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Thermal Considerations in Bulk Acoustic Wave Devices towards Optimised Acoustofluidics

The main goal of my studies was obtaining bulk acoustofluidic devices able to achieve high energy density inside a
water-filled cavity.This led us to explore the interplay of sound and thermal effects more in details. Hence, this thesis
covers both thermoacoustic effects in Bulk Acoustic Wave devices and a revisited approach for designing them,
focusing on achieving good performance. Thermoacoustic effects arise every time an acoustic field interacts with a
temperature gradient. Its working mechanism relies on the change in physical properties that heat induces in every
substance. By changing the temperature of a fluid, its interaction with sound will also change, hence creating
acoustic forces that depend on the temperature distribution.We studied this phenomenon in various configurations,
by inducing differential heating either by conduction at the channel boundaries or light absorption within the fluid
itself. We employed tracing particles to characterize the resulting thermoacoustic streaming in three-dimensions for
each configuration. Comparing our measurements with simulations performed with a finite-element method
software, we could probe the limits of our understanding of thermoacoustics.I also studied how to generate strong
acoustic fields inside a water-filled cavity, mainly using so-called mechanical interfaces. With this term, I refer to any
material that we interposed between the actuator and resonator, namely in between the piezoelectric element(s) and
the microfluidic chip. In this thesis, I present two approaches: using a bulky double-parabolic structure made in
aluminium to input strong vibration and using a thin sheet of copper to shield the microfluidic chip from unwanted
heat from the actuator. With this latter setup, we could achieve temperature-controlled acoustic focusing in a
microchannel with a relatively simple design, opening up to robust and reliable acoustophoresis at various flow rates
and input electrical power. As another approach, we employed a double-parabolic reflector through which we could
couple a small microfluidic chip with two large piezoelectric elements. With this design, we could achieve very
strong acoustic energy density in the water cavity, as we reported the highest measured energy density in literature
as of today. However, our investigation showed that this design is not optimized for focusing a clean mode of sound
waves. This means that there is still much more research to be done, which would potentially lead to even higher
acoustic energy inside the microchannel.

This thesis contributes to the development of acoustofluidics by investigating the interplay of sound and heat and
presenting few novel approaches to couple actuators and resonators. Employing mechanical interfaces allows for
good sound transmission into the microfluidic channel, whilst preventing unwanted heat form reaching the
analytes.
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Popular Science Summary

I feel that the title of this thesis sounds little cryptic and scary. If you recognise
yourself in the previous sentence, this page is for you! Here I will explain what
acoustofluidics is and why temperature effects are important to consider when
building acoustofluidic devices, which happens to be the topic of my PhD work.

The whole concept behind acoustofluidics is that we can use sound to move
small objects floating in a fluid. How so? And mostly, why should we do
so? Let’s first address this latter question. The reason for using sound to
move small objects is that it has been proven to be precise and gentle. This is
because it is a non-contact process, which is really important when handling
delicate samples, such as cells and other biological structures. Then, let’s see
how we can impose movement with sound. Sound itself is a vibration that
propagates in a material. We are used to hear sound and we thus do not
acknowledge the mechanical nature of it, our ears do it for us. However, you
can try to place a hand on a loudspeaker and you will perceive vibration as the
membrane and cone of the speaker move up and down. Ok, but how does
this translate to movement of objects? Well, sound is a wave and it travels in
a medium. When it encounters an obstacle along its path, sound bounces
on it and it gets scattered around. This exerts a gentle “push” on the object,
making it move a little bit. And the stronger the sound amplitude, the faster
the movement. This is the basic mechanism of acoustophoresis, which lit-
erally mean “separation by sound”. And this is the niche in which this thesis sits.
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Popular Science Summary

Now let’s imagine that instead of an object, we have a portion of fluid with
slightly different density compared to its surroundings, for example a drop of
salty water in fresh water. From the sound point of view, this drop will look
exactly as an object on its path, namely an obstacle that has different acoustic
properties compared to the medium through which it arrived. Hence, this salty
drop will also scatter sound and, consequently, it will be moved. This is the
essence of fluid relocation, which is analogous to particle acoustophoresis.

Here’s where temperature gets into the mix. We all know that if we change the
temperature of a substance, its physical properties will change. For example,
when heating a gas, its density will decrease. This is the principle that makes a
hot air balloon fly. In our work, we change the temperature locally inside a
water-filled channel by constant heating/cooling. Once sound is introduced,
it will encounter water with slightly different density depending on the
temperature distribution, hence pushing it away from that location. However,
as soon as the water moves, it changes temperature, as this is dependent on the
position inside the channel. We can thus create and sustain fast recirculation of
liquid by combining sound and heat: the so-called thermoacoustic streaming.

Cool. But why are we doing this? As all science, this phenomenon is neutral,
meaning that it does not carry any specific purpose nor meaning within
itself. We investigated it so to broaden our understanding of acoustofluidics
and to optimize the design of devices. In fact, we also studied how metal
can act as an interface between the material that emits sound and the
water-filled channel. Metals have rather high heat conductivity and they can
be employed to modulate the temperature inside the channel. For example,
we showed how a thin sheet of copper can act as a shield and prevent heat
from reaching the water cavity. Moreover, we also tried to use a metal
structure to “funnel” sound from two large sources into a much smaller
channel, enabling very fast movements of particles within a water-filled channel.

Overall, this thesis is an exploratory work for how heat affects the acoustic
effects in very small channels filled with water. We proved that heat must be
considered and that it can be controlled by employing metallic structures in
the design. We also showed how these structures can help us achieve very
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high-performing devices, as we measured the highest energy density ever
reported in literature (as of today).

Welcome to the future of bulk-wave acoustofluidics !!
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Riassunto Divulgativo

Il titolo di questa tesi mi sembra un po’ criptico e spaventoso. Se ti riconosci
nella frase precedente, questa pagina è per te! Di seguito spiegherò cos’è
l’acustofluidica e del perché sia importante considerare gli effetti della
temperatura quando si costruiscono dispositivi acustofluidici, che fatalità è
proprio il tema del mio dottorato.

Il concetto alla base dell’acustofluidica è usare il suono per muovere piccoli
oggetti che fluttuano in un fluido. Come? E soprattutto, perché mai dovremmo
farlo? Affrontiamo prima quest’ultima domanda. Si utilizza il suono per
muovere piccoli oggetti poiché è stato dimostrato essere molto preciso e
delicato, essendo un processo privo di contatto: ciò è molto importante quando
si maneggiano campioni delicati, come cellule e altre strutture biologiche.
Vediamo quindi come possiamo muovere oggetti con il suono. Il suono in sé è
una vibrazione che si propaga in un materiale. Siamo abituati a sentire il suono
e quindi non ne riconosciamo la natura meccanica, abbiamo le orecchie che
lo fanno per noi. Tuttavia, provando a mettere una mano su un altoparlante,
percepirai le vibrazioni della membrana e del cono che si muovono su e
giù. Ok, ma come si traduce questo nel movimento degli oggetti? Beh, il
suono è un’onda e viaggia in un mezzo. Quando incontra un ostacolo lungo
il suo percorso, il suono rimbalza su di esso e si disperde. Questo esercita
una leggera “spinta” sull’oggetto, facendolo muovere un po’. E più forte è
l’ampiezza del suono, più veloce è il movimento. Questo è il meccanismo di
base dell’acustoforesi, che letteralmente significa “separazione tramite suono”.

v
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Ed è questa la nicchia in cui questa tesi si inserisce.

Ora immaginiamo di avere, al posto di un oggetto, una porzione di fluido con
densità leggermente diversa rispetto all’ambiente circostante, ad esempio una
goccia di acqua salata in acqua dolce. Dal punto di vista del suono, questa
goccia apparirà esattamente come un oggetto sul suo percorso, cioè un ostacolo
che ha proprietà acustiche diverse rispetto al mezzo attraverso cui già viaggiava.
Pertanto, anche questa goccia salata disperderà il suono e, di conseguenza,
verrà spostata. Questa è l’essenza del ricollocamento di fluidi, che è analogo
all’acustoforesi delle particelle.

Ed è qui che entra in gioco la temperatura. Sappiamo tutti che se cambiamo
la temperatura di una sostanza, le sue proprietà fisiche varieranno. Ad
esempio, quando si riscalda un gas, la sua densità diminuisce. Questo è il
principio che fa volare una mongolfiera. Nel nostro lavoro, cambiamo la
temperatura localmente all’interno di un canale riempito d’acqua mediante
costante riscaldamento/raffreddamento. Una volta introdotto il suono,
questo incontrerà acqua con densità leggermente diversa a seconda della sua
temperatura, spingendola via da quella posizione. Tuttavia, non appena l’acqua
si muove, cambia temperatura, poiché questa dipende dalla posizione all’interno
del canale. Possiamo quindi creare e sostenere una rapida ricircolazione
del liquido combinando suono e calore: la cosiddetta circolazione termoacoustica .

Bene. Ma perché lo stiamo facendo? Come tutta la scienza, questo fenomeno è
neutrale, nel senso che non ha alcuno scopo o significato specifico in sé. Lo
abbiamo studiato per ampliare la nostra comprensione dell’acustofluidica e
per ottimizzare il design dei dispositivi. Infatti, abbiamo anche studiato come
i metalli possano agire in qualità di interfaccia tra il materiale che emette il
suono e il canale riempito d’acqua. I metalli hanno una conducibilità termica
piuttosto elevata e possono essere utilizzati per modulare la temperatura
all’interno del canale. Ad esempio, abbiamo dimostrato che un sottile foglio di
rame può agire come uno scudo termico e impedire al calore di raggiungere la
cavità con l’acqua. Inoltre, abbiamo anche utilizzato una struttura metallica per
“convogliare” il suono da due grandi sorgenti in un canale molto più piccolo,
muovendo delle particelle molto velocemente all’interno di un canale.
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In sostanza, questa tesi è un lavoro esplorativo su come il calore influisca sugli
effetti acustici in canali molto piccoli riempiti d’acqua. Abbiamo dimostrato
che il calore deve essere considerato e che può essere controllato includendo
strutture metalliche nel design. Abbiamo anche dimostrato come queste
strutture possano aiutarci a ottenere dispositivi ad alte prestazioni, poiché ab-
biamo misurato la più alta densità di energia mai riportata in letteratura (finora).

Benvenuti nel futuro dell’acustofluidica a onde di volume !!
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Abstract

Acoustic fields can generate forces and streaming phenomena in fluids, which
can then be used to manipulate suspended particles, such as cells or bacteria.
The main goal of my studies was obtaining bulk acoustofluidic devices able to
achieve high energy density inside a water-filled cavity, a necessary step to apply
acoustofluidics to real-world diagnostics. This led us to explore the interplay
of sound and thermal effects in more detail. Hence, this thesis covers both
thermoacoustic effects in bulk acoustic wave devices and a revisited approach
for designing them, focusing on achieving good performance.

Thermoacoustic effects arise every time an acoustic field interacts with a
temperature gradient. Its working mechanism relies on the change in physical
properties that heat induces in every substance. By changing the temperature of
a fluid, its interaction with sound will also change, hence creating acoustic forces
that depend on the temperature distribution. We studied this phenomenon
in various configurations, by inducing differential heating either by conduc-
tion through the channel boundaries or light absorption within the fluid itself.
We traced particles suspended in the fluid to characterize the resulting ther-
moacoustic streaming in three-dimensions for each configuration. Comparing
our measurements with simulations performed with a finite-element method
software, we could probe the limits of our understanding of thermoacoustics.

We also studied how to generate strong acoustic fields inside a water-filled
cavity, mainly using so-called mechanical interfaces. With this term, we refer
to any material interposed between the actuator and resonator, i.e. between the
piezoelectric element(s) and the microfluidic chip. In this thesis, I present two
alternative approaches. The first approach employs a double-parabolic structure
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Abstract

made in aluminium to input strong vibration from two large piezoelectric
elements into a small microfluidic chip. With this design, we could achieve a
very high acoustic energy density in the water cavity, as we reported the highest
measured energy density in literature as of today. However, our investigation
showed that this design is not optimized for generating a clean mode of sound
waves. This means that there is still much more research to be done, which
would potentially lead to even higher acoustic energy inside the microchannel.
The second approach was based on interposing a thin sheet of copper between
the piezoelectric element and the chip to divert unwanted heat from the actuator.
With this latter setup, we could achieve temperature-controlled acoustic
focusing in a microchannel with a relatively simple design, opening for ro-
bust and reliable acoustophoresis at various flow rates and input electrical power.

This thesis contributes to the development of acoustofluidics by investigating
the interplay of sound and heat and by presenting two novel approaches to
couple actuators to resonators. Employing mechanical interfaces allows for good
sound transmission into the microfluidic channel, whilst preventing unwanted
heat from reaching the biological sample.
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Chapter 1

Introduction

In the past N years, I’ve been playing with water and sound, as my brothers
often like to point out. This thesis aims to explain to the wilful reader what I
did, and how I made it happen. The subject I have explored is acoustofluidics
and, more specifically, I have been mainly investigating the thermal effects in
bulk acoustic wave devices. With this introduction, I would like to give the
reader a simple understanding of the somehow baffling terms introduced in the
previous sentence, along with a general explanation of the research gap we have
attempted to fill during my journey. In the following chapters, there will be
more detailed explanations and discussions of the herein presented concepts,
together with their related bibliographical references.

1.1 Why sound and fluids at the micro-scale?

The name acoustofluidics explains already everything one has to know about
it: acousto- relates to sound, -fluidics refers to fluids of course. Practically, this
method employs mechanical vibration (i.e. sound) to create forces in a fluid-
filled chamber, which are then used for the intended purpose. Acoustofluidics
has been exploited as part of the broad range of microfluidic techniques that have
been developed starting in the 1960s. Common for such techniques is that they
take advantage of the different set of forces dominating at the micro-scale (i.e.
in the range of several thousandths of a millimetre), where viscous forces, related
to friction in the fluid, are much larger than inertial forces, which are related to
mass and velocity. Hence, in such small devices, the flow is deterministic, as the
fluid motion dominated by viscous forces does not incur turbulence, which is
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Chapter 1. Introduction

Figure 1.1: A filament of coloured water flowing in the (a) laminar and (b)
turbulent regime. The arrows in the inserts represent a schematic of the fluid
streamlines in each condition. (c) Visualisation of laminar flow creeping around
an obstacle. (d) Transition from laminar to turbulent flow in a gas jet. Images
adapted from [1], ©(1982) by the author.

the chaotic eddies and vortices that we all see when looking at fluid motion in
our day-to-day life. The two different flow regimes are depicted in Figure 1.1.

