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Popular science summary

Ultrasound consists of pressure waves that are too fast to be perceived by human
hearing. But just because we cannot hear them doesn’t mean they aren’t powerful:

small entities like polystyrene particles or biological cells can “hear” them and even
make them visible for us! If a cell, like a blood cell, is submerged in a liquid, ultrasound
can move the cell inside the liquid. It pushes the cell around until it reaches an area
without pressure, the pressure node. Of course, for this to work, a lot of conditions
need to be fulfilled. One of them is that the liquid, the cells, and the sound are in a
microchannel with hard walls, which can reflect the sound back and forth. A vibrating
pressure landscape builds up with valleys and hills (antinodes) and flat regions (pressure
node). But not only do the cells perceive the sound and move with it, but also the liq-
uid itself. It flows around inside the channel in the form of a circular streaming pattern.

Let’s dive into the microchannel: imagine you are a small, round particle, about 1 µm in
diameter, drifting through a closed microchannel, filled with green water. Around you,
you feel ultrasonic beating, powerful enough to cause the liquid you are submerged in,
to stream. Of course, you don’t stand still. Being a particle that small, you join the
liquid and get dragged with it! You stream in circular patterns, that are determined by
the pressure highs and lows of the ultrasonic field, pulsing around you. You are doing
one loop after the other, a bit like in a mosh pit at a concert (cirle pit to be precise),
just without the beer and sweat. As you stream around in the channel, you suddenly
notice a bright light column in front of you. As you get closer, it is getting warmer
and warmer around you.
As you approach the red, warm light column, you feel that the liquid, that has been
dragging you around, now starts to move differently. Instead of the previous circular
patterns, you are now getting dragged faster and faster towards the heat source! For a
split second, you think you can see a PhD student with laser googles and white lab
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ii Popular science summary

coat staring at you, but you move at 200 µm/s, so too fast to be sure. As you swirl
away from the heat source, you slow down. What a ride!
What you (the particle) experienced is the heating effect of a near-infrared point-laser
source. The red light is absorbed by the green liquid, and the common acoustic stream-
ing (so-called Rayleigh streaming), that moved the particle around at first (before the
laser light was switched on) is replaced by the thermoacoustic streaming pattern, that
is the topic of this thesis.

This thesis deals with how to create, manipulate, and make use of thermoacoustic
streaming patterns. The results are presented to the research world in three articles:
The first publication classifies what the streaming looks like for different heat source
positions in the channel and how it behaves for different amounts of heat. The laser
was positioned in two different positions in the channel and in another experiment,
the amount of green colouring (called ICG) in the liquid was increased step by step to
increase the amount of absorbed laser light. We looked at the resulting videos in 3D
and found out that, compared to regular streaming, the new, thermoacoustic streaming
is not only of a different shape, it is also about 10 times faster.
Next, we were curious how much time it takes for the streaming to appear and dis-
appear. Consequently, in another study, we took many images in a shorter amount
of time while switching the system on and then off. We could see that it takes less
than 50 ms for the streaming pattern to appear and disappear fully and less then 2 ms
for a first appearance. 50 ms is less than a half the time it takes for you to blink your
eye (approximately, unless you blink very fast, then it might be as fast as that). We
measured the temperature, which is very difficult on such a small scale. We used a
special dye for this, that would shine less bright, the hotter it gets, and we found
out that the laser increases the temperature in the channel by about 15◦C. In this
publication, we also included a video to demonstrate that the phenomenon can be used
to move tiny objects in the microchannel. The video shows a particle being deflected
from the side of the channel to the center, while a particle that is nearby remains in its
position.
In a third publication, we investigate the effect that a special molecule has on the force
landscape that causes the thermoacoustic streaming. That molecule has the ability to
change how the liquid reacts to the ultrasound. Since the forces, moving the liquid,
depend on both the sound and the temperature landscape, we could show that the
vortex, the particle in the channel flows in, reverses. Instead of going clock-wise, the
particle would now move anti-clockwise inside the channel and we could choose the
direction by changing the temperature or the amount of the molecules.

The experiments in this thesis give an idea about our understanding of the phenomenon
thermoacoustic streaming. They show how the liquid and particles in the channel
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behave and how we can manipulate that behaviour to make use of it. We could
demonstrate, that moving specific 1 µm small objects in the channel is possible under
the right conditions and we envision that the technology could be used to sort micro-
or nano-objects in the future.
The results inspire new research ideas for the project. Modifying the laser beam shape
could lead to new streaming patterns. Using longer wavelengths of light to induce
the temperature gradient directly in water, without the need for an absorbing dye,
could facilitate sample preparation and avoid potentially harming biological cells.
Finally, a question remains about how thermoacoustic streaming in acoustofluidic
microchannels can be harnessed for applications in biotechnology.





Populärwissenschaftliche
Zusammenfassung

Ultraschall besteht aus Schalldruckwellen, die zu schnell sind, um vom men-
schlichen Gehör wahrgenommen zu werden. Doch nur weil wir ihn nicht hören

können, heißt das nicht, dass er nicht kraftvoll ist: kleine Objekte wie Polystyrolpar-
tikel oder biologische Zellen können ihn ”hören” und sogar für uns sichtbar machen!
Eine biologische Zelle, wie zum Beispiel eine Blutzelle, die in einer Flüssigkeit schwebt,
kann vom Ultraschall bewegt werden. Er schiebt die Zelle hin und her, bis sie in einem
Bereich ankommt, in dem sie von dem Schalldruck nichts mehr merkt: an einem
Druckknoten. Damit das funktioniert, müssen natürlich viele Voraussetzungen erfüllt
sein. Eine davon ist, dass sich Flüssigkeit und Zellen in einem Mikrokanal mit harten
Wänden befinden, die den Schall konstruktiv zwischen sich hin und her reflektieren.
Es entsteht eine vibrierende Drucklandschaft mit Tälern und Hügeln (Bäuchen) und
flachen Bereichen (Druckknoten). Doch nicht nur die Zellen nehmen den Schall wahr
und bewegen sich mit ihm, sondern auch die Flüssigkeit selbst. Sie fließt in Form
eines kreisförmigen Strömungsmusters im Mikrokanal.

Tauchen wir hinein: Stell dir vor, du bist ein kleines, rundes Teilchen mit einem
Durchmesser von etwa 1 µm. Du treibst in einem geschlossenen, mit grünem Wasser
gefüllten Mikrokanal. Um dich herum spürst du Ultraschallwellen, die stark genug
sind, um die Flüssigkeit, in der du schwimmst, zum Strömen zu bringen. Natürlich
stehst du nicht still. Als so kleines Teilchen machst du es der Flüssigkeit nach und
strömst mit ihr umher! Du strömst in kreisförmigen Mustern, die durch die Druck-
höhen und -tiefen des Ultraschallfelds bestimmt werden, das um dich herum pulsiert.
Du drehst eine Runde nach der anderen, ein bisschen wie in einem Moshpit bei einem
Konzert (Circle Pit um genau zu sein), nur ohne das Bier und den Schweiß. Während
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du im Kanal umherströmst, bemerkst du plötzlich eine Lichtsäule vor dir. Je näher du
ihr kommst, desto wärmer wird es um dich herum.
Als du dich der roten, warmen Lichtsäule näherst, bemerkst du, dass sich die Flüs-
sigkeit, die dich bisher mitgerissen hat, nun anders bewegt. Statt dem kreisförmigen
Muster zu folgen wirst du nun immer schneller zur der Wärmequelle gezogen! Für
den Bruchteil einer Sekunde glaubst du, eine Doktorandin mit Laserschutzbrille und
weißem Laborkittel zu erkennen, die dich anstarrt, aber du bewegst dich mit 200 µm/s
– zu schnell, um dir sicher zu sein. Als du dich von der Wärmequelle entfernst, wirst
du wieder langsamer. Was für ein Trip! Was du (das Teilchen) erlebt hast, ist der
wärmende Effekt, den eine infrarote, punktförmige Laserlichtquelle auf die strömende
Flüssigkeit in einem Schalldruckfeld hat. Das rote Licht wird von der grünen Flüs-
sigkeit absorbiert und die akustische Strömung (die sogenannte Rayleigh-Strömung),
die das Teilchen zunächst bewegte bevor das Laserlicht eingeschaltet wurde, wird
durch das thermoakustische Strömungsmuster ersetzt, das das Thema dieser Arbeit ist.
Meine Dissertation befasst sich mit der Erzeugung, Manipulation und Nutzung des
thermoakustischen Strömungsmusters in akustofluidischen Mikrokanälen.

Die Ergebnisse werden der Forschungswelt in drei Artikeln vorgestellt: der erste Schritt
war das Klassifizieren, wie genau das Strömungsmuster erzeugt wird, wie es aussieht
und wie sie sich bei unterschiedlichen Laserlichtmengen verhält. Dazu wurde der
Laserstrahl zu zwei verschiedenen Positionen im Kanal gelenkt und außerdem die
Menge des grünen Farbstoffs in der Flüssigkeit (wir nennen ihn ICG), schrittweise
erhöht. Die Menge an Farbstoff bestimmt, wie viel Laserlicht von der Flüssigkeit
aufgenommen wird, also wie warm es im Kanal wird. Die Videos wurden so analysiert,
dass man Bilder in 3D erhielt. Wir fanden heraus: die neue thermoakustische Strö-
mung hat im Vergleich zur bereits bekannten Strömung nicht nur eine andere Form,
sondern ist auch mindestens 10-mal schneller, je nach experimentellem Aufbau.
Als nächstes wollten wir herausfinden, wie lange das Strömungsmuster braucht, um
zu entstehen und wieder zu verschwinden. Dazu haben wurden in einer zweiten
Studie viele Bilder in kurzer Zeit aufgenommen, während das System an- und wieder
ausgeschaltet wurde. So fanden wir heraus, dass das Entstehen und Abklingen nicht
mal 50 ms dauert! Die Zeit, bis man das Strömungsmuster zum ersten Mal erkennen
kann, kann, je nach Messkonstellation, sogar noch kürzer sein, nämlich nur 2 ms.
50 ms ist weniger als ein halbes mal Blinzeln (ungefähr, es sei denn man blinzelt sehr
schnell). Wir haben auch die Temperatur gemessen, was in einem so kleinen Maßstab
sehr schwierig ist. Dafür benutzten wir einen speziellen Farbstoff, der bei höheren
Temperatur schwächer leuchtet als bei niedrigen. So fanden wir heraus, dass der Laser
die Temperatur der Flüssigkeit um etwa 15 ◦C erhöht. Diese Veröffentlichung enthält
ein Video, das demonstriert, wie das Phänomen genutzt werden kann, um winzige
Objekte im Mikrokanal gezielt zu positionieren. Das Video zeigt, wie ein Teilchen,
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nach kurzem Anregen des Systems, vom Rand des Kanals in die Mitte gelenkt wird,
während sich ein benachbartes Teilchen nicht wegbewegt.
In einer dritten Veröffentlichung untersuchten wir, wie ein besonderes Moleküls, wir
nennen es DMSO, die Kraft beeinflussen kann, die das thermoakustische Strömen
antreibt. Das DMSO ändert die Eigenschaften der Flüssigkeit im Kanal, die sich
auf die Ultraschalllandschaft auswirken. Und wenn sich das Schalldruckfeld ändert,
ändert sich auch das thermoakustische Strömungsmuster. Wir konnten zeigen, dass
sich die Richtung der Strömung des Teilchens umkehrt. Anstatt im Uhrzeigersinn
bewegte sich das Teilchen nun gegen den Uhrzeigersinn und wir konnten die Richtung
durch Änderung der Temperatur oder der Molekülmenge bestimmen.

Die Experimente in dieser Arbeit geben einen Einblick in unser Verständnis von ther-
moakustischen Strömungen in Mikrokanälen. Es wird untersucht, wie sich Flüssigkeit
und Teilchen im Kanal verhalten und wie man das Verhalten beeinflussen können,
um es für den Bereich der Biotechnologie nutzbar zu machen. Wir konnten zeigen,
dass das gezielte Ablenken von Teilchen im Kanal unter den richtigen Bedingungen
möglich ist. Das Projekt inspiriert neue Forschungsfragen für die Zukunft darüber
wie man die Form des Laserspots verändern kann um andere Strömungsmuster zu
erzeugen, ob es andere Stoffe, wie das DMSO, gibt, mit interessanten Effekten im
Schalldruckfeld. Außerdem könnte man Licht einer anderen Wellenlänge benutzen,
das direkt von Wasser absorbiert wird, sodass man sich den potentiell zellschädigen-
den Farbstoff (ICG) sparen kann. Abschließend besteht die Frage, wie man sich die
thermoakustischen Strömungen in akustischen Mikrokanälen für Anwendungen in
der Biotechnologie zu Nutze machen kann.





Abstract

In Acoustofluidics, sound pressure waves can cause a force field on the liquid in
a microfluidic channel. The forces depend on density and compressibility of the

medium as well as the pressure and velocity amplitude of the sound. The forces lead
to a steady flow in the bulk of the fluid, namely acoustic streaming. If a localized
change in temperature introduces a gradient in compressibility and density, the force
landscape changes accordingly. As a consequence, thermoacoustic streaming arises and
replaces the acoustic streaming in velocity and shape.
In the experiments for this thesis, a laser beam with a diameter of a third of the
microchannel’s width creates a localized temperature hot spot through absorption of
the light, resulting in a temperature gradient.
In the first study, the thermoacoustic streaming effects of such a gradient are classified
in 3D. Firstly, the setup, that was built specifically for the experiments in this thesis, is
introduced. The shape of the temperature gradient is varied through the amount of
absorbed light across the channel height z and the position of the laser spot in x and y.
A simulation is shown to support our understanding of the effect.
In the second study, the time scales for the build-up and decay of the thermoacoustic
streaming are investigated through imaging at a high frame rate and the temperature
gradient is measured using a temperature sensitive fluorophore. A video is included, to
demonstrate how toggling of the ultrasound with pre-established temperature gradient
can deflect single particles from their original position in the channel, demonstrating
the effects potential for sorting applications.
For the third study, we introduce a substance called Dimethyl Sulfoxide (DMSO)
to the channel. Its compressibility changes with increasing temperatures such that
a reversal of the thermoacoustic streaming takes place in the temperature range of
20-50◦C. By controlling those quantities, compressibility and density, through the
background temperature of the whole channel, the acoustic force landscape and the
resulting thermoacoustic flow is manipulated. The temperature gradient originating
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from the laser remains the same and we show through varying concentrations of
the substance and by changing the background temperature, that the acoustic body
force landscape can be manipulated in a way that the direction of the streaming
reverses. A video shows how the streaming slows down, changes direction and speeds
up again, during a gradually increasing background temperature for unchanged laser-
and ultrasound actuation.
The aims of this thesis work are: to classify the newly found thermoacoustic streaming
for a localized, laser-induced temperature gradient, to show how rapid the response of
an acoustofluidic system is, to demonstrate how the phenomenon can be shaped and
manipulated and to present an outlook on application possibilities for future studies.
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Considerations about research
ethics

The research presented in this thesis is of fundamental nature which aids the avoidance
of typical ethical dilemmas of biotechnology.
An important aspect that comes to mind is research integrity. It is essential that we are
transparent with our methods to ensure that experiments are reproducible by other
researchers. While this is a difficult goal, as the precise description of every element
of an experiment is probably impossible, trying to be as clear as possible is our goal.
Similarly important is that we do not exaggerate the importance of our findings or
embellish results. Drawing conclusions from such results prevents future endeavours
in answering a supposedly resolved research question or others could continue the
research based on false assumptions. It is important to be transparent with unresolved
questions and not remove results that do not match the hypothesis. We discuss unex-
plained effects and depict them as such.

