavitation process), and its energetic aspects.
Industrial large scale sonochemical applications have been limited by the inefficiency of transferring electrical energy into a chemical product, leaving most of
the applications to laboratory or small batch reactors. Converting electrical power
into another output power is done with an ultrasonic transducer. During this process
electrical and heat losses occur, and as the output power is transferred into a liquid
phase where cavitating bubbles will appear, coupling losses exist as well. During
cavitation, additional heat and energy losses may occur. More important, bubbles in
a cluster shield each other diminishing the potential energy of collapse. Additionally,
conventional ultrasound transducers have a diverging pressure-wave field that is also
affected by the presence of bubbles.
Defining the sonochemical yield of a given process as the ratio of measured chemical effect and the energy injected to the system, typical values are on the order of
10−6 . Most of the energy loss is known to be associated with bubble cavitation phenomena; the electrical transfer has been already optimized. During the project, attention was paid to a better understanding of the cavitation process, and the development
of methods to direct the energy towards a given chemical desired effect. To achieve
these goals it was necessary to improve the energy focussing effect of cavitating
bubbles, a reduction of energy losses by secondary flows and interference effects,
resonance, frequency optimization among others.
The main challenges in obtaining more efficient sonochemical reactors are based
on the control and knowledge on:
• Location and appearance of bubbles,
• Reactor geometry and driving element features,
• Other parameters: liquid properties and volume, saturating gas, etc.,
• Specific application or desired goal; for example water treatment to reduce contaminants needs different ultrasonic conditions than the synthesis of nanoparticles.
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We present a concept for the generation of cavitation that can be adapted to many
applications and combined with existing ultrasonic equipment. It is perhaps a solution for most sonochemical applications, in which controlled and tailored cavitation
conditions are required; hence the title of this Thesis is Taming Acoustic Cavitation.
The path to obtain a working device to tame bubbles was not linear nor straightforward. To illustrate its complexity, in Figure 1.1 a Roadmap is outlined containing
several phenomena and aspects that were addressed during the last five years. To
understand in detail this Roadmap we point out that a corresponding introduction
section will be given in each Chapter of this Thesis.
Efficient
cavitation
reactors

Current applications
Hot
Spot

Cavitation type
Sonochemistry
Chemical
Physical
Liquid conditions
and properties

{

{

Energy
Focusing

{

SBSL
MBSL

SL
SCL
Radical production
Transport
Jetting
Acoustic streaming
Microstreaming
Erosion
Biological - poration, ...

Water treatment
Food industry
New materials
Sonoelectrochemistry
Drug delivery
Cancer treatment
Dentistry
Polymer molecular siccion
Cleaning substrates
Nanoparticle Synthesis
Emulsification
...

Figure 1.1: Roadmap to assist in understanding several aspects of sonochemistry and this
Thesis.

To explain the Roadmap we start by defining that a bubble is a gas cavity surrounded by liquid. The relation between cavitation and chemistry can be understood
in a simplified way by considering each oscillating bubble (growing and collapsing
in a fast and adiabatic way) as individual high parameter reactors. The contents of
the bubble will be heated and pressurized in a dramatic way, leading to an energy
focusing effect.
The way the energy is distributed in the liquid and surrounding media will be
determined mainly by the type of liquid and geometrical characteristics of the given
system. Among the several explanations on why and how this Ultrasound (US) focusing effect takes place we make use of the Hot Spot Theory. The temperatures
and pressures reached inside each cavitating bubble are high enough as to allow the
formation of plasma and the lysis (sonolysis) of molecules, such as water molecule.
Due to these unique conditions, a phenomenon known as Sonoluminescence (SL)
takes place, which is light emitted from the interior of the bubble. Depending on
the number of bubbles, it can be termed Single Bubble SL (SBSL) or Multi-Bubble
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SL (MBSL). If there are molecules dissolved in the liquid that can react with radicals produced in the bubbles and that emit light, it is termed Sonochemiluminescence
(SCL).
The definition of what is Sonochemistry is expanded as we study in detail effects and applications useful in several fields of science and technology. Three main
regions can be identified on which physicochemical phenomena occur: the gaseous
interior of the bubble, the interphase between the interior of the bubble and the surrounding liquid, and the liquid bulk being sonicated. Among popular effects and
applications of cavitation and sonochemistry we can mention the cleaning of teeth
with ultrasonic dental tools [1], or surfaces such as eye contact lenses, and medical
materials in US baths. Other non sonochemical applications of ultrasound techniques
are the imaging of fetuses or the use of contrast agents for detecting heart problems.
Not so known are the treatment of foodstuff like milk, drug delivery techniques that
are less invasive for cancer treatment of tumors, water treatment for pharmaceutical
purposes, mixing in complex reactions and others. The main feature found in this
research field is that all the mentioned phenomena are connected in complex ways,
and isolating one parameter without affecting another is virtually impossible.
The starting point of this research was planned to be the achievement of a better
control over the generation or nucleation of bubbles. Once this control would be
achieved, the bubbles could be set into cavitation with specific conditions. Our initial
attempts to attain this control were by using a laser to heat a small volume of liquid
in a micro-channel[2], afterwards by using a surface with small bubbles stabilized in
artificial crevices or defects exposed to shockwaves (based on previous work [3]); but
none yielded any measurable chemical effect. An alternative still under study is the
use of monodisperse formation of stabilized microbubbles by flow-focusing devices
[4] (see also Chapter 9).
The most successful reactor configuration studied was the continuous US irradiation of smooth surfaces with artificial crevices. The way it works is similar to what
we can see in a beer glass, in which bubbles appear from certain places in the inner
surface of the glass. These bubbles are nucleated from bubbles stabilized in natural
defects. Artificial crevices micromachined in silicon substrates surfaces (which we
call pits) can also stabilize a bubble when submerged in a liquid.
When applying continuous US to a small water volume, in which the substrates
were submerged, we saw at relatively low pressure amplitudes interesting effects on
particles dissolved in the liquid. Particles that accumulated on top of the oscillating
bubble in the pit were ejected in a way resembling the eruption of a volcano. As
the pressure amplitude increased, even more interesting things took place: the appearance of micro bubbles that travelled in strange trajectories that resembled some
fireworks or scenes of “Star Wars” like in Fig. 1.2, left image.
Our imagination went even further in organizing pits in popular shapes, like mu-
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sical instruments (see Fig. 1.2, right image).

Figure 1.2: Left: Bubbles nucleating from a 42 pits array arranged in a concentric way and
a guitar shape (Right). The white regions are the nucleated bubbles contrasting with the dark
background.

1.2

Thesis outline

In Chapter 2 a review on the converging fields of microfluidics and sonochemistry
is given with a “greener” and improved efficiency approach. Chapter 3 holds the
first results in which an increased efficiency of a micro-sono-reactor was achieved
with micromachined pits on its bottom surface. The SL and SCL emission from
this micro-sono-reactor are described in Chapter 4. A deeper study on the pinch-off
which results in the enhanced acoustic cavitation provided by the presence of the
pits is detailed in Chapter 5. In Chapter 6, the size distribution of bubbles ejected
from the pits for different pressure amplitudes are correlated with sonochemical OH.
radical production. These results are also compared with numerical simulations of
sonochemical conversion using the empirical bubble size distributions. A practical
application in which the pits are useful is presented in Chapter 7, where the localized
cleaning of several surfaces is demonstrated. Erosion effects on three different types
of silicon substrates as a result of cavitating bubbles are studied in Chapter 8. Chapter
9 serves as a general conclusion and future experimental ideas.
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Merging Microfluidics and Sonochemistry:
towards greener and more efficient
micro-sono-reactors ∗

Abstract: Microfluidics enable the manipulation of chemical reactions using very amounts of fluid, in
channels with dimensions of tens to hundreds of micrometers. The immediate attraction of microfluidics
lies in its greenness: use of small quantities of reagents and solvents, and hence less waste, precise control of reaction conditions, integration of functionality for process intensification, safer and often faster
protocols, reliable scale-up, and possibility of performing multiphase reactions. Among the limitations
found in microfluidics the facile formation of precipitating products should be highlighted, and in this
context, the search for efficient mass and energy transfers is a must. Such limitations have been partially
overcome with the aid of ultrasound in conventional flow systems, and can now be successfully used
in microreactors, which provide new capabilities. Novel applications and a better understanding of the
physical and chemical aspects of sonochemistry can certainly be achieved by combining microfluidics
and ultrasound. We review this nascent area of research, paying attention to the latest developments
and showing future directions, which benefit both from the existing microfluidic technology and sonochemistry itself.
∗ David

Fernandez Rivas, Pedro Cintas, Han J.G.E. Gardeniers, Merging microfluidics and sonochemistry: towards greener and more efficient micro-sono-reactors, Feature Article in typesetting in
Chem. Commun., DOI: 10.1039/C2CC33920J (2012).
*This article is dedicated to the late Dr. José González-Garcı́a, a sonochemist colleague and friend.
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2.1

CHAPTER 2. MERGING MICROFLUIDICS AND SONOCHEMISTRY

Introduction and scope

A few years ago chemists wondered whether traditional round-bottomed flasks would
become replaced by microreactors [1]. Certainly, the use of microdevices now represents a realistic option that is becoming increasingly exploited in many laboratories.
At first sight, the idea of using microfluidic technology in areas such as chemical synthesis seems rather unpractical and goes against the large-volume toolbox required by
process research or the pharmaceutical industry. Motivations for the development of
microfluidics have been, to a significant extent a triumph of imagination, by recognizing that the advantages of microelectronics could be extrapolated to chemical
systems, cell biology, and many other fields [2–5]; and perhaps in part inspired by
Feynman’s remark: “There is plenty of room at the bottom” [6]. Counter-intuitively,
miniaturized reactors have become instrumental in the kilogram-scale production of
pharmaceuticals and chemicals involving potentially dangerous steps and more expensive production than for bulk chemicals and requiring additionally a higher research investment per unit weight produced [7–10].
Although continuous processes based on flow chemistry are also at their height,
microreactors comprising small channel sizes and high surface area-to-volume ratios are usually more efficient by several orders of magnitude than their equivalent
non-miniaturized counterparts [11]. In addition, there are fundamental differences
between the physical properties of fluids in microchannels relative to those moving through large channels [12–16]. These physical features will not be detailed in
this article, but we highlight a few distinctive characteristics associated with fluid
streams in small dimensions. Notably in microfluidics the flow conditions are at low
Reynolds numbers (i.e., laminar flow), which indicates that diffusion has a significant
role rather than convection; the lack of inertial forces, and the existence of interfacial
forces [17], and electro-osmotic flow [18], all of which are ultimately crucial, for
instance, in enhanced mixing and particle separations.
There is an ongoing debate as to which dimensions the term microreactor should
be employed [12]. Strictly speaking, the typical dimensions of fluid channels range
from the sub-micrometer to the sub-millimeter level [19], with typical low flow rates
not exceeding ∼ 1 mL min−1 ). Sometimes, small reactors claimed to involve microstructures have internal volumes of several milliliters, which are markedly different from chip-based reactors. Through this article, we will use the term microreactor
and report channel dimensions whenever available. The puzzling terms nanoreactors,
milli- or minireactors have been omitted for the sake of clarity. Microreactors can also
be classified according to the operation mode, either continuous-flow or batch-type.
While the former is usually preferred in chemical synthesis, other applications often
require batch reactors.
The advent of ultrasound-driven chemical processes, in large or bench scale applications allows minimisation of problems like fouling and clogging, in continuous
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operation reactors. Thus, flow reactors benefit from mechanochemical effects such as
efficient agitation and mixing after exposure to sound waves [20–23]. To avoid ambiguities with the use of ultrasound irradiation (to be distinguished from radiological
activities), we prefer the term sonication.
Chemical and most physical effects of ultrasound arise from the cavitation collapse of bubbles in a sonicated liquid. Three regions of sonochemistry have been
identified: bubble interior, bubble gas–liquid interface and liquid bulk [24–27]. Suslick and Price have defined three areas of chemical effects of ultrasound: homogeneous sonochemistry of liquids, heterogeneous sonochemistry of liquid-liquid or
liquid-solid systems, and sonocatalysis overlaping the first two [20]. It is worthwhile
to mention that the chemical effects of high-intensity ultrasound are driven by the
appearance of bubbles and not due to the interaction of acoustic waves and matter at
a molecular or atomic level.
Many sonochemical reactions can be rationalized assuming that volatile substances will undergo homolytic fragmentation and/or thermal excitation inside the
bubbles (hot spot theory, which predicts temperatures and pressures in the range of
5000 0 C and 2000 atm) [20, 24, 28, 29], thus producing radical or radical-ion intermediates that can react with species adsorbed in the gas-liquid interface or diffuse
into the liquid bulk [30]. Some other known phenomena are related to the light emission from the interior of the bubbles known as sonoluminescence (SL), either from a
single bubble (SBSL) or multibubbles (MBSL) [31–33]. These effects can be understood as particular examples of energy-focusing phenomena.
Bubble collapses are also accompanied by shock waves and shear forces which
contribute to mixing and particle fragmentation when solids are present. A plethora of
mechanical effects account for enhanced mass and energy transfer, resulting in acceleration, high conversions, rapid emulsification, polymer scission, and even supramolecular organization [24, 34–37]. The mechanical effects that can be pernicious sometimes (e.g. cavitation erosion caused by jetting), when controlled and well understood
can be used in a productive way like in surface cleaning, drug delivery, cell poration,
etc. [20, 38–40]. Figure 2.1 depicts an overview of the multiple phenomena induced
by acoustic cavitation.
The combination of microstructures and sonication is a new and emerging area.
Such a combination is technically feasible and often leads to synergic results. Although sonication has been largely employed to generate liquid flow and prevent
the deposition of solids, it can do much more. Current research focuses on exploring sonochemical processes themselves with microfluidics. Under such conditions,
cavitation collapse and associated phenomena like SL and radical production among
others can be optimized and fine-tuned. One should bear in mind that numerous
ultrasound-assisted reactions lack reproducibility, partly because cavitational energies depend on external parameters (frequency, intensity, dissolved gas, etc.) and
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Crevices
Figure 2.1: Schematic representation of the main effects of cavitation induced by ultrasound
irradiation (sonication). Original artwork from the authors.

Mixed and
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Sonication effects Blockage

Ultrasound
irradiation
Figure 2.2: Schematic representation of sonication effects on a capillary through which a
multiphasic (heterogeneous) mixture is pumped. The effects provided either by mixing or
cavitation bubbles enhance transport and thereby reaction rates. Original artwork from the
authors.
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solvent properties. Microfluidics devices are amenable for a precise control of temperature as well as frequency and pressure amplitudes combined with efficient mixing
and short residence times. In addition, microfluidic systems allow the study of reactions at extreme conditions with reduced operation risks (explosive or run-away reactions, etc.). Moreover, large-volume applications only need scaling out or numbering
up, which require a design in parallel of multiple reactors. Certain areas of chemical
engineering can benefit already from the advantages of microfluidics, mainly those
involving the production of pharmaceuticals or fine chemicals [7, 10, 11, 41–43].
Acoustic energy can be supplied in different forms, as transducers and piezoelectrical microdevices with different sizes and geometries are usually employed. These
considerations are especially important regarding sound propagation and attenuation.
Sound, unlike electromagnetic radiation, is not quantum energy and therefore parameters other than frequency may have a crucial influence; there is no direct relationship
between energy and frequency. Power/intensity and above all fluid properties, will
influence the outcome to a larger extent. This overview excludes an in-depth treatment of droplet-based surface acoustic waves (SAWs), which is also a versatile and
promising technology, but not directly related to cavitational phenomena in liquids
[44]. The approach of SAWs is based on shock waves with amplitudes of a few
nanometers, which are generated by a piezoelectric inter-digital transducer (IDT).
Liquid droplets placed on a surface are moved by the acoustic pressure. The technology is often called flat fluidics because no cover or slit is usually required [5].
SAWs and other ultrasonic applications, mainly in medicine, use frequencies in the
MHz region, where a high intensity would be required to induce cavitation (in fact
MHz frequencies are employed in medical imaging to avoid tissue damage) [21, 45–
47]. As we shall see later an important advantage of this miniaturized technology
is the facile integration of piezoelectric actuators into microchips, which has been
exploited in particle separations [48, 49]. SAWs have also found applications in synthetic chemistry [50].
It is convenient to highlight that some ultrasound-assisted microstructures do not
necessarily involve cavitation, the core of sonochemistry –a fact not always mentioned explicitly in the literature. Therefore, interpretations of putative effects should
be assessed with caution, ranging from efficient micromixing to temperature increases, reactor geometries and manufacturers themselves. It is difficult to cover all
the current or potential applications of US cavitation in combination with microfluidics, among which we can mention: water treatment, fine chemical synthesis, food
industry, sonoelectrochemistry, nanomaterials design and synthesis, drug delivery,
dentistry, etc. As this article aims to point out, the combination of both fields can
certainly yield new applications and improve the existing ones.
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Figure 2.3: Clogging averted in a photochemical reaction with the aid of sonication. Inset:
magnified microchannel made of fluorinated ethylene propylene (FEP) under flow. CTBA denotes a cyclobutane derivative, the photodimerization product of maleic anhydride. Reprinted
with permission from ref. [55]. Copyright 2010 American Chemical Society.

2.2

Managing heterogeneous reactions in microreactors

As mentioned above, the use of acoustic radiation in capillary reactors and chipbased microstructures represents a solution for managing solids and overcomes the
limitations of bridging and constriction; thereby enabling the use of high reagent
concentrations. A simplified sketch in Figure 2.2 illustrates some of these effects.
Some reactors cannot be considered microreactors in the strict sense, as they
use a capillary format of millimeter dimensions and pumps that give rise to flow
rates in the mL min−1 range. Such devices have become commercially available and
have certainly revolutionized chemical synthesis. Herein, ultrasound can easily be
applied by immersing the loops and tubing into an ultrasonic bath. Recent examples
involve the oxidation of alcohols and aldehydes to carboxylic acids, as well as the
Nef oxidation of nitroalkenes to carbonyls and acids, which can be conducted in a
flow reactor using KMnO4 as oxidant and pulsed sonication.
Sonication prevents the blocking of the reactor and affords products in high yields
and purity [51]. Buchwald and associates have employed the same strategy for Pdcatalyzed amination reactions in flow. The experimental set-up consisted of syringe
pumps to deliver reagents to a microreactor made of polytetrafluoroethylene (PTFE)
that was placed in an ultrasonic bath [52, 53]. Likewise, other synthetic transformations have been reported [54]. The versatility of these ultrasound-based modifications
was further illustrated by the photodimerization of maleic anhydride [55]. The reaction solution was passed through a mm-sized tube, which was simultaneously irradiated with a high-pressure Hg lamp and an ultrasonic bath to prevent sedimentation
and adhesion of solids (Figure 2.3).
Biphasic reactions in capillary reactors clearly benefit from emulsification effects
provided by sonication, such as in the case of phase-transfer (PT) reactions [56].
Aqueous and organic fluids are fed by two separate lines and then mixed through a Tshaped connector. Sonication is supplied by a bath where a constant temperature can
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Figure 2.4: Schematic representation of an ultrasound-assisted capillary microreactor for
the PT catalysis of benzyl chloride with sodium sulfide in the presence of tetrahexylammonium
bromide. Reprinted with permission from ref. [56]. Copyright 2009 Elsevier B.V.

be maintained by an immersed coil-heat exchanger (Figure 2.4). In that study, sonication enhanced the conversion due to an efficient agitation that not only improved
the mixing within one phase, but also helped in rupturing the interface between both
phases, increasing the contact area. This purely mechanical effect could also be corroborated by a combination of mechanical stirring and sonication, which enhanced
yields still further.
A model reaction involving the hydrolysis of p-nitrophenyl acetate was studied by
Wirth et al. using segmented flow (rather than parallel flow) in a T-shaped geometry
[41]. Fluid segments are stirred by internal vortices generated by the interaction
of the liquid with the channel wall. By immersing the microchannel tubing (internal
diameter ID = 300 µm, L = 400 mm) in an ultrasonic bath at 20 C, higher conversions
with respect to conventional PT-catalysis and even under microwaves at 50 0 C were
observed. A slight enhancement could also be obtained by running the reaction with
sonication plus a PT-catalyst.
The same hydrolysis has been re-investigated recently, using again segmented
flow in a microstructured device (IDs ranging from 300 to 2400 µm; wall thicknesses of 400-800 µm). Ultrasound was indirectly transmitted to the chemical system
through a pressurized vessel filled with water (ca. 4.5 bar). The sonotrode (operating
at 20 kHz) was placed axially at a distance of ca. 35 mm below the microdevice,
which resulted in optimal intensity without causing material damage. The slug flow
of the biphasic system could be monitored with a high-speed camera, showing that
sonication leads to an apparently complete emulsification, thus increasing the interfacial area [57]. High yields (up to 86%) were obtained with sonication, although they
were also influenced by the channel diameter and material. Best results were achieved
with PTFE (versus glass and PEEK = polyether ether ketone) tubing. Unfortunately,
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the set-up did not permit an accurate control of the temperature, especially for large
IDs, for which the greatest yield enhancements were observed (with respect to silent
conditions).
The above-mentioned design is based on a previous ultrasonic flow-through cell
setup, consisting of a cylindrical steel jacket with an inner glass tube (ID = 2 mm)
for conducting the fluid, which was sonicated by a piezoelectric transducer (24 kHz).
Between the glass tube and the jacket, pressurized water (4.5-5.5 bar) was passed
for sound transmission (Figure 2.5) [43]. Accordingly the apparatus is well suited for
aseptic processing, often required in pharmaceutical and food industries. Application

Figure 2.5: Ultrasonic flow cell (A: photograph, B: design) in which sound waves (24 kHz)
are indirectly transmitted via pressurized water between the steel jacket and the glass tube
containing the emulsion. Reproduced with permission from ref. [43]. Copyright 2006 Elsevier B.V.

to rapid formation of vegetable oil-in-water emulsions revealed the influence of both
the acoustic power and residence times. Pre-emulsions had oil droplets ranging from
50 to 200 µm while ultrasonic processing at 25 W gave rise to mean diameters of
less than 1 µm, and eventually droplets of 5-10 µm. At 32 W, no droplets were
microscopically visible and the result was reproducible enough irrespective of the
residence time (Figure 2.6). Below 17 W no appreciable emulsification could be
observed.
The relationship between the applied pressure and cavitation conditions is very
complex and will be affected by the ultrasound frequency and several other parameters (temperature, gas content, etc.) [58]. Intuitively one would expect that the larger
the bubble before the collapse, the more energy is available for mechanical or chemical effects. The pressure applied influences the resonance between the acoustic field
and the vibration frequency of the bubbles, whose radii are also a function of the
pressure. The distance between bubbles and other objects will also have a significant
effect on the types of collapses. A complete and thorough explanation is not trivial
and has been discussed elsewhere [59–61].
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Figure 2.6: Light microscope micrographs of pre-mixed emulsions (A: 50-µm droplets; B:
200-µm droplets) and sonicated emulsions at different acoustic power (C: 25 W; D: 32 W)
prepared with 20% (v/v) olive oil (stained with Fat Red 7B). Residence time: 13 s; bars denote
100 µm. Arrows in C show single large droplets (5-10 µm). Reproduced with permission
from ref. [43]. Copyright 2006 Elsevier B.V.

2.3

Miniaturized actuators

Integration of small piezoelectric transducers into microfluidic channels can be accomplished through a variety of designs. As noted in the introductory remarks, an
important application of standing waves in microfluidic chips is the continuous separation of mixed particle suspensions according to their properties in an acoustic field
[62, 63].
The interaction of ultrasound with matter is a very complex one, in terms of the
lengthscales and timescales involved, material properties, temperature and several
other factors. For instance, a standing ultrasonic wave generates stationary pressure
gradients, and if in a liquid medium, these gradients exert forces on particles with
different density and compressibility; more details on the associated radiation and
interparticle forces, heating, etc. are reported in literature [21, 50, 64].
A relatively simple device that showed no significant heating of the fluid was
introduced by Yaralioglu et al. [65]. It consists of a series of transducers made
of ZnO thin films (operating at ca. 450 MHz) placed at the bottom surface of a
quartz substrate. The microfluidic channel, made of poly(dimethylsiloxane) (PDMS)
is aligned to the transducers on the top surface. The transducers produce acoustic
streaming perpendicular to the flow direction, thus enhancing mixing. Flow rates of
1-100 µm min−1 were used for mixtures of phenolphthalein and NaOH solutions in
ethanol. No bubble formation was observed at the MHz-region, which is in contrast
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Figure 2.7: Scheme showing the action of acoustic standing waves on a particle suspension
passing with laminar flow (top). Particles can be fractionated at the end of the channel (350
µm width) through consecutive outlets (bottom). Reproduced with permission from ref. [66].
Copyright 2007 American Chemical Society.

to the case when using power ultrasound.
The so-called free flow acoustophoresis enables for instance the fractionation of
red cells, platelets and leukocytes using three outlets, provided that the density of the
medium is altered with a salt [66]. The microtransducer worked at ca. 2 MHz and
the authors noted that the rise in temperature was less than 10 0 C (Figure 2.7).
Acoustic microstreaming using air bubbles in microchannels is also an efficient
protocol for micromixing [67]. The functioning of such a microdevice relies on a
piezoelectric disk glued to a microchamber where air bubbles are trapped. The bubble oscillations induce a circulatory flow that results in convection and rapid mixing
(Figure 2.8). In fact, sonication caused no motion of the liquid if air bubbles were
not present, as was visualized with a red dye solution. The bubble-induced streaming
is dependent on frequency for a given radius and, conversely on bubble radius for a
given frequency. The microsystem worked at 5 kHz, below the ultrasonic threshold
of ca. 20 kHz, although the low voltage also ensured a low power consumption (ca. 2
mW), which makes the apparatus suitable for biological applications as inferred from
a E. coli bacterial assay in red cells.
Another example of this type of actuation with intrinsic flow directionality without the need of using microchannels was presented by Marmottant, et.al. [68]. They
used a range of frequencies to make different bubble sizes resonate (20–200 kHz).
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Figure 2.8: Action of acoustic microstreaming induced by an air bubble on a surface (left).
Photographs showing microstreaming around a single air bubble in a chamber (300 µm
depth, ID = 15 mm) at 0, 15, 35 and 70 s (a, b, c and d, respectively). A piezoelectric disk
attached to that chamber is not shown for clarity. Reproduced with permission from ref. [67].
Copyright 2002 The Royal Society of Chemistry.

Doublet arrays featuring pits with radii between 15 and 50 µm, combined with cylindrical bumps with a radius of 60 µm and 30 µm height. The distance between the
centers of pit and bump within one doublet was of 95 µm, and the doublets interdistance 500 µm. The linear and small oscillations of the bubbles trapped in the pits
resulted in vigorous agitation but no cavitation was observed in the liquid. The low
ultrasonic amplitudes prevented heating the working fluid. Microfluidic transport was
accomplished without pressure gradients and as stated above, without microchannels;
making it a good alternative where clogging of channels in two-phase applications is
undesired and unavoidable.

Figure 2.9: Side view of three bubble/bump doublets in experiment when bubbles are vibrating in response to ultrasound, with long-time exposure showing the transport of uorescent
beads in the indicated direction (bubble radius a = 30µm). Trajectories in the plane perdicular to the wall are visible. Reproduced with permission from ref. [68]. Copyright 2006
Cambridge University Press.
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A different design by Huang and associates, also harnesses single-bubble acoustic streaming by trapping an air bubble within a “horse-shoe” microstructure located
between two laminar flows in a PDMS-based microchannel (240-µm width, L = 1
cm). A piezoelectric transducer (70 kHz) was bonded to the microfluidic device. Homogenized mixing could be attained within the millisecond range whereas no effect
was observed in the absence of sonication [69]. Related experiments involve the use
of oscillating bubbles excited at different kHz-frequencies for particle trapping based
on both size and density [70].
Iida et al. were able to observe microbubble related phenomena, synchronized
with the ultrasonic wave by a stroboscopic technique [71]. Bubble oscillation, diffusion, the onset of cavitation, or microstreaming led to different spatial patterns depending on the input power. Figure 2.10 provides a schematic representation of the
stroboscopic observation along with the geometry of a microreactor made of PDMS
with a microchannel of 200 µm width and 50 µm depth. A larger microchannel (400
µm width and 200 µm depth) was used for microstreaming observations. Sonication
was provided via a miniaturized horn-type oscillator (D = 15 mm, tip diameter = 10
mm) operating at ca. 60 kHz in contact with the PDMS microreactor. Mechanical
effects caused by microstreaming in the above mentioned reactor are also depicted
in Figure 2.10. Yeast cells were added as tracer particles. On increasing the power
density from 0.01 to 0.05 W cm−2 , the streaming around the bubble increased to the
half width of the channel. At 0.10 Wcm−2 yeast cells moved violently, which may
cause cell wall rupture. The direction of microstreaming was not apparently uniform
and temporary changes in flow were observed, either toward or from the bubble.
The effect of surface-active solutes on the dynamic behavior of acoustic bubbles
(coalescence, clustering, and fragmentation), at 60 kHz under microconfinement, was
reported by Lee et al. [72]. It was observed that bubbles coalesced instantly in
water; however, in the presence of surface-active solutes (n-propanol and sodium
dodecyl sulfate, SDS) the coalescence was hindered. The collective oscillation of a
bubble cluster consisting of differently sized bubbles and images of bubbles emitting
a fountain of microbubbles were reported.
Tandiono and collaborators [73] performed different studies in PDMS microchannels. A transducer was operated at 100 kHz with pressure and vibration amplitudes of
up to 20 bar and 400 nm measured close to the covering top glass surface. The strong
forcing resulted in the excitation of nonlinear surface waves when gas-liquid interfaces are present in the microfluidic channels. Nuclei leading to intense inertial cavitation were generated by the entrapment of gas pockets within the interfaces. Cavitation bubble clusters were recorded with high-speed photography at up to 250000
frames/s [73].
Whereas the above experiments illustrate analytical applications, the synthetic
scenario is invariably constrained by solid-forming reactions. This concern has so
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Figure 2.10: A: The microreactor geometry is shown with bold lines and an hexagon representing the channels and pool, respectively. B: Stroboscopic observation of bubble motions
in a micro-sono-reactor. Microstreaming induced by a bubble in a microchannel at different
ultrasonic powers: (a) 0.01, (b) 0.05 and (c) 0.10 W cm-2. Tracer particles are yeast cells.
Reproduced with permission from ref. [71]. Copyright 2007 Elsevier B.V.

far been solved by combining microfluidic devices with an ultrasonic bath, a strategy
that is energetically inefficient with minuses associated with both temperature and
power control. Home-made micro-sono-reactors have been developed by assembling
PTFE plates (70 x 70 mm, channel width = 600 µm) with a piezoelectric actuator
(1-mm thickness), the latter being driven at different frequencies by a wave generator and amplification to an optimal power of 30 W (Figure 2.11) [74]. The resulting
microreactor was used in Pd-catalyzed couplings of anilines and aryl halides, which
led to precipitates (NaCl or NaBr) in apolar solvents. Sonication at 50 kHz prevented
the microreactor from clogging (most particles were smaller than 20 µm), and excellent yields (>95%) could be obtained within 60-90 s. Microchannel monitoring with
an inverted microscope indicated that before sonication solid particles were present,
which were subsequently broken up after sonication accompanied by bubble formation. This suggests that solvent degassing and cavitation are largely responsible for
mechanical effects for that particular experiment.

2.4

Sonochemical studies in micro-sono-reactors

The conditions created after the implosion of cavitation bubbles in a liquid has been
shown to enhance numerous chemical reactions [30, 42, 75–77] and sometimes with
the addition of particles to the liquid [78] or the modification of the surfaces of a
sono-reactor [79]. Each cavitation bubble can be regarded as a microreactor possess-
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Figure 2.11: Representation of a microreactor assembly used for synthetic purposes, which
includes three PTFE plates, the middle providing the microchannel structure. A piezoelectric
actuator is integrated underneath the pile of PTFE plates and electrically insulated with a
Teflon plate. The plates are compressed using two stainless steel chucks with holes for the
insertion of cartridge heaters. Reproduced with permission from ref. [74]. Copyright 2011
The Royal Society of Chemistry.

ing a high-energy environment (as mentioned before, temperatures of 5000 0 C and
pressures of about 2000 atm) that produces a plethora of excited chemical species
[80, 81]. A single bubble collapsing in a reproducible way could be taken as the idealized reactor; like in experiments of SBSL [82–84]. Unfortunately, the amount of
reagent inside a bubble is so tiny that these conditions have no practical value, though
give theoretical support to SL and hot spot theoretical studies [28, 85]. The conditions for the appearance of bubbles and their subsequent cavitation are still not well
understood, rendering the reproducibility of a given experiment a challenge defined
by several physical-chemical factors. It has been concluded that in any case, each
reaction-reactor system has to be optimized to fit a specific application [22, 86–90].
Sonochemists regularly conduct experiments in vessels larger than the active zone
where cavitation occurs (either using horns or baths). The problem of matching the
ultrasonic field with the reactor dimensions can be partially solved with micromachined surfaces (modified surfaces or microchannels), as cavitation is then confined
to small volumes and the nucleation sites for bubble appearance can be better controlled. Controlling cavitation events and a better understanding of such complex
systems contributed to an increase in the energy efficiency of an ultrasonic microreactor (sono-micro-reactor) of the bath type [79].
To our knowledge, the first micro-sono-reactor study was presented by Iida and
collaborators, who measured the production of OH · radicals in microchannels under
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cavitation [91]. For comparative purposes, both the cavitational threshold and the
efficiency to produce OH · radicals by water sonolysis (see Equation 6.3) were evaluated in 1D- (a microchannel), 2D- (a thin layer) and 3D-microreactors, the latter
being a glass tube (20-mm height and 25-mm diameter).
H2 O

∆H=−5.1eV

→

OH . + H .

