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Abstract

High intensity focused ultrasound is an emerging non-invasive cancer therapy dur-

ing which a focused ultrasound beam is used to destroy cancer cells within a con-

fined volume of tissue. In order to increase its successful implementation in prac-

tice, an imaging modality capable of accurately mapping the induced temperature

rise in tissue is necessary. Photoacoustic thermometry, a rapidly emerging technique

for non-invasive temperature monitoring, exploits the temperature dependence of

the Grüneisen parameter of tissues, which leads to changes in the recorded pho-

toacoustic signal amplitude with temperature. However, the implementation of

photoacoustic thermometry approaches is hindered by a lack of rigorous valida-

tion. This includes both the equipment and methodology used. This work inves-

tigates the effect of temperature on ultrasound transducers used in photoacoustic

thermometry imaging as well as characterisation of potential phantom materials for

its validation. The variation in transducer sensitivity with temperature is investi-

gated using two approaches. The first one utilises a reference transducer whose

output power is known as a function of temperature to characterise the sensitiv-

ity of the hydrophone. As the knowledge of variability of transducer output with

temperature is not readily available, two standard metrology techniques using radi-

ation force balances and laser vibrometry are extended beyond room temperature

to characterise the effect of temperature on the output of PZT tranducers. For the

second approach to transducer sensitivity calibration, a novel method is developed

utilising water as a laser-generated ultrasound source and validated using the self-

reciprocity calibration method. The calibrated hydrophone is then used to charac-

terise the relevant temperature-dependent properties of several phantom materials
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in a custom-built setup. The measurement results are used to determine the most

suitable phantom for photoacoustic thermometry. Finally, the phantom is heated

and imaged in a proof-of-concept photoacoustic thermometry setup using a linear

array. These contributions are of vital importance for allowing the translation of

photoacoustic thermometry into clinical practice.



Impact statement

Medical ultrasound has a positive impact on millions of people every day, with its

use spanning from diagnostic imaging – particularly in obstetrics – to therapeu-

tic applications such as lithotripsy for kidney stone comminution and cancer treat-

ments. In order to ensure its safe use, international standards are in place which

mandate the procedures for assessing the safety of ultrasound devices. The field of

ultrasound metrology, which is the science of measurement, is continuously evolv-

ing to ensure safe working practices are in place to meet the often challenging re-

quirements of newly emerging devices and applications. One such application is

high-intensity focused ultrasound or HIFU, which works by sending a tightly fo-

cused beam of ultrasound into the tissue. At the focus, the ultrasound energy is suf-

ficient to heat the tissue and cause cell necrosis in a very localised region, while the

surrounding tissue remains viable. So far, focused ultrasound has been successfully

used for treating numerous soft-tissue cancers, uterine fibroids and essential tremor.

However, its wider use in clinical practice is hindered by a lack of reliable imag-

ing technique which would allow for accurate targeting of the focal region within

the body. Another major challenge faced is real-time monitoring of tissue changes

induced in the treatment zone in order to confirm safe but effective delivery of treat-

ment. Current imaging modalities used for HIFU treatment guidance and monitor-

ing include ultrasound or magnetic resonance imaging. However, these techniques

often lack sufficient spatial, temporal or temperature resolution consistent with clin-

ical requirements. Photoacoustic thermometry is a hybrid modality combining the

high-contrast and spectroscopic-based specificity of optical imaging with the high

spatial resolution of ultrasound imaging. As well as visualising anatomical struc-
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tures such as the microvasculature, it can also provide functional information in the

form of temperature. This enables accurate localisation and monitoring of HIFU,

thus supporting its integration into common clinical practice. However, the nov-

elty of photoacoustic thermometry means new metrology practices need to be put

in place to ensure its accuracy. This includes rigorous validation of both the equip-

ment and methodology used. The work presented in this thesis contributes to the

field by building on measurement practices currently used in ultrasound metrology

