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Abstract 
 

Acoustic streaming - the displacement of fluid by sound - has been proposed 

as the mechanism for therapeutic effects, such as drug distribution enhancement and 

neurostimulation, however, there have been no direct observation or characterisation 

of this effect in soft tissue microenvironments, making it difficult to optimise and 

control. Post-mortem and indirect analyses of ultrasound-exposed tissue have 

revealed changes in drug or fluid distribution, and neuronal excitation; but it has 

remained uncertain whether these biological outcomes were due to acoustic 

streaming or other responses, such as acoustic cavitation. An aim of this thesis was 

to be the first to directly observe ultrasound-induced streaming during sonication in a 

tissue-mimicking material. Initially, conventional tissue-mimicking materials were 

used for ultrasound imaging and it was concluded that these tissue substitutes were 

not suitable to demonstrate acoustic streaming due to their microstructure. A material 

was then developed (macroporous polyacrylamide) that mimicked the porous 

structure of tissue (interconnected pores) and a dye and a video camera were used 

to track fluid movement. When applied above an acoustic intensity threshold, a 

continuous focused ultrasound beam was shown to push the dye axially i.e. in the 

direction of wave propagation and in the radial direction. Dye displacement or 

clearance increased with ultrasound intensity and was modelled using an adapted 

version of Eckart’s acoustic streaming velocity equation. It was shown that the 

resulting dye clearance was due to the ultrasound and not due to thermal diffusion. 

No mechanical damage or microstructural changes were observed in the sonicated 

region when assessed using scanning electron microscopy. No thermal damage was 

observed when assessed using a needle thermocouple. This study showed that 

acoustic streaming can occur in soft porous materials and provides a mechanistic 

basis for future technologies using streaming for therapeutic or diagnostic purposes. 
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Nomenclature 
 

𝐷  Coefficient of Diffusion 

𝑘𝑏 Boltzmann’s constant 

𝑇 Temperature in Kelvin 

𝜂  Dynamic viscosity 

𝑟𝑝 Particle radius in diffusion equation 

𝛿𝑣 Stokes Layer 

𝜔 Angular frequency 

𝜐  Kinematic viscosity 

𝑞 Volumetric flow rate 

∇𝑃 Pressure gradient 

𝑘 Permeability 

𝜌 Density 

𝜇 Viscosity 

𝐽 Diffusion flux 

∇∅ Particle concentration gradient 

𝑢  Velocity field 

𝑥  Position 

𝑡  Time 

𝑐  Speed of Sound 

𝐼  Acoustic intensity 

𝐷𝑢

𝐷𝑡
 Lagrangian derivative 

𝐹  Force term 

𝐹𝑅 Reynolds force 

𝑝, 𝑃  Pressure 

𝑣  Velocity 

𝛼 Absorption coefficient 

𝛽 Coefficient of nonlinearity 

𝛷 Pore diameter 
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휀 Porosity 

𝜅 Permeability 

𝑃𝑝𝑘  Peak pressure at focused transducer surface 

𝑃0 Peak pressure at plane transducer surface 

𝐺 Focusing gain 

𝑟𝑐 Cylinder radius 

𝑟𝑏  Radius of the sound beam 

𝑟  Distance from the centre axis of the beam 

𝐹𝑧 Axial force 

𝐹𝑟 Radial force 

𝑈 Eckart streaming velocity through an infinitely long cylinder    

𝑈𝑧,𝑠 Axial streaming velocity calculated using the steady-state approximation 

fc Centre frequency 

pn Peak-negative pressure 

pp Peak-positive pressure 

𝑙 Length of tunnel or channel 
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List of Abbreviations 
 

 

HIFU  High Intensity Focused Ultrasound 

ARF   Acoustic Radiation Force  

FUS   Focused Ultrasound 

LMV  Lagrangian mean velocity 

KZK   Khokhlov‐Zabolotskaya‐Kuznetsov 

FWHM  Full Width at Half Maximum 

PVDF Polyvinylidene Fluoride 

CW  Continuous Wave 

PL   Pulse Length 

PRF   Pulsed Repetition Frequency 

SEM  Scanning Electron Microscopy 

MPPa  Macroporous Polyacrylamide 

MIP  Mercury Intrusion Porosimetry 

ESEM  Environmental Scanning Electron Microscopy 
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1. Introduction 
 

The following chapter introduces acoustic streaming – fluid displacement using 

sound – and explains how this physical phenomenon is generated. In the industry, 

the use of ultrasound to displace fluid has been proposed as a potential mechanism 

of action for several applications (e.g., enhancing dye penetration in leather), but no 

direct evidence of streaming has been observed. In the clinic, post-mortem and 

indirect analyses have revealed a change in drug distribution and an excitation of 

neurons after acoustic exposure, but it was uncertain whether these biological 

responses were due to acoustic streaming or other activities, such as acoustic 

cavitation. In this chapter, the thermal and mechanical mechanisms that lead to fluid 

displacement will be described.  

 

1.1 Effects of ultrasound exposure on fluid displacement 

A fluid exposed to ultrasound can displace fluid through either thermal or 

mechanical means. The nature of the fluid displacement depends on the acoustic 

beam; the geometry and characteristics of the system exposed to sound (bounded 

or unbounded fluid); and the characteristics of the fluid.  

1.1.1 Thermal effects causing fluid displacement 

 Ultrasound deposits heat due to the absorption of the wave as it propagates 

through the medium. The magnitude of the thermal effect is dependent on the 

ultrasound parameters and beam shape; and the properties of the sonicated tissue. 

By modifying the ultrasound parameters and with a good estimate of the tissue’s 

properties, a desired temperature rise can be achieved. For example, human muscle 

tissue exposed to continuous ultrasound of 1 MHz at 1.5 W/cm2 for 10 minutes at a 
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depth of 3 cm caused the temperature to rise by 5°C (Draper et al., 1993). This 

approach used a handheld ultrasound transducer that was applied to the skin with a 

coupling gel. The objective was to warm an injured or painful area by increasing blood 

flow and accelerating healing. The temperature rise in these cases depended on 

multiple factors such as tissue type (fat vs. muscle) and heat dissipation by blood 

perfusion (Barnett et al., 1997). 

 Moreover, it has been shown that ultrasound-induced mild hyperthermia (43-

45 °C) can enhance drug delivery in tumours. The increase in temperature enhanced 

the permeability of blood vessels and cell membranes (Bischof et al., 1995; Dudar 

and Jain, 1984). The enhanced permeability increased with temperature and allowed 

for the extravasation of therapeutic particles (Song, 1984). Hyperthermia was shown 

to increase diffusivity, penetration and the uptake of drugs (Elias et al., 2002; Los et 

al., 1994; Marmor, 1979).       

Although the previous applications did not directly observe a temperature-

dependent particle displacement, this phenomenon could have played an important 

role. Temperature-dependent fluid displacement or material transport is governed by 

Fickian or molecular diffusion (Cussler, 2009). The common basis for estimating 

diffusion coefficients of particles in liquids is the Stokes-Einstein equation (Einstein, 

1905; Stokes, 1851). The diffusion coefficient (𝐷) is a physical constant dependent 

on molecule size and other properties of the diffusing molecule, and is described by,  

𝐷 =  
𝑘𝑏 𝑇

6𝜋 𝜂 𝑟𝑝
        (1.1)  

where 𝑘𝑏 is the Boltzmann’s constant 𝑇 is the absolute temperature, 𝜂 is the dynamic 

viscosity, and 𝑟𝑝 is the particle’s radius. Thus the diffusion coefficient rises with 

temperature.  
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The diffusion and the penetration distance of small molecular weight 

compounds in tissue-mimicking materials and how diffusion effects compare to 

acoustic streaming effects will be discussed. From the equation above, the effect of 

a temperature rise on molecular diffusion can be estimated. An increase in 

temperature of 10 or 20 °C will cause a very small increase in the diffusion coefficient. 

For example, an increase of 20 °C from physiological temperature (37 °C) will result 

in a 6.5% increase in the diffusion coefficient. Although fluid displacement is the main 

aim, possible in vitro and in vivo thermal damage associated with ultrasound 

exposure, such as phantom melting, skin burns and cell death, must be considered. 

1.1.2 Mechanical effects causing fluid displacement 

The two mechanical mechanisms of fluid displacement by ultrasound 

exposure are acoustic streaming and acoustic cavitation-based streaming. Acoustic 

streaming (Lighthill, 1978; Nyborg, 1953, 1965) - the steady bulk fluid movement 

generated by the propagation of an acoustic wave in a fluid - has been well studied 

in open fluid and microfluidic chambers, but there is a limited mechanistic 

understanding of its effects in soft tissue and soft porous materials. Acoustic 

streaming can be further categorised into two types depending on the mechanism of 

flow generation: Eckart and Rayleigh streaming. Acoustic cavitation-based streaming 

– the fluid movement generated from a bubble driven by ultrasound – has also been 

well studied and can be generated from a wide range of bubble behaviours (e.g., 

stable cavitation, primary and secondary Bjerknes force) (Apfel, 1997; Bjerknes, 

1906). The bubbles’ oscillations cause local pressure and temperature changes 

leading to the fluid in close proximity to be displaced.  

Eckart or quartz wind streaming (Eckart, 1948): fluid displacement generated 

in the bulk of unbounded fluid through energy absorption mechanisms. It is a jet-like 

streaming that occurs in the same direction as the travelling ultrasound wave. In open 
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fluid, ultrasound can produce streaming velocities up to several cm/s. A 3.5-MHz 

focused transducer was shown to produce a streaming velocity of 10 cm/s in water 

at the beam focus, the parameters used were a peak pressure of 3.5 MPa, a pulse 

length of 3 μs and a pulse repetition frequency of 2 kHz. While keeping the total 

acoustic power constant, it has been shown that the streaming velocity will vary by 

changing the pressure and the duty cycle (Starritt et al., 1989). Eckart streaming is 

visible in large water tanks as the fluid travels considerable distance in the direction 

of wave propagation. The jet-like motion along the axis of the beam in an infinite 

cylinder will be compensated by a counterflow near the walls of the tank or chamber 

due to a zero net flow condition. Eckart streaming is also visible in small bounded 

spaces when it is several times longer than the wavelength of the ultrasound (Fig. 

1.1). In smaller spaces (small water tanks on the scale of a few wavelengths), 

travelling waves will cause acoustic streaming. Although Eckart streaming can be 

generated across all scales, the fluid movement pattern is dependent on the 

geometry of the fluid compartment. 

 

Fig. 1.1 Eckart streaming in a small container. Streaming is generated as a fluid jet 

in the direction of wave propagation. The nature of the fluid jet and backflow is 

dependent on the beam size and the geometry of the fluid compartment. Adapted 

from (Wiklund et al., 2012). 
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Rayleigh streaming (Rayleigh, 1884): boundary-driven streaming that is 

generated in small chambers (e.g., microfluidic chips) and is usually in the order of 

half the wavelength of the emitted ultrasound. The energy transfer originates from 

the friction between the boundary and the oscillating medium and takes the shape of 

streaming vortices directed from pressure antinodes towards the nodes (Nyborg, 

1958). The outer-boundary streaming vortices are the ones responsible for 

microfluidic applications such as mixing fluids (Fig. 1.2). It is typically a vortex-

antivortex pair per half wavelength along the direction of ultrasound propagation. In 

Fig. 1.2, the outer-boundary streaming (white) is countered by much smaller inner-

boundary streaming (grey) for channel widths much greater than the Stokes layer 𝛿𝑣. 

The Stokes layer 𝛿𝑣 is dependent on the kinematic viscosity 𝜐 and the angular 

frequency of the acoustic wave 𝜔 (eqn. 1.2).  

𝛿𝑣 =  √2𝜐
𝜔⁄         (1.2) 

As the channel width decreases in size and becomes comparable to the 

stokes layer (𝛿𝑣 < 1m for a 1 MHz acoustic wave in water), the inner-boundary 

streaming increases in size relative to the Rayleigh streaming (Hamilton et al., 2003; 

Schlichting et al., 1955). The dimension perpendicular to the propagation direction 

should be in the order of the wavelength to achieve non-turbulent vortices (Wiklund 

et al., 2012).  

In sub-mm microfluidic chambers, small amounts of fluid could be displaced 

or mixed using fluid vortices created by standing waves (Yang et al., 2001). Frampton 

predicted a streaming velocity of 100 μm/s for a 1mm channel in water for 1 MHz. 

Also as the frequency increases so does the streaming velocity (Frampton et al., 

2003). 
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Fig. 1.2 Rayleigh streaming in a sub-wavelength-sized container. A system of inner 

(grey) and outer boundary (white) streaming vortices in a channel with a standing 

wave propagating along x over a distance of half a wave-length. Adapted from 

(Hamilton et al., 2003; Wiklund et al., 2012). 

 

Acoustic cavitation-based or bubble-induced streaming: fluid displacement 

caused by an oscillating bubble driven by the compressional and rarefactional phases 

of the ultrasound. For example, a bubble trapped in a microfluidic device was 

oscillated at its resonance frequency and shown to mix two fluids through 

microstreaming vortices  (Ahmed et al., 2009) (Fig. 1.3a). Marmottant also observed 

microstreaming patterns around a bubble (10–100 um in radius) excited at 200 kHz 

using high-speed microscopy (Marmottant et al., 2005) (Fig. 1.3b).  
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Fig. 1.3 Acoustic cavitation-based streaming. (a) Schematic of a trapped bubble 

mixing two fluids. The bubble starts to oscillate when exposed to ultrasound waves 

from a nearby transducer. (b) Vortex-shaped microstreaming patterns of a 200-μm-

in-diameter bubble in water. Adapted from (Ahmed et al., 2009) and (Collis et al., 

2010). 

 

The above-mentioned examples of ultrasound-mediated mechanical 

streaming effects occur in controlled environments and include water tanks where 

the streaming can be visually tracked and microfluidic chambers where the geometry 

of the fluid microenvironment can be controlled. In natural and more complex 

environments such as porous media that contain small pockets of fluid and multiple 

sub-wavelength boundary types, determining the underlying mechanisms behind 

ultrasound-mediated fluid displacement has proven to be difficult and has not been 

established.      

1.2 Ultrasound-mediated fluid displacement in porous materials  

Fluid displacement in porous materials due to sound has been proposed as 

a mechanism in several industrial and clinical applications. Here, porous materials 

are considered as a matrix that contains interconnected pores filled with gas or liquid. 

The matrix can be either hard or soft. Examples of hard porous materials include 

porous rocks, leathers, and plastic structures, while examples of soft porous 

materials include hydrogels, tissue scaffolds, and soft tissue.  
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When considering fluid movement through porous materials in the absence 

of sound, Darcy’s Law (eqn. 1.3) is typically used. In this law, the volumetric flow rate 

(q) through a porous material (Darcy, 1856) is dependent on a pressure gradient and 

the properties of the materials:  

𝒒 =  −
𝐾

𝜇
(∇𝑃 − 𝜌𝒈)        (1.3) 

where  𝐾 is the permeability constant, 𝜇 is the viscosity of the fluid, ∇𝑃 is the pressure 

gradient, 𝜌 is the density and 𝑔 is gravity. 

Without an external pressure gradient, molecules in a porous material will 

follow a 3D Fickian (Cussler, 2009) diffusion flux (eqn. 1.4). The diffusion flux vector 

(J) goes from regions of high concentration to low concentration. The flux depends 

on the diffusion coefficient (D) and the concentration gradient (𝜙).  

𝑱 =  −𝐷 ∇∅       (1.4) 

In order to enhance fluid movement through a porous material with a given 

permeability either a higher pressure gradient should be applied or the fluid’s 

viscosity decreased. 

1.2.1 Industrial applications of ultrasound-mediated fluid displacement in 

hard porous materials 

Industries have a diverse interest in the use of sound to displace fluid, ranging 

from colouring leather to collecting oil. These industries are attracted to the use of 

sound because it has the unique ability to push fluid deep into a material without 

altering the surface. The proposed method of fluid movement is different for each 

application and the mechanism is often speculated or unknown. Below is a list of 

industrial applications of sound to displace fluid. 
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One of the major applications of sound is to recover oil from the earth. Once 

a well is drilled in a reservoir (i.e., a porous rock), underground pressure forces the 

oil through the reservoir to the surface. It has been noticed that oil recovery has been 

improved after earthquakes. This observation led to studies using ultrasound to 

stimulate porous media. In these studies, ultrasound promoted fluid flow in porous 

media when used with other existing pressure gradients with multiple mechanisms 

mentioned.  

Oil saturated sandstones exposed to ultrasound of frequencies between 1 

and 5.5 MHz resulted in enhanced oil recovery. The study claimed that the ultrasound 

generated localised pressure surges during cavitation and possibly oscillating 

bubbles that pushed oil droplets into adjacent pores (Duhon and Campbell, 1965). In 

another study, a fluid was stimulated using vibrations in a 2D micromodel mimicking 

a porous medium filled with a dye. Vibrations were shown to overcome capillary 

entrapment by stimulating mechanical forces and thereby mobilizing oil drops within 

the pores (Li et al., 2005). Acoustic oil recovery continues to be investigated, because 

it is an important and potentially lucrative application. 

Ultrasound-mediated molecular and fluid displacement has also been 

investigated in the food processing and leather industries. The use of ultrasound 

assisted the diffusion of special types of organic compounds (syntans) through 

leather, leading to significant improvements in the diffusion rate of syntans, potentially 

saving processing time and improving the quality of re-tanned leathers (Sivakumar 

et al., 2008, 2013; Sivakumar and Rao, 2001). Another study discussed the use of 

ultrasound to enhance food drying, the drying kinetics of a fixed bed of thyme leaves 

could be intensified by ultrasound application (Rodríguez et al., 2014). Many of these 

studies were recent and this continues to be a growing application area. 
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 In many of these applications, the objectives were either to control the fluid 

displacement or gain insight into the mechanism of action. Several mechanisms have 

been speculated, but they all depended on the unique exposure conditions and 

porous media investigated. In one set of studies, it was proposed that as the 

ultrasound intensity and exposure time increases, the fluid viscosity decreases due 

to the generated heat. In a temperature controlled environment, small local viscosity 

reduction occurred probably due to cavitation-based temperature fluctuations 

(Hamida and Babadagli, 2007; Hamidi et al., 2014). Aarts and Ooms (Aarts and 

Ooms, 1998) proposed a mechanism based on a model created by Ganiev (Ganiev 

et al., 1989) in which the ultrasound waves (20 kHz) deform the pore walls to produce 

a peristaltic pumping effect. Aarts and Ooms created a setup to test their model which 

had fluid flow rate proportional to the stiffness of the porous medium and independent 

of pore size. However, the experimental results did not agree with the model and the 

peristaltic pumping mechanism remains unproven (Aarts et al., 2013).  

In one study, the effects of acoustic streaming on diffusion in porous media was 

investigated. In simulations, acoustic streaming was shown to enhance diffusion 

through a hexagonal lattice with spaces by a factor of 10 compared to regular Fickian 

diffusion (Haydock and Yeomans, 2003). The effect of the ultrasound field was 

simulated by having a constant volumetric force applied throughout the fluid and 

lattice.  

From previously described studies, there is no consensus on how sound causes 

fluid displacement in a hard porous material. It is difficult to separate the many 

thermal and mechanical mechanisms that could cause a molecule or fluid to move in 

the acoustic beam. In particular, there is a concern that the cavitation threshold drops 

significantly with decreasing frequencies (Holland and Apfel, 1990; Larina et al., 

2005; Vlaisavljevich et al., 2015). Ultrasound propagating through hard materials with 
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sub-mm pores could also generate standing waves. Finally, a combination of bubble-

induced streaming, Eckart and Rayleigh streaming may be generated in a hard 

porous material.   