An important feature differentiating acoustofluidic approaches from other
microfluidic techniques is that the exerted forces only depend on the physical
properties of the suspended object with respect to the surrounding medium.
In simpler terms, this means that anything that is more or less compact than
the fluid around it will be subjected to acoustic forces. Thus, no labelling or
physical barrier is needed to achieve separation of the desired analyte. For
these reasons, from the early 2000s, acoustofluidics has been applied in the life
sciences as it allows gentle, non-contact, and label-free manipulation of objects
in suspension flowing in microfluidics devices. With all these benefits, it has
the potential to revolutionize diagnostics, with people in the field envisioning
automated, precise, and low-cost analysis of biological fluids, especially when
handling small sample volumes.

In the past two decades, seminal works applying acoustofluidics have been
published, mainly exploring the concept of liquid biopsy, which is the anal-
ysis of non-solid biological samples. Encouraging results have shown how
acoustofluidics can help to find cancer cells circulating in the blood, opening
for better understanding of metastasis and disease or treatment monitoring with
minimally invasive techniques.

Nevertheless, acoustofluidics has so far failed to fulfil its promises and to
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become more than a mere research tool used only in university laboratories. As
an example, high enough throughput has yet not been achieved to fulfil the
requirements for many clinical applications, as it performs still one order of
magnitude below what is desired for most real-world diagnostic applications.
Moreover, reproducibility has been a recurring issue in the field, meaning that
two identical devices perform differently due to the highly sensitive coupling
between their components. This boils down to very practical considerations
on how the different parts are glued together and how the whole assembly
is packaged. Another long-standing issue has been temperature control, as
regulating heat generation and dissipation remains a crucial step when dealing
with biological samples. When actuating acoustofluidic devices, heat is an
inherited by-product of its resonating behaviour and it affects not only the fluid,
but also the magnitude and mode of vibration of the actuator itself.

Figure 1.2: Sketch of the prototypical Bulk Acoustic Wave device (not to scale).
The piezoelectric element vibrates when subjected to an alternate electrical
current, vibrating mainly at the actuation frequency. A coupling layer assures
good acoustic coupling between the piezoelectric element and the glass-silicon
chip, which the elastic waves propagate into. The harmonic actuation aims
to induce resonant modes of vibration which result in a pressure standing
wave inside the water cavity. The behaviour of the device is heavily affected by
different types of energy loss.

This thesis deals with bulk acoustic wave devices, which means that in our
systems the whole bulk of the device vibrates to obtain a resonance inside the
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Chapter 1. Introduction

fluid cavity. Hence, we used stiff materials able to store a lot of energy without
too much dissipation. As an example, glass is quite stiff (i.e. it has a high elastic
modulus) and thus, once a vibration is applied to it, it will vibrate for quite
some time. Conversely, rubber is soft (i.e. low elastic modulus) and an applied
vibration will dissipate rather fast. Prototypical bulk acoustic wave devices (Fig.
1.2) comprise a micro-channel fabricated in either silicon or glass, bonded to a
lid, which is usually glass to allow for optical visualisation, with some holes to
allow for fluid inlets and outlets, and an actuator to excite vibrations, usually
a hard-type piezoelectric material. Explaining piezoelectricity is well beyond
the scope of this thesis, but, in a nutshell, it is the ability of some materials to
generate electrical currents when subjected to mechanical deformation (direct
piezoelectric effect) and vice versa (inverse piezoelectric effect). In our research,
we exploit this latter effect and thus, when we apply an alternate current to
a piezoelectric material, it responds with mechanical vibrations at the same
frequency.

In summary, the prototypical bulk acoustofluidic device has the piezoelectric
element directly in contact with the glass/silicon that includes the channel,
usually with an acoustic coupling agent in between (a glue or similar) to ensure
good mechanical contact. An advantage of this configuration is that it allows
for efficient energy transfer from the actuator (piezo) to the resonator (channel).
However, a clear drawback is that heat can easily spread from the actuator, where
it is inevitably generated, to the fluid cavity. Temperature changes affect the
physical properties of the fluid and thus the stability of the acoustofluidic device.
Moreover, having biomedical applications as an overarching goal, temperature
must be tightly regulated, as biological samples are notoriously sensitive to heat.

1.2 Motivation of the thesis

The aim of my research is to tackle the current limitations of acoustofluidics,
mainly focusing on the low throughput and adverse temperature effects. With
the initial goal of building the best performing acoustofluidic device ever, we
soon realised that the lack of understanding of how heat affects our devices was
the main hindrance to obtaining reliable and bio-compatible diagnostic tools
based on this technology.

This thesis has two main objectives: investigate thermoacoustic effects in
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microchannels by studying the fluid flow arising from the interaction of sound
and heat in different configurations (Paper I, III, andV); devise novel actuation
strategies for bulk-acoustic wave devices, capable of achieving high acoustic
energy density without inducing unwanted heating in the microchannel (Paper
II and IV).

1.3 Overview of the thesis' work

On the one hand, we investigated the effects of temperature fields inside the
fluidic chamber by generating heat both via light absorption and conduction.
Thanks to our collaborators at the Technical University of Denmark, we val-
idated a comprehensive theory that explains in detail the interplay between
thermal and acoustic fields and attempted to show the implications that tem-
perature gradients have on acoustofluidic devices.
We used heat conduction to generate and sustain temperature differences

Figure 1.3: Thermoacoustics in microfluidic channels. (a) Linear temperature
gradient by heat conduction, deformed when sound is ON (Paper III). (b)
Thermoacoustic streaming via spherical temperature gradient by LED heating
(Paper I). (c) Localised thermoacoustic streaming via spot temperature gradient
by laser heating (Paper V).

between the two side walls of a microfluidic channel and we studied the re-
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sulting forces and streaming patterns, Figure 1.3(a). This study has bearing
on how the heat spreads from the vibrating actuator to the fluid channel in
acoustofluidic devices, as the piezoelectric element is usually directly in contact
with the microfluidic chip.

Further, by employing light absorption, we were able to generate localised
heating in a microfluidic channel, with thermal gradients in three dimensions,
Figure 1.3(b) and 1.3(c). Besides a few potential applications that we can already
foresee, these investigations concern the unwanted thermal effects that might
arise by simply monitoring the channel with a fluorescent microscope, whose
light might heat the sample to be observed. Hence, these experiments indeed
shone some more light on the young micro-scale thermoacoustic research field,
which studies how sound and heat interact with each other.

Figure 1.4: Three-dimensional drawings of the mechanical interfaces introduced
in this thesis. (a) LDPLUS: a double parabolic reflector in aluminium couples
two large piezos (on the bottom) with a microfluidic chip on top (Paper II).
(b) Heat Pipe: a thin copper sheet is interposed between the piezo and the chip,
and a peltier element controls the temperature on the chip (Paper IV).

On the other hand, we also investigated a few novel ways in which the
piezoelectric elements can be coupled to the microfluidic chamber. First, we
tried to use a structure for harvesting vibrations from two large actuators
and focusing the sound onto the much smaller microfluidic chip, Figure
1.4(a). Our reasoning was fairly simple: by keeping the energy constant
and reducing the area over which this is applied, we would obtain a much
larger vibration amplitude. For this purpose, we adapted a design already
existing in literature, whose working mechanism was explained as being
similar to how we use parabolas to focus electromagnetic waves. With our
prototype, we indeed achieved very high acoustic energy density inside the
fluid cavity and thus reached quite high throughput (5 ml/min). However,
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our study also shook the foundation of our reasoning when choosing this
design, clearly showing that it was not an optimal solution to obtain highly
focused acoustic energy cleanly delivered onto the microfluidic chip. Treasuring
this experience, we then investigated a simpler setup that differs from the
prototypical acoustofluidic device only by having a thin sheet of copper
sandwiched between the piezoelectric elements and the chip, Figure 1.4(b).
By doing this, we wanted to shield the fluid from the heat generated by the
vibrating actuator, dissipating it through the copper film. Our study showed
that acoustic manipulation is very sensitive to temperature changes and we
proposed a relatively simple design to maintain constant performance of an
acoustofluidic chip, regardless of the intended application.

Our work will help the researchers in our field understand and address the
effects that heat has on acoustofluidic devices. Moreover, I hope that our work
will inspire others to further investigate the feasibility of adding mechanical
interfaces between actuators and resonators, for which we have shown their
potential in reaching both high acoustic energy and robust temperature control.

1.4 Societal impact

Our work aligns with the Sustainable Development Goals (SDG) promoted by
the UN. More precisely, our investigations pertain to SDG #3, Good Health and
Well-Being, as we strive to build automated, precise, and cheap diagnostic tools.
However, I see huge potential for acoustofluidics also in SDG #6, CleanWater
and Sanitation. This issue could be tackled thanks to microfluidic devices dis-
tributed along the water grid that monitor and send real-time information about
the water quality. Again, I reckon that acoustofluidics can play a significant role
due to the relative simplicity of the devices: they comprise no moving parts and
are less susceptible to clogging than other microfluidic techniques, potentially
making them less prone to failure and demanding less maintenance. Moreover,
I can also foresee applications of more mature acoustofluidics related to SDG
#12, Responsible Consumption and Production, namely for the latter target. For
example, with the aid of microfluidic and acoustic forces, the production of
chemicals can become more efficient, with higher reuse of reagents and less
wasteful recycling.
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1.5 Ethical implications

This thesis addresses fundamental issues that are at the ground level of our
understanding of acoustofluidic devices. Hence, from a utilitarian perspective,
it could be argued that my whole work has no immediate application and is, if
not completely useless, not a priority for society as a whole. However, I strongly
reject these claims. This argument holds only in a world with finite resources,
both human and material. While it can be argued that material resources
are indeed finite, human resources are not. And I believe that research and
technological advancement are the pinnacle of humanity, the very characteristics
that differentiate us from the rest of the animal kingdom. By pursuing a PhD,
I feel I have made my small contribution to the massive body of knowledge
upon which our society stands and progresses. And history taught us that no
one knows what can sprout from basic research in the future!

However, I do find that Biomedical Engineering as a field has some critical
aspects. First and foremost, significant energies and resources are spent to
understand and treat diseases that affect primarily only a fraction of the world’s
population, the richest fraction. This is an injustice that runs deep in the history
of human societies and has escalated with modern medicine. A second, and
perhaps related, issue is that funding for research often goes to selected topics
that are “hyped” in the community, leaving other fields underfunded. As a
result, scientist have the incentive to pursue similar topics. This has indeed the
benefit of fostering fast progress in the subject and leading to new insights and
breakthroughs. Still, these findings then open new research avenues, acting as a
self-fulfilling prophecy that draws even more funding to the specific topic. I
do not have any solution for this issue, and I am unsure if there is any better
way to distribute funding in the research community (which are always never
enough!). Nevertheless, I strongly believe that this is an issue scientists must
evaluate when choosing what to dedicate their lives to investigating.

1.6 Structure of the thesis

This thesis aims to contextualize the research work that my collaborators and I
have published. Besides this introduction, there is a brief overview of the field,
from the generalMicrofluidics to the niche of Acoustofluidics, where I will explain
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the theory necessary to understand the publications and the limitations that
my work has tried to tackle. Before the paper summary, I stress the possibility
of employing mechanical interfaces between actuators and resonators as an
untapped means of obtaining more reliable and stable devices. The thesis ends
with the conclusions I deem more significant and few possible outlooks that
build on the knowledge and experience we gathered during my PhD studies.
The included chapters of the thesis are:

1. Introduction, giving a broad perspective on the research subject in an
accessible manner, together with the motivation of the thesis and its
societal impact.

2. Microfluidics, briefly explaining fluid dynamics at the small scale
and the concept of Lab-on-a-Chip. A section on thermal control in
microfluidics system is also included.

3. Acoustofluidics, introducing the theory which my experimental work
relies on. Here I focus mainly on the forces exerted in the resonating
cavity and their interplay with thermal gradients. The chapter ends with
the limitations that affect current acoustofluidic devices.

4. Interface between actuator and resonator, stressing the unexploited
possibilities of adding materials between the piezoelectric element(s) and
the microfluidic chip.

5. Summary of the included papers, giving a succinct summary of the
findings of each paper, along with their motivation.

6. Conclusions and outlook, providing an epilogue to this thesis and
puzzling together all the projects I have worked on during my journey.
The chapter ends with few outlooks and suggestions regarding future
research based on this thesis’ findings.
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Chapter 2

Microfluidics

Here I introduce the concept of microfluidics. For the work presented in this
thesis on acoustofluidics, the small scale has helped not only for the precise
control of the fluid flow, presented in this chapter, but also for the acoustic
forces we employ in our devices. Since the acoustic forces scale with frequency,
which in turn scales with the inverse of the wavelength, micro-scale resonators
allow us to exert strong acoustic forces. While acoustics is presented in the
following chapter, Ch.3, this chapter on microfluidics starts with a brief history
of the field, followed by some basic equations necessary to understand fluid
dynamics at the sub-millimetre scale. Then, the idea of Lab-on-a-Chip is intro-
duced, together with the most commonly employed separation techniques. The
chapter ends with a section on thermal considerations in microfluidic systems,
where techniques for temperature monitoring and control at this small scale are
introduced.

2.1 Historical background

Microfluidics is an interdisciplinary field that focuses on developing and ap-
plying technologies for handling fluids at the micro-scale. In simple terms,
this means that the chamber containing the fluid has at least one dimension
below 1 mm. Working at such small dimensions has several benefits, including
precise flow control, small sample volume, and strong automation potential.
The reduction of the dimensions from centimetres (10−2 m), e.g. a classic
test-tube, to hundreds of micrometres (10−4 m), e.g. a classic microfluidic
channel, allows for ∼ 6 orders of magnitude reduction in sample volumes to
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Chapter 2. Microfluidics

be processed, as it scales with the dimensions to the cube. Microfluidics has
been applied to several fields such as chemistry and biology, while the focus
of this thesis is biomedical engineering. The birth of microfluidics is conven-
tionally set with the publication of a groundbreaking paper published in 1979
by researchers at Stanford University [2]. In this work, Terry and colleagues
managed to perform gas chromatography onto a coiled capillary etched in a 5
cm silicon wafer, which comprises not only the fluidic chamber but also the
necessary detectors. They integrated a 1.5 m long capillary onto that small
platform, enabling them to process a volume as small as 1 nl with comparable
results as the standard, and bulky, devices at the time. It was indeed the first
micro-Total Analysis System ante litteram [3]. Since silicon etching became
the go-to method to produce devices for microfluidics, these were called mi-
crofluidic chips, like their electronic counterparts that have analogous fabrication
procedures. A significant leap forward in the field was brought about by the
Human Genome Project, a concerted effort funded by the USA government
aiming at sequencing and mapping the whole human genome. Due to the
massive task at hand, conventional methods would have required too much time
and enormous amount of labour and reagents. Hence, microfluidic solutions
were developed for DNA separation [4] and polymerase chain reactions [5] for
nl-volume samples, enabling the project to be successfully concluded in 2003.