as well as proposing new measurement methods to assess the accuracy of results

obtained with photoacoustic thermometry approaches. More specifically, the varia-

tion in transducer sensitivity with temperature is characterised and the findings used

to correct the results obtained in a simple photoacoustic thermometry setup. This

is further used to assess the suitability of test materials needed for the experimen-

tal validation of photoacoustic thermometry systems, as well as the evaluation and

tuning of their performance. Beyond photoacoustic thermometry, the methodology

and output of this thesis could have impact on the wider field of ultrasound metrol-

ogy, including non-destructive testing commonly used to characterise the internal

structure of things such as aircraft engines, ship hulls and many other important

applications.
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Chapter 1

Introduction

1.1 High intensity focused ultrasound

High intensity focused ultrasound (HIFU) is a non-invasive cancer therapy during

which a focused ultrasound beam is produced with energy sufficient to cause bio-

logical change by means of thermal, mechanical and cavitation effects within the

focal volume [27]. The ablated volume, called a lesion, has well defined margins

which is one of the main advantages of HIFU therapy, the other being good local

treatment control that has been reported by several studies [218, 140, 195]. During

HIFU treatment, an isolated tissue volume is heated above 55 °C and maintained

at this temperature for long enough to lead to coagulative necrosis and cell death

[190]. The treatment is delivered by creating lesions side by side thus systemati-

cally ‘painting out’ the targeted tumour region [101].

Some of the therapeutic applications of HIFU include the mechanical destruc-

tion of tissue (histotripsy), fragmentation of kidney stones (lithotripsy), and thermal

ablation of cancerous tumours in the prostate, breast, kidney, liver, and pancreas, all

of which are approved for use in Europe [51]. In spite of its many benefits over other

cancer therapies including no ionising radiation, no incisions and comparatively low

equipment costs, HIFU therapy remains little-used in comparison to conventional

cancer treatments [52].

In order to encourage its integration into clinic use, treatment planning and

real-time monitoring is needed. The latter includes assessing the efficient destruc-
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tion of tumour and abnormal cells, as well as safe deposition of heat energy in

surrounding healthy tissue. Current imaging modalities used for HIFU treatment

guidance and monitoring include ultrasound (US) or magnetic resonance imaging

(MRI) [101], however these techniques have limited spatial and/or temporal reso-

lution. The temperature monitoring should be done in real-time with submillimeter

spatial resolution and accuracy of at least 1 °C [114]. Although US thermometry

can be performed in real-time, it is limited to small temperature ranges as it re-

lies on the knowledge on how the speed of sound changes with temperature [197].

MRI provides an indication of the presence or absence of residual tumour perfusion

following successful ablation [73], but it is insensitive to fatty tissues [168] and re-

quires MR-compatible HIFU equipment, thus limiting its use. Thus a temperature

monitoring technique for online dosimetry during treatment is needed which would

include a temperature estimate of the ablated and surrounding volume of tissue. The

next section provides an overview of such potential techniques.

1.2 Temperature monitoring techniques

Monitoring temperature rise in tissues poses a significant challenge in the field of

medicine, but is essential for safe and accurate delivery of thermal therapies such

as cryotherapy, hyperthermia and HIFU. Accurate temperature measurements are

also necessary for validation of thermal modelling of such therapies, as well as

calibration of non-invasive clinical thermometry [138].

The most accurate means of measuring temperature is the use of thermocou-

ples or thermistors [70, 152, 198, 187, 191]. These thermoelectric devices have been

successfully used in measurements of temperature rises due to absorption of ultra-

sound [56] and in therapeutic applications [75, 29]. Heating induced by HIFU has

been measured using wire thermocouples in ex vivo tissues and tissue-mimicking

materials to retrieve a characteristic ‘shark fin’ heating profile [32, 42, 132, 151].