1.2.2 Medical applications of ultrasound-mediated fluid displacement in soft 

porous tissue  
 

 Cartilage, cornea, tendons, ligaments, brain, and breast tissues have been 

modelled as poroelastic materials because of their high fluid content and fluid mobility 

(Fatt, 1968; Van Houten et al., 2003; Jurvelin et al., 1997; Kyriacou et al., 2002; Mow 

et al., 1984). A poroelastic material is characterised by its porosity, permeability and 

the properties of its matrix and fluid. Tumours have been modelled as poroelastic 

materials with reduced permeability due to increased interstitial fluid pressure and 

other factors. The reduction in permeability has been a key problem for drug delivery 

to cancer cells. This area of research helped further develop an understanding of 

fluid motion within these organs and how different mechanical stimuli such as 

ultrasound could affect this fluid motion or displacement.  

In the clinic, fluid displacement using ultrasound can be achieved and 

detected in large pockets of fluid within the human body e.g. urine in the bladder, 

blood pools and breast lesions. These large pockets of fluid are not porous materials, 

but it is important to discuss them, because they are the only tissue targets where 

acoustic streaming has a clear biomedical application. A commercial 7.2-MHz 

ultrasound scanner was used to induce acoustic streaming in breast lesions to 

determine if they were cystic or solid (Nightingale et al., 1995, 1999). This technique 

was successful for superficial lesions. The axial mean size of the lesions was 9 mm. 

Streaming velocities up to 5 cm/s were detected along the propagation direction. 

Moreover, acoustic streaming could be used to obtain fluid properties such as 

viscosity by monitoring variations in streaming velocity. This technique was also used 
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to evaluate the difference in viscosity between fresh and sour milk (Dymling et al., 

1991). 

Low-frequency ultrasound (20 kHz) was used to deliver micro and 

nanoparticles into articular cartilage and subchondral bone in vitro. The samples were 

sonicated for 100 mins at high intensities with minor damage to the cartilage. The 

cartilage damage was likely associated with cavitation. The particles had an improved 

penetration of 1 mm compared to when no ultrasound was used (Nieminen et al., 

2012). A higher frequency (1.1 MHz) with reduced intensities were later used to 

reduce damage due to cavitation. The maximum penetration depth at the surface 

was 0.8 mm. Histological sectioning of the samples showed no damage to the 

cartilage, however, no clear mechanism was given for the enhanced penetration and 

no characterization of the material properties was performed (Nieminen et al., 2015).  

Previous studies have also investigated the use of ultrasound for transdermal 

drug delivery. In these studies, an ultrasound transducer was used with a coupling 

medium applied on the skin surface. Low-frequency (20-100 kHz) and high-frequency 

(0.7-16 MHz) ultrasound have both been successful in delivering agents through the 

skin, but the low-frequency ultrasound was more effective (Polat et al., 2011). It was 

also shown that cavitation was the main mechanism behind the successful delivery 

and that other mechanisms such as acoustic streaming were not responsible for the 

delivery. The difference was that the high-frequency ultrasound caused cavitation in 

small bubbles ( 1 m) trapped at the skin surface (Mitragotri et al., 1995) while the 

low-frequency caused cavitation in larger bubbles ( 150 m) above the skin surface 

and in the coupling medium (Tang et al., 2002).    

Additionally, cavitation agents such as microbubbles – a heavy gas encased 

in a lipid shell with a diameter of 1-10 μm – and solid nanoparticles with gas pockets 
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have been used to deliver therapeutic particles across vascular barriers in vivo in 

tumours (Kwan et al., 2015) and the brain (Choi et al., 2007; Hynynen et al., 2001). 

These agents can be driven to undergo stable or inertial cavitation depending on the 

ultrasound parameters and agent type used. Administering cavitation agents reduced 

the peak-rarefactional pressure required for a cavitation activity that was strong 

enough to produce the biological response. The mechanism of drug delivery across 

the vessels in these applications is likely acoustic cavitation and not acoustic 

streaming.  

Pulsed ultrasound was used to deliver growth factors in implanted scaffolds 

to enhance bone formation and growth in rabbits (Yan et al., 2016). Five groups of 

rabbits were exposed to low intensity ultrasound at 1 MHz for 15 min each day for 1, 

2, 4, 8 and 12 weeks respectively. Other than the streaming effect, ultrasound could 

potentially induce a change in membrane cell structure (create pores i.e. 

sonoporation) (Bao et al., 1997) causing an increased uptake in the cells thereby 

accelerating bone formation. This combined potential mechanism achieved the 

desired effect. 

Shock waves were also used to disrupt junctions in endothelial tissue but the 

disruption mechanism may have been caused by a momentum transfer from the ARF 

or cavitation (Seidl et al., 1994). In two studies by the same group (Hancock et al., 

2009; O’Neill et al., 2009), 1-MHz focused ultrasound with a temporal peak intensity 

of 2660 W/cm2, a pulse duration of 50 ms,  and a duty cycle of 5%, was used to 

deliver nanoparticles into murine muscle. Pulsed exposures and duty cycles were 

minimised to produce a small increase in overall temperature of the tissue (2 to 3 °C) 

and thereby reduce diffusion. The proposed mechanism was that the ARF enlarged 

the gaps between muscle fibres and connective tissues, producing the enhanced 

delivery shown in the histological sections right after the sonication. Cavitation was 
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ruled out as they claimed it only occurred in highly vascularised regions and would 

not occur within the small interstitial spaces of muscle. The mechanical effect of 

acoustic streaming was not mentioned although it could have been a mechanism 

behind the fluid displacement after the gaps between muscle fibres were widened.    

Ultrasound was also used to assist in convection-enhanced delivery (CED) 

(Lewis et al., 2012; Liu et al., 2010). CED (Bobo et al., 1994) is when compounds are 

infused directly via a fine needle in the brain parenchyma through a small hole in the 

skull. Acoustic cavitation was mentioned as the primary mechanism for the enhanced 

delivery. Moreover, studies have shown that ultrasound applied to tissue can promote 

angiogenesis (Young and Dyson, 1990), enhance tissue repair (Speed, 2001), 

stimulate neurons (Bystritsky et al., 2011; Tyler, 2011), accelerate bone-fracture 

healing (Heckman et al., 1994), and cause prenatal migration of neurons (Ang et al., 

2006). Although a net unidirectional fluid or material movement was not observed, 

such an effect could have led to the resulting bioeffect. Many of these studies have 

listed acoustic streaming as a potential mechanism of action. 

The primary interest of this dissertation is to determine whether Eckart 

acoustic streaming can be generated in soft porous materials. Magnetic resonance 

was used to detect streaming in water within meshes (Starritt et al., 2000). The 

material of the meshes was not specified but the reported attenuation coefficient of 

the meshes was close to that of soft tissue. Magnetic resonance can potentially 

detect streaming as low as 0.1 mm/s.  Streaming velocities around 1 mm/s were 

detected in a coarse and medium mesh having pore diameters of 3.0 and 2.0 mm, 

respectively. Streaming was not detected in a fine mesh (0.4 mm pore diameter) or 

in a Sephadex hydrogel. The structure of the Sephadex hydrogel used was not 

provided. The reason no streaming was detected in the last two cases could be due 

to the low acoustic intensity applied – only a pulse duration of 3.7 s and a duty cycle 
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of 0.74% was used. Although acoustic streaming was achieved for meshes of 3.0 

and 2.0 mm hole size, these sizes were not close to physiologically relevant pore 

sizes of soft tissue and meshes have a different structure to porous materials. 

Moreover, if streaming occurred in the fine mesh or the Sephadex gel, it could have 

been an order of magnitude lower than 1 mm/s, making it difficult to detect with 

magnetic resonance. In this dissertation, another potential reason for why they have 

not observed acoustic streaming in their hydrogel will be offered. 

In soft tissue where no naturally occurring gas bodies exist, the cavitation 

threshold is very high and the resulting fluid displacement may not be due to 

cavitation unless gas-body contrast agents i.e. microbubbles are systematically 

introduced. In water and in soft tissue, boundary conditions are negligible so a 

traveling wave propagating through these materials would more likely generate 

Eckart streaming rather than Rayleigh streaming. However, in small interconnected 

pores, Eckart streaming has not been studied or observed and the expected fluid 

movement pattern is unknown. 

In the previously described applications, acoustic streaming was proposed to 

be one of the mechanisms for the observed therapeutic bioeffects but no direct 

mechanistic link between acoustic streaming and the bioeffects has been 

established.  
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1.3 Hypothesis and aims 
 

The main hypothesis of this thesis is that acoustic streaming can be produced 

within soft porous material microenvironments. Although previous studies have 

proposed this, there remains no direct evidence that acoustic streaming has been 

produced. The difficulty with collecting direct evidence has been that soft tissue is 

opaque; and in clear conventional ultrasound tissue-mimicking materials (gelatin, 

agar, etc.), no acoustic streaming was observed. An aim of this thesis was to develop 

a soft tissue phantom and experimental methods that allowed for the direct optical 

observation of fluid movement through the phantom. In order to be suitable for testing 

acoustic streaming, the phantom had to have interconnected pores, a property that 

conventional ultrasound tissue-mimicking materials lacked. Ex vivo and in vivo 

tissues were not used, because it would have been difficult to attribute dye movement 

to only acoustic streaming rather than attribute it to other phenomena, such as 

acoustic cavitation and heating.  

The general aims of this thesis are to control the generated acoustic 

streaming, isolate the streaming from other ultrasound-mediated effects, and provide 

a mechanistic basis for future studies that would like to use streaming for therapeutic 

or diagnostic use.    

 

1.4 Potential applications of acoustic streaming in soft tissue 
 

If acoustic streaming in soft porous materials can be demonstrated, it could 

not only explain how many therapeutic applications operate, but also open the 

possibility of new applications. Although this thesis does not include any in vivo or 

therapeutic experiments, in this section, possible uses of acoustic streaming will be 

explored. 
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1.4.1 In vitro applications 
 

 There have been several advancements in the field of tissue engineering 

(Khademhosseini and Langer, 2016) and 3D cell culture to generate new organs and 

develop therapies that don’t depend on complex animal models. 3D cell culture 

systems aim to provide more complex and more realistic features of the in vivo 

environment when compared to 2D cell cultures (Ravi et al., 2015). For example, 

Spheroids which are 3D formations of cells grouped in spheres, provide several in 

vivo features such as cell-cell interactions, tight junctions and diffusional limits of 

drugs in vivo (Mehta et al., 2012). However, larger spheroids develop central necrosis 

and regions of hypoxia. This is useful when simulating hypoxic areas of cancers, and 

these spheroids could be used for testing anti-cancer therapeutics. However, when 

culturing stem cells for therapy, oxygenation is an important aspect for stem cell 

maintenance and differentiation (Haycock, 2011). Acoustic streaming could be used 

to enhance material transport into spheroids and to improve oxygenation and deliver 

agents such as growth factors to maintain healthy cells and increase the viability of 

these 3D cell cultures. Ultrasound could potentially have a secondary effect providing 

fluid flow-induced shear stress acting as the mechanical stimulus required for cell 

growth (Choi et al., 2013a). In 3D scaffolds, similar issues arise but scaffolds allow 

for multiple cell types to grow, simulating better in vivo environments.   

 Another potential application would be the use of acoustic streaming in 

bioreactors. For ex vivo engineering of living tissues, high quantities of high quality 

cells need to be grown to culture scaffolds used for implantable tissue such as 

cartilage, bone and cardiovascular systems. Ideally, a tissue engineering bioreactor 

should enable robust control of environmental factors (e.g. pH, O2, temperature, 

nutrient transfer and waste removal) at defined levels. These bioreactors are then 

filled with constructs for the cells to populate. One major challenge is poor cell 
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migration into the construct interior, leading to a shell of cells around the scaffold 

exterior instead of the desired uniform3D-cell coverage (Chen and Hu, 2006; Zhao 

et al., 2016).  

1.4.2 In vivo applications 
 

Recent developments in molecular engineering and our understanding of 

diseases have led to the development of pharmaceutical compounds such as 

chemotherapeutic agents (Kamal et al., 2010) and nanoparticles (Peer et al., 2007). 

However, many of these drugs are poorly delivered to diseased sites, such as 

tumours. Only a small percentage of the injected drug dose reaches its target due to 

a series of biological barriers. Often, to achieve the desired therapeutic effect, an 

increased systemic dose is used on patients, which leads to unwanted side-effects. 

Thus, different methods and techniques aim to refine the therapeutic effect by 

decreasing the needed dose and designing targeted drug delivery systems that can 

increase the drug concentration in the diseased site by locally overcoming the 

biological barriers found in the body. 

In porous and permeable soft tissue, drugs, which are carried by the blood, 

must penetrate the vessel wall and traverse the interstitial space before it reaches 

the diseased site. The biological barriers involved in this scenario are the blood 

vessel wall and the interstitial fluid.  

The extracellular fluid is divided into three compartments: the interstitial, 

intravascular and transcellular compartments. The interstitial compartment contains 

the interstitial fluid that carries nutrients and oxygen from the vasculature to the cells. 

The intravascular compartment contains the blood plasma and cells. The 

transcellular compartment consists of spaces where large amounts of fluid are not 

present. The interstitial fluid has a very low fluid velocity of approximately 0.6 μm/s 
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(Chary and Jain, 1989). Fluctuations in interstitial fluid pressure have been 

associated with disease (e.g., cancer) and hinder the ability of a drug to traverse the 

interstitial fluid space (i.e. the path the drug takes from the blood to the diseased cell). 

Interstitial transport of drugs and cellular uptake is dictated by various physical and 

physiological factors. Most of the molecular transport between the vasculature and 

the tissue is from capillaries that are 5-10 μm and have a blood flow around 1 mm/s 

(Goddard and Iruela-Arispe, 2013; Ivanov et al., 1981). Moreover large molecular 

drugs are carried into the interstitial space via advection, but not via diffusion (Rippe 

and Haraldsson, 1994). Advection is the movement of particles in a fluid via a stream 

or current, while diffusion is a temperature dependent movement of small molecules 

from an area of high concentration to an area of low concentration. Acoustic 

streaming could enhance the overall convection (advection + diffusion) process 

carrying large molecule drugs of molecular weight of 10’s of kDa.  

High interstitial fluid pressure (1.3-19 kPa or 10-140 mm Hg) (Heldin et al., 

2004; Milosevic et al., 2004; Stylianopoulos et al., 2012, 2013) is a major obstacle to 

drug distribution. It has been shown in breast carcinoma, metastatic melanoma, head 

and neck carcinoma and colorectal carcinoma (Boucher et al., 1991; Curti et al., 

1993; Gutmann et al., 1992; Heldin et al., 2004; Less et al., 1992; Nathanson and 

Nelson, 1994). Moreover, the chaotic tumour architecture has lymphatic vessels that 

are either dysfunctional or absent resulting in certain proteins not being removed. 

The cumulative increase in particles (e.g. proteins, fibroblasts, collagen fibres) in the 

interstitial fluid increases the interstitial fluid pressure, resulting in a reduced flow or 

lack of transportation of therapeutic agents to infected cells (Heldin et al., 2004). The 

proposed technique aims to improve interstitial flow and overcome some physical 

factors such as high interstitial fluid pressure and chaotic tumour architecture that 

limit the delivery of therapeutic agents (Heldin et al., 2004; Vaupel, 2004).  
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In order to displace fluid in a microenvironment, it is likely that the overall 

acoustic energy deposited needs to be increased. A concern with this is that heat 

may be generated. However, heat dissipates over time and the objective is not 

immediate movement, but rather small incremental movements that accumulate over 

a period of time. As for the in vivo goal, a successful bioeffect would be the net 

displacement of a compound, without thermal of mechanical damage, in the 

interstitial space by approximately 100μm – or a few factors longer than the average 

distance between capillaries (Fig. 1.4). 

 

 

Fig. 1.4 Tumour drug distribution. The distribution of doxorubicin (blue) in relation to 

blood vessels (red) and hypoxic regions (green) in tissue sections from mouse 

mammary adenocarcinoma. Bar, 100 μm. Adapted from (Primeau et al., 2005). 
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1.5 Dissertation Outline 

Following the introduction, this dissertation is divided into the following chapters: 

 Chapter 2 introduces the physical concepts and governing equations for 

understanding acoustic streaming. The proposed mathematical model 

quantifying acoustic streaming in a soft porous material is also included. 

 Chapter 3 consists of initial experiments investigating acoustic streaming in 

conventional tissue-mimicking materials and a discussion of the challenges 

associated with these materials.  

 Chapter 4 includes the development and characterisation of a suitable soft 

tissue phantom material and experimental methods that allowed for the direct 

optical observation of fluid movement from the phantom. Additionally, the 

safety of the proposed technique will be discussed by looking at mechanical 

and thermal damage that may arise with ultrasound exposure in the phantom. 

 Chapter 5 provides overall concluding remarks and a brief outlook on future 

work. 
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2. Theoretical description of acoustic streaming 

This chapter introduces the physics and governing equations of acoustic 

streaming. Since acoustic streaming refers to a net motion caused by sound, the 

main problem that has to be solved is how a sinusoidal pressure wave with zero 

Eulerian mean-motion can induce a unidirectional net-movement over time.  

In the last part of the chapter a mathematical model is proposed to quantify 

acoustic streaming in a soft porous material using Eckart’s steady-state solution. 

 

2.1 Qualitative description of acoustic streaming 

The flow generated in a free fluid by a sound beam has been described in 

theoretical and experimental work (Eckart, 1948; Lighthill, 1978; Nyborg, 1953; Riley, 

1998; Westervelt, 1953). When an ultrasonic beam propagates through an 

unbounded liquid, acoustic momentum from the beam is partially transferred to the 

fluid particles. Fluid viscosity, heat transfer and relaxation processes reduce the 

beam’s pressure amplitude and intensity with increasing distance from the sound 

source. Therefore, the momentum transferred to the fluid also decreases with 

increasing depth. As a consequence of this, an energy density gradient is 

established, which in turn causes a net force acting on the fluid. This force, also 

known as the acoustic radiation force (ARF), generates acoustic streaming when 

applied onto the fluid (Lighthill, 1978). In free body fluid, a jet of fluid can be created 

in the direction of propagation (Starritt et al., 1991).  

This thesis is only concerned with Eckart streaming. Boundary-driven 

streaming will not be covered in more detail. 
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2.2 Mathematical formulation of acoustic streaming 

There are two models describing fluid flow in fluid dynamics: Eulerian and 

Lagrangian mean motions. Eulerian motion tracks the velocity field 𝒖 at a specific 

point in space. Lagrangian motion tracks the velocity and position of a specific 

particle.  

The velocity field 𝑢 represents a travelling plane sound wave with a zero mean 

through the main body of a fluid: 

𝒖 = 𝑢0 cos [𝜔(𝑡 − 𝑐−1𝒙)]         (2.1) 

The position of fluid particle 𝑥 undergoing Eulerian motion is calculated by integrating 

eqn. 2.1 with respect to 𝑡 at 𝑥 = 𝑥0 : 

𝒙 = 𝑥0 +  𝑢0 𝜔−1sin [𝜔(𝑡 − 𝑐−1𝑥0)]            (2.2) 

Any mean motion of the particles produces a second-order change in its velocity 

that’s calculated by differentiating eqn. 2.1 with respect to 𝑥 and adding the velocity 

field in eqn. 2.1. 

𝑑

𝑑𝑥
 [𝑢0 cos [𝜔(𝑡 − 𝑐−1𝑥0)]] = 𝑢0 𝜔 𝑐−1 sin [𝜔(𝑡 − 𝑐−1𝑥0)] 

𝒖 = 𝑢0 cos[𝜔(𝑡 − 𝑐−1𝒙)] + (𝑥 − 𝑥0) 𝑢0 𝜔 𝑐−1 sin[𝜔(𝑡 − 𝑐−1𝑥0)]   (2.3) 

The second term in eqn. 2.3, with 𝑥 − 𝑥0 substituted from eqn. 2.2, represents the 

second-order difference between the Lagrangian motion of the particle and the 

Eulerian motion at a fixed position. The Lagrangian mean velocity (LMV) is calculated 

by finding the mean value of the second term in eqn. 2.3.            