No biological cells were used for the experiments of this thesis, but the proposed
application idea is aimed for working with cells. The research with cells is inevitably
connected to the use of animal products, either for culture media or for the retrieval
of cells themselves. Alternatives exist but because of the characteristic of research, that
protocols are written once and rarely ever changed after that, these alternatives are not
as popular as they could be. Researchers need to test their protocols for the use of
animal-free culturing media. From an environmental aspect, culturing cells in a sterile
environment is a highly waste-producing process, where materials are never reused
unless absolutely necessary. Other means of ensuring clean cell culture, with recyclable
materials and the corresponding cleaning devices are desirable. While culturing cells
in an inevitable part of biomedical research, its execution should be reformed with
environmental aspects in mind.
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Chapter 1

Opportunities of Laser In-
duced Temperature Gradients
in Acoustofluidics

1.1 Introduction

Microfluidics depicts an interesting tool for biomedical research because of its low
sample volumes and its small size, making it ideal for point-of-care applications.

Well-known, everyday life application examples are COVID tests, pregnancy tests [1]
or the paperfluidics newborn screening (heel prick test). One subfield of Microfluidics
is Acoustofluidics, where an ultrasound transducer is attached to a microfluidic channel.
The transducer sends ultrasound waves into the channels to move or analyse objects,
like biological cells, microparticles or mixtures of different components such as blood
[2], sperm [3] or cerebrospinal fluid [4].
For those applications, using ultrasound is an elegant approach: the sound waves are
reflected at the channel walls and, if in resonance, create a sound pressure field similar
to the interference patterns of waves made visible in a wave tank. A sound pressure
landscape builds up within a few hundred microseconds for an actuation in the low
MHz range [5]. The exerted forces and resulting temperatures can be kept within a
range compatible with biological samples, making it ideal for the biomedical field. Two
main phenomena in acoustofluidic devices are acoustic focusing of cells or particles
and acoustic streaming of the liquid. Manipulating the latter is the main goal of this
thesis.
Acoustic streaming refers to a flow of the fluid in the channel, driven by the ultrasound.
It arises within the fluid due to energy dissipating in the boundary liquid layer at
the channel walls. The shape of acoustic streaming patterns depends on different
factors such as density and compressibility of the fluid and therefore, indirectly, on the
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temperature distribution in the channel.
The temperature in a microchannel can be altered in different ways, for example through
Peltier elements [6], through resistive heating of electrodes or optically through light
absorption in the liquid, as in this thesis. Qiu et al. [7] produced a thermal gradient
by absorbing light from a focused LED in a water-dye mixture in an acoustofluidic
channel. Building on their work, the results of this thesis are created with a laser light
source. The laser depicts a more confined heat source, with more possibilities to alter
the temperature distribution in the channel compared to an LED.
To summarize, the experiments in this thesis aim to use sound and light to move liquid
in a structure that is merely the thickness of a few human hairs. The results might aid
the biomedical field concerning cancer research via (rare-) cell sorting by controlling
the motion of the liquid and the objects in it. Considering that both sound and light
are a type of wave, it is intriguing to think that we are trying to move objects in a fluid.
I like to imagine that the particles are dancing to the beat of the ultrasound bouncing
around in the microchannel. The temperature gradients in this scenario create “hot
spots” like a moshpit at a concert. Different kinds of moshpits mean different kinds
of temperature gradients, shuffling the fans around. As soon as the music ends (the
laser and ultrasound turns off), everyone stops moving and so does the liquid in the
channel.

1.2 Research Questions

These research questions are going to be addressed:

• How can laser light be used to heat the microfluidic cavity?

• How do different temperature gradients influence the acoustic streaming field
and in what way can they be varied?

• How fast does the temperature field build up?

• How large is the temperature difference inside the channel?

• In what way can we manipulate the liquid’s properties to modify thermoacoustic
streaming?

• Can we move individual particles in the acoustic field and what are the options
for future applications?
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1.3 Thesis Structure

After this short introduction and motivation, the thesis frame begins with a chapter
about sound and light waves. The concepts of sound, resonance and a materials
interaction with it will be introduced. After that, we focus on light: What makes laser
light special, how does absorption work and how is it useful for this thesis.
Chapter three focuses on the third defining concept, microfluidics. It starts with a
general perspective on microfluidics in our everyday life, followed by a short look into
an application example of acoustofluidics and lasers: optical tweezers in microfluidics.
After that, we dive deeper into microfluidic research, thinking about laminar flow,
Reynolds number, Peclet number and viscosity.
Chapter four contains the juice of the thesis frame: Acoustofluidics. Here, the driving
principles are explained: acoustic body force and how temperature gradients affect it
as well as time scales of the two. A short historical overview is given and the thesis
project placed within the field.
Chapter five gives an overview of experimental methods, explains the setup, designed
for this thesis in detail, and outlines data analysis methods and simulation details.
Chapter six contains summaries of each paper.
Chapter seven discusses limitations and future possibilities for the project to give some
final food for thoughts.
Thank you for being curious and happy reading!
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Chapter 2

Waves of Sound and Light

Waves are a neat way of physics to explain both sound and light. Kundt showed
with his dust-tube experiment (Kundt’s tube), that the propagation of sound

can be described as a wave [8]. Huygens described light as a wave with his wave-
front construction method (Huygens principle), based on its reflection and refraction
behaviour at interfaces and the observations of it being double refracted in a calcite
crystal. In a fluid, sound propagates longitudinally as compressions and rarefactions
of the liquid molecules. Sound needs a medium to compress to travel, there is no
sound in a vacuum. Light, on the other hand, does not require a medium since it is
electromagnetic fields that propagate.
This thesis describes the effects of the interplay of the two types of waves with matter,
observing outcomes of these interactions: the interplay of heat due to absorption of
electromagnetic waves in the fluid with the motion of the fluid due to interaction with
the sound pressure waves. How is it possible, that these two oscillations have such
different effects?

2.1 What are waves of sound, what is resonance?

The crucial differences of the two types of waves, sound and light, are the way they
propagate and the amount of energy they transfer. Longitudinal (sound pressure)
waves move parallel to the particle oscillation direction. The net movement of the
molecules transferring the pressure as density changes is zero. Transversal waves require
shear elasticity. Water is not elastic and can therefore not transfer transversal waves,
making sound waves purely longitudinal in fluids. One might wonder how water, often
being considered an incompressible fluid, can transmit pressure waves, that compress
and decompress the water. That is because water is only nearly incompressible, as

9
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all materials known to mankind, nothing is absolutely incompressible. However, in
physics it is allowed to make assumption and neglect certain aspects of reality and
often get pretty close to the truth with that (like describing a ballet dancer as a rotating
cylinder without hands or legs but still being able to correctly estimate her angular
momentum as she spins and spins [9, 10]). Short fun fact, before we start thinking
about light: in solids, like the ground, sound waves can have both transversal and
longitudinal components. And it turns out, that it is due to this fact, that we know
that the earth has a liquid core: by measuring the transmitted waves of an earthquake,
the scientists found that in certain directions no transversal waves were transmitted
because the liquid core ”swallowed” them.
Light can be described as a transversal wave, propagating perpendicular to its oscillation
direction. It comprises a magnetic and an electric field standing perpendicular to each
other. Unlike sound, no molecules are necessary to compress or relax to transmit light.
We can see the electromagnetic waves in vacuum but we cannot hear sound. Light is in
the order of 103 to 106 faster than ultrasound, which is in the range of 20 kHz to GHz,
and the visible wavelength range is about 350 to 750 nm. For clight = 3 · 106 m/s that
corresponds to a frequency of 860 to 400 THz.
A substance can be heated through absorption of light, most efficiently at an absorp-
tion line of the substance. In this thesis, the substance is water spiked with ICG
(Indocyanine Green) dye and the light source a 785 nm near infrared laser. The water
itself would not absorb the laser light of that wavelength efficiently enough to generate
the necessary heating effects, since its nearest absorption peaks are at 1.5 µm and 3 µm
(fig. 2.1). The use of those wavelengths for heating is discussed in the outlook (sec. 7).
Coming back to the wave character of sound and light, we need to understand the

importance of resonance for the presented research. Also here, it is a curiosity that the
absorption of light can be considered a type of resonance. From a (simplified) quantum
mechanics perspective, the absorption of a material relates to its energy levels. Only
photons with a wavelength (or frequency, hence energy) that matches the material’s
energy gap can be absorbed, which makes the absorption lines of a spectrum a visible
indications of the materials resonance with the photons.
In terms of resonance of a microfluidic system, the relevant dimensions are much larger
(despite it being “micro” and us needing a microscope to observe it) and we (luckily) do
not need to wrap our heads around quantum mechanics. For resonance to take place,
the channel dimensions need to match some multiple of the frequency (or wavelength)
of the sound. In this case, a frequency of 2 MHz at csound in water = 1500m/s has a
wavelength of 750 · 10−6 m = 750 µm. For these parameters, a half standing wave
fits just nicely into our 375 µm x 150 µm sized microchannels.
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Figure 2.1: Absorption spectrum of water. Many people have measured the absorption
spectrum of water. Scott Prahl [11] has compared several sources and found that most of
them agree well. We can see that the absorption in the visible range is low. One often used
absorption peak is at 1.5 µm because it is used in communication technology (so those lasers
have become cheap and off-the-shelve available). At 3 µm wavelength, water absorbs even
better. This data was taken from D. J. Segelstein [12], who gathered data in 1981 from other
sources to create an extensive absorption spectrum of water.

2.2 Propagation of Sound in a medium

Sound waves move through a medium as oscillations of molecules. If we record sound,
we record how the molecules are compressed and expanded with respect to each other
as compressions and rarefactions. We can assume the propagation of sound as an
adiabatic process as the temperature changes are small enough that we can neglect
them. Laplace added the adiabatic assumption in 1819 to Newton’s explanation from
1687 and with this created the Newton-Laplace equation for the speed of sound in a
medium, that we are using today. It states that the speed of sound c in a medium is
equal to 1 over the square root of the adiabatic compressibility of the medium κmed
and density of the medium ρmed:

cmedium =
1

√
κmed · ρmed

(2.1)

Similar to the effect of a straw in a water glass that appears bent, an interface of two
media with different compressibility κ and density ρ affects how sound propagates.
The sound, just as the light, has different speeds in the different media and boundary
effects appear. The ones we can observe in our everyday life are for example reflection
of sound in a tunnel, creating an echo (reflection at a dense wall) or trying to talk to
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someone under water compared to on land (propagation in media with different speeds
of sound). Mathematically, we use plane wave equations to describe the oscillating
pressure field p1 and velocity field v1 in 1D:

p1 = pa · cos(kyy) (2.2)

v1 = i
pa

c0ρ0
· sin(kyy)ey (2.3)

with: pa = pressure amplitude, ky = 2π/λ wave vector, y = location across the
channel width with y = 0 being one of the channel walls, c0 = speed of sound in the
liquid, ρ0 = density in the liquid and ey the unit vector in the y-direction.

2.3 Sound pressure in the microchannel

The sound pressure waves oscillate between the hard channel surfaces. Resonance takes
place both in the channel but also in the chip itself. Rune Barnkob [13] simulated
resonance in a channel structure, similar to the ones used here, that shows resonance
in the entire system (fig. 2.2). Inside the cavity of the microchannel, the sound

Figure 2.2: Simulated pressure field inside a microchannel with piezo attached to the bottom
surface. Cross-sectional view (z-y) and top view (y-x). Taken from Per Augutsson’s PhD thesis
[14] who modified it from Rune Barnkob Master thesis [13]

waves are reflected at the interface between water and silicon. To achieve constructive
interference of the sound pressure waves, any channel dimension d that is a multiple
n of the sound’s wavelength λs would work.

dw = n · λs

2
(2.4)

A half standing wave fits across the width of the channel.
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Figure 2.3: Pressure (left, red) and velocity (right, blue) oscillate between minimum and
maximum values between the channel walls. The velocity is the derivative of the pressure so
they are out of phase by a quarter period. The shading indicates the amplitude: at t = 0,
the pressure maximum is on one side of the channel, the velocity, being the second order
effect, is 0. At t = T/4, the pressure is 0 as its even across the channel, while the velocity has
its maximum in the center. A quarter period later at t = T/2, the pressure maximum is at
the right side of the channel while the velocity is 0. At 3T/4, the velocity is maximal again,
in opposite direction, while the pressure is 0. Transferring this to the resonating cavity, the
oscillation process happens with a frequency of 2 MHz. Looking at it over a long time, the
pressure at the side walls is maximal, while it is 0 in the center and the velocity maximal in the
center and 0 on the sides.