However, viscous heating artefacts can occur when focused ultrasound is incident

on a wire thermocouple [5]. The difference in density between the thermocou-

ple wire and surrounding tissue leads to friction at the tissue-wire interface which
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causes heating that is detected by the thermocouple [137, 138]. The contribution of

viscous heating on measured temperature rise was shown to significantly decrease

with the use of sufficiently small-diameter thin wire thermocouples [42, 151]. How-

ever, as both thermocouples and thermistors are invasive and highly localised, their

use in the clinic is undesirable although their high sensitivity and accuracy is ex-

ploited in research for the validation of other temperature monitoring modalities.

Infrared detectors are used for real-time measurements with accuracies

<0.1 °C but are limited to superficial structures and thus are not applicable to

most thermal therapies [191].

Diagnostic ultrasound provides a noninvasive real-time technique for moni-

toring deep tissue temperature that is also widely available, low-cost and portable

[176, 182]. It is based on the temperature dependence of speed of sound which in-

duces a shift of the heated area relative to the image of targeted tissue [143]. How-

ever, this dependence is relatively weak (≈ 1 ms-1 per degree Celsius) and varies

greatly among tissues where an inverse relationship is observed in fat compared to

other tissues thus the measurements are only accurate in the case of homogeneous

tissues [44]. The drawbacks of ultrasound thermometry are thus its low imaging

contrast and a total change in speed of sound of only a few percent within the tem-

perature range relevant for thermal therapies.

Magnetic resonance (MR) thermometry is based on monitoring the phase

change resulting from the variation in proton resonance frequency due to its almost

linear relation to temperature, and correlating it to the temperature of the imaged

tissue [87, 162, 139, 168]. This provides good spatial resolution and accuracy with

values down to ± 0.5 °C quoted in the literature, however the temporal resolution is

in the order of 1-4 s which introduces motion artefacts due to breathing and is only

suitable for cases in which slow heating occurs. The technique is also insensitive

to fatty tissues and bones [168], making it unsuitable for general use. Other disad-

vantages of MRI is that it requires MR-compatible HIFU equipment, has high costs

and has limited availability.

Optical imaging methods have good sensitivity as tissue coagulation induces
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large changes in optical properties [146, 167, 210, 209]. These however have lim-

ited penetration depth due to strong light scattering in tissue which reduces the

spatial resolution of the image.

1.3 Photoacoustic thermometry
Photoacoustic thermometry is a novel temperature monitoring technique based on

photoacoustic tomography, a soft tissue imaging modality that combines optical ab-

sorption contrast with the high spatial resolution of ultrasound [11, 90, 206]. This

provides benefits such as both high spatial resolution and imaging depth where a

resolution of < 100 µm at depth of a few centimeters can be achieved [11], as well

as high sensitivity and contrast. The technique is based on the temperature depen-

dence of the tissue’s Grüneisen parameter. This leads to changes in the recorded

photoacoustic signal amplitude with temperature and can thus be used to determine

the temperature of that tissue.

So far, photoacoustic thermometry has been applied to monitoring temperature

changes during cryoablation [155], HIFU therapy [212], hyperthermia [30], laser

interstitial thermal therapy (LITT) [109] and thermotherapy [207, 144].

Validation of these new techniques is crucial for their accuracy assessment and

translation to clinic. In order to do so, rigorous quality and safety procedures must

be in place and the technique evaluated using a phantom material suitable for dif-

ferent approaches suggested in the literature. The material should have well-known

properties. Thus the main aim of this thesis is to establish metrology practices to

ensure the continued development of this novel technique and enable its translation

to clinical practice through rigorous validation of the proposed approaches.

1.4 Thesis outline
This thesis is divided into four parts. Part I provides the context of the current state

of the field. Chapter 2 outlines the theoretical fundamentals of photoacoustic signal

generation and thermometry, while Chapter 3 provides a literature review of the

current photoacoustic thermometry approaches.

