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Abstract

This thesis presents holograms as a novel approach to create arbitrary

ultrasound fields. It is shown how any wavefront can simply be encoded

in the thickness profile of a phase plate. Contemporary 3D-printers

enable fabrication of structured surfaces with feature sizes corresponding

to wavelengths of ultrasound up to 7.5 MHz in water—covering the

majority of medical and industrial applications. The whole workflow

for designing and creating acoustic holograms has been developed and

is presented in this thesis. To reconstruct the encoded fields a single

transducer element is sufficient. Arbitrary fields are demonstrated in

transmission and reflection configurations in water and air and validated

by extensive hydrophone scans. To complement these time-consuming

measurements a new approach, based on thermography, is presented,

which enables volumetric sound field scans in just a few seconds. Several

original experiments demonstrate the advantages of using acoustic

holograms for particle manipulation. Most notably, directed parallel

assembly of microparticles in the shape of a projected acoustic image has

been shown and extended to a fabrication method by fusing the particles

in a polymerization reaction. Further, seemingly dynamic propulsion

from a static hologram is demonstrated by controlling the phase gradient

along a projected track. The necessary complexity to create ultrasound

fields with set amplitude and phase distributions is easily managed using

acoustic holograms. The acoustic hologram is a simple and cost-effective

tool for shaping ultrasound fields with high-fidelity. It is expected to have

an impact in many applications where ultrasound is employed.
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Zusammenfassung

Ein wesentlicher Beitrag dieser Arbeit ist das akustische Hologramm als

neues Werkzeug zur Formung von Schallfeldern.1,2† Dieses Hologramm

kann als Beugungselement realisiert werden, wobei die Wellenform im

Dickenprofil einer flachen Platte kodiert ist. Eine durchlaufende Schall-

welle wird dabei abhängig von der lokalen Dicke der Platte verzögert.

Damit ist dieses Beugungselement vergleichbar mit der Kinoform in der

Optik.3 Im Zuge der vorliegenden Arbeit wurden alle nötigen Arbeits-

schritte entwickelt: von der Berechnung der Hologramme, über die

physische Implementierung bis zur experimentellen Feldrekonstruktion.

Dabei konnten viele Erkenntnisse und Methoden aus der optischen Holo-

graphie übernommen werden. Mit diesem neuen akustischen Bauele-

ment wurden schließlich verschiedene Methoden der Partikelmanipula-

tion umgesetzt und erweitert.

Holographie basiert auf der Erkenntnis, dass mit der Wellengleichung

die gesamte Entwicklung eines Wellenfeldes in einem Raum durch die

Kenntnis der Feldvariablen (Schalldruck und -schnelle in der Akustik)

auf einer umschließenden Fläche bestimmt ist.4,5 Unter bestimmten

Einschränkungen kann diese Fläche auf die kleinere Fläche einer

Apertur begrenzt werden. Kontrolle über die Amplitude und vor allem

der komplexen Phase der durchschreitenden Welle in diesem Bereich

ermöglicht damit Kontrolle über das gesamte Feld im anschließenden

Volumen.6 In den Anfängen der Holographie wurden die Feldvariablen

für ein abzubildendes Objekt mit speziellen holographischen Methoden

aufgezeichnet. Die gespeicherte Form wird schließlich als Hologramm

†Verweise auf Quellen werden in dieser Arbeit durch hochgestellte Ziffern gekennzeichnet
(Quellenverzeichnis, S. 101ff).
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bezeichnet und erlaubt die Rekonstruktion eines virtuellen oder reellen

Bildes inklusive Tiefeninformation.7 Als digitale Holographie bezeichnet

man Verfahren, bei denen die Hologramme für beliebige Bilder direkt

berechnet werden. Da das inverse Problem der Hologrammberech-

nung bei gegebener Feldverteilung jedoch schlecht gestellt ist, und die

technischen Möglichkeiten der Modulation und Erzeugung beliebiger

Wellen beschränkt sind, werden Hologramme in der Regel durch Optimie-

rungsverfahren angenähert.8 Im Zuge dieser Arbeit wurde eines dieser

Verfahren, das iterative angular spectrum approach (IASA), welches

für Berechnungen im Nahfeld ausgelegt ist,9 auf die Akustik über-

tragen. Damit konnten akustische Hologramme für beliebige zwei-

dimensionale Schalldruckbilder berechnet werden. Auch die Kodierung

drei-dimensionaler Schalldruckverteilungen konnte umgesetzt werden,

jedoch vereinfacht durch die gleichzeitige Erzeugung zwei-dimensionaler

Schallbilder in separaten Bildebenen. Weiterhin wurde mit dieser Arbeit

gezeigt, wie zusätzlich zum Schalldruck auch die komplexe Phase in

einem Schallbild definiert und in einem Hologramm gespeichert werden

kann. Die aufwändigen Oberflächenprofile der akustischen Hologramme

lassen sich besonders einfach durch additive Fertigung (3D-Druck)

herstellen. Die für diese Arbeit gefertigten Hologramme entsprechen der

Modulation einer Welle mit bis zu 15.000 individuellen Pixeln.1 Damit

liegen sie um eine bis zwei Größenordnungen über konventionellen

Phasenwandlern. Handelsübliche Drucker ermöglichen zur Zeit die

Herstellung beugungslimitierter Hologramme für Ultraschall bis 7.5 MHz

in Wasser. Dieser Bereich deckt bereits den Großteil der technischen und

medizinischen Anwendungen des Ultraschalls ab.10,11 Höhere Frequenz-

bereiche können sicher durch aufwändigere Methoden der Mikrofabrika-

tion erschlossen werden.
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Zusammenfassung

Messungen mit einem kalibrierten Hydrophon bestätigten dann, wie gut

die experimentell rekonstruierten Felder mit den simulierten Feldern

übereinstimmen. Hydrophone sind präzise Instrumente, zeichnen aber

nur den Schalldruck in einem Punkt auf und werden daher seriell durch

das Feld gerastert. Die Vermessung ganzer Bildebenen ist folglich sehr

zeitintensiv und benötigt meist mehrere Stunden, in Extremfällen auch

Tage. Aus diesem Grund wurde ein ergänzendes thermographisches Mess-

verfahren entwickelt, welches die Schallverteilung in einem Volumen in

wenigen Sekunden erfassen kann.12 Dabei wird eine schalldämpfende

Membran durch das Feld bewegt, während eine Wärmekamera kontinu-

ierlich ihre Oberflächentemperatur aufzeichnet. Mit diesen Wärmebild-

daten, und vorheriger Kalibrierung durch ein bekanntes Feld, lässt sich

die Druckverteilung im gesamten Raum ermitteln.

Dass Schallwellen auch Kräfte übertragen können, ist lange bekannt,13

und wird seit einigen Jahren zur Partikelmanipulation, zum Beispiel in

der Mikrofluidik, eingesetzt. Jedoch basieren bisherige Ansätze auf Reso-

natorgeometrien mit entsprechend symmetrischen Schallfeldern und

ebenso symmetrischen Partikelanordnungen.14 Akustische Hologramme

ermöglichen weitaus mehr Kontrolle über die Verteilung des Schall-

drucks. Damit konnte schließlich die erste Partikelassemblierung in Form

eines beliebigen projizierten Schallbildes demonstriert werden.1 Diese

Partikelgefüge werden durch die akustische Strahlungskraft in einem

Wasserbad zusammengehalten und zerfallen, wenn der Schallsender

verstummt. Die meisten Feststoffe weisen, in Wasser suspendiert, durch

ihre Festigkeit und Dichte einen positiven akustischen Kontrast auf.15

Dadurch werden sie aus den Druckmaxima verdrängt. Der Einfachheit

halber wurden in den vorliegenden Experimenten daher Mikropartikel

aus Silikon verwendet. Deren erhöhte Kompressibilität im Vergleich zu

Wasser entspricht einem negativen akustischen Kontrast und die Partikel
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ordnen sich folglich mit dem positiven Druckbild an. Um die assem-

blierten Gefüge zu verfestigen wurden die Silikonpartikel funktionalisiert

und dabei Photoinitiator auf ihrer Oberfläche aufgebracht. Nach erfolgter

akustischer Anordnung der Partikel in einer Polymerlösung konnten

sie so mittels UV-Licht miteinander vernetzt werden, woraus mecha-

nisch stabile Endprodukte resultierten. Diese Methode der akustischen

Fabrikation wird in Zukunft weiter aufmerksam untersucht werden.16

Durch die Trennung von Partikelanordnung (durch Schall) und Fixie-

rung (durch eine Polymerisationsreaktion) können die einzelnen Prozess-

schritte separat entwickelt werden, mit dem Ziel, gleichzeitige Fertigung

in 3D zu realisieren.

Abschließend untersucht diese Arbeit zwei weitere Ansätze für die

akustische Partikelmanipulation.1 Zuerst wurden Partikel und Tröpfchen

in Luft schwebend gefangen. Durch Einsatz eines Reflexionshologramms

konnte dabei die übliche Achsensymmetrie eines ein-dimensionalen

Resonators aufgelöst und die Partikel paarweise nebeneinander gefangen

werden. Der zweite Ansatz nutzt das Hologramm, um Partikel auf einer

Wasseroberfläche entlang vorgegebener Routen zu bewegen. Diese

Routen werden durch das projizierte Schalldruckbild bestimmt, während

der Gradient der Phase einen kontinuierlichen Vortrieb erzeugt.
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Preface

General Introduction

Sound—the propagation of compression or shear waves through matter—

is commonly associated with the audible sensation of hearing. However,

it is a fundamental feature in mechanics and the basic parameters

of sound waves, e.g. amplitude and frequency, span many orders of

magnitude. The lower hearing threshold for humans is estimated around

20µPa pressure, yet people commonly attend music concerts with sound

pressure levels at 120 dB of that value. The frequency response of the

human ear, too, ranges over three orders of magnitude from 20 Hz to about

20 kHz,17†. where values below are termed infrasound and those above

ultrasound, respectively. Many animals exceed this range, some bats and

whales are even sensitive up to 200 kHz.18 Not only do they use sound for

communication among their peers but, more importantly, for navigation

and detection of prey. This works through echo-location where the animal

sends out a loud but short pulse of sound and then analyses the echos it

hears. Those echos contain a wealth of information in their distortion,

attenuation, frequency shift and relative phase difference between the

animal’s two spatially separated ears.19

Ultrasonic imaging in medicine and industry uses the same principles of

echo-location to map the insides of heterogeneous bodies. Due to the low

attenuation of sound waves in biological tissues the operating frequencies

could be pushed well into the Megahertz regime, corresponding to

†Throughout this text citations are marked by superscript numbers. See List of References
on pp. 101.
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wavelengths down to hundreds of micrometers. Shorter wavelengths lead

to better spatial resolution since the probing wave is influenced by smaller

scatterers, which are the sources for the back echos.10

It has long been known that sound waves exert forces on matter and

exploiting those effects also merits technical advances. 1980 saw the

first use of acoustic shockwaves to destroy kidney stones in a human

subject.20 In current medical research, high-intensity focused ultrasound

(HIFU) is used to initiate necrosis (via thermal degradation of proteins)

of tissue without direct contact, e.g. in the treatment of cancerous

tumors that are hard to reach.21 Ultrasound elastography is a promising

extension to ultrasonic imaging, where the sound waves (or other means)

define a strain or shear stress and the tissue’s elastic response is recorded

by the same imaging tool.22 That reveals the local stiffness variations

of tissue inside the body, which is an indicator for various diseases.

The photoacoustic effect, first described by Alexander G. Bell around

1878,23 is another curious effect linking rapid thermal expansion to sound

radiation. It has been well explored and refined over the last decades

and several implementations of photoacoustic imaging already entered

clinical trials.24

Acoustic forces can also be used for particle manipulation. Most notable

are standing wave configurations that lead particles to migrate to the

nodes or anti-nodes depending on their material’s make-up, a motion

called acoustophoresis.25 Resonator concepts have been realized at cen-

timeter scale to levitate small objects or droplets in air.26 Much research

effort over the last decades went, however, into ultrasonic micromanipu-

lation in lab-on-a-chip devices, where acoustophoresis provides contact-

free, label-free enrichment and separation of micrometer-sized particles

or biological cells from liquid flows to enhance medical diagnosis and

monitoring.27
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Motivation

The acoustic hologram, which has been developed as part of this thesis,

provides an elegant way to modulate the wavefront of a passing sound

wave. As such it enables control over 3D sound fields with several orders

of magnitude more degrees of freedom (DOF) than has been possible with

conventional techniques. In this regard, it will improve existing ultrasonic

technologies and possibly enable novel applications of sound waves. This

thesis is most concerned with acoustic particle manipulation, where

several different approaches have been implemented and investigated.

Acoustic fields generated by a hologram might be a route towards instant,

one-shot fabrication, where the product shape is defined through the

holographic acoustic field and fixation results via another chemical or

physical input.

3D-printing provides a cost-effective solution to fabricate the acoustic

hologram. Thereafter it is a simple yet powerful tool to investigate

advanced manipulation using sound waves. It should be noted that

all the concepts investigated as part of this work, from computation of

holograms to the assembly and fabrication of composite structures, are

not limited to static printed elements. They can be implemented in a

similar manner on dynamic phased array transducers (PATs), if those

reach sufficient element counts.
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Outline

The thesis is structured as follows

• Chapter 1 reviews the basic equations describing sound waves

and their propagation through space. The Rayleigh integral is

introduced and it is shown how the angular spectrum method is

a more efficient method to compute diffraction. This is followed by

a short summary of the different methods to create acoustic fields

in the ultrasound range.

• Chapter 2 introduces the concept of holography, starting with

the historical perspective. Then different approaches to compute

holograms for a particular field are described. Finally, this chapter

covers physical implementations of acoustic holograms, e.g. as a

3D-printed phase plate.

• Chapter 3 provides experimental validation for the basic concept

of acoustic holograms. Which fields can be encoded in a single

hologram and how does it affect the image quality? Different use

cases are presented, for amplitude and phase control as well as

multi-image reconstruction. Each one requires modifications to

the basic optimization algorithm, which are provided. Hydrophone

measurements validate each case against the simulations.

• Chapter 4: The standard method to map ultrasound fields is point-

by-point scanning using a hydrophone. This is inherently slow

and does not scale well to 3D sound fields. In this chapter, an

alternative measurement concept is presented that detects sound

intensity via the heating effect it has on an absorbing membrane.

A thermal camera continuously records its surface temperature and
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permits the mapping of entire planes. Translating the membrane

through the region of interest results in much faster scanning times

for volume acquisitions.

• Chapter 5: This chapter introduces the acoustic radiation force,

starting with its computation for simple cases, which form the basis

of particle manipulation. The intricate sound fields generated by

acoustic holograms can be used to assemble microparticles into

arbitrary shapes. Finally, a fabrication technique is demonstrated

that uses acoustic assembly of particles to form a product, which is

then fixed via a crosslinking reaction.

• Chapter 6 discusses alternative acoustic manipulation concepts.

The first part focuses on levitation of millimeter-sized particles

or liquid droplets in air using acoustic reflection holograms. The

second part presents seemingly dynamic and perpetual propulsion

of objects surfing along fixed trajectories on the water surface,

which are defined and projected through the acoustic holgram.
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Chapter 1

Introduction to Acoustics

This chapter reviews the fundamental equations necessary to describe

acoustic fields and to understand holographic image reconstruction via

the diffraction of waves. The following sections contain excerpts from the

article “Holograms for acoustics”.1

1.1 The Wave Equation for Acoustics

Acoustic waves in a gaseous or liquid medium are characterized by

oscillations of the elemental particles (i.e. molecules) along a propagation

direction. The cycles of compression and rarefaction are accompanied by

local changes in pressure and density. The field variables to describe the

phenomenon are the sound pressure p (r, t ), the particle velocity u(r, t )

and the density fluctuation ρ(r, t ) for a position r at time t .

The relations between the individual field variables can be described

by the two Euler equations for flow of an ideal, non-viscous and

incompressible fluid.33 The conservation of momentum is described by

�

ρ+ρm

� d (u+um)
d t

+∇
�

p +pm

�

= F, (1.1)
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Chapter 1 Introduction to Acoustics

where F is an external body force density. The conservation of mass, on

the other hand, yields

∂
�

ρ+ρm

�

∂ t
+∇·

��

ρ+ρm

�

(u+um)
�

= 0. (1.2)

In both equations variables with subscript m are the non-acoustic values

referring to the medium at rest. Those are further assumed to be constant

or zero, e.g. the atmospheric pressure pm, the bulk density ρm or a bulk

flow velocity um = 0.

