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Abstract

ANUFACTURING processes are more and more automated by
M robotic grippers in order to save costs, increase the quality of
the products and to be able to produce larger quantities. However, for
the transport of small and fragile objects, there are often no grippers
capable of transporting the objects without damage. In order to be
able to automate such processes in the future, contact-less grippers,
which can pick up, transport and position objects on a target without
mechanical contact using ultrasonic waves, are developed in this work.

Acoustic levitation forces can be used to manipulate small objects
and liquid droplets without mechanical contact or contamination. To use
acoustic levitation for contact-less robot grippers, automated insertion
of objects into the acoustic pressure field is required. This work presents
analytical models based on which concepts for the controlled insertion of
objects are developed. Three types of acoustic grippers are implemented
and used to experimentally verify the lifting of objects into the acoustic
field. Lifting high density objects (p < 7.3g/cm?®) from acoustically
transparent surfaces is demonstrated using a double-sided robot gripper
and standing acoustic waves with dynamic adjustment of the acoustic
power. A single-sided gripper using a combination of different acoustic
traps is used to lift lower density objects (p < 0.1g/cm?®) from acousti-
cally reflective surfaces. A third method presented in this work uses a
gripper with a thin and moveable reflector and standing acoustic waves
to lift high density objects (p < 7.3 g/cm?) from acoustically reflective
surfaces.

A novel method for the stabilization of objects levitating in the
gripper during the transport is presented and compared to state-of-the-
art stabilization methods. Novel manipulation methods are investigated,
which can be used to deposit the levitating object on a target. A closed-
loop control system is designed to achieve high precision position and
orientation control.

Apart from transporting solid objects, ultrasonic forces can also
be used for the transport of liquid droplets. This can be used for the
contamination-free transport of substances, for which physical contact
with syringes or pipettes would cause chemical reactions. In this work, a
gripper was developed, which is capable of transporting liquid droplets
in the micro litre range. It uses ultrasonic pulses to eject droplets from
a liquid pool and a novel droplet levitator, which can catch the ejected
droplet. This device presents the first air-coupled droplet ejector and
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Abstract

the first contact-less method for the insertion of liquid droplets into an
acoustic levitation field.

The provided results open up new possibilities for the implementa-
tion of acoustic levitation methods in robotic grippers, which have the
potential to be used in a variety of industrial applications.

vi



Kurzfassung

RODUKTIONSPROZESSE werden mehr und mehr durch Robotergrei-

fer automatisiert, um Kosten zu sparen, die Qualitdt der Produkte

zu erhohen und gréfere Mengen produzieren zu kénnen. Fiir den Trans-

port von kleinen und empfindlichen Objekten gibt es jedoch oft keine

Greifer, die in der Lage sind, die Objekte ohne Beschidigung zu trans-

portieren. Um solche Prozesse in Zukunft automatisieren zu kénnen,

werden in dieser Arbeit beriihrungslose Greifer entwickelt, die mittels

Ultraschallwellen Objekte beriihrungslos aufnehmen, transportieren und
auf einem Ziel positionieren kénnen.

Mit Hilfe von akustischen Schwebekréiften lassen sich kleine Objekte
und Fliissigkeitstropfen beriihrungslos und ohne Verschmutzung mani-
pulieren. Um Robotergreifer zu entwickeln, welche Objekte akustisch
schwebend transportieren, miissen die Objekte automatisch in das akus-
tische Druckfeld gebracht werden. In dieser Arbeit werden analytische
Modelle vorgestellt, auf deren Grundlage Konzepte fiir das kontrollierte
Einsetzen von Objekten entwickelt werden. Drei Arten von akustischen
Greifern werden implementiert und zur experimentellen Verifizierung
des akustischen Aufhebens von Objekten verwendet. Das Aufheben von
Objekten hoher Dichte (p < 7.3g/cm?) von akustisch transparenten
Oberflachen wird mit einem doppelseitigen Robotergreifer und stehenden
Wellen mit dynamischer Anpassung der Schallleistung demonstriert. Ein
einseitiger Greifer mit einer Kombination verschiedener akustischer Fal-
len wird verwendet, um Objekte geringerer Dichte (p < 0.1g/cm?®) von
akustisch reflektierenden Oberflichen aufzuheben. Eine dritte in dieser
Arbeit vorgestellte Methode verwendet einen Greifer mit einem diinnen
und beweglichen Reflektor und stehenden akustischen Wellen, um Ob-
jekte mit hoher Dichte (p < 7.3 g/cm?) von akustisch reflektierenden
Oberflichen aufzuheben.

Eine neuartige Methode zur Stabilisierung von im Greifer schweben-
den Objekten wiahrend des Transports wird vorgestellt und mit aktuellen
Stabilisierungsmethoden verglichen. Es werden neuartige Manipulati-
onsmethoden untersucht, mit denen das schwebende Objekt auf einem
Ziel abgelegt werden kann. Um eine hochprézise Positions- und Orientie-
rungsregelung zu erreichen, wird ein Regelsystem, welches mit Hilfe von
Kameras die Position und Orientierung eines Objektes erkennen kann,
entworfen.

Neben dem Transport von Festkorpern kéonnen Ultraschallkréfte
auch fur den Transport von Fliissigkeitstropfen genutzt werden. Dies
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Kurzfassung

kann fiir den kontaminationsfreien Transport von Substanzen genutzt
werden, bei denen der physische Kontakt mit Spritzen oder Pipetten zu
chemischen Reaktionen fithren wiirde. Im Rahmen dieser Arbeit wird
ein Greifer entwickelt, der in der Lage ist, Fliissigkeitstropfen im Mikro-
literbereich zu transportieren. Er nutzt Ultraschallimpulse, um Tropfen
aus einem Fliissigkeitsbehélter auszuwerfen, und ein neuartiges akusti-
sches Schwebegerit, welches die ausgeworfenen Tropfen auffangen kann.
Dieses Gerdt ist der erste luftgekoppelte akustische Tropfenauswerfer,
mit welchem das Einbringen von Fliissigkeitstropfen in ein akustisches
Schwebefeld ermdoglicht wird.

Die erzielten Ergebnisse ertffnen neue Moglichkeiten fiir die Im-
plementierung von akustischen Schwebemethoden in Robotergreifern,
welche das Potenzial haben, in einer Vielzahl von industriellen Anwen-
dungen eingesetzt zu werden.
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Introduction

HE automation of manufacturing processes is advancing rapidly in a
T number of industries. In micro-manufacturing processes, however,
many tasks are still performed manually, as robotic grippers are reaching
their limits. Some grippers are not sensitive enough to handle fragile
components and would therefore damage the components during the
transport. Other grippers with the required sensitivity are not capable
of picking up small objects.

These challenges are currently addressed through the development of
soft robotic grippers [1-3], which adjust their shape to the shape of the
object to be gripped and inflatable grippers based on the controllable
adhesion mechanism of micro-fiber adhesives [4], which grip objects using
micro structures inspired by geckos. However, these grippers are mainly
used for larger objects such as food and plants and are not suitable for
very small objects < 1cm. Additionally, these grippers are still based
on mechanical contact and can therefore contaminate or damage the
objects.

In order to develop a robot gripper for the automation of processes
containing small objects in the size range < 1cm, which reduces the
stress acting on the objects to be transported and prevents contamina-
tion, grippers using acoustic radiation forces to levitate the object to be
transported are investigated during this work. This involves an investiga-
tion of the picking process for objects located in different environments
without mechanical contact, the stabilization during transport, and the
placement on a target in a controlled, gentle and contamination-free
manner.

Transportation processes for liquid droplets are more and more car-
ried out in an automated manner as well. Currently used methods and
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Chapter 1. Introduction

devices for the automated transport of liquid droplets reduced the time
consumption of processes in the medical chemistry and biochemistry in-
dustries significantly. However, the methods require mechanical contact
using a pipette, a nozzle, or a pin, which causes chemical reactions and
contamination of the liquid [5]. Acoustic droplet ejection (ADE) is a
contact-less method for the transport of liquid droplets from a liquid
pool to a target substrate. Despite solving the aforementioned issues
with other automation devices, the methods used for ADE are complex,
the devices are expensive, and the catching process carried out by the
target substrate requires mechanical contact with the liquid.

During this work, an acoustic levitation device capable of ejecting
and catching liquid droplets without mechanical contact was developed.
The liquid does not get in contact with any material during the transport,
which prevents contamination and chemical reactions. The device can
be used to study a levitating liquid droplet (e.g. using spectroscopy),
or to transport liquid droplets using the device as an ultrasonic liquid

gripper.

1.1 Applications of Acoustic Levitation

Acoustic levitation systems are currently used in various fields such
as chemical analysis [6], study of living animals in microgravity [7,
8], research of biomaterials [9], spectroscopy [10-12] and control of
nanomaterial self-assembly [13]. Squeeze film levitation methods can be
used for the contact-less transport of small and large objects with flat or
curved surfaces, where the shape of the gripper has to be adjusted to the
shape of each object [14-17]. Of particular interest for the development
of acoustic robot grippers are the applications in the field of containerless
processing [18—20] and the studies of physical properties and dynamics
of levitating liquid droplets [21-24].

1.2 Development of Acoustic Levitation
Technology
Until recently, acoustic levitation was mainly achieved using standing

waves. Visualizing standing waves was already possible over 200 years
ago. Ernst Chladini has observed that powder located on top of vibrating
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1.2. Development of Acoustic Levitation Technology

plates and membranes concentrates along lines during excitation at
resonance. These lines are referred to as nodal lines [25].

About 100 years later, August Kundt developed an experiment that
can visualize standing waves in gases such as air. Kundt’s tube uses a
sound source at one end of the tube and a movable piston at the other
end to adjust the length of the tube. The sound source is operated
at a constant frequency and the piston is then moved until the sound
becomes significantly louder. This is the case when the distance between
the source and the piston is a multiple of half the wavelength and thus
a standing wave is formed. Fine powder, which is previously placed in
the tube, collects at the nodes of the standing wave. This apparatus
can also be used to measure the speed of sound in various gases [26].

In 1933, the first device enabling acoustic levitation using standing
waves was built. Biicks and Miiller formed a standing wave between
an oscillating quartz and a reflector and were able to levitate alcohol
droplets at the pressure nodes of the standing wave [27,28].

In the years that followed, various devices were developed which
levitate objects using single-axis standing waves. They consist of a
transducer and a reflector [29-33], two opposing transducers [34], or two
opposing arrays of transducers [35,36]. The devices using a transducer
and a reflector are limited to separating distances of a multiple of half the
wavelength in order to achieve resonance. For two opposing transducers
or arrays of transducers the separating distance can be chosen arbitrarily.

Another method to achieve acoustic levitation with standing waves
are resonance chambers [37-39]. Three orthogonally aligned loudspeakers
are used to generate three standing waves. The superposition of these
standing waves results in a pressure field in which the position of the
object can be controlled using acoustic radiation forces [40].

This technology was developed for NASA [31,33,41-44] and ESA [45]
to enable contact-less positioning in microgravity environments. The
devices were later modified to be used and commercialized on earth
[45-47].

Using standing wave devices, the levitation of coins [48,49], liquid
drops [40,50], lead shots [51], living animals [7, 8], liquid mercury [52]
and irridium [52] was demonstrated.

Heavier and larger objects can be levitated using near-field or squeeze
film acoustic levitation. Thereby the levitating object acts as a reflector.
With this method, planar objects can levitate tens to hundreds of
micrometers above the transducers. For small levitation heights, objects

3



Chapter 1. Introduction

with a mass of up to a few kilograms can be levitated [14,28,53-57].
Near-field acoustic levitation can also be used to levitate spheres [58]
and objects of cylindrical shape [59].

Furthermore, it is possible to levitate objects in the far field while
using the levitating object as a reflector. A standing wave is thereby
formed between one or more transducers and the surface of the levitating
object. Usually, a distance of \/2 is used, due to the maximum radiation
force at this distance. The forces that can be achieved are relatively
large and objects that are significantly larger than the wavelength [60,61]
can be levitated, which was demonstrated for the first time in 1975 [31].
The radial stability of devices using a single transducer are low and,
thus, mechanical contact is sometimes required to ensure stability [60].
Using a tripod arrangement of three transducers can solve this issue
for certain object shapes as demonstrated for an expanded polystyrene
sphere with a diameter of 50 mm in [61].

For all aforementioned methods, two opposing elements are required.
Recently, a method capable of levitating objects using a single-sided
emitter [62] was presented. This method is referred to as single-beam
levitation.

1.3 Manipulation of Acoustically Levitat-
ing Objects

Acoustic forces can not only be used to levitate objects, but also to
manipulate the position and orientation of the objects. In robotic
grippers, the manipulation of orientation is important to place objects
in the desired orientation on a target. Manipulation of the position can
be used to compensate for inaccuracies in the positioning of the gripper
by the robot arm, thereby achieving high precision.

The position of an object levitating in a standing wave, which is
generated by a transducer and a reflector, can be adjusted by moving
the reflector while simultaneously adjusting the excitation frequency in
such a way that the reflector is always separated from the transducer by
a multiple of half the wavelength [63]. For a fixed separating distance
between transducer and reflector, it is possible to adjust the frequency
stepwise in such a way that separating distance always corresponds to a
multiple of half the wavelength. This allows a movement of the object
in discrete steps [37].

4



1.4. Robotic Grippers for Solid Objects

When two opposing transducers are used to generate the standing
wave, adjusting the phase shift between the two transducers can move
the nodes of the standing wave and therefore adjust the position of the
levitating object [34,64-67].

To be able to manipulate the position of the levitating object in three
dimensions without moving the transducer or reflector, two opposing
arrays of transducers can be used. By adjusting the phases of the
transducers, the standing wave can be moved arbitrarily in the space
between the two arrays.

The previous methods are all used to manipulate the position. To
manipulate the orientation of objects levitating in orthogonal standing
waves in a resonance chamber, acoustic viscous torques can be used
[50,68]. This method can also be used to rotate levitating liquid droplets
[50].

Position manipulation and rotation of objects levitating in single-
beam levitators were examined in 2015 using arrays of transducers [62].
This was possible by individually controlling the phase of the transducers
and using pressure distributions referred to as twin traps.

The rotation of acoustically levitating objects was further investigated
in 2017 by using orbital angular momentum transfer in acoustic vortex
fields [69] achieving rotational speeds up to 15krpm. In 2022 orbital
angular momentum was used to achieve rotational speeds up to 390 krpm
[70].

Manipulation of the position and orientation in six degrees of freedom
was achieved in 2020, using an array of 444 transducers to generate an
asymmetric pressure field [71].

Recently, methods that minimize a cost function designed to describe
trapping forces were used to levitate objects larger than the acoustic
wavelength using a flat array of transducers [72,73].

1.4 Robotic Grippers for Solid Objects

Automation of the transport processes of sensitive objects develops
towards soft gripping or contact-less gripping technology. Until recently,
acoustic forces were mainly used with near-field levitators to transport
objects without mechanical contact. However, near-field levitation can
only be used for planar or slightly curved objects, which limits the
applications of this method.
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The use of far-field acoustic levitators as robot grippers has been
studied sparsely. The manipulation of objects which are levitating in
acoustic levitators has been intensively studied. However, the objects
were mostly put into the pressure field in a contact-based manner.
The contact-less gripping process for objects located on acoustically
reflective surfaces was only studied for light objects with a density
p < 0.1g/cm? [74,75].

During the transport with acoustic grippers, standing waves are the
preferred type of pressure fields, due to their high radiation forces. Thus,
objects with high density can be transported. However, this causes
the levitating objects to have a tendency to spin around the symmetry
axis of the pressure field [76,77]. This is not only a problem for robot
grippers and has accordingly been studied several times. It has been
shown that the spin can be stopped by time multiplexing two acoustic
traps [78]. Rapid switching back and forth between two acoustic traps
results in a loss of acoustic power due to the inertia of the transducer
and causes an audible tone at the switching frequency. Furthermore,
by generating two perpendicular standing waves of different strengths,
an asymmetric pressure field can be generated, which can also stop the
spin [71]. However, this has only been demonstrated for light objects
(p <0.1g/cm?).

The depositing process is usually accomplished in the same way
as the picking process, as long as the environments are similar. The
orientation of asymmetric objects can be controlled during the depositing
process.

1.5 Robotic Grippers for Liquid Handling

A major advantage of acoustic levitation over other levitation methods is
its independence from physical properties of the material to be levitated.
With acoustic forces it is also possible to levitate liquid droplets. Thus,
if it is possible to insert a droplet into an acoustic levitation system
without mechanical contact, levitate the droplet stably, and deposit it
on a target, a contact-less and contamination-free transport of liquids
with an acoustic gripper would be possible.

Already in 1933, it was shown that alcohol droplets can be levitated
in standing waves [27]. The droplets were introduced manually into the
nodes of the standing wave using a pipette or a syringe. To achieve
the contact-less insertion of liquid droplets into an acoustic levitation
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1.6. Piezoelectric Transducers

system, a method is needed which can separate a liquid droplet from a
larger quantity of the liquid in a contact-less manner and insert it into
the acoustic field.

A method for the contact-less ejection of droplets using acoustic
forces, referred to as acoustic droplet ejection (ADE), is already used
for commercial applications. It uses a piezoelectric transducer that is
coupled via a liquid interface to the liquid container. The transducer
emits ultrasonic waves through the liquid interface, the container and the
liquid such that they are focussed on the surface of the liquid. Droplets
in the nano and pico litre range can be ejected using this method. The
droplets are caught using a target substrate on top of the liquid container.
However, this method requires a target substrate that can collect the
droplets upside down and in a contact-based manner. Furthermore, the
high complexity of the liquid coupling results in high costs and large
volume [5].

Additionally, there are contact-based ejection methods, which allow
the ejection of liquid droplets. By dropping a solid object into a liquid
source, an air cavity is created which subsequently collapses. Under
certain conditions Worthington jets are formed, which can eject a droplet
from the liquid pool. This was investigated in detail in [79,80]. This
ejection method was adjusted during this work by generating the air
cavity using an ultrasonic pulse, allowing contact-less ejection of droplets
in a controlled manner.

This droplet is then to be caught by a droplet levitator. Due to
the vertical ejection of the droplet, no transducers can be placed below
the droplet during the ejection and catching process. Since this would
be necessary for levitation systems that use standing waves, a droplet
catcher that is capable of levitating liquid droplets by means of laterally
arranged transducers has to be developed for contact-less ultrasonic
liquid grippers.

1.6 Piezoelectric Transducers

There are two basic types of piezoelectric transducers that are used
for acoustic levitation systems. Large high-power transducers with an
acoustic horn were the only option for a long time, until it was discovered
that small lower-power transducers, which were initially developed for
parking sensors, can be used in arrays for acoustic levitation [62].



Chapter 1. Introduction

Piezoelectric Material

.

Connector

~—

\

T Aluminum Body

Fig. 1.1: Structure of a piezoceramic sandwich transducer.

High-power transducers consist usually of a piezoceramic sandwich
structure, as shown in Fig. 1.1, due to their small dimensions and good
efficiency [81].

A piezoceramic element extends and contracts due to the piezo-
electric effect. Piezoelectric ceramic transducers (PCTs) are generally
fabricated in circular plates or rings [82]. An impedance measurement
of a PCT with a resonance frequency of about 41kHz is shown in Fig.
1.2. The impedance of such a transducer can be approximated using a
Butterworth-Van Dyke equivalent circuit.

Due to the impedance mismatch between the transducer and air, an
ultrasonic horn and a radiator are required to generate high amplitude
pressure waves [81]. Ultrasonic horns, also known as concentrators or
sonotrodes, consist of a metal rod with constant or variable cross section,
which extends and contracts according to the excitation frequency. Its
purpose is the amplification of the vibration amplitude, which is achieved
with different horn shapes such as stepped, tapered or exponential horns
as shown in Fig. 1.3.

