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Ultrasound contrast agents are micron-sized bubbles that are used for ultrasound imaging

enhancement and that can potentially be used for targeted drug delivery applications. One

strategy to manipulate them inside the cardiovascular system is to use the Bjerknes force,

caused by the phase difference between a transmitted ultrasound pressure wave and the mi-

crobubble volume oscillations induced by the pressure wave. Although the mechanism caus-

ing this force is well established, the balance between ultrasound-induced forces and hydro-

dynamic forces is poorly understood when the microbubbles are immersed in physiologically-

realistic Reynolds and Womersley number flows. In this thesis, experiments were conducted

in a cylindrical tube under steady and pulsatile flows over a range of Reynolds and Womer-

sley numbers relevant to drug delivery in the systemic circulation. Two experimental setups

were developed: one in which the microbubbles were imaged using a clinical ultrasound

imaging system, and a second in which they were imaged by high-speed video using a long

distance microscope. In the ultrasound experimental setup, a commercial L15-7io transducer

was used to image microbubbles in quiescent, steady, and pulsatile flows. These experiments

were extended in the optical experimental setup to explore higher Reynolds numbers. In

the optical experiments, individual microbubble trajectories were captured at high magni-

fication and high temporal resolution to determine the relationship between acoustic and



hydrodynamic forces. The relative scaling of these forces was computed for different acous-

tic pressure amplitudes and pulse repetition frequencies. The Bjerknes force scaled linearly

with pulse repetition frequency and quadratically with acoustic amplitude. The displace-

ment of the microbubbles due to the ultrasound decreased with increasing Reynolds number

suggesting a threshold for clinical applications due to the residence time of microbubbles in

the ultrasound beam.
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Chapter 1

INTRODUCTION

Ultrasound (US) is a safe and noninvasive real-time imaging methodology commonly used

in medical applications due to its low cost and availability. However, there are tissues within

the human body where low contrast makes it difficult to obtain ultrasound images that

are valuable for diagnostics. This limitation has led to the development of lipid-coated gas

microbubbles that can be injected into the circulation to increase the contrast in ultrasound

images. These microbubbles, with diameters between 1 and 10 µm, are known as ultrasound

contrast agents (UCAs). Besides increasing contrast, microbubbles can be used in a wide

range of clinical applications which will be introduced throughout this chapter.

The scattering produced by the microbubbles increases the signal-to-noise ratio at the US

receiver due to the large impedance difference between the microbubbles and the surrounding

tissue [39]. Figure 1.1 shows a set of ultrasound images of the liver taken at different times

before and after injection of UCAs. The left image shows the liver imaged using only US and

no microbubbles. It is apparent that there are two liver lesions, but the contrast in the image

is too low to determine the type of lesions that are present. The center image shows the

liver imaged after microbubbles have been injected into the bloodstream. The liver lesions

are now more clearly delineated. Finally, the right image, taken at a later time, shows the

accumulation of microbubbles in the liver region. With the help of microbubbles, the types

of the liver lesions can be readily identified. This image sequence demonstrates the use of

microbubbles in clinical settings.
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(a) (b) (c)

Figure 1.1: Ultrasound imaging of the liver at three different times: (a) US only, (b) microbub-

bles first introduced into the bloodstream, and (c) accumulated microbubbles at a later time

(Reprinted from [19] with permission from Elsevier).

1.1 Therapeutic Applications of Ultrasound Contrast Agents

The use of microbubbles combined with US has many potential therapeutic applications, such

as cancer chemotherapy, temporarily opening the blood brain barrier (BBB), thrombolysis,

and targeted drug delivery [86]. We will focus on thrombolysis and targeted drug delivery

since they are more relevant to the scope of this research. In both of these UCA applications,

the Bjerknes force (produced due to the phase lag between the fluctuating US pressure waves

and the microbubble volume oscillations) is manipulated to steer the microbubbles towards

a targeted area.

The mechanical index (MI) is a metric used to define the potential for harmonic pressure

waves to induce inertial cavitation [80]. Increasing MI can lead to exceeding a threshold where

significant bioeffects, mechanical or thermal, therapeutic or pathologic, can be present. It is

defined as:

MI =
PNP√
fc

(1.1)

where PNP is the peak negative pressure in MPa and fc is the center frequency in MHz

of the pressure wave. At low MI (less than 0.05), the microbubble oscillates in the linear

regime with small amplitudes and scatters sound mostly at the transmitted frequency. At
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slightly higher MI (between 0.05 and 0.1), the microbubble becomes more resistant to com-

pression than to expansion (non-inertial cavitation). The oscillations of the microbubble are

in the nonlinear regime in this MI range. Finally, at higher MI (between 0.3 and 0.6), the

microbubble undergoes forced expansion and compression. This leads to inertial cavitation

[34]. It is important to note that the above operating ranges can be reached using clinically-

available ultrasound frequencies and intensities, since they are well below the Food and Drug

Administration (FDA) limit (MI < 1.9). Figure 1.2 shows the oscillation of a 3 µm bubble

due to the introduction of an US pressure field. Due to the high mechanical index of the

US in this image sequence, the microbubble oscillates in size and then implodes due to the

fluctuating pressure as time progresses during the excitation (frames E and F).

Figure 1.2: Streak image showing the oscillation of a 3 µm bubbles (image A) over time. The

dash lines correspond to the above images showing the changes in the bubble (Reprinted from

[34] with permission from Elsevier).

Figure 1.3 shows how a microbubble responds to different center frequencies (and thus

MIs). The MI is higher for the 1.5 MHz transducer, since the MI is inversely proportional

to the square root of the US center frequency, and, therefore, inertial cavitation of the

microbubble occurs (refer to image 3). At the lower MI (3.5 MHz), however, the microbubble



4

oscillates in size but does not undergo inertial cavitation. The MI of excitation is a very

important consideration in both targeted drug delivery and thrombolysis, as it determines

the safety of the insonation and therefore strongly correlates with the translational potential

of a specific strategy for biomedical research.

Figure 1.3: Streak images showing the change in microbubble size over time: (1) and (2).

Images (3) and (5) show the peak expansion of the microbubble. Images (4) and (6) show

the remnants of the microbubble after the end of ultrasound insonation. Images are shown at

center frequencies of 1.5 MHz and 3.5 MHz (Republished with permission from [30]; permission

conveyed through Copyright Clearance Center, Inc.).

1.1.1 Thrombolysis

A promising application of UCAs is thrombolysis, or the destruction of a thrombus using

microbubbles and thrombolytic drugs. When a branch of a bifurcation is occluded, it is very

difficult to deliver drugs to the occluded area. The use of US, in combination with drug-

loaded microbubbles, can help increase the speed of drug delivery since the drug-coated

UCAs can be directed towards the thrombus by steering them through the Bjerknes force

(at a clinically-acceptable MI between 0.05 and 0.3). Additionally, the microbubbles can

be used to help destroy the thrombus at a higher MI. Once the UCAs are in the occluded

region, the mechanical index (MI) of the ultrasound can be increased, leading to the collapse
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of the microbubbles at the site of the thrombus through inertial cavitation, with dispersal

of the thrombolytic drug loaded onto the bubble coating [22]. In addition to delivering the

anti-thrombolytic drug, the cavitation of the microbubbles produces a high speed jet (up

to 700 m/s) that helps to break up the fibrin mesh that gives a thrombus its mechanical

toughness. Inertial cavitation of UCAs can also increase the permeability of the thrombus

tissue to allow thrombolytic drugs to penetrate deep into the thrombus.

Additionally, US and UCAs can be used to accelerate the transport and penetration of

tissue plasminogen activator (tPa) into the thrombus. Molina et al. [55] observed that using

US together with UCAs leads to vessel recanalization more frequently than tPA with US or

UCAs alone, suggesting that thrombolytic drug may not be necessary in the destruction of

the thrombus. This would be beneficial because tPa has been known to lead to hemorrhagic

stroke and GI bleeding, among other complications.

1.1.2 Targeted Drug Delivery

Another promising application of UCAs is targeted drug delivery [4, 26, 28, 34, 41, 48]. The

use of UCAs and tPa, discussed in the thrombolysis section above, gives a brief example

of how UCAs can assist in delivering drugs to a targeted area. We can now look at the

mechanisms used in targeted drug delivery. First, it is very important to consider how

the microbubbles will be used to transport the drugs. The drug can be injected into the

bloodstream in saline solution along with the microbubbles (if it is soluble in water), it can

be binded to the microbubble lipid coating (if it is soluble in lipids), or it can be loaded

inside the microbubbles if it can be aerosolized in the microbubble gas content. Figure 1.4

shows these and other methods that can be used to transport drugs to the targeted region.
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Figure 1.4: Different ways that microbubbles can be used to transport drugs. (a) Drugs are

attached to the microbubble membrane, (b) drugs are embedded within the membrane, (c)

materials such as DNA are covalently-bonded to the microbubble coating, (d) microbubbles are

loaded with drugs or gas, and (e) hydrophobic drugs are dissolved into the lipid film that coats

the microbubble (Reprinted from [86] with permission from Elsevier).

Figure 1.5 shows how these different methods can be used to help deliver thrombolytic

drugs. The image to the left shows freely circulating microbubbles and drugs in the vessel.

US is used to force the microbubbles to cavitate, which increases the permeability of the

arterial wall (sonoporation). Drugs can then easily pass through the intima layer of the

vessel wall to treat the targeted tissue inside the vessel wall or a nearby organ fed by this

vessel. The center images show drug-loaded microbubbles inside a blood vessel. As the

microbubbles are destroyed by cavitation, they release drugs into the vessel. The drugs are
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delivered locally. Finally, the images on the right show microbubbles that contain surface

ligands which can bind to specific endothelial cell receptors. The microbubbles bind and

accumulate in the targeted region of the vessel. The bubbles are then forced to cavitate and

release the drugs that had been loaded onto them.

Figure 1.5: Use of microbubbles to deliver drugs in vessels. (Left) freely circulating microbub-

bles and drugs, (Center) microbubbles loaded with drugs, and (Right) microbubbles with sur-

face ligands to bind to specific endothelial cell receptors (Republished with permission from

[30]; permission conveyed through Copyright Clearance Center, Inc.).

Targeted drug delivery uses the Bjerknes force (MI between 0.1 and 0.3) to steer the

microbubbles to the targeted area. When the microbubbles have reached the targeted area,

the amplitude of the US can be increased to cause inertial cavitation of the microbubbles due

to the increased energy deposited on the microbubbles by the US pressure. The cavitating

bubbles can then increase the permeability of the vessel walls so drugs can be transported

across the endothelial barrier to the vessel wall and surrounding tissue.

1.2 Research Problem

Previous research has focused on exploring the dynamics of bubbles under ultrasound ex-

citation in a stagnant fluid, whether in an infinite domain (a large water tank) or next to

a wall in strong confinement (in a capillary blood vessel). However, there has not been
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much attention to research conducted to explore the dynamics of microbubbles

in vessels at physiologically-realistic flow rates. Some interesting questions arise when

looking at how microbubbles will behave in high Reynolds number physiologically-realistic

flows under the influence of strong, non-linear hydrodynamic forces:

• How do the dynamics of microbubbles under ultrasound excitation change when there is

inhomogeneous (sheared) and pulsatile flow around them (in millimeter-scale or larger

vessels)?

• How do we properly model the interaction between the microbubbles and the flow

around them, specifically the coupling of volume oscillations with hydrodynamic lift

and drag?

• Do the ultrasound-induced forces have the ability to modify microbubble trajectories,

overcoming the dominance of drag and altering lift, to transport microbubbles towards

the vessel walls or a specific branch in a bifurcation?

This thesis primarily focuses on the dynamics of the microbubbles in high Reynolds and

Womersley number flows, under the influence of ultrasound within clinical frequencies and

intensities (low MI), to gain a greater understanding of the dynamics of microbubbles in

conditions similar to those found in the human circulation under drug delivery conditions.
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Chapter 2

REVIEW OF RELATED RESEARCH

2.1 Linear Oscillator

An initial model of the behavior of microbubbles can consist in treating microbubbles as

linear oscillators, with inertia, damping, and an elastic restoring force. Historically, this

brought a significant improvement in our understanding of bubble acoustics. Early models

created to study both the undamped and damped behavior of a gas bubble used the bubble

gas pressure/density relationship in the ideal gas law, surface tension, and liquid density

and viscosity; heat transfer, gas and liquid compressibility, gas and vapour mass transport,

etc. were additionally considered as modern models became more refined in the last fifty

years (such as [20, 21, 27, 52, 57, 61, 70, 72, 73, 75] and references within). Here, the

undamped model developed by Minnaert [54] is first described because it produced a very

good approximation for the resonant frequency of an uncoated microbbuble, introducing

important concepts that represent a useful starting point for future interpretation of our

experimental work [45].

2.2 Undamped Linear Oscillator

Minnaert [54] extended the work of Lord Rayleigh [75] on the dynamics of a void cavity in

a liquid to be the first to predict the natural frequency of a spherical gas bubble in a liquid

undergoing small-amplitude simple harmonic motion. His calculations assumed:

• Spherical gas bubbles

• Negligible heat conduction and radiation
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• Negligible surface tension

• Inertia only in motion of water (not in the gas motion inside the bubble)

• Incompressible liquid

• Uniform pressure for the gas inside the bubble (infinitely small Mach number for the

gas motion inside the bubble)

Equation 2.1 shows the predicted Minnaert resonance frequency:

fres =
1

2π

1

R0

√
3γPo
ρl

(2.1)

where fres is the resonance frequency of the bubble oscillations, R0 is the equilibrium radius

of the bubble, γ is the ratio of specific heats for the gas, P0 is the ambient pressure, and ρl

is the density of the surrounding fluid. For air bubbles in water at an ambient pressure of

approximately 1 atmosphere, Equation 2.1 can be simplified to:

fres =
1

2π

1

R0

√
3γPair
ρwater

≈ 3[MHz]

R0[µm]
(2.2)

It is important to note that this result, limited as it is by the assumptions described

above (negligible surface tension, heat conduction, viscosity, compressibility, etc), is still very

useful because it provides a quick approximation of the value for the resonance frequency of

different size bubbles. This represents a reliable starting point for determining the ultrasound

frequency that will be most effective at steering microbubbles due to the primary Bjerknes

force. Table 2.1 shows an example of resonance frequency values for uncoated microbubbles

in the size range of UCAs.
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Bubble Diameter (µm) Resonance Frequency (MHz)

1 6.00

2 3.00

3 2.00

4 1.50

5 1.20

6 1.00

7 0.86

8 0.75

9 0.67

10 0.60

Table 2.1: Resonance Frequency at Different Bubble Diameters

2.3 Nonlinear Equations for Pulsating Bubbles

Linear models give a good first approximation of the dynamics of a microbubble; however,

nonlinear models need to be developed to better understand and more accurately predict

the behavior of microbubbles under strong non-linear effects, such as surface tension, surface

viscosity in the coating layer, large amplitude deformation close to resonance, etc. When

the behavior of the bubble is nonlinear, the expansion and compression of the bubble are

not symmetric when the bubble is subjected to a harmonic ultrasound pressure field. The

Rayleigh-Plesset equation is the most commonly-used starting point for nonlinear dynamics

governing the time evolution of a bubble under volume (spherically-symmetric) oscillations.
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2.3.1 Rayleigh-Plesset Equation

The Rayleigh-Plesset equation was developed through the work of Plesset [70], from the

seminal work of Rayleigh. Later, it was extended by Noltingk and Neppiras [61], Neppiras

and Noltingk [57], and Poritsky [72], generalizing some of the simplifying assumptions made

by the two original authors. The extended equation, commonly referred to as the RPNNP

equation, for the bubble radius R(t) and its time derivatives is shown in Equation 2.3:

ρl

(
RR̈ +

3Ṙ2

2

)
=

(
P0 +

2σ

R0

− Pv
)(

R0

R

)3κ

− 2σ

R
− 4µṘ

R
− P∞ − P (t, z) (2.3)

where:

• ρliq
(
RR̈ + 3Ṙ2

2

)
represents the inertia of the liquid on the surface of the bubble (mass

times acceleration and kinetic energy, per unit surface),

•
(
P0 + 2σ

R0
− Pv

)
represents the initial pressure inside the bubble, where σ is the surface

tension and Pv is the vapor pressure,

•
(
R0

R

)3κ
represents the polytropic expansion term that gives the ratio of actual over

initial pressure inside the bubble, as a function of the bubble radius. κ is the polytropic

expansion coefficient of the gas inside the bubble where κ = 1 for a constant bubble

temperature and κ = γ for an adiabatic process,

• 2σ
R

represents the effects of surface tension,

• 4µṘ
R

represents the viscous stress in the liquid on the surface of the bubble, where µ is

the viscosity of the surrounding fluid,

• P∞ represents the hydrostatic pressure far from the bubble,
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• P (t, z) represents the pressure excitation (ultrasound pressure wave propagating through

the liquid).

The predictions from the Rayleigh-Plesset equation for small amplitude volume oscilla-

tions can be obtained from linearization of the equations for a harmonic response out of phase

with the harmonic excitation. Two limits can be established from the linearized solution:

when surface tension is negligible and when surface tension dominates.