Part II investigates the effect of temperature on ultrasound equipment relevant
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to photoacoustic thermometry. In particular, the effect of temperature on the out-

put of lead zirconate titanate (PZT) transducers used in hydrophone calibrations

is investigated in Chapter 4. Two existing non-destructive testing and ultrasound

metrology methods are expanded to enable the characterisation over a wide temper-

ature range between 22 °C and 46 °C. In Chapter 5 a novel method for hydrophone

calibration is introduced, utilising water as a laser generated ultrasound source.

Part III focuses on the phantoms needed for experimental validation of pho-

toacoustic thermometry methods. Chapter 6 reviews existing phantom materials

and defines the specific criteria and characterisations needed for photoacoustic ther-

mometry. Chapter 7 describes the methods used to characterise the relevant material

properties of polyvinyl chloride plastisol, as well as polymer and water-based ma-

terials, the results of which are given in Chapters 8 and 9, respectively.

Part IV focuses on the experimental implementation of photoacoustic ther-

mometry and validation of the selected phantom material.

Finally, Chapter 11 concludes the thesis.



Chapter 2

Theoretical overview of

photoacoustic thermometry

2.1 Photoacoustic signal generation

A short pulse of laser light incident on an absorbing sample is scattered and ab-

sorbed while propagating through it. Once absorbed, it causes a rapid temperature

rise ∆T and simultaneous increase in pressure p, followed by thermal expansion of

the irradiated tissue volume [116]. The locally absorbed light energy density Ψ is

given as a product of the optical absorption coefficient µa and fluence Φ:

Ψ = µaΦ. (2.1)

The corresponding temperature rise can then be described as:

∆T =
Ψ

ρCp
(2.2)

where ρ and Cp are the mass density and specific heat capacity under constant

pressure, respectively.

If the light energy is deposited into the medium at rates faster than thermal,

acoustic and other relaxation mechanisms, a (thermoelastic) stress wave is induced

which then propagates away from the heated volume. These requirements are given

by the thermal and stress confinement conditions. Thermal confinement states that
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if the optical pulse duration τ is much shorter than the thermal relaxation time τth,

which characterises the thermal diffusion, heat conduction is negligible. The ther-

mal relaxation time is given by:

τth =
d2

c
αth

(2.3)

where dc and αth are the size characteristic of the locally absorbed light energy

density (Eq. 2.2) and thermal diffusivity, respectively. Stress confinement states

that if the optical pulse duration is shorter than the stress relaxation time τst , which

describes the time required for an acoustic wave to travel across the heated region,

stress propagation during the laser pulse is negligible. The stress relaxation time is

given by:

τst =
dc

cs
(2.4)

where cs is the speed of sound in the medium. If τ < τst ≪ τth is satisfied (and

τst ≪ τth is always true for tissues), density is constant and the local pressure rise

is:

p0 =
β∆T

κ
, (2.5)

where

κ =
Cp

ρc2
sCv

(2.6)

is the isothermal compressibility, β the coefficient of volume thermal expansion and

Cv the specific heat under constant volume. A dimensionless Grüneisen parameter

can now be defined as:

Γ =
β

κρCv
=

βc2
s

Cp
. (2.7)

The initial acoustic pressure may, therefore, be written as:

p0 = ΓµaΦ. (2.8)

Here, the Grüneisen parameter characterises the conversion efficiency between the

absorbed optical energy and acoustic pressure. Photoacoustic tomography (PAT) is

a soft tissue imaging modality that combines the optical absorption contrast with
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the high spatial resolution of ultrasound [90, 206]. The initial acoustic pressure

rise propagates as a (photo)acoustic wave due to the elastic nature of tissue, where

it is detected by ultrasound transducers and converted into a time-resolved electric

signal. By applying an appropriate image reconstruction algorithm, this can be used

to retrieve an image of the initial pressure distribution in the form of a photoacoustic

tomography image.