For the relatively small amplitudes arising in linear acoustics these non-

linear equations can be greatly simplified. Then, with F = 0, the

fundamental equations describing a linear acoustic field are33

ρm
∂ u

∂ t
+∇p = 0, (1.3a)

∂ ρ

∂ t
+ρm∇·u= 0, (1.3b)

and further

p = c 2ρ. (1.3c)

Here, c is the speed of sound, i.e. the propagation velocity of a mechanical

disturbance in the medium. Equation (1.3c) and Eq. (1.3a) can be inserted

into the partial time-derivate of Eq. (1.3b) to yield the homogeneous wave

equation for the sound pressure

∇2p −
1

c 2

∂ 2p

∂ t 2
= 0, (1.4)

and a similar procedure for the particle velocity results in

∇2u−
1

c 2

∂ 2u

∂ t 2
= 0. (1.5)
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1.1 The Wave Equation for Acoustics

The wavelength λ = c / f is the distance between repeating portions of

the wave, which oscillates in time with frequency f . In other words λ

is the spatial period of the wave. For wavelengths much longer than the

mean free path of the molecules in the medium, which is mostly the case

for acoustics, the compression cycles proceed adiabatically. In gases this

leads to33

c =

√

√

γ
RT

µ
, (1.6)

where R = 8.314 W s mol−1 K−1 is the gas constant, γ the heat capacity

ratio, T the temperature, and µ the molecular weight. In liquids, on the

other hand, the speed of sound depends on the bulk modulus K and the

density,

c =

√

√ K

ρm
. (1.7)

One of the underlying assumptions to simplify the Euler equations was a

flow free of vorticity (∇×u= 0). This also means that u can be expressed

through a velocity potential Ψ,34 so that

u=−∇Ψ (1.8a)

and

p =ρm
∂ Ψ

∂ t
. (1.8b)

Ψ consequently obeys the same wave equation. The velocity potential is

a construct often used in text books to determine solutions to a problem,

e.g. for scattering of a wave by an object.34,35 Subsequently, the other field

quantities can be calculated from it.

3



Chapter 1 Introduction to Acoustics

The acoustic field variables in this work are expressed using complex

notation, such as

Ψ(r, t ) = |Ψ|eiφ(r,t ) = |Ψ|ei(k·r−ωt ), (1.9)

where i=
p
−1 andφ (r, t ) is called the phase. There, k = ‖k‖=ω/c is the

wavenumber in the medium, and k= (kx , ky , kz ) the wave vector,ω= 2π f

is the angular frequency, and f the frequency of the wave. The vertical

bars around |Ψ| denote the amplitude of a complex variable. The form in

Eq. (1.9) presents a solution to the wave equation and the instantaneous

field quantities can be obtained by taking the real part of the expression.

Another useful parameter is the impedance Z , which is a property of the

traversed medium and relates sound pressure to particle velocity. It is

defined as

Z =
p

‖u‖
. (1.10)

Evidently, Z is a complex valued function and its form depends on

the problem at hand. As a material property, however, the relation

Zm =ρmc is commonly referred to, which corresponds to the particular

case of a plane wave in an infinite bulk of material. The impedance

determines the behavior of waves at the interface between different media.

Acoustic waves couple more efficiently into a second medium of the same

impedance, which is called an impedance match. On the other hand a

mismatch leads to partial or even full reflection of the wave depending

on the ratio of the impedances at the interface.

The particle velocity u is a vector and not trivial to measure experimentally.

Using Equation (1.3a), however, it can be determined from the spatial

pressure distribution,

u=
∇p

iρmω
. (1.11)

4



1.2 Propagation and Diffraction

In the case of a plane wave this simplifies further to a scalar |u |= |p |/Zm.

The acoustic power passing a surface Ω can be calculated as

P=

∫∫

Ω

I ·n dA, (1.12)

where n is the normal vector on the area element dA and the acoustic

intensity I is defined as

I= p u. (1.13)

The acoustic intensity is time-varying according to the field variables, but

it has a constant component in the direction of wave propagation. This

is the characteristic intensity35

Ic =
1

2

|p |2

ρmc
, (1.14)

with |p |2 = p p ∗, which can more easily be obtained from sound pressure

measurements. The asterisk on p ∗ denotes a complex conjugate.

1.2 Propagation and Diffraction

Wave propagation and diffraction are essential to understand holography.

Given the acoustic field quantities on a surface, how does the field evolve

in the volume behind it?

1.2.1 The Diffraction Integral

An intuitive approach divides a large source into many point sources

and determines the influence of each source point onto an observation

5



Chapter 1 Introduction to Acoustics

point O
�

x , y , z
�

. The superposition principle of waves demands that

the solution at O is equal to the sum of all point sources’ contributions.

Reducing the spacing between sources eventually leads to an integral

expression, called the Rayleigh integral.34

The field radiating from a flat vibrating surface is a typical problem

encountered in acoustics. In the literature this is called a piston source

mounted on an infinite planar baffle. The baffle is a rigid wall and as such

enforces a boundary condition of zero normal particle velocity (u ·ez = 0).

In this thesis all travelling waves propagate by convention along the z -

direction. The plane containing source and baffle spans (x , y ) at z = 0.

Consequently, this model only propagates sound into the positive half

space z ≥ 0. The piston source has a uniform time-varying surface velocity

u0 = |u0|cos (ωt ), which specifies the boundary condition for particle

velocity across the source’s extent.36

Given the velocity input, the Rayleigh integral is37

p (x , y , z ) =−
ikρmcm

2π

∫∫ ∞

−∞
u0(x0, y0, 0)

eik R

R
dx0 dy0, (1.15)

where p (x , y , z ) is the sound pressure amplitude at the observa-

tion point, (x0, y0) are the coordinates in the source plane at z = 0

and R is the distance between source and observation points

R 2 = (x − x0)2+ (y − y0)2+ z 2.

Alternatively, the sound pressure can be given about a so-called pressure

release surface. Physically, this boundary condition better describes an

open aperture rather than a vibrating surface. However, in linear acoustics

6

the field variables can be calculated from each other, which renders the

two approaches interchangeable. The integral for a pressure input is37



1.2 Propagation and Diffraction

p (x , y , z ) =
z

2π

∫∫ ∞

−∞
p (x0, y0, 0)

�

1

R
− ik

�

eik R

R 2
dx0 dy0. (1.16)

If the field in the entire observation plane is sought, the Rayleigh integral

has to be evaluated for each sampling point seperately. It is apparent

how field calculations using the Rayleigh integral are computationally

intensive.

Faster alternatives or approximations exist for certain cases, which can

be identified using the dimensionless Fresnel number38

F =
L 2

4zλ
, (1.17)

where L is a characteristic dimension of an aperture, e.g. its diameter,

and λ is the wavelength. For F � 1 the distance in z -direction is much

larger than the spatial extent of the source and thus R ≈ z . This region

marks the far-field where the Fraunhofer approximation can be applied.

The diffraction integral in this case can be replaced by a single Fourier

transform (FT).5

In ultrasound acoustics, however, typical working distances are of the

same order as the size of the source. In the next chapter it will be shown

how the information content of holograms benefits from a large ratio of

source diameter to wavelength. The Fresnel numbers encountered in this

work range from about 3 (6.1 Levitation in Air) to 28 (everywhere else).

7
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1.2.2 The Angular Spectrum Method

In the near-field, where the distance to the image is comparable to the

source aperture and the lateral dimensions are large relative to the wave

length, the Fresnel number F � 1. Then R varies considerably across all

sampling points and it is crucial to keep the exact R -term in Eq. (1.16) so

that field contributions of different source points properly add up.

A very effective method to compute wave propagation in this region is

to express the integrals in the frequency space. An FT decomposes the

source field into its spatial frequencies, called the angular spectrum (AS)

of the wave, where each frequency can be thought of as representing an

elementary plane wave cutting the source plane at a specific angle. The

Rayleigh integral can be interpreted as a convolution of two functions, the

source field and a propagator, which can be carried out more efficiently

as a multiplication in the frequency space. Computing wave propagation

using the AS method therefore yields the exact phase and has relatively

low computational cost.37

The acoustic pressure wave is expressed as

p̃ (x , y , z ) = p (x , y , z )e iφ(x ,y ,z ) (1.18)

where the explicit time dependence has been dropped, and where

p (x , y , z ) and φ(x , y , z ) are the amplitude and phase function maps,

respectively. The AS of this wave in a plane at constant z is obtained by

the FT

P (kx , ky , z ) =

∫∫ ∞

−∞
p̃ (x , y , z )e −i(kx x+ky y )dx dy , (1.19)

where kx , ky are the spatial frequencies within the plane. The hologram

plane is at z = 0. Then, once P (kx , ky ,0) is known, the AS at any plane

8



1.2 Propagation and Diffraction

downstream can be calculated by multiplying the AS in the hologram

plane with a propagator function H , so that

P (kx , ky , z ) = P (kx , ky , 0)H (kx , ky , z ), (1.20a)

H (kx , ky , z ) = e iz
q

k 2−k 2
x−k 2

y . (1.20b)

This corresponds to the convolution, where each elementary plane wave

is phase-shifted according to its angle of incidence and the propagation

distance z . The real-space pressure field in the plane at z can be obtained

via the inverse FT

p̃ (x , y , z ) =
1

4π2

∫∫ ∞

−∞
P (kx , kz , z )dkx dky . (1.21)

For infinite planes the AS has been shown to exactly represent the scalar

diffraction integral.5 Finite size apertures and discrete sampling points,

however, restrict the bandwidth of the AS and thereby introduce errors

and artifacts. This can be mitigated by chosing proper domain sizes and

sampling frequencies. For a single propagation a computational domain

size of

LC ≥ 3×max{LH, LI} (1.22)

is sufficient, where LH, LI refer to the largest dimension of the hologram or

image region, respectively. According to the Nyquist-Shannon sampling

theorem the distance between sampling points∆ should be smaller than

or equal to half the spatial period of the wave, i.e. ∆≤λ/2.

The back-propagation can be performed similarly by

P
�

kx , ky , 0
�

= P
�

kx , ky , z
�

H −1
�

kx , ky ,−z
�

, (1.23)

9
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where the inverse propagator H −1 has been modified to attenuate

evanescent waves, which would otherwise rise exponentially, greatly

amplifying any numerical error.37

H −1
�

kx , ky ,−z
�

=







e −iz
q

k 2−k 2
x−k 2

y , k 2
x +k 2

y ≤ k 2

e −z
q

k 2−k 2
x−k 2

y , k 2
x +k 2

y > k 2
. (1.24)

1.3 Generation of Ultrasound Waves

Sound waves can be generated by any interface that moves periodically

and thus starts a disturbance in a medium that propagates further at the

speed of sound. There are different electro-mechanical, but also optical

methods to generate sound waves. This sections highlights selected

approaches that are relevant for ultrasound.

A piston source vibrating with the normal velocity u0 = |u0|cosωt

causes the molecules at the interface to follow its motion without slip.

The surface displacement is found via integration, s0 = |u0|/ω · sinωt ,

and the sound pressure follows from the acoustic impedance of the

medium |p0| = |u0|Zm. For example, a surface oscillation into water

with displacement amplitude of 1 nm at 2 MHz causes a sound pressure

amplitude of 18.6 kPa.

1.3.1 The Piezoelectric Effect

Certain dielectric materials, particularly crystals or ordered materials, can

accumulate electrical charge in proportion to applied strain, when the

medium lacks inversion symmetry. Strain due to deformation induces

charge separation and the resulting dipoles add up across the material to

10



1.3 Generation of Ultrasound Waves

a net electric field. The interplay of mechanical and electrical variables

can be described by two equations,39

D = εσE +d ′σ, (1.25a)

S = d E + s Eσ, (1.25b)

where D is the electric displacement field, E the electric field, and σ, S

are mechanical stress and strain, respectively. They are interconnected

through the permittivity εσ at constant stress, the direct and inverse

piezoelectric coefficients d , d ′, and the compliance s E under short circuit

condition (E = 0). The process is reversible, so that an applied electrical

field causes the crystal to deform. This is called the inverse piezoelectric

effect and it is the basis for most ultrasound transducers.

Examples for piezoelectric materials are the naturally occuring quartz

(SiO2) or the synthetic ceramic lead zirconate titanate (PZT), which is

currently the most widely used material for ultrasound transducers.39

A typical value for the longitudinal piezoelectric coefficient in commercial

PZT is d33 = 265×10−12 C N−1 (PIC181, PI Ceramic, Germany). By conven-

tion the direction 3 is along the axis of polarization, so that the subscript

33 indicates strain along the same dimension. Using this value an un-

clamped crystal (i.e. σ = 0) of 1 mm thickness requires a potential dif-

ference of 4 V between its sides to expand by 1 nm. It is evident how an

applied sinusoidal voltage can be used to radiate a sound pressure wave

into an adjacent medium.40

However performant it is, the lead content in PZT poses environmental

and health risks, which in turn sparked research efforts to find a

more benign material replacement. There are polymers that possess

piezoelectric properties, although with much lower magnitude than

ceramics. One notable example is electrically poled polyvinylidene

11
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fluoride (PVDF). Its low acoustic impedance and processibility make

PVDF a good choice for large bandwidth ultrasound sensors, such as

hydrophones.

The design strategies for most ultrasound transducers employed in imag-

ing and non-destructive testing are similar.41 A flat disc of piezoceramic

material is in contact with a matching layer (thicknessλ/4) that improves

wave coupling into the medium. The electrodes are usually deposited

across the large faces and the transducer is said to operate in thickness

mode. Transducers for imaging require a wide frequency bandwidth for

pulse echo measurements. This is accomplished through an attenuating

backing layer, which reduces the quality factor of the resonant acoustic

circuit and thereby increases the bandwidth of the transducer.

High-power transducers, on the other hand, benefit from resonant

amplification. The most common design is credited to Paul Langevin who

invented it around 1918 while working on underwater echo-detection of

submarines.42 The Langevin transducer is composed of a piezoelectric

disc that is press-clamped between two metallic cylinders. The total

length of this assembly is a multiple of λ/2 to achieve a standing wave

upon excitation resulting in large displacement amplitudes at the ends.

A reduction of the cross-section further amplifies this amplitude. That

mechanical amplifier is called an ultrasonic horn and such constructs are

often found in devices for ultrasonic welding and liquid processing but

also acoustic levitation in air.

1.3.2 Alternative Mechanisms

In general, ultrasound waves are radiated from any interface vibrating

at a high enough frequency and there are alternative methods to using

12



1.4 Recording of Ultrasound Fields

piezoelectric materials. One example is the capacitive micromachined

ultrasonic transducer (CMUT). A CMUT cell is a capacitor with two

electrode plates separated by a vacuum. An applied voltage leads to

electrostatic attraction between the plates, which is resisted by their

mechanical stiffness. To generate ultrasound an alternating voltage

has to be applied.43 Advantages of CMUT are a wide achievable

bandwith, the compatibility with micro-electro-mechanical system

(MEMS) fabrication and complementary metal-oxide-semiconductor

(CMOS) processes, which enable direct integration with microelectronic

circuitry and no dependency on potentially hazardous ceramics such as

PZT. Hence, CMUT are a promising technology for next generation PATs

in biomedical imaging.

Thermal expansion can also be exploited for sound generation, by using

the photoacoustic effect. For a sound wave to propagate from a rapidly

expanding volume element, two constraints have to be met: Firstly, the

heating has to be faster than thermal relaxation due to heat conduction

(thermal confinement). Secondly, the heated volume has to expand at a

faster rate than the speed of sound (stress confinement). In biological

tissues these conditions are met by nanosecond laser pulses.23 This

mechanism is best suited to pulsed or short burst excitation rather than

continuous operation. Photoacoustic imaging is a promising technique

in medical imaging, because it combines optical excitation, which can be

very specific due to labeling, with advantages of ultrasound imaging, such

as low attenuation and ease of detection and measurement.

1.4 Recording of Ultrasound Fields

The direct piezoelectric effect can be used to sense and measure

sound waves. Most ultrasound transducers are designed for pulse-echo

13
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Preampli�er PVDF
membrane

Transducer

Hologram

10 mm

Figure 1.1: Ultrasound field mapping with a needle hydrophone, which consists of
a preamplifier body and an interchangeable needle tip hosting the PVDF
membrane. The hydrophone is translated across the region of interest by an
automatic scanning stage.

The physical presence of the sensor in the sound field causes reflection

and diffraction of the wave. This in turn leads to errors due to the

interference with the measured field. One solution is the minimization of

the sensor size. The corresponding device is called a needle hydrophone

14

measurements and thus employ both the direct and inverse piezoelectric

effect. To improve the frequency response transducers made from hard

ceramics such as PZT are typically damped by an attenuating layer

connected to their backside.

Some alternative materials are better suited to precision measurements.

For example, membranes made from polymers such as PVDF show ex-

ceptionally good sensitivity since their low acoustic impedance matches

better with aqueous media than ceramics do. Reducing the membrane

thickness to very thin values (common values are about 10µm) increases

the resonance frequency considerably and thus enables a flat signal re-

sponse over a larger frequency range.33
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and a photograph of a commercial product (Precision Acoustics, UK) is

shown in Figure 1.1. The body is a hollow metal needle with its tip covered

by a gold-plated PVDF membrane. Needle diameters are available down

to several hundred micrometers. This sensor is placed head-on into

the sound field providing a precise amplitude measurement at a single

point. The relative phase for each sampling point can be obtained by

comparison of the signal with a reference wave, e.g. the transducer

excitation. Hydrophone scans are used extensively in Chapter 3 to

validate the reconstructed holographic pressure fields. Chapter 4, on the

other hand, presents an alternative method to quickly acquire volumetric

maps of sound pressure.