• Small Amplitude Behavior

The resonance frequency of the bubbles can be predicted from the Rayleigh-Plesset

equation for small amplitude behavior when surface tension is negligible:

f0 =
1

2π

1

R0

√
3κP0

ρ
(2.4)

This result matches the solution developed by Minnaert, except it does not make the

assumption that the bubble behaves adiabatically [45]. Thus, the frequency depends

on the polytropic expansion coefficient (κ); here κ replaces the ratio of specific heats

for the gas, γ.

• Surface Tension Dominates

The resonance frequency of the bubbles can also be predicted by Equation 2.3 when

the surface tension dominates. Under normal atmospheric conditions, and for surface

tension between air and water, the size of the bubbles must be < 5 µm in order for

surface tension to dominate.

f0 =
1

2π

1

R0
√
ρ

√
3κ

(
P0 +

2σ

R0

− Pv
)
− 2σ

R0

+ Pv −
4µ2

ρR0

(2.5)

This result now includes the effects of surface tension and viscosity.

The Rayleigh-Plesset equation is very useful for modeling nonlinear bubble oscillations; how-

ever, the model starts to break down when the bubble is driven near its resonance frequency.
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Crum and Prosperetti [20] experimentally predicted the behavior of bubbles for three differ-

ent gases with a wide range of polytropic values. They found that their experimental results

matched fairly well with theoretical predictions when the bubble was not oscillating near its

resonance frequency; however, they suggested that the RPNNP model needs to be modified

to account for large amplitude pulsations of the bubble near resonance. The Rayleigh-Plesset

equation has difficulty predicting a bubble near its resonance frequency due to the following

assumptions:

• First, the RPNNP assumes that the liquid is incompressible. When the bubble oscil-

lation amplitude is large, the compressibility of the liquid can no longer be ignored.

• Next, the assumption that the behavior of the gas inside the bubble can be modeled as

polytropic is no longer valid. At large oscillation amplitudes, the polytropic assumption

does not accurately account for the energy losses due to the heating and cooling of the

gas.

• Finally, the assumption that the bubble is always spherical is not good because the

bubble can become unstable at large oscillation amplitudes, and lose its spherical sym-

metry when higher order deformation modes are excited [29].

2.4 Dynamics of Microbubbles in Microvessels

The research work described above focused on the dynamics of bubbles in infinite domains;

however, the resonance frequency of microbubbles is strongly affected by the surrounding

media. Therefore, to understand the behavior of microbubbles and UCAs under large am-

plitude volume oscillations inside the blood vessels, as is required to predict the steering of

microbubbles by ultrasound-induced forces in medical applications, it is necessary to study

the oscillation of microbubbles in cylindrical confinement (inside a tube).

Oguz and Prosperetti [62] first presented a numerical study on the natural frequency of

gas bubbles inside a liquid-filled, finite-length, rigid-walled tube. The bubble diameter was
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small compared to the tube diameter, as is the case of interest in this study where we focus

on large arteries with diameters of the order of millimeters or larger. Oguz and Prosperetti

determined that viscous dissipation in the liquid flow along the tube surface can not be

considered negligible and that viscous losses are significant for bubbles smaller than 10 µm.

Sassaroli and Hynynen [76] also presented a numerical model to predict the resonance

frequency and damping of microbubbles in blood vessels. They determined that the natu-

ral frequency of the microbubbles is not only dependent on the bubble radius but also on

the parameters of the blood vessel such as radius and length. They also showed that the

resonance frequency in small blood vessels is lower than predicted in a free-bubble model.

This suggests that ultrasound can potentially be used in a range of frequencies lower than

the frequencies currently used in therapeutic and diagnostic applications for UCAs between

1− 6 µm (such as those approved for injection into the human vasculature).

While the studies by Oguz and Prosperetti [62] and Sassaroli and Hynynen [76] have

been insightful, they do not capture the dynamics of a microbubble in non-rigid vessels. Qin

and Ferrara furthered their work by looking at the behavior of microbubbles in compliant

vessels [74]. They developed a lumped-parameter model to study the effects of compliant

microvessels on microbubble behavior. They modeled the problem in COMSOL using an

axially symmetric Navier-Stokes model. They looked at the behavior of microbubbles in two

different size vessels: 8 µm and 40 µm.

For the larger 40 µm vessel, the results agree well with the results obtained from the

Rayleigh-Plesset equation. This is to be expected since the microbubble diameter is much

smaller than the vessel diameter; in this case, the vessel wall effects do not significantly

affect the dynamics of the microbubbles. However, in the 8 µm vessel, the effects of the

vessel walls are immediately apparent. The oscillation amplitude decreases in the smaller

vessel and the oscillation amplitude following the driving cycle (∼ 1 µs) is reduced by 67.8%.

This is a significant reduction, which shows that there is need for better numerical models of

bubble oscillations in small microvessels. It was also observed that the oscillation frequency

increases in smaller microvessels. The oscillation frequency of a 3 µm diameter bubble was
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found to be 2.73 MHz in the 40 µm vessel and 3.17 MHz in the 8 µm vessel. Additionally, Qin

and Ferrara also determined that the viscosity of the liquid has a larger effect on oscillation

amplitude (due to viscous damping) in smaller vessels than in larger vessels.

2.5 Dynamics of Microbubbles in Blood

Little work has been done examining the dynamics of microbubbles in blood, which is po-

tentially important for future clinical applications. Owen et al. [66] performed experiments

in a 200 µm tube to exam the targeting efficiency of magnetic microbubbles in both saline

and whole blood. Their experiments did not use ultrasound to steer the microbubbles, but

they instead used a magnetic field to attract the microbubble towards the tubing wall. They

showed that less microbubbles are able to accumulate near the tubing wall (due to the mag-

netic force) in blood than in saline, which they suggest is due to the presence of cells in

the blood that act to impede microbubble motion. Other studies have also shown that the

concentration of red blood cells (hematocrit) in the blood can alter the targeting efficiency of

microbubbles [14, 56]. Finally, studies have considered the effectiveness of targeting based on

the relative size of the microbubbles to the red blood cells, showing that microbubbles that

are approximately 2 µm in diameter are more effective in targeting applications[12, 13, 56].

Targeting was also shown to increase in pulsatile blood flow versus blood flow that was

steady.

The limited amount of research done on this topic suggests the importance of the research

performed in this dissertation. While we do not directly explore the dynamics of microbub-

bles in blood, we introduce a framework to further explore the behavior of microbubbles in

physiological vessels using clinical ultrasound technology. This will enable further under-

standing of the interaction between microbubbles and blood cells and determine effective

clinical strategies moving forward. This dissertation shows that the concentration of mi-

crobubbles, as well as the size of the blood vessel these microbubbles are traveling in, is

extremely important for ultrasound steering applications, and we hypothesize that this will

be also true in vivo. As shown in [66], it is expected that microbubble dynamics in blood
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will be more interesting in smaller vessels, where the blood behaves with non-Newtonian

rheology and the vessel wall interferes with the oscillations of the microbubbles. However,

minimal effect of surrounding cells is expected in larger vessels, the focus of this dissertation.

2.6 Bjerknes Force

The presence of a force acting on bubbles due to a harmonic pressure field (acoustic radia-

tion force) was first proposed by Bjerknes [6]. The Bjerknes force occurs due to the phase

difference between the incoming ultrasound pressure field and the volume oscillations of the

bubble induced by the US. Eller [27] proposed an expression for the Bjerknes force acting on

a bubble in a standing acoustic wave. He showed that a bubble with a diameter larger than

the value of the resonant diameter will experience a force towards the pressure nodes in a

standing wave, whereas a bubble with a smaller diameter will be forced towards the pressure

antinode. Figure 2.1 shows the working of this mechanism with a sketch.

The primary Bjerknes force is defined as the net force, time-averaged over a cycle of the

ultrasonic pressure excitation, acting on the bubble.

FBjerknes = 〈V (t)∇P (r, t)〉 (2.6)

where V (t) is the bubble volume and ∇P (r, t) is the pressure gradient acting on the volume.

An analytical expression for this force can be derived using a standing wave field. The

pressure field can be defined as:

P (y, t) = P∞ + 2PAsin(ky)cos(ωt) (2.7)

where P∞ is the hydrostatic pressure as defined above, PA is the amplitude of the pressure

wave, k = 2π
λ

is the wave number, λ is the wavelength, and ω = 2πf is the angular frequency.

The gradient of the pressure field is taken, to obtain:

∇P (y, t) = 2kPAcos(ky)cos(ωt) (2.8)

Radial oscillations are defined as a function of time assuming that 2PA � P∞:

R(t) = R0 − ξcos(ωt+ α) (2.9)
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Figure 2.1: Sketch of the mechanism responsible for the Bjerknes force in a standing wave for

a bubble larger than the resonant diameter for the frequency of excitation. The net force, over

each half period, is shown in the direction of propagation of the wave (towards the pressure

antinodes in a standing wave).

where R0 is the equilibrium radius of the bubble, ξ is the amplitude of the radial oscillations

which we assume to be � R0, and α is the phase of the oscillating radius.

The volume can now be defined as:

V (t) = 4
3
πR(t)3

= 4
3
π (R0 − ξcos(ωt+ α))3

(2.10)

where ξ = ξ0sin(ky). A first-order approximation of the above equation gives:

V (t) = 4
3
πR3

0 − 4
3
πR3

0

[(
3ξ0
)
/
(
R0sin(ky)cos(ωt+ α)

)]
= V0

(
1− 3ξ0

R0
sin(ky)cos(ωt+ α)

) (2.11)
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The Bjerknes force can be solved for by substituting equations 2.8 and 2.11 into 2.6.

FBjerknes =
〈(
V0

(
1− 3ξ0

R0

sin(ky)cos(ωt+ α)
))(

2kPAcos(ky)cos(ωt)
)〉

(2.12)

For bubbles smaller than the resonance size (α = 0), we obtain:

FBjerknes =
3PAkξ0V0sin(2ky)

2R0

(2.13)

For bubbles larger than the resonance size (α = π), we obtain:

FBjerknes = −3PAkξ0V0sin(2ky)

2R0

(2.14)

The force is positive when α is between 0 and π/2, and negative when α is between π/2

and π. Equations 2.13 and 2.14 give the expression for the Bjerknes force in a standing

wave field for bubbles smaller and larger than the resonance size. Bubbles larger than the

resonance size will travel towards the pressure nodes of the standing wave; whereas, bubbles

smaller than the resonance size will travel towards the pressure antinodes (as evidenced by

the difference in sign in the above equations).

The force can be evaluated similarly in a traveling wave (derivation shown in [24]) to

yield:

FBjerknes,trav =
2πP 2

ADR0

δtotρ0cω0T
(2.15)

where D is the duration of the transmitted pulse, δtot is the damping constant, ρ0 is the

density of the surrounding fluid, c is the speed of sound in the surrounding fluid, ω0 is the

resonant frequency of the bubble, T is the pulse repetition period (the reciprocal of the pulse

repetition frequency), and PA and R0 are the same as described previously. This equation

gives insight into the scaling of the Bjerknes force, which is useful for the experiments ad-

dressed in this thesis. The Bjerknes force varies linear with both pulse duration and pulse

repetition frequency (and thus the duty cycle) and quadratically with the pressure ampli-

tude. Additionally, the bubbles are displaced away from the ultrasound transducer; they do

not travel towards pressure nodes and antinodes as in the standing wave field.
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Finally, for completeness, the incoming ultrasound pressure field causes the bubbles to

oscillate, which alters the local pressure field around the bubbles. This produces a secondary

Bjerknes force that causes bubbles to be attracted to or repulsed from one another, if they are

sufficiently close to one another. When the microbubbles are attracted to one another due

to the secondary force, stable clusters form [21, 24, 67]. While conducting the experiments

in this dissertation, these microbubble clusters were not observed in any of the experiments,

except in between experiments at very low flow rates (when the flow was almost station-

ary). Typically, the magnitude of the secondary Bjerknes force is much smaller than the

primary Bjerknes force, so it will not be discussed in this dissertation. However, it should

be mentioned that the magnitude of the secondary force can become significant in smaller

vessels where the spacing between microbubbles is significantly reduced compared to the

experiments in this thesis that mimic large arterial flows [24].
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Chapter 3

METHODS

The following chapter presents details of the experimental developments carried out in

this thesis. The first part of this chapter covers information regarding the two different

types of microbubbles used in the experiments. The second part of the chapter describes the

two experimental setups that have been developed to image the microbubbles: an acoustic

setup that uses a clinical ultrasound scanner to image the microbubbles and an optical setup

that uses a high-speed camera to image the microbubbles. The final two sections of this

chapter discuss the importance of material selection for the flow phantom and the working

fluid in order to minimize index of refraction effects (in the optical imaging) and to minimize

ultrasound attenuation and scattering (in both imaging modalities).

3.1 Microbubble Information

Two different types of microbubbles were used in the experiments conducted to examine the

Bjerknes force acting on the microbubbles: an in-house recipe used in the Averkiou lab and

commercially available Sonazoid microbubbles (GE Healthcare, Amersham, UK).

The in-house microbubbles, composed of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)

and DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000]) (Avanti Polar Lipids Inc, Alabaster, AL) in a 95:5 molar ratio, were prepared

as previously described in [17, 84]. The microbubbles were activated in a two-step pro-

cess. First, two needles were inserted into the headspace in the microbubble vial, shown in

Fig. 3.1 (a). One of the needles was used to inject perfluorobutane gas into the vial; the other

needle allowed any air inside the vial to be expelled. The microbubbles were then activated

via high frequency shaking in a VIALMIX medical shaker (Lantheus Medical Imaging, Inc.,
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Billerica, MA) for 15 seconds. After agitation, the microbubbles were then drawn out of the

vial using the same two needle system, shown in Fig. 3.1 (b). Now, one needle was attached

to a syringe to withdraw microbubbles instead of the gas. The other needle was used to vent

the vial to maintain a constant pressure during the microbubble withdrawal. Typically, 2

mL of the concentrated microbubble solution were withdrawn from the vial and then diluted

further depending on the desired concentration of microbubbles in the experiments.

(a) (b)

Figure 3.1: Example of experimental procedure to activate in-house microbubbles. (a) Air

inside the vial is expelled using perfluorobutane gas. Note: gas canister is not to scale. (b) The

microbubbles are withdrawn using a syringe.

The Sonazoid microbubbles were activated according to the manufacturer’s instructions.

The microbubbles were withdrawn from the vial using the same method as the in-house

microbubbles. As before, 2 mL of the concentrated microbubble solution was withdrawn from

the vial and then diluted further depending on the desired concentration of microbubbles in

the experiments.
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The size and the concentration of the in-house microbubbles in the dispersion were de-

termined with a Multisizer 3 (Beckman Coulter, Brea, CA). The microbubbles have a mean

diameter of 4.868 µm and a concentration of 1.735 × 109 bubbles/mL. The Sonazoid mi-

crobubbles had a mean diameter of 2.6 µm and a concentration of 1.2 × 109 bubbles/mL

[81].

3.2 Transducer Characterization

A Panametrics-NDT V303 single element circular transducer (Olympus NDT, Waltham,

MA) was placed in a rectangular water tank to characterize its pressure output at a range

of input voltages. Figure 3.2 shows the experimental setup used to characterize the pressure

output. The V303 transducer was submerged and its acoustic output was recorded using a

needle hydrophone. Data was collected using LabVIEW VIs (National Instruments, Austin,

TX) that controlled both the positioning of the hydrophone (x, y, and z directions) and

the recording of the voltage measured by the hydrophone, which was directly correlated to

pressure using a calibration curve.
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Figure 3.2: Image showing the positioning of the pushing transducer and needle hydrophone

in the water tank used for acoustic measurements.

Hydrophone measurements were taken at both the Rayleigh distance and the Rayleigh

distance divided by π. The Rayleigh distance is the point where the ultrasound beam

transitions from the nearfield to the farfield, and the Rayleigh distance divided by π is

the distance where the pressure amplitude is maximum. Equation 3.1 shows the Rayleigh

distance, R0.

R0 =
ka2

2
(3.1)

where k is the wavenumber and a is the radius of the transducer.

The following curves were produced with the settings shown in Table 3.1.
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Frequency 1 MHz

Amplitude (pulse generator) 100 mV

Number of Cycles 20

Trigger Interval 5 ms

Duty Cycle 0.4 %

R0 84.5 mm

R0/π 26.9 mm

Table 3.1: Ultrasound parameters for propagation curve and beam patterns

3.2.1 Propagation Curve

Figure 3.3 characterizes how the pressure amplitude changes axially away from the trans-

ducer, with zero on the figure’s x axis corresponding to the surface of the transducer. The

maximum pressure occurs at approximately 26.8 mm, which corresponds to the R0/π.
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Figure 3.3: Propagation curve showing the pressure amplitude as a function of distance away

from the transducer. The peak occurs at 26.8 mm, approximately the Rayleigh distance divided

by π (R0/π).

3.2.2 2D Beam Patterns

Figure 3.4 shows both the 2D beam pattern and the 1D beam pattern (along the x axis of

the water tank) at two different locations along the z axis: R0/π and R0. At R0/π, the

maximum pressure amplitude is about 0.046 MPa and the beam width (at the -6 dB down

points) is approximately 6.5 mm (or about 0.25 inches). At R0, the maximum pressure

amplitude is 0.024 MPa and the beam width is approximately 15 mm (or about 0.59 inches).

Therefore, at R0, the maximum pressure amplitude is about half of the maximum amplitude

at R0/π. Conversely, the beam width is about 2.3x as large as the beam width at R0/π.