𝑳𝑴𝑽 =  ∫(𝒙 − 𝑥0) 𝑢0 𝜔 𝑐−1  sin[𝜔(𝑡 − 𝑐−1𝑥0)] 𝑑𝑡 

= ∫   {𝑢0 𝜔−1 sin[𝜔(𝑡 − 𝑐−1𝑥0)] } { 𝑢0 𝜔 𝑐−1 sin[𝜔(𝑡 − 𝑐−1𝑥0)]} 𝑑𝑡 
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= 𝑢0
2𝑐−1 ∫ 𝑠𝑖𝑛2 [𝜔(𝑡 − 𝑐−1𝑥0)] 𝑑𝑡 

=  
1

2
 𝑢0

2𝑐−1                         (2.4) 

Acoustic Impedance Z is the product of density ρ0 and speed of sound c. Pressure p 

is the product of acoustic impedance and velocity field (eqn. 2.5). The pressure p 

would be the additional pressure associated with the velocity field also known as the 

radiation pressure. Using eqn. 2.4 and 2.6, LMV can be written in terms of acoustic 

Intensity I. 

𝑝 =  𝜌 𝑐 𝑢0 cos [𝜔(𝑡 − 𝑐−1𝒙)]    (2.5) 

𝑰 =  𝑝 𝒖 =  
1

2
𝜌 𝑐 𝑢0

2                   (2.6) 

𝐿𝑀𝑉 =  𝜌−1 𝑐−2 𝑰                       (2.7) 

The LMV value above is accurate when the Eulerian mean motion is zero. However, 

Lighthill (Lighthill, 1978) mentioned that assuming that the generated acoustic 

streaming motion is the difference between the Lagrangian and Eulerian mean 

velocities would be incorrect. For example, an ultrasound transducer can cause 

observed acoustic streaming at 10 cm/s. The difference between the Lagrangian and 

Eulerian mean velocities, which can also be written as  
1

2
 𝑢0

2𝑐−1 (eqn. 2.4), is only 

0.03 cm/s, which is very small compared to the observed motions. Therefore, a 

mechanism causing a substantial Eulerian mean motion (�̅�) plays a dominant role in 

acoustic streaming. So, a more general form of particle motion is:  

𝑳𝑴𝑽 =  �̅� + 𝜌−1 𝑐−2 𝑰                 (2.8) 

2.2.1 Reynolds Stress 

The next step is to determine the source of this non-zero mean Eulerian 

velocity. Starting with the general Navier-Stokes equation of motion for an 
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incompressible fluid, ρ is fluid density, u is velocity, p is pressure, μ is viscosity and 

F is another force per unit volume acting on the system. 
𝐷𝒖

𝐷𝑡
 is the Lagrangian 

derivative which takes into consideration the change of the velocity field in both time 

and space.  

𝜌
𝐷𝒖

𝐷𝑡
=  −∇ 𝑝 +  𝜇 ∇2𝒖 + 𝑭       (2.9) 

In the case of acoustic streaming, F is a forcing by Reynolds stress. Reynolds stress 

represents the momentum flux in a specific direction across a plane perpendicular to 

that direction or, the net rate of transfer of momentum across a surface in a fluid 

resulting from turbulence in the fluid. From turbulent-flow fluid dynamics, an 

approximate solution can be calculated by applying perturbation theory. As a result, 

the velocity 𝒖 has a time-averaged component and a fluctuating component that 

represents the perturbations due to sound (eqn. 2.10). 

𝒖 =  𝑢 +  𝑢′        (2.10) 

From substituting 𝑢 in the equation of motion (eqn. 2.9) and assuming the fluid to be 

Newtonian, incompressible, and of constant viscosity, the force term F due to velocity 

fluctuation could be determined. Pressure p will also have a fluctuating term but 

density is assumed to be constant.   

𝜌 (
𝑑𝒖

𝑑𝑡
+ 𝒖 ∙ 𝛁 𝒖) = −∇ 𝑝 +  𝜇 ∇2 𝒖      (2.11) 

Substituting v and p followed by time averaging yields the equation below. 

𝜌 (
𝑑(𝑢+ 𝑢′)

𝑑𝑡
+ (𝑢 + 𝑢′) ∙ ∇(𝑢 +  𝑢′))

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
= −∇ (�̅� + 𝑝′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ +  𝜇 ∇2(𝑢 + 𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅    (2.12) 

𝜌 (
𝑑𝑢

𝑑𝑡
+ 𝑢  ∙ ∇ 𝑢 + 𝑢′ ∙ ∇ 𝑢′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) =  −∇�̅� +  𝜇 ∇2 𝑢     (2.13) 
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For incompressible turbulent flow ∇ ∙  𝑢, ∇ ∙  �̅�, ∇ ∙  𝑢′  all equal to zero due to the 

assumption of constant density so divergence of the flow velocity has to be equal to 

zero. So adding 𝑢′ ∙ (∇ ∙ 𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  to 𝑢′ ∙ ∇ 𝑢′̅̅ ̅̅ ̅̅ ̅̅ ̅̅  will not change the equation. 𝑢′ ∙ (∇. 𝑢′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ +

 𝑢′ ∙ ∇ 𝑢′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =  ∇ ∙ 𝑢′𝑢′̅̅ ̅̅ ̅̅ ̅̅ ̅. This term can be brought to the right side of the equation and it 

represents the forcing by the Reynolds stress (Refer to eqn. 2.9).  

𝜌 (
𝑑𝑢

𝑑𝑡
+ 𝑢  ∙ ∇ 𝑢)) =  −∇�̅� +  𝜇 ∇2 𝑢 −  ∇ ∙ 𝜌𝑢𝑖𝑢𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅    (2.14) 

Lighthill stated the equation of motion in the following form, with the spatial variation 

of the Reynolds stress causing a net force per unit volume 𝐹𝑅 =  𝑑(𝜌𝑢𝑖𝑢𝑗)/𝑑𝑥𝑖 (last 

term on the right hand side of eqn. 2.15). 

𝜌(𝑢𝑖𝑑𝑢𝑗/𝑑𝑥𝑖) = −
𝑑�̅�

𝑑𝑥𝑗
+ 𝜇 ∇2 𝑢𝑗 − 𝑑(𝜌𝑢𝑖𝑢𝑗)/𝑑𝑥𝑖      (2.15) 

This force is the sum of the Reynolds force 𝐹𝑅 owing to the fluctuating velocity field, 

the force due to any mean pressure gradient and the force resisting mean motions 

caused by the viscosity 𝜇 of the medium. It is evident from the aforementioned 

derivation that 𝐹𝑅 is the driving force ultimately responsible for the turbulent fluid 

motions. In the case of acoustic streaming, the Reynolds force is the ARF acting on 

the fluid and will be covered in more depth in the next section. 

Going back to eqn. 2.8 and finding the mass flux equation from the particle 

motion equation by multiplying it by ρ. 

𝜌 �̅� + 𝑐−2 𝑰       (2.16) 

Taking the derivative of the mass flux with respect to position and setting it to zero 

satisfies conservation of mass. In the interesting case of unattenuated waves, 𝑑𝐼 𝑑𝑥⁄  

has to be zero cancelling the forcing term on the left side of eqn. 2.17.  

𝜌 
𝑑 �̅�

𝑑𝑥
=  −

𝑑(𝑐−2𝑰)

𝑑𝑥
=  −𝑐−2 𝑑𝑰

𝑑𝑥
             (2.17) 
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So the only case of having a forcing term in the mass conservation equation is for 

attenuated waves. 

Lighthill also argued that the derivation of acoustic streaming by Nyborg and 

Westervelt (Nyborg, 1953; Westervelt, 1953) ignored the effects of the fluid inertia on 

the streaming motions. He concluded that the classic theory is valid for small 

Reynolds numbers  𝑅𝑁 ≪ 1, where the inertial forces are small compared to the 

viscous forces. With increasing  𝑅𝑁 > 1 the inertia terms become increasingly 

important and the flow acquires a jet-like character. Other models have introduced 

additional terms (Rus, 2014) in the Navier-Stokes equation to match the theoretical 

and the larger observed streaming velocities (Nowicki et al., 1997; Starritt et al., 

1989). 

2.2.1 Acoustic Radiation Force 

The commonly used ARF equation for tissue (eqn. 2.19) is for a one-

dimensional plane wave, constant absorption and linear sound intensity (Sarvazyan 

et al., 2010). In most medical applications of ultrasound, only the reflected waves at 

different interfaces are considered, thus twice as much force is being exerted, hence 

the constant 2 in eqn. 2.19 (Mitome, 1998).   

 

𝐹𝑅 =   
2 𝛼 𝐼

𝑐
           (2.19) 

𝛼 =  
𝜔2 𝜂

𝜌 𝑐3            (2.20) 

The ARF, 𝐹𝑅, increases with increasing sound intensity and increasing 

material’s acoustic absorption property 𝛼, which is in turn dependent on the angular 

frequency 𝜔 and the material’s fluid dynamic viscosity 𝜂. Absorption is considered 

one of the elements of sound attenuation with reflection, refraction and scattering and 
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it is defined as the viscous losses of a medium. In eqn. 2.20, 𝛼, the classical 

absorption coefficient for liquids, which is proportional to the square of the frequency, 

is consistent with the absorption of water. In biological tissues, the absorption 

coefficient has a lower power dependence (approaching unity) on the frequency 

(Wells, 1975, 1977). This is due to relaxation processes, where the bulk modulus has 

one value for slow processes (low frequencies) and fast processes (high 

frequencies). Absorption will change from tissue type to another depending on tissue 

structure, protein and lipid content (Jongen et al., 1986; Pauly and Schwan, 1971).   

2.2.2 Nonlinear Effects 

The nonlinearity of a medium causes the shape and amplitude of the 

propagating ultrasound to change with distance. In a linear medium, a sinusoidal 

sound wave will propagate and keep its shape with decreasing amplitude due to 

attenuation. In a nonlinear medium, the sinusoidal shape will change due to the 

speed of sound changing spatially in the compressional and rarefactional phases. At 

high acoustic pressures, the wave travels faster during the compressional phase and 

slower during the rarefactional phase. Over distance, the compressional peak will 

move forward towards the zero crossing and the rarefactional peak will move away 

from the zero crossing, ultimately converting the original sinusoid into a sawtooth, 

where both peaks coincide and give rise to a pressure discontinuity or shock. 

Nonlinearity causes several effects, such as beam distortion and harmonic 

generation. 

 Beam distortion is of interest because in focused ultrasound (FUS), the 

waveform distortion is most dominant near the focus. Harmonic generation is of 

interest because high-frequency harmonics increases the absorption of the wave and 

thus increase the ARF applied. Simulated absorption in tissue was enhanced by a 

factor of 4 for a sawtooth wave (Starritt et al., 1991). The nonlinearity of tissue can 
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be characterised by the coefficient of nonlinearity 𝛽 = 1 +
1

2
(

𝐵

𝐴
). The 

𝐵

𝐴
  value relates 

variations in pressure in a medium to variations in density (Duck, 2002). Coefficients 

for water and most tissue range from 3 to 7 (Duck, 1990).  

The accurate simulation of nonlinear sound fields improved with the derivation 

Khokhlov‐Zabolotskaya‐Kuznetsov (KZK) (Kuznetsov, 1971) equation and the 

development of broadband hydrophones that validated the simulations. 

 

2.3 Background for modelling fluid flow in porous media 

The Darcy model was the first model used to describe fluid flow in porous 

materials. It is also widely used to model several biomedical applications such as 

blood perfusion in soft tissue (Vankan et al., 1997a, 1997b). The Darcy model was 

used to model the interstitial flow in ligaments and tendons and study how varying 

the fluid viscosity and permeability affected the resulting flow behaviour (Butler et al., 

1997).  

One issue with the Darcy model is that it ignored the interaction between the 

boundary and the fluid (frictional resistance with the pore wall). Brinkman (Brinkman, 

1949) introduced the second term on the right of eqn. 2.21 in addition to Darcy term.  

∇ 𝑝 = −
𝜇

𝐾
𝒖 +  𝜇𝑒𝑓𝑓 ∇2𝒖       (2.21) 

The Brinkman term is comparable to the momentum diffusion term in the Navier-

Stokes equation with the viscosity being the effective dynamic viscosity of the 

medium. The Brinkman model had been used to model blood flow in the presence of 

plaques or blood clots (Dash et al., 1996). In hydrogels and soft tissue, the Brinkman 

term can be neglected as boundary effects could be ignored in homogenous soft 

tissue. Moreover, calculations of the interstitial fluid flow through normal tissue and 
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tumours, while only considering the Darcy term, were in good agreement with 

experimental observations (Khaled and Vafai, 2003).  

 In the case where fluid inertia cannot be neglected, there is a more 

generalized model for fluid transport in a porous media. Eqn. 2.22 is referred to as 

the Brinkman–Forchheimer–Darcy model (Khaled and Vafai, 2003).  

𝜌 (
𝑑𝒖

𝑑𝑡
+ 𝒖 ∙ 𝛁 𝒖) = −∇ 𝑝 +  𝜇 ∇2 𝒖 −

𝜇

𝐾
𝒖 − 𝜌

𝐹𝜀

𝐾
1
2

(𝒖 ∙ 𝒖)       (2.22) 

The inertia terms can account for nonlinear behaviours in tissues located near the 

aortas or in skeletal tissues that have high perfusion rates. At high fluid velocities, the 

Forchheimer term containing the geometric function 𝐹𝜀 (an empirical function which 

depends on the porosity of the medium) accounts for the form drag (resistance due 

to form or shape of the porous structure).  

The proposed mathematical model aims to describe acoustic streaming in a 

soft porous material. The direct approach would be to use one of the previous models 

of flow (e.g., Darcy’s law) and incorporate an acoustic radiation force term. However, 

such an approach would be complex and computationally intensive; and was beyond 

the scope of this research thesis. The objective was to experimentally determine 

whether acoustic streaming could be produced in a soft porous material; and to 

develop a mathematical framework that can be used to guide the design of the 

experiments. 
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2.4 Proposed model for acoustic streaming in soft porous media 

The proposed mathematical model was used to guide the experimental 

studies as it is a straight-forward adaptation of an existing solution. As mentioned 

earlier, several mechanisms have shown to improve fluid displacement in porous 

materials using ultrasound. To provide a better mechanistic understanding of how 

acoustic streaming can displace fluid in a porous material, the relationship between 

the average velocity of the fluid, the sound field and the phantom structural properties 

was investigated.  

To estimate the acoustic streaming velocity induced by an ultrasound beam, 

the characteristics of both the sound field and the sonicated material were 

considered. The sound field is dependent on the specifications of the transducer. The 

generated pressure field can be measured using a hydrophone or simulated. The 

phantoms can be modelled as porous materials with the dynamic properties of a 

viscoelastic fluid. In this case, the microenvironment of the sample can be 

characterized by its porosity 휀, average pore diameter 𝛷, and permeability 𝜅. In 

biological tissue, the porosity is represented by the percentage of connected pore 

space or the interstitial space. For example, in brain tissue, the porosity is around 

20% and the pore diameter or width is 38–64 nm (Thorne and Nicholson, 2006). 

Characterising the microstructure of phantoms can be done using scanning electron 

microscopy and mercury intrusion porosimetry which will be discussed in later 

chapters. 

2.4.1 Modelling the acoustic radiation force 
 

Initially, the ARF acting on the fluid was defined. The magnitude and direction 

of the force field generating the flow is in turn dictated by the shape of the ultrasound 

beam. Therefore, knowing the spatial distribution of the sound field is a prerequisite 
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for any subsequent velocity estimation.  In this study, only the sound field generated 

by a focused single-element transducer was considered. Its radiating surface was 

approximated as a segment of a sphere with disk radius 𝑎 and a geometrical focus 

at distance 𝑑. The ARF acting along the beam axis 𝐹𝑧, was modelled using the 

following equation (Kamakura et al., 1995): 

𝐹𝑧 =
𝛼

(𝜌𝑐)2

𝑃𝑝𝑘
2

𝑓2(𝑧)
𝑒−2𝛼𝑧          (2.23) 

with 

𝑓(𝑧) =  √(1 −
𝑧

𝑑
)

2
+

𝑧2

𝑧𝑑𝑖𝑓𝑓
2  ,   𝑧𝑑𝑖𝑓𝑓 =  

𝜋 𝑎2

𝜆
       (2.24) 

Here, 𝛼 is the attenuation coefficient of the liquid phase, 𝜌 is the fluid density, 

𝑐 is the speed of sound within the fluid and 𝑃𝑝𝑘 is the peak pressure at the surface for 

a focused transducer. z𝑑𝑖𝑓𝑓 is the characteristic length of diffraction or Rayleigh 

length. 

Kamakura’s equation was used to calculate the axial ARF applied on a fluid 

in a soft porous material and required the following assumptions:  

 The shape and the pressure field of the beam were not affected by the porous 

structure of the material and the fluid.  

 The ARF generating the acoustic streaming had a component acting in the 

axial direction and radial force was assumed to be to zero (Kamakura et al., 

1995).  

 Only one wave propagating through the medium was considered. Biot (Biot, 

1956a, 1956b) has shown that there are three acoustic waves propagating in 

an isotropic homogenous porous medium: the fast, slow and shear wave. The 

fast wave is the normal compressional wave traveling in the medium and the 
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slow wave arises due to the out-of-phase movement between the fluid and 

the matrix. In soft tissue, the predicted velocities of the fast and slow wave 

are similar and the slow wave is highly attenuated (Cardoso and Cowin, 

2012). The shear wave only propagates in the matrix of the porous material 

and not in the fluid. Hence, the slow and shear waves were neglected. 

 The porous medium or soft tissue had an effective speed of sound and 

density. 

To better understand the ARF, its frequency dependence in two different 

materials was investigated. Water and brain tissue properties were used to calculate 

the predicted ARFs at 1, 3 and 5 MHz. From Fig. 2.1, the ARF peaked at the axial 

focal length. Moreover, the ARF increased with increasing frequency for two reasons. 

First, the attenuation coefficient increased with increasing frequency (eqn. 2.20). 

Second, the focusing gain 𝐺 = 𝑧𝑑𝑖𝑓𝑓/𝑑 for the same peak pressure at the surface 

would increase with frequency as z𝑑𝑖𝑓𝑓, the characteristic length of diffraction, 

depended on 𝜆 (eqn. 2.24). The ARF applied on brain tissue was higher than that of 

water due to the higher attenuation.  
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Table. 2.1 Parameter inputs used to simulate the axial acoustic radiation force in 

water and in brain tissue for a focused transducer with different centre frequencies 

and focal lengths. Water and tissue properties were obtained from the literature 

(Culjat et al., 2010; Starritt et al., 1991). 

 properties Value (unit) 

Transducer  radius (𝑎) 1.65 cm 

 focusing depth (𝑑) 2, 3.55, 5 cm 

 centre frequency (fc) 1,3, 5 MHz 

 Peak pressure at surface (𝑃𝑝𝑘) 100 kPa 

Water sound speed (𝑐) 1480 m/s 

 mass density (𝜌) 1000 kg/m3 

 attenuation at 1 MHz (𝛼) 0.025 Np/m 

 attenuation at 3 MHz  0.23 Np/m 

 attenuation at 5 MHz  0.63 Np/m 

Brain Tissue sound speed  1540 m/s 

 mass density  1040 kg/m3 

 attenuation at 5 MHz 35 Np/m 
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Fig. 2.1 Frequency dependence of the ARF generated by a focused transducer in (a) 

water and (b) brain tissue with 𝑎=1.65 cm, 𝑑=3.55 cm and 𝑃𝑝𝑘= 100 kPa. 