(2.1)

The corresponding components were tightly glued to a piezoelectric oscillator.
The working frequencies were 162, 166 and 158 kHz for 1D, 2D and 3D sonoreactors, respectively. The generation of OH · radicals produced by cavitation was
monitored by their reaction with terephthalate anion giving rise to fluorescent hydroxyterephthalate, which represents a common chemical dosimeter in determining
the cavitation threshold (Scheme 1). The detection limit of this dosimeter according
to the experimental set-up of this study was 2.1 x 10−13 mol mL−1 (equivalent to 1.2
× 1011 molecules mL−1 ).

Scheme 1: Terephthalate anions as a trap for hydroxy radicals; the corresponding product
can be monitored by fluorescence measurements.

The threshold value for the emergence of cavitation in the cases of 1D and 2D
microreactors was ca. 0.7 W cm−2 , much higher than that determined for the 3D
case ( 0.02 W cm−2 ). The requirement of a high power density to induce cavitation
in confined spaces can be rationalized assuming that bubble dynamics and hence
the extension of collapse is constrained by the microspace. This could also account
for the fact that cavitation in human tissues requires sound pressures considerably
higher than those used in sonochemical reactors [92]. As expected, these experiments
confirmed that the production rates of hydroxyterephthalate anions increased from 1D
to 3D sono-reactors. However, taking into account the increase in reaction volumes
(by 57 times from 2D to 3D), the efficiency of the three-dimensional reactor was
poorer (reaction rate increased by 10 times).
Ohl’s team, who had done work studying the effect of sonication of PDMS channels [73], looked in more detail at SL and sonochemiluminescence (SCL) in the same
micro-system [93]. The bubbles form a planar/pancake shape in the microfluidics
channels; and since the chemical reactions are closely confined to gas–liquid interfaces, they concluded that this spatial control of sonochemical reactions would prove
useful in lab-on-a-chip devices (see Figure 2.12). The chemiluminescent reaction
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of luminol arises from ultrasonic generation of active radical species after cavitational collapse. Recombination of OH. radicals produces hydrogen peroxide and this
reagent is usually employed in laboratory demonstrations (Scheme 2).

Scheme 2: Free radical species react with luminol producing bright sparks of light in the
presence of sonic waves.

2.4.1

Novel concept for micro-sono-reactors

Further improvements on sonochemical efficiency in microreactors have been reported recently using pits micromachined on a silicon surface [79]. The application
is based on the fundamental idea that, stable and monodisperse cavitation nuclei can
be generated by trapping gas in such pits [94], which produce high yields at ultrasound powers that otherwise would not lead to a noticeable sonochemical effect. The
main advantage of this method is that the location of cavitation occurrence is known
a priori, which allows a detailed study of several relevant aspects of sonochemistry,
such as SL, SCL and other effects such as erosion, cleaning action of bubbles, shock
waves, jetting, streaming, etc. [38, 95, 96]; all of which have been difficult to address
in the past, given the rather randomness of cavitating bubbles associated phenomena. Though the studies have been carried in the microscale, it has been proposed
that this strategy of modifying the walls of a large scale sono-reactor, could lead to
improvement in efficiency and versatility of already existent systems.
The experimental set-up is shown in Figure 2.13. The cylindrical pits (30 µm in
diameter and depth of 10 µm) were obtained by using a plasma dry-etching machine
and were arranged in three different configurations: single pits, two pits separated by
a 1-mm distance, and three pits at the corners of an equilateral triangle with a side of
1 mm. The pitted silicon chips were placed at the bottom of a glass vessel (V = 300
µL) in which water sonolysis was investigated at 200 kHz (an ultrasonic transducer
was attached to the bottom of the chip).
Three different acoustic powers: 0.074 W (low), 0.182 W (medium) and 0.629
W (high); produce microbubbles ejected from the pits, though their trajectories and
patterns are different as a result of Bjerknes forces and the geometry of the microsono-reactor as depicted in Figure 2.14. A single pit at low and medium powers
ejects microbubbles along the axis of the pit that follow an ascending trajectory. This
trend was also observed for two and three pits at low power. On increasing power,
the microbubbles moved away from the symmetry axis of the pit and towards one
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Figure 2.12: Luminol chemiluminescence from cavitation bubbles. (A) Composed picture of
the channel geometry (gray background) showing the distribution of liquid and gas phases.
The green dashed lines indicate the positions of liquid slugs just before the ultrasound is
switched on. The bluish patches are taken with an intensified EMCCD camera and capture
the chemiluminescence from the oxidation of luminol. (B) Sequence of images taken with a
high-speed recording of the bubble distribution near a gas–liquid interface. The number in
each frame is the time in microseconds after turning on the ultrasound. They show consecutively the initial gas–liquid interface leading to the severe surface instabilities, large bubble
expansions, and finally the collapses. The interface was exposed to a harmonic driving at an
amplitude of 230 V at its resonance frequency of 103.6 kHz. The width of each frame (channel) is 500 µm. Reproduced with permission from ref. [93]. Copyright 2007 the American
Association for the Advancement of Science (AAAS).
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Figure 2.13: Experimental set-up showing the components to generate cavitation on pitcontaining micromachined silicon substrates. The piezo is controlled by an amplified wave
generator signal. This system can provide top and side views of the cavitation events provided
by the nucleation of bubbles from artificial crevices etched into a smooth silicon surface.
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another, thus creating a dense cloud around the midpoint of the pit arrangement.

Figure 2.14: Bubble patterns generated from one, two and three pit arrangements for increasing acoustic powers: low (0.074 W), medium (0.182 W), and high (0.629 W). The left
figure is the visible bubble streamers nucleated from the pits. The right figure comprises
long exposure photographs in dark conditions of the same bubbles in luminol solution. Reproduced with permission from ref. [79]. Copyright 2010 Wiley-VCH Verlag GmbH & Co.
KGaA.

It is interesting to compare the power values of this type of reactor (see Table
2.1) with other reported values [91]. For the calorimetric values, the low power is
comparable (0.7 W cm−2 ), whereas for larger power, this approach of gluing the
piezo to the glass container seems to be able to inject more energy into the system
(2.59 W cm−2 ).
Table 2.1: Electrical and calorimetric powers and their corresponding density values used
in the micropits based sono-reactor.
Power
Low
High

PElectr.
W
0.074
0.629

PElectr. /Area
Wcm−2
0.047
0.400

PCalorim.
W
3.32
12.7

PCalorim. /Area
Wcm−2
2.11
8.09

The evidence of the chemical activity provided by these cavitation bubbles were
visualized by SCL of aqueous solutions of luminol (see Figure 2.14). Quantitative
estimations of OH. radicals by reaction with terephthalate anions clearly proved that
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Figure 2.15: Streaming effects at 256 kHz induced by the presence of a pit on a silicon
surface when there are no bubbles ejected at 70 kPa (left). The streak lines are changed and
an increase in the liquid circulation takes place when bubbles are nucleated from the pit at
80 kPa applied pressure (right).

the presence of pits enhanced significantly the radical formation rate, which was
proportional to the number of pits and power setting. Though, the slope of the reaction rate curve shows a descending trend as the number of pits and power applied
increased, which could be attributed to bubble-bubble and bubble cluster-cluster interactions [95, 96]. In contrast, non-pitted silicon substrates showed little evidence
of ultrasonic effect. One could figure out that linear extrapolation to multiple-pit
configurations in a sono-reactor will largely increase its efficiency. The nucleation
of microbubble from the pits, and the subsequent cavitation of the gas seeded by
the collapse of the initial nucleated bubbles, and perhaps other effects, as enhanced
microstreaming, are certainly important [96].
How the presence of the pits can influence the micro-sono-reactor flow conditions
is shown in Figure 2.15 (recorded at 250 frames per second), where the liquid was
seeded with gold particles and the superposition of the recorded images allows the
visualization of streaklines.
When amplitudes are kept lower than 80 kPa for one pit, there is no cavitation
and the bubble trapped on the pit induces the streaming. When bubbles nucleate from
the pit at higher amplitudes, the streak lines are changed and an increase in the liquid
circulation takes place.
More recent studies based on such a micro-sono-reactor also revealed that SL
and SCL (assessed in aqueous luminol solutions) are directly related to the number
of pits, which produce bubble clouds and cause a streaming effect. By monitoring
SL in water and aqueous propanol, evidence of transient cavitation bubbles could be
inferred from the latter. It is also noteworthy that SL and SCL in aqueous solutions
gave different light intensities trends, which suggest that bubble populations respon-
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sible for light emission are different from the number of chemically-active bubbles
[95].
The control of nucleation sites also allows to know with certain precission what
bubble size distribution exists under given conditions, and a direct relation between
the chemical effects can be obtained. This advantage has not only practical uses,
but numerical modeling can be brought into play, in order to find optimum operation
conditions that normally are not achievable with conventional sono-reactors. Among
the other phenomena which can be recorded with such a reproducible and stable
system are shockwaves, jetting and surface erosion [96].
Furthermore, the control of bubble nucleation sites represents an effective tool for
the optimization of a given reaction; since different frequencies can be obtained with
one system (contrary to most conventional sono-reactors which operate at a fixed
frequency) and different amplitudes provide the desired bubble sizes and numbers.
Figure 2.16 shows the same micro-sono-reactor system monitoring zones of OH ·
radical production in the presence of luminol and SL signal at different frequencies.
Bubble cavitation close to surfaces is sometimes regarded as a negative effect (for
instance, erosion of ship propellers). This phenomenon has been extensively used in
conventional US cleaning baths. Traditionally when a surface needs to be cleaned, it
is completely immersed in a liquid (e.g. water, acetone, ethanol or mixtures thereof)
contained in a beaker and then sonicated. The cleaning effect takes place as bubbles
nucleate randomly and cavitate close to the target surface. This means that sonication times can be quite long (more than 15 min) and there is little control on the
cleaning areas and rates. Recently, using the micro-sono-reactor with micromachined
pits described above, it was demonstrated that a localized and faster cleaning of surfaces occurs with very small reaction volumes around 200 µL [38]. The removal of
metals, polymers and biomaterials (including cells and biofilms) may certainly find
applications in surface science and biomedicine. Figure 2.17 shows facile removal
of gold films deposited on glass slides when subjected to low- and high-power cavitation from three pits. Results were compared with conventional US bath cleaning
effects, showing the advantages of small volumes and sonication times needed for the
micro-sono-reactor (in less than 1 min).
Since micromachined-pitted surfaces can be used to form microbubble clusters
capable of producing mechanical effects (microstreaming, shock waves), other insightful mechanochemical reactions achieved recently in conventional sonochemical
flasks could likewise be miniaturized. In this context, we highlight ultrasound-aided
polymer scission, which is not a random process and takes place preferentially at
weakened positions of the chain (mechanophores) [37]. Preliminary experiments
have been conducted on ring-closing metathesis (RCM) of diallyl malonate using a
Ru-based heterocyclic catalyst [97] in the same type of micro-sono-reactor with micropits [98]. As reported by Sijbesma and co-workers, a polymeric catalyst with a
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Figure 2.16: Top row shows areas of OH radical production via enhanced SCL (sonochemiluminescence of luminol). The bubbles were nucleated from one pit. For comparative purposes,
continuous and modulated (0.3 Hz) oscillations are given for SL signals at the bottom charts.

Figure 2.17: When a glass slide with deposited material is placed vertically close to three
pits, cavitation bubbles emerge as the system is sonicated at low (left) and high power (right),
removing gold (yellow) deposited on a glass slide. The pits are separated by a 1-mm distance.
For more details see ref. [38].

molecular weight of ca. 34 kDa mol−1 should feel the forces generated by ultrasound, while this mechanical tension is negligible in the case of a control catalyst
having small side chains (Scheme 3) [99].
Experiments using similar operation conditions as described above, using one and
two pits, have been performed at different frequencies (ca. 170 and 230 kHz). Using
the same concentration of reactants (malonate: 200 mM; catalyst: 0.2 mM), cavitation from the micromachined system (one pit, 0.04-005 W, V = 0.5 mL) gave a conversion of only 1.14% after 30-min sonication; which contrasts with the conventional
sono-reactor (horn: 10-15 W, V = 5 mL) yielding ca. 30%-product within the same
time. Clearly this batch micro-sono-reactor needs to be improved, although greener
approaches have already been formulated in microreactor technology as scaling-up is
not usually required [100]. The latter could be accomplished either by increasing the
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Scheme 3: Ring-closing metathesis reaction conducted with a polymer-based catalyst, which
undergoes selective breaking under sonication.

number of pits or using a continuous protocol [101] (a 30-times recirculation would
probably afford the conventional 30%-conversion). Finally, and bearing in mind the
above-mentioned results with micromachined silicon, it should not be difficult to find
the optimal frequency-pressure conditions to increase efficiency, a difficult task with
conventional sono-reators.

2.5

Conclusions

Microreactor technology has become a valuable and convenient approach to fulfil the
criteria of green chemistry. While microfluidics was initially confined to analytical
methods such as HPLC or capillary electrophoresis, miniaturization of continuousflow reactors offers a series of inherent pluses in chemical synthesis, high-throughput
analysis, and the development of sensors that can be tailored for multiple applications. One cannot of course apply microfluidics to every conceivable chemical scenario, and numerous hurdles need to be considered. In order to improve both mass
and energy transfer reactions, and avoiding formation of solid by-products, microreactors can now be equiped with piezoelectric transducers of miniature size as well.
This innovative area is still in its infancy, though it should afford a new generation
of lab-on-chip devices. The resulting micro-sono-reactors are capable of managing
small reaction volumes in a reproducible and efficient way, whereas other parameters such as acoustic power, frequency, and sonication times can be fine-tuned. In
addition, processes are scalable and enable flow recirculation. Last, but not least,
sonochemical reactions conducted on micro-sono-reactors prove that there is a considerable enhancement of radical production and sonoluminescence, which can be
harnessed in synthetic transformations in the near future.
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3

Efficient Sonochemistry through
Microbubbles Generated with Micromachined
Surfaces ∗

Abstract: Sonochemical reactors are used in water treatment, the synthesis of fine chemicals, pharmaceutics and others. The low efficiency of sonoreactors have prevented its massive usage at industrial
scales. Controlling the appearance of bubbles in place and time is the most limiting factor. A novel
type of sonochemical reactor was designed making use of micro-fabrication techniques to control the
nucleation sites of micro-bubbles. The efficiency was increased first by locating the nucleation sites in
the most active region of a micro-chamber; additionally the desired chemical effect was significantly
higher at the same powers than when not controlled. Silicon substrates were micromachined with “artificial nucleation sites” or pits, and placed at the bottom of the micro-chamber. The pits entrap gas
which, upon ultrasonic excitation, sheds off a stream of microbubbles. The gas content of the pits is not
depleted but is replenished by diffusion and the emission of microbubbles can continue for hours.
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3.1

CHAPTER 3. EFFICIENT SONOCHEMISTRY

Introduction

The phenomenon of cavitation, that is, the growth and implosion of gas/vapor bubbles
in a liquid, is a process which can locally generate extreme temperatures of several
thousand Kelvin [1] and, for this reason, is exploited in sonochemistry to enhance
chemical conversion. This feature opens the perspective of high-temperature, highpressure large scale systems and therefore holds the promise of constituting a “green
chemistry” with a multitude of possible applications in water treatment [2], material
synthesis, the food industry [3] and others. The “ideal” sonochemical reactor from
a theoretical point of view is a single bubble trapped in an acoustically driven flask,
such as in single bubble sonoluminescence [4]. There the bubble, in which argon
accumulates [5], collapses periodically and in a reproducible way, as the collapse
does not desintegrate the bubble. Reactants are sucked into the bubble at expansion
and reaction products leave the bubble at collapse; typical temperatures achieved are
15000 K [6, 7]. Another advantage is that thanks to these ideal conditions the problem
is accessible to a thorough theoretical treatment whose results are in good agreement
with the experimental findings [4, 6]. The downside is that the absolute chemical
yields are only tiny, as the ambient size of such bubbles is in the micrometer regime.
For applications, typical sonochemical reactors, such as ultrasonic baths or vessels
with ultrasound horns attached to their walls, are considerably larger than the active
region in which cavitation occurs, which is defined by the ultrasound field that the
transducer generates in the reactor. The difficulty of matching the acoustic cavitation activity with the reactor dimensions so that the complete volume of reactant can
be stimulated adds to the low efficiency of most sonochemical processes. Attempts
aimed at configuration optimization have mostly had limited success [8–11].
In this chapter a new approach is presented to address this problem based on the
premise that a significant gain in efficiency may be obtained if the location of the
nucleation of bubbles, which subsequently will cavitate due to ultrasound, can be
accurately controlled. Achieving this objective will give us control over the spatial
distribution of cavitation events, and therewith also over the actual volume of liquid
that can be exposed to sonochemical effects.
The nucleation and formation of bubbles due to ultrasound is mostly heterogeneous, that is, it relies on pockets of gas trapped and stabilized inside randomly existing crevices in container walls or particles suspended in the bulk fluid rendering
it extremely difficult to control and predict. The theory developed for bubble nucleation from crevices [12, 13] leads the way to control nucleation. As shown in recent
work [13–16], stable and monodisperse cavitation nuclei can be formed by trapping
gas in pits micromachined in a silicon surface. We use such pits which serve as artificial crevices for the inception of cavitation to achieve higher sonochemical yields at
ultrasound powers which would otherwise not produce a significant chemical effect.
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200 µm

Figure 3.1: Pits etched in a silicon substrate. Top view of the 3-pit set with 30 µm diameter
micropits.

3.2
3.2.1

Experimental methods and materials
Silicon micromachining:

Three different configurations of pits were used. The pits had the same diameter (30
µm) and were arranged in sets of one, two (in a line) or three (in a triangle, see Figure
3.1) at a distance of 1000 µm from each other.
The substrates were micromachined under clean room conditions on double-side
polished silicon wafers and spin coated with the photosensitive substance Olin 12, on
which the designed pattern was transferred with a mask aligner EV620 (photolitography). After development the pit pattern was open and with a plasma dry-etching
machine Adixen AMS 100 SE (Alcatel) process BHARS, the holes were etched into
the silicon substrate at the desired depth. The machined diced silicon square pieces
of 1 cm-side were mounted to the bottom of a small glass container which contained
a liquid volume of 300 µ`, to the bottom of which a piezo element was attached.

3.2.2

The acoustic field

The reaction chamber was a glass container of 2.5 cm outer diameter, 1.5 cm inner
diameter and depth of 3 mm, and bottom thickness of 2 mm. the bottom thickness
matched the quarter-wavelength vibration imparted by a piezo Ferroperm PZ27 6 mm
thick with diameter of 2.5 cm, glued to the bottom of the reaction chamber. The top
of the glass container was capped with a rubber ring and a glass slide to avoid evaporation of the sample during the experiments (see Figure 3.2). A sinusoidal standing
acoustic field of 200 kHz was generated by a Hewlett Packard model 33120A arbitrary waveform generator, amplified with a SONY TA-FB740R QS amplifier. The
voltage, current and phase difference provided to the piezoelectric element were mea-
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Figure 3.2: Experimental setup

sured with a Tektronix DPO 4034 oscilloscope and Tektronix current probe CTA-2.
Three different power settings were used: low (74 mW), medium (182 mW) and
high (629 mW). During the experiments, the bottom surface of the piezoelectric element was in contact with a Peltier element (Marlow Industrial) to keep the temperature at a constant value of approximately 25o C.

3.2.3

Luminol visualization and determination of the radical formation
rate

The homolytic cleavage of H2 O by sonolysis was investigated using Luminol and
terephthalic acid. Luminol is a well-established indicator for the visualization of
active sonochemical regions, because it reacts with OH. radicals, whereupon reaction
gives luminescence with an intensity proportional to the amount of radicals produced
[17]. A solution of 1×10−3 mol/` Luminol and 1×10−4 mol/` hydrogen peroxide
was prepared with adjusted pH=12 by adding Na2 CO3 , as described in [18].
Conversion of terephthalic acid to 2-hydroxyterephthalic acid (HTA) was taken as
a quantitative measure for the concentration of OH. radicals formed by the ultrasound
induced bubble activity. A calibration graph for the fluorescence intensity as a function of HTA concentration was obtained following steps similar to those described in
[19]. Fluorescence was measured using a spectrofluorometer (TECAN Sapphire) with
an excitation wavelength of 310 nm and an emission wavelength of 429 nm. A graph
of fluorescence intensity against HTA concentration was plotted and gave a straight
line of positive slope for concentrations. The Terephthalic acid solution to be used
as dosimeter was prepared by mixing 0.332 g of Terephthalic acid (Sigma-Aldrich,
2.0×10−3 mol/`), 0.200 g of NaOH (5.0 ×10−3 mol/`), and phosphate buffer (pH
7.4), prepared from 0.589 g of KH2 PO4 (4.4 ×10−3 mol/`) and 0.981 g of Na2 HPO4
(7.0 × 10−3 mol/`, all from Riedel - de Haën). The resulting solution was then made
up to 1 ` with water [20]. For each experiment run, the same amount of terephthalic
acid solution 300 µ` measured with Eppendorf micropipettes was used.
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At the end of the experimental run, the solution was pipetted out of the reaction chamber and stored in the dark in sterilized vials (manufactured by Brand) for
ultrapure chemical analysis for further spectroscopic analysis. Later, 200 µ` taken
from the samples were pipetted into the wells of an assay plate (Corning Inc.) to
be analyzed with the spectrofluorometer described above. The conditions for sample
analysis were: gain 40, height from the well, 9000 µm, integration time 100 µs, 10
reads per well. Excitation was at 310 nm and the emission scan was from 350 to 600
nm. Each experiment was repeated at least 6 times showing acceptable consistency.
Calculation of the radical formation rate was done according to:
dNrad
(cend − cinitial )NAV
=
dt
∆t

(3.1)

Here cend and cinitial are the final and initial concentration in moles per volume,
NA =6.02×1023 mol−1 is Avogadro’s number and V is the liquid volume exposed to
the ultrasound (300 µ `). With cinitial = 0 this relation provides an estimate of the
rate of radical formation for all pits and power combinations.

Figure 3.3: Images showing both the top and side view of the bubble structures generated
from the micropits for different configurations (1,2 and 3 pits) and for increasing power level.
Low power corresponds to 74 mW, medium power to 182 mW, and high power to 629 mW.
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Results

The micropit bubble ejects streams of microbubbles, which resemble previously reported streamers [21, 22]. The observed trajectories in Figure 3.3 are the result of
the complex interplay of primary and secondary Bjerknes forces and microstreaming.
For a single pit, at low and medium ultrasound powers, the microbubbles are ejected
and oscillate several cycles until they dissolve or are recaptured by the micropit bubble. For low power the situation is similar for the configurations with two and three
pits. With increasing power a drastic transition in the bubble flow pattern is observed.
Beyond the transition the microbubbles move away from the symmetry axis of their
respective pits and towards one another (see intermediate row in Figure 3.3). The microbubbles then form a dense bubble cloud traveling towards the midpoint between
the two-pit or to the midpoint of the three-pit arrangement. For the three-pit configuration the microstreamers point to the center of the triangular array and form a
triangular cloud of bubbles, as seen in top view.
These experiments were repeated with the water solution of luminol. In Figure
3.4 the resulting images can be seen. Imaging of the low intensity of the emitted
luminescence required the use of long camera exposure times (typically 30 seconds).
A detailed comparison of the features in Figure 3.4 with those in Figure 3.3 shows
a perfect match. Clearly, the regions of cavitation activity correspond to the regions
where light is emitted due to sonochemiluminescence [17].
For a quantitative measure of radical formation, the terephthalic acid dosimetry
method was used. The fluorescence intensity emission of HTA at 429 nm (measured
ex-situ) allows us to calculate the amount of radicals generated by ultrasound induced
microbubble cavitation. This measurement was performed for the three pit configurations, each at low, medium and high power and for 15 and 30 minutes process
durations. In addition, experiments with the same conditions were done with a silicon chip without micropits. These measurements showed no significant evidence of
radical formation. The radical generation rates (equation 6.1) resulting from off-line
fluorescence measurements are shown in Figure 3.5.
The data show that the presence of pits gives a significant enhancement of the
radical formation rate. The rate is stable over time and is an increasing power of the
ultrasound field as expected. Radical formation increases with the number of pits, but
the slope of the lines decreases as more pits are added, presumably due to the onset
of interactions with the bubble clouds generated by the other pits. At high power, the
bubble pattern changes dramatically (Figures 3.3 and 3.4) and is expected to lead to a
different radical generation distribution over the reactor volume. The quantitative interpretation of these data is complex. Generally speaking, smaller bubbles are stiffer
due to a surface tension contribution and may not grow as large during expansion,
with a consequent weaker compression and lower maximum temperatures. Large
bubbles, on the other hand, may not collapse spherically, especially when close to
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Figure 3.4: Luminol luminescence in dark room conditions. Images showing both the top and
side view of the bubble structures generated from the micropits for different configurations
(1,2 and 3 pits) and for increasing power level. Compare with Figure 3.3
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Figure 3.5: Radical formation rate vs. pits. Low power=74 mW, medium power=182 mW
and high power=629 mW. The bars show the range of the experimental data
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a solid surface, which would also limit their maximum compression. It is not clear,
however, to what extent these general trends are relevant in the experimental situation
of present concern.
The most important parameter for the evaluation of our results and comparison
with the work of others is the energy efficiency defined as:
XUS =

∆H dNrad
PUS dt

(3.2)

where dNdtrad is the radical formation rate in moles per second, ∆H is the energy required for the formation of OH. radicals, which is equal to the enthalpy of formation
associated with the following chemical reaction:
H2 O

∆H=−5.1eV

→

OH . + H .

(3.3)

This enthalpy has a value of 5.1 eV per molecule [23]. PUS is the electric power
absorbed by the transducer which can be obtained from the measured voltage, current
and their phase difference. The efficiency as defined in Equation 6.2 is shown in Table
3.1 for each of the configurations studied.
Table 3.1: Efficiency ×106 as defined in equation 6.2

3.4

High power
629 mW
15 min
30 min

3 pits
4.5
4.4

2 pits
3.3
3.1

1 pit
2.3
2.3

0 pit
0.3
0.4

Medium power
182 mW
15 min
30 min

3 pits
9.7
11

2 pits
7.6
8.0

1 pit
4.7
5.9

0 pit
0.8
0.1

Low power
74 mW
15 min
30 min

3 pits
9.1
7.1

2 pits
5.9
5.2

1 pit
4.8
4.6

0 pit
1.6
1.1

Discussion and Conclusions

From the values in Table 3.1 we can draw the following conclusions: (i) Comparing
the efficiency values of the chips with one or several pits with those of the chip with
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no pits, there is an efficiency increase by an order of magnitude, which demonstrates
that the pits on the reactor wall give a considerable enhancement. (ii) The efficiency
obtained even with such a low number of pits is close to the highest efficiencies
reported in the literature with conventional sonochemical reactors [20, 24–30]. A detailed comparison is hardly possible due to the use of different frequencies, chemical
dosimeters and other physical parameters.
From the values of Table 3.1 it can be seen that the most efficient setting is
medium power in all pit configurations. Several factors may explain this observation. At high power, the microbubble collapse is more catastrophic which results in
a smaller compression and heating of the gas. In the case of two- and three-pit configuration, the microbubbles stay longer in the most active zone close to the substrate
while traveling parallel to the surface; but the collapse of microbubbles close to the
surface is highly non spherical, again reducing the maximum compression and heating of the gas. The microbubbles in the dense cloud at the midpoint may also have a
weaker collapse due to the shielding by the outer microbubbles.
It has to be stressed that our results were obtained with only a very small active
region, with state-of-the-art microfabrication procedures it is straightforward to increase the number of pits (see Figure 3.6). Based on our results in Table 3.1 and
Figure 3.5, increasing the number of pits by a factor of ten should give an increase
in energy efficiency by a factor of 100 or more. This estimate is based on a linear
extrapolation of the one-, two- and three-pit configuration at medium power settings.

Figure 3.6: Microscope image under normal light conditions showing an arrangement with a
higher number of pits (42). Here similar ejections of microbubbles from the micropit bubbles
occur as described in this chapter.

Our results indicate that the introduction of micromachined pits on the surface of
a reactor wall attached to an ultrasound transducer can boost sonochemical efficiency.
The underlying mechanism is the production of microbubble cavitation clouds from
the stable gas pockets that form in these pits.
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Sonoluminescence and
Sonochemiluminescence from a Microreactor∗

Abstract: Under suitable conditions, the collapse of bubbles nucleated from micromachined pits can
result in light emission (sonoluminescence, SL). Hydroxyl radicals (OH. ) generated during bubble collapse can react with luminol to produce light (sonochemiluminescence, SCL). SL and SCL intensities
were recorded for several regimes related to the pressure amplitude (low and high acoustic power levels)
at a given ultrasonic frequency (200 kHz) for pure water, and aqueous luminol and propanol solutions.
Various arrangements of pits were studied, with the number of pits ranging from no pits (comparable to
a classic ultrasound reactor), to three-pits. Where there was more than one pit present, in the high pressure regime the ejected microbubbles combined into linear (two-pits) or triangular (three-pits) bubble
clouds (streamers). In all situations where a pit was present on the substrate, the SL was intensified and
increased with the number of pits at both low and high power levels. For imaging SL emitting regions,
Argon (Ar) saturated water was used under similar conditions. SL emission from aqueous propanol solution (50 mM) provided evidence of transient bubble cavitation. Solutions containing 0.1 mM luminol
were also used to demonstrate the radical production by attaining the SCL emission regions.

∗ Published as:

David Fernández Rivas, Muthupandian Ashokkumar, Thomas Leong, Kyuichi Yasui,
Toru Tuziuti, Sandra Kentish, Detlef Lohse, Han J.G.E. Gardeniers, Sonoluminescence and sonochemiluminescence from a microreactor , Ultrasonics Sonochemistry, 6, 19, (2012), 1252-1259.
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4.1

CHAPTER 4. SL & SCL FROM A MICROREACTOR

Introduction

A well known effect of ultrasonic irradiation in a liquid is acoustic cavitation, which
is the nucleation and consequent collapse of bubbles [1]. Sometimes, bubbles can
cavitate in phase with the applied sound frequency. These bubbles behave as “individual micro-reactors”, as they are often accompanied by a violent collapse that leads
to high pressures and temperatures within and in the local vicinity of the bubbles [2–
4]. Among the events generated during such collapses, some can be identified as
plasma formation, lysis of molecules yielding radicals (water molecule sonolysis is a
well known example), strong pressure shockwaves, liquid jetting and surface erosion.
Although the driving condition is constant in most cases, the cavitation bubbles are
never exactly the same due to the complexity of the phenomena involved [5], rendering it difficult to obtain a deterministic relation between driving conditions and actual
bubble population. To complement direct determination of bubble size distributions
which require fast imaging and intensive image processing, a good alternative is the
use of indirect methods like measuring the light emitted by these bubbles.
Most researchers agree that the studies of Marinesco and Trillat [6] and Frenzel
and Shultes [7] were the first in which light emission could be detected as a result
of ultrasound irradiation in a liquid sample. After several studies to determine the
actual mechanism behind this remarkable effect, sonoluminescence (SL) has been
described as the light emitted by cavitation bubbles driven by an ultrasonic driving
pressure field. Sonochemiluminescence (SCL) is defined in this study as the light
emission when luminol reacts with OH. radicals. There is a large difference between the SL emission from a single bubble (SBSL) and SL from a cluster of bubbles
(MBSL, i.e. multibubble SL). For SBSL the collapse is nearly spherically symmetric
and highly reproducible [4]; and for MBSL the more frequent non repeatable asymmetric collapse produces liquid jets penetrating the hot bubble contents [8–11]. These
differences are evident in the emission profile and spectra produced from both types
of SL. The spectra collected from MBSL contain many peaks and features, whereas
the spectra emanating from SBSL are normally featureless [12, 13]. The effect of
power and frequency on bubble-size distributions of MBSL in acoustic cavitation
has been studied previously using pulsed ultrasound [14]. The main conclusion was
that the mean bubble size increased with increasing acoustic power and at the same
time decreased with increasing ultrasound frequency. Additionally, the mean bubble
size distribution of bubbles emitting SL was larger and narrower than SCL producing
bubbles (centred at smaller bubble sizes and broader) meaning that the two processes
result from different bubble sizes [15] and the physical locations in which these bubbles exist can differ [16]. MBSL has also a defined phase window of the driving
pressure oscillation, meaning that in a phase window of about 300 from the full 3600
SL can be detected [5]. Other researchers have reported singular dependences of
SL and capillary pressure in small gaps with an implicit advantage in not using a
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light-proof box to quantify multibubble intertial cavitation thresholds [17].
Sonochemistry performed in microfluidic devices has received some attention in
the last decade [18–21]. In this work an extended study on an ultrasonic microreactor described before [18] is presented. The working principle of that sonoreactor
is based on the ability of small predefined crevices (pits etched in silicon substrate
surface [22–25]) to stabilize small gas nuclei. When the ultrasound is turned on, a
characteristic microbubble cloud appears, that would not be present in the absence of
pits. In this way a continuous locally controlled generation of cavitating microbubbles is achieved. The chemical activity of these microbubbles was previously verified
by luminol SCL imaging and OH. radical dosimetry by using terephthalic acid [18].
The aim of the present work was to study the changes of SL and SCL intensities
emanating from different solutions as the population of microbubbles nucleated from
the pits on the silicon substrate varies. This is influenced by altering the power input
to the system and the number of pits. The areas of potential application for these
findings are many; to name a few we consider the ultrapurification of water for fine
chemicals or pharmaceutical uses, mechanochemistry and the selective cleaning of
circuit boards in which localized cavitation can avoid the damage of certain components with conventional sonication systems [26, 27]. Our results can be of importance
to existing non destructive testing and inspection of surfaces with localized fluorescent dye penetration which are improved by the action of localized cavitation[28].
Additionally for biological applications where a localized source of radicals, light
and streaming forces are required, this system might be beneficial [29, 30].

4.2

Material and Methods

This work focused on the measurement of the SL and SCL intensities emitted from
three different systems. The first was air-saturated Milli-Q water, the second was air
saturated propanol solution (50 mM) in water and the third was air saturated aqueous
luminol (0.1 mM luminol in 0.1 M NaOH) solution. SL intensities were obtained for
water and propanol, whereas SCL intensities were measured for luminol. Additionally SL images were recorded in argon saturated water.
In most cavitating systems, there exist populations of SL active and SCL active
bubbles [31]. These populations strongly overlap: SL active bubbles can be SCL
active, and vice versa. SL active bubbles correspond to bubbles that satisfy suitable
conditions (pressure and temperature) inside the bubble that allow for ionization and
the subsequent light emission [32]. SCL active bubbles produce radicals (OH. radicals in this case):
H2 O

∆H=−5.1eV

→

OH . + H .

