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Zusammenfassung

Kavitation spielt heute eine wichtige Rolle in verschiedenen medizinischen Anwendun-

gen. Während die optische Hochgeschwindigkeitsbildgebung ein gängiges Werkzeug zur

Untersuchung der Dynamik von Kavitationsblasen ist, stößt sie in biologischem Gewebe

aufgrund eingeschränkter optischer Zugänglichkeit an ihre Grenzen. Diese Dissertation

nutzt eine Hochbildraten-Plane-Wave-Ultraschalltechnik, die speziell darauf abgestimmt

ist, die schnelle Dynamik von Kavitationsblasen in gewebeähnlichen Materialien zu er-

fassen und ein Echtzeit-Monitoring in biologischem Gewebe zu ermöglichen.

Ein weiterer bedeutender Beitrag dieser Arbeit ist die Untersuchung von kavitationsin-

duzierten Scherwellen in weichen Festkörpern. Es wird gezeigt, dass der nicht-sphärische

Kollaps einer Kavitationsblase in einem weichen Material Scherwellen erzeugt, wobei

die Wellenenergie und die Ausbreitungsrichtung erheblich von der Dynamik der Blase

abhängen. Darüber hinaus wird demonstriert, dass das durch den Kollaps einer Kav-

itationsblase in ein weiches Material verursachte Jetting ebenfalls Scherwellen erzeugt,

deren Energie von der Art des Jettings in das Material abhängt. Die Integration der

Hochbildraten-Bildgebung der Blasendynamik mit der Erfassung von Scherwellen stellt

einen vielversprechenden Ansatz für das Echtzeit-Monitoring thermischer Ablationsprozesse

in biologischem Gewebe dar.

Darüber hinaus führt die Dissertation die kavitationsinduzierte Scherwellen-Rheometrie

ein, eine neuartige Methode zur Bestimmung der elastischen Eigenschaften weicher Mate-

rialien. Durch die optische Verfolgung der durch Kavitation induzierten Scherwellenaus-
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breitung bietet diese Technik einen minimalinvasiven Ansatz zur Untersuchung des Ma-

terialverhaltens. Die Methode zeigt vielversprechende Anwendungen in der Scherwellen-

Elastographie und der Rheometrie und liefert wertvolle Erkenntnisse über die Elastizität

und mechanischen Eigenschaften von Gewebe unter dynamischen Bedingungen.



Abstract

Cavitation plays an important role in various medical applications today. While op-

tical high-speed imaging is a common tool for studying cavitation bubble dynamics, it

faces challenges in biological tissues where optical access is limited. This thesis utilizes a

high-frame-rate plane wave ultrasound technique, specifically tailored to capture the rapid

dynamics of cavitation bubbles within tissue-mimicking materials, offering real-time mon-

itoring potential in biological tissues.

Another significant contribution of this thesis is the investigation of cavitation-induced

shear waves in soft solids. It shows that the non-spherical collapse of a cavitation bubble

within a soft material generates shear waves, with significant differences in wave energy

and propagation direction depending on the bubble dynamics. Additionally, it demon-

strates that jetting caused by the collapse of a cavitation bubble into a soft solid also

generates shear waves, where the energy of these waves is dependent on the type of jet-

ting into the material. Integration of high-frame-rate imaging of bubble dynamics and

shear wave capture presents a promising approach for real-time monitoring of thermal

ablation processes in biological tissues.

Moreover, the thesis introduces cavitation induced shear wave rheometry, a novel

method for assessing the elastic properties of soft materials. By optically tracking shear

wave propagation induced by cavitation, this technique offers a minimally invasive ap-

proach to studying material behavior where the technique shows promise for applications

in shear wave elastography and rheometry, providing valuable insights into tissue elasticity
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and mechanical properties under dynamic conditions.
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Chapter 1

Introduction

In fluid dynamics, bubbles—though appearing simple—exhibit complex and dynamic

behaviors that have captivated scientists, engineers, and researchers across various fields.

They come in different shapes and sizes, from ultra-small nanobubbles[1, 2] difficult to

detect even with advanced imaging techniques, to large bubbles formed by the powerful

forces beneath the oceans[3]. Whether they occur naturally or are intentionally generated

in controlled environments, bubbles are central to numerous physical phenomena and

understanding their dynamics and interactions with other bubbles and their surroundings

is crucial for explaining a wide range of intriguing fluid behaviors.

One of these phenomena is boiling, where vapor bubbles form when the temperature

rises above a certain value[4]. We have all seen them when we bring a pot of water to the

boil. Another interesting phenomenon is cavitation, both of them are illustrated in the

water phase diagram of Fig. 1.1. Boiling occurs when the liquid phase changes into the

vapor phase due to a rise in temperature[4]. Conversely, cavitation occurs when the local

liquid pressure falls below the vapor pressure and a phase transition from the liquid to

the vapor phase takes place[5]. The latter is the main focus of this thesis.

The development of low-pressure regions within a liquid is a common phenomenon

that occur in many different situations. A notable example happens in the fluid flow

found in the Venturi nozzle that consist of a converging channel followed by a diverging
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Figure 1.1: Water phase diagram for the phase transition in boiling and cavitation.

one. Due to mass conservation, the velocity is highest at the location where the cross-

section is smallest. According to Bernoulli’s equation, this specific location experiences

the lowest pressure, thus may result in cavitation[6].

Another example where low pressures are found is the flow vortex[7], which are a very

common flow structures. Due to their rotational dynamics and the resultant centrifugal

forces, the pressure within the core of these structures reduces relative to the surrounding

fluid, making them prone to cavitation in their core.

In addition to the aforementioned mechanisms of pressure reduction in fluid flows,

another situation which can lead to formation of cavitation is during the negative pressure

cycle of intense ultrasound irradiation [8, 9]. The phenomenon is known as acoustic

cavitation, where the alternating low and high-pressure cycles create microscopic bubbles

and compress them in the fluid[10], respectively.

Regardless of the mechanism that triggers cavitation, the subsequent dynamics of the

cavitation bubble follow a common pattern[11]. After bubble formation due to a decrease

in local fluid pressure, the bubble expands as the surrounding fluid pressure falls below

the vapor pressure inside the bubble[11–13]. Inertia then causes the bubble to continue

expanding beyond its equilibrium size, reaching a maximum volume. The bubble then



4 Chapter 1. Introduction

begins to shrink and collapses before rebounding[11–13].

The final stage of bubble shrinkage is termed collapse. The cavitation bubble collapse

is associated with various phenomena that are based on the energy focusing, such as

the generation of high-speed micro-jets[14] and the emission of strong pressure waves. If

occurring sufficiently close to a boundary, these phenomena can potentially cause dam-

age[15, 16] that poses a significant risk, particularly for rotating machinery such as ship

propellers[17, 18], hydraulic turbines[19, 20] and pumps[21].

However, cavitation does not always lead to adverse effects. For example, and as out-

lined for the Venturi above, high pressure driven flow through nozzles in fuel injection

systems are prone to cavitation that leads to a complex interplay of favorable and unfa-

vorable results. While, cavitation is made responsible for erosion[22] and a reduction in

the mass flow rate of the nozzle[23, 24], on the positive side, it plays a crucial role in fa-

cilitating primary jet breakup and fuel atomization[23, 25]. Here, cavitation, contributes

significantly to improving combustion efficiency and reducing pollutant emissions.

There are numerous other examples where cavitation demonstrates its advantage: In

the biomedical context, cavitation is important for kidney stone ablation and fragmenta-

tion[26]. There, single focused shock waves induce cavitation on the surface of the stone,

assisting the break-up of renal stones. This extracorporeal shock wave lithotripsy named

treatment method offers a non-invasive modality to the benefit of the patient. Moreover,

in drug delivery[27], cavitation can enhance the permeability of cell membranes, facili-

tating the targeted uptake of therapeutic agents. Additionally, some of the needle-free

injection systems use pressurized auto-injectors[28] based on cavitation to create a fine

aerosol mist, enabling the efficient delivery of medications through the skin without the

need for traditional needle-based methods. Also, emerging technologies like cavitation-

based surface cleaning[29], micro-pumps in microfluidics[30], and water treatment[31] are

some other applications, where cavitation has proven its benefits.
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1.1 Cavitation bubble formation

While cavitation can naturally occur or be induced artificially in a liquid flow by creating

adequate low-pressure regions, these mechanisms aren’t always suitable for various engi-

neering or research applications. Many situations demand a more controlled approach,

requiring repeatable generation of a single bubble. To meet these specific requirements

for precise control over size, time, and location, various techniques have been developed.

For example, the discharge of underwater explosives generates relatively large bubbles[32]

using electric currents to heat thin and submerged wires rapidly. Once the wires vapor-

ize an explosively expanding cavitation bubble is formed [33]. Another commonly used

technique is focused acoustic waves to generate acoustic cavitation[34]. There, ultrasound

waves are utilized to expand pre-existing gaseous nuclei, or employing tensile waves to

induce tension in the liquid, leading to the rupture and formation of bubbles[32].

1.1.1 Laser-induced cavitation

In contrast to conventional cavitation mechanisms driven by low-pressure regions within

fluid flows, laser-induced cavitation offers a distinct and controlled approach to bubble

formation. This technique, specially interesting for research applications, uses the energy

deposition from short-duration pulsed lasers operating in the femto- to nanosecond range

to generate well-controlled cavitation bubbles[35–37].

The process begins with the focused delivery of a high-intensity laser pulse to a specific

focal volume. At these high laser intensities, the photon number density is sufficient to

initiate multiphoton ionization within the liquid. The electric field of the laser induces an

avalanche effect of initial free electrons, leading to the rapid amplification of the ionization

events[38]. The resulting plasma, experiences a swift cooling phase after the laser pulse

concludes. Following the cooling phase, the plasma recombines and the resulting high

pressure, high temperature vapor explosively expands.

Laser-induced cavitation stands out from ultrasound-based methods by not only gen-

erating a shockwave during the bubble’s collapse but also emitting a shockwave during

bubble nucleation. Figure 1.2 shows an image sequence of a high-speed recording of a
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Figure 1.2: Selected frames from high-speed recording of the dynamics of a laser-induced
cavitation bubble, generated after focusing a pulsed laser in water. The laser pulse prop-
agates upward from below and the bright spot in the first frame shows the plasma region.
A shockwave is emitted during bubble nucleation, a characteristics observed in certain
types of cavitation such as explosion, spark, and laser-induced. The bubble expands to a
maximum size and then collapses and rebounds again (not shown here). A shockwave is
also emitted at collapse, which is characteristics of cavitation in general.

cavitation bubble from nucleation to the first collapse. The shockwaves emitted during

both nucleation and collapse are visualized using shadowgraphy, which detects the den-

sity differences in the liquid caused by refractive index gradients induced by pressure

changes[39].

Laser-induced cavitation offers a high repeatability and excellent control in time and

space of single cavitation bubbles. By varying the laser energy, it is possible to pre-

cisely adjust the generated bubble size. Also, in the examination of cavitation bubble

interactions with other dynamic elements, precise timing of bubble appearance becomes

effortlessly achievable through a careful control of the laser timing. This capability is par-

ticularly advantageous when investigating the impact of cavitation on various dynamic

phenomena, allowing for precise synchronization of bubble generation with specific events

of interest.

1.2 The Rayleigh-Plesset equation

The spherical dynamics of a gas and vapor-filled bubble can be described with an ordinary

differential equation. One of the commonly used equations is the Rayleigh-Plesset model,

derived from the Navier-Stokes equation, see for example [13, 40]. The Rayleigh-Plesset

model simplifies the intricate dynamics of a spherical gas bubble in an incompressible
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liquid, providing a more accessible representation of the bubble’s behavior. A common

form of the Rayleigh-Plesset equation is indicated in Eq. 1.1:

RR̈ +
3

2
Ṙ2 +

p∞(t)− pv
ρ

+
2σ

ρR
+ 4ν

Ṙ

R
= 0 , (1.1)

Here R represents the bubble radius and Ṙ and R̈ denote its velocity and acceleration,

respectively. ρ is the density of the liquid, pv the vapor pressure inside the bubble, and

p∞(t) is the ambient time-dependent pressure acting as an external driving force. σ

denotes the surface tension of the gas-liquid interface, and ν represents the kinematic

viscosity of the liquid.

The Rayleigh-Plesset equation provides a rigorous mathematical framework for quan-

tifying the radial dynamics of spherical gas bubbles within a liquid medium, explaining

key aspects such as growth, collapse, and oscillations[6]. It has been widely utilized in

numerical simulations to estimate the evolution of bubble radius over time, and serves

as a fundamental tool for understanding cavitation phenomena across various disciplines,

from the design of ultrasonic cleaning processes to biomedical ultrasound imaging and

therapeutic applications. It is important to explicitly note that the equation is specifi-

cally applicable to spherical bubbles. In cases where bubbles are formed near a boundary

and the bubbles deviate from spherical shape, the equation is not valid anymore.

1.3 Cavitation in soft solids

The investigation on cavitation has predominantly concentrated on cavitation occurring in

Newtonian liquids - with particular emphasis on water - for a long time. Since Rayleigh’s

seminal work in 1917[41], which predicts that the maximum pressure occurring in a cavi-

tating liquid is directly proportional to the far-field pressure, and inversely proportional

to the size of the cavity, numerous researchers have explored cavitation phenomena in

water across various flow conditions.

However, cavitation can occur in solids too. there, cavitation may occur within the

solid structure itself or in liquid phases of the solid, like water within a hydrogel solution
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or tissues[42]. Depending on the structural strength of the solid, the cavitation activities

could lead to plastic deformation and damage to the solid[43]. For example, cavitation

activities in the brain during sudden impacts on the skull can result in Traumatic Brain

Injury (TBI)[44, 45]. Cavitation in solids has been documented and studied since the

1930s[46, 47]; nonetheless, this phenomena and its related damage mechanisms have re-

ceived significantly less focus than cavitation in liquids[43].

Examining cavitation in soft solids holds significance not only due to its potential

damage on material, but also because it offers a valuable tool for characterizing soft

solids through a technique known as Inertial Microcavitation Rheometry (IMR)[48]. The

essence of IMR lies in comparing experiments involving laser-induced inertial cavitation in

a soft material, captured by a high-speed camera, with a theoretical-numerical cavitation

model. Initially, a constitutive equation is selected, and subsequently, solutions from the

cavitation model are adjusted to match the experimental data. This process enables the

determination of important viscoelastic properties such as viscosity and shear modulus.[49]

To fit a constitutive equation on the experimental data, various models have been

proposed. Initially, cavitation in tissue was modeled within the framework of a Maxwell-

based viscoelastic fluid. This included both the Linear Maxwell model, representing the

material as a series combination of a spring and a dashpot element, and the Nonlinear

Oldroyd model, an extension incorporating nonlinear terms to better capture the intricate

behavior of viscoelastic materials [50, 51]. Considering that soft tissue typically returns to

its initial configuration after deformation, Kelvin-Voigt-based models such as Kelvin-Voigt

[52] and Zener [53] were proposed. In the Kelvin-Voigt model, the material is represented

as a parallel combination of spring and dashpot elements, allowing it to capture both

the instantaneous elastic response and the time-dependent viscous response to applied

stress. Conversely, in the Zener model, the material is represented by a series combination

of spring and dashpot elements, each associated with a relaxation time characterizing

the material’s response to stress. This configuration enables the Zener model to more

accurately capture the viscoelastic behavior of materials across a range of frequencies.

However, in biomedical applications where high-pressure amplitudes are employed, the
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rapid and substantial oscillations of bubbles may give rise to considerable stress and strain

rates. Consequently, it becomes important to consider the compressibility of the neigh-

boring domain near the bubble and to account for nonlinear viscoelastic properties[54].

While the Kelvin-Voigt model addresses the compressibility of the domain[52], it falls

short in considering nonlinear viscoelasticity. Gaudron et al.[54] addressed this limitation

by developing a theoretical framework to model the dynamics of spherical bubbles formed

directly in a viscoelastic medium. In their approach, they incorporated a viscoelastic

model based on Kelvin–Voigt with nonlinear elasticity, utilizing common strain-energy

functions such as neo-Hookean and Mooney–Rivlin. This integration enabled them to de-

rive elastic forces acting on the bubble within Rayleigh–Plesset-like equations. Cohen and

Molinari[55] also, provided analytical solutions for the expansion of a spherical void within

a nonlinear viscoelastic medium. Other researchers have considered additional important

factors in their work. Warnez and Johnsen[56] employed various equations to simulate

single bubble dynamics in viscoelastic media with relaxation. Barajas and Johnsen[57]

proposed a model that integrates the Kelvin–Voigt model and neo-Hookean formulation

to describe bubbles in a viscoelastic medium, accounting for full thermal effects both in-

side and outside the bubble and Zilonova et al.[58] utilized a modified Gilmore-Akulichev

model to investigate the bubble dynamics in soft tissue subjected to High Intensity Fo-

cused Ultrasound (HIFU).

1.4 Elastic waves in soft solids

The distinction between elastic solids, such as human tissues, and Newtonian fluids like

water, is primarily rooted in their mechanical behavior, with elasticity playing a pivotal

role. In the context of cavitation dynamics, this mechanical contrast results in differences

in the behavior of cavitation bubbles within these materials. While Newtonian fluids

exhibit fluid-like behavior, characterized by the absence of shear stress relaxation and the

ability to flow under applied stress, elastic solids possess the capacity to deform reversibly

under stress and return to their original shape upon stress removal[59]. Consequently,

the constitutive models employed to describe cavitation phenomena in soft solids must
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Figure 1.3: a) Schematic representation of longitudinal wave propagation. The direction
of wave propagation aligns with the movement of particles. b) Schematic representation of
transverse wave propagation, with the wave propagating perpendicular to the movement
of particles.

incorporate additional elasticity forces acting on the bubble as described in Section 1.3.

Moreover, in addition to its role in influencing cavitation bubble dynamics, elastic-

ity also manifests another crucial effect in soft solids: the ability to propagate elastic

waves[60]. In Newtonian fluids like water, the propagation of waves is predominantly

confined to longitudinal waves, which travel parallel to the direction of wave motion.