15





Chapter 2

Holograms for Acoustics

This chapter introduces the concept of holography as a fundamental

feature of all wave fields, starting with the historical perspective and

development of basic optical holography. This is followed by a survey

of common approaches to compute holograms and their optimization

regarding particular fields and transducers. The final section then covers

physical implementations of acoustic holograms, for example as a 3D-

printed phase plate. This chapter is based on and contains excerpts from

the article “Holograms for acoustics”.1

2.1 Holography

In conventional imaging, for example photography, the intensity of

an optical wave or electron beam is stored via photochemical or

photoelectrical processes in a planar medium. Much spatial information

is lost in this projection and different 3D scenes can result in the

same recorded perspective. The history of a wave, which contains its

propagation through space, can , however, be recovered from a full

recording of its wavefront. That wavefront is expressed in the complex

phase of the wave.

Holography has been invented by Dennis Gábor in 1948 as a method

to improve transmission electron microscopy. At that time it was well-

17
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known that much insight about the specimen is hidden in the phase

information of the altered probing wave. However, the high frequencies of

electromagnetic waves complicate direct phase measurements. Gábor’s

idea was to use interference of the measurement wave with a second

wave—called the reference wave—to access the phase information in the

form of interference fringes in the recorded intensity image.7 In 1971 he

was awarded the Nobel Prize in Physics for this work. Gábor aptly named

his recordings holograms, derived from the greek words ὅλος (holos) and

γράμμα (gramma), literally meaning whole recording. In his setup the

reference beam was simply the unscattered order of the probing beam and

thus its amplitude was much larger than the scattered wave component.

Image reconstruction in holography is performed by illuminating the

hologram with a reference beam. Using the same on-axis setup as Gábor

this results in paraxial reconstruction with two conjugate images and a

bright spot of the zeroth order in the center.

For interference to happen the two beams have to be coherent. Several

years later, in 1960, the invention of the LASER (light amplification

by stimulated emission of radiation) made sources of coherent visible

light available and consequently research on holography boomed in the

following decade. A major improvement to holography, introduced by

Emmett N. Leith and Juris Upatnieks,44 put object beam and reference

beam at an oblique angle. Their modification separates the zeroth order

and the conjugate image (also called twin image) from the actual image,

thus producing a much clearer result.

The underlying principle, that a wave field can be reconstructed from a full

recording of its complex amplitude and phase about a sufficiently large

aperture, is true for all wave fields, including acoustic waves. The relatively

low frequencies of acoustics, however, make it possible to directly record

the complex field quantities. Another distinction to optics are the relaxed

18
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coherence criteria. The sound waves of any two independent sources can

interfere with each other over large distances, provided their frequencies

match.

Classic holograms were used to record images of physical objects in a way

that includes spatial information. At a later stage the images in place of

the object could be reconstructed by illumination with a reference beam.

Typically, the goal was to provide a virtual image to an observer or a real

but scaled image for some metrology tool.8

2.1.1 Classification of Holograms

This poses the question if the recording step is even necessary. Is it

possible to create arbitrary fields using holography—potentially in 3D?

How does the physical hologram look that encodes this information?

The solution takes two steps:

1. Computation of the hologram (i.e. the wavefronts) that will diffract

upon propagation to form the desired field distribution and

2. the physical implementation in the experimental setting.

In step 1 several assumptions about the system and its dimensions are

necessary, including sound frequency and wavelength, image distance

and aperture size. Since the linear wave equation is time-symmetric the

most trivial solution to find a hologram is to arrange the desired image as

a distribution of point sources and virtually propagate the total wave field

to the hologram aperture.
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Figure 2.1: Hologram of a point. (a) Spherical wave fronts from point source S are recorded
along a virtual hologram plane H. (b) Phase hologram and (c) binary amplitude
hologram for a point image. For both examples the shortest distance from S to
H is 15λ and the aperture diameter of H is 50λ.

Figure 2.1(a) visualizes the problem for a single point source S, which

radiates a spherical wave in all directions.34

Ψ(r, t ) =
1

ik r
|Ψ|S ei(k r−ωt ). (2.1)

The wave can be recorded anywhere, for example across plane H, resulting

in a hologram. The recorded amplitude is ∼ 1/R , where R is the distance

between point S and a point on H and the recorded phase at a time

instant is φ = k R . The image of point S can be reconstructed from the

hologram by sending the recorded wave back in time. Since time cannot

be turned back, the same is achieved by taking the complex conjugate

of the recorded phase, φ = −k R . This converts the diverging wave

to a converging wave focusing towards S in this case. Unfortunately,

there are several issues with this method: The size and location of H

limits the information that is recorded to a small section of the original

spherical wave and the remaining field will be lost. Further, a converging

wave becomes a diverging wave when passing the focal point S. Perfect

inversion of the original field logically requires a sink at S, such as an ideal

absorber.45
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The synthesis of arbitrary fields using digital holography is well estab-

lished in optics.8 Virtual computation frees the design from the practi-

cality of an experimental recording. However, the wave still has to be

physically reconstructed at some point. This requires methods to modu-

late wavefronts. In optics those methods include photographic emulsions,

diffraction gratings or spatial light modulators based on liquid crystal cells

or micromirror devices. Most of these devices only modulate either the

phase or the amplitude of a passing wave and thus cannot encode the

exact hologram.5 Using optimization algorithms it is possible to compute

approximate holograms that work within the restrictions imposed by the

modulation device yet reconstruct to fields of satisfying quality.

Figure 2.1(b) and (c) present two examplary holograms that work by

controlling only phase or only amplitude, respectively. Figure 2.1(b) is

a phase hologram, equal to the inverted recorded phase and limited to a

finite circular aperture. An ideal phase hologram does not modulate the

amplitude, which is then solely defined by the incident reference beam.

Figure 2.1(c) is a binary amplitude hologram. Each point across H has a

fixed pathlength R towards S and therefore a fixed phase relationφ = k R .

The black rings are chosen so that only points with phasesφ ∈ [−π/2,π/2]

transmit full amplitude and the other points block the reconstruction

wave. Thus only the parts of the wave, which interfere constructively at

S, are transmitted. This special example is also known as a binary fresnel

zone plate.

2.2 Computation of Holograms

In practical systems it is often not possible to control both the amplitude

and phase values of the reconstruction wave. Various optimization

algorithms have been developed for this reason to compute approximate
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Figure 2.2: Flow diagram of the Gerchberg-Saxton algorithm (GS). Spatial domain (left) and
frequency domain (right) are related via Fourier transforms (FTs). The measured
intensity patterns (inputs) are highlighted in red. Opening the feedback loop
turns it into Fienup’s input-output algorithm (IO).

2.2.1 Error-reduction Algorithms

The most influential algorithm bears the name of Ralph Gerchberg and

Owen Saxton, who published it in their seminal article about determina-

tion of phase from microscope images, specifically the transmission elec-

tron microscope (TEM).47 In such a microscope one can switch between

two imaging modes recording distinct but related intensity patterns for

the same specimen—its image and the corresponding diffraction pattern.

In the Fraunhofer approximation, which is applicable here, the far-field

diffraction pattern is equal to the FT of the image and vice versa. This

knowledge can be used to improve the signal, because any image feature

needs support in the frequency domain.
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holograms, which reconstruct to acceptable image qualities. Most of

these algorithms have been developed for imaging applications but are

applicable to field synthesis as well.46
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The Gerchberg-Saxton algorithm (GS) is a very efficient way to correct

the image and the diffraction pattern in an iterative cyclic process

comparable to a feedback loop. A schematic is shown in Figure 2.2.

The recorded intensity patterns g ′ and G ′ in the spatial and frequency

domain, respectively, are highlighted in red. The algorithm takes the

recorded image g ′ and after a FT compares its complex valued signal

in the frequency domain to the recorded diffraction pattern G ′. Then

only the amplitude is corrected to the measured value, while the complex

phase is kept. The result is propagated back to the spatial domain via an

inverse FT, where the amplitude is changed to the measured signal g ′.

Transforming back and forth between the two planes quickly converges

to a solution—which is the phase information of the image or, in other

words, the phase hologram φ for a particular field. The algorithm ends

when a sufficiently good image is obtained. The next section discusses

metrics to assess reconstruction efficiency. Other common names for the

GS are error-reduction algorithm or ping-pong algorithm.

The input-output algorithm (IO) introduced by James R. Fienup opens the

feedback loop and thereby allows any input to be used.46 Assumptions or

knowledge about the object’s support in the spatial or frequency domain

can then be used to improve the image. This change is reflected in

Figure 2.2 by removal of the dashed elements. The input g ′ is then

a driving function that does not necessarily have to satisfy the object

constraints. This can be useful if only one intensity measurement is

available as for example in astronomical observations or the synthesis

of arbitrary fields, such as for holographic optical tweezers.48

It is still not fully understood why these algorithms perform so well,49

although the error has been shown to decrease or stagnate for each

iteration with GS. For a single intensity measurement the GS has been

shown to be identical to the steepest descent gradient method.46 Since
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these algorithms are in some form similar to gradient methods they are

prone to settle in any local minimum. To prevent that from happening

one can add some entropy to the inputs, such as modifying the phase

at random points. This has been combined with other optimization

strategies like, for example, simulated annealing.50

Computational synthesis of three-dimensional fields is still an active field

of research, with many open fundamental questions. For example, it is

not trivial to find the ideal synthesis for a given 3D target distribution if

the actual position, orientation or even number of sources and holograms

is left open and sought after.6

2.2.2 Iterative Angular Spectrum Approach

In optical holography the image is usually reconstructed in the far-field,

where the Fraunhofer approximation is applicable. Hologram and image

are then related via the FT. To move the image closer to a finite distance

the Fourier-transforming properties of a lens can be used. The FT relation

leads to other well-known properties of these Fourier holograms, such as

being able to reconstruct the whole image from just a small section of the

hologram, albeit with less fidelity.

The typical dimensions in acoustic experiments are much smaller, on

the order of hundreds down to tens of wavelengths, and acoustic lenses

are not commonly available. At short distances, where the lateral

dimensions are of the same order as the distance between hologram and

image plane, the Fraunhofer and Fresnel approximations generate large

errors. In this case it is necessary to keep the exact phase term during

propagation.5 The angular spectrum (AS) method is valid in the near-field

and consequently used in propagation of acoustic fields. By using the fast

24



2.2 Computation of Holograms

H
ol

og
ra

m
pl

an
e Im

age
plane

p ′z 0 · e
iφz 0 AS(∆z ) pz 1 · eiφz 1

satisfy
target

constraints

p ′z 1 · e
iφz 1AS−1(∆z )pz 0 · eiφz 0

satisfy
source

constraints

Figure 2.3: Flow diagram of the iterative angular spectrum approach (IASA). The field is
propagated from hologram plane (left side) to one or several image planes (right
side) using the angular spectrum (AS) method. Then in each plane the desired
amplitude distributions are inserted as boundary conditions. After a number of
iterationsφz 0 eventually contains the solution for the phase hologram.

Fourier transform (FFT) it performs much better than numerically solving

the diffraction integral. As discussed in Section 1.2 one projection step of

the AS uses two FTs and one multiplication with a propagator function.

The iterative angular spectrum approach (IASA) is a modification of the

GS algorithm, where the FT has been replaced by AS propagation.

Figure 2.3 shows the updated flow diagram for the IASA, where pz 1 ·e jφz 1

describes the field in the image plane I over (x , y ) at a constant z1.

The target region T is defined as the points with non-zero amplitude and a

subset of the image region I. The field in the hologram plane is in p ′z 0 ·e
jφz 0 .

One completed loop in this diagram equals one iteration of IASA, which

can be divided into four steps:

1. The field from the hologram plane is propagated via the AS method

to one or several image planes at distances∆z ,i = zi − z0.
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2. Constraints in the image plane are applied, which typically is the

desired amplitude distribution. In this case the complex phase

at each point is kept and only the amplitudes are replaced by the

desired values p ′z 1.

3. The resulting field is back-propagated via the AS method to the

hologram plane. If there are several image planes, they are

propagated separately and then merged into one hologram by

complex addition.

4. The source constraints p ′z 0 are applied in the hologram plane. Those

are defined by the reconstructing beam, i.e. the transducer output,

which is to be modified by the hologram.

Wave propagation can be seen as a low pass filter, where the propagation

distance limits the highest spatial frequency that contributes to an image.

The computational domain is limited in space. When using the AS

method for propagation, however, the highest spatial frequencies will

not be lost at the domain boundaries. Instead they are reflected back

into the domain in an effect called aliasing. To address this problem

the domain’s extent has to be sufficiently large to allow all bandwidth-

limited spectral components emanating from the hologram or image

aperture to propagate without aliasing. According to Eq. (1.22) a sufficient

domain size is about three times the largest dimension LH, LI of either

hologram or image region, respectively. The field outside the hologram

aperture is further set to zero during optimization. Additionally, it is

benefitial to limit the integration region of the inverse Fourier transform

to exclude high frequency components that cannot contribute to image

formation. This reduces the error caused by successive propagation steps
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and multiple iterations (as required by the IASA). A simple geometrical

estimate yields51



2.3 Error Metrics for Image Reconstruction

kx ,y ≤
π(LH+ LI)

λ
q

1
4 (LH+ LI)2+∆2

z

, (2.2)

where λ is the wavelength in the medium. The algorithm ends when

a sufficiently good image is obtained. The final phase hologram is

contained inφz 0, which is optimized for an amplitude distribution p ′z 0 at

the input. Metrics to assess reconstruction quality and efficiency will be

discussed in the next section.

2.3 Error Metrics for Image Reconstruction

There are different ways to express the quality of holographic reconstruc-

tion. As a measure of overall reconstruction efficiency η it is useful to

relate the acoustic power in the target region T to the total acoustic power

in the whole image plane I. The region T is the set of image points that

was designed to have a non-zero amplitude according to the target image

in I. For simplicity the wave is assumed to pass the observation plane

in normal direction and that pressure and particle velocity are in phase.

Those assumptions correspond to a plane travelling wave. Then the acous-

tic intensity can be calculated from the sampled pressure amplitudes as

Iz ,i = p 2
z ,i /2ρcm. The power can in turn be obtained by summation of the

intensity over all sampling points

Pz =∆x∆y
∑

i∈I

Iz ,i , (2.3)

where the ∆x ,∆y are sampling distances along x and y coordinates in

the observation plane, respectively. In computation and experiment a
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sampling distance <λ/2 is recommended. The reconstruction efficiency

then follows as
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Figure 2.4: Hologram computation via iterative angular spectrum approach (IASA).
(a) Cost function to be minimized. (b) Efficiency of simulated reconstruction.
(c) Snapshots for iterations 1, 2 and 20, showing the phase map in the hologram
plane (top row) and the resulting amplitude distribution in the image plane (bot-
tom row). Scale bar, ten wavelengths λ.
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η=
Pz ,T

Pz
=

∑

i∈T p 2
z ,i

∑

i∈I p 2
z ,i

, (2.4)

which is a comparable metric to the diffraction efficiency in optics.50

Optimization requires a gauge of improvement in the form of a cost

function C that has to be minimized. In the case of holography C can

intuitively be expressed as the squared error of the field amplitudes50

C =
∑

i∈I

�

pz ,i −p ′z ,i

�2
, (2.5)

where p ′i is the target amplitude at the i th pixel and the summation

extends over all points in the image plane I. For C → 0 the computed

field approaches the target image.
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Figure 2.4 illustrates the hologram computation via IASA for a simple

image. The cost function C in panel (a) converges quickly to a (local)

optimimum and the reconstruction efficiencyη in panel (b) shows similar

behaviour. For three chosen instants during the optimization the initial

phase maps in the hologram plane (top row) and associated amplitude

maps in the image plane (bottom row) are shown. Iteration 1 propagates

the plain transducer output resulting in the characteristic diffraction

pattern of a piston source. In the second iteration, the hologram already

contains the phases of back-projected target pixels and its reconstruction

shows an image with η of almost 60 %. Additional cycles of IASA slightly

improve the result. The holograms in this work were typically computed

using between 20–50 iterations.

Being limited by a finite and flat aperture at a fixed distance to the

image restricts the possible fields that a hologram can encode. Often the

perfect reproduction is impossible but approximations lead to acceptable

outcomes. The errors typically impart the homogeneity of the amplitude

distribution, or show as pointwise intensity concentration (speckle) or

ghost features repeating periodically. The optimization goal always has to

involve on the application whether it is to maximize power or to provide

a more uniform image.

2.4 Implementation of Holograms for Acoustics

The algorithms in Section 2.2 produce a phase hologram for a desired

target image. This section explores several techniques to generate the
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required acoustic wavefronts as a prerequisite to reconstruct the image

in an experimental setting.
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First, this task requires thinking about the apparent complexity of a

wavefront. This can be interpreted as the information content of a wave,

which can be quantified by the scalar space-bandwidth product (SW ).52

Because the SW is invariant, a transmission hologram’s SW limits the

intricacy of the acoustic field in the workspace downstream from it, down

to the diffraction limit. In a digital hologram of finite size, consisting of

N ×N discrete pixels, the SW is given by SW =N 2. Thus the information

content of the acoustic field depends directly on the number of pixels

that can be independently controlled in the hologram that generates it.

