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Abstract
A typical channel within a micro-scale acousto�uidic (MSAF) device has

a small cross-section where the height is usually less than200µm and the
width less than5 mm; the length can be up to severalcm, however, often is
not of big interest. Direct measurement of, e.g., the pressure produced by
the acoustic excitation is impossible due to the smallness of the region of
interest. Additionally, the acoustic driving frequencies are generally above
100 kHzsuch that the time resolution of measurements must be even at
least twice as high if one is also interested in the transient behaviour and
build up of, e.g., the acoustic pressure �eld and not only the steady-state.

At the moment, the most common and straightforward way to approxi-
mate the acoustic pressure within the channel is to optically measure the
velocity of several objects of known size and material properties and then
calculate back which pressure would have led to this velocity. The va-
lidity and correctness of the pressure approximation depends on several
uncertainties. Besides the object dimensions and the material parameters
of the object and the �uid, the biggest uncertainty is the validity of the
underlying theory of the acoustic radiation force (ARF) that is used for
the calculation. There exist many MSAF models for the calculation of
the acoustic forces which di�er mainly in the assumptions regarding the
physical model for the �uid and the immersed object. Each theory has
its parameter space where it is superior to the others because it includes,
e.g., the e�ect of visco-elasticity of the �uid.

Here, an optical trapping (OT) apparatus is utilized to investigate two
phenomena where controversies exist in the MSAF community: 1) the
transient build up of the ARF and the drag force from acoustic streaming
(AS) for a continuous and pulsed acoustic excitation; 2) the quanti�cation
of the steady-state rotational velocity of a spherical particle driven by the
acoustic viscous torque where the viscous boundary layer (VBL) thickness
is comparable to the particle radius itself.

So far, OTs have mainly been used as force sensors on single particles
within MSAF devices. For the measurements of both phenomena we take
advantage of the �ne spatial and temporal resolution that the OT o�ers,
as well as the OT property that single particle measurements are possible.
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Abstract

In order to measure the build up of the ARF and AS, an acoustic exci-
tation frequency and measurement location within the standing pressure
wave was used where the two forces were orthogonal to each other. The
orthogonality as well as the division into ARF and drag force from AS was
measured and validated by force measurements with the OT throughout
the �uid channel with di�erently sized particles.

The results of a continuous excitation showed that the ARF starts to
build up almost instantaneously after the acoustic excitation was switched
on, whereas the AS takes signi�cantly longer. Interestingly, the fast ARF
build up was expected from theoretical considerations, but the slow AS
build up was underestimated by a factor of about 4. The pulsed excita-
tion experiments revealed that depending on the speci�c pulse parame-
ters the build up of AS can be suppressed substantially while the ARF
is not a�ected as much as AS. Therefore, smaller particles can still be
mainly manipulated by the ARF because the relative importance of AS
decreases for a pulsed excitation faster than for the ARF. Our measure-
ments strengthen experimental �ndings for a pulsed excitation that could
not yet be explained theoretically.

For the steady-state rotational speed measurement, a high viscosity mix-
ture of water with glycerol (7 to 3) was created such that the formed VBL
around the particle was about the same as the particle radius. The phase
di�erence between two acoustic excitation sources spatially orthogonal to
each other led to a time-averaged acoustic streaming �eld in the VBL of
the particle along its circumference. This streaming �eld creates a driving
viscous torque that causes a rotation with the rotational velocity at which
the driving viscous torque equals the counteracting viscous drag torque.

A theoretical formula overestimates the steady-state rotational speed
for the experimental parameters by more than one order of magnitude.
This was expected because, up to now, there are no theories that are
valid for the regime where the radius is the same size or smaller than the
VBL. However, a numerical study investigated exactly this regime and
proposed a calculation for the �nal rotational velocity including the e�ects
of the VBL. The rotational velocities measured with the OT con�rmed two
points: 1) the expected invalidity of the simpli�ed theory in the regime
of high viscosity (VBL in the same order of magnitude as the particle
dimension) and, hence, the necessity of its inclusion in the calculations;
2) the correctness of the numerical results.
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Zusammenfassung
Die typischen Dimensionen eines Flüssigkeitskanals für eine mikroska-

lierte akusto�uidische (engl:micro-scale acousto�uidic � MSAF) Anwen-
dung sind eine Höhe von weniger als200µm, eine Breite von weniger als
5 mm und eine Länge von mehrerencm, wobei die Länge nicht von grosser
Wichtigkeit ist. Die direkte Messung von physikalischen Grössen, wie zum
Beispiel, dem Druck generiert durch die akustische Anregung ist unmög-
lich, da der Bereich der Messung klein ist. Ausserdem sind die akustischen
Frequenzen generell grösser als100 kHz, so dass die Messfrequenz mindes-
tens doppelt so hoch sein muss, wenn unter anderem auch das transiente
Verhalten und der Aufbau des akustischen Drucks von Interesse ist und
nicht nur dessen eingeschwungener Zustand.

Bis jetzt ist die häu�gste und einfachste Methode den akustischen Druck
innerhalb des Fluidkanals abzuschätzen, die Geschwindigkeiten von meh-
reren Objekten mit bekannten Dimensionen und Materialparametern op-
tisch zu messen und dann anhand der Geschwindigkeiten auf den herr-
schenden akustischen Druck zurückzurechnen. Die Validität und Richtig-
keit der Druckabschätzung hängt von mehreren Unsicherheiten ab. Ne-
ben den Dimensionen und den Materialparametern des Objekts und den
Materialparametern des Fluides ist die grösste Unsicherheit die Validität
der angewendeten Theorie für die Berechnung der akustischen Strahlungs-
kraft (engl: acoustic radiation force � ARF). Es gibt viele Modelle für
die Berechnung der ARF in der MSAF, welche sich grösstenteils bei der
Annahme des physikalischen Modells für das Objekt und das Fluid unter-
scheiden. Jede Theorie für sich hat einen Parameterbereich, wo sie genauer
ist als die anderen, weil sie zum Beispiel die Viskoelastizität des Fluides
berücksichtigt.

In dieser Arbeit wird eine optische Falle (engl.optical trap � OT) ver-
wendet, um zwei MSAF Phänomene zu untersuchen, bei welchen es un-
geklärte Kontroversen gibt: 1) der transiente Aufbau der ARF und der
Widerstandskraft aufgrund einer akustischen Strömung (engl:drag force
from acoustic streaming� AS) für eine ununterbrochene und eine gepuls-
te akustische Anregung; 2) die Quanti�zierung der stationären Rotations-
geschwindigkeit eines sphärischen Partikels, welches durch das akustisch-
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Zusammenfassung

viskose Drehmoment (engl:acoustic viscous torque) angetrieben wird und
welches eine viskose Grenzschichtdicke (engl:viscous boundary layer thick-
ness� VBL) hat, die so gross wie der Partikelradius selbst ist.

Bisher sind OT vor allem als Kraftsensoren für einzelne Partikel inner-
halb von MSAF Geräten eingesetzt worden. Für die Messung der genann-
ten Phänomene wird die genaue örtliche und zeitliche Au�ösung der OT
verwendet, wie auch die Möglichkeit Messungen an einzelnen Partikeln
durchzuführen.

Für die Messung des Aufbaus der ARF und des AS wurde eine akusti-
sche Anregungsfrequenz und Messpunkte innerhalb der stehenden Druck-
welle verwendet, bei deren Kombination die ARF und die Kräfte von AS
senkrecht zueinander waren. Die Orthogonalität als auch die Aufteilung in
ARF und AS wurde durch mehrere Kraftmessungen innerhalb des ganzen
Fluidkanals mit unterschiedlichen Partikelgrössen validiert.

Die Ergebnisse der ununterbrochenen Anregung zeigten, dass der Auf-
bau der ARF sofort nach Beginn der akustischen Anregung beginnt, wo-
hingegen AS deutlich langsamer ist. Der zügige Aufbau der ARF wird von
der Theorie so vorhergesagt, während der Aufbau des AS um den Fak-
tor 4 unterschätzt wird. Die Experimente mit einer gepulsten Anregung
zeigten, dass abhängig von den Pulsparametern der Aufbau von AS wei-
testgehend verhindert werden kann, aber der Aufbau der ARF nicht im
gleichen Masse beeinträchtigt wird. Daher werden kleinere Partikel zum
grössten Teil wegen der ARF manipuliert, weil die relative Wichtigkeit von
AS für eine gepulste Anregung schrumpft. Unsere Experimente bestärken
andere experimentelle Ergebnisse mit einer gepulsten Anregung, welche
bisher durch keine Theorie erklärt werden können.

Für die Messung der stationären Rotationsgeschwindigkeit wurde eine
Mischung von Wasser und Glycerol (7 zu 3) hergestellt, dessen Viskosi-
tät so gross war, dass die VBL um das Partikel herum in etwa so gross
wie der Partikelradius selbst war. Die Phasenverschiebung zwischen den
beiden akustischen Feldern, die räumlich senkrecht zueinander standen,
führte zu einem zeitgemittelten AS Feld innerhalb der VBL in Richtung
des Umfangs des Partikels. Dieses AS Feld ist der Ursprung für ein an-
treibendes akustisch viskoses Drehmoment, welches das Partikel bis zu
der Rotationsgeschwindigkeit beschleunigt, wo das Antriebsmoment gleich
dem entgegengerichteten viskosen Widerstandsmoment ist.

Eine theoretische Formel überschätzt die stationäre Rotationsgeschwin-
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digkeit für diese experimentellen Parameter mit mehr als einer Grössenord-
nung. Dieser Fehler war erwartet, weil es bis jetzt noch keine Theorie gibt,
welche für den Fall gilt, wo der Partikelradius so gross oder grösser ist wie
die VBL selbst. Eine numerische Studie untersuchte unter anderem diesen
Parameterbereich für sphärische Partikel und gab eine Formel für die sta-
tionäre Rotationsgeschwindigkeit an, welche die viskosen E�ekte der VBL
berücksichtigt. Die mit der OT gemessenen Rotationsgeschwindigkeiten
bestätigten zwei Punkte: 1) die erwartete Ungültigkeit der vereinfachten
Theorie für grosse Fluidviskositäten (VBL in der gleichen Grössenordnung
wie das Partikel) und daher die notwendige Berücksichtigung der Viskosi-
tät für diesen Bereich; 2) die Richtigkeit der numerischen Ergebnisse.
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CHAPTER 1
Introduction

This thesis combines an optical trap (OT) and an acoustic trap (AT)
to investigate multiple acoustic phenomena. Since the thesis discusses the
combination of the respective di�erent research areas, in the following sec-
tions, we will �rst give an introduction to acousto�uidics, then summarize
the history of the OT-AT combination, then discuss the background of
two acoustic phenomena that we investigated with the OT ((1) transient
build up of the acoustic radiation force and acoustic streaming; (2) di-
rect rotational velocity measurement of spherical particles driven by the
acoustic viscous torque), and then outline the remaining chapters of the
thesis.

1.1. Acousto�uidics

During the second half of this doctoral thesis the global pandemic of
Covid-19 was ongoing. The symptoms and the course of the disease
depends on the variant of the Covid-19 virus. Fortunately up to now,
all Covid-19 variants were not highly lethal. Nevertheless, the pandemic
could not be stopped within 2 years although researchers managed to en-
gineer working vaccinations against it [114, 136, 152]. One of the reasons
is, that Covid-19 has a rather long incubation period when people often
do not experience any symptoms, yet, but can already transmit the dis-
ease. Especially in the early stages of this pandemic the key for preventing
further spreading was testing and quarantining of people.

Besides �nding an useful and working test procedure for the detection of
infected people, another problem was the decentralized testing facilities.
At the moment, the most accurate test is a polymerase chain reaction
(PCR) test that is conducted in biomedical labs. These labs are already
rare in the northern hemisphere but almost non-existing in developing
countries. With the invention of a rapid antigen test for Covid-19 that
could be performed at home and by everybody without a special training,
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Chapter 1 � Introduction

the testing was decentralized and rapidly increased in total number of
persons tested. Having a rapid test that is precise [4] and that gives
results within 15 min constrains further spreading of the disease because
it is much faster than the24 h to 48 h that it takes to get the result of a
PCR test. Also, the rapid antigen test is more convenient because it can
be taken anywhere and by anyone.

Covid-19 is one good example that one of the keys for the prevention
of local and global spreading of any disease is fast and easy detection of
infected people. During the beginning of the Covid-19 pandemic a ma-
jor hindering factor was the availability of biomedical testing facilities.
Micro-scale acousto�uidics (MSAF) o�ers the possibility to miniaturize
whole biomedical labs onto a single chip. MSAF possesses the ability to
manipulate micro-meter sized objects in a controlled way while being im-
mersed in a �uid. The two main forces causing the manipulation is the
so called acoustic radiation force (ARF) and the drag force from acous-
tic streaming (AS). The manipulation is � amongst others � label-free
and biocompatible and hence interesting for biological and medical ap-
plications. Acoustic traps (ATs) is one synonym for the e�ect of object
manipulation and trapping by means of acoustic waves.

The mini-labs are often referred to asLab on a Chipand are not bound
to a central testing facility because the �nal chip usually does not need
the working environment of a biological or medical lab and could therefore
be used together with related electronics as a stand a lone unit. The
target object size for MSAF devices is in theµm range; therefore this
technology is not yet suitable for viral diseases like Covid-19 where the
virus has a diameter between60 nm to 140 nm [19]. However, recently
Gu et al. [74] were able to also handle objects in thenm range, Gerltet
al. [63] successfully manipulated in a standard glass capillary polystyrene
(PS) and metal particles with a radius ofR = 500 nm in two dimensions,
and Evanderet al. [55] captured platelet-derived microparticles ofnm size
from human plasma samples. Not only the minimal possible object size
is a challenge for broad MSAF applications but also the production of
MSAF devices.

MSAF is a rather new technology that is also depending on the ad-
vances in microfabrication. Up to now, the fabrication process of MSAF
devices is mainly done in clean rooms o�ering the possibility to fabricate
very preciselyµm- but alsonm-structures. However, clean rooms are very
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expensive and not available everywhere. In addition, the needed know-
how for the production is high. More recently, there emerges the trend
to investigate also other device fabrication techniques with the bene�t
of easier, cheaper, and more accessible production: using standard glass
capillaries as �uid channels [63, 72, 78, 79, 120, 158]; producing MSAF
devices with rapid prototyping [2]; using micro machined �uid channels
in aluminum with polydimethylsiloxane (PDMS) coverslips [61]; building
a glass-PDMS-glass chip with standard glass coverslips [164]; directly ma-
chined �uid channels into poly methyl methacrylate (PMMA) [81]; build-
ing micro�uidic devices out of paper [119]; bonding two parts of standard
thermoplastics together to create closed micro�uidic structures [122]; or,
last but not least, directly using devices made out of PMMA [70, 165]. By
making the production more accessible and by increasing the size range
of manipulatable objects, MSAF increases its research audience.

At the moment MSAF is at a point in time where the citations with
the keywordacousto�uidics increased by one order of magnitude over the
past 10 years (2012-2021) [126] and where the research turns from pure
observations of MSAF phenomena like particle manipulation [13, 40, 43,
45, 62, 106, 126, 159], acoustic streaming [36, 85, 108], or the e�ects on
the AS and the ARF around sharp edges [41, 48, 49, 110] to biological and
medical applications. Amongst many, seven typical applications using the
MSAF technology for bio(-medical) are:

MSAF is already used (1) as a handling toolbox for cancer research [6,
125, 156, 161], (2) for the analysis of single cells suspended innL �uid
droplets [65], (3) for the measurement of the compressibility ofCaenorhab-
ditis elegans[16] which is a model organism frequently used for biomedical
studies, (4) for the focusing of metal particles to possibly increase the res-
olution of three dimensional metal printing [63], (5) as mixer of �uids
utilizing AS [18, 131, 132, 167], (6) for single cell analysis of HeLa cancer
cells by controlled acoustic induced rotation [105], and (7) as a tool for
continuous exchange of medium for bacteria [64].

Often the limiting factor of future MSAF applications is the size of the
object of interest because the drag force from AS and the ARF are compet-
ing forces, where the ARF should dominate [23]. The drag force from AS
scales linearly with the object radius and the ARF scales linearly with the
object volume. For spherical objects made out of silicone dioxide (SiO2)
the critical radius where those two forces are equal in magnitude is about
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1µm for water-like �uids and a typical excitation frequency in the low
MHz range. Bigger objects are dominated by the ARF and smaller by the
drag force from AS. In most cases AS is undesired because the direction-
ality and the occurrence of the �ow is hard to control. Therefore, a good
understanding of the pressure �eld and the �uid �ow inside the devices is
one key for future MSAF applications outside of research facilities.

1.2. Optical Trapping for Acoustics

With the Noble Prize winning technology of optical trapping by Arthur
Ashkin [7�12] the possibility exists to combine the AT and OT to gain
further understanding of the physics inside an acousto�uidic device.

In 2011, Thalhammeret al. [147] were the �rst to combine a1064 nm
OT with an AT. They designed their OT such that it has a low numerical
aperture (NA) enabling a wider �eld of view. Usually, OTs need a high
NA to create enough trapping force magnitude. In their study, a low NA
was possible because they could mimic a dual-beam OT with a single laser
beam by the usage of a mirror for the laser. They used their setup in two
ways: 1) they combined an AT with an OT to trap big particles against
gravity (AT part) and precisely manipulate them (OT part) in the plane
of the AT pressure node; 2) they used the OT as a force sensor for the AT
to measure the acoustic forces acting on non-spherical objects.

In a similar way, Bassindaleet al. [24] (2014) used a1064 nmsingle
beam high NA OT as a force sensor on5µm silica particles. Furthermore,
they split the measured force on the particle into a contribution from AS
and from the ARF. They validated their measurements by comparing it
to the forces retrieved from particle image velocimetry.

In 2014, Furyet al. [59] utilized a1064 nmsingle beam high NA OT
together with an AT to manipulate microbubbles with a size of13µm.
Their aim was to utilize the wide trapping range of the AT, as well as the
fact that the AT can trap multiple particles simultaneously, together with
the high selectivity and �ne spatial resolution of the OT. Additionally, they
measured the forces acting on the microbubble for varying parameters of
the AT and OT (acoustic frequency, excitation voltage, laser power, beam
diameter).

In 2015, Lakämperet al. [98] built a 980 nmsingle beam high NA OT
to characterize in two dimensions the time-averaged acoustic forces onµm
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particles in a standing pressure wave �eld. They measured the acoustic
forces at di�erent positions in the standing pressure wave on a single
particle while sweeping the frequency. They compared their results with
numerical simulations and found good agreement. With the measured
force amplitudes they were also able to measure the acoustic pressure
inside the acousto�uidic device.

In 2016, Lamprechtet al. [104] extended the work of Lakämperet al. [98]
to measure with a785 nm single beam high NA OT the acoustic forces
in all three spatial dimensions. Their main objective was to visualize the
pressure �eld throughout the �uid volume for di�erent frequencies. In
addition, they measured with the same experimental settings the acoustic
forces with two di�erent sizes of particle in order to split the total measured
forces into linear contributions from AS and cubic contributions due to
the ARF. They also used two devices with di�erent channel widths (2 mm
and4 mm) to show the scaling of the acoustic wavelength with the channel
width.

In 2016, Thalhammeret al. [148] used a1064 nmsingle beam high NA
OT with a layered AT to measure primarily the axial acoustic forces on a
particle. Furthermore, they investigated the in�uence of the oil immersion
layer of the lens on to the acoustic resonances and de�ned design guides for
limiting the perturbations on the acoustic �eld of the immersion oil. Their
force measurement technique is independent of the particle shape allowing
force measurements of arbitrary shaped small objects. Additionally, their
driving acoustic transducer is transparent for the laser wavelength such
that it can be placed in close proximity of the �uid chamber.

Although OTs exist since the 1990s, the combination with an AT is
rather young. Therefore, many areas for this unique combination are still
not even opened. The next two sections will introduce the two acoustic
phenomena that are studied with an OT in the underlying thesis.

1.3. Advances in Streaming Suppression

As stated before, AS is often undesired because it can counteract the
ARF. Besides the �uid mixer driven by AS, there are also other applica-
tions where AS is utilized advantageously; a summary is given in [159].
Nevertheless, the suppression of AS is still of high interest for MSAF ap-
plications, because the controlled manipulation of smaller particles is often
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hindered by the drag force from AS.

In 2013, Hoyoset al. [85] demonstrated that a pulsed ultrasound exci-
tation can reduce and suppress AS while the ARF is still present. They
studied in two MSAF devices the e�ects of di�erent pulse settings to the
steady-state streaming velocity and the ARF. Both device designs yielded
similar results showing that it is not geometry dependent. To visualize
both e�ects simultaneously they used800 nmand 15µm latex particles.
The smaller ones are dominated by the drag force from AS and the larger
ones by the ARF. In addition, they could show that the secondary forces,
like particle-particle interaction, are still present with a pulsed acoustic ex-
citation which allows trapping of small particles with larger ones as seed
particles.

In 2016, Castroet al. [36] extended their study of Hoyoset al. [85]
to investigate the e�ects of a pulsed excitation on the steady-state AS
while also changing other experimental parameters, like the particle size
and device geometry. They showed that there are parameter settings for
which latex particles smaller than2µm are manipulated only by the ARF
without any AS perturbations.

In 2018, Karlsenet al. [91] performed a theoretical, numerical, and ex-
perimental study on the e�ects of �uid inhomogeneities in terms of density
and compressibility on the boundary driven AS. The fundamental idea is
to utilize the di�erent time scales for the build up of the ARF and AS.
They realised the inhomogeneities in the device by layering water with
two sheath �ows of 20% iodixanol at the respective channel walls. With
this layered �uid con�guration they were able to suppress AS in the mid-
dle of the device almost completely. The numerical model veri�ed their
experimental results.

In 2020, Bachet al. [17] performed a numerical study with the objec-
tive to optimize the cross-section of the �uid channel to reduce streaming
while still allowing ARF driven particle manipulation. With the optimized
shape, they were theoretically able to suppress streaming in the bulk of
the homogeneous �uid by two orders of magnitude. For a rectangular
cross-section and an acoustic frequency of1:95 MHz the minimal particle
radius of a PS particle in water is around1µm before the drag force from
AS dominates over the ARF. With their optimized shape they reduce the
minimal particle radius to0:15µm.

Most recently in 2021, Winckelmannet al. [160] investigated theoret-
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ically and numerically the e�ects of alternating current electroosmosis
(ACE) to the streaming pattern within a rectangular �uid channel. As it
is for AS, the streaming from ACE is also boundary driven. By analysing
the form of the ACE streaming they are able to suppress the streaming in
the bulk of the �uid by two orders of magnitude. The applied voltage for
the ACE streaming to successfully suppress the AS is about125 mV. In
addition, the bulk of the �uid is of neutral charge and therefore no electric
charges could harm possible living objects within the system.

These �ve publications show the rising interest in the topic of acoustic
and other streaming suppression and the necessity to further investigate
AS; especially its origin and its build up experimentally.

1.4. Viscous Torque induced Spherical Par-
ticle Rotation

In 2015, Lamprechtet al. [100] investigated the equilibrium rotational
velocity of spherical particles that are within two orthogonal standing pres-
sure wave �elds of same frequency extending the work of Leeet al. [107]
which neglected the rotational term in their calculation. In addition to
being orthogonal to each other, the phase of the acoustic excitation was
shifted such that a streaming �eld within the VBL of the particle had
formed which creates a torque acting on the particle. They call this driv-
ing torque acoustic viscous torque. Under the assumption that the radius
of the particle is much larger than the viscous boundary layer (VBL)
thicknessR � � they derived an analytical formula for the steady-state
rotational speed where the driving acoustic viscous torque equals the op-
positely directed viscous drag torque. They validated their �ndings with
experiments of di�erent sized particles in water. They measured the rota-
tional �nal velocity on particles ranging fromR = 35:5µm to R = 325 µm
by investigating the single frames of an high-speed camera.

In 2016, Hahnet al. [76] conducted a numerical study on spherical and
non-spherical particles that are subjected to the same con�guration of
two standing pressure waves that are orthogonal and phase shifted with
respect to each other as in Lamprechtet al. [100]. With their numerical
model they were able to investigate the �nal rotational speed without
any restriction to the ratio ofR and � . They validated the theoretical
formula of [100] for the regimeR � � and found, unsurprisingly, large
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deviations between the numerical and analytical model for the regime
R � � . However, they could not validate their numerical �ndings with
experiments because it was not possible to measure the high steady-state
rotational speeds of small particles with the propertyR � � due to the
required minimal frame rate of the camera.

1.5. Scope of this Thesis

Beside the trapping capabilities of the OT, one of the main advantages
is the detection system in the back focal plane. The detection is per-
formed by photo detectors which convert the incoming laser intensity to
a voltage. Fast measurements of voltages with time resolutions smaller
than � t < 1µs are straightforward and inexpensive. Here, we utilize the
fast measuring capabilities of our OT to measure for the �rst time two
MSAF phenomena (one transient MSAF phenomenon and one steady-
state MSAF phenomenon) that cannot be measured optically otherwise.

The transient phenomenon is the build up of the acoustic radiation force
and the drag force from acoustic streaming for a continuous and pulsed
acoustic excitation. And the steady-state phenomenon is the rotational
speed measurement of spherical particles driven by the acoustic viscous
torque where the particle radius is as big as the VBL thicknessR � � .

1.6. Outline of Thesis

This thesis is a cumulative thesis. It consists of three peer-reviewed
published papers surrounded by an extended introduction at the beginning
and by a summarizing discussion and outlook at the end.

We describe in this manuscript the combination of an optical trap with
an acoustical trap. Therefore, in Chapter 2 we discuss and explain the fun-
damental acoustic theory. The following Chapter 3 discusses the optical
theory relevant in the context of this thesis. The whole optical trapping
setup will not be explained in great detail. Interested readers are pointed
to the preceding thesis by Lamprecht [101] who explains the used compo-
nents and the whole setup.

Chapters 4 and 5 are two publications which investigated the e�ects of
a pulsed excitation onto the build up of the ARF and AS. The �rst one
introduces the necessary changes to the previous OT setup in order to
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measure the build up of the two e�ects and, additionally, the build up
with a continuous excitation is measured. The following publication is a
direct extension where this new measuring technique is applied to a pulsed
excitation. The results showed that the build up of the ARF and AS are
a�ected di�erently by a pulsed acoustic excitation.

In Chapter 6 the OT is utilized for measuring the rotational speed of
spherical particles in a viscous �uid driven by two phase-shifted orthogo-
nal standing pressure waves. The combination of high viscosity and small
particles leads to a VBL thickness in the order of the particle radius itself.
We validated the e�ects of the viscosity on the rotational speed in this
regime and showed that a simpli�ed theoretical formula [100] is overesti-
mating the rotational speed by more than one order of magnitude.