However, in elastic materials like human tissues, elastic waves can propagate in both lon-

gitudinal and transverse directions[60]. Longitudinal waves consist of compressions and

rarefactions of the medium in the direction of wave propagation, whereas transverse waves

exhibit shearing motions that are perpendicular to the direction of wave propagation, as

illustrated schematically in Fig 1.3.

The velocities of longitudinal (vp) and transverse (vs) waves in human tissue are sig-

nificantly different. Longitudinal acoustic waves, for instance, propagate through tissue

at a notably higher speed, typically around vp ≈ 1500m/s, whereas shear waves, repre-

sentative of transverse motion, travel at slower velocities, typically ranging between 1m/s

and 50 m/s in tissues [61].

Longitudinal acoustic waves, owing to their high propagation speed, are extensively

utilized in medical ultrasound imaging where they provide detailed images of internal
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body structures. These waves travel through tissues and reflect back to the ultrasound

transducer, creating real-time visual representations of organs and blood flow. Despite

its widespread use and advantages such as simplicity, affordability, and real-time imaging

capabilities, conventional ultrasound imaging has limitations in assessing tissue mechan-

ical properties, such as stiffness—a crucial factor in distinguishing between healthy and

diseased tissues. To overcome this limitation, elastographic techniques have emerged as

promising alternatives.

Elastography is a non-invasive imaging technique used to detect solid tumors, fibrosis,

and cirrhosis related to chronic liver diseases, leveraging alterations in the viscoelastic

properties of tissues due to particular pathological or physiological processes for diag-

nostic purposes[62]. The initiation of elastography in the early 1990s by Ophir et al.

[63] signified the commencement of several qualitative and quantitative methodologies.

These methodologies can be classified into four primary categories: Compression sonoe-

lastography, transient elastography, tension elastography, and Shear Wave Elastography

(SWE)[64]. The latter one, SWE, introduced by Sarvazyan et al. [65], have emerged

as prominent quantitative techniques, garnering considerable attention. This technique

involves initially generating a shear wave in the target tissue location, followed by mea-

suring its propagation velocity. A spatial elasticity map of the tissue is then rebuilt using

the established relationship between shear wave propagation velocity (Vs) and elasticity

modulus (E) as described in Eq. 1.2:

E = 2ρV 2
s (1 + ν) . (1.2)

Where ρ and ν represent mass density and Poisson’s ratio, respectively [62]. The

reconstructed elasticity maps provide quantitative insights into tissue stiffness variations

and offer valuable diagnostic information, allowing clinicians to identify abnormalities in

tissues. SWE techniques offer several advantages over traditional elastographic methods

by providing real-time, quantitative assessments of tissue elasticity, enhancing diagnostic

accuracy and enabling early detection of pathological changes. Additionally, these tech-

niques are non-invasive, posing minimal risk to patients and reducing the need for invasive
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procedures such as biopsies.

1.5 Aims and objectives

In this thesis, we pursue two main objectives to deepen our understanding of cavitation

in tissues. The first objective involves employing high-frame-rate ultrasound imaging

to study cavitation dynamics in soft materials. Traditional studies of cavitation bubble

dynamics often rely on high-speed optical imaging, which faces limitations when applied

to bubbles within tissues due to restricted optical access. To address this challenge, we

develop an ultrasound technique based on plane wave ultrasound imaging, demonstrating

its effectiveness in capturing bubble dynamics in a Tissue Mimicking Material (TMM).

The second objective aims to explore the generation of shear waves resulting from

the non-spherical collapse of cavitation bubbles within a soft solid and near a solid wall.

Emphasizing the importance of jetting in this process, our study seeks to establish a

connection between the bubble dynamics and the resulting shear wave. This investigation

contributes to our understanding of the impact of bubble distance to a solid wall on shear

wave energy and propagation direction. Initially, to comprehend the physics of shear wave

generation and propagation, we employ an optical method. Subsequently, we demonstrate

the applicability of ultrasound imaging in tracking the generated shear waves, facilitating

their observation in non-transparent media such as tissues. Additionally, we introduce

a novel rheometry technique that utilizes the local propagation speed of the generated

shear waves to construct an elasticity map of the medium.

1.6 Guide to this thesis

Chapter 2 presents the ultrasound imaging of cavitation phenomena both in water,

and a TMM. There, we develop an ultra-fast ultrasound technique using plane wave

imaging to capture fast cavitation bubble dynamics. An experimental setup is developed

that combines high-speed optical and ultrasound imaging to capture bubble dynamics

at sufficient frame rates simultaneously. We also discuss the potential and limits of our
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proposed method.

In Chapter 3, we investigate shear wave generation from non-spherical bubble col-

lapse in a TMM in vicinity of a solid wall. Connecting the distance of bubble from the

solid wall with the bubble dynamics, we demonstrate the importance of jetting for shear

wave generation. Specifically, we show that the stand-off distance affects the shear wave

energy and propagation direction drastically. In this chapter we use a Particle Image

Velocimetry (PIV) technique to visualize shear wave propagation.

Chapter 4 further investigates shear wave propagation using ultrasound techniques.

Initially, we generated shear waves through the non-spherical collapse of cavitation bub-

bles within a soft solid. By utilizing both optical and ultrasound imaging, we effectively

capture the shear wave dynamics. We then explore shear wave generation through bubble

jetting, extending our study to include liquid jets impacting a TMM. Comparative anal-

ysis reveals that stronger jets, which penetrate deeper into the gelatin, produce higher

amplitude shear waves and altered wavefront shapes.

Chapter 5 presents a new rheometry technique using shear wave generation from

cavitation bubbles. There, the local propagation speed of the generated shear wave from

non-spherical collapse of cavitation bubble is measured, from whom the elasticity map of

the medium is build. We show that this technique can be used as a robust rheometry

technique.

Chapter 6 summarizes the key findings of this thesis and discusses their implications

for future research and practical applications. Additionally, we outline the limitations

encountered during our research and propose future directions to overcome these chal-

lenges.



Chapter 2

Ultrasound imaging of cavitation

bubble dynamics

The work presented in this chapter has been published in parts in S. Izak Ghasemian,

F. Reuter, and C. D. Ohl, ”High-speed ultrasound imaging of laser-induced cavitation

bubbles,” Applied Physics Letters, vol. 119, no. 11, p. 114101, 2021, see Ref. [66]. There

I was the lead author. My contribution to the publication was conducting the experi-

ments, performing the data analysis, and drafting the manuscript.

2.1 Introduction

Cavitation-based therapies have gained significant importance in various medical appli-

cations, including the opening of the blood-brain barriers for targeted drug delivery[67],

breaking down kidney stones through kidney lithotripsy[68], and liquefying benign and

malignant tissues using histotripsy techniques[69, 70]. The precise manipulation of cavi-

tation dynamics in these applications minimizes damage to surrounding healthy tissues.

However, controlling these dynamics through exposure parameters to enhance precision

necessitates monitoring of bubble activity.

14
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Traditionally, bubble dynamics in water or transparent TMMs are observed using

optical methods. However, when it comes to studying bubbles within real biological

tissues, optical recording poses significant challenges due to limitations in wavelength and

imaging depth, and in many cases obtaining optical access is even unfeasible[71]. There,

the monitoring of bubble activities is usually accomplished by assessing tissue echogenicity

using conventional line-by-line B-mode ultrasound imaging.

However, there is still some limitations. While this method provides insights into the

presence of residual bubbles, it falls short in capturing the dynamic aspects of bubbles,

such as their maximum radius and after-bounce behavior due to the low frame rate of

the traditional ultrasound imaging methods. This deficiency in imaging capabilities has

served as the driving force behind our research presented in this chapter, motivating us

to record the oscillations of individual bubbles within a TMM using a high frame rate

ultrasound technique.

2.2 Conventional line-by-line ultrasound imaging

In Conventional line-by-line B-mode ultrasound imaging as shown in Fig. 2.1, the medium

is subjected to ultrasound by employing a sequence of focused beams, and the resultant

image is constructed by juxtaposing each scanning line. Neglecting any processing time

considerations for image reconstruction or quality enhancement, this method enables the

acquisition of a single frame after the transducer channels sequentially transmit the beams

and receive the reflected echoes for reconstructing a line of the image. Therefore, the time

requested to produce an entire image frame with Nlines scan lines is[72]:

Tframe =
2 z Nlines

c
. (2.1)

Where Nlines is the number of scan lines, z is the maximum imaging depth and c is the

speed of sound in the medium. The limitation of this approach is quite obvious in reaching

high frame rate ultrasound imaging. The ultrasound wave in this technique needs to scan

the medium for Nlines times which takes relatively long time. For example for an imaging
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Figure 2.1: Conventional line-by-line ultrasound imaging, which involves sending a focused
ultrasound beam into the imaging medium and receiving back echoes to form a line of
image, adopted from Ref.[72]. The time it takes for the echoes to return is used to
determine the distance to the scatterers in the domain. To create a complete 2D image,
this process is repeated line-by-line, scanning across the area of interest in a systematic
manner. Each line is reconstructed individually, and all the lines are then stitched together
to form the full 2D image.

depth of z = 5cm with N = 256 lines in width, the maximum achievable frame rate is 60

Hz. These frame rates are too low in some applications where the quality of the resultant

images are impaired by time constraints. The longer it takes to reconstruct an image, the

more motion artifacts occur. In our case, where we want to capture the fast dynamics

of cavitation bubbles, this is even more crucial, and much faster acquisition times are

necessary.

2.3 Plane wave ultrasound imaging

To address the inherent limitation of low imaging frame rate of the conventional line-

by-line ultrasound imaging, plane wave imaging was proposed[65]. As shown in Fig. 2.2,
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Figure 2.2: Single plane wave ultrasound imaging where multiple elements of an ultra-
sound transducer emit ultrasound waves simultaneously, effectively creating a plane of
ultrasound energy that rapidly covers a wide area of the imaging region, adopted from
Ref.[72]. The echoes from this plane are then received and processed simultaneously, al-
lowing for the fastest possible ultrasound image acquisition, significantly improving the
imaging frame rate.

instead of scanning the medium line by line, this approach allows multiple channels to

transmit ultrasound waves simultaneously, creating unfocused plane waves[65, 72]. With

this approach, the entire image area can be captured in the same timeframe required for

only a single line scan and single plane wave imaging can reach to the maximum possible

frame rate of ultrasound imaging which is only limited by imaging depth and speed of

sound in the medium.

Nonetheless, like any engineering challenge, there is a trade-off: when one aspect im-

proves, another inevitably degrades. In this case, using single plane wave imaging allows

the frame rate to increase by several hundred times compared to traditional ultrasound

techniques. However, the quality of individual images decreases in terms of spatial reso-

lution and contrast[73], as the ultrasound energy is not focused on different lines of the

image using an unfocused plane wave transmission. To restore the typical imaging qual-

ity found in conventional line-by-line imaging, Montaldo et al. introduced plane wave

compounding to enhance the beamforming process by virtually establishing a focus[73].
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2.3.1 Plane wave compounding

Plane wave compounding operates in a manner similar to the averaging techniques used in

signal processing for noise reduction. The concept involves scanning the medium multiple

times with plane waves, each time from different angles, with the aim of altering the

speckle pattern on each scan as shown in Fig. 2.3. Afterwards, the resulting images

are combined through averaging[74]. Objects that are consistently observed in multiple

images are more likely to correspond to actual structures in the medium, while those that

rarely appear across the images are likely noise components. Consequently, by summing

the images, the real scatterers are enhanced, while the noise is suppressed. Increasing the

number of angles in general increases the image quality. Studies have demonstrated that

utilizing plane wave compounding with a sufficient number of angles can achieve image

quality comparable to traditional line-by-line imaging in terms of contrast and signal to

noise ratio[75], all while delivering a significantly higher frame rate compared to line-by-

line imaging. This makes it suitable for capturing rapid dynamic events. However, it is

important to note that in contrast to single plane wave, the imaging frame rate is reduced

in proportion to the number of angles employed.

In all the ultrasound imaging techniques, such as conventional line-by-line, single plane

wave, and plane wave compounding imaging, the received ultrasound signal undergoes fur-

ther processing for the reconstruction of ultrasound images. The central element common

to all these methods is ultrasound beamforming, a critical step that will be explored in

the subsequent section.

2.4 Ultrasound beamforming

Beamforming is a signal processing technique where ultrasound signals received by trans-

ducer elements are combined and phased to generate a focused and coherent ultrasound

beam. This process is fundamental for achieving high-resolution and detailed ultrasound

images[76]. To create a focused and detailed image, beamforming involves delaying the

signals received by each element of the transducer array based on the time it takes for the
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Figure 2.3: Plane wave compounding which involves transmitting multiple ultrasound
beams in planes with different angles, allowing for a wide and comprehensive view of
the target tissue, adopted from Ref.[72]. By then compounding or combining the echoes
received from these multiple angles, a single high-quality image with reduced speckle noise
and improved image quality is generated. This technique has the advantage of significantly
enhancing image resolution and contrast compared to the single plane wave technique,
while maintaining high frame rates.

echoes to reach to each element. As shown in Fig. 2.4, by precisely adjusting the timing

of these signals, beamforming concentrates the ultrasound energy, enhancing spatial reso-

lution and allowing the system to differentiate between structures at different depths[77].

Various beamforming algorithms are employed in ultrasound imaging, each with its own

advantages and disadvantages.

The Delay And Sum (DAS) method stands as the most conventional approach and

serves as the foundational technique in ultrasound beamforming[78]. It involves adjusting

specific time delays for signals received from each element of the transducer array, which

are then summed to create a focused beam with a predefined apodization weight for each

element. Apodization refers to the technique of varying the amplitude of the signals from
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Figure 2.4: Beamforming: Enhancing ultrasound imaging clarity by focusing acoustic
waves. The signals received by different elements of the transducer are aligned through
precise time delays. These aligned signals are then combined, with each channel weighted
by specific apodization factors.

individual transducer elements to control the shape and directionality of the ultrasound

beam. By applying different weights to each element, apodization helps to reduce side

lobes and grating lobes, thereby enhancing the spatial resolution and overall image quality.

While DAS beamforming produces good image quality, it can still be limited by issues

such as grating lobes and side lobes, which can reduce spatial resolution[79].

Adaptive beamforming is another approach designed to improve image quality, partic-

ularly in terms of contrast and signal-to-noise ratio by dynamically adjusting the apodiza-

tion weights and phases of the signals received by individual elements in an ultrasound

transducer array[80–82]. This is in contrast to traditional DAS beamforming, which ap-

plies fixed weight factors and delays to the received signals and then sums them to form

an image. In DAS beamforming, all the signals received by the transducer elements are

combined with fixed delays, which are based on the assumed speed of sound in the tissue.

However, the actual speed of sound can vary within the body, leading to suboptimal image

quality. Adaptive beamforming addresses this limitation by continuously adjusting the

delays and weights of the signals based on the characteristics of the received data[83, 84].

This adaptability allows the system to better account for variations in tissue properties

and improve image quality in challenging conditions.
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Another successful beamforming technique is Delay Multiply And Sum (DMAS), which

combines traditional DAS with a crucial multiplication step[79, 85]. Following time de-

laying of the received signals, the aligned signals are multiplied together to highlight

strong echoes and to reduce the effect of incoherent noise and artifacts. This process

ultimately produces ultrasound images with higher contrast and improved tissue differ-

entiation, making DMAS a valuable tool for enhancing visualization and aiding in the

detection of subtle structures within the imaging medium.

2.5 Experimental facility for ultrafast ultrasound imag-

ing

All ultrasound recordings in this thesis were conducted utilizing a Verasonics research

system (Vantage 64LE; Verasonics, Kirkland, WA, USA), equipped with 128 transmit

channels and 64 receive channels, linked to a 5-MHz linear probe (ATL L7–4; Philips,

Amsterdam, The Netherlands). Verasonics has been extensively utilized by research lab-

oratories for ultrasonic research. The system is well-matched with a variety of Philips

transducers and it offers substantial flexibility in designing sequences for ultrasound ex-

periments. Additionally, it provides direct access to the unprocessed channel data from

each element of the transducer array, along with software capabilities for beamforming

and generating ultrasound images. To have the highest possible frame rate with Verason-

ics, the recordings is done in a so-called super-frame. To have a clear view on super-frame

concept in Verasonics, it is necessary to have a better understanding of the Verasonics

hardware first.

The Verasonics Vantage Research System, illustrated schematically in Fig. 2.5, com-

prises two primary components: the Verasonics data acquisition hardware, which includes

electronic modules for functions such as multi-channel transmit waveform generation, ana-

log receive signal amplification and filtering, digital signal processing, and scan sequenc-

ing; and the host controller computer, which operates software modules within the Matlab

programming environment. These software modules enable users to program and execute
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Figure 2.5: Streamlined system architecture of the Verasonics Research System: The flow
of ultrasound data is indicated by the bold red line starting with the transducer and
ending with the display, adopted from Ref.[86] with permission.

sequences of actions, referred to as events, in both the hardware and software domains.

To create a sequence of events, users write a Matlab script known as a Setup script, which

generates a set of objects loadable into the system. These objects are defined using Matlab

structures that specify various attributes. Upon execution of the setup script, it gener-

ates a binary data file containing all the object structures and programming information,

stored in the format of a Matlab .mat file. This .mat file can be subsequently loaded

into the system using a dedicated loader program, named VSX (short for Verasonics

Script eXecution), which operates as a standard script within the Matlab environment.

This loader program communicates with the hardware via a Hardware Abstraction Layer

(HAL) and conducts checks on the structures extracted from the .mat file. A typical

Matlab setup script contains different elements. Some of the most important ones include
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Transducer Specification, Transmit Specifications, Receive Specifications, Sequence Con-

trol Specifications and Sequence Event Specifications. To describe the super-frame used

in this thesis, in the following, the sequence event specification will be discussed in more

details.