After this brief historical excursus, I refer the interested readers to a review
specifically focused on the progress of microfluidics from the 1980s to the 2010s
[6], while here we proceed with contextualizing this thesis work. In conclusion,
why do we use microfluidics in the biomedical field? The answer is not univocal,
but in my view it is the small sample volume, linked to rapid processing, and
the ease of automation that make microfluidics one of the best candidates for a
future healthcare that is more efficient, affordable, and precise.

2.2 Fluid dynamics at the micro-scale

At the small scale, a different set of forces becomes dominant compared to the
macro-scale that we are used to in everyday life. Considering a fluid flowing at
smaller and smaller scale, inertial forces (related to mass and velocity) become
less relevant compared to viscous forces, which arise from the friction the fluid
experiences within itself and relative to the solid along which it flows. To
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2.2 Flow in a microfluidic channel

quantify the contribution of these two sets of forces, Reynolds proposed a
dimensionless number (𝑅𝑒) taking into consideration the ratio between inertial
and viscous forces [7]:

𝑅𝑒 = 𝜌0𝑣𝐷
𝜂

(2.1)

in which 𝜌0 is the density of the fluid, 𝜂 its dynamic viscosity, and 𝑣 and 𝐷 the
characteristic velocity and dimension, respectively. 𝑅𝑒 accounts for inertial
forces through 𝜌0 ⋅ 𝑣 and for viscous forces through 𝜂/𝐷.

If 𝑅𝑒 ≫ 1, the inertial forces dominate. Conversely, if 𝑅𝑒 ≪ 1, the viscous
forces are dominant in the system. With very high Reynolds numbers, the
flow is defined as turbulent, meaning that the flow has a chaotic behaviour
whose motion comprises several vortices (called eddies) added to the general
flow direction. These eddies exist at different scales, disrupting the flow and
eventually dissipating the fluid energy as heat below the micro-scale. The
strength of microfluidics relies on reducing the characteristic dimension 𝐷 of
the systems, thus greatly reducing the contribution of inertial forces. With
𝑅𝑒 ≪ 1, the flow is defined as laminar, meaning that it behaves as if various
lamellae of fluid flow one on top of another, held together by the intermolecular
forces whose effect we commonly refer to as viscosity. As a result, the fluid can
smoothly flow in an orderly and deterministic manner. This greatly enhances
our ability to precisely process, separate, and analyse fluids and the objects
suspended within them, as long as the microfluidic system is specifically tailored
for the intended function.

2.2.1 Flow in a microfluidic channel

Here I describe the typical flow inside a microchannel such the ones that I
have used in my experimental works. Considering a Newtonian fluid flowing
in the laminar regime and solving the Navier-Stokes equation in the case of a
steady-state flow driven by a constant pressure difference Δ𝑝 along a channel
of length 𝐿, we obtain [7]:

[𝜕2
𝑦 +𝜕2

𝑧 ]𝑣𝑥(𝑦,𝑧) = −Δ𝑝
𝜂𝐿

for(𝑦,𝑧) ∈ Ω (2.2a)

𝑣𝑥(𝑦,𝑧) = 0 for(𝑦,𝑧) ∈ 𝜕Ω (2.2b)
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in which Ω refers to the fluid domain and 𝜕Ω to its boundaries.
By applying these equations to a channel defined by two infinite parallel

plates at a distance 𝐻, i.e. an approximation of a rectangular microfluidic
channel with high aspect ratio, we obtain:

𝜕2
𝑧 𝑣𝑥(𝑧) = −Δ𝑝

𝜂𝐿
(2.3a)

𝑣𝑥(0) = 𝑣𝑥(𝐻) = 0 (2.3b)

whose solution is a parabola:

𝑣𝑥(𝑧) = Δ𝑝
2𝜂𝐿

(𝐻 −𝑧)𝑧 (2.4)

This solution is a good approximation of a shallow enclosure through which a
fluid flows. A microfluidic channel can also be modelled as shallow and wide,
but for channels of aspect ratio close to one, the side walls affect the velocity
due to their no-slip condition, thus affecting the derivation of an analytical
expression for the velocity.

Figure 2.1: Simulation of three-dimensional flow inside a microchannel 375-
µm wide and 150-µm high, performed in COMSOL Multiphysics [8]. (a)
Flow velocity as seen from the side, displaying a parabolic profile. (b) Flow
velocity as seen from the top, displaying a capped parabolic profile. (c) Full
three-dimensional view of the fluid velocity.

Figure 2.1 (a) and (b) show the velocity profiles for water flowing in a channel
with the dimensions I used in most of the experiments during my PhD work,
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2.2 Stokes’ drag

namely a rectangular channel 375-µm wide (𝑊) and 150-µm high (𝐻). Figure
2.1(a) shows a parabolic profile that resembles what could be calculated using Eq.
2.4. However, as aforementioned, that equation assumes two infinite parallel
plates confining the fluid. In this case, the solution must also account for the
presence of the side walls, especially as the aspect ratio 𝑊/𝐻 of such a channel
is only 2.5, hence very different from the infinite-plate assumption. Along the
width of the channel, the velocity profile resemble a capped parabola, Figure
2.1(b). Since the flow is affected much more by the top- and bottom-wall,
the maximum velocity amplitude is mainly influenced by the stresses along
the channel height, as in the aforementioned parallel plate case. However, the
velocity must also to fulfil the no-slip boundary condition at the side-walls,
thus resulting in such profile. The reader interested in deepening this topic is
referred to [7].

2.2.2 Stokes' drag

Having the flow velocity field, I now introduce the forces that the moving fluid
exerts onto a suspended object. Consider a stationary spherical particle of radius
𝑎, surrounded by a fluid of dynamic viscosity 𝜂, moving with uniform velocity
𝑣∞ in the laminar regime (𝑅𝑒 < 0.1). By neglecting gravity and applying the
linearized Navier-Stokes equation and the continuity equation, along with the
no-slip boundary condition at the surface of the sphere, we obtain an expression
for the radial and tangential velocity distribution and for the pressure in the
immediate vicinity of the sphere [7, 9].

By integrating the normal stresses on the surface of the sphere, we get:

𝐹 (𝑛)
drag = 2𝜋𝜂𝑎𝑣∞ (2.5)

which is the so-called form drag. It relates to the shape of the suspended object
and it is caused by the flow separation when the fluid flows along the object,
creating a low-pressure area behind it. By integrating the tangential stresses on
the surface of the sphere, we get:

𝐹 (𝑡)
drag = 4𝜋𝜂𝑎𝑣∞ (2.6)

which is the so-called friction drag. It relates to the viscous friction between the
fluid and the surface of the suspended object, and it is heavily influenced by
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factors such as the surface roughness of the object. By summing the contribution
from Eq. 2.5 and 2.6, we obtain the full drag force acting on a spherical particle:

𝐹drag = 𝐹 (𝑛)
drag +𝐹 (𝑡)

drag = 6𝜋𝜂𝑎𝑣∞ (2.7)

also known as Stokes’ drag. Finally, Eq. 2.7 can be generalised for a particle
moving with velocity vp in a fluid with velocity v (as with no particle present):

Fdrag = 6𝜋𝜂𝑎(v− vp) (2.8)

The Stokes’ drag will be useful to understand the balance between the forces
acting on a particle in an acoustic field. However, this simple formulation of the
fluid drag is limited to very low Reynolds numbers, as it is already 10% too low
for 𝑅𝑒 = 1. For higher Reynolds numbers, the non-linear terms of the Navier-
Stokes equation cannot be neglected, resulting in an adjusted formulation of
Eq. 2.7 including factors proportional to 𝑅𝑒 [9].

2.3 Lab-on-a-Chip

My work aligns with the theme of Laboratory-on-a-Chip (LoC), a concept in
bioengineering that aims to perform many of the operations currently conducted
in clinical laboratories on small microfluidic chips. This implies the smooth
integration of fluid control, separation, and detection onto a small device
capable of automated analysis. In fact, LoC is a concept that translates the
micro-Total Analysis Systems in the bio-field. Nevertheless, it is fair to state that
nowadays LoC is not a reality. What has emerged is a “chip-in-a-lab”, meaning
that microfluidics has entered the clinical laboratories for specific purposes and
tasks rather than LoC as a whole-encompassing analytical solution [6].

Ideal LoC instruments comprise an apparatus that includes the electronic
and mechanical drivers, optical components for the intended tests, and
single-use cartridges through which the sample flows. The cartridge with the
analytes is loaded into the driving unit, which automatically performs the
programmed analysis. The result is then shown either by the driving unit itself
or through a computer.
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Microfluidics, applied within the LoC concept, offers a viable way to tackle
the inequality of the healthcare systems in different countries. Most medi-
cal equipment requires constant electricity supply, a reliable supply chain of
reagents and equipment, and refrigerated chemicals, among other even stricter
requirements. LoC devices, thanks to their compactness, integration, and au-
tomated analysis, have the potential to allow access to good healthcare also in
resources-limited settings [10].

2.4 Separation at the micro-scale

An important aspect of LoC is the ability to separate the sample in what
is intended to be analysed from what is not. Such a statement does
sound obvious and straight-forward, but its implementation is far from
trivial. Biological samples processed in microfluidics have very diverse
compositions, but, for the purpose of this thesis, they can all be thought
of as a carrier liquid with suspended objects within it. Depending on the
adapted strategy, one can separate single populations of suspended particles
or diverse populations that share specific characteristics, such as expressing
the same surface markers or having similar physical properties. A lot of
research effort has been focused on this latter approach to achieve separation
through differences in the inherent physical characteristics of the objects,
such as size or density. This results in label-free separation, meaning that the
sample does not need any pre-processing steps and it can be processed with-
out employing specific reagents, thus reducing operational complexity and costs.

In this section, I will briefly describe a few common passive and active
separation techniques in LoC devices, along with their strengths and weak-
nesses. Acoustophoresis has a more detailed and lengthier subsection, as it is
the technique that my PhD work was based on. The theoretical background
for acoustophoresis is described in Chapter 3.

2.4.1 Passive separation

Passive techniques rely on the structure of the microfluidic chamber to achieve
separation. The flow itself exerts forces on the suspended objects, enabling
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separation with no external fields applied thanks to the deterministic behaviour
of the hydrodynamic forces in the microfluidic system [11].

Inertial focusing

This technique relies on relatively high 𝑅𝑒, up to values of a few hundred,
which differentiates it from other microfluidic approaches. It needs such high
flows to induce significant inertial forces in the fluid, and it then utilizes the
shape, size, and deformability of the suspended objects to achieve separation
[12]. Operating at such a high flowrate, inertial focusing is one of the few
microfluidic techniques that offers high throughput by default. Nevertheless,
most biological samples need considerable dilution to be processed with this
technique. The main forces involved in inertial focusing are due to the lift caused
by either wall effects or shear gradients. They both rely on asymmetric pressure
distribution across the suspended objects flowing with the fluid, which results
in net displacement in the direction perpendicular to the flow. Another effect
is often exploited in curved channels, namely Dean flow [13, 14] . Centrifugal
forces in curved fluid flows create streaming that drags suspended objects along
recirculating vortices in the channel cross-section. By tuning the channel
dimensions and the velocity of the flow, precise separation can be achieved based
on the objects’ properties. However, inertial focusing tends to be application-
specific, meaning that the channel dimensions must be precisely tailored for
each new application, as deriving the precise working mechanisms from first
principles is still rather complex [15].

Deterministic lateral displacement

Deterministic lateral displacement (DLD) relies on obstacles along the fluid
path to affect the particle’s trajectories based on their size [16]. DLD offers
extremely good size-resolution and, for this reason, it has been employed for
the separation of nanoparticles such as bacteria, viruses, and even DNA [17].
However, the fluid flow inside DLD devices is rather complex, as it depends
not only on the posts’ shape but also on their spatial distribution and the
flowrate. Analytical solutions still fail to describe the exact behaviour of DLD
devices, making it necessary to employ numerical simulations and subsequent
experimental validation for each design [18].
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2.4 Filtration

Filtration

This technique is based on the volume and deformability of the suspended
objects. The simplest approach is to use physical barriers such as membranes
[19]. Its biggest advantages are that they are simple, flexible, and fast. How-
ever, they present major drawbacks, such as being prone to clogging [20] and
inducing significant mechanical stresses on the analytes. These stresses, in case
of biological samples, can cause cell lysis and cell activation, impairing the
diagnostic purpose [21].

2.4.2 Active separation

Active techniques rely on external forces applied to the fluid or the suspended
objects while flowing through the microfluidic system [22, 23]. In general, they
require more complex setups compared to passive techniques. However, the
fluidic chambers themselves can usually have simpler designs, while the driving
of external fields significantly complicates the system. The suspended objects are
affected by the external force field which affects their flow trajectory. Different
populations can then be independently collected by carefully positioning the
outlets.

Magnetophoresis

Magnetophoresis allows for selective separation of magnetic objects suspended
in a fluid that can be magnetic or not [24, 25]. The suspended objects can
be naturally susceptible to the magnetic field [26] or labelled with affinity-
based magnetic beads [27]. The particles susceptible to the magnetic field are
deflected from their streamlines, while non-target objects are not. The sample
of interest can then be collected from the outlets. While this technique allows
for high purity of the target objects, it requires fairly strong magnetic forces,
related to either the strength of the magnetic field or to the concentration of
the magnetic beads to be attached to the target. Several challenges remain for
this technology, among which are the bio-compatibility of the employed fluids
and the prolonged exposure of living specimen to strong magnetic fields [25].
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Dielectrophoresis
Dielectrophoresis (DEP) is a separation technique that relies on the dielectric
properties of the suspended objects through the accumulation of electric charges
at the object-fluid interface when applying a non-uniform electric field [28].
The forces applied to the suspended objects are influenced by several parame-
ters, such as direct or alternating currents, their frequency, and the geometry
of the electrodes. DEP has many advantages, such as being label-free and
bio-compatible [29], but it usually requires a rather complex design for the
microfluidic chip and has limited throughput [30].

Acoustophoresis
The first instance of acoustophoresis can be traced back to 1992, when the term
was defined by Heyman in a patent (assigned to NASA) [31]. Due to acoustic
scattering and non-linearities, the sound waves apply forces on the suspended
objects while propagating in the fluid. Acoustophoresis relies on piezoelectric
materials to induce acoustic vibration inside the fluid cavity and its separation
capabilities are based on the physical properties of the suspended particles, such
as their size, density, and compressibility. There are two main categories of
acoustophoretic devices: bulk acoustic wave (BAW) and surface acoustic waves
(SAW).