(4.1)

Recording the light emission from luminol molecules reacting with OH. is a
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widely used method to quantify the chemical activity and map active zones in a
sonoreactor. Evidently knowing the exact bubble size distribution and their spatial
localization is very difficult ([33–35]), and most studies are based on bubble dissolution when US is turned off [14, 36, 37]. By virtue of dissolved propanol in water, information about the presence of transient cavitating bubbles can be obtained [38, 39].
It has been shown that alcohols do not quench SL arising from transient cavitation
(i.e., MBSL), as the alcohol molecules do not have enough time to accumulate on the
interface of the transiently cavitating bubbles [39]. That is in vast contrast to stable
SBSL, where alcohols strongly quench the light emission [40].

4.2.1

Set-up for US experiments

A scheme of the experimental setup used is shown in Figure 6.2. The reaction chamber was a glass container of 25 mm outer diameter, 15 mm inner diameter and depth
of 2 mm, and bottom thickness of 2 mm. The bottom thickness matched the quarterwavelength vibration imparted by a piezo Ferroperm PZ27 6 mm thick with a diameter of 25 mm, glued to the bottom of the reaction chamber.
The ultrasonic wave was generated by a Hameg HM 8131-2 arbitrary waveform
generator and amplified by a Krohn-Hite Model 7500 amplifier for the sonochemical
reaction experiments and a LeCroy WaveSurfer 452 oscilloscope to read-out PMT
measurements.
The powers used for the experiments were calculated from calorimetric measurements with a Hanna K-type Thermocouple leading to 12.7 W for the high power and
3.32 W for the low power settings. Since control over the heating of the liquid volume
was not available, temperature measurements were carried out before and after irradiation times of 3 minutes at similar conditions at which the SL and SCL signals were
recorded. The thermocouple was removed from the liquid chamber during sonication
to avoid damaging the thermocouple tip. At low power (3.32 W) the temperature did
not increase by more than 3 K. For high power (12.7 W) the temperature increase
was of 10 K. The 10 s period would generate an increase in temperature of around
0.6 K. We overestimate the temperature increase to be at least 1 K (2 K maximum) to
be conservative. For this reason, the PMT measurements lasted in general no longer
than 10 s to avoid large temperature variations.
The continuously applied acoustic field generated a standing wave depending on
the height of the liquid column. For liquid heights close to one-quarter or threequarters of the acoustic wavelength (approximately 250 or 300 µ` volume of liquid,
respectively) a pressure antinode is expected to be located on the substrate and a
node at the free liquid-air interface. In this study frequencies of about 200 kHz with
a corresponding water height of approximately 5 mm were used (250 µ`).
A Hamamatsu E849-35 PMT (2.5 ns risetime), with 15 mm diameter glass window, amplified by a Canberra H.V. Supply Model 3002 was placed to capture the
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light emitted by the sonicated liquid on top of the chamber.
The experiments were conducted with different liquids but the same volumes
(250 µ`) at ambient conditions and open to the atmosphere. The voltage readout of
the PMT corresponded to the SL and SCL emission, where applicable, from a certain
population of bubbles.
The variations to the bottom surface (square silicon substrate of 10 mm width)
of the micro-sonoreactor (the same as presented in [18]) were: blank with no pit
(equivalent to a conventional US reactor of the bath type), one, two or three pits (small
predefined cylindrical crevices on the silicon surface). The pits acted as nucleation
sites for microbubble streamers that would otherwise not be present at the conditions
studied. Details of the manufacturing process of the silicon substrate can be found in
Chapter 3, Section 3.2.1.
Two different power settings were chosen out of the three presented in [18], corresponding to lower and higher power levels. The main reason to select these two
settings is that they evidence a clear difference in the bubble pattern and the ultrasonic power being supplied to the whole system. Hence, we expect to see differences
in the bubble populations capable of emitting light and producing radicals in all cases.

Figure 4.1: Experimental setup (not to scale) showing the different components used. The
zoomed inset shows the microreactor and a top view of a three-pit substrate.
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The controlled and localized acoustic microbubble generation can be sustained
for at least several hours due to dissolved gas in the liquid transported into the pit by
a process similar to rectified diffusion [4, 41–43]. Since temperature and gas escaping
the microchamber could not be controlled in this particular case, all experiments were
carried out within 5 to 10 minutes.
For the SCL imaging, a digital SLR camera (Nikon D90) with 18-55 mm AFS
zoom lens using the settings ISO1250, f 5.0 and a 60 s exposure time.
For SL imaging a NF Multifunction synthesizer WF-1946A with a NF HSA-4014
amplifier, and a fan to cool the microreactor were used to get similar conditions as
described before. The exposure time for experimental imaging and dark conditions
subtraction was 10 minutes with a BitranBS-41L cooled CCD camera coupled to a
Nikkor 35 mm lens and a magnifying glass.

4.3

Results and Discussion

Contrary to the highly reproducible characteristics of single bubble cavitation, multiple bubbles are difficult to characterize since the bubble size distribution is constantly
changing and bubbles do not cavitate always in phase with the driving frequency (period doubling and chaotic behaviors are reported in the literature [44, 45]). However,
the overall multiple bubble activity can be quantified by measuring the total SL intensity. Figure 4.2 shows PMT output recorded for 10 s for the three systems studied.
Despite the appearance of emission spikes (common for these systems [21, 46]), the
average intensity of each system was used for comparison in the following discussion.
The emission spikes along a constant low intensity emission are short pulses that
originate from specific bubbles that, upon reaching an appropriate size in the expansion phase, collapse and emit a strong light pulse. Micro-shocks occurring within the
bubble during final collapse stages are reported elsewhere both for water and luminol
solutions [46, 47].
It can be seen in Figure 4.2 that the emission spikes mainly appear for the water
and luminol system and not that frequently for the aqueous propanol system. Despite
the less frequent presence of these spikes in the propanol system, the average intensity
was higher than that observed for water. This behavior provides evidence that the
bubble population is largely transient as there is no SL quenching [39, 48, 49]. The
presence of propanol can increase the bubble population by lowering the surface
tension and facilitaing the pinch-off events of microbubbles from the pit. The white
space in between the signal and the “x-axis” for propanol and luminol, not present in
plain water, is due to a higher overall SL and SCL intensity. A more detailed analysis
for each system is presented in the following sections.
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Figure 4.2: Typical emission profiles recorded with the PMT for the different studied experimental conditions.

4.3.1

Water

When water is poured over the silicon substrate and US is switched on, a cloud of
bubbles appears from the micropits at low power levels. An interesting behavior is
observed when there are multiple pits driven at high power: the ejected bubbles travel
to a common center point (see Figure 4.3 and supporting videos) due to a complex
interplay of primary and secondary Bjerknes forces [18].
Figure 4.4 shows a clear trend of increasing SL intensity with increasing number
of pits, both at the low and high power regimes.
As the number of pits is increased, the number of SL active bubbles increases.
The increase is almost double in the case of one-pit compared with the blank substrate. For two-pits, the SL enhancement is tripled, whilst for three-pits the SL is
almost four times that of the blank substrate at high power. While a similar increase
is observed at the higher power level, the relative increase with three-pits compared
to two-pits is low. This might be due to stronger bubble clustering effects which
are known to reduce the maximum expansion radius and shorten the bubble collapse
duration [50].
When trying to image SL in the experiments with air-saturated Milli-Q water and
the conditions described up to this point, not enough signal-to-noise images could be
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Figure 4.3: Top view of the visible bubble streamers for the different scenarios studied. See
Supporting videos

obtained. For this reason Milli-Q water was saturated with argon (Ar) and a glass
slide was placed on top of the microreactor to avoid evaporation (see supporting
video). During the imaging period the cooling of the piezo was carried out with a
fan. The long exposure times required to obtain images like the ones presented in
Figure 4.5 made it very difficult to cover the same experimental conditions as for the
rest of this work.
Nevertheless, these results allow us to conclude that the SL signal detected with
the PMT was primarily due to light emission from the bubbles ejected from the micropits and not from random cavitation events in the bulk liquid.

4.3.2

Aqueous propanol solution

The visible bubble pattern for aqueous propanol solutions had no evident change
when compared to water; however, as presented in Figure 4.2, spikes present in the
water emission profile are not as frequent in propanol solutions and the spike height
is on average lower. The average intensities for propanol solutions are presented in
Figure 4.6.
Propanol can cause two effects in sonicated liquids: by adsorbing to the bubble
solution interface it hinders bubble coalescence. And due to its volatile nature, it
evaporates into the bubble and lowers the polytropic exponent, resulting in less heating inside the bubble [49]. These two effects can affect the SL in two ways. The
hindrance to bubble coalescence has been shown to increase the number of transient
cavitation bubbles [39]. The volatile nature leads to significant SL quenching in sta-
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Figure 4.4: Averaged SL intensities for the different studied experimental conditions in water.

ble cavitation bubbles [51]. However, both processes need sufficient time for the
propanol to accumulate at the bubble interface. Here, under the conditions of transient cavitation this time is not given. The observation that the average SL intensity
for the propanol system instead of quenching the SL signal is higher than that observed in water is in agreement with the fact that the cavitation bubbles generated
in the microreactor are transient in nature. As suggested earlier, the lower surface
tension of the bubble stabilized on the pit due to the presence of propanol might yield
a higher number of bubble streamers generated that in turn contribute to the increase
in SL signal. This needs to be supported by future experiments with fast imaging of
all these conditions.

4.3.3

Luminol solution

Similar bubble streamer patterns from the luminol emission photographs are obtained
(Figure 4.7) to those observed in Figure 4.3. The light emitted was bright enough to
be seen with the naked eye in adjusted dark conditions.
As can be seen in these images, the SCL and hence radical formation is intensified
at the location of the micropits. The average SCL intensities for the case of luminol
solutions were several orders of magnitude higher than those from the SL in water
as presented in Figure 4.8. It is surprising then that the total emissions arising from
the substrates containing pits are more or less identical to those arising from the
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Figure 4.5: SL image from bubble streamers for different scenarios. The top row corresponds
to three-pit cases with similar pattern as observed under visible conditions for high and low
power. The remaining figures correspond to one-, two-pit cases at low power

blank substrate at low power. For the higher power, the two and three pits systems
actually produce a lower yield than the blank substrate. It has been reported before
that luminol SCL can have a unusual dependence with increasing power, sometimes
reaching saturation and complete fading of intensity [46].
An explanation for our observations is that by driving the systems with two or
more pits at high power, the shape of the bubbles in the cluster become deformed.
This, combined with liquid flow inside the microreactor chamber, mixing, free liquidair interface oscillation and temperature increase in less than 5 min can bring a change
in the SCL.
We speculate that the observation of different SCL signal trends when compared
to our previous study measuring OH. radicals [18] are due to the surface oscillation
taking place at the liquid-air interface of the microreactor at the higher power conditions as reported before [52]. More details will be provided in the coming section
4.3.4 and also in the supplementary videos.
The pixel intensities of the luminol photographs were also averaged in time and
are presented in Figure 4.9. It can be seen that the two different experimental techniques (PMT and photographic imaging) produced similar trends (compare Figure
4.8 and 4.9). From the photographic images taken, it can be seen that luminol emission is intensified not just at the location of the pits, but also at the edges of the
substrate and other locations like cracks on the silicon substrate edge or the corners
of the microchamber which can act as nucleation sites. Such effects occur across all
the experiments and will be additive to the luminol emission from the pits. The PMT
used to measure the SCL yield picks up light not just from the pits but also from the
other places described.
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Figure 4.6: Averaged SL intensities for the different studied experimental conditions with
aqueous propanol solutions.

4.3.4

Comparing SL and SCL

In Figure 4.10 the relative increase of the SL intensity in water and propanol solutions is compared. Note that for all situations there is an increase in SL intensity of
propanol over water as described before. For two- and one-pit cases the low power
shows a higher relative value than at high power (when the bubble streamers travel
parallel to the wall and towards the center point) where the bubble population vary as
the bubble clouds change their shape.
When comparing the relative increase in SCL intensity of luminol over the SL
signal from water, Figure 4.11 is obtained. Interestingly again the relative intensity is
higher for the low power than for high power (now for the two- and three-pit systems)
in line with our previous findings that higher power can be detrimental to OH. radical
formation [18]. This can be linked with the fact that at low power the population
of smaller and more spherical bubbles is larger, and it is expected that these are the
ones contributing the most to radical production. Another possibility according to
numerical simulations is that OH. production rate decreases at a too high temperature inside an air bubble as OH. is consumed by oxidizing nitrogen inside a bubble
[53].This may suggest that on average, the temperature inside the bubbles is higher
with pits compared to the blank conditions. Additionally, the bubble temperature is
sometimes increased by the bubble-bubble interaction with smaller bubbles [54]. In
the situation with pits, smaller and larger bubbles may result in higher bubble tem-
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Figure 4.7: Luminol solution images showing sonochemical active regions in white for the
different scenarios studied.
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Figure 4.8: Averaged SCL intensities for the different experimental conditions for aqueous
luminol solution.

perature inside larger bubbles compared to the case of no pit (blank) when there are
mainly tiny bubbles (their size is too small to be recorded by the cameras).
Comparing Figures 4.10 and 4.11 it can be seen that the blank case is a clear
indication of the strong influence of the contribution from the bubbles generated at
the pits. For the case of one pit it can be observed that there is almost no change in
the relative intensity value for both the propanol and luminol when increasing power.
This strongly evidences that the interaction of the microbubble streamers generated
by more than one pit is an important factor in the trends observed (cluster-cluster
interactions through shockwave emission).
To partially illustrate the complexity of this system the influence of bubble-bubble
and bubble-boundary interactions on the observed SL should be considered. When
microbubbles are exposed to an acoustic field, if smaller than resonant size, they tend
to travel to the pressure antinodes and cluster by virtue of Bjerknes forces. This
behavior may influence the generated SL. An example is the case of high power for
the two- and three-pit systems, where there is a change in the microbubble pattern
when compared to the one-pit and blank configuration. A bubble cloud reflects and
absorbs the sound field such that a lower intensity will be experienced by bubbles
inside the cloud due to shielding. This reduces the intensity of the bubble collapse
and the active bubble population, leading to a reduced SL intensity when compared
to conventional multibubble cavitation [55]. As mentioned above bubble collapse in
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Figure 4.9: Averaged pixel intensity values from the luminol images recorded (SCL) for
the different experimental conditions for aqueous luminol solutions. Besides the blue light
coming from the center of the silicon substrate (microbubbles generated from the pits) in
some cases some SCL signal is seen coming from the edges of the substrate; presumably from
crevices existing in the glass reaction chamber or substrate edges.

clusters also results in smaller expansion maximum radius and shorter collapse times
[50].
It has been modeled and experimentally confirmed for a single bubble that the
strength of the bubble collapse is affected by its translational movement (accelerated
due to added mass forces while the driving pressure increases), and that the strength
of the bubble collapse and its sphericity (i.e., the focusing power) are key ingredients
determining the SL and SCL intensity [4, 56–58]. Indeed, in our experiments higher
SL is observed for higher power.
Referring back to Figure 4.3: At high power, for the two- and three-pit cases (two
last figures in the right column of Figure 4.3), we see bubble clustering in between the
pits, leading to a depletion of bubbles directly above the respective pits. Therefore, in
these cases, the bubbles are actually only cavitating in a thin liquid layer of a width
of about 200 µm above the surface [35]. Consequently, there is then less mutual
shielding of the bubbles as compared to the other four cases (one-pit case at both
powers and two- and three-pit cases at low powers). Additionally, at higher power
there will be bubbles that expand to a larger size than at lower power, resulting in
an increase in SL. We also expect that shockwave emissions from bubble clusters
and cluster-cluster interactions (among microbubble streamers generated at each pit)
influence the overall SL and SCL in terms of bubble maximum radius and collapse
time as has been demonstrated before [50].
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Figure 4.10: Averaged SL intensities for the different experimental conditions for propanol
solutions relative to water.

Observations at the highest power give evidence that water can occasionally
splash out from the liquid-air interface due to acoustic radiation force (see supplementary video). This has been reported to decrease the efficiency of sonochemical
reactions [52], consistent with the reduced SCL signal at high power and regimes
with more than one pit. As the meniscus shakes vigorously (a sizzling sound accompanies this process), the cavitation field changes considerably in a way difficult to
quantify or predict. This can introduce sources of errors in the SL and SCL measurements. In addition, at the highest power heating and degassing of the liquid occur
faster and this obviously changes the conditions for SL and SCL.
It would be interesting to correlate the observed SL profile measured in this
study to the influence of fluid mechanics such as flow due to acoustic streaming,
microstreaming by meniscus oscillation, microbubbles flowing at different regimes,
the interplay of secondary Bjerknes forces and bubble cluster interaction with the
overall flow. Other factors such as closing the system with the presence of a glass
slide on top of the microreactor to minimize liquid splashing, are among several other
conditions that could be investigated but the appearance of degassing bubbles on the
glass surface might be an undesired side-effect (see supplementary video). The above
mentioned factors would influence the light emission, both from SL and SCL, at the
different powers. As a last effort, continuous recording of these bubble streamers (in
water, propanol and luminol solutions) may provide further clues to better understand
our findings.
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Figure 4.11: Averaged SCL and SL intensities for the different experimental conditions for
luminol solutions relative to water.

4.4

Conclusions

We have measured light emission at a single frequency from different systems at two
different power levels in the presence and absence of pits on surfaces. These pits
promoted nucleation of microbubble streamers with distinctive streaming patterns at
each power level. SL and SCL imaging provided evidence that the microbubbles
arising from the pits are responsible for most of the light emission detected with
PMT measurements. The presence of transient cavitation conditions was verified by
measuring the SL intensity in propanol solutions. A difference in the light intensity
of SL and SCL also led to the conclusion that there is a difference in the bubble
population able to emit light and those which are chemically active. The multiple
factors affecting the bubble streamers behavior are difficult to resolve individually.
For that reason, there exists significant scope for future studies, particularly involving
the control of the free surface liquid-air meniscus.
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Enhancing Acoustic Cavitation using
Artificial Crevice Bubbles ∗

Abstract: We explore the rich behavior displayed when pre-defined cavitation nuclei are driven continuously in the kHz regime (80, 99.5 and 200 kHz). The nuclei consist of stabilized gaspockets in
cylindrical micropits of 30 µm diameter etched in silicon or glass substrates. It is found that above an
acoustic pressure threshold the behavior of the liquid-gas meniscus switches from a stable drum-like
vibration to expansion and deformation, frequently resulting in microbubble pinch-off. Just above this
threshold small bubbles are continuously and intermittently ejected. At elevated acoustic pressures the
pinch-off mechanism becomes more pronounced and cavitation bubble clouds are formed which remain
in the vicinity of the micropit bubble. Surprisingly, the resulting loss of gas typically does not lead to
deactivation of the pit which can be explained by gas rectified diffusion processes.

∗ To be submitted as: Aaldert Zijlstra, David Fernández Rivas, Han J.G.E. Gardeniers and Detlef
Lohse, Enhancing acoustic cavitation using artificial crevice bubbles, to J. Ac. Soc. Am. 2012
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5.1

CHAPTER 5. ENHANCING ACOUSTIC CAVITATION

Introduction

Most applications based on acoustic cavitation, such as ultrasonic cleaners, emulsifiers or sonochemical reactors, rely on the spontaneous and seemingly random appearance of cavitation bubbles [1–3]. The subsequently generated cavitation state,
meaning the bubble sizes, locations, dynamics and so on, are notoriously difficult
to describe and even more difficult to accurately predict or control. This is mainly
due to the inherent multiparameter nature of cavitation and its complex dependence
on the liquid and acoustic parameters. Manufacturers and researchers therefore have
to resort to empirical methods to optimize the desired mechanical or chemical effects induced by acoustic cavitation bubbles [4–6]. The resultant of these effects is
not only determined by the magnitude of the response of each individual bubble, but
also by the total number of bubbles and their locations. The increase of cavitation
activity would seem just a matter of increasing the acoustic amplitude. However,
due to effects such as acoustic shielding and bubble-bubble interactions, this may
not necessarily lead to an increase in efficiency [7–9] (Chapters 3 and 4). On the
other hand, there is also a frequency dependent lower acoustic power threshold for
cavitation activity, usually referred to as the nucleation threshold [10]. Hence in the
situations where lower acoustic amplitudes are required, e.g. to prevent heating or
surface damage [11], it might not even be possible to generate or sustain a sufficient
bubble population.
Enhancing cavitation bubble mediated effects may be achieved by actively regulating not only the acoustic amplitude, but also the bubble population. Therefore, an
ideal solution is to introduce microbubbles of the required size into the liquid at the
required locations. For example, various studies have shown that the presence of ultrasound contrast agents – microbubbles stabilized by an external shell – significantly
enhances cavitation related effects [12, 13]. Other methods such as bubble injection
using gas flow through membranes [14], or flow focusing devices [15], might also be
beneficial for increasing bubble populations in acoustic cavitation.
Here we present results of a different method to locally enhance acoustic cavitation activity in a continuous ultrasound pressure field. Our method consists of
introducing microbubbles into the liquid which are entrapped and stabilized in micromachined well defined cylindrical crevices, an example of which is shown in Figure
5.1. These bubbles are essentially artificial versions of naturally occurring cavitation
nuclei better known as “crevice bubbles” [16, 17]. Bubble formation from crevice
bubbles occur, not only in cavitation inception, but also in supersaturated liquids such
as carbonated beverages [18, 19], and in liquid pool boiling [20]. The use of artificial crevice bubbles was motivated by earlier studies of Bremond et al. [21, 22] and
Borkent et al. [23] where the response of the entrapped bubble to a single shock wave
was investigated. In this chapter we investigate the dynamics of stabilized cylindrical
micropit bubbles under continuous ultrasound irradiation. It will be shown that the
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presence of stabilized microbubbles significantly enhances local cavitation activity
by bubble pinch-off processes.

10 μm

Figure 5.1: SEM image of a micromachined cylindrical cavity of 30 µm diameter and 10 µm
depth in a silicon substrate.

Unlike a spherical bubble which will quickly dissolve under the excess ambient
pressure and due to surface tension (also depending on the size and the gas concentration), an entrapped bubble can be in stable mechanical and diffusive equilibrium for
an extended period of time [24]. The presence of a crevice bubble nucleus basically
constitutes a “weak-spot” in the liquid. Any change in the pressure or gas saturation
conditions will cause a volumetric response of the bubble as it seeks to re-establish
its equilibrium state. Nucleation is the event where the equilibrium cannot be established and the bubble expands out of the micropit [17, 23]. There are three different
but interrelated ways for this to occur. Nucleation can be realized by pressure reduction, but also by an increase in gas saturation or by a rise in temperature.
It is important to make a distinction between nucleation, i.e. the unstable growth
of the bubble outside the pit, and a possible bubble pinch-off from the nucleus. Many
authors use the term nucleation for the combined process, however the underlying
mechanisms are different. Once nucleated, a bubble can detach from the micropit
due to effects such as buoyancy, liquid drag or acoustic pressure gradients. Bubble
detachment, or pinch-off, is a well studied effect in nucleate boiling [25] and particularly in supersaturated liquids [19], but surprisingly not in acoustic cavitation. Even
though bubble detachment from entrapped surface bubbles is normally assumed to
occur in acoustic cavitation, to the authors knowledge, there exists few studies in
which this is actually reported. In 1962, Hughes & Nyborg [26] drilled holes of
200 µm diameter in a sonotrode tip in order to enhance cavitation effects at reduced
acoustic amplitudes. They observed bubble growth, surface instabilities and bubbles
leaving the holes but they remained rather speculative on the details of the process.
Their method however did result in increased cavitation activity due to the presence
of artificial crevice bubbles. Similarly, Howkins [27] studied the erosion on brass
surfaces from bubbles nucleated at 20 kHz from a bubble stabilized on a pit of 1 mm
diameter and depth drilled on the sonotrode surface. In degassed water and in the
absence of the drilled pit erosion effects were not observed.
Here we are interested in the response of artificial micropit bubbles to a continu-
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ous acoustic field, and how this response can contribute to enhancement of cavitation
activity. In the following, the process of bubble nucleation and pinch-off in acoustic
cavitation is investigated in more detail using high-speed imaging methods.

5.2

Materials & methods

5.2.1

Machining of micropits

In order to obtain micropit bubbles which are comparable in size with naturally occurring crevice bubbles, but large enough to allow visual observations, we chose to
create cylindrical pits of 30 µm in diameter. The pits were micromachined under
clean room conditions both in double-side polished silicon wafers as well as in fused
silica glass. The holes were etched into the substrates at the desired depth using a
plasma dry-etching machine (Adixen AMS 100 SE Alcatel, process BHARS). The
depths were ∼ 30 µm and 6 µm for the silicon and fused silica glass respectively.
The wafers were diced into square pieces of 1 × 1 cm. We found that a stable liquidgas micromeniscus was always present after immersion of the substrate even though
no extra measures were taken to hydrophobize the micropit as was done by e.g. Bremond et al. [21, 22].
water

Cuvette

Substrate

air

Substrate

h

2a

U(t)

Piezo

Figure 5.2: Schematic of the piezo-cuvette combination in side view.

5.2.2

The acoustic field

In this study, three types of setups were used. The silicon substrates were placed on
the bottom of one of two small containers providing stability, liquid containment and
convenient optical access. The first type of container was a cubic cuvette, made of
optical quality quartz glass with inner dimensions 1 × 1 × 1 cm. The second type
was cylindrical with an inner diameter of 1.5 cm and a depth of 3 mm. The acoustic
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field was introduced by means of a piezoelectric element (Ferroperm PZ27, 6 mm
thickness and diameter of 2.5 cm) glued to the containers (see Figure 5.2). The
maximum response of the piezo and cuvette combination when filled with water was
found to occur at frequencies close to 80 kHz and 200 kHz corresponding to radial
and thickness vibration modes.
In order to take full advantage of the transparency of the glass substrates with pits,
the system described by Tandiono et al. [28] was used. Here, the glass substrates together with four piezo elements were glued to a glass microscope slide. Upon adding
demineralized water (left standing for one day to ensure full saturation) onto the substrates, a pocket of air was entrapped within the cylindrical micropits. The presence
of the liquid-gas interface could easily be verified using dark-field illumination microscopy.
The piezoelectric elements of the cuvette systems were actuated using a continuous sinusoidal voltage generated by a function generator (model WW1072, Tabor
Electronics Ltd.) which was amplified using a wide band amplifier (Krohn-Hite,
model 7602). The glass system was actuated by an arbitrary wave generator Agilent
33522A and amplified with an AG series amplifier T&C Power Conversion. The input voltage and current signal were measured using an oscilloscope (Tektronix, DPO
4043) and a current probe (Tektronix, CTA-2). The small liquid volume and the close
proximity to the piezo element hampered reliable pressure measurements, therefore
the input electrical power was taken as a relative measure of power –the acoustic
power cannot be directly extracted with these values.
Since the applied acoustic field is continuous, a standing wave is formed in the
container depending on the shape and dimensions of the liquid volume. It was found
that the largest response of the micropit bubble occurred for liquid heights close to
one-quarter or three-quarters of the acoustic wavelength. This situation corresponds
to a pressure antinode situated on the substrate and a pressure node at the free waterair interface. For the two cuvette systems heights close to λ4 = 4.7 mm for 80 kHz
and 3λ
4 = 5.6 mm for 200 kHz were set by manual filling. For the transparent glass
substrate system, a frequency of 99 kHz was used corresponding to an effective liquid
height of approximately 3.8 mm.

5.2.3

Imaging methods

The timescale of acoustic cavitation is set by the period of the driving acoustic field.
Hence, in order to resolve the dynamics of ultrasonically driven (micropit) bubbles
and resulting bubble cloud, high-speed imaging techniques are required. Here we
use two types of high-speed cameras which are the Photron, model SA1.1 with framerates up to 500 kfps and the Brandaris 128 capable of frame rates up to 25 Mfps
[29]. These cameras are used to capture transient effects. High-speed cameras allow visualization of extremely fast events, however the limited spatial resolution of
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the produced images limits image analysis. Therefore an additional ultrashort single
flash imaging method was applied which enabled recording of high resolution images
without motion induced blur. The setup used for this particular imaging method is
depicted in Figure 5.3. The illumination source consists of a pulsed laser (Nd:YAG,
Litron, model Nano S 65-15 PIV, wavelength 532 nm) with a pulse duration of 7 ns
(full width at half maximum) and a maximum pulse energy of 65 mJ.

Camera

Timing
Control
Glass Fiber

Beam
Splitter

Microscope
Objective

Piezo

L

L
Fluorescent
Dye

Laser @532 nm
Sync

ND

Function
Generator
&
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Figure 5.3: Schematic overview of the setup used for single flash imaging of micropit bubble
pinch-off and cavitation in top-view. After exiting the fiber the beam is diffused (D) and
filtered from any remaining laser light using a notch-filter (N) (Semrock, NF01-532U-25).
Illumination of the full field of view is achieved by adjusting the angle of divergence of the
beam using two positive lenses (L).

The laser pulse is directed into a quartz cuvette (Hellma Quartz Suprasil with dimensions 10 × 10 × 40 mm) containing fluorescent laser dye dissolved to saturation
in ethanol (LDS 698, Exciton Inc., Dayton, U.S.). The geometry of the cuvette combined with the concentrated dye solution results in high-intensity fluorescence emerging at 90◦ with the exciting laser beam [30]. More details of this method are described
elsewhere [8, 31]. The fluorescent illumination can be used in back-lighting configuration for side view or, as shown in Figure 5.3, in reflective mode (top view) enabled
by the reflectiveness of the silicon substrate. For this purpose the light pulse is relayed
using a glass fiber and coupled into the microscope (Olympus). Image magnification
was obtained with a long working distance objective (LMPLFLN 10×, Olympus,
WD 21 mm/NA=0.25 or the SMPLFLN 20×, Olympus, WD 25 mm/NA=0.25).
The illumination flash was synchronized with the single frame camera (Lumenera
LM165, pixel size of 6.45 × 6.45 µm, resolution 1392 × 1040) using a pulse delay
controller (Berkeley Nucleonics, model 575). Additionally, the delay controller was
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synchronized with the acoustic driving signal.

5.3
5.3.1

Results
Driving at 80 kHz

First we consider the micropit bubble driven by an 80 kHz standing acoustic field.
Here the cuvette system was used in order to enable side-view imaging using the
microscope and high speed camera (Photron SA1.1) combination. For small driving
amplitudes (∼ 45 mW) there was no visible response of the micropit bubble. For increased acoustic pressures (>50 mW), however, streams of microbubbles of various
sizes could be observed which were ejected intermittently from the micropit bubble.
This behavior was found to be reproducible. The character of the pinch-off could
be one of two different types, both occurring under similar conditions. For the first
type the liquid-gas interface did not extend visibly outside the pit while bursts of microbubbles were expelled upwards, seemingly originating from different locations on
the interface (Figure 5.4(a)). The details of the pinch-off in this regime could not be
resolved optically. This in contrast with the second type of pinch-off (Figure 5.4(b)),
where the micropit bubble expands hemispherically outside the micropit during the
low pressure phase of the acoustic field and withdraws again inside the pit when the
pressure inverts.
(a)

(b)

pit

Figure 5.4: Selected frames of a micropit bubble expelling microbubbles. Image (a) shows
irregular bubble pinch-off where microbubbles seen as black spots move upward in various
angles with the vertical axis. Image (b) shows a regime where the micropit bubble extends
outside the pit perimeter and the pinched off bubbles move upwards along the vertical axis.

A sequence of frames of a high-speed movie of a bubble pinch-off event in the
second regime is shown in Figure 5.5. Here a microbubble of approximately 5 µm in
diameter is pinched-off during the collapse phase of the micromeniscus somewhere
between 20 µs and 22 µs. Though difficult to distinguish, the interface of the micromeniscus changes from its initial hemispherical shape to a bell-shape during the
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collapse phase. This indicates that the side wall of the meniscus is collapsing before
the top wall. Occasionally this radial flow focusing is sufficient to overtake the top
part of the interface thereby separating it from the rest of the meniscus. In all of
the observed pinch-off events of this type, the bubble separates from the meniscus
during the contraction phase, most likely corresponding to the high pressure phase of
the acoustic cycle. The resulting stream of microbubbles is visible in Figure 5.4(b).
Because of the axial symmetric character of the pinch-off also the trajectories of the
bubbles are mainly along the vertical axis.
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Figure 5.5: Sequence of frames from a 500 kfps high-speed movie showing the response of
the micropit bubble during 2.5 acoustic cycles. In the second cycle from 12 to 24 µs a 5 µm
diameter microbubble is pinched-off.