Finally, in Chapter 7 we summarized all presented �ndings, put them in
context, and motivated future possible research directions.
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CHAPTER 2
Theoretical Background: Acoustics
For the derivation and the discussion of the relevant forces coming from

the scattering of an axisymmetric incident acoustic �eld at the object
surface, we will consider a viscous �uid and a rigid spherical particle. The
particle is freely �oating in the �uid and far away from any boundaries.
We choose this combination of �uid and particle model for two reasons:
1) we discovered errors that we corrected in the publication solving this
problem �rst [46]; 2) the viscous property of the �uid causes the occurrence
of the so-called acoustic streaming (AS).

We will follow closely the derivations given by Doinikov [46] who solves
this speci�c problem �rst 1.

2.1. Governing Equations

Ultimately we want to compute the force acting on the particle. This
force is called acoustic radiation force (ARF) and is de�ned as the time-
averaged surface integral of the stress tensor over the time varying particle
surfaceS(t) (see Figure 2.1)

F rad
i :=

� Z

S(t)
� ij ni (t) dS(t)

�
(2.1)

whereni (t) is the time dependent outward facing normal, repetitive indices
imply Einstein summation notation, and the angle bracket de�ne the time-
average over one periodTex of the fundamental excitation frequencyf ex =
1=Tex of the acoustic �eld

h� (t)i =
1

Tex

TexZ

0

� (t) dt : (2.2)

1We will cite publications in this chapter only if they are di�erent to Doinikov [46]. Per default, all
information for this chapter if not stated otherwise is taken from there.
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R

S(0)
S(t)

ni (t)

Figure 2.1 � Sketch of deformed time dependent particle surfaceS(t), particle surface
at rest S(0) , and time-varying surface normalni (t).

For a viscous �uid the stress tensor is given as

� ij = � f

�
@vi
@xj

+
@vj
@xi

�
+

�
� B �

2
3

� f

�
@vk
@xk

� ij � p � ij (2.3)

where� f is the �uid dynamic viscosity,� B the �uid bulk viscosity, vi the
i -th component of the �uid velocity,p the pressure, and� ij the Kronecker
delta.

For the stress tensor the �uid velocityvi and the acoustic pressurep
must be computed. These four unknowns (three asvi and one asp) are
linked by the scalar equation for the mass conservation

@�
@t

+
@

@xi
(� v i ) = 0 (2.4)

where� is the density. This equation introduces the additional unknown
density � . With the assumption of a barotropic �uid

p := p(� ) (2.5)

the acoustic pressurep is de�ned solely by the density� . The missing
three equations are given by the Navier-Stokes equations for a viscous
�uid

@
@t

(� v i ) =
@

@xj
(� ij � � v i vj ) : (2.6)

This set of equations (Equations (2.4) to (2.6)) describe the problem of
a free �oating rigid particle in a viscous �uid but are impossible to solve
analytically without further simpli�cation. Most common is the expansion
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of the unknowns into a converging series of increasing order

p = p(0) + p(1) + p(2) + : : : (2.7a)

� = � (0) + � (1) + � (2) + : : : (2.7b)

� ij = � (0)
ij + � (1)

ij + � (2)
ij + : : : (2.7c)

vi = v(1)
i + v(2)

i + : : : : (2.7d)

This method of expanding the variables is called perturbation expansion.
The superscript� (i ) indicates thei -th order of the respective parameter.
The zeroth order �elds� (0) are de�ned to be constant in space and time.
Additionally, we assume no constant �ow of the �uid and, hence, the
zeroth order of the velocityv(0)

i = 0.
This series expansion is useful because it is known that the ARF oc-

curs due to second order e�ects. With that the ARF is approximated
Equation (2.1) as

F rad
i �

� Z

S(t)
� (1)

ij ni (t) dS(t)
�

+
Z

S(0)

D
� (2)

ij

E
ni dS(0) (2.8)

whereS(0) is the particle surface at rest (see Figure 2.1).
It is possible to solve �rst for the �rst order �uid �eld, which is the

acoustic �eld including scattering, and then use the �rst order solution to
compute the second order �elds, also known as AS. In the following two
section, we will solve those two orders sequentially.

2.2. First Order Solution

By applying the perturbation expansion to Equation (2.4) and by only
collecting terms that are equal to the �rst order the mass conservation is

@�(1)

@t
+ � (0) @v(1)

i

@xi
= 0: (2.9)

With the same procedure the general Navier Stockes equation (Equa-
tion (2.6)) is

� (0) @v(1)
i

@t
=

@�(1)
ij

@xj
: (2.10)
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Figure 2.2 � Plane acoustic wave incident on spherical particle. Wavevector direction
ek aligned with ez.

with the �rst order stress tensor� (1)
ij being

� (1)
ij = � f

"
@v(1)

i

@xj
+

@v(1)
j

@xi

#

+
�
� B �

2
3

� f

�
@v(1)

k

@xk
� ij � p(1) � ij : (2.11)

The acoustic pressure of �rst order is

p(1) = c2 � (1) (2.12)

with c being the speed of sound.
The �rst order velocity �eld v(1)

i can be approximated as

v(1)
i =

@�(1)

@xi
+ � kli

@ (1)
l

@xk
(2.13)

where� is the scalar velocity potential, i the vector velocity potential,
and � kli the Levi-Civita symbol to express the curl of the vector velocity
potential in index notation. Furthermore, the scalar can be split up into
the contributions from the incident velocity potential� in and the scattered
velocity potential � sc

� (1) = � in + � sc: (2.14)

For the derivations we assume an axisymmetric incoming �eld and with
the wavevectork pointing along theez direction (see Figure 2.2). Addi-
tionally, we use spherical coordinatesr; � , and ' with the origin at the
center of the particle in its equilibrium con�guration (see Figure 2.3).
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For the general case, the scalar incident velocity potential can be repre-
sented as

� in = exp ( � i !t )
1X

n=0

An j n (kr ) Pn (cos � ) (2.15)

where! = 2� f ex is the angular frequency of the incoming acoustic wave,
t the time, An the amplitude of the incoming wave,j n (� ) the n-th order
spherical Bessel function of �rst kind,Pn (� ) the Legendre polynomial of
order n, and k the wavenumber

k =
!
c

1
q

1 � i !
� (0) c2

�
� B + 4

3 � f
� : (2.16)

The amplitudesAn of Equation (2.15) are known by the type of inci-
dent wave (traveling, standing, spherical).� sc and  (1)

i can be separated
into two independent di�erential equations. For� sc we take �rst Equa-
tion (2.14) and plug it into the mass conservation Equation (2.9). With
the property that the divergence of the curl is equal to zero

@
@xi

�
� kli

@� l

@xk

�
= 0 (2.17)

and the de�nition of the �rst order pressure Equation (2.12) one can elim-
inate  i completely

@p(1)

@t
= � (0) c2 @2� (1)

@x2i
: (2.18)

The next step is to take Equation (2.18) and plug it into the partial time
derivative (@�

@t) of Equation (2.10). This results in a wave equation which
can be further simpli�ed because we assume time harmonic acoustics �elds
(vi / exp� i !t ) that have the property@vi

@t / � i ! and @2vi
@t2 / ! 2

� (0) @2v(1)
i

@t2
= � (0) c2 @

@xi

 
@2� (1)

@x2j

!

+ �
@2

@x2i

 
@v(1)

k

@t

!

+
�

� B +
�
3

� @
@t

 
@

@xi

 
@2� (1)

@x2j

!!

:

(2.19)
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Figure 2.3 � Sketch of Cartesian and spherical coordinate system

The last step is to take the divergence of Equation (2.19) to eliminate
 (1)

i . Finally, the equation for� (1) is given as a Helmholtz equation

@2� (1)

@x2i
+ k2 � (1) = 0: (2.20)

Instead of taking the divergence of Equation (2.19) but taking the curl
one gets a Helmholtz equation for (1)

i

@2 (1)
j

@x2i
+ k2

v  (1)
i = 0 (2.21)

by using � kli
@

@xk

�
@�
@xl

�
= 0 (curl of the gradient of a scalar). In Equa-

tion (2.21) kv is called the viscous wavenumber and is de�ned as

kv =
1 + i

�
= (1 + i)

s
! � (0)

2� f
(2.22)

where� is also known as the viscous boundary layer (VBL) thickness.
With the requirement that the solutions to Equations (2.20) and (2.21)

satisfy Sommerfeld's radiation condition and using multipole expansion
one �nds

� sc = exp ( � i !t )
1X

n=0

� n An hn (k r ) Pn (cos� ) (2.23)

and

 (1) = exp ( � i !t ) e'

1X

n=1

� n An hn (kv r ) P1
n (cos� ) (2.24)
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where � n and � n are constants de�ned by the boundary conditions,e'

the unit vector of the spherical coordinate system (see Figure 2.3),hn (� )
the spherical Hankel functions of the �rst kind, andP1

n (� ) the associated
Legendre polynomial. The sum of Equation (2.24) starts withn = 1
because� 0 = 0.

The boundary condition for the combination of a rigid spherical particle
and a viscous �uid is that the velocity of the particlevp at the surface
must match the �uid velocity there

vi; 
uid = vi; p at r = R: (2.25)

Using Newton's second law, the �rst order stress tensor, and the equilib-
rium particle surfaceS(0) as integration boundary such that the formula
is accurate up to �rst order, one �nds

4
3

� R 3 � p
| {z }

m

dv(1)
i;p

dt| {z }
a

=
Z

S(0)

� (1)
ij ni dS(0) (2.26)

where� p is the particle density, one �nds the particle velocity along the
direction of the wave vectorek as

v(1)
p =

� (0)A1k
x

[j 1 (x) + � 1h1 (x) + 2 � 1h1 (xv)] exp (� i !t ) (2.27)

with x = kR and xv = kvR.
In order to calculate the unknown constants� n and � n one needs to

enforce the boundary condition of Equation (2.25) for everyn separately.
Besides forn = 1, vp is always zero because the multipole expansion for
a rigid particle has only a dipole contribution; forn = 1, v(1)

p is given by
Equation (2.27).

For n = 0 and n = 1 the constants� 0; � 1; � 0; and � 1 are

� 0 = �
j 1 (x)
h1 (x)

(2.28a)

� 0 = 0 (2.28b)

� 1 = �
1
� 4

�
� 1 � 3 + 2(1 � ~� 2)j 1 (x) h1 (xv)

�
(2.28c)

� 1 = �
1 � ~�

� 4
[� 1 h1 (x) � � 2 j 1 (x)] (2.28d)
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Parameter Symbol Value Unit

Fluid
Density � f 1000 kg m� 3

Speed of sound cf 1500 m s� 1

Dynamic viscosity (25� C) � f 0.89 mPa s
Bulk viscosity (25� C) � B 2.47 mPa s

Particle
Density � p 1850 kg m� 3

Radius R 1.03 µm

Acoustic Field
Wavetype travelling -
Pressure pa 100.0 kPa
Frequency f ex 1.0 MHz

Table 2.1 � Symbols and physical properties of the �uid, the particle, and the incident
acoustic wave.

where~� = � f=� p and

� 1 = ~� j 1 (x) � ~� j 0
1 (x) (2.29a)

� 2 = ~� h 1 (x) � ~� h 0
1 (x) (2.29b)

� 3 = (1 + 2~� ) h1 (xv) + xv h0
1 (x) (2.29c)

� 4 = � 2 � 3 + 2
�
1 � ~� 2� h1 (x) h1 (xv) (2.29d)

where the prime� 0 indicates the di�erentiation, e.g.j 0
n (xv) = dj n (xv )

dxv
.

For n > 1, one �nds the coe�cients � n and � n to be

� n = �
1
� n

[n(n + 1) j n (x) hn (xv) � x
 nj 0
n (x)] (2.30a)

� n = �
1
� n

[xj 0
n (x) hn (x) � xj n (x) h0

n (x)] (2.30b)

with


 n = hn (xv) + xvh0
n (xv) (2.31a)

� n = xh0
n (x) 
 n � n(n + 1) hn (x) hn (xv) : (2.31b)

Note here, that Equations (2.28c), (2.28d), (2.29c), (2.29d) and (2.30b)
are di�erent from the equations in Doinikov [46] (Equations (3.14), (3.15),
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2.3. Second Order Solution

(3.18), (3.19), and (3.21), respectively). We discovered these typos in the
original publication and discussed it more extensively in Fankhauseret
al. [56] with agreement of the author himself.

With the solution to the constants� n and � n the �rst order velocity
�eld for a rigid spherical particle and a viscous �uid is solved. The �eld
inside the particle has the same magnitude and direction for all points be-
cause the particle is modeled rigid and therefore it is only able to perform
rigid-body motion. The rigid-body mode in the multipole expansion is the
dipole mode (n = 1). Since the boundary conditions enforce a matching
velocity at the particle-�uid interface, the whole �rst order �uid velocity
solution is also dominated by that mode. This is also depicted in Fig-
ure 2.4 where the �uid velocity for water and a silicium dioxide particle
(SiO2) for the sum of all modes throughn = 5 and the �uid velocity only
of the �rst mode n = 1 is computed. Figure 2.4a and Figure 2.4b are
indistinguishable from each other meaning that the solution to the whole
�rst order velocity �eld is due to the rigid-body mode in the multipole
expansion.

2.3. Second Order Solution

Similar to the �rst order equations one can collect all terms up to second
order. The general mass conservation (Equation (2.4)) transforms to

@�(2)

@t
+

@
@xi

�
� (1) v(1)

i + � (0) v(2)
i

�
= 0 (2.32)

and the second order Navier-Stokes (Equation (2.6)) becomes

� (1) @v(1)
i

@t
+ � (0) @v(2)

i

@t
+ � (0) v(1)

j

@v(1)
j

@xj
=

@�(2)
ij

@xj
(2.33)

where the second order stress tensor (Equation (2.3)) is

� (2)
ij = � f

"
@v(2)

i

@xj
+

@v(2)
j

@xi

#

+
�
� B �

2
3

� f

�
@v(2)

k

@xk
� ij � p(2) � ij : (2.34)

For the second order velocity �eld one is usually interested in the time-
average of this �eld. This steady-state is referred to as AS �eld. Applying
the time-average to Equations (2.32) and (2.33) and using the property
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(a) Modes up to n = 5
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(b) Single moden = 1

0

2

4

x =
R

!t = 0 � !t = 0:2�

0

2

4

x =
R

!t = 0:4� !t = 0:6�

� 4 � 2 0 2 4
0

2

4

z=R

x =
R

!t = 0:8�

� 4 � 2 0 2 4
z=R

!t = 1:0�

10

20

30

40

50

60

70

A
co

us
tic

V
el

o
ci

ty
� � v

(1
)� �

[m
m

s�
1 ]

Figure 2.4 � First order absolute �uid velocity �eld at di�erent time steps. For both
plots the same scaling applies. a) all modes up ton = 5; b) single mode forn = 1.
Material properties for the particle and the �uid are given in Table 2.1. The plotted
data is generated with the Python moduleosaft [56].

20



2.3. Second Order Solution

that the time-average of the time-derivative of a bounded, di�erentiable
function is zero [14]

�
@
@t

g(x; t)
�

= lim
� ! T

�
1
�

(g(x; � ) � g(x; 0))
�

= 0; (2.35)

one can simplify the second order mass conservation and second order
Navier-Stokes equation further to

@
@xi

�D
v(2)

i

E�
= �

1
� (0)

@
@xi

�D
� (1) v(1)

i

E�
(2.36)

and *

� (1) @v(1)
i

@t

+

+ � (0)

*

v(1)
j

@v(1)
j

@xj

+

=
@

@xj

�D
� (2)

ij

E�
: (2.37)

Note here, that the �rst term on the left hand side of Equation (2.37)
does not vanish. Taking the partial time derivative of the time-averaged
product of the two �rst order �elds

�
� (1) v(1)

i

�

�
@
@t

�
� (1) v(1)

i

� �
=

�
v(1)

i
@�(1)

@t

�
+

*

� (1) @v(1)
i

@t

+

(2.38)

and re-arranging it to
*

� (1) @v(1)
i

@t

+

=
�

@
@t

�
� (1) v(1)

i

� �

| {z }
=0

�
�

v(1)
i

@�(1)

@t

�

| {z }
6=0

(2.39)

reveals that the �rst term on the right hand side of Equation (2.39) van-
ishes because of the property explained in Equation (2.35) and the second
term is non-zero.

As for the �rst order �eld, the second order velocity can be decomposed
into a sum of a streaming velocity driven solely by the known incident
�eld and an unknown streaming velocity due to the scattered �eld

D
v(2)

i

E
=

D
v(2)

i; in

E
+

D
v(2)

i; sc

E
: (2.40)

The time-averaged second order incident �eld
D

v(2)
i; in

E
is the time-averaged

motion of the �uid without particle. For our assumption of a spherical
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Figure 2.5 � Schlichting and Rayleigh acoustic streaming for an one-dimensional
standing pressure wave (blue line) in a rectangular �uid cavity of widthW and heigth
H . Near the viscous boundary layer� (darker regions at the boundary) Schlichting
streaming (red arrows) is present and in the bulk of the �uid Rayleigh acoustic stream-
ing (olive arrows).

particle in an unbounded �uid, this type of AS is calledEckart streaming
named after Eckart [52] who derived it for the �rst time. However, this
type of AS is uncommon in MSAF devices because the �uid is always in
some kind of a cavity. The AS pattern that usually appears in MSAF de-
vices is a combination ofSchlichting streamingat the �uid-structure inter-
face andRayleigh streamingin the bulk of the �uid. Rayleigh streaming is
driven by the boundary near Schlichting streaming. This interaction of the
two streaming �elds is named after Schlichting [139] and Rayleigh [137],
respectively, and qualitatively depicted in Figure 2.5 for a plane standing
pressure wave with a single pressure nodal plane. Note here, that this
interaction can also occur at the particle-�uid interface. Depending on
the material parameter of the �uid and the particle, the streaming con-
tribution around the particle can become large enough and substantially
contribute to the total acoustic force [15]. In order to visualize any of the
mentioned streaming �elds, one needs to perform a numerical simulation
and solve for the time-averaged �elds.

The scattered �eld is � as before � decomposed into the gradient of a
scalar velocity potential and the curl of a vector velocity potential

D
v(2)

i; sc

E
=

@�(2)

@xi
+ � kli

@ (2)
l

@xk
: (2.41)
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2.4. Acoustic Radiation Force

The boundary conditions for the time-averaged second order velocity
�eld is de�ned at the particle-�uid interface and enforces the equality of
the second order Eulerian velocity to the negative Stokes drift

D
v(2)

i

E
= �

�
1

� i !
vj

@vi
@xj

�

| {z }
Stokes drift

at r = R: (2.42)

At this point we will not repeat the calculation to solve for the sec-
ond order velocity �eld. Interested readers are pointed to Doinikov [46]
Equation (4.1) through (4.34).

This time-averaged streaming �eld causes a force onto the particle in
the direction of the �ow which is known as Stokes' drag force

F drag
i = 


D
v(2)

i

E
= 6� R � f

�D
v(2)

i

E
� vi; p

�
(2.43)

where
 is also called Stokes' drag coe�cient andvi; p the particle velocity.

2.4. Acoustic Radiation Force

With the solution for the �rst and second order velocity �eld and hence
for the stress tensors of the respective orders one can calculate the ARF
with Equation (2.8). However, this formula and also the velocity �elds
are cumbersome to compute. It is cumbersome because the formula of
Doinikov [46] as well as the solutions to the velocity �elds are valid for
any axisymmetric incident acoustic wave �eld and are not restricted to
the ratios of the particle radius to the VBL thicknessR=� , the ratio of the
particle radius to the acoustic wavelengthR=� a = (Rf ex)=cf , and the ratio of
the VBL thickness to the acoustic wavelength�=� a.

But for most applications, �rstly, the particle radius is much larger than
the VBL thicknessR � � and, secondly, the acoustic wavelength is much
larger than the particle radius� a � R � � . This special parameter
regime is sill included in the solution of Doinikov [46], however, there
exist an easier formula for this regime. The most common formula for
those restrictions and an one-dimensional standing pressure wave is the
derivation by Gor'kov [71]. He derives the ARF on a particle which is
much smaller than the acoustic wavelength (R � � a). In his derivations,
he models the �uid as well as the particle as an inviscid compressible
�uid. The assumption of an inviscid �uid for the particle is extending
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Figure 2.6 � Sketch of one-dimensional standing pressure wave (blue line) in a �uid
cavity with width W, an acoustic wavelength� a, and two types of particle; red (neg-
ative contrast factor � ), gray (positive contrast factor � ). The depicted mode is the
� -mode.

Doinikov [46] assumption of an rigid particle. Since the �uid is also mod-
eled as an inviscid �uid, no VBL can be formed. The ARF is de�ned as
the negative gradient of a potential

F rad
i = �

@
@xi

Urad (2.44)

whereUrad is the so-calledGor'kov potential. It is de�ned as

Urad =
4
3

� R 3
�

f 1

2
� f



p2

a

�
� f 2 � f



v2

i; in

�
�

(2.45)

where � f is the compressibility of the �uid and the so-called monopole
factor

f 1 = 1 �
� s

� f
= 1 � ~� (2.46)

with � s being the compressibility of the particle and where

f 2 =
2(~� � 1)
2~� + 1

(2.47)

is the so called dipole factor with~� = � p=� f [32, 71].
For a plane standing wave, where the wave vector is aligned withez,

(see Figure 2.2) the radiation force along theez axis can be computed
as [32]

F rad
z = 4� �(~�; ~� ) k R3 Eac sin(2kz) (2.48)

where z denotes the position alongez and with the so called acoustic
energy density

Eac =
p2

a

4� fc2
f

(2.49)
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2.5. Acoustic Radiation Torque

and with the so-called acoustic contrast factor

�(~�; ~� ) =
1
3

f 1 +
1
2

f 2: (2.50)

From Equation (2.48) one can deduce the following interesting properties
of the ARF for a plane standing wave: a) the ARF scales with the volume
of the spherical particle; b) the ARF is sinusoidal with double the period
of the incident acoustic wave; c) depending on the sign of�(~�; ~� ) the ARF
changes the sign; d) particles with�(~�; ~� ) = 0 are acoustically� a invisible
and not a�ected by the ARF.

Particles with a positive acoustic contrast factor�(~�; ~� ) > 0 are dis-
placed by the ARF towards the pressure nodes (gray particles in Fig-
ure 2.2) and particles with a negative acoustic contrast factor�(~�; ~� ) < 0
are displaced towards the pressure antinode (red particle in Figure 2.2).

2.5. Acoustic Radiation Torque

Equation (2.48) is valid for an one-dimensional pressure wave. However,
for the con�guration of two one-dimensional pressure waves which are
orthogonal to each other a two dimensional pressure �eld is formed (see
Figure 2.7). With the assumption that the object dimension is much
smaller than the acoustic wavelength of both pressure �elds separately,
the particles with positive acoustic contrast factor (� > 0 ) will be
displaced into the pressure nodes of the two superposing pressure waves
and the particles with negative acoustic contrast factor in the superposed
pressure antinodes.

Besides the translation of the objects to the equilibrium pressure posi-
tion some of them will also rotate due to their non-spherical shape (see
Figure 2.7). No analytical closed form solution exists for the radiation
torque exerted onto the objects [101].

Not only non-spherical objects can rotate due to the acoustics, but also
spherical particles can rotate in an orthogonal two dimensional pressure
wave �eld if two conditions are met: 1) the viscous losses inside the VBL�
around the particle are high enough; 2) the excitation of the two pressure
waves is phase shifted.

If the two conditions are met, then the by� phase shifted excitation will
lead to a local time-averaged streaming in the VBL of the particle that
initiates the rotation. The �nal rotational velocity is when the particle
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Figure 2.7 � Sketch of a two dimensional orthogonal pressure �eld in a �uid cavity
of width W and length L with phase di�erence� and acoustic excitation frequency! .
Particles gather in pressure nodes (� > 0) along respective direction. Additionally,
non-spherical particles rotate with angular velocity
 ( � ).

accelerating torque form the local streaming �ow equals the opposite di-
rected Stokes' rotational drag torque [101]. This rotational velocity is �
amongst other parameters � proportional to the phase shift� . Therefore,
� + � =2 will cause rotations opposite to a phase shift of� . For neighboring
superimposed pressure nodes alongex or ey the rotational direction is also
opposite. We will discuss this kind of particle rotation more extensively
in Chapter 6.
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CHAPTER 3
Theoretical Background: Optics

The interaction of light with any other object is described with a set
of equations called theMaxwell equations. This set of equations fully
captures and describes the electromagnetic wave nature of light. These
equations relate point wise the electric wave vectorE, the magnetic in-
duction B , the electric current densityJ, the electric displacementD ,
and the magnetic vectorH with each other for objects where the physical
properties are continuous in the neighbourhood of the point of interest [28]

r � H �
1
~c

@
@t

D =
4�
c

J (3.1a)

r � E +
1
~c

@
@t

B = 0 (3.1b)

r � D = 4�� E (3.1c)

r � B = 0 (3.1d)

with ~c being the speed of light and� E the total electric charge density.
Although, Equations (3.1a) to (3.1d) describe the behavior of light to great
extent, it is often more convenient to think of light as a collection of single
rays. The last missing equation to solve the stated problem fully is the
material equation which describes the behavior of the material while being
under the in�uence of the �elds [28]. In the limit of a vanishing small light
wavelength� l compared to the object sizeR, the approximation of light as
single rays is valid [29]. This branch of optics describing the propagation
of light is often calledRay Optics.

Our laser has a wavelength of� l = 785 nm and the smallest object we
use has a radius ofR = 1:03µm. The ratio 2R=� l � 2:6 is close to unity and
the application of ray optics in our case might be questionable. However,
previous work with our optical trap [98, 101, 104] has shown that the ray
approximation is a reasonable approach for our setup.
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Figure 3.1 � Schematic of light path from laser head to quadrant photo detectors
(QPDs). In the top half red shading and the black lines outline the laser intensity
pro�le qualitatively. In the bottom half just the most outer laser rays are depicted.

3.1. Experimental Setup

Before highlighting important parts from ray optics it is advantageous
to understand our optical trapping setup which is based upon the work
of Arthur Ashkin [7�12]. Figure 3.1 depicts a basic schematic of the laser
path from the laser source to the quadrant photo detectors (QPDs) in
the back focal plane. A complete overview of our setup with a list and
explanation of every used part is available in [101]. In the following, we
will highlight the path of the light from the laser source to the QPDs.