Qualitatively, holograms with higher SW lead to reconstructed fields with

larger spatial extent and finer detail. The SW is related to the DOF of a

projection or imaging system.53

The space-bandwidth product of a square-shaped hologram H is

SW H =N ×N = (LH/∆)2, where LH and∆ are the lateral sizes of the holo-

gram and the pitch between neighbouring pixels, respectively, and N is

the number of pixels in each dimension. A pixel is a small area element

that individually controls a portion of the transmitted or reflected wave.

Regarding the image I, its space bandwidth product is SW I = L 2
I B 2

I ,

where BI is the spatial bandwidth of the image. Free space propagation

cannot increase the SW , so SW I ≤ SW H. But the upper bound of the

image’s spatial bandwidth is set by the diffraction limit, ∼ λ/2, so that

BI ≤ 2/λ, and SW I ≤ 4(LI/λ)2. Diffraction-limited performance is

achieved when SW H = SW I, which reduces to ∆ = λ/2 as the optimal

sampling distance.1
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In short, the hologram has to match the complexity of the stored image

and the modulation device, which encodes the hologram, needs to

provide a minimum number of pixels to accomplish this task. A pixel
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spacing of λ/2 is sufficient to reproduce the wave front. The following

sections investigate different modulation devices for ultrasound.

2.4.1 Phased Array Transducer (PAT)

Phased array transducers (PATs) consist of smaller transducer elements

that each radiate a sound wave and the superposition of all these small

contributions is a more complex wave.11 Figure 2.5(a) shows the operating

principle of PATs, where each element receives an electronic signal with

a specific phase offset. This in turn leads to a phase lag of the radiated

wave and it can be imagined how the right addressing scheme creates

any abritrary wave front. Typical element counts of commercial PAT

products range from 8 to about 1000 and they are configured in linear,

rectangular or circular arrangements.10 The obvious advantage of PATs is

that they are dynamic and can be reconfigured in real time. However,

they present large arrays of individual sources and therefore require

elaborate support electronics to independently drive and synchronize

each of those elements. That complexity and the corresponding cost of

PATs scale unfavourably to larger pixel counts and higher SW . These

difficulties have encouraged strategies for minimizing the number of

active elements through techniques such as sparsely populated arrays

and element multiplexing. Although these simplify system design, they

further limit the attainable information content and the SW H.10

Further, the market is mainly concerned with PATs for imaging in medical

and non-destructive testing. There, each element is operated in transmit

and receive configuration subsequenctly. The design goals are therefore
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more concerned with fast switching circuits, high time resolution and

high sensitivity. As a notable exception, a medical PAT system with

986 elements, which had been developed for prostate surgery, has
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Figure 2.5: Wavefront modulation by (a) phased array transducer (PAT) or (b) acoustic phase
hologram. Figure adapted from reference [55].

2.4.2 Phase Holograms

This thesis is based on another approach, similar in spirit to the kinoform

in optics,3 which ideally acts as a pure phase object with regard to the wave
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successfully been used to reconstruct images from digital holograms.54

A very promising result from this study was the efficacy to include

a scattering object, which partially occludes the sound beam, in the

computation and thus improve the focusing quality. This is a much

needed capability for medical ultrasound, especially regarding HIFU and

surgery, because of the highly heterogeneous landscapes in biological

bodies.

(Figure 2.5(b)). This is a very efficient way to modulate a wave, as in the

ideal kinoform—with a smooth surface and therefore no phase steps—all

diffractive orders besides the wanted first order disappear. Theoretically,
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diffraction efficiencies of 100 % can be achieved in this way.56 An acoustic

kinoform can be implemented as a surface profile of an extended slab of

material. Due to the different speed of sound in the hologram material

versus the surrounding medium a transmitted wave will be locally delayed

in proportion to the material thickness. The hologram’s shape is thus

similar to the emitted wavefront.

The phase plate can be considered a thin element if it only modulates

φ ∈ [0,2π]. In this case transmission through the element can be

considered one-dimensional for each pixel position in (x , y ). To further

simplify the calculation, shear waves, multiple reflections and acoustic

attenuation in the hologram material are disregarded. The phase lag is

therefore

∆φ(x , y ) = (km−kh)∆T (x , y ), (2.6)

where T (x , y ) = T0 −∆T (x , y ) is the thickness of the hologram layer at

position (x , y ) and the subscripts of wave numbers k = ω/c refer to

hologram (h) or medium (m). T0 is a base thickness that can be freely

chosen considering mechanical stability of the phase plate. In this way

any wave front can easily be encoded into a hologram. Using additive

fabrication (3D printers) the achievable space-bandwidth SW H of the

hologram is only limited by the printer’s size or by the extent of the

reconstructing beam profile. Currently available 3D-printers are suited

to fabricate these holograms in the frequency range up to 7.5 MHz, which

corresponds to a wavelength of 200µm. Other fabrication methods can

be employed to extend this range. It is also possible to combine holograms

of different frequencies in one static element.57
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2.4.3 Amplitude and Phase Holograms

If there is a method to modulate both amplitude and phase of a wave one

can directly use the back-propagated field of a given target distribution

without optimization. The capabilities of some 3D-printers to work with

multiple materials on the same object enable holograms that modify both

the amplitude and the phase. To this effect, a second layer made of an

attenuating material is added to modulate the amplitude proportional to

its thickness. The phase lag for two material layers is

∆φ(x , y ) = (kh1−km)Th1(x , y ) + (kh2−km)Th2(x , y ), (2.7)

where the subscripts 1 and 2 correspond to the printed hologram

materials. The amplitude change due to attenuation is

ln
p0

pin
=−αh1Th1−αh2Th2. (2.8)

In this equation pin is the incident wave from the transducer and theα are

the acoustic attenuation coefficients. Solving these two equations will in

most cases lead to unfeasibly thick elements, where the assumption of 1D

transmission does not hold. Contrary, limiting the phase lag to [0,2π]

limits the achievable amplitude range depending on the available 3D

printing materials. Unfortunately, no sufficiently attenuating materials

were available for 3D printing at the time of this writing. This concept is

subject to further research.

2.4.4 Reflection Holograms

In the case of a reflection hologram the wave does not pass through the

element. The local phase lag is instead caused by crevices of varying depth
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along the reflection surface. Reflection holograms are computed in a

manner similar to transmission phase holograms. The transducer output

is first propagated to the hologram plane to establish the input field across

the hologram aperture. The phase lag and thickness are related as

∆φ(x , y ) = 2km∆T (x , y ). (2.9)

Considering a perfect reflector, the phase lag only depends on the depth

of the surface crevices and not on the hologram material. Reflection

holograms will be used in Section 6.1 to control the field in a resonator

for levitation of objects in air.

2.4.5 Optoacoustic Holograms

The photoacoustic effect can also be used to create complex waveforms

suitable for holography. Two slightly different approaches to create the

fields have been reported. The first approach uses an absorbing receiver

whose thickness profile is shaped proportional to the wavefront.58,59

This case is similar to the phase hologram and its SW H is limited by the

fabrication method. The second approach uses a thin, flat and highly

absorbing membrane to give rise to the sound wave. There, the incident

light field is shaped by a spatial light modulator (SLM) to project the

desired wave amplitude distribution.60 Each point of high light intensity

corresponds to an acoustic point source. The SW H is thus limited by the

SLM’s pixel count.

One advantage of optoacoustics lies in the wireless nature of the acoustic

source, which is excited purely by light. However, very intense and short

light pulses are required that demand complicated instrumentation. The

sound pressure amplitude depends on the target temperature and heat
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exchange with the environment. To avoid raising the target’s average

temperature the laser excitation has to be pulsed. This method is not

suitable for continuous waveform operation.
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Chapter 3

Creating Arbitrary Acoustic Fields

This chapter presents the experimental reconstruction of ultrasound

fields from 3D-printed acoustic phase holograms, starting with arbitrary

2D sound pressure images. Since a hologram technically encodes a

3D field it can project multiple images in separate planes. Finally, it

is shown how sound images with amplitude and defined phase can

be realized. Each section highlights the changes to the optimization

algorithm that are necessary to address the particular problem. Scanned

hydrophone measurements of the ultrasound fields are compared against

the simulations. This chapter contains excerpts and figures from the

articles “Holograms for acoustics”1 and “Acoustic Fabrication via the

Assembly and Fusion of Particles”.16

3.1 General Workflow

The general workflow from virtual target to real image is captured in

Figure 3.1. The process begins with the definition of the target image

(a), where the black lines in this example define a uniform sound pressure

distribution and the white background shall remain at zero amplitude.

The dimensions of this image and its distance to the hologram plane

will be encoded in the hologram. The transducer output and the target

pressure map provide the boundary conditions for the source and image

plane, respectively, as they are applied during the optimization using the
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Figure 3.1: Workflow toward generating arbitrary acoustic images. (a) Target image ampli-
tude used as input to the optimization algorithm. (b) Computed phase distri-
bution φ for 2.06 MHz ultrasound. (c) The 3D-printed transmission hologram
(50 mm side length). (d) The hologram converts a planar wavefront from the
transducer into the desired phase distribution. (e) Scanned hydrophone pres-
sure measurement in the image plane reveals the reconstructed image. All scale
bars, 10 mm. Figure taken from reference [1].

IASA (Section 2.2.2). This eventually produces an optimized phase map

(b) across the hologram aperture, which is then physically encoded in the

thickness profile of a 3D-printed phase plate (Section 2.4.2). A photograph

of the printed plate (the acoustic hologram) is shown in panel (c). To

produce the real image in an experiment the printed hologram plate

is put in contact with the transducer face and both are immersed in

the working medium, which is de-ionized water in this work. Panel

(d) visualizes how the initial plane wave emitted by the transducer is

locally delayed as it passes through the hologram material. This effect

results from the difference in speed of sound in the hologram material

versus the surrounding medium. Ideally, the emitted wavefront equals
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the computed phase map. Upon propagation the wave diffracts to form

the real image at the encoded distance. Scanning a hydrophone across

the image plane reveals the sound pressure map, which is shown in (e).

This workflow stays the same for all transmission holograms presented in

this work with slight modifications to the optimization routine depending

on the problem at hand.

3.2 3D-printed Phase Hologram

The optimized phase hologram can be encoded in a surface profile, as

discussed in Section 2.4.2, and fabricated using a 3D printer. In this work

all holograms are made by an Objet Connex 260 (Stratasys, USA) in the

material VeroClear, which is a proprietary photopolymer that simulates

polymethyl methacrylate (PMMA).61 At 2 MHz the speed of sound and

the sound attenuation in this material were measured to be 2424 m s−1

and 5.5 dB cm−1, respectively. The measurement is based on analysing

the time of flight and amplitude of ultrasonic pulses through solid blocks

of differing side lengths (USN 60, Baker Hughes, USA).

Figure 3.2 shows a photograph of a printed hologram in VeroClear

material, which can be used for image reconstruction without any further

processing. Because the hologram is fabricated by 3D printing, its SW

is limited only by the printer’s build size and resolution. The operating

frequency used in this work of about 2 MHz, which is common in

non-destructive testing and medical diagnostic ultrasound, results in

a wavelength of λ ≈ 750µm. Counting with a modest resolution of

λ/2 ≈ 375µm the phase plate with 50 mm diameter contains 15 000

acoustic pixels. The fine print resolution (20µm) in the z-direction

permits to encode 100 phase steps over the full range of 2π radians of

the passing wave.
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10 mm

Figure 3.2: Photograph of a printed phase hologram encoding the image of the letter "A"
used in chapter 5. Figure taken from reference [16].

To assess the quality of the 3D-printed hologram, X-ray computed

tomography (CT) was performed using a TomoScope HV 500 (Werth

GmbH, Germany) with a voxel size of 81µm × 81µm × 81µm. Results

are shown in Figure 3.3, where panels (a-c) present the designed

thickness map before printing, the measured thickness map from the CT

analysis and the difference between the two, respectively. Figure 3.3(d-f)

show profile plots along different horizontal slices (constant y ) through

the plotted data for both the designed and measured samples. The

printed hologram is in excellent agreement with the design, although

it can be seen that the printer acts as a low-pass filter, smoothing out

sharp edges and fine features. The X-ray CT also provides density

measurements of a sample and showed homogeneous density throughout

the hologram except for two small regions, which are marked by red circles

in Figure 3.3(b). These defects are probably due to incomplete curing of

the print material in the crevices near the object edges.
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a y = 10mm
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Figure 3.3: Analysis of 3D print quality. (a) Designed thickness map ∆TD from hologram
calculation, as sent to the 3D printer. (b) Measured thickness map ∆TM of
the printed hologram (X-ray CT). Red circles mark sections of inhomogeneous
material density. (c) Difference between design (a) and measured (b) thicknesses.
(d-f) Thickness profiles of ∆TD (blue) and ∆TM (red) along (d) y = 10 mm,
(e) y = 0 mm and (f) y = −10 mm. The scale bar in (d) shows the wavelength
in water at 2.06 MHz. Figure taken from reference [1].
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3.3 Experimental Setup

All experiments with waterborn ultrasound in this work are performed

at room temperature (about 21 ◦C) in the same open-topped tank with

dimensions of 600 mm × 300 mm × 300 mm (length × width × height),

which is filled with de-ionized water. Correspondingly, the speed of sound

for the following simulations and experiments is taken as 1484 m s−1.

The bottom and short side walls are lined by commercially available

absorber sheets (Aptflex F48, Precision Acoustics Ltd, UK) that minimize

reflection of ultrasound to reduce the effect of standing waves inside the

bulk medium.

Depending on the experiment the transducer and hologram can be

mounted in different orientations on a manual positioning stage, which

is fixed to the frame of a scanning gantry (SF600, GAMPT, Germany).

The gantry allows automatic positioning of different tools in X, Y and

Z-direction with micrometer precision. In a typical experiment this setup

is used to scan the hydrophone through a region of interest (ROI) in front

of the transducer (see Section 1.4).

There are different transducers employed throughout this work—a variety

of custom built and commercial products. The custom transducer, which

is used for the microparticle assembly experiments in Chapter 5, consists

of a piezoceramic (PZT) plate with 1 mm thickness and 50 mm diameter,

which is bonded by epoxy to a machined brass plate. The plate thickness is

chosen to equalλ/2 for optimal power transfer at the projected resonance

frequency of 2 MHz. The plate is mounted on a water tight case so that the

brass face is exposed to water and the piezo’s backside is free to vibrate in

air. This design results in a transducer with narrow bandwidth.
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The resonance frequency of the fabricated transducers will deviate from

the designed value due to production tolerances. To accomodate this

the transducers were first characterized with an impedance analyzer and

then manually sweeped in the water tank in vertical, upright position.

The effect of radiation pressure (Section 5.2) is clearly visible as a

protruding disc on the water surface and thus a manual sweep can be

used to find the optimal driving frequency for maximum power output.

In this manner all fabricated transducers were found to operate in the

range 1.96–2.06 MHz. The commercial transducers (e.g. A395S, Olympus,

Japan) are characterized by a more uniform amplitude distribution and

flat phase as expected.

A function generator (AFG 1062, Tektronix, USA) provides the driving

signal, which is routed to a power amplifier (A1230, Dr. Hubert GmbH,

Germany), which in turn drives the transducer. To map the acoustic fields

with the hydrophone its output is connected to a lock-in amplifier (UHFLI,

Zurich Instruments, Switzerland) that uses the function generator as a

reference input. This combination allows accurate measurements of

the complex pressure amplitude at the operating frequency including

the precise relative phase between sampling points. The needle-type

hydrophones have a tip size of 0.5 mm (sensitivity 545 mV MPa−1 at 2 MHz,

Precision Acoustics Ltd., UK). The setup is controlled by custom scripts

and libraries implemented using MATLAB (The MathWorks, USA).

3.4 Single Images

The most basic case of holographic reconstruction is a single image,

e.g. the image of the dove from the general workflow.1 Figure 3.4(a)

shows the computed image after 20 iterations of the IASA. Its phase

map was encoded and printed in an acoustic hologram as described

43



Chapter 3 Creating Arbitrary Acoustic Fields

a b cNorm. pressure p/<p>T

Norm. pressure p/<p>T

Figure 3.4: Holographic reconstruction of a single image. Pressure amplitudes are
normalized by their mean value in the target region 〈p 〉T. The line width of
the target image is 0.8 mm (1.11λ). (a) Simulation. (b) Hydrophone scan.
(c) Histograms showing the amplitude distributions for both, simulation and
experiment. Figure adapted from reference [1].

It is evident how the simulation predicts most of the hotspots and non-

uniformities in the image. Those irregularities are mainly caused by the

finite extent of the hologram and a phase-only modulation. A histogram

plot provides quick qualitative insight into the homogeneity of the

distribution and is presented in Figure 3.4(c). Both fields are normalized

by their mean amplitude values in the target region 〈p 〉T. As expected, the

measured field has slightly greater amplitude variance compared to the

simulation.