The sequence of events required to acquire one or more frames of ultrasound data are

outlined through a set of Event Objects. Typically, these Event Objects are the final

structures specified in a Setup file. However, to define the objects used by these Events,

it is necessary to have a predefined plan of actions.

Event structures define actions that typically execute in a sequential manner. The

initial action is typically an acquisition, which involves a transmit operation followed by

a receive period. Subsequently, the reconstruction action can process the newly acquired

data to generate an output, and the process action can operate on the reconstructed

output. While it is often useful to combine multiple actions within the same event,

it’s not mandatory. For instance, one can perform acquisitions without involving any

reconstructions or processing. It is important to note that an event can also be a transmit-

only event, with no receive specified, but a receive action must always be accompanied

by a transmit reference.

In a typical frame within the Verasonics system, there is a transmit event followed by

a receive event. Afterward, the received data is transferred from the local memory in the

hardware to the host computer, and the image is reconstructed. One challenge here is

that the data transfer to the host computer takes some time, which reduces the imaging

frame rate.

However, there is an alternative approach where, instead of transferring the acquired

data to the host computer after each frame, a concept called a ”super-frame” is employed.

Immediately after receiving data for the first transmit, the second ultrasound wave is sent,

and the echo data for the second frame is acquired within the same super-frame. This

process is repeated for all subsequent frames. As a result, all the received data for multiple

frames is stored within a single super-frame, which can be transferred to the host computer

once all data acquisition is complete.
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Figure 2.6: Transmit waveform used in all 128 transmit channels, with a center frequency
of 5MHz.

It’s worth noting that the data in the super-frame cannot be used directly for image

reconstruction and the data needs to be separated into individual frames. This separated

frames can then be used in Verasonics’ offline mode for image reconstruction or with a

custom algorithm offline. The full setup script employed in this experiment is available

in Appendix A.

While the Verasonics system hardware can generate arbitrary transmit waveforms,

here we use a simple parametric transmit waveform with four parameters. The first

parameter is the frequency of the transmit pulse which was set as 5MHz. The next

parameter is the amount of time that the transmit drivers are active in the half cycle

period, which was set as 0.67 to generate a digital drive waveform that approximates

a sine wave. This parameter can take the values between 0.1 and 1.0 to control the

amount of power delivered by a transmitter. The third parameter denotes the number of

half cycles in the transmit waveform, which is configured to 2, resulting in a single cycle

burst. The final parameter denotes the initial polarity of the first half cycle, with a value

of 1 representing a positive polarity utilized in this thesis. Detailed information about

the other methods to generate transmit waveforms is available in Verasonics sequence

programming manual[86]. The transmit waveform used in this work is shown in Fig. 2.6.
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2.6 Plane wave imaging of gas bubbles

This chapter primarily delves into capturing cavitation bubble dynamics through plane

wave ultrasound imaging. Before we use the technique for observing fast dynamics of

cavitation bubbles, we set a test experiment to investigate the image quality achieved

through compounding plane waves with different number of angles. This investigation

is important due to the fact that wave compounding results in higher image quality

in expense of reducing the effective frame rate[66] as described in Subsection 2.3. As

capturing fast dynamics of cavitation bubble is the main goal here, having high-frame

rate imaging is crucial and compounding should be essentially limited or even avoided if

possible. All the recording in this work has been done using a super-frame concept as

discussed previously in Subsection 2.5.

For the test experiment, gas bubbles are generated by introducing air through a sub-

merged needle. The generated bubbles then rise due to buoyancy in the cuvette, covering

a distance of approximately 50mm until they reach the free surface, as illustrated in

Fig. 2.7. This method ensures the generation of stable and observable gas bubbles, which

are integral to the study. The custom-made cuvette incorporates an acoustically transpar-

ent window on one of its lateral sides, to which the ultrasound imaging probe is affixed,

while glass windows on the remaining sides allow for optical imaging from a lateral per-

spective. For the acoustically transparent window, we use a low density polyethylene

film.
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Figure 2.7: Experimental setup for imaging ascending bubbles in water using the ultra-
sound plane wave technique, with a maximum imaging depth of 12mm. The bubbles
are generated through a submerged needle. The ultrasound transducer, connected to a
Verasonics system is attached to the cuvette from the left side.

Figure 2.8: A qualitative assessment of single plane wave imaging versus plane wave com-
pounding for visualizing a bubble column in water, using various numbers of tilted angles.
The variable N represents the total number of plane waves employed in the compounding
process. The imaging frame rate is written for each case, showing a reduction in the frame
rates proportional to the number of compounding waves, reprinted with permission from
Ref.[66]. The ultrasound transducer comes from the left side of the images.
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Figure 2.8 presents a comparison of images acquired by employing an increasing num-

ber, denoted as N , of compound waves for reconstructing data obtained at depths ranging

from 3mm to 7.5mm. The images are reconstructed using DMAS as described in Sub-

section 2.4. Imaging frame rate is written under each case. The experiment is carried

out in a single continuous session, involving 21 distinct tilt angles ranging from −10◦ to

+10◦. However, in the first three images only N = 1, 3, 11 angles are used to process the

compound images. For the case where N = 1, a single plane wave at an angle of 0◦ is

chosen. When N = 3, compound waves with angles 0◦, −10◦, and +10◦ are used. And

for N = 11 and N = 21, we additionally consider intermediate angles. It is important to

mention that the millimeter-sized bubbles in this setup ascend at a velocity of 0.3 m/s.

Consequently, they only move approximately 6 µm between two compound waves. Even

at the maximum number of compound waves, the bubble displacement is still less than

fifty percent of the acoustic wavelength. Consequently, in our analysis, we regard them

as static bubbles.

The significant difference in acoustic impedance between water and air results in no-

table acoustic reflection at the liquid-gas interface of the bubbles facing the transducer.

Interestingly, even a single plane wave yields adequate contrast in ultrasound imaging to

identify bubble positions. Incorporating additional angles enhances the signal-to-noise

ratio, minimizes imaging artifacts, and improves vertical resolution. Nonetheless, bub-

ble detection and localization do not rely on compounding. This is of great importance,

as instead of using 21 compounding angles with frame rates of 2.2 kHz, we can utilize

single plane wave imaging with a much higher frame rate of 46 kHz in this case. This

method streamlines processing and, crucially, enhances the attainable frame rate for the

examination of fast dynamics of cavitation bubbles.
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Figure 2.9: a) side view of the setup for generating and recording single cavitation bubbles
in water and gelatin samples. The ultrasound transducer comes from the top and records
data for an imaging depth of 6mm. The cavitation bubbles are generated at a distance
of about 4mm below the transducer through laser breakdown. b) Top view of the setup,
showing the high-speed optical imaging path.

2.7 Single plane wave imaging of transient cavitation

bubbles

As we already know that single plane wave imaging is enough for observing bubbles, in the

next step we explore the rapid dynamics of expanding and collapsing cavitation bubbles

in water using only single plane wave imaging. Fig. 2.9 illustrates the experimental setup,

where the acoustic and optical imaging techniques are employed simultaneously to record

the bubble dynamics. The bubble is observed from two perspectives: from the top using

the ultrasound probe, connected to the Verasonics system and from the side using an

optical high-speed camera (Photron, FASTCAM Mini, AX200). The illumination in the

cuvette’s interior shadowgraphs is conducted using a continuous white LED lamp SMETec
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(9000 lm). Laser-induced cavitation bubbles are produced individually by focusing a

collimated laser pulse (Litron Nano series, Q-switched Nd:YAG, 6 ns, wavelength 1064

nm) into the imaging region with a microscope objective (Leitz, Wetzlar UM 20/0.33).

The optical breakdown at the focal region of the lens initiates the bubble’s dynamics,

including expansion, collapse, and rebound. The high-speed camera captures the bubble’s

dynamics and Simultaneously, the ultrasound imaging system records reflected Radio

Frequency (RF) data from single plane waves. The devices are meticulously synchronized

using a digital delay generator (BNC 525, Berkeley Nucleonics), guaranteeing concurrent

activation of ultrasonic imaging and the camera upon the start of the laser pulse.

2.8 Cavitation bubble dynamics in water

As already discussed in Chapter 1, after focusing the pulsed laser beam into water, a cavi-

tation bubble emerges which rapidly expands to a maximum radius before collapsing, and

subsequently undergoes a series of rebounds and the bubble oscillations eventually cease.

The collapse is usually violent, leading to the formation of multiple bubble fragments. The

minute gas pockets may subsequently float due to buoyancy, and their non-condensable

gas content diffuses back into the liquid, ultimately resulting in the absence of any stable

bubble in the water.

Figure 2.10 displays chosen frames from the high-speed optical recording, illustrating

the dynamics of a cavitation bubble throughout its expansion, collapse, and rebound in

water. The bubble forms around 4 mm beneath the ultrasonic transducer, attaining a

maximum radius of Rmax = 730µm and collapsing 130µs post-formation. A line is also

displayed to indicate the origin of the z-axis, directed downward. The location z = 0

denotes the upper bubble-water boundary at the maximum bubble radius. In the frames

preceding the initial collapse, when the bubble’s center is practically stationary and its

spherical shape is preserved, the difference in z between two consecutive frames roughly

shows with the change in radius. However, following the collapse the bubble’s center

relocates, and the bubble moves toward the transducer, which functions as an attractive

hard barrier. Thus, the displacement of z now signifies not just the change in bubble size
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Figure 2.10: Selected frames of a laser induced cavitation bubble dynamics in water,
recorded at a frame rate of 67500 frames/s, and an exposure time of 4µs. The laser
comes from left side and the ultrasound transducer comes from the top. Before the first
collapse, the bubble center remains almost stationary. However, after collapse, the bubble
moves towards the ultrasound transducer which acts as a rigid boundary.

but also the movement of the bubble.

Figure 2.11: Ultrasound images of the bubble, reconstructed utilizing the DMAS algo-
rithm and acquired through single plane wave imaging technique. The ultrasonic trans-
ducer is positioned horizontally at the top of each frame. A temporal axis is established
under the assumption of a constant sound velocity of cw = 1480m/s.

Moving forward, we investigate the corresponding ultrasound images in Fig. 2.11 which

are reconstructed using the DMAS beamforming algorithm implemented in the ultrasound

toolbox USTB from Ref.[87]. The transmitted ultrasound wave is reflected on the bubble-

water interface. As a result the bright spots in the reconstructed images indicate the

upper-wall position of the bubble, closest to the transducer. While this region is imaged
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effectively, it is important to note that deducing the actual size of the bubble directly

from the acoustic image is not possible. Although the minimum resolvable bubble size

is not studied here, at 276µs when the bubble’s dimensions are only 60µm vertically and

300µm horizontally, it is still well-imaged using the acoustic technique. In contrast to a

z-axis established in the optical images, we define a time axis for the ultrasound images,

with the positive direction oriented downward. The temporal reference, designated as

t = 0, is established at the instance of minimal reflection delay of the initial oscillation

cycle, specifically coinciding with the peak expansion of the bubble.

Under the assumption of an ideal soft reflector, a position-stable bubble, and a constant

sound speed in the liquid, a straightforward relationship exists between the reflection

delay t and the instantaneous bubble radius R(t): t ∝ Rmax − R(t). The proportionality

coefficient is the inverse of the speed of sound, represented as 1/c. Nonetheless, it is

observed that following the initial collapse, the displacement of the bubble centroid and

the non-spherical morphology bring complexity that diverge from this straightforward

equation. To obtain the reflection delay t from the acoustic pictures, a 2D Gaussian is

fitted to the intensity planes of Fig. 2.11. Subsequently, we ascertained the location of

the bubble wall closest to the transducer by locating the peak of the Gaussian fit.

Prior to quantifying the instantaneous bubble radius R(t), the position of the upper

bubble wall z, illustrated in Fig. 2.10, and the reflection delay t, depicted in Fig. 2.11,

are ascertained and presented in Fig. 2.12 as a function of time. The displacement of

the bubble’s upper wall from its maximum size position, derived from optical images,

is depicted on the left vertical axis, whilst the acoustic reflection delay, obtained from

ultrasound images, is shown on the right vertical axis. Both axes have the same origin

for clarity and comparability.

Assuming negligible motion of the bubble center during the initial oscillation cycle,

the evolution of bubble radius extracted from both optical and ultrasound images is

depicted in Fig. 2.13. A comparison with the Rayleigh-Plesset model discussed in Section

1.2 highlights a notable agreement between the experimental findings and the theoretical

model. Measuring the bubble radius from the optical high-speed images is straightforward.
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Figure 2.12: The left axis depicts the displacement of the upper bubble wall from its
maximum size position, whereas the right axis indicates the time delay between the re-
flection of the ultrasound wave from the upper bubble wall in each frame and the frame
associated with the bubble’s maximum size.

However, ultrasound images exclusively reveal the upper wall of the bubble, preventing

the extraction of the absolute bubble radius in each frame. Consequently, only the change

in bubble radius can be assessed from ultrasound images. To establish absolute values for

the bubble radius over time, the maximum bubble radius obtained from the high-speed

camera is utilized. Additional studies are required to confirm determining the bubble

center based on the spherical shockwave emitted during bubble formation and captured

by the ultrasound transducer. By tracing the recorded pressure pulse backward, the origin

of this wave—and thus the bubble’s center—can potentially be identified.

2.9 Cavitation bubble dynamics in Gelatin

The same experimental setup is employed to record laser-induced cavitation bubble dy-

namics in gelatin. Gelatin is a hydrogel with an acoustic impedance similar to that of

water which is a common choice for TMMs[88] and offers adjustable elastic properties

through changes in its concentration. Numerous recent studies have used gelatin to in-
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Figure 2.13: Temporal variation of bubble radius as recorded by a high-speed camera, an
ultrasonic machine, and a fitted Rayleigh-Plesset model.

vestigate the dynamics of cavitation bubbles within an elastic medium[89–91]. In this

process, we prepare samples using powdered gelatin (Gelatin 250 bloom, Yasin Gelatin

CO., LTD) by creating a mixture of gelatin and deionized water at a mass ratio of 4%

(gelatin to water), which is then dissolved in a flask on a hot plate equipped with a

magnetic stirrer. The heated mixture is subsequently transferred into a custom-designed

cuvette measuring 35 × 25 × 55mm3, featuring an open top for ultrasound imaging and

three optically transparent sides to enable accurate laser focusing, clear observation, and

illumination (see Fig. 2.9). Upon reaching room temperature, the samples are refriger-

ated and subsequently returned to room temperature before to use. To minimize wave

reflection, the bottom wall of the cuvette is made from low-density polyethylene film, and

the cuvette is situated atop a water tank with a depth of 60 mm.

After directing the laser beam into the gelatin sample, a cavitation bubble emerges,

undergoing expansion, collapse, and rebound phases similar to those observed in water.

However, in contrast to cavitation in water, a stable bubble remains near the laser focus

within the gelatin for a prolonged duration. Over time, the residual bubbles within the

gelatin may either diminish due to the elastic forces of the gelatin or expand through
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diffusion, particularly if the gelatin is adequately supersaturated[92].

Figure 2.14: Visualization of the dynamics of a laser-generated cavitation bubble within
gelatin. (a) Images captured with a high-speed camera operating at 67, 500 frames per
second. (b) Corresponding ultrasound frames of the bubble, reconstructed using single-
plane wave imaging (N = 1), with the transducer positioned horizontally at the top of
each frame. Both image sets (a and b) are presented at identical spatial scales, assuming
a uniform sound speed of 1540m/s. A temporal axis is provided for the ultrasound data.

In Fig.2.14a, optical results are presented in a similar way to those in Fig.2.10. The

generated bubble in this case reaches a maximum radius of 540µm and exhibits a lifetime

of approximately TL ≈ 104µs. The last optical frame shows the remaining gas bubble.

The same ultrasound technique is also used here for the ultrasound images shown in

Fig.2.14b. There is one outlier within the dataset presented in Fig.2.14b which we would

like to highlight. At t = 104µs, the transducer receivers capture the shock wave emitted

from the collapsing bubble rather than the reflection of the transmitted signal from the

bubble-water interface. Notably, the shock wave’s pressure amplitude is higher that of

the reflected signal, consequently leading to an inaccurate reconstruction of the bubble.

Figure 2.15a illustrates the position of the upper bubble wall z obtained from optical

imaging and the reflection delay t recorded through ultrasound imaging. In the water
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scenario depicted in Fig. 2.12, it is observed that after approximately 300µs, the position

of the upper bubble wall registers a negative value in both z and t. This indicates the

bubble’s movement due to buoyancy here. Conversely, in the gelatin case illustrated in

Fig. 2.15a, at time around 180µs, the bubble position is situated proximate to the bubble

nucleation point.

As observed in Fig. 2.15b, during the initial bubble cycle, there is a notable agreement

between the acoustic and camera data. However, the Rayleigh-Plesset model predicts a

shorter bubble lifespan. Incorporating the elasticity of the gelatin material [93] would

provide a more accurate fit for the collapse and the elasticity of the soft material could

be potentially measured in this way.

2.10 Conclusion

To summarize, this chapter presents an ultrasonic plane wave imaging technique capable

of capturing the dynamics of sub-millimeter-sized cavitation bubbles at ultra-high frame

rates, reaching up to 74.2kHz. The only limiting factors affecting frame rate in this

technique are the speed of sound within the medium and the imaging depth. Validation

of the acquired data is conducted through comparison with optical high-speed imaging

and the application of the Rayleigh-Plesset model to analyze bubble oscillation, both

within water and gelatin serving as a TMM. Utilizing a transparent TMM facilitates

controlled cavitation bubble generation and facilitates direct comparison with optical

imaging techniques.

Although the acoustic wavelength is relatively large, around 300µm, the integration of

significant acoustic contrast and an adequately high sampling rate enables the imaging of

the bubble wall with precision akin to that of high-speed cameras. It is significant that,

despite utilizing a single plane wave imaging technique, the data quality remains elevated,

indicating the possibility of attaining high acoustic framing rates. The analogous quality

of outcomes in a TMM and water substantiates the assertion that plane wave imaging

may serve as an effective method for monitoring transient cavitation in opaque tissues.