 

Another parameter considered was the focal length of the transducer and its 

effect on the ARF (Fig. 2.2). As ultrasound propagated through the water it was 

continuously attenuated. As a result, the wave amplitude and, thus the generated 

ARF at the focus, decreased with longer focal lengths. Additionally, the generated 

stress fields were more localised for foci closer to the transducer surface.             
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Fig. 2.2 Geometric focal length dependence of the ARF generated by a focused 

transducer in water with fc= 5 MHz, 𝑎=1.65 cm and 𝑃𝑝𝑘= 100 kPa. 

 

Finally, the ARF’s dependence on the attenuation coefficient 𝛼 was 

investigated. The ARF is proportional to 𝛼 (eqn. 2.23) and decreases with distance 

away from the source due to the 𝛼 term in the negative exponential term. The 

maximum generated ARF vs. the attenuation coefficient 𝛼 for a focused transducer 

of radius 1.65 cm and focal distance 3.55 cm at centre frequencies 1 [Fig. 2.3(a)] and 

5 MHz [Fig. 2.3(b)] using the density and speed of sound of water was plotted. As 

expected, the ARF was greater at a centre frequency of 5 MHz than at 1 MHz. 

However, the peak ARF for a given centre frequency was tissue dependent. At 5 

MHz, the maximum radiation force was generated in blood and then decreased for 

most other soft tissues. For ligament/cartilage it may be better to use a centre 

frequency of 1 MHz instead of 5 MHz to push fluid since similar force magnitudes 

would be applied without the associated increase in temperature. These results were 
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produced using a transducer with a 3.55 cm focal distance; but the maximum force 

applied in different tissues will also change with focal length. This was also only valid 

for physiological fluids and soft tissues such as water, blood, brain and 

ligament/cartilage, because they have similar densities and speeds of sound (Culjat 

et al., 2010). The maximum radiation force for bone and enamel required a different 

plot because the densities and speeds of sound were much larger.      

 

Fig. 2.3 Maximum ARF calculated vs. attenuation coefficient 𝛼 at (a) 1  and (b) 5 MHz 

for a focused transducer with 𝑎=1.65 cm, 𝑑=3.55 cm and 𝑃𝑝𝑘= 100 kPa. 
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2.4.2 Modelling the streaming velocity 
 

After defining the force field of the ARF, the steady-state velocity of the flow 

in a porous medium was approximated using a model derived from Eckart's solution 

(Eckart, 1948). Eckart considered the second-order, incompressible bulk-driven flow 

generated by an unfocused beam of sound travelling through an infinitely long 

cylinder of radius 𝑟𝑐 with non-reflecting walls; and derived a model for the flow vorticity 

giving the streaming velocity 𝑈 as: 

𝑈 = 𝐴 {

1

2
(1 −

𝑥2

𝑦2) − (1 −
1

2
𝑦2) (1 − 𝑥2) − log   𝑦           0 ≤ 𝑥 ≤ 𝑦

− (1 −
1

2
𝑦2) (1 − 𝑥2) + log   𝑥                                 𝑦 ≤ 𝑥 ≤ 1

         (2.25) 

𝐴 =  
𝑟𝑏

2

𝜇

𝛼𝑃0
2

2𝜌𝑐2 =
𝑟𝑏

2

𝜇

𝛼𝐼

𝑐
,        𝑥 =

𝑟

𝑟𝑐
,        𝑦 =

𝑟𝑏

𝑟𝑐
       (2.26) 

where 𝑟𝑏 is the radius of the sound beam, 𝑟 is the distance from the centre axis of the 

beam, 𝑃0 is the peak sound pressure for a plane transducer, 𝐼 is the sound intensity, 

𝐴 is the ratio of the generated 𝐴𝑅𝐹 and the viscous damping of the fluid. Evidently, 

Eckart's equation coincides with the theoretical prediction in which the acoustic 

streaming velocity is proportional to 𝛼 and inversely proportional to the fluid 

viscosity µ. The solution to the Navier-Stokes equation (eqn. 2.9) is solved using 

second-order approximations assuming that the left-hand side of the equation is 

equal to zero, such that the ARF is balanced by the pressure and the viscosity 

gradients. Nyborg and Tjotta introduced similar formulas in which the streaming 

velocity was proportional to the attenuation coefficient, acoustic intensity and beam 

width, and inversely proportional to viscosity and the speed of sound in the medium. 

They also included a geometrical factor determined by the boundaries of the channel 

and the beam width. (Nowicki et al., 1997; Nyborg, 1965; Tjotta, 1959).     
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Equation 2.25 and 2.26 described the bulk flow induced when plane waves 

traversed an attenuating open fluid body (i.e. 𝑟𝑐  > beam diameter). In contrast, this 

study is interested in the second-order flow generated by a FUS beam within a porous 

medium. Therefore, eqn. 2.26 had to be adapted to the system’s geometry and beam 

shape. The following model was proposed to describe the axial streaming velocity 

generated in a porous material with porosity 휀, permeability 𝜅, and pore diameter 𝛷. 

Equation 2.27 corresponds to a volume-averaged Poiseuille flow (Sutera and Skalak, 

1993) through a channel filled with a porous material (z denotes axial direction and s 

denotes steady-state solution). Substituting 𝑃0 in eqn. 2.26 by eqn. 2.23 incorporated 

the spatial changes in pressure amplitude and characteristic beam width due to 

focusing.  

𝑈𝑧,𝑠 =  휀 
𝛷

𝑟𝑏
 
𝜅

𝜇
 
𝛼𝑃𝑝𝑘

2

2𝜌𝑐2  
1

𝑓2(𝑧)
𝑒−2𝛼𝑧 cos(𝜃)     (2.27) 

The systems geometry was taken into account by 휀, considering for the 

stationary proportion of the medium not contributing to the streaming velocity, 

and cos( 𝜃), with 𝜃 being the mean angle between the channels. The latter accounts 

for the reduction in axial fluid velocity due to the internal geometry. Its necessity arises 

from the assumption that the force is only acting in the axial direction, i.e., 𝐹𝑟 = 0. To 

incorporate the influence of the channel size on the flow velocity, a material 

parameter term, 𝛷/𝑟𝑏, was included.  𝛷 is the average pore diameter and 𝑟𝑏 is the 

beam width. However, this parameter was ad-hoc and its justification needed to be 

experimentally verified. 

Equation 2.27 only described the case where 𝛷 <  𝑟𝑏. For 𝛷 > 𝑟𝑏 eqn. 2.25 

holds. Furthermore, a one-dimensional flow field of streaming induced within straight 

non-interacting channels was assumed. This contradicted the expectation for the flow 

pattern in media consisting of interconnected channels. In this case, the channel 
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geometry hindered the fluid to flow along straight lines and a radial velocity 

component ensued even though radial force was equal to zero. This led to a reduction 

in axial streaming velocity compared to the case of straight non-interacting channels.  

The following assumptions were made:  

 Acoustic streaming was induced by only the momentum transferred to the 

fluid in the pore space. 

 Laminar flow was induced within the porous material. 

 𝜃 was assumed to be 30°. 

 Boundary effects due to ultrasound at the pore walls were neglected. In 

hydrogels with interconnected pore space, the fluid confined within the pores 

can traverse freely. However, in soft tissue, a large portion of the fluid is 

confined within cells and not free to move. Thus, the cells – and the fluid within 

them - are considered to be part of the matrix stationary proportion of the 

medium not contributing to the streaming velocity. In both cases, it was 

assumed that the ultrasound beam was not affected by the structure of the 

medium, because the pore sizes in hydrogels (50 μm) and cell diameters (5-

20 μm), cell wall thicknesses (50 nm) and interstitial widths (100 nm) were 

smaller than the wavelength of ultrasound (300-1500 μm).   

 Thermal equilibrium was assumed (i.e., ultrasound did not elevate the 

temperature of the medium). 

The proposed model describes how an ultrasound beam induces steady-state 

fluid streaming velocities in soft porous materials. It is a framework for predicting how 

ultrasound parameters and material properties could be modified to increase 

streaming velocities. In the experimental work of this thesis, it will be shown that fluid 

streaming can be induced by ultrasound in a soft porous material. The model aims to 



 

 
61 

 

improve the likelihood whereby acoustic streaming would be observed. Using this 

model, it was expected that the streaming velocities would increase with sound 

pressure, porosity, permeability and the relative size of the pore channels to the beam 

width.  

2.4.3 Comparison with other models 
 

Currently, there are only two theoretical models of acoustic streaming in 

porous homogenous media. The first theoretical model (Poesio et al., 2002) 

described bulk streaming for hard porous materials – in their case, they studied sand 

stones. A one-dimensional Darcy model was extended with a source term 

representing momentum transfer from the wave to the fluid lying between the harder 

materials. The flow was assumed to be incompressible. The fast and the slow waves 

were included to calculate the momentum transfer. In soft tissue and hydrogels, the 

slow wave would be negligible (See Section 2.4.1). Moreover, the attenuation 

coefficients were calculated using Biot’s theory which would result in a large 

underestimate in the coefficients which drive acoustic streaming in soft tissue.  

The second theoretical model is from a very recent publication (Raghavan, 

2018a), which described bulk streaming as follows (eqn. 2.28, 2.29): 

𝜇

𝐾
𝒖 = −∇ 𝑝 + 𝑭𝑨𝑹𝑭       (2.28) 

∇ ∙ 𝒖 = −
𝜀

𝑐2 𝜌
 ∇ ∙ 𝑰        (2.29) 

The model had a Darcy form with an additional streaming force term together with an 

equation of continuity for a compressible fluid. It was argued that divergence of the 

streaming velocity could be neglected in a pure fluid (Lighthill, 1978) but not in a 

porous material when considering velocity and pressure second-order terms. 

Substituting (eqn. 2.29) and 𝑭𝑨𝑹𝑭 (eqn. 2.19) into the divergence applied to eqn. 2.28, 
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derives eqn. 2.30. The second term in the bracket of eqn. 2.30 becomes a dominant 

term compared to the ARF term and increases in value as the permeability decreases 

and cannot be neglected. 

∇2 𝑝 = ∇ ∙ (  𝑭𝑨𝑹𝑭 + 휀 
𝜇𝑰

𝐾𝜌𝑐2)        

=
2𝛼

𝑐
(1 +  

𝜇𝜀

2𝐾𝛼𝜌𝑐
) ∇ ∙ 𝑰  (2.30) 

To solve eqn. 2.28 a harmonic potential (Ψ) or conservation force required to cancel 

the effect of the streaming force, was added to accommodate boundary conditions at 

the transducer face and infinitely far from the transducer. The streaming velocity was 

then evaluated for multiple acoustic source types including a focused transducer 

(eqn. 2.31). Refer to (Raghavan, 2018b) to obtain the full expressions of ∇ 𝑝, ψ 

and 𝑭𝑨𝑹𝑭 for a focused transducer.  

 𝒖 =
𝜅

𝜇
(−∇ 𝑝 − ∇ψ +  𝑭𝑨𝑹𝑭)       (2.31) 

 The main difference between the proposed model and Raghavan’s model 

was that an existing solution for acoustic streaming in open fluid including Darcy 

terms such as porosity and permeability was used. The Darcy terms were included 

to adapt that solution to the geometry of the porous medium, while Raghavan started 

with a Darcy model and supplemented it with the ARF term and solved for the 

acoustic streaming velocity in a porous medium. However, in the proposed solution, 

more parameters describing the structure of the porous material such as the relative 

size of the pore-channels 𝛷 to the beam width 𝑟𝑏 were explicitly included.  

Raghavan used experimental results by other groups with ex vivo and in vivo 

brain tissues to validate his model. However, the experiments he compared his work 

to had deep experimental flaws. The first study – published as a conference 

proceeding – used focused ultrasound to deliver Evans blue dye deeper into an 
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equine brain (Lewis et al., 2009). For a 2-minute CW sonication (ultrasound 

parameters in Table 2.2) a 1-mm penetration enhancement was reported, which 

would produce an average velocity of 8 μm/s. Raghavan’s model predicted 6.7 μm/s 

which he claimed was in good agreement with the reported experiment. However, 

the 1-mm penetration had no standard deviations, because no more than one sample 

was used for the parameters evaluated. Furthermore, the figure axes were 

unreadable due to the poor image quality of the paper. No experimental setup was 

provided to critique the study; and no method of image analysis was provided to 

assess the dye penetration into the brain tissue. All of the other experiments used for 

validation were based on enhanced penetration distances resulting from using 

convection-enhanced delivery (CED) and ultrasound simultaneously, which made 

isolating the ultrasound effects from the CED effects impossible. Regardless, placing 

a catheter or a needle into a material will dramatically change the microenvironment 

of the sample, thereby biasing the results and the interpretation of them. Moreover, 

only one experiment was performed using ex vivo brain tissue and the rest were 

performed using rat brains enclosed by the skulls which may cause internal 

reflections and standing waves. Additionally, the effects of cavitation on fluid 

movement were ignored although some experiments used ultrasound frequencies 

down to 300 kHz.    
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2.4.4 Comparison with experimental data 
 

 The proposed acoustic streaming model provided an initial framework for 

designing the selected experimental studies. The model helped anticipate how 

ultrasound and material parameters could influence acoustic streaming velocities; 

and allowed for the design of materials that improved the likelihood of generating 

acoustic streaming in a soft porous structure. Although several papers have reported 

dye penetration in tissue, none have clearly isolated acoustic streaming as the main 

mechanism of action. Thus, the proposed acoustic streaming model remained 

unvalidated. Despite the differences between the design of the model and the 

published experimental work, a comparison of the two is provided. Although this 

analysis did not provide any conclusive findings, it provided a clear contrast between 

how much dye movement the model was predicting to how much dye movement was 

caused from experimentally-induced mixed interactions – acoustic streaming, 

cavitation, diffusion etc.    

In each simulation-experiment comparison, the simulated tissue was 

modelled to mimic the tissue treated experimentally in the referenced paper in 

addition to the used pulse sequence and transducer properties. Only experimental 

data with ex vivo tissues exposed to focused ultrasound sources were used as per 

the proposed model.  
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For the first study (Lewis et al., 2009) used by Raghavan, a maximum average 

velocity (Fig. 2.4) of 0.06 μm/s was estimated at the focus using our proposed model 

(model parameters in Table 2.2) compared to the 8 μm/s that they reported. 

Table. 2.2 Parameter inputs used to simulate the axial acoustic radiation force and 

streaming velocity in equine brain. Setup and tissue properties were obtained from 

the literature (Culjat et al., 2010; Lewis et al., 2009; Raghavan, 2018a). 

 properties Value (unit) 

Transducer  centre frequency (fc) 1.58 MHz 

 radius  1.27 cm 

 focusing depth  4 cm 

 beam width (approximated) 2 mm 

 Peak pressure at focus 1.6 MPa 

Equine brain Tissue sound speed  1540 m/s 

 mass density  1040 kg/m3 

 attenuation at 1.58 MHz 11 Np/m 

 permeability (𝜅) 5.63 x 10-12 m2 

 porosity (휀) 0.2 

 average pore diameter (𝛷) 50 nm 
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Fig. 2.4 Plots of ARF and streaming velocity calculated for Equine Brain for 

parameters in Table 2.2. 

 

 The second study was conducted using mouse muscle tissue (Hancock et al., 

2009). Fluorescent nanospheres were systemically delivered via a tail injection 

before ultrasound exposure. The total treatment time was 13 min and 18 s with a 5% 

duty cycle (remaining parameters in Table 2.3). At 30 min, microscopy images 

showed the fluorescent nanospheres restricted to the vasculature in unsonicated 

areas. However, in the sonicated areas, the spheres distributed to areas up to 25 μm 

away from blood vessels. In order to approximate the average velocity in this case, 

the maximum distance the spheres displaced away from the blood vessels was used. 

The time could be the total treatment or the active sonication time, obtaining velocities 

of 0.03 and 0.63 μm/s respectively. The total time was included, because for long 

treatment times, diffusion effects could have contributed to the movement of the 

nanospheres. The proposed model predicted a maximum average velocity at the 

focus of 0.002 μm/s. 
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Table. 2.3 Parameter inputs used to simulate the axial acoustic radiation force and 

streaming velocity in muscle tissue. Setup and tissue properties were obtained from 

the literature (Culjat et al., 2010; Hancock et al., 2009; Lewis et al., 2009).  

 properties Value (unit) 

Transducer  centre frequency (fc) 1 MHz 

 radius  2.5 cm 

 focusing depth  4 cm 

 beam width (approximated) 2 mm 

 Peak pressure at focus 9 MPa 

Muscle Tissue sound speed  1547 m/s 

 mass density  1050 kg/m3 

 attenuation at 1 MHz 10 Np/m 

 permeability (𝜅) 5 x 10-14 m2 

 porosity (휀) 0.02 

 average pore diameter (𝛷) 50 nm 

 

 

Fig. 2.5 Plots of ARF and streaming velocity calculated for muscle tissue for 

parameters in Table 2.3. 
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2.4.5 Discussion and proposed model limitations 

The obtained velocities from the proposed model were consistently two orders 

of magnitude less than the observed enhanced penetration in brain and muscle 

tissue. In the experiments used for comparison, multiple mechanisms were stated 

regarding the resulting drug or particle displacement. Cavitation may have played an 

important role in this displacement. Thus, the model and the experimental results 

were not comparable unless the effects of acoustic streaming could be isolated in 

such tissues.  

The model lacked several components that consider the wide array of bioeffects 

of ultrasound exposure in heterogeneous soft tissue, and experimental data that can’t 

pinpoint acoustic streaming as a primary mechanism for drug distribution cannot be 

used for validation. Going forward, homogenous tissue-mimicking hydrogels will be 

used for experiments in the following chapters, thus eliminating some bioeffects and 

providing better experimental conditions for modelling. 

One important factor not included in the model and previous models is the effect 

of ultrasound on the tissue structure. A change in structure could result in a change 

in porosity, and therefore permeability and pore size. It has been shown in muscle 

tissue (Hancock et al., 2009) that ultrasound exposure enlarged the gaps between 

muscle fibres and connective tissues. A structural change due to pulsed ultrasound 

was also demonstrated in the extracellular and perivascular (fluid space surrounding 

blood vessels) spaces of the brain (Hersh et al., 2016). So assuming a constant 

porosity and permeability during and after ultrasound exposure may be invalid 

especially in soft tissues and hydrogels. This factor could be ignored for hard tissues 

and porous rocks. Moreover, the assumption that the momentum transferred to the 

matrix resulting in bulk tissue motion did not contribute to fluid movement, may be 

invalid.  
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Other limitations included that the model’s calculations were carried out at 

thermal equilibrium. This ignored the energy loss due to the increase in temperature 

of the medium due to ultrasound exposure. In addition, the model assumed Eckart-

type streaming and neglected the possibility of acoustic energy dissipation into the 

Stokes boundary layer, which could influence the streaming pattern. Possible 

boundary effects occurring at the channel walls were not taken into account by 

assuming that there was no impedance mismatch between the fluid and the solid 

matrix. The presence of the medium only changes the flow geometry without altering 

the radiation field. This is a good approximation for certain materials such as water-

saturated hydrogels, but might not hold for soft tissue. All of these factors, in addition 

to the exclusion of the radial component of the generated ARF, limited the validity of 

the proposed model. Since the used expression for the ARF only described the stress 

field generated by continuous waves (CW), the derived equations were not able to 

accurately model the increased streaming velocities induced by pulsed sequences. 

Additionally, long treatment times were used with pulsed sequences and diffusion 

effects were not included in the model.   