Due to the varying cross sectional area of all horn shapes, the
vibration amplitude in the slimmer part is increased. The resonance
frequency of the horn needs to approximately match the resonance

8
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Fig. 1.2: Impedance measurement of a high power transducer and the BVD
Model equivalent circuit (see Fig. 2.1).
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Fig. 1.3: Commonly used horn shapes for high-power piezoelectric transduc-
ers: (a) stepped horn, (b) tapered horn, and (c) exponential horn.



Chapter 1. Introduction

frequency of the PCT in order to increase the output vibration amplitude.
The longitudinal length [ of the acoustic horn needs to be a multiple of
half the wavelength to maximize the displacement. The ultrasonic horn
should not have a diameter d larger than a quarter of the wavelength to
suppress unwanted modal coupling [82]. Ultrasonic horns are produced
out of high durability and high mechanical strength materials, such
as stainless steel, duraluminium or titanium [83]. A radiator, which is
typically a round metal plate, is mounted to the tip of the horn in order
to increase the cross-sectional area and match the impedance between
the transducer and air.

The second type of transducers are low-power transducers that gen-
erate pressure waves with significantly smaller amplitudes and therefore
have to be operated in an array. They consist of a piezoelectric element,
a beamformer and two dampers. For the development of ultrasonic
robt grippers, weight and size is very important. Thus, small low-power
transducers are preferred, which additionally allows manipulations of the
levitating object due to the operation in an array. This work therefore
focuses on acoustic levitation systems using low-power transducers with
a diameter of 10 mm or 16 mm.

1.7 Signal Generation and Power Electron-
ics

For the systems consisting of a high-power transducer and a reflector
or two high-power transducers, signal generators were mostly used for
signal generation and operational amplifiers [84] or audio amplifiers
[85] for signal amplification. This is no longer practical for larger
arrays of transducers with individual phase and amplitude. Therefore,
micro-controllers and FPGAs are used to generate the signals. For
amplification, different amplifier ICs can be used depending on the
number of transducers operating at the same phase. For systems with
several transducers in phase, L298N dual H-bridge boards are mostly
used. For individual control of the transducers, gate driver ICs (e.g.
1X4428), MOSFET ICs (e.g. FDMQ8403) or pulse generator ICs (e.g.
HV7355) can be used.
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1.8 Aims and Contributions

The objective of this work is to investigate acoustic levitation in terms of
its usability for the development of contact-less robot grippers. Thereby,
methods are developed which allow the transport of small and fragile
objects and liquid droplets in a compact, cost-effective, contact-less and
contamination-free manner.

1.8.1 Picking Process

For this purpose, the most challenging part of the transport, i.e. the
picking process, is investigated for objects located in different environ-
ments and for different object densities. The picking of objects with low
density (p < 0.1g/cm?) can be carried out by a single-sided gripper for
objects located on acoustically reflective and transparent surfaces. High
density objects are more challenging to pick up and therefore require
different grippers for reflective or transparent environments. A double-
sided gripper is used to demonstrate contact-less picking of objects with
a density of up to p = 7.3 g/cm? located on an acoustically transparent
surface. A gripper with a movable reflector is developed to pick up
objects with a density of up to p = 7.3 g/cm? located on an acoustically
reflective surfaces.

1.8.2 Stabilization and Manipulation in an Acoustic
Gripper

During the transport in an ultrasonic gripper that uses standing waves,
which is the case for the reflector gripper or the double-sided gripper,
the objects start to spin around the symmetry axis due to the symmetry
of the pressure field. This work presents a method to stop this spin,
which requires a lower number of controlled channels and no rapid phase
adjustments, resulting in reduced complexity and increased stability
compared to state-of-the-art methods.

Manipulation of objects levitating in the acoustic gripper can be
used to precisely position an object on a target. Methods are developed
that can manipulate the position and orientation of objects. The pre-
viously mentioned stabilization method, that uses two different types
of transducers operating at different frequencies, is extended to also
manipulate the orientation around the symmetry axis. The forces acting
on objects in this gripper are calculated by deriving an approximation for
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the acoustic forces acting on small objects in multi-frequency pressure
fields.

Furthermore, a method for controlling the rotations around the
horizontal axes is developed using tilts of the standing wave achieved by
controlling the phase and amplitude of the excitation signals. Combining
these methods facilitates manipulation of the levitating object in six
degrees of freedom.

1.8.3 Closed-Loop Control

Micro-manufacturing processes often require very high precision. If
ultrasonic robotic grippers are to be used for the automation of such
processes, they must be able to reliably achieve the required accuracy.
Unfortunately, the propagation of sound waves is highly dependent on
the environment. Slight changes in temperature and humidity can cause
the levitation position or orientation of the levitating object to change
significantly enough to no longer meet the requirements. Furthermore,
simplifications are often made when calculating the forces and torques
acting on the object, and in some cases even the object geometry and
material properties are not taken into account. The resulting inaccuracies
are compensated by a closed-loop system using two CMOS cameras to
detect the position and the orientation of the object. High precision
control is achieved with the closed-loop system despite inaccurate open-
loop algorithms.

1.8.4 Acoustic Catching

As an alternative for the previously mentioned methods for inserting
objects into the acoustic field, it is also possible to drop objects and
subsequently decelerate and catch them acoustically. For this purpose,
a demonstrator is developed, which can acoustically catch expanded
polystyrene objects. The controllers developed in the process can be
used in the future to acoustically catch liquid droplets.

1.8.5 High Bandwidth Manipulation

For several applications of acoustic levitation, rapidly changing trans-
ducer phases are required. The behaviour of the transducers, which are
commonly used in transducer arrays, is investigated for this mode of
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operation using a ring shaped arrangement of piezoelectric transduc-
ers. The arrangement rotates a levitating object with high rotational
speeds. The control of the transducers requires two phase shifts of 180°
during each revolution and therefore results in rapidly changing phases.
The device is capable of achieving rotational speeds up to 216 krpm,
which was the highest rotational speed achieved using acoustic levitation
devices up to the time of publication. Simulations and measurements
have shown, that the commonly used equivalent circuit of piezoelectric
transducers (BVD model [86]) has to be extended for such application in
such a way that resonances at higher frequencies are considered as well.
This is relevant for the levitation of objects larger than the acoustic
wavelength [87], the stabilization of asymmetric objects levitating in
standing waves [78] and for ultrasonic haptic devices [88].

1.8.6 Liquid Gripper

The currently used droplet ejection methods either are contact-based or
eject droplets in the nano or pico litre range, which can not be caught
acoustically. A new method using air-coupled transducers that generate
ultrasonic pulses focused on the surface of the liquid is presented in this
work. The pulse forms an air cavity inside the liquid, which collapses
and ejects a Worthington jet. At the tip of the jet, a droplet can be
formed and ejected up to a height of a few centimetres. The ejected
droplet is in the micro litre range and can be caught by a ring shaped
acoustic catcher developed in this work. An improved mounting method
for the transducers is presented, which is required for stable levitation of
the liquid droplet with such an arrangement. Furthermore, the droplet
volume and the ejection height can be controlled by adjusting the pulse
length and the excitation voltage of the transducers.

1.9 List of Publications

Key insights presented in this thesis have already been published in
international scientific journals, conference proceedings, or in patents.
The publications created as part of this thesis are listed below.
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1.9.1 Journal Papers

» M. Rothlisberger, M. Schuck, and J. W. Kolar, “Kilohertz-
Frequency Rotation of Acoustically Levitated Particles,” IEFEFE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
2022. DOI: 10.1109/TUFFC.2022.3149131, [PDF].

» M. Rothlisberger, G. Schmidli, M. Schuck, and J. W. Kolar,
“Multi-Frequency Acoustic Levitation and Trapping of Parti-
cles in All Degrees of Freedom,” IEEE Transactions on Ul-
trasonics, Ferroelectrics, and Frequency Control, 2022. DOI:
10.1109/TUFFC.2022.3149302, [PDF].

» M. Roéthlisberger, M. Schuck, L. Kulmer, and J. W. Kolar, “Con-
tactless Picking of Objects Using an Acoustic Gripper,” Actuators,
Selected Papers from the 1st International Electronic Conference

on Actuator Technology: Materials, Devices and Applications
(IeCAT), 2021. DOI: 10.3390/act10040070, [PDF].

1.9.2 Conference Papers

» M. Rothlisberger, M. Schuck, L. Kulmer, and J. W. Kolar, “Au-
tomated Insertion of Objects Into an Acoustic Robotic Gripper,”
Proc. of the 1st International Electronic Conference on Actuator

Technology: Materials, Devices and Applications, online, Novem-
ber 2020. DOI: 10.1109/JESTPE.2016.2617620, [PDF].

» M. Réthlisberger, M. Schuck, and J. W. Kolar, “Contactless Posi-
tioning of Objects on Acoustically Reflective Surfaces by Means of
Ultrasonic Forces,” Proc. of International Ultrasonics Symposium,
Venice, Italy, October 2022. DOI: not available, [PDF].

1.9.3 Further Scientific Contributions

» M. Alexander-Schuck and M. Roéthlisberger, “Method for Han-
dling an Object in a Pressure Amplitude Distribution,” Patent,
WO02022058281A1 DOI: not available, [PDF].

» M. Alexander-Schuck and M. Réthlisberger, “Contactless Manipu-
lation of Objects Using Controlled Electroacoustic Transducers,”
Patent, W0O2022002825A1 DOI: not available, [PDF].

14


https://doi.org/10.1109/TUFFC.2022.3149131
https://doi.org/10.1109/TUFFC.2022.3149302
https://doi.org/10.3390/act10040070
https://doi.org/10.1109/JESTPE.2016.2617620

1.10. Supervised Student Theses

1.10 Supervised Student Theses

>

C. Burkard, “Closed-Loop Control of an Acoustic Levitation Sys-
tem,” MA, 2019.

L. Kulmer, “Real-Time Calculation of Acoustic Pressure Fields
and Forces in Obstructed Environments,” SA, 2020.

N. Stephan, “Novel Acoustic Droplet Ejector for Contactless Lab-
oratory Automation,” BA, 2021.

E. Birgisser, and D. Grandjean, “Development of a Schlieren
Photography System for the Visualization of Acoustic Pressure
Fields,” SA, 2021.

G. Schmidli, “Passive Stabilization of Acoustically Levitated Ob-
jects Using Ultrasonic Waves of Multiple Frequencies,” BA, 2021.

E. Frei, “Horn Design for a Hovercraft Based on Near-Field Acous-
tic Repelling Forces,” StoM, 2021.

S. Gasser, “Power Electronics for a Hovercraft Based on Near-Field
Acoustic Repelling Forces,” StoM, 2021.

E. Frei, and S. Gasser, “Hovercraft Based on Near-Field Acoustic
Repelling Forces,” BA, 2021.

P. Wolff, “High Bandwidth Control of Acoustic Levitation Sys-
tems,” BA, 2021.

D. Bolliger, “Six Degree-of-Freedom Closed-Loop Control of Acous-
tic Levitation Systems,” SA, 2021.

N. Behr, “Development of the First Acoustic Catcher,” BA, 2021.

T. Wilhelm, “Development of an Ultrasonic Gripper for Micro-
Manufacturing Processes,” BA, 2022.

1.11 Thesis Outline

According to the goals and contributions mentioned above, the content
of the thesis is divided into five main chapters and conclusions. All the
chapters can be read independently since the interdependencies have
been reduced to the strict minimum.
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16

» Chapter 2 covers all theoretical basics which are required for an

acoustic levitation system. Properties of the piezoelectric trans-
ducers are investigated and a suitable electrical equivalent circuit
is developed. The achievable pressure, its standard deviation and
the standard deviation of the phase of the transducers are com-
pared with similar transducer models. It is shown for various
applications how the electrical signals can be generated and with
which components they are best amplified. Furthermore, it is
shown how the pressure of each transducer and of an entire array
of transducers can be calculated if the position and orientation
of the transducers and the amplitude and phase of the excitation
signals are known. It is shown how the acoustic forces can be cal-
culated based on the pressure field and how the Gor’kov potential
can be used as an approximation of the acoustic forces for small
spherical objects. Different acoustic traps are presented, which
can be used for acoustic levitation. In addition, a novel method for
the calculation of multi-frequency pressure fields and the resulting
Gor’kov potential is presented.

Chapter 3 describes different methods to manipulate objects
levitating in an acoustic levitation system. It is shown how the
levitation position can be controlled. A method, which stabilizes
asymmetric objects levitating in standing waves through transduc-
ers operating at a different frequency is presented and compared to
state-of-the-art stabilization methods. Furthermore, an open-loop
five degrees of freedom manipulation algorithm is presented and
extended with a closed-loop control system based on cameras and
image processing algorithms. It is used to control a spheroid shape
object in five degrees of freedom and compares the performance
to the open-loop system. Additionally, a prototype capable of
catching objects travelling through its acoustic field using two
different methods is shown. The behaviour of the transducers for
fast phase changes is examined with a demonstrator capable of
rotating an acoustically levitating object with a rotational speed
of more than 200 krpm.

Chapter 4 presents acoustic robot grippers capable of transport-
ing small and fragile objects to and from acoustically transparent
and reflective surfaces. A method for the calculation of pressure
fields in reflective environments is shown. A single-sided robot grip-
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per that is capable of transporting objects to and from transparent
surfaces is presented. For this gripper, a method is developed,
which allows the picking of light objects from acoustically reflective
surfaces. Another gripper using an additional moveable reflector
is demonstrated. It is capable of transporting heavy objects to
and from acoustically reflective surfaces and is able to control the
orientation of the object to be transported.

Chapter 5 presents a novel contact-less droplet ejection method,
using air coupled transducers to generate an air cavity in a liquid
container. During the collapse of the air cavity a Worthington
jet is formed and a droplet is ejected at the tip of the jet. The
method is compared to state-of-the-art droplet ejection methods.
Furthermore, an improved transducer mounting method, which
embeds the transducers into the holder in order to prevent vibra-
tions of the transducers is presented. This allows stable levitation
at higher operating voltages. Due to the increased forces at high
voltages, levitation of liquid droplets in horizontal twin traps using
a ring shaped array is achieved. This allows the development of an
acoustic liquid gripper by using this levitator to catch the droplet
ejected by the aforementioned droplet ejector.
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Acoustic Levitation

Chapter Abstract

Ultrasonic robot grippers use acoustic radiation forces to transport objects in

a contact-less and contamination-free manner. They generate ultrasonic waves
resulting in a pressure field that causes acoustic radiation forces acting on a
levitating object. This chapter examines the acoustic sources, i.e. piezoelectric
transducers, used to generate the ultrasonic waves, provides methods for the
calculation of the pressure field and an approximation for the calculation of a force
potential. Furthermore, a method for the calculation of pressure fields generated
by ultrasonic transducers operating at different frequencies is presented and an
approximation for the multi-frequency force potential is derived. Additionally,

| different ways of excitation signal generation and amplification are examined. |

2.1 Introduction

Acoustic forces were first observed and visualized over 200 years ago [25].
Forces resulting from standing acoustic waves were used to make alcohol
droplets levitate nearly 100 years ago [27]. In recent years there has
been a development from large high-power transducers to small low-
power transducers operated in an array [62]. Since the small transducers
were developed for parking sensors in cars, their relevant properties for
acoustic levitation systems have not yet been examined in detail.
These properties, a comparison between different models of the low-
power transducers, and methods for the calculation of pressure fields
generated by piezoelectric transducers are presented in this chapter.
Furthermore, methods for the calculation of the acoustic radiation force,
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the acoustic radiation torque and an approximation of the force potential
for small objects are provided. Different ways of signal generation and
amplification and their best suited application are presented.

2.2 Piezoelectric Transducers

The pressure fields required for acoustic levitation are generated by a
single or multiple piezoelectric transducers. They generate sound waves
in the ultrasonic range. For most applications in this work, an array
of piezoelectric transducers is required. By superimposing the sound
waves of all transducers it is possible to generate pressure fields that
allow stable levitation.

There are different types of piezoelectric transducers. Large high-
power transducers were used for most standing-wave levitators before
small low-power transducers were used in an array to levitate objects
acoustically [62]. For robot grippers, the size and weight of the trans-
ducers and the achievable pressure amplitude are particularly relevant.
Therefore, the small low-power transducers consisting of a piezoelectric
element, two dampers, two electrodes and a beamformer, as shown in
Fig. 2.1, are best suited.

Different models of small transducers with a diameter of 10 mm and
16 mm and a resonance frequency of 40 kHz can be used for acoustic
levitators. Commonly used models are compared in Tab. 2.1 [35].

To maximize the pressure and the trapping forces in a gripper, the
pressure of a single transducer per transducer area is relevant. The
transducers with a diameter of 16 mm have a cross-sectional area that
is 2.56 times larger than that of the transducers with a diameter of
10mm. This means that 2.56 times more 10 mm transducers can be
placed on the same gripper area. Therefore, the highest pressure can
be generated by using the MA40S4S model. However, the prices of the
models vary significantly. Therefore, using the MSO-P1040HO7T model
can be considered, since it achieves large pressure amplitudes and is
significantly cheaper than the M A40S4S.

Fig. 2.2 shows an impedance measurement of the MSO-P1040HO7T
transducers. Due to the narrow-band characteristics it is important to
operate them close to their resonance frequency in order to generate
pressure waves with large amplitudes. The impedance measurements
show, that the transducers have more than one resonance frequency.
The measurements were carried out in order to find out whether the
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Fig. 2.1: (a) Elements of the employed ultrasonic transducers and (b) an
extended Butterworth-Van-Dyke (BVD) equivalent circuit model with two

resonances.

Tab. 2.1: Evaluation of different commercially available 40kHz air trans-
ducers. The measurements were repeated for 10 items. The transducers
were excited with a square-wave of 10V, and measured with a wideband
microphone (1/8” Briiel & Kjaer calibrated microphone Type 4138-A-015) [35].

Model d (mm) P (Pam/V) o(P) o(p) (°)
MSO-P1640H10TR 16 0.25 0.04 8.7
MSO-A1640H10T 16 0.36 0.02 9.2
MSO-P1040HO7T 10 0.13 0.02 13.9
FBULS1007P-T 10 0.14 0.02 13.9
MA40S4S 10 0.17 0.01 3.8
MCUST10P40BO7RO 16 0.25 0.04 33.1
MCUSD16A40S12RO 16 0.21 0.03 18.3
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Fig. 2.2: Magnitude (top) and phase (bottom) of impedance measurements
of 90 MSO-P1040HO7T transducers compared to a fitted multi-resonance
BVD model. The dashed lines show the measurement of the impedance of an
MSO-P1040HO7T transducer with removed beamformer [89].

impedance around the 40 kHz resonance is similar for different trans-
ducers of the same model. As shown in Fig. 2.2 the amplitude is very
similar for all 90 measured transducers, but there is a slight deviation
for the phase. This deviation could be measured and compensated for
each transducer in order to increase the pressure amplitude [89,90].

The beamformer is mounted on the piezoelectric element and is used
to maximize the pressure amplitude for a radiation angle of 0°. It has a
significant influence on the impedance of the transducer as shown by an
impedance measurement without the beamformer in Fig. 2.2.

The piezoelectric transducers can be represented electrically by a
Butterworth-Van Dyke (BVD) model [86]. It shows very similar be-
haviour for the first resonance frequency but ignores any further res-
onances of the transducer. For applications with excitation signals
containing higher frequency components, an extended BVD model is
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required as shown in Fig. 2.1b [89]. The impedance of the extended
BVD model is shown in Fig. 2.2.

2.3 Acoustic Pressure

The acoustic pressure generated by a single transducer j is calculated as
i¢ . L ikd
pj=e POJo(krsm9)ge ) (2.1)

where ¢, Py, Jo, d, 6, r and k = w/cy denote the phase of the
transducer excitation signal, a factor depending on the electrical power
(Py = 0.13Vex [35]), the Bessel function of order zero, the distance of
the considered point to the transducer, the beam angle, the radius of
the transducer, and the wave number, respectively [62].