This trade-off between pressure amplitude and beam width needs to be carefully considered

in the experiments. Since the transducer is unfocused, it is important to be acting near

its maximum pressure output along its axis. However, to see a pushing affect over a wider

area, giving the microbubbles more time to interact with the ultrasound beam, it is worth

considering taking a small loss in pressure amplitude to have a larger beam width.
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(a) 2D Beam Pattern at at R0/π
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(c) 2D Beam Pattern at R0
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Figure 3.4: Beam patterns: (a) 2D beam pattern in the xy-direction in the water tank at R0/π.

(b) 1D beam pattern along the x-direction in the water tank at R0/π. The pressure amplitude

is greater and the beam is narrower at this location. (c) 2D beam pattern in the xy-direction in

the water tank at R0. (d) 1D beam pattern along the x-direction in the water tank at R0. The

pressure amplitude is smaller but the beam is wider at this location. Note: Axis dimensions are

different since data was only taken between -10 and 10 mm in (a) and (b), where it was taken

between -20 and 20 mm in (c) and (d).

3.3 Experimental Setups

Two experimental setups were developed to examine the response of microbubbles to ul-

trasound excitation at a range of flow rates (Reynolds numbers), pressure amplitudes, and
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ultrasound pulse-repetition frequencies (PRFs). The initial experimental setup used ultra-

sound as the imaging modality since commonly available tubing materials that are transpar-

ent to ultrasound are not optically transparent. The flow rates that could be explored in this

experimental setup were limited due to the acquisition rates available in clinical ultrasound

systems. Due to this limitation, another experimental setup was developed using optical

imaging as the imaging modality. This allowed faster acquisition rates (on the order of kHz

in the optical imaging versus Hz in clinical ultrasound scanners). Additionally, the resolution

of the optical imaging was better (of the order of µm in optical imaging at high magnification

versus O(mm) in the ultrasound system), which allowed for closer examination of bubble

behavior based on microbubble size.

3.3.1 Ultrasound Imaging

An experimental setup using an ultrasound imaging probe was developed to examine the

forces acting on ultrasound contrast agents in a variety of flow conditions: a quiescent fluid

environment, uniform flow, and pulsatile flow. Using ultrasound as an imaging modality

increases the translatability of this research to future animal and human models, both in

vivo and ex vivo.

The ultrasound experimental setup was created inside a rectangular acrylic tank (50.8

cm × 25.4 cm in cross-sectional area) equipped with two three-axis positioning systems:

one to translate the pushing transducer and the other to translate the imaging probe. Fig

3.5 shows a schematic of the experimental setup. The sides of the tank were covered with

acoustic attenuators to minimize reflections from the tank walls. Silicone tubing, chosen for

the part of the phantom to be imaged due to its favorable acoustical properties, was held

between two 3D-printed holders attached to adjustable optical posts.
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(a)

(b)

Figure 3.5: Ultrasound experimental setup. (a) Entire water tank setup including the mag-

netic stirrer and peristaltic pump. The V303 pushing transducer is controlled using a function

generator (FG) and power amplifier (PA) to run experiments at a variety of cycle lengths and

pressure amplitudes. Not shown: optional pulse dampener used for uniform flow experiments.

(b) Close up view of the experimental setup showing the alignment of the pushing transducer

and imaging transducer with respect to the silicone tubing.
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A V303 pushing transducer was held with the same holder and optical post setup to

facilitate aligning the pushing transducer with the silicone tubing. However, unlike the

tubing, the pushing transducer could be finely adjusted using a three axis positioning system.

A pulse-echo method was used to align the V303 transducer with the silicone tubing. The

height of the transducer was adjusted until the amplitude of the reflection was maximized;

this corresponded to the center of the tubing. Additionally, the transducer was rotated along

its axis to make sure the transducer was perpendicular to the tubing, marked by an increase

in amplitude of the reflected signal. Figure 3.6 (a) shows an example of the signal found using

the pulse-echo method. In this case, one can see that the reflection of the tubing occurs at

40.3 microseconds, which corresponds to a distance of approximately 3 cm. This signal was

maximized during alignment to make sure the imaging transducer was exactly perpendicular

to the silicone tubing. Using this information and the known transducer pressure field, we

can estimate pressure amplitudes at the tubing wall and inside the tubing.

Image sequences were taken using an iU22 ultrasound scanner and an L15-7io broadband

linear array transducer (Philips Healthcare, Bothell, WA). The imaging transducer was held

using a custom 3D-printed holder attached to an optical post. This transducer could also be

adjusted in three dimensions using a motorized three axis positioning system, which could

be controlled via a LabVIEW VI on a desktop computer. A region of interest (ROI) analysis

was performed to align the imaging transducer with the silicone tubing. Figure 3.6 (b) shows

the ROI that was selected in the ultrasound loop. The ROI was chosen to encompass the

entire top wall of the tubing (both the outside and inside position of the top tube wall). The

intensity in this ROI region was then analyzed over the entire ultrasound loop, as shown in

Figure 3.6 (c). The maximum intensity found in the ROI corresponds to the vertical center

of the tubing wall. The vertical position of the imaging probe was then adjusted so that it

was located at the intensity peak (tube center).
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Figure 3.6: Techniques used to align the V303 pushing transducer and the L15-7io imaging

transducer to the center of the silicone tubing. (a) An example waveform obtained using the

pulse echo method to align the pushing transducer to the silicone tubing. This method also gives

the distance between the front of the pushing transducer and the wall of the silicone tubing.

(b) An example ROI used for alignment of the imaging transducer to the silicone tubing. (c)

A plot of image intensity over time, where the peak intensity corresponds to the center of the

silicone tubing.
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A selected concentration of microbubbles could be introduced to the flow loop by injecting

them into a beaker on a magnetic stirrer. The microbubbles were stirred for approximately

30 seconds and then the flow was started to pump the microbubbles through the flow loop

and into the imaging section of the flow loop. The flow was driven by a MasterFlex L/S

peristaltic pump (Cole-Parmer, Vernon Hills, Il) that was able to produce flow rates between

0.034 and 100 mL/min, corresponding to Reynolds numbers between 1 and 2500 in the 9.5

mm ID silicone tubing. To create uniform (non-pulsatile) flow in the experiments, a pulse

dampener was added to the experimental setup.

This experimental setup allowed for exploration of the response of microbubbles to ul-

trasound at a variety of flow conditions and ultrasound settings. However, the range of flow

parameters that could be explored was limited due to the acquisition rate in clinical ultra-

sound systems. In the experiments reported in this thesis, they typically ranged between

30 and 110 fps. Additionally, the concentration of microbubbles per fluid volume had to be

extremely low so that individual microbubbles could be tracked. Despite these limitations,

these experiments provided great insight into the behavior of microbubbles under ultrasound

excitation at a small range of physiologically relevant Reynolds numbers, extending previous

experimental studies, and a variety of ultrasound parameters, which provided guidance for

the optical experiments.

3.3.2 Optical Imaging

An experimental setup using a high-speed camera was developed to examine the forces

acting on ultrasound contrast agents in uniform flow at higher Reynolds numbers than the

ultrasound experimental setup. Using optical imaging as the imaging modality increases the

acquisition rate and resolution of the images enabling individual microbubbles to be easily

tracked and their sizes measured with greater accuracy, even at higher Reynolds numbers. A

Phantom V12 high-speed camera (Vision Research, Wayne, NJ) and a K2/SC long-distance

lens (Infinity, Boulder, CO) were used to image microbubbles in a uniform flow created by a

hydrostatic pressure difference between two reservoirs, at magnification levels similar to those
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available in a typical upright microscope system (2 to 20X). Table 3.2 shows the different

lens setup options.

STD CF-2 CF-4

Primary Magnification 0.95X-0.31X 2.29X-0.71X 5.33X-4.27X

Field of View (1/2” sensor) (mm) 6.74-20.5 2.8-4.7 1.20-1.50

Numerical Aperature 0.051-0.02 0.136-0.099 0.204-0.172

Working Distance (mm) 360-980 138-205 55-63

Table 3.2: K2/SC objective options (adapted from [37]).

In this experimental setup, microbubbles were injected upstream of the tube or vessel

phantom via a syringe. Next, microbubble images of the flow inside tubing that mimics a

small artery (2-8 mm in diameter) were collected using the CF-2 objective. However, due to

the magnification, it was difficult to track individual microbubbles using the CF-2 objective.

Therefore, the CF-4 objective was used for greater magnification of the microbubble flow,

which was essential for tracking individual microbubble paths. These images were backlit

using a fiber optic illuminator (Model MI-150, Edmund Optics, Barrington, NJ). Figure 3.7

shows an example of the long distance lens setup with fiber optic illumination and Polyte-

trafluoroethylene (PTFE) tubing. Both PTFE tubing and silicone phantoms were used in

the optical experimental setup. The PTFE was chosen because its index of refraction was

very similar to the index of refraction of water, so we could use water as the working fluid

as done in the ultrasound experiments. The silicone phantoms were developed to look at

microbubble behavior in patient specific geometries and explore the possibility of steering

bubbles towards a selected downstream branch of a carotid bifurcation. However, a much

more viscous glycerine/water solution needed to be used to match the index of refraction of

the silicone.
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(a)

(b)

Figure 3.7: Optical experimental setup. (a) Top view of the experimental setup showing the

alignment of the high-speed camera, fiber optical illuminator, and pushing transducer. The

V303 pushing transducer is controlled using a function generator and power amplifier to run

experiments at a variety of pulse repetition frequencies (PRFs) and pressure amplitudes. Not

shown: the reservoir system used to drive the flow. (b) Close up side view of the experimental

setup showing the alignment of the pushing transducer with the PTFE tubing. The imaging

field of view (1.63× 1.63 mm) is also shown.
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Polytetrafluoroethylene (PTFE) Tubing

PTFE tubing (1.65 mm ID, 0.048 mm wall thickness, Zeus Industrial Products, Inc., Orange-

burg, SC) was used for the first set of optical experiments because of its favorable optical

properties. It should be noted that while it worked well optically, it was not a good match

acoustically: there was approximately a 10% loss of the ultrasound signal through the tube.

Despite this limitation, it was still used for the optical experiments since it was a readily

available tubing material and the effect of the ultrasound could still be seen in the tube

(without any noticeable detection of standing waves). The PTFE tubing was held inside

a rectangular acrylic box (14 cm L × 4 cm W × 4 cm H). The box was designed to be

very narrow since the working distance of the long distance lens with the 4X objective was

between 55 and 63 mm. Additionally, the tubing was positioned such that the ultrasound

transducer could be placed approximately 2.7 cm from the top of the tube wall (see Fig.

3.7), corresponding to the location of the maximum pressure amplitude of the transducer

(Rayleigh distance divided by π, R0/π, for the V303 pushing transducer).

Silicone Phantom

The PTFE tubing was used in the first set of optical experiments. However, this research also

considered patient specific geometries for future translational applications ex-vivo or in-vivo.

Therefore, Sylgard 184 was used to create flow phantoms for use with the optical experimental

setup. This material was chosen because it has a proven track record for model casting in the

literature [9, 31, 35, 71]. In addition to a straight tube silicone phantom, a silicone phantom

of a carotid artery was created, since this aligned well with future experimental plans of

steering the microbubbles in an anatomically relevant bifurcation (the carotid bifurcation)

to induce a strong bias where the bubbles would preferentially pass through one of the

branches (the internal carotid) over to the other one (external carotid) in a proportion much

higher than the flow rate split (≈ 60/40).
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A model of the carotid artery was developed using patient-specific 3D Ultrasound (B-

mode) measurements obtained from our clinical collaborators. The 3D US data was seg-

mented and a 3D surface reconstruction of the lumen (in .STL format) was created using

MeshMixer, a 3D modeling program. The model of the carotid artery was printed with

polylactic acid (PLA) filament. An image of a 3D-printed carotid artery is shown in Figure

3.8. The test parts were printed at normal resolution since this provided a nice compromise

between print quality and print duration.

Figure 3.8: Image of a 3D printed carotid artery.

Two methods were used to smooth the ridges on the printed parts. The parts were first

sanded down until the ridges were removed. However, this method was very time consuming

and did not lead to a perfectly smooth surface. XTC-3d (Smooth-On, East Texas, PA), an

epoxy-coating, was next used to coat the printed part. It cured to a hard coating that could

then be sanded if necessary to bring the surface of the part back to its initial size, augmented

slightly by the addition of the epoxy layer. Figure 3.9 shows the results of each method.
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Figure 3.9: Image showing two 3D printed parts: one with a sanded surface and a another

coated with XTC-3. The surface of the uncoated part still has small ridges from the 3D

printing even though it was sanded. The surface of the coated part is much smoother because

the epoxy-coating fills in the ridges.

Once sufficiently smoothed and with the right dimensions, the part was then cast into

silicone. Traditional casting methods, such as lost wax casting, use a four step process to

create a silicone flow phantom. Figure 3.10 visually shows the steps in this process. The

first step of this process involved creating a 3D model of the artery (green 3D printed part).

This model was then cast in a molding polymeric material (Oomoo 25, Smooth-On). Once

the material cured, the model was gently removed from the molding material by cutting the

mold into two pieces. The mold was then resealed and wax was poured into it. This creates

another copy of the original model (pale yellow carotid) that could be casted in PDMS

(Sylgard 184, Dow-Corning, Auburn, MI) and melted out of the final transparent phantom,

leaving an open volume equal to the lumen of the original artery in the medical images.

This method can be shortened to a two step process if the geometry of the artery is fairly

simple. For the straight tube, the 3D-printed part was cast directly into the clear silicone.

The silicone was then placed in the oven at 100 ◦C for 35 minutes to cure. Once cured, the

printed part could be removed from the phantom. This is done by breaking the printed part

towards its center, so it can easily be pulled out from both sides of the artery.
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Figure 3.10: Steps in lost wax casting.

3.3.3 Index of Refraction Experiments

Once the experimental setup was developed, the next step was to determine the working

fluid to be used in the experiments. The proper choice of fluid was important to minimize

refraction effects caused by the index of refraction mismatch between the tubing and the

working fluid. Budwig [10] provides a nice review of optical properties of glass, plastics,

and aqueous solutions. Nguyen et al. [58] reviewed previous fluids that had been used as

blood analogs in cardiovascular models. They found that most of these fluids were dangerous
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and/or expensive, and did not match the kinematic viscosity of blood well. They, therefore,

developed empirical relationships to determine the index of refraction and kinematic vis-

cosity of non-toxic fluids that could potentially be used as blood analogs. The fluids that

they explored were: D-limonene, diethyl phthalate, methyl salicylate, mineral oil, ethanol,

glycerine, and water. Buchmann et al. [8], Geoghegan et al. [31], Hopkins et al. [35] used a

mixture of water and glycerine as a blood-analog fluid . We chose to further explore mixtures

of glycerine and water for use in our experiments because glycerine was easy to obtain, safe,

and relatively inexpensive.

Hopkins et al. [35] used a grid method to determine the correct fluid ratios needed to

match the index of refraction of the working fluid and the test section. We used a similar

method to determine the correct fluid to use with the Sylgard 184 phantom used in the

optical setup experiments. Figure 3.11 shows different ratios of distilled water and glycerine

inside of the tube and also air (0% glycerin-0% water). It was shown that a ratio of 60%

water to 40% glycerine gave the best results for our phantom, which closely agrees with the

61% water to 39% glycerine ratio used by Geoghegan et al. [31].

Figure 3.11: Montage of index of refraction test images for different glycerine/water ratios in

Sylgard 184. From the images, it is apparent that a 60% glycerine-40% water (wg.) ratio is

index matched to the Sylgard 184 material.
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Table 3.3 shows the materials used in the optical imaging experiments and their ultra-

sound properties: c is the speed of sound in the material, SG is the specific gravity of the

materials, Z is the acoustic impedance of the material, and n is the index of refraction of the

material. Sylgard 184 (a similar material to the silicone tubing used in the ultrasound ex-

periments) has favorable acoustic properties since its acoustic impedance is similar to water.

Previous research has shown that there are other materials that also work well for ultrasound

imaging, such as hydrogels, but these materials have much shorter shelf lives and are not as

durable [11, 40, 53, 60, 71, 92]. Additionally, ultrasound phantom development is still an

area of active research, so there may be other promising material options available in the

future.

Material c (m/s) SG Z (MRayl) n

Water at 25◦C 1497 0.998 1.49 1.33

Glycerine at 25◦C 1904 1.26 2.34 1.47

Acrylic 2750 1.19 3.26 1.49

Sylgard 184 1027 1.05 1.04 1.41

PTFE 1400 2.20 3.08 1.35

Table 3.3: Properties of selected materials taken from [64].

3.4 Important Nondimensional Parameters Considered for Experimental De-
velopment

There are two main nondimensional parameters that will be considered throughout this

dissertation: the Reynolds number and the Womersley number. These two nondimensional

numbers can be used to inform our experimental parameters so that our flow conditions are

matched to relevant cardiovascular conditions. For example, we can match the Reynolds

and Womersley numbers in our experimental setup to the Reynolds and Womersley numbers

found in actual arteries (similitude).
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The Reynolds number, relating the inertial to the viscous forces, is defined as:

Re =
ρvLc
µ

(3.2)

where ρ is the density of the working fluid, v is the average velocity, Lc is the characteristic

length (Lc = D in a tube), and µ is the dynamic viscosity of the working fluid. In typical

cardiovascular applications, the Reynolds number is approximately 1 in small arterioles to

approximately 4000 in the largest artery, the aorta [42]. When the Reynolds number is

small (ReD < 2300), the flow is laminar. Above this value, the flow starts to transition to

turbulence. In our experiments, we will explore Reynolds numbers between approximately

75 and 700.