Mathematical modelling of acoustic streaming within a designed soft tissue-

mimicking material and controlled environment may be easier than in soft tissue 

because the bioeffects (ARF effects, heating, and cavitation) that arise due to the 

tissue’s heterogeneous nature can be eliminated. The model above will be used in 

chapter 4 to estimate the acoustic streaming velocity induced by a focused ultrasound 

beam in a soft tissue-mimicking material.  
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3. Feasibility of acoustic streaming in 

conventional tissue-mimicking materials 
 

One of the main objectives was to determine whether acoustic streaming can 

occur in a soft porous material. The first set of experiments were designed to evaluate 

whether acoustic streaming occurs in tissue-mimicking materials that are commonly 

used in ultrasound imaging experiments (gelatin and polyacrylamide). As will be 

demonstrated in this chapter, acoustic streaming could not be generated with these 

materials, which then raised a concern that streaming could not be generated within 

gelatin and polyacrylamide’s microstructures. As a result, the second set of 

experiments were designed to evaluate whether acoustic streaming could be 

generated in small structures of one of the previously tested materials, 

polyacrylamide. The small structures used were microchannels in polyacrylamide 

(diameters of 0.33 and 0.8 mm) that were aligned with the direction of ultrasound 

propagation. Aligning the channel and beam allowed the testing of fluid movement 

through the channel rather than perpendicular to the channel. As will be 

demonstrated in this chapter, fluid was successfully pushed through the channels. 

This finding suggested that the structure of gelatin and polyacrylamide may not be 

appropriate for acoustic streaming even though they were soft porous materials. In 

Chapter 4, an explanation of why gelatin and polyacrylamide were not suitable 

phantoms for acoustic streaming is given. The work described here (Chapter 3) 

provided the foundational understanding that led to studies performed in Chapter 4. 
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3.1 Feasibility of acoustic streaming in gelatin and polyacrylamide 

phantoms 
 

3.1.1 Introduction 
 

To test the main objective of determining whether acoustic streaming can occur 

in a soft porous material, an appropriate material should first be selected. Hydrogels 

are an excellent class of materials because they are filled with water, which is soft 

tissue’s primary composition. They have been used as tissue-mimicking materials for 

ultrasound (Culjat et al., 2010), and as scaffolds for tissue engineering and drug 

delivery (Hou et al., 2003; Sheridan et al., 2000; Stachowiak et al., 2005). Theses 

hydrogels have a similar stiffness and speed of sound as soft tissues. Gelatin and 

agarose phantoms are easy to prepare and have similar properties to several soft 

tissues when prepared in specific concentrations. Polyacrylamide gels are made by 

polymerising acrylamide monomers in water using a crosslinking agent. The 

properties of gelatin, agarose and polyacrylamide are tabulated in Table 3.1. Optical 

detection of fluid motion in agarose is very difficult due to its cloudy nature. As a 

result, only gelatin and polyacrylamide were used. Polyacrylamide has the highest 

optical clarity when compared to gelatin and agarose. It also takes a shorter time to 

set, as gelatin and agarose need to be cooled for several hours before being used. 

Table. 3.1 Physical and acoustic properties of gelatin, agarose and polyacrylamide 

gels. Some properties were obtained from (Culjat et al., 2010). 

 

Gel Type Speed of 

Sound (m/s) 

Density 

(kg/m3) 

Melting 

Point 

Transparency 

Agarose 1498-1600 1016-1100 80°C No 

Gelatin 1520-1650 ~1050 35°C Yes 

Polyacrylamide ~1540 ~1103 >200°C Yes 
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3.1.2 Materials and Methods 

To demonstrate the feasibility of acoustic streaming in gelatin and 

polyacrylamide, a setup was built that allowed ultrasound to travel through a phantom 

without reflections and that was optically transparent. Visual evidence of the fluid 

displacement within the phantom was then analysed to confirm whether the 

movement was due to ultrasound exposure. 

In the setup (Fig. 3.1), a 5-MHz, spherical-segment, single-element 

transducer (diameter: 25 mm, focal length: 51 mm, I8 Power Series Olympus 

Industrial, Essex, UK) was used to emit FUS pulses. The full width at half maximum 

(FWHM) focal diameter and axial length of the ultrasound beam were 2 and 20 mm, 

respectively. Pressure calibrations, focal point location, and FWHM beam 

measurements were performed in a degassed water tank using a 0.2-mm-in-diameter 

polyvinylidene fluoride (PVDF) needle hydrophone (Precision Acoustics Ltd, 

Dorchester, UK) for peak-negative pressures up to 1 MPa. 
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Fig. 3.1 Experimental setup. A phantom box containing a wall-less channel 

(diameter: 0.8 mm) immersed in a water tank was sonicated by a 5-MHz focused 

ultrasound transducer. The channel was filled with a dye; and a camera (Camera 

View – YZ) was used to image the area where transducer focus and channel 

overlapped. Red dashed lines in Camera View – YZ denote the FWHM of the focal 

volume. 

 

The gelatin phantom was prepared by dissolving 3 g of gelatin powder (Fisher 

Scientific, Loughborough, UK) in 100 ml of water heated to 40 C. The solution was 

then poured into a phantom box with a 0.8 mm rod and allowed to set overnight in a 

fridge. After the gelatin set, the rod was removed. The removed rod left a 0.8 mm 

wall-less channel. The phantom was submerged in a degassed water and a dye 

(bromophenol blue solution) was injected with a syringe through the channel until the 

channel was filled. The water was degassed using two filters and a membrane 

contactor (MiniModule, Liqui-Cel, Charlotte, NC, USA) for two hours. 
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The polyacrylamide hydrogel was prepared using 5 g of acrylamide monomer, 

0.1 g of N,N′-methylene-bis-acrylamide (BIS), 0.06 g of ammonium persulfate (APS) 

and 94 L of N,N,N′,N′-tetramethylethylenediamine (TEMED) mixed in a 100 ml 

solution. The BIS crosslinked the monomers while APS and TEMED initiated the 

polymerization process. Before adding the APS and TEMED, the acrylamide and BIS 

solution was degassed for 20 mins. The gel was then poured slowly into a phantom 

box and left to set at room temperature for 15 – 20 minutes.  

The wall-less tunnel in the phantom was placed 51 mm away from the 

transducer's surface and overlapped with the transducer’s focal point. A function 

generator (33500B Series, Agilent technologies, Santa Clara, CA, USA) produced 

pulses that were transmitted through a 50-dB power amplifier (325LA, E&I Ltd, 

Rochester, NY, USA) and to the 5-MHz transducer. Dye movement was captured 

with a camera (frame rate: 30 Hz, model: Nikon 1 V3, Nikon Inc., USA). The camera 

was used with a lens (focal length: 10-100mm, zoom ratio: 10:1, model: 1 NIKKOR 

10-100mm f/4.0-5.6 VR, Nikon Inc., USA) and magnifying glasses (zoom ratio: 6:1).  

To assess thermal damage to the phantoms and diffusion effects due to an 

increase in temperature, a thermocouple was used. To measure the increase in 

temperature in the focus during ultrasound exposure, a 0.8 mm thermocouple (HYP-

2, Omega Engineering Ltd, UK) was inserted in the channel. The tip of the 

thermocouple was placed in the focal region of the ultrasound beam, then while 

applying a low intensity CW ultrasound (fc = 5 MHz, pn = 0.3 MPa), the transducer 

was moved slowly in both the lateral and elevational directions until the temperature 

increase was at a maximum. This step is essential as the sensing element on the 

thermocouple is not precisely at the tip and needs to be aligned with the centre of the 

focus.To assess the dye displacement from the channel into the polyacrylamide 

phantom, the area where the transducer focus and the channel overlap was 
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observed. The dye displacement into the polyacrylamide phantom was measured 

using the intensity of the axial pixels in the FWHM of the focal region (2 mm) averaged 

along the elevational direction (Fig. 3.1) at different time points after the start of the 

sonication. The control region is an area of the same size of the focal region (2 mm 

in the elevational direction) that has not been exposed to ultrasound or the deposited 

heat. The axial distance covered by the dye leaving the channel in the proximal and 

distal directions was the distance at which the optical intensity increased by a 100% 

from the lowest optical intensity in the frame (dark dye in centre of channel). All 

images and raw video frames were processed and analysed using Matlab. 

Statistical tests were performed to ensure statistical significance of the 

results. At different time points in the focal region, the axial distance covered by the 

dye in the proximal and distal directions were compared using the Student’s t test. 

Additionally, the axial distance covered by the dye in the focal region in the distal 

direction and the axial distance covered by the dye in the control region in the distal 

direction were compared using the Student’s t test. The significance levels adopted 

were p < 0.05, p < 0.01 and p < 0.001.  

3.1.3 Results and Discussion 

The first observation was that the dye within the channel was not clearly 

visible with 3%-concentration gelatin as gelatin has a yellow colour. Under CW 

ultrasound exposure [centre frequency (fc): 5 MHz, peak-negative pressure (pn): 2.5 

MPa, duration: 5 s], the dye channel and the bulk of gelatin phantom in the focal 

region was displaced in the direction of wave propagation [Fig. 3.2(b)] and continued 

exposure pushed the dye progressively through the gelatin phantom [Fig. 3.2(c)]. 

However, after carefully examining the phantom post sonication, it was noticed that 

the gelatin in the area around the focal region was softer than the surrounding 

regions. 
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Fig. 3.2 Feasibility of acoustic streaming in gelatin. A camera imaged a small area 

within the ultrasound region of exposure (Fig. 3.1). Ultrasound (fc: 5 MHz, pn: 2.5 

MPa, duration: 5 s) travelled left to right and was focused onto a volume that 

overlapped with a wall-less channel phantom (3% gelatin) containing a dye solution. 

Images were acquired at (a) 0, (b) 1, (c) 5 s after the start of the sonication. Red 

dashed lines denote the FWHM of the focal volume. 

 

For polyacrylamide, the resolution and lighting were improved. The dye 

channel under pulsed ultrasound exposure (fc = 5 MHz, pn = 1.0 MPa, Pulse Length 

(PL) = 100 ms, Pulse Repetition Frequency (PRF) = 1.67 Hz, duration = 20 mins) 

was monitored. For long exposure times, pulsed ultrasound exposure was chosen in 

order to not damage the transducer. Polyacrylamide has a very high melting point (> 

200 °C) and could not be thermally damaged with the studied ultrasound parameters. 

With polyacrylamide, no localised immediate streaming within the focal volume was 
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observed, instead the dye started to diffuse axially along the length of the channel 

into the polyacrylamide phantom (Fig. 3.3).  

 

Fig. 3.3 Feasibility of acoustic streaming in polyacrylamide. A camera imaged a small 

area within the ultrasound region of exposure (Fig. 3.1). Ultrasound (fc = 5 MHz, pn = 

1.0 MPa, PL = 100 ms, PRF = 1.67 Hz, duration = 20 mins) travelled left to right and 

was focused onto a volume that overlapped with a wall-less channel phantom (5% 

polyacrylamide) containing a dye solution. Images were acquired at (a) 0, (b) 5, (c) 

10, (d) 15 and (e) 20 mins after the start of the sonication. Red dashed lines denote 

the FWHM of the focal volume. 

 

Due to the observed changes in the gelatin stiffness, it was hypothesized that 

the gelatin was thermally damaged and the dye displacement was due to phantom 

melting. Gelatin has a low melting point (35-40 °C) and would not be mechanically 

stable with long pulses or CW ultrasound exposure due to increased temperatures.  

The thermocouple measurements (Fig. 3.4) confirmed the hypothesis as a 5-

6 °C increase from room temperature (22 °C) was observed, enough to cause thermal 

damage or a change in the material properties of the gelatin such as its stiffness. 

Increasing the gelatin percentage would make a stiffer and a more durable phantom 
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but will reduce its transparency. Moreover, gelatin would not be suitable for use in 

later experiments where the water tank temperature needs to be at 37 °C to mimic 

physiological conditions. As a result gelatin was not used throughout the rest of the 

study.  

 

Fig. 3.4 Monitoring the temperature rise at the focus of a 5-MHz ultrasound 

transducer in 3% gelatin. A 0.8 mm thermocouple placed in the centre of the focal 

volume was used to measure temperature while the phantom was exposed to 

continuous wave ultrasound (fc: 5 MHz, pn: 2.5 MPa, duration: 5 s). Ultrasound was 

turned on at t = 5 s and turned off at t = 10 s. The solid line and shaded area represent 

the average temperature increase and one standard deviation, respectively (n = 3). 

 

For polyacrylamide, no visible instantaneous streaming of the dye from the 

channel in the direction of wave propagation was observed. A long-pulsed exposure 

time was used to monitor diffusion effects as they are much slower than acoustic 

streaming. Initially, the presence of dye displacement from the channel in the 

direction of wave propagation had to be investigated. Hence, the average optical 

intensity value of the focal volume of the grayscale frames of Fig. 3.3 (a-e) along the 

axial direction was plotted (Fig. 3.5).  



 

 
79 

 

 

Fig. 3.5 Plot of the average optical intensity value of the pixels in FWHM of the focal 

region from the grayscale frames of Fig. 3.3 (a-e) along the axial direction. Ultrasound 

(fc = 5 MHz, pn = 1.0 MPa, PL = 100 ms, PRF = 1.67 Hz, duration = 20 mins) travelled 

from left to right. L and R denote the left and right part of the plot. 

 

In Fig. 3.5, at time = 0 min (black line), the axial distance between the left and 

right sides of the curve (equivalent to 0.8 mm) was smallest compared to the curves 

at times 5, 10, 15 and 20 min. This is due to having the dye concentrated in the 

channel having a low optical intensity (dark dye) and the polyacrylamide gel on each 

side of the channel having a having a high optical intensity (transparent hydrogel with 

a white light at the back).  

If the ultrasound exposure resulted in an added displacement due to acoustic 

streaming, the right side will have a larger change in optical intensity than the left 

side. Therefore, the axial distance covered by the dye away from the channel centre 
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in both directions was obtained. The average optical intensity value of the focal 

volume of the grayscale frames for three different polyacrylamide gels along the axial 

direction after ultrasound exposure was plotted [Fig. 3.6 (a)]. The axial distance that 

the dye travelled along the axial axis towards the left and right directions was 

compared. At different time points in the focal region, the axial distance covered by 

the dye in the proximal direction was not significantly different from the axial distance 

covered by the dye in distal direction; rejecting the likelihood that acoustic streaming 

or an ARF-enhanced dye displacement was produced in the direction of wave 

propagation [Fig. 3.6 (b)]. 
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Fig. 3.6 Assessment of dye displacement in the focal region. (a) Plot of the average 

optical intensity value of the pixels in FWHM of the focal region from the grayscale 

frames of the polyacrylamide samples along the axial direction. Ultrasound (fc = 5 

MHz, pn = 1.0 MPa, PL = 100 ms, PRF = 1.67 Hz, duration = 20 mins) travelled from 

left (proximal to the transducer) to right (distal to the transducer). L and R denote the 

left and right parts of the plot (n=3). (b) Comparison of the dye displacement in the 

left and right sides of the focal region at times 5, 10, 15 and 20 minutes after 

ultrasound exposure. Measurements are presented as mean plus standard deviation 

(n = 3). 
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The next aspect to analyse was whether the deposited energy of the 

ultrasound or heat would cause an increase in diffusion compared to a control region. 

Using the same 0.8 mm thermocouple from the previous experiment, the temperature 

in the focal region was measured. The thermocouple was then moved upwards in the 

elevational direction until the measured temperature was at the baseline. The 

baseline point was 2.5 mm away from the centre of the focus. Hence, the top 2 mm 

from the grayscale frames of Fig. 3.3 (a-e) along the axial direction was selected as 

a control region, as this region was not exposed to the deposited energy of the 

ultrasound or heat. 

 

Fig. 3.7 Monitoring the temperature rise at the focus of a 5-MHz ultrasound 

transducer in 5% Polyacrylamide (red line) and at a point 2.5 mm away from the focal 

point (black line). A 0.8-mm thermocouple placed in the centre of the focal volume 

was used to measure temperature while the phantom was exposed to continuous 

wave ultrasound (fc = 5 MHz, pn = 1.0 MPa, PL = 100 ms, PRF = 1.67 Hz). Ultrasound 

was turned on at t = 0.15 mins and turned off at t = 5.15 mins. The solid lines and 

shaded areas represent the average temperature increase and one standard 

deviation, respectively (n = 3). 
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The average optical intensity value of the control region of the grayscale 

frames for the same three polyacrylamide gels used above along the axial direction 

after ultrasound exposure was plotted [Fig. 3.8 (a)]. The axial distances that the dye 

travelled towards the right side of the control region and right side of the focal region 

were compared. At different time points, the axial distance covered by the dye in the 

control region in the distal direction was not significantly different from the axial 

distance covered by the dye in the focal region in the distal direction; eliminating a 

diffusion enhancement due to the temperature increase [Fig. 3.8 (b)]. 

An increase in the diffusion in the focal volume compared to the control of the 

channel was not observed. A potential explanation is that the used pulsed ultrasound 

parameter did not cause enough of a temperature increase to increase the diffusion 

of the dye significantly.    
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Fig. 3.8 Assessment of dye displacement in the control region. (a) Plot of the average 

optical intensity value of the pixels in the control region from the grayscale frames of 

the polyacrylamide samples along the axial direction. Ultrasound (fc = 5 MHz, pn = 1.0 

MPa, PL = 100 ms, PRF = 1.67 Hz, duration = 20 mins) travelled from left (proximal 

to the transducer) to right (distal to the transducer). L and R denote the left and right 

parts of the plot (n=3). (b) Comparison of the dye displacement in the right side of the 

control region to the right side [Fig. 3.7(b)] of the focal region at times 5, 10, 15 and 

20 minutes after ultrasound exposure. Measurements are presented as mean plus 

standard deviation (n = 3). 



 

 
85 

 

3.1.4 Conclusions 

Although gelatin and polyacrylamide are highly porous materials (> 90% 

water), how the fluid is confined within these hydrogels was not clearly understood. 

Moreover, an important material property for fluid transport that needed to be 

investigated was permeability. Permeability is a measure of how easily a fluid can 

travel through a porous material. Although existing ultrasound phantoms (e.g., 

polyacrylamide and gelatin) do have the acoustic properties required for acoustic 

streaming, they may not have the structural properties.  
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3.2 Feasibility of acoustic streaming in sub-mm channels in a 

polyacrylamide phantom 
 

3.2.1 Introduction 

The previous results demonstrated that acoustic streaming cannot be induced 

in gelatin and polyacrylamide. This was perplexing, because gelatin and 

polyacrylamide are highly porous materials. A possible explanation for the lack of 

streaming in these materials was that streaming cannot occur in small, sub-mm 

structures. As a result, a series of experiments were designed to determine if 

ultrasound could push dye through 0.33- and 0.8-mm channels embedded within a 

phantom. Although demonstrating acoustic streaming in sub-mm channels was not 

physiologically relevant, the observed dye movement provided insight on the material 

geometry and ultrasound parameters needed to demonstrate acoustic streaming in 

a soft porous material. 

3.2.2 Materials and Methods 

Using the previously mentioned method for preparing polyacrylamide 

phantoms, the solution was prepared with a rod inserted through it. The solution was 

poured until half the phantom box was full. The gel polymerised around the rod. A 

bromophenol blue dye solution was poured on top while the rod was still in the 

channel. The box was rotated 90 degrees and sealed from the top with an acoustic 

window (Mylar sheet, model: 80112939, GE Healthcare) before being placed in the 

water tank (Fig. 3.9). The channel length in the phantom was 3 cm. Using the same 

transducer and camera from the previous experiments, the transducer’s focal volume 

was aligned so that it overlapped with the area where the dye solution and channel 

inlet met. Once the phantom box was placed in the water tank, the rod was slowly 

removed and the dye started to slowly fill the channel. Since the dye started to fill the 

channel it was very difficult to observe dye movement in the channel due to 
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ultrasound exposure. Hence the camera was aligned to capture the channel outlet 

area. To calculate the velocity of the dye, its distance travelled between specific 

frames in the camera field of view was used. A difference image between a selected 

frame and a reference frame was obtained. The reference frame was the frame at 

which the flow started. From the difference image, a binary image was processed to 

help determine where the dye was located at a point in time. The binary image was 

formed by using a threshold value based on the pixel intensity value of the dye in the 

difference image. The average velocity was then calculated based on the axial 

distance the dye had moved in pixels on the binary image at that time point.  