However, in vivo measurements are essential for thorough validation.
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Furthermore, the bubble dynamics in tissues are influenced by their elastic properties,

as highlighted in previous studies [93] and the plane wave imaging could provide a means

to monitor the progression of cavitation-based therapies in tissues. The technique also

could be potentially used in thermal-based therapies, such as radio wave ablation, with

monitoring the rapid bubble dynamics. A remaining challenge lies in extending the tech-

nique to monitor deeper into tissues without compromising framing rates. One possible

solution involves sustaining a high excitation pulse rate and applying signal analysis to

targeted delay intervals (gates), similar to methodologies used in high-pulse repetition

frequency Doppler velocimetry [94].
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Figure 2.15: a) Graph depicting the displacement of the upper bubble wall in relation to
its maximum dimension, obtained from high-speed camera data on the left axis, alongside
the time delay between ultrasonic wave reflections off the bubble’s upper wall in each frame
and the frame of maximum bubble size on the right axis. b) Comparison of bubble radius
over time, derived from optical and ultrasound imaging and a fitted Rayleigh-Plesset
model.



Chapter 3

Shear wave by laser-induced

cavitation bubble

The work presented in this chapter has been published in parts in S. Izak Ghasemian,

F. Reuter, Y. Fan, G. Rose, and C. D. Ohl. “Shear wave generation from non-spherical

bubble collapse in a tissue phantom”, Soft matter, vol. 19, no. 48, p. 9405–9412, 2023,

see Ref. [95]. There I was the lead author. My contribution to the publication was con-

ducting the experiments, performing the data analysis, and drafting the manuscript.

3.1 Introduction

As we already talked about it in Section 1.4, Shear Wave Elastography (SWE) is one of

the widely used elastographic techniques to measure tissue elasticity by measuring shear

wave propagation speed in a region of interest in tissue. A crucial step in this technique

involves the generation of shear waves within the tissue, so that in the next step its

propagation speed can be measured. The acoustic radiation force impulse technique is

frequently employed for this purpose.[95, 96]. This method employs focused ultrasound

push beams to create local displacement in the tissue, resulting in the emergence of a

38
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shear wave. Shear waves may also be produced by external mechanical vibrations [97],

Lorentz forces in conductive materials [98], bubble nucleation through electrolysis [99],

and the collapse of cavitation bubbles close to tissue-air interfaces [100].

In this chapter, we demonstrate that the non-spherical dynamics of a cavitation bubble

near a rigid boundary, typically encountered in proximity to hard tissue or bone, results

in the generation of shear waves too. The shear waves caused by cavitation are detected

using high-speed optical imaging, which captures the motion of tracer particles. We

subsequently establish a link between particle mobility and cavitation bubble dynamics by

high-speed photography. Single bubbles are efficiently generated at varying distances from

a solid boundary in a soft solid using a pulsed focused laser beam, as discussed throughout

this thesis. Our exploration of the potential of cavitation bubbles to induce shear waves

is motivated by the rather common occurrence of bubble nucleation in various medical

procedures. Examples include HIFU [101, 102], histotripsy [103, 104], laser lithotripsy

[37, 105], and thermal ablation of tumors [106, 107], to name a few. Cavitation has also

been documented in the brain after skull trauma [45], and in synovial fluid during joint

manipulation [108, 109].

3.2 Experimental setup and methodology

Gelatin samples are used as a Tissue Mimicking Phantom (TMP) as it is transparent

at low concentrations so that it enables us for optical imaging. In addition, the elastic

properties of the TMPs can be adjusted by changing the gelatin concentration. Here the

idea is to measure the displacement field in TMPs over time so that we can follow the

propagation of shear waves in the gelatin samples. The conventional method for mea-

suring the displacement field is based on volumetric seeding of particles in samples and

illuminating the plane of interest with a light sheet. However, we instead seed the par-

ticles in a plane and illuminate the entire volume here. This approach is beneficial since

the main objective in this chapter is to investigate the physics underlying the shear wave

generation by single cavitation bubbles and its correlation with the dynamics of bubbles.

In volumetric particle seeding, the laser pulse intended to create a cavitation bubble is
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absorbed, resulting in the formation of numerous bubbles along the laser beam’s trajec-

tory, complicating the detection of the shear wave produced by an individual cavitation

bubble. To measure the displacement field, we therefore insert graphite particles into a

layer that serves as optical tracers.

Following the procedure detailed in subsection 2.9, the TMPs are prepared by dis-

solving powdered gelatin in deionized water at a mass ratio of 4% (gelatin to water).

The elasticity of parenchymal tissues is comparable to that of a specific concentration of

4%[110]. The mixture is placed into a cuvette (20×20×10 mm3) that has glass windows

on three sides, allowing for optical access for accurate laser focusing, high-speed camera

observation, and illumination.

A 3D-printed spacer, measuring 1mm in thickness, is inserted from above into the

uncured gelatin to introduce the tracer particles at a designated plane. The samples are

thereafter stored in a refrigerator for gelation. Upon curing, the spacer is meticulously

extracted, and the resultant cavity is filled with a newly cured mixture of gelatin and

graphite particles. This mixture is prepared by incorporating graphite particles (Fluka

231-153-3, diameter distribution 5-20 µm) at a mass ratio of 0.1% into the aforementioned

gelatin solution. The samples are once more gelled in a refrigerator. Prior to utilization,

we confirm that the samples have attained room temperature. Following the stimulation

of shear waves in the samples, the propagation of these waves is quantified by the shear-

induced displacement of graphite tracer particles via a PIV approach.

The experimental setup is illustrated in Fig. 3.1. A microscope objective (Mitutoyo

50x, NA = 0.42, nominal working distance 20.5 mm) is employed to concentrate a colli-

mated laser pulse through the base of a cuvette into the thin layer of graphite particles,

resulting in the formation of a single laser-induced cavitation bubble. To attain optical

index matching, the output aperture of the microscope objective and the cuvette are

submerged in water.

The distance of the bubble from the boundary is a critical parameter for characterizing

bubble dynamics, expressed as γ = d/Rmax. In this equation, d denotes the distance

from the center of the plasma to the solid boundary, while Rmax indicates the maximum
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Figure 3.1: Experimental setup for investigating shear waves produced by the non-
spherical collapse of a laser-induced cavitation bubble in a TMM, reprinted with per-
mission from Ref.[95]. (a) Lateral viewpoint: A collimated laser beam is focused at a
preset distance d from the lower cuvette wall to produce a bubble in gelatin infused with
tracer particles. The coordinate system is defined with the wall positioned at z = 0, while
the plasma and bubble centers are situated along the axis of symmetry at r = 0. (b) A
sample high-speed image illustrating the bubble at its maximum expansion. The shear
field exhibits symmetry along the red axis, whereas the blue box defines the quadrant
employed for shear wave observations in this study. The entire plane was infused with
particles to ascertain the symmetry of the shear wave emission in this instance. (c) Top
view of the arrangement: The bubble is generated within a layer of graphite particles,
roughly 1mm in thickness.

bubble radius during expansion. The measurement of Rmax is conducted in the direction

perpendicular to the solid, as detailed in [111]. The graphite particles are tracked using

a Photron camera (Photron, FASTCAM Mini, AX200) at a pixel resolution of 6.5µm

per pixel. The cavitation bubble dynamics are recorded with a much higher frame rates

(500,000 frames per second) using a Shimadzu HPV-X2 camera. The synchronization of

the laser and the high-speed cameras is achieved by a digital delay generator (BNC 525,

Berkeley Nucleonics).

The displacement field is acquired using a PIV technique that measures the velocity

distribution within a fluid or soft solid by analyzing the movement of tracer particles in

image data. For this analysis, we utilize PIVlab, an open-source MATLAB toolbox specif-
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ically designed for PIV applications [112]. We employ the Fast Fourier Transform (FFT)

window deformation algorithm with three passes and interrogation windows of sizes 64,

24, and 16, each with 50% overlap. Sub-pixel estimation is performed using a Gaussian fit

to the integer intensity distribution, which enhances the accuracy of the velocity measure-

ments [113]. Prior to PIV analysis, the images are inverted and background subtracted

using a rolling ball background subtraction method with a radius of 20 pixels.

After extracting particle velocities from the images, the kinetic energy density of the

propagating shear wave can be approximated. Under the assumption of cylindrical sym-

metry of the displacement field about the axis of symmetry (r = 0), the energy density

per unit cross-sectional area, u, at a specific position (r, z) is determined as follows:

u =
dU(r, z)

dA
=

1

2
ρ (2 π r)(V 2

r + V 2
z ) (3.1)

Here, ρ = 1000 kg/m3 signifies the mass density, whereas Vr and Vz indicate the

horizontal and vertical speed components at the location (r, z), respectively. Thus, the

complete cylindrical volume is taken into account.

3.2.1 Symmetry of shear wave generation

In Fig. 3.1b, a selected image of a cavitation bubble is presented, with the axis of symmetry

located at r = 0. As for precise shear measurement high pixel resolution is needed, only

a smaller geometric section can be imaged. To address this, we use the symmetric shear

wave emission and focus on imaging only one quadrant, as indicated by the blue window in

Fig. 3.1b. The symmetry is verified at various stand-offs by capturing the entire geometry

around the bubble. An instance for γ = 0.48 is seen in Fig. 3.2. In the left image area,

the wave propagates at an angle of 8 degrees, whereas in the right section, it propagates

at 10 degrees. The shear wave propagation speeds in both the left and right quadrants

are identical, measured at 1.8±0.12 m/s. Assuming symmetric, we henceforth exclusively

record and process the shear wave within the blue window of Fig. 3.1b. This approach

enables camera recordings at higher resolutions, resulting in more accurate measurements

of displacement throughout the rest of this chapter.
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Figure 3.2: Shear observed in the left and right quadrants produced by a cavitation bubble
at stand-off distance γ = 0.48. The solid boundary is indicated by a dashed line beneath
the frame. Reprinted with permission from Ref.[95].

3.2.2 Assessing tracer particle behavior: following the shear

To verify that the particles conform to the shear motion within the gelatin, we examine

the spatial distribution of particles before and after the cavitation event. Particles that

elastically return to their former positions have moved in synchrony with the gelatin, while

particles that have detached from the gelatin are located at disparate positions. In Fig. 3.3,

an overlay is presented, depicting the initial distribution of particles in purple, and in

green after the shear wave has passed, generated using the Matlab function ‘imshowpair’

where we only show the quadrant window of Fig. 3.1b. This visualization allows for

the observation of differences in particle distribution before the cavitation event and

after the shear passage. Particles that elastically revert to their original position look

black, however little deviations from the initial particle position produce green and purple

coronas surrounding the tracer particles. Particles that are completely green or purple

signify a movement exceeding their length.
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Figure 3.3: Comparison of particle distribution before and after shear wave passage for
γ = 0.15, reprinted with permission from Ref.[95]. Particles are shown in purple at
t < 0, µs (prior to bubble generation) and in green at t = +4300µs (well after the shear
wave exited the frame). The bubble formation occurs at t = 0. Regions in black indicate
particles that elastically returned to their original positions. This behavior is observed
across most of the image area, where the tracers align with the shear flow. The bubble
contour at its maximum expansion is displayed. Only in a small localized region, where
intense bubble activity occurred, the tracers deviate noticeably from ideal behavior. The
scale bar represents 500µm.

The majority of particle positions correspond closely to their initial locations, exhibit-

ing a black appearance. In the lower left corner, where the more intense part of the bubble

dynamics occurred, small colored coronas arise around the particles, and a bigger green

zone emerges, which is an artifact of the leftover bubble. Only locations where particles

elastically adhere to the shear motion are included in the data evaluation, while the lower

left region is omitted from analysis.

3.3 Bubble dynamics effect on shear wave generation

The behavior of bubbles in proximity to a solid surface is intricately linked to the stand-

off distance. Consequently, we initially examine the dynamics of the bubble, highlighting
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three specific stand-off scenarios, before concentrating on the resultant shear waves gener-

ated by these dynamics. Figure 3.4 illustrates selected frames from high-speed recordings

of bubble dynamics at these three stand-offs.

A dashed line at the base of each frame in Fig. 3.4 indicates the position of the rigid

boundary in the experiment, which limits the deformation of the gelatin. Each bubble

is initiated at time t = 0. For γ = 1.85, the bubble undergoes spherical expansion,

reaching a maximum radius of Rmax = 566 ± 6µm at t ≈ 47µs, shown in the top image

sequence of Fig. 3.4. During the subsequent contraction, the bubble’s shape becomes

progressively non-spherical, and an axial jet forms directed towards the solid boundary.

This jet induces axial indentation of the bubble, notably visible in the frame just prior

to collapse at t = 99µs. Such jetting phenomena are commonly observed when bubbles

collapse in vicinity of solids in a liquid or soft material[42].

When the stand-off distance is reduced to γ = 0.97, as depicted in the middle image

sequence of Fig. 3.4, the bubble’s expansion deviates from a spherical shape. The bubble

reaches a maximum radius of Rmax = 555 ± 6µm and undergoes collapse around t ≈

108µs. The collapse instance is determined with greater precision than the interframe

time of 2µs, achieved through backtracking the shockwave emitted during collapse. The

shadowgraphic imaging using an ultrashort pulsed illumination setup effectively captures

the shockwave, enabling accurate determination of the collapse at t = 108µs. Notably,

in the frame just before collapse, i.e. at t = 106µs, the axial indentation of the bubble

appears broader compared to the previous case, indicating a wider jet flow.

At the smallest stand-off distance, γ = 0.11, the bubble reaches a maximum radius of

Rmax = 720 ± 6µm and collapses at t ≈ 116µs, as indicated by the shockwave visualized

through shadowgraphy in the last image sequence of Fig.3.4. In this stand-off regime, a

considerably different bubble dynamics emerges, leading to the creation of a needle jet,

which has been reported in the case of water [114, 115]. This phenomena originates from a

planar, initially boundary-parallel jetting flow, as demonstrated by the kink at t = 108µs.

In contrast to prior instances, the bubble indentation during collapse now manifests in

the radial direction, distinctly observable at t = 110µs. Upon collision of the radial jet at
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the axis of symmetry, a high-velocity, needle-like jet is produced, exerting axial impact

on the boundary. The complex process, taking place between t = 110µs and t = 116µs,

is not depicted in this image sequence.

Next, we will examine the shear waves generated from these three cases of far, interme-

diate, and short stand-off distances. In this step graphite particles were introduced into

the samples following the procedures detailed in section3.2. The propagation of the energy

density associated with the shear wave calculated from Eq. 3.1 in these three stand-off

cases is illustrated in Fig. 3.5. Please note that although the stand-off distances slightly

differ from those in Fig. 3.4, the dynamics remain representative of their respective cases.

The reference time t = 0 corresponds to the moment of bubble generation. Frames

are presented for t > 474µs for the first two cases and t > 148µs for the third case, well

beyond the bubble collapse. These time points ensure that the shear field has adequately

propagated, allowing for clear resolution with the present experimental setup. To clarify,

the shock wave is not visible in these series due to the significantly higher speed of sound,

approximately 1480 m/s, compared to the shear velocity which is less than 2 m/s here.

Consequently, the shock wave propagates out of the imaging frame already 1.1µs after its

initiation at the collapse instance.

At γ = 1.75, a shear wave is emitted horizontally, displaying a propagation velocity of

Vs = 1.84± 0.12m/s. To estimate the uncertainty in shear energy magnitude, we assume

that the shear wave front position is detected with an uncertainty equivalent to 1/3 of

the PIV window size. This velocity aligns with findings from prior studies using a similar

gelatin recipe by Rapet et al. [100], who reported a shear wave velocity of Vs = 1.8

m/s. The propagation velocity is utilized to determine an elastic modulus of 9.8kPa

for the gelatin sample. This calculation is performed using Eq. 1.2, with parameters

ρ = 1000kg/m3 and ν = 0.45 [100].

Before delving into the analysis of the intermediate distance, let’s first examine the sce-

nario at the closest distance, i.e. γ = 0.15, shown in bottom graph in Fig. 3.5. In contrast

to the previous case, the shear wave here propagates predominantly in the vertical direc-

tion, exhibiting significantly higher energy. The total energy in one quadrant amounts to
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Figure 3.4: Behavior of laser-generated cavitation bubbles in a TMM at three distinct
stand-off distances (γ), captured at 500, 000 frames/s, reprinted with permission from
Ref.[95]. The laser pulse was directed upward, focusing from bottom of the cuvette, with
the interface of the solid boundary marked by a dashed line beneath each frame. During
the collapse phase of the bubble, a shock wave is produced. The approximate locations
of the shear wave origins, determined from Fig. 3.6, are highlighted in the corresponding
frames.
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0.4µJ, which is seven times greater than that observed in the γ = 1.75 case. Furthermore,

the wave geometries differ markedly between the two cases. While the γ = 0.15 scenario

generates a planar wave, the γ = 1.75 case produces a wave that is partially spherically

shaped.

Analyzing the intermediate stand-off distance, γ = 0.97, indicates a more intricate

pattern. The phenomenon can be described as a superposition of two shear waves: one

that propagates nearly parallel to the boundary (HS) and another that propagates ap-

proximately perpendicular to the boundary (VS). This indicates that in the intermediate

scenario, both mechanisms for shear wave generation are active, resulting in the produc-

tion of shear waves with approximately equal energy levels. The total shear energy in

one quadrant is approximately three times greater than that recorded in the γ = 1.75

scenario.

3.4 Shear origin

To provide a deeper understanding of the shear wave’s origin, we correlate the shear

wave emission with the bubble dynamics. Firstly, analogous to the center of mass, but

considering the energy distribution instead the mass distribution, we measure energy

centroid in each frame and we track the shear centroid in both space and time. Through

linear extrapolation of the shear wave trajectory, we trace it back in space and time to

localize its origin. Figure 3.6 presents the spatial and temporal propagation of shear

waves for large (γ = 1.75) and small (γ = 0.15) stand-offs, represented in black and

blue, respectively. The reference time t = 0 corresponds to the bubble generation, the

coordinate z = 0 denotes the position of the solid boundary and r = 0 denotes the position

of the axis of symmetry as illustrated in the schematic view of Fig. 3.1.