The Womersley number, relating the unsteady and viscous forces, is defined as:

Wo = α =
D

2

√
ω

ν
(3.3)

where D is the diameter of the tube, ω = 2πf is the angular frequency of the flow pulsations,

and ν is the kinematic viscosity of the working fluid. The Womersley number is another

nondimensional number commonly used in biological systems such as blood flow in arteries.

When α is small (O(1) or smaller), the flow pulsations are very small and the flow will have

sufficient time to develop in the tube, giving rise to a canonical Poiseuille profile. When α is

larger, the flow does not have as much time to develop in the tube and the velocity profile

will be flatter.

Finally, another nondimensional parameter to consider in our ultrasound experimental

setup is the Dean number, defined as:

De = Re

√
D

2Rc

(3.4)

where Re is the Reynolds number introduced above, D is the diameter of the tube, and

Rc is the radius of curvature along the tube. At low Dean numbers (De < 40 − 60), the

flow in the tube maintains a Poiseuille profile. However, at slightly higher Dean numbers
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(40 − 60 < De < 64 − 75), the flow starts to become unstable and the flow profile shifts

towards the outer wall of the tube [32, 83]. This will be seen in when we characterize flow

profiles using the ultrasound experimental setup in Chapter 5.
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Chapter 4

PARTICLE TRACKING

Particle tracking is a method to reconstruct the trajectories of each microbubble in the

flow by matching the locations of the bubble’s centroid in sequential frames in the video.

The bubble trajectories give us the foundational data to explore the effects of hydrodynamic

and ultrasound-induced forces on microbubbles. The bubbles will rise due to buoyancy,

move with the flow due to hydrodynamic drag, and be driven to the vessel’s center due to

hydrodynamic lift, when ultrasound is not present. When ultrasound excitation is active,

however, the effects of the primary and secondary acoustic radiation forces noticeably modify

the bubble trajectories. It is, therefore, important to be able to accurately capture the bubble

trajectories so that we can understand how the bubbles behave with and without ultrasound,

and quantitatively model the forces acting on them as a function of the flow (hydrodynamic)

and ultrasound parameters.

4.1 Image Processing

The first step in the particle tracking algorithm is the post-processing of the microbubble

images extracted from either the ultrasound images or the high-speed optical images ac-

quired from the experiments. This is done via an image segmentation method known as

thresholding. A basic thresholding algorithm will replace each pixel value in an image with

a black or white pixel depending on how it relates to the specified threshold value. For an

8-bit, greyscale image, with a pixel range of 0 (black) to 28-1 or 255 (white), a pixel would be

assigned a black pixel if it is below the specified threshold or a white pixel if it was above the

specified threshold value. It is necessary to threshold the images to separate the foreground

of the image (the microbubbles) from the background.
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There are two thresholding methods available: global thresholding and local thresholding.

Global thresholding is typically used when the histogram of the image intensities is approx-

imately Gaussian or if the histogram has two distinct peaks. Whereas, local thresholding

is typically used when the histogram is not clean and there are large illumination gradients

across the image.

4.1.1 Processing iU22 Images

A global thresholding algorithm was used to post-process the microbubble images (each slice

from a DICOM loop) from the iU22 ultrasound system. A four step process was used to

segment the microbubbles and obtain their centroid locations (as well as area, eccentricity,

etc.). First, individual DICOM loops were read into MATLAB and were converted into

a greyscale image stack. A temporal average was then performed on the image stack to

get a background image. This background image was then subtracted from each of the

images in the greyscale image stack. The resulting images could then be thresholded using

a value selected to separate the foreground from the background in the images. Finally,

microbubble locations could be determined using MATLAB’s regionprops algorithm. This

process is shown in Fig. 4.1.

As can be seen in Fig.4.1 (d), this process works very well for finding the locations of

microbubbles in the ultrasound images. It should be noted, however, that the performance

of the algorithm is largely dependent on the concentration of microbubbles in the images.

If the microbubble concentration is too large, it is nearly impossible to discern individual

microbubbles since there is large overlap between the microbubbles in the images. Conse-

quently, the concentration of microbubbles in the experiments were carefully controlled to

make sure there were no more than approximately 100 microbubbles per image. This allowed

the centroids of each individual microbubble to easily be found, which could then be used in

the tracking algorithm.
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(a) Original image (b) Background image

(c) Binarized image (d) Detected bubble centroids

Figure 4.1: Ultrasound image analysis: (a) Original greyscale image taken from a DICOM loop

from the iU22 imaging system. (b) The background image obtained when the DICOM stack is

averaged over time. (c) The background subtracted and binarized image. A global threshold is

used in MATLAB. (d) The resultant bubble centroids obtained using regionprops in MATLAB.
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4.1.2 Processing Phantom Camera Images

A local thresholding algorithm was used to post-process the optical microbubble images due

to the low contrast in the images and spatial and temporal variations in illumination.

Sauvola and Pietikäinen [77] proposed that the local threshold value T(x,y) be calculated

as:

T (x, y) = m (x, y)

[
1 + k

(
s (x, y)

R
− 1

)]
(4.1)

where m(x, y) is the mean and s(x, y) is the standard deviation of the pixel intensities in a

window centered around (x, y), R is the dynamic range (the ratio between the maximum and

minimum pixel intensities) and is equal to 0.5 for a normalized image, and k is a constant

between 0.2 and 0.5. The local values (mean and standard deviation) alter the local threshold

depending on the level of contrast in the local region. At high levels of contrast, the standard

deviation approaches R, and the local threshold T (x, y) is approximately equal to the local

mean intensity m(x, y). If the contrast is low, the standard deviation is less than R, and the

local threshold is lower than the local mean intensity. This removes the dark regions in the

image.

Phansalkar et al. [69] extended this algorithm to look at low contrast dark regions as

well. They proposed the following equation:

T (x, y) = m (x, y)

[
1 + pe−q·m(x,y) + k

(
s (x, y)

R
− 1

)]
(4.2)

where p and q are constants. These constants are selected based on information from the

images. The value of q is chosen so that an intensity value above the maximum intensity of

the objects of interest (in our case, the microbubbles) will cause the exponential term to go

to zero and the equation to reduce to Equation 4.1. The value of p is chosen to tune the

magnitude of the exponential term. If the value of p is low, the equation behaves similar to

Equation 4.1. If the value of p is too high, the algorithm does not work correctly because

too many background pixels are treated as objects of interest.

Equation 4.2 was implemented in Fiji (the most current implementation of NIH ImageJ)

and was used to process the microbubble images acquired in the experiments. The default
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parameter values selected by Phansalkar et al. were used for the microbubble images because

they provided accurate results validated by manually selecting microbubbles from a few

selected images. In the future, it might be useful to further tune the constants in this

model to extract more information from the microbubble images and not lose very small

microbubbles or small clusters that do not have a circular aspect ratio. Figure 4.2 shows an

example of processing a representative microbubble image using this algorithm.

(a) Original image (b) Binarized image

(c) Detected bubble centroids

Figure 4.2: Optical image analysis: (a) Original greyscale image taken using a high-speed

camera. (b) The binarized image obtained using the Phansalkar local thresholding algorithm.

(c) The resultant bubble centroids obtained using analyze particles in Fiji.

Figure 4.2 (c) shows that the algorithm in [69] accurately segments the particles from

the background of the image. It should be noted that the algorithm performs best on
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the bubbles that are in focus; it does not capture the out of focus particles well. This is

advantageous since it makes sure that we do not track out of plane particles (which may have

a different velocity than in-plane microbubbles). Additionally, it was determined that the

Phansalkar algorithm was less likely than other thresholding algorithms to capture noise in

the image, which helps to remove some error in the tracking. This is particularly important

when using the results of the image segmentation with the particle tracking code as false

positives (nonexistent particles created by noise as artifacts in the images) can confuse the

tracking algorithm and lead to false tracks and velocity/acceleration measurements. This is

more deleterious to the measurements than missing particles because they are out of focus.

Finally, once the image is segmented, Fiji is used to register the particles centroid location,

its area (size), perimeter, aspect ratio (circularity), ellipticity (fitted ellipse), bounding box,

etc. This microbubble information is used in the tracking algorithm, and can be used to

further segment the microbubbles image signature in terms of their regularity, filtering out

possible incomplete reconstructions of the microbubble tracks.

4.2 Enhancement of Particle Tracking Velocimetry Algorithms

The microbubble trajectories can be reconstructed by tracking in time their centroid lo-

cations determined by the segmentation described above in Sections 4.1.1 and 4.1.2. We

introduce a method to improve Particle Tracking Velocimetry (PTV) algorithms. PTV is an

experimental method used to measure the Lagrangian trajectories of individual particles over

time. The trajectories are constructed by linking the particle positions from a sequence of

images. Different PTV algorithms have been proposed in the literature, ranging from simply

taking the nearest neighbor in the next frame to using multiframe schemes. Here we focus

on the initialization of the Four-Frame Best Estimate (4BE) method introduced by Ouellette

et al. that minimizes changes in acceleration to construct correct tracks. Previously, tracking

algorithms have been initialized by using the particle’s nearest neighbor in the next frame or

by using a velocity guess to predict the particle’s location in the next frame. We propose a

more robust initialization, coupled with 4BE, that performs better than existing methods in
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the literature, in the sense of yielding a higher number of correct tracks. The performance

of the proposed initialization method is compared to the 4BE method that uses nearest

neighbor initialization by applying both methods on direct numerical simulation data from

the Johns Hopkins Turbulence Databases (JHTDB). We show that the modified initializa-

tion greatly improves tracking in two canonical cases, homogeneous isotropic turbulence and

turbulent channel flow (inhomogenous and anisotropic), greatly increasing the percentage of

correct tracks found even under challenging seeding/particle displacement conditions.

4.2.1 Introduction

Particle Tracking Velocimetry (PTV) is a Lagrangian method that is commonly used in fluid

dynamic experiments to capture information about individual trajectories. The particles can

be flow tracers if one is interested in characterizing the flow itself (e. g. turbulence dispersion,

turbulence statistics, characteristic times and lengths) or disperse-phase particles if one wants

to study the behavior of a second phase in a multiphase flow (e. g. particle slip velocity or

acceleration, response time, and preferential concentration) [85, 87]. The particle trajectories

allow for measurements of velocity and acceleration of the disperse phase, and particles with

different inertia allow for tracking of both phases to understand the underlying carrier flow

dynamics. If there are enough tracks captured, average quantities can be estimated on a

grid, yielding Eulerian maps (3D3C velocity field) and other common Eulerian metrics, such

as second order structure functions [49]. The tracking scheme used for PTV is critical for

accurate results, especially since error in the tracks between frames propagate to all other

frames (unlike Particle Image Velocimetry (PIV) techniques where each velocity vector field

can be computed independently of the previous time steps). For example, when an incorrect

particle position is assigned to a track in one time step, not only does that track yield

incorrect results but it also removes the incorrect position from its true track and leaves

the rest of the positions of that particle “orphan” so they are more likely to be assigned to

incorrect tracks themselves, which further propagates into future frames. Many PTV track-

forming algorithms have been proposed in the literature [1, 15, 25, 46, 50, 63, 65, 89], and
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these methods vary based on the number of frames used to find particle trajectories (from

2 to N frames), the cost function used to assign particles to existing tracks, and also the

initialization methods used to create new tracks.

Advanced PTV approaches, such as Shake-The-Box, have recently been developed and

have shown great success at very high particle seeding densities [78], allowing Eulerian in-

terpolation to produce instantaneous 3D3C velocity fields. Such methods, however, require

advanced equipment (high power lasers with repetition frequencies in the kilohertz, multi-

ple cameras, and specialized software) and their use is non-trivial. Shake-The-Box methods

have very significant computational costs and have complex set-up configurations. Thus,

there is a need for accurate multiframe PTV algorithms to resolve turbulent flows in which

seeding density and time-resolution do not require the added complexity of Shake-The-Box,

but where current methods have either low accuracy or low yield of correct trajectories. The

method proposed can be used with only one camera (capturing particles in a thick plane

or using shadowgraphy), multiple cameras (illuminating a volume and resolving 3D flow or

particle statistics), and is open-source. Additionally, the inputs to the proposed tracking

algorithm depend solely on known flow characteristics (e.g. the expected average displace-

ment of particles between frames). Consequently, the proposed tracking method performs

extremely well in multiple simple applications such as dispersion in a turbulent channel flow.

An example application is 2D tracking with one camera and backlighting, where the 3D phys-

ical space is projected onto the 2D sensor of the camera. The method performs extremely

well in this application, even at higher particle seeding densities or in flows where there are

large particle displacements between frames.

Ouellette et al. [65] developed a four-frame particle tracking method for three-dimensional

PTV and established a framework to evaluate the accuracy of four algorithms to extend

multiframe tracks in particle tracking methods. Each algorithm differs in the number of

frames used to find the most likely position of the particle in the next step of the track, or

on the cost function used to evaluate which one of the possible matches best extends the

current track. Of the four different track assignment methods and cost functions explored, the
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Four-Frame Best Estimate method is shown to have superior performance in homogeneous

isotropic turbulence. Each particle track is initialized by choosing the particle’s nearest

neighbor in the next frame. The nearest neighbor initialization method works well when there

is zero average flow velocity and when the particles displacement between frames is small

compared to the inter-particle distance. However, it starts to fail when the particles move a

distance comparable to the minimum particle-particle distance between frames. Additionally,

its accuracy decreases drastically if there is an average flow that is inhomogeneous, as the

mean flow can systematically bring other particles near the location of the original particle

in the previous frame. If the mean flow is homogeneous or varies with time or space in

a smooth and simple manner, the user can introduce a velocity guess for nearest-neighbor

initialization to correct for this bias, but this method is prone to errors in the tracking

when there is unsteady flow or velocity gradients, even for a simple canonical flow such as

Poiseuille. This leads to incorrect tracks being measured, or correct tracks being abandoned

due to uncertainty between frames.

We focus on improving the 4BE method since it has been used extensively in turbulence

research since its introduction [7, 16, 18, 44, 59, 82, 90]. To do so, we introduce a modified

initialization coupled with the 4BE method to increase tracking performance and increase

the “yield” of tracks as a percentage of possible tracks started by particles detected in the

images, while maintaining the accuracy (percentage of correct tracks from the total number

of tracks reported). The proposed modified initialization method uses a customizable search

in frame n + 1 to initialize multiple tracks from a single particle position in frame n. Each

of these potential tracks are then followed through the next two frames n+ 2 and n+ 3, and

the cost function for each potential track is minimized only after all possible trajectories for

the original particle in frame n have been considered through the three next frames. The

geometry of the initialization search region and the maximum number of track candidates

that are started from a single particle can be adjusted to adapt them to a large variety of

flow conditions.
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Two direct numerical simulation (DNS) datasets, forced homogenous isotropic turbulence

and turbulent channel flow, were used to validate this new PTV initialization method and

to compare its performance to the 4BE with nearest neighbor initialization. The forced

isotropic turbulence dataset was used to explore tracking in a canonical setting where there

is zero average velocity. In contrast, the turbulent channel flow dataset was used to look at

tracking when there is a non-zero, inhomogeneous average flow. Tracking performance was

then analyzed using previously introduced metrics [50, 65]. For both datasets, we show that

the modified method proposed reduces tracking error and increases the track number yield,

with a moderate computational cost that is affordable with modern tools. Additionally, for

the turbulent channel flow, the tracking error for the modified initialization method remains

significantly smaller than the tracking error for the nearest neighbor initialization even for

extreme values of the non-dimensional particle displacements between image frames.

The section is organized as follows: the Four-Frame Best Estimate tracking algorithm

and the modified method proposed here are introduced in Section 4.2.2; the direct numerical

simulation datasets used to validate the modified initialization method are briefly described

in Section 4.2.3 (a); the results from the comparison between the initialization methods are

then explored in Section 4.2.3 (b); and the conclusions from this study and potential for

applications are summarized in Section 4.2.4.

4.2.2 Modified Four-Frame Best Estimate Lagrangian Tracking Method with Enhanced Track

Initialization

The simplest Particle Tracking Velocimetry technique, using the position of particles in

two consecutive frames and choosing the nearest neighbor in frame n+1 as the most likely

position of the particle in frame n, may lead to wrong matches when increasing the number

of particles in the field of view and/or the displacement of particles between frames. To

overcome this limitation, multiframe particle tracking methods were developed such as the

four-frame particle tracking method (4BE) developed by Ouellette et al. [65]. This four-

frame method uses nearest neighbor initialization and built on previous multiframe tracking
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algorithms by trying to minimize changes in acceleration within a particle trajectory to

improve tracking performance.