 

Fig. 3.9 Experimental setup. A phantom box half-filled with a dye solution and half-

filled with a polyacrylamide phantom with a wall-less channel (diameter: 0.8 mm, 

length: 3 cm) immersed in a water tank was sonicated by a 5-MHz focused ultrasound 

transducer. The channel was parallel to the direction of wave propagation. A camera 

(Camera View – YZ) was used to image the channel outlet area. 
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3.2.3 Results 

Flow through a 0.8-mm channel phantom was studied when exposed to three 

different ultrasound parameters (fc: 5 MHz, pn: 1.3, 1.7 and 2.1 MPa, duration: 5 s). 

Pressures below 1.1 MPa were not evaluated in this study, because no streaming 

through the channel was observed. For the evaluated parameters, dye flowed 

through the entire length of the channel (Fig. 3.10, 3.11 and 3.12). When the channel 

was exposed to 1.3 MPa (Fig. 3.10), the dye was pushed out of the channel outlet 

gradually over time keeping its straight shape. The velocity of the dye started at 3.1 

mm/s one second after it left the channel into the water tank and decreased to 1.53 

mm/s after five seconds (Fig. 3.13).  

 

Fig. 3.10 Feasibility of acoustic streaming in a 0.8-mm channel in a polyacrylamide 

phantom. Ultrasound (fc: 5 MHz, pn: 1.3 MPa) travelled left to right. A camera imaged 

dye flow through the channel outlet (Fig. 3.9). Images were acquired at 1, 3 and 5 s 

after the start of the sonication. Images (a,b,c) are the raw frames at the three time 

points. Images (d,e,f) are the difference frames subtracted from the reference frame. 

Images (g,h,i) are the processed binary frames from the difference frames.  
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When the channel was exposed to 1.7 MPa (Fig. 3.11), the dye was pushed 

out of the channel outlet gradually over time while keeping its straight shape near the 

channel outlet. However, the flow became turbulent further away from the outlet, 

eventually losing its straight shape. The velocity of the dye started at 3.6 mm/s one 

second after it left the channel into the water tank and decreased to 2.7 mm/s after 

five seconds (Fig. 3.13).  

 

Fig. 3.11 Feasibility of acoustic streaming in a 0.8-mm channel in a polyacrylamide 

phantom. Ultrasound (fc: 5 MHz, pn: 1.7 MPa) travelled left to right. A camera imaged 

dye flow through the channel outlet (Fig. 3.9). Images were acquired at 1, 3 and 5 s 

after the start of the sonication. Images (a,b,c) are the raw frames at the three time 

points. Images (d,e,f) are the difference frames subtracted from the reference frame. 

Images (g,h,i) are the processed binary frames from the difference frames.  
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When the channel was exposed to 2.1 MPa, (Fig. 3.12(c)), the induced flow 

became more turbulent compared to the other exposure parameters (Fig. 3.10(c) and 

Fig. 3.11(c)). The velocity of the dye started at 5.1 mm/s one second after it left the 

channel into the water tank and decreased to 2.9 mm/s after five seconds (Fig. 3.13).  

 

 

Fig. 3.12 Feasibility of acoustic streaming in a 0.8-mm channel in a polyacrylamide 

phantom. Ultrasound (fc: 5 MHz, pn: 2.1 MPa) travelled left to right. A camera imaged 

dye flow through the channel outlet (Fig. 3.9). Images were acquired at 1, 3 and 5 s 

after the start of the sonication. Images (a,b,c) are the raw frames at the three time 

points. Images (d,e,f) are the difference frames subtracted from the reference frame. 

Images (g,h,i) are the processed binary frames from the difference frames. 



 

 
91 

 

 

Fig. 3.13 Average velocity of dye at the 0.8-mm channel outlet for three continuous 

wave ultrasound parameters (fc: 5 MHz, pn: 1.3, 1.7 and 2.1 MPa, duration: 5 s). 

 

Flow through the 0.33-mm channel phantom was studied when exposed to 

three ultrasound parameters (fc: 5 MHz, pn: 2.5, 2.9 and 3.4 MPa, duration: 15 s). 

Pressures below 2.1 MPa were not evaluated in this study, because no streaming 

through the channel was observed. For the studied parameters, dye flowed through 

the entire length of the channel (Fig. 3.14). When exposed to 2.5 MPa, the dye was 

pushed out of the channel outlet while keeping its straight shape. The velocity of the 

dye started at 0.41 mm/s after it left the channel into the water tank and reached 0.49 

mm/s as a stable stream (Fig. 3.15). When exposed to 2.9 and 3.4 MPa, the velocity 

of the dye was around 0.79 mm/s and 1 mm/s respectively. 
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Fig. 3.14 Feasibility of acoustic streaming in a 0.33-mm channel in a polyacrylamide 

phantom. Ultrasound (fc: 5 MHz, pn: 2.5 MPa) travelled left to right. A camera imaged 

dye flow through the channel outlet (Fig. 3.9). Images were acquired at 3.3, 10 and 

16.7 s after the start of the sonication. Images (a,b,c) are the raw frames at the three 

time points. Images (d,e,f) are the difference frames subtracted from the reference 

frame. Images (g,h,i) are the processed binary frames from the difference frames. 
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Fig. 3.15 Average velocity of the dye at 0.33-mm channel outlet for three continuous 

wave ultrasound parameters (fc: 5 MHz, pn: 2.5, 2.9 and 3.4 MPa, duration: 5 s). 

   

3.2.4 Discussion 

A larger pressure threshold was required to push the dye as the channel width 

decreased. This could be explained by Poiseuille’s law (eqn. 3.1) (Sutera and Skalak, 

1993).  

𝒒 =  𝒗 𝜋 𝑟𝑡
2 =

∆𝑃 𝜋 𝑟𝑡
4

8 𝜇 𝑙
    ,    𝒗 =   

∆𝑃 𝑟𝑡
2

8 𝜇 𝑙
          (3.1) 

𝑣 is the velocity of the flow through the channel, ∆𝑃 is the change in pressure between 

the channel inlet and channel outlet over the channel length 𝑙 (3 cm) and 𝜇 is the 

viscosity of the fluid. By applying the same ultrasound pressure or intensity, it can be 

assumed that the same radiation pressure is being applied at the channel inlets. This 

was due to having a focal diameter of 2 mm which was greater than the channel 

diameters (0.33 and 0.8 mm). From eqn. 3.1, a reduction in channel radius 𝑟𝑡 will 

substantially reduce the flow velocity 𝑣, in this case, reducing the channel thickness 
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from 0.8 to 0.33 mm will reduce the velocity by a factor of (0.4/0.165)2 = 5.9. For the 

0.8-mm channel exposed to 2.1 MPa, a maximum dye velocity of 5.1 mm/s was 

obtained, and for the 0.33-mm channel exposed to 2.5 MPa, a maximum velocity of 

0.41 mm/s was obtained. Although the applied acoustic pressure is not exactly the 

same, the ratio of the velocities was 12.4 which is in the same order of magnitude as 

5.9. Even when turbulence is a factor, Poiseuille's equation could be used to get a 

reasonably accurate idea of the how flow rate changes with channel diameter or 

thickness.  

The velocity measured over time for the 0.8-mm channel decreased while the 

velocity for the 0.33-mm channel stayed stable. This could be due to two reasons. 

First, the velocity for the 0.8-mm channel decreased as the dye moved away from 

the pressure source. Moreover, the higher velocities and turbulent behaviour for the 

0.8 mm channel could have played a role in the velocity reduction away from source.  

Second, the flow from a smaller outlet into the tank may be less disturbed by the bulk 

of the water in the open tank. 

3.2.5 Conclusions 

In order to study acoustic streaming in a soft porous material, a material with 

a clear path for fluid movement is needed. The experiments with conventional tissue-

mimicking materials used for ultrasound imaging showed that acoustic streaming 

cannot be generated in them. Meanwhile, experiments with small sub-mm channels 

showed that streaming can be generated in small, microscopic channels. In the next 

chapter, the microstructure of new types of materials/hydrogels will be investigated. 

The microstructure effects on acoustic streaming in phantoms will also be explored.      
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4. Acoustic streaming in macroporous 

polyacrylamide 

 

The work presented in this chapter was accepted by Ultrasound in Medicine 

and Biology (El Ghamrawy et al., 2019). 

 

4.1 Introduction  
 

 Porous materials and hydrogels specifically have been of interest because of 

their tissue-like properties and the their potential use as scaffolds for tissue 

engineering (Sheridan et al., 2000). Scaffolds are highly porous biomaterials that act 

as templates for tissue regeneration, to guide the growth of new tissue. In tissue 

scaffolds, the hydrogels absorb and retain large amounts of water, and more 

importantly they have an open pore structure i.e. interconnected pores. The porosity 

should be at least 90% to provide a large surface area for cell seeding and attachment 

(Cai et al., 2002). Hydrogels having interconnected pores is important to allow 

nutrient delivery, waste removal, vascularization and tissue regrowth (Peters and 

Mooney, 1997). The above mentioned properties of scaffolds focus on the internal 

microstructure in addition to its elasticity. However, in ultrasound therapy and 

imaging, when choosing a phantom/hydrogel for a study only tissue stiffness, density 

and speed of sound are considered with no emphasis of the microstructure of the 

tissue and how the microstructure of the hydrogel compares to soft tissue. 

 Porous hydrogels are prepared using multiple techniques, such as freeze-

drying, porogenation, gas blowing and phase separation.  In freeze-frying (Patel and 

Amiji, 1996), a chitosan-PEO semi-IPN hydrogel is rapidly frozen in dry ice-acetone 

mixture followed by sublimation of the solvent under vacuum using a freeze-dryer. 

Air-dried hydrogels are usually prepared by allowing the solvent to evaporate in room 

temperature. Using scanning electron microscopy (SEM), the top view of freeze dried 
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hydrogels shows a highly interconnected porous surface, while the air-dried hydrogel 

was completely nonporous. In porogenation, the aim is to create polymerised material 

around a porogen that can be removed by evaporation, dissolving in a solvent or 

some other technique, water-soluble materials (such as sodium chloride, 

polyethylene glycol, and sucrose) may be used as porogens (Badiger et al., 1993; 

Oxley et al., 1993). In freeze-drying, frozen water is used as a porogen. In gas 

blowing or foaming, acetone or sodium bicarbonate as porosity generators by 

evaporating or releasing gas during polymerization (Kabiri et al., 2003).      

 An easier way of preparing interconnected porous hydrogels was freezing a 

conventional polyacrylamide solution where the solvent, in this case water, is frozen 

while the dissolved substances are concentrated in small non-frozen regions, so 

called ‘‘non-frozen liquid microphase’’. The gel formation occurs in this liquid 

microphase and the crystals of frozen solvent perform as porogens. After melting the 

ice crystals, a network of large interconnected pores is formed (Plieva et al., 2006a, 

2005). This hydrogel will be referred to as macroporous polyacrylamide (MPPa). 

 

4.2 Materials and Methods 

4.2.1 Manufacturing and characterisation of tissue-mimicking materials 
 

In order to compare MPPa to conventional phantoms used for ultrasound 

imaging, three phantoms – gelatin, polyacrylamide, and a macroporous 

polyacrylamide (MPPa) hydrogel were created. Gelatin is non-toxic, but 

polyacrylamide preparation requires set precautions, as the monomer acrylamide is 

carcinogenic and neurotoxic. 

 The gelatin and polyacrylamide phantoms were prepared using the method 

described in chapter 3. 
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 MPPa was prepared using the freezing before gelation process. The MPPa 

phantom was prepared using 10 g of Acrylamide monomer, 0.2 g of BIS, 0.12 g of 

APS, 2 mL of allyl glycidyl ether (AGE) and 200 L of TEMED mixed in a 200 ml 

solution. The co-monomer AGE was included in the mixture to provide epoxy features 

to the hydrogel giving it more mechanical stability. The compounds for the 

polyacrylamide and MPPa gels were from Sigma-Aldrich Company Ltd., Dorset, UK. 

The solution was then degassed and slowly poured into four 50 mL cylindrical 

containers. The containers were then placed in a freezer at -20C; this process 

allowed the gel to polymerize around the frozen water crystals, i.e., freezing before 

gelation. The containers including the materials were left in the freezer for 16 hours. 

The containers were then removed from the freezer, washed and kept in an oven at 

60 C for 8 hours. The dry samples were taken out of the containers and measured 

for their weight and volume [Fig. 4.1(a)]. The samples were then swelled in water for 

a few minutes and measured again for their weight and volume [Fig. 4.1(b)].  
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Fig. 4.1 Dry vs. Swelled macroporous polyacrylamide (MPPa). (a) After 8 hours in 

the oven a dry MPPa sample weighs 31.5 g. (b) In the swelled state, the same sample 

weighs 66.1 g. The mass swelling ratio for this sample is 110%. (c) Shape of sample 

and dimensions obtained for sample volume calculation. 

 

The mass and volume swelling percentages for the MPPa gels were 98  12 % 

and 95  17 %, respectively. Table 4.1 below has an example of one batch of MPPa’s 

with four samples with their weight and swelling ratios. The overall appearance of the 

MPPa hydrogels is a soft, translucent phantom swelled with a large amount of water. 

The water inside the swollen hydrogel is presented in different states: polymer bound 

water, water inside small pores and water inside large pores; the latter could be 

mechanically removed by squeezing the hydrogel due to the elasticity of the material 

(Plieva et al., 2004a, 2004b). When preparing MPPa hydrogels the amount of APS 

is critical to the polymerization rate. For example using a large weight to volume 

amount of APS will accelerate the polymerization process resulting in freezing after 

gelation. The resulting hydrogel will be brittle and have no swelling properties (Plieva 

et al., 2006a). 
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Table. 4.1 Weight and volume of macroporous samples from one batch before and 

after swelling and their corresponding weight and volume swelling ratios.  

Sample 

Number 

 

Weight 

before 

swelling 

(g) 

Weight 

after 

swelling 

(g) 

Weight 

swelling 

ratio 

(%) 

Volume 

before 

swelling 

(mm3) 

Volume 

after 

swelling 

(mm3) 

Volume 

swelling 

ratio  

(%) 

1 34 64 87 36452 66577 83 

2 41 87 112 43388 86177 99 

3 39 75 91 40291 81275 102 

4 38 68 80 38985 71286 83 

 

 
Scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) of 

gelatin, polyacrylamide and MPPa were performed using a scanning electron 

microscope (JSM5610LV Jeol, Peabody, MA, USA) and an automated mercury 

porosimeter (AutoPore IV 9500 Series Micromeritics, Norcross, GA, USA) 

respectively. SEM evaluates the hydrogel’s structure qualitatively and MIP measures 

the pore size distributions based on the constrictions on mercury flow through the 

sample.  

During MIP, the pore structure of the sample is evacuated by exposing the sample 

to a vacuum. Then, the high pressure generated by the porosimeter pushes the 

mercury into the sample. The porosimeter measures simultaneously both the 

pressure and volume of mercury taken up by the sample.  Pushing mercury into pores 

requires applying pressure in inverse proportion to pore size. In other words, large 

pores will fill first, with smaller pores filling at increasingly higher pressures. Mercury 

is used because it does not wet most substances and will only penetrate pores under 

high pressure. The Washburn equation (eqn. 4.1), is the basis of MIP for measuring 

pore size distribution. 

𝐷𝑝 =  
−4 𝛾 cos  (𝜃)

𝑃
              (4.1) 
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where 𝐷𝑝 is the pore diameter, 𝛾 is the surface tension, 𝜃 is the contact angle and 𝑃 

is the applied pressure. Mercury has a high contact angle (130°) against most solids 

and a high surface tension. High pressure mercury porosimeters can achieve 

maximum pressures of 207 MPa or 414 MPa. The measurable pore size ranges from 

a maximum of 360 μm to a minimum of 6 nm (for the 207 MPa system) or 3 nm (for 

the 414 MPa system) (Brabazon and Raffer, 2010). 

Characterising wet/hydrated samples such as hydrogels is a two-step task as SEM 

is only suitable for samples in a dry state. As a result, hydrogels have to be freeze-

dried (technique mentioned above) first. One of the limitations of using SEM is the 

possible modification of pore structure during sample preparation (Plieva et al., 

2005). Environmental scanning electron microscopy (ESEM) allows the examination 

of hydrated samples in their hydrated state, however, ESEM is not suitable to show 

the fine structures at the micrometre scale. Nevertheless, it has been shown that the 

porous structure of MPPa when SEM and ESEM where used was essentially the 

same. This was due to the high elasticity and mechanical stability of MPPa (Plieva et 

al., 2005, 2006b). 

4.2.2 Ultrasound Transducer Calibration 

A 5 MHz spherical-segment, single-element transducer (diameter: 33 mm, focal 

length: 35 mm; SU-108 Sonic Concepts, Bothell, WA, USA) was used to emit focused 

ultrasound pulses. The full width at half maximum (FWHM) focal diameter and length 

of the ultrasound beam were 0.45 and 3.2 mm, respectively. Pressure calibrations, 

focal point location, and FWHM beam measurements were performed in a degassed 

water tank using a 200 µm diameter polyvinylidene fluoride (PVDF) needle 

hydrophone (Precision Acoustics Ltd, Dorchester, UK) for peak-negative pressures 

up to 1 MPa (Fig. 4.2). During calibration, the transducer was submerged in a water 

tank and mounted onto an automated and programmable three-dimensional 
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positioning system (Velmex Inc., Bloomfield, NY, USA). The 3D system allowed 

movement along the axial, lateral, and elevational dimensions with a step size of 10 

μm. The water was degassed using two filters and a membrane contactor 

(MiniModule, Liqui-Cel, Charlotte, NC, USA) for two hours. 

 

Fig. 4.2 5 MHz ultrasound transducer beam profiles and pressure maps. (a) beam 

profile in the lateral direction (b) pressure map in the elevational-lateral plane (c) 

beam profile in the axial direction (b) pressure map in the lateral-axial plane. 

 

4.2.3 Application of dye for direct observation of acoustic streaming 

 As in previous experiments, a dark dye has to be used in the acoustic 

streaming experiments to provide needed contrast. Furthermore, MPPa is not a 

transparent hydrogel like gelatin or conventional polyacrylamide, so any dye 

displacement has to happen close to the surface for optical tracking. Several ways to 

apply the dye to the hydrogel were considered, first way was to create a channel 

using a rod before gelation like the previous experiments. However, the swelling of 

the hydrogel was a problem, as the size of the swelled channel could not be 

controlled. Moreover, if the hydrogel is swelled in a dye solution, the dye will not be 
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localised to a specific area and will cover the outer side of the hydrogel. As a result, 

the dye has to be applied when the hydrogel is in its swelled state whether in a water 

tank or very quickly on a bench outside the water before returning it to the water. The 

first method that was explored was placing an already swelled MPPa into a dye 

solution bath (Fig. 4.3). The MPPa would be placed in a holder with an acoustic 

window and swelled in degassed water, then placed in a dye solution bath (0.1% 

Bromophenol blue solution) for 5 minutes. The first challenge was introducing water 

from the swelled MPPa to the dye bath affecting the dye concentration and the 

second was the amount of dye diffusing into the MPPa due to different swelling 

dynamics of the MPPa from different batches. The images of different MPPa samples 

from different batches clearly showed different contrast [Fig. 4.3 (c-d)]. Moreover, 

since the MPPa hydrogels were already swollen, the penetration of the dye in the 

MPPa was very low. 