SAW devices employ acoustic waves that propagate along the surface of
the piezoelectric material, excited by using interdigital transducers, which then
propagate inside the fluid [32]. They can be differentiated into travelling SAW
(TSAW) and standing SAW (SSAW). Thanks to their actuation method, SAW
devices can apply sound waves at really high frequencies in confined regions and
thus manipulate really small suspended objects [33]. However, these devices
usually comprise of soft materials to build the fluid channel, thus undergoing
significant heating due to acoustic waves leaking from the fluid into the material
[34].

BAW devices rely on the vibration of the whole bulk of the chip and are
therefore made of stiff materials [35]. Thanks to the hard walls, standing sound
waves inside the fluid cavity form relatively easily at actuation frequencies close
to its ideal one-dimensional resonances. It is also possible to employ more lossy
materials, such as polymers, but then the whole-system resonance needs to be
accounted for [36]. The underlying physics that allows for particle manipulation
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uy(y) = bFrad
ux(y,z)

Figure 2.2: Illustration of a few applications of acoustophoresis: (a) enrichment;
(b) buffer exchange; (c) separation of subpopulations. Figures adapted from
[37], courtesy of Per Augustsson.

in acoustofluidic systems is introduced in the following chapter, Ch.3.
Acoustophoresis can be employed for different purposes in microfluidic

devices. For example, it can be used to enrich target objects, Fig. 2.2(a) [38], re-
suspend objects in a different medium, Fig. 2.2(b) [39], and separate objects in
different populations based on their physical properties, Fig. 2.2(c) [40]. Hence,
it has been extensively applied for cell washing [41], haematocrit determination
[42], plasmapheresis [43], isolation of rare-cells [44], isolation of bacteria [45],
and many more applications [46, 47, 48].

2.5 Thermal considerations in microfluidic systems

Here I describe the fundamental concept of heat, especially concerning microflu-
idic devices. The explanations are quite succinct, but the interested reader is
referred to [9], where all the theory herein introduced is discussed and explained
in detail.

2.5.1 Heat

Temperature 𝑇 is one of those concepts that we intuitively and naturally under-
stand in real life, yet its physical meaning is puzzling for most of us. The simplest
explanation of temperature is that it relates to the average kinetic energy of the
single constituents of a substance. Every molecule or atom in a material has
some degrees of freedom to move, and thus kinetic energy. In solids, particles
have mostly vibrational energy around a fixed position. In liquids, they have
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also rotational and some translational energy, translation which is somewhat
confined by the inter-particle interactions. In gases, the particles have the most
freedom of movement, as they are far apart from each other.

Although the kinetic theory of temperature works well only for ideal
monatomic gases, it offers an intuitive understanding of the concept of
temperature [9]. Most material properties depend on temperature. Density, for
example, relates to the mass (i.e. the amount of molecules) per unit of volume.
Hence, the higher the temperature, the faster the particles are, and fewer
particles will be present in the interrogation volume, resulting in decreased
density.

Heat (𝑄) can be thought of as the transfer of thermal energy. Considering
two insulated bodies at temperatures 𝑇1 > 𝑇2 and placing them in thermal con-
tact, there will be a heat flux from body 1 to 2, a process termed thermalisation.
The relation between heat and temperature can be expressed in terms of heat
capacity 𝐶𝑝:

𝐶𝑝 = d𝑄
d𝑇

(2.9)

where the amount of heat d𝑄 introduced in a system relates to its temperature
change d𝑇. This quantity can be expressed independently of the mass of the
system 𝑚 by considering the specific heat capacity 𝑐𝑝:

𝑐𝑝 =
𝐶𝑝

𝑚
(2.10)

This is an intrinsic property of a substance and it defines the amount of heat
needed to increase its temperature per unit mass. Various factors, such as
constant pressure or volume, can influence how heat is distributed and thus
how temperature changes. Therefore, 𝑐𝑝 has been mapped in tables for various
constraints, such as pressure.

Thermal energy can be transferred in different ways:

• Conduction is related to how molecules transfer heat to each other. It is
presented in more detail below 2.5.1.
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2.5 Heat conduction and the heat equation

• Advection is related to the motion of the fluid bulk. It depends on the
forces acting on the fluid and is the main heat transport mechanism at
the macro-scale. For example, it describes how a radiator heats a room
or how ocean currents distribute heat across the globe.

• Radiation is related to the absorption of electromagnetic waves and is
the only heat transfer mechanism that does not require physical contact.
For example, radiation is how the Sun warms the Earth.

In real-world scenarios, advection and conduction work in a complementary
way: advection carries heat across large distances, while conduction distributes
heat evenly inside the domain.

Heat conduction and the heat equation
From experimental observations, Fourier derived the law of thermal conductivity,
linking the heat flowing normally through a surface 𝐴, i.e. the heat flux
𝑞 = 𝑄/𝐴, to the temperature difference across a distance Δ𝑥 via the heat
conductivity of the material 𝑘th:

𝑞𝑥 = 𝑄𝑥
𝐴

= −𝑘th
Δ𝑇
Δ𝑥

(2.11)

where the negative sign indicates that the heat flows opposite to the gradient of
temperature, namely from hot to cold. Generalizing this equation for the limit
Δ𝑥 → 0 and expanding it in three dimensions, one can write:

q = −𝑘th∇𝑇 (2.12)

in which q is a vector representing the heat flux in the three spatial dimensions.
Eq. 2.12 holds in the case of an isotropic material, i.e. having the same
heat conductivity in all dimensions. An example of isotropic material used
in this thesis’ work is water. When considering anisotropic materials, such
as silicon, one can use the thermal conductivity tensor kth. This is a second-
order symmetric tensor representing the ease of heat flow in each direction
combination (𝑖, 𝑗), namely 𝑘𝑖𝑗

th = 𝑘𝑗𝑖
th . Like the heat capacity, the thermal

conductivity is a material property that has been mapped for various substances,
with state-chart curves that express 𝑘th as function of temperature and pressure.
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To understand how temperature changes in time, one can derive the heat
equation by equilibrating the heat leaving a system and its change in internal
energy, and inserting Eq. 2.12 one can write:

𝜕𝑇
𝜕𝑡

= 𝑘th

𝜌𝑐𝑝
∇2𝑇 = 𝛼∇2𝑇 (2.13)

in which the thermal diffusivity 𝛼 = 𝑘th/𝜌𝑐𝑝 has been introduced.

2.5.2 Time scales for heat transport

To understand how heat gets distributed in a system, one can compute the
different contributions to heat transport. The relative contribution of advection
to conduction can be described by the Péclet number 𝑃𝑒:

𝑃𝑒 = 𝐿𝑣
𝛼

= 𝐿𝑣𝜂/𝜂
𝑘th/𝜌0𝑐𝑝

= 𝜌0𝐿𝑣
𝜂

⋅
𝑐𝑝𝜂
𝑘th

= 𝑅𝑒 ⋅𝑃𝑟 (2.14)

in which 𝐿 is the characteristic length of the system, 𝑣 the fluid velocity, 𝛼 the
thermal diffusivity, and 𝑃𝑟 = 𝑐𝑝𝜂/𝑘th = 𝜈/𝛼 is the Prandtl number. Hence,
𝑃𝑒 combines the flow regime (𝑅𝑒) with the ratio of momentum to thermal
diffusivity of the fluid (𝑃𝑟).

The Péclet number can be expressed also in terms of time-scales. Rearranging
Eq. 2.14:

𝑃𝑒 = 𝐿𝑣
𝛼

= 𝑣/𝐿
𝛼/𝐿2 = 𝐿2/𝛼

𝐿/𝑣
(2.15)

The time for diffusion in one dimension can be calculated from Eq. 2.13 as:

𝑡diff1D = 𝐿2

2𝛼
(2.16)

and the time-scale for advection can be derived by the definition of velocity:

𝑡adv = 𝐿
𝑣

(2.17)

In microfluidic systems, usually 𝑃𝑒 ≪ 1 and thus thermal diffusion is the main
mechanism of heat transport.
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2.5 Temperature control

2.5.3 Temperature control

Paper I, III, and V required precise regulation of the temperature inside the
microfluidic channel. In general, controlling the temperature in microfluidic
devices is crucial for several applications [49, 50, 51]. The strategies for thermal
control can be broadly divided in two: external and integrated.

External control of temperature relies on setting the temperature outside
of the fluidic chamber and it exploits thermal diffusion to then impose such
temperature on the fluid. One strategy employs hot/cold fluids flowing parallel
to the fluidic chamber, allowing temperature gradients to be generated in it
[52]. A drawback of this approach is temperature stability, as changes in the
temperature of the reservoirs will inevitably reflect onto the temperature of the
fluidic channels. Another extensively used strategy for external control is to use
thermoelectric elements (resistors or Peltier elements) placed in contact with
the microfluidic device [53]. On the one hand, resistors rely on Joule effect
to induce heating inside the fluidic chamber and they are thus limited to only
adding the to the system. On the other hand, Peltier elements rely on the Peltier
effect [54] to either add or subtract heat flowing electrical current through
semiconductor pn-junctions in opposite directions, thus offering much more
flexibility. By using small junctions on Peltier elements, researchers were able
to control the temperature in very localised regions, enabling heating/cooling
of fluids at the nano-litre scale [55]. However, controlling the temperature of
such small volumes makes it necessary to integrate thermal control inside the
microfluidic device itself.

Integrated thermal control has the considerable advantage of enabling
control of temperature very close to the fluidic chamber, thus confining the
cooled or heated area and being, on average, very fast due to the small distances
involved. However, it usually requires more complex designs of the microfluidic
system. One strategy relies on chemical or physical reactions occurring in
channels parallel to the analytic chamber [56]. By either using endothermal
(e.g. evaporation) or exothermal (e.g. dissolution of acid) reactions, the
temperature in the analyte channel can be decreased or increased, respectively.
By tuning the flowrates of reagents and the geometry of their channel, the
temperature can be precisely controlled [57]. Another commonly employed
integrated strategy relies on Joule heating of small resistors (usually wires
made of platinum or gold). By embedding them in the microfluidic device
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close to the fluidic chamber, the wires can heat the liquid in a precise and fast
manner by controlling the electrical current that flows through them [58].
Moreover, wires can be patterned in arrays to achieve higher uniformity of
the thermal field [59]. As aforementioned, a major drawback of relying on
Joule effect is that it cannot subtract heat from the system. This issue can be
tackled by integrating liquid cooling alongside Joule heating, implemented by
flowing coolant liquid through dedicated channels carefully placed within the
microfluidic chip [60].

Employing electromagnetic waves to heat the fluid in a microfluidic device
differs from both external and integrated strategies for temperature control, as
the heating device does not need to be in direct contact with the microfluidic
device itself. For example, it is well known that microwaves can heat liquids
and, by integrating miniaturized microwave heaters in microfluidic devices,
precise and fast temperature increases can be achieved in confined locations
along the fluid path [61]. Further, light absorption can also be employed
to heat a fluid. Especially lasers, thanks to their very high spatial resolution,
offer a means to precisely heat small volumes of fluid. This strategy has been
successfully employed in a wide range of applications, such as polymerase chain
reaction [62, 63] and bubbles control via thermocapillary effect [64].

In our group, we used light absorption to create temperature gradients
across the whole channel width (via LED light absorption, Paper I) or in a
localised spot in the microchannel (via laser light absorption, [65] and Paper
V).

In Paper III, we used external Peltier controllers to impose near-linear
temperature gradients across a microfluidic channel, while in Paper V we
employed it to maintain the channel side-walls to a set temperature to enable
temperature calibration. Our control system comprises two Peltier elements
in thermal contact with the side of the microfluidic chip, with a resistance
temperature detector glued on each side. A feedback loop and a thermo-electric
cooler controller allow for maintaining the temperature at the set value.
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2.5.4 Temperature measurements

Quantifying the temperature inside a microfluidic system is notoriously difficult,
but extensive research has explored this issue. The employed methods can be
broadly classified by how impactful they are on the fluidic system: invasive,
semi-invasive, and non-invasive.

Invasive techniques require the fabrication of embedded temperature probes
in the microfluidic device. They are defined as invasive since the probe must
be in direct contact with the medium whose temperature is to be measured.
The most widely used probes comprise a metal whose resistivity changes with
temperature, such as nickel [66] and platinum [5]. Invasive techniques are not
widely employed in microfluidic devices: besides being difficult to fabricate,
they also affect the flow pattern if in direct contact with the fluid and the
integrated electronics might obstruct optical access to the channel.

Semi-invasive techniques imply medium modifications allowing measure-
ment of temperature from a distance, usually using kinetic fluorescent probes.
These are fluorescent molecules that change light emission depending on the
temperature, such as Rhodamine B [67]. One major drawback of this technique
is that it requires a calibration curve to link the fluorescence intensity to the
temperature, even though this limitation can be tackled by particles doped
with two fluorophores, one temperature-sensitive and another temperature-
insensitive [68]. Nevertheless, all the intensity-based measurement techniques,
albeit practical, suffer from drawbacks such as uncertainties in the optical
path, instability of the light source, photobleaching, and more [69]. Fluores-
cence lifetime imaging, relying on the intrinsic characteristics of the fluorescent
molecules, overcomes these limitations and offers a precise and reliable method
for quantifying temperature in microfluidic systems [70, 71]. However, the
setups required for such measurements can be rather complex.

Non-invasive techniques, as the name suggests, allow for measuring
the temperature at a distance without any pre-treatment to the medium.
A common technique is infrared thermography [72], which quantifies the
amount of low-energy electromagnetic waves (wavelengths higher than the
visible spectrum) that every body emits. This thermal energy spectrum is
then converted into visible images whose intensity is linked to the object’s
temperature. However, calibration of such measurements can be difficult [73],
as it entails perfect knowledge of the emissivity and the reflections of the object
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at hand [74]. Thus, this technique is often used together with thermocouples
[75, 59]. Another non-invasive technique is backscatter interferometry [76],
which links the change in the refractive index of the medium to its temperature.
Despite recent advances in compensation [77], this technique depends heavily
on the property of the sample at hand and the optical path itself, thus requiring
calibration [78].

In our work, we used semi-invasive techniques to quantify the temperature
in the microchannel. In Paper I and III, we employed Rhodamine B as a
temperature-sensitive fluorophore. In Paper V, we used BCECF for the same
purpose. The process of temperature calibration and measurement is described
in detail in the supplementary material of Paper I [79]. In simple terms, we
employed two Peltier elements driven by a PID controller to set the temperature
on the side of the chip. By acquiring images at known set temperatures, we ob-
tained pixel-wise calibration curves linking the temperature to the fluorescence
intensity. Then, the inverse relation was used to estimate the temperature inside
the channel once an unknown thermal field was present.
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Acoustofluidics

In this chapter, I introduce the theory necessary to tackle the acoustofluidic
issues I have been dealing with during my PhD studies. The reader interested in
deepening the theoretical understanding of acoustofluidics is referred to these
books [80, 81] and PhD thesis [82, 83, 84].