The incident acoustic pressure field P,,, which results from the
superposition of multiple sound waves of the same frequency, can be
calculated by the sum of the individual pressure values [62] as

Py, = ij (2'2)

2.4 Acoustic Radiation Force and Torque

The acoustic radiation force acting on a compressible object is calculated
as
Faa == [ nas— [ pol-voas. @3
So So
where pa, v1, po, m and S denote the second order effect of the scattered
pressure field, the first-order perturbation of the particle velocity, the air
density, the normal vector of the object surface and the object surface,
respectively [91].
For spherical objects with a radius much smaller than the wavelength
(r < A), the acoustic radiation force can be approximated by the Gor’kov
potential U,,q as

A o (ku(PPi)  3kapo(Vii,)
Urad = 57T 5 ’
3 2p060 4

(2.4)
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poch 2(%7 )

where k1 = 1 — ﬁ, ke = —m—=. p, ¢, Piin and Vi, denote
density, speed of sound, incidentp pressure field and incident velocity
field, respectively. Subscripts 0 and p refer to properties of the fluid
medium and particle, respectively [91]. The acoustic radiation force is
calculated as

Frad = _VUrad (25)

With the Gor’kov potential, a complex analytical solution for the
acoustic radiation force can be derived using

Vijin = ’V (P““N (2.6)

1pow

and the identity

1
(cos®(wt)) = 3 (2.7)
resulting in
Urad = K1 (|P?) + Ko (|P:|* + | Py |* + | P2 %) (2.8)
1 1 1
K12V<2 T2 ) (2.9)
4 €oPo  CpPp
3 Po — Pp >
Ky=-V|—5—"77m—""— 2.10
T4 <W2PO(P0 +2pp) (310)

with P, P, 4 ., w and V denoting the incident pressure amplitude,
its spacial derivatives, the angular frequency and the particle volume,
respectively [62,91].

The acoustic radiation torque acting on the levitating object was
derived using the conservation of linear momentum and is calculated as

Trad = po/ dS - (r x u) (2.11)
S(R)

where S(R), r and u denote the particle surface, the position vector
and the fluid velocity, respectively.

For asymmetric objects in acoustic traps the behaviour for small
angular deflections can be approximated by a torsional spring. The
torsional spring constant K can be calculated by exciting an oscillation
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of the levitating object and measuring the oscillation frequency fosc
using

Kt =2nf% 1 (2.12)

where I denotes the moment of inertia of the object, which can be
calculated depending on the object geometry.

With the torsional spring constant, the acoustic radiation torque can
be approximated by

Trad = oK (2.13)

where o denotes the deflection angle [78,92].

2.5 Multi-Frequency Acoustic Levitation

Previously presented methods can be used for the calculation of pressure
fields, if the transducers are all operated with the same excitation
frequency. The time-averaged squared pressure field resulting from the
superposition of two pressure fields P, and P», which are generated by
transducers operating at frequencies f; and fo with f; #£ fs, is calculated
as

((PL+ P)*) = (P?) + (PLP) + (P3). (2.14)

The pressure fields P; and P, evaluated at one point in space result in
oscillations p; and py with an oscillation frequency fi and fo respectively:

p1 = sin(27 f1t),

p2 = sin(27 fot + ¢), (2.15)

where ¢ denotes an arbitrary phase shift. The time-averaged superposi-
tion of these oscillations is calculated as

((p1 +p2)%) = (pT + 2p1p2 +P3)
= (sin®(27 f1t)) + (2sin @ sin(27 f1t) cos(2 fot))
+ (2 cos ¢ sin(27 f1t) sin(27 fot)) (2.16)
+ <sin2 ¢ cos” (27 fot)) + (cos® ¢ sin® (27 fat))
+ (2sin ¢ cos(27 fot) cos ¢ sin (27 fot)) .
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Using (sin(t)) = (cos(t)) = (cos(t)sin(t)) = 0, the time-averaged
superposition simplifies to

((p1 + p2)?) = (sin® (27 f1t)) + sin? ¢(cos® (27 fot)) + cos? P(sin? (27 fot))
= (sin®(2m f1t)) + (sin® ¢ + cos® @) (sin®(27 fot))

= (sin?(27 f1t)) + (sin? (27 fot))
(2.17)

and the time-averaged superposition of the pressure field is therefore
the sum of the time-averaged individual pressure fields [36,93]:

((Py+ P)?) = (P2 +(P3). (2.18)
The same applies to the particle velocity field
(Vi +V2)?) = (Vi) + (V). (2.19)

Therefore, the Gor’kov potential of the superimposed pressure field
is calculated as [36]

4 3 kl (<P12,in> + <P221n>) 3k2p0 (<‘/12,1n> + <‘/22,1n>)
Urad = 5T 5 - -
3 2pocg 4
= Urad,1 + Urad,2~
(2.20)
2.6 Traps

For a long time, standing waves were the only way to make objects
levitate acoustically. They can be generated using a single transducer
and a reflector, two opposing transducers, or two opposing arrays of
transducers [28]. Using standing waves, high vertical forces can be
achieved and correspondingly heavy objects can be levitated. As a result,
standing waves are mostly used in robotic grippers for counteracting
gravity. With the development of cheap and compact piezoelectric
transducers, it became possible to operate the transducers in an array
and thus generate different trap shapes [62].

Vortex traps achieve high radial stability due to their rotationally
symmetrical pressure distribution. However, they can only be used for
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the levitation of light objects and cause the objects to spin [62]. Vortex
traps can also be used to levitate objects with a diameter larger than
the wavelength. For this purpose, the helicity of the vortex trap has to
be increased [87].

Bottle traps are optimized for high vertical forces and can therefore
be used for the levitation of heavier objects. The radial stability is
rotationally symmetrical but is significantly lower compared to vortex
traps [62].

Twin traps are not rotationally symmetrical and can therefore be
used to stabilize asymmetric objects or to stop the spin of a levitating
object. It is also possible to manipulate the object by means of twin
traps with high precision, since the object aligns with the twin trap
when the twin trap is moved or rotated [62,92]. This property makes
the twin trap interesting for certain use cases in robotic grippers.

The pressure distribution of twin traps looks very similar to that
of standing waves. The difference is that the transducers have to be
opposite to each other to generate a standing wave and a twin trap can
also be generated from a single side [62]. Usually, standing waves are
used in such a way that the vertical forces are maximized to levitate
heavy objects and twin traps are used in such a way that the horizontal
forces are maximized for maximum stability.

Additionally, it is also possible to create pressure fields containing
multiple traps, when a large number of transducers is used [94].

2.7 Power Electronics and Control

The requirements for the excitation signals vary depending on the
application. In order to keep an object levitated without manipulating
it, it is sufficient to generate a signal of the appropriate frequency (25
or 40kHz). It does not require an adjustment of its phase or duty cycle.
Signal generators or Arduino Nano micro-controllers can therefore be
used for such applications.

If the object is to be manipulated, signals with adjustable phase are
required such that the pressure field can be altered. Simple movements
(e.g. position control in one direction in a standing wave formed by two
opposing transducers or transducer arrays) can be achieved by changing
the phase shift of two excitation signals. This can also be achieved
using signal generators or Arduino Nano micro-controllers. For more
complex manipulations (e.g. position manipulation in three dimensions
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or orientation manipulation), multiple signals with specific phase shifts
have to be generated accurately. Therefore, FPGAs are the best solution
for the signal generation.

Additionally, it has to be possible to continuously increase and
decrease the acoustic power of the transducers in order to execute
certain processes (e.g. picking and depositioning) in a smooth manner.
This is achieved by reducing and increasing the duty cycle of square
wave signals, which can also be done with high precision using FPGA
boards.

The signals must then be amplified in such a way that they can
deliver the required power to drive the transducers and such that a
suitable excitation voltage is applied.

For this purpose, different components can be used depending on the
required power and voltage. To drive single transducers with an RMS
voltage of up to 35V, gate driver ICs are best suited because they are
very easy to use and are designed for capacitive loads. 1X4428 ICs were
used for the prototypes developed during this work. An L298N dual
H-bridge board can be used to amplify signals for multiple transducers
at a maximum of two phases and a maximum RMS voltage of 35V. To
achieve higher voltages MOSFET full-bridges (e.g. FDMQ8403) with
suitable gate drivers (MIC4606) can be used. However, it is important
to ensure that the currents do exceed the maximum current rating of
the MOSFETs due to the capacitive behaviour of the transducers.
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Manipulation of Acoustically
Levitating Objects

Chapter Abstract

Acoustic manipulation of levitating objects can be used for many applications,
such as the inspection of levitating objects and volumetric displays. For acoustic
robot grippers it is useful if the levitating object can not only be levitated, but also
manipulated. Manipulations can increase the levitation stability, and inaccuracies
in the positioning of the gripper can be compensated for by precisely positioning
the object acoustically. Furthermore, it is also possible to adjust the orientation
of the object in such a way that it can be deposited correctly oriented on a target.
In this chapter, a method for the stabilization of objects levitating in standing
waves, a demonstrator for high precision position and orientation control using a
closed-loop control system and a method for catching objects travelling through
the acoustic field are presented. High-bandwidth manipulation using piezoelectric
transducers is examined in order derive methods that consider effects resulting
| from rapid phase changes of the transducers. |

3.1 Introduction

Acoustic manipulation methods have developed significantly in recent
years. For a long time, devices that generate standing waves between
two transducers or a transducer and a reflector were used to manipulate
levitating objects [64,65]. It was also possible to manipulate objects in
resonance chambers using up to three transducers generating orthogonal
standing waves [46].

In recent years, arrays of transducers were used that are capable of
generating customized pressure fields [62]. Using arrays, it is possible to
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Chapter 3. Manipulation of Acoustically Levitating Objects

shift and tilt standing waves, such that high position and orientation
accuracy can be achieved.

For the development of ultrasonic robot grippers, acoustic manip-
ulations of objects levitating in the gripper can be relevant for many
reasons. Most important during the transport is the stability of the levi-
tation. As asymmetric objects levitating in standing waves tend to spin
around the symmetry axis of the pressure field [76,77], manipulations
of the pressure field can be used to generate a stabilizing torque, which
stops the spin and increases the stability of the levitation. During the
depositing process it can be required to adjust the orientation of the
levitating object in order to place it on the target. This can be achieved
with high precision using acoustic manipulation methods. Additionally,
the gripper is usually positioned using a robot arm. Depending on the
arm, significant deviations from the desired location of the gripper can
occur, which can be compensated for by moving the levitating object
acoustically, allowing for high precision positioning using low cost robot
arms.

3.2 Position Control

The position of acoustically levitating objects can be manipulated in
different ways. For acoustic robot grippers, the manipulation using
arrays of transducers is the most relevant due to the low weight and the
manipulation capabilities of such arrays.

A standing wave between two arrays of transducers is usually formed
by focussing the acoustic pressure in the center between the two arrays
and adding a 180° phase shift between them. Such a standing wave
can be used to levitate an object at the center of the arrangement.
The standing wave can be moved by focussing the pressure waves at
the desired levitation position before adding the 180° phase shift. The
resulting standing wave pressure fields for two levitation positions are
shown in Fig. 3.1.

Position manipulation of acoustically levitating objects is also pos-
sible for other trap types, such as twin, vortex, or bottle traps. The
method is very similar to the manipulation of the position using standing
waves. First, the pressure is focussed at the levitation position and a
phase signature depending on the trap type is added afterwards [62].
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Fig. 3.1: Standing wave pressure field for a device consisting of two opposing
arrays at a distance of 200 mm using transducers operating at 40kHz. The
levitation position is set to (a) t =y =z =0mm and (b) y = 0mm,z =z =
10 mm.

Theoretically, this is possible for any arrangement of transducers.
The better the pressure can be focussed at the levitation point, the
better it is possible to generate a stable trap at this location.

For most robot grippers, the vertical force has to be larger than the
horizontal stabilizing forces. Accordingly, an acoustic trap providing a
high vertical force to counteract gravity (e.g. standing wave) has to be
chosen.
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3.3 Stabilization of Asymmetric Objects

Due to the rotationally symmetric pressure field, objects in standing
waves tend to spin around the vertical axis [76,77]. To stop this spin and
to control all six degrees of freedom, two methods have been developed.

The first method uses a single-axis acoustic levitator, that time-
multiplexes a standing wave and a twin trap, for generating high vertical
forces and a converging torque that locks the rotation, respectively.
Subsequently, this method will be referred to as the switching-in-time
(SIT) method. The ratio of the times during which the standing wave
and the twin trap are applied can be used to tune the converging torque.
However, an increase in torque results in a reduced vertical force for
operation at maximum power, which limits the maximum density of the
levitating object. Switching between different pressure fields requires
two phase shifts of 180 ° per period for each transducer, resulting in a
reduced acoustic power output and a further decreased vertical force
during the transition process. With this method, an orientation accuracy
of <10° and a torsional spring stiffness of up to 40 nNm/rad can be
achieved [36,78].

The second method is presented in this work and allows acoustic
trapping of asymmetric objects in all degrees of freedom by using piezo-
electric transducers operating at two distinct frequencies. Subsequently,
this is referred to as the multi-frequency (MF) method. A vertical
standing wave and a horizontal standing wave are generated simulta-
neously at f; = 40kHz and f; = 25 kHz, respectively. The horizontal
standing wave results in a pressure field similar in shape to that of a
twin trap [78] and results in high forces. Therefore, it is possible to
tune the converging torque by adjusting the acoustic power generated
at fo, without reducing the vertical force generated by the standing
wave at the frequency f,. The phase inversion is no longer required,
making it possible to acoustically lock objects with densities of up to
7.3g/cm? [36].

3.3.1 Multi-Frequency Stabilization

The MF method was experimentally evaluated using the levitator shown
in Fig. 3.2. A vertical standing wave is generated by applying a phase
shift of 180 ° between the transducers arranged in the upper and lower
arrays. The resulting pressure field can be calculated as

32



3.3. Stabilization of Asymmetric Objects

25 kHz Transducer 40 kHz Transducer

Tin Cuboid

(b) F— 20 mm

Fig. 3.2: (a) Rendering of the arrangement with ultrasound transducers
with different resonance frequencies and (b) annotated photograph with a
levitating tin cuboid. The setup was optimized for providing a maximum
converging torque to lock the orientation of the levitated object. The shown
acoustically locked object is a tin cuboid with side lengths of 0.8 mm x 0.8 mm
X 5 mm.
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1.
pla,y,2) = P Y Jo (krisin6;) Eemi, (3.1)

where d;, ¢;, Py, Jo, k, r;, and 6; denote the distance of the 7th
transducer to the considered point (x,y, z), the phase shift applied to
that transducer, a factor depending on the applied voltage, the zero-
order Bessel function of the first kind, the wave number, the transducer
radius, and the angle between the normal of transducer ¢ and the point
(z,y, ), respectively.

A horizontal standing wave is generated at a frequency fo without
affecting the vertical standing wave if fo # f;. According to Eq. 2.20,
the Gor’kov potential of two pressure fields of different frequencies is
calculated as

Utor = Uy + Us.

This is illustrated in Fig. 3.3, where a 40kHz vertical standing
wave (a, b) is superimposed with a 25kHz horizontal standing wave
(¢, d), resulting in a Gor’kov potential that is no longer rotationally
symmetrical in the xy plane (e, f). The equipotential lines of this Gor’kov
potential can be approximated by ellipses. The eccentricity of these
ellipses, i.e., the ratio of their semi-major and semi-minor axis lengths a
and b, respectively, provides a measure for the converging torque.

For the verification of the MF method, experiments with an arrange-
ment as shown in Fig. 3.2 were carried out. Electroacoustic transducers
with a resonance frequency at 40 kHz and a diameter of 10 mm (Manor-
shi, MSO-A1040HO7T) are arranged on three concentric rings of 6, 12,
and 18 transducers, respectively. Two such arrays form the pole caps of
a sphere with a diameter of 84 mm, i.e., the distance of an object levi-
tated at the center of the arrangement to every transducer is identical,
such that high vertical forces can be achieved. Additionally, 16 trans-
ducers with a resonance frequency at 25kHz and a diameter of 16 mm
(Manorshi, MSO-A1625H12T) are placed on two concentric rings with
a diameter of 100 mm around the symmetry axis of the setup. These
rings are arranged at different vertical positions and the transducers are
oriented such that they face the center of the arrangement. The setup
was designed to maximize the converging torque, i.e., the asymmetry of
the Gor’kov potential in the horizontal plane. The asymmetry of the
Gor’kov potential was assessed by numerical calculations for different
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Fig. 3.3: Top view a) and side view b) of the Gor’kov potential generated
by transducers operated at fi = 40kHz with a voltage of Vi rms = 12V. Top
view c¢) and side view d) of the Gor’kov potential generated by transducers
operated at fo = 25 kHz with a voltage of Vo rms = 20 V. Top view e) and side
view f) of the superposition of the two Gor’kov potentials with a voltage ratio
of Vo/Vi = 1.67, providing high vertical forces and a converging torque. The
eccentricity of the equipotential ellipse (dashed line) shown in e) is a/b = 2.69.
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arrangements and numbers of transducers. For the selected arrangement,
the resulting Gor’kov potentials correspond to those shown in Fig. 3.3.

For each frequency, two inverted signals are required to excite the
transducers on opposite sides of the arrangement. These signals were gen-
erated using a Cyclone II FPGA board and amplified by an L298N dual
H-bridge board. The phase of all transducers remains constant during
operation, resulting in considerably higher acoustic power compared to
the SIT method. Other methods require a large number of individually
controlled channels [62,71,87] or careful geometric design [95].

Experiments with 3D-printed cuboids with an aspect ratio of 5:5:3
were conducted to analyze the size range for which stable locking is
possible and to measure the orientation stability. Stable locking was
defined in accordance with [78] as a maximum oscillation amplitude
of 10° and a net zero location and orientation change. The orienta-
tion of the levitated cuboids was determined using video footage of
the experiments and the Image Processing Toolbox in MATLAB. The
obtained orientation stability is shown in Fig. 3.4a for plastic cuboids
with average side lengths between 0.9 mm and 3.5 mm. Trapping forces
of 7.7uN, 3.43nN, and 9.72 uN were achieved for the 0.9 mm object
and 453 uN, 202 uN, and 572N for the 3.5 mm object in z, y, and z
direction, respectively.

The torsional spring constant K1 was obtained based on the oscilla-
tion frequency wqg of the locked object, where wy was again determined
from video footage. K1 was then calculated as

m
K= (L + Dhon) (32

where m, Liong, and Lghort denote the mass, the longer side length, and
the shorter side length of the cuboid, respectively. For the cuboids used
in the experiments, Liong = Lshort, thus Eq.(3.2) can be simplified to

Kr = wg%LQ. (3.3)

The torsional spring constant depends on the size of the cuboid and
the voltage applied to the 25kHz transducers (acoustic power) as shown
in Fig. 3.4b. If the magnitude of the 25 kHz pressure field approaches
the same range as that of the 40 kHz pressure field, the object starts
to wobble around the horizontal symmetry axis due to the increased
rotational symmetry of the pressure field in Fig. 3.3f. Therefore, a limit
of 20V was chosen for the voltage applied to the 25 kHz transducers.
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Fig. 3.4: a) Range of average side lengths of plastic cuboids, that can be
locked acoustically using the MF method (blue), compared to the SIT method
(red). The measured orientation stability for the MF method is shown by
blue dots. b) Measured torsional spring constants for the MF method with
voltages from 5V to 20V applied to the 25 kHz transducers.
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The smallest object used for the experiments was a cuboid with
an average side length of 0.9 mm. The results show that small objects
achieve high orientation stability. Thus, it is expected that the lower
limit for the average side length is significantly below 0.9mm. For
cuboids with average side lengths above 3.5 mm, oscillations around
horizontal axes cause instabilities or even the ejection of the levitated
particle from the acoustic trap. All cuboids between 0.9 mm and 3.5 mm
were locked with an orientation stability better than 7.5°. As shown
in [78], the approximation of the torque by a torsional spring is valid
for oscillation amplitudes a smaller than 15°. The maximum torque
for the system demonstrated in this work can therefore be calculated as
T = OéKT.