Briefly, the Four-Frame Best Estimate algorithm (4BE) uses four-frames (n, n+ 1, n+ 2,

and n+ 3) to reconstruct particle trajectories, as illustrated in Fig. 4.3(a). Individual tracks

are initialized by using the nearest neighbor method, which chooses as the second position

in the track the particle that minimizes the distance between its location in frame n+ 1 and

the original particle position in frame n. Once a track is started in this way, these first two

locations in the track are used to predict the position x̃n+2
i of the particle in frame n+ 2:

x̃n+2
i = xn+1

i + ṽn+1
i ∆t (4.3)

where xn+1
i is the position of the particle in frame n+1, ṽn+1

i is the predicted velocity, and ∆t

is the time between frames. A search region is then defined around this predicted location in

frame n+ 2 to look for particles that are candidates to continue the track. The tolerance in

the search is set to be as small as possible (usually a few pixels) since it is aimed at finding a

single particle whose actual location in frame n+ 2 is closest to the prediction from frames n

and n+ 1. If no particle is found, the track is abandoned. If one particle is found, the track

is continued with that particle. If more than one particle is found within this search region,

each one can be used to predict a set of possible track continuations x̃n+3
i in frame n+ 3:

x̃n+3
i = xn+1

i + ṽn+1
i (2∆t) +

1

2
ãn+1
i (2∆t)2 (4.4)

where ãn+1
i is the predicted acceleration. A search region is defined around each of the x̃n+3

i

possible track locations and actual particle locations found in those are used to extend the

track candidates from frame n + 2 to frame n + 3. The 4BE algorithm chooses the most

likely location of the particle and, therefore, the most likely track, by minimizing the cost

function φnij:

φnij = ||xn+3
j − x̃n+3

i || (4.5)
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n n + 1 n + 2 n + 3

(b)

Figure 4.3: Schematic comparison between tracking methods showing that our proposed track-

ing method with enhanced track initialization (ETI) produces a higher number of tracks and

less probability of wrong tracks than existing nearest neighbor initialization (NNI) methods.

Particle locations are denoted with filled symbols and predicted particle locations are denoted

with hollow symbols. The track chosen by the PTV algorithm is overlaid on the actual and

expected particle positions. (a) 4BE-NN shows that the track is initialized choosing the par-

ticle position in frame n + 1 that is closest to the expected position of the original (n frame)

particle. Only one track is initialized regardless of the information in frames n + 2 and n + 3.

(b) 4BE-ETI shows the initial search area for frame n+ 1 (solid line box) and the three par-

ticle positions that are used to initialize three tracks in frame n + 1. The dotted line boxes

represent search regions in frames n+ 2 and n+ 3 where the algorithm finds potential matches

(in this example three candidates in frame n+2 and five follow-ups in frame n+3) and extends

potential tracks into the next frames. The search region can be adapted to the flow conditions

(inhomogeneous velocity and velocity fluctuations) for efficiency.
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Equation 4.5 minimizes the distance between the actual particles xn+3
j and their predicted

locations x̃n+3
i , which is equivalent to choosing the track candidate with the minimal change

in acceleration of all the candidates set up in frame n+ 2.

While 4BE with nearest neighbor initialization (4BE-NNI) is a very good compromise

between low computational cost and tracking accuracy and efficiency, it discards many tracks

that are incorrectly started by the nearest neighbor, thus prioritizing quick computational

turn-around over the efficiency (the ratio of tracks detected to the total number of new

particles where a track can be started). Additionally, there are certain cases where it can

lose accuracy (the ratio of correct tracks to the total number of tracks completed). When the

particle inter-frame displacement is comparable to the inter-particle distance for a significant

number of particles (either because of high particle velocity fluctuations, or because of particle

clustering reducing the inter-particle distance well below the median predicted from the

volume fraction, or the combination of both), the percentage of bad tracks started with the

nearest neighbor is high. These bad tracks will either be abandoned after frame n + 1 (low

efficiency) or be completed erroneously in frames n+ 2 and n+ 3 (low accuracy).

We have developed the Enhanced Track Initialization (ETI) to complement the strengths

of the 4BE method and overcome its challenges, thereby extending its applicability to highly

turbulent and inhomogeneous flows with high particle density, the traditional barrier between

PTV methods and time-resolved high spatial resolution Shake-The-Box-PTV or PIV. Figure

4.3(b) highlights the features of the 4BE-ETI algorithm. This method uses multiple particle

locations in frame n+ 1 (all particles found within the search region based on the estimated

maximum particle displacements between two frames) to initialize, without prejudice for

which one is more likely, multiple tracks. The shape and size of this initial search region

is determined based on the flow characteristics (instantaneous velocity information at every

point in the flow, velocity fluctuations in each direction, ...). This allows the algorithm to

explore multiple possible trajectories for each particle and eliminates the assumption that

the closest particle in the next frame is the only option when starting a track. Subsequent

search regions in frames n + 2 and n + 3, used for track continuation, are smaller since
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the continuation search uses a better estimate of local particle displacement, based on the

velocity and acceleration estimates from the positions found in frames n, n + 1, and n + 2.

This decreases computational costs because it limits the number of particles found, and

therefore the number of potential tracks to follow, thus limiting possible track continuations.

4.2.3 DNS Benchmark of Tracking Algorithm

Dataset Description

The performance (both in terms of tracking accuracy and efficiency) of the 4BE-ETI algo-

rithm was analyzed and compared to the results from the traditional 4BE-NNI method using

three-dimensional direct numerical simulations (DNS) available through the Johns Hopkins

University Turbulence Databases [47, 68]. Two datasets were explored: forced homogeneous

isotropic turbulence and turbulent channel flow [33].

The homogenous isotropic turbulence (HIT) dataset was selected to evaluate tracking

when there was no mean flow. It is similar to both the DNS and the experimental datasets

used to validate the original 4BE-NNI tracking algorithm [88]. The domain for the DNS

of isotropic turbulence was 2π × 2π × 2π, corresponding to a 10243 spectral grid, and used

periodic boundary conditions. The Taylor-scale Reynolds number is Reλ = u′λ
ν

= 418. In

contrast, the turbulent channel (Channel) dataset was selected to evaluate tracking when

there was a strong mean flow that is strongly inhomogeneous. The turbulent channel DNS

domain was 8π× 2× 3π, with periodic boundary conditions. The friction velocity Reynolds

number was Reτ = Uch
ν

= 103.

To query the databases, the flow was initially seeded with about 50, 000 tracer particles

throughout the entire volume. The particles were then advected through the domain for

each time step based on the resolved DNS flow field [91]. The trajectories were then sampled

in a subdomain, creating a time sequence of particle locations as their trajectories entered

and left the measurement volume, as is typical in experiments. The 4BE tracking method,
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both with traditional NNI and the proposed ETI, was applied to the particle positions, and

the tracking results were compared to the ground-truth trajectories from the DNS datasets.

Several subsets of each dataset were generated by increasing the time between frames, thus

varying the particle inter-frame displacements. The number of particles in each subset was

kept constant. A wide range of values of the non-dimensional displacement-spacing ratio ξ,

defined as the ratio of the average distance each particle moves between frames to the average

separation between particles in a given frame [50, 65], is used in this benchmarking of the

tracking methods to evaluate their domain of applicability in terms of maximum particle

density and maximum particle displacement between frames. When ξ is small, tracking is

trivial because the particles move very little between frames and there are not many particles

to consider for track continuation. However, as this non-dimensional displacement increases,

tracking becomes more difficult because the particles move a large amount between frames

and there are many particles that are candidates per frame to continue a track. The results

of this study are shown over a wide range of ξ values, from trivial to very challenging, in

terms of tracking difficulty.

Results

The performance of the different initialization methods was evaluated by looking at the

tracking error, defined as [65]:

Etrack =
Nimperfect

Ntotal

(4.6)

where Nimperfect is the number of tracks that contain at least one incorrect particle position

(and correspondingly velocity and acceleration), while Ntotal is the total number of tracks

in the dataset. A perfect track must start at the same point as the actual track and must

contain no spurious locations. When Etrack is zero, the tracking code perfectly tracks all the

tracks in the DNS dataset. When Etrack is close to or equal to one, the tracking code fails
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for almost every particle location, and most of the tracks in the dataset generated from the

DNS are not recovered.

The results for the homogeneous isotropic turbulent flow are shown in Fig. 4.4. The

Enhanced Track Initialization proposed here (4BE-ETI) performs better than the traditional

nearest neighbor initialization (4BE-NNI) for this flow, where the mean velocity is zero and

the inhomogeneity is low. For ξ . 0.05, the proposed 4BE-ETI method has zero tracking

error. For 0.05 < ξ . 0.2, the two methods follow a similar trend where the tracking

error increases at approximately the same rate. For values frequently found in turbulent

particle-laden flow experiments [2, 3, 5, 36] where clustering is common, 0.2 < ξ . 0.7, the

tracking error of the proposed 4BE-ETI method is half of the nearest neighbor’s (4BE-NNI),

extending the applicability of this multiframe PTV method. Finally, at very high ξ values

(ξ & 0.8), the error in the tracking reaches unacceptable values for both tracking methods

tested.
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Figure 4.4: Tracking performance of the 4BE-ETI method, compared to the baseline 4BE-NNI,

in forced homogeneous isotropic turbulence. At values of ξ < 0.05, the 4BE-ETI tracking error

is zero.
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Figure 4.5 shows the results of the tracking applied to the particles in turbulent channel

flow. The 4BE-ETI performs significantly better than the 4BE-NNI for this anisotropic flow

with spatially-variable non-zero mean velocity. For ξ . 0.2, there is zero tracking error when

using 4BE-ETI method. For ξ values 0.2 < ξ . 0.7, the tracking error is reduced significantly

in the 4BE-ETI compared to the 4BE-NNI, up to an order of magnitude. Finally, at very

high ξ values (ξ & 0.7), where both methods failed in the HIT flow, the tracking error for

the 4BE-ETI continues to be much smaller than for the 4BE-NNI, and has about 10-20%

of incorrect tracks even at these high values of ξ. This shows significant advantage of the

Enhanced Track Initialization method for inhomogeneous and anisotropic flows where the

error is significantly smaller and usage of the method is possible even at high ξ values.
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Figure 4.5: Tracking performance of the 4BE-ETI method, compared to the baseline 4BE-NNI,

in a turbulent channel flow. At values of ξ < 0.2, the 4BE-ETI tracking error is zero.

However, from Figs. 4.4 and 4.5, we see that ξ is an incomplete metric to compare

tracking performance in different types of turbulent flows where the mean flow magnitudes

differ and the levels of inhomogeneity and anisotropy vary from negligible to dominant. The
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4BE-NNI tracking algorithm has a lower tracking error up to higher ξ values in the turbulent

channel than in the homogenous isotropic turbulence. This discrepancy is due to the fact that

ξ does not correctly consider turbulent fluctuations, or spatial inhomogeneity of the mean

and fluctuating velocities. Therefore, we propose an additional metric ξ′, defined as the

ratio of the average displacement of a particle between frames due to turbulent fluctuations

to the average separation between particles in a given frame, to more accurately compare

the tracking in these two different types of turbulent flows. If there are strong turbulent

fluctuations, tracking becomes more difficult because the velocity and acceleration predictions

used to continue the tracks become less accurate. Like ξ, when ξ′ is small, tracking is trivial

because the particles move very little between frames and there are not many particles to

consider for track continuation. However, as this ratio increases, tracking becomes more

difficult because there are more turbulent fluctuations or there are more particles per image,

or both. For ξ′ / 0.2, we see that the 4BE-NNI (HIT) and 4BE-ETI (both Channel and

HIT) algorithms perform similarly and have tracking errors lower than 20%. In the channel

flow, the 4BE-NNI method performs worse than 4BE-ETI since the initialization fails in an

inhomogeneous mean flow (even at smaller ξ′, the performance of 4BE-NNI is significantly

worse than 4BE-ETI). At higher values of ξ′, the results for the two datasets begin to diverge,

which is most likely due to increased tracking difficulty at these high ξ′ values, where the

advantages of the novel 4BE-ETI are more pronounced.
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Figure 4.6: Tracking performance of the 4BE-ETI method, compared to the baseline 4BE-NNI,

in both forced homogeneous isotropic turbulence and a turbulent channel flow evaluated using

ξ′, based on turbulent fluctuations.

4.2.4 Conclusion

The method used for initialization of the particle tracks in multiframe PTV influences track-

ing performance strongly. We have shown that the Enhanced Tracking Initialization proposed

allows the four-frame best estimate particle tracking method to perform significantly better

than the nearest neighbor initialization. In turbulent channel flow, where the inhomogene-

ity and anisotropy of the flow presents a challenge to the nearest neighbor, 4BE-ETI has a

tracking error up to an order of magnitude lower over a wide range of ξ values, extending

its applicability to densely seeded flows or flows where the inter-frame time is limited by

the camera frame rate or laser repetition rate. The 4BE-ETI method proposed here also

reduces error in tracking by approximately 50%, with respect to the 4BE-NNI, in homoge-

neous isotropic turbulence. This highlights the flexibility of the 4BE-ETI to choose search

region size and shape based on the flow characteristics to optimize accuracy and efficiency

without undue increases in computational time. Additionally, automated strategies can be

easily implemented by running the tracking on a small subset of particles, equally spaced
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along the flow domain, with a large initialization region to obtain coarse information about

the flow and recursively using this information to refine the initial search region geometry in

an increasing number of particles for subsequent passes.



63

Chapter 5

RESULTS FROM THE ULTRASOUND IMAGING
EXPERIMENTS

Chapter 2 discussed the current understanding of the dynamics of microbubbles under

different confinement conditions: infinite fields, rigid-walled tubes, and compliant vessels. It

also introduced the primary Bjerknes force. The experiments described in this chapter were

conducted to explore the behavior of microbubbles under different physiologically-relevant

flow conditions and ultrasound parameters. The first experiments will show microbubble

behavior in a large (9.5 mm diameter) silicone tube in a quiescent fluid. The experiments

were then extended to study of the behavior of microbubbles in steady flow under ultrasound

excitation. Finally, the chapter concludes by looking at the response of microbubbles to

ultrasound in pulsatile flow. Additionally, the contributions made to the methodology of

Particle Tracking Velocimetry (PTV) use for clinical ultrasound imaging are described where

appropriate.

5.1 Bjerknes Force on Microbubbles

This chapter uses ultrasound imaging to investigate the behavior of microbubbles under three

different flow conditions: no flow, uniform flow, and pulsatile flow. The experimental setup is

described in detail in Section 3.3.1. The same peristaltic pump was used for both steady and

pulsatile flow experiments. In these experiments, two different pulse dampeners were used to

reduce the velocity time variations produced by the pump. The steady flow experiments used

a larger pulse dampener to remove the pulsatility from the peristaltic pump from the flow,

creating a steady and fully developed velocity field in the test section (the time-dependent

fluctuations in velocity coming from the pump are completely damped by the time they reach
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the test section). The pulsatile flow experiments used a smaller pulse dampener that acts

as a low pass filter, reducing the amplitude of potential high frequency fluctuations in the

flow. Experiments conducted without a pulse dampener will not be presented in this chapter,

as the high frequency decelerations and accelerations in the test section created significant

out of plane movement in the flow, causing microbubble tracking to produce inconsistent or

inaccurate results. For completeness, Figure 5.1 shows how the velocity waveforms change

using no pulse dampener, the small pulse dampener, and the large pulse dampener. When

there is no pulse dampener, the velocity amplitude varies between zero and a maximum value

that is dependent on the speed of the pump. With the small pulse dampener, the waveform

looks very similar; however, the amplitude of the velocity profile is decreased slightly. Finally,

with the large pulse dampener, the amplitude is decreased even more significantly and the

flow becomes steady.

5.1.1 Experiments of Ultrasound Forcing on Microbubbles with No Flow

Experiments were conducted at different ultrasound parameters without flow. These exper-

iments examine the behavior of microbubbles purely under ultrasound excitation, without

the presence of any hydrodynamic forces associated with flow, and gain insight into the

parameter space to explore (in terms of pressure amplitude and number of cycles) for the

experiments that followed. First, the effect of pressure amplitude on microbubble response

was explored. The V303 pushing transducer was turned on for 10 seconds. Ultrasound im-

ages were taken during this 10 second period and then continued for another 1− 2 seconds

after the ultrasound was turned off to examine the void in the microbubbles created by the

ultrasound. After each experiment, flow was turned on for 5 seconds to wash out the fluid

that had been insonated and flow new microbubbles in solution to replenish the test section.

After this time, the microbubbles were allowed to rest for 10 more seconds before the US

forcing was turned on again and another experiment was performed.
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Figure 5.1: Profiles of x velocity over time obtained from selected ultrasound videos. The blue

dots are all the velocity point calculated from the trajectories obtained from using PTV on the

ultrasound videos. The pink dots are the spatial average of the x velocity for each image in

the video. (a) The velocity waveform obtained using no pulse dampener forRe = 75. (b) The

velocity waveform obtained using the small pulse dampener for Re = 75. The amplitude of

the oscillations is decreased due to the pulse dampener. (c) The velocity waveform obtained

using the large pulse dampener for Re = 75. The amplitude is sufficiently damped and the flow

becomes steady.
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Figure 5.2 shows the change in the Bjerknes force as a function of pressure amplitude.

The void in the tubing shows the extent to which the microbubbles were pushed out of the

test section by the propagating ultrasound pressure field. At the smallest amplitudes values

(PA = 0.05 MPa), there is no noticeable effect on the microbubbles from the ultrasound.