Our laser diode emits a tightly con�ned laser beam in the non-visible
near-infrared regime with a wavelength of� l = 785 nm and a maximal
power ofP = 200 mW. This laser pro�le is axisymmetric with respect
to the light propagation direction and can be visualized with a rotating
Gaussian bell curve (TEM00). Next, the beam is expanded such that it
is much larger than the opening of the microscope housing. The magni-
tude of the trapping forces are proportional to the laser intensity of the
beam. The biggest contribution to the total trapping force stems from
the outer parts of the beam because greater incident angles are present
there. Therefore, the beam is broadened before guiding it to the focusing
lens. The opening of the microscope is over�lled by the broadened beam
such that the laser intensity is cut o� and can be approximated with a
�at-top pro�le. Hence, every light ray (also the ones contributing most to
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3.2. Optical Trap Calibration

the total trapping force) carry the same power.
The next step is the focusing of the beam with a high numerical aperture

(NA) oil immersion lens. At the focal point, the actual trapping of the
particle occurs. If also the position of the trapped object relative to the
focal point is of interest and not only the trapping of particles, the laser
beam needs to be investigated further after the trapping. The relative
particle movement within the trap changes the path of the beam ever
so slightly that this de�ection contains the necessary information for the
movement analysis. In order to image the movement in all three spatial
directions the beam is collimated again by the condensor lens after it
passed by the particle and is �ltered to reduce its total intensity to prevent
damage of the QPDs. Before the beam is focussed, it is split into two
parts because the axial movement detection forez (QPDz) and the in
plane movement detection forex andey (QPDxy) have inherently di�erent
working principles.

If the particle moves within the trap the spot on the QPDxy will also
move. By measuring the voltage on each quadrant of the QPDxy and
summing and subtracting certain quadrants it is possible to retrieve the
information about the movement in each direction separately. For the
axial direction the opening of the QPDz is over�lled. An axial movement
of the particle causes a change of total intensity on this QPD. By measur-
ing the QPDz total intensity we have the information about the relative
particle movement within the trap along the axialez-direction [57]. For a
conversion of the measured voltage to meter the OT needs to be calibrated.

In the following, we will always assume water as �uid medium and silicon
dioxide (SiO2) as particle material. All calculations are also applicable to
other �uid-particle material combinations with adapted material parame-
ters.

3.2. Optical Trap Calibration

There exist di�erent methods to calibrate an OT. A discussion of dif-
ferent calibration options is available from Svobodaet al. [146] and Jun
et al. [90]. Our calibration is based on the passive power spectrum of a
trapped particle that is still moving due to Brownian motion. The motion
of the trapped particle is described by


 _qi + � i qi = FLangevin;i (t) (3.2)
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Figure 3.2 � Fast Fourier Transform (FFT) of over 10 cycles averaged Brownian
motion (blue) along the ex direction from a trapped SiO2 particle with of 1:03µm.
The gray shaded region20 Hz to 6000 Hzdepicts the data points taken for the �t
(red). The sampling frequency of the DAQ system is1:25 MHz and the frequency
resolution � f = 2 Hz.

whereqi is the position of the trapped particle along any of the orthogonal
directionsex ; ey andez, 
 is Stokes' drag coe�cient,� i the sti�ness of the
OT, and FLangevin;i (t) the time dependent Langevin force. The correction
by including the inertia termm•qi for the calculation is negligible small
because the particle masses are negligible small.

By solving Equation (3.2) in the frequency domain one �nds

q̂i (f ) =
F̂Langevin


 (2�f c;i � i2�f )
(3.3)

where�̂ denotes a quantity in the frequency domain andf c;i the cut o�
frequency. Taking the Lorentzian power spectrum of Equation (3.3) and
using the relation �

�
�F̂Langevin

�
�
�
2

= 2 
 C BoT (3.4)

whereT is the temperature andCBo the Boltzmann constant the Lorentzian
power spectrum of Equation (3.3) is [101]

F i =
CBoT

2� 2

�
f 2

c;i + f 2
� : (3.5)

The power spectrum of the trapped particle resembles the curve of a low-
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3.3. Ray Optics

pass �lter and can, hence, be �tted to

FLowpass;i (f ) =
A0

f 2 + f 2
c;i

(3.6)

where A0 is the amplitude at f = 0. Figure 3.2 depicts qualitatively
the Fast Fourier Transform (FFT) of the Brownian motion alongex of
a trapped SiO2 particle with 1:03µm radius and water as surrounding
medium, as well as, the �tted lowpass curve and its �tting parameter.
The FFT and the �t of the Brownian motion alongey is very similar to
the depicted one because the in-plane optical potential is axissymmetric to
ez. Since it is known, that the OT is weaker along the axialez direction,
a FFT of the Brownian motion alongez looks qualitatively the same to
the one in Figure 3.2 but shifted a little to lower frequencies; hence, the
respectivef c;i frequency is also less.

With the �tting parameters A0 and f c;i it is possible to calculate the
sti�ness of the OT [101]

� i = 2� 
 f c;i ; (3.7)

as well as the conversion factor

� i =
1

�f c;i

s
CBoT

A 0

(3.8)

which has the unit [m V � 1] and converts the measured voltage at the QPDs
to a particle displacement relative to the trap center. For Equation (3.8)
the Equiparation Thoerem [154] is utilized which relates the product of
the time-averaged variance of the trapped particle position with the OT
sti�ness to its energy content.

� i


q2

i

�
= CBoT: (3.9)

3.3. Ray Optics

As mentioned before, in the regime of ray optics the propagation of light
is visualized by single rays. The interaction of a single ray at an interface
is then studied geometrically. The de�ning property for ray optics is
the so called refractive indexn. Light travels at the speed of light~c =
299 792 458 m s� 1 in vacuum. Outside of vacuum the speed of light has
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a smaller magnitude. The refractive index relates the speed of light of
vacuum~c to the speed in any other material~c�

~c� =
~c

n�
: (3.10)

Since there is nothing faster than the speed of light in vacuum, the refrac-
tive index n cannot be smaller than 1. This index is not constant for one
material but a function of the wavelength� l. Additionally, the refractive
index is in general a complex quantity

jnj � 1 ^ n := n(� l) = n0(� l) � in00(� l) (3.11)

wheren00is called the extinction coe�cient [87]. The absorption coe�cient
for the light intensity [83]

� =
4�fn 00

~c
=

4�
� l

n00 with � l =
~c
f

(3.12)

converts the dimensionless quantityn00 into a physical parameter with
unit m� 1 and is a measure for the absorbed energy per distance; a higher
value implies higher absorption per traveled distance. After a distance of
� (� l)

� 1 the ray intensity with wavelength� l decreased by 63.2%. Fig-
ure 3.3 depictsn and � of water for di�erent wavelengths� l. Whereas the
real part of the refractive index is about constant for� l > 400 nm, the
absorption coe�cient changes its value over 4 orders of magnitude in the
same interval.

Any ray of any wavelength is attenuated when propagating through a
medium. TheBeer-Lambert Law

I (s) = I 0 exp(� �s ) (3.13)

captures the change of intensity while moving along the paths whereI 0

is the intensity at the start of the path. E.g. in a depth of approximately
1 km it is completely dark in the ocean because all the intensity of the
sunlight is attenuated there.

With the real part of the complex refractive indexn(� l), it is possible to
de�ne the most important relation in the ray optics regime:Snell's Law
(see also Figure 3.4) is

nf sin� i = ns sin� t : (3.14)
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3.3. Ray Optics

Figure 3.3 � Index of refraction n0 and absorption coe�cient � for water over the
wavelength� l . Data taken from [77, 141].
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Figure 3.4 � Visualization of Snell's Law for rays at an interface of two media with
di�erent refractive indices n� .
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This law connects the angle of incident� i with the transmitted angle� t

at an interface of two di�erent media with refractive indicesnf and ns,
respectively. This law is based on the fact that a ray of light travels on
the fastest and not the shortest path between two points [29]. The angle
of the re�ected ray is equal to the incident angle (� r = � i).

Another angle of special interest is the angle of total internal re�ection

� TIR = sin � 1 ns

nf
(3.15)

For incident angles of this magnitude or greater (� i � � TIR ), no ray is
transmitted into the other medium; only re�ection is occurring. It can
only occur if the index of refraction of the incident medium is greater
than the transmitted medium (nf > n s in Figure 3.4) otherwise the ratio
nf=ns of Equation (3.15) is always smaller than unity and there is physically
no total internal re�ection possible.

Equation (3.14) calculates in which direction a ray will travel after an
interface of two media. The intensity amplitude of the re�ected and trans-
mitted rays can be computed with the so calledFresnel Equations[28,
87]. Although we think of light as rays, the theory behind those equations
is based on the electromagnetic wave character of light. For time har-
monic electromagnetic waves the amplitude of the incident electric wave
vectorjE i j to the transmitted electric wave vectorjE t j and to the re�ected
electric wave vectorjE r j is related byr i and t i at the interface of the two
media

jE r j = r i jE i j (3.16a)

jE t j = t i jE i j (3.16b)

where the subscripti can either bei = p for p-polarized light ori = s for
s-polarized light [28, 87]. �p� and �s� stand for the German words �parallel�
(parallel) and �senkrecht� (perpendicular), respectively. They refer to the
orientation of the incident electric �eldE i to the plane of incidence. For
the special cases of �p� and �s� polarized light the Fresnel coe�cient with
the assumption that both media are non-magnetic (� f = � s = � 0 = 1) [28]
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3.3. Ray Optics

are

r s =
2nf cos� i

nf cos� i + ns cos� r
(3.17a)

ts =
nf cos� i � ns cos� r

nf cos� i + ns cos� r
(3.17b)

rp =
2nf cos� i

ns cos� i + nf cos� r
(3.17c)

tp =
ns cos� i � nf cos� r

ns cos� i + nf cos� r
: (3.17d)

The Fresnel coe�cients relate the amplitudes of the transmitted and re-
�ected electrical �eld to the incident electrical �eld. In general, the sum
of r i and t i does not add up to one.

For Section 3.4, it is necessary to know how much of the incident power
Pi is transmitted and how much is re�ected. The powerP = IA is a
product of the intensity I and the areaA the power is acting on. The
intensity is de�ned as the time-average of the Poyting vectorS

I = hjSji = hjE0 � H 0ji =
1
2

n
Z0

jE0j
2 =

1
2

n c�0 jE0j
2 (3.18)

whereZ0 is the electrical impedance of free space and� 0 is the vacuum
permittivity. With Equations (3.17a) to (3.17d) the amplitudes of the
electrical �elds at the interface are de�ned. With the relation for the
distancew of two parallel rays at the interface (see also Figure 3.4)

w =
wi

cos� i
=

wr

cos� r
=

wt

cos� t
(3.19)

and the scaling of the power

P = IA / n jE0j
2A / n jE0j

2w� (3.20)

one can calculate the re�ectanceR i as the ratio of the re�ected powerPr

to the incident powerPi as

R i =
Pr

Pi
=

I r nf wr

I i nf wi
=

jr i E0j
2

jE0j
2 = r 2

i (3.21)
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where again the italici in the subscript (� i ) indicates the polarization.
Similarly one �nds the transmittanceTi as

Ti =
Pt

Pi
=

I t ns wt

I i nf wi
=

jt i E0j
2

jE0j
2

ns wt

nf wi
= t2

i
ns cos� t

nf cos� i
: (3.22)

For unpolarized rays one can take the arithmetic average of� s and � p

polarization values. Other than the Fresnel coe�cients the sum of the
re�ectanceR and the transmittanceT for one angle of incidence need to
be unity

R + T =
R s + R p

2
+

Ts + Tp

2
= 1 (3.23)

because the incident powerPi is either re�ected or transmitted

Pi = Pr + Pt = Pi (R + T ) : (3.24)

3.4. Laser Induced Temperature Change

A laser is a coherent beam of electromagnetic waves of a single wave-
length � l. Intensities with the orders ofMW m � 2 and more are common.
For comparison, the average intensity of the sun on to the earth in Central
Europe is about1:36 kW m� 2, and the laser of our setup has with its peak
power of200 mW and a speci�ed beam diameter of1 mm a maximal in-
tensity of about0:25 MW m� 2. As described with the Beer-Lambert-Law
(Equation (3.13)) some of the laser intensity is attenuated while traveling
through a medium. The attenuation of intensity will lead to an increase
of temperature in the absorbing medium and, hence, to a change of the
viscosity in the �uid. This viscosity change might lead to wrong force
measurement results because the calibration parameters� i and � i and,
therefore, the absolute measured force dependent on the �uid viscosity.

The intensity of a focused laser is highest in the region of the focal
point because all of its power is con�ned to a small area with a width of
about one wavelength. Direct temperature measurements in the vicinity
of the focussed laser and the particle are up to now not possible due to the
microscopic region of interest up. Precise knowledge of the temperature
change is not only of interest for the calibration process of the OT but
also for objects that need to stay below a certain temperature, e.g. living
cells.
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3.4. Laser Induced Temperature Change

We tried unsuccessfully to measure the laser induced temperature change
with temperature sensors that were sputtered onto the bottom of the chan-
nel by Werr et al. [157]. However, the material of those sensors were ti-
tanium and platinum with layers in thenm range. Both materials have
optical absorption coe�cients� at our laser wavelength which are about
7 orders of magnitude greater than the absorption coe�cient of water. In
order to utilize these kind of sensors the distance between the OT focal
point and the sensors must be large enough such that no rays are hitting
the sensor surface. If rays are hitting the sensor surface the measured
temperature increase is due to the heating of the sensor itself and not the
e�ect of a changed temperature of the surrounding �uid. At distances
where it is expected that no laser ray will hit any sensor surface the ex-
pected temperature increase is so little that it cannot be distinguished
from noise in the data of the measurement and is, hence, not conclusive.

Therefore, we will �rst discuss in the following sections the current re-
search regarding temperature increase in OTs, discuss the path of a ray
through the particle, and then motivate a temperature calculation based
on simple ray optics that can approximate the laser induced heating at
the focal point in the trapped particle for our experimental setup.

3.4.1. State of the Art

In 1995, Liuet al. [113] measured the temperature dependent change in
the �uorescence of biological cells while being trapped with a wavelength of
� l = 1064 nm. They found a linear relation between temperature increase
and applied laser power of about15� C W � 1. In addition, they solved the
heat problem also analytically. For that, they neglected the trapped object
and modeled it as water because their cells of interest consisted mainly of
water. The experiments as well as the analytical solution show an almost
instantaneous change in temperature after the laser was switched on.

In 2000, Cellierset al. [39] measured the local change in the index of
refraction for water while being subjected to a laser with a wavelength
of 985 nm. During the measurements no objects were trapped in the
laser focus. They measured a temperature increase of4 � C with a laser
power of55 mW in the focus of the laser leading to a heating coe�cient
of 72� C W � 1. An analytical model that utilized an improved source term
compared to [113] validated their results.

In 2003, Petermanet al. [133] measured with a OT of� l = 1064 nm

37



Chapter 3 � Theory: Optics

wavelength the e�ects of the temperature increase in the vicinity of the
laser focus. A change of temperature in the �uid will lead to a change of
the �uid viscosity. The viscosity change alters the calibration parameters
of the OT. By �tting the calibration parameters for di�erent laser powers
to the theoretical relation they found a temperature increase of roughly
8 � C W � 1 for water as �uid medium and silica beads as trapped objects.
More interestingly, their analytical model revealed that most of the heat
absorption is in the �uid rather than the trapped object. In addition,
usual glass coverslips act as fast heat conductor compared to water such
that measurements close to the top or bottom surface of the �uid cavity
lead to a less temperature increase than in the bulk of the �uid.

In 2015, Moreauet al. [121] injected Rhodamine B (RhB) in cells to
measure the temperature change of an OT with� l = 800 nm wavelength.
RhB is a temperature sensitive dye which changes its �uorescence lin-
early with the temperature. Since they injected the RhB into the cell the
measured temperature di�erence was close to the focal point. As before,
the increase of the temperature occurred almost instantaneously and was
about 9 � C W � 1.

Lastly, in 2017, Catalàet al. [37] studied the e�ects of di�erent experi-
mental parameters (NA, material of trapped object, distance to coverslips,
object radius) to the magnitude of the temperature increase with an OT
of � l = 1064 nm wavelength. A numerical model validated their exper-
imental �ndings. Their source term which is an extension to Peterman
et al. [133] took account of the NA, the �nite focal spot size, and the
wavelength of the laser itself. In agreement to the others they found the
heat increase to be about20� C W � 1.

All of the aforementioned studies (see also Table 3.1) validated in their
experiments the linear relation of the applied laser power to the increase
in temperature. Also, they showed that the temperature change occurs
almost instantaneously and that a steady state without any further tem-
perature increase is established in the range of a fewms. In addition,
they agree that the main absorption occurs in the �uid medium (water
or glycerol) rather than the trapped object itself because the absorption
coe�cient of the �uid � f is greater than of the particle� s for PS or silica.
Besides Moreauet al. [121] and Cellierset al. [39] all studies operate at
a wavelength of1064 nm. Our OT operates at785 nm and the absorp-
tion coe�cient � f for this wavelength and for water is about one order
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3.4. Laser Induced Temperature Change

Author � Heating Mat. Exp. Ana. Num.
[nm] [� C W � 1]

Liu et al. [113] 1064 15 Cells X X
Petermanet al. [133] 1064 8 Si X X
Català et al. [37] 1064 20 Si X X X
Cellierset al. [39] 985 72 - X X
Moreauet al. [121] 800 9 Cells X

Table 3.1 � Overview of studies to laser induced heating in OTs. Mat.=Material
type of the trapped object, Ex.=Experimental part, Ana.=Analytical model,
Num.=Numerical model

of magnitude smaller than it is at1064 nm, � f (785 nm) � 2:14 m� 1 and
� f (1064 nm)� 15:4 m� 1 respectively (see Figure 3.3).

Besides the results of Petermanet al. [133] the measured temperature
increase is larger for the wavelength of1064 nm. The magnitudes of the
respective absorption coe�cients� � (15:4=2:14 � 7:2) suggest a seven times
greater heating for the1064 nmwavelength. However, only the results of
Cellierset al. [39] compared to Moreauet al. [121] match this interpola-
tion. But Celliers et al. [39] used an inherently di�erent method for ap-
proximating the temperature increase where no object was trapped during
the measurement. Despite having contradicting results, we take a heating
value of10� C W � 1 for water and our wavelength of785 nmas given for
the following section if the focus of the OT is at least10µm away from any
surrounding surface. With a peak power of0:2 W the water temperature
will not increase by more than2 � C for our OT setup.

3.4.2. Ray Path through Particle and absorbed Energy

Before approximating the heat distribution inside the trapped particle
with ray optics, it is necessary to investigate the path of the ray through
the particle. In Figure 3.5 a ray with powerP (1)

i is incident on the particle
surface in pointA. The direction of the ray is towards the focal pointf
which is slightly above the middle pointM of the particle because the
stable trapping position is the equilibrium of the trapping forces towards
the point f , the repulsive radiation forces from the laser beam, and gravity.
We denote the distance between the sphere centerM and the focal point
f with R0. Because of the di�erent refractive indices of the �uidnf and
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the particle ns the ray gets de�ected inside the particle. The transmitted
angle� t can easily be computed with Equation (3.14). However, for that
the incident angle� i must be known.

M

A

N

P (1)
i

P (2)
t

P (1)
t = P (2)

i

P (2)
r = P (3)

i

� 1
t

� 2
i� 2
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R
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�

n

n
particle

ns

�uid
nf

Figure 3.5 � Schematic of ray path through particle.

With the convergence angle� (see Figure 3.6) and the sine-law

sin
�

�
2 � �

�

R
=

sin� i

R0 (3.25)

one can compute� i as function of� . The angle� is an input parameter
and therefore known. The maximal convergence angle� max is evaluated
by the de�nition of the NA

CNA = nf sin� max: (3.26)

Our lens has aCNA of 1.27 and water has a refractive index ofnf = 1:33
(see Figure 3.3) and therefore our maximal convergence angle� max � 72� .

By knowing � 1
t the path of the ray inside the particle is determined.

At the next intersection point of the ray with the particle surfaceN ,
the ray is again partly transmitted into the �uid and partly re�ected.
Since the triangle4 AMN is an isosceles triangle (two sides have the same
length R) and since per de�nition the re�ected angle equals the incident
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3.4. Laser Induced Temperature Change

angle, all internal re�ection angles for one ray have the same magnitude
(� 1

t = � n
i = � n

r for n > 1).
Now, the respective powers of one ray can be evaluated. The ray has the

incident powerP (1)
i with every re�ection it gets split into two portions.

With Equations (3.21) to (3.23) the powers after each re�ection is

P (1)
t = T

�
� 1

i

�
P (1)

i (3.27a)

P (2)
r = R

�
� 1

t

�
P (1)

t = P (1)
i T

�
� 1

i

�
R

�
� 1

t

�
(3.27b)

P (2)
t = T

�
� 1

t

�
P (1)
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�
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�
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(3.27c)

P (3)
r = R

�
� 1

t

�
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i = P (1)
i T

�
� 1
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�
R 2 �
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�
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Figure 3.6 � Sketch of incident ray onto particle surface.

If a particle is stably trapped the distanceR0 is aboutR0 � 0:1R [101].
During the trapping process and due to external forces this distances
changes. If the focal point is outside the particle, the forces from the
laser beam are too small to trap objects.

Figure 3.7 depicts the values of
 and � i, respectively, for di�erent com-
binations ofa and � . As pointed out before, the distanceR0 � 0:1R. For
this distance the maximal incident angle� i over the whole range of� is
less than10� .

Finally, we can estimate the total relative absorbed energy� by the par-
ticle. Equation (3.13) de�nes the intensity of a single ray after a distance
s. Hence the relative absorbed intensity over this length is

I abs = I 0 (1 � exp(� � s s)) : (3.28)
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The distances for one passage through the particle can be computed as
function of � as

s (� ) = 2 R cos� t = 2R cosf � t [� i (� )]g : (3.29)

And the power of a ray afterj re�ections inside the particle is

P (j )
i = P (1)

i Tf ! s (� i) [R s! f (� t )]
(j )

= P (1)
i Tf ! s (� i (� )) [R s! f (� t (� i (� )))] (j ) := P (j )

i (� )
(3.30)

where� f ! s indicates �uid-solid interface and� s! f the solid-�uid inter-
face. With Equations (3.28) to (3.30) the relative absorbed energy� inside
the particle can be approximated withN discrete values

� n =
n
N

� max with n 2 f 1; 2; : : : ; Ng: (3.31)

to be

� �
2�
N

NX

n=1

1X

m=0

f 1 � exp [� � s s (� n)]g P (m)
i (� n)

| {z }
Tf ! s(� n ) [R s! f (� n )](m )

(3.32)

where the factor1=N is due to the assumption that each ray has the same
incident power when hitting the particle surface and the factor2� for
considering the full volume of the particle. Per de�nition the re�ectance
R and the transmittanceT are smaller than 1. This property as well as

1X

m=0

� m =
1

1 � �
for j� j < 1 (3.33)

can be applied to Equation (3.32) to simplify the double sum to

� �
2�
N

NX

n=1

Tf ! s (� n) [1 � exp (� � s s (� n))]
1

1 � R s! f (� n)
: (3.34)

Figure 3.8 depicts the values forT and R for the �uid-particle interface
and the particle-�uid interface. Noteworthy is the fact, that for the oc-
curring incident angles� i � 10� the values ofR for both interface are less
than 3 � 10� 3. Therefore, most of the energy is transmitted and almost
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Figure 3.9 � Results of Equation (3.34) of SiO2 for various values ofR0=R and radii R
with N = 500. The optical absorption� s of SiO2 at � l = 785 nm is about2:08 m� 1 [94].

none re�ected. For example, the relative power after one internal re�ec-
tion and for an incident angle of� i = 10� is � 2:07 � 10� 3 P (1)

i and after
two internal re�ections already� 4:31� 10� 6 P (1)

i .
Figure 3.9 shows the relative absorbed energy� inside a particle for

various radiiR and distancesR0. As Figure 3.8 already suggested only a
little fraction of the trapping energy is absorbed by the SiO2 particle itself
with a refractive index ofns = 1:42.

3.4.3. Ray Optics Heat Approximation

With the knowledge of the relative absorbed energy� by the particle,
we solve the heat equation for the particle

r 2T =
1
�

@T
@t

�
q
K

(3.35)

whereT is the temperature inside the particle,q is the absorbed energy
per unit volume, K the thermal conductivity, and� the thermal di�u-
sivity. Going further, we neglect the time-dependence@T

@t = 0 because
all publications presented in Section 3.4.1 state that the heating occurs
within ms and the temperature does not change afterwards anymore

r 2T = �
q
K

: (3.36)

In addition, we assume a spherical particle and solve the problem with a
spherical coordinate system (see Figure 2.3) with its origin at the particle
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center. Additionally, we take the source termq to be constant throughout
the particle. Therefore, we neglect all partial derivatives with respect to
the angles' and � and solve a second order ordinary di�erential equation

1
r 2

@
@r

�
r 2@T

@r

�
= �

q
K

(3.37)

with only a r dependence and a constant source term. We complete the
problem, with two boundary conditions

@T
@r

�
�
�
�
r =0

= 0 (3.38a)

T

�
�
�
�
r = R

= T0: (3.38b)

The �rst one ensures that there is no heat �ux in and out of a single
point, the origin of the particle (r = 0). And the second boundary con-
dition �xes the temperature at the surface of the particle (r = R). It
implies that the temperature at the surface of the particle is constant
and, therefore, neither the surrounding mediums is in�uenced by the tem-
perature distribution of the particle nor vice-versa. Depending on the
material properties of the particle and its resulting temperature increase
this boundary condition might model a non-physical situation. However,
for SiO2 the optical absorption coe�cient� s is with a value of2:08 m� 1 at
� l = 785 nm [94] close to the absorption coe�cient of water (2:144 m� 1)
and, therefore, only a small temperature increase is expected where the
second boundary condition is still well applicable.

After two consecutive integration and the enforcement of the boundary
conditions one �nds the di�erence temperature to be

� T(r ) = T(r ) � T0 =
q

6K

�
R2 � r 2� : (3.39)

The average temperature increase over the whole particle is the volume
integral of Equation (3.39)

� T =
1
V

Z

V
� T(r ) dV =

1
15

q
K

R2: (3.40)

This can be further simpli�ed sinceq is the absorbed energy per unit
volume

q =
� P
V

=
3
4

� P
� R 3 (3.41)

45



Chapter 3 � Theory: Optics

60 60 60

45 45 45

30 30 30

15 15 15

1 5 10

50

100

150

200

R [µm]

P
[m

W
]

0

35

70

�
T

[m
� C

]

Figure 3.10 � � T of Equation (3.42) for various laser powersP and particle radii R;
K = 1:4 W m� 1 K � 1 for SiO2.

whereP is the incident power of the laser andV the volume of the particle.
Finally, the average temperature increase of the spherical particle is

� T =
1

20�
� P
R K

: (3.42)

Interestingly, Equation (3.42) seems to scale with/ 1=R. However, the
relative total absorbed energy� is also dependent onR because the trav-
elled distance of a ray within the particles increases with the particle size
linearly. But � scales with[1 � exp (� � s R)] and therefore the average
di�erence temperature� T is proportional to [1� exp(� � s R)]=R. This seems
counter-intuitive, that a bigger particle size lead to less temperature in-
crease. But it only holds for the average temperature di�erence� T, the
maximal temperature distributionTjr =0 (Equation (3.39)) increases with
the particle size (Tjr =0 / R2).