2.4 Laser light, why is it so special?

Laser is an acronym that stands for Light Amplification by Stimulated Emission of
Radiation. The juice in that lengthy term is in the stimulated emission. One photon
stimulates the drop of an electron in an atom from a higher to a lower energy level. The
dropping electron emits a photon of the same characteristics (phase relationship, energy
and amplitude) that it was stimulated with. A cavity resonates the emitted photons
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back and forth through the laser medium to stimulate more and more emissions, the
medium in the cavity lases. Photons which are not in phase or in other ways different
from the desired wavelength are filtered out by the geometry of the laser cavity. The
produced light is powerful and well manipulable because of its coherence in time
and space. Other light sources like LEDs do not fulfil the coherence criteria and the
possibilities to focus them or interfere them with each other are limited because of
their lack of order. The theoretical limits for focusing laser light are dependent on
its wavelength λ and the numerical aperture NA of the system. The minimal beam
diameter d is [15]:

d = 2ω0 =
2λ

π · NA
(2.5)

The numerical aperture is a property determined by the component used for focusing
and can be calculated with the refractive index n and the opening angle α of the optical
element:

NA = n · sin(α) (2.6)

The laser used in the presented experiments has a wavelength of λ = 785 nm, and the
objective a numerical aperture of 0.4, leaving us with a theoretically minimal beam
diameter of:

d = 2ω0 =
(2 · 785 · 10−9 m)

(π · 0.3)
≈ 1.66 · 10−6 m = 1.66 µm (2.7)

2.5 Absorption of light, its timescales and its heating
effects

Simplified, absorption of light means that a photon with suitable frequency ν is
absorbed by an atom’s electron with matching energy gap hν = E2 − E1, h being
Planck’s constant. The electron is excited from a lower energy state E1 to a higher
state E2. The states can be rotational, vibrational or electronic. These differ by the
amount of energy transferred: rotational states require frequencies in the microwave
range, ≈ 10−3 eV, vibrational states are in the infrared range with energies of about
≈ 0.01− 0.5 eV and electronic states in the UV and visible range with ≈ 1− 10 eV.
In the case of ICG dye absorbing 785 nm wavelength laser light, we are looking at the
vibrational and electronic regime. These energy states are unstable and eventually (in
the atto- to femtosecond time scale [16, 17]), the electron will relax back to its previous
state. In the process, it releases energy either radiative or nonradiative. Radiative means
that photons are emitted and we can observe phosphorescence or fluorescence.
The ICG dye we are using to absorb the laser light is a fluorescent dye, so some energy
is lost due to radiative transfer. The filters and the camera in the setup were chosen
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purposefully to avoid visualizing the ICG emission. Its fluorescence would interfere
with observing the emission of the particles and in the case of paper II, where we
use a temperature sensitive fluorophore, it would have disturbed the temperature
measurements. Other than through fluorescence, the decaying electron can transfer
energy non radiatively.
Nonradiative decay is the transfer of energy to nearby atoms as kinetic energy through
collision and other intermolecular interactions. The time that it takes is slightly slower
than the absorption, in the femto- to picosecond range. The collisions that transfer
the energy to surrounding molecules is where the energy is transferred from the dye
molecule, that absorbed the laser light, to the water, which does not absorb the chosen
laser wavelength of 785 nm. With that, we have reached the macroscopic range of the
heating process, the temperature of the water molecules increases and creates a (literal)
hot spot in the microchannel [18]. Its safe to say, that the absorption of the light in the
liquid and the time it takes for that energy to be transformed into a local temperature
change, is the fastest time scale discussed in this thesis. How fast the liquid heats
up, despite the atto- to picoseconds it takes for the energy from the photons to be
converted into heat, depends on more graspable quantities: the amount of liquid, its
thermal conductivity, the absorption efficiency (in this thesis that is the amount of
dye and its ability to absorb the light), the laser spot size and its power.

2.6 Temperature transport

One of the prerequisites for the thermoacoustic streaming, as presented in this thesis,
is the presence of a temperature gradient. Different mechanisms can transfer heat and
for this work we need to consider thermal diffusion as well as radiative heat transfer
due to laser light absorption.

Thermal diffusion is a comparably slow process. Assuming a distance of 375 µm,
which is the channel width and a thermal diffusion coefficient of water with α =
1.5 · 10−7 m2

s we can calculate [19]:

tdiff =
L2

4α
(2.8)

=
(375 · 10−6m)2

4 · 1.5 · 10−7 m2s−1
= 0.23 s (2.9)

For the radiative heat transfer, we can estimate how much time it takes for a water
column with the diameter of the laser spot, d =50 µm and the height of the channel
h =150 µm to heat up: We need the volume and mass of the water column (density
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water: ρ = 997
kg
m3 , specific heat capacity: c = 4186 J

kg ◦C ):

V = πr2h = π

(
d

2

)2

h (2.10)

= π(25 · 10−6)2 · 150 · 10−6 ≈ 2.95 · 10−13 m3 (2.11)
(2.12)

m = ρV (2.13)

= 997 · 2.95 · 10−13 ≈ 2.94 · 10−10 kg (2.14)

Calculate how much energy it takes to heat that mass by ∆T = 20 ◦C:

Q = mc∆T (2.15)

= 2.94 · 10−10 · 4186 · 20 ≈ 2.46 · 10−5 J (2.16)

Calculate how much energy the laser delivers per second with its P = 10mW power
and ηabs = 30% absorption efficiency:

Pabsorbed = ηabsP = 0.30 · 0.01 = 0.003W (2.17)

And finally compare how long it would take to deliver the energy to heat up the
column:

theat =
Q

Pabsorbed
=

2.46 · 10−5

0.003
≈ 0.0082 s (2.18)

To heat the full column takes about 8 ms. The thermoacoustic streaming will start
building up before then but cannot reach a stable state. We will come back to these
numbers when thinking about time scales for the buildup with respect to publication
II.



Chapter 3

Fluidics at the Micro-scale

Microfluidics can be found all around us. Trees transport their water using mir-
cofluidics, as the water evaporates from the leaves, creating a negative pressure

to pull water up from the roots.
The blood in our body is a non-Newtonian fluid, which means that its viscosity de-
creases under shear stress. You might have seen an experiment where a water-cornstarch
mixture is filled in a bowl or pool and if pressure is applied to it by pressing the fluid
or jumping on it, it seems to become solid. Our blood behaves similarly, and (weirdly)
so does ketchup.
We can observe the Marangoni effect after swirling a glass of wine (fig.3.1). On the
glass walls, a thin wine layer of liquid forms. The alcohol in the liquid will evaporate,
creating a higher surface tension at the top of the liquid layer. Liquid from below is
pulled up to the top and forms a droplet due to gravity. When this droplet eventually
flows down, we can see the typical tears of wine flowing down the glass.
Microfluidics is especially useful for biomedical tests because, as the name says, it

does only require small liquid volumes. A famous example is the Enzyme-Linked
Immunosorbent Assay (ELISA) test, where a pregnancy indicative hormone, called hcg
(human chorionic gonadotropin), is detected using enzymes and antibodies. The urine
flows through different areas of the test. If hcg is present, two different antibodies are
used as markers to detect it in the fluid and cause a colour change that tells us the
result of the test.

17
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Figure 3.1: The Marangoni effect can be observed at the walls of a wine glass. After the glass
has been swirled, the alcohol evaporates from the thin liquid layer, causing a higher surface
tension at the top of the layer than at the reservoir in the glass. Wine is being pulled up the
walls and gathers as droplets at the top. The droplets run down in ”tears”. Adapted from [20]

3.1 Optical Tweezers and Microfluidics

A good example of how laser light and microfluidics can be combined are optical
tweezers [21, 22, 23]. In optical tweezers, a focused laser beam can trap and move
particles or cells with optical forces (fig.3.2). The laser light needs to be focused and
the laser power sufficiently high. Typically, the wavelength range is infrared. Optical
tweezers require the refractive index of the object to be higher than the surrounding
medium because as the light is refracted through the particle or cell, the photon
momentum creates as inward force trapping the particle. It should be kept in mind,
that heating effects can happen depending on the liquids and wavelengths used. The
surrounding liquid can heat the microobject, so it can come to a temperature increase
even if the object itself does not absorb the light [18].
Even though the system used for this thesis resembles an optical tweezer setup, such
effects cannot be achieved. The laser would need to be focused to a much smaller size,
to reach the necessary optical forces [24]. An objective with higher numerical aperture,
so a better focusability could allow trapping due to optical tweezing. However, a
smaller focus and higher numerical aperture means a shallower depth of focus. As it
is built now, the distance during which the laser beam maintenance approximately
the same diameter is large enough that the laser beam can be considered invariant
throughout the sample. With an objective with higher numerical aperture, that length
would decrease and the channel floor and ceiling would be heated less and in a larger
area than the channel center. The use of smaller focused light is discussed in the
outlook ch.7.
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Figure 3.2: An optical tweezer can be used to sort specific cells from a population. Here,
mixtures of yeast cells and particles or embryonic stem cells and other cells are flown through
a microfluidic system and the target cells separated from the other objects. After a detection
step, they are guided to the collection outlet with optical forces. Reproduced, with permission,
from Wang et al. [23]

3.2 Laminar flow and Reynolds number

Laminar flow is a central concept of microfluidics. The small dimensions of the
microchannels result in a highly ordered and therefore deterministic flow pattern. In
contrast to chaotic, turbulent flows (e.g. in rivers), laminar flow will follow nonrandom
paths and objects submerged in it will follow a predictable path. External forces can
be imposed on it and modify that path, such as magnetic, electric, optical or acoustic
fields. To find out if a system will be in the turbulent or laminar regime, we can
calculate the Reynolds number:

Re =
uL

ν
=

ρuL

η
(3.1)

with: ρ = fluid density, u = flow speed, L = characteristic length, η = dynamic viscosity,
ν = kinematic viscosity.
It compares inertia which is related to turbulence (ρuL) to viscous friction which
stabilizes the flow (η). Reynolds numbers far below 1 are considered as creeping flow
and inertial effects can be neglected. Reynolds numbers up to Re / 2000 are in the
laminar regime. Numbers larger than that, Re ' 2000, mean that turbulences are
present. The equation tells us that high flow speeds, large dimensions and high density
can lead to turbulent flows. The higher the viscosity, the larger chance of laminar flow.
The Reynolds number for a 150 µm deep microchannel and water with a kinematic
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viscosity of ν = 1 · 10−6 m2/s as used in this thesis is:

Re =
2 · 10−4 m/s · 150 · 10−6 m

1 · 10−6 m2/s
= 0.03 (3.2)

for a flow speed of 200µm
s , which is at the top end of the measured thermoacoustic

streaming. Therefore, the experiments in this thesis are in the creeping regime.

3.3 Peclet number

The Peclet number is used in microfluidics to relate advective to diffusive transport i.e.
transport due to bulk motion of the fluid versus transport due to molecular motion.
It is defined as:

Pe =
advective transport
diffusive transport

=
uL

D
(3.3)

with: u = characteristic flow velocity, L = characteristic length scale, D = diffusion
coefficient.
An example is the H-filter (fig.3.3), where differently sized molecules are filtered
according to their diffusion coefficients [25]. Larger molecules take more time to diffuse
from the sample liquid to the other liquid. If the flow speed is chosen accordingly,
the small molecules will diffuse into the other half of the middle section, from where
they exit through the top outlet of the filter. The slower diffusing molecules remain in
their half and exit through the other outlet. The Peclet number can be calculated by
comparing how long it takes for molecules to diffuse across the width of the channel
to how long it takes to pass through the length of the channel due to advection (bulk
motion), because it compares how fast molecules diffuse to how fast they flow due to
advection. If the Peclet number is high, it means that for that molecule at that specific
flow rate, advection will dominate diffusion and vice versa. The Peclet number can
also be used to describe heat transfer if the diffusion coefficient D is replaced with
thermal diffusivity α.
Thermal diffusivity α is a material property and describes how quickly heat conducts
through the material relative to its ability to store heat.

α =
k

ρ · cp
(3.4)

with k = thermal conductivity, cp = specific heat capacity and ρ = density. It is thus
a property that characterizes thermal diffusion, which describes the process of heat
spreading through a material due to a temperature gradient.
Another way to look at thermal diffusivity is as the rate at which a temperature gradient
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Figure 3.3: The H-filter makes use of diffusive transport to separate molecules or particles
with a lower diffusion coefficient from a mixture with objects of a higher diffusion coefficient.
It was first published in 1997. Reproduced, with permission, from Brody et al. [25].

smooths out over time. The diffusion of molecules shows to be similar to the diffusion
of temperature if we look at Fick’s second law of diffusion and the thermal diffusivity
as it is used in the heat equation:

Fick:
∂ϕ

∂t
= D∇2ϕ (3.5)

heat equation:
∂T

∂t
= α∇2T (3.6)

ϕ = molecular concentration, t = time, ∂ϕ
∂t = rate of molecular concentration

change over time, ∂T
∂t = rate of temperature change over time,∇2ϕ = curvature of

concentration distribution (how it evolves in space), ∇2T = curvature of temperature
distribution, α = thermal diffusivity.
Both the molecular diffusion and the thermal diffusivity describe the evolution of a
gradient over time with a constant and the curvature of the gradient.
In microsystems, diffusion plays a more important role compared to macroscale systems,
due to their small size. While in a bathtub, diffusion takes a long time and advection is
more important, in a microchannel, the relevant length scales are overcome comparably
quickly by diffusion.

3.4 Viscosity

An experiment visualising viscosity is to place a fluid in between two plates and then
move the top plate with a constant velocity in one direction. If we look at the fluid’s
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motion, we notice, that its velocity at the still plate is zero while at the moving plate,
it has the same velocity as that plate [26]. Between the fluids we have a linear velocity
distribution in case of a Newtonian fluid (fig.3.4).

Figure 3.4: Two plates, with a fluid in between: if one
plate moves with velocity U while the other plate remains
still, the fluid in between will move with the same velocity
at the moving plate but have zero velocity at the other
plate. In between, the velocity decreases linearly.

An interesting phenomenon
of viscosity and ultrasound, re-
lated to thermoacoustic effects,
was presented here by Li et
al. They investigated thermoa-
coustic streaming in differently
viscous droplets [27]. Surface
acoustic waves are used to heat
droplets of a water and glycerol
directly through absorption of
the ultrasound. The increased
viscosity (compared to water),
leads to absorption in the liquid
causing an increase in tempera-

ture. They found that higher viscosity leads to lower streaming velocities, resulting in
a smaller mixing effect of the temperature gradient.



Chapter 4

Acoustofluidics

Acoustofluidics is a field in Microfluidics, where sound fields are used to actuate
particles or liquid inside a microchannel. Some advantages of acoustic actuation

in microchannels are its biocompatibility [28, 29], its non-invasive operation and the
quick response time, e.g. in the configuration presented in paper II (sec. 6.2) it takes
less than 1 ms for the sound pressure field to buildup or decay completely. Acoustic
actuation of microchannels has been demonstrated for cell biology applications because
it utilises the cell’s intrinsic characteristic for labelfree sorting, contactless and gentle
handling and low sample volumes.
This chapter will:

• give a short historical overview of acoustic streaming

• come back to the present and outline application examples of acoustic effects in
microfluidics, ending with the gap, this thesis is addressing

• introduce the acoustic radiation force to find a critical radius with respect to
the acoustic body force

• explain Schlichting and Rayleigh streaming

• place this thesis in the field of thermoacoustics

• explain the acoustic body force and its changes due to a temperature gradient

• talk about the time scales, with publication II in mind

4.1 Historical background of acoustic streaming

The research about sound took a leap in 1787, when Ernst F. F. Chladni proved that
sound was travelling through air as waves and discovered resonance modes [30]. He

23
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vibrated a plate using a violin bow and observed sand gathering at the nodal and
antinodal areas of the plate, forming what we now call Chladni figures (Fig.4.1 and
4.2a).