Figure 3.6a illustrates the plotted trajectories of shear waves in conjunction with the

corresponding bubble shapes at their maximum expansion phase. The centroid of shear

generation must align with the linear extrapolations. In scenarios involving a large stand-

off distance, the shear wave is generated in proximity to the bubble generation area,

specifically at the center of the expanded bubble. In contrast, within the small stand-off
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Figure 3.5: Variation of the areal energy density of shear waves over time for three specific
stand-off distances (γ), reprinted with permission from Ref.[95]. The shear measurement
positions in relation to the bubble are illustrated on the left for each stand-off distance.
The bubble on the left is depicted just prior to collapse, with the stand-off distance d
indicated. The analysis of shear maps is conducted within the area defined by the blue
box in Fig. 3.1b. The Poynting vector of the shear wave, which indicates the direction
of energy flux, is depicted in the first frame for each scenario. The directions of the
Poynting vector are established by following the linear path of the shear wave fronts, as
demonstrated by the slopes of the dashed lines in Fig. 3.6b and c. At a large stand-off
distance (γ = 1.75), the shear wave predominantly propagates in a direction parallel to
the boundary. In contrast, for a small stand-off distance (γ = 0.15), the wave exhibits
predominant propagation in a vertical direction, which is perpendicular to the bound-
ary. In the intermediate scenario (γ = 0.97), a combination of waves propagating both
perpendicular and parallel to the boundary is observed. At t = 563µs, the shear wave
traveling in the vertical direction is designated as ”VS”, whereas the shear wave traveling
horizontally is identified as ”HS”.
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scenario, the shear wave is produced at a location significantly nearer to the solid wall

and external to the area of maximum bubble expansion.

Figure 3.6b provides further detail, illustrating the positions z(t) and r(t) for the

large stand-off scenario. The specified positions denote the coordinates associated with

the trajectory of the shear wave. The centroid of shear wave generation must be aligned

with the dashed lines once again. The trajectory r(t) is of particular significance in this

context, as the shear wave propagates in the r-direction in this scenario. The curve

indicates that the shear wave was produced at the collapse instance TC = 109µs. At this

moment, the trajectory intersects the time axis, and due to symmetry considerations,

negative r coordinates are not permitted. As a result, the centroid of shear emission is

determined to be (r(TC), z(TC)) = (r = 0, z = 1126)µm, which is in proximity to the

bubble generation point (r = 0, z = 1098)µm.

This position precisely corresponds to the region where the jet forms and penetrates

the bubble. The jetting into the bubble is evident from its deformation, as illustrated in

Fig. 3.4 for γ = 1.85 and the time interval 99µs≤ t ≤ 103µs, where concurrent with the

jetting phenomenon is a motion of the bubble toward the rigid wall. The shear wave’s

origin implies that it is the formation of the jet on the upper part of the bubble that

initiates the launch of the shear wave.

The analysis of the small stand-off case, as depicted in Fig.3.6c, presents a more

intricate scenario. This time, in contrast to the previous case, the z(t) trajectory is the

relevant one as the shear propagates in the z-direction. The shear wave could potentially

be generated either around the collapse instance TC, indicating z ≈ 205µm, or at the time

of bubble generation, t = 0, with z ≈ 0µm, or at both instances.

To further elucidate the dynamics of shear generation in this case (γ = 0.15), we

present the time evolution of particles located within the designated potential shear gen-

eration region, highlighted by the blue box in Fig.3.7. The path of an individual tracked

particle is represented by the dashed line, with sudden changes in its slope indicating

the generation of shear. The analysis indicates that shear is predominantly produced at

the wall and during the initial phases of expansion. Additionally, shear is observed to be
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Figure 3.6: The spatial and temporal paths of shear waves are shown for two stand-off
distances, reprinted with permission from Ref.[95]: black represents the large stand-off
(γ = 1.75), and blue denotes the small stand-off (γ = 0.15). Dashed lines indicate linear
fits, which are used to trace the shear wave back in both space and time to estimate its
point of origin. The solid boundary is positioned at z = 0, and TC marks the moment
of collapse. (a) Paths of shear waves and outlines of bubbles at their maximum size.
The bubbles were generated at positions (r = 0, z = 1098)µm and (r = 0, z = 99)µm,
respectively. The shear waves originate from some point along the dashed lines, extended
from t = 0 to t = 1000µs. (b) and (c) illustrate the trajectories of the shear fronts along
the z and r coordinates independently for the two γ scenarios. These plots help narrow
down the potential locations of the shear wave sources. In the large γ (b), the shear
seems to be predominantly produced at the collapse event, as evidenced by the r(t) curve
intersecting the axis of symmetry close to TC. In the scenario where γ is small, and shear
waves propagate in the z direction, the plot of z(t) offers essential insights. This indicates
that the shear originated near the solid boundary, either at the time of collapse or during
the process of bubble formation.
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generated during the late collapse stage and subsequent to the impact of the jet. As a

result, both the expansion and collapse phases play a role in the generation of the shear

wave for the small stand-off case.

3.5 Shear wave propagation angle

In Section 3.4, our findings demonstrated that the shear wave can be produced either

during bubble collapse in the jet region for larger γ or during both expansion and collapse

at the wall for smaller stand-offs. Thus, the shear wave propagates either horizontally

or vertically respectively, whereas the Poynting vector ideally forms an angle of 0° or 90°

relative to the wall. Figure 3.8 illustrates the angle of the Poynting vector with respect to

the axis of symmetry as a function of γ. To assess the uncertainties, we initially compute

the standard error of the slope[116] of the fitted shear wave trajectories. We then calculate

the propagation angle error utilizing the error estimate for the derived quantities[117].

The results demonstrate that for γ < 0.5, shear wave generation occurs in the wall-near

region, whereas for γ > 1, it takes place around the jet. The stand-offs between γ = 0.5

and γ = 1.0 indicate an intermediate regime in which both shear waves are produced.

It is crucial to acknowledge that the shear wave produced in the wall-near region may

be subject to underestimation in our measurements. The observed phenomenon is linked

to the positioning of the shear measurement window in the upper quadrant, indicating a

specific propagation distance of the shear wave into the measurement window along with

associated attenuation effects.

3.6 Shear efficiency

The shear maps illustrated in Fig.3.5 indicate that the smallest γ results in the maximum

shear wave energy. To systematically examine the efficiency of shear wave generation

η, we show the ratio of shear energy to bubble energy as a function of the stand-off in

Fig.3.9, namely η = USW/Ububble. In this context, USW is derived from the area integral

USW =
∫
Ω
u dA, where u denotes the shear wave energy density illustrated in Fig. 3.5,
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Figure 3.7: Investigation of shear wave generation for the small stand-off case (γ = 0.15),
reprinted with permission from Ref.[95]. The temporal evolution of the region marked
by a blue box is presented, with a specific particle’s trajectory traced over time using a
dashed line. Abrupt shifts in the slope of this line during the initial expansion and the
late collapse phases highlight the instances of shear generation.
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Figure 3.8: The angle of the shear wave Poynting vector, measured relative to the axis
of symmetry, reprinted with permission from Ref.[95]. For γ < 0.5, the shear wave
propagates in a direction that is approximately parallel to the axis of symmetry. When γ >
1, its propagation angle shifts to approximately 75◦ relative to the axis. In the transitional
range (0.5 ≤ γ ≤ 1), both shear waves are produced with comparable amplitudes.

and Ω signifies the measurement area. For vertically propagating shear waves that reach

the quadrant of evaluation, the entire wave is in the measurement window. However, for

horizontally propagating waves, a special treatment is necessary. In these instances, we

assume the waves exhibit symmetry about the bottom axis of the evaluation window, thus

we multiply the corresponding energy by a factor of two for cases where γ > 0.5.

The bubble energy is expressed as Ububble = p0V , where p0 = 1bar denotes atmospheric

pressure, and V signifies the maximum bubble volume. To estimate the volume of the

non-spherical bubble, we apply the formula V = 4
3
πR3

max for γ > 1. For stand-offs less

than 1, we utilize the equation V = 4
3
πR3

max − π
3
(Rmax − d)2(2Rmax + d) as outlined by

Bußmann et al. [118], where Rmax denotes the bubble radius at maximum expansion, and

d signifies the bubble seeding distance. Due to the temporal fluctuations of shear energy,

we select the maximum energy for our analysis. We estimate uncertainties by assuming

a spatial uncertainty of 1/3 of the PIV window size for the detection of the shear front.

Figure 3.5 clearly illustrates that shear generation reaches a maximum as γ → 0 and tends

toward zero as bubble dynamics transition to a spherical form, specifically η(γ → ∞) = 0.
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Figure 3.9: Shear generation efficiency plotted against the stand-off distance γ, reprinted
with permission from Ref.[95]. An exponential curve fit of the form η = a exp(b γ) reveals
that shear efficiency decreases exponentially with γ. The fitted parameters are a = 1.22
and b = −1.87, with a root-mean-square error (RMSE) of 0.1241.

This observation aligns with the expected behavior of spherically oscillating bubbles. A

phenomenological fit of the shear generation efficiency is performed utilizing the function

η = aeb γ, where the parameters are defined as a = 1.22 and b = −1.87. The extrapolation

of the fit suggests that, under this configuration, a maximum of η(γ = 0) = 1.22% of the

bubble energy is convertible into shear energy for the specific gelatin concentration used

in this study.

3.7 Shear stress confinement

In this section, we aim to explore the conditions for shear wave excitation and establish a

link with the phenomenon of acoustic emission resulting from the absorption of laser light,

commonly known as photoacoustics. Specifically, in the context of generating acoustic

waves through impulsive laser-induced heating, it has been established that the duration

of heating must be limited to a timeframe shorter than the stress confinement time,

which denotes the time required for stress to propagate across the heating region in
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the form of an acoustic pulse, as discussed by Choi et al. [119]. Consequently, the

stresses can be build up, eventually released through a strong acoustic emissions. This

condition, commonly known as stress confinement, can also be analogously applied to

shear generation. In simple terms, if the duration of shear stress generation is shorter

than the time it takes for shear wave to propagate out of the volume, shear stress will be

confined. This concept can be quantified by considering the Rayleigh collapse time[111],

denoted as TC = Rmax

√
ρ/∆p, where Rmax is the maximum bubble radius, ρ is the

density, and ∆p is the pressure difference between the bubble interior and the ambient

liquid pressure. Concurrently, the shear wave propagates out of the stress generation

volume within a time TSW = Rmax/Vs ≈ Rmax

√
ρ/E, with Vs representing the shear wave

velocity and E denoting the Young’s modulus. Shear stress confinement is then achieved

when TC < TSW or TC/TSW =
√

E/P < 1.

During maximum expansion, the pressure in the bubble is typically close to zero,

allowing us to estimate the pressure difference as the atmospheric pressure, ∆P = 100kPa.

For the current material with an approximate modulus of E ≈ 10kPa, the calculated value

of TC/TSW ≈ 0.1 is expected. This analysis suggests that shear stress confinement is more

challenging to achieve in stiffer materials. As a result, in situations where tissue stiffness

increases during treatment, such as in thermal ablation, the amplitude of the shear wave

may diminish. Thus, monitoring the strength of emitted shear waves during thermal

procedures can yield important information regarding the thermal dose absorbed by the

tissue. Further exploration into shear wave generation as a function of tissue properties,

particularly the elastic modulus, could be a promising avenue for future research.

3.8 Conclusion

In conclusion, this Chapter explores the generation and propagation of shear waves re-

sulting from the non-spherical collapse of laser-induced cavitation bubbles in a TMM.

The investigation, covering various stand-off distances, reveals that distinct shear wave

patterns and dynamics, are associated with different bubble behaviors. Key findings and

implications can be summarized as follows:
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Shear Wave Generation Mechanisms: The study uncovers two primary mecha-

nisms for shear wave generation. For larger stand-off distances, shear waves predominantly

arise during the collapse phase, particularly in connection with the formation of axial jets.

In contrast, for smaller stand-off distances, shear waves are generated both during bub-

ble expansion and collapse, with a significant contribution from the region near the solid

boundary.

Propagation Characteristics: The shear wave propagation exhibits particular pat-

terns depending on the stand-off distance. Larger stand-off distances result in shear waves

propagating predominantly parallel to the boundary, while smaller stand-off distances

yield shear waves propagating in the vertical direction, perpendicular to the boundary.

Intermediate distances exhibit a combination of both orientations.

Shear Wave Efficiency: The efficiency of shear wave generation, quantified as the

ratio of shear wave energy to bubble energy, is systematically analyzed across various

stand-off distances. The results indicate a maximum shear wave efficiency for small stand-

off distances, highlighting the influence of bubble dynamics on shear wave generation. For

spherical bubbles on the other hand, no shear wave will be released.

Connection to Tissue Properties: The study establishes a potential connection

between shear wave excitation and tissue properties, particularly the elastic modulus. The

analysis suggests that shear stress confinement, analogous to stress confinement in photoa-

coustic phenomena, may be a crucial factor influencing shear wave strength. This finding

has implications for monitoring tissue changes, such as stiffening during thermal ablation

procedures. The observed relationship between shear wave strength and tissue properties

opens avenues for therapeutic monitoring, especially in procedures where tissue stiffness

is altered. Monitoring the strength of emitted shear waves may provide valuable insights

into the thermal dose received by the tissue during treatments like thermal ablation.



Chapter 4

Ultrasound imaging of

cavitation-induced shear waves

The work presented in this chapter has been published in parts in J. Rossello, S. Izak

Ghasemian, and C. D. Ohl. “High-speed ultrasound imaging of bubbly flows and shear

waves in soft matter”, Soft matter, vol. 20, no. 4, p. 823-836, 2024, see Ref. [120]. There

I was the second author. My contribution to the publication was data curation, formal

analysis, investigation, software development, visualization, conducting experiments to-

gether with the lead author, and drafting parts of the original manuscript.

4.1 Introduction

The conventional method for monitoring shear wave propagation in biological tissues in-

volves utilizing high frame rate Ultrasound Imaging (USI), with frame rates higher than

1 kHz[121] within the region of interest. To achieve the necessary high frame rate, plane

wave compounding is commonly employed. There, the received RF signals encapsulate in-

formation of the dynamically evolving speckle pattern—the granular pattern that emerges

in ultrasound images due to the interaction of echoes with a large number of randomly dis-

58
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tributed scatterers within the resolution cell[122]. This pattern undergoes frame by frame

changes as the tissue experiences displacement due to the propagating shear wave and

comparing the backscattered signal from two sequential frames, shear wave front could

be localized. Widely employed in SWE, this technique provides valuable insights into

the mechanical properties of tissues with measuring shear wave propagation speed[72–

74]. The method is particularly advantageous for characterizing the stiffness of biological

tissues, offering a non-invasive approach to assess pathological conditions.

After demodulating the recorded RF echoes from K different compounding angles,

In-phase and Quadrature (IQ) data are formed which represents the in-phase (I) and

quadrature (Q) components of the complex analytical signal, often obtained through

quadrature demodulation[123]. After beamforming and summing the K different beam-

formed IQ from different angles, the compounded IQ for each frame is formed. In the

subsequent phase, the compounded IQ data are employed directly for tissue motion esti-

mation. One of the first successful algorithms for estimating tissue motion is the Kasai

Algorithm[124]. Originally designed for measuring blood velocity using Doppler, the al-

gorithm measures the average phase shift respecting the center frequency, to calculate the

displacement between a reference and a displaced signal.

Another widely employed algorithm for displacement estimation is the Loupas auto-

correlator[125]. Serving as an extension of the Kasai algorithm, the Loupas algorithm

uses the information from depth samples within a specified axial range to compute dis-

placement. A key distinction between the Kasai and Loupas algorithms lies in the way

they take the carrier frequency data. The Kasai approach presumes a constant carrier

frequency, whereas the Loupas algorithm computes the average Doppler frequency and

the average RF frequency at each axial point. Essentially, the Loupas algorithm addresses

local variations in the center frequency, thereby enhancing accuracy in displacement es-

timation[126]. Eq. 4.1 presents the final formulation for the axial velocity calculated by

the Loupas algorithm.
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v =
c

2

ts
Ts

arctan

(∑M−1
m=0

∑N−2
n=0 Q(m,n)I(m,n+ 1)− I(m,n)Q(m,n+ 1)∑M−1

m=0

∑N−2
n=0 I(m,n)I(m,n+ 1)−Q(m,n)Q(m,n+ 1)

)

2πfdem + arctan

(∑M−1
m=0

∑N−2
n=0 Q(m,n)I(m+ 1, n)− I(m,n)Q(m+ 1, n)∑M−1

m=0

∑N−2
n=0 I(m,n)I(m+ 1, n)−Q(m,n)Q(m+ 1, n)

)
(4.1)

Here, the axial velocity v is measured across an axial range M and N different frames.

c represents the speed of sound in tissue, ts is the sampling period, Ts is the pulse repetition

period, I and Q denote the in-phase and quadrature components of the IQ data, and

fdem represents the number of wavelengths of the center frequency per RF sample. The

derived axial velocity corresponds to the displacement rate of tissue particles induced by

the propagating shear wave. By measuring the axial velocity (v) from the demodulated

IQ data using the Loupas algorithm, the shear wave’s location is visualized in each frame.

Tracking this location allows for the measurement of its local propagation speed within

the region of interest.

In Chapter 3, the non-spherical collapse of cavitation bubbles was demonstrated to

generate shear waves, with a particular emphasis on optical imaging. There, the explo-

ration focused on explaining the underlying physics governing shear wave generation from

the collapse of cavitation bubbles where a transparent TMM was employed to enable op-

tical imaging. In this chapter, we broaden our investigation by presenting the high frame

rate USI of shear waves generated from non-spherical cavitation bubble collapse within a

soft solid. Additionally, we examine shear waves arising from the jetting phenomenon of

a cavitation bubble penetrating into a soft solid using optical and ultrasound imaging.