Figure 3.10 depicts the average di�erence temperature for various com-
binations of laser powerP and particle radiusR. With the information
given in the aforementioned experimental studies regarding the heating by
the laser and these ray optics motivated results for the heat distribution
inside the particle, we conclude that the increase in temperature around
and inside the particle for our setup is less than2 � C with the applied laser
power in the lowmW range. The main part is by the absorption of the
�uid around the particle

� T
uid � 0:2 W � 10� C W � 1 = 2 � C (3.43)

with a maximal available laser power of200 mW for our setup and the
SiO2 particle gets only further heated by values smaller than70 m� C.
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Having established an upper bound for the laser induced temperature
increase for water and SiO2 particles, we can estimate the e�ects of the
temperature increase to the absolute value of a measured force with the
OT. The parameter that changes the most by a change in the temperature
is the dynamic viscosity� f of the �uid. The viscosity is in general a
function of the temperature� f := � f (T). For our calibration routine
the absolute measured force of the OT scales with square root of the
�uid viscosity (jFj /

p
� f ). For the range of20� C to 30� C the dynamic

viscosity of water (exact formula from [133]) can be linearly approximated
with

� f (T) = 8 :9086� 10� 4 � 2:0277� 10� 5(T � 25): (3.44)

Temperature deviations of25� C � 2 � C lead to force magnitude errors
of less than� 2.5%. This percentage is acceptable small such that we
neglect the temperature induced viscosity change and use the ambient
room temperature as reference.

For a di�erent particle material, e.g. copper, with material parame-
ters of n0

Cu = 0:24891 [89], � Cu(785 nm) � 7:8 � 107 m� 1 [89], and
K Cu = 398 W m� 1 K � 1, the average temperature increase� Tcu using the
simpli�ed stationary heat equation with a laser power of100 mW, a par-
ticle radius of1:03µm, and R0 = 0:1 is about 24� C. With such a large
temperature increase just by the particle the stationary heat equation is
not able to fully capture the underlying physics. The heat �ux at the par-
ticle surface into the surrounding medium is accounted for by the second
boundary condition (Equation (3.38b)). For particle materials which are
much more absorbing as the surrounding medium, numerical simulation
need to be implemented to calculate the laser induced heating and the
subsequent viscosity change.

3.5. Optical Position Detection

Besides trapping objects, the OT can also measure the relative move-
ment of the trapped object within the trap. After a calibration of the
OT, it is possible to convert the movement into the physical unit of meter
and then also convert it into a force with unit Newton. Besides tracking
the movement visually with, e.g., a high-speed camera, the most common
approach is to utilize QPDs. The latter is superior to the camera because
higher sampling rates are straightforward to achieve, less data is produced
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during the measurement and a full three dimensional resolution is possible.

In order to do so, the laser beam must be collimated after the object
trapping region and then focussed with separate lenses onto two QPDs
(see Figure 3.1). While the laser beam is focussed within the aperture
of the QPD for the in-planexy-direction (QPDxy), the beam is focussed
to over�ll the QPD aperture for the z-direction. For all measurements,
where the measured signals of the QPDs needs to be converted to meter,
it is crucial to operate in the so-calledlinear regime of the QPD. In the
following, we will show what the linear regime is.

A QPD consists of a diode divided into four separate regions. Each
of the four diodes measures the intensity of light on its respective area
and returns a measure in voltage. The QPD has an aperture opening
radiusRQPD = 5 mm. Figure 3.11 is a schematic of the QPDxy where the
focussed laser spot midpointM is at x = x0 and y = y0 and the radius of
the laser spot is about1=5 RQPD [101].

The normalized intensity distribution of the laser can be modeled as

~I = ~I (x; y) =
1

2� R 2
spot

exp
�
�

1
2

(x � x0)2 + ( y � y0)2

R2
spot

�
(3.45)

where the radius of the spot isRspot = RQPD =5 and the property

Z

dA

~I dA = 1 (3.46)

holds.

The measured voltageVi per quadrant is proportional to the received
power. The received power per quadrant is the surface integral of the laser
intensity. The four separate voltages can be evaluated with four integrals
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Figure 3.11 � Sketch of quadrant photo detectors forx-y detection with the center
of the laser imageM at (x0; y0).

over the respective areas of the quadrants

V1 /
Z � =2

0

Z RQPD

0

~I (r cos'; r sin' ) r dr d' (3.47a)

V2 /
Z �

� =2

Z RQPD

0

~I (r cos'; r sin' ) r dr d' (3.47b)

V3 /
Z 3� =2

�

Z RQPD

0

~I (r cos'; r sin' ) r dr d' (3.47c)

V4 /
Z 2�

3� =2

Z RQPD

0

~I (r cos'; r sin' ) r dr d' (3.47d)

where we used polar integration and polar coordinatesx = r cos' and
y = r sin' .

If the particle moves within the trap, the center of the laser imageM on
the QPDxy also moves. Figure 3.12 shows the intensity per quadrant for
di�erent center positions. As expected, each quadrant is measuring the
highest intensity whenever most of the laser image is over the respective
area.

With these four separate values forV1 through V4, one can create a
measure that is proportional to the movement of the laser image centerM
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Figure 3.12 � Normalized voltage per quadrant for various positions of laser image
middle point M (see Equations (3.47a) to (3.47d)). The top right plot isV1, top left
V2, bottom left V3, bottom right V4.

along theex- andey-direction, respectively. These measures are additions
and subtractions of the quadrants along one direction

Vx = ( V1 + V4) � (V2 + V3) (3.48a)

Vy = ( V1 + V2) � (V3 + V4) (3.48b)

Vt = V1 + V2 + V3 + V4: (3.48c)

As for the measured intensity per quadrant, the measured values are
highest if the laser image is over the respective quadrants (see Figure 3.13).
However, since the to the maximal value ofVt normalized ~Vx and ~Vy are
composed by addition and subtraction of the strictly positive valuesVi

the magnitude can now also be negative.
In Figure 3.14 the three measures are plotted overx0 for three �xed

values ofy0. This plot looks the same ifx0 is �xed and y0 is the changing
variable. Additionally the curves~Vx and ~Vy change their behavior. There
is a linear region for which a small movement of the laser image middle
point M is converted into a proportional change in the measured intensity
on the QPD. However, this linear regime from� 0:15RQPD to 0:15RQPD

is rather small. Therefore, it is very important to check and adjust the
laser spot center positionM to be in the middle of the QPD before each
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Figure 3.13 � QPD measure ~Vx (left; Equation (3.48a)), ~Vy (center; Equa-
tion (3.48b)), and ~Vt (right; Equation (3.48c)) for various positions of laser image
middle point M . Each plot is normalized to the maximal value ofVt . The dotted
horizontal lines are aty = � 0:6=RQPD , y = 0=RQPD , and y = 0:6=RQPD respectively.

measurement to ensure interpretability of the results.
Noteworthy is that for values ofjx0j=RQPD > 0:5 a further outwards move-

ment does not lead to an increase of the respective measure but to a
decrease. If just one of the voltages, hereVy, is taken into account then
this decrease (x0=RQPD > 0:5) is not distinguishable from the increase coming
from the middle (x0=RQPD < 0:5). However, by also looking at the evolution
of ~Vt it is possible to identify in which direction the laser image is mov-
ing on the QPD because this measure does not change its magnitude for
jx0j < 0:5RQPD.
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marks the boundaries of the QPD and the dark shaded gray area the linear region of
the QPD from � 0:15RQPD to 0:15RQPD .
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CHAPTER 4
Dynamic Measurement of the

Acoustic Streaming Time Constant
utilizing an Optical Tweezer

This chapter is original work by Christoph Goering:1

C. Goering and J. Dual, "Dynamic measurement of the acoustic streaming
time constant utilizing an optical tweezer", Physical Review E, 2021,104,
025104.

4.1. Abstract

The combination of a bulk acoustic wave device and an optical trap
allows studying the build up time of the respective acoustic forces. In
particular, we are interested in the time it takes to build up the acoustic
radiation force and acoustic streaming. For that, we measure the trajec-
tory of a spherical particle in an acoustic �eld over time. The shape of the
trajectory is determined by the acoustic radiation force and by acoustic
streaming; both acting on di�erent time scales. For that, we utilize the
high temporal resolution (� t = 0:8µs) of an optical trapping setup. With
our experimental parameters the acoustic radiation force on the particle
and the acoustic streaming �eld theoretically have characteristic build up
times of1:4µs and 1:44 ms, respectively. By choosing a resonance mode
and a measurement position where the acoustic radiation force and acous-
tic streaming induced viscous drag force act in orthogonal directions, we
can measure the evolution of these e�ects separately. Our results show,
that the particle is accelerated nearly instantaneously by the acoustic ra-
diation force to a constant velocity, whereas the acceleration phase to a

1: DOI: 10.1103/PhysRevE.104.025104, reproduced under the terms of the Creative Commons
Attribution 4.0 license.
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constant velocity by the acoustic streaming �eld takes signi�cantly longer.
We �nd that the acceleration to a constant velocity induced by stream-
ing takes in average about 17'500 excitation periods (� 4:4 ms) longer to
develop than the one induced by the acoustic radiation force. This dura-
tion is about 4 times larger than the so-called momentum di�usion time
which is used to estimate the streaming build up. In addition, this rather
large di�erence in time can explain why a pulsed acoustic excitation can
indeed prevent acoustic streaming as it has been shown in some previous
experiments.

4.2. Introduction

In recent years, acousto�uidics has provided many powerful tools. Due
to being contact-less, label-free, and biocompatible [1, 6, 26, 35, 170],
acousto�uidic manipulation can be used in medical applications for cancer
research [1, 6, 26, 170], Alzheimer research [35], targeted drug delivery [30],
and for pumping medical �uids [162]. In addition, there are biological
[66, 163] and engineering applications (e.g., micro-pumping [86, 112, 130,
162]).

Most of these applications utilize the acoustic radiation force (ARF)
to manipulate objects on the micro-scale. The ARF is a second-order
time-averaged e�ect that arises from the interaction of an acoustic �eld
scattered at an object surface and a background acoustic �eld [32, 46, 71,
82, 166]. These objects can be solid particles, air bubbles, �uid droplets,
biological samples, as long as their material properties (density� and
speed of soundc) are di�erent from the surrounding medium. However,
there coexists a �uid motion called acoustic streaming (AS) [95, 127, 129].
This motion can arise either from viscous losses in the �uid (Eckhart type
streaming [52]) or it can arise in the VBL at a �uid to wall interface
(Schlichting and Rayleigh streaming [138, 139]).

The theoretical derivations usually describe the steady-state of the AS
�eld. A theoretical numerical study [123] investigated the temporal build
up of the ARF and AS �eld. In contrast to the ARF, the viscous drag force
arising from AS is independent of the object material properties because
it is a motion of the �uid. The AS direction coincides with the direction
of the relative motion between �uid and particle.

For a spherical object of radiusR, the drag force in laminar �ow scales
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linearly with the object radiusFdrag / R. In contrast to the Fdrag, the
ARF scales with the volumeF rad / R3 [31]. Based on the �uid and
the object material properties, theF rad will dominate over theFdrag if
the radiusR is greater than the critical radiusRcrit , whereFdrag = F rad

holds. The direction ofFdrag can be di�erent from theF rad. Therefore,
the Fdrag is usually undesired.

The ARF and the AS occur not only in the bulk of the �uid, but also
on sharp edges of a device [47, 49, 110, 124]. So-called micro-streaming
around the surface of a spherical particle can even cause a sign inversion
of the ARF if the VBL � is su�ciently large [15]. However, there are ap-
plications that take advantage of the AS [5, 80, 117]: a complete overview
of AS applications can be found in [159].

In literature, it is well understood how long it takes until the acoustic
�eld, and hence the ARF, needs to build up [123] and how long the particle
focusing takes [31]. However, it is still not fully clear how long it takes
for the AS to build up, and what the de�nition for the analytical AS time
constant is. In the acousto�uidics community, it is generally accepted that
the build up for the AS �eld takes longer than the build up of the ARF.
By using a pulsed actuation of the acoustic �eld and therefore exploiting
this time o�set, Hoyoset al. prevented the build up of AS [36, 85]. They
varied the number of periods for which the acoustic actuation is switched
on and o�, respectively. They experimentally showed that for a ratio of
about 1 to 1 between 500 on- and 500 o�-periods the streaming velocity is
less than 50% of its steady-state magnitude while the ARF is not a�ected
by that much.

Muller et al. studied the build up of the acoustic energy density and
streaming velocity with a numerical model [123]. Their model consisted
of a �uid cavity without any surrounding structure such as the cavity walls.
They found numerically that indeed the ARF builds up signi�cantly faster
than the AS. However, the simulations with a pulsed actuation of di�erent
ratios of on- to o�-periods did not prevent the build up of AS because its
decay � as the build up � is slow compared to the ARF. The streaming
builds up signi�cantly slower during the on-periods, however, it does not
decay to its initial value during the o�-periods. Over time the in�uence of
AS increases because the ARF alternates between some magnitude in the
on-periods and zero in the o�-periods. This implies, that the simulation
of Muller et al. could not explain the experimental results by Hoyoset al.
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In this work, we experimentally measure the time until a2:06µm spher-
ical silicon-dioxide (SiO2) particle moves with constant velocity when ac-
celerated by the ARF and AS. Instead of using a camera, we utilize a data
acquisition board (DAQ) with a sampling frequency off s = 1:25 MHz to
measure the relative particle trajectory as soon as the ultra-sound (US)
is switched on. This high sampling frequencyf s yields a high temporal
resolution of� t = 0:8µs. Considering the acoustic excitation frequency
f ex = 4:015 MHz, we sample at least every fourth excitation period.

The optical tweezer (OT) for this study has already been successfully
applied in the �elds of acousto�uidics for stationary force measurements
within a micro�uidic chip [98, 104] as well as acoustic viscous torque inves-
tigations [102]. Here, we characterize in a �rst step the stationary force
�eld in the bulk of the device to ensure, that we measure in a second
step the time resolved build up of AS and the ARF separately and not
their superposition. The separation is done by choosing a particle posi-
tion within the acoustic �eld, where theFdrag and F rad are orthogonal to
each other. In order to measure in the second step solely the e�ects of
the acoustic �eld on the particle and not the characteristics of the OT,
we alter the usual trapping setup. The modi�cation is that the particle is
released from the OT before the acoustic excitation starts and retrapped
after it. Hence, during the measurement just gravity and the forces of the
acoustic �eld act upon the particle. With our modi�ed trapping setup,
we are able to measure precisely the ARF and AS induced movement of
a single particle in the bulk of the �uid.

Our manuscript is structured as follows: in Section 4.3 we derive and list
all time constants in our system and we compute the traveled distances
of a free �oating particle in an acoustic �eld. Those in�uences need to
be considered for our measurement protocol. In addition, we perform
numerical AS simulations of our device to further understand the AS �eld;
in Section 4.4 we explain our experimental setup and its modi�cations;
in Section 4.5 we show the results of the stationary force measurement,
before explaining our time evolution measurement protocol and the data
post-processing; and in Section 4.6 we show and discuss the results of this
study.
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Symbol W H WD HT HB l w h
Value [mm] 3 0.1 26 0.13 0.9 20 4 0.5

Table 4.1 � Overview of device dimensions

4.3. Preliminary Theoretical Considerations

4.3.1. Time Constants

ez

ex

ey

HB

H
HT

WD

W

PZT ( l � w � h)

Figure 4.1 � Sketch of device. The light-gray area is the silicon channel walls, the
light-blue is the �uid cavity, and the dark-gray block the piezoelectric element. The
total length of the device is76 mm. All dimensions are as listed in Table 4.1.

In our experiments there are multiple time constants that need to be
considered. In the center of interest are the evolution of the ARF and the
AS �eld. The acoustic energyEac, and hence the ARF, has the charac-
teristic time constant [123]

� ARF =
Q
! 0

=
Q

2� f ex
(4.1)

with Q being the quality factor of the considered acoustic pressure mode
and f ex the excitation frequency. For the AS �eld, a theoretical expression
for the time constant does not exist. Nevertheless, Mulleret al. report a
momentum di�usion time

� AS =
1
2�

L2 =
� f

2� f
L2 (4.2)

as the time constant for the AS �eld. Here,L is half the radius of a
streaming roll,� = � f=� f the kinematic viscosity,� f the density, and� f the
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dynamic viscosity of the �uid. This formula is except for a factor of1=2

the same to� iner (equation 1.88) in [33], which is the time a Poisseuille
�ow needs to fully stop in a circular tube of radiusL after the immediate
removal of its driving pressure. To the best of the authors' knowledge,
there is so far no better approximation for the time constant of the AS
�eld.

When a particle is stably trapped, our OT has the properties of a linear
mechanical spring [104]. This spring-like behavior of the OT has also
a time constant until an acting force moves the trapped particle in its
equilibrium position. The sti�ness of the OTki is linearly related to a
characterization parameter of the OT called the cut-o� frequencyf c =
ki=2� 
 with 
 being Stokes' drag coe�cient [101, 104]. This frequency is
the � 3 dB point in the Brownian motion power spectrum (more detail in
[98, 104]). We can therefore compute the time constant of the OT as

� OT =
1

2� f c
: (4.3)

Lastly, our DAQ system has the time constant� QPD which describes how
fast we can measure a sudden change in laser intensity of the OT. This
parameter is found by changing the laser intensity at a precise point in
time and then extracting the temporal di�erence until the DAQ measures
it.

With the parameters of our experiment (see Table 4.2) the mentioned
time constants are as listed in Table 4.3. Hence, with the usual trapping
mode of the OT, we cannot measure the ARF and AS because� OT � � AS

and � OT � � ARF . In the limit of zero laser power there is no trapping
potential and hence� ARF and � AS can be measured.

4.3.2. Free Particle Motion

If there is no trapping laser power, the spherical particle with mass
m will move in the �uid due to some acting forceF ; this force can be
gravity, the ARF, the drag force from AS, or a combination of them. The
one dimensional dynamic equation for the particle displacementq far away
from any walls is the same for the three spatial directionsex ; ey and ez.

•q = �
F
m

�


m

_q = � ~F �
1

� drag
_q (4.4)
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Parameter Symbol Value Unit

Fluid
Density � f 1000 kg m� 3

Speed of sound cf 1500 m s� 1

Compressibility � f 4.4E-10 Pa� 1

Dynamic viscosity � f 890 µPa s
Kinematic viscosity � f = � f=� f 0.890 mm2 s� 1

Particle
Density � p 1850 kg m� 3

Radius R2 1.03 µm
Radius R4 2.195 µm
Compressibility � p 1.6E-11 Pa� 1

Device quality factor Q 36 -
Corner frequency of OT f c � 100 Hz

Excitation frequency f ex 4.015 MHz

Table 4.2 � Symbols and physical properties of the �uid, the particle, and the exper-
imental setup. The quality factor Q is extracted from an admittance measurement of
the device �lled with water and �xed in the microscope as for all measurements. The
magnitude of f c is the usual value in stationary force measurements for the OT.

Symbol � i [ms] � i=t0 [-]

� OT 1:59 6383:9
� QPD 0:050 200:8
� ARF 0:0014 5:6
� ASjL= H =2 1:44 5781:6
� ASjL= H =4 0:35 1405:3
� drag 0:000 49 2:0

� tDAQ 0:0008 3:2

Table 4.3 � Overview of time constants � i for the system. The values are obtained
by using the values from Table 4.2 and Equations (4.1) to (4.3) and (4.5).� QPD is
measured,� tDAQ = 1=f s, and t0 = 1=f ex .
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with F being a force acting along the direction ofq and

� drag =
m



=
V � p

6� R � f
=

2
9

R2 � p

� f
: (4.5)

Here,R is the particle radius,V the particle volume, and� p the particle
density. In micro�uidics the viscous e�ects dominate over the inertial
e�ects [33]. Therefore, we neglect•q for further calculations. Solving the
modi�ed �rst order ordinary di�erential equation

_q = � � drag
~F = �

F
m

� drag (4.6)

with the initial condition qjt=0 = 0, gives the linear relationq(t) =
� � drag

~F t with the integration constant being zero.
As already mentioned, we measure while there is no trapping potential

of the OT. Therefore, on the particle act only gravity and the forces from
the acoustic �eld. In our experiment we have forF alongey a spatially
varying force with a maximal value of0:5 pN and alongez the buoyancy
corrected gravitational force~mg = V (� p � � f ) g with a magnitude of
38:2 fN and an acoustic force with a maximal value of0:25 pN(for acoustic
force magnitudes see Figure 4.6). As we will explain later (see Section 4.5),
we have25 mswithout any laser power where the particle will solely move
due to gravity and then30 msof US excitation where also the acoustic
forces are acting.

Hence, a spherical SiO2 R2 = 1:03µm particle will have moved0R2

alongey and 0:05R2 alongez after 25 mswith just gravity acting. And,
after 55 ms, when there are additionally constant acoustic forces, the par-
ticle will have traveled distances of0:84R2 and 0:54R2 along ey and ez,
respectively. For the latter,0:54R2 is the sum of0:12R2 due to gravity
and 0:42R2 due the force from the acoustic �eld.

4.3.3. Numerical Streaming Simulations

To understand the in�uences and implications of the AS on our mea-
surements, we simulate withCOMSOL Multiphysics 5.6(COMSOL Inc.,
Stockholm, Sweden) 2 two-dimensional structures that relate to the ex-
perimental device; one with just the �uid cavity as the baseline model
(cavity-only model); and the other with added structure around the cav-
ity to re�ect our real device (whole-device model). See [68] for both models
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(a) Streaming simulation for cavity-only model at f max = 3 :987 MHz.
[mm]

(b) Streaming simulation for whole-device model atf max = 3 :745 MHz. The gray area is the structure
around the cavity.

[mm]

Figure 4.2 � Results for streaming simulations of a cavity-only model (a) and a model
with surrounding structure (b). The colormap shows the total acoustic pressure and
the white arrows the streaming �ow. For both simulationsf max is the frequency of
maximal acoustic energy densityEac for a pressure mode with 16 nodal lines. The
pressure mode for both simulations is the same besides the phase shift of� .
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as one.mph�le. For both we follow the work of Mulleret al. [123] in terms
of the �uid mesh size.

We model a two-dimensionalyz slice of the whole device as seen in
Figure 4.1 without the piezoelectric transducer (PZT) and its glue layer.
Therefore this whole-device model consists of two glass, two silicon, and
one water domain. We utilize the Solid Mechanics (solid ) interface for
the silicon and glass. For the cavity we employ the Creeping Flow (spf )
interface with the spatial variation of the Reynolds Stress as source and the
Stokes drift as the boundary condition. Also in the cavity, we use the Ther-
moviscous Acoustics (ta ) interface. Lastly, we couple the Solid Mechanics
with the Thermoviscous Acoustics via Thermoviscous Acoustic-structure
Boundary (tsb ). The cavity-only model solely needs the Creeping Flow
and the Thermoviscous Acoustics interface without multiphysics coupling.

Besides the added structure around the cavity, the main di�erence be-
tween the two models is the location of the excitation. The whole-device
model has as boundary condition a prescribed displacement alongez of
zBD = 0:1 nm, where the PZT is glued onto the device. The cavity-
only model, however, has a prescribed constant velocity of its left cavity
wall along ey of _yBD = 25 mm s� 1. This magnitude corresponds to the
mean wall velocity of the whole-device model, where the excitation is at
the PZT. With those two boundary conditions the acoustic pressure is
310 kPa for the whole-model and550 kPa for the cavity-only model at
their respective 16 nodal pressure line frequency with maximal acoustic
energy densityEac. The discrepancy in pressure amplitude comes from
the applied boundary conditions of respective models.

The respective frequencies of maximalEac (3:9876 MHzand3:7450 MHz)
inside the cavity while having a 16 nodal line mode were determined with
a frequency sweep. This is the same mode we have in our experiment as
well. For the streaming simulation, we employ a stationary study of the
Creeping Flow interface that uses the results from the frequency domain
study in its source term and as the boundary conditions.

Figure 4.2 shows the results for the pressure and streaming �elds of both
models. The magni�cations correspond to the area where we perform our
measurements in the experiment. One can see that the simulated pres-
sure �elds are qualitatively the same, however, the streaming �elds di�er
to a great extent. The cavity-only simulation depicts spatially repetitive
streaming rolls over the whole �uid domain. In the bulk of the �uid is
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Rayleigh streaming. However, near-boundary Schlichting streaming is not
visible because the VBL is relatively small. In contrast to that, the simu-
lation for the whole-device model has a non-spatially repetitive streaming
�eld. There are regions where its similar to the cavity-only model stream-
ing �eld. But, the streaming pattern is non-repetitive and exhibits strong
local di�erences. As a consequence, care must be taken to chose a measur-
ing point where theFdrag and F rad are orthogonal to each other to ensure
no superposition of forces.

Although the clamping of the microscope setup and the oil immersion
layer for the lens are excluded in the model with structure, one can see
that the streaming �eld is a local, non-periodic e�ect, whereas the pressure
�eld is spatially periodic. We expect that these tendencies remain the same
when the clamping, the immersion layer, and the PZT are added.

4.4. Experimental Setup

4.4.1. Optical Trap Setup

Our OT has already been applied in several other publications [98, 101,
102, 104] to the �eld of ARF and AS measurements in bulk acoustic wave
(BAW) devices. All components are described there extensively. We high-
light here the position detection system and the modi�cations from the
force measurement setup that were necessary for this study. These modi-
�cations are needed because we use one785 nmnear-infrared diode laser
(LuxX 785-200, Omicron Laser, Rodgau-Dudenhofen, Germany) for the
optical trapping and also for the optical position detection. We detect the
position of the trapped particle relative to the trap center by monitoring
the voltages of two quadrant photo diodes (QPD) placed in the back fo-
cal plane (see Figure 4.3). It is possible to resolve the movement of the
particle in all three dimensions. However, the in-plane (xy) and the axial
(z) position detection di�er.
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Figure 4.3 � Shutter location in laser path and schematic of laser path through
microscope setup; full details on the setup in [101, 104].

For the xy position the laser beam is focused onto the QPDxy (see also
Figure 4.3) such that the spot diameter is about �ve times smaller than
the opening aperture of the QPDxy [101]. An in-plane movement of the
trapped particle changes the spot location on the QPDxy which results in
a voltage change on the four quadrants. As long as the spot is within the
QPD opening the spatial movement is linearly related to the QPD voltage.
By summing and subtracting these four voltages from each other, one can
get the values corresponding to a movement alongex and ey separately
[101].