Figure 4.1: Chladni’s experimental
setup, proving that sound travels as
waves, revolutionizing physics [30,
31]. Using a bow to vibrated the plate
with sand on it, he observed that the
sand gathered in lines, according to ac-
tuation frequency, at nodal and antin-
odal lines. For the first time, he was
able to visualise, that the sound we
hear, travels as waves.

He described his observation in a paper which
was the basis for Savart’s discovery of rotational
resonance modes, 40 years later, showing that res-
onance and sound in vibrating bodies are more
complex than anticipated [32]. Specifically, he ob-
served that in a similar system, finer sand would
not gather in the lines that Chladni described
but instead in what he called secondary lines.
This transport was later proposed by Faraday
[33] to be caused by currents of air. A bit later,
about 80 years after Chladni had presented his
figures, Kundt showed the resonance in the fa-
mous Kundt’s tube, measuring the speed of sound
in air for the first time by visualizing resonance
modes through dust figures inside the vibrating
tube (Fig.4.2b), that was actuated with a tuning
fork of known resonance frequency [8]. Almost
another 20 years later, Lord Rayleigh revisited
Kundt’s experiment and the hitherto unexplained
vortices first observed by Dvorak, by the dust par-
ticles in the tube. He published his findings and a
mathematical description of this bulk flow which
laid the basis for acoustic streaming research [34].
Schlichting, in 1932, investigated the boundary

layer of the vibrating wall, that Rayleigh had neglected in his mathematical considera-
tions [35]. He found streaming vortices in the oscillating Stokes boundary layer [36],
that had not been described before.
Later, important contributions have been made by Faraday, who likely first observed
acoustic streaming in vibrating plate experiments [33, 37], by Eckart, who described
bulk viscous dissipation leading to Eckart streaming [38], and by Nyborg, who pro-
vided a theoretical framework and governing equations for acoustic streaming [37].
Lighthill further advanced the understanding by formulating acoustic streaming in
terms of nonoscillatory Reynolds stresses using the Navier–Stokes equations [39].
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(a) Chladni figures, as shown in his book ”Discovery about the Theory of Sound”
from 1787 [30].

(b) In 1866, Kundt observed dust gathering at nodes and antinodes in a tube, that he
actuated at a known frequency. From that he was able to, for the first time, calculate the
speed of sound [8].
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4.2 Applications of Acoustofluidics

More than 200 years of research have led to some exciting applications of acoustofluidics
in biotechnology. A small selection of them will be outlined next with the purpose of
showing how versatile and useful the technology is and to place this work in its niche
of the bigger context. For a full overview of the field, there are excellent review papers
available [40, 41, 42].
Acoustic effects in microfluidics are aimed at trapping, separating and sorting of
cells, particles, bacteria or other biomarkers from body fluids, e.g. blood [43], sperm
[44, 45], saliva or breast milk [40, 46]. The technology is popular because of it’s
contactless manner. It exerts relatively low shear forces compared to other cell- or
biomarker handling methods as well as the fact that often harmful stains and dyes are
not needed [47, 48, 49].
Acoustic trapping is a method to capture cells or particles as they flow through a
localized acoustic field. The forces of drag due to streaming, gravity, buoyancy and
a retention force to withstand the drag are balanced, so that cells are trapped in the
pressure node while the liquid around them can be replaced, e.g. as a means of
washing [50, 51, 52]. This can even be accomplished for biological nanoparticles
(0.1 - 1 µm) such as extracellular vesicles using seed particles [53, 54, 55]. Gerlt et al.
recently presented an acoustofluidic trapping and chromatography platform to trap
nanoparticles [56].
Separation and sorting seem like the ideal tasks for acoustofluidics and sometimes when
I hear researchers from other fields talk about separating or handling microobjects
in a liquid, I wonder if acoustofluidics, could solve all their problems if they were
introduced to the field. Cells or particles with different intrinsic characteristics, as
density, compressibility and size, will react differently when exposed to a sound pressure
field. A detailed explanation will follow in chapter 4.3. Consequently, the cells or
biomarkers can be split into different groups corresponding to these properties. A good
example for this is Per Augustsson’s publication on isoacoustic focussing, where a den-
sity gradient in an acoustofluidic microchannel is used to align cells according to their
density to measure their acoustic impedance [57]. Enriching, separating and isolating
cancer cell from blood is an often targeted application [58, 59, 60] to study circulating
tumour cells and learn about their behaviour in blood. Antfolk et al. presented an
on-chip concentration and analysis system, where circulating tumour cells (CTC’s)
from enriched blood samples are concentrated using acoustophoresis (separation with
the means of acoustofluidics) to be analysed on chip with dielectrophoresis [61]. Wu
et al. separated exosomes (biomarkers in the nanometre size range, found in almost all
body fluids) from blood by using surface acoustic waves to split the nano vesicles from
the blood cells and other vesicles in a two-step process on chip [62]. He et al. addressed
the problem of slow, sedimentation based urine analysis by presenting an automated



27

system, concentrating the urine using acoustic focussing [63]. Acoustofluidic devices
have also proven their use for male fertility research by filtering sperm samples. Gai
et al. have shown a selection procedure where sperm is selected according to size and
motility using surface acoustic waves [64]. Recently, Abbasi et al. have presented a
similar platform and observed a new effect, that they named acoustotaxis, where highly
motile sperm swim against the propagation direction of the surface acoustic wave.
They use this behaviour to select sperm with high motility and without the use of a
pump [65]. Microfluidic fluorescence based activated cell sorting is another example
of how ultrasound can be used to move microobjects [66, 67]. For example, surface
acoustic waves can be used to align and deflect cells in a microfluidic fluorescence based
activated cell sorter (µFACS) [68]. Many of these applications utilize the acoustic
radiation force which can be described with the Gor’kov potential (sec.4.3).
In applications of acoustofludics, the presence of acoustic streaming is often an un-
wanted side effect due to the fact that it drags along small particles [69, 70]. Efforts
have been made to suppress it using impedance gradients [71, 72] or through inho-
mogeneous fluids, specifically density and compressibility gradients [73]. However,
other studies show its usability for micromixing [74, 75], for cell sorting [76] or for
chemical signal enhancement [77].

4.3 Acoustic Radiation force

The experiments in this thesis do not deal with acoustic focussing, and the only reason
that it is not observed is the choice of particle size. The acoustic radiation force arises
when ultrasound is scattered at an object in the sound pressure field. It causes particles
to move to the pressure node or antinode of the sound pressure field, depending on
the material properties of the particle and the suspending liquid. The particle becomes
a scattering monopole, if its compressibility is different from the surrounding liquid.
In addition, a difference in density compared to the liquid leads to dipole scattering
due to a phase shift relative to the incoming wave [14].
The force can be described by the Gor’kov potential UGor’kov [78, 79]: Additionally
to the pressure 〈p2〉 and velocity 〈v2〉 of the acoustic field (timeaveraged over one
period), the potential depends on the acoustic contrast in compressibility κ and density
ρ between fluid and particle (contrast factors f1, f2).

UGor’kov =
4πa3

3

(
1

2
f1〈p2〉 −

3

4
f2ρfluid〈v2〉

)
(4.1)

with
f1 = 1−

κparticle

κfluid
(4.2)
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and

f2 =
2(

ρparticle
ρfluid

− 1)
2ρparticle
ρfluid

+ 1
(4.3)

As mentioned, where particles are displaced to depends on their contrast factor: Parti-
cles with a negative contrast factor would move to the pressure antinode (maximum
pressure, here that is near the channel walls) while particles with a positive contrast
would move to the pressure node (minimal pressure, here the centre of the channel).
The Acoustic radiation force Frad is the force given by the gradient ∇ of the potential.
So the slope of the potential determines how strong the radiation force is, while the
steepest gradient determines the direction.

Frad = −∇UGor’kov (4.4)

The focusing behaviour, for which the gradient of the potential ∇U provides the
direction and force Frad that moves a particle, is only valid for particles of a radius a
much smaller than the wavelength of the sound.

As in the second chapter, we will assume a plane timeharmonic wave with pressure
p1 and velocity v1:

p1 = pa cos(kyy) (4.5)

v1 = i
pa

c0ρ0
sin(kyy)ey (4.6)

with: pa = pressure amplitude, ky = 2π/λ wave vector, y = location across the
channel width with y = 0 being one of the channel walls, c0 = speed of sound in the
liquid, ρ0 = density in the liquid and ey the unit vector in y-direction.
Inserting that in equation 4.4 and with 4.1 we can describe the acoustic radiation
force as:

Frad(y) = 4π

(
f1
3

+
f2
2

)
a3 ky Eac sin(2kyy) ey (4.7)

with Eac, the acoustic energy density:

Eac =
p2a κfluid

4
(4.8)

Stokes drag from the liquid surrounding the particle counteracts the radiation force
which is why it needs to be considered when determining the focussing velocity. To
receive the velocity a particle focuses with, we balance Frad and Fdrag and solve for
velocity urad. We note, that the focussing velocity scales with the radius to the power
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of 2, making it quite sensitive to particle’s size. Fdrag is the drag force, that the liquid
exerts on a moving particle:

Fdrag = 6π a η urad (4.9)

with a = particle radius and η = dynamic viscosity. We set Frad = Fdrag and solve
for urad:

urad =
2

3η

(
f1
3

+
f2
2

)
a2 ky Eac sin(2kyy) (4.10)

We can now investigate if urad is large or small compared to any type of streaming that
may be present in the fluid. To find the critical particle radius for streaming as opposed
to focussing, we can calculate the ratio of the magnitudes of the two velocities:

|ustr|
|urad|

> 1 (4.11)

If the quotient is substantially larger than 1, the particle follows the streaming, if its
substantially smaller than 1, it will get focused by the radiation force.
The maximum velocity magnitude of Rayleigh-type acoustic streaming along the floor
and ceiling (details on that in sec.4.4.1) can be expressed [14, 34]:

ustr = −3

2

Eac

ρoco
sin(2kyy)ey (4.12)

leading to the ratio:

|ustr|
|urad|

=
9η

8π Φ a2 ρ0 f
(4.13)

For an acoustofluidic system like the one in this thesis, we insert:

• η = 0.001 Pa · s, dynamic viscosity of water
• Φ = f1

3 + f2
2 , acoustic contrast factor

• f1 = 1− κpolyst
κwater

• f2 =
2(ρpolyst/ρwater)−1

(2ρpolyst)/ρwater+1

• κwater = 4.589 · 10−10 Pa−1, compressibility of water
• κpolyst = 2.5 · 10−10 Pa−1, compressibility of polystyrene
• ρwater = 998.2 kg/m3, density of water
• ρpolyst = 1050 kg/m3, density of polystyrene
• a = 0.4, 0.5, 0.7369, 1, 1.5 · 10−6 m, particle radius
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• Eac = 10 J/m3, acoustic energy density
For a particle diameter d < 1 µm, streaming dominates over radiation. At d ≈
1.47 µm, the ratio is close to 1 which depicts the turning point. For 2 µm and 3 µm
the ratio is smaller than 1 and the radiation force dominates.

Particle diameter uustr/urad
0.8 µm 3.39
1 µm 2.17

1.4738 µm 1.0001
2 µm 0.54
3 µm 0.24

Table 4.1: Ratio of |ustr| to |urad| for different particle diameters

The critical radius for Rayleigh streaming is not the same as for thermoacoustic stream-
ing. When comparing their velocities, we see that |ustr| is about 10 times slower than
|uthstr|, allowing for larger particles to be streaming dominated. Experimentally this
can be seen in paper I, fig.6 showing temperature and streaming velocity for different
concentrations of DMSO. In that work, 2 µm large particles were used to trace the
streaming recorded in water to compare it to thermoacoustic streaming at different
Indocyanine Green (ICG) dye concentrations. We could not observe pure Rayleigh
streaming in fig. 6(B) because the critical particle radius had been exceeded. However,
thermoacoustic streaming appeared when ICG was added to the liquid, absorbing the
laser light and creating the temperature gradient. Thus, to register thermoacoustic
streaming, the 2 µm particles were a reasonable compromise between fluorescence
brightness and ability to register the streaming flow.

4.4 Boundary effects and Acoustic Streaming

As outlined in sec.4.1, there are several kinds of acoustic streaming. In the acoustoflu-
idic system used here there are Schlichting streaming and as a consequence also
Rayleigh streaming, apart from the thermoacoustic streaming. Even though Schlicht-
ing/Rayleigh streaming and thermoacoustic streaming seem very similar, they are based
on different physical phenomena. To understand the similarities and differences, I will
broadly outline some theoretical background for both.