What causes these two types of bubble pinch-off mechanism? From the observations we may speculate that the bubbles are generated by a “folding” of the liquidgas interface resulting from large amplitude capillary waves. These closed capillary
waves resemble the famous “Crapper wave” solutions [32]. The regime shown in
Figure 5.4(a) where bubbles are pinched-off from different locations on the interface
would then correspond to a shorter capillary wavelengths compared to the regime
shown in Figure 5.4(b) and Figure 5.5.
Estimates of the bubble sizes and pinch-off rates were obtained using image processing techniques implemented in Matlab R2009b R . Two such obtained time traces
are shown in Figure 5.6, one for the irregular type pinch-off (a) and one for the regular
type pinch-off (b). These traces reveal that the bubble pinch-off processes are quite
erratic, both in pinch-off rate, as well as the ejected bubble sizes. At some instances
(e.g. near 60 ms in Figure 5.6(a)) bursts of multiple bubbles (typically with radii
less than 5 µm) are expelled while at other moments it can take several milliseconds
before the next pinch-off event takes place. The average rate of bubble pinch-off
for these particular traces was approximately 2 kHz or once every 40 acoustic cycles. The bubble size distributions (shown in the insets in (a) and (b)) reveal that the
majority of the ejected bubbles had radii less than 7 µm where the larger bubbles
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typically resulted from bubble coalescence. Surprisingly, the irregular type pinch-off
process appears to result in bubbles having radii mostly near 2 µm while the regular
type shows a broader distribution. Bubble coalescence was however more prevalent
in the first type giving rise to larger bubble radii compared to that of the second type,
which is also reflected in the bubble distributions. It should be noted that smaller bubbles (< 1.5 µm radius) also were observed but limited image resolution prohibited
estimation of their radii.
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Figure 5.6: Ejected bubble events marked by bubble radius in time for the irregular type
pinch-off (a) and regular type pinch-off (b). The insets show the histograms with Nb the
number of bubbles. The data was obtained from 15 kfps high-speed movie recordings. The
image resolution did not allow bubble sizing for radii smaller than 1.3 µm (indicated by the
gray areas in the distributions).
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All of the observed ejected bubbles have radii smaller than the linear resonance
radius of 38 µm [33] for this frequency. The size of the micropit bubble on the other
hand is closer to its linear resonance radius for this frequency (98 kHz)[34] which
may explain the difference in oscillation amplitude. For example, from the RayleighPlesset equation [33] it follows that a spherical bubble with an equilibrium radius
of 3 µm would expand to a maximum radius of 4 µm for an acoustic amplitude of
approximately 90 kPa. Since such bubble expansions were not observed it follows
that this pressure value is a conservative estimate for the lower driving amplitude
required for bubble pinch-off as shown in Figures 5.4 and 5.5.
From the recordings, estimates for the bubble velocities could be obtained. For
the regular type of pinch-off it was found that the velocity of the bubbles immediately
after pinch-off was typically as high as 2 m/s and slowing down to about 50 mm/s
some 200 µm above the substrate. For the irregular type pinch-off the velocities were
found to be an order of magnitude lower. The larger number of bubble coalescence
events observed in this regime compared to the regular type may be related to these
lower velocities.
The most remarkable observation however was that even though the micropit
bubble continuously ejected microbubbles, the loss of gas did not result in diminishing or deactivation of the process. The pinch-off rate corresponds to a gas volume
flux in the order of 100 µm3 /s away from the micropit which must be balanced by an
influx of equal magnitude. This transport is most likely of diffusive nature, where a
rectifying mechanism may take place, similar to the well known process of rectified
diffusion of spherical bubbles [35]. Here, both the area effect and the shell effect may
occur. In addition, it is possible that the oscillation-induced microstreaming (see e.g.
Miller [36]) draws in liquid from the bulk where the concentration of dissolved air is
larger, thereby sustaining the pinch-off process. This same microstreaming could also
account for the observed bubble trajectories, possibly in combination with primary
and secondary Bjerkness forces.

5.3.2

Driving at 200 kHz

We now consider the response of the micropit bubble driven at 200 kHz. Here the cuvette setup is used again but now imaged in top view (Brandaris 128 high-speed camera). The driving frequency is approximately twice the linear resonance frequency
(98 kHz) of the micropit and lies below the second resonance of 243 kHz. Similar
to what was observed for the 80 kHz driven micropit bubble, there is a threshold for
the pressure above which bubble pinch-off occurs. Interestingly, in the regime below
this threshold the liquid-gas interface exhibits alternating dark and bright rings which
appear to move radially outward periodically with the driving frequency (see Figure
5.7(a)).
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Figure 5.7: Four sequences of frames taken from high-speed recordings in reflective imaging
mode (top-view) of the micropit for increasing driving amplitude. Sequence (a) is at approximately 45 mW showing ring-structures. Increasing the driving power to 50 mW induces
interface deformation and pinch-off (b). Further increase (79 mW in (c) and 235 mW in (d))
both increases the bubble number and maximum expansion. Note the different scale in (d).

Since it is difficult to reconstruct the shape of the interface based on the intensity
of the reflected illumination it cannot be concluded a priori that these rings are due to
surface ripples. Nevertheless, from these images it can be inferred that the interface
retains its axial symmetry and oscillates at the same frequency as the driving acoustic
field. This symmetry is lost however when the threshold is exceeded. A sequence of
frames taken from a high-speed movie is shown in Figure 5.7(b) with driving pressure
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slightly above the threshold, corresponding to an input power of 50 mW. Here the
rings are no longer visible and occasionally bubbles are pinched off which in turn
respond to the acoustic field by expansion and collapse. In this regime the bubbles
that are pinched-off generally are drawn back into the micropit bubble within at most
3 acoustic cycles, most likely due to mutual acoustic forces. In contrast to the 80 kHz
driven micropit bubble, the ejected microbubbles do not move upward but remain
in close proximity of the substrate. From many similar recordings in this regime
it appears that once a bubble is detached from the micropit bubble, a subsequent
pinch-off event will not occur as long as the bubble is not recaptured. This may
indicate a volume requirement for pinch-off. As shown in Figure 5.7(c), increasing
the amplitude enhances the deformation of the interface and bubbles are continuously
pinched-off from the liquid gas interface. Also the number of free bubbles oscillating
just outside the pit perimeter increases as well as their maximum expansion size. The
bubbles still remain close to the micropit bubble and are observed to oscillate up
to 3 or 4 cycles before breaking-up or coalescing with the micropit bubble or other
bubbles.
The same trend is observed for larger driving amplitudes; more bubbles are
pinched-off expanding to larger volumes with dimensions exceeding the diameter
of the micropit. As illustrated in Figure 5.7(d) a cavitation bubble cloud is formed
which is centered on the micropit. Here both bubble deformation, coalescence and
break-up are more pronounced compared to lower driving conditions (Figure 5.7(b)
and (c)). Due to these effects, the bubble population, meaning bubble locations and
sizes, changes with every acoustic cycle. The response of an individual bubble in
the cloud can therefore only be distinguished and followed in time during part of the
expansion phase of the cycle (e.g. from 0.7 µs to 3.3 µs).
The increase in the number of bubbles with increasing driving amplitude is shown
in the graph of Figure 5.8. The estimates for the number of bubbles were obtained
from high-speed recordings at different driving amplitudes. The number of bubbles
varies considerably with each acoustic cycle (e.g. compare Figure 5.7(d) at t = 0.7
µs and t = 6.5 µs) resulting in a large variance. Exact bubble counts were difficult to
obtain due to limited resolution as well as bubbles which remained undetected when
positioned just above the micropit bubble or in contact with other bubbles [8] and
Chapter 6.
The growth of the bubble cloud with increasing amplitude is illustrated in Figure
5.9. The frames in (a) show the scattered light from the bubbles in dark-field illumination mode giving an indication of the extent of the cloud. The corresponding
frames in (b) obtained using flash-photography reveal the individual bubbles. From
similar images the extent of the bubble cloud was measured (Figure 5.9(c)). The flattening of this graph suggests that the bubble cloud does not grow indefinitely with
increasing power and remains limited to approximately 10 times the pit diameter.
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Figure 5.8: Average number of bubbles during one acoustic cycle for different driving amplitudes.

Similar to what was observed at 80 kHz, the pit is not deactivated by loss of gas due
to pinch-off processes. It was found that the cavitation cloud can remain stable for at
least more than an hour, only to disappear when the acoustic field became disrupted
due to evaporation of the liquid.

5.3.3

Driving at 99.5 kHz, glass substrates

The transparency of the setup with the glass substrates enabled improved top-view
imaging of the dynamics of the liquid-gas interface in the pit. A typical image sequence of the response of the interface to an 99.5 kHz standing acoustic field obtained
with this setup is shown in Fig. 5.10.
Following the initiation of the acoustic field at t = 0 the interface sequentially
expands outward and back inward in a drum membrane-like fashion corresponding
to the visual changes in brightness (first row). This oscillatory motion was observed
to continue for many cycles but occasionally the motion was interrupted as in the 5th
frame, during the inward motion, the center of the interface comes into contact with
the bottom of the micropit which is shallower than in silicon. It appears that due to
this contact the now toroidal interface becomes destabilized and detaches from the
top right rim of the micropit (t = 33.3 µs). In the following cycles the contact-line
of the gas volume retracts further until a circular shape is attained (t = 266.7 µs).
Coinciding with this deformation a continuous stream of small bubbles is ejected
from the bubble interface along the new axis of symmetry formed by the micropit and
the bubble. The bubbles are estimated to have diameters between 1 and 2 µm and
appear to be ejected once every two acoustic cycles almost parallel to the substrate.
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Figure 5.9: (a) Six frames from the 30 µm diameter micropit bubble response for increasing
driving amplitude obtained with dark field illumination. (b) The corresponding response
for the single micropit bubble and its induced cavitation cloud obtained with ultrashort flash
photography. (c) Graph of the diameter of the cloud for increasing driving power. The frames
(i)-(vi) in (a) and (b) are indicated in the graph.

A clear pinch-off event could not be distinguished from these recordings, however
similar to Figure 5.5 the detached bubbles emerge during the contraction phase of the
liquid-gas interface.
Once the bubble attains its spherical shape it remains attached for an extended
period of time to the lower left corner of the micropit while oscillating with a maximum diameter (in lateral dimensions) of about 20 µm (see e.g. t = 288.9 µs). During
the contraction phase, the bubble tends to adapt an ovoid or bean-like shape. Occasionally, the bubble contraction occurs faster than the translation of the liquid-gas
contact line over the substrate resulting in semicircular bubble extensions (see e.g.
t = 272.2 µs or t = 2494 µs). At times, this lagging of the interface even resulted in
a dual pinch-off from the edges of the bubble (t = 2506 µs). Another phenomena occurred when larger bubbles were formed either by pinch-off or coalescence (t = 9911
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Figure 5.10: Series of frames taken from a high-speed recording (Photron, 180 kfps, 1 µs
exposure time) of the glass micropit. The first oscillations occur as a drum membrane until
t = 27.8 µs. The bubble detaches from the rim of the pit and attains a shape close to spherical
and stabilizes at one corner of the pit. Subsequent oscillations produce interface deformation
and microbubble pinch-off, from more than one location on the bubble surface.

µs). These bubbles remained in proximity of the larger bubble, presumably due to
secondary Bjerkness forces.
Similar to the previously discussed bubble pinch-off at 80 kHz and 200 kHz from
the deeper micropit in silicon, the stabilized and close-to-spherical bubble continuously emits smaller bubbles, but its size does not decrease or dissolves all together.
In this case the (horizontal) stream of bubbles ceased when the bubble detached from
the lower left corner of the pit and relocated to the center of the micropit (t = 47228
µs). Interestingly the bubble started to oscillate, alternating from spherical to ring or
donut shaped (last row of Figure 5.10).
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Interaction of cloud cavitation

In the previous section it was shown that in the presence of a single micropit bubble,
cavitation activity is initiated and sustained which would not occur without a pit
under similar conditions. A natural solution to augment this activity is to introduce
additional micropits.
(a)

(i)

(b)

70 mW

200 µm
147 mW

(ii)
325 mW

(iii)
648 mW

(iv)
709 mW

(v)
1071 mW

(vi)

Figure 5.11: The development of the bubble cloud originating from two micropits of 30 µ m
diameter, 1000 µm apart. The 6 rows correspond to 6 steps of increasing acoustic amplitude.
The left column illustrates the time averaged extent of the cavitation cloud. In the right
column the individual bubbles can be distinguished, here taken at approximately maximum
expansion.

Indeed, as shown in the images in Figure 5.11 another cavitation bubble cloud is
generated from a second micropit. Here the two micropits with 30 µm diameter are
1000 µm apart. At low driving amplitude the individual clouds appear similar to the
single pit system described in the previous section. At elevated powers (648 mW)
however the center of mass of the clouds tends to deviate towards the neighboring
micropit (Figure 5.11 (iv)). Above a second pressure threshold the clouds deviate to
such an extent that they merge at the midpoint (Figure 5.11 (v) and (vi)). The tran-
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sition between the two states occurs just above 648 mW driving amplitude (iii) and
is quite abrupt, meaning that the intermediate states between (iv) and (v) are either
unstable or very sensitive to pressure. At higher amplitude the cloud broadens, similar to the case of a single micropit. Likewise, further increase of driving amplitude
does not produce a noticeable expansion of the cavitation cloud. The joining of the
clouds results in a peculiar ribbon-like structure with a wider section in the middle
measuring ∼ 200 µm in diameter.
In order to illustrate the dynamics of the bubbles in the clouds a sequence of
frames from a high-speed recording (Brandaris, 1.48 Mfps) is shown in Figure 5.12.
The micropits are located in the lower-right and upper-left corners. The first frame
shows the bubble cloud with the bubbles at maximum expansion (similar to the
frames (v) and (vi) in Figure 5.11 (b)). During the following cycles (5 µs duration)
the majority of the bubbles in the cloud collapse and expand again in phase. A few
considerably larger bubbles can be observed which, due to their size, exhibit a phase
difference with respect to the response of the other bubbles. For example the large
bubble close to the lower-right corner continues its collapse until about 4 µs (7th
frame) while the other bubbles have already started expansion. Similar to the single
micropit bubble cloud, the bubbles display considerable coalescence, break-up and
deformation, in particular the larger bubbles, probably stimulated by the proximity
to the substrate. It is therefore difficult to track individual bubbles in these images.
However the recordings do reveal that, on average, bubbles translate after pinch-off
from both micropits towards the center of the cloud. In this region a mist of small
microbubbles can be observed during the high pressure phase of the acoustic cycle
(e.g. at 2 µs and 12.2 µs).
These small bubbles may result from increased bubble fragmentation taking place
in this region combined with dissolution. Also in this case, the remarkable stability
of the cloud suggests that the process is strongly dependent on diffusive transport of
dissolved gas. In addition, the recordings shown in Figures 5.9 and 5.11 demonstrate
the resilience of the micropit bubbles to dissolve. Evidently, even the strong pressure
fluctuations associated with multiple bubble expansions and collapses are insufficient
to destabilize the crevice bubble. A more detailed study of these type of bubble
phenomena is given in Chapter 6 and elsewhere [8].

5.3.5

Surface damage

An interesting finding after several hours of US exposure was a pattern of surface
damage on the substrate which was consistent with the region of cavitation activity
(Figure 5.13). Cavitation damage is a well known phenomenon [37, 38] and is an
illustration of the enormous forces which can be exerted by cavitation bubbles onto
solid surfaces. The cumulative effect of multiple bubble collapses result in material fatigue and eventually damage. The SEM-images (done with a High Resolution
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Figure 5.12: Frames from a high-speed recording of the dual micropit cavitation cloud at
810 mW input power and imaged at 1.4 Mfps.

SEM Zeiss 1550) shown in Figure 5.13 reveal that small segments with dimensions
typically less than 1 µm are chipped out of the surface. Note that the shapes of the
damaged sections seem to coincide with the crystal orientation planes {111} of the
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crystalline structure of the silicon (100) substrate.

(b)

(a)
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Figure 5.13: (a) Cavitation-induced surface damage next to the micropit and detailed in (b).

Another demonstration of the forces induced by the collapse of cavitation bubbles is the occurrence of shock waves. Here, the ultrashort flash photography method
enabled shadowgraphy imaging of these waves (Figure 5.14). The shock wave shown
in the image originates from the collapse of the bubble cluster indicated by the arrow. Assuming the wave to move at a velocity equal to the speed of sound in water
(approximately 1500 m/s) the collapse occurred some 0.22 µs before this image was
taken. Violent bubble collapse is also associated with the generation of surface damage, therefore it is possible that shock wave emission is an indication of such an event.
Images similar to Figures 5.14 and 6.7 show circular shock wave emissions originating from many different locations within the cavitation cloud. Further details on the
damage of different crystallographic silicon substrates are given elsewhere [39] and
Chapter 8.

5.4

Discussion & Conclusions

The introduction of artificially created crevice bubbles into an acoustically insonified
liquid can result in a myriad of acoustic cavitation related phenomena. Streams of
microbubbles are released into the liquid and cavitation bubble clouds are formed at
elevated acoustic pressures. The remarkable stability of these processes is enabled
by the diffusion of gas back into the micropit bubble. The results of the exploratory
study described here confirms the common assumption that cavitation activity can be
initiated and enhanced by the presence of crevice bubbles. However, the mechanism
with which bubble release transpires is different from bubble pinch-off occurring in
e.g. nucleate boiling and supersaturated liquids. In these heat and gas diffusion driven
processes, the bubble displays unstable growth outside the perimeter of the pit after
which it detaches due to buoyancy or drag forces. The inception of a cavitation bubble
due to pinch-off from a micropit bubble does not appear to involve such nucleation
and subsequent detachment. Here, the released bubbles are typically smaller than the
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200 µm
Figure 5.14: A shock wave originating from a cavitation bubble collapse close to the center
of the dual-micropit bubble cloud (indicated with the red arrow in the center). The two
micropits are at both extreme sides. Parts of another shock wave from an earlier event can
also be distinguished, the origin of which is indicated with the left arrow.

micropit bubble and may result from large amplitude capillary waves which locally
“fold” the liquid-gas interface into a singularities.
In this study three different frequencies were applied, each displaying distinct
types of bubble generation and cavitation activity. Evidently for improved understanding a much larger parameter space should be explored. In particular the effect
of driving frequency, amplitude, pit dimensions and numbers are of interest.
Clearly, the use of artificial crevice bubbles constitutes a new method (with advantages over conventional US horns or baths) to initiate and enhance cavitation at
any desired location, provided the liquid and acoustic parameters are appropriate.
The unique control over cavitation activity enables detailed investigation of acoustic
cavitation and its effects such as shock wave emission, damage formation or sonochemistry, as was demonstrated in previous studies [7–9, 39] (Chapters 3,4, 6, 7 and
8). Future studies on pit-bubble oscillation and pinch-off events are still needed to
understand more about this phenomenon (see Chapter 9). The introduction of micropits into a system may also proof beneficial for many applications based on acoustic
cavitation.
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6

Ultrasound Artificially Nucleated Bubbles and
their Sonochemical Radical Production ∗

Abstract: We describe the ejection of bubbles from air-filled pits micromachined on a silicon surface
when exposed to ultrasound at a frequency of approximately 200 kHz. As the pressure amplitude is
increased the bubbles ejected from the micropits tend to be larger and they interact in complex ways.
With more than one pit, there is a threshold pressure beyond which the bubbles follow a trajectory parallel to the substrate surface and converge at the center point of the pit array. We have determined the
size distribution of bubbles ejected from one, two and three pits, for three different pressure amplitudes
and correlated them with sonochemical OH. radical production. Experimental evidence of shock wave
emission from the bubble clusters, deformed bubble shapes and jetting events that might lead to surface erosion are presented. We describe numerical simulations of sonochemical conversion using the
empirical bubble size distributions, and compare the calculated values with experimental results.
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6.1

CHAPTER 6. BUBBLES AND RADICAL PRODUCTION

Introduction

Sonochemistry, the use of ultrasound in chemistry and processing [1], is a very
promising field with applications in e.g. nanomaterials synthesis, degradation of contaminants in water treatment and the food industry [2–4]. In a sonochemical reactor
each bubble acts as a single reactor in itself [5, 6], but the spatial distribution of
these bubbles is normally not homogeneous, forming filamentary patterns or clusters [7, 8]. Establishing the correlation between the sonochemical yield and the size,
location, and dynamics of the bubbles in these clusters, may provide the knowledge
to improve the efficiency of sonochemical reactors.
There is a considerable amount of experimental and theoretical work on single
bubbles [5, 9, 10] but, for practical applications, where the interest normally resides
in multibubble systems, it turns out to be very difficult to extract bubble sizes and
spatial distributions [11, 12]. So far only holographic or laser techniques were successful in providing such information while also valuable information was obtained
from bubble dissolution measurement [7, 13–19]. No study combining bubble distribution, sonochemical conversion and corresponding numerical simulations has been
published.
At the root of this problem lies the fact that cavitation and its inception are extremely complex and very difficult to control. Once the conditions for cavitation
inception exist, many phenomena have an influence on the functioning of the sonochemical reactor: bubble-bubble interaction, coalescence, surfactants or impurities
dissolved in the liquid altering the bubble population and liquid properties, recirculation of the liquid inside the reactor, energy losses due to viscous heating, degassing
of the liquid, energy conversion losses (e.g., electrical-to-mechanical) among others [20–28]. In this work we present a continuation of our first efforts to increase
the efficiency of sonochemical reactors [29] (Chapter 6). The concept is based on
small predefined crevices in which stabilized gas pockets remain entrapped when
introduced into the liquid [30–33]. When exposed to ultrasound, these gas pockets
continuously generate chemically active cavitation bubbles at their location. These
bubbles form peculiar and stable clouds in the reactor that do not occur in the absence
of the pits.
A major advantage of this method is that the location of the bubbles is stable,
known a priori, and coincides with the region of high intensity ultrasound. This
feature is in contrast with the usual sonoreactors where bubbles occur randomly over
large volumes. The reproducible cavitation structures generated in our system enable
us to study the relation between the bubble size distribution, number of bubbles,
spatial distributions, and chemical production rates. The latter are determined using
dosimetry of OH. radicals while the former are obtained using a nanosecond flashphotography technique. In this paper, the acquired rates in terms of radical production
per bubble per acoustic cycle are discussed. Additionally, calculations provide further
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insight into some of the observed phenomena.

6.2
6.2.1

Materials and Methods
Silicon micromachining

The bubbles were generated from the gas entrapped in pits with a diameter of 30 µm
and a depth of 10 µm etched in square silicon chips with a side of 10 mm. These
substrates were micromachined under clean room conditions on double-side polished
silicon wafers with (100) crystallographic orientation. The pits were etched by means
of a plasma dry-etching machine (Adixen AMS 100 SE, Alcatel). Pits arranged in
three different configurations were used: single pits, two pits separated by a distance
of 1 mm, and three pits arranged at the corners of an equilateral triangle with sides of
1 mm (see Fig. 6.1).

Figure 6.1: Pits micromachined on a silicon substrate by deep reactive ion etching. Top view
(left) and a zoom-in perspective view (right). The diameter of the pit on the right is 30 µm.

6.2.2

Set-up for US experiments and imaging technique

A sketch of the experimental arrangement is shown in Fig. 6.2.
The cavitation cell was a glass container of 25 mm outer diameter, 15 mm inner
diameter and 6 mm depth. The thickness of the cell bottom was 6 mm and matched
one quarter of the wavelength at the operation frequency of 200±5 kHz generated by
a piezo Ferroperm PZ27 6 mm thick and 25 mm in diameter glued to the cell bottom.
To prevent loss of water by evaporation and gas by acoustic degassing the cell was
covered by a glass slide resting on a rubber ring.
Two types of experiments were conducted, the measurement of sonochemical
reaction rates and the imaging of the bubbles and their size distribution. For the first
type, the acoustic excitation was a sinusoidal signal provided by a Hewlett Packard
33120A arbitrary waveform generator amplified by means of a SONY TA-FB740R
QS amplifier. The voltage and current provided to the piezo were measured with a
Tektronix DPO 4034 oscilloscope and Tektronix current probe CTA2. The bottom
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Figure 6.2: Experimental setup used for short exposure imaging and inset showing a detailed
sketch of the cavitation cell.

surface of the piezo was kept in contact with a Peltier element (Marlow Industrial) to
maintain the temperature at a constant value of 25 o C. At low and medium power the
temperature increase during each experiment was measured to be no more than 1 K,
while in the high-power case the temperature increased no more than 3.8 K, mainly
during the first minute, and then remained constant. To study the radical production
three different power settings were used with all three pit arrangements: low (0.074
W), medium (0.182 W) and high (0.629 W).
The arrangement was similar for the bubble imaging experiments except for the
use of a Krohn-Hite model 7602 wide-band amplifier and a Tabor Electronics Ltd.
model WW1072 function generator. The different amplifiers resulted in differences
in the electrical power supplied to the piezo element, which were 0.194 W (low),
0.654 (medium) and 0.981 W (high). In this case space constraints prevented the use
of the Peltier element.
Imaging was carried out with two cameras, one Photron model SA1.1 recording movies at normal speed (25 fps), the other one used for single snapshots was
a Lumenera LM165 with a sensitive Sony EXview HAD CCD sensor. The Olym-
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pus microscope was equipped with two long working distance (WD) objectives, the
LMPLFLN 10×, (WD 21 mm/NA=0.25) and the SMPLFLN 20× (WD 25 mm/NA=
0.25) both Olympus. Illumination was provided by a bright laser induced fluorescence pulse of 7 ns duration (full width at half maximum) which, amounting to about
one thousandth of the acoustic period, enabled us to obtain high-resolution images
without motion blur. The minimum radius detectable in the experiment was ∼0.5
µm. Additional details on this method can be found elsewhere [34]. Examples of the
images obtained in this way are shown in Figures 6.3 and 6.4.

Figure 6.3: Bubble clouds originating from a two-pits substrate. Each row corresponds to
a different acoustic amplitude increasing from top to bottom. The left column illustrates the
time averaged extent of the cavitation cloud imaged at normal speed. The right column are
single snapshots of 7 ns exposure time, in which individual bubbles can be distinguished at
approximately maximum expansion.

The purpose of these images was to obtain information on the number and sizes
of the bubbles at various phases of the sound excitation. The difficulty to overcome
was that the bubble density was high so that in many cases the images of different
bubbles overlapped. To identify the individual bubbles it was therefore necessary to
develop a special Matlab-based software using the so-called watershed segmentation
algorithm [35]. After identification, the bubbles were counted and the image of each
bubble was processed to extract the projected area and, with the assumption of a
spherical shape, the equivalent diameter.

6.2.3

Pressure amplitudes

The quantity of interest for bubble oscillations is the acoustic pressure amplitude
rather than the electrical power provided to the transducer. Unfortunately the conver-
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sion from one to the other is a notoriously difficult step. We attempted to measure
the acoustic pressure amplitude by using a hydrophone (Onda HNR-500) with the tip
positioned 65 µm above the center point of the chip. The estimated error affecting
these values according to the manufacturer is 20%. The values found in this way were
165 kPa for 0.074 W, 225 kPa for 0.182 W, and 350 kPa for 0.629 W. These values
are uncertain due to several possible factors, electrical interference, the presence of
waves on the surface of the liquid, bubble formation at the hydrophone tip and others.
Furthermore, bubbles detune the cell and shield each other, therefore these values are
provided only for reference purposes. A better estimate will be derived in Section
6.3.5 with the aid of numerical simulations.

6.2.4

Radical dosimetry

Conversion of terephthalic acid to 2-hydroxyterephthalic acid (HTA) was taken as
a measure for the concentration of OH. radicals. A calibration graph of fluorescence intensity as a function of HTA concentration was obtained following steps
similar to those described in the literature [36]. Fluorescence was measured using
a spectrofluorometer (TECAN Sapphire2T M ) with an excitation wavelength of 310
nm. The fluorophore had a peak emission wavelength of 429 nm, but the emission
was scanned between 350 and 600 nm. Following the method reported by Iida [37],
the acid solution was prepared by mixing 2.0 × 10−3 mol/` (0.332 g) of terephthalic
acid (Sigma-Aldrich) 5.0 × 10−3 mol/` (0.200 g) of NaOH and phosphate buffer
(pH 7.4), prepared from 4.4 × 10−3 mol/` (0.589 g) of KH2 PO4 and Na2 HPO4 (7.0
× 10−3 mol/` ( 0.981 g)) (all from Riedel - de Haën). The resulting solution was then
made up to 1 ` with milliQ water.
An amount of 300 µ` of the solution measured with an Eppendorf micropipette
was used in each experiment. At the end of the experimental run, the solution was
pipetted out of the cell and stored in dark in sterilized vials (manufactured by Brand)
for spectroscopic analysis. This step was conducted with 200 µ` taken from the
stored solution pipetted into the wells of a Corning Inc. well assay plate. The spectrophotometer settings for the analysis of the samples were: gain 40, height from the
well, 9000 µm, integration time 100 µs, 10 reads per well.
Each experiment was repeated six to ten times and the mean concentration value
was calculated. The largest standard deviation occurring for the case of three pits at
maximum power, was about 30 % of the average value.
Calculation of the radical formation rate was carried out according to:
∆Nrad
(cend − cinitial )NAV
=
,
∆t
∆t

(6.1)

in which cend and cinitial = 0 are the final and initial concentrations of HTA in moles
per volume, NA = 6.02×1023 mol−1 is Avogadro’s number and V is the liquid volume
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exposed to the US (300 µ`).

6.2.5

Theoretical bubble dynamics and radical production calculation

The model used to theoretically describe the bubble dynamics is based on an extended Rayleigh-Plesset-type equation, adopting the boundary layer approximation
to estimate diffusive and thermal fluxes and assuming spherical symmetry for the
bubble [38–41]. Temperature evolution over time is given by a global energy balance. The gas inside the bubble is taken as air with a van der Waals type equation of
state. Changes in the transport parameters in accordance with compositional changes
of the mixture are also included in the model. A driving frequency of 200 kHz was
taken, in agreement with experiments. Interaction between bubbles due to Bjerknes
forces as well as coalescence effects were neglected.

6.3
6.3.1

Results and Discussion
Description of the observed phenomena

When the US is switched on, a continuous generation of bubbles is observed issuing
from the gas stabilized in the pits on the silicon surface. These bubbles are likely
caused by an instability of the liquid free surface at the pit mouth which undergoes
large-amplitude oscillations under the action of the US. A similar process taking
place at the surface of a free bubble has been described in the literature [7, 42, 43]
and Chapter 5.
The resonance frequency of the pits is of the order of 150 kHz and the radius
of bubbles resonating at the applied frequency of 200 kHz is about 15 µm [44, 45].
Thus one would expect that, under the action of Bjerknes forces, bubbles smaller than
this size would be repelled by the pits while larger ones would be attracted. At low
power, the observed behavior is compatible with this expectation as shown in Figures
6.3 and 6.4. A few bubbles are observed at any given time. They move some distance
away from the pit and survive a few cycles before disappearing [44].
As the power is increased, the ejected bubbles become more numerous forming clouds of increasingly larger size around the pits. At still higher powers, with
more than one pit, the clouds appear to be attracted to each other until, at a fairly
reproducible power level, they travel towards the central area of the pit array where
they collect forming a single cloud (see Figures 6.3 and 6.4). As shown in an earlier paper [29] (Chapter 3), and as can be seen in the last frame of Fig. 6.8 below,
these clouds when observed from the side resemble the conical clouds formed at the
tip of sonotrodes [46, 47]. These structures are very different from the filamentary
structures, sometimes called acoustic Lichtenberg figures [48], which are common in
normal acoustic cavitation at high acoustic amplitudes.
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Figure 6.4: Images of a substrate with three pits at different powers and at two selected
points in the acoustic cycle. The upper row corresponds to high power (0.981 W) and the
lower row to low power (0.194 W). Visible with normal illumination conditions (a and d) and
corresponding short exposure images: b and e in the compression; c and f in the expansion
phase of the acoustic cycle.

The cloud is continually fed by new bubbles arriving from the pits under the
action of the complex interplay of primary and secondary Bjerknes forces and microstreaming acting on the bubbles. The bubbles in the cloud are observed to break
up seeding the liquid with their fragments which then grow into additional bubbles
that join the cloud. The processes responsible for the accretion and loss of bubbles
eventually reach a steady state and the cloud is not observed to grow further.
The transition from clouds localized near the pits to a central cloud exhibits hysteresis, with the pressure amplitude necessary to return to separated clouds lower than
that needed to bring them together.
The three-pits arrangement of Fig. 6.4 shows transition to a pattern similar to that
of Fig. 6.3 for two pits when one of the three pits is rendered inactive (see Fig. 6.5).
This observation suggests that liquid flow does not play a major role in the observed
cloud attraction, which therefore must be mostly due to Bjerknes forces.
At high power a region of damaged silicon substrate forms near the pits within
5 minutes of exposure to the US (see Fig. 6.6). The shape of the individual damage
sites coincides with the crystal planes of the crystalline structure of the silicon wafers.
Damage to other parts of the chip and, in particular, under the large cloud forming
over the center of the pit array, is much more modest and takes a significantly longer
time. For more details see Chapter 8
We have found that this localized acoustic bubble generation can be sustained
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Figure 6.5: When a pit is filled with water in a three-pit substrate, the bubbles nucleated by
the remaining active pits attain the same configuration as for a two-pit substrate: a, Medium
power (0.654 W) and b, High power (0.981).

Figure 6.6: SEM image affording a comparison of a substrate before (1) and after (2) use in
ultrasonic experiments. The damage pattern and zoom-in views of it, show that the eroded
surface coincides with the {111} silicon crystal planes.

for at least several hours if temperature is kept constant and gas loss is prevented
by means of the glass slide mentioned before. Therefore we must conclude that the
loss of gas associated to the bubble generation does not deactivate the pits, which is
evidence of a process of rectified gas diffusion into the pits similar to the well-known
process taking place with free bubbles.
The emission of shocks by collapsing bubbles is a known feature [49, 50]. An
example in our case is shown in Fig. 6.7.
When bubbles are close to each other or to the solid surface, which preferentially
occurs at higher power, they tend to deform and to interact. When bubbles are close
enough, they develop liquid jets towards each other (see as an example [51]). Fig.
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Figure 6.7: Shock waves emitted in the two-pit, high power situation (0.981 W). Several
shock waves are observed in top and side views.

6.8 shows several examples of such deformations and interactions.
In interpreting these images it must be kept in mind that bubbles smaller than
resonance size expand during the acoustic compression phase, while bubbles bigger
than resonance size contract. At high powers these latter bubbles may become unstable and split, generating the significantly smaller bubbles seen in the figure. The
actual stability of these bubbles will also be influenced by their distance from the
solid substrate and the proximity of other bubbles. Some of the smaller bubbles may
also become unstable and fragment during collapse, but this would happen during the
acoustic expansion phase.
We have estimated the translational velocity of typical bubbles on the basis of
some preliminary experiments by imaging the acoustic field at 1.4 Mfps. We found
typical velocities of about 10 m/s and corresponding lifetimes of 100 µs, which is
of the same order as that reported for other typical sonoreactors at similar frequencies [18] where bubbles had a lifetime of the order of 350 µs.
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Figure 6.8: Deformed bubbles at high power settings (0.981 W). Note how bubbles tend to
deform in all cases. When two bubbles are close, they develop liquid jets towards each other
as in the upper right picture.