The achievable vertical forces were evaluated experimentally using
small tin cuboids. Using the MF method, we have demonstrated acoustic
locking of a tin cuboid with side lengths of 0.8 mm x 0.8 mm x 5mm
(average side length of 2.2 mm) and a density of p = 7.3 g/cm3, as shown
in Fig. 3.2. An oscillation frequency of 5 Hz was measured resulting in
a calculated torsional spring constant of 49.3 nNm/rad.

The MF and SIT methods can both be used for compact devices
with a low complexity compared to methods that control the position
and orientation of the levitated sample. The MF method provides a
large stability region ranging from average side lengths of 0.9 mm to
3.5mm, which corresponds to an increase of 86 % compared to the SIT
method. Operation of the 40kHz transducers at full power and no
losses due to phase changes during time-multiplexing facilitates the
levitation of objects with a density of up to 7.3 g/cm?, which is roughly
6 times higher than the maximum density of 1.18 g/cm? achieved with
the SIT method [78]. However, the MF method device requires laterally
placed emitters, which is not the case with the SIT method. The
attainable stiffness for both methods is in the range of 40-50 nNm/rad.
Control of the system requires two channels of different frequency with
constant phase, whereas the SIT method requires four channels of the
same frequency with adjustable phase. The efficiency is higher, as
the transducers are operated at constant phase. This facilitates the
application of the MF method to novel use cases such as the transport of
non-spherical objects by contact-less robotic grippers or the inspection
of acoustically levitated samples [36].
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3.4 Closed-Loop Control

Micro-manufacturing processes often require high precision for the trans-
port of objects. If ultrasonic robot grippers are to be used for the
automation of such processes, they must be able to reliably achieve
the required accuracy. Unfortunately, the propagation of sound waves
is highly dependent on the environment. Slight changes in tempera-
ture and humidity can cause the levitation position or orientation of
the levitating object to change significantly enough to no longer meet
these requirements. Furthermore, simplifications are often made when
calculating the forces and torques acting on the object, and in some
cases even the object geometry and material properties are not taken
into account. The resulting inaccuracies can be compensated using a
closed-loop control system. For this purpose, a system was developed,
which can control the position and orientation of a levitating spheroid.

3.4.1 Setup

In order to control the position and orientation of a particle, suitable
sensors are required. The sensors need to work in a contact-less manner
in order to be considered for the use in a contact-less robot gripper.
Various types of contact-less sensors, such as magnetic, capacitive or
optical sensors are available. For this work, two CMOS cameras were
used since cameras do not require any material properties of the levitating
object. Furthermore, the field of view (FOV) of a camera can be made
rather large using suitable optics. The distance, at which it can be used
effectively, is mainly dependent on the camera resolution. Compared
to position sensitive device sensors (PSD sensors), cameras are able to
measure more information, which is required to determine the orientation
of a levitating object, have a larger FOV and the measurement data is
easier to analyse. However, image processing algorithms are more time
consuming than analysing the outputs of a PSD sensor and the control
bandwidth is therefore limited.

The control of spheroidal objects in five degrees of freedom is inves-
tigated using a levitator as shown in Fig. 3.5.

3.4.2 Open-loop Control

A twin trap is used to levitate the spheroidal object acoustically. The
phase shifts of the individual sound waves are set in such a way that

39



Chapter 3. Manipulation of Acoustically Levitating Objects

Fig. 3.5: The system, which is used to levitate and manipulate the objects.
The light blue separation plane divides the transducers into two halves, which
are controlled with a phase of 0° (green) and 180° (blue), respectively.

40



3.4. Closed-Loop Control

they constructively superimpose at the levitation point L. Subsequently,
the transducers are divided into two halves, which are separated by a
plane S. A phase shift of 180° has to be added to one of the two halves.
Due to the spherical arrangement of the transducers, no phase shifts
are required to focus the ultrasonic waves in the center of the sphere.
Therefore, with a horizontal separation plane through the center of the
arrangement as shown in Fig. 3.5, a phase shift of 180° between the two
halves is sufficient for the horizontal levitation of a spheroidal object at
the center of the arrangement. The resulting pressure fields for different
levitation positions are shown in Figs. 3.6a,b.

The orientation of a spheroid is determined by a rotation around
the y-axis and around the z-axis afterwards. Tilting of the spheroid can
be achieved by tilting the separation plane S. The rotation angle of S
around the y- and z-axis are referred to as ay,g and «. g, respectively.
They do not coincide with the rotation angles of the spheroid (o rea and
Q. real). An adjustment of oy, g or a, g will only affect the orientation
of the spheroid, if at least one transducer has moved to the other side
of S after the adjustment.

This allows rotation in discrete steps. To achieve more precise
rotation, the phase transition can be made smoother when a transducer
is changing from one side of S to the other. In this case, the duty cycle
and thus the acoustic power of the transducer with the original phase
is steadily reduced as soon as the transducer is close to the separation
plane, in such a way that the power is zero when the transducer is
located on the separation plane. Subsequently, the power is continuously
increased with the new phase until the maximum power is reached.

For small angles (ayreal < 10°), oy, g is significantly larger than
Oy real. Lo compensate for this, «, s is increased in this range and
decreased accordingly above 10°, in such a way that the actual rotation
angle is closer to the nominal value.

The resulting pressure fields for different levitation orientations are
shown in Figs. 3.6¢,d.

3.4.3 Pinhole Camera

The pinhole or perspective camera is a simple model of a camera. It is
illustrated in Fig. 3.7. In this model, all light arriving passes through
a single point called pinhole or optical center C'. It assumes a planar
camera sensor with the sensor coordinate system (u, v), which is located
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Fig. 3.6: Pressure fields for horizontal levitation at the origin (a, c), for a
translation of the object (b, d), for a rotation around the y-axis (e, g) and for
a rotation around the y-axis and z-axis (f, h).
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Fig. 3.7: Illustration of the principle of a pinhole camera, which is used to
calculate the position of a levitating object with one degree of freedom.

in the plane referred to as image plane I with the image coordinate
system (z, y). The axis orthogonal to I and through C' is called optical
axis. The intersection between the optical axis and the image plane is
referred to as principle point P and is the origin of the image coordinate
system. The camera coordinate system (X, Y, Z) describes the position
relative to C.

The projection A’ of a point A = (X 4,Y4,Z4)" to the image coordi-
nate system is calculated as

T = f%, (3.4)
Y
y=1I (3.5)

where f denotes the focal length, which is defined as the distance
between C and P. To obtain the sensor coordinates of a point in the
image coordinate system, the sensor coordinates of P = [zoyo]’ have
to be added to the image coordinates. Furthermore, the metric sensor
coordinates are usually converted to pixel sensor coordinates using
scaling factors k, and k,, resulting in
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U kof 0 kyzol| [X
vioc | 0 kuf kyyol |Y (3.6)
1 0 0 1 Z

and the camera intrinsic matrix

a, 0 ug
A=10 a, wvl, (3.7)
0o 0 1

where oy, = ky f, ap = ky f, ug = kyxo, and vy = kyyo-

In reality, distortions of the projections occur due to the finite size of
the aperture. The calculation of the image coordinates can be adjusted
as

=z 460 60 (3.8)
vh=y+0y) +65) (3.9)

in order to take radial distortions 6(") and tangential distortions ()
into account.
The radial distortions can be approximated using Taylor series

0 = w(kyr? + kort + ) (3.10)
53(1“ = y(k1r® 4+ kor* +...), (3.11)

where r = \/22 + y2 and ki, ks, ... denote the radial distortion coeffi-
cients.

The tangential distortion can be approximated as
6® = 2p xy 4 pa(r? 4 222) (3.12)

5 = 2p1(r? + 2y%) + 2pay, (3.13)

where p; and po denote the tangential distortion coefficients.

In order to determine the intrinsic matrix A and the distortion
coefficients, the camera has to be calibrated. This can be achieved
by using pictures of a calibration rig with known structure, e.g. a
chessboard, from multiple orientations [96,97].
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a) b)

Fig. 3.8: An image of the levitating spheroid taken by the camera (a) and
the resulting image after thresholding (b).

3.4.4 Object Detection

After the cameras have been calibrated, the levitating object can be
identified using the camera images. Two methods were investigated
and compared with each other. Thresholding divides an image based
on intensity or color values, as shown in Fig. 3.8. This can be de-
scribed mathematically with pixel values before p(x,y) and after ¢(x,y)
thresholding with threshold T as

)1 ifp(z,y) >T
q(m,y>{0 e (3.14)

The object is then identified as the largest connected area [98].

The detection of the object using edge detection first finds the edges
in an image, and then connects them to find the object boundaries, as
shown in Fig. 3.9. There are numerous methods to detect edges, which
generally either compare the gradient in an image to a threshold or
look for zero crossings in the second derivative. Possible edge detectors
would be the Soble or Canny operators [98]. This method results in
inaccuracies for moving or oscillating objects due to blurring of the
images. Therefore, thresholding yielded better results for the detection
of acoustically levitating objects.

After the object has been detected using thresholding, an ellipse
can be fitted to the largest connected area, as shown in Fig. 3.10. The
center of the ellipse is used for position determination and the rotation
for orientation determination.
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Fig. 3.9: An image of the levitating spheroid taken by the camera (a) and
the resulting image after edge detection (b).
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Fig. 3.10: An image of the levitating spheroid taken by the camera with a
fitted ellipse and its center point using the thresholding method.
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To limit the area in which the object has to be detected and to
increase the performance of the algorithm, the image can be cropped in
an area around the last known position prior to object detection.

3.4.5 Position Measurement

Position measurement in a three-dimensional space requires at least
two cameras. The respective position in the two-dimensional image
coordinate system can be determined from the images of both cameras.
To determine the coordinates in the three-dimensional global coordinate
system, a triangulation, as illustrated in Fig. 3.11, is required.

The measured coordinates in the image coordinate systems 1 and 2
are denoted by (' Zimeas, M Ymeas) aNd (2Zieas, 2Ymeas ), respectively. The
coordinates of a point “*p = (z,y, z) in the camera coordinate system of
camera 1 can be transformed to coordinates in the camera coordinate
system of camera 2 by a translation and a rotation as

“p=R “p+T. (3.15)

Based on the coordinates of the point “* P projected onto the image
coordinate system 1 “* P/, the coordinates of “* P can be determined to
within one degree of freedom as

AP = (e, — " P)s =—"Pls, (3.16)

where s denotes a positive real number and the optical center of camera
1 ¢4 is selected as the origin of the camera coordinate system 1.

The point ey corresponds to the projection for s = 0, which is the
projection of the optical center ¢; of camera 1. ¢ is the projection
resulting for s = co.

The line “* P = “' P{s transformed to the camera coordinate system

2 results in
() :1;2

2P =R “Pls+T= |y, (3.17)
C2 29
which can be projected onto the image coordinate system of camera 2
19 as

ip_ <fC2352 fc2y2) ' (3.18)

C2 29 7 eg 29

These coordinates can be compared to 2 Pyeas = (2Zmeas: 2 Ymeas)
in order to get the value of s and therefore the coordinates of P [96].
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Fig. 3.11: Illustration of the triangulation method, which is used to calculate
the global position using the position measurements of two cameras.

3.4.6 Orientation Measurement

Using two cameras, it is not possible to determine the orientation of
an ellipsoidal object in six degrees of freedom without knowing more
information about the texture or the dimensions of the object. This
would require the use of a third camera. To keep the system as simple
as possible, we therefore developed a demonstrator that can control the
position and orientation of oblate spheroids. The rotation around the
symmetry axis of the spheroid can neither be detected nor controlled
with the levitator developed in this work. The demonstrator is shown
in Fig. 3.12.

The projection of a spheroid onto a camera always results in an ellipse.
The major axis of the ellipse can be used to determine the symmetry
axis of the spheroid since the symmetry axis is always perpendicular
to the projected major axis. Using one image from both cameras, the
symmetry axis and therefore the orientation of the spheroid can be
determined using the cross product of the two major axis. This method
works as long as the rotation of the spheroid around the y-axis is not
exactly 90° or 270°. For these cases, the major axes of the projected
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Fig. 3.12: The demonstrator used to verify the developed methods. It uses
72 transducers operating at 40 kHz and two cameras for the position and
orientation detection.
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ellipses are both parallel, the cross product is zero and the rotation
around the z-axis can not be determined.

3.4.7 Control System

Two ELP CMOS high-speed cameras were used for the measurements.
They offer different resolutions depending on the frame rate. For the
experiments, we read out the cameras with a resolution of 1280x720
pixels at 180 FPS. One camera was aligned along the x-axis and the other
along the y-axis. The 90 degree angle between the cameras simplifies
the evaluation of the position measurement, but is not mandatory. The
cameras were calibrated using a chessboard pattern.

All five degrees of freedom are controlled independently. The con-
trollers generate five parameters, which are used to calculate the required
excitation signals. These are then generated on an FPGA board and
amplified by gate driver ICs (IX4428). An overview of this system is
shown in Fig. 3.13.

The input to the controller is low-pass filtered to ensure the stability
of the levitation, as shown in Fig. 3.14.

The five degrees of freedom are filtered independently with lowpass
filters F1, of the form

WL,
wr, + s’

Py, = (3.19)
where wy, denotes the cutoff frequency and was set to wy, = lrad/s
for the position controllers and to wy, = 2rad/s for the orientation
controllers. The filters are implemented in discrete time using the
trapezoidal integration method [99].

For the closed-loop controller, the five parameters x, vy, z, «, and -~y
were assumed to be independent. Therefore, the closed-loop controller
could be obtained using loop shaping [99]. All controllers are of the

form
_g(1+ars)

K(s) = s(1+7s)

with 7 > 0 and 0 < a < 1, which then results in an integrator with
additional phase lag between 7 and a7. The parameter g can be used to
scale the transfer function and thereby adjust the crossover frequency
We.

The parameters for a maximum phase lag of P, at the crossover
frequency can be calculated as

(3.20)
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Fig. 3.13: An overview of the closed-loop control system. Two cameras
and image processing algorithms are used to determine the position and
orientation of a levitating spheroid. The measured values are fed to five
individual controllers resulting in five parameters for the open-loop algorithm,
which determines the phase and duty cycle for each transducer. The signals
for the transducers are then generated on an FPGA board and amplified by
gate driver ICs.

Disturbance

Fig. 3.14: The schematics of the closed-loop controller used to control the
position and orientation of the levitating spheroid. The input is low-pass
filtered for the stability of the controller.
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1 —sin(P)
= —° 3.21
T T+sin(Py) (3:21)

1

= 3.22
TS oa (3.22)

14+ 7jw.
g w 1+ arjw. ( )

The crossover frequencies and the maximum phase lag were deter-
mined experimentally as w. = 2rad/s (position control), w. = 1rad/s
(orientation control) and Py, = 10°.

3.4.8 Results

The experiments have shown that the open loop algorithm is not accurate
for all positions and orientations. If only the position is adjusted and the
object is located close to the center of the arrangement, the deviations
are relatively small. Nevertheless, there is a small error that the closed
loop controller can compensate. This is shown in Fig. 3.15 for a step
response of 5mm in x direction and 5mm in —z direction.

Furthermore, it was evident that the individual parameters are not
independent of each other. If the object is to be rotated around the
y-axis, the orientation around the z-axis is affected as well, as shown
in Fig. 3.16. However, the closed-loop controller is able to compensate
for this. Due to the good performance and the increasing complexity of
the controller when the coupling between the five parameters is taken
into account for the open-loop control algorithm, it was decided not to
include it.

To investigate the performance of the controller, a tilted circle of
object positions was traversed while the object was tilted 30° around
the y- and z-axis, as shown in Fig. 3.17. It showed that the position and
orientation with the open-loop controller can deviate strongly from the
reference. The coupling between the parameters is also clearly visible,
since the orientation reference does not change, but it varies strongly
when using the open-loop controller. The closed-loop controller can
compensate both effects and achieves precise control of the position and
orientation.

The measurements have shown that the control of position and
orientation can be improved if a closed-loop system is used. This effect
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Fig. 3.15: Position measurement after a step response in z-direction (a) and
—z-direction (b). The closed-loop controller is capable of compensating the
small steady state error occurring with the open-loop system.
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Fig. 3.16: Orientation measurement for multiple reference steps for the
rotation angle v (a) and a constant reference angle of & = 35° (b). The open-
loop controller shows steady state errors for both rotation angles and a strong
coupling between the two individually controlled angles. The closed-loop
controller is capable of compensating the steady state errors and allows the
individual control of the rotation angles.
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Fig. 3.17: Traverse of a tilted circle of object positions with constant orien-
tation. The measurements show accurate position (a) and orientation (b,c)
control with the closed-loop controller, while the open-loop system deviates
strongly from the reference value.
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becomes more significant the larger the inaccuracies with the open
loop system are. These inaccuracies can originate from simplifications
applied to the open-loop system in order to keep the algorithm as simple
as possible. However, other factors such as transducer manufacturing
tolerances, temperature, and humidity can also affect the accuracy of
the open-loop control.

In order to implement a closed-loop controller, the object geometry
must be known and the image processing algorithms must be able to
recognize the degrees of freedom to be controlled based on the camera
images. For some applications, which require the control of complex
shaped objects, LIDAR technology could be used to detect the position
and orientation of a levitating object. If high bandwidth position control
is required, the cameras could be replaced by PSD sensors, that are
evaluated using FPGAs.
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3.5 Acoustic Catching

There are several ways to insert objects into an acoustic levitation field.
Besides contact-based solutions like tweezers, there are also contact-
less methods, which are discussed in Chapter 4. However, for certain
processes the best solution is to drop an object and then decelerate
and catch it using acoustic forces. This would also be possible for the
contact-less transfer of an object between two grippers. Furthermore,
this method can be used to catch ejected liquid droplets as described in
Chapter 5.

A demonstrator was developed to investigate the extent to which
acoustic forces can be used to catch a solid object. The demonstrator
consists of two opposing flat arrays of transducers, which are operated at
their resonance frequency of 40 kHz. The separation distance between the
two arrays was chosen to be 80 mm such that the axial and radial stiffness
were in a suitable range. By appropriately adjusting the phase of each
transducer, the position of the levitated object can be manipulated. For
the catching experiments, expanded polystyrene balls with a diameter of
approximately 2.7 mm were acoustically brought to a specific height and
dropped by switching off the transducers. Two cameras were positioned
to capture a cube-shaped volume with a side length of 40 mm. Using
the two images and image processing algorithms, the position of the
particle was determined. The demonstrator is shown in Fig. 3.18.

The particle was then caught using two methods. Static catching
generates an acoustic trap, which is able to decelerate and catch the
falling ball without moving the trap. The dynamic catching method
decelerates the particle by moving the trap with the particle during the
dynamic interval and then applies a static trap to stop the particle.

3.5.1 System and Delays

The system uses two ELP-USBFHDO08S-L36 cameras to take pictures
of the object, which are then used for the position evaluation. The
cameras communicate with a PC and provide images with a frame
rate of 260 FPS at a resolution of 640x360 pixels. The position of the
particle is calculated on the computer before a controller determines the
reference value of the acoustic trap in such a way that the particle can be
decelerated and caught. The controller also takes into account the delays
that occur in the system. Subsequently, the reference value is transferred
via a UART interface to an FPGA board, which calculates the phase
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Camera
| /
Caught Object

Transducer
e — Array

Fig. 3.18: The demonstrator used to verify the two developed methods to
catch objects using acoustic levitation forces.
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Fig. 3.19: Position measurements of 16 particles falling from a height of
16 mm. The signal to turn off the transducers is sent from the computer to the
FPGA at t = 0ms. An average delay for the internal camera video pipeline,
the USB request to the cameras and the image transmission of 23.683 ms with
high variance was measured.

shifts of the individual transducers and generates the corresponding
excitation signals. These are then amplified by 1X4428 gate driver ICs
and applied to the transducers.