4.4.1 Rayleigh- and Schlichting streaming

Schlichting streaming appears in the viscous boundary layers near the walls, fig.4.3,
and causes Rayleigh streaming in the bulk of the fluid. The Schlichting streaming
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appears in the Stokes boundary layer at the channel walls which has a thickness δ of:

δ =

√
2ν

ω
=

√
ν

πf
(4.14)

It depends on the kinematic viscosity ν of the fluid as well as the actuation frequency
f or the angular frequency ω = 2πf . For this work, that is a thickness of:

δ =

√
1.0035 · 10−6 m2/s

π · 2 · 106 Hz
= 3.996 · 10−7 m ≈ 0.4 µm (4.15)

While it is not possible for us to visualize the Schlichting streaming in the viscous
boundary layer due to its small size, we can instead observe its effect, the Rayleigh
streaming. The force driving the Rayleigh streaming can be derived from the com-

Figure 4.3: Schlichting streaming is found in the viscous boundary δ layer at the channel wall
(not to scale, its much smaller than indicated here). It drives the Rayleigh streaming, which
occurs in the bulk of the fluid. The sound pressure field is 0 in the center (node) and maximal
on the sides (antinodes). For the half standing wave to resonate in the channel, the distance
between the hard silicon walls needs to be half the sound’s wavelength λ.

pressible Navier-Stokes equation:

ρ

(
∂u

∂t
+ u ·∇u

)
= −∇p+ µ∇2u+ (µb + 3µ)∇(∇ · u) (4.16)

with: ρ = fluid density, u = spatial fluid velocity, t = time, p = oscillatory pressure
of the sound wave, µ and µb = dynamic and bulk viscosity.
The pressure p in the microchannel that fits a half standing wave is zero in the center
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and maximal at the sides (fig.4.3). The dynamic or shear viscosity µ dominates close
to the walls, where there is friction between the liquid and the wall. Bulk viscosity
is unintuitive (to me). It is associated with irreversible energy dissipation during
timedependent compression and expansion of a fluid, like it those of the sound pressure
field, which leads to damping. It acts on the divergence of the velocity ∇(∇u). To
come to the point, the first term of the Navier Stokes equation ρ∂u

∂t represents the
acceleration of the fluid particles and is important for the oscillatory acoustic motion.
The convective term ρ(u ·∇u) is the most important for Rayleigh streaming and will
be discussed in the next paragraph. The equation also includes the pressure gradient
∇p and viscous terms both for the boundary layer µ∇2u and the bulk of the fluid
(µb + 3µ)∇(∇ · u), as mentioned before. We will only have a closer look at the
nonzero time averaged oscillatory velocity component of the (long and scary) equation
because it represents the convection of momentum, which is essential to explaining
Rayleigh streaming.
The nonlinear term

u ·∇u 6= 0 (4.17)

means that the interaction of the oscillatory velocity component u of the fluid, with
itself inside the space of the channel is not zero. When averaged over time, the
selfinteraction of u and ∇u produces a net force.
Coming back to my moshpit-at-a-concert example from the introduction, there is an
analogy for this term: The crowd, loosely squeezed in the area in front of the stage,
starts moving in an oscillatory motion (maybe they are all physicists and want to
celebrate harmony). If they all were moving perfectly back and forth, there would be
no net force, just the oscillatory movement. However, if some people, for example the
ones at the wall due to friction with the wall, stand still and the ones next to them
move slower than the ones closer to the center and so forth, the oscillatory motion
will be disturbed. Averaged over time, the disturbance, caused by the people close to
the wall, will increase until everyone in the crowd can notice that some people were
not oscillating harmonically. That is where the netforce, driving the flow comes from,
from the terms that do not disappear when we average the oscillatory field over time.
In summary that means that there is oscillatory movement in the system, the nonlinear
interactions of that with itself creates a steady force which leads to a streaming flow
but only if there is a viscous boundary layer on the side that initiates it all.

4.5 Thermoacoustic Streaming

Thermoacoustic streaming is a variation of acoustic streaming that appears when the
temperature in the resonator changes locally. Creating such temperature gradients can
be achieved with different kinds of heat sources. The ultrasound itself can have heating
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effects, as Li et al. showed [27] where a droplet was heated with surface acoustic waves.
An example, that is closer related to the experiments presented in this work is the
publication from my research group here in Lund, by Enrico Corato et al. [6]. They
used Peltier elements, attached to aluminium plates at the channel sides to create
a linear temperature gradient. The thermoacoustic streaming pattern and velocity
were compared to acoustic streaming for an even temperature distribution. The linear
gradient, spread 30◦C over a distance of 375 µm and increased the convection or flow
velocity from 6 to 11 µm/s (barely measurable) with only temperature gradient or
only ultrasound, to 160 µm/s for heating and ultrasound combined. They observed,
that the acoustic streaming pattern was suppressed and replaced with a pattern similar
to the one they observe for thermal convection. They presented a COMSOL model
which aided the explanation of the streaming pattern which appeared distorted due
to an uneven sound pressure field. Furthermore, they found that the heat transfer
due to the streaming liquid had a significant effect on the temperature distribution.
In conclusion, the thermoacoustic streaming proved to be dominant over acoustic
streaming or thermal convection and 15 to 30 times faster.

The origin of my thesis project lies in Wei Qiu et al.’s publication using an LED
and an absorbing dye to heat an acoustofluidic microchannel [7]. The experiment
was to shine a focused, blue LED onto a channel that was filled with water and an
orange dye to achieve absorption of the light in the channel. 1.1 µm fluorescent tracer
particles added so that the streaming was visible to the camera. The channel was twice
as large compared to the one used in this thesis, which results in an actuation frequency
of about 1 MHz to create the half standing wave in the channel. The authors found
that the thermoacoustic streaming replaced the Rayleigh streaming visible without
the presence of a temperature gradient. For a temperature gradient of 10◦C/mm, this
new, thermoacoustic streaming was nearly 100 times faster than that of the boundary
driven Rayleigh streaming. A model was developed that showed a good match between
experiment and simulation. The paper opened up a new research questions: How can
the findings be used for transient or steady control of local flows in microchannels?
At this point, this thesis picks up, replacing the LED with a focused laser beam
in a similar acoustofluidic system, investigating time scales of the thermoacoustic
streaming, experimenting with different temperature gradients as well as temperature
induced density and compressibility changes. To understand how the potential of
the thermoacoustic streaming was researched, some theoretical background will be
introduced next.
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4.6 Acoustic Body Force & temperature effects

So far in this chapter, we had a historical overview as well as an acoustofluidics ap-
plication overview. Acoustic focussing and the radiation force were discussed and
compared to acoustic streaming for different particle sizes. After that, Schlichting and
Rayleigh streaming were discussed. Then the origins of this project were explained
with literature in thermoacoustic microfluidics. Now it is time for thermoacoustic
streaming, the core of this thesis.
In a nutshell, we use a laser and an absorbing dye, diluted in water, to heat an acoustoflu-
idic microchannel. Without the created temperature gradient, we see Rayleigh stream-
ing in the channel for particles smaller than 1 µm and acoustic focusing (due to the
radiation force) for larger particles. The laser-induced temperature gradient leads
to thermoacoustic streaming. The material properties of the liquid are temperature
dependent, which influences the forces acting on the bulk of the liquid in the chan-
nel and changes shape and velocity of the acoustic streaming. The thermoacoustic
streaming is a visual documentation of the interaction of ultrasonic pressure field and
a laser-induced temperature gradient in an acoustofluidic cavity. To understand this
interaction, we will look at the acoustic body force, driving the motion of the liquid.
The acoustic bodyforce in acoustofluidic systems stem from spatial inhomogeneities
in the compressibility or density of the fluid. It was first observed in systems hav-
ing gradients in solute molecular gradients by Johansson et al and Deshmukh et al.
[80, 81] and later described theoretically by Karlsen et al. [82]. The force landscape
describing the thermoacoustic streaming can be described with the acoustic body force
fac equation:

fac = −1
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with |p1|2 being the pressure of the acoustic standing wave and |v1|2 the velocity.
It is also derived from the Navier-Stokes equation, like the Rayleigh streaming, but
it additionally considers temperature induced inhomogeneities in density ∂ρ

∂T and
compressibility ∂κ

∂T .
Thinking of the concert-analogy, the thermoacoustic streaming depicts hot spots

(or mosh pits), in a group of enthusiastic fans that get exceptionally excited. When
the music plays, the group dances wildly, disturbing the harmonically moving rest of
the crowd. In this example, it is not all the fans at the wall like it was for Rayleigh
streaming, but maybe only a group in the center, or a few maniacs at the side of the
crowd. Their disturbance remains throughout the concert and causes everyone else to
have shifted their position, unlike a purely harmonically fan-base would. They drag
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Figure 4.4: Density of water (blue o), and ethanol (pink4) and DMSO-water mixture (yellow
9). The DMSO-water solution was measured as explained in publication III. The ethanol
and water data was gathered from references [83, 84, 85, 86, 87, 88].

harmonically moving people with them, spin them around and release some at other
points. Their hot spot remains, but the people that are moved around by it change.
Density and compressibility are temperature dependent and material-specific quanti-
ties. If the temperature of water increases from 10◦C to 50◦C, its density decreases by
≈ 2% and its compressibility by ≈ 9.5% (fig.4.4, 4.5).
For ethanol, the difference is even more drastic which would make it interesting to
study for non-biomedical application since it is obviously not biocompatible. As
Winckelmann et al. found out theoretically, with ethanol as a fluid, the acoustic radia-
tion force direction seems to be reversible for polystyrene particles for a temperature
increase of 1◦C [89]. Due to its non-biocompatibility, ethanol was not considered an
option for the experiments in this thesis.
We are keeping the temperature sensitivity of compressibility and density in mind,
when looking at the body force equation. The force depends on the squared pressure
and velocity of the acoustic field. Here we notice, that with a usual value around
105 Pa, the pressure has a much larger numerical value than the velocity which is in the
range of 20-200 m/s. Consequently, the term including pressure will have a stronger
influence on fac than the velocity of the acoustic pressure wave. Taking the centred
(also referred to as symmetric) laser spot position of publication I as an example, we
can attempt to understand the acoustic streaming motion. With the pressure term
dominating, and the acoustic body force pointing in the direction of the heat source,
liquid is pushed from the side of the channel to the center, where the heat source is.
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Figure 4.5: Compressibility of water (blue o), and ethanol (pink4) and DMSO-water mixture
(yellow9). The DMSO-water solution was measured as explained in publication III. The
ethanol and water data was gathered from references [83, 84, 85, 86, 87, 88].

In the center, however, the pressure drops to 0. Since water is mostly incompressible,
the liquid that streams to the heat source then escapes through the center and away
from the heat source, being pushed by the incoming liquid from the sides. Away
from the heat source, the liquid is cooled by the channel walls and surrounding, cold
liquid and is then moved towards the heat source again, by the acoustic body force.
The result are streaming rolls, faster than the previously described boundary driven
acoustic streaming. In publication I, the offcentered (or asymmetric) scenario depicts
a different combination of acoustic field and temperature gradient. Here, the heat
source is moved to the side of the channel, where the pressure is maximal. For this
case, the liquid along the walls of the channel is accelerated towards the heat source
by the body force. It moves the liquid at the heat source out of its way, towards the
center of the channel, where the pressure, and consequently the acoustic body force,
is lower. As the liquid cools down away from the heat source, the circle repeats and
we can observe streaming patterns with only two vortices, instead of four as for the
centred (symmetric) case.

In this first publication, the topic was to measure and classify the thermoacoustic
streaming. The third publication is concerned with modifying the density and com-
pressibility of the liquid even more, to play with the force balance of the acoustic
body force equation. For that, we compare these properties for water, ethanol and
Dimethyl Sulfoxide (DMSO). For water, a temperature change of 40◦C affects the
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compressibility 10 times more than it affects the density (fig.4.4 and 4.5). Ethanol
has similarly drastic change in compressibility compared to density as the temperature
increases with a factor of 7. One research question for this project was, in what way we
can play with the liquid properties to manipulate the thermoacoustic streaming. For
this, DMSO was studied because of its compressibility and density behaviour in the
biocompatible temperature range. A 2.3 mol DMSO and water solution has a mini-
mum in compressibility at 35◦C. The slope, depicted by the term

(
∂κ
∂T

)
, changes sign

from negative to positive at that temperature, while the density of DMSO, depicted
by the term

(
∂ρ
∂T

)
remains mostly unchanged. To compare what outcome that has

on the power struggle in the body force equation, we summarize the compressibility
term and the density term, while also considering velocity and pressure, as two forcing
components:
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F = Fκ + Fρ (4.22)

This enables to focus on the terms disconnected from the temperature gradient to
compare their relative influence rather than all at once. To win the power struggle
over the acoustic body force direction, a sign change of Fκ can lead to a reversal in
thermoacoustic streaming pattern if the term is ”positive” or ”negative enough” to
outweigh Fρ. The sign change can be achieved by changing the compressibility of
the fluid, which is tunable in the whole channel through the background tempera-
ture. While in this work, the laser was specifically installed to create a local, spatially
confined temperature gradient, the overall background temperature was set through
Peltier elements on both sides of the chip. This temperature control allowed to tune
the properties of the liquid in all areas, not only where the laser light is absorbed.
Nevertheless, we have seen that the compressibility and density of water only decreases
in the biocompatible temperature range but never increases. To achieve a sign change
of the compressibility in the liquid, the temperature would need to be higher than
50◦C to reach a minimum compressibility and then increase further to achieve a
change in sign of the Fκ term and switch the direction of the acoustic streaming.
The solvent Dimethyl Sulfoxide (DMSO) has its minimum compressibility at around
35◦C for a concentration of 2.3 mol, when dissolved in water (cf. fig.4.5).

In publication III (sec. 6.3), we investigate experimentally how different con-
centrations of DMSO or different background temperatures at a specific DMSO
concentration, in combination with the laser-induced temperature gradient, cause
a reversal in the thermoacoustic streaming direction. Fig 4.6 and 4.7 show how Fρ
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Figure 4.6: Forcing contributor comparison for different channel positions for a DMSO
concentration of 2.3 mol. At the channel wall (B) and a quarter of the width into the channel
(C), the compressibility term Fκ undergoes a sign change. At the center (half the width), Fκ

becomes 0 because the pressure in the channel center is 0. However, the magnitude of Fρ at
the center is so too low to have a significant influence on the overall forcing. It is clear, that
Fκ contributes much more than Fρ to the forcing F .

Figure 4.7: Comparing Fρ (A) and Fκ (B) for different channel positions (as indicated in
fig.4.6 (A)). Fρ has an overall smaller magnitude than Fκ. Positions 0 and w are the channel
walls, which is why the curves are overlaying each other.
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and Fκ change with temperature and compare their magnitude at different channel
positions. Overall, Fκ is the stronger term while it also changes more drastically
than Fρ. Fρ, in the range of 10−6, is only ever equal or larger than Fκ around the
turning point, where the density term changes sign. From the plots we can see, that
the term worth focussing on is the compressibility term with Fκ. However, the relative
influence of the density term increases closer to the channel center as the pressure
approaches zero. Hence, near the center, both terms become small compared to at the
channel sides. To calculate the acoustic body force from it, we would need to consider
the temperature gradient.
For publication III, simulations were performed calculating the resulting bodyforce,
taking the temperature gradient into account, as will be discussed in the paper sum-
mary.

4.7 Time scales of Thermoacoustic Streaming

One major topic of the second publication is the timescales of buildup and decay of
thermoacoustic streaming. Four aspects come into mind for time scales of the effect:
light absorption, acoustic pressure and velocity field, the thermoacoustic streaming
velocity itself and temperature transport.
From fast to slow, the time it takes for light to be absorbed is in the atto- to femtosecond
timescale. For the purpose of the experiments we assume that to be instantaneous.
Similarly, the acoustic pressure field builds up in less than 1 ms. This can be estimated
with the frequency f = 2MHz and Q-value [5]:

tsound =
Q

2πf
(4.23)

=
416

π · 2 · 106
= 3.31 · 10−5 s = 0.031ms (4.24)

Assuming, conservatively, that 1000 cycles are necessary to build up the standing wave
acoustic pressure field, that is still fast enough that it can be assumed instantaneous.