 

Fig. 4.3 Using a dye bath for macroporous polyacrylamide (MPPa) (a) MPPa was 

swelled in degassed water (b) MPPa holder was submerged in a 0.1% Bromophenol 

blue dye solution (c) Image of an MPPa sample through acoustic window (b) Image 

of an MPPa another sample through acoustic window. 
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The next method that was investigated was using a needle-less syringe to 

inject a fixed amount of dye at the MPPa surface. A needle-less ensured no internal 

structural damage to the MPPa. A dye of 0.025 ml from a 0.1% Bromophenol blue 

solution was injected into the MPPa over 0.45 seconds using a 1 mL needle-less 

syringe and a syringe pump (Harvard Apparatus PHD Ultra, Holliston, MA, USA), 

which was set to the maximum constant flow rate of 3.3 ml/min. The injection rate is 

significant because injecting a fixed amount of dye with a low injection rate distributes 

the dye on a larger area on the surface, however, injecting the same fixed amount of 

dye with a high rate distributes the dye on a smaller area on the surface with more 

dye penetration. The syringe pump provided a consistent injection of the dye in the 

MPPa. This method was tested in 10 samples from 2 batches (5 each) and the dye 

injection was generally consistent (Fig. 4.4). The dye injection site diameter (3.98  

0.4 mm) and depth (2.42  0.42 mm) was measured using a digital vernier caliper. 

 

Fig. 4.4 Dye injection using a needle-less syringe in MPPa hydrogels. (a) Diameters 

of dye injection site on MPPa surface. (b) Penetration depths of dye in MPPa.  
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4.2.4 Experimental Setup 

After injecting the dye, the MPPa hydrogel was then immersed in a degassed 

water tank that was previously heated to 37°C. The MPPa surface was placed 35 mm 

away from the transducer's surface and overlapped with the transducer’s focal point. 

The focal point of a FUS transducer was placed to overlap with the region injected 

with the dye (Fig.4.7). Axially, it was placed at the distal end of each hydrogel’s 

surface so that the proximal half of the focal volume was in the phantom and the 

distal half was in the water.  A function generator (33500B Series, Agilent 

technologies, Santa Clara, CA, USA) produced continuous 30 second pulses that 

were transmitted through a 50 dB power amplifier (2100L, E&I Ltd, Rochester, NY, 

USA) and to the 5 MHz transducer. 

Dye clearance was captured with a camera (frame rate: 60 Hz, field of view: 

1980×1080 pixels, model: Nikon 1 V3, Nikon Inc., USA). The camera was used with 

a lens (focal length: 10-100mm, zoom ratio: 10:1, model: 1 NIKKOR 10-100mm f/4.0-

5.6 VR, Nikon Inc., USA) and two magnifying glasses (zoom ratio: 6:1) (Fig.4.5).  
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Fig. 4.5 Experimental setup. An MPPa gel with a localised region of a dye was 

immersed in a water tank and sonicated by a 5-MHz focused ultrasound transducer. 

Ultrasound pulses pushed the dye, which then cleared over time. Dye displacement 

was monitored by a video camera. Camera View – YZ was used to image the axial 

displacement of the dye and Camera View – XY was used to image the radial 

displacement. Figure from (El Ghamrawy et al., 2019). 

 

4.2.5 Acoustic targeting 

In order to align the focus of the transducer and the dye on the gel surface, a 0.8 

mm carbon rod was placed on the MPPa surface carefully, such that the bottom tip 

of the rod is in the centre of the dye injection site (Fig. 4.6). Then a pulser-reciever 

(DPR300; Insidix, Seyssins, France) and the 5 MHz transducer in pulse-echo mode 

were used to accurately align the acoustic focus to the tip of the rod. A rod was used 

because the echo produced at the interface between the MPPa surface and water 

was too small to detect, due to both materials having very similar acoustic properties 

(i.e. no impedance mismatch) (Prokop et al., 2003). Moreover, the interface provided 
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axial positioning of the dye injection site on the surface without lateral-elevational 

positioning of the dye which was provided by the rod tip.   

 

Fig. 4.6 Acoustic targeting. (a) Camera View – XY of MPPa gel with carbon rod 

placed on surface. (b) Zoomed in Camera View – XY of MPPa gel with a localised 

region of the dye, with tip of the rod in the centre of the dye injection site. 

 

Determination of the samples where the ultrasound beam was accurately placed 

on the dye-infused hydrogel region was evaluated using a quantitative exclusion 

criterion. After every sonication, the same hydrogel region was sonicated using a high 

acoustic intensity that was known to produce dye clearance. Accurate targeting was 

determined if the dye clearance occurring occurred in an area within 50% of the peak 

optical intensity. The 50% threshold selected was arbitrary. It was assumed that the 

area within 50% of the peak optical intensity provided a consistent dye concentration. 

The parameter that was known to produce streaming was the highest intensity 

parameter used in the parametric study. The quantitative exclusion criterion used a 

contour plot of the intensity grayscale image/frame before ultrasound exposure. Then 

the difference image between the frame before sonication and the last frame after 30 

s exposure at the highest intensity was overlapped with the contour plot. If the dye 

clearance area occurred within the inner two contours (i.e. area within 50% of the 
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peak optical intensity), then this is considered a successful placing of the ultrasound 

beam [Fig. 4.7 (a-c)]. For the medium and low ultrasound exposure where dye 

clearance was not directly visible, after that specific parameter was applied for 30 s, 

a high exposure known to produce dye clearance was applied to check for successful 

targeting [Fig. 4.7 (d-i)]. 

 

Fig. 4.7 Quantitative exclusion criterion for 3 ultrasound exposure levels high (a-c), 

medium (d-f) and low (g-i). The heat map of the grayscale images/frames before 

sonication (a,d,g). Contour plots of the intensity grayscale image/frame before 

ultrasound exposure (b,e,h). Difference images between the reference frame before 

exposure and the frame after highest exposure level, demonstrating the clearance 

site within the 50% peak optical intensity area (c,f,i). 
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4.2.6 Ultrasound parameters 

Three different sets of ultrasound parameters [peak-negative pressure (pn): 2.2, 

4.0, and 5.3 MPa, peak-positive pressure (pp): 2.5, 5.7 and 8.9. MPa, spatial peak 

time average intensity (ISPTA): 159, 646 and 1317 W/cm2, duration: 30 s] plus a control 

(no ultrasound) were evaluated.  

The parametric study was randomized such that 5 samples of MPPa hydrogels 

were used for every ultrasound exposure parameter and the control (no ultrasound). 

The 5 samples were produced from 3 different MPPa batches. 

The higher pressures and intensities reported for the parameters used were 

simulated using a HIFU simulation tool based on the geometry of the transducer and 

setup, attenuation of the MPPa gel and acoustic power transmitted from the 

ultrasound transducer. The tool (a propagation module, which solves the Khokhlov‐

Zabolotskaya‐Kuznetsov (KZK) equation) simulated asymmetric nonlinear waves in 

an attenuating medium (Soneson and Ebbini, 2009). The experimental ultrasound 

exposure parameters were simulated to avoid damaging the PVDF hydrophone. 

Moreover, it was not accurate to report extrapolated pressure and intensity values 

from the initial calibration.  The tool allows the user to input multiple parameters 

describing the setup and some parameters related to the computational domain 

(Table 4.2). For the simulation, a 75% conversion efficiency (percentage of electric 

energy converted to acoustic energy) for the ultrasound transducer was assumed as 

per the manufacturer testing report. The power inputs from the amplifier to the 

transducer were 1, 4 and 8 W for the three experimental parameters. In the simulation 

0.75, 3 and 6 W were used. In the experimental setup, a 5 MHz ultrasound beam 

propagates through 1.5 cm of water, then through 2 cm of MPPa reaching the focus, 

and continuing another 1.75 cm. The computational domain should be larger or equal 

to the transducer radius to contain the transducer face. To simulate linear wave 
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propagation, set the number of harmonics equal to 1. For nonlinear wave 

propagation, the number of harmonics used should be greater than or equal to 64.   

Table. 4.2 Parameter inputs used to simulate acoustic pressures and intensities 

reported in the study. Parameters in bold were obtained from the literature (Choi et 

al., 2013b; Zell et al., 2007)  

 parameter Value (unit) 

Material 1 (Water) sound speed 1482 m/s 

 mass density 1000 kg/m3 

 absorption at 5 MHz 1.085 dB/m 

 exponent of absorption vs. frequency 2 

 nonlinear parameter 3.5 

 material distance 1.5 cm 

Material 2 (MPPa) sound speed 1540 m/s 

 mass density 1103 kg/m3 

 absorption at 5 MHz 65 dB/m 

 exponent of absorption vs. frequency 1 

 nonlinear parameter 4 

Transducer Properties radius 1.65 cm 

 focusing depth 3.5 cm 

 centre frequency 5 MHz 

 electric power 0.75,3,6 W 

Computational domain max radius 1.65 cm 

 max axial distance 5.25 

 number of harmonics 128 

 

4.2.7 Analysis of raw videos 

All images and raw video frames were processed and analysed using Matlab. 

The dye clearance was measured by image processing of the captured video data. 

A spatial disk filter of radius 5 pixels and a moving average filter of 5 frames was 

used to smooth the raw data. The spatial resolution was approximately 10 µm/pixel. 
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In order to visualise the dye clearance, each image/frame after the start of sonication 

was subtracted from the first (reference) frame. The dye clearance was measured by 

obtaining the mean average intensity of the pixels in the FWHM of the focal region 

that was tracked over 1800 frames or 30 s. The dye clearance is denoted in optical 

intensity units, a dimensionless quantity denoting the intensity value per pixel in a 

grayscale frame or image.  

4.2.8 Statistical Analysis 

Statistical tests were performed to ensure statistical significance of the results. 

The maximum dye clearance for the different ultrasound exposure levels and control 

were compared using a one-way analysis of variance (ANOVA) with multiple 

comparison test. The significance levels adopted were p < 0.05, p < 0.01 and p < 

0.001. 

 

4.3 Results 

4.3.1 Scanning electron microscopy and mercury intrusion porosimetry 

Scanning electron microscopy was used to image the pores that remain following 

freeze drying of the gels, to estimate the gel network and fluid pathways of the 

hydrated gel. The SEM images showed that while the gelatin and polyacrylamide 

networks were porous, the pores were not well connected so fluid transport was likely 

to be hampered by walls of material [Fig. 4.8(a) and 4.8(b)], unless enough stress 

was applied to break the walls. In contrast, MPPa had interconnected pores 

throughout the gel, a feature that more accurately resembled the interstitial space of 

soft tissue [Fig. 4.8(c)]. Therefore, MPPa was selected to study acoustic streaming 

as it can mimic both the acoustic properties of tissue and the tissue 

microenvironment. 
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Fig. 4.8 Scanning electron microscopy images of three soft porous materials: (a) 

gelatin, (b) polyacrylamide, and (c) macroporous polyacrylamide (MPPa). Zoomed in 

sections show closed pockets or pores for gelatin and polyacrylamide. In contrast, 

the MPPa had interconnected pores that provide a path for fluid to travel through. 

Figure from (El Ghamrawy et al., 2019). 

 

For gelatin, polyacrylamide and MPPa, MIP showed that the average size of 

interconnecting pores were 0.97 μm, 0.47 μm and 28 μm, respectively supporting the 

SEM findings (Fig. 4.9). It was deduced that immediate acoustic streaming with 

gelatin and polyacrylamide was unlikely to occur unless enough pressure was applied 

to break the inner structure of the material. 
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Fig. 4.9 Differential intrusion volume vs. pore diameter for samples of (a) gelatin and 

polyacrylamide; and (b) macroporous polyacrylamide (MPPa). In gelatin and 

polyacrylamide, nearly all of their pores were less than 1 µm in diameter. The MPPa 

had three distinct peak pore diameters at 26 nm, 63 nm, and 33 μm. The average 

pore diameter for the entire MPPa sample was 28 μm. 

 

4.3.2 Feasibility of acoustic streaming 

Ultrasound-induced streaming in the MPPa was tested by injecting a dye into 

the hydrogel and observing any clearance once the ultrasound was applied. FUS was 

applied for 30 seconds using a range of acoustic parameters. 

To test whether ultrasound applied in a porous material could displace fluid in 

the MPPa gel, the transducer’s focal volume was placed at the phantom-water 

interface where the dye was injected, and exposed to either no ultrasound (control) 

or ultrasound at a high intensity (fc: 5 MHz, pn: 5.3 MPa, pp: 8.9 MPa, ISPTA: 1317 

W/cm2, duration: 30 s). To demonstrate the axial motion of the dye, the camera was 

placed to image the axial-elevational plane [Fig. 4.5 (Camera View - YZ)]. When 

ultrasound was applied, the dye was instantaneously pushed axially within the MPPa 
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gel surface then out into the water [Fig. 4.10 (a-c)]. The presence of dye movement 

was assessed by calculating difference images by subtracting each frame by an 

earlier reference frame (start of sonication). To demonstrate the radial motion of the 

dye, the camera was placed to image the lateral-elevational plane [Fig. 4.5 (Camera 

View - XY)]. Without the application of ultrasound, no detectable changes in contrast 

was observed [Fig. 4.11 (a-d)]. However, when ultrasound was applied, the dye 

contrast changed, indicating that the dye was acoustically displaced [Fig. 4.11 (e-h)]. 

The dye cleared from the focal volume and was pushed radially to other regions of 

the MPPa hydrogel. The clearance region diameter was approximately 1.5 mm at the 

time of maximum clearance (t: 30 s) [Fig. 4.11 (h)]. Raw images [Fig. 4.12 (a-d)] were 

added to show that clearance region in [Fig. 4.11 (e-h)] was a result of a change in 

optical density due to a change in dye concentration and not due to MPPa 

displacement in the lateral-elevational plane. Processed raw images [Fig. 4.12 (e-h)] 

highlighted the clearance regions for extra visibility.  
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Fig. 4.10 Demonstration of axial acoustic streaming of dye. Ultrasound travelled 

axially, which was parallel to the elevational-axial plane captured by the video 

camera. Images acquired at 0, 0.1, and 0.2 s after the start of the sonication were 

subtracted from a reference frame. The MPPa hydrogel was exposed to (a-c) 

ultrasound (fc: 5 MHz, pn: 5.3 MPa, pp: 8.9 MPa, ISPTA: 1317, duration: 30 s). The dye 

was instantaneously pushed axially within the phantom surface then into the water, 

which appeared as a negative change in optical intensity (grey/black). The red 

dashed circle is the FWHM of the ultrasound focus. Black arrows denote phantom-

water interface. White arrows show the dye displacement. Figure adapted from (El 

Ghamrawy et al., 2019). 
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Fig. 4.11 Feasibility of acoustic streaming in a porous material tested by changes in 

dye contrast. Ultrasound travelled axially, which was perpendicular to the lateral-

elevational plane captured by the video camera. Images acquired at 0, 10, 20 and 30 

s after the start of the sonication were subtracted from a reference frame. The MPPa 

hydrogel was exposed to (a-d) no ultrasound (control) and (e-h) ultrasound (fc: 5 MHz, 

pn: 5.3 MPa, pp: 8.9 MPa, ISPTA: 1317, duration: 30 s). With ultrasound, the dye was 

removed from the hydrogel at the focus, which appeared as a positive change in 

optical intensity (white). The red dashed circle is the FWHM of the ultrasound focus. 

Figure adapted from (El Ghamrawy et al., 2019). 

 
 
 
 
 



 
116 

 

 
 

Fig. 4.12 Raw images of the change in dye contrast after ultrasound exposure. 
Ultrasound travelled axially, which was perpendicular to the lateral-elevational plane 
captured by the video camera. Images acquired at 0, 10, 20 and 30 s after the start 
of the sonication were subtracted from a reference frame. The MPPa hydrogel was 
exposed to (e-h) ultrasound (fc: 5 MHz, pn: 5.3 MPa, pp: 8.9 MPa, ISPTA: 1317, duration: 
30 s). Processed raw images (e-h) were added for extra visibility. 
 
 

4.3.3 Effects of ultrasound parameters on acoustic streaming 

Lower ultrasound intensities were tested to determine how clearance 

depended on the intensity. Three different ultrasound intensities were evaluated (fc: 

5 MHz, pn: 2.2, 4.0, and 5.3 MPa, pp: 2.5, 5.7 and 8.9 MPa, ISPTA: 159, 646 and 1317 

W/cm2) for 30 s of exposure duration while dye clearance was characterised by a 

change in optical intensity. For all three intensities evaluated, average dye clearance 

increased with time [Fig. 4.13 (a)]. The optical intensity of the clearance at time (t: 30 

s) of maximum clearance for ISPTA: 159, 646 and 1317 W/cm2 and the unsonicated 

control were compared using a one-way ANOVA with multiple comparison test. Only 

the highest exposure level was statistically significant compared to the control, 
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however the clear trend is dye clearance increasing with increasing intensity [Fig. 

4.13 (b)]. The clearance rates [Fig. 4.13 (c)] obtained from the dye clearance over 

time [Fig. 4.13 (b)] were shown to increase as the ultrasound intensity increased.  

Estimated steady-state velocities of the developed flow in the MPPa gel [Fig. 

4.13 (c)] were obtained using the model described in chapter 2. The estimated 

average flow velocities through the MPPa gel were approximately 0.03, 0.14 and 0.33 

mm/s for 159, 646 and 1317 W/cm2, respectively (model parameters in Table 4.3).  

The attenuation coefficient of water was used due to having a water saturated 

hydrogel with 88% porosity. The permeability, porosity and average pore diameter of 

MPPa were obtained using MIP. 

Table. 4.3 Parameter inputs used to simulate the streaming velocity in MPPa. 

 properties Value (unit) 

Transducer  centre frequency (fc) 5 MHz 

 radius  1.65 cm 

 focusing depth  3.55 cm 

 beam width 0.45 mm 

 Peak pressure at focus 2.5, 5.7, 8.9 MPa 

MPPa sound speed  1480 m/s 

 mass density  1000 kg/m3 

 attenuation at 5 MHz 0.63 Np/m 

 permeability (𝜅) 6.43 x 10-12 m2 

 porosity (휀) 0.88 

 average pore diameter (𝛷) 28 μm 
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Fig. 4.13 Ultrasound intensity dependent dye clearance, dye clearance rate and 

estimated average velocities. Ultrasound at 0 (no ultrasound), 159, 646 and 1317 

W/cm2 was applied to the MPPa gel containing a dye. The dye clearance was 

measured by observing changes to the optical intensity of pixels in the focal region 

(red dashed circle in Fig. 4.11). (a) The dye clearance over time was observed over 

30 s, revealing increased clearance over time. Solid lines and shaded areas 

represent the average clearance and one standard deviation respectively (n = 5). (b) 

Comparison of maximum dye clearance at 30 s for different ultrasound exposure 

levels and the control. Measurements are presented as mean plus standard 

deviation. (n = 5) (* p < 0.05, ** p < 0.01, *** p < 0.001). (c) The clearance rate and 

the simulated average velocity through the phantom, they both increased with 

increasing ultrasound intensity. The measurements of the dye clearance rates for the 

different ultrasound exposure levels are presented mean ± standard deviation (n = 

5). Figure adapted from (El Ghamrawy et al., 2019). 

 

 



 

 
119 

 

4.3.4 Assessment of the mechanical damage of the MPPa 

To evaluate whether the acoustically-mediated fluid movement was not due 

to mechanical damage to the tissue (e.g., cavitation, tunnelling), the microstructure 

of regions exposed to ultrasound (fc: 5 MHz, pn: 5.3 MPa, pp: 8.9 MPa, ISPTA: 1317 

W/cm2, duration: 30 s) were compared with regions that were not [Fig. 4.14 (a)]. 