2.2 Photoacoustic thermometry
Photoacoustic thermometry is a novel temperature monitoring technique utilising

the temperature dependence of the tissue’s Grüneisen parameter. This leads to

changes in the recorded photoacoustic signal amplitude with temperature and can

thus be used to determine the temperature of that tissue. Within this framework,

Eq. 2.8 can be written as:

p(λ ,T ) = Γ(T )µa(λ ,T )Φ(λ ,T ). (2.9)

The temperature dependence of the optical properties is poorly reported in the litera-

ture, but is known to vary between wavelengths for both water and biological tissues

[64, 112, 171, 170, 169]. The optical scattering coefficient of liquid water is known

to vary insignificantly with temperature [22], while its optical absorption coefficient

exhibits a temperature dependence determined by the wavelength [112, 171]. An

example for several NIR wavelengths is shown in Fig. 2.1(a). Here, the temperature

dependence of absorption is presented normalised to the values at a temperature of

25 °C. For porcine liver tissue a linear decrease in the optical absorption coefficient

was reported for near infrared wavelengths within the temperature range from 35 °C

to 80 °C [170], with the most significant change of 54 % being observed between

52 °C and 65 °C (Fig. 2.1(b)).

The estimation of the optical fluence distribution is a challenge generally en-

countered in photoacoustic tomography. Here, the wavelength dependence of the

fluence arises as the light travelling through a medium is absorbed and multiply

scattered, thus resulting in a difference between the absorption spectrum and the
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Figure 2.1: (a) Temperature dependence of optical absorption of water between 15 and
60 °C at 604 nm (•), 660 nm (×), 738 nm (▲), 796 nm (♦), 836 nm (■) and
888 nm (⋄). (b) Optical absorption spectrum of native and coagulated porcine
liver tissue in the NIR wavelength range. Reproduced from [112] and [170].

spectrum of the recorded signal, known as spectral coloring [40]. Estimating flu-

ence thus requires a priori knowledge of the distribution of absorbers and scatterers

as well as the wavelength-dependent optical properties of the tissues. As fluence

depends on µa, it is possible the fluence is similarly affected by changes in tempera-

ture, however, the lack of information available in the literature makes it challenging

to estimate the extent of this effect.

The temperature dependence of the Grüneisen parameter is directly related to

the temperature dependence of its components as given in Eq. 2.7, but can be treated

as a fundamental material property itself. Figure 2.2 shows the change in the co-

efficient of volume thermal expansion [99], speed of sound [126], isobaric specific

heat capacity [44] and resulting Grüneisen parameter for water in the temperature

range from 0 °C to 100 °C. Combining these values from the literature and using

Eq. 2.7, the Grüneisen parameter of water can be estimated as:

Γ(T ) = 0.0053T +0.0043 (2.10)

where the linear trend is a good approximation in the temperature range between

20 °C and 50 °C with errors less than 0.008 or 3.2 %, but is approximately valid

from 4 °C to 60 °C [14, 3, 207] with maximum error of 0.02 or 7.4 % (calculated

from Eq. 2.7). Although a higher-order polynomial is more suitable to represent
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Figure 2.2: Change in the volume thermal expansion coefficient, speed of sound, specific
heat capacity at constant pressure and Grüneisen parameter for water at tem-
peratures between 0 and 100 °C.

the relationship between the Grüneisen parameter and temperature, the works so far

presented in the literature have focused on temperature ranges within which a linear

approximation is adequate. This makes the initial pressure linear with respect to

temperature and simplifies solving the photoacoustic inverse problem to estimate

the temperature [2]. More generally, assuming a linear relationship the temperature

dependence of Grüneisen parameter can be written as:

Γ(T ) = AT +B (2.11)

for absorbing aqueous solutions and tissues, where A and B are some material-

specific parameters. These parameters are usually obtained by performing ex vivo

calibrations by measuring the relative changes in PA signal amplitudes at multiple
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reference temperatures. Alaeian et al. [1] computationally estimated A and B for

soft tissues as:

Γ(T ) = 0.0086T +0.1134, (2.12)

however, no experimental validation of these parameters is available.

The experimental calibration process in tissues poses a challenging problem.