During this process, several delays occur, which must be taken into
account by the controller. The triangulation of the particle position
which requires about 5ms can be measured and taken into account
by the controller. The communication between the computer and the
FPGA board (measured) and the wave propagation from the transducers
to the particle (calculated) take about 0.28 ms and 0.24 ms, respectively.
The remaining delay caused by the internal camera video pipeline, the
USB request to the cameras and the image transmission can not be
measured independently, but the total delay was measured to be about
23.683 ms in average with significant variance. The delay was measured
by sending a signal to turn off the transducers at t = O ms and measure
the position of the falling particle afterwards. The image arrival time
is then compared with the time when the particle was located at the
calculated position using Eq. 3.30. The position measurements and the
predicted trajectory for a delay of 23.683 ms, for the minimum delay of
about 16 ms, and for the maximum delay of about 29 ms are shown in
Fig. 3.19.
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Due to the high variance caused by the cameras, an open-loop
approach using a calculated time difference between switching off the
transducers and generating a static or dynamic trap was used for the
experiments. For a reliable closed-loop system, cameras with constant
delays or cameras that provide a timestamp of when the image was
taken would have to be used.

3.5.2 System Modelling

For the experiments, it was assumed that the object (ball) is falling in
the negative z-direction, i.e. vertically. The external forces acting on
the object are the weight force in the negative z-direction and the drag
in the positive z-direction. In addition, acoustic forces from the catcher
act in the positive z-direction.

The drag force on a spherical object with cross-sectional area A is
calculated as

1
Fd = ichp02.:27 (324)

where Cq = 0.47 and py = 1.18 kg/m? denote the drag coefficient and
the density of air, respectively. To account for this force in a linear
system it can be linearised as

Fylin = CaApoz = kqz. (3.25)

The acoustic radiation force can also be linearised around the levita-
tion position as
Fr,lin = k(ztrap - Z) = ku. (326)
During the first phase of the experiment, the particle is in free fall
and the acoustic force is F; = 0. In this case, the system can be described
as
m-Z=Fqy—Fj. (3.27)

The maximum velocity that can be reached is calculated as

. 2mg
tlggo Vz(t) = Voo = —4/ o (3.28)

Thus, by solving the differential equation, the trajectory of the
particle can be calculated as

t
v:(t) = —voo tanh <g — arctanh <UO>) , (3.29)

Voo Voo
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Fig. 3.20: Trajectory of a falling expanded polystyrene ball with a diameter
of d = 2.7mm and a density of p = 0.04g/cm® with (blue) and without drag
(red).

2 2 "
2t) === (ﬁcosh (g — arctanh (m))) + 2.
g V5o Voo Voo

(3.30)

For low velocities, which are achieved for drop heights < 40 mm, the

drag can be neglected and the resulting error of the position calculation
is less than 5%. For this case the trajectory can be calculated as

Uz,approx(t) = —gt + vo (3.31)

1
Zapprox(t) = *59752 + vot + 20. (3.32)

The comparison of the trajectories with and without consideration
of the drag is shown in Fig. 3.20.

For the second phase of the experiment, the catcher is turned on.
During this phase the system can be described as

mZ = ku —mg — kqZ. (3.33)
This ODE can be put into linear affine state space as
7= |7 "
Z= L} , w=u— (3.34)
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3.5.3 Measurement of the Trap Stiffness

The system is modelled as a damped spring oscillator as shown in Eq.
3.33. The analytical solution of this ODE is

k
2(t) = Rexp <2;1t> cos(wt — @) + 29 — % (3.38)

To determine the parameters of this equation, step responses in radial
and axial directions were measured. It was found that the approximation
by a damped spring oscillator is not very accurate and the stiffness at
low deflection is higher than at high deflection. Therefore, the equation
was adjusted to

Z(t) = c1 exp(cat) (3.39)
z(t) = &(t) cos (Cﬁiz(t) + Z) +er (3.40)

with seven parameters c¢; to ¢7 and fitted to the measurement data as
shown in Fig. 3.21.
The spring stiffness can then be calculated as

k= w(i)*m (3.41)

with 9

™
7)== —— 3.42
(@) = —— (3.42)
resulting in a force of
F(3) = k= —w@ymie — (— 2 ma (3.43)
o a B c3 + €42 ' ’
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Fig. 3.21: Step response measurement in radial (a) and axial (b) direction
used to measure the stiffness.
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Using these equations, the radial and axial stiffness for the range
between —1 mm and 1 mm can be linearised as

2 2 .
kradia] = <03—|_C410_3(/5> mz =1.3 uN/Inm (344)

2
27
kaxial = | —————=— ] mZ =21.3uN/mm 3.45
axial <03 n C410_3c5 > / ( )

for an excitation voltage amplitude of Vox = 6 V. Due to the linear
relationship between excitation voltage and stiffness, the radial and axial
stiffness for arbitrary excitation voltages can be calculated as

kradial = 0.22 uN/(V - mam) - Vi, (3.46)
Kaxial = 3.55 uN/(V - mm) - Viy. (3.47)

3.5.4 Static Catching

The static catching method was tested with a expanded polystyrene
ball with a diameter of d = 2.7mm and a mass of m = 0.41 mg. For an
excitation voltage of 13V, the maximum velocity of the particle could
be vmax = 1.12m/s, if the trap would be placed perfectly. This velocity
is reached after falling a distance of 8.8 cm. However, in our experiments
drop heights of about 25 mm were the limit for reliable catching. The
measurement of the position during the drop and the catching process
is shown in Fig. 3.22a. For larger drop heights, the timing accuracy of
the trap generation was too low and it was not possible to catch the
objects reliably.

3.5.5 Dynamic Catching

The dynamic catching method was tested with the same particle as the
static catching method. The dynamic catching method uses a moving
trap to decelerate the object before a static trap is generated to stop
the object. Therefore, the maximum drop height should be increased
compared to the static method. However, due to the limited control
volume of our demonstrator (—20mm < z < 20 mm), only a very short
interval of a few millimetres can be used for a dynamic trap as shown
in Fig. 3.22b, resulting in small differences of maximum drop height
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Fig. 3.22: The position measurement of an expanded polystyrene particle
with a diameter of 2.7mm caught after 25 mm of falling using the static
catching method (a) and caught after falling 29 mm using the dynamic catching
method with a dynamic zone of 4mm (b).

between the two methods. With the dynamic catching method, objects
dropping from heights up to 29 mm were caught reliably. The difference
to the static catching method is caused by the small deceleration during
the dynamic trap interval in Fig. 3.22. Furthermore, the dynamic trap
interval causes the particle to be better positioned inside the trap at the
beginning of the static trap interval resulting in a smaller oscillation
amplitude.

3.5.6 Conclusion

The experiments with the demonstrator have shown that it is possible
to catch objects by means of acoustic forces. Due to the limited control
volume, only drop heights of up to 29 mm were possible. In addition, a
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closed-loop system would require cameras that send a timestamp with
the image or cause a constant delay. For applications where the object
moves at low speed through the acoustic pressure field, a closed-loop
catcher can also be realized based the control system developed here.
This is the case for catching ejected liquid droplets, as described in
Chapter 5.
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3.6 High-Bandwidth Manipulation

Multiple methods of acoustic manipulations, which can be used for robot
grippers, require fast phase adjustments of the piezoelectric transducers.
However, the transducers used in this work have not yet been studied in
sufficient detail to predict the behaviour during fast phase adjustments.
For this reason, a demonstrator was built which can rotate objects
with rotational speeds in the kilohertz range and requires a frequent
adjustment of the phase of all transducers.

A spherical ring array with a radius of 42 mm and a total of 80
air-coupled ultrasonic acoustic transducers, as shown in Fig. 3.23, was
used to examine the transducer behaviour. All transducers feature a
main resonance frequency of fy = 40kHz and are pointed towards the
center of the sphere that coincides with the levitation point of a slightly
asymmetric particle. Disc-shaped expanded polystyrene (EPS) particles
with a radius ¢ = 1 mm and thickness d = 0.35 = 0.1 mm were used for
the measurements presented in this work. The goal was to maximize the
acoustic pressure at the levitation point, for which a trade-off between
the total number of transducers and their distance from the levitation
point exists. The distance between the beamformer of all transducers
and the center of the sphere is 37.5 mm. The transducers are arranged
on four vertically shifted rings, where each ring consists of 20 transducers.
Four transducers each are located at the same azimuth angle, which
results a favourable acoustic field distribution for high speed rotation.

The ultrasound transducer model MSO-P1040HO7T (cf. [35]) with a
diameter of 10 mm is used. It consists of a piezoelectric element that
is mounted to a damping mass and a beamformer, as shown in Fig.
3.24a. The combination of the piezoelectric element and the damping
mass exhibits a resonance frequency of ~ 47kHz. Combined with the
beamformer, the transducer has resonance frequencies at ~ 40kHz
and =~ 59 kHz, as shown by the impedance measurements in Fig. 3.25.
At these frequencies, a low variance in the behaviour of individual
transducers can be observed, which is favourable for their application
in an array. Further resonances that exhibit a large variance in their
frequencies exist above 100 kHz.

Piezoelectric transducers are commonly modelled by a Butterworth-
Van-Dyke (BVD) equivalent circuit model, as shown in Fig. 3.24b [86,
100]. The mechanical characteristics are accounted for by the elements
denoted with a subscript 0 or 1, while the elements R, and C, model
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Fig. 3.23: Spherical ring arrangement with 80 transducers and the employed
power electronics. The inset qualitatively shows the Gor’kov potential around
the levitated particle.
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Fig. 3.24: Elements of the employed ultrasonic transducers (a) and
Butterworth-Van-Dyke (BVD) equivalent circuit model with two resonances
(b). The considered component values are listed in Table 3.1.
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Fig. 3.25: Magnitude (top) and phase (bottom) of impedance measurements
of 90 MSO-P1040HO7T transducers compared to a fitted multi-resonance
BVD model.
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Tab. 3.1: BVD Model Parameters.

Component  Value

R, 5Q
Cp 1.75nF
Ry 950 Q
Co 150 pF
Lo 103 mH
Ry 500 Q2
Ch 65 pF
Ly 113mH

the capacitive electrical behaviour. In most applications, ultrasonic
transducers are excited at their main resonance frequency fy only. In
this case, a single-resonance BVD model (components denoted by a
subscript 0 in Fig. 3.24b) is sufficient to model the resulting behaviour.
For achieving high rotational frequencies, excitation signals with rapidly
changing phase shifts are required that cause the transducer to be excited
at additional frequencies. To model the resulting mechanical behaviour
of the transducer, a second resonance path, as indicated by the subscript
1 in Fig. 3.24b, that models the second resonance around 59 kHz is
required.

The position of the beamformer z,, is proportional to the charge
stored in the piezoelectric element and the current i, is proportional to
its velocity vy,

t t
Tm — To = / Vmdt = CT/ Imdt, (3.48)
0 0

where zg denotes the equilibrium position of the beamformer and cr
denotes a coupling factor between the electrical model and the mechanical
behaviour of the transducer.

Acoustic twin traps are used as they have been found to produce
high driving torques. The pressure distribution and resulting forces
for such a trap generated by the spherical ring array are shown in Fig.
3.26. Square wave voltage signals with a fundamental frequency of
fo = 40kHz are used to excite the transducers as they can precisely
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Fig. 3.26: Pressure distribution and forces from top view (right) and side
view (left).
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Fig. 3.27: Phase of transducers for rotating the pressure field by 18°.

71



Chapter 3. Manipulation of Acoustically Levitating Objects

Rotation Angle

Signal Phase

144 146 148 1.5 1.52

Time 7 (s)

Fig. 3.28: Rotation angle of the particle and phase shift of the employed
control concept for a single transducer over one revolution. The pressure fields
are visualized for rotational angles ¢, of 90°, 162 °, and 180 °. The color scale
is the same as in Fig. 3.26. The step from 162 ° to 180 ° shows the impact of
the considered single transducer on the overall pressure distribution, where
r = 162° corresponds to the point before the phase of the excitation signal
is increased. The inset shows a zoomed view of the nonlinear phase increase,
where the x-axis labels correspond to the fraction of the considered revolution.

be generated by an FPGA board (Cyclone IV) and a full-bridge power
electronic switching circuit. The trap is generated by phase shifting the
excitation signals of the transducers on one half of the arrangement by
180° compared to those placed on the other half, as indicated by the
plane in Fig. 3.23 and the color separation in Fig. 3.27. A rotation of
the particle is achieved by rotating the acoustic field. With the proposed
arrangement, the latter can be rotated by 20 discrete steps with an
angular resolution of 18 °. The phase of the transducers for one of those
steps is shown in Fig. 3.27.

To rotate the acoustic field, as exemplary shown for three angles in
Fig. 3.28, the phase ¢ of the excitation signal of each transducer has to be
transitioned from 0° to 180 ° and from 180 ° to 360 © once per revolution
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of the particle. To rotate the pressure field by an angle < 18°, the
aforementioned transition has to be carried out in multiple steps. This is
required for a smooth rotation. A nonlinear gradual increase of the phase,
as shown in the inset of Fig. 3.28, resulting in a constant rotational
speed over one revolution is used. The relation between the phase and
the rotation angle was found by calculating the acoustic pressure field
using an analytical model based on Eq.(2.1). The number of excitation
periods per revolution is N = fy/f;. One tenth of these periods are used
for implementing the phase transitions. For increasing rotational speeds
(decreasing N), the interval during which a transducer experiences
a phase shift of 180° becomes shorter and additional harmonics are
introduced in the excitation signal, resulting in an increased deviation
from the desired 40 kHz signal. Particular rotational frequencies exist
for which the second resonance of the transducers is excited, resulting
in an undesired disturbance of the acoustic field that prevents stable
levitation. The capacitive electric behaviour of the transducer yields a
decreased impedance at high frequencies, resulting in undesired current
harmonics around 120 kHz for high rotational speeds.

The oscillation magnitude of the transducer decreases for increasing
rotational frequencies due to the inertia of its moving parts and the
decreased amount of time available for the transducer to oscillate with
a constant phase before the next phase change is required to rotate
the particle. For a given excitation voltage, this decreases the acoustic
pressure, the trapping forces, the torque, and the achievable rotational
frequency. In order to quantify this effect, we measured the position
of the beamformer with a Keyence LK-G5001PV Laser Displacement
Sensor for different rotational speeds.

Windage losses result in a drag torque acting on the rotating particle
that needs to be counteracted by the driving torque. To model the drag
torque, pressure fluctuations due to the acoustic field are neglected in a
first approximation. If the rotating particle is approximated by a sphere,
the Reynolds number (Re)

2
Re="2 aﬂ“’r, (3.49)

where p and p denote the density of the surrounding fluid (air) and its
dynamic viscosity, respectively, is found to be < 6000 for the considered
rotational speeds in the kHz range. This corresponds to a laminar bound-
ary layer around the particle that governs the drag torque generation,
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while a turbulent flow occurs further away. A model for the drag torque
under these flow conditions is provided, e.g., in [101] as

Tirag = 186(plke/m?][kg/m - 8])% a* [m]w? [rad/s]. (3.50)

Assuming the air in the spherical volume Viphere, through which the
disc rotates, is rotating at the same rotational velocity as the disc, the
drag resulting from the two sides of the disc can be neglected and the
total drag is reduced compared to Eq.(3.50) due to the decreased disc
surface Agisc = 2mad compared to the spherical surface Agphere = dma?,
where d denotes the thickness of the disc, resulting in

A isc 1 3
T = 186955 gl ) o s ] (351)
sphere

for a disc shaped object, assuming the air outside of Viphere stands still.
According to [78], the torque on an acoustically levitated object can
be calculated as

p 1
Tary = /SO rcr X <2<V2>n - wuﬂﬁl —p(n- V)V> ds, (3.52)

where Sy, rcr, V, P, and n denote the surface of the particle, the radius
from the centroid of the particle to the point of force application, the
particle velocity, the pressure and the normal to the particle surface,
respectively.

The drive torque for w, = 0 was derived by measuring the oscillation
frequency woge after an angular step of Ao = 30° using a 1000 FPS
camera (Sony RX 100 IV) and the OpenCV Python library for image
processing [102]. The measurement for an excitation voltage of Vo = 7V
is shown in Fig. 3.29b.

The torsional spring constant K of a disc shaped object with radius
a and thickness d is calculated as

Ky = wgsc%(?,a? +d?) (3.53)

The drive torque depends strongly on the angle between the disc
shaped object and the symmetry plane of the twin trap. Hereinafter,
this angle is referred to as the lag angle . During rotation, the lag
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angle automatically adjusts, such that the driving torque equals the
drag torque. For the maximum rotational speed « reaches the angle
Qmax, Where the maximum driving torque is provided. This angle was
determined experimentally to be amax = 30°. Since the torsional spring
stiffness measurements were taken for a step with Aa = amax, the
driving torque can be approximated by Ty, = aKt for a < apax. This
method is based on the one published in [78].

A stroboscope (RT Strobe Pocket LED) was used for the verification
of the rotational speed. By illuminating the particle with the same
frequency as the rotation frequency f;, the particle appears to stand
still. Due to the symmetry of the particle, it would appear to stand still
for an illumination frequency of f; = 2f; as well. To ensure that the
particle rotates at f; and not %, an additional measurement with f; 2
= f, — 1 Hz was carried out. For f, = f;, the particle then appears to
rotate at 1 Hz, whereas for f, = %, the particle would appear to rotate
at 0.5 Hz.

The measurements of the torsional spring stiffness for different ex-
citation voltages yielded a proportional relation between V., and the
oscillation frequency wosc

Wose = CrVex, (354)

where ¢, &~ 185.4rad/(Vs) as shown in Fig. 3.29. According to Eq.(3.53),
this results in a voltage dependent stand still driving torque of

m
Tdrv,O(V:sx) - CYmaxCQVYQ -

22 12(3a2 + d?) (3.55)

yielding a driving torque of 2.6 pNm for the maximum excitation voltage
amplitude of 37 V. This would result in a maximum rotational speed of
about 10.3kHz according to Eq.(3.51) and assuming Turag = Tarv-
According to the BVD model, the transducers are not capable of
switching the phase instantly and the pressure and particle velocity
amplitude is reduced during the transition period. This is explained by
the mechanical inertia of the piezoelectric element and the beamformer.
For high rotational speeds, the transition period lasts for a significant
fraction of the total period between two phase shifts and the total
acoustic pressure is reduced. The beamformer position for standstill and
fr = 4kHz calculated using the BVD model are shown in Fig. 3.30. For
4kHz, the excitation of the transducer is reduced approximately five
times. Measurements of the beamformer position have confirmed the
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Fig. 3.29: Relation between the excitation voltage Vex and the oscillation
frequency fosc measured after an angular step of 30° (a) and the measurement
of the excitation angle a for an excitation voltage of 7V (b).
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Fig. 3.30: Beamformer positions over time at standstill (Orpm) and for a
rotational speed of 4kHz (240 krpm) at an excitation voltage of 30 V. The
solid lines were obtained from calculations using the BVD model, the markers
correspond to measured values.
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results obtained from the BVD model as shown in Fig. 3.31. For high
rotational speeds, the measurements deviate slightly from the model due
to small differences during the transition period. The reduced excitation
of the transducers is approximated as

3 n 1
_—
f+[Hz] 4

4 (1000 i + 1)
as shown in Fig. 3.31. As the driving torque is proportional to the

pressure and particle velocity squared (cf. Eq.(3.52)), the driving torque
is reduced by

E(f) = (3.56)

Tdrv(fra %x) - E(fr)szrv,O(%x)7 (357)

where Tyrv,0(Vex) and Vo denote the torque at standstill and the excita-
tion voltage, respectively. This decreases the achievable rotational speed
for an excitation voltage amplitude of 37V from 10.3kHz to 3.2 kHz.
The drag torque Tyyag, driving torque Tapy (fr, Vex) and measured maxi-
mum rotational speed for excitation voltage amplitudes between 8.3 and
37V are shown in Fig. 3.32. For the calculation of Ty,ag, the air around
the disc is assumed to stand still. Due to the rotation of the object,
the air around the disc starts to move, which reduces the drag torque.
This explains the difference between the drive torque required for the
measured rotational speeds and the calculated drag torque shown in Fig.
3.32.