Based on scanning electron microscopy images of the sonicated region, no 

difference in the mechanical structure between sonicated [Fig. 4.14 (b)] and 

unsonicated regions ([Fig. 4.14 (c,d)] was observed. 

 

Fig. 4.14 Assessment of mechanical structure of the MPPa (a, box s; b) at the 

ultrasound focus and (a, boxes 1 and 2; c and d) away from the focus using scanning 

electron microscopy images of these regions (b-d). Ultrasound was applied at the 

highest ultrasound intensity evaluated in the study (fc: 5 MHz pn: 5.3 MPa, pp: 8.9 

MPa, ISPTA: 1317 W/cm2, duration: 30 s). No qualitative structural differences between 

the MPPa’s microstructures of the sonicated (b) and control, unsonicated (c-d) 

regions were observed. Figure adapted from (El Ghamrawy et al., 2019). 
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Proximal regions within the ultrasound propagation distance were also evaluated. 

These regions were exposed to lower ultrasound pressures than in the focus. No 

difference in the mechanical structure has been observed in these regions ([Fig. 4.15 

(b, c)]. However, there will be slight differences in the connectivity of the pores 

towards the centre of the MPPa, due to rate of water freezing in different parts of the 

MPPa. Frozen water crystals are formed in the solution in the outer part of the 

container first then more crystals are formed towards the centre while the 

polymerization process is constant throughout the solution. 

 

Fig. 4.15 Assessment of mechanical structure of the MPPa in pre-focus regions (a, 

boxes DS1 and DS2; b and c) using scanning electron microscopy. Ultrasound was 

applied at the highest ultrasound intensity evaluated in the study (fc: 5 MHz, pn: 5.3 

MPa, pp: 8.9 MPa, ISPTA: 1317 W/cm2, duration: 30 s). No qualitative structural 

differences between the MPPa’s microstructures of the sonicated (Fig. 4.14: box s; 

b) and pre-focus (b-c) regions were observed.  
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4.3.5 Assessment of the thermal damage of the MPPa 

Measuring temperature accurately in therapeutic ultrasound fields is 

important to understand damage mechanisms. In this section use a needle 

thermocouple to measure the temperature increase in the focus during ultrasound 

exposure. The measured increase in temperature provides insight on expected 

increase in diffusion of the dye in the experiments. 

Using the same setup above, the transducer was moved further away from 

the MPPa such that the transducer focus is now in the centre of the MPPa instead of 

at the surface. The 0.2 mm thermocouple (HYP-0, Omega Engineering Ltd, UK) was 

carefully inserted and oriented in the centre of the MPPa perpendicular to the 

direction of ultrasound propagation. Then a pulser-reciever (DPR300; Insidix, 

Seyssins, France) and the 5 MHz transducer in pulse-echo mode were used to 

accurately align the acoustic focus to the tip of the thermocouple. Further targeting 

was done on the thermocouple under ultrasound exposure and temperature was 

recorded with a data logger (TC-08, Pico Technology, UK) connected to a PC. By 

achieving the maximum temperature increase during sonication, it was concluded 

that the thermocouple sensor along the elevation length of the thermocouple was 

aligned with the transducer focus. 

As for the experiment, the three separate MPPa samples were sonicated for 

30 seconds at the ultrasound parameters used above (fc: 5 MHz, pn: 2.2, 4.0, and 5.3 

MPa, pp: 2.5, 5.7 and 8.9 MPa, ISPTA: 159, 646 and 1317 W/cm2). For each MPPa 

sample, 3 repeats of the experiment were performed at each input voltage into the 

transducer, to ensure repeatability. A 10 second pause was initiated to ensure all 

samples were at ambient temperature and after the 30 second sonication, a 60 

second pause ensured that the sample returned to ambient water temperature before 

the next exposure. The total recorded duration was 100 seconds. 
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Initially the experiments were done at room temperature at 21°C because the 

0.2 mm thermocouple was very sensitive to the turbulence caused by the water 

heater fan. For the three ultrasound parameters used, the temperature increase for 

one MPPa sample is shown below (Fig. 4.16). A quick increase in temperature 

occurred, then the temperature started to plateau. The maximum temperature 

increase increased with increasing ultrasound intensity.  

 

Fig. 4.16 Assessment of temperature increase in MPPa (n=3) at room temperature 

(21°C). Ultrasound is turned ON at 10 seconds, then turned OFF at 40 seconds.   

 

The next step was to repeat the experiment in a heated water tank without 

affecting the thermocouple measurements. A sous vide immersion circulator 

(CVPCS, PolyScience, USA) that has an enclosed fan and heating element was 

used. The circulator had a small hole on the front for water circulation. The above 

experiment was then repeated (Fig. 4.17).   
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Fig. 4.17 Assessment of temperature increase in MPPa (n=3) at 37°C. Ultrasound is 

turned ON at 10 seconds, then turned OFF at 40 seconds.   

  

The maximum temperature increase for intensities 159, 646 and 1317  W/cm2 

across the three MPPa samples at 37°C was 4.8  0.9, 16.8  2.4 and 33.6  6.6 °C 

respectively.    

 

4.4 Discussion 

Acoustic streaming was demonstrated in a soft porous material. The type of 

acoustic streaming produced was Eckart streaming (also known as quartz wind), 

which is the steady fluid flow caused by the bulk absorption of acoustic momentum. 

The ARF acting on the fluid pushed the fluid through the MPPa gel’s interconnected 

network of pores. Higher ultrasound intensities increased the applied ARF (Nyborg, 

1965), which resulted in higher streaming velocities. From the raw videos, the 
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observed streaming direction was both axial (dye leaving the MPPa gel was 

observed) and radial. Although the ARF was applied axially in the direction of wave 

propagation, some dye moved radially due to the structure of the gel, where the 

channels are interconnected in all directions. Moreover, the generated streaming is 

confined to the area around the ultrasound beam, thus demonstrating a localised 

effect. 

Dye clearance was confirmed to be caused by acoustic streaming by 

confirming that the material was not thermally or mechanically damaged; and by 

excluding the possibility of thermal or cavitation mechanisms. A clue to ruling out 

thermally-enhanced diffusion is that the net dye displacement was produced in the 

axial and radial directions. In contrast, dye movement caused by heat or Fickian 

diffusion  is a slow process (Cussler, 2009) and would be generated in all directions. 

The penetration diffusion distance for low molecular weight compounds like 

Bromophenol Blue (0.7 kDa) in water assuming a diffusion coefficient of 0.5*10-5 

cm2/s is 0.04 mm and 0.24 mm radially after 1 second and 30 seconds respectively. 

However, in a porous material with added tortuosity, Bromophenol Blue’s effective 

diffusion coefficient will be even less since Bromophenol Blue would be diffusing in 

water within a porous structure. In Fig. 4.11, a radial movement of the dye by around 

1 mm was observed making diffusion very unlikely to be the cause of the dye 

displacement. Furthermore, if diffusion was dominant, the dye would have had a 

spherical distribution with a maximum concentration at the centre and a concentration 

that decreased with distance. Therefore, diffusion is not a viable explanation for the 

dye movement observed in these ultrasound experiments.  

It was unlikely that the material was thermally damaged by the ultrasound 

beam. The melting point of the MPPa gel is greater than 200°C, which was well above 

the temperature rise that could be induced with the ultrasound parameters (Fig. 4.16 
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and 4.17). However, the presence of a foreign object (thermocouple) in the focus 

could introduce an error in the temperature measurement. This error is a result of the 

difference in density between the thermocouple and the surrounding medium, which 

leads to a relative motion between the two and produces viscous heating at the 

thermocouple-medium interface. It has been reported that the error was negligible if 

the thermocouple thickness was 1/20 of the ultrasound wavelength or less (Fry and 

Fry, 1954; Morris et al., 2008). Hynynen proposed that the real temperature increase 

in tissue should be measured 200 ms after the ultrasound is turned off to allow the 

temperature rise due to viscous heating to decay (Hynynen et al., 1983). The 

measured temperature increase 200 ms after ultrasound is turned off in Fig. 4.16 was 

18°C. An increase in 18°C will result in an approximate 6% increase in the diffusion 

coefficient, thus increasing the penetration diffusion distance to 0.25 mm, further 

confirming that diffusion was very unlikely to be the cause of the dye displacement. 

It was unlikely that the material was mechanically damaged by the ultrasound 

beam. First, no detectable changes in the microstructure of the MPPa gel was 

observed, indicating that cavitation-mediated mechanical damage, such as 

tunnelling, was not responsible for the dye movement. Second, the mechanical index 

(MI) of the lowest pressure tested that produced dye clearance – MI of 1 – was well 

below the typical guidelines to avoid bubble nucleation (i.e., MI of 4.0) (AIUM, 2015; 

Church et al., 2008, 2015). Third, to ensure that no gas bodies were present in the 

MPPa, both the phantom and the experimental water tanks were degassed. Fourth, 

mechanical damage to the hydrogel was not detected from the SEM image analysis. 

The model proposed in Chapter 2 was used to design the study in this 

chapter. More specifically, the model was used to increase the likelihood that acoustic 

streaming could be demonstrated in a soft porous material. Based on the model, 

streaming should increase with higher acoustic intensities and materials with higher 
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porosity, permeability (i.e. pore connectivity) and absorption coefficients; and 

streaming should decrease with fluids of higher viscosity and speed of sound. As a 

result of this model, the MPPa was designed to have a high porosity and permeability 

value. Also, high acoustic intensities were used during the feasibility phase of the 

experiments. The acoustic radiation force plots were also used to guide the 

experimental design, such as the placement of the acoustic beam within the phantom 

so that the camera could observe the dye movement. The axial plot of the acoustic 

radiation force was very narrow for the 5-MHz transducer used in the experiments. 

As a result, a precise method to place the acoustic beam in the correct location was 

developed. The model, which incorporated the acoustic radiation force, also 

estimated the expected fluid velocities generated in the MPPa for the acoustic 

parameters and material properties used. For the highest acoustic intensity evaluated 

experimentally, the model estimated an average fluid velocity of 0.33 m/s through the 

MPPa. Based on this estimated fluid velocity, it was likely that a standard video 

camera would be able to detect acoustic-streaming-induced dye movement.  

The modelled average velocity was proportional to the dye clearance rate and 

they both increased with increasing ultrasound intensity. The relationship between 

the modelled average velocity and dye clearance rate is as follows: as the velocity of 

the fluid travelling through the MPPa porous network increases, more dye will be 

cleared away from the focal region over time. In soft tissue, the fluid velocities 

estimated from the model were very low and do not explain the long distances that 

the florescent particles have penetrated in previously published studies. A possible 

explanation for the longer penetration distance reported in those experimental studies 

is that their mechanism for penetration was not limited to acoustic streaming, but 

were likely to contain acoustic cavitation and acoustic radiation force effects on tissue 

structure. If the model developed here is correct, it would suggest that acoustic 
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streaming is not a suitable method for pushing fluid across the scale of 100’s of 

micrometres, but may be useful for movement of several micrometres.   

 One of the critical aspects of the study was to use an appropriate material for 

studying acoustic streaming. Current tissue substitutes used for ultrasound imaging 

(Culjat et al., 2010) have similar acoustic properties of soft tissue, but do not resemble 

the microstructural characteristics relevant for acoustic streaming. Although these 

tissue substitutes contain large amounts of fluid, its fluid is confined in pockets. In 

many materials, such as healthy tissue and tissue scaffolds, fluid is interconnected. 

For example, in healthy tissue, interstitial space resides between the blood and 

lymphatic system and is interconnected throughout an organ, such as the brain. 

 

4.5 Limitations of the study 

 The results presented in this chapter were based on visualising dye 

displacements near the surface area of the MPPa. Although it was confirmed that the 

dye movement was due to Eckart streaming using two distinct viewpoints, dye 

movements deep within the MPPa were not visualized.  The inability to visualise dye 

movement deeper in the phantom material was because MPPa – and other phantoms 

suitable for acoustic streaming work – are not optically transparent. Also, introducing 

a dye deep into a phantom material requires puncturing it with a needle, which will 

damage the material and influence the dye displacement.  

A smaller dose of injected dye and a higher magnification could be used to 

monitor dye displacement for lower pressures and intensities. The current resolution 

of the optical setup restricted the area where sufficient dye displacement could be 

detected at lower pressures.     
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 For the MPPa hydrogel used, the average pore size was comparable to that 

of tissue scaffolds, but was one or two orders of magnitude larger than that of some 

soft tissues. MPPa gels with smaller connected pore sizes would be ideal, but this 

required the development of a new phantom making process. Moreover, the MPPa 

hydrogels were water-saturated and the dye was displaced in water and not in a 

physiological fluid such blood or interstitial fluid. This may have an effect on sound 

absorption and also dye displacement dynamics, since the hydrodynamic properties 

of blood, such as viscosity, differ from water.   

 Additionally, the possible presence of cavitation could have been measured 

using a passive cavitation detector. More future work recommendations is presented 

in chapter 5. 

 

4.6 Potential impact of this work 
 

 This study was a mechanistic investigation of acoustic streaming in a soft 

porous material. Although many published works have proposed that acoustic 

streaming may be responsible for a desired effect – dye penetration in leather, drug 

penetration in cartilage, etc. – there has been no study with conclusive evidence that 

acoustic streaming can occur in a soft porous material. As a result, mechanisms was 

the primary focus and not specific industrial or clinical applications. The Noninvasive 

Surgery and Biopsy laboratory plans to continue developing a mechanistic 

understanding of acoustic streaming through soft porous materials and design pulse 

shapes and beam shapes that can maximise the velocity and distance of dye 

movement. As  better understanding of acoustic streaming; and better technologies 

for pushing fluid through porous materials are developed, useful applications for 
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acoustic streaming will be explored. Although adapting this work to a specific 

application is a future goal, two applications are proposed. 

An attainable short term goal is to investigate using acoustic streaming to 

enhance fluid flow in hydrogels with 3D cell cultures. 3D suspension culturing is 

considered promising for scaling up the cell production. In a recent study where 

hydrogel-based cylindrical tubes suspended in media were used to culture cells, it 

has been shown that when the diameter of the hydrogel exceeds 400 μm, the 

transport of nutrients, oxygen and growth factors become insufficient, leading to slow 

cell growth and apoptosis (Li et al., 2018). In this case acoustic streaming can be 

beneficial in the initial stages where small cell clusters are formed as there is a large 

interstitial space to be exploited. The subsequent accelerated material transport will 

result in faster cell growth. Moreover, enhancing the overall material transport 

process may allow healthy cells to grow throughout hydrogel-based cylindrical tubes 

of diameters greater than 400 μm.    

The long term goal is enhancing drug distribution in soft tissue. Although 

acoustic streaming is a secondary effect during ultrasound exposure and is 

considered weaker than microstreaming effects of oscillating bubbles, it has multiple 

advantages. First, there is no intravenous injection of bubbles or contrast agents, 

thus not requiring this extra procedure. Second, the effects of drug distribution with 

the use of bubbles are only confined to areas around the vasculature. In tumours, 

this would be challenging as tumours’ structures are heterogeneous and their central 

necrotic core may not have any vasculature. Moreover, there are still ongoing studies 

regarding the safety of using microbubbles and their potential to cause vascular 

damage. Third, most used linear arrays could be used at higher frequencies making 

the proposed technique easy to implement. Moreover, higher frequencies deposit 

more heat into the tissue which may assist the diffusion of particles depending on 
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ultrasound intensity and pulse sequence design. Another important factor to consider 

particularly for tumours is interstitial fluid pressure. In the MPPa experiments and the 

experiments used to validate the model, no external hydrostatic pressure was 

applied. Interstitial pressures (1.3-19 kPa or 10-140 mm Hg) (Heldin et al., 2004; 

Milosevic et al., 2004; Stylianopoulos et al., 2012, 2013) pose an increased 

resistance to acoustic streaming motions generated in vivo. So unless a significant 

radiation pressure is applied to disturb the microenvironment, no fluid movement of 

therapeutic value could be achieved. For the highest ultrasound intensity used in the 

study, the radiation pressure generated in the focus is on average 1 kPa, so a larger 

parametric study including hydrostatic pressure has to be conducted to clarify its 

effect on fluid displacement.  

 

4.7 Conclusions 

The results presented here demonstrate that acoustic streaming could be 

directly observed in a soft porous material. It was shown that this was achieved by a 

carefully designed material resembling soft tissue and that conventional soft 

materials used for ultrasound imaging, such as gelatin and polyacrylamide, may not 

appropriate for studying acoustic streaming. The fluid velocities produced by acoustic 

streaming could be controlled by adjusting the ultrasound intensity. Finally, it was 

demonstrated that acoustic streaming was achieved without mechanical or thermal 

damage. 
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5. Future directions and conclusions 
 

In this chapter, future work and further advances required for understanding 

acoustic streaming in soft tissue microenvironments is discussed. This includes 

designing ultrasound pulses and monitoring therapy in order to produce potential 

ultrasound therapies that can be translated into the clinic.    

First, the use of a fibre-optic hydrophone designed to measure high acoustic 

pressures instead of relying on simulations. A better detection mechanism for 

acoustic streaming within the MPPa hydrogel is required. Magnetic resonance 

imaging could be used to detect acoustic streaming in MPPa as it could detect 

velocities down to 0.1 mm/s. Moreover, magnetic resonance could be used to 

measure the temperature increase and is free from the artefact of implantable 

devices. The limitation of magnetic resonance is that it is costly and not widely 

available.  

In the previous chapters, the study’s contribution to understanding and 

controlling acoustic streaming in a soft tissue-mimicking material was described.  

However, the study has been limited to an in vitro experimental setup using 

macroporous polyacrylamide. The setup is a simple model of the tissue 

microenvironment that are physically and biologically more complex. An initial step is 

to grow cells within the MPPa hydrogel. For this step to be successful, further filtration 

or increasing the reaction rate is required to ensure no toxic acrylamide monomers 

are left behind for healthy cells to be able to populate the scaffold.  

In the distant future, a subcutaneous tumour mouse model could be used (Fig. 

5.1). Subcutaneous tumours are superficial tumours that grow under the skin. They 

are ideal for low-penetration high-frequency ultrasound (5 MHz). The in vivo goal 
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would be the net displacement of a compound, without thermal of mechanical 

damage, in the interstitial space by approximately 100μm.  

 

Fig. 5.1 Potential in vivo experimental setup. A coupling cone filled with deionised 

water, along with ultrasound gel applied on top of the mouse tumour, ensured 

ultrasound transmission without significant attenuation. 

 

Before an in vivo experiment can be performed, an ultrasound sequence with 

sufficient intensity to produce acoustic streaming must be selected. In this thesis, 

experiments showed that the lower bound for acoustic streaming was 159 W/cm2 with 

the constructed MPPa hydrogel. Additionally, a relationship between the considered 

ultrasound sequence and the potential thermal damage must be derived. The thermal 

biological effects observed depend on several factors, such as the exposure duration, 

the type of tissue exposed, its cellular proliferation rate, and its potential for 

regeneration. As per the American Institute of Ultrasound in Medicine, an ultrasound 

sequence causing a 5°C increase in temperature in soft tissue, the corresponding 

limit for the exposure duration is 4 min (AIUM, 2016; O’Brien et al., 2008). A passive 

cavitation detector (PCD) should be added to the setup to capture possible cavitation 
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emissions to ensure animal safety. A high-frequency focused transducer (e.g., 15 

MHz) could be used as a PCD where both foci of the 5 MHz transducer and the PCD 

are aligned.  

The results presented here demonstrate that acoustic streaming could be 

directly observed in a soft porous material. This was achieved with a carefully 

designed material that incorporated a feature of soft tissue (interconnected pores) 

that conventional soft materials used for ultrasound imaging, such as gelatin and 

polyacrylamide, did not have. The fluid velocities produced by acoustic streaming 

could be controlled by adjusting the ultrasound intensity. Finally, acoustic streaming 

was achieved without mechanical or thermal damage. 
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