3.1 Sound and acoustic impedance

Sound can be described as a pressure difference that travels in a medium: it
implies no net mass transport, as matter “oscillates” around an equilibrium
position, but there is net energy transfer. Sound propagation through matter
happens either with vibrations parallel to the sound propagation direction (lon-
gitudinal waves) or with vibrations perpendicular to the propagation direction
(transverse waves). While solids can support both modes of vibration, fluids do
not have shear elasticity and thus they cannot transmit transverse waves.

The medium which sound travels through affects its propagation. This
concept is expressed by the acoustic impedance (𝑍) of the material. Analogous to
electrical impedance, it is defined as the ratio between the driving force (pressure
𝑝) and the flow (velocity 𝑣):

𝑍 = 𝑝
𝑣

= 𝜌0𝑐0 = √
𝜌0
𝜅0

(3.1)

in which 𝑐0 is the speed of sound and 𝜅0 = 1/𝜌0𝑐2
0 is the compressibility of

the medium.
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When sound encounters an interface between two materials with different
acoustic impedance 𝑍1 ≠ 𝑍2, one portion of the wave gets reflected, and another
is transmitted through the interface. Considering a sound wave propagating
from medium 1 to medium 2 and suitable boundary conditions, the ratio of
energy intensity that is reflected 𝐼r compared to the incident energy intensity 𝐼i
can be expressed as:

𝑅I = 𝐼r
𝐼i

= (𝑍2 −𝑍1)2

(𝑍1 +𝑍2)2 (3.2)

in which 𝑅I is the intensity reflection coefficient. Through energy conservation,
the intensity transmission coefficient 𝑇I can be directly calculated as 𝑇I = 1−𝑅I.

In the acoustofluidic setups used in this thesis, we employed microfluidic
chips made of hard materials, such as silicon (si) and glass (gl), with a channel
filled with aqueous solutions. Since we are interested in retaining acoustic
energy inside the water cavity, it is useful to compute the amount of energy
that gets reflected at the interface between water (w) and the hard walls that
act as boundaries of the channel. By considering the system at 25 ∘C and the
material parameters as in [82], Eq. 3.1 can be inserted in Eq. 3.2 and 𝑅I at the
glass-water and silicon-water interfaces becomes:

𝑅(gl−w)
I =

(𝑍gl −𝑍w)2

(𝑍w +𝑍gl)2 ≈ 79% (3.3a)

𝑅(si−w)
I = (𝑍si −𝑍w)2

(𝑍w +𝑍si)2 ≈ 86% (3.3b)

Eq. 3.3 shows that, thanks to the large mismatch of acoustic impedance
between water and the hard walls of the channel, most of the acoustic energy is
reflected back into the cavity.

3.2 Resonance

The incident and reflected pressure waves interact with each other, a phe-
nomenon called interference. At certain frequencies 𝑓, the interference is
mainly constructive, giving rise to resonant modes of vibration. Resonance
occurs when the oscillation of the actuation matches the natural frequency of
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Figure 3.1: Gain 𝐺 of a one-dimensional forced oscillator, as function of the
actuation frequency 𝜔 divided by the natural frequency of the system 𝜔0. The
smaller the damping 𝛾, the higher the gain.

an object. At resonance, the acoustic energy density in the resonator is several
orders of magnitude higher than off-resonance [85].

Considering a one-dimensional forced harmonic oscillator with small damp-
ing, the system gain 𝐺 relates the oscillation amplitude of the system 𝜒 to the
oscillation of the drive 𝜒0:

𝐺 = 𝜒
𝜒0

∝ 1
√(1−�̃�)2 +𝛾2�̃�2

(3.4)

in which �̃� = 𝜔/𝜔0, with 𝜔 = 2𝜋𝑓 is the angular frequency and 𝜔0 the natural
frequency of the system. 𝛾 is the damping of the system, which is related to
its energy losses and mass. The natural frequency 𝜔0 depends on the physical
properties of the system at hand, i.e. its geometry, mass, and materials. As
shown in Fig. 3.1, the smaller the damping, the higher the gain. For a driven
oscillator described by Eq. 3.4, one can derive the quality factor 𝑄m, which
relates the stored and dissipated energy per cycle of oscillation at steady state. It
can be defined as:

𝑄m = Energy stored
Energy dissipated

= 𝜔0
2𝛾

(3.5)

The quality factor 𝑄m is inversely proportional to the damping 𝛾 and this must
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be minimized to obtain efficient systems, i.e. storing much more energy than
they dissipate. This is the main reason why hard materials are employed in
BAW devices. In real systems, 𝑄m can be derived from the electrical impedance
spectrum of the piezoelectric actuator with reasonable uncertainty [86, 87],
and thus linked to the acoustofluidic performance of the device [88, 89].

Figure 3.2: First-order pressure and velocity fields in a chamber with a single-
node pressure standing wave across its width 𝑊. Each column corresponds to
a different time instant along the period Τ of the acoustic wave. Pressure and
velocity are out of phase both in space and in time.

In the experimental work presented in this thesis, we actuated the funda-
mental resonance across either the width or height of a water-filled channel. As
an example, consider a one-dimensional standing sound wave across the width
𝑊 of the channel, actuated at a frequency 𝑓 = 𝑐0/𝜆 = 𝑐0/2𝑊, thus resulting
in a single pressure-node in the centre of the channel. The expression in time 𝑡
of the incident acoustic pressure 𝑝1 and incident acoustic velocity 𝑣1 along the
width dimension 𝑦 are given as:

𝑝1 = 𝑝a cos[𝑘𝑦(𝑦 + 𝑊
2

)]cos(𝜔𝑡) (3.6a)

v1 = 𝑣a sin[𝑘𝑦(𝑦 + 𝑊
2

)] sin(𝜔𝑡)e𝑦 (3.6b)
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in which 𝑝a is the pressure amplitude, 𝑣a is the velocity amplitude, 𝑘𝑦 = 2𝜋/𝜆
is the angular wavenumber along the width of the channel, and e𝑦 is the unit
vector along 𝑦. The subscript 1 signifies first-order pressure and velocity, namely
quantities that oscillate at the same time-scale as the actuation. This relates to
the mathematical description of the resonating system through a perturbation
scheme, valid with low acoustic amplitudes [85]. 𝑝1 and 𝑣1 are depicted in Fig.
3.2 along an actuation period Τ = 1/𝑓: as shown in Eq. 3.6, they are out of
phase both in space and time.

The energy carried by the sound in the resonating chamber is a combination
of potential and kinetic energy, oscillating in time between the two forms. For
a one-dimensional system as in Eq. 3.6, the acoustic energy density 𝐸ac can be
simplified to:

𝐸ac = 𝑝2
a

4𝜌0𝑐2
0

= 1
4

𝜅0𝑝2
a = 1

4
𝜌0𝑣2

a (3.7)

The acoustic energy density relates to all the second-order effects presented
below. It is an useful quantity to measure in each system so to compare their
performance.

3.3 Acoustic streaming

Acoustic streaming has been theoretically described first by Lord Rayleigh
[90], who was inspired by the steady recirculation of gas in Kundt’s tubes. By
including friction at the boundaries, he described the streaming in the fluid
bulk for an infinite parallel plate channel actuated with a sinusoidal first-order
velocity parallel to the plates. His explanation was expanded by Schlichting, who
derived the mathematical description of the streaming close to the boundaries of
the resonator, in the so-called viscous boundary layer, where the fluid is subjected
to strong non-uniform stresses due to the no-slip boundary condition [91]. The
thickness of this boundary layer 𝛿, for a fluid with kinematic viscosity 𝜈 = 𝜂/𝜌0
and an acoustic field actuated at angular frequency 𝜔 = 2𝜋𝑓, can be calculated
as:

𝛿 = √2𝜈
𝜔

= √
𝜂

𝜋𝜌0𝑓
(3.8)
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and it is ∼ 0.4 µm for a 2 MHz ultrasound in water. Hence, acoustic streaming
in the bulk of a resonator (Rayleigh streaming) can be explained by the slip
velocity given by the streaming close to its boundaries (Schlichting streaming).
Eventually, Lighthill generalized the description of acoustic streaming as the
nonzero divergence of the time-averaged acoustic momentum-flux-density
tensor [92]. In simple terms, it means that there is an imbalance in how the
momentum carried by the sound wave is distributed in the fluid cavity during
a full vibration cycle. This uneven distribution of the momentum causes the
fluid recirculation that we call acoustic streaming. The theoretical explanation
was further expanded including nonideal thermodynamic conditions [93] and
curved elastic cavities vibrating at arbitrary velocity [94].

wy0

δ

0

y0 w0

h

z

Figure 3.3: Rayleigh (red arrows, top) and Schlichting (red arrows, bottom)
streaming in a fluid chamber with a single-node pressure standing wave across
its width. The varying first-order velocity field (black arrows) rapidly decreases
within the inner boundary layer 𝛿, shown by the green dashed line. Figure
adapted from [37], courtesy of Per Augustsson.

Figure 3.3 depicts boundary-driven acoustic streaming (Rayleigh streaming)
in the cross-section of a microfluidic channel wide 𝑊 and high 𝐻, with a
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3.4 Acoustic radiation force

sound standing wave across its width. The streaming in the bulk is driven by
the streaming at the boundaries parallel to the wave propagation direction
(Schlichting streaming). This inner-boundary streaming originates from the
uneven distribution of stresses in the thin boundary layer 𝛿 due to the no-slip
boundary condition for the first-order velocity.

Given a sinusoidal actuation as in Eq. 3.6 along 𝑦 and assuming 𝜆 ≫ 𝐻 ≫ 𝛿,
the components of the second-order streaming velocity in the bulk ⟨v2⟩ can be
described as [90]:

⟨𝑣2𝑦⟩ = 3
16

𝑣2
𝑎

𝑐0
sin[2𝑘𝑦(𝑦 + 𝑊

2
)][1−3 𝑧2

(𝐻/2)2 ] (3.9a)

⟨𝑣2𝑧⟩ = 3
16

𝑣2
𝑎

𝑐0
𝑘𝑦ℎcos[2𝑘𝑦(𝑦 + 𝑊

2
)][ 𝑧3

(𝐻/2)3 − 𝑧
(𝐻/2)

] (3.9b)

At the channel mid-height (𝑧 = 0), the 𝑧-component of acoustic streaming
⟨𝑣2𝑧⟩ vanishes, resulting in motion only across the channel width. However, Eq.
3.9 is expected not to fully represent the velocity we observe in our experimental
work, as we have 𝜆 ≈ 5𝐻 for most of the channel geometries we used. The
reader interested in more detailed descriptions of boundary-driven acoustic
streaming is referred to these excellent PhD theses [82, 83, 84].

3.4 Acoustic radiation force

Particles suspended in an acoustic field scatter sound and this causes time-
averaged forces, another second-order effect. The first study on these acoustic
radiation forces dates back to 1934, when King formulated a theoretical de-
scription of the force acting on an incompressible particle in an inviscid fluid
[95]. His work was expanded in 1955 by Yosioka and Kawasima, who in-
cluded the compressibility of the suspended object [96]. In 1962, Gorkov
generalised the mathematical formulation of the acoustic radiation force by
using the time-averaged momentum flux through a closed surface around a
particle [97]. Eventually, Settnes and Bruus expanded Gorkov’s approach to
include the viscosity of the fluid surrounding a particle [98]. Here I will present
their formulation for the acoustic radiation force Frad acting on a spherical
particle of radius 𝑎, compressibility 𝜅𝑝, and density 𝜌𝑝, suspended in a medium
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Chapter 3. Acoustofluidics

of compressibility 𝜅0 and density 𝜌0. The radius of the particle is assumed
much smaller than the sound wavelength, i.e. 𝑎 ≪ 𝜆.

Frad = −𝜋𝑎3[2𝜅0
3

Re[𝑓1𝑝1∇𝑝1]−𝜌0Re[𝑓2v1 ⋅∇v1]] (3.10)

in which 𝑓1 and 𝑓2 are expressed as:

𝑓1( ̃𝜅) = 1− ̃𝜅, with ̃𝜅 =
𝜅𝑝

𝜅0
(3.11a)

𝑓2( ̃𝜅, ̃𝛿) =
2[1−Γ( ̃𝛿)]( ̃𝜌 −1)

2 ̃𝜌 +1−3Γ( ̃𝛿)
, with ̃𝜌 =

𝜌𝑝

𝜌0
(3.11b)

Γ( ̃𝛿) = −3
2

[1+ i(1+ ̃𝛿)] ̃𝛿, with ̃𝛿 = 𝛿
𝑎

(3.11c)

The acoustic radiation force Frad (Eq. 3.10), proportional to the particle’s
volume, has two components. The first one represents the monopole scattering:
it is dependent on the first-order pressure 𝑝1 and it entails a compressible
stationary particle (𝑓1). This term becomes null in the case of a particle with
the same compressibility as the surrounding fluid (Eq. 3.11a). The second
component relates to the dipole scattering of a translating incompressible
particle that scatters sound due to the difference in density between the particle
and the fluid (𝑓2). In fact, this term becomes null if 𝜌𝑝 = 𝜌0 (Eq. 3.11b).
Γ is a correction factor due to the viscosity of the fluid (Eq. 3.11c), and it
thus influences only 𝑓2. Considering an inviscid fluid, the boundary layer
thickness 𝛿 becomes zero (Eq. 3.8) and thus Eq. 3.10 and 3.11 have the same
formulation as derived by Gorkov.

In the particular case of a resonant one-dimensional standing pressure wave
along 𝑦, Eq.3.6, Frad reduces to [98]:

Frad = 4𝜋𝑎3Φ( ̃𝜅, ̃𝜌, ̃𝛿)𝑘𝑦𝐸ac sin[2𝑘𝑦(𝑦 + 𝑊
2

)]e𝑦 (3.12)

in which
Φ( ̃𝜅, ̃𝜌, ̃𝛿) = 1

3
𝑓1( ̃𝜅)+ 1

2
Re[𝑓2( ̃𝜌, ̃𝛿)] (3.13)
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3.5 Critical radius for acoustophoresis

is the so-called acoustic contrast factor, whose effect is depicted in Fig. 3.4.

Figure 3.4: The effect of the contrast factor on the acoustic radiation force.
(a) With negative contrast factor, the particles migrate towards the pressure
anti-node of the channel. (b) On the contrary, particles with a positive contrast
factor migrate towards the pressure node.