Based on the measurements of the beamformer position, the coupling
factor between the charge stored in the transducer and the beamformer
position was determined as ¢pr = 76.568m/As (cf. (3.48)) for the
employed MSO-P1040HO7T transducers.

The disturbances for rotational speeds where large currents are
flowing through resonance paths other than the one at 40kHz were
assessed by analysing the spectrum of the measured beamformer position
for rotational frequencies of 500 Hz and 4 kHz. The resulting spectra
are shown in Fig. 3.33. For 500 Hz it can be observed that oscillations
occur predominantly in the desired region around 40 kHz. However, for
fr = 4kHz, additional oscillations occur at the second harmonic around
60kHz, as well as around 120kHz. The latter constitutes a parasitic
oscillation with a magnitude that exceeds that at lower frequencies and
results in unstable levitation. The corresponding current components
generate undesired losses and cause heating of the transducers. The
excitation of harmonics could be reduced by using sinusoidal signals.
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Fig. 3.31: RMS excitation magnitude of the beamformer for various rotational
speeds at an excitation voltage of 30 V. The solid line was obtained from
calculations using the BVD model, the markers correspond to measured values.

However, such signals are more difficult to generate with switching
electronic circuits.

We have demonstrated a maximum rotational speed of an acoustically
levitated disc-shaped EPS particle of 216 krpm (f, = 3.6kHz). This
exceeds the highest previously published value [69] by a factor of more
than 14 and constitutes the highest rotational speed achieved by an
acoustic levitation system, at the time the results were published [92].
Meanwhile, rotational speeds up to 390 krpm were achieved using transfer
of orbital angular momentum in acoustic vortices [70].

We have shown that the achievable rotational speed is limited by the
decreasing oscillation magnitude due to the narrowband characteristics
of the employed piezoelectric transducers and rapid changes of the
phase shift of its excitation signals. This limit has not been explored
previously but is relevant for other applications, where a temporal
superposition of multiple pressure fields is used, such as in [87] for the
levitation of objects larger than the acoustic wavelength, in [78] for the
stabilization of asymmetric objects trapped in standing acoustic waves,
in [103] for acoustophoretic volumetric displays and for ultrasonic haptic
devices [88].
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Fig. 3.32: Drag torque, driving torque and measured maximum rotational
speed for excitation voltage amplitudes between 8.3 and 37 V. The gray area
shows the error area resulting from the uncertainty of the disc thickness, which
is between d = 0.25mm and d = 0.45 mm.
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Fig. 3.33: Measured spectrum of the beamformer position for rotational
frequencies of 500 Hz and 4 kHz.

Furthermore, we have developed a new control method based on
non-linear phase interpolation in order to achieve constant rotational
speed.

For rapidly changing phases of the excitation signals, the current
and excitation components through resonance paths other than the
one at 40kHz, i.e. particularly second and third harmonics need to be
carefully considered. These components can become larger than the one
at the fundamental frequency, resulting in unstable levitation and high
parasitic losses in the transducers [92].
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Chapter Abstract
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Acoustic robot grippers can be used to transport small and fragile objects without
damage or contamination. Thereby, they allow the automation of transport
processes which are not feasible using other robot grippers. The most challenging
part of the transport is the automated picking of objects. If the object to be
transported is located on an acoustically transparent surface, a pressure field
that could levitate the object without a transparent surface can be used. In
realistic applications, however, the object is usually located on an acoustically
reflective surface. For those objects the reflections on the surface must be taken
into account, which means that new types of acoustic traps and additional
components such as reflector plates must be attached to the gripper in order to
pick up the object. Using the methods developed during this work, it is possible
to transport lightweight objects to and from acoustically reflective surfaces using
a single-sided gripper and objects with a density of up to 7g/cm?® with a gripper
which additionally has a movable reflector. Both the position and the orientation
| of the object can be manipulated for precise depositing on a target. |

4.1 Introduction

During the last decades, more and more industrial manufacturing pro-
cesses have been automated in order to save costs, but also to increase
the quality and quantity of the manufactured products. For this purpose,
robots with conventional grippers are often used, which are cost-effective
and can be used in a variety of ways. For the transport of fragile objects
(e.g. edibles) soft robotics grippers have been developed, which adapt to
the shape of the object and minimize the force acting on the object [1-3].
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However, these grippers can only be used for the transport of relatively
large objects (>1cm).

Processes involving small and fragile objects are still performed
manually. This leads to high production costs and a large number of
rejects, which accounts for the large interest in the automation of such
processes.

It is possible to use magnetic forces to levitate objects and thus
transport them. However, the object to be transported must be ferro-
magnetic or magnetic. In addition, an active control system is required
to ensure the stable levitation of the object.

Acoustic levitation, on the other hand, is passively stable and can be
used to levitate any solid object or liquid. However, the acoustic forces
are much smaller compared to magnetic forces. To maximize the forces,
standing waves are usually used in acoustic levitation systems, which
allows the levitation of objects in the nodes, i.e. the pressure minima of
the standing wave [27]. The maximum size of the objects is limited to
half the wavelength, which is about 4.3 mm for transducers operating
at 40kHz. The levitation of larger objects can be achieved using soft
robotic grippers. Therefore, acoustic grippers can be used for processes,
which can not be automated otherwise.

The acoustic levitation of objects by means of standing waves has
been studied for a long time [27]. Recently, there has been a development
from single high-power transducers to arrays of weaker and less expensive
transducers [62]. By individually controlling the transducers in these
arrays, it has become possible not only to levitate the objects but also
to manipulate their position and orientation.

The transportation process using an acoustic gripper consists of three
steps. First, the object has to be picked up. This process is usually the
most difficult part of the transport, but the difficulty depends on the
environment, in which the object is located. Then, using a robot arm,
the gripper can be moved to the target of the object before the object
can be placed on the target in a controlled manner by manipulating the
acoustic pressure field.

4.2 Environment

The environment in which the object is located before the transport has a
high influence on the type of robot gripper that can be used. A distinction
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is made between whether objects are located on an acoustically reflective
or transparent surface.

If the object is located on an acoustically transparent surface, an
acoustic trap can be generated around the object neglecting the influence
of the transparent surface. The gripper can then be transported with
the object levitating in the acoustic trap. It is important to note that
the strength of the acoustic trap must be increased slowly, otherwise
the object will be ejected if the gripper is not positioned perfectly.

If the object is located on an acoustically reflective surface, as it is
the case for most applications, the picking and depositing process is
much more complicated. The reflections caused by the surface prevent
the use of conventional acoustic traps. Novel methods for picking and
depositing objects in such environments are presented hereinafter.

4.3 Acoustic Levitation in Reflective Envi-
ronments

To generate a pressure distribution that facilitates levitation of an object
in free space, the phase for each transducer of an array has to be
chosen such that the pressures generated by the individual transducers
constructively superimpose at a focal point corresponding to the desired
levitation position. This is achieved by calculating the phases of the
individual excitation signals as

Py 2rfd Py 2rfdy
p=-Z (doez o+ Rd—oe22 % ) , (4.1)
d T

where the reflection coefficient of an acoustically transparent surface in
the acoustic field is R = 0 [62]. The factor Py = 0.26 Pa- m/Vgys[V]
for the transducers used in this work [35]. Further, dq and d, denote
the distance between the transducer and the focal point for the direct
and reflected acoustic wave (see Fig. 4.1), respectively. An acoustic trap
is then created by adding a phase signature, depending on the type of
trap, to the phases that are used to generate the focal point [62,87]. In
this work, mainly twin traps and standing waves are used to levitate
objects. Twin traps are generated by applying a phase shift of 180° to
one half of the transducers in the array. Separating the transducers of
the array by a horizontal plane results in a trap subsequently referred to
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Fig. 4.1: Direct (solid line) and reflected (dashed line) pressure components
for a single transducer that are superimposed depending on the relative
position of the transducer with respect to the reflecting surface, and total
pressure generated by the transducer (green).

as a horizontal twin trap (HTT). Separating the two halves by a vertical
plane accordingly results in a vertical twin trap (VIT) [89,104].

If an acoustically reflective surface is present within the acoustic
field, the pressure generated by a single transducer at a point contains
an additional component caused by the reflected wave (R # 0) [105,106].
The total pressure oscillation has the same frequency as the pressure
oscillation without the reflection, but the phase and magnitude are
different. This can be illustrated by means of a pointer diagram as
shown in Figure 4.1. If the direct pressure component pq is constructively
superimposed with the reflected pressure component p,., a higher pressure
amplitude is achieved. Due to the change in phase, the control must be
adjusted according to Eq.(4.1) with R set to the appropriate value. If
the transducer arrangement is shifted relative to the reflecting surface,
the influence of the reflected wave on the phase of p changes, which has
to be taken into account by the control. The phase signatures for the
trap generation are the same as for the case without reflective surface.

Using the reflection of sound waves on a surface, a standing wave
can be formed between the transducers and the surface by focusing the
acoustic pressure on the surface. The distance between the oscillating
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elements of the transducers and the reflecting surface should be a multiple
of A\/2 to achieve a high resulting pressure [60, 85].

4.4 Distribution of the Maximum Attain-
able Pressure

A distribution of the maximum attainable pressure (DMAP) describes
the distribution that assumes a constructive superposition of all acoustic
pressure sources at each point in space. It is calculated for each point
by

)

M(z,y,2) =Y

J

Jo(krsinfq ; Jo(krsin b, ;
VRMS[V]PO( o(krsinég ;) LR o(krsin ])>

da,j drj

(4.2)
where 04 ;, 6 ;, da; and d, ; denote the beam angle of the direct path,
the beam angle of the reflected path, the distance of the direct path
between the considered point in space (z,y, z) and the transducer, and
the distance of the reflected path between (x,y, z) and the transducer
for the j*" transducer, respectively. In environments without reflective
surfaces, the DMAP is approximately constant, i.e. the attainable
pressure is approximately the same at each point inside the array of
transducers, as shown in Figure 4.2a. This means that it is possible to
focus the pressure at each point. For reflective environments, the DMAP
becomes relevant since regions can be found where it is not possible to
generate an acoustic trap because the maximum achievable pressure is
too low.

4.5 Grippers

The transport of small objects from and to acoustically reflective surfaces
can be carried out by two types of grippers:

» Single-sided grippers with vertically and horizontally oriented
transducers. The methods are verified with a cylindrical single-
sided array. Three rings of 6, 12, and 18 vertically oriented trans-
ducers are located at the horizontal top face of the arrangement
and three rings of 20 horizontally oriented transducers each are
located on the side walls of the cylinder.
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» Reflector grippers with vertically or quasi vertically oriented trans-
ducers and a reflector plate that can be moved relative to the
transducers. A spherical cap array of transducers consisting of
three rings with 6, 12, and 18 transducers is used for the verifica-
tion of the methods. Depending on the application, a moveable
array of opposing transducers is added.

The transducers are controlled by an FPGA board generating 96
and 36 (72) logic square wave signals for the single-sided gripper and
the reflector gripper, respectively. Resolutions of 0.5° and =~ 1% are
achieved for the phase and duty cycle, respectively. The logic signals
are then amplified by gate driver ICs (I1X4428) and applied to the
transducers. The duty cycle and the phase are calculated on a PC
for each transducer and transmitted to the FPGA board via a UART
interface.

4.6 Transport with the Single-Sided Grip-
per

Compared to picking an object from an acoustically transparent surface,
it is more difficult to pick objects from acoustically reflective surfaces.
The reflection of incident waves p; on a reflective surface does not cause
a phase shift. If the incident wave arrives perpendicular to the surface,
the superposition between the incident wave p; and the reflected wave
pr causes a pressure minimum to be formed at a distance of A/4 from
the surface as shown by Eqgs.(4.3 - 4.5) [60, 85].

. z

pi(t,z) = Asin (wt - 2WX> , (4.3)
, z

pr(t,z) = Asin (wt + 27TX) , (4.4)

pi(t, \/4) + pe(t, A/4) = Asin (wt — 7/2) + Asin (wt + 7/2) = 0. (4.5)

If the acoustic sources are located far away from the surface, the
acoustic waves are perpendicularly incident upon the surface. The
DMAP for transducers on the horizontal top of the single-sided arrange-
ment, which are located at a distance of 3.5\ from the reflective surface,
is shown in Figure 4.2b. Due to the pressure minimum being formed
at z = A\/4 above the reflective surface, it is impossible to focus the
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Fig. 4.2: DMAP for (a) a single-sided array in free space, (b) the top part of
the single-sided array with an acoustically reflective surface (R =1) at z =0
exhibiting high gradients that prohibit the generation of arbitrary focal points
and (c) the single-sided arrangement with an acoustically reflective surface at
z = 0 with a gradient that allows manipulation above a height of z = A/4.

pressure around this location, which would be necessary to generate a
twin trap.

If the transducers are located closer to the surface, the distance
at which destructive superposition occurs deviates from A/4 and the
minimum of the DMAP is attenuated. This is shown for the single-sided
arrangement in Figure 4.2c. With this arrangement it is possible to
focus the pressure for z > A/2. Therefore, a VI'T can be generated at
z = A/2 as shown in Figure 4.3b. The forces generated by this trap pull
the object into the acoustic trap, if the vertical force generated by this
trap is larger than the gravitational force. This is the case at z = \/4
for all objects that can be lifted with this arrangement, as shown in
Figure 4.4.

By forming a standing wave between the transducers and the re-
flective surface it is possible to levitate objects in a stable manner at
z & A/4, however, without the possibility to move the object vertically
due to the minimum of the DMAP at z =~ A/4. Nevertheless, it is
possible to switch from a standing wave to a VI'T located at z = A/2
that pulls the object upwards. Taking the reflections at the surface into
account, the control can be adjusted such that the object is moved away
from the surface until reflections become negligible and the array can
be moved away from the surface without further adjustments of the
control. An array for this process requires vertically oriented transducers

89



Chapter 4. Solid Gripper

se®e
=

[ e Y [
-1 06-02 02 0.6 -1-050051 15

ale aee v
s s

Uu)

[ EETT U (W)
t -1 05005115 -1-050051 15
X

Fig. 4.3: Force potential for (a) a standing wave with a minimum at z = A\/4,
and VITs at (b) z=\A/2, (c) z = 7mm and (d) z = 9mm. The potentials
are obtained for an acoustically reflective surface (R = 1) at z = 0.

to generate a standing wave and horizontally oriented transducers to
generate a VI'T. The resulting forces and force potentials during the
process are shown in Figures 4.3 and 4.4 for the single-sided array.

To perform the picking process in a continuous fashion, the power of
the vertically oriented transducers is first increased continuously, lifting
the object smoothly to z = A\/4. Subsequently, using stepwise phase
changes, the standing wave is altered to a VI'T. Finally, by using small
steps to shift the location of the trap in the vertical direction, the object
is moved further away from the surface while the stress on the object is
minimized [89].
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Fig. 4.4: Vertical forces for a standing wave with a minimum at z = A/4,
and VI'Ts at 2 = A\/2, z = Tmm, and z = 9mm. The forces are obtained for
an acoustically reflective surface (R = 1) at z = 0.

4.7 Transport with the Reflector Gripper

As shown in Figure 4.4 for the single-sided gripper and acoustically
reflective surfaces, the forces resulting from standing acoustic waves,
which are formed between the transducers and an acoustically reflective
surface, are significantly larger compared to the forces resulting from
VTTs. The weak vertical forces resulting from VTTs limit the density
of the objects that can be lifted. It is not possible to move an object
located at the pressure minimum formed at \/4 above a reflective surface
in the vertical direction without using VTTs.

By inserting a thin and moveable reflector directly above a reflective
surface, an object levitating in the lowest pressure minimum of a standing
acoustic wave at z = A/4, as shown in Figure 4.5a, is moved upwards
by the thickness of the reflector, as shown in Figure 4.5b. Afterwards,
the entire gripper including the reflector can be moved away from the
surface and the object levitates at A/4 above the reflector in a standing
wave formed between the transducers and the reflector, as illustrated
in Figure 4.5c. However, this is only possible, if the surroundings of
the gripped object allow the required movement of the reflector. All
arrangements of transducers that are capable of forming a standing wave
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Fig. 4.5: Gripping process of an object located on an acoustically reflective
surface using a thin reflector. (a) A standing wave between the transducer
arrangement and an acoustically reflective surface is formed which traps the
object at the first pressure minimum of the standing wave. (b) A thin reflector
is inserted directly above the reflective surface, and (c¢) the arrangement, the
reflector and the levitating object can be moved away from the reflective
surface.

can be used to grip objects from acoustically reflective surfaces using
this method. It is possible to grip objects from reflective surfaces with
a significantly larger density compared to the method that uses VI'Ts.
Gripping of a plastic sphere with a radius of a = 1 mm and a density
of p = 1g/cm? has been demonstrated using the gripper shown in Fig.
4.5. The maximum density is about four times larger compared to the
maximum density achievable with the method using VTTs.

A thin reflector can also be used to achieve a distance between the
levitating object and the reflective surface that is larger than A/4. After
the thin reflector is inserted below the levitating object, as shown in
Figure 4.6b, it can be moved vertically until the levitating object reaches
the levitation height of the second pressure minimum of a standing wave
formed between the transducer arrangement and the reflective surface,
as shown in Figure 4.6¢c. Afterwards, by removing the reflector, the
distance between the object and the reflective surface is increased to
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z /2 3\/4. This is shown in Figure 4.6d. By reinserting the thin reflector
directly above the reflective surface, the gripper and the thin reflector
can be moved away with a distance > \/4 between the reflector and
the levitating object. The same procedure is possible for all levitation
heights at which a pressure minimum is formed between the transducer
arrangement and the reflective surface. An arrangement of transducers
that can form a standing wave containing more than one stable levitation
point is required. If the reflector arrangement used in this work is
positioned such that the focus point of the transducers is located at the
distance of the reflective surface, only two stable levitation positions
exist, as shown in Figure 4.5. To form additional stable levitation points,
the distance between the arrangement and the reflective surface has to
be increased.

A similar method can be used to grip multiple objects simultaneously.
By forming a standing wave between the gripper and the reflective
surface, inserting a thin reflector, moving the thin reflector vertically
until the levitated object reaches the height of the second pressure
minimum of the standing wave formed between the transducers and
the reflective surface, and removing the thin reflector, the first object
is levitated at ~ 3A\/4 above the reflective surface as shown in Figure
4.6a-d. A second object can be trapped in the lowest pressure minimum
by moving the gripper to an object located on the reflective surface. This
process can be repeated in order to insert more objects into the gripper.
The maximum number of objects that can be gripped depends on the
transducer arrangement. The bigger the distance from the gripper to
the reflective surface, the more objects can be gripped, but the increased
distance reduces the trapping forces and, therefore, the maximum density
of the gripped objects. Furthermore, the levitating objects influence the
pressure field and may cause unstable traps.