The second example for single image reconstruction is the bicycle from

reference [16], which is displayed in Figure 3.5. The overall efficiencies are

67.2 % and 44.9 % for the simulated and the measured field, respectively.
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earlier and reconstructed with ultrasound at 2.06 MHz in water. The

corresponding hydrophone scan with step size ∆x = ∆y = 0.25 mm is

shown in Figure 3.4(b). The reconstruction efficiencies are 59.5 % for the

computed and 34.6 % for the measured pressure image.
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a b cNorm. pressure p/<p>T

Norm. pressure p/<p>T

Figure 3.5: Holographic reconstruction of a single image. Pressure amplitudes are
normalized by their mean value in the target region 〈p 〉T. The line width
of the target image is 1 mm (1.33λ). (a) Simulation. (b) Hydrophone scan.
(c) Histograms showing the amplitude distributions for both, simulation and
experiment. Figure adapted from reference [16].

For both examples the initial target distributions used for the hologram

optimization were binary amplitude images. This results in infinitely

steep edges that cannot be reproduced by a physical wave with a finite

frequency bandwidth. In the reconstruction the line edges appear

softened because the wave acts as a spatial low pass filter. Also the line

widths for the images were chosen just slightly wider than one wavelength.

More relevant than the absolute value of reconstruction efficiency is thus

how well the experimentally measured pressure distributions reproduce

the simulated pressure fields. In this regard both examples demonstrate

good agreement between theory and practice.
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The line width for the bicycle (1.33λ) was chosen slightly thicker than

for the dove (1.11λ), which probably explains the better reconstruction

efficiency. In this example the amplitude homogeneiety looks slightly

better in the experiment, which is probably due to the absence of some

predicted high-intensity spots.
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3.5 Multiple Concurrent Images

An ideal hologram stores the full wave information. According to the

linear wave equation this means that the evolution of the field in the

volume behind the hologram is fully determined. In other words, this

makes it possible to compute holograms for arbitrary 3D acoustic fields.

Of course, there are physical limits imposed on the solutions. The fields

have to satisfy the wave equation and obey the conservation of energy,

since one cannot arbitrarily create sources or sinks in a medium.

However, a step in this direction is the concurrent projection of multiple

images by one single hologram. Reconstruction happens by the same

reference wave and the images appear each in separate planes along

the propagation direction. This comes at the expense of quality (or

homogeniety), because the limited SW of the hologram has to encode

additional information for each additional image, but the exceptionally

high SW of printed holograms makes it possible to maintain some

reconstruction fidelity as will be shown in this section.

The extension of IASA to multiple planes is straightforward and has been

inspired by a similarly modified GS algorithm.62 There, the forward and

backward projections are computed separately for each image plane.

This results in individual sub-holograms, one for each image, which are

added together after each iteration. Due to complex summation, the

dominant emitter pixels for each image prevail. In the following iteration

the summed hologram is propagated forward to each image plane and

the cycle continues.

The following example encodes three images, the outlines of digits "1",

"2", and "3", at distances 20 mm, 30 mm, and 40 mm from the hologram,

respectively.1 Figure 3.6 displays simulation (top row) and hydrophone
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a b c
Norm. pressure p/<p>T

Figure 3.6: Holographic reconstruction of multiple images in separate image planes.
Simulation (top row) and hydrophone scans (bottom row) for images at
(a) 20 mm, (b) 30 mm and (c) 40 mm distance. The reconstruction efficiency for
each image is shown in the top right corner. Figure adapted from reference [1].

scans (bottom row), where each plane scan took about 40 min to scan.

All images were reconstructed at the same time by the same reference

wave at 2.06 MHz. The individual image quality is much lower compared

to a single image, but that is not directly evident from the reconstruction

efficiency alone. There are visible artifacts in the images that clearly

resemble shapes found in the other images, e.g. a faint appearance of

number "2" in the first image plane (also called ghost image). This is not

surprising because all wave packets that form part of an image have to

necessarily pass the other image planes as well. Further, a wave requires

some propagation distance to allow diffraction to focus to a point or,

contrary, diverge towards a low amplitude background. The presence of
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a b c

Norm. pressure p/<p>T Norm. pressure p/<p>T Norm. pressure p/<p>T

Figure 3.7: Histograms for each image plane (a-c) shown in Figure 3.6.
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artifacts largely depends on the image composition and distance between

image planes as well as the aperture size of the hologram in relation to

the images.

Figure 3.7 shows the histogram plots for each image. The experimental

results show much larger variance in sound pressure amplitude. The tail

towards higher amplitude values represents the speckle that are apparent

in the displayed scans in Fig. 3.6.

In summary, the reproduction of 3D acoustic fields is possible but

challenging. The additional information content required from the

volumetric field has to be stored in a hologram of sufficient SW . It is

beneficial if the ROI can be accessed from a larger portion of the enclosing

sphere. Ideally, waves can be projected from all directions into the ROI.

A first step in this direction can be a hologram with large ratio of aperture

size to image distance. Ultimately, large curved holographic surfaces or

multiple flat holograms positioned around the ROI are needed to create

high-quality 3D fields.



3.6 Images with Amplitude and Phase

3.6 Images with Amplitude and Phase

In the previous sections the holograms had been optimized for amplitude

images, each time leaving the complex phase as a free variable. Because

the phase is directly linked to the propagation distance of a wave it

determines which hologram pixels contribute constructively to which

image pixels. In other words, a free phase allows wave contributions

to arrive from different sections of the hologram and thus increases the

solution space. The phase, however, is also an indicator of the wave front’s

shape. The relative change of phase between neighbouring points in a

plane is the in-plane component of the local wave vector. Control over

the phase distribution in the image thus means control over the effective

wave direction at each point. As an example, a tilted plane wave would

result in a linear phase gradient across the observation plane. Note, that

a phase can only be defined for a non-zero pressure amplitude.

Vortex beams are good examples for wave fields with interesting phase

distributions. There, the phase advances in a helical fashion around a

point of singularity along the propogation axis. Well-known examples

are Bessel or Gauss-Laguerre beams of order l, where the amplitude in

the focus is ring-shaped and along the ring its complex phase behaves

as φ = lθ . In cylindrical coordinates the angle θ is the azimuthal angle,

when the z -axis is aligned with the wave propagation. The common term

for l is the topological charge (of a vortex).63 Section 6.2 contains a more

detailed discussion of phase gradients and their application for object

manipulation.

To include the more stringent boundary conditions of a fixed phase in

the image, the IASA has to be modified, by weighting the hologram pixels

that contribute to the proper phase relation in the image. The weights
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are obtained by a single back-propagation of the target image to the

hologram plane and are of the form of a sub-hologram. This is in a

certain way similar to the approach encoding multiple images. In each

iteration these complex weights are added to the hologram as additional

source constraint. The complex addition ensures that the relevant pixels

in the hologram plane stay in phase, and the other pixels are further

optimized.

Using this method some exemplary holograms have been obtained that

encode focused vortex rings with 10 mm radius and varying topological

charges advancing in counter-clockwise direction. Figure 3.8 shows

experimental hydrophone scans of the reconstructed images. The phase

gradients correspond to topological charges 5, 10, and 20, respectively,

and the scans are in excellent agreement with the target values. As can be

seen in 3.8(c), approaching larger phase gradients leads to periodic break

up of the amplitude distribution, slowly approaching the appearance of

a standing wave along the ring.

p (kPa)
0 18.5

a b cφ (rad)
0 2π

Figure 3.8: Rings (r= 10 mm) with imposed phase gradients advancing in counter-clockwise
direction. Hydrophone scans for (a) l = 5, (b) l = 10, and (c) l = 20. The amplitude
maps p are shown as inset and the phase plots φ are shaded by amplitude to
enhance visibility of the tracks.
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Chapter 4

Fast 3D Scanning of Acoustic Fields

In this chapter, an alternative measurement concept is presented that

detects sound intensity via the heating effect it has on an absorbing

membrane. The membrane is moved through the region of interest (ROI)

while a thermal camera continuously records its surface temperature.

This technique results in much faster scanning times for volume

acquisitions. Section 4.2 has been reported in “Holograms for acoustics”.1

The remaining chapter contains excerpts and figures from the article “Fast

spatial scanning of 3D ultrasound fields via thermography”.12

4.1 State of the Art

To acquire a spatial distribution, a hydrophone has to be scanned through

a set of points, a process that does not scale well to large areas or

volumes. Typical acquisition rates are on the order of 1 point per second,

resulting in multiple hours or even days for a full scan.64 Long scanning

times potentiate errors due to systemic changes in the environment or

transducer, e.g. caused by temperature drift or evaporation of liquid.

The conventional solution to reduce measurement time is to limit the scan

to few relevant planes. This is sufficient for simple fields that only provide

a single focus or that are symmetric about the axis of propagation.65
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The term acoustic holography commonly refers to a measurement

technique in the audible frequency range in air, where arrays of

microphones are positioned in a way so that the field on a surface around

the source can be acquired.66 All other field variables and second order

quantities, as well as surface vibrations can then be computed using

holographic techniques. The much shorter wavelengths of water-borne

ultrasound complicate the actual measurement setup so that the operator

is left with the scanning hydrophone. Even then, using holography, one

precision measurement of the complex sound pressure in a transverse

plane to the wave propagation direction is sufficient to virtually compute

the whole 3D field.36 This, however, can produce significant artifacts if

the acquired field contains measurement errors.

Alternative approaches rely on the acousto-optical effect, which refers

to the change of the optical refractive index as a function of the density

(pressure) of the traversed medium.67 The effect is for instance employed

in two-dimensional Fabry-Perot sensors, where the acoustic pressure

changes the optical density between two parallel, reflecting surfaces of a

thin film, which in turn can be detected by a scanning laser.64,68

A second acousto-optical technique is schlieren imaging, where a

collimated beam of light passes through the ultrasound field and diffracts

due to the varying index of refraction. The camera is placed behind a knife

edge or patch stop, which blocks the undiffracted light. Thus only higher

order diffracted light will reach the sensor, resulting in a 2D projection

of the density variation across the measurement volume. By rotating the

transducer, one can record projections at different angles and eventually

reconstruct the volumetric data using the inverse Radon transform.69

Similar results can be obtained from laser Doppler velocimetry, where

a (scanned) laser beam interrogates a target after passing through the

ROI. Contrary to conventional laser velocimetry measurements, the target
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does not move but instead the variations of the refractive index in the

ROI change the effective optical path length, which can in turn be used

to infer the properties of the acoustic field.70 Difficulties arise for high

amplitude sound fields when the optical phase difference in the field of

view exceeds 2π.71 Acousto-optic methods require optical access, long

working distances, and specialized instrumentation.

4.2 Sound Visualization via Liquid Crystals

A simple and fast method to map acoustic fields uses the thermochromic

effect of certain liquid crystals (LCs).72 A temperature change induces

a phase transition in those LC, which corresponds to a visible color

alteration. Coating a sheet containing thermochromic LC with a thin

sound absorbing layer causes it to display a spatial color distribution

related to the locally absorbed sound intensity. Thermochromic sheets are

commercially available for specific onset temperatures and temperature

ranges. For example, the sheet used in the following experiment operates

in the temperature range from 25–30 ◦C (R25C5B, LCR Hallcrest, USA).

Upon heating it changes from its initial black color to a red color, then

turns green, to finally appear blue above the indicated temperature range.

This concept has been used to map 3D sound fields in conjunction with

a camera.1,73

Thermochromic field visualization is demonstrated using the multi-

image hologram from Section 3.5. The hologram’s phase map is shown in

Figure 4.1(a) and panels (b-d) show photographs of the thermochromic

sheet positioned at each image plane. As discussed above, the LC sheet

has been coated with an absorbing layer (Aptflex F36, Precision Acoustics,

UK) and mounted via a custom frame to the gantry of the experimental

setup. In this way it can be automatically translated to each image plane
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Figure 4.1: Validation of a multi-image hologram with thermochromic LC. (a) Phase map of
the hologram. (b-d) The thermochromic sheet immediately reveals the local
sound intensity in each image plane. Scale bar, 10 mm. See Figure 3.6 for
complimentary hydrophone scans. Figure taken from reference [1].

Thermochromic visualization is a direct and fast method that does not

require any special tools and is therefore very useful for quick validation

and setup of holographic fields. Regions of high intensity can thus quickly

be found. Orientation of the setup is not critical as long as there is optical
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(Panels (b-d)), where the stage rests for about 3 s before a photo is recorded

(EOS 60D, Canon, Japan). Comparison to the hydrophone scans in

(Figure 3.6 on page 47) clearly shows the correct reproduction of high

intensity regions and even reveals the ghost image of number "2" in the

first plane, Fig. 4.1(b).
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access for lighting and imaging. However, quantitative measurement

of sound intensity requires color calibration with the camera and light

source and is not trivial.73

4.3 Thermography

4.3.1 Setup

A more quantitative solution involves recording the temperature evolu-

tion of a sound absorbing material in the acoustic field. Modern thermal

cameras based on microbolometer pixels can detect infrared radiation in

the wavelength range 7.5–13µm and achieve a sensitivity of 50 mK. The in-

herent drawback of all indirect thermal measurements is, of course, their

preference of large temperature differences and thus low sensitivity to-

wards sound intensity.

A schematic of the experimental setup and the data analysis is displayed

in Figure 4.2. The ultrasound transducer is positioned in a water tank

and pointing up. The measurement device is an open cylindrical cup

with a thin membrane forming the bottom surface, which is made of

a sound absorbing material. A thermal camera is mounted at a fixed

distance from the membrane. An automated stage translates camera

and membrane through the ROI, e.g. along the z-coordinate. The cup

ensures that the top surface of the membrane is always exposed to air and

allows direct viewing by the camera. When the sound field is turned on it

propagates through the liquid, reaches the membrane, and then partially

couples into the membrane where it is absorbed. This causes a local

temperature rise at the surface of the membrane, which is detected by

the camera. Each camera image shows the temperature distribution in an
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Figure 4.2: Schematic of the thermographic setup. A membrane is locally heated by
the ultrasound field and a thermal camera continuously records its surface
temperature. Continuous scanning along z produces a sequence of thermal
images, which correspond to the volumetric sound intensity map. Shown are
exemplary XY-planes and projections of the central XZ- and YZ-plane for a single
focal spot. Figure taken from reference [12].

The membranes used in the experiments were fabricated from two

different rubber materials. The first material is an isobutylene isoprene

rubber (IIR) (Reichelt Chemietechnik GmbH + Co., Germany) with a

thickness of 1.0 mm. The second material is optimized for ultrasound

absorption in the lower Megahertz range and available as a two-
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entire plane (XY). By moving the cup and membrane with a known speed

while recording a sequence of thermal images a 3D volume distribution

of the recorded temperature maps can be constructed, which in turn

indicates the absorbed sound intensity. Calibration of the membrane

and camera with a known ultrasound field allows estimation of the sound

pressure in the same volume.
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component fluid (Aptflex F36, Precision Acoustics Ltd., UK), which

contains scattering particles embedded in a soft polyurethane matrix.

Thin films of Aptflex F36 are cast on a 0.1 mm thick polyethylene substrate

to provide mechanical stability. The total thickness of both layers was then

measured to be 0.43 ± 0.02 mm using a digital microscope (VHX-6000,

Keyence, Japan). The distance between the thermal camera (A65, FLIR

Systems, USA) and the membrane in this setup is fixed to 200 mm.

4.3.2 Process Analysis

The performance of this method depends on several parameters including

the thermal and mechanical properties of the absorbing membrane and

its thickness, the scanning speed and the thermal camera. A simplified

geometry is displayed in Figure 4.3(a) for a material with acoustic

attenuation coefficient αs, thermal conductivity κs, and specific heat

capacity Cp,s. The top surface is exposed to air while the bottom surface

is in contact with the water bath at room temperature. Coupling of

an acoustic wave into a thin material layer depends on its mechanical

properties in contrast to the liquid medium and its thickness in relation

to the wave-length. Analyzing this problem leads to the reflection

coefficient12

r =
p−
p+
=

Zs−Zm− (Zs+Zm)exp (2H (iω/cs−αs))
Zs+Zm− (Zs−Zm)exp (2H (iω/cs−αs))

, (4.1)

where p+, p− are the incident and reflected pressure waves at the interface

from liquid medium towards the membrane layer, respectively, H is the

thickness, andω is the angular frequency of the sound wave. Zx = ρxcx

is the acoustic impedance with density ρx, speed of sound cx, and the
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subscripts refer to the (s) attenuating layer and (m) liquid medium. From

this follows the coupling coefficient
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Figure 4.3: (a) Model of the system. (b) Coupling factor γ for the two different materials.
Figure adapted from reference [12].
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which relates the transmitted (and therefore lost) sound intensity to the

incident sound intensity. It is plotted in Figure 4.3(b) for approximations

to the materials used in the following experiments. As expected, a thicker

membrane absorbs more total power with distinct peaks corresponding to

multiples of half the wavelength. The remaining sound intensity, which is

reflected, will travel further through the setup and may eventually return

to the membrane. A potential problem are multiple reflections between

transducer and membrane. These reflections will introduce systematic

errors that depend on the length of the open space above the transducer.