4.2 Experimental setup and methodology: Shear wave

generation from bubble collapse inside a soft solid

To mimic the mechanical characteristics of soft tissues, a gelatin mixture is prepared

with a 4% mass ratio of gelatin to water, following the procedure outlined in Chapter 3.
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The prepared gelatin is then carefully poured into a homemade cuvette with dimensions of

12×12×55 mm3. In our initial attempts, we observed that placing a thin layer of graphite

within the gelatin, such as what we did for optical shear wave observation in chapter 3,

did not produce sufficient scattering to generate the required speckle pattern for effective

USI of the shear waves. Subsequently, we modified our approach by integrating graphite

particles into the entire volume of the gelatin samples. This adjustment ensures a more

effective scattering medium, enhancing the visibility of the shear wave in USI.

The experimental setup is illustrated in Fig. 4.1. A collimated pulsed laser is fo-

cused into the gelatin sample from below using a microscope objective (Olympus 10 Plan

Achromat, NA = 0.25). By focusing the laser energy near the lower boundary, a cav-

itation bubble forms within the focal area of the objective, leading to the subsequent

non-spherical collapse of the cavitation bubble and the generation of a shear wave, as

detailed in Chapter 3.

The propagating shear wave is captured using a high-speed camera (Photron, FAST-

CAM Mini, AX200) coupled with a macro lens (Canon MP-E 65 mm f/2.8 1−5× Macro)

and the Verasonics ultrasound system connected to ATL L7-4 (center frequency of 5MHz).

Both imaging systems operate simultaneously, with the ultrasound system having a sam-

pling rate of 62.5 MHz. For the data acquisition, the ultrasound system records RF echoes

from K = 3 different angles at −10◦, 0◦, and +10◦. To enhance image quality, compound-

ing is performed by acquiring data from these multiple angles. The timing of the laser,

the high-speed camera, and the ultrasound system is precisely synchronized through the

use of a digital delay generator (BNC 525, Berkeley Nucleonics).

4.3 Shear wave visualization using graphite particles

as trackers

The same PIV technique presented in Chapter 3 is applied here to visualize the propa-

gating shear wave recorded by the high-speed camera. It is essential to note that due to

the presence of graphite particles throughout the entire volume, laser focusing inside the
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Figure 4.1: Experimental setup for optical and ultrasound imaging of shear waves gen-
erated by laser-induced cavitation bubbles in a tissue mimicking material. a) Side view:
The bubble is generated near the lower wall of the cuvette, undergoing non-spherical col-
lapse and initiating a shear wave. b) Top view of the setup with the bubble generated in
the center of the cuvette, producing a shear wave captured by the high-speed camera.

samples, far away from the solid boundary, was not feasible. Consequently, cavitation

bubbles with very small stand-off distances γ were the only ones that could be generated

in this case. Fig. 4.2 showcases a sequence of PIV visualized images, where an upward

propagating shear wave is observed, similar to what was observed in Chapter 3 for cases

with small stand-off distances.

The recorded ultrasound data is used to visualize the propagating shear wave using the

Kasai algorithm with a frame rate of 7250 fps. A selected sequence of frames is presented

in Fig. 4.3, where the cavitation bubble is created in the lower left corner of the imaging

window, and the ultrasound transducer is positioned from the top. Following the collapse

of the bubble towards the lower wall of the cuvette, two shear waves propagate through

the medium, with only the right-hand wave being imaged to capture a more extended

propagation distance. The gray colormap image indicates the axial velocity of particles,
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Figure 4.2: PIV visualized image sequence illustrating shear wave propagation resulting
from non-spherical collapse of a cavitation bubble with γ = 0.23. The predominant
direction of shear wave propagation is upward, consistent with our earlier observations in
Fig. 3.5 for the small γ case.

with brighter spots indicating higher axial velocity.

It is essential to note that detecting the horizontal velocity of the particles in this

formulation is challenging as the Kasai algorithm measures only the axial velocity. As

previously discussed in Chapter 3 and also visible in Fig. 4.2, the shear waves generated

from small γ cases propagate vertically, causing the particles to oscillate horizontally.

Consequently, it becomes difficult to capture shear waves generated from small stand-

off distances in this configuration and the captured shear waves with ultrasound lack

sharpness, and bright spots in the images are primarily in regions where the shear wave

induces axial velocity. Additionally, as discussed earlier, the presence of particles in the

bulk volume of the sample complicates the generation of bubbles with larger γ cases.
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Figure 4.3: Time evolution of the shear wave induced by bubble activity generated through
laser breakdown, captured by plane wave compounding ultrasound imaging with 3 dif-
ferent angles. The shear wave front (”SW”) is visible as bright spots, highlighted by the
blue arrow.

4.4 Shear wave visualization using bubbles as track-

ers

Initially, placing the graphite particles in a thin layer similar to what we did in Chapter

3, failed to generate the desired ultrasound speckle pattern, resulting in poorly detectable

shear waves. To address this limitation, we opted for a different strategy—dispersing

the particles uniformly throughout the entire volume of the gelatin. This adjustment

increased the scattering effect, significantly improving the visibility of shear waves in

USI. However, this solution brought about a new challenge: the inability to generate

cavitation bubbles far from the solid wall. The laser energy, utilized for bubble generation,

was absorbed by the graphite particles, hindering its penetration deep into the gelatin

sample. This limitation restricted the stand-off distance, allowing only the small γ values

for the generation of shear waves induced by bubbles.

Drawing inspiration from our observations in Chapter 2, where bubbles proved to be

effective scatterers for USI without the necessity for compounding, we revisit our approach.

Considering the efficiency of bubbles as scatterers in ultrasound, we explore the feasibility

of utilizing small gas pockets as tracers for shear wave visualization. In this approach,

we introduce small bubbles into a targeted layer instead of using particles, intending to

leverage their ultrasound scattering properties to track shear waves.
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To introduce small gas pockets as tracers into the gelatin samples, we leverage the

residual bubbles previously demonstrated in Chapter 2. As established in that chapter,

following the collapse of the cavitation bubble in gelatin—distinct from water—a small

gas bubble persists in the sample for a rather long time. In the current context, after

laser focusing and shooting in the gelatin sample, a residual small gas bubble endures

after a few oscillations of the cavitation bubble. Subsequently, by systematically moving

the cuvette in a linear pattern and triggering the laser at each step, a series of gas pockets

are generated along a trajectory. Repeating this process for multiple lines results in the

formation of a layer comprising small gas bubbles, serving as tracers for tracking the

propagating shear wave in the next step.

The setup depicted in Fig.4.1 is employed for the new samples as well. The only

difference is that instead of having graphite particles in bulk, there is only a layer of gas

pockets. In Fig.4.4, the resulting bubble pattern is shown, featuring tracer bubbles with

an approximate radius of 50µm. A laser-induced cavitation bubble is generated near the

solid wall, and the resulting shear wave is captured using USI.

Figure 4.5 illustrates a frame of the propagating shear wave reconstructed using the

Kasai algorithm where Fig. 4.5a depicts the result obtained through compounding with

three angles (−10◦, 0◦, and +10◦) and Fig. 4.5b shows the outcome with a single plane

wave at 0◦. Remarkably, with using bubbles as tracers instead of graphite particles, not

only a layer of trackers is enough to capture shear wave propagation using ultrasound,

but it also eliminates the necessity for compounding and a single plane wave is enough

to capture the shear wave dynamics. Notably, both images reveal a similar pattern,

showcasing the effectiveness of shear wave capture with a single plane wave without the

need for angle compounding using gas cavities as tracers. This approach results in a higher

frame rate for capturing shear wave propagation through the medium. Alternatively, for

the same frame rate, it enables deeper imaging into tissues using a single plane wave

instead of plane wave compounding.
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Figure 4.4: Utilizing bubbles as tracers to visualize shear waves through ultrasound imag-
ing where the ultrasound transducer is positioned from the top. In the laser’s focal region,
where plasma forms, a cavitation bubble is initiated, undergoing non-spherical collapse
near the solid boundary. This process gives rise to a propagating shear wave within the
domain, and its movement is tracked by ultrasound imaging through the presence and
motion of the tracer bubbles.
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Figure 4.5: Ultrasound imaging captures the shear wave generated due to cavitation
activity, using a layer of gas cavities as tracers. (a): Utilizing plane wave compounding
with 3 angles, reaching a frame rate of 8100 fps. (b): Employing single ultrasound plane
wave imaging at a frame rate of 24300 fps.
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4.5 Experimental setup and methodology: Shear wave

generation from bubble jetting

After exploring the generation of shear waves arising from the non-spherical collapse of

cavitation bubbles inside soft solids, we now study the same effect on the surface of a

soft solid using high-speed optical and USI techniques. Specifically, we cover a block of

gelatin with a 1mm thick layer of water and hit the water layer with a focused pulsed

laser at varying depths d relative to the water surface. This, results in the development

of a laser-induced bubble, which evolves into different types of liquid jets depending on

the depth of the laser focus point, as discussed in Ref. [120]. The jet then penetrates the

surface of the gelatin block and moves downward, generating shear stresses that propagate

radially from the injected liquid column.

The experimental setup for the optical and ultrasound detection of shear waves gen-

erated from jetting into the soft solid is outlined in Fig. 4.6. The central component of

the experiment includes an open rectangular cuvette with internal dimensions of 76mm in

length × 12mm in width × 13.5mm in height, with transparent 1mm glass walls on all lat-

eral sides. The ultrasound transducer comes from bottom of the cuvette, which is securely

sealed at the base using a thin layer of low-density polyethylene film, maintaining contact

with the transducer through a fine layer of ultrasound transmission gel. Integrated into

the Verasonics system, the transducer operates at a central frequency of 5 MHz for USI.

The use of a slim low-density polyethylene film at the base ensure an effective seal for

the cuvette without impeding the transmission and reception of ultrasound signals. The

optical recordings are acquired at a frame rate of 25 kfps, utilizing a Shimadzu XPV-X2

camera connected to a LAOWA 60 mm f/2.8 macro lens.

In line with the previous experiment studied in Section 4.4, we utilize bubbles as tracers

in this experiment as well. However, instead of intricately seeding bubbles in a layer, we

employ an alternative method for bubble generation. Here, an unfocused pulsed laser with

a maximum pulse energy of approximately 51mJ illuminates the volume parallel to the

array of transducer elements, creating a cluster of numerous Bulk Laser Bubbles (BLB)s
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Figure 4.6: Experimental setup employed for the investigation of shear waves through
ultrasound imaging and high-speed video recordings simultaneously. The primary com-
ponent of the system consists of a rectangular cuvette with clear glass walls on four sides,
an open top, and a sealed bottom created by a thin polyethylene film that is linked to the
ultrasound transducer for imaging purposes. Tracer bubbles are produced by projecting
an unfocused collimated laser pulse onto the gelatin in the cuvette, aligned parallel to
the surface of the ultrasound transducer. A second green laser pulse was concentrated
just beneath the liquid surface, leading to the formation of a cavity that evolved into a
downward-directed jet within the 4% gelatin block, covered by a fine layer of water.

with a diameter below the pixel size, i.e. 6µm. The process follows the approach outlined

in References [127, 128]. In this setup, the Gaussian laser beam diameter is achieved

through two consecutive lenses with focal distances L1 = 100 mm and L2 = −25 mm,

spaced approximately 75mm apart. The beam is then clipped with a pinhole, resulting in

a final diameter of 1 mm. The gelatin samples are infused with graphite particles. Initially

invisible in optical images, the BLBs can eventually reach a diameter of approximately

1mm after a few minutes. In this context, the particles function as trackers in optical

PIV, and the bubbles play a similar role as contrast agents in USI.
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4.6 Effect of different jets on shear wave propagation

in soft solids

Figure 4.7 presents a comparison of shear waves in gelatin generated by a single laser-

induced bubble alongside three different types of piercing jets. The examination of shear

waves, performed immediately after the liquid attains its maximum depth, employs both

optical PIV (second column) and ultrasound (right column) to monitor particle displace-

ment. The observations indicate that stronger jets, which penetrate deeper into the

gelatin, lead to an increase in shear wave amplitude and cause the wave front to change

from a spherical to a cylindrical shape, originating at the interface between the penetrat-

ing liquid and the gelatin. The results in Fig. 4.7 demonstrate strong agreement between

the optical and ultrasound techniques. Furthermore, it is disclosed that the peak particle

velocity within the gelatin and the amplitude of shear wave oscillations are significantly

greater for all piercing jet scenarios in comparison to the spherical shear waves produced

by a point source when the bubble is directly introduced into the gelatin, as illustrated

in Fig. 4.7(a).

The particles and BLBs are restricted to a 1mm thick observation plane, and due

to the restricted focal depth in the optical images, the displacement measurements in

both the PIV analysis and USI are predominantly unaffected by shear wave components

propagating out of the plane of view. This ensures a high degree of consistency between

the two measurement methods. Additionally, the PIV images indicate that the bubbles

are much smaller than the apparent wavelength of the deformation waves, causing them

to shift with the wavefront without significantly distorting it.

With investigating the radial propagation of shear waves, it becomes apparent that

their oscillatory characteristics are consistently similar, regardless of the jet type or pen-

etration depth. This is evidenced by the temporal evolution of material displacement

recorded by USI, as displayed in Fig. 4.8. The plotted curves illustrate the average par-

ticle velocity within the red-outlined regions in the examples provided in Fig. 4.7. This

analysis confirms the connection between the oscillation amplitude of the shear waves and
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Figure 4.7: Concurrent optical and ultrasonic imaging of shear waves produced by a laser-
induced bubble (a) and three distinct jet configurations (b-d), reprinted with permission
from Ref.[120]. The illustrated scenarios comprise: (a) a single laser bubble created
roughly ∼ 1mm below the gelatin surface, (b) a ”Standard” jet, (c) a ”Intermediate” jet,
and (d) a ”Bullet” jet. The first column presents an optical image depicting the bubble or
jet at its greatest penetration depth, with the injected liquid highlighted in light blue. The
second column depicts a PIV image of the fully developed shear wave, whereas the third
column presents ultrasound displacement data related to the wave. Both PIV and USI
illustrate the mean vertical displacement across three frames centered at t = 2.5± 0.2ms.
The optical frames utilized for PIV were captured at a frame rate of 25 kfps, but USI
functioned at an effective frame rate of roughly 5.5 kfps. To improve the visualization
of the shear waves, the contrast in the USI photos was altered arbitrarily. The surface
region was omitted from the study to prevent interference from intense reflections that
might conceal the shear wave signal. The area examined in Figure 4.8 is delineated by a
red border.
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the jets’ penetration depth.

Figure 4.8: The temporal evolution of ultrasonic particle displacement velocity resulting
from shear waves generated by different forms of jetting bubbles, as depicted in Figure 4.7,
reprinted with permission from Ref.[120]. Each curve illustrates the averaged velocity
profiles inside the red-bordered area in the third column of that figure. The velocities are
normalized by the greatest displacement rate recorded for the bullet jet and a downward
movement is set as positive. To facilitate the comparison of shear waves, the temporal
references of the curves were adjusted to align the displacement peaks, considering the
varying timings of the jets.

The consistency in the behavior and shear wave propagation speed across different

jet types demonstrates the effectiveness of this technique for examining the rheological

properties of opaque materials or in conditions with limited optical accessibility. The

results of elastography evaluations are predominantly unaffected by fluctuations in the

depth of laser focus or the exact quantity of water applied to the soft material. However,

generating BLBs in opaque materials presents a significant challenge due to the limited

penetration depth of lasers in such media. While this thesis effectively visualizes shear

wave propagation using BLBs as tracers in transparent or semi-transparent materials,

extending this approach to fully opaque materials may require further developments,

such as alternative methods for bubble generation or deeper-penetrating laser systems.
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4.6.1 Shear wave generation from bullet jet

Figure 4.8 further supports the idea that bullet jets are the most efficient jets for pro-

ducing strong and uniform wave fronts. These characteristics are influenced by the jet’s

penetration depth, which can be scaled by keeping a consistent ratio between the laser

cavity size (determined by the pulse energy) and its seeding depth. With this considera-

tion in mind, the focus will now shift to the jet piercing mechanism and the specifics of

shear wave generation, concentrating solely on the bullet jet scenario. These two features

are examined in further depth in Fig. 4.9, utilizing PIV images acquired from high-speed

video recordings of a bullet jet. The penetration dynamics are depicted in the first frames

of the sequence. The upper section of the gelatin is affected by the downward jet generated

by the collapse of the laser cavity in the liquid phase. The influence of the liquid column

on the gelatin creates a high-pressure region, squeezing the gelatin surrounding the jet tip.

The localized overpressure displaces the gelatin, causing the liquid column to go down-

ward. This force stretches the soft material perpendicular to the jet’s path, ultimately

resulting in the gelatin’s fracture and facilitating the liquid’s penetration. Significantly,

following the jet tip’s passage through a designated segment of the gelatin, the previously

downward-compressed material is now elevated, as evidenced by the blue region in the

PIV sequence. The compression, fracturing, and release pattern observed in the bullet

jet is similarly evident in the standard and intermediate jets depicted in Fig. 4.7(b) and

(c). Ultimately, as the jet decelerates upon reaching its maximum penetration depth, the

shear stresses confined within the material are released, generating shear waves [129, 130].

These waves are already observable in the final frames of Fig. 4.9 indicated in red.

Figure 4.10 depicts the monitoring of the wave front produced by a bullet jet for a

longer time, employing both PIV methodologies derived from optical pictures and dis-

placement tracking from ultrasound images. Upon emission, the cylindrical shear wave

front traverses the gelatin phantom with minimum distortion, except for the interaction

with its own reflection from the free surface, visible in the upper part of the final frames in

both sequences depicted in Fig. 4.10. The integration of PIV analysis with optical images

demonstrates that the existence of BLBs does not alter the wave front. This is evident
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Figure 4.9: The dynamics of the bullet jet penetration were analyzed using PIV, with
the color bar indicating the vertical velocity component, reprinted with permission from
Ref.[120]. The labeled numbers denote the time elapsed in µs following the laser pulse
directed at the top liquid layer.

when comparing the propagation dynamics in the central region, heavily populated with

bubbles, and the lower region, which is practically devoid of bubbles.