This can be either positive or negative, and its sign determines if the
particle migrates towards the pressure node (positive contrast) or to the pressure
anti-node (negative contrast).

In all the papers included in this thesis, we used particles with positive
acoustic contrast factor (Φ ≈ 0.17) since we always employed polystyrene
particles suspended in an aqueous solution [99]. In fact, polystyrene is denser
and less compressible than water. Nevertheless, determining the exact physical
properties of commercially available particles can be difficult [100]. Thus, for
all the acoustofluidic devices herein presented, such particles gather always at
the pressure node.

The full explanation of the forces acting on particles in acoustic fields in real
systems is still in the making, but the equations herein presented are enough for
the scope of this experimental thesis. The interested reader is referred to more
recent theoretical [101, 102] and numerical approaches [103, 104, 105] for the
most recent advances on the topic, including multi-body dynamics [106, 107]
and thermoviscous effects [108].
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3.5 Critical radius for acoustophoresis

By looking at Fig. 3.5, one can see that particles with small diameters get
dragged along by the acoustic streaming. With increasing size, the particles
eventually get (and stay) focused at the pressure node.

This can be explained by the competition of all the forces acting on a particle
in a resonating microfluidic channel. The equation of motion for a spherical
particle in a fluid-filled micro-resonator can be written as:

4
3

𝜋𝑎3𝜌𝑝𝜕𝑡vp = Frad +Fdrag +Fbuoy (3.14)

in which vp is the particle velocity, Frad is the acoustic radiation force (Eq. 3.12),
Fdrag is the Stokes’ force (Eq. 2.7), and Fbuoy = 4/3𝑎3(𝜌𝑝 − 𝜌0)g is the force
due to buoyancy in the fluid, with g representing the gravitational acceleration,
acting along the channel height.

By considering only the motion along the channel width, in our exper-
imental work we can often neglect gravity thanks to the orientation of the
setup. Further, the particle is assumed to not be affected by the side walls of the
channel [99] and to not be influenced by the interactions with other particles
[103]. By neglecting inertial terms [82], Eq. 3.14 can be directly solved for the
particle velocity:

vp = Frad
6𝜋𝜂𝑎

+⟨v2⟩ (3.15)

In order to understand if the motion of the particle is dominated either
by acoustic radiation force or by acoustic streaming-induced drag, one can
compute the ratio between the two forces. By using Eq. 3.12 and 2.7 with the
fluid velocity (Eq. 3.9) expressed in terms of the acoustic energy density 𝐸ac
(Eq. 3.7), at the channel mid-height (𝑧 = 0) one can write:

|Frad|
|Fdrag|

= 8
9

Φ𝑎2𝜌0𝜔
𝜂

(3.16)

When the ratio between the acoustic radiation force and the drag induced by
the acoustic streaming equals unity, it means that the motion of the particle is
equally influenced by the two forces [109]. By solving Eq. 3.16 for the particle
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3.5 Critical radius for acoustophoresis

Figure 3.5: Two-dimensional simulation performed in COMSOL Multiphysics
[8] for the cross-section of the microfluidic channel geometry used in this thesis’
experimental work, i.e. 𝑊 = 375 µm and 𝐻 = 150 µm. (a) First- and (b-f )
second-order effects in a water-filled microchannel with a sound standing wave
across its width. (a) First-order velocity, depicted by the black arrows, and
pressure, from low-blue to high-red. Here they are depicted together, but they
are out of phase in time, i.e. 𝑣1(𝑡 = Τ/4) and 𝑝1(𝑡 = Τ/2). (b) and (c) depict
boundary-driven acoustic streaming for particles of radius 0.25 µm and 0.5 µm,
respectively. (d) represents the critical radius at which the particles are almost
equally influenced by acoustic streaming and radiation force. (e) and (f ) show
particles that are well focused in the pressure node, of radius 1.5 µm and 2.5
µm, respectively, moving the faster the larger the particle.

radius:

𝑎𝑐 = √9
8

𝜂
Φ𝜌0𝜔

(3.17)

in which 𝑎𝑐 is the so-called critical particle radius. If 𝑎 > 𝑎𝑐, the motion is
dominated by the acoustic radiation force. If 𝑎 < 𝑎𝑐, the particle follows the
acoustic streaming rolls. For the systems I have used the most during my PhD,
namely a chamber filled with water and polystyrene particles in suspension
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resonating at 2 MHz, 𝑎𝑐 ≈ 1 µm. Fig. 3.5 exemplifies the transition between
the two regimes of motion with increasing particle size. Hence, acoustophoresis
separates well particles with 𝑎 > 𝑎𝑐, while smaller particles are more difficult
to isolate. This has strong implication for bioparticles processing via acoustic
fields [110, 111].

3.6 Acoustic body force

Inhomogeneities in the fluid domain create gradients of acoustic properties,
reflected by changes in acoustic impedance of the fluid (∇𝑍) . In the presence
of sound standing waves, the inhomogeneities induce a force acting along these
gradients [112]. This is the so-called acoustic body force fac:

fac = −1
4

|𝑝1|2∇𝜅0 − 1
4

|v1|2∇𝜌0 (3.18)

The first term in Eq. 3.18 relates to the first-order pressure and the gradient of
compressibility, and it can be thought as the potential energy contribution.
Conversely, the second term could be thought of as the kinetic energy
contribution, and it is proportional to the first-order velocity and the gradient
of density.

One way to introduce inhomogeneities in a microfluidic resonator is to
use different solute concentrations of molecules. When flowing in the laminar
regime, the fluid with the highest concentration of the solute is relocated at the
pressure node once the sound is turned on [113]. The acoustic body force has
been shown to be stronger than gravity even at low acoustic energy density
and, for any symmetric initial configuration, to make the fluids reach the same
organisation in the channel, with the denser medium at the pressure node
[112]. This has paved the way to use acoustofluidics to reach size-insensitive
cell separation [40]. The cells are moved to their so-called isoacoustic point,
meaning the position in the gradient where their acoustic contrast factor is zero
and they are thus “acoustically transparent”. This method has been applied to
separate subpopulations of cells in a label-free manner [114, 115] and to enrich
circulating tumour cells [116].
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3.6 Acoustic body force

Gradients of solutes in a micro-resonator have also been shown to affect
acoustic streaming [117]. The acoustic body force originating from the gradient
suppresses the streaming in the bulk, leaving only the inner-boundary layer
streaming [118]. Streaming suppression has been employed to acoustically
focus objects below the critical radius, opening up to sub-micrometre particles
acoustophoresis, such as bacteria [45]. Nevertheless, the streaming suppression
does not last long in a stationary system. First, diffusion is a mass-transport
phenomenon that cannot be avoided, and it thus inevitably dissipates the
gradient of solutes. Further, the inner-boundary layer streaming adds an
advective term of mass transport, smoothing the gradient and thus reducing
the magnitude of the acoustic body force. A weaker acoustic body force
entails more acoustic streaming in the fluid bulk, which in turn diminishes
the gradient even further. Eventually, the solute spreads homogenously in the
whole channel and Rayleigh streaming dominates the fluid motion [119].

An alternative approach to generate inhomogeneities in a microfluidic
channel is to employ differential heating. Temperature affects the physical
properties of matter. Hence, by having a gradient of temperature inside a
resonator, a gradient of acoustic properties can be induced. This phenomenon
has been extensively studied for gases [120][121], as it is crucial for various
applications, such as thermoacoustic engines [122] and Rijke tubes [123].
Recently, good qualitative agreement has been shown between experimental
data [124] and theoretical explanations [125][126] for thermal gradients in gas
resonators. The physical properties of water are of course affected by temperature
[127][128], Fig. 3.6.

The formulation of the acoustic body force (Eq. 3.18) can be modified to
account for inhomogeneities caused by thermal gradients:

fac = −1
4

[|𝑝1|2(𝜕𝜅𝑠
𝜕𝑇

)
𝑇0

+|v1|2(𝜕𝜌
𝜕𝑇

)
𝑇0

]∇𝑇0 (3.19)

which considers the dependency on temperature of both 𝜅 and 𝜌.

In Paper I, we showed how absorption of LED light induces fast fluid
recirculation that deforms the Rayleigh streaming, even with gradients as small
as 0.5 K/mm [79]. This phenomenon has been termed thermoacoustic streaming,
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Figure 3.6: Temperature changes affect the physical properties of water. Its
density, normalised with its value at 25 ∘C (solid line, left axis), changes much
less than its compressibility, normalised with its value at 25 ∘C (dashed line,
right axis). Data collected at BME department, Lund University.

which is driven by a nondissipative acoustic body force. Its theoretical explana-
tion includes the compressibility terms that had been disregarded with gases,
making it applicable to any fluid [129].

This work has been further expanded in our group. The natural follow-
up was to confine the absorbed light in a much smaller spot by employing a
laser to heat the sample [65]. In Paper V, we expanded our understanding of
such phenomenon by characterizing the transient behaviour of thermoacoustic
streaming, studying its onset and decay. We measured the temperature and the
streaming in the channel when turning ON/OFF either the sound or the laser
heating.

In Paper III we employed heat conduction at the side boundaries of the
chip, generating a linear temperature gradient in the channel width. A sound
standing wave was applied perpendicular to the thermal gradient, namely along
the channel height.

Moreover, in the case of a channel whose walls are made of different materials
(e.g., channel etched in silicon with glass lid), a transition from boundary-driven
Rayleigh streaming to bulk-driven thermoacoustic streaming can be observed
with increasing energy density [130]. This can be explained by the viscous
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friction at the walls, where the first-order velocity of the fluid induces energy
dissipation, and hence heat, which is differently conducted by the different
materials. By increasing the acoustic energy density, the first-order velocity
of the fluid also increases, thus increasing the energy dissipation into heat.
Therefore, a thermal gradient arises in the channel, as the fluid in contact with
the material having the lowest heat conductivity becomes hotter than the rest
of the fluid. This phenomenon becomes increasingly important for devices
capable of reaching very high acoustic energy.

3.7 Current limitations

Acoustofluidic devices have progressed a lot in recent years. This is both because
the theoretical understanding of the phenomena involved has increased, and
also because the experimental techniques have greatly improved [46, 48].

Nevertheless, substantial limitations still prevent the wide application of
acoustofluidics in the real world. In my opinion, the biggest obstacle is the
reliability and consistency of the devices, which is critical for commercial prod-
ucts. Two devices fabricated from identical chips and piezoelectric materials
still perform differently. This is due to the complex 3D resonances arising in the
assembly, which affect the optimal actuation frequency to achieve the best sepa-
ration. The most crucial element is the acoustic coupling layer, which assures
good mechanical contact between the actuator and the resonator. Further, the
physics of the piezoelectric materials is complex [86] and this severely affects
the reliability of the models. The electrical and mechanical behaviour of such
materials are strongly coupled. Hence, mechanical loading and damping must
be precisely accounted for to correctly model the physics of the device at hand.
The concept of piezoelectricity and its implications are discussed in more detail
in the following chapter 4.1.

Another substantial limitation is the low sample volume that current
acoustofluidic devices can process in a time window useful for many biomedical
applications. The benchmark of macro-scale techniques, capable of processing
millilitres of sample in minutes, requires the throughput of BAW devices to
increase at least an order of magnitude to be competitive. Recent publications
in our group [131, 132] have shown that it is indeed possible to process samples
with throughput high enough to be employed in clinical settings. However,
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these studies must be further developed to assess the compatibility with bi-
ological samples [133], as well as their reliability in tackling the inevitable
patient-to-patient variability in the composition of the analytes.

Last but not least, the temperature in devices employed to process biological
samples must be tightly regulated. Since proteins and other organic compounds
of interest are notoriously sensitive to heat [134], a few degrees too many could
destroy relevant information, falsifying the test results. This will be discussed in
more detail below 4.3.
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Chapter 4

Mechanical interfaces

In this chapter, I introduce the concept of introducing a structure between the
actuator, i.e. the piezoelectric element, and the resonator, i.e. the acoustofluidic
chip. Considering it sits in between and needs to convey sound from one
to the other, I refer to these structures as mechanical interfaces. During my
PhD studies, we have explored these interfaces for two main, and separate,
reasons: to increase the acoustic energy density and to thermally decouple the
acoustofluidic channel from the piezoelectric actuator. After a brief introduction
to piezoelectricity and how piezoelectric materials can act as heat sources, I
present our studies on mechanical interfaces in the last two sections of this
chapter, along with previous related examples in literature.

4.1 Actuators in BAW devices

The mechanical vibrations necessary for acoustofluidic applications are induced
using piezoelectric materials. Piezoelectricity is the property of some materials
to respond with an electrical field when subjected to mechanical stress (direct
piezoelectric effect) and vice-versa (inverse piezoelectric effect). It was first
discovered and explained by Pierre and Jacques Curie, who observed how some
crystals, such as quartz, generate electric charge when mechanically stressed
[135]. Piezoelectricity relies on the non-centrosymmetric structure of the
crystals, resulting in a net electric dipole within the structure. When mechanical
stress is applied to the structure, it results in a net electric displacement of
the charges inside the material, hence inducing an electric field. Ferroelectric
materials are usually employed to fabricate ceramics materials used in ultrasound
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transducers [136]. The ceramic material is made of a matrix of randomly
oriented ferroelectric crystallites, which are then re-oriented by applying a high
electric field along a dimension of the structure, i.e. poling treatment. This
induces strong orientation of the dipoles in the ceramic material, which then
exhibits strong piezoelectric properties [136]. In the experimental work of
this thesis, we have used lead zirconate titanate (PZT) as ultrasound actuators,
namely a hard-type piezoelectric ceramic (Pz26) [137], poled along its thickness.

The constitutive equations for piezoelectric materials link the mechanical
fields (stress and strain) to the electric fields (charge and electric field) [136].
The strain-charge constitutive equations of piezoelectric materials, expressed in
tensor notation, are:

𝑆𝑖 = 𝑠𝐸
𝑖𝑗𝑇𝑗 +𝑑𝑖𝑚𝐸𝑚 (4.1a)

𝐷𝑙 = 𝑑𝑙𝑗𝑇𝑗 +𝜖𝑇
𝑚𝑙𝐸𝑙 (4.1b)

in which (𝑖, 𝑗) = 1...6, (𝑚,𝑙) = 1...3, 𝑆𝑖 is the mechanical strain, 𝑇𝑗 is the
mechanical stress, 𝐸𝑚 is the electric field, and 𝐷𝑙 is the electric displacement
field. 𝑠𝐸

𝑖𝑗 is the elastic compliance under constant electric field, 𝜖𝑇
𝑚𝑙 is the

dielectric permittivity under constant mechanical stress, and 𝑑𝑖𝑚 = 𝑑′
𝑙𝑗 is the

piezoelectric charge constant of the material.
The efficiency in converting electrical energy to mechanical energy for a

piezoelectric material can be quantified via the electromechanical coupling
factor 𝑘:

𝑘2 = 𝑑2

𝑠𝐸𝜖𝑇 (4.2)

which describes the energy conversion in the different directions of the piezo-
electric material. As an example, for the thickness-mode 𝑘2

33 = 𝑑2
33/𝑠𝐸

33𝜖𝑇
33 and

for a transverse-mode 𝑘2
31 = 𝑑2

31/𝑠𝐸
11𝜖𝑇

33.