The ideal membrane exhibits a coupling factor of γ = 1 to absorb the

entire wave. The coupling coefficients for the two membranes used in

the experiments at 2.25 MHz are estimated at γ = 0.4 for the Aptflex

membrane (marked A in Fig. 4.3(b)) and γ= 0.3 for the IIR rubber (B).
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The wave portion that couples into the membrane layer is absorbed and

converted to heat, which can be expressed as74

q =−∇Is = 2
αs

ρscs
〈p 2

s 〉, (4.3)

where the brackets 〈·〉 denote a time average.

When the transducer is turned on, the surface temperature in the

absorbed spot quickly rises and then slowly converges to a steady state

with the time constant τ, which can be approximated as75

τ=ρsCp,sH 2/κs. (4.4)

This time constant should be minimized to improve response time and

therefore spatial accuracy in a continuous scan. The optimal conditions

of low τ (fast response) and high γ (high attenuation) suggest that

thin membranes made from highly absorbing materials are ideal for

thermographic recording of ultrasound fields.

A corresponding model has been developed in Matlab using the Partial

Differential Equation Toolbox (The Mathworks, USA). This allows

transient and steady state solutions to be computed for this problem.

4.3.3 Calibration

The setup can be calibrated by reference to a known sound field that has

been properly characterized using a precision method, i.e. a hydrophone

scan. A convenient reference field is a single focus. A fresnel lens with

focal length 30 mm has been made for a large area immersion transducer

(A395S, Olympus Scientific Solutions, USA) operating at 2.25 MHz.
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� �

τ ≈ 2 s

τ ≈ 0.7 s

Figure 4.4: (a) Steady state peak temperature plotted against peak pressure in the focus.
(b) Average step response curves from 5 recordings per material (solid lines
— mean, shaded regions — one standard deviation). Dashed lines show fits
of exponential functions to the data and their respective time constants are
annotated. Figure taken from reference [12].

Two measurements are necessary to complete the calibration dataset.

The first establishes the relation between driving voltage of the transducer

and sound pressure amplitude in the focal spot. The peak sound pressure

is acquired using a calibrated needle hydrophone (0.5 mm, sensitivity

545 mV MPa−1, Precision Acoustics, UK). In a second experiment the

membrane is positioned in the focal plane and the thermal camera

records the steady state temperature in the same focus versus the

driving voltage. In both cases the points of maximum pressure and

temperature were found by a combination of automated scanning and

manual inspection.

The two measurement results are combined and displayed for each

material in the chart of Figure 4.4(a). Simulation results for three different

general rubber materials are added for comparison. The parameters

are chosen to correspond to the two rubber materials that were
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used in the experiments. Those parameters are κs = 0.2 W m−1 K−1,

Cp,s = 1900 W s m−1 K−1, cs = 1800 m s−1, ρs = 1100 kg m−3 with varying

thickness and attenuation coefficients as labeled. The data clearly shows

the expected quadratic dependence between temperature and sound

pressure from Equation 4.3. Those curves serve as calibration data in the

following experiments to recover sound pressure amplitude from scanned

temperature profiles.

4.3.4 Measurement Performance

The dynamic performance of the system can be inferred from its step

response. For this measurement the transducer is turned on at a specific

point in time and the temporal evolution of the surface temperature is

recorded. The step responses for multiple sequential runs are shown in

Figure 4.4(b) and the thinner material shows faster settling time towards

the steady state. The plot also shows fitted exponential functions and

their respective time constants for each case. A smaller time constant

is beneficial for an instrument because it follows more readily dynamic

changes in the field. The measurement noise can be expressed as a

noise equivalent pressure (NEP).64 To quantify the NEP, the temperature

of single thermal camera pixels has been recorded over a 5 s period

without ultrasound exposure. Three times the standard deviation over

this period was found to be approximately 0.1 ◦C for all recordings, which

corresponds to an NEP of 23.6 kPa for Aptflex and 34.1 kPa for the IIR

rubber using the previously obtained calibration set. For comparison, the

broadband noise (100 MHz) of the hydrophone system is rated at 60µV

by the manufacturer leading to an NEP of 330 Pa. In conjunction with a

lock-in amplifier at 2.25 MHz (input range set to 200 mV, i.e. 367 kPa) an

NEP of just 1.6 Pa was measured.
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ca b

Figure 4.5: Scans of an ultrasound focus at 2.25 MHz and transducer driving voltage
UTD = 15 V(p-p). Displayed are slices through the focus, XY (top) and XZ (bottom).
(a) Pressure amplitude from hydrophone scans. (b) Recorded temperature
distribution from a thermographic scan of the same field using a membrane
made of 0.4 mm Aptflex F36 rubber (τ≈ 0.7 s) Scanning velocity vz = 1.8 mm s−1.
(c) Squared pressure and temperature profiles (along x = 0) normalized by
their respective maximum values in the measurement. Room temperature,
T∞ = 22.1 ◦C. Figure taken from reference [12].
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Using a calibration target the size of each pixel in the thermal images

was found to correspond to a length of 0.13 mm. The resolution in the

scanning direction, however, is vz / fcam, where vz is the scanning speed

and fcam the frame rate of the camera. Typical values in this setup are

vz = 1.8 mm s−1, fcam = 30 s−1, resulting in a z -resolution of 0.06 mm per

pixel. The uncertainty following such a discretization is ±1/2 of the step

size. Microbolometer detectors such as employed in this thermal camera

exhibit an impulse response to the IR signal, which the manufacturer

reports as 12 ms in the datasheet. This is much smaller than the time

constants τ for heating the membrane and accordingly the latter defines

the dynamic response of the absorber in the z-direction,

g (z ) =
1

τ
exp

� −z

τvz

�

. (4.5)

Figure 4.5 shows slices of measured temperature distributions for the

better performing material (Aptflex F36) and the reference sound field

measured by a hydrophone. The thin and highly absorbing membrane

gives a clear picture of the overall dimensions and location of the focal

spot. It is noticeable how the focus in the thermographic scan is

extended along the positive y-axis. Following the dynamic analysis, the

systematic error in the positive scanning direction can be expressed as

τvz = 0.7 s×1.8 mm s−1 = 1.26 mm.

4.3.5 Results

The calibration data can now be used to rapidly scan an unkown field. For

this experiment a phase plate will be used that projects two foci (F1 and

F2) in different positions and distances from the aperture. Its phase map

is shown in Figure 4.6(a).
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As described earlier the thermal camera obtains a set of thermal images

during a continuous scan and the calibration data from Figure 4.4(a)

serves to convert the temperature change to a sound pressure amplitude.

The resulting pressure map is displayed in Figure 4.6(b) along with the

hydrophone scans around each region of interest displayed in Panels

(b1) and (b2). The hydrophone measurements reveal peak pressures of

127 kPa (F1) and 122 kPa (F2). The peak pressure amplitudes acquired by

the thermographic method with the Aptflex membrane are 115 kPa (F1)

and 130 kPa (F2), where the variations are comparable to the previously

calculated NEP of 23.6 kPa.

The thermographic scan covered a total volume of 30 mm×30 mm×60 mm

in about 33 s providing a rapid assessment of the 3D sound pressure field

compared to conventional methods. Figure 4.6(c) illustrates volumetric

information of the foci via pressure isosurfaces around each point.
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Figure 4.6: (a) Phase plate for generating two foci, F1 and F2. (b) Central slice (y = 0)
of reconstructed pressure distribution from a thermographic scan. The sub-
panels (b1, b2) show hydrophone scans of the respective regions. (c) 3D pressure
isocontours around F1 and F2 obtained from the thermographic data of (b).
Figure adapted from reference [12].
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4.4 Conclusion

In summary, this chapter introduced thermography as a methodology to

rapidly scan 3D volumes of ultrasound fields within seconds and with

a spatial resolution in the sub-millimeter range. The method relies on

mechanically translating a sound absorbing sheet through a body of

water. While moving, the membrane is continuously exposed to the

ultrasound field and its changing surface temperature is captured by a

thermal camera. The resulting image stack is subsequently arranged to

a volume temperature map and calibration data serves to convert the

temperature to sound pressure amplitude.

The sensitivity and precision of the method rely on and can be controlled

by the characteristics of the membrane material and its thickness, the

scanning speed, and the resolution of the thermal imaging system. Using

a thin ultrasound absorber sheet made from Aptflex F36 and polyethylene,

the temperature map of a 3 cm × 3 cm area with 104 pixels at a lateral

resolution of 0.13 mm can be acquired at a time. Scanning the membrane

in the third dimension then maps a volume of 54 cm3 in just 33 s.

Thermography is not as sensitive or accurate as a hydrophone measure-

ment. Its strength, however, lies in instant visualization of 2D ultrasound

fields and thus fast scanning of volumetric fields. There it is orders of

magnitude faster than hydrophone scanning. It is much simpler to im-

plement than acousto-optical setups and does not require tomographic

reconstruction. It is thus a convenient tool to complement emerging field

synthesis techniques (e.g. acoustic holograms), but also dynamic appli-

cations of ultrasound.
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Chapter 5

Acoustic Assembly and Fabrication

The acoustic hologram presents a major advance in shaping ultrasound

fields and the following sections demonstrate how these structured

fields can push microparticles into arbitrary arrangements. Once the

particles are assembled in the desired shape they can be fixed, for example

by chemical reactions. A new fabrication method based on acoustic

assembly is presented. This chapter contains excerpts and figures from

the articles “Holograms for acoustics”1 and “Acoustic Fabrication via the

Assembly and Fusion of Particles”.16

5.1 State of the Art

The forces that result from sound waves incident on interfaces have

already interested Lord Rayleigh and since then fascinated several

generations of scientists.13 Over the last century the field has progressed

immensely and sound waves have been applied to manipulate particles

from microscopic to millimeter sizes. Its contact-free nature, wide

scalability of wavelength and intensity over orders of magnitude, paired

with low attenuation in most solids and liquids makes it a viable choice

to explore future manipulation and fabrication, especially with view on

biological matter.76
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The majority of previous work in acoustic particle manipulation is based

on acoustic resonators, which arrange many particles along extended

traps that coincide with either nodes or antinodes of the standing

pressure waves.14 This concept is well established in microfluidics where

resonances with high quality factor can be achieved due to precision

microfabrication techniques.27 The straightforward implementation is

a 1D standing wave across a flow channel. Particles or cells moving

with the flow can thus be pushed perpendicular to the preeminent

drag of the moving liquid. Careful design combined with a flow split

downstream allows separation of particles and even sorting by size or

compressibility.77

Attempts to move this concept towards higher complexity of the patterns

change the resonator’s aspect ratio from elongated channels to flat

two-dimensional cavities, with one or multiple transducer elements

placed along the side walls.78,79 Due to multiple reflections inside

the chamber these methods are limited to highly symmetric fields

corresponding to resonant modes. The concept has also been extended

to a 3-dimensional rectangular cavity excited from 5 sides by individual

transducers. This created a dynamically reconfigurable metamaterial,

where the transmission of certain frequency bands could be controlled

by adjusting the spacing between trapped particles, which in turn was

set by the trapping frequencies.80 However, due to the geometry of

the setup the achievable structures are limited to cubic lattices. One

solution to overcome the limitations imposed by the cavity’s geometry

has been demonstrated in the form of a flat cavity lined by 64 elements

that were each highly damped by attenuating backing. The transducer

elements were then controlled as a phased-array and able to trap and

move individual particles within the acoustic cell.81
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The forces on particles resulting from travelling waves are comparatively

less important, since the largest force component, which is in the

direction of wave propagation, is usually not wanted. An intensity

gradient is required to raise the lateral force components, demanding

a strongly focused beam. In this way, trapping of polystyrene (PS)

beads (with diameter 3–100µm)82 and lipid droplets (126µm)83 has

been achieved using transducers with high-numerical aperture (NA)

driven at very high frequencies in the range 30 to 400 MHz. Here, the

particles and droplets were situated on a membrane that prevented

forward motion with the acoustic wave. A breakthrough in 2016 was

the 3D trapping of single PS spheres in the center of a focused vortex

beam generated by a high-power PAT.84 More recently a similar setup for

acoustic tweezers has been presented using a different phase singularity

effect, which the authors called a twin trap.85 Ultrasonic manipulation

has been investigated as an improvement to other fabrication methods,

for example to control the make up of composites in 3D printing. The

acoustic radiation force (ARF) was used to position and align fibers in

a resin while it is cured via stereolithography.86,87 However, with all the

existing methods it has not been feasible to generate acoustic fields for

particle assembly in truly arbitrary shapes.

5.2 The Acoustic Radiation Force (ARF)

Interaction of a sound wave with an obstacle changes the wave’s

momentum, which leads to an effective Langevin radiation pressure

acting on the obstacle’s surface.88 Modes of interaction include absorption

of the wave but also reflection, refraction, and scattering. The analysis

in the latter cases is more complicated than perfect absorption, but

necessary to understand particle trapping and manipulation by sound.
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When a wave with amplitude |p | hits a perfectly absorbing target the

radiation pressure89

prad = Eac =
1

2

|p |2

ρmc 2
m

=
Ic

cm
, (5.1)

where ρm, cm are the density and speed of sound in the surrounding

medium, respectively, Eac is the acoustic energy density and Ic the

characteristic intensity from Eq. (1.14). In the case of perfect reflection it

is twice that value, meaning prad = 2Eac. The effect of the ARF

Frad = pradA =
P

cm
(5.2)

on a target surface A is the underlying principle of how ultrasonic power

balances measure the acoustic power of sound sources. For example, a

fully intercepted and absorbed sound beam in water (cm = 1484 m s−1 at

21 ◦C) results in a force of 0.67µN mW−1.89

5.2.1 Travelling Plane Waves

The ARF on particles, whose dimensions are on the order of the acoustic

wavelength or smaller, mainly results from scattering of the incident

sound wave. Computation of the ARF is therefore based on the solution

to the scattering problem. This work follows the established route

to compute the ARF via partial wave expansion, which is covered by

references regarding the general problem,35,90 the approximation towards

small particle sizes and the radiation potential,91 and the extension

towards arbitrary fields.92 Only the final results will be shown here and the

reader is kindly directed to the cited references for details. The incident

and scattered field are expressed in spherical harmonics where the

coordinate system’s origin is put at the particle center. Once the scattered
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field is obtained the force can be found by integrating the Brillouin

radiation stress tensor over a closed surface around the scatterer.

For a plane travelling wave scattered at a spherical particle there is only

one non-zero component of the force, which is aligned with the wave

propagation, in this case along z . In an inviscid fluid35

Fz =−λmEac

∞
∑

n=0

(n +1) (An +An+1+2An An+1+2Bn Bn+1) , (5.3)

where λm is the wavelength in the medium. The scattering coefficients

An , Bn depend on the size and material composition of the scatterer.

Figure 5.1 shows the computed radiation force acting on spherical

particles in water as a function of their radius a for two selected materials,

polystyrene (PS) and polydimethylsiloxane (PDMS). The general trend

in both cases is for larger particles to feel stronger forces, but particles of

all sizes experience a force of the same sign in the positive z -direction.

Scattering resonances are visible where the particle size approaches the

wavelength.

For small particles (a �λm) Equation (5.3) can be reduced to91

Fz

�

�

�

a�λm

≈
4

9
πa 2Eac

�

f 2
1 + f1 f2+

3

4
f 2

2

�

(kma )4, (5.4)

where a is the particle radius and km the wavenumber in the medium.

This approximation is plotted in red against the exact solution in

Figure 5.1. The approximation somewhat overestimates the force for

larger particle sizes.
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Figure 5.1: Radiation force on a spherical particle exposed to a travelling plane wave
( f = 2 MHz, |p | = 100 kPa, λm ≈ 750µm). Approximation for a � λm shown
in red. (a) Polystyrene (PS), (b) Polydimethylsiloxane (PDMS).

The two parameters introduced in Eq. (5.4) are the monopole

coefficient35

f1 = 1−
ρmc 2

m

ρsc 2
l,s

·
3 (1−νs)

1+νs
, (5.5)

and the dipole coefficient

f2 =
2
�

ρs−ρm

�

2ρs+ρm
, (5.6)

which are used to define the acoustic contrast factor15

Γa =
1

3
f1+

1

2
f2. (5.7)

Coefficient f1 is a function of the Poisson ratioνs, which relates transverse

expansion to axial compression of a material. In this way it also relates

the propagation speeds for compression (i.e. longitudinal) and shear
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(i.e. transverse) waves in the solid particle material. They are denoted

cl,sandct,s, respectively, and33

cl,s

ct,s
=

√

√2 (1−νs)
1−2νs

. (5.8)

For most rigid solids νs = 0.3 . . .0.4 and thus cl,s/ct,s = 1.9 . . .2.5.

However, soft materials including polydimethylsiloxane (PDMS)93 are

characterized by νs→ 0.5 and the ratio increases multifold as the speed

of shear waves approaches zero.