For the axial z position a second QPD is needed and this QPD is over-
�lled with the laser spot (see also Figure 4.3). When the particle moves
axially the spot diameter changes its size. If the diameter decreases more
intensity is measured by QPDz and leads to a higher voltage and vice
versa. For small movements (� z < R ) the relation is linear [50].

When converting the measured voltage changes from QPDxy and QPDz
to the particle displacement with unit of meters, thexy voltage and thez
voltage have di�erent scaling. The three voltage-meter conversion factors
are found by calibrating the OT via the power spectrum analysis of the
trapped particle Brownian motion [98, 102, 104].

As discussed before, the time constant� OT of the OT is larger than the
time constant for the ARF and AS (see Table 4.3). Therefore, we need
to switch the laser o� and then monitor the particle trajectory without
the trapping forces, in order to measure the time evolution of the particle
movement and not the time constant of the optical trap. This means,
the particle is not stably trapped while measuring. However, we need the
laser light for the position detection on the QPDs. Therefore, we reduce

64



4.4. Experimental Setup

the laser power to a minimum such that the resulting trapping forces are
negligibly small. As a result of the low power, the voltage magnitude de-
creases signi�cantly on the QPDs, such that it is not measurable anymore.
Thus, we exchange the neutral density (ND) �lters from the force mea-
surement setup [102, 104] with the fast optical shutter FOS-NIR(1100)
(LC TEC, Borlänge, Sweden). This �lter is speci�ed to open from 0% to
90% transmittance in less than15 msand close from 100% transmittance
to 10% in less than5 ms. The ND �lters and the shutter are needed to
reduce the intensity on the QPDs and prevent overexposure and hence
damage. The transmittance of the shutter can be controlled with the
applied driving voltage. Before and after the measurements the shutter
is almost completely closed to mimic the ND �lters and opened for the
actual measurement with reduced laser power.

Lastly, we operate the laser in the so-calledanalogue modulationmode
such that the output laser power is proportional to an externally applied
DC voltage which is sampled with more than1:5 MHz by the laser con-
troller unit. The low power mode for the position detection is operated
with less than0:5 mW. The low voltage DC signal for the laser averaged
84:13 mV with a standard deviation of0:13 mV providing a very consistent
voltage and hence laser power. With this power the trapping potential is
too weak to keep the particle inside the focus of the laser beam in any of
the three spatial directions. The usual laser power for the stationary force
measurements is between100 mW and 175 mW.

t [ms]� 25 � 24 0 30 55 75

Ptrapping

Pmeasure

laser

closed

open

shutter

o�

on

US

Figure 4.4 � Schematic of controller timings for the shutter, the laser, and the US.
During the Pmeasure state the particle is not trapped by the OT. In the time interval
[0 ms; 30 ms] (1) the shutter is fully opened, (2) the US is switched on, and (3) the
particle is free to move. During this interval the measurement is performed.
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4.4.2. Controller Timing and Data Acquisition

The data acquisition (DAQ) board NI-USB 6356 (National Instruments,
Austin, TX, USA), the laser power, the piezo excitation voltage, and the
shutter transmittance are actuated in a de�ned sequence. We use an
Arduino Board with two 12-Bit DAC units (MCP4725, Adafruit, New
York, NY, USA) for controlling the timing and the DC voltage for the
laser. The timings are depicted in Figure 4.4. Fort < � 24 msthe laser
is in its high power state and keeps the particle �xed in position against
external forces. Att = � 25 msthe shutter starts opening. The opening
time is speci�ed with less than15 msfrom 0% transmittance to 90%. At
t = � 24 msthe laser power changes to its low power state. Hence, the
particle is free to move and starts its sedimentation. Att = 0 ms the US
is switched on. For30 msthe shutter is fully opened, the particle is free to
move, and the US is on. Then the shutter starts to close again. In these
30 mswe measure the time evolution of the particle. Att = 55 ms the US
is switched o� and att = 75 ms the laser power is increased to its high
power state. The time between two consecutive measurements is greater
than 2 s, such that the �uid within the cavity is fully at rest again.

4.4.3. Device, Particles, and Fluid

Our device is a glass-silicon-glass device manufactured by Gesim GmbH
(Radeberg, Germany). The material of the two glasses is B33 from Schott
(Mainz, Germany). A sketch is shown in Figure 4.1 and its dimensions are
listed in Table 4.1. The top glass and the �uid cavity are limited in theez

direction because our microscope setup cannot focus deeper than250µm
[101, 104]. We de�ne the origin of our coordinate system so thatz = 0
is in the middle of the �uid cavity andy = 0 is in the middle between
the silicon cavity walls. We use as a reference pointx = 0 such that
it is approximately in the middle of the PZT lengthl. For all reported
measurements we use the same positionxref as reference forx = 0.

The �uid cavity is in the middle between the two silicon layers and the
PZT is a PZ 26 element from Meggit A/S (Kvistgaard, Denmark). It is
glued with Epo-Tek (Billerica, MA, USA) H20S two component epoxy
onto the device. It is located at the edge of the device iney direction and
centered along the long side. The small height of the PZT is necessary to
prevent physical contact with the microscope lens.
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Our particles are silicon-dioxide (SiO2) particles from (microParticles
GmbH, Berlin, Germany) with a diameter ofD2 = 2:06µm. For the
device characterization we also use particles from the same manufacturer
with the same material properties, but with a diameter ofD4 = 4:39µm.
The particles are immersed in �ltered (0:2µm) and distilled water. To
avoid particle-particle interactions during the experiment, we keep the
particle concentration low.

We use the2:06µm particles because they are the smallest particles that
work well in our OT. In addition, the critical radius where the ARF equals
the drag force from AS can be found via [23]

Rcrit =

r
3
�

� (4.7)

where� is the acoustic contrast factor with thermoviscous correction [142]
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Here� p is the particle and� f the �uid compressibility, � the VBL thick-
ness, andi the imaginary unit. For our parameters (see Table 4.2)Rcrit

is equal to0:63µm and 0:65µm, with and without (~� = 0) thermoviscous
correction, respectively.

With increasing particle size, two e�ects take place: 1) the ratio be-
tween ARF (/ R3) and AS (Fdrag / R) magnitude increases, because of
their respective scaling, and 2) the measurement time decreases, because a
greater ARF leads to more displacement, which in turn makes re-trapping
more di�cult.

67



Chapter 4 � Dynamic Timeconstant Measurement

� 20

0

20

�
z

[µ
m

]

x = -0.10 [mm] x = +0.10 [mm]

� 0:2 � 0:1 0:0 0:1 0:2

� y [mm]

� 20

0

20

�
z

[µ
m

]

� 0:2 � 0:1 0:0 0:1 0:2

� y [mm]

� 5:468
� 4:101
� 2:734
� 1:367
0:000
1:367
2:734

F
y

[p
N

]

� 0:289

0:000

0:289

0:579

0:868

F
z
[p

N
]

Figure 4.5 � Measured steady-state acoustic forces for a4:39µm particle with f ex =
4:015 MHzand Vpp = 10:7 V. The top row depicts the forces alongey and the bottom
along ez. The two columns correspond to two di�erent measurementyz-planes at
x = � 0:1 mm and x = 0:1 mm, respectively.
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Figure 4.6 � Measured steady-state acoustic forces for a2:06µm particle with f ex =
4:015 MHzand Vpp = 10:7 V. The top row depicts the forces alongey and the bottom
along ez. The two columns correspond to two di�erent measurementyz-planes at
x = � 0:1 mm and x = 0:1 mm, respectively.
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4.5. Experimental Procedure

4.5.1. Stationary Force Measurement

In preparation for the time evolution measurement, where a spatial po-
sition of orthogonal AS forces and ARFs is bene�cial, we characterized
our device with two sets of stationary force measurements at a constant
excitation frequency. For those measurements the optical trapping force
is greater than the acoustic forces. One measurement was with a2:06µm,
and the other with a4:39µm diameter particle. For changing the particle
size we needed to empty and re�ll the device. We kept the ambient condi-
tions and experiment settings between the two measurements as constant
as possible. For the measurements with the2:06µm particle the ambient
temperature was24:49� C in average with a standard deviation of0:10� C
and for the measurement with the4:39µm particle the average tempera-
ture was24:78� C with a standard deviation of0:25� C ensuring the same
experimental conditions for both measurements. More details regarding
the protocol of those measurements can be found in [104] by Lamprecht
et al.

We de�ned two yz measurement planes, withx1 = � 0:1 mm and x2 =
0:1 mm, respectively. In each plane we de�ned a grid in

yi 2 f� 0:20; 0:19; : : : ; 0:20gmm

and
zj 2 f� 30; � 20; : : : ; 30gµm:

At each point(yi ; zj ) we measured the forces in all three dimensions 5 times
for 3 seach. Our excitation frequency was set tof ex = 4:015 MHzand the
applied voltage wasUpp = 10:7 V. We choosef ex based on a frequency
sweep and the corresponding maximal forces in this sweep. With the
chosenf ex and the �uid speed of soundcf � 1500 m s� 1, we obtain the
theoretical acoustic wavelength of� p = cf=f ex � 375µm. Hence, with the
frequencyf ex and a channel width ofW = 3 mm, 16 pressure nodal lines
are present. For each spatial position we averaged the forces over the3 s
timespan and also over the 5 repetitions.

Figures 4.5 and 4.6 visualize stationary force measurement results as
contour plots for the two particle sizes. In addition, Figure 4.7 depicts
the measured forces iney and ez directions, when the data is additionally
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averaged over the 7 di�erent heights� z. For Figures 4.7a and 4.7b, the
left vertical axis is the scale for the4:39µm particle and the right vertical
axis for2:06µm particles.

In Figure 4.7a the force wavelength� F is estimated to be180µm which
is in line with the theoretical wavelength� F = � p=2. One can also note
that the shape of two force measurements is consistent. The ratio of the
mean maximal force amplitudes1:25

0:17 = 7:13 is about the same as the ratio
of the cubed diameter

�
4:39µm
2:06µm

� 3

� 2:133 � 9:68 (4.9)

Based on the theoretical scaling laws we conclude that the forces in the
ey direction are ARF dominant.

In Figure 4.7b one can see the measured forces inez for both particle
sizes and both measurementyz planes. As for the forces iney direction,
in Figure 4.7a, the forces inez direction are averaged over all� z. The
force magnitude for both sizes is smaller than iney direction for both
particle sizes. The shapes, however, are similar but not as consistent as
in Figure 4.7a. The ratio of the mean maximal force amplitudes0:25

0:08 �
3:1 is about the same as the ratio of the two diameters, which suggests
that in the ez direction the forces on the particle are AS dominated (see
Equation (4.9)).
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Figure 4.7 � Measured steady-state acoustic forces when averaged over the cavity
height. All values are inpN. For each plot the left y-axis is the measured force on the
4:39µm (D4) particle and the right one for the2:06µm (D2) particle, respectively. The
gray shaded area corresponds to the positions where the time evolution is measured.
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4.5.2. Measurement Protocol for Time Evolution

Based on a set of proof-of-concept experiments (data not shown here)
and the information from numerical simulations that the AS �eld in a
real device can substantially di�er from the AS �eld of �uid cavity-only
structure, we selectedx = 0, yi 2 f� 0:15; � 0:14; : : : ; 0:10gmm, andzj 2
f� 10; 0; 10gµm. This choice means, that we measure at the sameyi and
zj as for the stationary force measurement. We have the same excitation
frequency (f ex = 4:015 MHz) as in the stationary force measurements
from before. However we set the excitation amplitude slightly higher to
Upp = 11:7 V in order to increase the signal to noise ratio (SNR).

We control the whole measuring routine with a self-written Python pro-
gram. Before each measurement, the o�set of the QPDs is checked and,
if needed, adjusted. First we measure without US and then we measure
with US on. We repeat this procedure 50 times before moving to the next
location.

For the time evolution measurement, we acquire with a sampling rate
of f s = 1:25 MHz (� t = 0:8µs) for 125 msthe three QPD signals, the
signal for the shutter, and the DC signal for the laser as soon as the
shutter starts opening (t = � 25 ms in Figure 4.4). Betweent = 0 ms
and t = 30 ms the shutter is completely open and the US is switched
on. Extending the measurement time further has no bene�t because the
particle will be outside the linear regimes of the QPDs and might move
too far from the OT trapping region such that it cannot be recaptured
after the laser changes to its high power state again.

We repeat 50 times per position because the particle starts sedimenting
as soon as the laser power drops to the lower value. During this movement
the particle still undergoes Brownian motion. Hence, the trajectory is not
straight along theez direction. With 50 datasets, we can average this
random movement out.

Taking the approximation of Equation (4.6) into account, a2:06µm large
SiO2 sphere sedimenting in water reaches its terminal velocity almost in-
stantaneously, because the inertia term is small; additionally, the sphere
travels about0:12R2 in 55 ms. Therefore, after25 msthe particle is still
in the linear regime of the QPDz. The static gravitational force (~mg) with
the added buoyancy of water is less than40 fN for the 2:06µm particle.
This is more than 6 times smaller than the maximal measured force inez

direction. Therefore, we assume in areas of maximal forces alongez that
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the driving force of this movement is either the acoustic �eld orFdrag.
With an ideal sedimentation in the �rst25 msalongez, the laser spot on
QPDxy does not change at all during the sedimentation.

4.5.3. Data Processing

The acquired data is postprocessed with Python. We look at discrete
points everytk = k � 0:1 ms with k 2 N. In addition, we use a moving
average for the data attk with a centered window size of 101 data points,
corresponding to a timespan of80µs. Next, we subtract the data series
without US from the series with US to obtain the delta voltage� Vm, with
m beingy or z. This quantity allows us to further reduce unwanted noise.
This step serves also as data quality check because all measurements have
the same protocol untilt = 0 ms. Hence, the delta voltage� Vm must
be zero for t � 0 ms. Then, we average� Vm over the 50 repetitions
per spatial positionyi ; zj . As last step for the time evolution plots, we
normalize the data by themax (j� Vm(t)j) for 10 ms< t < 30 ms.

4.6. Results and Discussion

Figure 4.8a shows that the maximal averaged voltage di�erence� Vy

for the 2:06µm particle while having the leaser in thePmeasure mode. It
has the same shape as the stationary force measurement in Figure 4.7a.
However, the smoothness of� Vy is worse. We attribute this to the nature
of the experiment, as the recorded motion of the particle is caused by
two e�ects; one is the acoustic �eld and the other is the always present
Brownian motion. For the stationary force measurements the particle
is �xed in place by the optical potential and the Brownian motion is
negligible.

By measuring the same shape with the two experiments, we could vali-
date our measurement protocol. As for the stationary measurements, the
SNR of the evolution measurement and also shape are better for the in-
planeey than the axialez (see Figure 4.7a and Figure 4.7b). Nevertheless,
Figure 4.7b and Figure 4.8b also show similar shapes. We want to stress
again, that the amplitudes of Figure 4.8 are not comparable to each other
for ey and ez (see Section 4.4).

The numerical streaming simulations of a �uid cavity with and without
the surrounding structure showed that the streaming �eld is a local e�ect
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in a model with surrounding structure. In our experiments we saw similar
tendencies. However, not all measured spatial locations had enough actual
signal strength to further investigate. In Figure 4.9 we plot the time
evolution of the signal for four di�erent� y where it is clear that the
signal is due to the acoustic �eld and not to noise or Brownian motion.
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Figure 4.8 � Maximal � Vy and � Vz averaged over all repetitions in the times-
pan between35 ms and 55 ms for the three di�erent measurement heights� z =
� 10; 0; 10µm. The gray shaded area represents the� yi of best signal strength for
max (� Vz (t)) . The data points of best strength are taken for the time evolution re-
sults. The wavelength marker represents the same length as in Figure 4.7a.

Since we show� Vm rather than the absolute voltage amplitudes, we can
further validate our protocol. Fort=t0 < 0, wheret0 = 1=f ex and t=t0 = 0
represents the time when the US is switched on (in Figure 4.4t = 0 ms),
all data series in Figure 4.9 are zero. All data series forez are more
noisy than for ey. However, we also have the same amplitude of noise
in ey direction. But, the normalization value for the data series forey is
inherently larger than forez (see Figure 4.8).

For all 12 positions(yi ; zj ) in Figure 4.9 the signal alongey starts chang-
ing as soon as the US is switched on. This is in line with the estimation
of Equation (4.1) for� ARF . For all data seriesm = z it takes signi�cantly
more time until the movement with constant velocity starts. To further
compare the results, we take as criteria the periodp� = t � =t0, when the
normalized� Vm � 0:5 is reached. In Table 4.4, the absolute periods for
this criteria and the o�set between the movement alongey (m = z) and
the movement alongez (m = y) are shown. Taking a di�erent criteria
value (e.g., the normalized� Vm � 0:3) changes the absolute magnitude
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� y [mm] -0.06 -0.05 -0.04 -0.03

p�
y (� 1000) [-] 64.2, 69.5, 70.7 65.8, 70.3, 70.3 65.8, 60.6, 76.7 73.5, 57.4, 74.3

p�
z (� 1000) [-] 80.7, 87.9 88.3 86.3, 85.5, 86.7 83.1, 89.5, 87.5 87.9, 86.7,

� p� (� 1000) [-] 16.5, 18.4, 17.6 20.5, 15.2, 16.4 17.3, 18.9, 10.8 14.4, 29.3,

Table 4.4 � Absolute periods p�
m when the normalized� Vm > 0:5. The three values

per column correspond to the three heights� z = � 10; 0; 10µm per � y respectively.
For � y = � 0:03 mm and � z = 10 µm no data is available forp�

z. The last row states
the o�set � p� = p�

z � p�
y

of the valuesp� , however the o�set does not change signi�cantly. The
average for all� p� is about 17'500 which equates to� 4:35 msfor the
excitation frequencyf ex = 4:015 MHz.

In addition, all slopes for they movement (m = y) are linear almost
immediately after the US is switched on. This suggests, that the ARF
is constant and accelerates the particle fast to its terminal velocity. The
measured voltages and also their di�erences are linearly related to the
traveled distances. Hence, a constant increase in voltage, which means a
constant voltage increase per timed � Vm=dt = const:, implies a constant
particle speed along theey direction. The particle trajectory inez direc-
tion is predominantly a�ected by the streaming �eld. This �uid motion
takes more time until it is established. With the same reasoning as before,
a linear slope for thez movement (m = z) in Figure 4.9 implies a constant
force and constant particle speed. A constant speed means a non-changing
streaming �eld and therefore a constant streaming velocity.

4.7. Conclusion

In this work we presented the measurement of the temporal evolution of
the AS �eld and the ARF in a BAW device utilizing an OT. We slightly
modi�ed our validated optical trapping setup [102, 104] to accommodate
the requirements of this experiment. With a temporal resolution of� t =
0:8µs we could measure at least every fourth time period of excitation.
We validated our measurement protocol against the stationary force �eld.

We monitored the trajectory of a2:06µm SiO2 particle as soon as the
US excitation of the device started. We selected measurement positions
in a standing pressure wave mode where ARF dominates in one direction
and AS orthogonal to it. In addition, we chose the spatial location within
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the mode to maximize the amplitude of both e�ects. Our measurements
show, that the ARF is established almost immediately after the US is
switched on; whereas the AS takes in average 17'500 excitation periods
(4:4 ms) longer to evolve. This time is about four times larger than the
theoretical approximation with the momentum di�usion time.

These results show that the build up of AS takes signi�cantly longer
than the build up of the ARF. This temporal di�erence can explain why
a pulsed acoustic excitation can prevent streaming as it has been exper-
imentally shown by Hoyoset al. [36, 85]. In addition, the results of the
streaming simulations of a cavity-only model and a whole-device model
show that simpli�ed models are enough for simulations of the pressure
�elds, however they cannot re�ectreal streaming patterns. This insight
might also explain why Mulleret al. could not reproduce the suppression
of AS with a pulsed excitation in their cavity-only model.
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Figure 4.9 � Time evolution of the normalized � Vy (left column) and � Vz (right
column) for the three measurement heights� z = � 10; 0; 10µm and the positions for
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CHAPTER 5
Measuring the e�ects of a pulsed

excitation on the build up of
acoustic streaming and the acoustic

radiation force utilizing an optical
tweezer

This chapter is original work by Christoph Goering:1

C. Goering and J. Dual, "Measuring the e�ects of a pulsed excitation on
the buildup of acoustic streaming and the acoustic radiation force utilizing
an optical tweezer", Physical Review E, 2022,105, 055103.

5.1. Abstract

Pulsed excitations of piezoelectric transducers a�ect during the build
up the force contributions from acoustic streaming (AS) and the acoustic
radiation force (ARF) to the total force in a standing pressure wave dif-
ferently. We �nd with an optical tweezer as measuring instrument that
during the �rst 120'000 excitation periods and across di�erent pulsing fre-
quencies, the AS induced displacement is in average less than 20% of its
non-pulsed value for a duty cycle of 50%, whereas the ARF induced dis-
placement is around 50%. These �ndings show that a pulsed excitation
can be a tool for reducing AS compared to the ARF.

1: DOI: 10.1103/PhysRevE.105.055103, reproduced with the permission of the American Physical
Society.
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5.2. Introduction

In acousto�uidic devices two main forces lead to a displacement of an
immersed object within a pressure wave �eld: the drag force from acous-
tic streaming (AS) and the acoustic radiation force (ARF). AS typically
arises due to viscous losses. These viscous losses can appear in the �uid
itself (Eckart type streaming) [52] or in a viscous boundary layer. This
boundary layer can either be at the interface between the �uid cavity and
the surrounding medium (Schlichting and Rayleigh streaming) [129, 139]
or even around the object itself (microstreaming) [15]. Apart from mi-
crostreaming, the occurrence of AS is independent of the immersed object
properties.

The other main force is the ARF. As AS, it is a second order time-
averaged e�ect and appears due to scattering of the acoustic incident �eld
at the object surface [32, 71, 166]. In contrast to AS, the ARF depends also
on the ratios of the object and �uid material. For example, an object of
any material but with an acoustic contrast factor� [32] of zero magnitude
is not displaced due to the ARF because the ARF scales linearly with� .
However, this object will be displaced by the drag force arising from AS
for any value of� .

Besides the material in�uence, another important di�erence is the scal-
ing with the object dimension for the limit of small particles compared
to the acoustic wavelength [32, 92]. On the one hand, the drag force
from AS scales for a spherical object with the radius (Fdrag / R), and
on the other hand, the ARF scales with the object volume (F rad / R3)
[32]. At the critical radius (R = Rcrit ) both forces are equal in magnitude
(F rad = Fdrag). For a radius smaller than the critical radius (R < R crit )
[23, 32] the drag force from AS dominates over the ARF and vice-versa.
The forces from AS can be neglected ifR � Rcrit .

In many acousto�uidic applications the drag forces from AS are un-
desired because they can counteract the ARF [5, 149] and hinder the
application's desired function, e.g. the trapping or focusing of particles.
Therefore, di�erent techniques for the suppression of AS have been inves-
tigated in recent years. Hoyos and Castro applied a pulsed excitation to
the piezoelectric transducer (PZT) leading to a reduction of the steady-
state streaming �ow of up to 50% compared to the unpulsed �ow [36, 85].
Karlsenet al. [91] utilized in simulations and experiments inhomogeneities
of the density and of the compressibility within the �uid to reduce AS.
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Bachet al. [17] optimized the shape of channels with numerical simulations
to reduce AS by two orders of magnitudes while retaining the same level of
acoustic pressure. The same AS suppression magnitude was achieved by
Winckelmannet al. [160]. They investigated analytically and numerically
the usage of acoustic electroosmosis to suppress AS.

The combination of optical tweezer (OT) and the acoustic trap is rela-
tively new and rare. To the best of the authors' knowledge, Thalhammeret
al. [147] were 2011 the �rst to combine these two kind of traps to measure
the acoustic forces with the OT. In 2014, Bassindaleet al. [24] utilized an
holographic OT to measure acoustic forces in three dimensions, and Fury
et al. [59] used the �ne spatial optical resolution and the wide range of
acoustic trapping for spatially precise manipulation of microbubbles. In
2015 and 2016, Lakämperet al. [98] and Lamprechtet al. [104] used our
single beam optical trap to measure the acoustic forces in two and tree
dimensions on silica micro particles. In 2016, Thalhammeret al. [148] also
combined a holographic OT with an acoustic trap to measure the force
for excitation frequencies above20 MHz. Lastly in 2021, Lamprechtet
al. [102] used our setup to measure the resulting �nal rotational velocity
on microparticles due to the acoustic viscous torque.

In 2021, we [67] used an OT setup to measure for the �rst time the build
up of the ARF and AS on a single spherical particle in a precisely char-
acterizedMHz pressure �eld. We found that the build up of AS is much
slower than the build up of the ARF. Our measurements of the AS build
up revealed approximately 4 times longer build up of AS than the theoreti-
cal prediction from the momentum di�usion time approximation [67, 123].
Those experimental results indicated that the longer-than-expected build
up of the AS might be the reason for the pulsed excitation to successfully
suppress the AS [36, 85].

Here, we use our measurement routine, the OT setup, the acousto�uidic
bulk acoustic wave device, and the same acoustic excitation frequency
from [67] to dynamically measure the build up of the ARF and AS for a
acoustic excitation with various pulsing parameter settings.

5.3. Measurement Protocol

We will highlight the main points of the measurement protocol for the
build up measurements (BM). A more extensive explanation of each step
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Immmersion layer

Focussing lens

Figure 5.1 � Schematic of device and build up measurement setup.

can be found in Goeringet al. [67]. We can measure with the OT the
build up of the ARF and AS separately because we determined our BM
locations such that those two e�ects are orthogonal to each other; i.e., the
ARF points in the direction of oury coordinate and the AS points alongz
(see Figure 5.1). Our setup (see Figure 5.2, Figure 5.3, and Figure 5.4) has
in its back focal plane two quadrant photo detectors (QPDs) for detecting
the movement in each spatial direction separately [67, 98, 102, 104]. One
QPD measures the information of thex and y coordinate and the other
QPD measures thez information. Hence, the build up information of the
ARF and AS are also separated in the data.

Our OT consists of a single laser with a maximal power of200 mW
and a wavelength of� l = 785 nm (Omicron GmbH, Rodgau, Germany).
The laser traps a spherical SiO2 particle with a radius ofR = 1:03µm
(Microparticle GmbH, Berlin, Germany; same as in [67]) and acts also as
the light source for the displacement signal on the QPDs (see Figure 5.4).
The SiO2 particles have the advantage that they are hydrophilic which
makes handling with our OT easier. As shown in [67] the critical radius for
our experimental settings isRcrit � 0:6µm which makes the movement of
the used particles ARF dominated. Nevertheless, we can separate the AS
and ARF induced movement because the e�ects are for our BM locations
orthogonal to each other.