6.3.2

Bubble size distribution

As explained before, in order to characterize the bubble size distribution and its evolution in time over an acoustic period, we took snapshots of the cavitating region with
an exposure of 7 ns. The repetition time of the laser did not allow us to take consecutive images faster than about 1 per second, i.e., every 200,000 acoustic cycles. The
laser timing was set so as to generate a flash at a fixed phase of the sound field. We
selected 10 phases and took 10 images per phase to improve the statistics.
As shown in Table 6.1, at the low power settings the number of bubbles in each
frame was relatively small, typically 3-5 per pit and sometimes even less. Furthermore, the occasional overlaps of the bubble and pit images made it difficult to accurately count these bubbles. The measured low-power bubble populations, therefore,
are not very accurate but are presented for reference as a lower bound; an example is
provided in Fig. 6.9.
At the medium power settings the statistics improves since the bubbles tend to be
more numerous, to grow larger and to move away from the pits. An example of a
probability density function (PDF) for medium power is shown in Fig. 6.10.
At high power (0.981 W) and one-pit configuration the expansion and collapse
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Figure 6.9: Bubble size distribution histograms at a power of 0.194 W for one pit. The axis
to the extreme right represents the normalized pressure for the acoustic cycle.

Figure 6.10: Bubble size distribution histograms for a power of 0.654 W for two pits. The
axis to the extreme right represents the normalized pressure for the acoustic cycle.

Figure 6.11: Bubble size distribution histograms at a power of 0.981 W for three pits. The
axis to the extreme right represents the normalized pressure for the acoustic cycle.
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of the ejected bubble are very dramatic and their shape is highly deformed. The
equivalent radii, therefore, are less representative of the actual size of a corresponding
spherical bubble. The number of bubbles can also be under-estimated since some
large bubbles overlap and the post-processing code can consider two or a blob of
several bubbles as a single one. Nevertheless it provides a qualitative measure of
their number. A typical PDF for high power is depicted in Fig. 6.11.
The bubble size distribution for a certain acoustic phase is the distribution of
equivalent radii of the total number of bubbles over the 10 frames taken at that phase.
The average radius is obtained by averaging the radii of all the bubbles in the 10
frames and the most probable radius is that with most occurrences at that phase. For
example, a bubble size distribution such as that in Fig. 6.11 for t/T=0 is right-skewed
i.e. more frequent smaller equivalent radii (R). The most probable radius is ∼ 2 µm,
but the average radius is larger, as the distribution includes a range of radii up to 35
µm. See Fig. 6.12 for more details.
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Figure 6.12: Top: Normalized pressure for the acoustic cycle. Center: Most probable radius (circles) and average radius (squares); Bottom: Average number of bubbles at different
phases at a power of 0.981 W for three pits.
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Table 6.1 presents a compilation of the experimental data on several measures of
bubble size and average number per cycle. As noted above, the radius of resonant
bubbles at the experimental frequency is about 15 µm. The measured average bubble
radius is of this order (8 to 16 µm) and the most probable radius is between 2 and 5
µm. Figure 6.12 shows an example of the evolution of the most probable and average
radii, together with the number of bubbles during one acoustic cycle at 0.981 W for
three pits. It is seen in the bottom panel of this figure that the number of bubbles
peaks shortly after the maximum pressure. This feature may reflect the expansion of
the smaller bubbles which are below the optical resolution of our apparatus during
the rest of the acoustic cycle.
Table 6.1: Bubble population characteristics in a cycle.
Low power (0.194 W)
Most probable radius [µm]
Average bubble radius [µm]
Nbubble
Medium power (0.654 W)
Most probable radius [µm]
Average bubble radius [µm]
Nbubble
High power (0.981 W)
Most probable radius [µm]
Average bubble radius [µm]
Nbubble

1 pit
17
16
3

2 pits
3
10
5

3 pit
2
12
17

1 pit
2
9
4

2 pits
3
12
29

3 pit
3
8
113

1 pit
2
8
50

2 pits
3
9
102

3 pit
5
10
96

The average number of bubbles instantaneously present is shown in Fig. 6.13.
These data were obtained by summing the number of all bubbles visible in all frames
(10 frames each for 10 phases) and dividing by a hundred. For the one-pit configuration, as the power is increased the number of bubbles increases as would be expected.
The results shown for low and medium power correspond to isolated bubble clouds
while for two and three pits at high power the clouds have merged as explained before. When this happens, the observed bubble number does not increase, possibly
due to bubble-bubble interactions and the finite amount of gas available [52–54].

6.3.3

Experimental radical production rates

It was shown earlier [29] (Chapter 3) that the duration of the experiment does not
seem to affect the reaction rates up to 30 minutes of operation. The radical produc-
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Figure 6.13: Average number of bubbles in the cavitation field for the different power settings: Low (0.194 W), Medium (0.654 W) and High (0.981 W).

Figure 6.14: Radical production rates for the different power settings.

tion rate defined in Equation 6.1 is shown as a function of the ultrasonic power in Fig.
6.14. It is important to note that there is no significant effect of the US power when
no pits are present. It is clear that the presence of the pits is essential for for the generation of sonochemically active bubbles: the pits enhance cavitation by facilitating
the appearance of a larger number of bubbles, at a location in the reaction cell that
otherwise would have no detectable bubbles or none at all.
For the lowest power the total radical production rates are around 5 nM s−1 , but

104

CHAPTER 6. BUBBLES AND RADICAL PRODUCTION

as the power is increased, the reaction rate increases as well. The maximum value
corresponds to the three-pits configuration at high power.

Figure 6.15: Radical production rates for the different power settings (Low 0.074 W, Medium
0.182 W and High 0.629 W) divided by the number of pits.

When the amount of radicals formed per second is divided by the number of pits
we see an interesting trend depicted in Fig. 6.15. For one pit the rate of radical formation is higher than for two- and three-pits in all cases. Possible factors contributing to
this result are the mutual shielding of the bubbles, a detuning of the cell and change
in the sound power distribution due to the larger gas volume fraction, the availability
of dissolved gas in the liquid and possibly others.
If we calculate the radical production per cycle and divide it by the average number of bubbles per cycle, we can get an estimate to be compared with single bubble
radical production measured by Didenko and Suslick [6] who reported data for a
single bubble of maximum radius of 28.9 µm driven at 52 kHz. They measured an
OH. radical generation rate of 6.6 × 105 per cycle. Our data, which are shown in Table 6.2, are of the same order of magnitude despite the differences in the experimental
parameters. We expected lower rates due to the smaller volume of our bubbles (itself
a consequence of the higher frequency), to mutual shielding and bubble deformation.
A possible explanation for our results is radical production by bubbles smaller than
0.5 µm, which our experimental technique cannot resolve.

6.3.4

Discussion of the calculated efficiencies

In principle, a measure suitable for the quantification of the sonochemical conversion
could be defined as:
∆H(∆Nrad /∆t)
XUS =
,
(6.2)
PUS
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Table 6.2: Radical production per detected bubble per cycle
Low power
(0.074–0.194 W)
Medium power
(0.182–0.654 W)
High power
(0.629–0.981 W)

1 pit
7.06× 105

2 pits
5.03 × 105

3 pit
2.15 × 105

1 pit
1.48× 106

2 pits
2.99 × 105

3 pit
1.00 × 105

1 pit
1.76× 105

2 pits
1.21 × 105

3 pit
1.78 × 105

where PUS is the power absorbed by the transducer and ∆H is the energy required for
the formation of OH. radicals (5.1 eV=8.2×10−19 J), which is equal to the enthalpy
of formation associated with the following chemical reaction:
H2 O

∆H=−5.1eV

→

OH . + H .

(6.3)

The problem with this definition is that only a small fraction of the power provided to the piezo is responsible for the sonochemical effect [55]. As a mater of
fact, by comparing the power absorbed with and without pits and, therefore, in the
presence or absence of intense bubble activity, we have found very small differences.
This leads us to conclude that the majority of the power absorbed by the system is
lost in the electrical-to-mechanical conversion. Nevertheless we will use the definition (6.2) as a convenient dimensionless measure of the sonochemical conversion
efficiency. The electric power absorbed by the transducer PUS was determined from
the measured voltage and current, and their phase difference.
The efficiency values calculated with Eq. (6.2) are shown in Fig. 6.16. As
presented before [29], the most efficient setting appears to correspond to medium
power. However, for the reasons mentioned before, the efficiencies shown in the
figure may not reflect purely acoustic features of the system. Nevertheless we present
this data following the prevailing custom in the sonochemical literature [27, 55].

6.3.5

Obtaining numerical effective bubble size distributions and effective driving pressures

As explained in Section 6.2.5, one can estimate the production of radicals in a single
bubble on the basis of existing models. In order to apply these models to the complex
bubble fields studied in the present experiments, it is necessary to know the distribution of bubble radii and the effective pressure amplitude to which each bubble is
subjected.
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Figure 6.16: Nominal experimental efficiency values (XUS ) for different number of pits and
different US powers calculated from Eq. (6.2). The presence of pits for each power makes a
clear difference with an increase in efficiency as the number of pits is increased. In the case
of no pits, an increase in power produces a slow increase in efficiency. From low to medium
power the trends increase for any number of pits. For the high power case, there appears to be
a decrease in efficiency for any number of pits. It is not clear whether this result corresponds
to true differences in the acoustic and sonochemical processes or to a decreased efficiency of
conversion from electrical to mechanical power.

For this purpose we relied on measured probability distributions of bubble sizes
at each phase of the sound field. These PDF were obtained by collecting 10 snapshots
of the bubble field for each phase of the pressure. Each snapshot can be considered
as statistically equivalent and independent from the others as the separation between
successive ones was 2 × 105 cycles which is much longer than the expected lifetime
of the individual bubbles. The idea of the simulation was to determine a pressure
amplitude and bubble equilibrium radius distribution that matched the measured radii
distribution at each phase.
We started from the measured distribution at a particular phase chosen so as to
have a large number of bubbles, which generally coincided with a small average radius and small standard deviation. For each one of these bubble radii we integrated
the extended Rayleigh-Plesset equation assuming a vanishing initial radial velocity
and using different pressure amplitudes [38]. We found that the nominal pressure amplitudes applied in the experiment produced bubble size distributions quite different
from the measured ones, as shown in Fig. 6.17.
In order to match the measured distributions (see Figs. 6.9, 6.10 and 6.11) it was
necessary to adjust the pressure amplitudes used in the simulations, which resulted in
much lower values than the nominal experimental ones. The adjustment was done by
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Figure 6.17: Bubble size distribution from experiment (black) and simulation (grey), for
high power (0.981 W) and the three-pit configuration. It appears that the pressure amplitude
measured with the hydrophone overestimated the effective value felt by the bubble population.
Simulations carried out using these values were not able to describe the evolution in time of
the radii distribution, as the average radius was overestimated during the whole cycle, the
expansion phase was much longer than in experiments and the distributions were almost
symmetric, instead of right-skewed.

minimizing the cumulative squared difference between experimental and calculated
PDF for each phase (see Fig. 6.18).
The pressure levels deduced in this way were in the range between 110 kPa and
170 kPa. Since the minimum radius detectable in the experiment was about 0.5 µm, a
larger number of small bubbles appeared in simulations than in the experiment. The
fit between experimental and calculated PDF was best for high applied power and
more pits, i.e. for high numbers of nucleated bubbles (see Fig. 6.19 and 6.20).
At low applied power the number of bubbles detected in the experiments was too
small to provide good statistics, especially in the one-pit configuration. Moreover,
at low power, the standard deviations of both the experimental and the calculated
PDF normalized by the average radii were higher during the whole oscillation cycle,
even if the average radii themselves were larger. This means that the data were more
scattered than in the high power case, both in absolute and relative terms.
In the one-pit case, if we increased the applied power, the effective pressure
derived from simulations monotonically increased (see Fig. 6.21) together with the
number of bubbles measured in the experiments, while their average radii and normalized standard deviations decreased. In the two- and three-pits cases, a similar
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Figure 6.18: Cumulative squared error (over all bubble sizes and acoustic phases) between
the PDF of the radii from experiments and from the simulations, as a function of the pressure
values used in the simulations, for three-pit configuration, at high power (0.981 W). The
effective driving pressure felt by the bubble population was 115 kPa and was extracted by
minimizing the cumulative squared error.

behavior was observed, with the effective pressure rising with the applied power and
the average radius decreasing.
This trend, however, changed in correspondence of the pressure levels at which
the observed bubble distribution switched from separate clouds surrounding each pit
to the complex bubble field structure observed in Fig. 6.3 and Fig. 6.4. Beyond
this threshold, the measured bubble size distribution changed significantly and the
pressure necessary to fit the data abruptly decreased. This supports our view that the
mutual shielding of the bubbles leads to a reduction in the effective pressure seen by
the bubbles.

6.3.6

Calculation of the radical production

On the basis of the bubble sizes and pressure amplitudes determined in the way described in Subsection 6.3.5, we calculated then the number of OH· radicals produced
by singles bubble with the equilibrium radius corresponding to the experimental distribution.
The bubble population at the instant at which the average radius over the 10
frames was minimum was taken as the initial and equilibrium distribution for the
simulations. This generally coincided with the instant when the highest number of
bubbles was found.
For this calculation, one hundred equi-spaced bubble equilibrium radii were chosen for each 10 µm size bin. For the pressure conditions given by the fitting pro-
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Figure 6.19: Bubble size distribution from experiment (black) and simulation (grey), for high
power (0.981 W) and the three-pit configuration. The effective pressure amplitude extracted
of 115 kPa provided a good description of the dynamics of the system. The agreement between experiments and simulations was best for more pits and high applied power, i.e. for
high number of nucleated bubbles. As expected, a higher number of small sized bubbles
appeared in simulations than in experiments, as the minimum bubble radius that the experimental apparatus could detect was 0.5 µm.

cedure, the number of radicals diffusing inside the liquid over the first cycle was
calculated for each value of the radius. The results were then averaged over all the
radii belonging to the same bin.
As a general behavior, the calculated chemical output was higher at higher effective pressure but, in the two- and three-pits configurations, the radical production
exhibited a significant dependence on the bubble size distribution, which was different before and after the transition from individual bubble clouds to complex patterns.
Thus, a higher radical production was observed in the latter cases even for the same
calculated effective pressure (see Fig. 6.22).
The transition to the complex bubbles patterns affects the acoustic field and the
liquid flow in the cell, with possible consequences for the sonochemical activity as
found in earlier studies [56].
In all the cases examined the whole OH· radical production was found to come
from bubbles smaller than resonance size, i.e. smaller than 15 µm, and mainly from
those with a radius around 5 µm (see Fig. 6.23, 6.24, 6.25). In particular, higher
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Figure 6.20: Bubble size distribution histograms at high power (0.981 W) for three pits. From
experiments (lower figure), and from simulations (upper figure) with the deduced effective
pressure (115 kPa), which gives the best fit to the observed bubble distribution.

Figure 6.21: Effective driving pressure felt by the bubble population as a function of the
applied power. These values were derived from our fitting procedure between experimental
and calculated PDF of the radii (see Fig. 6.18). For different number of pits, bubbles started
to appear for different applied powers in experiments, although corresponding to the same
deduced effective pressure (around 125 kPa). In the one-pit configuration, the effective pressure monotonically grew with the electric power. In the two- and three-pit cases the effective
pressure initially had a similar behavior, but it abruptly decreased when the bubbles started
to migrate towards the center point of the pit array above 0.657 W and 0.914 W respectively.
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Figure 6.22: Number of OH· radicals diffusing into the liquid, in each acoustic cycle, as a
function of pressure (upper figure) and applied power (lower figure), both calculated from
simulations. The calculated chemical production increased with the effective pressure, but
also depended on the PDF of the radii. In the two- and three-pit cases, when the bubbles
migrated towards the center point of the pit array (at 0.657 W and 0.914 W), more radicals
were produced than when they remain near the pits , although the effective pressure was
the same (125 kPa). In the upper figure this corresponds to the first branch of the two- and
three-pit curves (below 125 kPa). The right branches correspond to the initial rise of the
power.
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effective pressure amplitudes resulted in smaller sizes of the bubbles giving the peak
chemical production. This effect is dominant with respect to differences in bubble
volume and the surface area of the bubble across which radicals diffuse.

Figure 6.23: One-pit case. Upper figures, light grey: calculated number of OH· radicals
diffusing into the liquid at each acoustic cycle per bubble, as a function of the initial radius
R0 for a single bubble (see Section 6.3.6 for the details). Upper figures, black: PDF of
the initial experimental distributions of the radii in the one-pit case, for different applied
powers. Lower figures, dark grey: PDF of the OH· radicals diffusing into the liquid in each
acoustic cycle, as a function of the initial radius. These values were obtained by normalizing
the number of the OH/cycle produced by every bin of initial radii over the total number of
OH/cycle from the specific distribution. These lower figures can be seen as a combination
of the two upper graphs. Simulations showed that the most radical production came from
bubbles smaller than resonant size (15 µm). In particular, higher effective pressure values
corresponded to smaller sizes of the most active bubbles.

The experimental rates span over one decade, while the theoretical rates shown in
Figure 6.22 span six decades. The reason for this is that the experimental precision is
much lower than that of the numerical calculations, hence the strength of combining
these two approaches.
It must be noted that our spherical bubble model overestimates the reaction rates
measured in the experiments. This is perhaps not surprising given that the many factors that induce non-spherical collapse and therefore limit the compression of the gas
are absent from the simulation. The simulations should be regarded as establishing
an upper limit to the reaction rates. In principle, it may be thought that non-spherical
bubble models could reduce the gap between simulations and experiments, although
the complexity of the experimental situation will probably lie beyond any practical
model in the foreseeable future.
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Figure 6.24: Same as Fig. 6.23 for the two-pit case.

Figure 6.25: Same as Fig. 6.23 for the three-pit case.
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Summary and Conclusions

We achieved a more controllable and more efficient sonoreactor design by microfabricating small pits on a silicon chip immersed in a small sonoreactor of the ultrasonic
bath type. Under the action of an ultrasonic field, the air trapped in the pits gives
rise to a stream of small bubbles which are responsible for the intense sonochemical activity. A rectified diffusion process is responsible for replenishing the air and
maintaining the activity of the pit.
We have shown that this modification of the solid surface yields considerably
higher conversion rates. We have measured the bubble size distribution at different
power settings and characterized its evolution during the acoustic cycle.
Simulations were carried out in order to give an estimate of the radical production
in the different power settings. By fitting the experimental and the calculated PDF of
the radii and minimizing the cumulative squared differences between the two, an estimate of the effective forcing pressure felt by the bubbles was found. In the two- and
three-pit cases the effective pressure dropped when bubbles started to migrate towards
the center point of the pit array. Simulations also allowed us to give a description of
the temporal evolution of the smaller bubbles below 3 µm radius, compatible with the
experimental PDF. This turned out to be particularly relevant, as calculations showed
that the most OH· radical production came from the smaller bubbles around 5 µm
radius. As a general trend, the calculated chemical rate increased monotonically with
the effective pressure.
Even though the numerical model considers spherical bubbles without interaction, an important strength lies in the possibility of taking the actual experimental
bubble size distribution (with its equivalent radius corresponding to non-spherical
bubbles) and giving information on the smallest bubbles that are below the experimental observability. This computation can be considered as a useful complement
to the experiment since it permits one to estimate the local pressure value to which
the bubbles are exposed and which cannot be directly measured with the available
pressure sensors.
It may be possible to extend the present surface modification to larger scale
sonoreactors by supplying similar nucleation sites on larger surfaces and in a much
greater number. As a guide towards the development and optimization of these types
of reactors, it will be useful to investigate in greater detail several aspects such as pit
density, dimensions, mutual interaction and many others.
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Localized Removal of Layers of Metal,
Polymer, or Biomaterial by Ultrasound
Cavitation Bubbles ∗

Abstract We present an ultrasonic device with the ability to locally remove deposited layers from a glass
slide in a controlled and rapid manner. The cleaning takes place as the result of cavitating bubbles near
the deposited layers and not due to acoustic streaming. The bubbles are ejected from air-filled cavities
micromachined in a silicon surface, which, when vibrated ultrasonically at a frequency of 200 kHz,
generate a stream of bubbles that travel to the layer deposited on an opposing glass slide. Depending on
the pressure amplitude, the bubble clouds ejected from the micropits attain different shapes as a result of
complex bubble interaction forces, leading to distinct shapes of the cleaned areas. We have determined
the removal rates for several inorganic and organic materials and obtained an improved efficiency in
cleaning when compared to conventional cleaning equipment. We also provide values of the force the
bubbles are able to exert on an AFM tip.
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Introduction

Bubbles have been under analysis at least since the Greek times [1], and play an
important role in physics, chemistry, medicine, and technology. The generation of
bubbles by acoustic cavitation has been studied for many years, however without
special measures there is little control over its occurrence and their behavior can at
first sight be surprising and puzzling [2]. Whether or not cavitation due to pressure
oscillations will occur, depends not only on the acoustic field, but also on physical
properties and conditions such as the amount of gas in the liquid and the presence
of nucleation sites. Once these are controlled, one can achieve fully controllable
cavitation, in excellent agreement with the theoretical predictions [3].
Cavitation has found use in several applications, based either on its chemical or
mechanical effects [4–7]. In water solutions exposed to ultrasound, for example, an
enhancement of chemical reactions can be achieved. Short lived radicals form at the
breakdown of water molecules, due to the high pressures and temperatures in the
collapsing bubble’s interior [8–10].
The use of acoustics in microfluidics and specially in bio-applications has received considerable attention in the last decade [11–13]. Acoustic cavitation can
produce surface modifications, including damage, through high-speed liquids jets
and shockwaves generated upon the asymmetric collapse of cavitation bubbles near
a surface [14–16]. These mechanical effects have been considered by many as negative, as it may give rise to significant erosion and abrasion, for example demonstrated
by the cavitation damage on ship propellers [2] and artificial heart valves [17, 18].
However, in specific cases the mechanical effect of cavitation has been shown to
be useful for practical applications, for example for cell disruption and drug uptake
[19, 20], or mixing and particle size reduction [21], besides several other biological
effects [15, 22]. Also in electronics, cavitation has been useful for the modification
of surfaces (roughening, cleaning and gold plating, among others), using liquids as
benign as water. The undesired use of hazardous substances, high temperature and
long process times can be avoided or reduced by the use of cavitation [23]. The
use of ultrasound has therefore been considered as a “green solution” for the above
mentioned applications, given the reduction in power usage and chemicals.
Nevertheless, practical uses of cavitation are in general limited because of a lack
of control over the location and amount of cavitation. Under the irradiation of ultrasound to a liquid, bubbles originate from nuclei at random locations. Quantification
of cavitation effects (erosion and cleaning particularly) is very difficult due to its random occurrence and also due to different materials and equipment used in different
laboratories and industrial equipment [4, 24]. This situation has prevented the upscaling and extended usage of desirable effects of cavitation such as localized cleaning
or surface modifications [25]. Control over cavitation location requires special measures as, for example, the use of a laser [19], by seeding the liquid with particles
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and irradiating with a shockwave [26], or from gas-filled crevices in smooth surfaces
exposed to shockwaves [27], or continuous ultrasonic irradiation [28].
Here we show the generation of cavitation in various liquids for fast removal
(order of tenths of seconds) of several deposited materials from a glass substrate with
millimetric control, based on well-defined cavitation nucleation sites [28].

7.2
7.2.1

Experimental setup
Materials to be removed

The cleaning of surfaces is a process that is required in a wide variety of applications,
with an equally wide range of materials that need to be removed from the given
surface. Each of these materials and surfaces have their specific mechanical and
chemical properties that provide different adhesion strengths between both. Here we
list some typical materials to be removed, which are all studied in this work.
1. Solid hard materials: The solid hard materials used in this study are Gold (Au),
Platinum (Pt), Chro- mium (Cr) and Titanium (Ti), all categorized as metals,
and Olin and AZ96, which can be categorized as organic materials, and are
commonly used as photoresists in microfabrication of semiconductors and microelectromechanical systems (MEMS).
2. Soft biomaterials: Contrary to the solid hard materials, soft biological materials
may deform (visco)elastically before cohesive or adhesive failure takes place
[29, 30]. Elastic materials typically display significant strain when subjected
to a stress, and relax back to the initial shape and position when the stress is removed. Only when the stress exceeds the material’s yield stress and enters the
plastic domain of the soft material, cohesive failure will take place. Viscoelastic materials, however, exhibit viscous behavior when the stress exceeds the
yield stress; the material will flow away and there will be a net displacement
when the stress is removed [31, 32]. One of the most commonly encountered
viscoelastic materials is the biofilm, which can often be found in pipes, on medical implants and inside and on teeth, where it often has a negative influence
on efficiency or health [30, 33]. The biofilm is a structure of bacteria enclosed
by a self-produced extracellular matrix [34, 35]. This matrix provides the viscoelastic properties of the biofilm, which protects the embedded bacteria from
high stresses.
3. Cells: Another biological material of great importance nowadays is a cancer
cell. The study of the reaction of a cell to different environmental conditions
with minimal interference in their habitat is still a problem. Cavitation has
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been used to address this issue [22, 36], while it also is able to porate cells for
drug uptake due to shear forces [19].

7.2.2

Material removal experiments

Ultrasonic cavitation setup
The continuous and localized generation of acoustic cavitation bubbles has been accomplished by ultrasonically vibrating a silicon surface containing micropits [28].
When pouring liquid over the silicon substrate, individual gas bubbles were entrapped
in the pits; vibrating the surface ultrasonically resulted not only in acoustic streaming
from the oscillating surface, but for large enough pressures also in pinch-off of gas
bubbles from the micropits, as detailed elsewhere [37].
The silicon substrate with micropits was placed in a cavitation cell container
made of glass with 25 mm outer diameter, 15 mm inner diameter and 6 mm depth,
matching one quarter of the wavelength at the operation frequency of 200±5 kHz. A
piezo element (PZ27, Ferroperm) of thickness 6 mm and diameter 25 mm was glued
to the cell bottom. A sketch of the cavitation cell is given in Figure 7.1. For each
experiment, the cell was filled with fresh ultra-pure water (milliQ, milliPore). Also,
ethanol, bleach and acetone were investigated given their extensive use in general and
ultrasonic cleaning applications. Additionally, a cell cultivation liquid medium was
used.

Camera
Microscope
Objective

Glass slide

Water-Air interface

Glass slide
Sputtered layer

h

d=3/4λ

Silicon Substrate

Microbubbles
Piezo

AC

Figure 7.1: Schematic representation of the experimental setup. The gap between the glass
slide and the silicon substrate h = 100 µm. The water column height is 5 mm.
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The micropits were etched under clean room conditions on double-side polished
silicon wafers by means of a plasma dry-etching machine (Adixen AMS 100 SE,
Alcatel). The wafer was then diced in square chips with a side of 10 mm. The edge
of these substrates have a step of 58 µm with four notches radially and equally spaced
(see Figure 7.2).
Each pit had a diameter of 30 µm and a depth of approximately 10 µm; multiple
pits were arranged in four different configurations: single pits, two pits separated by
a distance of 1 mm, three pits arranged at the corners of an equilateral triangle with a
side of 1 mm, and four pits at the corners of a 1 mm side square.
The piezo element was driven by a sinusoidal signal generated by an arbitrary
waveform generator (33120A, Hewlett Packard) and amplified by means of an audio
amplifier (TA-FB740R QS, Sony). The voltage, current and power to the piezo element were monitored with a power meter (HM8115-2, Hameg). The duration of the
experiments was short enough (typically less than 5 minutes) so that the temperature
increased no more than approximately 5◦ C (measured with a T-type thermocouple
with digital read-out; HI 93552R, HANNA Instruments).
Two different power settings were used with all pit arrangements: Low (0.182
W) and High (0.629 W). The corresponding approximate acoustic pressure amplitudes were measured to be 225 kPa and 350 kPa, with error values provided by the
manufacturer as 20%. These pressures were measured using a needle hydrophone
(HNR-500, Onda) positioned 65 µm above the center of the chip [38].

Imaging setup
The occurrence of cavitation and the removal of the deposited materials was imaged
through the air-water interface with a CCD camera (LM165M, Lumenera Corp., Ottawa, ON, Canada), recording at a frame rate of 15 fps and an exposure time of 10
µs. For the removal of metal layers, a color high-speed camera (SA2, Photron, San
Diego, CA, USA) was used, recording at frame rates between 60 and 2000 frames
per second and an exposure time of 30 µs. The cameras were attached to a microscope (BX-FM, Olympus, Tokyo, Japan) with 10x magnification, with a focal depth
of approximately 10 µm [39]. Illumination was provided through the microscope in
dark-field mode by a continuous cold-light source (ILP-1, Olympus).
The recordings of surface layer removal were analyzed using MatLab (The Mathworks, Natick, MA, USA), by converting each frame to black and white and determining the cleaned area. The size of each pixel was determined using a calibration
grid with markers of well-defined size.
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Material
Glass
Solid materials
Gold
Platinum
Chromium
Titanium
Organic materials
Olin
AZ96
Biomaterials
Biofilm
Hydrogel
Cells

Contact angle (o )
Advancing, Receding
79.9 ± 1.3, 41.0 ± 1.7

Y, Y
Y, Y
N, N
N, N

Removal by... (Y/N/Partial)
Bubbles, Scratch
−d

−e
−e

0.01
0.001
−e
−e

Removal rate
(mm2 /s)
−e

10−1 N/m2
−c
−c

−c
−c

2260 ± 50 N/m
4400 ± 150 N/m
−c
−c

Adhesiona
−e

Table 7.1: Overview of material properties and removal characteristics

86.9 ± 0.5, 72.7 ± 0.6
87.0 ± 0.3, 73.7 ± 0.9
75.7 ± 0.6, 42.5 ± 1.5
73.6 ± 0.8, 45.8 ± 2.4

N, P
N, P

0.1
0.1
−c

Layer thickness (µm)
45 · 10−3
36 · 10−3
45 · 10−3
15 · 10−3

−c
−c

Y, − c
Y, − c
Y, − c

b

b

b

b

3.5 − 5.2 b
2.0 b

−c
−c
−c
hydrodynamic technique

20
100
−c

a Solid materials: N/m, measured with AFM; Viscoelastic materials: N/m2 , measured with
b Thickness determined with a Profile measurement device (Veeco Dektak 8)
c These values could not be measured
d No glass erosion took place as a result of bubble cavitation activity for less than 30 min
e Not applicable
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Layer deposition
The glass slides on which materials of interest were deposited were made of fused
silica wafers. A circular chamber of 8 mm diameter and a depth of 158 µm and four
protruding notches that match the notches in the silicon substrate (described before)
were etched on one face of each glass slide section. The wafer was then diced in
chips with a side of 10 mm. In this way when placing the glass slide on top of the
silicon substrate a microchamber of 100 µm height was formed (see Figure 7.2).
Each material type that was investigated required a different deposition procedure,
which is now outlined.
Solid hard materials A single wafer sputter coater (home-made system available in MESA+ Nanolab) for deposition of metallic layers was used to deposit gold,
platinum, chromium and titanium. To deposit organic materials (photoresists Olin
35 and AZ96), hexamethyldisilazane (HMDS) was first spin-coated as a primer to
provide chemical bond of the photoresists and strong adhesion to the glass slide on a
single wafer spin-coater (Primus coater WB21).
Biomaterials The biofilm model used here was described recently for use in endodontics [40]. In brief, round glass coverslips attached to a customized stainless
steel lid were suspended in a medium inoculated with bacteria. In this model, biofilm
attachment and growth is an active process against gravity. Microbiology Cells of
E. faecalis V583 and P. aeruginosa HG 1776, both clinical isolates, were grown and
maintained as pure cultures on blood agar plates. E. faecalis was cultured under
anaerobic conditions (80% N2 , 10% H2 and 10% CO2 ) whilst P. aeruginosa was
cultured in air, both at 37 o C. Growth medium for overnight cultures of biofilms
was BHI broth containing 0.5 BHI, 50 mmol/L 1,4-piperazinediethanesulfonic acid,
buffer, 5% saccharose and 1 mmol/L Ca2+ . Phosphate-buffered saline was used to
wash during refreshment of the medium. E. faecalis and P. aeruginosa were inoculated in wells with additional Ca2+ in the broth of a 24-well multiwell plate. Round
glass coverslips, diameter 12 mm and thickness 140 µm, mounted on a custom-made
stainless steel lid, were suspended in the broth. In this experiment, biofilms grown for
96 hours were used. The broth was refreshed daily. Inoculation of bacteria and the
biofilm growth took place at 37 o C in air. The thickness of the biofilm was estimated
to be 20 µm, with some bacteria colonies protruding up to 50 µm above the glass
substrate.
A biofilm was mimicked with a hydrogel, created by dissolving 1 g gelatin (Merck,
Whitehouse Station, NJ, USA), 0.02 g hyaluronan (Sodium hyaluronate 95%, Fisher,
Waltham, MA, USA) and 0.1 g red food color (KTC, Wednesbury, UK) in 45 mL
warm water[41]. Hollow glass spheres with a mean diameter of 10 µm (Sphericel,
Potters Industries, South Yorkshire, UK) were added as tracer particles. The final
density of the hydrogel was 1.07(±0.07) · 103 kg/m3 . This hydrogel was cooled
down to room temperature before depositing on a glass slide with raised edges of
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approximately 100 µm height. The glass slide was then left to cool down for 7 or
15 minutes, during which the hydrogel dries and attaches to the glass, before the
ultrasound and imaging was applied.
MCF-7 human breast carcinoma cells were cultured on the same glass slides; its
adhesion resistance when exposed to the cavitation bubbles from the triangular array
of micropits was investigated in the cavitation setup. The culture medium was made
of Dulbecco’s Modified Eagle Medium (DMEM, Gibco), L-Glutatmate, fetal bovine
serum (FBS), Antibiotics (Penicillin and Stretopmycin) and Fungicide.
Table 7.1 gives an overview of the various deposited materials and their properties.

7.2.3

Cavitation damage

The glass substrate onto which the gold was deposited, was inspected for erosion
damage using a scanning electron microscope (SEM, HR-SEM 1550, Zeiss). After
the gold was removed by cavitation, the glass substrates were exposed to cavitation
for another 1, 5, 10, 15 or 30 minutes before SEM images were taken.