Acoustic streaming requires a sound pressure field and builds up about 10 times
slower [5], assuming a Q-factor of 416. It can be calculated as the momentum
diffusion time using the channel height h = 150 µm and the kinematic viscosity
ν = η/ρ0 ≈ 9 · 10−7 m2/s (shear viscosity η = 8.9 · 10−4 Pa s and mass density
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ρ0 = 9.971 · 102 kg m3 of water).

τν =
1

2ν

(
h

8

)2

(4.25)

= 1.98 · 10−4 s = 0.198ms (4.26)

Thermal diffusion is a slow process, compared to the other ones at work, with approxi-
mately a quarter of a second across a 375 µm wide microchannel filled with water with
thermal diffusivity in 2D of αwater = 1.5 · 10−7 m2/s:

tdiff =
L2

4α
(4.27)

=
(375 · 10−6)2

6 · 10−7
≈ 0.23 s or 230ms (4.28)

In sec. 2.6, the time for the water to fully heat up was calculated to be theat = 13ms.
For thermoacoustic streaming to be visible the water does not need to be fully heated
up but it is still clear that it is one of the slowest contributors to the phenomenon.

To sum up, we expect the buildup time of thermoacoustic streaming to be highly
influenced by the establishment of the temperature field due to the relatively slow
thermal diffusion. Another important question, related to paper 2, has been to what
extent the thermal diffusion can dominate over the generated thermoacoustic streaming.
Is the generated temperature field affected by the advective flow? We observed in
experiments that the measured temperature field is somewhat affected by the presence
of the thermoacoustic streaming, but we could not capture this effect in the numerical
model. This discrepancy is still unresolved.



Chapter 5

Setup and Data analysis

The setup, specifically built for this thesis project, had to be adaptable enough to
accommodate a broad scope. There were only a few requirements but many

possibilities and research questions. The one basic requirements was that there needed
to be a laser, focused to a size significantly smaller than the LED used in the study by
Qiu et al. [7] and that its light would be absorbed by the liquid in the microchannel
to create a temperature gradient in an acoustofluidic cavity. Questions were manifold:
how much power do we need, what wavelength should be used, how small do we want
the spot to be? And the essential ones: will it work, will we even see anything? But also:
how do we continue if it works? After a year and a half, during which various version
of the setup had been built, rejected and improved, we could see the first laser-induced
thermoacoustic streaming patterns and track the motion with particles. However, to
be able to analyse the images in 3D and quantify the effect, the image quality needed
to be improved. Artefacts caused by reflections of the laser were disturbing the imaging
and the tracer particles were not bright enough in comparison. Nevertheless and
simultaneously, new questions arose: how hot is it inside the channel, how quickly
does the streaming build up exactly (we could see it was fast), can we pattern the light
to change the effect and what would happen if the laser would scan over the sample?
Most importantly, how can we improve the optics so that the data is trackable in 3D?
And: how can we explain what is happening?
Three and a half years later, we have answers to most of the questions and we gained
them with the setup that is presented in the following section.

5.1 The setup

To get an overview, we will continuously come back to the graphic of the setup in
fig.5.1. In the figure, the setup is divided into six units (marked with letters A to F).

41
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Figure 5.1: Overview figure of all components of the setup.

Each is described in its own subsection. A list with components and specifications is
added at the very end of the thesis. The image analysis, data processing and simulations
are outlined briefly at last, however details vary depending on research question and
publication.

5.1.1 [A] Fluorescence excitation light

The blue-light LED is used to excite the fluorescence of the 1.1 µm or 1.9 µm sized
tracer particles (fig.5.2). Its light is filtered with an excitation filter to avoid other
wavelengths disturbing the imaging. The LED itself is mounted on a 3D translation
stage for easy alignment so that the background illumination is as even as possible. The
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Figure 5.2: Absorption and emission spectrum of green fluorescent beads. The beads are
1.1 µm small (1.9 µm in paper I) and are used in the water-ICG solution to visualize the
streaming and enable the tracking to quantify the streaming. Their fluorescence is excited with
a blue LED. Data provided by manufacturer [90].

light wavelength is 470 nm. To blink the LED for paper II (transient thermoacoustic
streaming), it was connected to the Analog discovery (referred to as trigger control),
run with its Waveforms software. The LED was blinked because the fluorophore used
for the temperature measurements photo-bleached to a degree where it was unusable
after 10 ms. Therefore, unnecessary illumination was avoided by turning the light off
between measurements.

5.1.2 [B] Trigger & Ultrasound Control and Automation

The trigger control and automation was managed with an analog discovery device.
The analog discovery combined the functions of a waveform generator, power supply
and for digital input and output for turning devices on and off at specific time points.
Starting from the top of the graphic, it triggered the LED to blink for the temperature
measurements or turn on and off during data acquisition of large data sets. It controlled
the piezoelectric transducer, with the use of an amplifier in between. It gave a trigger
signal to the camera to ensure an exact frame rate. It automated the workflow by:
opening the valve, flushing with the syringe pump, closing the valve, triggering the
LED at the same time as the camera for imaging and switched the ultrasound on and
off between experiments.
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5.1.3 [C] Syringe pump and flow

All experiments were conducted in stop-flow with exception of the sorting application
example video in paper II. For this, a valve was installed to be able to flush the channel
while being able to stop the flow quickly. The syringe pump and valve were automatized
so that data could be recorded automatically: the valve would be opened, channel
flushed, usually with about double its volume, and after a wait time of a few seconds
the valve would be closed again.

5.1.4 [D]Microchannel, Piezoelectric transducer & Temperature

Control

The channel used in all experiments is a single-inlet single-outlet straight microchannel.
It is a made from a silicon layer anodically bonded to glass, in which the structure is
etched with deep reactive-ion etching. A glass lid is anodically bonded on top, closing
the cavity. On the top of the glass, a piezoelectric transducer is glued near the cavity
but not covering it so that light can pass through. The background temperature is set
through Peltier elements, which are connected to metal plates, touching the side of the
glass channel. Thermal paste is used to improve temperature transfer. At the tip of the
metal plates, PT100 temperature sensors are installed to read out the temperature of
the plate. A custom made chip holder allows for precise alignment of Peltier elements,
metal plates and chip in the microscope.

5.1.5 [E] Image Collection & Microscope

The microscope is an adapted, inverted Olympus miscroscope, where everything except
for the objective holder, a lens underneath it two mirrors reflecting the light to the
camera and the structural components were removed. That made space for the dichroic
mirror, emission filters and a cylindrical lens to aid the particle tracking, as described
in sec.5.3.

5.1.6 [F] Laser light

The laser is a 785 nm, circular polarized, near infrared light source with an output
beam diameter of 1 mm and a maximum power of 250 mW, often used for Raman
spectroscopy. For the experiments, is was focused to a size of 50 µm and run at 10 mW
power. It is purely used for creating the temperature gradient, not illumination.
The fluorescent dye, ICG, has an absorption peak at that wavelength and emits at
about 820 nm (fig.5.3). The choice of laser and dye was based on the fact that they
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Figure 5.3: Absorption and emission spectrum of ICG [91]. The absorption fits well with the
785nm laser light. The emission is beyond what the camera can detect and consequently does
not interfere with the imaging of the tracer particles, which emit at 508nm (c.f.5.2).

both operate outside the optical range of the particles and dyes commonly used in
comparable experiments in the field and this specific research group. Moreover, even
though the laser is near infrared, it is still visible to the human eye, which facilitates
the alignment. The laser undergoes an inverted telescope lens setup, to increase its
focusability when passing the objective in the microscope. In the beginning of the
project, the laser was positioned where the LED is in the current constellation, leading
to artefacts of the laser light in the sensitive camera. The use of suitable laser line filters
could not filter the light sufficiently which is why the camera and LED position were
changed. The dichroic mirror reflects the laser light to the objective at an angle of
45◦while transmitting the emission light from the fluorescent tracer particles, that
allow us to see the streaming. Its linear polarization would facilitate beam shaping
experiments with an Spatial Light Modulator (SLM) since that requires polarized light
(discussed in the outlook).

5.2 Simulations

The numerical models were created using COMSOL Multiphysics [92], simulating
a 1 mm long section of the chip in 3D. The following description is based on pub-
lication I. The models and simulations of the other publications vary slightly from
that, but the essential strategies are the same. The geometries and boundary condi-
tions are highlighted in figs. 5.4 and 5.5. The parameters are listed in fig.5.6. For the
material properties, the COMSOL inbuilt values for the respective materials were used.
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We create the chip geometry as a cuboid with width Wchip, height Hchip and length
Lchip and material properties of borosilicate glass. In the center of that, we place a
silicon slab with height H and the same width and length as the glass. Centred in the
silicon layer is the channel with width W, Heigh H and length Lchip. The resonator
cavity consists of three parts: a centred, water-filled region of interest in the middle
as well as a block of water on either side of it depicting inlet and outlet. With the
geometry and materials in place, the laminar flow and heat transfer modules are applied.

Figure 5.4: Topview, of COMSOL model as described in paper I. In this example, the laser
spot is positioned in the center of the channel. Reproduced, with permission, from [93].

Figure 5.5: Sideview, of COMSOL model as described in paper I. Reproduced, with permis-
sion, from [93].
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A no-slip condition is applied to the interface between water and silicon, i.e. the
channel walls. The acoustic streaming is defined by imposing a velocity on the floor
and ceiling through a sliding wall boundary condition with with velocity:

uw =
3

8
·
v2A
c0

· sin(2kyy) (5.1)

The inlet and outlet are approximated by perfect slip condition. The pressure and
velocity of the sound are defined as v = vA cos(kyy) and p = pA sin(kyy) as in fig.5.6,
respectively, and are used to calculate the bodyforce on the liquid applied in the entire
channel volume. The temperature dependency of the density, compressibility and
viscosity is taken into account by coupling the temperature field of the heat transfer
module to the laminar flow module. It is important to note that the acoustic field is
not modelled but assumed to be a perfect 1D plane wave across the channel. That is a
weakness but it decreases the complexity and computational time of the model and
seems to deliver sufficiently accurate results.

Gravity is included to mimic reality as close as possible even though volume effects
play a minor role on the microscale compared to the macro scale. Introducing gravity
to the simulation did not lead to a change in the results, except if the sound field is
turned off.

Further, we define heat transfer starting with an overall initial temperature Tbnd of
20◦C. The fluid’s thermal conductivity is defined by the inbuilt material properties.
The advection is taken from the velocity field solved for in the laminar flow module
and thus the model is fully coupled. All outside walls of the cuboid are defined as
insulating, except the outer side walls of the chip that are set to Tbnd, which is the
only areas through which heat can escape. The heat source (Q)is modelled as a 2D
Gaussian heat source, defined by the diameter of the laser beam and the attenuation
coefficient, centred, or off-centred, entering through the channel floor. Its volumetric
power density is given by:

Q = Plaser · 2/(πω2
0) · a · gauss2D(x, y) · exp(−az) (5.2a)

gauss2D(x, y) = exp(−2 · [(x− xlaser)
2 + (y − ylaser)

2]/ω2
0) (5.2b)

For paper III, where DMSO is added to the water to tweak its compressibility and
density, the density and compressibility of the different fluids were determined experi-
mentally and inserted into the simulation by polynomial fitting. We assume that the
ICG dye does not change the thermal conductivity of the liquid which is reasonable
considering the relatively low molar concentration of if in the sample, but including
that in the model could increase the accuracy.



48 Acoustofluidics

The mesh is a free tetrahedral, that is finest in and around the laser absorption area. To
implement that, a cylinder is placed in the fluid domain at the laser point of incidence
(at the middle of the channel floor), with the same height as the channel.
Variations of the simulation, apart from the DMSO compressibility and density
properties in paper III, are the different absorptivities as well as a shifted laser spot
location in papers I and II.

Figure 5.6: Parameters for COMSOL simulation of publication I, laser position in the center.
For the other studies certain properties like laser position (paper I, case II) or compressibility
and density of the fluid (paper III) were modified.

5.3 Measuring streaming velocity fields

The images collected with the setup are processed using an image-defocusing-based
3D particle-tracking method, also referred to as General Defocused Particle Tracking
(GDPT) [94, 95, 96]. Particles at different heights, i.e. different distances to the focal
plane of the objective, appear differently defocused (see fig.5.7).
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Figure 5.7: A camera is imaging a volume filled with spherical particles. Depending on
the distance of the objectives focal plane to the particle, it appears differently defocused.
Reproduced, with permission, from [95]

A calibration stack is recorded, comprising images of a particle positioned at a known
height, over a distance z along the depth, to create a height-reference for the defocused
particle images (fig.5.8). Then, the sample images can be cross-referenced with the
calibration stack to find the position of the particles in the sample.