As the pressure is increased up to PA = 0.28 MPa, there are noticeable differences in the

microbubble response. At PA = 0.11 MPa, there is a very narrow region void of bubbles

along the axis of propagation of the ultrasound beam, where the intensity of the pressure

fluctuations is highest. This suggests that microbubbles are only affected by the ultrasound if

they are located in the very center of the propagating beam. As the pressure increases further,

the size of the void region starts to widen: effective bubble pushing is no longer only localized

at the center of the incoming ultrasound beam. At higher pressure amplitudes, it is difficult

to discern if the void is caused due to the displacement or destruction of microbubbles. At the

highest pressure amplitudes, there is noticeable microbubble destruction, with microbubbles

being eliminated from the fluid in the test section along the area insonated by the transducer,

as evidenced by the void in the entire imaged area of the tube. Additionally, it was obvious

in the experiments that destruction was occurring at these higher pressure values because

the void appeared almost instantaneously (on the order of milliseconds); this was much faster

than the time scale observed when the microbubbles were being pushed.

Figure 5.3 extends these experiments and shows the change in the Bjerknes force as a

function of both pressure amplitude and number of cycles. The pressure amplitudes examined

were 0.11 MPa and 0.17 MPa because the dynamics of the microbubbles at these pressure

amplitudes is primarily due to pushing (not bubble destruction). Here, the effect of the

number of cycles per excitation pulse is examined further. As the number of cycles (and thus

the duty cycle) increases, the region void of bubbles gets noticeably larger in the images.

However, the effect on the microbubbles due to increasing cycles is much smaller than that

observed by increasing pressure amplitudes. It is also interesting to observe that some

destruction seems to be occurring at the very center of the ultrasound beam at 0.17 MPa

(highlighted by the darker void, clear of even the smallest bubbles, in the center region).
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However, unlike at higher pressures, pushing is still occurring at the edges of the ultrasound

beam. As a result, 0.17 MPa was chosen as the upper limit of pressure amplitudes to be

used in the experiments with steady or pulsatile flow that followed.

Figure 5.2: Experimental results showing microbubble behavior in a quiescent fluid under ul-

trasound excitation at different ultrasound pressure amplitudes. As the pressure amplitude is

increased, there is a larger region void of bubbles created in the test section. At the highest pres-

sure amplitudes, the shape of the void region changes suggesting that microbubble destruction

is occurring.
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Figure 5.3: Experimental results showing microbubble behavior in a quiescent fluid under

ultrasound excitation at different ultrasound pressure amplitudes and cycles. The region void

of bubbles becomes larger with both increasing amplitude and number of cycles.

5.1.2 Experiments of Ultrasound Excitation of Microbubbles in Steady, Fully-Developed,

Flow

The bubbles-in-quiescent-fluid experiments were then extended to explore the response of

microbubbles in steady flow to ultrasound excitation. For these experiments, ultrasound

image sequences were taken using the iU22 imaging transducer. These videos typically

ranged in duration between 5 and 20 seconds depending on the acquisition speed of the

ultrasound imaging transducer. At higher frame rates, the memory buffer filled faster and,

therefore, shorter videos (same number of frames but shorter recording time due to the

higher frame rates) were acquired. The experiments discussed here are based on videos

collected in harmonic imaging mode at 30 Hz. After the videos were recorded, the resulting

images were processed in MATLAB according to the methods discussed in Section 4.1.1.

Once the centroids of the microbubbles were detected, the trajectories of the microbubbles
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were calculated using the PTV methods discussed in the previous chapter. Initialization

of microbubble trajectories is shown in Figure 5.4. The bounding box sizes used in the

PTV code were adjusted to enable the tracking of the microbubble locations in the images,

following the angled orientation in the US transducer imaging.

Figure 5.4: Evolution of PTV algorithm in US images. The trajectories are started in Frame

1 and are then built up over the continuing frames.

Figure 5.5 shows trajectories that were obtained from a typical ultrasound video. The

microbubbles closer to the inlet of the tube (near the arrow indicating flow direction in the

video) are not being affected by the ultrasound. Additionally, the microbubbles in the center

of the tube are moving faster than the microbubbles at the edge of the tube, as expected

in a Poiseuille flow profile. This can be observed by looking at the spacing between dots

(each corresponding to a different image frame). Towards the top of the tube, the dots

along a trajectory are very close together, indicating the microbubble did not move much
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between image frames. In the center of the tube, however, the dots are spaced further apart,

indicating that the microbubbles are moving faster in this region. Finally, there is an obvious

change in the trajectories of the microbubbles when they cross the ultrasound pressure field.

The purple trajectory demonstrates how a microbubble is pushed away from the transducer

due to the Bjerknes force as it crosses the US beam.

Figure 5.5: Microbubble trajectories obtained using PTV on the US imaging loops. The

microbubbles near the front of the transducer are noticeably displaced in the image.

These ultrasound videos were acquired at two Reynolds numbers and a range of ultra-

sound parameters. Table 5.1 summarizes the experimental conditions for the steady flow

experiments.
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Re
PA (MPa)

Number of Cycles

Re = ρvD
µ

(Duty Cycle)

75 0.07, 0.10, 0.12, 0.14
13, 26, 40, 53

(10%, 20%, 30%, 40%)

150 0.07, 0.10, 0.12, 0.14
13, 26, 40, 53

(10%, 20%, 30%, 40%)

Table 5.1: Parameters explored in the uniform flow experiments

Figure 5.6 shows the x velocity as a function of tube radius for two Reynolds numbers.

Since the flow is steady, the data is temporally averaged and then binned in 10 pixel incre-

ments along the radius of the tube. The trajectories have been rotated so that the x axis of

the figure is now the plane parallel to the front of the pushing transducer, and the y axis is

perpendicular to the front of the pushing transducer. This coordinate system will be used

for all experimental results in this chapter, since the focus is on the microbubble response

along the axis of the transducer. Figure 5.6 (a) shows the x velocity profile at a Reynolds

number of 75 (De = 33). A Poiseuille velocity profile is found at this Reynolds number.

As expected, the maximum velocity occurs at the centerline of the tube and the profile is

axisymmetric. Figure 5.6 (b) shows the x velocity profile at a Reynolds number of 150. At

this higher Reynolds number (De = 65), the velocity profile is shifted towards the upper wall

due to the curvature at the inlet of the tubing.

Further analysis can be performed on these ultrasound videos to determine how the pres-

sure amplitude and number of cycles affects the microbubble response to the ultrasound. The

y displacement (along the axis perpendicular to the US pushing transducer) was calculated

for each video. Figure 5.7 shows how the y displacement was calculated for an individual

microbubble trajectory. The radial position of the first four starting points of the trajectory

was averaged, as well as the radial positions of the last four end points. The difference
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between these two average radial positions was then calculated to get an idea of typical

microbubble displacement. If the microbubble was not affected by the ultrasound, the y

displacement would be zero.

0.00 0.25 0.50 0.75 1.00 1.25 1.50
X Velocity (cm/s)

−0.4

−0.2

0.0

0.2

0.4

Y 
(c

m
)

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
X Velocity (cm/s)

−0.4

−0.2

0.0

0.2

0.4

Y 
(c

m
)

(b)

Figure 5.6: Schematic showing the x velocity along the tube axis. (a) At a Reynolds number of

75 (De = 33), there is no effect of vessel curvature and the profile is symmetric about the center

line. (b) At a larger Reynolds (Re=150) and Dean number (De = 65), the velocity profile is

shifted due to the curvature of the vessel prior to the test section.

Δy

Figure 5.7: Schematic showing the change in a microbubble trajectory due to the primary

Bjerknes force. The beginning and end points of the trajectory can be used to calculate the

change in y-position ∆y. This metric can be used to explore how different pressure amplitudes

and ultrasound cycles affect the microbubble displacement.
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Figure 5.8 shows graphs of the probability density functions (PDFs) of the y displacement

at varying pressure amplitudes from 0.07 to 0.12 MPa and Reynolds numbers of 75 and 150

for a fixed number of ultrasound cycles. For all of the experimental realizations, the mean y

displacement is very close to zero (as expected in Poiseuille flow). In the images, the most

probable case for the microbubbles being tracked is that they are not being influenced by

the ultrasound pressure field. Therefore, the tails of the probability distributions are more

interesting than the peak because they represent the displacement of the small number of

microbubbles that are being pushed when they cross the ultrasound beam. Figure 5.8 (a)

shows the effect of varying pressure amplitude at a Reynolds number of 75. At the low-

est pressure value (0.07 MPa), the ultrasound force is very small, so there is only a small

probability of a negative (away from the propagating pressure wave) y displacement due to

pushing. As the pressure increases, the tails of the PDF get longer and taller, consistent

with the theoretical prediction that the Bjerknes force depends quadratically with the pres-

sure amplitude. The microbubbles in these ultrasound fields have a higher probability of

sensing more of an effect of the propagating ultrasound wave. Figure 5.8 (b) shows similar

trends for a Reynolds number of 150. However, the microbubbles are being displaced less in

the y direction for this higher Reynolds number (higher flow rate). This is due to the fact

that the microbubbles reside in the ultrasound field for a shorter amount of time than at the

slower Reynolds number. This suggests that the beam width of the transducer becomes more

important as the Reynolds number increases. For steering applications, a larger diameter

transducer may be desired so that the microbubbles spend more time in the ultrasound field.
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Figure 5.8: Probability density functions (PDF) of the y displacement at varying pressure

amplitudes and Reynolds numbers for a fixed number of ultrasound cycles. (a) The y displace-

ment at a Reynolds number of 75. The microbubbles see more of an effect of the ultrasound

(corresponding to an increased tail length) as the pressure amplitude is increased. (a) The y

displacement at a Reynolds number of 150. The microbubbles still see more of an effect of the

ultrasound as the pressure amplitude is increased, although the maximum y displacement is

decreased compared to the Reynolds number of 75 case.

Figure 5.9 looks at how the y displacement varies when the number of ultrasound cycles

is varied from 13 to 53 (10 to 40% duty cycle) and the pressure amplitude is fixed. Fig-

ures 5.9 (c) and (d) show a zoomed in view of the tails of the PDFs. Figure 5.9 (a) shows the

effect of varying the number of ultrasound cycles at a Reynolds number of 75. At the lowest

number of cycles, the ultrasound force is very small, so there is only a small probability of

y displacement due to pushing. As the number of cycles increases, the tails of the PDF get

longer. However, unlike in Figure 5.8, the tails of the PDF are more uniformly spaced; there

is no large jump between tails as seen previously for the varying pressure amplitudes. This

is consistent with the Bjerknes force being linearly proportional to the number of excitation

cycles, duty cycle or PRF of the ultrasound, as opposed to the stronger, quadratic, depen-

dency observed for the Bjerknes force with the excitation pressure amplitude. Figure 5.9 (b)

shows similar trends for a Reynolds number of 150. However, the microbubbles are being
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displaced less in the y direction for this higher Reynolds number (higher flow rate) since the

microbubbles traverse the ultrasound beam more quickly.
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Figure 5.9: Probability density functions (PDF) of the y displacement at varying ultrasound

cycles and Reynolds numbers for a fixed pressure amplitude. (a) The y displacement at a

Reynolds number of 75. The microbubbles see more of an effect of the ultrasound (corresponding

to an increased tail length) as the number of cycles is increased. (a) The y displacement at a

Reynolds number of 150. The microbubbles still see more of an effect of the ultrasound as the

number of cycles is increased, although the maximum y displacement is decreased compared to

the Reynolds number of 75 case. (c) and (d) show a zoomed in version of the tails of the PDFs

to get a close up view of how the tail length varies with number of cycles.
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PDFs of the y-component of the velocity can also be explored to quantify the Bjerk-

nes force acting on the microbubbles. Figure 5.10 shows graphs of the probability density

functions of the y velocity at varying pressure amplitudes and Reynolds numbers for a fixed

number of ultrasound cycles. Figure 5.10 (a) shows the effect of varying pressure amplitude

at a Reynolds number of 75. At the lowest pressure value (0.07 MPa), the ultrasound force

is very small and the tails of the PDF are almost symmetric. However, as the pressure

increases, the PDFs lose their symmetry and the tails become longer and taller at negative y

velocities, representing the microbubbles that are pushed due to the propagating ultrasound

wave. Figure 5.10 (b) shows the effect of varying pressure amplitude at a Reynolds number

of 150. The tails of the PDF for negative y velocities increase with increasing pressure am-

plitudes. At the lowest pressure amplitude (the black lines in the figures), the PDF is almost

symmetric since there is not a large effect since the ultrasound is very weak.

The magnitude and probability of negative y velocities at each pressure amplitude are

similar to those at the lower Reynolds number (Re = 75), showing that the Bjerknes force is

acting on the microbubbles regardless of the Reynolds number of the flow. Since the bubbles

have no inertia (negligible mass and very small added mass given their small size, 1−5 µm),

the forces on the bubble are always in equilibrium. The Bjerknes force is balanced by the

y-component of the drag that is linear with the y-component of the bubble velocity at the

infinitesimal Reynolds number of the bubble (Rebubble ≈ 10−2 m/s · 10−6 m/3.5 10−6 m2/s ≈
3 10−3). Thus, the magnitude and probability of the Bjerknes force on the microbubbles are

similar to the PDFs of the y velocity, showing that it is acting equally on the microbubbles

regardless of the flow Reynolds number. This is in contrast with the different displacements

for the different Reynolds number cases, which can be easily explained as the displacement

is the product of the average velocity experienced by the microbubble as a result of the

Bjerknes force (constant with Re) by the residence time in the ultrasound excitation beam,

which is linearly proportional to the inverse of the x-component of the velocity (and thus to

the Re).
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Figure 5.10: Probability density functions (PDF) of the y velocity at varying pressure ampli-

tudes and Reynolds numbers for a fixed number of ultrasound cycles. (a) The y velocity at a

Reynolds number of 75. The microbubbles see more of an effect of the ultrasound (correspond-

ing to an increased tail length) as the pressure amplitude is increased. (a) The y displacement at

a Reynolds number of 150. The microbubbles still see more of an effect of the ultrasound as the

pressure amplitude is increased, although the maximum y displacement is decreased compared

to the Reynolds number of 75 case.

Figure 5.11 shows the probability density functions of the y velocity plotted for varying

numbers of ultrasound cycles and Reynolds numbers, at a fixed pressure amplitude. Fig-

ure 5.11 (a) shows the effect of varying the number of cycles at a Reynolds number of 75. At

the lowest number of ultrasound cycles (13 cycles), the ultrasound force is very small and the

tails of the PDF are almost symmetric. However, as the number of cycles increases, the PDFs

lose their symmetry and the tails become longer and taller at negative y velocities represent-

ing the microbubbles that are subjected to the Bjerknes force by the propagating ultrasound

wave. Figure 5.11 (b) shows the effect of varying the number of cycles at a Reynolds number

of 150. The tails of the PDF for negative y velocities increase with increasing pressure am-

plitudes. The length of the tails of the negative y velocities are similar to those at the lower

Reynolds number (Re = 75), with the exception of some fluctuations in the tails at 26 and

53 cycles. Finally, the effect of the ultrasound is much less pronounced when the number of

cycles is varied compared to when the pressure amplitude is varied. When the pressure is
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doubled, there is a much greater disparity between the tail lengths than when the number

of cycles is doubled, consistent with the Bjerknes force being quadratic with the pressure

amplitude but linear with the number of cycles (duty cycle).
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Figure 5.11: Probability density functions (PDF) of the y velocity at varying ultrasound cycles

and Reynolds numbers for a fixed pressure amplitude. (a) The y velocity at a Reynolds number

of 75. The microbubbles see more of an effect of the ultrasound (corresponding to an increased

tail length) as the number of cycles is increased. (a) The y velocity at a Reynolds number of

150. The microbubbles still see more of an effect of the ultrasound as the number of cycles

is increased, although the maximum y displacement is decreased compared to the Reynolds

number of 75 case.

These experimental results present a significant contribution to experimental studies of

the Bjerknes force acting on microbubbles at physiologically-relevant Reynolds number flows.

Previous experimental studies examined microbubble behavior under ultrasound excitation

in a 200 µm cellulose tube. In our experimental study, for the similar ultrasound settings

as seen in [23, 24, 79], we see a much larger y displacement since our tube is an order of

magnitude larger. In these previous experimental works, the y displacement was typically on

the order of µm; whereas, our results show displacements on the order of mm. Additionally,

due to our larger tubing size, we are able to look at higher Reynolds numbers, which are

closer to those seen in vivo. Finally, we also developed a novel particle tracking velocimetry
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method that could be used with ultrasound imaging and a clinical ultrasound system. This

opens up many possibilities for future studies with ultrasound imaging, especially with the

higher frame rates available in research ultrasound systems.

5.1.3 Ultrasound Experiments in Pulsatile Flow

The final set of experiments described in this chapter focuses on the behavior of microbub-

bles in pulsatile flow at Reynolds numbers of 75, 112, and 150 to determine the change in

microbubble dynamics under unsteady flows. The unsteadiness of flow is characterized by

the nondimensional Womersley number (Eq. 3.3). Table 5.2 summarizes the experimental

conditions for the pulsatile flow experiments.