7.2.4

AFM up-thrust measurements of cavitation cloud force

An Atomic Force Microscope (AFM, Agilent 5100) in non-contact tapping mode
was used to measure the up-thrust force from the bubble cloud. A silicon n+ flat disc
tip cantilever (Nanosensors PL2-NCLR-10, spring constant of 48 N/m and resonant
frequency 190 kHz in air and 73 kHz in water) with a diameter of ca. 1.8 µm and
tip height of ca. 12 µm was used. The cantilever was withdrawn 100 µm from a
single-pit substrate surface to mimic the separation between the micropits and ‘tobe-cleaned’ surfaces in the previous measurements. Both low and high ultrasonic
powers were used, although for the high power the resulting signal was clipping.
The cantilever approached from a distance of 1 mm in a line passing over the bubble
clouds. As it happens in the experiments with the glass slides and deposited layers,
the bubbles traveled to the cantilever and collapsed against it. Unfortunately, the
cantilever was destroyed during the second pass at this force, so the measurements
were stopped.

7.3
7.3.1

Results
Cavitation occurrence, in the absence of deposited materials

Switching on the ultrasound leads to a continuous generation of microbubbles with
a size range of 2-17 µm, determined from the video recordings and shown in Figure
7.8 (see also Fernandez et al. (2012) [38]). Bubbles smaller than 2 µm could not

7.3. RESULTS

127

be visualized due to the resolution of the camera. Varying the pressure amplitude
(power) and the different arrangements of pits resulted in different bubble patterns,
as a result of the complex interplay of primary and secondary Bjerknes forces, microstreaming and also the inertial forces acting on the moving microbubbles in the close
vicinity of the glass slide. The bubbles were observed to travel towards the glass slide
on top of them where they come in focus of the optical setup. This upward motion is
a result of the effect of secondary Bjerkness forces, which makes bubbles close to a
hard surface “feel” the presence of their image bubble as an attraction force, driving
the bubbles closer to the wall.
Increasing the power resulted in an increase in the number of ejected bubbles
around the pits, forming a bubble cloud or cluster. At high power, with more than
one pit, the bubble clusters are attracted to each other and at a given power level
(between 0.182 and 0.629 W), the bubbles start to travel towards the geometrical
center of the pit array [28, 38] (see Figure 7.7 left column). These bubble cluster
configurations are reversible, although there is hysteresis in the amplitude necessary
to return to the separated clouds, which is lower than needed for making the bubbles
travel to the geometrical center of the pit configuration.

7.3.2

Removal of deposited materials by cavitation

Observations
Compared to the experiments with and without glass slide, a clear difference can be
observed in terms of stabilizing the free water-air interface oscillation when the glass
slide is not present. When the glass slide is placed, the traveling and standing wave
components change dramatically, contributing to complex effects of bubble cavitation
conditions (measured for example through the occurrence of sonochemical reactions)
[42].
The opaque materials deposited on the glass slide, when placed on top of the
cavitation cell, did not allow for optical visualization of the cavitation bubbles. However, taking as a representative example the case of deposited gold, when switching
on the ultrasound at low power (0.182 W), we see that almost instantly (within 2
seconds) a small opening appears in the gold layer right on top of where the pits are
located (Movie 1). If the power is kept constant the removed gold layer area increases
slowly over time. For the case of one pit, increasing the power makes the removed
area increase until a maximum area is reached (approximately 0.03 mm2 ). Increasing
the power for the two, three and four pit geometries, for which situation the bubbles
travel to the geometrical center as described above, an area corresponding to the area
of the bubble trajectories is removed. Therefore, for two pits a linearly extended area
is typically observed. Accordingly, we find a triangular shape for the three pits and
a distorted rectangular shape for the case of four pits; see Figure 7.2 and Figure 7.7,
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right column. For Au and Pt we observed a similar surface removal behavior.
For the cases of deposited Cr, Ti and the organic materials, there was no surface
removal with the same initial conditions as for Au and Pt. Manually creating a scratch
in the layer close to the geometrical center allowed for confirming the presence of
the bubbles in the scratched areas, but no material was removed from Cr and Ti
layers. After scratching of the photoresist materials the bubbles were able to detach
a few pieces of photoresist material only occasionally (Figure 7.3 and Movie 2). The
removed pieces of (all) layers could sometimes be trapped by the oscillating bubbles
for a relative long period of time (at least more than 30 s if no conditions changed).
When the ultrasound is switched off abruptly, the pits may be expected to be
filled with water and perhaps, if a bubble is still inside any of the pits, are unable to
nucleate more bubbles, deactivating the acoustic bubble generation. If ultrasound is
turned on again therefore no cavitation from the micropits takes place. This is why
this procedure allows for studying the effect of acoustic streaming alone on material
removal. We could not observe removal of any material in the situations where no
bubbles were present, allowing us to conclude that the forces associated to streaming
alone were not sufficient to remove any of the tested materials. The quantification of
streaming from the air-filled pits could not be assessed with the current setup.
The biofilm that was grown on a glass substrate was initially visible as a gray area
containing dark clusters of bacteria (Figure 7.4 and Movie 3). Due to transparency
of the biofilm the bubble cloud below the biofilm-covered substrate was visible when
the ultrasound was turned on. The biofilm was then removed quickly when the bubble
cloud was attracted by the biofilm-covered substrate. No biofilm was removed by the
streaming or by bubble clusters when not attracted to the glass surface. A similar
behavior was observed for the hydrogel. The hydrogel appeared softer and attached
with weaker force than the biofilm, both after 7 and 15 minutes of drying, but neither
was removed by the acoustic streaming alone.
The distance between the hydrogel or biofilm and the micropits was less welldefined than for the metal and hard organic deposited layers, due to the non-uniform
thickness of these layers and flexible (softer) nature. Therefore the bubbles were less
likely to travel toward these layers, which resulted in slow or no increase in removed
area after initial removal.
The MCF-7 cells grown on the glass substrate were also removed when the bubbles were present, leaving the outlier cells attached, as can be seen in Figure 7.5. The
liquid cultivation media produced bubbles similar to those in water. The contour of
the removed area resembles again the shape of the bubble cloud for the three pits
configuration.
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Figure 7.2: a) A black tweezer holds a gold sputtered glass slide prior to exposure to cavitating bubbles; in the background a silicon substrate is shown. b) A zoomed view of the same
glass slide after exposure to cavitating bubbles from four pits in the cavitation cell described
in this paper. The glass slide has sides of 10 mm.

Figure 7.3: Montage of a time series of frames recorded for the case of AZ96 photoresist.
The center part of each frame shows a portion of manually removed AZ96. Arrow a points out
a cloud of bubbles as a darker region cavitating close to a crack in the AZ96 layer (arrow b).
Arrow c shows how the crack grew within about 1 second. After 1.7 s, the bubbles (arrow d)
“trapped” a small portion of AZ96 as indicated by arrow e. Eventually, after approximately
4.7s, the small portion gets stuck in the border line of removed material. The pits do not
appear in these pictures since they are out of the field of view (Movie 2).
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Figure 7.4: Stills from a recording of a biofilm being removed by bubbles. The gray area
with black dots is the area covered by biofilm, the location of the pit is indicated with a large
black dot. The bubbles can be identified as the blurred dark region around the pit (Movie 3).

Figure 7.5: Cavitation cell and experimental results after removing MCF-7 cells fixed to a
glass slide. The liquid cultivation media’s pinkish color is visible inside the cavitation cell
glued to the piezo.

Figure 7.6: Size of cleaned area and its derivative (i.e., removal rate) extracted from video
measurements
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Removal rates
The area in which gold has been removed by the bubbles originated from a single pit,
after approximately 1 minute, is of the order of 0.1 mm2 ; for 4 pits this area increases
by one order of magnitude to 1 mm2 , see figure 7.6. The rate of removal during the
initial growth of the removed area is of the order of 0.1 mm2 /s; this reduces by one
order of magnitude to 0.01 mm2 /s during steady growth. For platinum, once a scratch
had been made, the steady removal rate is of the order of 0.001 mm2 /s.

Figure 7.7: From top to bottom and left to right, the cases for 1 to 4 pits at low and high
power. Left: Bright field illumination (inverted color) showing bubble patterns with slow
speed imaging. Right: Contour shape of cleaned area in gold (black) due to bubble cavitation.

The removal of the hydrogel and the biofilm were recorded at lower imaging
speeds, providing less detailed information on the removal rates. However, estimates
for the removal rate of the hydrogel give a value similar to that of gold, being of
the order of 0.01 mm2 /s, with initial removal rates up to 0.1 mm2 /s. The initial rate
of removal of the biofilm was estimated to be 0.1 mm2 /s as well, with only minor
increase in removed area after the initial removal.
The cleaning effect of bubbles is restricted locally by how close the pits and the
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nucleated bubbles are from the surface to be cleaned. The bubbles cannot travel
farther than a given distance away from the pits, or nearby other bubbles. This is due
to the required conditions for continuous cavitation such as available gas content and
negative pressure values provided by the oscillating pressure field.

7.3.3

Different liquids

Bubbles were observed to be generated in all five liquids investigated. Individual
images are shown in Figure 7.8. For water and bleach the bubble shapes are similar,
with an apparent higher number of bubbles than for ethanol and acetone. For these
two organic liquids we can see smaller bubbles ejected from the pits and a larger
bubble growing at the midpoint that, upon reaching a given size, floats away. The
experiments with MCF-7 cells were carried out with the same liquid cultivation media
showing similar bubble cavitation as in water (see Figure 7.5).

Figure 7.8: Bubble pattern for four different liquids tested (no glass slide on top). The
bubbles generated are clearly different for each substance but qualitatively similar between
water and bleach and between ethanol and acetone.

We expect similar removal effects for these liquids as for water, but it was not
within the scope of this paper to address this topic further.
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Cavitation erosion

After the maximum period of 30 minutes of ultrasound exposure, no erosion was
visible on the glass surface, as investigated by SEM analysis. This shows a different effect than the erosion observed on Si surfaces in our previous studies [38]. The
reasons for this are that Si has a crystalline atomic structure and is brittle whereas
glass is amorphous and does not exhibit the same mechanical properties (see Chapter 8). Additionally, the erosion we observed on Si surfaces was on the substrates
from which the bubbles were generated, whereas here the bubbles have travelled a
considerable distance (150 µm from its nucleation sites) to the glass surface, and the
acoustic conditions have changed considerably.

7.3.5

Bubble cloud forces

The AFM measurements showed that the force was intermittent, with an average
deflection of the cantilever of ca. 500 nm, which corresponds to a force of 20 µN.
Using the tip area of the cantilever, the pressure exerted by the bubble cloud can be
estimated to be of the order of 50 atm.
The force measurements in both directions of sweep were symmetric, which is
especially important for the direction that runs along the length of the cantilever,
across the tip, and into free water (where there are no bubbles present). The sweep
force had a plateau maximum attributed to the cantilever being directly above the pit,
plus slightly to either side but with the bubble streams redirecting to the tip. The
value of the force given is the average of the maxima of both the lateral and long
ways sweeps, which agree with each other to within error, which thus represents the
bubbles hitting the end of the cantilever.
The sweeps pass over the end of the cantilever so we assume that the force measurements can be interpreted in the usual sense in AFM measurements. That the
sweep along the length of the cantilever and into free space appears symmetric, represents the fact that the cantilever’s “lever” is more than double the distance away
from the surface.
Finally, in terms of incorrectly interpreting interference from bubbles as deflection, the laser spot is wholly and exclusively on the back side of the lever (we do not
see interference with the bare substrate from an overlapping spot, as an example of
the standard control measure). The chip is much wider than the probe’s 2 µm end
and all bubbles direct towards the end and terminate there for the cases when we use
the force measurement.
Also, the temporal resolution limit is given by the resonant frequency (190 kHz
in air and 73 kHz in water), which is lower than the piezo frequency (200 kHz), so
we measure only averages of impacts and not individual events.
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Discussion
Cleaning action of bubbles

With the micropits employed in this study it was shown that metal thin layers (Au and
Pt), biomaterials (biofilm, cells and hydrogel) and organic materials (photoresists)
could be removed in a certain local area, defined by the bubble cloud from the micropits. Surprisingly, the removal rates were similar for the metal and the viscoelastic
layers, while they all have entirely different mechanical and adhesive properties. This
suggests that the bubbles can exert enough mechanical force to remove all of these
materials, but that the amount of material that each bubble can remove during one
cycle is limited. The deposited material will have to be removed piece by piece, cycle after cycle as a result of several bubbles (clusters) cavitating close to a layer (see
Figure 7.5). As more material gets removed, the bubbles have to travel a larger distance from their origin (pit or geometrical center of the pits array), but are becoming
less likely to do so, consequently slowing down the removal rate.
When acoustic cavitation bubbles are in contact with hydrophobic surfaces, it
could be expected that no cushion layer of liquid exists that would dampen the liquid
jet impact as a result of bubble collapse (the hydrophobic or -philic properties of
surfaces and adhesion forces among them have been reported elsewhere) [43–45].
Accordingly, the hydrophobicity of the deposited material might have an influence
on the material removal, as for bubbles it is easier to collapse towards a hydrophobic
wall. It has been reported that the hydrophobic force is uniquely determined by
the contact angle [46]. Interestingly, water on Au and on Pt, both removed by the
cavitating bubbles, has a much higher (receding) contact angle than on the other
metals (see Appendix 7.D and Table 7.1 for contact angle measurement details and
results), suggesting that the bubbles could reach those two metals more easily than
the other metals. It is not known how much this effect contributes to the cleaning
effect.
The fact that microbubbles were generated in ethanol, acetone, bleach, and cell
cultivation medium as well as in water suggests that the cleaning with the help of
microbubbles can be enhanced for chemical cleaning processes. AZ96 and Olin are
commonly removed by acetone; bleach is used routinely in biological/medical applications like dentistry to kill bacteria. According to the results of this study, cavitation
could mechanically enhance the chemical removal.
We focused on water since is the “greenest” solvent normally used in cleaning
applications but other liquids may be used with similar effects. Another important
fact related to our experiment is the small volumes needed to remove the desired
substrates. This becomes important when considering cleaning applications with less
green solvents (e.g. acetone, toluene, etc.).
To address the influence of the radicals produced by the cavitating microbubbles
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[28] on the removal of deposited metal materials, all the metals were exposed to hydrogen peroxide (Sigma-Aldrich 30% as provided). For Au there was no reaction
observed at least for the first 5 minutes, after which occasionally some small regions
presented small detachment areas (ca. 1 mm2 ). For Pt there was some chemical activity observed (bubbling and gas formation, presumably H2 /O2 ) that led to detachment
of virtually the complete layer in a couple of seconds. For Cr and Ti, there was no
reaction within the observation time of 10 minutes. This allows us to conclude that if
there is any contribution of chemical radicals (e.g. H. or OH. ) to the removal rates it
will be minimal under the conditions attained with cavitation bubbles nucleated from
the pits.
The acoustic microbubble generation from the micro pits can be sustained for
at least several hours if the temperature is kept constant and gas loss is prevented.
This means that the loss of gas associated to the microbubble generation does not
deactivate the pits, evidencing a process of rectified gas diffusion into the pits. More
details on the bubble behavior can be found elsewhere [28, 38].
We observed stable cavitation from the pits with the glass slide placed on top
for at least 30 min. However, normally the removed layer areas did not increase
much more after the first 3 min if no change in the ultrasound conditions or moving
of the glass slide took place. Additionally, the low operation power compared with
conventional ultrasonic cleaning devices (one order of magnitude lower in our case)
and the control over the areas to be removed, makes the present cleaning device useful
in several applications.

7.4.2

Detachment kinetics

Solid hard materials
The detachment of material layers by acoustic cavitation bubbles can occur due to
material defects, at which the bubbles can perform further detachment. Once a crack
is formed, detachment could proceed by peeling and tearing mechanisms due to bubble jetting, and presumably also due to shock waves generated at cavitation bubble
collapses and reflections from the hard surfaces. The contribution of streaming can
be ruled out based on the above reported observations that there is no cleaning for
streaming only (without bubbles). Note that the removal of a thin film may follow a
different timeline than traditional cavitation erosion in bulk materials, as the material
properties of the bulk and a layer of the same material might be different [47]. To
explain the differences in cleaned area and removal rates between the various metals
we have to consider their different adhesion characteristics.
For the metals, a first estimation can be obtained by considering the formation of
metal oxides on the surface of the metals. Even though the films are sputtered under
Argon atmosphere conditions, the thickness of all layers is small enough to allow
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metal oxides to form on the surface. It is known that thin films for oxygen active
metals have a higher adhesion to glass than films of noble metals [48] because of
molecular electrostatic bonds between the metal oxides and glass [49].
The likeliness of a metal to form an oxide layer can be obtained from its affinity
of oxygen, which is directly related to the (negative) heat of oxide formation of the
metal. Au and Pt (heats of oxide formation of 79.5 kJ/mol and -134 kJ/mol for
Au2 O3 and PtO2 , respectively) do not oxidize easily since these are noble metals,
and are therefore expected to have a lower adhesion to glass than Cr and Ti (heats of
oxide formation of -1130 kJ/mol and -912.1 kJ/mol for Cr2 O3 and TiO2 respectively)
[50, 51].
The bonding of photoresists (AZ96 and Olin) to glass is strengthened by the
strong chemical bond provided by the HDMS priming step. For that reason, only
where defects in the layer existed, the bubbles were able to remove material.
The exact value for the adhesion for these solids is difficult to obtain, as the ways
and experimental techniques to quantify it are still controversial [52]. At the root of
this problem lies the fact that the individual surfaces to be bonded (metal/inorganic
layers and glass surface in our case) have different properties when bonded than when
separated. Many factors can affect a bond, such as impurities, roughness, defects or
inhomogeneity on any of both substances, actions of the environmental and mechanical stresses.
Therefore, instead of theoretically predicting the adhesion of the solids of which
the layer and substrate are made off, it is more relevant to attempt to measure the
actual deposited materials’ adhesion with a given experimental system or technique.
There are many adhesion measurement techniques described in the literature, including nucleation methods (based on deposition, only able to give basic adhesion values)
and mechanical methods (direct pull-off, moment or topple, ultracentrifugal, ultrasonic, adhesive tape peel, scratch, abrasion, laser spallation, etc.) [47]. However, the
values provided by one technique or given apparatus might not coincide with another
technique or with values given in the literature for similar systems. Comparison with
the literature should therefore be treated with care, and it is advisable to perform
adhesion tests in each individual system [50].
In order to get a qualitative comparison for the adhesion of the solid hard materials used in this study, we have performed our own scratch tests on the solid hard
materials, using an AFM and standard adhesive tape test. The details can be found in
Appendices 7.A and 7.B, respectively; the relative adhesion strength of these materials can be summarized as follows: Au < Pt < Olin and Az96 < Ti and Cr.
As another qualitative comparison, and more relevant to ultrasonic cleaning, the
removal of the solid hard materials was investigated in a commercial ultrasound bath
(Appendix 7.C), showing non-localized removal of Au and Pt under maximum ultrasound conditions, or no removal after 10 minutes. Taking as an example the case

7.4. DISCUSSION

137

of Au, our technique provided better localized and faster layer removal (compare
Figures 7.2 and 7.11).
Soft biomaterials
Biofilms are known to be able to adhere strongly to a substrate. The initial state of
biofilm formation is the adhesion of planktonic bacteria to a substrate, after which
the biofilm structure is developed. The bacteria themselves adhere to a substrate
due to a multitude of forces, based on both physicochemical and molecular/cellular
interactions [53, 54]. During its mature state, the biofilm has also been found to
increase its adherence through the production of functional amyloids, among others
[30].
Literature reports a wide range of viscoelastic and adhesive properties of encountered biofilms, as these properties depend on the ecology of the biofilm and also on
the conditions under which the biofilm has been grown [29, 30, 54–56]. Furthermore,
the properties of the substrate itself are important, for example the surface roughness
and hydrophobicity [30, 54].
A hydrogel can have better defined viscoelastic properties, as there is more control over its production, and can be used as a substitute for a biofilm when studying
the mechanical behavior of biofilms [57]. However, a hydrogel is not grown but deposited onto the glass slide and therefore its attachment to a substrate is expected to
be generally weaker than for a biofilm, relying only on physicochemical interactions
between glass and hydrogel proteins [58].
The elastic modulus and adhesion of the hydrogel were estimated using a hydrodynamic technique, of which the details and results are given in Appendix 7.E. The
hydrogel was observed to have a weaker attachment to the substrate than the typical
values for a biofilm, which is in agreement with our handling observations. However, considering the observation that the hydrogel did show viscoelastic behavior, it
can be considered a soft biofilm. The mechanical properties of the hydrogel can be
further tuned by changing its composition and through cross-linking.
The viscoelastic materials were not removed by the acoustic streaming alone,
whereas the cavitation cloud could remove them locally within a few seconds. An
explanation for this different behavior could be the timescales at which both components react. The pressure magnitude and fluctuations associated with acoustic streaming could be still in the elastic regime of the viscoelastic behavior; the pressure associated with transient bubble dynamics, however, can locally have a high magnitude
and fast fluctuation, causing deformations in the viscous regime, and possibly even
in the plastic regime.
Many of the MCF-7 cells grown on the glass slide had been detached due to the
induced cavitation cloud. However, optical visualization does not give any information on the cells around the area that was cleaned. Those cells might have been lysed
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through sonoporation, as has been demonstrated by Ohl et al. [59]. Their method
of dead-live staining could provide the information on the viability of the remaining
cells.

7.5

Conclusions

The localized generation of cavitation from micropits was shown to be able to remove
deposited thin metal and organic films and biomaterials on a millimetric scale in less
than 1 minute. The shape and extent of the cleaned area is related to the number of
micropits; the rate of removal was of the order of 0.1 mm2 /s. Basic adhesion tests
provided some insight into the likeliness of a material to be removed.
The low operation power and small volumes of liquid required, together with the
limited cavitation erosion damage, make the cleaning device presented here a “green”
solution for localized cleaning in many applications. Additionally, the possibility to
create patterned surfaces on a thin film deposited on a glass substrate would be highly
appreciated in fields such as Optoelectronics.
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7.A

AFM scratch test for the adhesion of solid hard materials

7.A.1

Experimental setup

The adhesion of gold (Au) and platinum (Pt) was determined by scratching these
deposited layers using the same AFM as before, but with a different spherical cap
tip (Micromasch NSC35, spring constant of 14 N/m, resonant frequency 315 kHz)
in contact mode. For these measurements, the surface was scanned continuously
over a 20µm×20µm areas with the contact force increased gradually every 5 µm.
Once the metal layer began to tear, the cantilever was lifted and moved elsewhere on
the substrate, before the process was repeated. Several repeated measurements were
carried out.

7.A.2

Results

Only Au and Pt could be removed with this AFM scratch test. The required removal
forces were found to be 22.6 ± 0.5 µN (Au) and 44.0 ± 1.5 µN (Pt), which, using
a removal width of R = 10 nm, correspond to peeling strengths of 2260 ± 50 µN/m
(Au) and 4400 ± 150 µN/m (Pt).
The gold and platinum layers delaminated differently to each other (Figure 7.9).
For the gold layer, once the metal had been compromised it continued to delaminate
from the glass substrate even if the contact force was reduced to less than 0.5 µN.
However, the platinum delaminated in a stick-slip, patchy fashion, in any case, so
lowering the contact force by only a few percent led to no further damage. Even at
a constant force of 44.0 ± 1.5 µN, the scratch was intermittent. The scratch widths
were increased to 90 µm for platinum to better see the effect.
The required forces and peeling strengths for metal removal given above were
measured on defect-free areas of the surface. It is interesting to note that the surfaces
peeled at much lower applied forces if the AFM probe collided with an opticallysized (∼10 µm) asperity. For the gold, the required force and peeling strength were
dramatically reduced to approx. 2.1 µN and 210 N/m, respectively, whilst those for
platinum were reduced to approx. 20 µN and 2000 N/m.

7.B

Macroscopic scratch test for the adhesion of solid hard
materials

7.B.1

Experimental setup

A hardness tester kit (SP0010, Thermimport Quality Control) and a cross-cut adhesion tester kit (CC2000 SP1690, Thermimport Quality Control) were used to analyze
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Figure 7.9: The top image is for the
gold sample and several scratch lines
can be seen. Each one is 20 µm wide.
The lower image is for the platinum
sample. As a guide to the eye, the
AFM probe mount is 30 µm wide.

the adhesion strength of the solid hard materials. The hardness tester kit consisted
of a Tungsten-Carbide tip with 1 mm diameter and a spring with 0-300 g load capacity and can be used to measure the wear (by scratching) or fail resistance of coatings, plastics, etc. The cross-cut adhesion tester kit is based on ISO 2409 Standards
and provides a semiquantitative measurement of adhesion. First, perpendicular cuts
with parallel blades were performed through the layers, touching the glass slide; afterwards a dedicated adhesive tape is attached and, when detached, it can remove
weakly adhered patches of each layer. According to the amount of removed material,
a classification of surface adhesion quality is given with a score between 0 and 5; 0
being the stronger attached where none of the squares is detached after peeling off
the tape.

7.B.2

Results

The hardness tester is a simple semi-quantitative test for surface hardness in which
all materials layers were scratched with 1 g (minimum setting that could be used).
The scratch test of the different solid hard materials used showed a marked difference between the metal and organic layers (Figure 7.10). When scratching the
organic layers (thicker and more brittle) we observed small parts detaching and it
was not possible to cut well defined squares as in the case of the metals.
Au and Pt were the weakest attached materials falling in the 5-and-4 and 4-and-3
category respectively. For Au layers we observed that the layer flaked in large ribbons
and along the edges where most squares were removed (more than 35 % of the total
area). For Pt we saw that most squares were partially or totally removed (more than
15 % of the total area). For Cr and Ti we classified it as 1-and-0 as we observed
very small flakes of the coating at the intersections of the cuts and no square could be
removed (less than 5% of the area removed).
For AZ and Olin we found that some chunks were removed in a way that could
be cataloged 2-and-1, but the squares were not neatly formed as these brittle layers
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cracked; see Figure 7.10.
Summarizing, the qualitative adhesion of the solid hard materials can be arranged,
in order of weakest to strongest, as: Au < Pt < Olin and Az96 < Ti and Cr.
This qualitative quantification is consistent with values provided in the literature
using other techniques. For example, for the metals, a laser spallation technique was
used to find a direct correlation between the bond strength on silicon oxide substrates
with the free energy of oxide formation of the arriving metal vapor for both evaporated and sputtered metals [61]. The energies at which the films detached were: Au
(25 J/cm2 ), Cr (75 J/cm2 ) and Ti (125 J/cm2 ), showing the same relative adhesion
strength as found in the present study.

7.C

Ultrasonic bath test for the adhesion of solid hard materials and comparison with current setup

7.C.1

Experimental setup

A commercial ultrasonic bath (VWR) operating at 20 kHz was used to test the adhesion strength of the layers with a conventional ultrasonic apparatus and a comparison
of the removal capabilities for each deposited sample was performed.

7.C.2

Results

With the ultrasonic bath, no material was removed after 10 min of sonication. All
samples were individually placed in a conventional configuration of a glass beaker of
200 mL (Schott) glued to a microscope glass slide (see Figure 7.11 Test A).
As an extreme test we placed each sample facing down, directly against the bottom surface of the ultrasonic bath. For Au and Pt we observed surface removal without localization and for Cr or Ti we saw no removal at all (see Figure 7.11 Test B).

7.D

Contact angle measurement of solid hard materials

7.D.1

Experimental setup

The advancing and receding contact angles of a sessile drop of tapwater on the gold-,
platinum-, chromium- and titanium-coated glass chips in air was determined using a
commercial contact angle goniometer (OCA30, Dataphysics, Filderstadt, Germany).
The advancing and receding contact angles were determined automatically thrice by
the contact angle goniometer during volume change of a drop of volume 10 µL at a
rate of 0.25 µL/s. The non-clean conditions in the ultrasound setup were mimicked
by using tap water and by not cleaning the chips before contact angle measurement.
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Figure 7.10: The left column shows the various deposited layers after the cuts are performed.
The right side shows the same region after peeling off the adhesive tape.
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Figure 7.11: Experimental conditions provided to test adhesion
strength for all layers; in this case
for Gold deposited on a glass substrate. Test A shows how the glass
substrate was glued to a glass slide
and inserted in a glass beaker filled
with water as normally cleaning US
baths are used. After 10 min no material was removed in any case. Test
B shows the extreme conditions used
to be able to remove material (only
Au and Ti) but no localization of the
removed material.

7.D.2

Results

The results are included in Table 7.1. Au and Pt were found to have a larger receding
contact angle than the other solid hard materials.

7.E

Hydrodynamic characterization of the viscoelastic properties of the the hydrogel

7.E.1

Experimental setup

The properties of the hydrogel used in this study have been measured by determining
the strain induced by the stress exerted by the flow from a needle. When the flow
through the needle is driven with a positive pressure, a jet is created, which has a
stagnation pressure P of P = 12 ρu2 , where ρ is the density of the liquid (water: 1000
kg/m3 ) and u = Q/A is the average velocity, estimated from the flow rate Q and the
needle orifice A. The setup consisted of a 22G needle (Terumo, Leuven, Belgium; internal diameter of 0.413 mm) positioned at a distance of 300 µm above the hydrogelcovered surface, through which a flow with flow rates in the range 0.01 - 1 mL/min
were created by a syringe pump (NE1010, New Era Pump Systems, Wantagh, NY,
USA). By recording (LM165 camera, Lumenera) the displacement of particles embedded in the hydrogel that appeared to be near the stagnation region of the jet, the

7.E. HYDROGEL CHARACTERIZATION

147

Young modulus of the hydrogel can be estimated.
Using the same needle but with a negative pressure, a pulling force is exerted
on the hydrogel. Parts of the hydrogel detach (sloughing) from the bulk hydrogel
when the suction pressure exceeds the cohesive and adhesive forces of the hydrogel.
The suction pressure can be estimated roughly from the Bernoulli pressure along the
streamlines of the flow toward the needle orifice.

7.E.2

Results

The hydrogel, when subjected to stagnation pressure from a jet generated with a needle, displayed elastic behavior for flow rates higher than 0.01 mL/min, and additional
viscous behavior for flow rates higher than 0.1 mL/min. By tracking the displacement of embedded particles in the elastic regime, the Young modulus of the hydrogel
was estimated to be of the order of 10−1 Pa. When using a negative pressure (suction) through the needle, sloughing was observed to occur for flow rates above 0.2
mL/min, from which the adhesive and cohesive strengths are estimated to be of the
order of 10−1 Pa.
The mechanical properties of the biofilm could not be determined, because its
limited thickness prohibited proper recording of its deformation and the other tests
used for the organic materials and metals are not applicable. However, overall the
biofilm appeared to be stiffer and better attached to the substrate than the hydrogel
was. This agrees with the typical range of values of the Young’s modulus and cohesive and adhesive strengths for biofilms given in literature [29–32, 54–56], which
are typically two or three order of magnitude higher than those measured for the
hydrogel.

Supplementary material
(Online at http://stilton.tnw.utwente.nl/rootcanalcleaning/Gallery of Irrigant Motion)

Movie 1. Removal of a deposited layer of gold by cavitating microbubbles, originating from two pits. After increasing the power (at t ≈ 8 sec), the bubble clouds start
to move toward each other and remove an area in-between the two pits. Recording
speed is 50 fps.
Movie 2. Removal of a deposited layer of photoresist (AZ96). Recording speed is 50
fps.
Movie 3. Removal of a deposited layer of biofilm (black dots). Recording speed is
50 fps.
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8

Erosion Evolution in Mono-crystalline Silicon
Surfaces Caused by Acoustic Cavitation
Bubbles ∗

Abstract The early stages (< 180 min) of cavitation erosion of silicon surfaces were studied for three
different crystallographic orientations. We introduce a quantity defined as the ratio of non-dimensional
eroded area to the number of pits, α p , to evaluate the evolution of erosion among the different substrates
used. Different erosion evolution was observed for (100), (110) and (111) silicon surfaces when exposed
to cavitation bubbles generated by an ultrasound signal of 191 kHz. (100) silicon substrates showed the
most erosion damage, with an eroded area 2.5 times higher than the other two crystallographic orientation substrates after 180 min sonication. An apparent incubation period of 50 min was measured. The
number of erosion pits increased constantly for (110) and (111), but for (100) no increase was detected
after 120 min. The collapse of a spherical bubble was simulated using an axisymmetry boundary integral (BI) method. The calculated velocity of the jet from the collapsing bubble was used to estimate the
pressure P that is induced by the jet upon impact on the silicon substrate.