Current techniques are based on the assumption that tissue’s acoustic and optical

properties do not change with temperature, which is most likely invalid during ther-

mal therapies such as HIFU in which the tissue undergoes drastic anatomical and

functional changes, including increase in blood perfusion, protein coagulation, and

tissue necrosis [227]. The calibration process usually also assumes a homogeneous

temperature distribution, which is not the case for HIFU (producing a confined heat-

ing region surrounded by a gradient of thermal diffusion), as well as homogeneous

tissue properties whereas these may be spatially varying. The Grüneisen parameter

alone is known to vary considerably between different tissue types, such as fat (Γ ≈

0.7 to 0.9) and blood (Γ ≈ 0.25) with values quoted for body temperature [39],

but is also most likely not homogeneous within the same tissue type and may be

patient-specific. Thus in order for photoacoustic thermometry techniques to be ac-

curately calibrated and validated, the tissue properties need to be accurately known

as a function of both space and temperature, which is challenging for biological

media. Well-characterised phantom materials developed specifically for use in pho-

toacoustic thermometry would enable the validation of emerging approaches and

systems in the field, an overview of which can be found in the following Chapter 3.



Chapter 3

Review of photoacoustic

thermometry approaches

3.1 Proof of concept
The first demonstration of photoacoustic thermometry as a method for monitoring

tissue properties in real-time using a photoacoustic imaging system was by Ese-

naliev et al. [49, 148]. The experiments were performed on tissue samples prepared

from freshly excised canine liver, myocardium and absorbing aqueous solution of

potassium chromate as a phantom (K2CrO4). Their work demonstrated that the pho-

toacoustic (PA) pressure amplitude p changes with temperature linearly, as well as

experimentally confirmed the correlation between the PA signal amplitude and the-

oretical data on the Grüneisen parameter for water [48, 47]. Although their method

could only monitor temperature rise in tissues by detecting the pressure wave ampli-

tude and using it as an indication of temperature changes of approximately 1-2°C,

with this, the foundations of photoacoustic thermometry were laid. The studies fol-

lowing this work can be divided into linear fitting methods, ratiometric methods and

alternative approaches.

3.2 Linear fitting
Linear fitting methods are based on the assumption that the Grüneisen parameter

of optically absorbing aqueous solutions and tissues is linearly-dependent on tem-

perature (Eq. 2.11) and spatially homogeneous. The material-specific parameters A
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and B are determined using an a priori calibration utilising a thermocouple or other

temperature monitoring technique and fitting the recorded PA pressure profiles to

these data. This type of calibration is confined to temperatures within which the

Grüneisen parameter follows the linear relation in Eq. 2.11 and is only valid for one

specific and localised tissue sample on which the calibration has been performed,

and thus cannot be used universally. Using the linear fitting approach can, how-

ever, be useful to provide a qualitative indication of localised temperature-induced

changes in tissue.

The linear fitting approach was first proposed for real-time monitoring of hy-

perthermia by Larin et al. [113] who performed slow and rapid heating experiments

on canine liver samples and gelatine phantoms embedded with thermocouples. The

optical absorption of the phantom was increased by using India ink as an absorber

and the phantoms heated from 22 °C to 28 °C. Although this temperature range is

relatively small, this work acknowledged the need for a phantom material other than

real tissues. As a water-based material, gelatin is an adequate choice but due to its

low melting point between 25 °C and 35 °C [121] is not suitable for use in thermal

applications that use higher temperatures.

The linear fitting approach was later adopted in various studies [177, 207, 58,

59, 30, 31, 97, 145, 144], the most notable of which are reviewed here. Singular-

value decomposition (SVD) was used to obtain the temperature profile of HIFU-

induced heating in polyacrylamide gel phantoms by linear fitting of the eigenvalues

of a selected eigenvector to the thermocouple data [30, 31]. The use of SVD, in this

case, is based on the assumption that distinct eigenvectors can track temperature

information, cavitation noise and system noise. The post-processed PA-SVD-based

temperature profile correlated well with the thermocouple measurements for ex-

posures at HIFU focal intensities lower than 200 W· cm-2, however, this method

does not yield results in real-time and is thus of limited value for use in therapeutic

guiding.