Reynolds Number Womersley Number PA (MPa) Number of Cycles

Re = ρvD
µ

α = D
2

√
ω
ν

75 10.3 0.07, 0.10, 0.12 13, 26, 40

112 12.6 0.07, 0.10, 0.12 13, 26, 40

150 14.6 0.07, 0.10, 0.12 13, 26, 40

Table 5.2: Parameters explored in the pulsatile flow experiments

The small pulse dampener was used to decrease the amplitude of the high frequency

fluctuations in these experiments, in order to make the tracking possible to implement while

still maintaining the physiologically-relevant pulsatility of the flow. Figure 5.12 highlights

the position of the velocity peaks over the cardiac cycle, to help discern the peaks at the

higher Reynolds numbers. These peak locations will be used in the data analysis to phase

average the data (average tracking data that occurs at the same point in the velocity cycle).
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Figure 5.12: Profiles of x velocity over time obtained from selected ultrasound videos. The blue

dots are all the velocity point calculated from the trajectories obtained from using PTV on the

ultrasound videos. The pink dots are the spatial average of the x velocity for each image in the

video. (a) The velocity waveform obtained using the small pulse dampener for Re = 75. (b)

The velocity waveform obtained using the small pulse dampener for Re = 112. The amplitude

of the fluctuations is decreased due to the pulse dampener. (c) The velocity waveform obtained

using the small pulse dampener for Re = 150. The amplitude is significantly dampened at this

higher Reynolds number since the pulse dampener acts as a low pass filter.
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Similarly to the uniform flow analysis, we can also explore the y displacement in the pul-

satile flow experiments. Figure 5.13 shows PDFs of the y displacement at a fixed Reynolds

number (Re = 75). Figure 5.13 (a) shows how the y displacement varies when the pressure

amplitudes are varied from 0.07 to 0.10 MPa at a fixed number of cycles (26). Figure 5.13 (b)

shows how the y displacement varies when the number of ultrasound cycles is varied from 13

to 40 (10 to 30% duty cycle) and the pressure amplitude is fixed at 0.10 MPa. Not surpris-

ingly, the y displacement values are larger than those seen in the steady flow experiments

(Figures 5.9 and 5.8). This is due to the pulsatility in the flow: the y velocity measured for

the bubbles depends on the phase of the cardiac cycle, associated with the residence time of

the bubbles in the acoustic beam. For the phases when the x-velocity is low, bubbles have a

much longer residence time in the beam and therefore spend more time moving at the local

value of the y-velocity, proportional to the Bjerknes force driven by the local acoustic forcing,

reaching a much larger y displacement, as shown in the figure. This behavior is beneficial

for pushing applications because it suggests that there is an optimal time in the cardiac

waveform to manipulate the microbubbles. For example, if the microbubbles are insonated

when the flow is decelerating and approaching its minimum value, the bubbles would be

displaced further since they have a longer residence time. Additionally, the duty cycle was

kept low to avoid possible cavitation or other thermo-mechanical damage mechanisms.
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Figure 5.13: Probability density functions (PDF) of the y displacement at a Reynolds number

of 75 with varying numbers of cycles and pressure amplitudes. (a) The PDF of y displacement

for varying pressure amplitudes at a fixed number of cycles, 26. (b) The PDF of y displacement

for a varying number of cycles at a fixed pressure amplitude of 0.10 MPa.

While we expect the y-displacement PDFs to change due to pulsatility, the y velocities

would be expected to remain unchanged compared to the steady case. Since, in the absence

of inertia, the y velocities are linearly proportional to the Bjerknes force, we expect the y

velocity magnitudes to have the same probabilities as in the uniform flow case. Figure 5.14

shows how the y velocity varies with Reynolds number at varying pressure amplitudes and cy-

cles. Figures 5.14 (a), (c), and (e) show the y velocity for different pressure amplitudes (0.07,

0.10, and 0.12 MPa) at 26 cycles. The y velocity is largely invariant of the Reynolds number,

with slight variations likely due to limited sample points. Additionally, Figures 5.14 (b), (d),

and (f) show the y velocity for different cycles (13, 26, 40) at a fixed pressure amplitude of

0.10 MPa. The y velocities all have similar magnitudes and probabilities for each Reynolds

number.
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Figure 5.14: Probability density functions (PDF) of the y velocity at varying pressure ampli-

tudes and Reynolds numbers for a fixed number of ultrasound cycles. (a) The y velocity at a

Reynolds number of 75. The microbubbles see more of an effect of the ultrasound (correspond-

ing to an increased tail length) as the pressure amplitude is increased. (a) The y displacement at

a Reynolds number of 150. The microbubbles still see more of an effect of the ultrasound as the

pressure amplitude is increased, although the maximum y displacement is decreased compared

to the Reynolds number of 75 case.
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Finally, it would be interesting to coordinate pushing events to certain phases in the

velocity cycle by using phase averaging, which averages images that occur at the same phase

in the cycle. The displacement of microbubbles can then be correlated to different flow

velocities. Figure 5.15 shows phase averaged x velocity profiles from three different Reynolds

numbers: 75, 112, and 150. Figure 5.15 (a) shows the phase averaged velocity profiles at

Re = 75 for 5 different phases: 0, π
4
, π

2
, 5π

4
, and 3π

2
. The x velocity is at its mean value

at 0, its minimum value at 3π
2

, and it maximum at π
2
, as expected. Figure 5.15 (b) shows

the phase averaged velocity profiles for Re = 112 at the same phases. The same trends

follow as in (a) but now the velocity profiles are closer together due to the pulse dampener.

Finally, Figure 5.15 (c) shows the phase averaged velocity profiles for Re = 150 at the same

phases. The same trends follow as in (a) and (b) but now there is little difference between

the velocity profiles at different phases; the flow is almost steady.

5.2 Ultrasound Imaging Conclusions

This chapter shows experimental evidence of how the Bjerknes force varies with pressure

amplitude, number of cycles (duty factor), and Reynolds number for three flow conditions:

quiescent flow, steady flow, and pulsatile flow.

The Bjerknes force is proven to become stronger at both higher number of cycles and

higher pressure amplitudes in the quiescent flow experiments. By studying the void created

inside the silicone test section, increases in pressure amplitude are observed to have a larger

effect than increases in the number of cycles (duty factor). This agrees with the theoretical

expression for the Bjerknes force reported by [45], suggesting that the force grows linearly

with cycles and quadratically with pressure amplitude.
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Figure 5.15: The phase averaged x velocity profile across the silicone tube. (a) The phase

averaged velocity profiles at Re = 75 for 5 different phases: 0, π
4 , π

2 , 5π
4 , and 3π

2 . (b) The

phase averaged velocity profiles at Re = 112 at the same phases as (a). (c) The phase averaged

velocity profiles at Re = 150 at the same phases as (a) and (b). (d) Schematic showing the

phases of the cardiac cycle to which the velocity measurements correspond.

The effect of pressure amplitude and number of cycles was then studied under steady flow

at two different Reynolds numbers. Microbubble displacement in the direction of ultrasound

propagation depends strongly on pressure amplitude, and more weakly on the number of

cycles, consistent with the theory and experimental results in the quiescent fluid. In these

experiments, the y velocity, which is assumed to be directly proportional to the Bjerknes

force, is shown to not depend on the flow Reynolds number in the physiological range studied.

This suggests that, for pushing applications, the most important parameter in this problem

is the residence time of the microbubbles in the ultrasound beam. If used clinically, a wider

transducer beam should be used to increase the residence time of the microbubbles by either
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using a larger transducer or moving the transducer further away from the pushing area to

create a wider beam width.

Finally, pulsatility was studied and how it affects the displacement and velocity of mi-

crobubbles at three separate Reynolds numbers was experimentally observed. The displace-

ment of the microbubbles varies throughout the cardiac cycle, due to the pulsatile nature of

the flow. Microbubbles are displaced more in the direction of the ultrasound propagation

when the flow is decelerating and close to its minimum value. The y velocities are shown to

have negligible variations due to the pulsatility, when compared to the y velocities measured

in the steady flow experiments. This confirms that, under the conditions explored in this

study (low Re < 200 and high Wo > 10), the flow around the bubbles does not influence

the Bjerknes force, which is only a function of the ultrasound beam properties, and the most

important parameter in the displacement of microbubbles towards the vascular wall for drug

delivery is the residence time of the microbubbles in the beam.

In addition to these findings, a new method to perform PTV in clinical ultrasound images

is also introduced. PTV on microbubble images with clinical ultrasound is not found in

the open literature. This is a very promising method to study microbubbles, especially

with the use of research ultrasound systems with much higher frame rates and resolutions.

With this methodology, hundreds to thousands of microbubbles could be tracked throughout

ultrasound image sequences, to gain a greater understanding of both in vitro and in vivo

microbbubles under ultrasound excitation. This novel methodology is also translatable to

clinical applications where it can quickly determine flow rates and velocity profiles in the

vasculature with only minimal microbubble concentrations. For example, the methodology

could be used to explore the flow around plaque in a blood vessel; changes from normal flow

patterns could help identify vulnerable plaques.
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Chapter 6

RESULTS FROM THE OPTICAL IMAGING EXPERIMENTS

Chapter 5 discussed the dynamics of microbubbles under ultrasound excitation imaged

with a clinical ultrasound imaging scanner to visualize the bubbles in the experimental setup.

However, due to the low spatial and temporal resolution of clinical ultrasound systems, it

was not possible to track microbubbles at higher physiological Reynolds numbers. Therefore,

these studies were extended by developing an optical experimental setup. This setup allowed

the use of higher concentrations of microbubbles and much faster flow rates (Reynolds num-

bers). Additionally, the higher acquisition rates and resolution of optical imaging allow for

measurements of microbubble accelerations extracted from the multi-frame particle trajec-

tories. This chapter focuses on how varying the pressure amplitude and pulse repetition

frequency (PRF) of the transducer affects microbubble dynamics, keeping the Reynolds

number constant at a high, physiologically relevant value. The dynamics of hundreds of

microbubbles under ultrasound excitation has not been previously studied experimentally at

a higher physiological Reynolds number using Lagrangian particle tracking, with sufficient

statistics to obtain converged values of the velocity, acceleration, and force. The Lagrangian

tracking used in this chapter, developed as part of this thesis, is an extremely powerful tool

because it allows thousands of microbubble trajectories to be analyzed over an entire video

sequence, greatly expanding current knowledge of microbubble response to ultrasound.

This chapter first gives a brief synopsis of how Lagrangian tracking is performed in

the optical images. Then, the chapter revisits how the Bjerknes force varies with pressure

amplitude and number of cycles in this experimental configuration. Finally, it concludes

with suggestions for future studies, including utilizing the silicone phantoms developed in

Chapter 3.
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6.1 Bjerknes Force on Microbubbles

This chapter uses optical imaging to look at the behavior of microbubbles in steady flow at

a constant value of the Reynolds number. The experimental setup was described in detail

in Section 3.3.2. A reservoir system is used to create a gravity-driven steady flow. Between

experiments, the height of the inlet water reservoir is replenished to provide a repeatable flow

rate between experiments. Once the flow is initiated for each test, the ultrasound transducer

is turned on and the camera is then triggered to start an acquisition. Each recording lasts for

approximately 1 second and captures thousands of microbubbles moving through the imaging

plane. During each recording, the change in the height of the inlet reservoir is observed to be

negligible and, thus, the flow velocity does not change appreciably in the image acquisition

area. Once a video is captured, it is post-processed using Fiji/ImageJ to find the centroid

locations of the microbubbles throughout the video. These locations are then linked using

the particle tracking velocimetry (PTV) algorithm introduced in Chapter 4. Figure 6.1 shows

the initialization of the tracking for the optical images. The search region dimensions used

in the PTV code were adjusted based on the maximum microbubble displacement between

frames.

Figure 6.2 shows a sample of trajectories that were obtained from a video with this

optical setup. The microbubbles at the top and bottom of the tube are moving more slowly

as shown by the small spacing between the crosses in each trajectory. At the center of

the tube, the microbubbles are moving fastest, as shown by the increased spacing between

the crosses in these trajectories. Unlike in the ultrasound images, we are able to track

hundreds of microbubbles per frame at subpixel resolution, which allows us to determine the

micrometer displacements caused by the incoming ultrasound pressure field. The ultrasound

transducer is positioned above the tube and pushes bubbles downwards in these images. This

is opposite to the orientation in the ultrasound images described in Chapter 5; however, the

movement of microbubbles away from the transducer is still considered as the negative y

direction. Looking closely at the top of the image, one can see the top-most microbubbles
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moving slightly downwards pushed by the Bjerknes force caused by the ultrasound beam

propagation downwards.

Figure 6.1: Evolution of PTV algorithm in optical images, showing a sub-sample of trajectories

being built. The trajectories are started in Frame 1 and are then built up over the continuing

frames.
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Figure 6.2: Microbubble trajectories sample obtained using PTV on the optical videos. Some

microbubbles are displaced very slightly downwards at the top of the image due to the Bjerknes

force.

Before examining the dynamics of microbubbles under ultrasound, experimental data

was collected first without any external ultrasound forcing. This was done to validate both

the tracking performance and observe any hydrodynamic forces present on the microbubbles

without the presence of ultrasound. Figure 6.3 (a) shows the x velocity profile in the test

section. Since the flow is steady, the data is temporally averaged and then binned along

the radius of the vessel. As expected, a Poiseuille profile is obtained with good agreement

between the experimental results and the Poiseuille equation:

v(r) = 2V

(
1− r

R

2
)

(6.1)

where V is the average fluid velocity in the vessel and R is the radius of the vessel. For

completeness, the shear rate is also shown in Figure 6.3 (b). The shear-induced lift force is

dependent on the shear rate. Finally, the y velocity profile is shown across the tube diameter
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in Figure 6.3 (c). The microbubbles at the top of the tube are moving downwards towards

the center of the vessel. Conversely, the microbubbles at the bottom of the vessel are moving

upwards towards the center. This suggests that even without the presence of ultrasound

there is a natural migration of bubbles towards the centerline due to shear-induced lift force.
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Figure 6.3: Characterization of the flow in the PTFE tubing in the absence of ultrasound

forcing. (a) The x velocity profile obtained from PTV with the Poiseuille prediction overlaid.

(b) The shear rate as a function of position in the vessel. (c) The y velocity profile across the

tube from −R (the vessel radius) to R.

Next, how the Bjerknes force acting on microbubbles varies under different ultrasound

conditions is analyzed. Experiments were conducted at a single Reynolds numbers and
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a range of ultrasound parameters. Table 6.1 summarizes the experimental conditions for

the steady flow experiments. The Reynolds number is held constant at 700 in all of the

experiments. The pressure amplitude PA is varied between 0.05 and 0.15 MPa (similar to

the pressure range used in the ultrasound imaging experiments). Finally, the PRF was varied

between 0 kHz and 10 kHz, resulting in duty cycles between 0 and 5%. These duty cycles

were chosen to avoid bubble destruction in the vessel through cavitation and thermal heating

of the transducer.

Re
PA (MPa)

PRF (kHz)

Re = ρvD
µ

(Duty Cycle)

700 0, 0.05, 0.12, 0.15
0, 1, 5, 10

(0%, 1%, 2.5%, 5%)

Table 6.1: Parameters explored in the uniform flow experiments (optical imaging)

Figure 6.4 explores how changing the PRF affects the Bjerknes force acting on the mi-

crobubbles. Figure 6.4 (a) shows the displacement of the microbubbles at different radial

locations within the test section. The microbubbles are displaced downwards near the top

of vessel. As the PRF is increased, the microbubbles are displaced downwards more, as

expected from the theoretical dependency of the Bjerknes force with the duration of the

acoustic excitation. This also agrees well with experimental observations where there was

only noticeable displacement near the top vessel wall. Figure 6.4 (b) shows the y velocity

of the microbubbles across the vessel. The microbubbles are all being moved downwards at

all radial locations in the vessel when the ultrasound is active. The microbubbles at the top

wall of the vessel are the most affected by the ultrasound, consistent with the attenuation

of the ultrasound with the working fluid, the bubbles, and the test section walls. For all

PRFs, the microbubbles reach a maximum negative velocity at around 0.5 mm/s, slightly

below the upper vessel wall. Below this location, the velocity starts to increase towards the
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center of the tube (which corresponds to a reduction of the absolute value of the velocity

magnitude, since it is negative). The hypothesis is that this increase in velocity (the velocity

tending towards zero) is caused by attenuation from the microbubbles in the tube. The

rate of attenuation is clearly different depending on the PRF. Changes in the microbubble

downward velocity are hypothesized to be due to the duration of the ultrasound exposure to

which the microbubbles are subjected. Since the microbubbles have a fixed residence time

in the ultrasound beam (because the flow is steady), the ultrasound affects the microbubbles

more when the PRF is higher: each microbubble experiences a larger number of ultrasound

pulses while it traverses the ultrasound beam. Figure 6.4 (c) shows the y acceleration across

the vessel. The microbubbles accelerate downwards at the highest rate near the top of the

vessel when ultrasound is present. Additionally, the acceleration is stronger at higher PRFs.

Finally, Figure 6.4 (d) shows the ratio of the y velocity to the x velocity. This is done to

more easily compare the effects of PRF on microbubbles displacement, since the x velocities

varied slightly between tests (less than 5% difference in peak velocity).

Figures 6.5 (at a fixed PRF of 1 kHz) and 6.6 (at a fixed PRF of 10 kHz) explore how

varying the pressure amplitude between 0 and 0.15 MPa affects the Bjerknes force acting on

the microbubbles. Figures 6.5 (a) and 6.6 (a) show the y displacement of the microbubbles.