∗ To be submitted as: David Fernandez Rivas, Joris Betjes, Bram Verhaagen, Wilco Bouwhuis, Ton
C. Bor, Detlef Lohse and Han J.G.E. Gardeniers, to J. Appl. Physics, 2012.
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8.1
8.1.1

CHAPTER 8. EROSION EVOLUTION IN SILICON

Introduction
From cavitation bubbles to erosion

In 1894 Sir. John I. Thornycroft and Sydney W. Barnaby found bubble formation
(cavities) on spinning propeller and speculated that it was connected to vibration and
erosion of the propeller. Later on, the English Royal Navy approached John William
Strutt (Lord Rayleigh) to study the causes for the damage found on boat and submarine propellors moving at high speeds [1–3]. Rayleigh confirmed that this damage
was due to cavitation bubbles. Cavitation is defined as the growth and collapse of a
gaseous void when an external negative pressure is applied to a liquid volume [4, 5].
The ship propellers rotate fast enough to reduce the pressure in the liquid near the
blades below the water vapor pressure, leading to the formation of bubbles. The
subsequent bubble collapse can be so violent that materials as hard as steel can be
severely damaged, which is referred to as cavitation damage. In the past decades,
cavitation damage has been of interest in engineering since it is an undesirable effect
in, among others, artificial heart valves, hydraulic machinery, and bearings [6–8]. The
mechanical effects of ultrasound cavitation have found several “greener” applications
in the last decade, such as localized cleaning of surfaces, the development and optimization of new coatings, surface functionalizations, nanofoams and several other
used in solar cells, imaging sensors, mechanical parts and hip prostheses [9–18]. As
an example, it is possible to make Si surfaces porous by exposure to ultrasound cavitation which can be used as photoluminescent structure, additionally reducing aging
effects of the Si surface [14, 19–21].
Cavitation is influenced by several parameters such as saturating gas, pressure
amplitude and temperature, which are interconnected and are hard to fine-tune [22].
In practical situations, bubbles frequently nucleate from defects on the wall of the
container or in dissolved particles, where small pockets of gas are trapped (also
termed heterogeneous cavitation). Controlled formation of cavitation bubbles can
be achieved by using for example a laser, shockwaves, or ultrasound equipment [23–
28]. Here we use an ultrasound device employing micropits that has been shown
recently [10] to enable the control of the location and amount of cavitation and the
surface modification effects on a millimeter scale.
Cavitation bubbles display a rich behavior. When bubbles undergo stable cavitation, acoustic streaming and shear forces on the surrounding medium are generated.
On the other hand, when the bubble collapse is more inertial, high fluid velocities,
high pressures and temperatures, and shock wave emission are present. The presence
of a boundary or other bubbles breaks the symmetry around an otherwise spherical
collapsing bubble, leading to a high-velocity jet. The velocity of such a jet can be of
the order of 100 m/s [29, 30].
Secondary effects of inertial bubble collapse include bubble fragmentation, splash-
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ing and deformation of the walls nearby the collapsing bubble [4, 11, 24, 30–34]. A
splashing effect has been described as the damage caused by the spherical collapse of
microbubbles near the surface, which are the result of after-bounces or second bubble collapses. After a micro-jet hits the surface, it spreads inside the boundary layer
and bubbles are thought to be generated due to friction; the collapses of these small,
spherical bubbles lead to powerful shock waves [31].
The majority of literature agrees that the destructive action of cavitation bubbles
is due mainly to two phenomena: the generation of the high-speed liquid jet directed
towards the (solid) boundary and the emission of shock waves upon the collapse
of the bubble. Another effect was suggested by Shutler & Mesler [35] as early as
1965, in which the bubble surface collapses directly towards the close-by boundary,
increasing the damage capability of the shock waves, jetting or any other damaging
effect.
Frequency is an important parameter that will determine several effects of cavitation such as the size of bubbles, surface modifications, chemical effects and light
emission, to name a few [13, 22, 36, 37]. At lower frequencies (ca. 20 kHz), physical
surface modification occurs mainly due to the effect of energetic micro-jetting, modifying the surface morphology with high weight loss [13]. For higher frequencies (up
to 150 kHz) the pressure field, luminescence, and erosion location coincide with less
erosion as a result related to damped cluster collapse [38]. The concerted collective
action of cavities is known to give rise to pressures at the target surface as high as
900 MPa [39].
When a surface is impacted (jetting or shockwave), stress waves are generated
and propagate in the solid, which can generate damage not only to the surface but
also to the bulk [18, 40]. Two basic types of stress waves exist: body and surface
waves. Compression waves propagate in the body, the shear and surface waves are
of the Rayleigh type. The orientation and velocity of a liquid jet and the severity
of the collapse and subsequent effect will depend on the impedance of the material
loaded and its stand off distance γ from the boundary. Near a hard boundary, the jet
will form towards the boundary, whereas near a soft boundary, the jet may form away
from the wall and thereby pull on the wall [30].
Ohl et al. [41] were able to locate the origin of two shock waves as the separate
emission of a jet-induced and a bubble-collapse-induced shock wave. A shock wave
is generated by the impact of the jet tip onto the lower bubble wall (jet shock wave)
[30]. The pressure acting on a rigid wall due to a shock wave can be of the order of
10 GPa [34]. During cloud rebound after the collapse of a hemispherical cloud of
bubbles close to a rigid boundary, secondary shock wave emissions occur.
It has been shown that the spherical shock waves arising in a liquid during cavitation bubble collapse lead to formation of deep needle-like pits on the solid surface
[39]. This damage is caused by the spallation due to interference of rarefaction waves,
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and it was found for several materials such as steel and duraluminum. Spallation was
defined as dynamic damage taking place upon focusing or interference of rarefaction
waves. Several spall cracks in the material yield fragmentation and detachment of
material grains, forming craters.
Cavitation erosion in Silicon
The effects of microbubble cavitation close to silicon surfaces in a micro-sono-reactor
has been described in previous publications [27, 28, 42]. Within 5 minutes of exposure to cavitation bubbles nucleated from pits, a region of damaged silicon substrate
was observed near the region where bubbles collapsed. Remarkably, the shape of
the individual damage sites coincided with the {111} crystal planes of the crystalline
structure of the silicon (100) wafers used. In connection to surface damage, the emission of shock waves by collapsing bubbles and jetting towards the silicon surfaces
was highlighted as possible causes. The current study will attempt to obtain more
details on erosion evolution in silicon substrates. Additionally, the setup may be used
not only to test the erosion on the surface with the etched pits, but in a similar way as
presented before [10], on another surface in the vicinity of the bubble generation.
Perhaps the pioneering work with strong similarities to the work we present here
was published in 1965 by Howkins [25]. An air bubble was trapped in a hole (1
mm diameter and depth) drilled into a surface that later is immersed in water and
vibrated. When exposed to ultrasound at 20 kHz with degassed water and water
saturated with air, the erosion in a nearby brass surface was studied, giving erosion
even at ultrasound amplitudes at which, in the absence of the bubble, no erosion took
place.
More recently [18] the physicochemical behavior of crystalline silicon (100) under acoustic cavitation was investigated in water sparged with argon. Ar∗ emissions
generated by mechanoluminescence (emission of light caused by mechanical action
on a solid [43]) were detected. Besides physical and chemical changes in the Si surface that altered wetting properties and topology, phase transformations of the Si lattice were studied with Raman spectroscopy and Transmission Electron Microscopy,
TEM. Long incubation periods of erosion were found with cracks and defect cleavages aligned with the crystallographic lattice in agreement with the brittle nature of
Si at room temperature. Interestingly, local disorder damage was found in line with
plastic deformations [18].
Here we investigate erosion of several silicon surfaces. Silicon has a diamond
face-centred cubic crystal structure (fcc). Slip in silicon occurs on {111} slip planes
with Burgers vectors of a/2 <11̄0> and a/6 <112̄> types [44]. The angles (φ )
between planes of the family {100} and {110} are 45◦ or 90◦ . Between {100} and
{111} planes, the intersection angle is 54.7◦ . Furthermore, {111} and {110} planes
intersect under 35.3◦ , 90◦ or 144.7◦ [45]. Figure 8.1 illustrates these orientations
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schematically.
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Figure 8.1: Sketch of the crystallographic plane configuration in mono-crystalline silicon
for (a) (100), (b) (110) and (c) (111). All lines are the intersecting {111} planes with each
corresponding specific top surface plane.

Erosion evolution
Studies of cavitation erosion have covered a wide variety of materials and conditions;
from ductile metals, brittle plastics, ceramics and soluble materials to glass [11, 40,
46–48]. All materials have intrinsic defects in its surface and bulk. When exposed to
cavitation activity, regularly an incubation period occurs where small deformations
(erosion pits) appear on the surface after short duration exposure, or the existing
defects start to grow. These defects can serve as heterogeneous nucleation sites and
promote cavitation erosion. As exposure to cavitation continues, different behaviors
are observed depending on the nature of the material. The erosion can accelerate and
eventually reach a stable erosion rate [31, 49, 50].
When cyclic stresses of a given load are applied for a certain time, most materials
degrade and can suffer premature failure. This phenomenon is known as fatigue and
is the most commonly experienced form of structural failure, yet it is one of the least
understood for single crystalline silicon [51].
Brittle materials, such as single crystal silicon at room temperature, have very
limited dislocation mobility, making the possibility of cyclic fatigue failure not obvious. The durability and reliability assessment of microscale devices (air bags, blood
pressure sensors, and jet cartridge nozzles) has driven studies on the fatigue effect on
materials used in the semiconductor industry [52]. The fatigue damage accumulation
in silicon can take place with the detachment of inclined {111} planes on the fracture
surface when energy is dissipated, forming cleavage planes [51, 52].
The cracking behavior of Si is not that well reported in the literature. The corresponding mechanisms of fatigue in brittle materials, such as the structural films
commonly used in MEMS, are quite different from the generation and motion of
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dislocations and the accumulation of plastic deformation in metals. The {111} and
{110} planes are known to be preferred cleavage planes, which means that cracks
propagate preferentially along them. Reported values of the fracture toughness are
given in Table 8.1, but do not differ much from each other.
The influence of the environmental conditions on Si fatigue in air and water have
also been tested with the conclusion that the fracture surface in water consists of
several fracture planes (failed by several cracks), whereas the one in air is a single
plane (single crack) [53]. Apparently, water influences the oxidation of the silicon
surface and accelerates the erosion-fatigue effects. A similar effect occurs for glass
surfaces where silanol forms [54].
Ultrasound cavitation can have an etching effect induced by the formation of
monohydrides to the detriment of multihydride formation. Ultrasound cavitation can
also lead to porous layers with decreased oxidation and hydrogenation [20].
Quantifying cavitation erosion
Materials erosion is a complex phenomenon in itself, and due to the rich behavior of
bubbles, we find an even more complex correlation in cavitation erosion. Methods
for quantifying erosion strongly depend not only on the device, frequency, material,
and exposure time, but also on the laboratory conditions available in each research
group and the degree of understanding of the physico-chemical processes involved. A
popular method to quantify or map cavitational erosion effects has been the damage
of aluminum foils [30, 31], but this should be considered mainly as a way to find
regions with maximum erosion potentials, and the results cannot be extrapolated to
other materials. The relation between impact load by collapsing cavitation bubbles
and erosion damage can be addressed by measuring impact loads and erosion damage
with sophisticated equipment [55].
Several single-number parameters like the volume loss, the mass loss, and the
mean and maximum depth of erosion penetration are determined after exposure to
cavitation in order to quantify the amount of erosion that has taken place. Additionally, the instantaneous erosion rate, the mean depth of erosion penetration rate, the
incubation period and the time needed to achieve the maximum damage rate are used
to characterize a given period of erosion progress.
Efforts to standardize existing erosion test methods have had limited success [56].
As the damage rates of different materials depend on so many factors, the realistic
loading of the material under field conditions is usually unknown. Often ultrasonic
horns or baths are used, but they have limitations in the range of frequencies, power
and pressure values. Also, as erosion at early stages is so small, it is not possible
to measure erosion by weighing the samples before and after ultrasound exposure.
Here, we demonstrate that the ultrasound device with micropits can be used effectively to study the erosion of silicon; other materials may be used as well. Using
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high-resolution scanning electron microscopy (SEM) imaging, information on the
evolution and extend of cavitation erosion can be obtained in a quantitative way, allowing for comparison of the erosion of different materials.
Varvani [57] proposed a model to obtain the number of cycles for fatigue failure
of silicon to occur, in which the total fatigue damage is accumulated as the number
of cycles progresses. Here, we attempt to relate the number of cycles to erosion
by measuring the amount of erosion after a certain time and correlating that to the
calculated expected number of cavitation bubbles.

8.2
8.2.1

Experimental section
Experimental setup

Experiments were conducted with 1×1 cm square micromachined chips silicon single crystalline with orientation <100>, <110> and <111> (Okmetic, Vantaa, Finland). The chips were diced from different p-type polished wafers with a smooth
surface (3.46 – 4.22 Å). Two pits were micromachined in the surface with an interpit distance of 100 µm; each pit has a diameter of 30 µm and a depth of ∼ 10 µm.
Further details on the fabrication of the micromachined pits on the substrates can be
found elsewhere [27, 28, 42].
The glass cavitation cell, in which the substrates were placed, was glued to a
piezo element and details can be found elsewhere [27, 28, 42]. An Agilent 33250A
80 MHz wave generator provided a 191 KHz sinusoidal signal, which was amplified
by a Sony TA-FB 740FBR amplifier to 0.07±0.01 W, providing an acoustic density
of 0.14 W/cm2 . The bottom of the piezo element was in contact with a Marlow
Industrial Peltier-element to keep the temperature at 23±1◦ C. A heat sink and fan
were placed underneath the piezo element to remove excess heat. A glass slide and
rubber ring were placed over the reaction cell to reduce evaporation of the liquid
during the experiments. A Multimetrix DMM220 multimeter connected to a 0.2
mm diameter T-type thermocouple was used to measure the temperature within the
reaction cell. The current and voltage supplied to the piezo element were monitored
with a HAMEG HM 8115-2 power meter.

8.2.2

High-speed visualization setup for bubble dynamics

The generation of cavitation from the micropits was visualized using two cameras.
One was the ultra-high speed camera facility Brandaris 128 [58], which recorded
6 movies (spaced 20 ms apart) of 128 frames at a frame rate of approximately 10
Mfps. The other was the Photron, model SA1.1 with framerates up to 500 kfps.
A microscope (BX-FM, Olympus) provided 20× magnification; illumination was
provided in dark-field mode using a Xenon flash source.
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A second system reported before [28, 59], able to capture single snapshots with
a short exposure time was used to image shockwave emissions. The camera was
a Lumenera LM165 with a sensitive Sony EXview HAD CCD sensor. The Olympus microscope was equipped with two long working distance (WD) objectives, the
LMPLFLN 10×, (WD 21 mm/NA=0.25) and the SMPLFLN 20× (WD 25 mm
/NA=0.25) both Olympus. A bright laser-induced fluorescence pulse of 7 ns duration (full width at half maximum) was used for illumination, amounting to about one
thousandth of the acoustic period, providing high-resolution images without motion
blur.

8.2.3

Numerical modeling of single bubble collapse near a solid wall

The collapse of a spherical bubble was simulated using an axisymmetric boundary
integral (BI) method, see Appendix 8.A for details. The BI simulation tracked the
interface of the bubble up to the point where the two opposite interfaces of the axisymmetric bubble touched each other. The velocity difference of these two interfaces
at this instant was used as an approximation of the velocity V of the jet from the collapsing bubble.
The pressure P that is induced by the jet upon impact on the silicon substrate can
be estimated calculating the water hammer pressure [60]:
P=

ρ1C1 ρ2C2V
ρ1C1 + ρ2C2

(8.1)

with ρ the density and C the speed of sound in the liquid (subscript 1) and the silicon
(subscript 2). The water hammer pressure is associated with the shock wave induced
by the impact of a liquid cylinder onto a solid surface [61].
The wall shear stress is estimated from the Glauert solution for the wall jet, as
outlined by Ohl et al. [62], and evaluated at a distance of one jet diameter away from
the center of the jet. The jet diameter is estimated to be a fraction of the maximum
radius of the bubble: Rmax /60.

8.2.4

Silicon surfaces selection and cavitation exposure

Table 8.1 summarizes the most important mechanical properties of {100}, {110} and
{111} cleavage planes of silicon. The differences reported by different authors are
mainly due to the ways the measurements are carried out and by the exact lattice
orientation which can vary from one manufacturer to another [63–68].
All substrates were cleaned using a VWR ultrasonic cleaner at 20 kHz for five
minutes, Olympus lens cleaner tissues and three chemicals (acetone, alcohol and
milliQ water). The beaker was moved constantly in order to avoid stable bubbles
collapsing against the silicon substrate. The cleaned substrates were dried with inert
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Table 8.1: Physical properties of mono-crystalline silicon crystal planes.

Crystal planes
Surface energy a (J/m2 )
Modulus of elasticity b (×1011 Pa)
Fracture toughness c (MPa m1/2 )
a Hesketh et al. (1993) [69] , b Thaulow et al. (2011) [70] , c Chen et al. (1980) [71]

{100}
1.99
1.40
0.95

{110}
1.41
2.13
0.90

{111}
1.15
2.46
0.82

nitrogen and placed into the glass reaction cell. Using an Eppendorf 300 µL pipette,
milliQ water was poured in the reaction cell containing the substrate. The water
temperature inside the reaction chamber was measured and a rubber ring and glass
slide were placed on the reaction chamber. The Peltier-element was set at 0.80 V to
keep the temperature constant at 23◦ C.
The substrates were exposed to US for different time intervals ranging from 5 to
60 min in different rounds. The final exposure time achieved was 180 min. At the
end of each experiment, the substrate was removed and the reaction cell was dried
with nitrogen. This procedure was repeated for every measurement.
An oxygen plasma cleaner barrel Tepla 300E was used to remove carbonaceous
contamination.

8.2.5

Fractography, imaging and processing

The silicon substrate surfaces were imaged using SEM before and after erosion took
place, also termed fractography. The surface topology of each surface provides information on the damage initiation sites and the possible failure mechanisms. The
fractography in our study was done with a High Resolution SEM Zeiss 1550 under
a vacuum of 5×10−7 Pa. The substrates were imaged within the region of the two
micromachined pits where cavitation bubbles were present. The images were made
perpendicular to the specimen surface with electron energies of 5 keV and 100 keV
with a resolution of 1023×767 pixels. We did not follow the growth of individual
erosion pits in time, since each SEM analysis was performed at a magnification large
enough to provide good resolution, but no complete coverage was possible. The
scans were always done in the same region, but after the plasma cleaning step needed
to remove carbonaceous contamination, it is virtually impossible to find exactly the
same erosion pit.
Using the Image Processing Toolbox of M ATLAB R2011A, an in-house developed script was used to post-process the SEM images. I MAGE J processing software
was used to perform filtering and noise reduction. For each SEM image, the erosion
pit boundaries and areas were determined. The total eroded area ∆A was registered
as well as the total area processed A. The erosion pit depth was estimated for the
(100) Si substrates using trigonometry; for an erosion pit having an isosceles triangle
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cross-section shape, the depth (d) was calculated with d = w2 ×tan(54.7◦ ); w being
the smallest side of the erosion pit used as the base width.

8.2.6

Sonication using an ultrasonic horn at 20 kHz

A Branson 250 Sonifier (Danbury CT, USA) of the horn type with a microtip of
diameter 3 mm was used to compare the effects of cavitation bubbles generated with
a conventional ultrasonic device. The frequency of such a device is 20 kHz and the
power provided to the tip is limited by the hardware manufacturer to 70% of the
nominal power of the power supply (200 W).
Polished p-type Silicon chips with crystallographic orientation (100), (110) and
(111) parallel to the surface were taped to the bottom of a beaker filled with 500 mL
of water and placed on an adjustable stage. The ultrasonic horn was set with a ring
stand, and the horn tip was placed perpendicular to the silicon substrate at 0.5 mm.
The substrates were exposed to cavitation for 5, 10 and 15 min. These irradiation
times and conditions are supposed to fall within the incubation-acceleration period
[18].

8.3
8.3.1

Results
Cavitation bubbles: observations and simulation results

The nucleation of bubbles from stabilized bubbles on micromachined pits on silicon
surfaces has been described in detail elsewhere [27, 28, 42]. In short, and observed
in the ultra-high speed recordings (supplementary movie available), the bubble stabilized on the pit oscillates and sheds off micron sized bubbles with an average radius
and number that depends on the power applied (pressure amplitude). The conditions
of the experiment described here are similar to the case of one pit and high power
setting described previously, and account for a most probable bubble radius of 2 µm,
average equivalent bubble radius of 8 µm and 50 bubbles per acoustic cycle. Figure
8.2 shows a top-view example of cavitation around two pits.
The nucleation of bubbles can be sustained for several hours as long as the conditions are kept constant (avoiding liquid evaporation, constant temperature, etc.) by
virtue of a phenomenon similar to rectified diffusion [28]. The nucleated bubbles are
observed to break up seeding the liquid with their fragments; a cycle of expansion,
collapse, break-up and again expansion. Since the driving ultrasound amplitude was
high enough to obtain large and deforming bubbles, they tended to collapse against
the surface producing impinging liquid jets. See Figure 8.2 for a side view.
For the BI simulations, the typical distance of a bubble’s center to the wall is
estimated from high-speed side-view recordings as reported in previous works [28]
and is taken to be 25 µm. The absolute driving pressure obtained for that study was
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Figure 8.2: (a) Top view of bubbles cavitation close to the silicon surface. The pit has a
diameter of 30 µm. These are individual snapshots taken at 100 kfps and 0.1 µs exposure
time. (b) Side view of bubbles cavitation close to the silicon surface after being ejected from
two pits of 30 µm diameter at a distance of 100 µm. In t=0 a bubble ejects from the pit to the
right. Subsequent collapses, coalescence and jetting towards the surface (as well as among
bubbles) can be seen in all frames, particularly the arrow at t=25.4 µs. There are two images
per each acoustic cycle.

130 kPa, superimposed on the ambient pressure of 1 bar. These values are used in
the BI code, which results in a collapse as shown in Figure 8.3. The final moments
simulated in the BI code, for a single bubble of radius 2 µm, predicted a collapse
time from maximum radius to zero of approximately 0.1 µs (Figure 8.3). The final
velocity of the bubble wall at the point where the BI code stopped was of the order
of 102 m/s. The associated water hammer pressure was calculated to be of the order
of 0.1-1 GPa; the shear stress was of the order of 0.1-1 MPa.
As a general trend, smaller bubbles (in the simulated range of 2-25 µm in radius)
resulted in higher collapse velocities. A larger initial distance γ of the bubble from the
wall also resulted in higher collapse velocities, with the limit at large γ approaching
the non-wall-bound spherical bubble collapse velocity.
The collapse evolution calculated by the BI code for a single bubble of radius
15 µm near a wall was compared to that of a similar bubble of similar size in the
ultra high-speed recording. The collapse time of the bubbles in experiment was of
the order of 1 µs, which is a similar collapse time as predicted by the BI code. More
details can be found in the Appendix 8.A.
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Figure 8.3: Radius-time curve (top) and vector field (bottom; blue is the bubble contour, red
are the fluid velocity vectors) as calculated by the BI code for a 2 µm initial radius bubble at
4 µm from the wall.

The presence of shock wave emissions can be seen in the short exposure photos
given in Figure 8.4. This observation was feasible since the refractive index gradient
induced by the shock front in the liquid refracts the illumination light. The shock
wave width could not be measured properly with the available conditions, nor its
propagation speed. The width of the shock wave image should not be mistaken for
the shock wave width [34].

8.3.2

Erosion observations of different crystallographic surfaces of silicon

A perspective inclined view for the case of (100) Si can be seen in Figure 8.5 after
cavitation exposure for 180 min. Each SEM image showed features depending on the
crystallographic orientation; how they form and evolve in time is related to the crystal
lattice properties (see Table 8.1). For all orientations we can describe two distinctive
types of erosion effects. One is “erosion pitting” and the second is “fracture lines”.
If one compares Figure 8.1 and advanced erosion stages as in Figure 8.6, it is
possible to observe that for (100) Si, the superficial fracture lines are perpendicular,
for (110) the lines have an angle of approximately 54.3◦ in between and for (111) an
angle of 60◦ .
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Figure 8.4: Top and side view of bubbles cavitation close to the silicon surface with the
emission of a shock wave originated from the bubble clusters. A dashed line indicates the
position of the silicon surface.

Figure 8.5: An inclined view of a SEM image showing the eroded area in the vicinity of the
two pits in a (100) substrate. A zoomed in view to the right side shows the typical erosion
features.

Orientation (100)
A three-dimensional schematic view is provided in Figure 8.7 and compared with
SEM images after various times of ultrasound exposure of (100) Si. The red lines
represent needle-like cracks which result in grain detachment starting after 50 minutes. The grains of material detached resemble in most cases a pyramidal shape, as
can be seen in detail after 180 min (formed by the {111} planes).
It was not possible to obtain a cross-sectional analysis of the surfaces. Nevertheless, close to the verge of the pit’s edge and SEM tilted images (see Fig. 8.5), it is
possible to gain some understanding of how the crack lines connect underneath the
flat top (100) surface, as depicted in Figure 8.8. From these detailed figures we can
understand that the erosion process is not restricted to superficial damage, but also
can have effects in the bulk.
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Figure 8.6: Comparison of the observed advanced erosion fracture lines for (100), (110) and
(111) silicon after 180 min of cavitation exposure. The drawn bars indicate the directions
followed by the majority of cracks and correspond approximately to Figure 8.1. For (100)
these lines are perpendicular, for (110) a combination of <110> and <11̄2> directions
complying with (111) cleavage planes at 54.3◦ is observed, and for (111) the lines have an
angle of 60◦ and directions <110>
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54.7°

(100)

(100)

0 min.

2 μm

20 min.

50 min.

90 min.

180 min.

(a)

(b)

Figure 8.7: Comparison of an artistic description of the erosion characteristics (a) with the
erosion progression in (100) Si wafer (b). The shape of the erosion pits at 180 min shows a
pyramidal shape in agreement with the orientations of {111} planes. The white circles at 20
min. mark the small cracks observed at early stages.
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Figure 8.8: Deep cracks at the verge of the pit along {111} planes in (100) silicon near a
micromachined pit, after 50 minutes irradiation.

All the {111} planes are inclined with respect to the (100) surface (top surface of
the Si substrate). The surface energy and fracture toughness of {111} planes are the
lowest, making it energy-wise more probable to create a new surface than in other
crystallographic planes (see Table 8.1). The intersecting lines make a 90◦ angle.
A certain regularity was observed but not quantified in the distance between the
cleavage lines, which got smaller with time. It is recommended for future studies to
quantify the location and spread of these lines over time across the whole surface.
Orientation (110)
Erosion pits and crack lines show different features on (110) compared to (100) Si at
the early stages. Some details can be observed in Figure 8.9.

200 nm

200 nm
(a)

(b)

Figure 8.9: Details of erosion in (110) Si wafer in the early stages (less than 100 min).
Observe the presence of erosion pits and some cracks having particular shapes: a) lines
close to the erosion pits of a length of 200 nm and b) zig zag cracks with orientations in the
[11̄2], [1̄12] and [1̄10] directions.
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There are two types of {111} intersecting the (110) surface of the substrate: those
that intersect the (110) along [1̄10] are inclined with respect to (110) and those that
intersect the (110) along [11̄2] or [1̄12] that are oriented perpendicular to (110).
Based on our observations, the most probable places to develop cracks are at the
intersections of [1̄10] and one of the other two intersection locations. The intersecting
lines make an angle of 54.3◦ , 71.4◦ and 125.7◦ on the (110) surface.
The most striking observation is perhaps the zig-zag crack shown in Figure 8.9b.
Such behavior can be understood from literature, as Vicker’s indentation tests for the
{110} indent plane show that the crack “intended” to propagate on the {11̄0} planes
zig-zags mainly on the {11̄1} planes [44, 52].
Orientation (111)
In the case of (111), the erosion pits and crack lines show a clear difference compared
to the two other crystal orientations at the early stages shown in Figure 8.10. The most
salient is that crack lines (sometimes six) can intersect and merge in a given point.

1 μm

300 nm
(a)

(b)

Figure 8.10: Details of erosion in (111) Si wafer at early stages of erosion (less than 100
min). a) Small crack lines connect in small cornered grooves and small erosion pits scattered
on the surface. b) Six crack lines intersect and merge in a given point highlighted by a dashed
circle.

There are three {111} types of planes intersecting the (111) and as will be shown
later, these are all likely to grow cracks. The intersecting lines make an angle of 60◦
on the (111) surface in agreement with the situation depicted in Figure 8.10.

8.3.3

Erosion by an ultrasonic horn

Exposure to the ultrasonic horn also resulted in erosion of the silicon surfaces (100)
and (110) (Fig. 8.11), but the eroded parts were not as concentrated as in the micro-pit
experiments. The erosion pits look larger for the same sonication period. Evidently
the effect of a lower frequency has a strong influence on the mechanical damage when
compared to higher frequencies as employed for the micropits setup. For (111) there
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was no damage that could be imaged at least after 10 min. Longer exposure time

Figure 8.11: Details of the erosion in (100) Si wafer (a) and (110) (b) at early stages of
erosion (10 min expossure at 20 kHz.)

experiments were not conducted as it was reported that for 20 kHz and a horn cavitation system the incubation period is larger (four hours) [18]. This can be attributed
to the differences in the dynamic loading and physico-chemical conditions given by
our setup compared to the horn.

8.4
8.4.1

Discussion
Study of Si fatigue

Even though erosion and fatigue studies in silicon are available in the literature, a
one-to-one comparison with our results cannot be given (different types of loading,
frequency, test duration). For that reason we consider it important to try to provide
some reference values and discussions on this subject.
Each collapsing bubble that was produced by the micropit ultrasound device results in a force load on the silicon surface (either a liquid jet or shockwave). Each
load by itself may not be enough to fracture the silicon, but repeated load can lead to
fatigue failure. Figure 3 of Varvani’s work [52] shows an S/N curve (stress vs. number of loads), without an empirical fitting factor [52, 57, 72]. Using this curve, we
can estimate the number of bubbles (loads, N) needed to make the material fail. The
BI method for single bubble collapse near a wall predicted a water hammer pressure
ranging from 0.1 to 1 GPa, which corresponds to a number of loads (N) larger than
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108 . Using the estimated number of bubble impacts as described in Section 8.3.1,
along 50 min, when clear damage to the surface is observed, leads to a number of
impacts in the order of 106 . If we consider all these impacts to be loads on a single
point, Si would fail if each impact would be of ∼ 2.4 GPa.
From these values we can only say that the order of magnitudes of the water
hammer jets the BI code provides are relatively close to the expected stresses known
to make Si fail by virtue of fatigue effects. However, the contribution of shock waves
cannot be ruled out.
The pressure exerted on an AFM tip by bubble clusters similar to the ones given
here was estimated to be ∼5 MPa [10]. This should be taken as a lower estimate
since the distance from the silicon substrate from which the bubbles were generated
to the AFM tip was ca. 100 µm, instead of collapsing near the silicon surface as this
study has covered.
When comparing the stresses provided by shock waves reported in literature (10
GPa [34]), with the S/N curves of Varvani’s methodology [52] it is not possible to
get a value of loads N, because the lowest amount of cycles accounted were ∼ 200,
corresponding to roughly 2.8 GPa stress value. If the shock waves impacting the
Si surfaces in this study would exert a 10 GPa stress value, that would certainly
make Si fail from the first impact; but in reality the zone of impact is embedded in a
larger material matrix, making it a more complex situation than a free-standing piece
used in other fatigue experiments. We can speculate that the type of bubble collapse
encountered in our experiments is different than for the conditions at which those
high pressure values were measured; the most important being that we have a bubble
cluster collapse, and in those cases, bubbles experience a “shielding effect” that may
lead to reduced shock wave pressures [42, 73]. Interestingly, the metallization of c-Si
with shockwaves has been described [74].
From the results of Virot and coworkers [18] on Si cavitation erosion, a better
resistance to cavitation erosion of Si was found when compared to glass, having long
incubation times (∼ 4 hours). In general, even though pits and cracks were formed,
the final erosion state differed from other materials, like glasses or metals. The superhydrophilicity of the surface after sonication was explained as a result of increased
density of hydroxyl groups at the newly created surfaces or perhaps an inverse lotus
effect. Shifts in the Raman spectra pointed at anisotropic compressive stresses along
with lattice deformation; deconvolution analysis gave evidence of the presence of
grain boundaries or crystalline Si particles, the coexistence of crystalline Si (c-Si),
and amorphous Si (a-Si). The latter was correlated with plastically deformed areas
observed with SEM, and may result from a loss of lattice stability during the cyclic
compressions/decompressions of the collapsing bubbles. TEM analysis coincided
with SEM results, and additionally revealed a more complex highly stressed and distorted structure, showing several possible phases: c-Si, a-Si, and polycrystalline Si
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(poly-Si). It was also concluded that local changes in Si, like amorphization and metalization, could fracture, deform, and dislocate the Si sub-surface. This could in turn
change its density leading to volume expansion and contraction affecting the electron
density of states (thermal and electrical properties of Si) promoting the emission of
Ar∗ by mechanoluminescence. Contrary to other studies found in literature, no aging
effect of Si in pure water for several days or in parts not directly exposed to US was
found.
To complete our study further experiments might be conducted in the future to
measure the effect of shock waves and surface erosion evolution. All these phenomena are certainly interconnected and may have a synergistic effect towards erosion of
Si surfaces.
The ultimate cause for fatigue of Si, as a brittle material, would be the damage
accumulation (formation and propagation of cracks) as a result of small stress loads
(either jet or shockwave impact), aggravated by the chemical corrosion effects of
the products of sonochemical products of bubble cavitation. Wave propagations as
a result of the pressure pulses against the Si surface may contribute to the complex
erosion scenario.