In the normal trapping mode it is not possible to measure the build up of
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Figure 5.2 � Photograph of optical trapping setup with highlighted important equip-
ment.
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Figure 5.3 � Photograph of acousto�uidic device with highlighted parts.
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Figure 5.4 � Schematic of optical trapping setup, laser settings (P: laser power), and
optical shutter settings (T: transmittance for � l = 785 nm) before and after the build
up measurement (BM; top) and during the BM (bottom). During the BM the particle
is free �oating, the laser power is reduced as low as possible, the shutter is opened
to allow optical position detection on the quadrant photo detectors (QPDs), and the
ultrasound is switched on; hence there acts an acoustic forceFac on the particle. Before
and after the BM all states are switched to their respective opposite.
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AS and the ARF because the timeconstant of the OT (� OT � 1:59 ms[67])
is much larger than the ones of interest (� AS � 1:44 msand � ARF � 1:4µs
[67]). � ARF is de�ned as the build up time of the ARF, which is approxi-
mated by the build up time� of a single degree of freedom acoustic reso-
nance mode with quality factorQ � 40and� AS is the momentum di�usion
time [123]. Therefore, we need to switch the laser almost completely o�
such that the formerly stably trapped particle becomes free-�oating. If the
particle is free-�oating, there is no in�uence from the OT characteristics
on the BM.

For stable trapping of our particles the laser power must be greater
than at least 75 mW. However, this laser intensity is too high for the
QPDs in the back focal plane and they would be damaged without further
modi�cations. Therefore, an optical shutter (FOS NIR 1100, LC-TEC,
Borlänge, Sweden) is installed in the laser path before the QPDs (see
Figure 5.4). The shutter transmittanceT is proportional to the applied
voltage of the shutter driving signal. In earlier experiments with our OT
the optical shutter was implemented as a �xed set of neutral density �lters
that limited the transmitted intensity to less than 0.1% of the trapping
intensity [98, 102, 104]. Before and after our BMs the particle is stably
trapped.

One single BM follows the sketched process of Figure 5.5 (see also Fig-
ure 5.4). The particle is free �oating during the BM and re-trapped at
the end. The spot size of the OT is not �nite and re-trapping to the exact
same location unlikely. Therefore at the beginning of each BM the Python
control software checks if the o�set of the QPDs needs to be adjusted. A
QPD with zero o�set is in the middle of the linear regime between the dis-
placement of the particle and the measured voltage at the QPDs. Hence,
the o�set adjustment before a new BM enables the quantitative compari-
son between BMs because all begin with the same o�set. If an adjustment
is necessary, an automated incremental o�set change is performed and the
QPD values are checked again. If there is no action needed, the laser
changes its powerP from 140 mW to 0:4 mW and the shutter starts to
open. The laser power change takes e�ect in less than3 ms, whereas the
shutter is speci�ed to open within15 msfrom fully closed to 90% of its
fully open state. To ensure the shutter is maximally opened we wait an-
other 10 msbefore the ultrasound (US) is switched on. In this �rst25 ms
(t = � 25 msto t = 0 ms) the particle is free �oating and will therefore
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data
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Figure 5.5 � Process diagram for one measurement cycle. The gray rectangles rep-
resent the processes during the build up measurement (BM). During this time the
particle is free �oating (orange area). All others process steps are before or after a
BM. The timestamps in the hatched rounded rectangles represent the times when the
process attached to them is executed. One measurement cycle takes about2 s to be
executed. The BM itself is less than100 ms.

start sedimenting. We showed in [67] that the particle travels less than
0:052µm � 0:05R in this time towards the bottom of the device. This
distance is uncritical for the further BM. Att = 0 ms the US is switched
on for 30 ms. The particle is displaced due to the acoustic forcesFac. At
t = 55 ms, the shutter starts closing and the laser power is increased to
its starting power again to retrap the same free-�oating particle. After
the output of the data a new BM starts. The time between two con-
secutive BMs is more than2 s. The data for one BM is collected over
a timespan of100 mswhere the US is switched on for30 msonly. The
acoustic excitation frequencyf ex is set to the same value of4:015 MHz
where we measured 17 standing pressure nodal planes. With a maximal
force amplitude of1:25 pN for a 4:39µm diameter particle and a maximal
force amplitude of0:17 pNfor a2:06µm diameter particle (both measured
with the OT [67]) and the assumption of an one dimensional pressure wave
the acoustic pressure (see equations (30a) through (30c) in [32]) inside the
�uid cavity is about 100 kPa[67]. With this short time of US excitation
and the fast build up constant for the ARF (� ARF � 1:4µs) compared to
the relatively long time between BMs, the system has the same starting
conditions for each BM respectively.

One whole measurement series consists of 6 di�erent� yi positions, one
�xed pulse frequencyf p, and one �xed duty percentage. Per� yi we
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perform 75 BMs with acoustic excitation (on BMs) and 75 BMs without
excitation (o� BMs ). As result for this combination of pulse frequencyf p,
position � yi , and duty percentage we take the di�erence of the averaged
on BMs subtracted from the averagedo� BMs (� Vi = avg: on� avg: o� ).
While the BM is prepared, the �rst25 msare exactly the same between
on and o� BMs. The repetition per location� yi is necessary to reduce
the unwanted noise from the Brownian motion. As in [67], we measure
with a sampling frequency of1:25 MHz and average the measured data
over a centered window of80µs (101 data points).

Our BMs locations within the standing pressure �eld are the same as
in [67]. At those locations the forces from AS and the ARF itself were
large enough in our device. All BMs are in the middle plane between
the top and bottom �uid-device interface of our �uid cavity (� z = 0 µm).
Undisturbed Rayleigh streaming would lead to no streaming velocity in the
middle plane alongez. However, the excitation in our device is from one
side only which leads to asymmetries in the AS �eld. These asymmetries
result from the inclusion of the Stokes drift term in the numerical model
as opposed to using a simpli�ed limiting velocity approach for the AS
calculation which does not include Stokes drift and lead to symmetrical
streaming patterns while having an one-sided acoustic excitation [76]. We
have shown in [67] with a two-dimensional numerical simulations where
we model the device-cavity cross-section as it is in the device that for our
BM locations the streaming rolls can be over the whole channel height.
Therefore, we can measure at� z = 0 µm a streaming velocity inez

direction.

All BMs for a certain pulse frequencyf p = f ex=k were performed consec-
utively starting with a duty percentage of 100% and going down to 50%
(see Figure 5.6). Between the di�erent pulse frequenciesf p the device was
taken out of the OT setup, emptied, cleaned, and re�lled. This procedure
was necessary to ensure the same experimental conditions at the start and
during the BMs because our device is a simple cavity with a(3� 0:1) mm2

cross-section etched in silicon with two open sides of the cavity (see Fig-
ure 5.1). This rather wide channel dimension is necessary because of the
large half cone angle of the laser beam (� 72� ). The channel walls are non-
transparent for the laser wavelength and hence a minimal distance must
be kept from the channel walls to facilitate unhindered measurements.

To prevent evaporation of water during the experiments we seal both
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Figure 5.6 � Schematic of pulsed acoustic excitation for three di�erent duty percent-
ages (50, 70, and 100%) over pulsing cyclest � f p with the relation f ex = k f p (here
k = 10).

sides with a drop of silicone oil that is less likely to evaporate due to its
higher viscosity. Nevertheless, at the end of one measurement series some
water had left the channel. This change of water volume in the cavity is
less than 5% of its overall volume. The evaporation occurs at the sides of
the cavity and does not lead to air bubbles within the cavity.

The disadvantage from this procedure is the dis- and reconnecting of the
electric cables to the PZT, as well as the application of a new immersion
layer on top of the device for the oil immersion lens of our OT. We limited
the di�erence in immersion layer volume and initial placement, as well as
cable connection between two di�erent pulse frequenciesf p to a minimum
to ensure comparability between two di�erent data sets. Nevertheless,
there were small changes and we adapted the voltage at the function gen-
erator between the di�erent pulse frequencies to have the same acoustic
pressurepa in the cavity and hence the same magnitude of the ARF and
AS. We did this by comparing and adjusting the time it takes until the
particle displacement is outside of the linear regime of the QPDs. This is a
manual process and, hence, there are small di�erences in the experiments
between di�erent BM series.

The pulse frequenciesf p we chose such that the fractionf ex=f p is an inte-
ger k. This means that per pulsing cycle (Tp = 1=f p) k excitation periods
t0 = 1=f ex are within 1Tp. As integer we setk 2 f 10000; 50000; 100000g.
The investigated duty percentages are 100%, 90%, 80%, 70%, 60%, and
50%. The percentage value re�ects the relative time the excitation is
switched on within1Tp (see Figure 5.6). The BM with 100% duty (al-
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ways on) is the baseline where the excitation is on for the entire BM. This
BM is used for normalizing all other duty percentages at the same point
� yi and pulse frequencyf p. The shortest pulse duration is fork = 1000
and 50% duty width. With these settings 500on-periods are followed by
500o� -periods before starting all over. The pressure amplitude build up
is proportional to / [1 � exp ( � t=� ARF )] for this linear oscillating system.
After 50=f ex � 12:5µs (50 excitation periods) the system is at 99.96% of its
steady-state amplitude. Although our system is subjected to two frequen-
cies (f ex and f p) there are no in�uences on the pressure wave frequency
because the build up is much faster than the shortest pulse.

All in all, compared to [67] these three changes in the experimental
settings are present: 1) 75 instead of 50 repetitions, 2) �xed� z to 0µm,
and 3) pulsed excitation signal.

5.4. Results and Discussion

Before discussing our results, we want to emphasize that our experiments
are very sensitive to external disturbances as well as the experimental con-
dition. Because the whole experiment was newly initialised between the
di�erent k values and, therefore, experimental conditions might change
slightly, the results of di�erentk values are not fully quantitatively com-
parable. However, the trend for di�erentk values are nevertheless conclu-
sive.

In Figures 5.7 to 5.9 the results of the BMs over time for� yi =
� 0:04 mm, � yi = � 0:05 mm, � yi = � 0:06 mm are plotted, respectively.
The �gures consist of two columns (left for the ARF build up and right for
the AS build up) and three rows for the three di�erent pulsing frequencies
f p; in the 1st row f p = f ex=10000, in the 2nd row f p = f ex=50000, and in the
3rd row f p = f ex=100000, respectively. Forf p = f ex=50000 the data for the duty
percentages of 70%, 60% and 50% are not available. A data series with a
duty percentage of 100% has the same experimental settings as the data
from [67]. Hence, the results also show the same behavior: the initial build
up of the ARF is signi�cantly faster than the build up of AS. The data for
k = 1000 and 80% duty width shows an unexpected behaviour because
its magnitude is almost as strong as for 100%. During the 80% BM series
an unknown external disturbance caused a signi�cant drop in the ambi-
ent room temperature (see also Figure 5.10). The measurement itself is
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Figure 5.7 � Evolution of averaged voltage di�erences� Vy (left column; ARF asso-
ciated) and � Vz (right column; AS associated) for three di�erent pulsing frequencies
f p and di�erent duty percentages at � y = � 0:4 mm over excitation periodst=t0 with
t0 = 1=f ex . For the �rst row f p = f ex =10000, for the secondf p = f ex =50000, and for the last
row f p = f ex =100000. The data per plot is normalized to the maximal amplitude of the
data series with a duty percentage of 100%. The gray shaded area of each plot marks
the time when the US is o�. Additionally, the vertical solid lines in the bottom left
plot mark the beginning of a new pulsing cycle.
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Figure 5.8 � Evolution of averaged voltage di�erences� Vy (left column; ARF asso-
ciated) and � Vz (right column; AS associated) for three di�erent pulsing frequencies
f p and di�erent duty percentages at � y = � 0:5 mm over excitation periodst=t0 with
t0 = 1=f ex . For the �rst row f p = f ex =10000, for the secondf p = f ex =50000, and for the last
row f p = f ex =100000. The data per plot is normalized to the maximal amplitude of the
data series with a duty percentage of 100%. The gray shaded area of each plot marks
the time when the US is o�. Additionally, the vertical solid lines in the bottom left
plot mark the beginning of a new pulsing cycle.
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Figure 5.9 � Evolution of averaged voltage di�erences� Vy (left column; ARF asso-
ciated) and � Vz (right column; AS associated) for three di�erent pulsing frequencies
f p and di�erent duty percentages at � y = � 0:6 mm over excitation periodst=t0 with
t0 = 1=f ex . For the �rst row f p = f ex =10000, for the secondf p = f ex =50000, and for the last
row f p = f ex =100000. The data per plot is normalized to the maximal amplitude of the
data series with a duty percentage of 100%. The gray shaded area of each plot marks
the time when the US is o�. Additionally, the vertical solid lines in the bottom left
plot mark the beginning of a new pulsing cycle.
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Figure 5.10 � Ambient temperature T at device for k = 1000 BM series over time.
The experiment of 80% occurred between 14:00 and 15:00 (gray shaded area).

not very sensitive to temperature �uctuations within1 � C. However, the
OT is very sensitive to ambient noise. E.g, fast movement of a person in
the room or careless opening or closing of the door can be detected by
the OT. We attribute this outlayer ofk = 1000 and 80% to an external
disturbance that also caused the signi�cant temperature drop.

For the three di�erent pulsing frequencies the time di�erence between
the ARF and AS of the 100% duty width measurements for reaching 50%
of the maximal value (horizontal dotted lines in Figure 5.8) is76� 57 =
19[�103 t=t0], 88 � 73 = 15[� 103 t=t0], and 94 � 78 = 16[� 103 t=t0] for k =
10000; 50000; and 100000, respectively. This 50% criteria is the same mea-
sure we used in [67] and, in addition, the time di�erences of the ARF and
AS have the same magnitudes. However, the time at which the ARF is
over 50% of its maximal value is varying for the di�erentk values. Even
though we limited the changes of the experimental settings between mea-
surement series to a minimum, there are slight di�erences in the amplitude
of the incident acoustic pressure �eld which cause these di�erent values
of the 50% criteria. This is also the reason why for increasing values ofk
the start time of the AS induced displacement is at a later point in time.
The results for the three locations� yi = � 0:4 mm, � yi = � 0:5 mm, and
� yi = � 0:6 mm show qualitatively and quantitatively the same behavior.

For all data series in all three plots, the normalized data is zero for
t=t0 = t f ex < 0 (gray shaded area). This is the time span where the US
excitation is not switched on yet. Since the di�erence of the averaged on
data subtracted from the averaged o� data is shown and since both have
the exact same protocol before the US is switched on, this behavior is
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expected and serves as quality control of a data series. A value close to
zero aftert > 0 indicates that there is no di�erence in the movement of
the particle along this direction for a switched on US and a switched o�
US. When the US is switched o�, just gravity and the opposite directed
buoyancy force are acting on the particle because the trapping laser is
reduced to such a low laser power that the trap exerts negligible forces on
the particle.

In addition, for a pulse frequency off p = f ex=100000 and a duty cycle of
50% the times where the US is switched on and o� are visible in the data
for the ARF (see bottom left plots in Figures 5.7 to 5.9). This movement
resembles an upward going staircase and matches the times when the US
is switched again on after one pulsing periodTp. This is in line with the
previous results from [67] which showed that the ARF induced movement
starts immediately as the US is switched on and stops as fast as it started
when the US is switched o�. No such staircase is visible for AS.

Additionally, for all positions� yi with a duty percentage of 50% and a
pulse frequency off p = f ex=10`000the �nal measured value for AS is so low
and close to zero that it might just be noise and no motion due to AS.
On the other side, the ARF data for the same data series shows a clear
displacement of the particle. The reason that we measure for all positions
� yi with 50% duty percentage and with a pulse frequency off p = f ex=10000

an AS induced displacement is attributed to the slight di�erences in the
experimental settings between BM series of di�erent values ofk.

Even though, there are quantitative di�erences between the di�erent
pulse frequencies, qualitatively they have the same behavior. In all data
series a reduced duty percentage is equivalent to a reduced and delayed
build up of the ARF and AS. Since lower duty percentages lead to less
energy in the system, this behavior is expected. However, the reduction
of the AS build up is more than the reduction of the ARF. These di�erent
rates of reduction are more clearly visible in Figure 5.11.

There, the respective last normalized value of a data series of one spe-
ci�c duty percentage is plotted versus the duty percentage itself for each
combination of BM point� yi and pulse frequencyf p. Each of these lines
show a linear behavior over all duty percentages. However, the slope for
the AS data is greater than for the ARF. This linear relation of the ARF
for a one dimensional standing pressure �eld to the acoustic energy-density
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Figure 5.11 � Final normalized position at end of the build up measurement of
� Vy (left column; ARF associated) and� Vz (right column; AS associated) over duty
percentage for the three pulsing frequenciesf p = f ex =k and averaged over the three
locations � yi = f� 0:06 mm; � 0:05 mm; � 0:04 mmg. The outlayer for k = 1000 and
80% duty width is attributed to an unknown external disturbance within the OT lab.

Eac is in line with the theory

F rad / Eac / p2
a (5.1)

wherepa is the pressure of the acoustic �eld [32, 71]. The same linear
relation to the acoustic energy-density (Fdrag / Eac / p2

a) is theoretically
valid for AS [17] and also visible here. Nevertheless, the here depicted
transient behavior of the ARF and AS suggests that the interrupted energy
supply to the system causes an even further delay of the AS build up
compared to the ARF build up. The generally lower values for the AS
induced displacement and also the later start of the AS build up forf p =
f ex=100000 compared tof p = f ex=10000 is attributed to the slight di�erences in
the experimental settings and not a cause of the magnitude off p itself.

5.5. Conclusion

We extended our previous OT setup to measure the e�ects of a pulsed
ultrasonic excitation of a microacousto�uidic system on the build up of
the AS and the ARF, and also on the �nal position of a microparticle
because of AS and the ARF. We varied the pulse frequencyf p and duty
width of the pulsed acoustic excitation to understand the e�ects of those
parameters on the quantities of interest. In addition, we limited the di�er-
ence of experimental settings between measurement series to a minimum
for a valid comparison of the data. Our results show that the decrease
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in maximal displacement due to the ARF and the drag force from AS
are both linear with respect to the applied duty percentage and more or
less independent of the pulse frequencyf p. However, the decrease of AS
with lower duty percentage is for all BMs faster than for the ARF. Even
though our BM time span is limited to 120'000 acoustic excitation periods
1=f ex (� 96 ms), we still manage to observe a signi�cant level of streaming
suppression, con�rming the experimental results of Hoyos and Castro [36,
85], and paving grounds for new theoretical studies that might improve
our understanding of the AS build up.
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CHAPTER 6
Rotational Speed Measurements of
Small Spherical Particles driven by
Acoustic Viscous Torques utilizing

an Optical Trap
For this work Andreas Lamprecht performed all measurements and

sketched a draft for the manuscript. Christoph Goering carried out the
postprocessing of the data and the whole submission and writing process.:
1

Andreas Lamprecht, Christoph Goering, Iwan A.T. Schaap, and Jürg
Dual, "Rotational speed measurements of small spherical particles driven
by acoustic viscous torques utilizing an optical trap", Journal of Microme-
chanics and Microengineering, 2021,34 034004.

6.1. Abstract

Two orthogonal standing acoustic waves, generated by piezoelectric exci-
tation, can form a two-dimensional pressure �eld in micro�uidic devices. A
phase di�erence of the excitation waves can be employed to rotate spher-
ical µm-sized silica particles by a torque mediated through the viscous
boundary� around the particle.

The measurement of the rotational rate is, so far, limited to high-speed
cameras and their frame rate, and gets increasingly di�cult when the
sphere gets smaller. We report here a new method for measuring the
rotational rate ofµm sized spherical particles. We utilize an optical trap
with high-speed position detection to overcome the frame rate limitation

1: DOI: https://doi.org/10.1088/1361-6439/abde92, reproduced with permission, copyright 2021
IOP Publishing.
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of wide �eld image recording. The power spectrum of an optically trapped,
rotating particle reveals additional peaks corresponding to the rotational
frequencies � compared to a non-rotating particle. We validate our method
at low rotational rates against high-speed video observation.

To demonstrate the potential of this method we addressed a recent con-
troversy about the rotation of particles with a relatively large VBL� . We
measured steady-state rotational rates up to229 Hz(13:8 � 103 rpm) for
a particle with a radiusR � � . Recent numerical research suggests that
in this regime the existing theoretical approach (valid forR � � ) over-
predicts the steady-state rotational rate by a factor of 10. With our new
method we also con�rm the numerical results experimentally.

6.2. Introduction

Ultrasonic particle manipulation o�ers a wide range of possibilities to
handle particles suspended in a �uid. They can be aligned [109, 111, 135],
sorted by size [42, 106], or separated [73, 134] inside micro-�uidic devices.
Furthermore, particles can be moved or rotated [25, 100, 140] by changing
the properties of the exciting standing wave. The ultrasound manipulation
techniques forµm-sized particles gained an increase of interest in chip-
based micro-robotics [3, 51], biological analysis [73, 144], and chemical
applications [54]. Mainly the translational behavior was investigated so
far. However, a deeper understanding of acoustic particle rotation adds
new degrees of freedom to such systems.

An acoustic rotation of sphericalµm particles is generally realized by
streaming near the surface of the particle. It is generated by a local acous-
tic pressure, that provides a continuously changing phase of the harmonic
pressure amplitude from0 to 2� in circumferential direction of the par-
ticle. Two acoustic orthogonal standing waves [107], or acoustic vortex
beams [118] can generate such conditions close to the surface of particles.

A time-averaged streaming �eld is formed inside the VBL� around the
particle and initializes the particle rotation by surface tractions. In the
literature, it is known as acoustic viscous torque (VT) [34, 107, 155]. Also,
for non-spherical particles the acoustic radiation torque might contribute
to rotations as shown by Maidanik [115] in 1958. In 2015, Schwarzet al.
[51, 140] veri�ed experimentally that micro �bers and arbitrarily shaped
particle clumps can be rotated by acoustic radiation torques in micro-
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�uidic cavities by two phase modulated orthogonal standing waves. They
showed in detail the phase dependency of particle clump patterns, by two
orthogonal standing wave modes in micro-�uidic cavities.

The cause for the acoustic VT of spherical particles is streaming, a time-
averaged e�ect that is related to the VBL. In 1958, Nyborg [128] derived
the basic equations and assumptions for the analytical prediction of acous-
tic streaming e�ects. In 1977, non-zero time-averaged torques on solid
bodies due to acoustic streaming were �rst observed by Wanget al. [155].
They used an experimental set-up to rotate an axisymmetric cylinder and
they measured its rim speed at di�erent phase shifts of the excitation.
Busseet al. [34] presented corresponding analytical calculations for the
acoustic VT on rigid macro-cylinders, macro-circular plates and macro-
spheres and they measured the acoustic torque on a �xed cylinder with
a torsion �ber. In the 1980s, Barmatz [20, 21] and Elleman [53] reported
in their patents an experimental setup that is able to rotate objects in all
three dimensions by acoustic plane waves. In 1989, Leeet al. [107] used
the theory of Nyborg to calculate an analytical solution of the acoustic
streaming �eld near a rigid micro-sphere due to two orthogonal standing
waves. However, this model is only valid for� � R.

In addition, all theoretical investigations considered �xed objects and
boundaries only. Lamprechtet al. [99] extended the theory of Nyborg
to rotating objects with moving boundary conditions and keeping the re-
striction of � � R. Moreover, they compared their experiments to the
results of Leeet al. for rotating µm-spheres due to the acoustic VT. Lam-
precht et al. were able to observe rotational rates up to20 Hz(1200 rpm)
of polymethyl methacrylate (PMMA) particles with diameters between
71µm and 446µm by a high-speed camera and observed a dependency of
the VT in phase, position and excitation amplitude. For particles smaller
than 71µm a reliable rotation detection of the half-gold covered particles
was not possible.

Aubert et al. [13] applied two orthogonally orientated acousticScholte
waves[38] coupled into a micro-�uidic cavity to excite rotations of spher-
ical µm particles. As mentioned before, acoustic vortex beams can also
provide the conditions to apply an acoustic torque on spherical particles
[118]. This e�ect was experimentally demonstrated in several publica-
tions [44, 84, 151]. In the near vicinity of pressure nodes of two orthog-
onal standing waves, the conditions of the formed local acoustic �eld are
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comparable to those of an acoustic vortex beam [168].

Recently, Hahnet al. [76] concluded a numerical investigation on ro-
tating µm particles by the acoustic VT. They found that the analytical
models are a reliable tool to predict the rotational rate and direction for
situations where the normalized VBL~� = �=R < 1=15, with R being the
particle radius and� the VBL. They also investigated situations where
~� > 1=15 and found that in this regime the density ratio~� = � s=� f be-
tween the particle density� s and the surrounding �uid density� f is not
neglectable [76]. This ratio is not considered in the analytical prediction
of the acoustic VT for a rigid sphere. In addition, Hahnet al. [76] found
that the rotational direction reverses at speci�c density ratios~� when the
normalized viscous boundary layer~� � 1. A reliable detection of the
rotational rate 
 is limited by the frame rate of the high-speed camera.
Lamprechtet al. [99] measured for a71µm silica particle a �nal rotational
rate of 20 Hz (1200 rpm). Higher rates could not be detected reliably, in
particular for smaller particles.

This work utilizes a calibrated optical trap to overcome these limitations
of high-speed imaging to detect rotational rates up to229 Hz (13:8 �
103 rpm) for 2:06µm silica particles. The optical trap o�ers the possibility
to analyze the power spectrum of a particle motion while the particle
rotates due to the acoustic VT inside the optical trapping potential. This
procedure is known from rotational �agella frequency investigations of
bacteria [93], or motility e�ciency of unicellular parasites [145], where the
detector gets the signal from the bacteria or parasite directly. However,
the use of optical trapping in acousto�uidics put additional constraints on
the design of the optical trap. Initial experiments that were performed
with an instrument that was designed to detect �agella rotations did not
provide consistent results. A closed loop 3D positioning system is essential
to position the particles with respect to the acoustic �eld. Also, the long
term-stability of the instrument was optimized by operation in a thermally
controlled environment, a careful selection of the laser and even the choice
of the microscope immersion media. Details of these technical adaptations
can be found in the methods section (6.4.1).

Furthermore, the optical trap has the advantage that its optical poten-
tial keeps theµm particles trapped against external acoustic radiation
forces. This property o�ers the opportunity to experimentally investigate
the position dependent acoustic VT, which was so far not found in the
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literature. In addition, the combination of the optical trap and the device
design of Schwarzet al. [140] opens a novel possibility to levitate rotating
particles and avoid any in�uences of near-boundary e�ects, or streaming
due to vibrating micro air bubbles [99].