Losses in piezoelectric materials

Real piezoelectric materials are of course subjected to energy losses, which can
be accounted for by introducing complex values for the material properties in
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4.1 Losses in piezoelectric materials

Figure 4.1: Infrared thermography of a PZT plate, driven under the same
vibration velocity at (a) resonance and (b) antiresonance. Figure adapted from
[139], ©(2009) by the Japanese Society of Applied Physics.

the constitutional equations (Eq. 4.1) [138]:

̂𝜖𝑇 = 𝜖𝑇(1−𝑖 tan𝜁) (4.3a)
̂𝑠𝐸 = 𝑠𝐸(1−𝑖 tan𝜙) (4.3b)

̂𝑑 = 𝑑(1−𝑖 tan𝜃) (4.3c)

in which 𝑖 =
√

−1, 𝜁 is the phase difference between electric displacement
and applied electric field, 𝜙 is the phase difference between strain and applied
stress, and 𝜃 is the phase difference between strain and applied electric field. The
mechanical losses can be written also as a function of the mechanical quality
factor 𝑄m (Eq. 3.5), i.e. tan𝜙 = 1/𝑄m. All energy losses will eventually be
dissipated into heat, meaning that a piezoelectric element will produce heat
when actuated [139]. The heat generation is also dependent on the vibration
mode of the piezoelectric material, especially when applying high electrical
power, Fig.4.1. Moreover, all the losses in piezoelectric materials depend on the
temperature, internal stresses, and the applied electrical power to the material
at hand [140, 141, 142].

The reader interested in deepening this topic is referred to these publications
[143, 141, 138, 144].

In conclusion, it is preferable to have piezoelectric materials with high
𝑄m-factor to drive BAW devices. However, the vibration mode of the actuator
should be considered as well. For example, materials with a lower 𝑄m-factor but
a higher ratio 𝑘33/𝑘31 could have vibration modes closer to an ideal thickness
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mode, thus oscillating in a way more helpful to excite a standing wave in the
micro-resonator. Further, the material properties of piezoelectric materials pro-
vided by the manufacturer are usually measured under very low applied power.
For intermediate and high applied power, they can change quite dramatically, re-
sulting in a 𝑄m-factor much lower than stated in the material specifications [145,
142]. These issues have been discussed in a recent study by my co-supervisor
Wei Qiu [131]. Moreover, the shape and structure of the transducer itself can
help obtain a vibration mode closer to the ideal thickness mode. For example,
kerfing the piezoelectric material is an established technique that helps reduce
its lateral mode of vibration [146]. A recent publication also explores how
slanted transducers can effectively suppress such unwanted vibrations in the
piezoelectric elements, resulting in more energy being converted into resonances
useful to excite standing waves in the fluid cavity [147].

4.2 Need for high acoustic energy density devices

A high energy density in the acoustofluidic device can be an effective solution
to tackle the low throughput that has generally characterized acoustofluidic
devices so far. By increasing the acoustic energy density inside the microchannel,
stronger radiation forces arise and thus acoustic focusing completes in a much
shorter time. This implies that the flow rate can be increased, as it is this
parameter that decides for how long the objects in suspension are subjected to
the acoustic field when travelling over the actuation zone.

Several approaches can be used to achieve higher energy density inside a
micro-resonator, among which tailoring the positioning of the channel in the
bulk of the device [148] and optimizing the actuation scheme [149]. During
my PhD, we wanted to use a hard material to be placed in between the actua-
tor(s) and the resonator, whose dimensions and shape helped to induce strong
vibration inside the resonator.

Previous studies have shown how to employ slanted transducers to couple
piezoelectric plates much bigger than the microfluidic chip [150]. With a setup
able to tune the angle of incidence of the transducer relative to the microfluidic
chip, it was found that the acoustophoretic pattern inside the fluid cavity was
heavily dependent on the incident angle [151]. However, the acoustic energy
density in such devices was rather low, showing the need to optimise such
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designs to deliver more energy into the fluid domain.

In Paper II [132], we investigated a double-parabolic ultrasonic reflector
that coupled two large piezoelectric elements to a much smaller microfluidic
chip. The main idea was to use the big parabola to focus longitudinal waves
onto its focal point, and then use a small parabola, which had the same focal
point, but opposite concavity, to redirect the sound waves as plane waves onto
the microfluidic chip, Fig. 4.2. This concept had been explored previously
with various versions of an axisymmetric device [152], which, for example,
was used for tissue ablation [153], haemolysis [154], and nanoparticles cluster
manipulation [155].

y

z

Figure 4.2: Drawing of the concept underlying the initial hypothesis for the
double-parabolic ultrasonic reflector we employed in Paper II. Two PZTs excite
mechanical plane waves that enter the metallic structure. The plane waves are
then re-directed to the focal point of the big parabola. The small parabola,
sharing the same geometrical focus, converts the focus sound waves back into
plane waves and directs them onto the microfluidic chip glued on top. Figure
adapted from [156], with permission of the Acoustofluidic Society.

I believe that these types of ultrasound resonators/concentrators, capable
of delivering high acoustic vibration amplitude in the MHz range, have the
potential to better the performance of BAW acoustofluidic devices. Nevertheless,
inPaper IIwe also showed that the initial hypothesis that implied the focusing of
longitudinal waves was not sufficiently rigorous, as we concluded that transverse
waves play a significant role in building the resonating behaviour of the parabolic
structure. Hence, more research is needed to identify and optimize designs,
materials, and structures suitable to deliver clean and strong vibrations onto
the microfluidic chip.
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4.3 Need for temperature-controlled devices

As discussed in section 4.1, the actuators we commonly employ in BAW
acoustofluidic devices dissipate energy as heat. This can be an issue since tem-
perature increases can damage the biological sample to be processed. Further,
the device temperature affects the resonance inside the channel, as it changes
the physical properties of the device [157, 158]. Recent publications showcase
several approaches to achieve temperature-controlled BAW acoustofluidics by
cooling the piezoelectric element via either Peltier elements [159, 160] or forced
air convection [161]. Nevertheless, these devices do not account for the possible
heat that can be conducted directly to the chip from the piezoelectric element,
which is a ceramic material with poor heat conductivity, to the fluidic chamber.
Thus temperature regulation of the back surface of the piezoelectric element
may be less efficient than regulation via a mechanical interface.

This has been previously accounted for only in a few publications. Grenvall
et al placed a block made of aluminium in between the piezoelectric actuator
and the chip [162]. The metal acted as a heat sink, thus preventing heat
from reaching the fluidic cavity. However, the temperature of the device was
not actively regulated. Ohlin et al showed a liquid-cooled device capable of
actively regulating the temperature of the chip within ±0.2 ∘C from the set
temperature [163]. Their well-engineered device was rather complex though,
employing an aluminium housing to allow the cooling liquid to flow between
the piezoelectric actuator and the microfluidic chip. Such a complex load on
the piezoelectric element affects the overall device performance. Hence, to
maximize the acoustic energy density in the channel, we hypothesized that
the mass and complexity of the layer interposed between the actuator and the
resonator should be minimized.

In Paper IV we showed such a device, with a thin sheet of copper interposed
between the piezoelectric element and the microfluidic chip. With a Peltier
element in thermal contact with the copper, we could control the temperature
of the chip by placing a thermo-sensitive resistor on top of the chip and using
a feedback loop to the Peltier to keep it stable. The device showed very good
temperature stability on the chip at set temperatures between 25 ∘C and 37 ∘C,
with the measured temperature varying less than 0.2 ∘C.
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4.3 Need for temperature-controlled devices

With this setup, we could assure consistent and robust performance of the
device at a wide range of flowrates and applied electrical powers. This design is
far from perfect. First, as we measure the temperature at one single location
on the chip, we cannot account for uneven heating inside the piezoelectric
element. Second, even though the copper sheet we used is rather thin (∼ 130
µm), the impedance of the PZT-copper assembly is not matched with its load.
This means that there is room for several improvements for such a design to
deliver even better performance and increased thermal stability.
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Chapter 5

Summary of included papers

In this chapter, I summarise the journal articles included in this thesis. For each,
I focus on the most relevant results and what we learned from the project. Papers
I, III, and V pertain to thermoacoustics, while Papers II and IV present two
novel mechanical interfaces linking the PZT to the chip. General conclusions
for these main topics can be found in the following chapter, Ch.6.
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Chapter 5. Summary of included papers

Paper I. Fast Microscale Acoustic Streaming Driven by
a Temperature-Gradient-Induced Nondissipative
Acoustic Body Force

This work focused on studying the thermoacoustic streaming arising when
the fluid in a micro-resonator is heated via the absorption of LED light. We
characterised the flow via particle tracking and the temperature field via
heat-dependent fluorescence. We validated the thermoacoustic theory by
comparing the experimental results with three-dimensional numerical models,
which were in excellent agreement.

The resulting thermoacoustic streaming was found to be a markedly three-
dimensional phenomenon, Fig. 5.1(a-e). This work confirmed the theoretical
description of the effects of fluid inhomogeneities via the acoustic body force for
a temperature-induced change in the physical properties. Moreover, according
to the simulation results, we showed that a temperature gradient as small as 0.5
K/mm is enough for thermoacoustic streaming to outcompete boundary-driven
Rayleigh streaming.
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5.0 Paper I. Fast Microscale Acoustic Streaming Driven by a
Temperature-Gradient-Induced Nondissipative Acoustic Body Force

compressibility and density, the acoustic pressure p1,
and the acoustic velocity v1 [33]. When the inhomogene-
ities are created by a temperature field, f ac can be
expressed as,

f ac ¼ −
1
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Three factors determine the action of f ac on the fluid.
(i) Both the compressibility and density decrease with
temperature, thus f ac points towards the high temperature
region, here the center of the channel heated by the
LED. (ii) At room temperature, κsjp1j2 ≈ ρjv1j2 and
1=κsj∂Tκsj ≫ 1=ρj∂Tρj, so f ac is dominated by the jp1j2
compressibility term and thus is strongest at the pressure
antinodes at the sides of the channel. (iii) As shown in

Fig. 2(g), the temperature gradient is larger at the bottom
than at the top of the channel, resulting in a stronger f ac at
the bottom. Consequently, in the bottom part of the LED
spot, f ac pushes the fluid horizontally inward to the vertical
x-z center plane at y ¼ 0 and by mass conservation lets it
escape outward along the axial x direction and upward
along the vertical z direction. The resulting streaming flow
contains the two aforementioned deformed cylindrical flow
rolls, which when projected onto horizontal and vertical
planes appear as the four horizontal streaming rolls in
Figs. 2(a)–2(c) strongest in the center plane z ¼ 0, and as
the two vertical streaming rolls in Fig. 2(d).
The thermoacoustic streaming is more than one order of

magnitude faster than the boundary-driven Rayleigh
streaming. It is mainly due to the nondissipative f ac, a
mechanism fundamentally different from the dissipation
mechanism of the conventional forms of acoustic stream-
ing. Moreover, the fast thermoacoustic streaming is sta-
tionary, because it is driven by the PZT transducer and the

FIG. 2. (a)–(e) The measured (exp, left half) and simulated (sim, right half) streaming flow for G ¼ 9.76 K=mm (ΔT0 ¼ 3.71 K
across the channel width W), averaged in the indicated intervals (midposition � half-width) normal to the triplets of horizontal x-y
planes and vertical x-z and y-z planes. The vector plot (magenta) in a given plane is the in-plane velocity and the color plot is its
magnitude from 0 (dark blue) to 1042 μm=s (yellow). The simulation is performed at Eac ¼ 23 J=m3. Spatial bins with no experimental
data are excluded (gray). The pair of curved white lines in (b) and (d) represents the centerlines of the two counterrotating deformed
cylindrical streaming flow rolls. The two line-plot insets show the measured (purple) and the simulated (green) x (or y) component vx2 (or
vy2) of the velocity along the red lines. (f) Color plot from 25.0°C (black) to 30.1°C (white) of the measured and simulated temperature T0

in the horizontal x-y plane around z ¼ 0; see more details in the Supplemental Material [42]. The regions where the fluorescence
intensity is affected by the channel sidewalls are excluded (gray). (g) T0 as in panel (f) but for the vertical y-z plane at x ¼ 0; here, no
experimental data are available.

PHYSICAL REVIEW LETTERS 127, 064501 (2021)

064501-3

Figure 5.1: (a-e) Measured (exp) and simulated (sim) velocity field for a temper-
ature gradient of 9.76 K/mm. The pairs of white curves represent the centrelines
of the counterrotating streaming rolls. The inserts show the velocity profiles
(purple dots-exp, green-sim) along the red lines in the plots. (a-c) Flow velocity
in the 𝑥𝑦 plane averaged along the height of thin slabs at the (a) top, (b) middle,
and (c) bottom sections of the channel. (d) Flow velocity in the 𝑦𝑧 plane
averaged along the length-direction of the channel in three thin sections. (e)
Flow velocity in the 𝑥𝑧 plane averaged along the width-direction of the channel
in three thin sections. (f, g) Temperature map from 25.0 °C (black) to 30.1 °C
(white) in the 𝑥𝑦 plane, but in the 𝑦𝑧 plane no experimental data was available.
Figure from [79], ©(2021) by the American Physical Society.
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Chapter 5. Summary of included papers

Paper II. High-energy-density acoustofluidic device
using a double parabolic ultrasonic transducer

In this study, we aimed at inducing very strong sound fields inside a microchan-
nel using a different approach compared to classic BAW devices. We employed
a metallic double-parabolic reflector to harvest vibrational energy from two
large piezoelectric transducers, actuated at constant voltage, Fig. 5.2 . We
demonstrated focusing of 5-µm polystyrene particles at a flow rate of 5 ml/min,
corresponding to a time-of-flight of ≈ 13.5 ms in the actuated area. We then
investigated the acoustic field at the frequency leading to the best focusing,
Fig. 5.3. Even though the acoustic energy density was not uniform along the
channel, the device indeed reached very high energy values, Fig. 5.3(c).

y

x z

Figure 5.2: Rendering of the aluminium double parabolic reflector, with two
large PZT at the bottom. A microfluidic chip is glued on top in side-actuation
configuration.