In the 1 kHz PRF experiments, there is minimal displacement of the microubbles; at the

highest pressure amplitude of 0.15 MPa, the microbubbles are only pushed down 5 µm. At

the higher PRF (10 kHz), the displacement is larger, especially at the top wall of the vessel.

Figures 6.5 (b) and 6.6 (b) show the y velocities of the microbubbles. Since the magnitude

of the ultrasound force is smaller at 1 kHz, the ultrasound only affects the microbubbles in

the top of the vessel. At these small pressures, the Bjerknes force at the bottom of the vessel

is not strong enough to overcome the shear-induced lift.
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Figure 6.4: The effect of changing the pulse repetition frequency (PRF) of the incoming ultra-

sound pressure field on (a) the displacement of microbubbles in the y direction, (b) the velocity

of the microbubbles in the y direction, (c) the acceleration of microbubbles in the y direction,

and (d) the ratio of the y velocity to the x velocity. The PRF was varied from 0 to 10 kHz.

At 10 kHz, similar trends are observed, but the microbubbles in the bottom part of the

vessel no longer move towards the center since the ultrasound force is strong enough to over-

come the shear-induced lift. This was also evident visually in the experiments because there

was noticeable deposition of microbubbles on the bottom wall of the tube. Figures 6.5 (c)

and 6.6 (c) show the acceleration of the microbubbles. For the 1 kHz PRF experiments, the

microbubbles are decelerating (negative velocity but positive acceleration) as they move from

the upper part of the tube towards the center. In the bottom part, the Bjerknes force does not

overcome the shear-induced lift and the bubbles are moving toward the center of the vessel

while decelerating, except at the highest pressure (0.15 MPa) where the ultrasound-induced

downward motion persists, with negative velocity and acceleration. Similar trends are ob-

served for the 10 kHz PRF experiments. However, for these experiments, the microbubbles

move towards the bottom of the vessel (negative velocity and negative acceleration) at all
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pressure amplitudes since the Bjerknes force is always strong enough to overcome the shear-

induced lift force. Finally, Figures 6.5 (d) and 6.6 (d) show the magnitude of the ratio of y

velocity to the x velocity. For both the 1 kHz and 10 kHz experiments, the y component of

the velocity grows faster with respect to the local advective velocity (x-component), as the

pressure increases from 0 MPa to 0.15 MPa.
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Figure 6.5: The effect of changing the pressure amplitude of the incoming ultrasound pressure

field at a fixed PRF of 1 kHz on (a) the displacement of microbubbles in the y direction, (b)

the velocity of the microbubbles in the y direction, (c) the acceleration of microbubbles in the

y direction, and (d) the ratio of the y velocity to the x velocity. The pressure was varied from

0 MPa to 0.15 MPa.
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Figure 6.6: The effect of changing the pressure amplitude of the incoming ultrasound pressure

field at a fixed PRF of 10 kHz on (a) the displacement of microbubbles in the y direction, (b)

the velocity of the microbubbles in the y direction, (c) the acceleration of microbubbles in the

y direction, and (d) the ratio of the y velocity to the x velocity. The pressure was varied from

0 MPa to 0.15 MPa.

6.2 Optical Imaging Conclusions

This chapter shows experimental evidence that, and quantifies how, the Bjerknes force varies

with pressure amplitude and PRF for steady flow at a physiologically relevant Reynolds

number of 700.

The Bjerknes force is shown to become stronger at both increased PRF and higher pres-

sure amplitude in the experiments. Microbubble displacement in the direction of ultrasound

propagation depends strongly on pressure amplitude, and more weakly on the PRF, consis-

tent with the theory and experimental results obtained in Chapter 5. In these experiments,

the interaction between the Bjerknes force and the shear-induced lift force is analyzed, since

at very low pressures and low duty cycles the two forces are comparable and compete to

drive the velocity of the microbubbles across the streamlines. The higher concentration of
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microbubbles used in these optical experiments produces non-negligible attenuation of the

ultrasound excitation, highlighting differences between the behaviour of the bubbles near the

top (highest ultrasound intensity closest to the transducer) and the bottom (weakest ultra-

sound excitation farthest from the transducer). At the weakest ultrasound pressure (0.05

MPa), the ultrasound only influences the microbubbles near the top of the vessel, closest to

the transducer; the microbubbles near the bottom of the vessel responded similarly to the

control experiment microbubbles where the bubbles were not insonated by ultrasound. How-

ever, as the excitation pressure increased, the Bjerknes force was strong enough to overcome

the shear-induced lift and continue to push the bubbles downwards, towards the bottom

vessel wall (opposite the transducer).

Future experiments could be conducted at higher pressure amplitudes to increase the

magnitude of the Bjerknes force. In the current experimental setup, only the microbubbles

at the top of the vessel were significantly displaced. For pushing applications, it would be

necessary to increase the uniformity of the Bjerknes force across the test section, in addi-

tion to using higher pressures or duty cycles to increase the downward displacement of the

microbubbles. The concentration of microbubbles is also very important in pushing appli-

cations since larger concentrations of microbubbles tend to shield the microbubbles below

them, by attenuating the pressure field [38, 43]. It would be extremely interesting to repeat

these experiments at different microbubble concentrations to explore how the Bjerknes force

is related to microbubble concentration. Similarly, it would be interesting to use these analy-

sis techniques in a patient-specific flow geometry to explore pushing in a realistic vessel. The

work performed in this thesis to develop patient-specific silicone phantoms could potentially

be used for this application.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

This chapter summarizes the conclusions and contributions made throughout this dis-

sertation. Each section summarizes the important scientific contributions obtained in each

chapter (beginning with Chapter 3). The chapter concludes by offering some potential aims

for future research related to this work and summarizes the main findings of this research.

7.0.1 Experimental Development

In Chapter 3, the microbubbles and ultrasound transducer used for the experiments were

introduced. Commerical Sonazoid microbubbles were used for the ultrasound imaging ex-

periments, and in-house microbubbles were used for the optical imaging experiments. These

microbubbles are both lipid-shelled with perfluorobutane gas cores; however, they may have

slightly different shell properties, causing them to respond differently to the incoming ultra-

sound pressure field. Despite this, the trends presented from both the ultrasound-imaging

results and the optical-imaging results remain fairly consistent. The Bjerknes force increases

strongly with pressure amplitude and weakly with duty cycle. This is consistent with the

theoretical framework for small amplitude volume oscillations that predicts quadratic depen-

dency of Bjerknes force with pressure amplitude and linear dependency with duty cycle.

This chapter also introduced the development of two separate experimental setups: an

ultrasound imaging setup and an optical imaging setup. There were pros and cons to both

experimental setups. The ultrasound experimental setup allowed imaging of the microbub-

bles in non-transparent silicone tubing that was ‘transparent’ to ultrasound (< 5% losses

through the tube wall). It also enabled the use of a clinical ultrasound system which is an

additional factor to make this research more clinically relevant. Despite these advantages,
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the acquisition rates of the ultrasound system are in the Hertz to hundreds of Hertz range,

which makes it impossible to track microbubbles at much faster flow rates (corresponding

to higher Reynolds numbers). Additionally, the resolution of a clinical ultrasound system is

lower than an optical imaging system, which makes it nearly impossible to discern if individ-

ual microbubbles or clusters of microbubbles are being tracked. Therefore, to complement

these studies, an optical imaging experimental setup was developed to examine the Bjerknes

force acting on the microbubbles. This system had a much higher acquisition rate (Hertz

to kiloHertz) and higher resolution (on the micrometer scale). This allowed individual mi-

crobubbles to be tracked with high spatial and temporal resolution. However, while this

setup does offer advantages, it was difficult to find materials that would be both ultrasound

transparent and optically transparent. Numerous different types of tubing and gel mate-

rials (such as poly(vinyl alcohol) (PVA), commonly used as an ultrasound phantom) were

explored in the development of the optical experimental setup. In the end, it was decided

to use PTFE tubing for the experimental setup because it was optically transparent and

allowed sufficient ultrasound transmission. In the future, it would be interesting to redo

these experiments with better optically and acoustically transparent phantom materials.

7.0.2 Segmenting Microbubbles from Images and Particle Tracking Velocimetry (PTV)

Chapter 4 explores the post-processing performed on the videos obtained from both the

ultrasound imaging and the optical imaging experimental setup. The microbubbles are seg-

mented from the ultrasound and optical images differently. The centroid detection, however,

performs well in both cases, with only a slightly larger error in the segmentation done in the

ultrasound images, due to the low image resolution and contrast. Subsequently, the chap-

ter discusses the new method using a modified initialization introduced to the four-frame

best estimate PTV algorithm. With only a simple change in initialization, the tracking

performance improves significantly compared to a nearest neighbor initialization method,

and this is shown by evaluating tracking performance on a homogenous isotropic turbulence

dataset and a turbulent channel flow dataset. This improvement to the algorithm increases
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performance in conditions where tracking is typically very difficult (such as large particle

displacements between frames), which is very helpful in the evaluation of microbubble tra-

jectories in both the ultrasound and optical experiments. The chapter also introduces a new

metric for evaluating tracking performance, ξ′. This metric could be useful for experimen-

talists when they are deciding particle seedings or adjusting the displacement of particles

between image frames.

7.0.3 Ultrasound Experiments

Chapter 5 explores how the Bjerknes force acting on the microbubbles varies in different flow

and ultrasound conditions. Experiments were conducted in a quiescent fluid, a steady flow,

and a pulsatile flow. In each of these flow conditions, ultrasound pressure amplitudes and

number of cycles (duty cycle) were varied to explore how these ultrasound properties affect

the microbubble response. The quiescent fluid experiments showed that more microbubbles

are displaced (by observing a larger void in the tube) as the pressure amplitude is increased

and as the number of cycles is increased. Bubble destruction is observed starting at am-

plitudes around 0.2 MPa. These experiments informed the next experiments in both this

chapter and the optical imaging chapter, putting an upper bound on the pressure amplitude

used to excite the bubbles, at around 0.17 MPa for the in-house microbubbles. The same

limit was also used for the Sonazoid microbubbles.

Experiments were then conducted at two Reynolds numbers (Re = 75, 150) in a steady

flow. In these experiments, the pressure amplitude was varied between 0.07 and 0.14 MPa

and the number of cycles was varied between 13 and 53 cycles, giving duty cycles between

10% and 40%. Similar trends were observed at both Reynolds numbers. The Bjerknes force

acting on the microbubbles (proportional to the y velocity of the microbubbles) increases

with increasing pressure and number of cycles. The force is found to not depend on the

Reynolds number, however, the net displacement of the microbubbles is a function of the

Reynolds number since the bubble displacement is related to the microbubble residence time

in the ultrasound excitation beam.
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Finally, experiments were conducted to study microbubble response with pulsatility at

three different Reynolds numbers: 75, 112, and 150. In these experiments, the pressure am-

plitude was varied between 0.07 and 0.12 MPa and the number of cycles was varied between

13 and 40 (10% to 30% duty cycle). The trends remain consistent with those described from

the steady flow experiments, with an increase in Bjerknes force magnitude with pressure

amplitude and number of cycles and no appreciable change in force with changing Reynolds

number. However, the microbubbles are displaced further in these experiments. This occurs

because the microbubbles, especially near the vessel walls, have a longer residence time in

the ultrasound beam when the flow is decelerating and reversing, allowing the microbubbles

to experience the Bjerknes force for a larger period of time. This is due to the Womerseley

velocity profile carrying the microbubbles along different trajectories than the Poiseuille flow

profile, even when the bulk flow rates are matched.

These experiments also introduced the multiframe PTV technique to clinical ultrasound

imaging. This new technique pioneered in this thesis has potential future clinical applications.

For example, PTV could be used to quickly determine flow rates and velocity profiles in the

vasculature with only minimal microbubble concentrations. Another area of interest would

be having the ability to further study cavitation breakup at higher ultrasound pressure

amplitudes.

7.0.4 Optical Experiments

Finally, Chapter 6 examines the dynamics of microbubbles under ultrasound excitation us-

ing optical imaging at a higher physiologically relevant Reynolds number (Re = 700). In

these experiments, the pressure amplitude was varied between 0 and 0.15 MPa and the PRF

was varied between 0 and 10, resulting in duty cycles between 0% and 5%. Due to the

increased imaging resolution, micrometer-scale microbubble displacements, due to the in-

coming ultrasound waveform, were observable . This provides an improved understanding of

the complicated and interesting microbubble dynamics. Without the presence of ultrasound,

it is observed that there is a shear-induced lift force acting on the microbubbles that pushes
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them towards the center of the vessel. At the lowest duty cycle, this lift force dominates

the trajectories of the microbubbles near the bottom of the vessel, even at the highest ultra-

sound pressures. This suggests that the Bjerknes force due to ultrasound is very weak in the

bottom part of the vessel. However, there is still noticeable displacement of microbubbles

from the top of the vessel downwards towards the center of the tube, even at this low PRF.

This decrease in displacement across the vessel, from the part closest to the transducer to

the one farthest from it, is likely due to attenuation of the propagating ultrasound by the

microbubbles. At a higher PRF of 10 kHz, the lift force has minimal effect compared to

Bjerknes force at pressures above 0.05 MPa. At 0.15 MPa, the Bjerknes force dominates and

displaces microbubbles downwards throughout the entire cross section of the vessel. The

microbubbles are still, however, displaced more near the top of the vessel tube than near the

bottom, due to non-negligible attenuation.

Additionally, the trends shown in this chapter agree with the trends presented in Chapter

5. The Bjerknes force increases strongly with increasing pressure amplitude (quadratically)

and weakly with PRF/duty cycle (linearly).

7.0.5 Future Studies

It would be interesting to extend both the ultrasound imaging and optical imaging exper-

iments in the future to explore an even larger range of ultrasound parameters to further

fine tune the dependence of the Bjerknes force on these ultrasound parameters. For exam-

ple, it would be interesting to consider if the linear dependence of the Bjerknes force on

PRF holds even up to very high PRFs (duty cycles) since previous research has suggested

that secondary Bjerknes forces become important in this regime ([51] and references within).

While conducting the optical experiments, secondary Bjerknes forces were only noticed when

the Reynolds number was very low (in between experiments when the flow was stopped),

suggesting a large dependence on bubble residence time for these secondary forces.

Another important parameter that could be further evaluated experimentally is the mag-

nitude of the Bjerknes force as a function of the concentration of microbubbles. This is an
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extremely difficult problem to address because there is variability in sizes and concentra-

tions between different microbubble batches. In addition, once activated, there is a decrease

in microbubble concentration over time. An estimate of microbubble concentration can be

obtained from the optical images, since individual bubbles were resolved, but these mea-

surements could potentially be difficult to correlate to microbubble concentration since the

imaging only characterizes the microbubble size and concentration at a small region of the

test section. A wide range of images spanning the entire test section in length, width and

depth would need to be automatized to get accurate results. Similarly, a research ultrasound

system imaging at a much higher frequency could also be used for this study since it would

also be capable of resolving individual microbubbles.

Finally, it would be interesting to perform pulsatile flow studies with the optical-imaging

setup. In this thesis, the optical experimental setup is susceptible to leaking at very drastic

changes in pressure, so it would have to be modified for pulsatile flow before conducting the

proposed study. However, the silicone models that were developed in this thesis could be

extremely useful for this application. It would be interesting to explore different pulse cycles

for pushing in pulsatile flow. For example, it may be possible to maximize the Bjerknes force

effect by insonating the microbubbles at a high duty cycle only during a certain phase in the

cardiac cycle (diastole), producing a much higher displacement than continuously running

the transducer at a lower duty cycle, while maintaining the same net heating.

7.0.6 Implications of This Work

To conclude, this thesis developed a novel particle tracking technique and two

experimental setups, and answered the following three questions:

• How do the dynamics of microbubbles under ultrasound excitation change when there

is inhomogeneous (sheared) and pulsatile flow around them (in millimeter- or larger

scale vessels)?
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• How to properly model the interaction between the microbubbles and the flow around

them, specifically the coupling of volume oscillations with hydrodynamic lift and drag?

• Do the ultrasound-induced forces have the ability to modify microbubble trajectories,

overcoming the dominance of drag and altering lift, to transport microbubbles towards

the vessel walls or a specific branch in a bifurcation?

We showed that the Bjerknes force acting on the microbubbles is not dependent on

the Reynolds number, obtaining similar y velocities (an estimator of the Bjerknes force)

in both the ultrasound and optical imaging experiments. Rather, the net y displacement

of the microbubbles, which is desired for pushing applications, is largely dependent on the

flow velocity and the corresponding residence time of the microbubbles in the ultrasound

beam. In the ultrasound experiments, the ultrasound is shown to be able to displace some

microbubbles across the entire vessel even at fairly high Reynolds numbers (on the order of

100). At even higher pressures (not shown in this dissertation), the ultrasound could push all

the microbubbles in the vessel to the far tube wall. Very similar trends for the Bjerknes force

were found in the pulsatile flow experiments, with an even larger increase in microbubble

displacement during flow deceleration due to the increased bubble residence time.

Finally, an improved understanding of the interaction between the drag, lift, and Bjerk-

nes forces was gained from the optical experiments. For large enough pressure amplitudes

and PRFs, the Bjerknes force was shown to dominate over sheared-induced lift, and the mi-

crobubbles were easily displaced in the direction of propagation of the ultrasound excitation

beam, against the natural tendency of the lift to push the bubbles away from the walls of

the vessel.
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