In another study, the linear fitting method was used for identifying the presence

of photoabsorbers prior to photothermal cancer therapy and monitoring temperature
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rise during therapy [177]. The experiment was performed on fresh porcine samples

and validated using a polyvinyl alcohol (PVA) phantom containing silica particles

for acoustic contrast and gold nanoparticles as photoabsorbers. The PVA phantoms

exhibited a 40 % signal increase over a 9 °C temperature range. Assuming constant

optical properties, the tissue parameter A was calculated by raising the sample tem-

perature by ∆T = 1 °C and computing the pressure rise ∆P normalised to the PA

signal amplitude P at a known local temperature as:

∆T = A
∆P
P

. (3.1)

A novel PA microscopy-based method for single-cell temperature sensing was

developed and further combined with fluorescence microscopy to obtain intracel-

lular temperature [58, 59]. Using the linear fitting method, it was experimentally

shown that, above a certain threshold temperature, tissues undergo irreversible

changes which are then visible in the PA signal amplitude as a plateau region

[145, 144]. This showed potential for use as an indication of when tissue coagu-

lation occurs and thermal therapy should be ended. Brinkmann et al. [20] used this

approach and showed that PA pressure amplitudes can be processed in real-time in

order to automatically switch off the laser during retinal photocoagulation when the

desired temperature is reached and maintained for a certain time, using an algorithm

that processes generated pressure transients to determine the average temperature

rise and reveal the peak temperature. Prior to this, the pressure/temperature cali-

bration was performed by either comparing PA signal amplitude with thermocouple

data or applying probe laser pulses prior to treatment and thus measuring the pres-

sure amplitude corresponding to body temperature (T = 37 °C). This work is only

one of many clinical studies that are being done, bridging the fields of ophthalmol-

ogy and photoacoustics, striving towards photoacoustic thermometry for achieving

automatically controlled retinal photocoagulation.

The studies reviewed so far have focused on measuring temperature changes

at a single point. The first use of temperature maps in photoacoustic thermometry

produced relative maps of deep tissue temperature created by simultaneously imag-
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ing two targets, one of which was kept at a known temperature [97]. The target was

prepared by coating chicken breast tissue with India ink for optical contrast. The

temperature was initially monitored at a single point using a thermocouple in order

to determine the relationship between the normalised PA signal amplitude and the

actual temperature [98]. This relationship was then translated onto the PA images

to turn them into temperature maps, assuming homogeneous properties across the

tissue sample.

A dual-mode real-time photoacoustic and ultrasound imaging system synchro-

nised with a HIFU treatment machine was used by Kim et al. [104] as a platform

for facilitating the translation of photoacoustic thermometry to clinical applications.

The system was validated using phantom, and ex vivo and in vivo animal studies.

The phantom used was a methylene blue solution in a syringe that was sandwiched

between two layers of chicken breast. The presence of the syringe and its effect

was not investigated and it is difficult to assess how the presence of tissue affected

the temperature dependence of the PA signal amplitude. The measurements were

calibrated by simultaneously acquiring and correlating PA signal amplitudes and

temperature data using a 1.57 mm diameter hypodermic thermocouple embedded

to the site of heating or used as a PA imaging target. However, viscous heating

is known to induce movement in similar thermocouples and incorrect temperature

measurement [5, 32], thus questioning the accuracy of the reported results. Also,

the optical fluence was considered constant at all depths, thus the assumption that

only the Grüneisen parameter varies with temperature is incorrect. Nonetheless,

this study demonstrated the feasibility of real-time monitoring of HIFU treatment

procedures.