Figure 5.8: A calibration stack of a particle at known
height, often sedimented to the channel floor, func-
tions as a reference and the height position (z) of
each particle in the volume can be determined. Re-
produced, with permission, from [95]

With a cylindrical lens, the accuracy
of the method improves as the distor-
tion at different z-heights is clearer
(fig.5.9).
An ideal spherical lens would deliver
the same image of a round particle
at equal distance above or below the
focal plane. The particles appear dif-
ferent because of aberrations, so lens
imperfections. The focal point of a
lens is shifted, depending on how far
away from the optical axis the light
passes through it. This imperfection
is taken advantage of in GDPT.
The x-, y- and z-position of each
particle is determined using the
MATLAB program DefocusTracker

[97, 98]. The volume is divided into volume blocks or areas (depending on if the
analysis is in 2D or 3D) and then the average velocity of the particles registered in
each block or area is computed.
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Figure 5.9: The defocused images of round objects, such as polystyrene particles, of a spherical
and a cylindrical lens are different due to their in focal axes: The cylindrical lens only focuses
along one axis while the spherical lens focuses in x- and y. Adapted, with permission, from
[96, 99]

5.4 Measuring temperature

Measuring the temperature in acoustofluidic microchips is a challenge due to the
small dimensions, that exclude large temperature probes, their in-transparency for
deep infrared light and the fact that any object in the cavity affects the resonance and
consequently the acoustic field.
We approached this challenge by measuring temperature with probes as close to the
chips walls as possible, to be used as a reference for the fluorescence of a temperature
sensitive fluorophore, here BCECF (paper II). The recorded images were smoothed
with a Gaussian filter and uneven background illumination was accounted for with
a pixel-wise calibration. The relation between the intensity I and Tset was fitted
to a line as I(x, y) = m(x, y)Tset + q(x, y). After capturing the experimental
images (Iexp), at the desired time points, we used the inverted formula T (x, y) =
[Iexp(x, y) − q(x, y)]/m(x, y). Thus we could obtain a temperature map for the
whole field of view at every frame. However, BCECF is fast bleaching and one volume
in the ROI could only be used for a single frame with an illumination time of less
than 10 ms. Moreover, measuring the temperature on the outside of the channel
leaves room for inaccuracies and a more reliable temperature measurement method is
desirable (further discussion in the outlook).
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6.1 Paper I: Configurable thermoacoustic streaming
by laser-induced temperature gradients

Laser light induces a temperature gradient in the fluid of an acoustofluidic microchan-
nel and causes, in addition to the boundary-driven acoustic streaming, a thermoacoustic
streaming due to a localized, temperature-related density and compressibility gradi-
ent. A green dye (ICG) was added to the liquid to allow tunable absorption of the
near-infrared light. The specialized setup and experimental procedure are presented in
detail and the gathered experimental data analysed in 3D and compared to simulation
results. The thermoacoustic streaming is benchmarked for two different temperature
gradients, at different locations along the width of the channel (fig.6.1), and for five
different absorptivities of the light in the liquid.

Figure 6.1: Channel orientation and
laser spot positions at channel cen-
ter (symmetric) and at channel side
(asymmetric).

If the temperature changes, the compressibility
of water changes more drastically than its density.
Consequently, the first term of the acoustic body
force considering the pressure becomes more im-
portant than the second term with density and
velocity (eq.4.18). The density term is not neg-
ligible, but for the understanding we can focus
on the compressibility distribution. A centred,
localized temperature gradient with a hot spot
in the center (as in fig.6.2 a) decreases the com-
pressibility at its peak to a distribution as in (b).
In combination with a pressure gradient with a
node in the center and maximum values at the
side, as in (c), the acoustic body force will point
towards the heat source and is the strongest at the high-pressure wall region in the
section where the temperature gradient is the steepest (d). The body force as in (d)
leads to a thermoacoustic streaming pattern as in fig. 6.3 B (shown in topview at
top, mid and bottom height of the channel, for sideview and cross-section, see paper
I). To investigate another constellation of pressure field and temperature gradient,
the laser spot position, i.e. the heat source, was shifted to near the side wall of the
channel cavity in a second experiment. In the asymmetric temperature distribution,
compared to the pointsymmetric, centred case, the overall streaming velocity was
slightly lower and the pattern changed to be centred around the heat source at the side
of the channel (fig.6.3 D). For the corresponding simulations, where the laser light
was modelled as a Gaussian beam, and the resulting temperature distribution was used
as an input for the flow computation, the acoustic field has not been simulated but
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Figure 6.2: Illustration of the components of the acoustic body force for the laser spot
positioned in the center (red dashed circle) and a half standing wave with pressure node in the
center: a) temperature gradient, b) compressibility field c) pressure field and c) the resulting
acoustic body force. Reproduced, with permission, from [93].

Figure 6.3: B) Centred (symmetric) vs D) offcentered (asymmetric) heat source position,
experiments and simulation (C, E), topview, at different channel heights. Reproduced, with
permission, from [93].
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was implemented using analytical expressions for the acoustic pressure and velocity
fields and as no-slip sliding walls for the velocity of Rayleigh streaming. The channel
walls were given a no-slip boundary condition with exception of the inlet and outlet
of the geometry. The simulation results depict a good match to the experimental results.

The second experiment investigated thermoacoustic streaming for different degrees
of absorption of laser light in the fluid. Here, we observe an increase in streaming
velocity, the higher the amount of absorbed dye (fig.6.4) with the goal to influence the
penetration depth of the light to shorter distances for higher absorption. In contrast to
the results presented by Qiu et al. [7], where an LED functioned as a light source for
heating, we observe no full streaming rolls in the y − z-cross-section. The reason lies
in the temperature distribution: the gradient induced by the laser is 16 times higher,
because it is more compact in the y-direction compared to the broad gradient induced
by the LED. Heating with the LED creates a broad gradient, that reaches to the channel
walls, where the pressure amplitude is the high and two streaming rolls form in the
y− z plane. Fluid is pushed inwards, away from the walls, where the z-component of
the acoustic body force is weak and the fluid can move upwards. While heating with a
laser the inward force is less pronounced compared to the opposing downward force
and the fluid escapes along x.

A custom setup was presented to create laser-induced temperature gradients in an
acoustofluidic cavity. We could show that the thermoacoustic streaming has an ap-
proximately 10 times higher streaming velocity than boundary-induced streaming has
without the presence of a temperature gradient and that the position of the heat source
with respect to the pressure field can change the shape of the streaming pattern, both
in experiments and stimulation. We demonstrated the effect the localised gradient
has on the streaming pattern for different absorption depths along the height of the
channel and compared it to previous experiments with a less localized heat source.
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Figure 6.4: ICG is added to the liquid in the channel to enable absorption of the laser
light. Increasing amounts of dye (left column, B-J, cross-sectional view) lead to decreasing
penetration depth and higher temperatures until a threshold of 50◦C is reached. Reproduced,
with permission, from [93].
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6.2 Paper II: Temporal evolution of thermoacoustic
streaming around spatially confined temperature
gradient

This publication measures the timescales of buildup and decay of thermoacoustic
streaming and shows a temperature increase of 20◦C during actuation, in experiments
and simulations. We also show in a video that a single, 1 µm sized particle can be
moved from the side of the channel to the center with a pulse of thermoacoustic
streaming, while a nearby particles trajectory remains unaffected.
The setup configuration is nearly the same as in paper I, except for an additional

trigger unit to realise the precise temporal control of imaging, light and sound field.
The laser spot is positioned near the side wall of the channel, as in the asymmetric
temperature gradient in the previous publication. Two scenarios were tested: toggling
on and off the laser light with an already established sound field or toggling on and
off the sound field with an already established temperature gradient. Moreover, the
temperature was measured in the channel using a temperature sensitive fluorophore,
BCECF.
At a frame rate of 100 Hz, the maximum possible imaging speed was reached at
which the particles were still detectable by the processing algorithm. For an existing
temperature gradient and a triggered sound field, that was not fast enough to capture
the buildup or decay. Simulations show that the buildup time for this scenario is
around 2 ms. Nevertheless, the buildup for an already established sound field and
triggered laser, was 10 times slower and could be measured experimentally and also
shown in simulations. The reason lies in the comparably slow thermal diffusion process:
while the sound pressure field builds up in less than 1 ms, thermal diffusion takes
about 8 ms for the presented system. The decay of the two scenarios is not a reversal

Figure 6.5: Frames of exemplary sorting application video. A (left) before activation of
thermoacoustic streaming. The two particles a and b (marked with white circles) flow close to
each other from left to right. E (middle) during trigger. Particle a moves from the side of the
channel to the center, moving in a bow around particle b. I (right) after trigger ended. Particle
b remained on its trajectory, as indicated by blue streamlines while particle a has moved and is
now more centred in the channel.
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Figure 6.6: Buildup of thermoacoustic streaming for the two different configurations: (A)
laser ON at t = 0 s and (B) sound ON at t = 0 s. The left columns of A and B show
experimental results of thermoacoustic streaming and temperature at three different times t.
The right columns show the corresponding simulation results for thermoacoustic streaming
and temperature. All arrows are normalized to their respective frame.

of the buildup since the laser builds up from a small source but decays evenly which
enlarges the streaming rolls rather than decreasing their size. One open question depict
arc-shaped streaks of higher temperature in the experimental temperature results that
so not appear in the simulations. The streaks could come from artefacts of the sensitive
temperature measurement or some unaccounted-for effect in the simulation or both.
Fig.6.8(a) shows the velocity amplitude of the whole cycle with two zoom-ins on

buildup (b) and decay (c), for a small region of interest (black box in (d)) around
the laser spot. After the initial increase, we can see a dip in streaming velocity which
we cannot yet fully explain and that we did not observe in simulations. We could
exclude that the effect originates from advection, where heat is transported away and
the temperature and velocity drops until a stable temperature distribution is reached
by calculating the Peclet number to be in the creeping range (cf. chapter 3). The
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Figure 6.7: Decay of thermoacoustic streaming for the two different configurations: (A)
laser OFF at t = 2 s and (B) sound OFF at t = 2 s. The left columns of A and B show
experimental results of thermoacoustic streaming and temperature at three different times t.
The right columns show the corresponding simulation results for thermoacoustic streaming
and temperature. All arrows are normalized to their respective frame.
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Figure 6.8: Measured streaming velocity (a) and temperature (b,top) in the laser spot for laser
(pink) or sound (green) enabled at 0 s and disabled at 2 s. The velocity is extracted only from
the ROI (d, black rectangle). Insets (b) and (c) show details for buildup and decay velocity
evolution as well as the measured temperature in the ROI, as mean (circles) or max (stars).
The dashed lines indicate when the laser or sound was en- or disabled.

video included in the publication demonstrates the use of thermoacoustic streaming
for cell separation applications, cf. fig.6.5. It shows two particles flowing through
the channel with a distance of 25 µm to each other. As the one particle reaches the
laser point of incidence, the laser is triggered, causing the particle to move from the
side to the center of the channel with a speed of 350 µm/s, while the other particle,
further away from the laser spot, remains on its trajectory. After the trigger ends,
both particles continue to follow the parabolic flow profile of the laminar flow. We
think that thermoacoustic streaming, triggered in short bursts, has the potential to
sort specific micro- or nano-objects contact- and label-free.
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6.3 Paper III: Reversal of thermoacoustic streaming di-
rection through compressibility and density tun-
ing

This work shows that the thermoacoustic streaming direction can be reversed by manip-
ulating the density and compressibility through the concentration of a solute molecule
in the fluid or the temperature in the channel at a specific concentration, in experiment
and simulation.

In the thermoacoustic body force equation we can observe the two terms: Fκ =

−1
4 |p1|

2
(
∂κs
∂T

)
T0

and Fρ = −1
4 |v1|

2
(

∂ρ
∂T

)
T0

. The sign and magnitude of the acous-
tic body force depends on the temperature derivates of Fκ and Fρ. Both components
can be altered by varying the concentration of DMSO molecules, and through adjust-
ments of the background temperature. The density of DMSO has a negative slope
throughout the biocompatible range (fig.6.9) and can consequently not contribute to
the reversal of the thermoacoustic streaming. Contrary, the compressibility of DMSO
has a local minimum at a concentration of 2.3 Mol and 30◦C, unlike water, which
reaches its minimum above 50◦C (fig.6.9). The positive slope above 30◦C enables Fκ

to compete with Fρ and lead to the reversal of thermoacoustic streaming. Alterna-
tively, by altering the concentration of DMSO, we can reach the local compressibility
minimum at a constant temperature and change the dominating contributor (see also
chapter 4 as well as fig.4.6 and fig.4.7).
Fig. 6.10 shows the acoustic body force for different concentrations and tempera-

tures. While it is not intuitive to see which combination results in reversal, since the
bodyforce points to the heat source (center of the channel) for all combinations, we
can observe the isolines (white) to make a qualified guess: The middle plot in the right
column shows three isolines from center to side wall, over a distance that corresponds
to 187.5 µm, while such a steep decay in force does not appear in any other direction.
We can conclude, that the streaming along x (at y = 0) should dominate due to
the higher forcing. Comparing to the middle plot in the left column, we can see a
decrease in force across the width for x = 0 while the force across the length at y = 0
seems largely unchanged. Consequently, for this combination, the streaming along
y (at x = 0) should dominate. This can also be seen in fig.6.11, which shows the
corresponding simulated velocity fields.

The experimental results of streaming plots at 20◦C, 25◦C and 30◦C at a concentration
of 2.3 mol are shown as topview in fig.6.12. Looking at the insets A2 and C2, we can
see a clear change in streaming direction between the top and bottom. The transitional
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Figure 6.9: Density and Compressibility for water and DMSO solutions. The density curves
are shifted to higher values for lower concentrations. The compressibility changes from a
negative to a positive slope within the biocompatible temperature range for solutions with
concentrations of 1.5 mol and higher.

Figure 6.10: Simulation plots of acoustic body force for different concentrations of DMSO
(1.5 mol, 2.3 mol, 3 mol) and varying temperatures (20, 25 and 30◦C). Isolines in white, the
force is the same along those lines.
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Figure 6.11: Modelled thermoacoustic streaming plots for different concentrations of DMSO
and background temperatures.

regime is shown in B1 and B2 and we can see that the streaming pattern is some
variation between A1 and C1. However, comparing to streaming patterns for water
and a centred laser, the typical four-roll streaming pattern does not appear as clearly in
A1 and not at all in C1, which has two streaming rolls that resemble the streaming
pattern with the heat source closer to the side wall.
Fig.6.13 shows the streaming at three different DMSO concentrations. Here, the four
roll streaming pattern is clearly visible in A1 and C1. The zoom-ins A2 and C2 show
that the streaming reverses and B2 indicates a similarly unclear in-between state as
seen in the figure for varying temperature.
The unexpected two role streaming pattern could be caused by an changes in the
resonance frequency of the system, which varies with temperature. During the mea-
surements, it was clearly noticeable, that the alignment of the laser spot in the channel
center was more sensitive than for previous experiments, which, in combination with
a slightly different acoustic field could explain the discrepancy. For future experiments,
choosing the heat source location on the side of the channel could make the results
clearer since the alignment is less sensitive.

We imagine that the ability to reverse the direction of the thermoacoustic stream-
ing opens new possibilities for nano- and microparticle sorting. Investigating other
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molecules could lead to exciting, yet unknown effects on the thermoacoustic streaming
pattern.

Figure 6.12: Thermoacoustic streaming pattern for a concentration of ≈2.3 mol and varying
background temperatures (topview, experimental data plots).
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Figure 6.13: Thermoacoustic streaming patterns for varying concentrations of DMSO at a
constant background temperature of 25◦C (topview, experimental data plots).





Chapter 7

Conclusion

7.1 Discussion and Outlook

After having classified the thermoacoustic streaming and demonstrated it’s shape in
3D, measured its time scales and played around with the fluid’s material properties to
reverse it, there are still many more open questions worth researching.