8.4.2

Area and volume erosion

The eroded volumes calculated from SEM images are shown in Figure 8.12. The
growth and interconnection (coarsening) of small erosion pits creates deep craterlike erosion pits. The amount of smaller erosion pits increases with time (type a)
and other larger erosion pits are formed by coalescence (b and c). For instance, the
amount of erosion pits with depths 100–200 nm (black line) shows a decline after 50
min and at the same time, deeper erosion pits (>500 nm) increase in number. This
can be understood as a cascading effect that indicates what seems to be the end of the
incubation period.
The erosion features for (110) and (111) were completely different. Smaller in
number and eroded area and no clear geometrical figure could be related to the shape
of the erosion pits. Hence, a similar assessment as for (100) was not possible.
Comparing the number of erosion pits and eroded area calculated in Section 8.2.5,
(100) clearly shows a qualitatively different progression in the erosion process compared with (110) and (111). In all three cases the initial stage seems to be consistent
with the presence of small cracks (small openings on the surface) that upon the action of the collapse of cavitation bubbles, start to grow. As the cavitation exposure
progresses, these cracks grow and interconnect; (100) show a more pronounced presence of superficial cracks. These cracks can reach deep into the crystal bulk (as seen
in Fig. 8.8) and eventually, while the erosion pits also grow in area or volume, the
“weaker” planes start to intersect (in a pyramidal fashion matching the {111} planes)
making it possible for a grain or piece of material to detach. The large detached ma-
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Figure 8.12: Histogram plots of the calculated erosion pit depth in (100) silicon as a function
of the number of erosion pits and the irradiation time: (i) 50 min., (ii) 70 min., (iii) 90 min.,
(iv) 120 min and (v) 180 min. The first three histogram bins are colored and connected to
show their particular evolution. The image resolution did not allow pit depth extraction for
irradiation times below 50 minutes.
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Figure 8.13: Absolute number of erosion pits as a function of the sonication exposure time.
The scattered points are individual substrate measurements and the bold symbol represents
the averaged value for that specific sonication time.
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terial (which presumably could have contained at least four erosion pits) forms a new
and larger pit, reducing the total number N of erosion pits (see Fig. 8.13).
For (110) and (111) the situation seems different. We see that the way the cracks
and planes intersect, indeed allows for the formation of erosion pits, but not in a
pyramidal shape as cavitation exposure increases (which is the case for (100)). Interestingly, the existing pits do not interconnect in the same fashion, giving an increase
in the number of pits, but not an increase in the area (crack propagation is impeded),
as is the case for (100) (see Fig. 8.14).
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Figure 8.14: Non-dimensional eroded area ( ∆A
A ) plotted as a function of sonication exposure
time. The scattered points are individual measurements and the bold symbol represents the
averaged value for that specific sonication time.
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Figure 8.15: Plot of α p (non-dimensional eroded area divided by the number of erosion pits)
as a function of sonication exposure time.
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Plotting the non-dimensional eroded area divided by the number of erosion pits,
which we define as α p = ∆A
A /N, gives insight into the coarsening progression, i.e.
interconnection of the erosion pits. Fig. 8.15 clearly shows the differences among
(100) compared with (110) and (111), where these last two show a similar and relatively horizontal slope, whereas after the incubation time (50 min), (100) increases
with a higher slope. Note that we define the incubation time as the time in which
all the analyzed parameters show clear differences for each silicon crystallographic
configuration. Other authors use line extrapolation from their erosion rate plots in
the acceleration stage [50], but we are not using this approach because the time span
and trends we observe are not conclusive to know which period of erosion has been
reached. Other workers reported a longer resistance to erosion [18], which from our
horn cavitation preliminary measurements appears to be the case for lower frequencies and a similar cavitation system as shown in Fig. 8.11.
When considering the physical properties of the materials studied here (see Table
8.1), we can see that the modulus of elasticity for {100} is 1.5× and 1.8× smaller
than {110} and {111} respectively. The ability of absorbing forcing loads (either
liquid jets or shockwaves) seems to be related to the fact that (100) erodes faster. In
literature it is reported that Vicker’s indentation performed on (100) surfaces, shows
higher hardness (resistance to permanent deformation) and lower toughness (ability
to absorb energy and deform in a plastic fashion without fracturing) for (100) [44].
This can explain why (100) shows more fragile behavior. But it must also be noted
that the dynamic type of loading of cavitation is faster than indentation tests, which
can certainly have an influence on the type of erosion [18].
According to literature, the fracture toughness is approximately the same for the
three crystal orientations. This might be connected to the fact that the presence of
pre-existing cracks, and the appearance of new cracks, follow a similar trend in all
cases (Fig. 8.13).
The marked difference of (100) having extended crack lines and detachment of
small grains, not observed in the other silicon substrates with different crystallographic orientation, needs further discussion. Based on our observations it is assumed
that damage formation on {111} is related to shear forces acting on these planes as a
result of jetting, shockwaves or any other loading of the Si surface. If the damaging
force acts perpendicular to the Si single crystal surface, the resulting maximum shear
stress on {111} is proportional to sin 2φ . This expression can be derived from the
Schmid factor m that relates the applied stress σ , to the resolved shear stress τ on a
slip plane, for a dislocation moving in a certain slip direction: τ = mσ . It is defined
as m = cos(φ ) cos(λ ), with φ the angle between the applied load and the slip plane
normal and λ the angle between the applied load and the slip direction. Since the
exact cause of damage formation on {111} is not completely clear and might not be
directly related to dislocation movement, an indicative value of the Schmid factor
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can be obtained assuming damage to occur in the direction of maximum shear stress.
This direction is obtained by decomposing the applied force unit vector in a component perpendicular to and parallel with the {111} plane. The first component is in
the direction of the slip plane normal and defines the normal stress on {111}. It is
proportional to cos φ which is also equal to the first term of the Schmid factor. The
second component is parallel to the slip plane and defines the shear stress on {111}.
It is proportional to sin φ and constitutes the second term of the Schmid factor. The
product of both terms leads to the sin 2φ dependence. It can be concluded that damage formation on {111} planes for Si (100) is most probable, since the corresponding
value of sin 2φ is largest. Experimental evidence, such as shown in Fig. 8.14, supports this idea. Furthermore, Fig. 8.15 shows that after some incubation/nucleation
time rapid growth of the eroded area of an erosion pit occurs. The collective damage
formation on all {111} planes at a (100) surface results in pyramidal shaped grains
that can break off consecutively. In this way cracks can grow out easily from an
erosion pit to form fracture lines. For Si (110) such a mechanism is less likely, as
under the action of the damaging force perpendicular to the (110) surface, only two
{111} are active, i.e. sin 2φ >0. For grains to break off more than two active {111}
are required; four for (100) as can be seen in Fig. 8.7. For Si (111), three {111} are
active, but the value of sin 2φ and the number of active {111} is smaller than for Si
(100), making damage growth slower. It would be interesting to extend the sonication
exposure time to see the development of α p in time for Si (110) and Si (111).
Following the same methodologies as reported by Virot et al. [18] using TEM,
micro-Raman and X-ray diffraction would provide more useful information on the
changes due to sonication occurring in all crystallographic Si substrates.

8.4.3

Ultrasound erosion systems

To illustrate the advantages of using the device with micromachined pits over conventional testing apparatuses we compared it with the horn experiments conducted.
First, the amount of water used is 103 larger which, depending on how many experimental tests, or the purity of water, or other liquid used, can result in a significant
economical cost. Second, as the area exposed to the horn cavitation conditions is
considerably larger, it was harder to find the erosion features. The lower frequency
apparently influenced the erosion of (111) substrates for which no damage could be
found for the studied times. Furthermore, the conditions to hold the horn and the
substrates in place were more difficult to control, hence in a more complex experimental measurement strategy, reproducibility would be affected. Additionally, it is
not straightforward to image the events of bubble cavitation in the small gap between
the horn and the exposed substrate. For complimentary information on a horn system
used to study the (100) erosion and other phenomena like mechanoluminescence and
phase changes on silicon structure (amorphization), we refer the reader to the existing
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literature [18].

8.5

Conclusions

With the setup described in this work, we demonstrate its advantages to study cavitation in well controlled conditions. A detailed study can be performed on the erosion at
the microscale during the incubation period. Several parameters such as frequency,
pressure amplitude, gas content and liquids can be varied to address the cavitation
erosion effects of bubbles on several types of materials, besides silicon. It also offers
advantages over conventional experimental setups like sonicators (baths or horns),
hydrodynamic flows or jets cavitation erosion test, in the sense that the current setup
uses smaller volumes, allows the direct recording of the phenomena involved, and
the location of cavitation bubbles can be better controlled. The possibility to study
cavitation erosion, right from the initial incubation period and through into more advanced stages (180 min), has been demonstrated in Si with the help of micromachined
pits.
We observed that the concerted effect of various sources of damage formation
such as jetting, shock waves, direct bubble impact and surface stress corrosion can
all cause the damage observed for the three crystallographic silicon surfaces studied, although each of the three surfaces have a different resistance to erosion. For
(100) silicon, the incubation time was of the order of 50 min, whereas for (110) and
(111) apparently the incubation period is larger than the total 180 min sonication. A
possible explanation for this occurrence has been provided.
The design of an experiment in which each of the cavitation damage mechanisms
can be isolated will be a challenge for future research. These studies could be carried out at different powers and other materials with an improved imaging system to
quantify better the shock wave emissions.
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Simulation of a bubble collapse near a wall

The collapse of a bubble can be simulated using an axisymmetric boundary integral
(BI) method, which has been shown to be able to predict the collapse of single and
multiple bubbles [75]. The numerical simulations assume potential (irrotational, incompressible, inviscid) flow around the bubble till the straight solid (impermeable)
wall with length much larger than the initial bubble radius R. The axisymmetric bubble contour is described using cylindrical coordinates r, z and is solved numerically
The simulations are based on the numerical code described elsewhere [76–79]. The
dynamic boundary condition on the droplet contours is the unsteady Bernoulli equation:


∂φ 1
γ
Pext − P∞
2
+ |∇φ | = −gz − κ(r,t) −
.
(8.2)
∂t 2
ρl
ρl
Here φ is the flow potential (∇φ = ~u, ~u being the local velocity vector), t is
time, g the acceleration of gravity, z the absolute height, γ the surface tension, ρl
the density of the liquid, κ(r,t) the interface curvature, Pext (r,t) the external liquid
pressure applied on the bubble, and P∞ the far field pressure. The initial conditions
for the simulations consist of a spherical bubble with radius R, distance d from the
solid wall, under influence of a pressure Pext . The BI code was checked by obtaining
the evolution of the maximum bubble radius of a symmetric collapsing bubble (no
wall, or d>>R) during the simulation. This radius-time curve was compared against
the radius-time curve for a single, spherical bubble as predicted by the RayleighPlesset equation [80], simulated in MatLab using the ode45 function. The result is
plotted in Figure 8.16 and shows good agreement between the two methods.

Figure 8.16: Radius-time curve for a 1.5 µm initial radius bubble not wall-bound, as simulated with the BI code (black solid line) and a Rayleigh-Plesset model (gray dashed line).

Another validation was performed by simulating the collapse of a millimetersized laser-induced bubble near a solid wall, as studied by Brujan et al. [81], who
reported a jet velocity of 130 m/s for a bubble of radius 1.5 mm and a distance of 2.5
mm from the wall. The BI simulation resulted in a final velocity of order ∼ 102 m/s.
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CHAPTER 9. CLOSING REMARKS AND OUTLOOK

Introduction

The initial aim of the research program for this Thesis was not limited to the use
of sonochemistry, but contemplated the use of other techniques. To obtain the main
goal of this project –to improve the energy efficiency of sonochemical reactors by at
least one order of magnitude–, as described in Chapter 1, the way bubbles were to be
formed could be by means of laser generation, monodisperse formation of microbubbles by flow-focusing devices, and hydrodynamic cavitation. In addition to what has
already been presented in the preceding chapters, we will present some other preliminary results and description of experiments involving cavitation that are under
preparation, or would certainly be interesting for future research.

9.2

Interesting phenomena of bubbles and pits

9.2.1

Physical picture of bubble clusters interactions with other clusters
and a wall

As described in Chapters 3 and 6, when more than one pit exists, and above a given
pressure threshold, the bubbles in the cluster above each pit start to travel as streamers
to the geometrical mid-point. Similarly, if the bubble cluster is in the vicinity of a
boundary or wall, they travel towards it as in Chapter 7. Qualitative explanations
supported by preliminary experiments are given here with the aim to understand why
the bubbles show this behavior. A numerical model that could be used to compare
these preliminary experiments is still under preparation.

One pit
For simplicity, three different powers (low, medium and high) are chosen in similarity
with the majority of the experiments presented in the rest of this Thesis. To our
knowledge, we can define four main forces or interactions acting on the bubbles
schematically represented in Figure 9.1:
F1.B jerknes : The primary Bjerknes force, i.e. the radiation force from the acoustic
wave generated by the piezo-container-liquid system. Is the average of the negative
of the product between the pressure gradient and the bubble volume [1, 2]. When
the bubbles are smaller than the resonant size, they are attracted to the antinode lying
on the oscillating bottom of the container (to a great extent by the “image bubble”
described later). Then as the power is increased, the bubbles grow larger and this
situation may inverse.
Fpit.bubble : The force between the ejected bubble and the bubble stabilized in the
pit. Since the bubbles expelled are on average smaller (than resonant size) than the
bubble in the pit (larger than resonant size), this force is repulsive when oscillating
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Figure 9.1: Simplified representation of forces involved and shapes of bubbles. The top chart
accounts for low power settings; the name of the forces and colors associated to them are
represented in arbitrary units in a bar plot. The inset to the top right depicts the force vectors
described, while the bottom left inset shows the shape of the bubbles. The middle and bottom
chart obtain similar information for different power settings.

in phase. As power increases and the expelled bubbles grow larger the repulsion
decreases and eventually can start to attract. At higher power we observed bubbles
breaking off in smaller bubbles, with a lifetime not larger than one cycle. For the 200
kHz frequency that we regularly used, bubbles smaller than 15 µm in radius would
be repelled by the pits, while larger bubbles would be attracted (see Chapter 6).
Fb.bubble : Interaction between the ejected bubbles. Also known as secondary
Bjerknes force. The ejected bubbles are approximately the same size and are attracted to each other if oscillating in phase.
Fb.bubbleimag : Interaction between the ejected bubbles and their respective image
bubble. This stands for the attractive forces towards the nearby boundary experienced
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by the bubbles as power is increased, and would be similar in explanation as Fb.bubble .
This is sometimes recalled as a “Narcissus effect” [3].
With increasing power, the relative contribution of forces changes as represented
in the Bar plots and vectors in Figure 9.1.

Two pits
When varying the voltage (pressure amplitude) of the ultrasound signal, there seems
to be some “hysteresis” in the way the clusters connect or disconnect forming the
interesting streamer paths (described in Chapter 6). The “attachment” voltage Ua is
larger than the “detachment” voltage Ud , and this is what we call “hysteresis”. In this
case we need to add another interaction: cluster-cluster and cluster-image cluster.
Figure 9.2 attempts to explain the interactions for the case of two pits in a simplified
way, and also a proposed artistic representation of the dependence of the presumed
interaction forces.
A model able to describe this behavior is currently being studied. The clustercluster interactions were also described in Chapters 4 and 6.

9.2.2

Presence of a wall

When a wall is near a pit with a bubble cluster cavitating, the situation is similar
as when there are two pits, since the “real cluster” feels the presence of the “image
cluster”. While keeping the wall at a given distance, increasing the power, the bubble
streamers travel to the wall at a voltage higher than at which they detach, another type
of hysteresis. Figure 9.3 depicts the interactions for the case of one pit near a wall in
a simplified way.
Presence of a moving wall
Similarly, while keeping the voltage constant, moving the wall closer to the cluster
of bubbles around the pit, the bubbles “attach” to the wall at a distance smaller than
at which they “detach”. A simplified sketch is depicted in Figure 9.4 . The fact that
the “detachment” distance Ld is larger than the “attachment” distance La can also be
called “hysteresis”.

9.2.3

Variation of the distance between the pits

The phenomena described for the variation of pressure (voltage) for two pits, or one
pit with a wall close to the pit, is somewhat similar to when varying the distance
between the pits while keeping the voltage constant. For a larger separation between
the pits, the voltage needed to “connect” the streamers is higher. In this case nevertheless, the situation cannot be compared directly since, since the pits are separated
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Figure 9.2: Schematics for the “interaction forces” of two clusters nucleated from pits as
the power is varied. In red the curve of the attraction forces within one cluster and in green
the attractive forces between the two clusters. As the power is increased the interaction
between each real cluster increases and as the streamers travel to the geometrical mid-point,
the interaction with the image bubbles also increases. Disclaimer: The shape of the curves
might not be correct, they are plotted for illustrative purposes.
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Figure 9.3: Simplified representation of forces involved and bubble clusters with a wall fixed
as the power is increased.

farther apart, different pressure gradient exists and the bubbles will not behave the
same as in the center of the cavitation cell.

9.2.4

Pits with different shapes

One idea to control the conditions at which a bubble can cavitate, is to use a microscopical equivalent of the one dimensional bubble defined by Leighton and collaborators [4]. In their experiment they show how a conical shape end of a tube can
stabilize a bubble at its apex. When a meniscus oscillates in a piston-like fashion, at
the apex of the cone, SL, SCL and several sonochemical effects occur. In Fig. 9.5
a schematics of a conical-planar reactor concept is shown; the operation principle
could be either US irradiation in a similar fashion as with the pits by gluing a piezo
to the bottom, or perhaps by making the liquid flow oscillate. The top side of the
etched silicon substrate would be capped by a glass slide.
Before such conical-planar reactor was created, a first attempt was done with
wet-etching of pyramidal pits in silicon (100) substrates. Interestingly, instead of
achieving a piston like movement, ejection of bubbles like in the case of cylindrical
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Figure 9.4: Schematics for the “interaction forces” for a cluster nucleated from one pit as
the power is constant and a wall moves over it. In red the curve of the attraction forces
within the real cluster and in green the attractive forces between the real and image clusters.
Disclaimer: The shape of the curves might not be correct, they are plotted for illustrative
purposes.
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Figure 9.5: Prototype microdevice for the conical-planar bubble experiment.

pits took place, but apparently from the corners of the squared rim of the pyramidal pit. It was not possible to micromachine conical micropits, but it is expected
that a conical geometry would increase the compression ratio of the conical bubble
compared to a cylindrical bubble.
Additionally, inspired by the observations of bubble ejection from pyramidal
shaped pits described in the previous paragraph, we recorded the initial oscillations
of gas bubbles stabilized in artificial pits on a substrate having different geometrical
configurations. The ultrasonic frequency was 200 kHz, the ultra-fast imaging camera
Brandaris was operated at ca. 10 Mfps, and triggered to record the initial oscillations
of the bubble in the pit. During the initial pressure oscillation cycles, the behavior of
the liquid-gas meniscus for all pit shapes was similar to the drum-like vibration. After
a certain amount of cycles and presumably amplitude increase, the bubble expanded
gradually, until certain characteristic bubble shapes started to appear depending on
the shape of the pits. The continued expansion and deformation of the pit resulted
eventually in microbubble pinch-off. Once the first bubbles are ejected, the scenario
does not differentiate significantly from the cylindrical pit case. See Fig. 9.6 for a
square pit and a circular pit with a rim around.
Roughness of the inner surface of a pit
When the inner walls of the pit are roughened (scalloped as a result of the etching
process used: Bosch Deep Reactive Ion Etching, DRIE) the bubble is stabilized in
the pit as for the results shown on this Thesis. When pits are etched with a machine
that leaves the inner wall of the pits smooth (cryogenic DRIE), the bubble trapped
in the pit behaves differently. It seems that the meniscus contact line is allowed to
move along the inner surface with less resistance. Some experiments were started
after ∼5 min from the moment of pouring the water. In this case, the bubble grew
(presumably by rectified diffusion) and detached from the pit rising up to the free
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Figure 9.6: First oscillations of a bubble trapped in a) a square pit; b) a circular pit with a
rim etched around. Every four frames approximately a new acoustic cycle takes place as it
was recorded at 4 Million frames per second [5].

surface sometimes before the ultrasound would be started. In several experiments the
bubble detached from the walls of the pit and remained cavitating at the bottom.

9.3

Novel sonochemistry

9.3.1

Monodisperse bubbles

Ultrasound is used in medicine for imaging and drug delivery with the help of ultrasound contrast agents (UCA). UCA, are microbubbles and their generation and size
can be controlled; this feature could lead to interesting sonochemical applications
avoiding cluster-cluster interactions. As shown before in this Thesis, these interactions affect the efficiency of micro-sono-reactors. A microfluidic device able to
generate microbubbles with radii ranging from 12 to 15 µm has been built to sort
microbubbles on-line in a traveling ultrasound wave [6]. This sorting device can
be coupled to another piezo transducer or group of transducers and in this way, the
cavitation of the generated bubbles can lead to sonochemical products in a more controllable way as presented in Figure 9.7.
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Figure 9.7: (a) Schematic drawing of the fluidic device. (b) Microbubbles are formed in a
flow focusing geometry (c) that emanates in a deeper main channel allowing the bubble to
attain a spherical shape. (d) shows the parabolic flow profile in the height direction and (e)
the mainly constant velocity profile over the width of the channel. (f) shows the outlet channel
over which the bubbles can be sorted. Piezo transducers can be located on different position
along the channel, each having a different frequency depending of which bubble size is being
generated. Another type of transducers could be used to make the sorted bubbles cavitate
and produce chemical reactions instead for sorting the bubbles. Adapted from [6]

Figure 9.8: Overlay of luminol photos (blue) with ambient light photos, showing the spatial
distribution of luminol inside the cuvette (a) and bovine-sized (b) and human-sized (c) root
canal models. The confinements have been outlined with solid yellow lines; the luminol-air
interface is indicated with a dashed yellow line. The white bar in (a) is 2.5 mm wide. d)
Sketch of the occurrence of cavitation along the length of an oscillating file. At the tip of the
file (I), a large cavitation bubble cloud is formed; at other antinodes (II), only small, single
bubbles are observed. The file is oscillating inside the confinement of a root canal model
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Towards new dental cleaning tools

Cavitation has been associated with certain effects in dental treatments, but the nature and characteristics of the cavitating bubbles was not yet fully elucidated. Using
sensitive equipment, the SL and SCL around these files have been measured, showing cavitation occurring even at a very low power setting. Luminol photography and
high-speed visualizations provided information on the spatial distribution of the cavitation bubbles (see Fig. 9.8).
A large bubble cloud was observed at the tip of the files, but this was found
not to contribute to SCL. Rather, smaller, individual bubbles observed at antinodes
of the oscillating file with a smaller amplitude were leading to SCL. Confinements
of the size of bovine and human root canals increased the amount of SL and SCL
compared to a very large confinement. However, the root canal models also showed
the occurrence of air entrainment, resulting in the generation of droplets and stable
bubbles near the air-liquid interface and eventual loss of liquid [7].

9.3.3

Potential new sonochemical reactors

Flow-through micro-sono-reactor
Sonochemical practical applications normally require higher conversion rates than
those attained with the micro-sono-reactor shown in this Thesis. A solution might be
a microchamber or microchannel with pits etched on any of its surfaces; but in this
case with a liquid inlet and outlet. A recirculation loop and a given number of passes
may be used to reach the desirable conversion value as suggested in Chapter 2.
Sparger with gas control
In combination with the previous flow-through micro-sono-reactor concept, there are
several sonochemical applications where the control over the type and amount of
dissolved gas is crucial. Several applications like synthesis of nanoparticles and advanced oxidation processes can benefit from a reactor in which different gases could
be used in a sparging regime. In Fig. 9.9 we present the reactor built for this aim.
Currently we are studying a way to increase the energetic potential of low-grade
biofuels like guaiacol, one compound found in lignin. Hydrodeoxygenation is one
of the most promising routes to upgrade guaiacol. It involves the hydrogenation
of guaiacol, in which the oxygenated bonds react with the hydrogen to form water. Normally high temperatures and pressures are required. With this micro-sonoreactor-sparger, and at room temperature, this reaction can be obtained with several
advantages like low reactants consumption and better safety conditions of operation
conditions. Since hydrogen radicals are formed as a result of bubble cavitation, we
may achieve the hydrodeoxygenation of guaiacol without the need for a catalyst.
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Figure 9.9: a) Photograph of the sono-micro-reactor with gas chamber on the back. b) Front
side. c) Gas bubbles are formed when the reactor is immersed in water and gas is flown
through the pits of 30 µm diameter.

Figure 9.10: a, Schematic top view representation of the channel layout; b, entire channel; c, magnification of the constriction. The main channel with the constriction is in the
center (dark color). The diagonal channels are connected to pressure sensors or dead ends
(light colour)(taken from [8]). d, Proposed new concept for hydrodynamic cavitation with
micromachined pits.

9.4. TRANSPORT INDUCED BY PIT-STABILIZED BUBBLES
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Hydrodynamic cavitation and sonochemistry in a microreactor

In previous reports we gave results on the study of hydrodynamic cavitation in a millichannel and microchannel with constrictions [8]. There was no measurable chemical conversion for the case of the microchannel. To resolve this, we propose for future
research the combination of a similar microchannel with pits. In this case we expect
that the flow rates and pressures needed to obtain hydrodynamic cavitation could be
lower. Additionally, the combination of such a device with a glued piezo could be
feasible, that when operated at a certain frequency, could improve the generation of
hydrodynamic cavitation. A schematics is given in Figure 9.10.

9.3.5

SAW and pits

Surface Acoustic Waves (SAW) have gained attention in the manipulation of particles
and other microfluidic applications [9]. In a similar way as the pinch-off using US
sonication with a piezo glued to a microchamber, a SAW device could be used to
promote the pinch-off of bubbles [10].

9.4

Flow and transport characterization induced by
pit-stabilized bubbles

9.4.1

Transport of Brownian particles driven by bubble microstreaming
flow

In semiconductor fabrications, a commonly adopted wafer cleaning process is megasonic cleaning. As has been described several times in this Thesis, bubbles can damage the surface of silicon wafers if the power is high enough (see Chapter 8). To
achieve a damage-free cleaning performance with low acoustic powers, a fundamental understanding of the cleaning mechanisms is necessary. The microstreaming flow
and the capillary force induced by bubbles that are randomly sweeping on the substrate are the main dominant mechanisms for the removal of submicron particles
from a wafer substrate. In Figure 9.11 a processed image and transport speeds are
presented. The feasibility of controlling a microstreaming flow to promote particle
transport in the close vicinity of a stationary substrate can be achieved with micomachined pits. As the gas pocket (bubble in the pit) oscillates, the fluid above it
will be set into motion. The experimental tracking of colloidal gold particles and its
comparison with numerical simulations is the aim of an ongoing collaboration [11].
The most effective region for particle transport (strongest flow) is found around the
pit bubble and decays with distance. The actual range of effective particle transport
can vary for different particle size, acoustic power and bubble dimension, etc. As the
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bubble microstreaming flow decays with distance, Brownian motion dominates for
particles far away from the bubble.

Figure 9.11: Particle transport within 5 µm distance to the substrate induced by bubble
microstreaming flow driven at 256.1 kHz and 20kPa. a) Top view streaklines from a superposition of 250 successive frames, the recording frame rate is 250 fps. b) Radial transport
speeds obtained from particle tracking velocimetry plotted against the radial distance to bubble center normalized by the radius of the micropit. The solid lines are the fitted theoretical
radial speeds at 1 to 5 µm distance away from the substrate, the fitted microstreaming velocity
scale is 15 mm/s

Particles that are loosely attached to the substrate are carried by the strong vortex, move towards the oscillating bubble, and get removed from the substrate upon
approaching the bubble. When driven by low acoustic power, the induced flow intensity shows a quadratic dependence on the driving pressure due to the secondary
streaming effect. Brownian dynamics simulation shows an excellent agreement with
the experiments. At high acoustic power, the bubble meniscus becomes unstable but
the flow intensity is greatly enhanced by some nonlinear effect that turn into bubble
pinch-off.

9.4.2

Astigmatism Particle Tracking in micropits

Another ongoing project is the accurate measurement of the flow generated by acoustically streaming bubbles and the bubble trapped in the pits. For this main objective
we plan to use the 3D A-PTV (Astigmatism Particle Tracking Velocimetry) technique
developed at the Microfludics Lab from the Bundeswehr Universität in Munich [12].
This technique follows a simple strategy to resolve 3D flows using a Particle Tracking
approach with one single camera, which can be adapted in any experimental set-up.

9.5

Closing remarks

With a relatively simple modification of the surface of a micro-sono-reactor, an order of magnitude increase in operation efficiency under laboratory conditions was
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achieved; this the most important result of this Thesis. With such a “passive modification” of a surface several scenarios are possible: increasing the number of pits,
the area over which the pits are located, the power, type of gas, positioning inside
a given reactor, continuous or batch operation, temperature control, operation frequency, and others. Depending on which application is required, new reactors can be
designed and tested keeping in mind the interrelated factors described in this Thesis.
Hopefully new researchers and engineers will pick up some of the ideas and experience provided here. Then the development of “greener solutions” with the use of
microfluidics and sonochemistry will benefit our society.
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Summary
This Thesis shows that through microfabrication techniques, an improved efficiency
of sono-reactors can be achieved by the control of the nucleation sites of bubble
streamers. It has been proofed that one order of magnitude improvement compared
to the equivalent conventional sonoreactor is feasible.
The characteristics of the light emitted (SL and SCL) from the reactor can give
useful information on the type of bubbles generated. When more sophisticated techniques are available, more details on the nucleation of bubble streamers and its complex behavior can be addressed.
The practical uses of these bubble streamers is shown for removing various types
of layers and in different liquids other than water. The negative effects of cavitation
erosion were studied for different types of silicon with important insight into future
reactors design strategies.
Nevertheless, the complexity of sonochemical reactors still remains, as bubbles
generated in this way do not behave in a simpler way than in conventional reactors.
What is clear is that there is enough room for improvement and challenging and new
applications are around the corner to further tame acoustic cavitation.
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SUMMARY

Samenvatting
Dit proefschrift laat zien dat sonoreactoren efficiënter kunnen worden gemaakt door
de positie voor nucleatie van cavitatiebellen te controleren met behulp van microfabricage. Bewezen werd dat een verbetering met een factor 10 ten opzichte van
gelijkwaardige conventionele sonoreactoren mogelijk is.
Karakterisering van het licht dat ten gevolge van sonoluminescentie en sonochemiluminescentie vanuit een reactor wordt uitgezonden kan nuttige informatie geven
over de bellen die gegenereerd worden. Daarnaast is met behulp van hogesnelheids opnamen en met simulaties het bijzondere gedrag van de bellen en de belnucleaties onderzocht.
Enkele praktische toepassingen van de inklappende bellen zijn gedemonstreerd,
in water en in andere vloeistoffen, zoals het verwijderen van verschillende soorten
lagen die op een oppervlak waren aangebracht. De negatieve effecten van cavitatie
(erosie) werden ook bestudeerd voor verschillende siliciumsubstraat- oriëntaties, wat
belangrijke inzichten opleverde voor het ontwerp van toekomstige reactoren.
Ondanks al deze nieuwe informatie blijft de complexiteit van sonochemische
reactoren bestaan, aangezien de op genoemde wijze gegenereerde bellen zich op
dezelfde complexe wijze gedragen als in conventionele reactoren. Wat echter duidelijk
is geworden is dat er mogelijkheden zijn voor meer controle over en verbetering van
sonoreactoren, en dat er interessante nieuwe toepassingen binnen bereik komen door
het temmen van akoestische cavitatie.
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@San Remo and Michael @Rico Latino respectively. Bedankt voor de samenwerking! Casual Mango was a “casual” band, that as its name indicates, just happened as
Oscar and Bob were jamming on the CMLF (Canadian-Mexican Liberation Front).
Around the same time, the always creative couple Oscar and Daniela, Julian (“chilangos”) and myself (the “habanero”) found out that people could dance and have fun
with the music we played. In a short period of time the Chilangos Habaneros grew in
number and many good friends played along and some continued their way: Bob, Ka-
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sia, Alvaro, Pawel, Marine, Edith, Carla, Mateo, Jorge (y el apoyo de la Sra. Pana, aka
Mayte), Anne, Juan Carlos, Diego, Effie, Massi, Maurizio (Papaurizzio, aka Grande
Mauro). Gracias a todos por darle los grados a “El Comandante”.
A special thanks to my paranymphs Stefan and Oscar (paranimfo en castellano?
:D). Thanks for standing by my side on such a remarkable date and ceremony.
I know that paper can hold many things in written form, but is almost impossible
to use plain words to express the way I have carried in my mind and heart all my family – those physically gone, and those inspiring me to keep up my fighting instincts.
In any case, here is an attempt in Spanish:
Mi mamá viene por supuesto en primer lugar pues sin ella no podrı́a haber llegado (antes de tiempo) a donde estoy. Mis hermanas Claudia(s), mi prima-más-quehermana Wendy, todos los primos y tı́os; es siempre reconfortante saber que están,
donde sea que estén, polı́ticamente de acuerdo o no. El “primo” Joel y Leanne me
ayudaron a desconectar en Cangurolandia; Gracias por la fiestona!
Dos mujeres de suma importancia en mi pasado y que sin dudas siguen conmigo
en mi corazón: Mama y Tia, tantas cosas que aprendı́ y aun ası́ me quedé añorando
y necesitando tantas otras. Sin Maylı́n, su apoyo y amor incondicionales y lo mejor
que nos ha pasado y por lo que aún batallamos: Gaby, nada serı́an mis logros.
And then this is the end of this “adventure”... let “life” bring more problems to
solve!
David

About the author...
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David does not like to write or talk in third person...
Not only it seems weird but some people were accused
of insanity for doing that in the past.
I was born in Havana, Cuba in 1981 and since an early
age I used to fix my toys and those my friends brought
with the hope that I could make them work again – unfortunately I was not always successful.
In the high-school period I managed to combine my studies with learning how to play the guitar and produce vocal sounds resembling what some people call “singing”.
On top of that, due to electricity power-cuts after the communist block collapse, there was no more
alternative than to play in front of the neighbors during endless warm tropical nights, which somehow
helped me to overcome public fear.
When faced to make a decision on whether to go to music school
(and keep playing with the bands I was active with) or to highschool and pursue a “professional” life, I chose to keep music by
my side and somehow ended up studying Nuclear and Power Engineering.
The real reason on why that career and not another of the several
options I cherished (medicine, geology, physics, etc.), is too complex to type it here; but it turned out to be a great experience and I
don’t regret a single moment of it.
When I entered the compulsory military service I could have no
idea that an event that changed my life forever was coming my
way: Gaby was born in 2000. Becoming a young father without
the help of family and friends is impossible, so the least I could do
in return was to study and work as hard as I could to “honor” so
much collective effort.
While working in an International Atomic Energy Agency project,
(still as an undergrad student) with unique scientists, professors and
friends I started walking in the “Colorful Fluid Dynamics” path.
This path lead me to collaborations with colleagues in Europe (bypassing sometimes political regulations) and eventually I detached
from my “radioactive past”.
I went “micro” at some point... and interestingly enough working with “music you
cannot hear” (aka Ultrasound). This inaudible music can generate the object of my
scientific passion since 2007: Bubbles! While deciphering the bubble’s enigmatic
behavior I rescued somehow my “dormant” passion for music and channelled it in
the shape of two music bands (semi-pro!), so choosing “professional” life in the
end did not exclude music from my life.
But from now on, that this thesis is printed, I must expand my horizons a bit further. I will stay for some more time in Twente studying solar-2-fuel cells and
microneedles; and perhaps co-founder of a successful spin-off company called
BµBCLEAN. So no need to say goodbye at this point.
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