It is demonstrated in the following that the peaks in the power spectrum
of optically trapped and rotating particles will provide information about
their rotational rate. If the rotation is multi-modal, multiple peaks are
detected in the power spectrum. Additionally, trapped particles are moved
inside the background pressure �eld to experimentally verify the position
dependent change of rotational direction of the particles, as predicted in
theory. In addition, the rotation measurement for cases where~� � 1
supports the numerical results by Hahnet al.

In Section 6.3, the underlying theory for the acoustic VT is summarized.
Section 6.4 explains the working principle of the optical trap and the used
acoustic device. In Section 6.5, the experimental protocol is de�ned, as
well as the validation of the rotation measurement of the optical trap. In
addition, the results for~� � 1 are presented and discussed. Section 6.6
discusses the �ndings of this work.

6.3. Theory

Two orthogonal standing waves excited at the same frequencyf and
with a relative phase shift� exert a torque on spherical particles. Under
these conditions, an acoustic streaming �eld is formed inside the viscous
boundary layer

� =
r

� f

� f � f
(6.1)

at the �uid-particle interface, wheref is the frequency (of excitation),� f

the dynamic �uid viscosity, and� f the density of the �uid. The resulting
viscous surface stress on the particle results in a non-zero torque. This
torque is called the acoustic VT and is qualitatively shown in Figure 6.1
for two orthogonal standing waves with a phase shift of� = � =2.

The analytical solution for the total time-averaged VT� tot (
) on a
small rotating spherical particle (R � � = cf =f ) within two orthogonal
plane standing waves is
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Figure 6.1 � Schematic of the time-averaged acoustic VT acting on a sphere. At a
constant rotational rate 
 of the particle the propulsive acoustic VT is in balance with
its counteracting viscous drag torque.
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� tot (
) =
3
4

�S sAX AY

� f c2
f

sin� cos(kX ) cos(kY) � 8�� f R3 


= � IN � ~D 

(6.2)

where Ss is the sphere surface area, andcf the speed of sound of the
�uid, k = 2� =� the wavenumber in the �uid, and (AX ; AY ) the pressure
amplitudes of the two orthogonal standing waves [99, 107]. The phase
shift � and the sphere position (X ;Y) determine the rotation direction.
The result of� tot (
) can be split up into a torque driven by the acoustic
excitation � IN / R2 and a viscous drag torque~D 
 / R3 related to
Stokes drag [99]. In the theory of Nyborg [128] and Leeet al. [107], the
particle rotation was not considered in their analysis of the acoustic VT
� IN . However, Lamprechtet al. [99] introduced a moving boundary of the
particle so that the driving� IN appears independently of the rotational
rate 
 . The rotational axis of the particle is always perpendicular to both
directions of the incident waves and its rotational rate is limited by Stokes
drag coe�cient ~D = 8�� f R3. The steady-state rotational rate
 equ is
de�ned as


 equ =
� IN

~D
: (6.3)

Since 
 equ / 1=R [99], bigger particles will reach a lower steady-state
rotational rate 
 equ. This occurs for the equilibrium state� IN (t = t?) =
~D(t = t?). After t? = 0:5 ms a 100µm large particle rotates with the
steady-state rate of11:33 Hz(680 rpm) at an acoustic pressure amplitude
of 171 kPa[100]. Please note that the time constant� � t? is proportional
to R2 [100], so a particle with2R = 2:06µm reaches the equilibrium in less
than 1µs. Hahnet al. [76] showed numerically that the analytical and the
numerical results can di�er by orders of magnitude for~� > 1 and water as
�uid. For acoustic particle manipulation in water, the di�erences between
the analytical solution and the numerical results become negligible for
particles with a normalized VBL~� < 1=15. In addition, the analytical
predictions neglect the density ratio~� = � s=� f between the particle and
the surrounding �uid. Hahnet al. [76] concluded that the density ratio~�
has a non-negligible e�ect on the magnitude of the acoustic VT and that
depending on this ratio even the direction of the torque can change.

101



Chapter 6 � Particle Rotation Measurements with an OT

6.4. Experimental Set-up

6.4.1. Optical Trap

The optical trap is based on the apparatus described in detail elsewhere
[27]. We modi�ed and enhanced the standard setup and its peripherals
such that it is suitable for our micro-�uidic applications. These appli-
cations require a long term laser stability, �ne spatial resolution in three
dimensions, spatial reproducibility of the positioning system, and �ne tem-
poral resolution of the DAQ system. The taken measures are explained in
the following.

The collimated beam of a200 mW (lineary polarized in theyz-plane,
< 0.5% power drift in8 h), 785 nm near infrared laser diode (LuxX 785-
200, Omicron Laserprodukte GmbH, Rodgau-Dudenhofen, Germany) is
coupled into a standard microscope chassis (Nikon NI-U, Tokyo, Japan).
Although the laser is linearly polarized, it forms a symmetric optical trap-
ping potential by focusing the laser beam with a water immersion mi-
croscope objective (CFI Plan Apo IR SR 60XWI 1.27NA, Nikon, Japan)
with a high numerical aperture (NA) of 1.27. Immersol W with a refrac-
tive index ofn = 1:33at room temperature (Zeiss, Germany) is used as an
immersion media instead of water to obtain a higher temporal stability of
acoustic standing wave modes during the experiments [104]. Downstream
of the focused laser beam, the laser light is collimated again by an air
condenser (C-C Abbe NA 0.9, Nikon, Japan) and split into two separate
beams by a non-polarizing 50:50 beam splitter (CCM1, Thorlabs, USA).
A schematic sketch of the optical set-up and the focused laser inside an
acousto�uidic �ow cell is shown in Figure 6.2.

The laser beam is projected onto a Quadrant Photo Detector (QPD)
that is conjugated with the back focal plane of the condenser [27]. The
QPD-xy in Figure 6.2 is optimized to detect thexy-displacement of opti-
cally trapped particles. The laser spot size on the QPD-xy is about2 mm
in diameter and the8 mm diameter sensor measures displacements of the
beam in the back focal plane. The QPD-z measures the total laser inten-
sity over its four quadrants which scales with the z-displacement of the
particle inside its optical potential [50].

The analog data of the QPDs is anti-aliasing �ltered at15 kHz and is
digitized by a data acquisition board (NI USB-6356, National Instruments,
Austin, TX, US) with a sampling frequency of1 MS s� 1 (1 million samples
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Figure 6.2 � The optical trap is based on a commercial upright microscope body.
The linear polarized laser light (785 nm) is aligned on an optical table and coupled
into the microscope. The microscope objective forms the laser focus for trapping, and
the condenser directs the laser light to the detection unit, where QPDs are used for
the analysis of the particle displacements. An LED illuminates the sample and a high-
speed camera is used for imaging.

per second). We recorded the Brownian motion of the particle within the
optical trap for ten seconds and then performed a Fast Fourier Transform
(FFT) on this signal to achieve a frequency resolution of� f = 0:1 Hz.
This spectrum is averaged over 10 cycles such that the calibration takes
100 s. The recorded signals are then further processed for calibration and
force measurements in 3D with a self-written Matlab and LabVIEW (Na-
tional Instruments, Austin, TX, US) routine. Calibration of the position
(m V � 1) and force sensitivity (N m� 1) was obtained via the Equipartition
Theorem [146, 150]. These calibrations are performed for thex-, y- and
z-directions simultaneously. Due to the elongated shape of the focal spot
in the z-direction, the optical trap sti�ness� z is 3 to 5 times weaker than
the trapping sti�ness inx- and y-direction.

Here, a typical optical trapping sti�ness for100 mW laser power and
2:06µm silica particles is2:9 fNµm� 1 in the xy-plane and1:1 fNµm� 1 in
the z-direction. During the experiments it was ensured with the magni-
tude of the laser power that the displacementsu of the particles remained
inside the valid regime of the trap calibration (u < R=2). The main coun-
teracting force is the acoustic radiation force. With our Optical Trap setup
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we can stably trap particles between2µm to 10µm. Larger particles tend
to show unstable trapping in our setup.

The spatial positioning of the optical trap in thexy-direction andz-
direction was performed by a closed-loop motorized microscope stage (SCAN,
Marzhauser, Wetzlar, Germany) and closed-loop piezo stage (PI, P-725.2CD,
Karlsruhe, Germany), respectively. The statistic force repeatability of the
optical trapping set-up was� 11 fN [104], which includes positional drifts
and eventual variations in temperature.

6.4.2. Acousto�uidic Flow Cell

Within the optical trap, the working distance of the microscope objec-
tive (0:17 mm) and of the condenser (1:9 mm) limits the thickness of the
�ow cell. Furthermore, the device has to be transparent for the laser
wavelength� to permit optical trapping and detection (see Figure 6.2).
Therefore, a transparent glass device was built from a stack of standard-
ized microscope coverslips (MENZEL GmbH, Braunschweig, Germany). It
was designed to excite two individual standing waves inx- andy-direction
separately, which provide the necessary conditions to rotate sphericalµm
particles.

Similar as in Lakämperet al. [98], a polyurethane spray glue (ITW,
Cramolin Urethan, Muehlacker, Germany) was used for the fabrication of
the micro-�uidic �ow cells. Two square shaped coverslips of size (thick-
ness,0:13 to 0:17 mm, and 22 mm� 22 mm large) were glued together
and afterwards a4:0 mm wide cross-shaped �uid channel was diced into
the center of one of the two coverslips. The remaining material of the
diced coverslip was covered by another adhesive layer and glued onto a
rectangular glass (thickness,0:13 to 0:17 mm, 60 mmlong, 22 mmwide).
The resulting stack of coverslips formed two crossed �uid channels inx-
and y-direction with open ends (soft acoustic boundaries). The maximal
distance of the �uid cavity depth plus the top cover thickness is< 270µm
as depicted in Figure 6.3. An adapted phenolic paper with the size of
a standard specimen slide (l , w, and h = 75, 25 and 1 mm) holds the
stacks of coverslips, so that the acoustic �ow cell can be easily placed in
the sample holder of the microscope stage.

Two piezo-electric transducers (Ferroperm, Pz26,l , w, and h = 4, 2
and 1 mm, Kvistgaard, Denmark) were glued on the stack of coverslips
with conductive glue (EPOXY Technology, H20E, Billerica, MA, USA)
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Figure 6.3 � Stack of three coverslips form the device where the middle layer includes
two �uid channels (4:0 mm � 22 mm with a depth of 0:13 to 0:17 mm, red boxes)
in an orthogonal arrangement. The two channels intersect and form a4:0 mm �
4:0 mm crossed chamber (black hatched area). Each piezo-electric transducer4:0 mm�
2:0 mm� 0:5 mm(PZ26, blue boxes) individually excites a direction. The relative phase
di�erence � of the excitation signals is freely adjustable. The phenolic paper holds the
stack and has the size of a standard specimen slide for mounting.

perpendicular to each channel inx- andy-direction. The distance between
the center of the �uidic chamber and each transducer was7 mm. This
distance was set such, that the microscope objective stays clear from the
transducers. The resulting thin design of the device ensured the usage of
the optical trap and decoupled the standing wave modes in the channels
(x and y). This speci�c design enabled controlled excitation of standing
wave modes in the directions ofx and y as well as an individual control
of the excitation phase� (see Figure 6.4).

For our measurements we always used the same spatial position within
the device. Hence, the rotation of the particles is always in the same
direction for our experiments. However, Lamprechtet al. [100] demon-
strated how the rotation direction is dependent on the spatial location
and the phase� of the two standing waves. In addition, in the supple-
mental material [103] two videos are provided that show the change of
rotation direction when changing these two parameters.

6.4.3. Particles

For the visualization experiment in Figure 6.4 we used4µm copoly-
mer particles (Duke Scienti�c Cooperation, Palo Alto, CA, USA). For the
optical trapping experiments with single particles we used silica particles
because they are more precise in their dimensions compared to polystyrene
particles. In addition, they have better interactions with the acoustical
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Figure 6.4 � The device is �lled with a water/glycerol (70%/30%) mixture containing
4µm copolymer particles (Duke Scienti�c Cooperation, Palo Alto, CA, USA) and it has
two identical modes inx- and y-direction at 1:043 MHz. a) and b) depict the isolated
modes at 15 Vrms for the x- and y-direction, respectively. The resulting measured
wavelength � P was approximately 1:4 mm for both directions. c) and d) show the
particle pattern for the two orthogonal standing waves inside the crossed-�uid chamber
at � = 0 and � = �

2 , respectively. These observations con�rm the assumption of a 2
dimensional orthogonal standing wave �eld.
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�eld. Moreover, the results of Hahnet al. [76] suggest that in the region
of R � � and ratios of� s=� f between 2 and 15 result a greater magnitude of
the acoustic viscous torque results. With the used �uid (� f = 1:1 g cm� 3)
and our silica particles (� s = 2:0 g cm� 3) the ratio � s=� f � 1:8.

In order to validate the proposed power spectrum method two sets of val-
idation experiments are explained in Section 6.5.1. For those the4:39µm
particles were modi�ed di�erently for each experiment. We use this size
of particles since they are better visible when simultaneously measuring
the rotation with a camera. There was the need tomark the spherical
4:39µm silica particles because a reliable rotation measurement with the
camera of unmarked spherical particles was not possible.

Two methods for marking were used. In both cases the rotation could
be easily tracked by optical microscopy because the particle size of4:39µm
silica glass micro-spheres (Microparticles GmbH, Berlin, Germany) is much
larger than the optical resolution. For the set of experiments, silica par-
ticles were deformed between two polished metal plates by applying a
pressure of1 MPa to achieve a slight degree of non-sphericalness (see
Figure 6.5). For the second set, uncoated particles were distributed on
a glass specimen slide (MENZEL GmbH, Menzel-Glaesser, Braunschweig,
Germany) and coated by a Sputter coater (B7340 Manual Sputter Coater,
Van Loenen Instruments, Zaandam, Netherlands) with a gold coating (see
Figure 6.6). After coating, the particles were half-covered with a10 nm
to 20 nm thick gold layer at their surface orientated to the gold elec-
trode. The coating a�ected the acoustic properties not substantially. The
particles showed, i.e., same trapping and rotational behavior within the
acoustical trap. Averted particle surfaces showed a thinner gold layer of
about 0 nm to 10 nm.

6.5. Experimental Procedure

The observed time-averaged spatial o�-set of the particles inside the
optical trap is naturally zero, but the frequency content of the observed
particle motion includes the thermal energy content of the particle as well
as its rotational frequency. The angular frequency appears as an addi-
tional peak in the power spectrum of the rotating particle. In order to
validate this detection method, particles with a rotational rate of less
than 1:66 Hz (100 rpm) were observed by a high-speed camera (HiSpec1
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G2 Mono, Fastec, San Diego, USA) while also recording their power spec-
trum. In the validation experiments the transparent device was �lled with
4:39µm silica glass micro-spheres suspended in distilled water at a low
concentration of a few particles perµL. This low particle concentration
does not e�ect the ratio~� = � s=� f. The open channel ends were sealed with
silicone oil to ensure a constant �uid volume during the measurements.

6.5.1. Rotation Detection Validation

Two sets of validation experiments were performed: (i) non-spherical
particle rotation with slightly non-spherical particles; (ii) spherical particle
rotation with gold covered particles for increased contrast in the video
observation [99].

According to Hahnet al. [76], non-spherical objects can also be rotated
due to the acoustic VT, but here e�ects of acoustic radiation torques may
govern or in�uence their rotations [153]. A slightly non-spherical4:39µm
silica particle (see Figure 6.5) was trapped in the optical potential well
with 100 mWlaser power and moved to the reference position (x; y; z = 0)
in the center of all three dimensions of the �uid chamber. The acoustic
pressure �eld is formed by two orthogonal standing waves at the same
excitation frequency of1090 kHzand 10:0 Vrms amplitude. The particle
was then optically moved to the closest resulting pressure node (intersec-
tion of two pressure nodal lines inx- and y-direction) with respect to the
reference position. Positions of the pressure nodes were determined by a
previous set of experiments.

The phase di�erence between the acoustic excitation directionsx- and
y-direction was set to� = � =2, and the non-spherical particle rotated
counter-clockwise with
 = 1 :12 Hz (67 rpm) (arithmetic mean of0:3 Hz
(18 rpm) and 1:6 Hz (96 rpm); see also Figure 6.5). At� = 0 the particle
did not rotate because of the stable, non-varying acoustic potential.

In Figure 6.5, the average of 10 power spectral density plots is de-
picted, each obtained from a10 s recording. The frequency resolution
is � f = 0:1 Hz. Three main peaks were observed in the power spectrum
at 0:3, 0:8 and 1:6 Hz, which correlate with the frequencies detected by
the contemporaneous video detection. We see these peaks on both QPDs
for the x� andy-direction. However for some of the latter rotational mea-
surements, thexy-motion of the particle adds more peaks depending on
the major axis of the acoustic displacement. All other peaks are related
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Figure 6.5 � Power spectral density and results of the video analysis of a counter-
clockwise rotating non-spherical silica particle at1090 kHzand 10:0 Vrms with relative
phase shift of� = � =2. The 10 times averaged power spectrum of they-signal of the
detection unit (QPD) was recorded with a frequency resolution of� f = 0:1 Hz and a
sampling rate of1 MS s� 1. Three main peaks were observed at0:3, 0:8 and 1:6 Hz. The
frequency peak at0:8 Hz corresponds to a relativexy-motion of the trapped particle,
whereas the peaks at0:3 and 1:6 Hz (18 and 96 rpm) are related to a non-constant
angular rotation 
( ' ) of the particle. The measured results are in correlation with
the determined rotational rate by the high-speed video analysis with a frame rate
of 100 fps. See the supplemental material for a optically trapped particle rotating
sequentially with two velocities due to its imperfect spherical shape.
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to multiple repetitions of these angular frequencies due to deviations of
the spherical shape of the particle. The peak at0:8 Hz corresponds to a
relative xy-motion of the particle, whereas the peaks at0:3 and 1:6 Hz
are related to angular frequencies of the non-constant rotation
( ' ) of the
particle. The existence of two frequency peaks is related to the in�uence
of di�erent acoustic pressures inx and y-direction because the amplitude
were not yet matched for this validation. Hence, the acoustic radiation
forces on the particle have di�erent magnitudes inx and y-direction. So,
the distribution of acoustic radiation pressure on the particle changes dur-
ing its rotation and leads to an additional orientation dependent acoustic
radiation torque. The in�uence of acoustic radiation forces on particle
orientations is a well-known e�ect for small non-spherical particles with
r � � [60, 96], but this experiment shows that this in�uence is also
large enough to in�uence the rotation by the acoustic VT. Particles with
a larger degree of non-sphericalness did not even start to rotate in this
set of experiments. This is in agreement with the predictions of Hahnet
al. [76], that the acoustic VT decreases with a higher degree of elliptical
shape of the particles. In contrast, the acoustic radiation torque increases
and hinders a constant rotation of the particle, if the symmetry of the
experimental acoustic potential at� = � =2 is imperfect.

Previously, optical traps formed by a linearly polarized laser have been
applied to rotate anisotropic particles [75]. However, this torque is de-
pendent on the orientation of the anisotropic particle with respect to the
polarization plane of the laser. If the laser power is high enough, the acous-
tically induced rotation can be inhibited because the anisotropic particle is
optically locked to the polarization plane. For perfectly spherical particles
without any shape anisotropy this optical torque vanishes [58, 116]. We
did not observe in�uences of optical forces on the �nal rotational velocities
of the spherical particles because the determined velocities in the exper-
iments were independent of the applied laser power. For our validation
experiments with deformed and gold coated particles we did not investi-
gate further the in�uence of the linearly polarized laser on the particles.
This indicates that the applied acoustic torque was greater in magnitude
than the optical torque.

Also, the experiments that are presented afterward show that the par-
ticle rotation is dominated by the acoustic �eld. By moving the particle
through the �ow cell or by changing the phase of the excitation signal,
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the rotation can be stopped, started and reversed (see Figure 6.7 and the
video in the supplemental material).

A closer investigation was not possible in our current experimental set-
up because particles sank due to gravity if the laser was turned o�. Ob-
served rotations near �uid boundaries (bottom plate) are governed by in-
�uences of near-boundary e�ects, e.g. higher viscous drag, di�erent acous-
tic scattering and streaming which would complicate an investigation of
low laser powers on the particle rotation.

The second set of validation experiments employed spherical particles
with a thin gold layer to increase the contrast for the video observation
[99]. The additional gold layer changed the optical properties of the par-
ticles and led to a di�erent optical trapping behavior in the experiments.
Most of the particles could not be trapped optically because the gold layer
re�ected the incident laser light (785 nm) and the resulting optical scat-
tering forces pushed the particles away from the laser focus [11, 146, 169].
The particle needs to be transparent for the wavelength of the laser, in
order to enable trapping. However, due to statistical variations of the
coating process some particles were optically trappable, since just a small
portion of the surface was coated. And hence, just a small portion of the
incoming laser was re�ected. One example of an optically trapped particle
with a constant and stable rotation is shown in Figure 6.6. The brighter
regions at the surface of the particle arise from the re�ected laser light
due to the partial gold coating. These regions rotated with the optically
trapped particle due to the acoustic VT. The angular change of re�ected
light on the particle surface was then determined by the QPDs of the op-
tical detection unit and increased the signal strength by a factor of 100
with respect to uncoated particles. The recorded power spectrum of the
x- and y-signals included the information about the angular frequency of
the rotating particle.

An example for a recorded power spectrum of a rotating gold-layered
4:39µm silica particle at an acoustic excitation frequency of1090 kHzand
amplitude of2:5 Vrms with a relative phase shift of� = � =2 is depicted in
Figure 6.6. A clear peak can be seen at1:3 Hz. The determined rotational
rate of the particle by video observations was1:31 Hz (78:6 rpm), which
correlates with the measured peak at1:3 Hz (78:0 rpm). A further varia-
tion of the acoustic excitation parameters (amplitude and relative phase)
shifted the peaks in frequency as predicted by Equations (6.2) and (6.3)
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Figure 6.6 � Power spectral density and results of the video analysis of a counter-
clockwise rotating gold-coated spherical4:39µm silica particle at 1090 kHzand2:5 Vrms

with relative phase shift� = � =2. The 10 times averaged power spectrum of they-signal
of the detection unit (QPD) was recorded with a frequency resolution of� f = 0:1 Hz
and a sampling rate of1 MS s� 1. A clear peak at 1:3 Hz and two additional peaks
at 2:6 and 3:9 Hz were observed. The amplitudes of the additional peaks were one
order of magnitude smaller as the amplitude of the peak at1:3 Hz. The peak at1:3 Hz
correlates with the determined rotational rate by the high-speed video analysis at a
frame rate of100 fps.

(results are not shown) [99].

6.5.2. Rotation of particles where ~� � 1

The determinations of the rotational rate with the power spectrum-
method opened the possibility to measure fast rotations (> 25 Hz(1500 rpm))
of particles with a radiusR about 1µm. For such small particles the ra-
tio of the thickness of the VBL� and the particle radiusR approaches 1
(~� � 1) in the MHz-range (1 MHz to 10 MHz). The analytical formulas
become invalid for the case that~� > 1=15 [76]. Particle rotations within
the limit ~� � 1 were experimentally validated by an investigation of silica
spheres with a2:06µm (Microparticles GmbH, Berlin, Germany) diame-
ter resuspended with a water/glycerol (70%/30%) mixture. The viscosity
� f of the aqueous glycerol solution was0:006 Pa s[88] with a determined
density of1:1 g cm� 3 (dense knife, DMA 35N, Anton Paar GmbH, Graz,
Austria) and increased the thickness of the viscous boundary layer to ap-
proximately1:33µm at an excitation frequency of1043 kHz(� � 1:4 mm).
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The normalized VBL is therefore~� � 1:30.
The optical trapping set-up was originally designed to measure the

acoustic force and pressure amplitudes inside micro-�uidic channels and
cavities [98, 104]. The same procedure was used here to measure the local
acoustic pressure amplitudes inside the �uid chamber of the transparent
micro-device. An accurate prediction of the acoustic pressure amplitudes
AX and AY of the two orthogonal standing waves was important to de-
termine the strength of the acoustic VT by observing the steady-state
rotational rate 
 equ of rotating particles.

Therefore, the local acoustic pressure amplitudesAX and AY were indi-
vidually measured inx- andy-direction by exciting only one transducer of
the correspondingx- or y-direction, respectively. We measured the acous-
tic forces in all three dimensions (x, y, z) acting on the2:06µm-particle
inside the optical trapping potential. The spatial measurement range was
� 0:55 mmin the x- andy-direction. The point(0:21 mm; 0:22 mm), mea-
sured relatively to the middle of the �uid chamber, corresponded to the
spatial position where a pressure nodal line inx- and y-direction over-
lapped.

The maximal force amplitudes at1043 kHzwere � 96 fN to 25 fN for
the x-direction and� 32 fN to 28 fN for the y-direction. The peak-to-peak
value of the determined forces iny-direction was about two times weaker
than in x-direction. This factor of 2 was used to calibrate the piezoelectric
excitation amplitude to reach equal acoustic pressure amplitudes in both
excitation directions.

The excitation amplitudeUel is proportional with the acoustic pres-
sure amplitudeAx;y (Uel / Ax;y ), whereas the acoustic radiation force
Fac has a quadratic dependency of the acoustic pressure amplitudesAx;y

(Fac / A2
x;y ) [22]. Therefore, the excitation amplitude of the piezoelectric

transducer iny-direction was increased by a factor of
p

2 for all further
investigations. The acoustic pressure amplitudepa was calculated via

p2
a =

F
� R 3 � 0 �( f 1; f 2)

1
k sin(2k x)

=
F

� R 3 � 0 �( f 1; f 2)
� p

2� sin(x 4� =� p)

(6.4)

where a 1-dimensional standing plane wave is assumed [143].F is the
force measured with the optical trap,� p the wavelength of the pressure
�eld, k = 2� =� p the wavenumber,R the radius of the spherical particle,� 0
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the compressibility of the �uid, �( f 1; f 2) the so-called acoustic contrast
factor, andsin(kx) the spatial dependency of the standing wave. Since the
force was measured at the force maximumsin(2kx) is set tosin(� =2) = 1 .
In addition, because of the value for the normalized VBL~� � 1, the
corrected dipole factorf 2(~�; ~� ) of Settneset al. [142] was utilized. With
this, the determined acoustic pressure amplitude for the standing wave in
x-direction was245 kPafor the measured acoustic forces and wavelength
if an in�uence of acoustic streaming was neglected.