5.2.2 The ARF in a 1D Standing Wave

The same particle located in a one-dimensional standing wave experi-

ences a radiation force depending on its actual position relative to the

pressure nodes and anti-nodes. For a distance h away from the nearest

anti-node (i.e. pressure maximum) the force is35

Fz =λmEac 2 sin (2kmh )×
∞
∑

n=0

(n +1) (−1)n (−Bn +Bn+1+2An Bn+1−2Bn An+1) ,
(5.9)

where a positive force points towards the node. It can be seen how Fz

reaches a maximum at h =λm/8, and equally drops to zero approaching

either node or antinode. The approximation for small particles (a �λm)

in this case is91

Fz

�

�

�

a�λm

≈λmEac 2 sin (2kmh )Γa, (5.10)

where magnitude and direction of the ARF are determined by the acoustic

contrast Γa.
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Figure 5.2: Maximum radiation force Fz on a spherical particle in a 1D standing wave
( f = 2 MHz, |p | = 100 kPa, λm ≈ 750µm). Positive force is towards the closest
pressure node. Shaded regions indicate negative force values of the blue curve, i.e.
direction inversion towards the anti-node. Approximation for a �λm shown in
red. (a) Polystyrene (PS), Γa = 0.17. (b) Polydimethylsiloxane (PDMS), Γa =−0.34.

In Figure 5.2 both exact calculation and approximation are shown in in

blue and red, respectively, for two exemplary materials. At small particles

sizes Fz is positive (negative) as is expected for a particle of positive

(negative) acoustic contrast. Sign inversion takes place for larger particles

in discrete regions, which cannot be predicted by the approximation.

It should be noted that in these regions the particle diameter 2a is larger

than the maximum travel distance towards the nearest (anti-)node, in

this example λm/4≈ 180µm, and thus the practicability of this effect for

particle manipulation is limited. However, it serves as a good comparison

to the travelling wave case.

5.2.3 The Radiation Potential

Lev Gor’kov noted that for small particles (a � λm) exposed to acoustic

fields with sufficiently large spatial variation (i.e. excluding travelling

74



5.2 The Acoustic Radiation Force (ARF)

plane waves) it is convenient to define the ARF as the gradient of a

radiation potential U ,91

F=−∇U , (5.11)

where

U =πa 3

�

1

3
f1
|p |2

ρmc 2
m

−
1

2
f2ρm|u |2

�

. (5.12)

The appropriate term for F in this case is gradient force as opposed to

scattering force since it is independent of the propagation direction of

the incident wave. The formulation of a radiation potential is especially

useful for calculating the force map in resonator geometries, where often

the whole field can be expressed in analytic form. Otherwise it requires

the computation or measurement of the sound pressure in all relevant

dimensions. The potential vanishes if |p |2 and |u |2 are uniform in space,

in which case other terms dominate and lead back to Eq. (5.3).

5.2.4 The ARF for Arbitrary Fields

The ARF on large particles in arbitrary sound fields, such as those

resulting from holographic reconstruction, requires a little more effort.

Sapozhnikov et al. derived an elegant way to compute the radiation force

directly from the AS of the acoustic wave.92 As described in Section 1.2

the AS decomposes the field into elementary plane waves propagating

in different directions throughout the positive half-space. The scattered

field for an elementary plane wave is known from Eq. (5.3). The total

scattered field resulting from an arbitrary incident field is then the sum

of all elementary solutions contained in the AS. The radiation force

can then again be found by integration of the radiation stress over a

closed surface around the scatterer. Since the partial solutions provide
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the force on a scatterer located at the origin, the AS needs to be shifted

accordingly across all sampling points to obtain an extended force map.

This approach is used in the following sections to compute force maps

from measured hydrophone data sets.

5.3 Parallel Particle Assembly

From section 5.2.3 it is clear that for fields with sufficiently large spatial

variation, the force is dominated by the gradient of the acoustic field

variables. In this case the acoustic contrast factor Γa determines the

force magnitude and direction. Considering a reconstructed sound

field a particle with Γa > 0 will be pushed against the sound pressure

gradient away from the focal lines and points. A negative contrast is

thus advantageous to assemble particles with a positive projected image.

However, reaching Γa < 0 in water requires more compressible and less

dense matter. Most solid materials do not satisfy these requirements. One

exception is PDMS, which is consequently used as the model particle to

explore acoustic assembly and fabrication.94

To demonstrate particle manipulation via ARF the setup from Section 3.3

has been expanded by a custom particle chamber, which can be mounted

at a fixed distance from the transducer and hologram. The chamber

is made from a 60 mm diameter acrylic tube, which is cut to 20 mm

length and covered at its top and bottom by 100µm thin sheets cut from

polyethylene terephthalate. Those windows are acoustically transparent,

which means they allow the acoustic wave to pass through the container

with minimal reflection (estimated at less than 10 %) and therein maintain

its travelling-wave character. The schematic of the setup is shown in

Fig. 5.3(a), where the transducer is immersed in the water tank and

oriented pointing up. The cell is positioned so that its top window
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Figure 5.3: (a) Schematic of the experimental setup and assembly mechanism: the particles
are pushed up into the transparent barrier by Fz and gathered in-plane by the
lateral acoustic gradient forces Fx , Fy . (b) Microscopy image of the PDMS particle
suspension used in trapping experiments. Scale bar 300µm. Figure adapted
from reference [1].

5.3.1 Preparation of Soft Silicone Particles

The PDMS microparticles were fabricated in an emulsion using a

technique adopted from the work of Johnson et al.95 The silicone

77

coincides with the plane where the reconstructed image forms. When

the ultrasound transducer is turned on, the particles are pushed upwards

(away from the hologram) in the direction of the acoustic wave until

they hit the top window. There the z -movement is restrained and the

particles migrate within the plane and along the pressure gradient to

rearrange in the shape of the positive acoustic image. When the sound

is turned off the particles disperse, falling under the influence of gravity.

The acoustic assembly is therefore only a temporary state. Formation of

solid permanent objects therefore requires an additional step, which is

discussed below.
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precursor is commercially available (Sylgard 184, Dow Corning, USA)

in two parts, base and curing agent. They were mixed at the standard

ratio of 10 : 1 and added to a water bath with 1 wt% non-ionic surfactant

(Pluronic F108, Sigma Aldrich, USA). The emulsion was heated to 60 ◦C,

continuously agitated at 3600 min−1 using a high-speed emulsifier (Turaxx

T 18, IKA-Werke, Germany) and then left to cure overnight. A microscope

image of the suspension can be seen in Figure 5.3(b). Due to the

fabrication process the PDMS particles are polydisperse with sizes up

to 400µm diameter. PDMS has a density of 1045 kg m−3, bulk modulus of

1.1 GPa and the speed of sound is 1020 m s−1.94 In water these properties

lead to an acoustic contrast factor of Γa = −0.34. Consequently PDMS

particles are attracted to pressure maxima.

5.3.2 Results

The sound image chosen to demonstrate particle trapping is the dove

from Section 3.4. Figure 5.4(a) shows a version of the same hydrophone

scan with scaled amplitude to match the conditions in the experiment.

The manipulation experiments are performed using a custom ultrasound

transducer. It consists of a piezoceramic disc bonded to a thin brass plate

and driven at its first thickness resonance frequency, which was measured

to be 2.06 MHz. The electrical impedance at resonance is relatively low

with 2.9Ω. Particle trapping requires to drive the transducer with a higher

voltage amplitude Utx = 12.5 V and thus electrical power Ptx,el = 27 W,

which results in considerable heating of the device. To minimize

errors from thermal drift and other effects over the long duration of a

hydrophone scan, the measurement is conducted with the transducer

driven at low power with Utx = 5 V and thus Ptx,el = 4.3 W. A manual

check ensured linear scaling between applied voltage amplitude and the

transducer output. Finally, the measured pressure map was scaled by a
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factor of 2.5 to match the higher power conditions used in the trapping

experiment. This pressure map is used as input for the following ARF

computations.
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Figure 5.4: 2D particle assembly. (a) Hydrophone scan of the acoustic pressure field
(amplitude scaled by factor 2.5). (b) Photograph of the particle assembly during
ultrasound exposure. Scale bars 10 mm. The yellow square marks the position of
the detailed view in (c), which further shows computed radiation force vectors
for 150µm diameter PDMS particles. Scale bar, 1 mm. The dashed line indicates
the position of the profile plots in (d). Fx , Fz are calculated from the angular
spectrum decomposition. Figure adapted from reference [1].
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Figure 5.5: Detailed section of Fig. 5.4 (white box) showing (a) force vector map and (b) the
corresponding photograph with trapped particles. Scale bar 1 mm. Figure taken
from reference [1].

When the sound is turned on the particles move as described earlier and

after about 5 s they display the final particle image as seen from the top

in Figure 5.4(b). Individual particles can still be seen moving within the

high intensity regions. An exemplary force map for the section marked

by a yellow box is shown in Figure 5.4(c) along with a profile plot in

panel (d). Another detail section from the head of the dove, marked

by a white square, and the corresponding pressure and force maps can

be seen in Figure 5.5. It is remarkable how well the particle clusters

represent the measured speckles and inhomogeneities in the pressure

map. In most trapping experiments the formation of streaming vortices

could be observed in the fluid cell. The fluid moves upwards in the

center along with the particle motion and downwards near the sidewalls.

Excess particles that are not trapped in the image are recirculated and

eventually sediment out along the perimeter of the bottom window. These

vortices seem to be generated by regular acoustic streaming but also fluid

entrainment due to massive particle motion.
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5.4 Acoustic Fabrication

Acoustic forces can trap and move particles in place and serve as a tool for

contact-free assembly of whole particle colletives into arbitrary shapes.

However, these formations are temporary and disband once the acoustic

forces vanish. By adding a fixation step that permanently binds the

particles to each other a new production technique can be imagined—

Acoustic Fabrication.

5.4.1 General Scheme

Figure 5.6 shows the general scheme of acoustic assembly and fabrication.

The process starts with a homogeneous dispersion of particles in a

suitable phase, e.g. a liquid. Then an ultrasound field is created which

directs particles to preferred positions inside the volume (Fig. 5.6(b)).

The advantage of using acoustic holograms is that the sound pressure

distribution can be controlled with high fidelity and independent of the

container geometry. A global trigger, such as light, heat, or microwave

radiation can be used to fix the particles to each other. In the following

demonstration the particles are fixed via a polymerization reaction

initiated by ultraviolet (UV) light. To achieve this the particles had to be

functionalized with an initiator and dispersed in a solution of precurser

polymer. Upon illumination with UV light, the particles are bound

together while the host polymer solution remains unaffected. The final

product (Fig. 5.6(c)) is a fixed particle composite that can be taken out of

the suspension. The main advantage of this fabrication method is that it

fixes assemblies as a whole, including potentially entire 3D constructs.
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� � �

Figure 5.6: General scheme of acoustic fabrication. (a) A homogeneous dispersion is
exposed to a structured ultrasound field (b), which defines trapping regions for
particles. (c) UV light triggers the fixing reaction and thus permanently fixes the
particles to create the object. Figure taken from reference [16].

5.4.2 Functionalization of Silicone Particles

After assembly the particles need to be permanently joined together.

However, PDMS has no chemically reactive groups on the surface, so

that chemical conjugation or functionalization is difficult.96 This prevents

direct crosslinking of PDMS particles. One solution to this problem is the

mechanical deposition of chemical initiator onto the particle surface. This

can be accomplished by solvent-induced swelling.97

Figure 5.7 illustrates the functionalization scheme of initiator-laden

PDMS particles. First, the PDMS particles were fabricated as described in

Section 5.3.1 and subsequently dried. The particles were then immersed

in a solution of acetone and 1 wt% photoinitiator (2,2-dimethoxy-2-

phenylacetophenone (DMPA), > 98 %, Santa Cruz Biotechnology, USA),

which shows strong absorption of UV light from 310–390 nm.98 The

particles were left under stirring for 30 min. Acetone leads to moderate

swelling of the beads and therefore facilitates the uptake of the initiator

into the PDMS matrix.99 Afterwards the swollen particles were again dried

at room temperature, which physically leaves the initiator molecules on
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or close to the particle surface. The prepared particles were resuspended

and kept in the aqueous solution of 1 %(wt) Pluronic F108 to prevent

aggregation.

a b c
DMPA

PEG-DMA

PDMS PDMS

Polymerized
region

UV

Figure 5.7: Illustration of the preparation of PDMS-DMPA particles to be UV-polymerized
after acoustic assembly. (a) PDMS particles are swollen with DMPA photoini-
tiator in an organic solvent. (b) The PDMS-DMPA particles are distributed in
aqueous solution containing PEG-DMA and assembled by the acoustic forces.
(c) Under UV-irradiation, the polymerized volume of PEG-DMA grows outward
from the particle surface and eventually binds the assembly. Figure taken from
reference [16].

5.4.3 Fabrication of Rigid Objects

Immediately before the experiment, the particle suspension was first

dried and then resuspended at 5 vol% in an aqueous solution of 15 vol%

PEG-DMA (Mn 750 g mol−1, Sigma-Aldrich, USA). A higher concentration

of PEG-DMA on the particles leads to better mechanical strength, but

it also enhances the diffusion of DMPA into the solution, such that the

two effects need to be balanced. The suspension was then filled into

the particle cell and positioned above the transducer in the water tank.

Similar to the assembly process, the distance between hologram and

chamber is set so that the top membrane coincides with the image plane

of the hologram. Once the transducer is turned on and the ultrasound
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field established, the particles assemble within a few seconds in the

shape of the image. Some streaming could be observed, which seems

to be partially induced by both acoustic streaming and by the collective

particle motion in the surrounding liquid. This results in vortices in the

chamber that entrain and recirculate particles that are not trapped in

the focal regions. Moderate streaming helps with the particle transport

and does not negatively affect the acoustic fabrication process. Over

time these recirculated particles deposit along the bottom sidewall of

the chamber where there is less acoustic intensity. When the assembly

is stable, typically in less than 20 s, the UV light (Omni Cure LX 400,

Lumen Dynamics, Canada) is manually switched on for up to 40 s. This

defines start and duration of the photopolymerization, where higher UV

intensities accelerate the curing.

y

x

-π +π0
Phase

20 40 60
p (kPa)

0 804020 60
Sound Pressure (kPa)

a b

c

Figure 5.8: Fixation of silicone particles. (a) Measured pressure field in the image plane
(z = 30 mm ). Corresponding hologram (50 mm diameter) is shown at bottom
left of the image. (b) Particle assembly after 20 s of ultrasound exposure. (c) Fixed
structure after one single exposure (20 s) and a postcuring step (60 s). All scale
bars 10 mm. Figure taken from reference [16].
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a structure, which is thin and not fully continuous. After removing the

top membrane from the chamber the object is subjected to a postcuring

and rinsing step, which also releases the object from the membrane.

The bicycle shown in Figure 5.8(c) was not mechanically stable without

the membrane support.

To arrive at mechanically stable products, more manageable images were

chosen depicting letters of the alphabet with line widths of up to 5 mm.

To further increase the mechanical strength, the assembly and curing

process was repeated up to three times using the same solution. Between

the steps, the chamber was removed from the tank and gently shaken

by hand to redistribute the particles. In each assembly step additional

layers were able to form around the existing fixed particles and partially

filling gaps of the uneven structure. Figure 5.9 shows different letters of

the alphabet that were fabricated using this method.

Figure 5.9: Photograph of mechanically stable and self-supporting objects in the form of
letters A, B and C. Scale bar 10 mm. Figure taken from reference [16].
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a b

Figure 5.10: (a) The fabricated letter "A" held by tweezers. (b) SEM image of PDMS particles
homogeneously covered and connected by the PEG-DMA coating. Scale bar
100µm. Figure taken from reference [16].

intensity of 27.5 mW cm−2. Afterward, the chamber was taken from the

tank, and the top membrane removed. At this point the particle structure

remained attached to the membrane, which was placed on a flat surface

with the structure facing up and then post-cured for 60 s in air using the

same UV lamp. The post-curing step increased the mechanical rigidity

of the structure. Any unused polymer solution was subsequently rinsed

off with deionized water. The structures were finally left to dry at ambient

conditions.

The letter "A" is shown in Figure 5.10(a) held up by tweezers to

demonstrate its self-supporting mechanical strength. A close-up view

(SEM) of the crosslinked particle composite is displayed in Figure 5.10(b),

which shows continuity of the PEG-DMA polymer component covering

the PDMS microparticles.

86

For multi-layer fabrication, it was found benefitial to decrease the

exposure times with every iteration from 25, 20, to 15 s at a constant UV



Chapter 6

Acoustic Manipulation of Objects

This chapter discusses alternative ways of object manipulation through

sound waves. The first part considers acoustic levitation in standing

waves in air. Conventional levitation setups trap particles at nodal points

along the axis between the transducer and a reflector. Replacing the latter

with an acoustic hologram breaks the axial symmetry and creates laterally

separated trapping points. The second part of the chapter presents a

way to use a static hologram, but obtain a seemingly dynamic form

of object manipulation exploiting the interplay of acoustic forces and

surface tension to confine and propel objects. The acoustic hologram

encodes a field of such intricacy that both the amplitude and complex

phase can be defined along a path in the image plane and thereby set the

object’s trajectory. Due to the cyclic nature of phase this concept can move

a particle indefinitely on a circular track as long as the soundfield is active.