7.1.1 Cells vs. particles

First of all, all experiments were demonstrated with polystyrene particles. Biological
cells are different from particles in many respects, most importantly temperature
tolerance but also absorption of light and acoustic contrast factor due to compressibility
and density.
How resistant a cell is to a temperature of 40◦C, depends on the cell type. Human
cells thrive in 37◦C and can tolerate the increase to 40◦C, especially considering the
short time they are exposed to it in the microchannel. However, for higher absorptions
than the 30 % used in most experiments, or higher laser powers, the temperature at
the laser area of incidence can easily increase well above 40◦C which was registered
in paper II. That means, if faster streaming is realised by increasing the amount of
absorbed laser light, a temperature range harmful to cells could be reached. However,
for such fast streaming the exposure to the elevated temperature would be short.
Most cell types contain so much water that their light absorption is close that of water,
being mostly transparent to the 785 nm laser light. However, cells can be stained and
their absorption properties manipulated. The green-fluorescent polystyrene particles
were specifically selected to absorb and emit optically far away from the laser wavelength
so that the two mechanisms ”imaging of streaming” and ”heating of ICG” would be
disconnected. Staining cells with an IR absorbing dye, for example ICG, could lead
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to the cells heating up or becoming small heat sources. Could a temperature increase
inside the objects in the channel have an effect on the streaming pattern around the
individual object? What that effect looks like would depend on the objects position in
the acoustic field, so cells in the channel center would have a different behaviours to
cells near the wall.
Further, we can compare particles and cells with respect to their behaviour in the
acoustic field. The compressibility and density varies depending on cell type but
generally, the compressibility of cells is higher than that of polystyrene, while their
density is similar to that of polystyrene [100]. An increase in compressibility leads
to a decrease in acoustic contrast factor (compare equ.4.13), which shifts the limits
of where acoustic streaming dominates radiation. That means, if a particle is very
compressible it needs to be smaller to stream instead of being focused by the radiation
force.
Generally, biological cells are awfully unreliable, their culturing is a substantial, time
consuming effort which is why the use of polystyrene beads for these first studies was
a good option. Eventually, cells need to be introduced to the systems to demonstrate
its use for biotechnology.

7.1.2 Modifying the laser light

In terms of modifying the laser light, two aspects come to mind: the wavelength as
well as the spot size and shape.
Which wavelength of light to use was one of the first decisions of the project. The
choice of 785 nm wavelength, which is not absorbed by water, forced the addition of
the absorbing dye, which allowed to tune light absorption. The absorption of light is
essential for the temperature increase in the sample which translates to the velocity of
the thermoacoustic streaming. The less light is allowed to be absorbed by the liquid,
the slower the streaming will be, as demonstrated in publication II. So if the laser is
supposed to remain an unchanged variable, the amount of dye grants more flexibility to
affect the streaming. An obvious choice depicts the use of 1.5 µm or 3 µm wavelength
laser light because they are absorbed by water (fig.2.1).

Coming back to the use of cells, using a wavelength absorbed by water would mean
that cells, which are optically mostly water, would experience a temperature increase
as large as the water they are in. An exception to this are red blood cells due to their
shape, scattering properties and the fact that they contain about 30% haemoglobin.
Fluorescent dyes are often toxic to cells and ICG is not commonly used for imaging of
cells in culture but rather as a visualisation aid in heart or eye surgery or for tumour
removal. Presumably, the amount of time and concentration of ICG, the cells would
be exposed to, is low enough to avoid damage. Nevertheless, a study of cell viability,
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after having been sorted with thermoacoustic streaming, would be interesting.
Another idea in using the ICG dye was to laminate absorbing and not-absorbing liquid
in a channel to only heat specific parts of the liquid. It would be possible to heat only
one small region near the wall or in the centre of the channel. Entirely new combina-
tions of temperature gradient and acoustic pressure field would be possible. However,
if that leads to new and relevant streaming patterns still needs to be determined. For
the sake of biocompatibility, to ensure a more cell-friendly temperature at high laser
powers, the ICG dye was the better option.
Thinking about modifying the laser light itself, changing the beam size and shape come
to mind. In the experiments for this thesis, the intensity distribution of the beam is
Gaussian and the spot round and about 50 µm in diameter. One major advantage of
using laser light compared to non-coherent light sources is that it is highly focusable
and shapeable. For a 785 nm light source, the smallest spot size possible, can be found
by calculating the diameter dAiry of the airy disk:

dAiry =
1.22 · λ
sin(θ)

(7.1)

NA = n · sin(θ) (7.2)

sin(θ) = θ (for small angles) (7.3)

⇒ dAiry =
1.22 · λ

NA
(7.4)

with θ = opening angle of the beam (see fig.7.1), NA = numerical aperture and n = 1
refractive index of air.
The Rayleigh length zR describes the distance from the beam waist w0 to where its
area has doubled (fig.7.1).

zR =
π · w2

0

λ
(7.5)

Generally, the smaller the beam waist, the shorter the Rayleigh length, which means
for larger numerical apertures, the shorter the length of how far into the channel the
laser spot will maintain the same size.

It would be interesting to see how an even smaller beam size, meaning a smaller heat
source would influence the thermoacoustic streaming. The Rayleigh length of the setup
used in this thesis is about 1.5 mm, so about 10 times the channel height. Focussing to
a smaller beam size while maintaining a similar spot size throughout the hole channel
is possible but one should consider that the alignment becomes more difficult when
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NA d [µm] zR [µm]

0.1 (typically 4x) 9.6 56.8

0.3 (10x, used here) 3.2 6.3

1.4 (oil immersion) 0.68 0.28

Table 7.1: Diffraction limit of 785 nm laser light for different numerical apertures and Rayleigh
length

the Rayleigh length approaches the channel height. Practically, a better way to position
the chip holder in the microscope would be necessary as well as custom alignment
tools.

Figure 7.1: The Rayleigh length indicates the distance along the optical axis, until which the
spot area has doubled compared to its area at the beam waist w0. θdenotes the opening angle
of the focused beam. Graphic adapted, with permission, from [101].

In addition to the beam size, the beam shape can be altered. Altering the shape of
a laser beam can be achieved with an SLM. An SLM can manipulate amplitude,
phase and polarization of a laser beam. With a liquid crystal element, certain areas
of the beam experience a change in phase or polarization depending on the crystals
orientation. That means, light patterning is highly flexible because the crystals can be
arranged in many different ways. A typical SLM setup contains an beam expander (a
combination of lenses) to match the beam size to the LCD panel. The closer the beam
size is to the size of the panel, the better the resolution. The LCD panel is placed in
the object plane of the first lens in a 4f-arrangement. The first lens performs a Fourier
transformation of the beam pattern and the second transforms from the frequency
plane back to the image plane. At the focal point (the Fourier plane) a filter can be
placed to clean up the beam and remove frequency artefacts. Because of the high level
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Figure 7.2: SLM example setup

of flexibility of the liquid crystal element, and their fast reaction time, an SLM would
add uncountable options of beam shaping to the setup. Any kind of pattern can be
created, resulting in any desirable temperature gradient pattern. The resolution limit
is the resolution of the liquid crystal panel. Simulations have shown that two spots of
laser light, that are placed on opposite sides at the channel walls create entirely new
streaming patterns. To give one example, figure 7.3 shows the streaming velocity for
the two spots with the first panel having the spots positioned at the same x-position
while their offset increases to the last panel.
With respect to timing, liquid crystals react within milliseconds, depending on the
system and automation of it. That allows to change between temperature gradient
shapes quickly, opening up to include a time component into the temperature gradient
studies for thermoacoustic streaming. For example, a path could be programmed
to scan over the sample with the laser. Another option could be to quickly change
between different streaming patterns, like side vs. center, allowing more control over
particle streaming motion.
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Figure 7.3: Simulated streaming velocity field, if two laser spots (white circle) are positioned
on opposite sides of the channel (x-y view, topview). From top to bottom, the offset between
the two spots increases from 0 to 750 µm (double the channel width).



73

7.1.3 Temperature Measurements

One major challenge of the project has been to measure the temperature inside the
channel. Two approaches were tested: a temperature sensitive dye, using intensity
measurements and temperature sensitive particles, using fluorescence lifetime imaging.

The temperature sensitive dye, namely BCECF, has been used in publication II. It’s
fluorescence decreases with increasing temperature and therefore, in theory, with a
calibration curve of fluorescence at a known temperature, the temperature during the
measurement can be calculated. However, the required calibration curves needed to
be collected pixel wise because the background illumination is never perfectly even
and small deviations decrease the accuracy of the sensitive measurement. Moreover,
the BCECF dye bleaches so fast, that each temperature measurement point for each
time instance had to be calibrated individually. That results in many repeats, high
material use and additional variation in between measurements. Nevertheless, the
measurement succeeded and a temperature difference of 20◦C could be measured.
An unexplained effect of the temperature measurements depict the circular streaks, as
discussed in publication II. A more practical and reliable measurement technique is
desirable.

Fluorescence lifetime imaging is a possible way to extract temperature information
at different locations inside microchannels using molecular tracers or microparticles
[102]. After excitation, the decay time of the fluorescence is temperature dependent.
For example, a warmer particle will in general have a lower fluorescence intensity than
a colder particle after the same amount of time has passed. We explored this possibility
and the idea for these measurements was that temperature and thermoacoustic stream-
ing could be measured simultaneously and that the temperature would be mapped
throughout the whole volume in the region of interest [103]. One challenge with this
technique was that the blue light, exciting the particles had a heating effect on the
liquid. Therefore, the excitation time was reduced to a minimum which decreased
the temperature increase from 0.15 K to 0.01 K. Detailed calibration curves were
necessary to account for uneven background illumination and photobleaching of the
particles. Eventually, the rolling shutter of the camera became a problem that we were
not able to account for in the time frame of the project. The rolling shutter caused
one area of the sample to be illuminated for longer than other areas. For example,
the shutter starts to close row by row from the top left corner of the field of view. By
the time it reaches the bottom right corner, the particles there have been exposed to
the fluorescence excitation light for longer than the ones in the top left corner. A
pixel-wise calibration could aid that or the use of a camera with global shutter. Never-
theless, we found that by technical improvements of the optical system we should be
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able to measure the temperature with a high precision in the whole volume of the cavity.

Moreover, on-chip sensors to measure the temperature could be an option like a tem-
perature probe that is integrated into the chip’s substrate, for example as an additional
layer or inside the walls. The difficulty here is to ensure that the resonance of the
channel i.e. the acoustic field is not disturbed and that the channel remains transparent
for imaging and laser light absorption. The cavity’s resonance is sensitive to channel
size, which is the reason for high precision requirements in terms of the production
of the chips. Practically, the acoustic field inside the channel is never perfect and one
major reason is that the channel walls and ceiling are not perfectly smooth and symmet-
ric. The actuation frequency always needs to be tuned to match the specific channel
section of interest. Introducing temperature probes into the substrate introduces a
material with different acoustic properties than the chip material which will influence
the resonance. However, it needs to be tested if the disturbance is small enough to
not affect the streaming. In terms of transparency for imaging and heating, the probe
would need to be in the wall and not in the floor or ceiling.
Werr et al. have reported a device that measures the temperature of an acoustic trap
using integrated thin film resistors that are placed on the side of the acoustic trap on the
floor substrate of the chip. They could show successful trapping and achieved a precise
temperature measurement [104]. Having a temperature measurement technique that
is closer to the cavity could give a better representation of the actual temperature inside
the chip than the current placement of the temperature probe. However, such probes
on the channel boundaries would not achieve mapping the temperature in 2D or
3D but it could improve the accuracy of the background and reference temperature
measurements.

Another way to measure temperature in microfluidic chips is using a holographic
microscope. It uses temperature induced refractive index changes to determine the
temperature. A resolutions up to 1◦C can be achieved, which is about the same range
as the temperature sensitive dye used in our experiments. One downside to it is, that
it requires an additional optical branch in the setup, that can detect the phase changes
induced by the refractive index changes. Moreover, the processing of the data is com-
plex and a good calibration of refractive index and temperature of the liquid is essential.

Lastly, an IR camera could be used to optically measure the temperature. It is feasible to
measure high temperature resolution [27]. However, an IR transparent chip material
(e.g. Zinc Sulfide) would be necessary, since the glass that the channels are currently
fabricated with, absorbs thermal radiation. As of now, fabricating chips out of a material
that is transparent both in the visible range and for long-wave thermal radiation has
not been achieved.
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7.1.4 Faster buildup and decay measurements

In publication II, the transient development of the thermoacoustic streaming has been
measured. However, one result was, that a frame rate of 10 Hz is not fast enough to
capture the effect in detail. A high-speed camera that can achieve higher frame rate than
the 100 fps could give more insights into how fast the thermoacoustic streaming builds
up and decays. A challenge with short frame rates is to achieve sufficient image quality
for post processing since the exposure time must be very short. With the current setup,
the particle brightness is just still resolvable with 2D particle identification algorithms,
while it is not sufficient for 3D. A more sensitive camera that can also image with
sufficient frame rates and/or an improved optical setup with perhaps more intense
illumination and lower losses between sample and camera could allow faster imaging.

7.1.5 Automated particle or cell sorting

In publication II we showed that the laser-induced temperature field can be used to
accelerate individual particles to the channel side while nearby particles remain in their
position. That answered the research question, if thermoacoustic streaming can be used
for particle sorting to some degree: yes, specific particles can be individually moved.
However, selecting a particle and moving it to a specific location automatically is a
more elaborate task. Ideally, if a particle or cell of interest approaches the heat source,
the object would be detected, its location determined and the required temperature
gradient and illumination duration calculated to move that object to a desired location
in the channel.
For this ambitious goal, many challenges must be overcome: First of all, the microchan-
nel’s acoustic field would need to be well mapped, ideally for different frequencies.
This is a goal that probably the entire acoustofluidic community desires, since the
acoustic field is the fundamental driving mechanism. Secondly, a detection mechanism
is necessary, such as an optical element detecting the desired object, like a fluorescently
marked cell. Next, several temperature gradients and their effect on the thermoacoustic
streaming would have to be tested and mapped. Also, the straight channel used here
would need to be replaced with a trifurcated channel, to allow the positioned object to
take a specific exit. Lastly, these various elements, detection, calculation of where the
particle should be moved to and which combination of acoustic and temperature field
that requires, would have to be automated.
Concludingly, approaching each challenge individually and simplifying certain ele-
ments, for example the acoustic mapping or choosing easily detectable objects at first,
could lead to a thermoacoustic lab on a chip sorting device.
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