After the calibration of the excitation amplitudes and the acoustic pres-
sures of both acousto�uidic channels the acoustic VT was quantitatively
investigated inside the �uid chamber. One2:06µm silica particle was
optically trapped and moved inx-direction inside the wave �eld of two
orthogonal standing waves, while measuring its power spectrum at speci-
�ed measurements points. The location of one speci�c pressure nodal line
for an one dimensional standing wave inx- and y-direction at 1043 kHz
was determined atx = 0:21 mm and y = 0:22 mm, respectively. These
nodal lines formed a local pressure node at their intersection if the acous-
tic excitation was shifted in phase with� = � =2. There, the acoustic VT
had its maximum value. Therefore, a measurement line inx-direction was
de�ned betweenx = 0:20� 0:55 mm at constanty = 0:22 mm.

The particle exerted a counter-clockwise rotation at the local pressure
node due to the acoustic VT at1043 kHzwith 10:0 Vrms and 14:2 Vrms

excitation amplitude inx- and y-direction, respectively.

The detection of the angular frequency in a recorded power spectrum
was not trivial for those small and spherical silica particles due to their low
signal-to-noise ratios. Additionally, the power spectrum was disturbed by
added frequencies of the acoustic excitation set-up; namely, an additional
peak at100 Hzoriginating from the voltage supply and170 Hzfrom the
ampli�er itself. Therefore, all measurements were repeated with a ten-
times lower excitation amplitudes inx- and y-direction to calibrate the
power spectrum measurements due to unknown in�uences of the environ-
ment and attached set-ups. An initialization of particle rotations was not
observed at these low excitation amplitudes. A peak detection algorithm
(implemented in MatLab) used the calibration measurement to eliminate
disturbances on the determined power spectrum of a locally rotating par-
ticle due to VT.

Figure 6.7 depicts the power spectrum of a rotating particle with a clear
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peak at a frequency of165 Hz. The particle was located at the relative lo-
cation (-0.075, 0.220)mm and its rotation was initialized at1043 kHzwith
an excitation amplitude of10:0 Vrms and 14:2 Vrms in x- and y-direction,
respectively. An appearance of additional peaks at a multiple of the angu-
lar frequency was not monitored by the peak-detection algorithm, likely
because the amplitude of these peaks was below the noise �oor. Their
signal strength was expected to be one order of magnitude smaller (see
Figures 6.5 and 6.6). The detection algorithm had a threshold value of
3 (signal-to-noise ratio) for indicating peaks in determined power spec-
trum. Figure 6.7b depicts the corresponding calibration power spectrum
of Figure 6.7a.

Figure 6.8 depicts the peaks detected by the peak-detection algorithm.
Each point represents a separate rotational rate measurement. Interest-
ingly, the strength of the angular frequency peaks was proportional to
Brownian noise with1=f 2. These peaks are due to the particle rotations at
positions within the spatial range ofx = 0:21� 0:55 mmandy = 0:22 mm.
The spatial dependency and formation of these peaks were in correlation
with Equation (6.2) and the maximal frequencyf of a peak in the power
spectrum was229 Hz(
 equ = 13:8 � 103 rpm). The quantitative analy-
sis revealed that maximal rotation appeared atx = 0:16 mm (pressure
node) and the resulting acoustic wavelength inx-direction was1:9 mm.
A one-dimensional wave in water atf = 1043 kHz predicts an acous-
tic wavelength of� = c=f � 1:4 mm (compare Figure 6.4). The di�er-
ence in wavelength from Figure 6.4 (� � 1:4 mm) to the �tted value of
� � 1:9 mmmay be related to an o�-set in orientation of the 3-dimensional
wavenumberjkj2 = k2

x + k2
y + k2

z in the optical trapping set-up. Eigen-
frequencies and their acoustic �elds are in�uenced by the optical trapping
set-up due to the additional interface between the acousto�uidic device
and the water-immersion objective [104]. Figure 6.4 was observed with a
standard microscope lens that did not need to have an immersion oil layer
on top of the device.

6.6. Conclusion

The combination of an optical trap and a transparent VT device opened
the possibility to measure the VT independently of the acoustic radiation
force. The power spectrum analysis provided the quantitative informa-
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Figure 6.7 � a) Measured power spectrum of an optically trapped2:06µm particle
that rotated counter-clockwise due to the acoustic VT at1043 kHzwith 10:0 Vrms and
14:2 Vrms excitation amplitude in x- and y-direction, respectively. The particle was
located at (-0.075, 0.220)mm. The spectrum of thex-signal (QPD) was recorded
and 10 times averaged with a frequency resolution of� f = 1 Hz and a sampling
rate of 1 MS s� 1. A clear signal peak due to particle rotation at165 Hzwas observed
with a signal-to-noise ratio of about 5. The signal peak at110 Hz is related to in-
�uences of the acoustic excitation set-up. b) Control measurement of a non-rotating
optically trapped 2:06µm particle under acoustic excitation at1043 kHzwith 1 Vrms

and 1:42 Vrms excitation amplitude in x- and y-direction, respectively. A particle ro-
tation was not initialized at these low excitation amplitudes and these recorded power
spectrum of non-rotatingµm particles were used to identify the peaks not related to
particle rotation power spectrum due to in�uences of the environment and the acoustic
excitation set-up. The peak at110 Hzis related to ampli�er noise and vanished when
the acoustic excitation set-up was turned o� [104].
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Figure 6.8 � Spatial dependency of frequency peaks (red) due to the acoustic VT
from the power spectrum-method. Multiple power spectra of a2:06µm silica particle
were recorded at speci�c measurement points inx-direction at x = 0:21 mm� 0:5 mm
and y = 0:22 mm. The acoustic �eld formed two orthogonal standing waves inx-
and y-direction at 1043 kHzwith a relative phase shift of � = �

2 . The determined
frequency peaks were �tted to the equationjc1 sin(c2 X i + c3)j (dashed blue). The
resulting maximal frequencyf from the �t was 229 Hz(
 equ = 13:8 � 103 rpm) and
the determined acoustic wave inx-direction � X = 2� =c2 was 1:90 mm. The pressure
nodal point with maximal rotational rate was determined atx = 0:16 mm, whereas
zero VT was determined atx = � 0:31 mm (pressure anti-node).

tion about the angular frequency
 . Unwanted e�ects related to close
proximities of walls near the rotating particle and in�uences of oscillating
micro gas bubbles were avoided. The optically levitated particle ensured
a largely una�ected rotation due to the acoustic VT.

Moving the stage of the optical set-up changed the rotation direction of
a trapped and rotated particle between two neighboring pressure nodes
because of the acoustic VT [100] (see the supplemental material for a
particle rotation in di�erent directions depending on the spatial location
inside the wave �eld). These kinds of experiments were so far unattain-
able in a continuous manner and for unstable acoustic particle positions
(positive acoustic contrast factor) of zero VT.

The validation experiments showed that the detected additional peaks
in the measured power spectrum are directly related to the rotational rate
of the particle rotation. The detected signals had peaks at multiples of
this peak frequency. However, for transparent silica particles with an al-
most perfectly spherical shape the amplitudes of the multiples were too
small to overcome the signal-to-noise-ratio. The high-speed video analysis
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is limited by the camera's frame rate. In contrast, the detection band-
width of the optical trap easily spans tens ofkHz. As already mentioned,
optical trapping has some unique advantages to investigate the acoustic
VT: 1) Allows to probe almost any spatial position within the acousto�u-
idic device. 2) Measures rotational frequencies up to multiplekHz. 3)
Works with conventional, non coated, spherical particles. 4) Frequencies
are directly visible in the data (no need for post processing of video data).

In order to calculate the theoretical rotational rate
 equ of the particle,
the local acoustic pressure amplitude needs to be known in advance. Be-
cause of that, a local acoustic pressure amplitude analysis was carried out
before the rotation detection experiments. Depending on the calculation
approach, di�erent results are obtained for the rotational rate. The an-
alytical calculation for the �nal rotational rate
 equ (see Equation (6.2))
[34, 100, 107, 155] with a dynamic �uid viscosity of� f = 0:006 Pa sled
to rates between613 Hz to 811 Hz (36:8 � 103 rpm to 48:7 � 103 rpm).
The numerical calculations of Hahnet al. [76] yield a �nal rotational
rate for a 2:06µm silica particle with ~� = 1:30 of 208 Hz to 277 Hz
(12:5� 103 rpm to 16:6� 103 rpm) at room temperature (25� C). The �rst
value for the rotational rate corresponds each time to the theoretical wave-
length of � � 1:4 mm (see Figure 6.4) and acoustic pressure amplitude
pa (� ) = 245 kPa; the latter to the measured� � 1:9 mm (see Figure 6.8)
and pa (� ) = 282 kPa. The disagreement between our experiments and
Equation (6.2) is regarding the equilibrium state for the �nal rotational
rate 
 equ. The spatial dependency of Equation (6.2) (cos (k X ) ; cos (k Y))
agrees with our experiments.

In contrast to that, the power spectrum-method estimates the steady-
state rotational rate
 equ to 229 Hz(13:8 � 103 rpm). This value is very
close to the numerically obtained values (about 10% higher for� � 1:4 mm
or 17% lower for � � 1:9 mm). These deviations can be in part explained
by a decrease of the �uid viscosity due to laser-induced heating (up to
2 K) in close proximity of the laser focus [133]. Since the measured force
of our trap scales with

p
� and the viscosity variation around25� C is

relatively small, the temperature induced measurement errors are about
2%. This slightly changes the acoustic pressure amplitudes with respect
to the calibrated pressure of245 kPa (� � 1:4 mm) or 282 kPa (� �
1:9 mm) because the investigated pressure node was located slightly o� the
calibration lines. Also, the in oil immersed lens of the optical trap changes
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the theoretical (pure) 1-dimensional acoustic �eld to a 3-dimensional.
The experiment clearly showed that the analytical calculations of Busse

et al., Lamprechtet al., Leeet al., Wanget al. [34, 100, 107, 155] overesti-
mate the rotational velocities at ratios~� � 1. Furthermore, the complex-
ity and spatially varying torques onµm particles were measured, whereas
the simulations are limited to the ideal case of plane-standing waves and
incompressible particles in an in�nitely large �uid domain.

A further application of the acoustic torque analysis with an optical trap
could be the experimental determination of the in�uence of the particle
density on the acoustic VT. Particles with the same density can show
di�erent rotational directions at a �xed point in the acoustic �eld, if the
ratio ~� changes [76].

Optical torques on double refracting quartz particles is a possible tool
to directly measure acoustic torques [97]. The laser power of such modu-
lated optical traps could be used to calibrate acoustic torques on trapped
particles at equilibriums where the optical torque counteracts the acoustic
torque.
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CHAPTER 7
Discussion and Outlook

7.1. Discussion

In this thesis we presented the application of the fast position readout
of an optically trapped spherical particle to two micro scale acousto�u-
idics (MSAF) phenomena: 1) the transient build up behaviour of acoustic
streaming (AS) as well as of the acoustic radiation force (ARF); 2) the vis-
cous torque induced rotation of spherical particles in a viscous �uid where
the viscous boundary layer (VBL) thickness is as large as the particle
radius itself� � R.

The investigations of both phenomena were possible because the laser
beam causing the trapping potential carries positional information about
the relative particle position with respect to the laser focal point. In
order to extract this information from the laser beam, the beam has to be
collimated again after the trapping and focused onto photo detectors. For
the resolution of two orthogonal directions of the in-plane movement, the
photo detector (PD) has to be a quadrant photo detector (QPD). For the
axial movement a single PD is su�cient because only the total intensity
onto the PD is needed. However, we have two QPDs in our setup.

The physical unit of the QPDs output isV. In order to convert the
voltage to the unit ofm, we took advantage of the linear regime of QPDs
where a change in measured voltage is proportional to the movement of
the particle within the trap. In this regime, the optical trap (OT) can
also be used as force measurement device because it has the same proper-
ties as a linear mechanical spring for small particle displacements in the
order of0:1R. The respective start and end point of this regime is depen-
dent on a multitude of parameters. But, movements of less than100 nm
are still linear for our OT setup. The voltage-conversion factor as well
as the sti�ness of the OT can be derived from the single-sided frequency
spectrum of the trapped particle. The particles in the �uid suspended
were so lightweight and small that they showed visible Brownian motion.
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Brownian motion is a random process with the property that over a long
time period the particle will be back at its initial position. Also, while
being trapped the particle showed Brownian motion. The frequency con-
tent of a trapped particle in any spatial direction follows the curve of a
low-pass �lter. With the amplitude at zero frequencyA0 and the cuto�
frequencyf c whereAjf = f c = A0=2 it was possible to calculate the voltage-
meter conversion factor as well as the sti�ness for each spatial direction
independently.

Besides the size of the trapped particle the conversion factor is depen-
dent on the viscosity of the surrounding �uid. Exact knowledge of the
viscosity is a requirement for quantitatively precise measurements. The
viscosity of the �uid is in general a function of its temperature. While the
ambient temperature was straightforward to measure, the measurement
of the temperature within a MSAF device or at the focal point of the
trapping laser was cumbersome. Although the intensity of our laser ex-
ceeds the sun's intensity by orders of magnitudes, we showed in Section 3.4
that for our setup the laser induced temperature change and therefore the
temperature induced viscosity change is negligible for all our experiments.
However, this is not true for every OT because the temperature change
does not only depend on the laser power itself but even more on the par-
ticle material and the laser wavelength-�uid combination, and therefore
the absorption at a speci�c wavelength.

To investigate the �rst MSAF phenomena, we developed a new measure-
ment method in Chapter 4 to visualize the transient build up of the ARF
and AS and then studied in Chapter 5 the e�ects of a pulsed excitation
on the respective build up times. Key for those experiments was, that the
ARF and AS induced particle displacement were along orthogonal spatial
direction. Moreover, the ARF displacement was along one of the axes of
the in-plane QPD and the AS displacement was along the axial direction
on another QPD. Hence, the measured displacement data is also separated
and cross-talk free. We validated the orthogonality of the ARF and the
drag force from AS by steady state force measurements with two di�er-
ent sized particles where all experimental parameters besides the particle
radius were kept the same. The drag force from AS scales with the par-
ticle radius, Fdrag / R and the ARF with the volume of the particle,
F rad / R3. The ratio of the measured forces along same directions but of
di�erent particle sizes showed the same scaling laws.
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However, without modi�cations on the OT we were not able to measure
any of those e�ects because the timeconstant of the OT� OT is much larger
than the theoretical build up time of the ARF. In fact, for our set of
experimental parameters and our device con�guration� OT � � AS � � ARF

with � AS = 1:59 ms and � ARF = 1:4µs, respectively. We reduced� OT

e�ectively to zero by reducing the laser power to almost zero such that
there was no e�ective trapping by the OT. The laser cannot be switched
o� completely because the beam is the cause for the measured intensity
at any of the QPDs.

Because of the laser power reduction, we also needed to install an optical
shutter right before the QPDs. The laser intensity is too high for the photo
detectors. In normal trapping mode a set of �lters reduces the intensity to
less than 0.01% of the incoming intensity. The optical �lter is actuated to
be almost completely closed such that it acts as intensity �lter if the laser
power is high (trapping) and opens as soon as the laser power is reduced
for the measurement itself.

The laser power change occurred almost instantaneously but the shutter
had an opening time of less than15 ms. To ensure undisturbed data we
waited 25 msbefore starting the acoustic excitation. During this time the
particle will start to sediment due to gravity because it was not trapped
stably anymore. However, this movement was only� 0:05R along the
direction of the laser beam and, hence, did not hinder the measurement;
the in-plane movement was zero because no forces besides gravity are
acting on the particle.

The (pulsed) acoustic excitation was then switched on for only30 ms
because a longer excitation would lead to such large displacements � pri-
marily along the ARF direction � that the same particle could not be
re-trapped by the OT. For our studies we were not interested in the ac-
tual displacements but in the time it takes until the movement along any
direction starts. For actual displacement magnitudes one would need to
retrieve the voltage-meter conversion factor but for that the particle needs
to be trapped. Hence, only the voltage at the QPDs can be investigated.

Because the particle is free-�oating and, therefore, uncontrolled in its
location for the �rst 25 mswe repeated the measurement multiple times
per location and averaged the measured data. To further subtract the
gravity induced movement from the data we perform the same amount
of measurements with no acoustics at all and then subtract the averaged
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no-acousticdata from theacousticsdata.

The data for both types of experiments (non-pulsed and pulsed) showed
that the ARF induced displacement starts immediately whereas the AS
induced displacement takes signi�cantly longer. The measured time o�set
between ARF and AS is an explanation why in experiments (Hoyoset
al. [85] and Castroet al. [36]) a pulsed acoustic excitation suppressed
the build up of AS whereas numerical investigations Mulleret al. [123]
with an ideal �uid cavity revealed a much smaller o�set which did not
suppress streaming. Although the data had the unit ofV and not m,
the slope of the AS and ARF induced displacement was showing that
the acceleration after the build up by any of two e�ects occurs fast and
then transitions into constant velocity (linear slope). A constant velocity
implies the equilibrium between the force pulling on the particle and the
hindering drag force.

Additionally, the pulsed excitation measurements revealed that a pulsed
excitation leads to a greater reduction in terms of the �nal displacement
at the end of the measurement on the AS than it did on the ARF. We
measured this observation for all pulsing frequencies. The ARF and AS
are linearly dependent on the acoustic energy density within the �uid cav-
ity. All our data also showed this relation but with a steeper slope for AS
than the ARF. The pulsed excitation results help to further explain the
experimentally shown suppression of AS [36, 85]. However, with our mea-
surement protocol we can only measure for the �rst30 msof the acoustic
excitation, but any MSAF application is operated continuously where all
�elds have developed fully.

Compared to the �rst phenomena, no setup modi�cations at the OT
were necessary for the second MSAF phenomenon: the rotational speed
measurement of a spherical particle driven by the viscous torque (Chap-
ter 6). The two main requirements for the generation of a viscous torque
that is su�ciently large to initiate a particle rotation are: 1) the forma-
tion of a VBL � around the particle; 2) a two dimensional orthogonal
acoustic excitation with phase di�erence such that the acoustic pressure
at the particle surface has a continuous phase change in circumferential
direction.

The second requirement was straightforward to accomplish by the use
of a quadratic �uid cavity where the excitation is applied to the system
from two orthogonal directions. The phase di�erence of the two excitation
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signals could easily be realized with most dual channel function genera-
tors. The viscosity increase of the �uid and therefore the larger VBL
around the particle can be created by a glycerol water mixture (3:7 for
our experiments). A greater viscosity increase was not possible, because
glycerol has the side e�ect that it also increases the refractive index of the
mixture. For stable trapping the refractive index of the particle must be
larger than of the surrounding medium. For equal refractive indices the
particle isinvisible for the laser beam because no path change of the light
occurs at the particle-�uid interface. A greater index of refraction of the
particle than the �uid index leads to repulsion of the particle from the
laser focal point.

Our measurement utilized the property that a distinct amplitude peak
appears at the rotational frequency of the particle in the one sided power
spectrum of the trapped rotating particle. We validated this �nding with
deformed and partial gold coated particles where the rotation was also
visible optically. By having a highspeed camera mounted to the OT and
choosing the excitation parameters such that the viscous torque induced
rotation is clearly visible, the rotational speed measurement from the
power spectrum could be validated by the analysis of the single frames
from the video. The non-spherical particles did not rotate with a single
constant velocity because of their non-spherical shape. Therefore, multi-
ple additional peaks were also visible in the power spectrum. However,
the partially gold coated particles with perfect spherical shape showed a
single peak that matched the rotational speed from the optical analysis.

With a validated method for measuring the rotational speed of a spher-
ical particle we investigated the situation where the particle radius is as
big as the VBL thickness itself (R � � ). In the regime where� > R=15

a numerical study by Hahnet al. [76] predicted the �nal terminal rota-
tional velocity order of magnitudes lower than a theoretical investigation
by Lamprechtet al. [100]. Note here, that Lamprechtet al. [100] restricted
their calculations to the assumption thatR � � . Our measurements of
rotations up to13 700 rpmcon�rmed the results from Hahnet al. [76] and
also con�rmed the limited validity of the theoretical formula of Lamprecht
et al. [100] in the regime whereR � � .
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7.2. Outlook

The OT is a great tool for measuring acoustic e�ects on micro-scale
particles suspended in a �uid. The four main advantages are: 1) measure-
ments on a single particles; 2) high spatial precision and repeatability of
the measurement locations; 3) high temporal resolution of particle posi-
tion; d) high sensitivity to surroundings. The last point is also by far the
biggest disadvantage. For all our experiments we were very cautious about
us being in the lab during the measurements and any other disturbances,
like fast and careless opening/closing of the door or like constructions
works in the neighboring lab. In any case, the combination of the optical
trap as characterization/measurement device for the acoustical trap o�ers
many possible future research contributions. In the following we want to
categorize our suggestions in three sections: a) deeper theoretical under-
standing of the OT; b) future experiments with our setup where no big
modi�cations are needed; c) more general ideas which would need larger
modi�cations to our setup.

7.2.1. Optical Trap Calibration

In this thesis we did not explain the calibration protocol for our OT.
As before, interested readers are pointed to the thesis of Lamprecht [101]
(Section 3.2.4) where our calibration process is explained in great detail.
The basic procedure is to �t a low-pass �lter to the frequency content of
a trapped particle. This �tting is based on two parameters: the ampli-
tude A0 at zero frequency and the cut o� frequencyf c;i . With those two
parameters the sti�ness� i / f c;i and the voltage-meter conversion factor
� i / 1=(f c;i

p
A0) can be calculated for all three spatial directions separately.

The total force is then simply the product of the measured voltage times
the two factors and, hence,

Fi;measured / � i � i / 1=
p

A0: (7.1)

Interestingly, the measured force is only proportional to one of those �tting
parametersA0. The �t itself, especially, the parameterA0 depends highly
on the beginning of the data range used for the �t. From experience we
used for our OT calibration the frequency spectrum data ranging from
20 Hz up to 6 kHz for the ex and ey direction and10 Hz to 2 kHz for ez.
The ez direction has a smaller and lower range because it is known that
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OTs are in general weaker along the beam axis and, hence, the respective
cut-o� frequency is also lower. Therefore, an investigation regarding the
�tting interval will help increase the absolute precision of OTs.

However, the error introduced by a false data range isjust a false scaling
of the forces. Measurements that use the same �tting procedure can still
be compared because all measurements might share the same scaling error.
Up to our knowledge we are not aware of any publication that discusses
(and resolves) this small but important detail for the power spectrum OT
calibration.

7.2.2. Future Research with our Optical Trapping Setup

Although we investigated two MSAF phenomena with our OT setup,
there are many more open questions and interesting projects. We select
three projects which we think are of great interest for the MSAF com-
munity and also achievable without any modi�cations to our present OT
setup.

The �rst is a variation of Chapters 4 and 5. In a �rst step we were able
to measure the build up of the two e�ects, but only for the �rst 120'000
excitation periods (� 30 ms). Although we could show that AS is sig-
ni�cantly slower in its build up than the ARF, we could not investigate
the steady-state behavior of a pulsed excitation. Therefore, we suggest
to measure the steady-state forces exerted on a single particle for various
pulse frequencies settings and compare the forces to a non-pulsed mea-
surement. To reduce uncertainties between di�erent settings and increase
data comparability, one should create a measurement protocol where all
data is measured with one device initialization.

The second possible �eld of interest is also investigating the ARF and
AS. However this time, one would be investigating the scaling laws of AS
and the ARF. From theory we know that they scale/ R and / R3 for a
spherical particle, respectively. The total acoustic forceFac is understood
to contain a linear part from AS and a cubic part due to the ARF

Fac (R) = CAS R + C rad R3: (7.2)

From force measurements of two di�erent sized particles with the same
experimental condition it is possible to extract the constantsCAS and
C rad. Therefore one could image the pure �elds that are creating the ARF
and also that are due to AS. In order to validate the assumed composition
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of the total acoustic force on a particle holds, a third measurement with
another particle size is needed. Based on the constantsCAS and C rad

one is able to predict the force �eld in all three dimensions for the third
particle sizeR3

Fac (R3) = CAS R3 + C rad R3
3: (7.3)

The main challenge for this study is to ensure the same pressure amplitude
inside the cavity for the three di�erent particle sizes.

The third and last potential study we want to discuss here is a con-
troversy about the ARF for heavy particles in viscous �uids. Baasch
et al. [15] showed numerically that the contributions of microstreaming
around heavy particles in a viscous �uid are of such signi�cance that they
could lead to a force-inversion. Their �ndings strengthen the theory of
Doinikov [46] which also predicts this force inversion whereas the theory
of Settneset al. [142] does not. With the measurement of the rotational
speed in a glycerol-water mixture we could already show that the OT can
operate within viscous �uid. Besides being heavy the other main require-
ment is to be trappable for the OT setup. Additionally, those particles
should have the same or smaller optical absorption as the surrounding
�uid because otherwise the laser induced heating might be too high such
that the changes in viscosity are not negligible anymore.

7.2.3. Future Optical Trap Research for MSAF

In the �nal part of this thesis we will motivate three possible studies
that are not applicable to our speci�c OT setup. For the �rst one, the
main limitation is not directly our OT but the devices we use. The main
requirement for our devices is that they are transparent from top to bot-
tom for our laser light as well as being wide enough to accommodate the
converging cone of the laser beam. Therefore, we cannot measure close to
walls because the silicon walls are non-transparent for our laser wavelength
and hinder the laser beam and, hence, would violate the assumption of a
symmetrical trapping potential which is the basis for the trap calibration.
Acoustic wall e�ects are a interesting phenomena that are important for
narrow channels and could lead to further applications. Devices where
also the channel side walls are made out of glass (all-glass devices) might
be an interesting opportunity for studying these e�ects. However, one
would need to investigate the refractive index of the �uid and the speci�c
glass carefully.
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For our investigated applications this is not a problem because the two
interfaces of the top cover glass with the immersion oil layer and the �uid
inside the cavity are parallel. Therefore, the beam passes this interface
without a change in direction. However, in an all-glass device which would
be used for measuring close to the channel wall some parts of the laser
beam will be going through the channel wall. For di�erent refractive
indices of the �uid and the glass this will lead to a de�ection of the laser
which in turn will violate the assumption of a symmetric optical potential.
The magnitude of the violation is increasing with the index di�erence. For
matching indices of the device material and the �uid no de�ection at any
of those interfaces occurs.

Secondly, with an OT consisting of two lasers where one is creating
the optical potential for trapping and the other is the light source for
the position detection at the QPDs one is able to re-perform the build
up experiments. Besides a validation of our results with another setup
and device, one would also eliminate the lead time before the acoustic
excitation starts. This lead time was necessary in our case because we
have a single beam OT and needed to open the optical shutter before we
could start the acoustic excitation.

Lastly, our device is a bulk acoustic wave (BAW) device where a standing
pressure wave is formed in the bulk of the �uid. The other major kind
of devices are surface acoustic wave (SAW) devices. In those devices
opposing traveling waves at the coverplate-�uid interface create a standing
pressure �eld inside the �uid that can also manipulate objects. Up to our
knowledge no direct force measurement were performed with SAW devices
so far.
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