This chapter contains excerpts and figures from the article “Holograms

for acoustics”.1

6.1 Levitation in Air

6.1.1 State of the Art

Stable trapping of liquid droplets in an acoustic standing wave has been

observed as early as 1933.100 In these experiments alcohol was added
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to the surfaces of quartz crystals vibrating in the ultrasonic range 67–

91 kHz. The alcohol atomized to a mist, which immediately migrated

to the pressure nodes. The authors then observed coalescence of larger

droplets from the mist that remained in the traps until evaporated, which

lasted up to 2 min.

The relevant field variables for acoustic levitation are shown in Figure 6.1

for the case of a 1D standing wave, where the reflecting boundaries at

top and bottom of the schematic are one wavelength apart. One of the

boundaries is the transducer face driving the resonant field. Most acoustic

levitation systems are of this form with variation in reflector distance and

shape. For example, a curved reflector can improve lateral confinement

on the axis. Displayed are the distributions of pressure p and particle

velocity u , the Gor’kov radiation potential Urad and the resulting acoustic

radiation force Frad.

p u Urad Frad

z

Figure 6.1: Acoustic radiation force in a 1D standing wave. Shown are sound pressure p ,
particle velocity u , radiation potential Urad and acoustic radiation force Frad,
where blue arrows indicate the force direction for particles of positive acoustic
contrast factor Γa > 0.
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6.1 Levitation in Air

one and the acoustic contrast factor Γa = 5/6. All particles levitated in

air therefore experience the radiation force pushing them towards the

closest pressure node (p = 0). Balancing Equation (5.11) with the particle

weight cancels the particle’s radius and results in approximate pressure

amplitudes, 2500 Pa to trap a water droplet and 250–400 Pa for a particle of

expanded PS. Note, that these numbers are only rough estimates because

the radiation potential is valid only for a �λ.

Acoustic levitation has been used for non-contact handling of small

objects, where the adhesion force in conventional grippers typically

starts to become problematic.101 Another application is in container-

free chemistry, which is beneficial for certain crystallization processes.102

One study used an ultrasonic horn opposing a reflector to levitate liquid

droplets in a wide size range up to 5 mm.103 A more sophisticated

arrangement of 1D levitators can move droplets laterally and thus start

and observe chemical reactions without the influence of container

walls.104 Levitation and trapping of solid tungsten spheres (its density is

18.9 g cm−3) has also been shown and even small living animals have been

trapped.105,106 However, over the course of all studies the instrumentation

has hardly changed.

Using PATs created from low-cost ultrasonic distance sensors it was

recently made possible to extend the capabilities of acoustic levitation

in air and dynamically change the nodal positions.107 More recently, this

approach has been improved and shown to be capable of creating more

complex fields such as bottle beams or foci with phase singularities, which

enabled tweezing of expanded PS by a single sided actuator.108,109
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6.1.2 The Acoustic Reflection Hologram

One main hurdle for working with ultrasound in air is the low acoustic

impedance of gases. Those result in poor coupling of waves from the

transducer into the environment. The common approaches of using

horns or resonators to match the transducer with the environment do

not integrate well with the concept of a transmission hologram.

However, an ultrasonic wave that is already propagating through air can

be manipulated via a reflection hologram (see section 2.4.4). Similar to the

transmission hologram the local phase delay can be encoded in a surface

profile. The depth and thus the pathlength of a round trip upon reflection

can be set for each pixel.

Computation of a reflection hologram has to account for multiple

reflections between the transducer and hologram surface. This decreases

the effective degrees of freedom and the resulting fields are much more

simple compared to the transmission holograms projecting a field into

an infinite body of water.

6.1.3 Results

As discussed in Section 2.4, the complexity of a wavefront is described by

the space-bandwidth product SW . To increase the information content it

is therefore necessary to increase the extent of the hologram with respect

to the wavelength. The commonly available ultrasonic transducers for

air are designed for relatively low frequencies 20–100 kHz and without

the space bandwidth SW in mind. The transducer elements used in

reference [109], for example, are driven at 40 kHz and their active element

is about the size of the wavelength in air, which is 8.6 mm.

90



6.1 Levitation in Air

The following levitation experiments employ the same electronic instru-

mentation as described earlier, but instead with a transducer (Multicomp

MCUSD40, Farnell element14, UK) operated at 100 kHz. In air this corre-

sponds to a wavelength of 3.4 mm. The transducer housing’s diameter is

40 mm but the effective crystal diameter was measured to have a diame-

ter of 20 mm. This restricts the space-bandwith product so that only very

simple fields are possible.

In the experiment the transducer was placed opposite a reflection

hologram with an air gap of 25.7 mm. Experiments were conducted with

the cavity oriented vertically or horizontally. In the vertical arrangement

the transducer can be either at top or bottom position. Trapping lifetimes

were around 30 s, mostly limited due to thermal stability and resonance

drift of the transducer, which the manufacturer does not recommend for

continuous excitation.

Transducer

Reflection
hologram

Matching
layer

b

Trapping
points

x

z

a

1

-1

0

U/Umax

Figure 6.2: Levitation via an acoustic reflection hologram. (a) Radiation potential field to
determine trapping sites. (b) Photo of two water droplets stably trapped at the
indicated positions in (a). Scale bar, 5 mm. Gravity is acting downwards. Figure
taken from reference [1].
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Figure 6.3: (a) Water mist, aerosolized at the transducer face, (b) coalesces into droplets
trapped in the acoustic pressure nodes. (c) Calculated radiation potential, where
the+ signs indicate traps with droplets (b). All scale bars, 5 mm. Gravity is acting
downwards. Figure adapted from reference [1].

Figure 6.2(a) shows a schematic of the experimental setup (side view)

with the reflection hologram on top and the transducer positioned below.

Also shown is the computed Gor’kov radiation potential inside the cavity,

where the blue sections represent the minima that solid and liquid

particles are drawn to. The presence of the hologram modifies the 1D

geometry to have two lateral trapping sites. Droplets can be placed and

stably trapped at these sites as shown in Figure 6.2(b). The water droplets

shown in the photograph were manually loaded into the traps with a

precision syringe. An alternative way to load liquids into the trapping sites

is shown in Figure 6.3. It is the same method as reported by Bücks et al.100

Due to the high amplitude of vibration a water film on the transducer

surface will be readily aerosolized (panel (a)). The water mist is then

pushed by the ARF to the pressure nodes, where it coalesces to form larger

droplets (panel (b)).

Solid particles with higher density, up to that of Aluminium

(ρ = 2.7 g cm−3), can be levitated with the same setup as shown in the

photographs of Figure 6.4. The irregular samples were cut from larger

material blocks.
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Lighter objects, such as expanded polystyrene (Figure 6.5(a)) or hollow

glass microspheres (Figure 6.5(b,c)), can even be trapped by the lateral

component of the radiation force as demonstrated in a horizontal

arrangement. The collective glass spheres are compressed into very thin

pancake-like forms.

a b c

g

Figure 6.4: Photos of levitated objects in air. (a) Aluminium, (b) silicon and (c) lithium. All
scale bars, 5 mm. Gravity is acting downwards in all photos. Figure taken from
reference [1].

a b c

g

Figure 6.5: Photos of levitated objects in air in horizontal configuration. The transducer
is visible to the right and the transmission to the left. (a) Two trapped beads
of expanded polystyrene. (b, c) Hollow glass microspheres are trapped in thin
pancake shaped nodal regions. All scale bars, 5 mm. Gravity is acting downwards
in all photos. Figure taken from reference [1].
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6.2 Object Propulsion by Phase Gradients

The preceding chapters and sections mostly ignored the actual wave

propagation direction with regards to particle manipulation. The forward

component was at most used to push particles into the region of interest

and then canceled by barriers, where the assembly happened largely due

to gradient forces. The complex phase, which encodes the propagation

direction and the spatial development of a wave, was freely optimized

during the hologram calculation. However, fixing the phase in the design

process—and especially assigning a monotonically changing variable to

it— enables different forms of object manipulation by the radiation force.

A phase gradient q in an observation plane, with normal vector n, is simply

the in-plane component of the beam’s wave vector k,110

q= k− (k ·n)n. (6.1)

Therefore it is also the corresponding component of the radiation force in

that plane. Unlike the gradient force, whose sign depends on the material

composition of the particle in relation to the surrounding medium (i.e. the

acoustic contrast), the direction of the force resulting from a phase

gradient is the same for all particles. In other words, for a plane wave

incident at angle α

‖q‖= sinα‖k‖. (6.2)

A distinct feature is the cyclical nature of the phase in [0,2π] for

continuous excitation. This essentially allows one to define a closed, e.g.

circular, phase gradient, which is impossible to achieve for an amplitude

based gradient. Phase control can thus perpetually move objects in a

static sound field.
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6.2.1 State of the Art

A related mechanism is the transfer of orbital angular momentum

from helical acoustic waves to levitated or floating objects,63,111 or to

microparticles trapped in highly focused beams.112 Those vortex beams

are characterized by a circular phase relation with azimuthal angle θ that

is quantized to integer multiples of 2π per revolution, as in the term lθ ,

where l ∈ Z is called the topological charge of the beam. This circular

phase results in a central region l/k = l λ/2π, where the field is not

defined and the sound pressure equals zero. Vortex beams are a class of

non-diffractive beams since this singularity persists over long distances,

surrounded by rings of high sound pressure amplitude.

As shown in Section 3.6 the acoustic hologram can project vortex fields

of high topological charge (up to l = 20). The high space-bandwidth of a

printed hologram allows control of the complex phase of the wave field

beyond vortex beams. Advanced beam control is a more mature discipline

in optics. Linear phase gradients have been used with holographic optical

tweezers to induce particle movement in elongated traps.110

6.2.2 Phase Gradient Surfers

Particles floating on the water surface experience a force when exposed

to a water-borne sound wave. When this is combined with oblique

incidence of the acoustic wave the field will couple to the particle which

in turn causes lateral forces that move the object along with the wave.

Typically, this effect just leads to particles floating away from the high

sound intensity areas. However, the radiation pressure of a focused

sound wave causes a deformation of the exposed water surface leading

to static crests.113 The change of curvature across these crests enables
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Figure 6.6: (a) Schematic of the setup showing crests formed at the water-air interface by two
projected concentric rings. The direction of the phase gradient q is shown above
the crests.(b) Oblique angle photograph of the water crests in the experiment.
Scale bar, 10 mm. Figure adapted from reference [1].

trapping of objects in a local minimum of capillary energy. Consider

Figure 6.6(a), which schematically shows a cut through the experimental

setup. There the hologram projects two concentric rings of high sound

pressure amplitude that lead to permanent protrusions of the water

surface. Floating objects that are positioned on top of a crest are

trapped and thereby constrained to only move along the circular track.

The projected pressure amplitude thus defines the path that the particle

can take. If the hologram further encodes a phase gradient on top of

the amplitude, as indicated by the markers, it provides a driving force to

push the particle along its path. The photograph in Figure 6.6(b) clearly

shows the crests on the water surface for the two concentric rings that are

projected by the hologram.

This concept is experimentally demonstrated for two cases—closed and

open trajectories. For each case a hologram encodes an image of a

curvilinear track of constant pressure amplitude with a superimposed

uniform phase gradient of ∼ 1 rad mm−1.

Figure 6.7(a,b) show the amplitude and phase maps, respectively, for

two concentric circular paths with opposite angular phase gradients.
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Figure 6.7: Phase gradients on closed tracks. Calculated amplitude (a) and phase (b) maps
of two closed concentric tracks having phase gradients of opposite signs. The
areas of high pressure amplitude have been highlighted in the phase map.
(c) Time-lapse sequence of two objects placed on the rings and moving in
opposite directions. All scale bars, 10 mm. Figure adapted from reference [1].
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Figure 6.8: Phase gradient on an open track. Calculated amplitude (a) and phase (b) image
of an open track. The areas of high pressure amplitude have been highlighted
in the phase map. (c) Experimental time-lapse squence of a single object placed
at the start of the path (red dot) following the phase gradient along the track. All
scale bars, 10 mm. Figure adapted from reference [1].

Particles placed on these rings will follow the paths indefinitely or until

the ultrasound transducer is turned off, as seen in the superposition

of successive photographs in Figure 6.7(c). These periodic orbits are

dependent on the cyclic nature of phase and would be impossible in any

system driven by static gradients in acoustic pressure.
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The second case is presented in Figure 6.8, where the amplitude and

phase maps are shown in panels (a) and (b), respectively. An object that

is manually placed at any point of the open track, e.g. the starting point

marked by the red dot in panel (c), will follow the entire path until the end.

There it slides off the track and floats away.

These experiments demonstrate how acoustic holograms can define

a potential map for objects to move without the need for dynamic

reconfiguration of the transducer.
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Conclusion

This thesis developed the acoustic hologram as a new approach to shape

ultrasound fields with high fidelity. The work on this topic can be divided

into (1) computation and implementation of the holographic element,

(2) reconstruction and mapping of the sound fields and (3) manipulation

of particles and objects via highly structured acoustic fields. Original

results have been obtained for all three areas of the thesis. It should

be noted, that the methods developed during this thesis are not limited

to static printed holograms but will also be useful for phased array

transducers (PATs) once those provide sufficient element counts.

The acoustic hologram has been developed in analogy to its optical

counterpart, the kinoform,3 which is a phase element imposing an

encoded wavefront onto a passing sound wave. The relative phase lag

across the element is related to the local thickness and the difference in

speed of sound between hologram and surrounding medium. Given a

wave’s amplitude distribution and wavefront its whole evolution in space

can be predicted via the wave equation. This is the basis of holography

and typically the inverse problem is faced, which is the computation of

the hologram for a given target field. To this end the iterative angular

spectrum approach (IASA) has been adapted to the acoustic domain.

This is an algorithm originally proposed for optimization of diffractive

optical elements specifically in the near-field. It has proven effective due

to its use of the angular spectrum method for wave propagation between
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hologram and image planes. Only a few tens of iterations are needed to

converge to a viable hologram.

To create a physical acoustic hologram the optimized result has to be

translated into a thickness profile. Current 3D printers are well-suited to

fabricate the intricate and often irregular surface structures with feature

sizes down to the 100µm range, corresponding to the wavelengths of

ultrasound in water up to 7.5 MHz. Thus, holograms can be printed for

the majority of medical and industrial applications of ultrasound.

Reconstruction of the fields requires only one ultrasound transducer of

the right operating frequency and aperture. In this way, the 3D-printed

hologram presents a new way to shape acoustic fields with complexities

several orders of magnitude higher than conventional methods at a

fraction of the cost compared to PAT. The feasibility of the acoustic

hologram developed in this thesis has been demonstrated for various

different acoustic fields, including single and multiple image planes as

well as vortex beams. The reconstructed fields were mapped and validated

by calibrated hydrophones. These measurements are very precise but also

time-consuming, considering that holograms are capable of encoding

whole 3D fields.

This demanded a new method to quickly scan volumetric sound fields.

A fast scanning method was developed and presented based on an indirect

measurement, which records the temperature evolution of a sound

absorbing membrane. Using an infrared radiation (IR) camera a field of

30 mm×30 mm×60 mm can be scanned in about 33 s compared to several

days using the serial scanning of a hydrophone.

Holographic sound fields were then applied to demonstrate the first

assembly of microparticles in truly arbitrary shapes. The particles were
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arranged in pre-defined 2D patterns on a surface that restricted further

motion in the z-direction due to scattering and acoustic streaming.

Functionalization of the silicone particles further permitted fixation of

the particle assembly triggered by UV illumination. In this process only

the particles are bound to each other and the bulk solution stays intact.

The trigger signal is not limited to UV light. Acoustic fabrication—the

combination of acoustic assembly into objects and subsequent fusion of

the structure is another original result of this thesis.

Concluding this work, it has been shown how acoustic holograms present

an elegant way to create acoustic fields of arbitrary shape. Those fields

can move and arrange microparticles in pre-defined shapes, a first step

towards acoustic fabrication. Future work will explore extending this

concept to full 3D assembly, possibly requiring multiple transducers

in orthogonal or opposite configurations. This step is not trivial and

requires new approaches for hologram computation and inclusion of fluid

dynamic effects (i.e. acoustic streaming).

A second open research problem is the development of spatial sound

modulators in analogy to spatial light modulators. The separation of

generation and modulation of a sound wave has clear benefits in terms

of complexity and modularity of individual components, e.g. when

designing high-power ultrasound transducers. The acoustic hologram

has permitted the generation of the most sophisticated sound fields to

date and is thus expected to lead to several new applications in the field.
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Acoustic holograms present a powerful way for shap-
ing ultrasound fi elds with high fi delity. This work shows 
how to compute and implement phase holograms 
using 3D-printed elements, which enable precise and 
cost-effective phase modulation in the frequency range 
up to 7.5 MHz. Applications are presented for the cases of 
acoustic microparticle assembly and fabrication, as well 
as acoustic levitation and propulsion of objects.
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