The shear wave is observable over distances spanning the entire length of the ultra-

sound transducer, which is about 20mm. Since the dimensions of the bullet jets are

proportional to the laser cavity size [131], and also as larger jets would produce stronger

shear wave fronts, it is feasible to adjust the volume of soft material being analyzed by

adjusting the region of interests for shear wave propagation monitoring. This approach fa-

cilitates the investigation of shear wave propagation within constrained volumes, enabling

”real-time” elastography in highly localized areas which is especially useful for identifying

tissue anomalies and evaluating the mechanical properties of soft materials.

A method for accurately measuring the propagation speed of shear waves Vs entails

the creation of a particle velocity map, as depicted in Fig. 4.11. The maps, obtained from

both PIV data and USI, illustrate the mean particle velocities (v) along vertical pixel lines

across a horizontal band situated 1.7mm to 4.7mm below the gelatin surface. The selected

Region Of Interest (ROI) was determined by the horizontal propagation direction of the

wave fronts across all jet types (see to Fig. 4.7), rendering it ideal for monitoring the peak

position of the deformation velocity. The outcomes illustrated in Fig. 4.11 correspond to

the optical image sequence depicted in Fig. 4.10.

The particle velocity maps demonstrate a constant shear wave propagation speed Vs.

Consequently, by fitting lines to the points of maximum amplitude within the map, sepa-
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Figure 4.10: Shear wave generation and propagation induced by a high-speed ”bullet”
jet penetrating into gelatin, reprinted with permission from Ref.[120]. The vertical shear
stress imparted by the jet, propagates laterally through the soft solid as a shear wave.
Graphite particles incorporated in the gelatin serve as trackers for optical shear waves
propagation studies using a PIV method, whilst gas pockets enable us for wave tracking
via ultrasound imaging. a) Vertical velocity map obtained from PIV data, overlaid on
high-speed optical images recorded at a frame rate of 25 kfps. b) Ultrasound imaging of
shear waves, captured at a frame rate of 5.5 kfps, utilizing a 2-D autocorrelation method
on the ultrasound data. Similar to Figure 4.7, the near-surface region is excluded from
the USI data.
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Figure 4.11: Vertical component of the particle velocity mapped against horizontal posi-
tion and time, averaged over a depth range from 1.7 to 4.7 mm below the gelatin surface,
reprinted with permission from Ref.[120]. Positive velocities indicate downward mobility,
with x = 0 denoting the bubble’s center on the horizontal axis and t = 0 representing the
moment of bubble nucleation. a) Velocity map obtained from PIV applied to high-speed
optical pictures, with a spatial resolution of 25.3 µm per pixel and a temporal resolution of
40 µs. The red zone signifies the shear wavefront, whereas the blue area denotes negative
velocity. b) A map generated from the axial velocity field utilizing the Loupas 2-D au-
tocorrelator applied to the ultrasound data. The velocity field is displayed in normalized
format. The shear wave propagation velocity is determined by fitting a line to the peak
displacement velocity recorded in the particle velocity maps, resulting in Vs = 0.91± 0.01
m/s from the PIV approach and Vs = 0.89± 0.03 m/s from the USI. c) Averaged velocity
field along the x-coordinate inside the interval designated between 1.5mm and 2.5mm, as
indicated by the red box in a) and b). The assessed area is also depicted in the inset of
c).
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rately for the leftward and rightward propagating waves, Vs can be accurately estimated.

For the bullet jet illustrated in Fig. 4.11, Vs is calculated 0.91 ± 0.01m/s from the PIV

data and 0.89± 0.03m/s from the USI. Moreover, the decay rate of particle velocity can

be derived from these maps. Figure 4.11(c) illustrates the displacement caused by the

shear wave traversing the specified section of the gelatin block, as depicted in the inset.

The graphic depicts the temporal progression of particle velocity derived from the red-

highlighted ROI in both the optical (a) and US displacement (b) maps of Fig. 4.11. The

sharper peak in the optical data compared to the ultrasound data suggests that the PIV

method provides superior spatial resolution relative to the acoustic technique.

These findings illustrate that even a modest presence of bubbles within the gelatin

medium is adequate for characterizing shear wave behavior and determining its velocity

using ultrasound. In our experiments, we observe an approximate density of 5 bubbles

per square millimeter, with an average cavity radius of 76.3µm. Employing the same

analytical approach outlined in Fig. 4.11, we process all available data. The average

propagation velocities for each jet type is as follows: Vsj = 0.95±0.5 m/s for the standard

jet, Vij = 0.92± 0.5 m/s for the intermediate jet, and Vbj = 0.96± 0.5 m/s for the bullet

jet.

4.7 Conclusion

In this chapter, we detail an experimental setup to visualize shear wave propagation using

ultrasound techniques. Initially, shear waves are generated via the non-spherical collapse

of cavitation bubbles inside a soft solid. By integrating graphite particles throughout the

gelatin, we successfully visualize shear waves using both optical and ultrasound techniques.

Additionally, we demonstrate that using bubbles as tracers instead of graphite particles

eliminates the need for complex angle compounding, allowing for higher frame rates.

Furthermore, we investigate shear wave generation from bubble jetting, extending our

study to include shear waves produced by liquid jets impacting the surface of the gelatin.

Comparative analysis between shear waves generated by different types of jets reveals that

stronger jets, which penetrate deeper into the gelatin, result in higher amplitude shear
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waves and altered wavefront shapes.

Our findings underscore the potential of these methodologies for examining the me-

chanical properties of soft materials and tissues. They offer insights into the interaction

between cavitation dynamics and shear wave propagation. This work lays a foundation for

further exploration and optimization of shear wave elastography techniques, particularly

in contexts where optical access is limited. It emphasizes the utility of combining optical

and ultrasound imaging for comprehensive material characterization.
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Chapter 5

Cavitation Induced Shear Wave

Rheometry

5.1 Introduction

The characterization of soft materials plays a pivotal and intricate role in various research

and engineering applications[132], particularly within the field of biomedical engineering,

where the mechanical properties of soft tissues are closely associated with their physio-

logical functionalities. However, characterizing soft materials presents challenges due to

time-varying, inhomogeneity, and strain rate dependency of their mechanical properties.

Traditional techniques measure bulk material properties under quasi-static loads. For

example, approaches such as the split Hopkinson pressure bar and Taylor impact test are

suggested for high strain-rate measurements; however, their applicability to soft matter

is limited [132–134].

Another interesting method for characterizing soft solids involves utilizing cavitation

to measure tissue properties. One such approach is the use of Cavitation Rheology Tech-

nique (CRT)s, which generate a cavity in soft matter through needle injection [135–137].

This technique, assessing the critical pressure of mechanical instability, is cost-effective

80
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and minimally invasive. However, its application for measuring the high strain rate elastic

modulus is limited due to the injection speed. Another method involves using an existing

residual bubble in soft materials[92]. In this approach, the mechanical properties of the

soft material can be estimated by observing bubble motion under an acoustic radiation

force [138–140]. Yet, this method is constrained to materials under dissolved gas supersat-

uration, where the residual bubble remains stable for a relatively extended period. Other

techniques that use cavitation to measure tissue properties include IMR, which is capable

of characterizing soft materials at various strain rates [141, 142] (see Section 1.3).

As demonstrated in Chapters 3 and 4, the non-spherical collapse of cavitation leads

to the generation of shear waves. Inspired by shear wave elastography techniques, this

chapter introduces a methodology termed Cavitation-induced Shear Wave Rheometry

(CSWR), where the measurement of shear wave propagation speed is employed to assess

the elasticity of a TMM. Here we use photoelastic imaging—an optical technique for

capturing shear wave propagation in soft solids—while keeping in mind that the same

approach can be applied using optical PIV and ultrasound techniques discussed in previous

chapters.

5.2 Photoelastic imaging

Photoelastic imaging is a non-destructive technique primarily used to visualize and ana-

lyze stress and strain distribution in transparent materials subjected to mechanical loads

or deformations. The technique is based on the photoelastic effect, which exploits the

phenomenon of birefringence to study stress in materials. Birefringence refers to the

property of certain transparent materials to either naturally exhibit double refraction or

temporarily develop it when stressed[143]. The temporary form of birefringence, com-

monly utilized in photoelasticity, is especially prominent in specific polymers and plastics

that are optically isotropic in their unstressed state. When these materials are stressed,

they become optically anisotropic, causing light to split and propagate along two distinct

paths with different polarizations.
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5.2.1 The plane polariscope

The simplest form of photoelastic imaging employs a plane polariscope. In this setup,

either white or monochromatic light is passed through a polarizing filter, which only

allows light with a specific polarization orientation to pass. This polarized light then

travels through the birefringent sample and reaches a second polarizer, known as the

analyzer, oriented at 90 degrees relative to the first polarizer. If the sample is unstressed,

the polarization of the light remains unchanged as it passes through the material. Since

the analyzer is perpendicular to the initial polarizer, no light passes through, and the

camera detects no light.

When the sample is under stress, however, the birefringence alters the polarization

of the light as it passes through the material. This change in polarization allows some

of the light to pass through the analyzer and be detected by the camera. The intensity

of light that reaches the camera depends on the initial orientation of the polarizer and

the birefringence properties of the material. The light intensity Ip leaving the analyzer is

given by[144]:

Ip = I0sin
2(2θ)sin2(δ/2) (5.1)

where I0 is the initial intensity of the light source, θ is the angle between the direction

of the initial polarization and one of the principal stress axes in the sample, and δ is

the phase retardation, which is a function of the material’s birefringence. A limitation of

this setup is that the intensity of light reaching the camera is dependent on the initial

orientation of the polarizer.

5.2.2 The circular polariscope

To mitigate the dependency of light intensity on the initial polarizer orientation, a cir-

cular polariscope is employed. In this configuration, two quarter-wave plates are intro-

duced—one placed between the polarizer and the sample, and the other between the

sample and the analyzer. These plates, typically made from birefringent crystals, split



5.3. Experimental Setup and Methodology 83

the incident light along the crystal’s two optical axes. The plate thickness is chosen to

induce a phase shift of λ/4 (a π/2 phase shift), converting the linearly polarized light into

circularly polarized light. The addition of the quarter-wave plates eliminates the depen-

dency of the exiting light on the polarizer orientation, effectively removing the isoclinic

lines (regions of constant stress direction) from the image. The light intensity Ip is now

given by[144]:

Ip = I0sin
2(δ/2) (5.2)

This results in an image where the stress distribution can be more easily visualized,

free from the angular dependence of the polarizers.

5.3 Experimental Setup and Methodology

A cavitation bubble is generated via optical breakdown by focusing a pulsed laser into a

gelatin phantom, as illustrated in Fig. 5.2(a). The gelatin samples are prepared following

the procedure outlined in Section 2.9, using two different gelatin-to-water mass ratios:

4% and 8%. These samples are positioned in glass cuvettes with dimensions of 20× 20×

5,mm3, providing optical access from three sides, allowing for laser focusing, high-speed

camera observation, and illumination through the glass windows. A long-working-distance

microscope objective is used to focus the laser pulse near the boundary of the glass,

which has a thickness of 1 mm, ensuring non-spherical bubble collapse. The dynamics

of the bubble are recorded using a high-speed camera (Shimadzu XPV-X2) at a frame

rate of 1 million frames per second, equipped with a macro lens (LAOWA f2.8) that

provides a resolution of 11 µm per pixel. Continuous green laser light (Shaan’xi Richeng

Ltd, DPSS Green Dot Laser Module, 532 nm wavelength) is used for illumination. For

capturing shear wave propagation, a different high-speed camera (Photron AX-Mini 200)

is employed, operating at 50,000 frames per second with a spatial resolution of 10 µm per

pixel.

To visualize the shear stresses after cavitation bubble collapse, we employ a circular po-
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lariscope setup. The gelatin solutions exhibit excellent birefringence under stress, making

them well-suited for photoelastic experiments[145]. The circular polariscope is configured

using two linear polarizers oriented at 90◦ to each other, along with two quarter-wave

plates (λ/4), also oriented at 90◦ to each other, as explained in the previous section on

polariscopes. This setup ensures that the sample is illuminated with circularly polar-

ized light, allowing for stress visualization independent of the initial orientation of the

polarizers.

To capture the fast cavitation dynamics and the associated shear wave propagation,

the polariscope is initially set to photoelastic mode. However, when focusing on bubble

dynamics specifically, the setup can be easily adapted to a standard shadowgraphy con-

figuration. This is done by rotating the linear polarizers so that their axes are parallel,

which allows for high-contrast imaging of the bubble boundaries and surrounding flow

without stress-related birefringence interference.

5.4 Shear waves induced by non-spherical collapse

near a rigid boundary

Figure 5.2(b) illustrates the behavior of a single bubble near a rigid surface in a 4%

w/v gelatin solution at room temperature (22°C) for stand-off distance γ < 0.17. In

Chapter 3 we show that this stand-off results in intense bubble dynamics, culminating in

the formation of a needle jet and during the collapse phase, the bubble exhibits a radial

indentation, which is also noticeable in our current observations, particularly in the kink

seen in the final frame of Fig. 5.2(b). This phenomenon arises due to a radial flow parallel

to the boundary that converges along the axis of symmetry which results in the emission

of a shear wave near the solid boundary. Here, we don’t focus on the bubble dynamics

and its effect on the generated shear wave, but on the use of the generated shear wave for

measuring elasticity of the propagating medium.

Figure 5.2 presents a typical result from the observation using photoelasticity for a

laser induced cavitation bubble under the same conditions as in Fig. 5.1. To achieve
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Figure 5.1: Top view of the experimental setup for high speed imaging of a laser-induced
cavitation bubble in a tissue-mimicking material using a circular polariscope.

such a goal, two polarizers (the one closed to the camera is called analyzer) with their

polarization vertical to each other and two λ/4 waveplates with their fast axis 90 degree

rotated relative to each other are placed in the illumination path, Fig. 5.1(a). A detailed

explanation of the principle of the stress-optical relation [146] and the principal of the

circular polariscope [100] is not given here. Upon initiation at t = 0, the cavitation bubble

grows and compresses the adjacent gelatin, producing a luminous corona surrounding the

bubble due to heightened material stresses. When the bubble reaches its maximum size, it

exerts pressure on the gel affixed to the rigid surface, functioning as a shear wave source,

which produces a long luminous line along the rigid surface, proportional to the bubble’s

maximum radius. During the collapse stage of the cavitation bubble, a bright area appears

on its kink due to strongly radial contraction. Besides, the bright area is further increased

nearby the boundary due to the side wall of the bubble collapsing towards each other.

Taking advantage of the shear waves propagating away from the rigid boundary after

the cavitation dynamics, the motion of the shear wave in different gelatin gel samples are
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Figure 5.2: Selected shaodowgraphy frames (a) and photoelastic frames (b) of the dy-
namics of a laser induced cavitation bubble nucleated in 4% w/v gelatin gel under room
temperature recorded at 1 million fps.

given in Fig. 5.3. In Fig. 5.3(a), 4% w/v gelatin gel under room temperature is used;

in Fig. 5.3(b), 8% w/v gelatin gel under room temperature is used; In Fig. 5.3(c), 8%

w/v gelatin gel under 6°C is used. Notice that, the presence of isochromatics can be

clearly marked during the shear wave propagation. Besides, based on the video record,

we observe that the speed of the shear waves varies within different gel samples, implying

a different elastic modulus.

To achieve the goal of elastic modulus measurement, one can always resort to the track-

ing of the wave profile during the propagation of shear waves [147, 148]. However, due to

the existence of noises on video recorded with circular polariscope, a stable peak tracking

can be hardly achieved. To measure the elastic modulus while reducing the influence of

the noise, a local phase velocity-based imaging (LPVI) is applied to CSWR [149, 150].

The LPVI obtain shear modulus information in k-space, which is a wavenumber-frequency

domain. Based on the brightness change on each pixel from the video measurement, under

the assumption that shear wave propagates only in 1-D direction, a local particle motion

v(x, y, t) can be accomplished and transferred into k-space based on the 1D temporal and

2D spatial Fourier transform:

V (kx, ky, f) =

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
v(x, y, t)e2πft−kxx−kyydxdydt, (5.3)

Hence, V (kx, ky, f) denotes the resultant three-dimensional k-space representation in re-
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Figure 5.3: Shear wave propagation visualized by high-speed circular polariscope for
gelatin gel at different temperature T : (a) 8% w/v gelatin at 22°C, (b) 8% w/v gelatin
at 6°C.

lation to the frequency and wavenumber vectors. Using the acquired spectrum data

V (kx, ky, f), a wavenumber spectrum can be derived for a specific oscillation frequency

f0. c(f0) =
2πf0
|k| is used to calculate the spatial distribution of the phase velocity of the

shear wave motion for the frequency f0, where |k| is a wavenumber magnitude corre-

sponding to the peak value in k-space [149]. Figure 5.4 illustrates the two-dimensional

shear wave phase velocity maps reconstructed from Fig. 5.3(b,c) utilizing CSWR. The

mean value of the shear wave speed is 2.3 m/s in Fig. 5.4(a), and 3.4 m/s in Fig. 5.4(b).

Notice that due to the cavitation is located around the lower right corner of the phase

velocity map, a local maximum can always be measured.