This method can also be used to insert objects from acoustically
reflective surfaces into double-sided arrangements. For this purpose,
the reflector gripper can be used to generate a standing acoustic wave
between the transducers and the reflective surface. The object located
on the reflective surface is then lifted to a levitation height of z = \/4
as shown in Figure 4.7a. After the thin reflector is inserted just above
the reflective surface and the gripper including the reflector are moved
away from the reflective surface, a second array of opposing transducers
is added to the gripper, as shown in Figure 4.7b. Then the reflector
can be removed while a HTT is generated at z = A/4 as shown in
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Fig. 4.6: Process of lifting an object located at the lowest pressure minimum
in a standing acoustic wave. (a) A standing wave between the transducer
arrangement and an acoustically reflective surface is formed. The object is
trapped in the lowest pressure minimum of the standing wave. (b) A thin
reflector is inserted directly above the reflective surface. (c) The reflector is
moved upwards until the levitating object reaches the levitation height of
the second pressure minimum of the standing wave between the transducers
and the reflective surface, and (d) the reflector is removed and the object is
located at the second pressure minimum. The shown elements correspond to
those annotated in Figure 4.5.
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Figure 4.7c. A levitation point of z = A/4 is achieved by exciting all
transducers with the same phase. Finally, the HTT is moved to the
center of the double-sided arrangement in order the trap the object as
stable as possible (Figure 4.7d). This movement can be achieved by
applying a phase shift between the two halves of the gripper, which is
increased in small steps from 0° to 180° [89].

4.8 Orientation Control with the Reflector
Gripper

Due to the symmetry of the pressure field using standing waves between
the transducers and the reflector, the object levitating in the gripper
has the tendency to spin around the symmetry axis of the gripper
and is therefore not in a controlled state [36,76,77,107]. Therefore, a
method for the contact-less transport of objects in a controlled state
was developed.

It has been shown, that the superposition of pressure fields and force
potentials generated by transducers operating at different frequencies
can be calculated separately and added up to get the total pressure field
and force potential [92,93]. This method was used for this gripper in
order to generate a stabilizing torque, which stops the spin of levitating
asymmetric objects. The torque can be adjusted such that the orientation
of the levitating object can not only be stabilized but also controlled.
Therefore, it is possible to position the object on a target surface in
a precise manner, which is required for most micro manufacturing
processes that can be automated using ultrasonic grippers.

The developed gripper uses piezoelectric transducers operating at
40kHz and 25 kHz. The 40 kHz transducers are used to counteract the
gravitational force. This is achieved by arranging them on a spherical
cap with a radius of 7 = 42mm and operating all transducers at the
same phase. If an acoustically reflective surface is placed near the focus
point of the arrangement, a standing wave between the gripper and the
reflective surface is formed, as shown in Fig. 4.8b. Objects located on
the reflective surface can be picked up using this method, since they are
pushed towards the first pressure minimum, which is about a quarter of
a wavelength (4 ~ 2.15mm) above the surface.

When the object is levitating in this pressure minimum, a thin
reflector plate can be moved under the levitating object, resulting in a
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Fig. 4.7: Insertion process of an object located on a acoustically reflective
surface into a double-sided acoustic gripper. (a) The arrangement, the inserted
reflector, and the levitating object are moved away from the reflective surface.
(b) The second half of the double-sided arrangement is moved to the other
side of the inserted reflector and the double-sided gripper is controlled such
that a HTT is generated at z = A\/4. (c) The reflector can be removed, and
(d) the trap is moved to the center of the double-sided gripper. The shown
elements correspond to those annotated in Figure 4.5.
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Fig. 4.8: Side and top view of the Gor’kov potential resulting from the
transducers operating at (a), (d) 25kHz, (b), (e) 40kHz and (c), (f) the
combination of both. The focus point of the gripper is at z,y,z = Omm
and the a reflective surface is located at z = —5 mm. The asymmetry of the
pressure field shown in (f) is required for stabilizing the orientation of the
levitating object. The potentials in (a), (b), and (c) are shown for y = 0 mm
and the potentials in (d), (e), and (f) are shown for z = 2.15mm.

standing wave between the transducers and the reflector plate. The 3D
printed reflector plate with a thickness of ¢ = 0.8 mm is placed 5 mm
below the focus point of the gripper in order to have enough space for
the 25kHz transducers. A slope was added to the edges of the plate
to reduce disturbances of the pressure field during the movement of
the reflector plate. The gripper (including the reflector plate) can then
be moved away from the reflective surface while maintaining stable
levitation [89,108].

A ring shaped arrangement (r = 53 mm) of transducers operating
at 25kHz is used to superimpose an asymmetric pressure field, that
provides a stabilizing torque and stops the aforementioned spin. Due to
the connection to the robot arm, the transducers were only arranged on
two sides of the gripper and not in a full circle. A uniform distribution
of the transducers on the ring-shaped array could be achieved by an
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Chapter 4. Solid Gripper

adjusted connection to the robot arm. However, since the orientation
can be controlled with the used arrangement, this is not required. The
gripper including the reflector plate is shown in Fig. 4.9. The resulting
asymmetric Gor’kov potential, the 40 kHz Gor’kov potential and the
25 kHz Gor’kov potential are shown in Fig. 4.8.

40 kHz Transducers 25 kHz Transducers

Reflector

Gate Driver

Fig. 4.9: The reflector gripper used to verify the presented methods.

By adjusting the phase shifts of the 25 kHz transducers individually,
it is possible to rotate the 25 kHz pressure field and therefore the object
around the z-axis. For the initial position, a phase shift of 180 ° between
the two halves of the 25 kHz arrangement is applied. By adjusting which
transducers are operating at 0° and 180 ° phase, the pressure field can
be rotated as illustrated in Fig. 4.12. For smoother rotation, the phase
shift of the transducers can be increased gradually from 0° to 180 ° and
vice versa.

For placing the object on a target on a reflective surface, the same
method as for the picking process can be used. The gripper can be
moved to the target surface, such that the reflector is very close to the
surface. By removing the reflector and reducing the acoustic power
afterwards, the object can be placed on the target while still maintaining
the controlled orientation.

The gripper is mounted on a robot arm to allow long distance
movement of the objects. The arm and the stepper motor, which is used
to move the reflector plate, are controlled by a Raspberry Pi, which also
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Fig. 4.10: Measured rotation angle an, for 10V and 8 V excitation voltage
amplitudes for the transducers operating at 40 kHz and 25 kHz, respectively.
The blue line shows the trajectory using the simple phase calculating method
and the red line uses a look-up table (LUT) measured for this combination of
excitation voltages.

calculates the required phase shifts and duty cycles for the transducers
and forwards them to a Cyclone IV FPGA board. The FPGA generates
one signal for each transducer operating at 25 kHz, which is inverted
and amplified by one gate driver IC (IX4428) per transducer. This is
required for individually controlling the phase shifts of the transducers
and allowing the rotation of the levitating object. Additionally, two
signals for the transducers operating at 40kHz are generated on the
FPGA and are amplified by an L298N dual H-bridge board. An overview
of the system is shown in Fig. 4.11.

The methods presented in this work facilitate the reliable transport
of small and fragile objects located on acoustically reflective surfaces, if
the gripper is positioned precisely above the object. For objects with
high density (p > 1g/cm?®), some oscillations occur during the picking
process. The added slopes to the edges of the reflector plate reduce the
disturbances of the pressure field during the movement of the reflector
plate significantly and improve the stability during the picking process.
Objects with a maximum density of p = 7.3 g/cm? were picked up using
this gripper. The higher density compared to the gripper shown in Fig.
4.5 is explained by the improved stability of the reflector.
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Fig. 4.11: Overview of the components used to control the gripper. The
robot arm and the stepper motor, which is used to move the reflector plate,
are controlled by a Raspberry Pi, which also calculates the required phase
shifts and duty cycles for the transducers and forwards them to a Cyclone IV
FPGA board. The FPGA generates one signal for each transducer operating
at 25 kHz, which is inverted and amplified by one gate driver IC per transducer
(IX4428). Additionally, two signals for the transducers operating at 40 kHz
are generated on the FPGA and are amplified by an L298N dual H-bridge
board.

The stabilization of asymmetric objects with piezoelectric transducers
operating at 25 kHz requires a suitable choice of operating voltages. If
the operating voltage is chosen too low, the stabilizing torque is too weak
to stop the rotation of the particle. However, for very high operating
voltage, the particle tilts around the horizontal axis with the lowest
stiffness or even starts to wobble around this axis, when the horizontal
and vertical forces are of similar strength. The operating voltages, which
yielded the best stability during our experiments are shown in Tab. 4.1.
With suitable operating voltages, the object can be kept in a stable
position even during the movement of the robot arm, which can cause
vibrations of the gripper.

The best stability is achieved if the orientation angle « of the object
is not changed before arriving at the target location since the initial
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4.8. Orientation Control with the Reflector Gripper

Tab. 4.1: Best suited operating voltages (RMS) for the transducers operating
at 25 kHz and 40 kHz and for different levitated object materials.

Material | 40kHz Voltage | 25 kHz Voltage
Styrofoam 10V 8V
PLA 19V 16.5V
Tin 25V 20V

orientation (« = 0°) is the most stable as shown in Fig. 4.12. The
simplest approach for calculating the phase shifts for the transducers
operating at 25 kHz is

180° a; > 210°
6(c; — 180°) 180° < aj < 210°

oy = 4 0 ) 187 <o = 200 (4.6)
0 30° < a; < 180

6a; +180°  otherwise

where o; = a + j - 30° is the rotation angle relative to the j-th
transducer, assuming uniformly distributed transducers. This approach
results in smooth phase shift changes for each transducer. As shown
in Fig. 4.10, there is a deviation between the measured orientation
angle «,, and the input angle o. Two kinds of deviations occur during
a revolution. First, the non-uniform distribution of the transducers
causes a slower rotation for the largest part of the revolution and a
faster rotation for rotation angles around 90°. Furthermore, the linear
phase shift change of each transducer from 0° to 180° results in a non-
linear orientation angle change during each 30° rotation interval. Both
kinds of deviation can be compensated for by a look-up table (LUT) for
fixed operating voltages as shown in Fig. 4.10. The look-up table was
generated using video footage and OpenCV image processing algorithms
for the rotation angle detection. For slight deviations of operating volt-
ages, which are often required for objects of different shape, the look-up
table can still be used with small orientation inaccuracy. For objects of
different materials, the operating voltages differ too much from the ones
used for the look-up table and relatively large inaccuracies can occur.
Therefore, it is recommended to use an individual look-up table for each
material.

101



Chapter 4. Solid Gripper

U (n))
2 —
a) b) 20
v
., )
! 1-20
S
- -40
B 9) d)
© \ -60
N »
= -80
e
= -100
10 5 0 5 10-10 5 0 5 10
x (mm) x (mm)

Fig. 4.12: Top view of the Gor’kov potential for rotation angles of (a) 0°,
(b) 30°, (c) 45° and (d) 90°.

This work presents the first ultrasonic robot gripper, which allows
the contact-less transport of small and fragile objects in a controlled
manner. Its capability of controlling the orientation of levitating objects
is required for applications in micro-manufacturing processes. With the
presented methods, high positioning and orientation accuracy can be
achieved. Oscillations during the picking process and the movement
of the robotic arm limit the stability and reliability of the transport
and should therefore be further reduced in future research. There is
still potential for improvements in gripper design, since this work has
focused on picking methods rather than gripper optimization. If very
high positioning accuracy is required, the system can be extended with
a closed-loop control system using the image processing algorithms used
for the look-up table generation [108].
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Liquid Gripper

Chapter Abstract

Acoustic droplet ejection (ADE) is a method used to transfer live cells, proteins
and other sensitive substances from a source well to a receiving plate in a gentle
manner. It is used to eject droplets in the nano and pico litre range, which are
then caught by a target substrate. During this work, a novel acoustic droplet
ejection method, which creates an air cavity in the liquid source was developed.
During the collapse of this cavity, a Worthington jet is formed and a droplet in
the micro litre range is ejected from the tip of the jet to a height up to 10cm. The
droplet can then be caught by an acoustic liquid levitator. This device reduces
the complexity, the volume and the cost and does not require a contact-based
solution for the catching of the droplet compared to current ADE methods. It
facilitates the use of contact-less acoustic transportation methods for applications,
| for which this technology was previously not profitable. |

5.1 Introduction

The possibility of levitating liquid droplets in standing waves by means
of acoustic radiation forces has been known since 1933 [27]. In the
meantime, methods have been developed, which allow the manipulation
of the position and the merging of multiple droplets during levitation
using acoustic forces [109]. For these methods, the droplets are inserted
manually into the acoustic field with a pipette or syringe, or a nozzle is
used to automatically create a droplet [5,110-114].

Acoustic droplet ejection (ADE) is a non-contact method for droplet
generation without the restriction of a nozzle [5,115-117]. Ultrasonic
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Ejected Droplet “ — Target Substrate
\ .

Liquid Source Liquid Container

Coupling Liquid

Transducer

Fig. 5.1: Illustration of the currently used ADE method. An ultrasonic pulse
is generated by a transducer and focused through a coupling liquid, the liquid
container and the liquid source on the surface of the liquid, such that a droplet
in the pico or nano litre range is ejected. The droplet is then caught by a
target substrate, which is placed above the liquid source.

pulses are used to eject small amounts of liquids in the nano or pico
litre range. The pulses are generated by piezoelectric transducers, which
are submerged in the liquid or coupled to the liquid via the source well
container and a coupling liquid (water). The ultrasonic waves travel
through the liquid to be ejected and are focussed on its surface resulting
in the ejection of a small droplet. The ejected droplets are caught by a
target substrate that is placed above the liquid container. This system
is illustrated in Fig. 5.1.

ADE is currently used for drug discovery [118-120], compound man-
agement [121-123], genomics [124, 125], synthetic biology [126-128],
proteomics [129-131], and personalized medicine [5,132,133]. Such
systems are capable of ejecting 200 - 500 droplets per second with a
coefficient of variation CV < 4% [134].

Contact-based droplet ejection methods can be used to eject droplets
with adjustable volume and ejection height. They generate Worthington
jets, which can be observed when a solid object or a liquid droplet is
dropped into a liquid container. In the process, an air cavity is formed
in the liquid. During the collapse of the cavity, the liquid fronts move
towards the center of the cavity and the kinetic energy of the moving
liquid and the lack of space inside the cavity cause a part of the liquid
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5.2. Acoustic Droplet Ejection

to be pushed upwards resulting in the formation of a jet. If certain
conditions are met, a droplet is formed at the tip of the jet, which is
ejected to heights up to a few centimeters. This process is examined in
detail in [79,80,135-137]. The same principle applies for granular jets
generated by underground cavity collapses [138].

The aim of this work is the development of a contact-less trans-
portation method for liquid droplets, which does not require mechanical
contact for catching the droplet to prevent contamination. For this
purpose, a method was developed that generates an air cavity in a liquid
source by means of an ultrasonic pulse instead of a solid object. After
the cavity generated by the ultrasonic pulse collapses, a Worthington jet
is formed as for the contact-based method. The droplet formed on the
tip of the jet is then to be caught acoustically and levitated sufficiently
stable, in such a way that the gripper, in which the droplet levitates,
can be moved to a target. Subsequently, the droplet can be dropped
onto the target.

As a result, contact-less and contamination-free transport of lig-
uid droplets is possible using a compact and cost-effective air-coupled
ultrasonic robot gripper.

5.2 Acoustic Droplet Ejection

To generate a Worthington jet, a method was developed that uses
piezoelectric transducers to generate an ultrasonic pulse that is focused
slightly below the surface of a liquid source. Thereby, a pressure cone
and an air cavity is formed inside the liquid as illustrated in Fig. 5.2. A
spherical cap arrangement of piezoelectric transducers, was used for the
verification of the developed method. The transducers are operated at
their resonance frequency of 40 kHz. The excitation signals are generated
on a Cyclone IV FPGA board and amplified by an L298N dual H-bridge
board.

In order to generate a pulse, it has to be possible to adjust the acoustic
output of the transducers with high bandwidth. This is achieved by
adjusting the duty cycle, which is the ratio between high and low time
of a square wave signal. For a duty cycle of 50 %, the maximum output
is achieved. For any other duty cycle, the 40kHz component of the
excitation signal and therefore the acoustic output is reduced. The
effective component of the excitation signal depending on the duty cycle
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Fig. 5.2: Schematic of the droplet ejector. Experiments have shown that
the cavity angle a has to be smaller than ~ 60 ° in order to be able to eject
droplets. The distance H between the ejector and the liquid surface has to
be chosen such that the sound waves are focused a few millimeters below the
liquid surface.

can be calculated as
Qduty = 4D — 4D? (5.1)

where D denotes the duty cycle (value between 0 and 1), resulting in a
duty cycle dependent pressure Pgyty of

Pduty = adutyP507 (52)

where Psy denotes the pressure at a duty cycle of 50 %. This formula
was verified by measurements of the generated acoustic pressure.

The ejector is positioned in such a way that the sound waves are
focused and constructively superimposed a few millimeters below the
liquid surface. The duty cycle of the excitation voltage signal of the
transducers is then adjusted in a sawtooth or triangular shape resulting
in a droplet ejection if all conditions for a droplet generation are met.
The conditions are examined in [79,80].

To modify the droplet ejection, the excitation voltage Vey, the pulse
length L, the pulse shape and the distance between the ejector and the
liquid surface H can be adjusted. The presented measurements were
taken for a triangular shaped excitation signal. For this arrangement, an
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5.2. Acoustic Droplet Ejection

excitation voltage between 23V and 29 V resulted in the most consistent
behaviour. The excitation voltage affects mainly the droplet diameter
darop, but also the ejection height heject, as shown in Fig. 5.3. The
ejection height and droplet diameter for an impulse length of @ = 6.14 ms
can be calculated as

h[mm] = hv o + gvn(Vex [V] — 23 V)? (5.3)
with hy o = 23.8mm, gy = 0.21 mm/V? and
d[mm] =dy,o+ qudV:ax[V] (5.4)

with dy o = —1.45mm and ¢gv,q = 0.143mm/V as it was obtained using
a curve fitting tool.

The pulse length should be set between a = 5ms and a = 12ms and
affects the droplet diameter and the ejection height as shown in Fig. 5.4.
The ejection height and droplet diameter for an excitation voltage of
Vex = 25V can be calculated as

h(a)[mm] = ha o + gana[ms] (5.5)

with ha = 37.5mm, ¢, , = —2.4mm/ms and

Wl

d(a)[mm] = gq(a[ms] — ag) (5.6)

with ag = 4ms and ¢qg = 1.8 mm/ms% as it was obtained using a curve
fitting tool.

The distance between the ejector and the liquid surface has a large
influence on the ejection process. It has to be set precisely and is not
recommended to be used as a parameter for adjusting the droplet volume
and ejection height. For the ejector used for the experiments, a distance
between ejector and liquid surface of H = 23.5 mm was used.

The parameters were set on a PC and sent to the FPGA using UART
communication. Afterwards, a signal to start the ejection process was
sent to the FPGA. It is very important to handle the timing of the duty
cycle adjustments on the FPGA due to the required timing accuracy. If
the duty cycle adjustments are sent via UART to the FPGA, the pulse
length and shape are less accurate and the variation of droplet diameter
and ejection height increases.

The measurements show that it is possible to adjust the droplet
volume and the ejection height by adjusting the pulse length and the ex-
citation voltage. Similar results were obtained using other arrangements
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Fig. 5.3: The measured ejection height and droplet diameter for a distance
of 23.5 mm between the ejector and the liquid surface and an impulse length
of 6.14ms. The ejection height and the droplet diameter can both be adjusted
by varying the excitation voltage between 23V and 29 V.
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Fig. 5.4: The measured ejection height and droplet diameter for a distance of
23.5mm between the ejector and the liquid surface and an excitation voltage
of 25'V. The ejection height and the droplet diameter can both be adjusted
by varying the impulse length between 5.5 ms and 12 ms. In combination with
the excitation voltage variation, the droplet diameter and ejection height can
be adjusted individually.
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Fig. 5.5: Sequence of frames of an acoustic droplet ejection process conducted
at an excitation voltage Vex = 25V, impulse length a = 6.139 ms and distance
between the lower bound of the hemisphere and the water surface of H =
23.5mm. The time between the frames is 5 ms.

of transducers with less transducers or smaller transducers arranged on
the same gripper shape.