Moreover, we investigated the working mechanism of the double-
parabolic reflector via two-dimensional finite element simulations and laser
Doppler vibrometry (LDV). The initial hypothesis entailed the focusing of
longitudinal waves from the piezoelectric elements onto the microfluidic
chip due to the opposite concavity and large size difference of the two
parabolas. However, by comparing simulation and LDV data, we showed that
also transverse waves do have an important role in the resonance of the structure.

In summary, the double-parabolic reflector we presented here was capable
of exciting strong sound fields in the channel, as we reported the highest value
for acoustic energy density in literature as of today. This gives encouraging
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5.0 Paper II. High-energy-density acoustofluidic device using a double
parabolic ultrasonic transducer

Figure 5.3: (a) 4.9-µm PS particles focusing at the mid-height of the channel,
from dark blue (-30 mm/s) to dark red (30 mm/s). (b) Particle velocities
(blue dots) along a 0.2-mm section of the channel length. By estimating their
sinusoidal fitting (solid orange line), the energy density in each 0.2-mm beam
can be calculated. The 95% confidence interval for the fitting is shown by
the dashed black lines. (c) Acoustic energy density along the 20-mm-long
actuated area of the channel. For each data point, the 95% confidence interval
is represented by the orange error bars (overlapping for most of them). Figure
from [132].

indications that an optimised mechanical interface would lead to even better
performance.
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Paper III. Thermoacoustic streaming in a linear
temperature gradient

This work showed the interplay of orthogonal sound and temperature fields.
With a custom-made setup, shown in Fig. 5.4, we could impose a stable
temperature across the internal sidewalls of a microchannel.

Figure 5.4: Generating a linear temperature gradient across an acoustofluidic
microchannel. (a) Rendering of the experimental setup. By controlling the
temperature of two aluminium plates placed in thermal contact with the side
of the chip, we can generate and maintain a temperature gradient across the
microfluidic chip. (b) Photograph of the device mounted on the microscope
holder (scale bar is 5 mm).

A standing wave was then excited along the channel height, and we measured
the resulting thermoacoustic streaming in three dimensions via particle tracking.
The observed thermoacoustic streaming in the channel cross-section was up to
30 times faster than natural convection, Fig. 5.5(b,d).

Even though we did not observe an ideal acoustic field in the channel, our
simple finite-element model could capture the pattern of the thermoacoustic
streaming that we measured in experiments. However, the numerical simulation
could not explain the measured change in temperature inside the channel once
the sound was active, Fig. 5.5(a,c).

This work further validated the thermoacoustic theory based on the acoustic
body force. Moreover, the decreased temperature difference between the side
walls when the sound was on offers good opportunities for designing acoustically-
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5.0 Paper III. Thermoacoustic streaming in a linear temperature gradient

Figure 5.5: Measured (a, c) temperature and (b, d) velocity fields, for (a, b) only
temperature gradient condition and (c, d) thermoacoustic streaming. The linear
temperature gradient (a) gets deformed when the acoustic field is introduced
(c). Black isolines show 2 °C intervals. With only temperature, the fluid flow
is rather slow, as it is driven by natural convection (b), while thermoacoustic
streaming is ∼ 30 times faster (d).

aided heat exchangers. Further studies are needed to investigate the feasibility
of this concept and the interplay between acoustic and heat exchange at the
micro-scale.
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Paper IV. Preliminary investigation report: Simple
temperature-controlled device for robust bulk acoustic
wave acoustofluidics

This study explores a relatively simple solution to regulate the temperature
on an acoustofluidic chip. We controlled the temperature using a Peltier
element in thermal contact at one end of a thin copper sheet (∼ 130 µm),
while the other end was glued between the chip and the piezoelectric elements,
Fig. 5.6. By controlling the Peltier element with a thermo-electric cooler, we
could maintain the temperature of the chip at a set level (±0.2 ∘C) at various
combinations of flowrates and applied electrical powers.

Figure 5.6: Temperature controlled acoustofluidic device. (a) Rendering of
the essential parts of the device: a single-inlet, single-outlet microfluidic chip
attached to a piezoelectric element, with a thin sheet of copper in between.
A Peltier element, placed in thermal contact with the bent copper, allows for
regulation of the temperature on the chip. A heat sink (black) helps maintain
the Peltier element performance. Thermoresistant probes (blue and magenta)
measure the temperature on the chip and the piezoelectric element, respectively.
(b) Picture of the device mounted on its microscope holder. The copper sheet is
covered with insulating tape to minimize heat exchange with the surrounding
ambient air. 3D-printed parts (gray) allow for fluid connection into the chip.
The two thermo-sensitive probes are glued on the chip (as close as possible to the
copper sheet, without touching it) and on the piezoelectric element. The Peltier
element is below a heat sink (black) and it is controlled by a ThermoElectric
Cooler that has the probe on the chip as feedback. Scale bar is 5 mm.
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5.0 Paper IV. Preliminary investigation report: Simple temperature-controlled
device for robust bulk acoustic wave acoustofluidics

Figure 5.7: (a) Block diagram of the experimental setup, for which a LabView
program controls the automated data acquisition. The blue and magenta squares
represent the resistance temperature detectors that monitor the temperature on
the chip and PZT, respectively. The probe on the chip acts as a target temper-
ature sensor for the temperature controller (TEC). AFG: Arbitrary Function
Generator; AD: Analog Discovery, oscilloscope; TEC: ThermoElectric Cooler.
(b) Hierarchical diagram of the experiments and actions taken by the LabVIEW
program.

Figure 5.8: Different electrical excitation methods: (a) constant voltage from the
function generator; (b) regulated voltage over the PZT; (c) regulated electrical
power on the PZT. The temperature variation strongly correlates with the
applied electrical power.

With our automated experimental setup, Fig. 5.7, we first showed how
constant power is the preferred actuation mode for BAW acoustofluidic devices,
especially to achieve constant operating temperature, Fig. 5.8. Moreover, we
confirmed that temperature strongly influences the resonance inside the channel.
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Paper V. Thermoacoustic streaming around a
temporally modulated temperature gradient

With this work, we expanded the characterization of thermoacoustic streaming.
We generated a confined temperature gradient by laser heating in a small
spot close to the channel side wall and we excited a standing wave along its
width. We measured the onset and decay of thermoacoustic streaming by
having either the sound or laser turned on (and then off) while maintaining the
other field constantly on. We then compared the experimental data with a 3D
finite-element simulation.

We showed how the thermoacoustic streaming arises (and decays) faster
when the laser heating is constant and the sound is turned on (and off), compared
to having constant sound and the laser turned on (and off), Fig. 5.9. This is
due to the longer time scale for the thermal gradient to be fully established.
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5.0 Paper V. Thermoacoustic streaming around a temporally modulated
temperature gradient

Figure 5.9: (A) Laser constant and sound on at 𝑡 = 200 ms. Left column shows
measured data for velocity (panels 1, 5, and 9) and temperature (panels 2,6, and
10). Right column shows simulation results analogously. The results are shown
for three frames, 𝑡 = 200,210,250 ms and the thermoacoustic field is fully
developed at 𝑡 = 210 ms. (B) Sound constant and laser ON at 𝑡 = 200 ms. Left
column shows measured data for velocity (panels 1,5, and 9) and temperature
(panels 2,6, and 10). Right column shows simulation results analogously. The
results are shown for three frames, 𝑡 = 200,210,250 ms and the thermoacoustic
field is fully developed at 𝑡 = 250 ms.
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Chapter 6

Conclusions and outlook

During my PhD studies I have been mainly investigating thermal effects in bulk
acoustic wave devices for acoustofluidic applications. Nowadays acoustofluidics
has started to be integrated in laboratory equipments, with a few notable
examples [164, 165]. Nevertheless, the optimised acoustofluidic device we
envisioned at the beginning of my PhD remains a dream still. So, there are a
few considerations I would like to make, along with some suggestions for future
investigations that build on what we found in these years. In this chapter, I
present what I consider the most important conclusions of my PhD journey
and some open issues I believe are crucial to the acoustofluidic community for
the years to come.

6.1 Thermoacoustics

We have contributed to establishing the theory for thermoacoustic streaming,
validating numerical models with experiments and showing how it can arise in
different conditions (Papers I, III, and V).

I think thermoacoustic effects play a significant role in the working mecha-
nisms of acoustofluidic devices. This is because heat is inevitably generated in
any process of energy dissipation. It happens inside the piezoelectric material
acting as an actuator, as discussed in 4.1. It happens also in the fluid itself,
especially at the boundaries parallel to the wave propagation direction [130].
This latter phenomenon will become more significant in the near future, when
devices capable of higher energy densities become more common. Considering
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thermoacoustic effects is of utmost importance to optimize such devices, and
more investigations are necessary to conceptualize strategies to avoid it affecting
the separation capabilities of acoustofluidic devices. A quick solution for this
would be to use the same material for the whole chip, for example, whole-glass
devices. However, this would not prevent the liquid from heating the glass
close to the fluidic chamber, thus still creating a localized temperature gradient.

Thermoacoustics has indeed potential in the biomedical field, where it
could be used to achieve even faster and simpler flow cytometry (as outlined
in Paper V) or employed for fast mixing in reactions where temperature is
tightly regulated, such as even faster polymerase chain reaction. Furthermore, I
think it could also be useful in other industrial sectors. For example, it could
potentially increase the heat transfer in heat exchangers, hence reducing the
need for powerful pumps and complex designs, as we outlined in Paper III.
This would make the devices more compact and more easily applicable in
extreme conditions, such as CubeSat and other space-related applications [166].
Another potential application, fundamental in this era of electrification, is the
charging process of lithium-ion batteries. Acoustic streaming has already been
shown to aid charging, making it faster and increasing the lifetime of the battery
[167, 168]. Considering the inevitable Joule effects in these systems, the design
of such acoustically assisted charging could be greatly improved by including
thermoacoustic theory.

6.2 Mechanical interfaces

As a PhD student, I have also built a few different mechanical interfaces to
be placed between the actuator (piezoelectric elements) and the resonator
(microfluidic chip). We showed that these structures can indeed help us reach
very high energy density inside the microchannel and that they also prevent
unwanted heating from affecting the acoustofluidic performance of the device.

Paper II showed one of our successful attempts in using such interfaces
to achieve high acoustic energy density inside the channel. However, as we
conclude in the publication, this design is not optimised, as it comprises several
unwanted modes of vibration that dissipate energy and thus do not contribute
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6.2 Mechanical interfaces

to the resonance in the channel. Our collaborators at the University of Tokyo,
led by prof. Morita, are now investigating new designs that can focus only
transverse waves onto the chip [169]. I hope they will eventually succeed in
building a more compact and powerful mechanical interface compared to what
we have already done.

Moreover, when I was in Tokyo hosted by prof. Nakamura at the Tokyo
Institute of Technology, I have also investigated the use of horns to excite
acoustic fields. Unsurprisingly, almost every shape I used was leading to
some sort of resonance inside the channel, though with different degrees of
efficiency and performance. In fact, no horn design that I tried could compare
with the simple and elegant solution of gluing the piezoelectric transducer
directly on the side of the chip. Nevertheless, I still think that horns or similar
designs would be potentially useful for achieving strong and uniform sound
fields inside microfluidic channels. However, due to the high frequency,
classic approaches in horn theory cannot be directly applied, thus making it
necessary to use iterative design aided by computational models to prototype
devices. Employing machine learning or genetic algorithms would be extremely
beneficial to tackle such problems where no analytical solutions can be derived.
Furthermore, horns offer the possibility of backing, stacking, and clamping the
piezoelectric materials, potentially enabling better energy extraction from the
actuators.

The simplest mechanical interface I have used, shown in Paper IV, was
also the most surprising to me. By simply placing a thin sheet of copper in
between the piezoelectric element and the chip, we could precisely control
the temperature of the system and thus make the separation process robust
and stable over a wide range of flowrates and applied powers. With this work,
we have further confirmed how much temperature can affect the resonance
inside the channel and that more electrical power does not always correlate
with better performance. The simple design we proposed offers a great solution
to perform acoustofluidic applications at controlled temperatures, which is
indeed important in biomedical applications, and that can also be significant
for various industrial processes. Future work should focus on matching the
acoustic impedance of the copper-piezo assembly itself and with the chip, which
could greatly improve the device efficiency. Further, by combining this concept
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with backing, better thermal regulation of the piezoelectric material itself would
be possible. This, together with the more efficient resonance of the whole struc-
ture, should lead to radically improved performance of temperature-controlled
acoustofluidic devices, whilst maintaining low electrical power consumption.

6.3 Reflections

I would like to conclude by stressing the importance of integrating knowledge
across different fields. In a multidisciplinary discipline such as acoustofluidics,
it is necessary to juggle various expertise to reach satisfactory device perfor-
mance. Many publications have already stressed the importance of matching
the electrical impedance of the driving circuit with the piezoelectric elements.
However, this aspect is often overlooked in published works, including my
own. Furthermore, there is an immense expertise regarding transducers from
which the whole community could benefit. I am thinking of all the experiences
in building ultrasonic motors and actuators, as well as the fascinating field
of biomedical ultrasound, especially the devices used for treatment such as
ablation and lithotripsy. From these, we could learn not only how to shape
the acoustic field according to the intended application, but also how to better
match acoustically the transducers with their load.

Last but not least, I feel that acoustofluidics would greatly benefit from
creating standards applicable across the various fields where it is employed. By
reporting the same values in all experiments, such as temperature and applied
electrical power, comparisons will be much easier to make between different
devices and the strengths and weaknesses of the experiments at hand could be
better assessed by the community. Acoustofluidics has experienced a booming
growth in the last two decades and it is time for it to mature into an established
scientific field. In my opinion, especially from an experimentalist point of view,
it comes down to creating standards for reporting and assessing the various
experiments performed. It will not be easy to create a uniform culture in such a
diverse field, but I think it will be a necessary step for translating acoustoflu-
idics from a mere research tool into technology fully deployable in the real world.

I am a simple experimentalist, but I am grateful to having played my part in
the effort to finding a unifying theory of acoustofluidics. This theory, which is
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still in the making, relies only on the shape of the acoustic field and the material
properties of the domain, including the fluid and any suspended objects. By
only applying body forces based on differences in acoustic properties and bound-
ary conditions, every phenomenon happening in an acoustic resonator could be
explained, from acoustic streaming to fluid relocation, up to acoustic radiation
force. I believe that the more experiments and specific theories align, the closer
we will get to this unifying mathematical description of all acoustofluidic effects.

I have indeed learned a lot, and I have even learned that it is not possible to
learn everything, and to make peace with it. A wise man once told me “They
have already invented the wheel, just use it”. I have here developed a few new
spokes, and I hope they can become part of new wheels that people will use in
the future.
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