In Fig. 5.5(a), gelatin gel with different concentration and temperature are measured

at different time, where t = 0 is corresponding to the time when gel is poured into the cu-

vette. The Young’s modulus increases with the gel age/gel concentration. The increasing

speed gradually slows down with the time. In shorter time range, the measurement of the

Young’s modulus of 4% w/v gel decreases with the increasing of the temperature is given

in Fig. 5.5(b). After 1 hour, the temperature of the gel fully reduced to the room tem-

perature, so does its Young’s modulus. The results here are shown with f0 = 5× 103s−1,

and the the measurement under different strain-rates, from O(103)s−1 to O(10−4)s−1 show
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Figure 5.4: The shear wave map calculated with CSWR. (a) 8% w/v gelatin gel at 22°C
is used; (b) 8% w/v gelatin gel at 6°C is used.

consistences with each other.

5.5 Conclusion

In this chapter, we introduced Cavitation Induced Shear Wave Rheometry (CSWR) for

characterizing the elastic properties of soft materials, particularly TMMs. By leveraging

the generation of shear waves through the non-spherical collapse of cavitation bubbles

near a rigid boundary, we have demonstrated a method to measure the elasticity of these

materials.

Through detailed experimental setups involving photoelastic imaging, we captured the

shear wave propagation in gelatin phantoms of different concentrations and temperatures.

Using high-speed cameras and a circular polariscope, we visualized the stress distributions

and shear wave dynamics induced by cavitation.

The experimental results showed that shear wave speeds varied with different gelatin

concentrations and temperatures, reflecting differences in the elastic modulus of the sam-

ples. We employed a Local Phase Velocity-based Imaging (LPVI) approach to obtain

shear modulus information in the wavenumber-frequency domain, which allowed for accu-

rate measurement of the shear wave speeds and the subsequent calculation of the elastic
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Figure 5.5: The Young’s modulus in gelatin gel varies with age for (a) different concen-
tration and temperatures, (b) for different temperature. The solid lines are corresponding
to the polynomial fitting results.

modulus.

Our findings indicate that CSWR is a promising tool for non-destructive, high-resolution

measurement of the mechanical properties of soft materials. The technique’s ability to

measure the Young’s modulus over time and under different conditions underscores its

potential for applications in biomedical engineering and material science. By overcoming

the challenges of traditional methods, CSWR provides a robust framework for the detailed

study of soft material mechanics. The presented method provides a minimally invasive

method of characterizing soft materials, and can be used to measure the elastic modu-

lus in O(1)mm surrounding the cavitation bubble at high strain-rates from O(103)s−1 to

O(104)s−1.



Chapter 6

Conclusion and outlook

While a significant body of research focuses on cavitation in liquids, typically utilizing

high-speed optical imaging, many therapeutic applications involve tissues where optical

access is limited. The fundamental difference between liquids and tissues, as elastic solids,

lies in the restoring force. This difference not only results in distinct cavitation bubble

dynamics in soft solids compared to liquids but also permits the propagation of shear

waves in these media. In this thesis, we introduce a high-speed ultrasound technique

that potentially enables the capture of bubble dynamics in nontransparent materials.

Furthermore, we demonstrate that the non-spherical collapse of bubbles in a soft solid

generates shear waves, which can be utilized in elastography applications. In the following

sections, we will first summarize the main findings of Chapters 2 to 5, followed by a

discussion on potential future research directions.

6.1 Conclusions

In Chapter 2, we explore how to use plane wave ultrasound imaging to study cavitation

bubble dynamics. Through careful experiments, we found that single plane wave imaging

is sufficient to capture the fast dynamics of these bubbles, providing a good balance be-

tween image quality and frame rate. Our ultrasound results, benchmarked against optical
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high-speed imaging in water and a transparent soft material, show that ultrasound imag-

ing can effectively resolve bubble dynamics. Although we did not study nontransparent

soft materials and soft tissue in this thesis, our findings suggest that ultrasound imaging

could potentially be applied to these materials as well.

In Chapter 3, our focus shifts to optical imaging of shear waves generated by the

non-spherical collapse of laser-induced cavitation bubbles in TMMs. Through precise

control and observation, we explain how bubble dynamics affect shear wave propagation,

highlighting the significance of the stand-off distance in influencing wave characteristics

such as direction and energy. There, we introduced graphite particles to the samples and

used PIV to track the shear wave propagation in the medium. This chapter sets the

foundation for using these shear waves in elastography, demonstrating their potential for

various medical applications, which is explored further in subsequent chapters.

In Chapter 4, we expand our research by presenting an ultrasound plane wave com-

pounding technique to capture shear wave propagation in TMMs. We again use a trans-

parent material to benchmark it against optical high-speed imaging. We show that using

bubbles as tracers instead of graphite particles improves the ultrasound backscattered

signal. As a result, single plane wave imaging can be used to capture shear wave propa-

gation, enabling deeper tissue imaging. Although not studied in this thesis, this finding is

particularly interesting for bubbly mediums, such as during thermal ablation, where nu-

merous bubbles are generated. These bubbles themselves may act as tracers for tracking

shear wave propagation.

Additionally, we demonstrate that shear waves can be generated not only by cavitation

bubble collapse inside soft tissue but also by bubble jetting from a cavitation bubble in

a thin layer on top of a soft solid into the soft material. This is noteworthy because, in

applications where optical access to focus a laser beam inside a TMM is limited, shear

waves can still be generated. The propagation of these waves can then be studied using

a similar approach to what is presented in Chapter 5.

In Chapter 5, we introduce Cavitation-induced Shear Wave Rheometry (CSWR) aimed

at characterizing the elastic properties of soft materials under high strain rates. By opti-
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cally capturing shear wave motion induced by laser cavitation bubbles, we demonstrated

the sensitivity and versatility of CSWR in assessing material elasticity. This method holds

promise for various applications in biomedical engineering and material science, offering

a minimally invasive approach to studying material behavior under dynamic loading con-

ditions.

In conclusion, this thesis contributes to the development of an ultrasound technique

designed for studying cavitation bubble dynamics in non-transparent TMMs. It demon-

strates how both cavitation bubble collapse near a rigid boundary and bubble jetting into

TMMs generate shear waves, highlighting their potential for use in shear wave elastogra-

phy and rheometry techniques.

6.2 Outlook and perspectives

The research presented in this thesis opens up several promising avenues for future ex-

ploration. We have demonstrated that cavitation bubble dynamics can be captured using

high-frame-rate ultrasound imaging, although this required generating the bubble close to

the ultrasound transducer. A key challenge remains the limited imaging depth achievable

with plane wave techniques. Future research should focus on extending the imaging depth

without compromising frame rates, potentially through techniques that transmit multiple

ultrasound plane waves before receiving the reflected waves. By recording all reflections

within a single frame and employing source localization methods, the bubble wall could

be accurately tracked over time, even at greater depths.

While this thesis successfully demonstrates the effectiveness of ultrasound imaging

in studying cavitation bubble dynamics in transparent materials, further research is re-

quired to adapt these techniques for non-transparent soft materials and biological tissues.

These media present additional complexities, such as heterogeneities, varying acoustic

properties, and intricate structures. Developing and validating the ultrasound techniques

presented here for more complex, clinically relevant environments is an essential next step.

The successful visualization of shear waves in TMMs, along with the demonstrated

correlation between shear wave dynamics and tissue properties in controlled experiments,
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highlights significant potential for clinical applications. Future research could explore the

use of naturally occurring or intentionally generated bubbles in procedures such as thermal

ablation and HIFU. These treatments involve bubble generation, and understanding cav-

itation dynamics in these contexts could improve real-time monitoring. We observed that

different stand-off distances produce shear waves propagating in various directions, com-

plicating wavefront visualization in clinical scenarios, where bubbles collapse at varying

stand-off distances. This superposition of waves poses challenges for accurate interpre-

tation. A critical next step would be to study shear waves generated by the collapse of

multiple bubbles with different stand-off distances to better understand and address this

complexity. Subsequently, measuring shear waves produced in these therapeutic applica-

tions would further refine and optimize their clinical use.

Another promising direction for future research is adapting the CSWR technique for

plane wave ultrasound imaging. Integrating CSWR with high-frame-rate ultrasound imag-

ing could allow the technique to be applied to non-transparent materials, significantly

broadening its clinical and material science applications.

Additionally, combining the developed ultrasound imaging techniques with other imag-

ing modalities could offer complementary insights and a more comprehensive understand-

ing of cavitation bubble dynamics and shear wave propagation. For instance, integrating

ultrasound with optical coherence tomography (OCT) or photoacoustic imaging could

enable the simultaneous visualization of bubble dynamics and shear wave propagation in

tissues with limited optical access, further enhancing diagnostic and therapeutic precision.

By addressing these future research directions, the insights gained from this thesis can

be expanded, leading to a deeper understanding of cavitation bubble dynamics and their

broader applications in both biomedical and material science fields, particularly in the

context of non-transparent soft materials and tissues.
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Appendix A

Verasonics setup script for ultrafast

ultrasound imaging

The following MATLAB script was developed to capture cavitation bubble dynamics using

the Verasonics ultrasound system. It is based on Verasonics example scripts, with modi-

fications to implement the superframe concept for efficient data acquisition and transfer.

This ensures the capture of fast cavitation bubble dynamics by minimizing transfer de-

lays. The complete code and additional details are available in the public repository, as

referenced in Ref[151].

% Adapted from s u p p l i e d examples by Ve r a s o n i c s and

mod i f i e d to r e c o r d RF data f o r h igh−f rame r a t e

u l t r a s o u nd imag ing i n a so−c a l l e d Super−f rame .

c l e a r a l l

% Bas i c i n f o :

P . soundSpeed = 1480 ; % i n m/ s f o r water ca s e

P . s t a r tDep th = 5 ;

P . endDepth = 38 ; % i n waveform number .

P . numFrames = 40 ; % number o f f rames
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P . sampleRate = 62 . 5 ; % i n MHz.

% Sp e c i f y system pa ramete r s

Resource . Paramete r s . numTransmit = 128 ;

Resource . Paramete r s . numRcvChannels = 64 ;

Resource . Paramete r s . speedOfSound = P . soundSpeed ;

Resource . Paramete r s . v e r bo s e = 2 ;

Resource . Paramete r s . i n i t i a l i z e O n l y = 0 ;

Resource . Paramete r s . s imulateMode = 0 ;

% Sp e c i f y Trans s t r u c t u r e a r r a y .

Trans . name = ’L7−4 ’ ;

Trans . f r e qu en c y = 5 ; % i n MHz

Trans . u n i t s = ’ wave l eng th s ’ ;

Trans = computeTrans ( Trans ) ;

% Sp e c i f y Resource b u f f e r s .

Resource . RcvBu f f e r ( 1 ) . da ta t ype = ’ i n t 16 ’ ;

Resource . RcvBu f f e r ( 1 ) . rowsPerFrame = 2048 ∗(P . numFrames ) ;

Resource . RcvBu f f e r ( 1 ) . co l sPe rFrame = . . .

Resource . Paramete r s . numTransmit ;

Resource . RcvBu f f e r ( 1 ) . numFrames = 1 ;

% Sp e c i f y Transmit waveform s t r u c t u r e .

TW(1 ) . t ype = ’ pa r ame t r i c ’ ;

TW(1 ) . Paramete r s = [ Trans . f r equency , 0 . 67 , 2 , 1 ] ;

% Sp e c i f y TX s t r u c t u r e a r r a y .

TX = s t r u c t ( ’ waveform ’ , 1 , . . .
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’ O r i g i n ’ , [ 0 . 0 , 0 . 0 , 0 . 0 ] , . . .

’ f o c u s ’ , 0 . 0 , . . .

’ S t e e r ’ , [ 0 . 0 , 0 . 0 ] , . . .

’ Apod ’ , ones ( 1 , 128 ) , . . .

’ De lay ’ , z e r o s ( 1 , Trans . numelements ) ) ;

% Sp e c i f y TGC Waveform s t r u c t u r e .

TGC( 1 ) . Cn t r l P t s = [ 0 , 590 , 650 , 710 , 770 , 830 , 890 , 950 ] ;

TGC( 1 ) . rangeMax = P . endDepth ;

TGC( 1 ) . Waveform = computeTGCWaveform (TGC) ;

% Sp e c i f y Rece i v e s t r u c t u r e a r r a y

Rece i v e = repmat ( s t r u c t ( . . .

’ Apod ’ , [ z e r o s ( 1 , 64 ) , ones ( 1 , 64 ) ] , . . .

’ s t a r tDep th ’ , P . s t a r tDepth , . . .

’ endDepth ’ , P . endDepth , . . .

’TGC ’ , 1 , . . .

’mode ’ , 0 , . . .

’ bufnum ’ , 1 , . . .

’ framenum ’ , 1 , . . .

’ acqNum ’ , 1 , . . .

’ sampleMode ’ , ’ custom ’ , . . .

’ dec imSampleRate ’ , P . sampleRate ) . . .

, 1 ,P . numFrame ) ;

% − Set even t s p e c i f i c Rec e i v e a t t r i b u t e s .

f o r i = 1 :P . numFrames

Rece i v e ( i ) . acqNum = i ;

end
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% Spe c i f y an e x t e r n a l p r o c e s s i n g even t .

P roce s s ( 1 ) . c l a s sname = ’ E x t e r n a l ’ ;

P roce s s ( 1 ) . method = ’ Fa s tU l t r a s oundRF p ro c e s s ’ ;

P roce s s ( 1 ) . Paramete r s = { ’ s r c b u f f e r ’ , ’ r e c e i v e ’ , . . .

’ s rcbufnum ’ , 1 , . . .

’ s rcf ramenum ’ ,−1 , . . .

’ d s t b u f f e r ’ , ’ none ’ } ;

% Sp e c i f y sequence e v en t s .

SeqCont ro l ( 1 ) . command = ’ t r i g g e r I n ’ ;

SeqCont ro l ( 1 ) . c o n d i t i o n = ’ T r i g g e r 1 R i s i n g ’ ;

SeqCont ro l ( 1 ) . argument = 0 ; % t ime im usec

SeqCont ro l ( 2 ) . command = ’ jump ’ ;

SeqCont ro l ( 2 ) . argument = 1 ;

k s c = 3 ;

k = 1 ; % s t a r t i n d e x f o r Event s

Event ( k ) . i n f o = ’ Wai t ing f o t the t r i g g e r −i n s i g n a l . ’ ;

Event ( k ) . t x = 0 ;

Event ( k ) . r c v = 0 ;

Event ( k ) . r e con = 0 ;

Event ( k ) . p r o c e s s = 0 ;

Event ( k ) . s e qCon t r o l = 1 ;

k = k+1 ;

f o r i = 1 :P . numFrames

Event ( k ) . i n f o = ’ A q u i s i t i o n RF ’ ;
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Event ( k ) . t x = 1 ;

Event ( k ) . r c v = i ;

Event ( k ) . r e con = 0 ;

Event ( k ) . p r o c e s s = 0 ;

Event ( k ) . s e qCon t r o l = 0 ;

k = k+1 ;

end

Event (n−1 ) . s e qCon t r o l = [ 2 , k s c ] ;

SeqCont ro l ( k s c ) . command = ’ t r an s f e rToHo s t ’ ;

k s c = k s c+1 ;

Event ( k ) . i n f o = ’ C a l l e x t e r n a l P r o c e s s i n g f u n c t i o n . ’ ;

Event ( k ) . t x = 0 ;

Event ( k ) . r c v = 0 ;

Event ( k ) . r e con = 0 ;

Event ( k ) . p r o c e s s = 1 ;

Event ( k ) . s e qCon t r o l = 0 ;

k = k+1 ;

Event ( k ) . i n f o = ’ jump back to even t 1 ’ ;

Event ( k ) . t x = 0 ;

Event ( k ) . r c v = 0 ;

Event ( k ) . r e con = 0 ;

Event ( k ) . p r o c e s s = 0 ;

Event ( k ) . s e qCon t r o l = 2 ;

% − Crea te UI c o n t r o l s f o r channe l s e l e c t i o n /

nr = Resource . Paramete r s . numRcvChannels ;
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UI ( 1 ) . Con t r o l = { ’ UserB1 ’ , ’ S t y l e ’ , ’ V s S l i d e r ’ , . . .

’ Labe l ’ , ’ P l o t Channe l ’ , . . .

’ S l ide rMinMaxVa l ’ , [ 1 , 128 , 64 ] , . . .

’ S l i d e r S t e p ’ , [ 1/nr , 8/ nr ] , . . .

’ ValueFormat ’ , ’%3 . 0 f ’ } ;

UI ( 1 ) . Ca l l b a c k = { ’ a s s i g n i n ( ’ ’ base ’ ’ , ’ ’ myPlotChnl ’ ’ , . . .

round ( UIVa lue ) ) ; ’ } ;

EF( 1 ) . Func t i on = vsv . seq . f u n c t i o n . ExFunct ionDef . . .

( ’ F a s tU l t r a s oundRF p ro c e s s ’ , @FastUlt rasoundRF ) ;

% Save a l l the s t r u c t u r e s to a . mat f i l e .

s ave ( ’ . . / . . / MatF i l e s / Fa s tU l t r a s oundRF r e c o r d i n g ’ ) ;

r e t u r n

f u n c t i o n Fas tU l t ra soundRF (RData )

% LOADING DATA

Rece i v e = e v a l i n ( ’ base ’ , ’ Rec e i v e ’ ) ;

Trans = e v a l i n ( ’ base ’ , ’ Trans ’ ) ;

P = e v a l i n ( ’ base ’ , ’P ’ ) ;

TX = e v a l i n ( ’ base ’ , ’TX ’ ) ;

s ave ( ’ F a s tU l t r a s o undRF f o l d e r /RData . mat ’ , ’ RData ’ ) ;

s ave ( ’ F a s tU l t r a s o undRF f o l d e r / Rece i v e . mat ’ , ’ Re c e i v e ’ ) ;

s ave ( ’ F a s tU l t r a s o undRF f o l d e r /Trans . mat ’ , ’ Trans ’ ) ;

s ave ( ’ F a s tU l t r a s o undRF f o l d e r /TX. mat ’ , ’TX ’ ) ;

s ave ( ’ F a s tU l t r a s o undRF f o l d e r /P . mat ’ , ’P ’ ) ;

end

Listing A.1: Fast RF recording MATLAB Code for Verasonics