Pictures of a droplet ejection process illustrating the Worthington
jet and droplet formation are shown in Fig. 5.5.

5.3 Droplet Levitation

Acoustic levitation of liquid droplets can be achieved using standing
waves that are formed between a transducer and reflector, two opposing
transducers, or two opposing arrays of transducers [35,109, 139, 140].
Due to large trapping forces, low operating voltages are sufficient for
the levitation of liquid droplets. Therefore, stable levitation of liquid
droplets is achievable.
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I Phase 0°
Phase 180°

Fig. 5.6: The arrangement of transducers used to levitate and catch ejected
droplets. A twin trap is used to generate the acoustic forces. Therefore,
a phase shift of 180° was applied between the two horizontal halves of the
transducers. The arrangement has an inner diameter of 56 mm and an outer
diameter of 70 mm.

For an ultrasonic liquid gripper, a droplet is ejected using an ultra-
sonic pulse and has to be caught afterwards using an acoustic catcher.
Standing wave levitators can not be used for the catching process since
the lower part of the levitator would block the pulse for the droplet ejec-
tion. Therefore, another arrangement of transducers has to be developed,
which is capable to levitate liquid droplets without transducers placed
below the droplet. Using transducers in a ring-shaped arrangement,
twin traps can be generated [62,92]. However, the acoustic radiation
forces caused by twin traps are significantly lower compared to standing
waves. This can be compensated by increasing the excitation voltage
applied to the transducers.

An ring-shaped array consisting of 64 piezoelectric transducer oper-
ating at their resonance frequency of 40 kHz, as shown in Fig. 5.6, was
used to evaluate the feasibility of the liquid droplet levitation by means
of twin traps.

At the required excitation voltage of Vo, > 20V, vibrations were
excited, which caused unstable droplet levitation. It was observed that
the transducers started to vibrate at high excitation voltages. Therefore,
an improved method of mounting the transducers was developed, which
significantly reduced or even eliminated these vibrations. For this
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purpose, the transducers were embedded in the 3D printed holder and
glued in place, which prevented the vibrations from occurring even
for excitation voltages of Vo > 20V. Position measurements of solid
objects levitating in an array using the initial and improved mounting
methods are shown in Fig. 5.7. A Sony RX100IV camera was used to
record video footage at 1000 FPS, which was evaluated using OpenCV
image processing algorithms in Python. The stability achieved with this
levitator was verified by levitation of an expanded polystyrene object
during the launch of a rocket, as described in Appendix B.

With this method, it is possible to levitate liquid droplets (cf. Fig.
5.8, without blocking the ultrasonic pulse for the ejection of droplets.
The levitation was tested using syringes and pipettes to insert the
droplet, which is quite challenging, since the syringe and pipette disturb
the acoustic field. If the droplet is inserted successfully, the levitation is
stable enough to allow movement of the levitator using a robotic arm.

5.4 Droplet Catching

By combining an ejector as described in section 5.2 and a ring-shaped
transducer array as described in section 5.3, a liquid gripper can be built
that is capable of acoustically ejecting and levitating droplets. What
remains for the entire transport process to be completed is the catching
process.

Two different configurations of the gripper are possible. Either the
ejector is located below the catcher in such a way that the ejected droplet
is ejected through a hole in the ejector to the catcher, or the catcher
is located below the ejector in such a way that the ultrasonic pulse
has to propagate through the ejector. Both variants are possible, but
at the required ejection height of the first method, the ejection height
variance is very high and the reliability very low. Slight deviations in
temperature, humidity, distance between ejector and liquid surface, and
other factors will result in the droplet not being caught. The reliability
of the second method is better, but the deviations of ejection height and
not perfectly vertical ejection result in droplets that are not caught.

The system shown in Fig. 5.9 is thus capable of acoustically ejecting,
catching and transporting a droplet. Compared to state-of-the-art acous-
tic droplet ejection systems, the transducers are coupled to the liquid
through air instead of liquid coupling between the ultrasonic transducer
and the liquid container. To increase the reliability of the system, a
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Fig. 5.7: Standard deviation of the position in radial direction (a) and the
orientation angle around the vertical axis (b) for excitation voltages between
5V and 25V. The measurements are compared for the same arrangement
with embedded transducers (blue) and not embedded transducers (red). The
maximum excitation voltage without embedded transducers was determined
to be 12 V. For larger voltages the vibrations were too strong and the particle
was ejected from the acoustic field. With embedded transducers, excitation
voltages up to 25V can be applied while still achieving stable levitation.
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4 Embedded

Water
Droplet

Fig. 5.8: The arrangement, which is used to catch liquid droplets. A water
droplet was inserted using a syringe. An excitation voltage of Vox = 23V was
used. The levitation was stable enough to move the gripper while the droplet
was levitating. The gripper has an inner diameter of 56 mm and an outer
diameter of 74 mm.
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74 mm

138 mm

Fig. 5.9: The first robot gripper, which is capable of ejecting liquid droplets,
catching them, and transporting them to a target in a contamination free
manner. The upper part of the gripper is used to generate an ultrasonic pulse
which is focussed slightly below the surface of the liquid located below the
gripper. As a result, a droplet is ejected, which can be caught by the lower
part of the gripper.
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closed-loop control system would be conceivable, which measures the
position of the droplet and could thus adjust the pressure field in such
a way that the droplet can be caught. For this purpose, the transducers
would have to be controlled individually. The control system would be
similar to the one described in section 3.5. Furthermore, the system
could be extended by temperature, humidity and distance sensors, which
can be taken into account when positioning the ejector for improved
reliability. The complexity would significantly increase, but it would be
necessary for the development of a system that works reliably and in an
automated manner.
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6.1 Solid Grippers

The grippers presented in this work are capable of transporting objects
smaller than half the wavelength, which corresponds to about 4.3 mm
and 6.9 mm at the excitation frequencies 40 kHz and 25 kHz, respectively.
It is possible to

» transport low density objects (p < 0.1g/cm3) to and from acous-
tically transparent surfaces using a single-sided gripper. Thereby,
the position and orientation can be controlled in five degrees of
freedom;

» transport low density objects (p < 0.1g/cm?) to and from acous-
tically reflective surfaces using a single-sided gripper. Thereby,
the position and orientation can be controlled in five degrees of
freedom,;

» transport high density objects (p < 7.3g/cm?) to and from acous-
tically transparent surfaces using a double-sided gripper. Thereby,
the position and orientation can be controlled in six degrees of
freedom,;

> transport high density objects (p < 7.3g/cm?) to and from acous-
tically reflective surfaces using a reflector gripper. Thereby, the
position and orientation can be controlled in four degrees of free-
dom.

Additionally, it is possible to control the position and orientation
with a closed-loop control system for all grippers. Cameras and image
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processing algorithms presented in this work can be used to detect the
position and orientation of the levitating objects.

Thus, transport processes for the targeted object size range (d <
1cm) can be automated under certain conditions. For the moment, a
relatively large reflector is used to pick up high density objects from
acoustically reflective surfaces. Thereby, it is only possible to transport
objects located in flat environments since the gripper requires a large
space for its movement. If the size of the reflector can be reduced and
its shape optimized, further transport processes can be optimized using
such a gripper.

A gripper, which can operate without a reflector, would have even
fewer requirements for the environment. The single-sided gripper can
currently only transport very light objects (p < 0.1g/cm?). In order
to increase the weight of the objects to be transported, methods must
be developed that maximize the vertical acoustic radiation force while
taking reflections and object geometry into account. This also includes
optimizing the positioning of the transducers. For this purpose, the
forces have to be calculated using the surface integral (Eq. 2.3) rather
than using the Gor’kov potential approximation. This would require indi-
vidual control of the transducers which further increases the complexity
of the system.

In order to use acoustic robot grippers for the transport of much
larger objects, methods that can exert an acoustic force at several points
on a large object and thereby pick up and transport the object need
to be developed. Similar methods were already presented for mid-air
manipulation of large objects [72,73].

The current state of the grippers only allows low throughput, since
the transport of individual components takes a long time, especially for
high-density objects. This is due to the lack of stability during strong
accelerations. To improve the stability of the grippers, more powerful
and expensive transducers can be used. Furthermore, it has recently been
shown that a calibration of the transducers can significantly improve
their performance [90].
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6.2 Liquid Grippers

Current ADE methods are complex, expensive, and require contact-
based target plates. The goal of developing a contact-less liquid gripper
is to open up more applications that are currently not feasible with
ADE methods due to the high cost or contact-based target plates.

The gripper developed in this work is capable of ejecting droplets
with adjustable droplet size and ejection height. The ejection process
works reliably for constant ambient conditions, i.e. temperature and
humidity, and precise positioning of the gripper. If the gripper is to be
used in automated processes, the gripper needs to be equipped with
sensors that measure these conditions.

Using the droplet levitator presented in this work, liquid droplets
can be levitated in a reliable manner. However, it is difficult to insert
the droplet into the levitation field. Using a syringe or a pipette disturbs
the pressure field and thereby influences the levitation stability. If the
droplet is inserted successfully, the levitation is stable enough to move
the levitator using a robot arm.

For the liquid gripper, a droplet is ejected using an ultrasonic pulse
and is to be caught by the levitator subsequently. The pressure field
is thereby not disturbed by a syringe or a pipette. Nevertheless, the
catching process still does not work very reliable, since the ejection
height varies and the droplets are not always ejected perfectly vertical.
A closed-loop control system could be used in the future to detect the
position and the trajectory of the droplet in order to catch it. Cameras
and image processing algorithms can be used for the position detection,
but the detection of liquid droplets is more difficult compared to solid
objects due to their transparency. Therefore, other types of sensors could
be evaluated as well. Furthermore, individual control of the transducers
of the droplet catcher would be required in order to manipulate the
pressure field, such that the trap is moved to the catching position.

If the ejection and catching process operate reliably, the gripper can
be used to inspect, transport, or merge liquid droplets in an automated,
contact-less, cost-effective, and contamination-free manner. The gripper
would be significantly more compact compared to current ADE devices.
Due to the reduced costs, it would be possible to use contact-less acoustic
transportation methods for applications, for which it was previously not
profitable.
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Measurements of Acoustic Pressure
Fields using Schlieren Photography

A.1 Introduction

Standing acoustic waves can be used to pick up, levitate and manipulate
small objects and liquids. When developing and analysing an acous-
tic levitation device, the pressure field can be calculated analytically.
Sound wave reflections caused by the environment, the object shape
and material properties are often not taken into account for simplicity
reasons. Schlieren photography can be used to verify the accuracy of the
calculations by visualizing the pressure field in a non intrusive way. This
chapter presents an implementation of a Schlieren photography system
that is easy and quick to set up and calibrate. With its help, a quick
comparison between the calculated and the actual pressure field can
be carried out. Various optical components were procured and custom
parts were designed and manufactured in order to keep them in a fixed
position relative to each other. This allows the calibration time for the
system to be kept to a minimum. The final system was used to visualize
pressure fields inside common acoustic levitation devices. A comparison
between various image enhancement methods was carried out.

A.2 Schlieren Photography

Schlieren photography, first mentioned in 1864 by August Toepler [141],
is a technique that visualizes density variations in gaseous media. It is
used for visualisations in the fields of fluid mechanics and engineering,

123



Appendix A. Measurements of Acoustic Pressure Fields using Schlieren
Photography

e.g., for studying the breathing of animals and humans or the analysis
of shock waves created by fast moving objects [142].

Schlieren photography works on the principle of Snell’s law of refrac-
tion [143]. With its help changes in the refractive indexes of two media
can be visualized. A change in the refractive index can be the result of
several factors such as changes in the composition of the gas [144,145],
temperature changes [145] or changes in the density of the gas as a result
of mechanical forces [142].

The speed of light, except in a vacuum, is dependent on the refractive
index of the medium it travels in. Schlieren photography is based on
this principle. The dependency can be described as

V= (A1)
where v is the speed of light in the medium, ¢ the speed of light in
vacuum and n the refractive index of the medium. When a light ray
travels through inhomogeneous media and encounters a change in the
refractive index, it gets deflected according to Snell’s law of refraction.
The relation between the amount of deflection € for a given refractive
index gradient is approximated as [146]

dp
~ Cl— A2
e~ a1l (A2)

where C, % and [ denote the Gladstone-Dale constant, the air-density
gradient and the travel distance through air with density gradient,
respectively. This results in a deflection distance Aa of

Aa = dtan(e) & de, (A.3)

as illustrated in Fig A.1 [147].
The deflection of the light ray can be used to block strong deflections
using a razor blade and thereby visualize pressure gradients.

A.2.1 Topology

There are different types of Schlieren photography topologies. All of
them focus light into a focus point and block deflected light rays. A
camera is placed behind the focus point and detects brightness changes
depending on the amount of deflected and blocked light rays. In this
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Pressure Gradient = *pm-----
Razor Blade —

Fig. A.1: Illustration of Snell’s law for light rays travelling through a pressure
gradient of length I.

-Pr—es_s;r; ___________ lieirIiS;_)li-tter Pinhole Y
Field — ____---- N\ == | uLED
———————————————— Razor |u,
Con(—:ave Blade o
Mirror Camera

Fig. A.2: (a) The Schlieren photography topology with a beamsplitter, which
was used for the device developed in this work and (b) a rendering of the
system.
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work, a beamsplitter setup, as illustrated in Fig. A.2a, was used to
visualize acoustic pressure fields.

An LED (Citizen CLU721-1206C4-403M2K1, 47501m) is used to
generate high intensity light, which is converted to a point source using
a 50 pm pinhole (Edmund Optics 56-282). The light passes through
the beamsplitter (Edmund Optics 43-359), which reflects 50% of the
light and transmits the other 50%. The light then travels through the
pressure field that is to be visualized, before being reflected by the
concave mirror (Edmund Optics 71-026) and travelling through the
pressure field for a second time. The beamsplitter then reflects 50% of
the light, which is focused on the edge of a razor blade. The camera
(Canon EOS 250D with a Canon EF-S 55-250 mm lens) is used to capture
an image focussed on the edge of the razor blade, which visualizes the
pressure field. The system is very sensitive regarding slight movements
of components. The components, especially the mirror and the razor
blade, have to be positioned very accurately, which is achieved by precise
holders and microsleds as visualized in Fig. A.2b.

The razor blade can be replaced by a rainbow filter. A rainbow
filter uses a color gradient printed onto a photographic film. Pressure
gradients result in a change of color in the final image instead of a
change of brightness for razor blades [147].

A movement subtraction algorithm was used to reduce noise in the
captured images. It uses multiple images taken in short time intervals
and takes the mean value of each pixel.

A.2.2 Results

The system was tested using a TinyLev levitator [35] and the double-
sided robot gripper presented in Section 3.4. The pressure field was
visualized using a razor blade and a 1 mm rainbow filter. The captured
images and the calculated pressure fields are shown in Fig. A.3 and Fig.
AA4.

The visualizations of the pressure fields agree very well with the
calculated pressure fields, as shown in Fig. A.5. Schlieren photography
can thus be used to visualize pressure fields without disturbing it and to
detect defects in a device. In addition, this technology can also be used
to visualize and investigate other disturbance factors such as reflections
from the environment or pressure fluctuations due to the heating of the
transducers.
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d) e)

Fig. A.3: Schlieren photography images using pressure fields generated by a
TinyLev levitation device. All images were taken with activated movement
subtraction algorithm. a) razor blade image b) custom colormap (yellow fox)
¢) 1mm rainbow filter image d) 1 mm rainbow filter image with enhanced
brightness and saturation, and e) calculated pressure field.
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-

e)

Fig. A.4: Schlieren photography images using pressure fields generated by
a double-sided acoustic robot gripper. All images were taken with activated
movement subtraction algorithm. a) razor blade image b) custom colormap
(afmhot) ¢) 1 mm rainbow filter image with enhanced brightness and saturation,
d) 2mm rainbow filter image with enhanced brightness and saturation, and e)

calculated pressure field.

a) b)

Fig. A.5: Comparison between the visualized and calculated pressure field
for (a) a double-sided acoustic robot gripper and (b) a TinyLev levitator.
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Stability Evaluation for an Acoustic
Levitator During a Rocket Launch

B.1 Introduction

The stability that can be achieved with acoustic levitation systems is
significantly increased when the transducers are embedded in the holder,
as demonstrated in Chapter 5. The ring-shaped array used for the
high-bandwidth manipulation experiments (Section 3.6) and the droplet
levitator (Section 5.3) was used to evaluate the maximum acceleration
of the levitator before light objects are ejected from the acoustic trap.

For this purpose, the opportunity to provide the payload for a rocket
launch of project PICCARD by Akademische Raumfahrt Initiative
Schweiz (ARIS) [148] was utilized. Thereby three cubesat units, as
shown in Fig. B.1la, were provided and the test system was integrated
in the units. The rocket was designed such that the payload could be
inserted into the nosecone. Project PICCARD had the target of building
a hybrid-propellant rocket capable of reaching an apogee of 30000 ft
and to recover all parts safely [148].

B.2 Rocket Launch

Due to the procedure required before the launch of a rocket, the payload
had to be inserted into the nosecone a few hours before the launch. Thus,
the levitator had to be capable of levitating an expanded polystyrene
ball for about seven hours using power provided by lithium ion batteries
inside the payload. Furthermore, two Raspberry Pi Zero Ws with an
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attached camera (Raspberry Pi Camera Module V2), a Raspberry Pi
Zero W with an attached LED module (Raspberry Pi Bright Pi) and an
IMU (MPU9250) were powered using a power bank (Anker PowerCore,
13000 mAh, 5W). A delay of four hours between the insertion of the
payload and the start of capturing video footage was implemented in
order to save memory space on the SD cards to ensure that video footage
was captured during the launch. The bottom cubesat was used for the
batteries and the power bank, the middle cubesat for the levitator and
the top cubesat for the Raspberry Pis and the sensors.

The rocket shown in Fig. B.1d was launched at the European
Rocketry Challenge (EuRoC) 2021 in Portugal. Due to a broken con-
nector between the filling line and the intermediate tank, the launch
of PICCARD to its maximum capability was not an option. After the
successful launch of the PICCARD rocket, an apogee of about 21 000 ft
was detected. The planned separation of the nosecone after apogee
did not work. This resulted in a brief ballistic flight, whereas the high
roll rate caused the nosecone shear pins to break and shortly after, the
parachutes (cf. Fig. B.1c) being pulled [148]. The high loads caused the
levitating object to be ejected from the acoustic trap.

During the launch of the rocket, the object levitated stably in the
acoustic trap, as shown in Fig. B.1b. The measurement of the acceler-
ations in Fig. B.2a-d show, that the levitator withstood accelerations
up to 13 g. The vertical position of the levitating object, shown in Fig.
B.2e, was evaluated using the video footage of the Raspberry Pi camera
modules and image processing algorithms. It shows, that the object
moves significantly inside the trap when the levitator is accelerated.
The moment when the shear pins of the nosecone broke and caused the
object to be ejected from the trap is indicated by the red line.
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".;‘- -

X XX SR,

Fig. B.1: (a) The levitator, which was used to test the stability of a levitating
expanded polystyrene ball in a cubesat unit, (b) the levitating object during
the rocket launch captured by a Raspberri Pi and an attached camera module,
(c) the parachute, which caused the object to be ejected from the acoustic
trap, and (d) the PICCARD rocket from the ARIS project, which carried the

levitator as a payload.
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Fig. B.2: Acceleration measurement data of an IMU located inside the rocket
in (a) z-, (b) y-, (c) z-direction and (d) the total acceleration normalized with
the gravity of earth (g). (e) shows a measurement of the vertical position of
an expanded polystyrene ball inside the acoustic levitator. The moment when
the shear pins of the nosecone broke and caused the object to be ejected from
the acoustic trap is indicated by the red line.
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