3.3 Ratiometric methods

In studies using ratiometric methods, the calibration of tissue-specific parameters

is performed by comparing the recorded PA signal pressures with the reference

value p0 at the baseline temperature T0. Here, a linear temperature dependence of

Γ is still assumed. Larina et al. [114] proposed a calibration method that could be
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performed by measuring tissue surface temperature and relating it to the pressure

signal induced at this point, followed by a comparison to the PA signals generated

at a certain depth within the sample. The samples used were canine liver samples

and gelatine phantoms as described in the authors’ previous works where the linear

fitting approach was used [49, 113]. It was experimentally shown that the optical at-

tenuation and reduced scattering coefficients in aqueous solutions and well-perfused

tissues at 1064 nm do not change significantly during moderate heating in the tem-

perature ranges used in hyperthermia, which is an important aspect of temperature

and image reconstruction.

The work done by Petrova et al. initially utilised the normalised PA intensity

for the evaluation of relative temperature changes of Grüneisen parameter in opti-

cally absorbing aqueous solutions [153]. This study was the first to acknowledge

that the requirements for real-time in vivo PA thermometry included correcting for

temperature-induced changes in the speed of sound, estimating the local PA inten-

sity and normalising it to the PA intensity measured at a known local temperature,

as well as performing the measurements in the linear regime of the Grüneisen pa-

rameter dependence on temperature, ie. over a limited temperature range. A uni-

versal behaviour of normalised temperature-dependent PA response (ThOR) was

later discovered in blood near the isosbestic point of haemoglobin (λ = 805 nm).

The photoacoustic signal in tissues with rich vasculature arises predominatly from

blood. Temperature changes affect the equilibrium between oxygenated and de-

oxygenated forms of haemoglobin everywhere but the wavelength of the isosbestic

point. By measuring the universal blood calibration curve for a particular biological

population, the temperature was retrieved by obtaining intensity-normalised pho-

toacoustic images. This approach provides a solution to the problem of variability

of Γ between tissues, but can only be used for well-perfused tissues and under the

assumption that the temperature of blood is equivalent to that of the surrounding

tissues. These findings were later used to convert PA images to temperature maps

[156] and applied to in vivo canine experiments for prostate cryoablation [154].

An algorithm was developed that allowed post-processing of the collected PA data
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for temperature mapping and provided a temperature accuracy of 2 °C and spatial

resolution <1 mm. The feasibility of the proposed technology for future clinical

application was demonstrated [155].

In another study by Landa et al. [108, 109], volumetric temperature monitor-

ing method was introduced based on real-time acquisition of 3D PA data coupled

with a thermal-diffusion-based model of heat distribution in tissues. The experi-

ments were perfomed on chicken breast tissue samples with inserted tubings filled

with murine blood. This method distinguishes between signals coming from the

actual heat source and those affected by heat diffusion, however, it relies on accu-

rate data for water and water-like aqueous solutions. The method was later used

to monitor tissue heating induced by medium intensity focused ultrasound (MIFU)

during physiotherapy [111]. The volumetric temperature maps were acquired us-

ing a two-dimensional piezoelectric spherical matrix array with a field of view of

approximately 1 cm3 and the temperature rise at a given point was estimated from

the relative increase in the photoacoustic signal intensity. The method was demon-

strated using ex vivo bovine tissue samples and validated using an agar-based tissue

mimicking phantom containing 1.3 % w/w agar dissolved in water, 7.8 % w/w alu-

minium oxide and India ink. The phantom measurements were verified using a

thermocouple placed within the illumination field in the phantom. The phantom

was heated from 23 °C to 40 °C but no details on the thermocouple diameter were

given, thus it is unknown whether the measurement could have suffered from vis-

cous heating artefacts. The temperature estimates using this method can be consid-

ered reliable due to the high water content of the phantoms. In the case of bovine

tissue samples, no temperature verification method was used and only differential

3D photoacoustic images of MIFU heating were presented. This method is thus suit-

able for visualising heat diffusion only in the superficial tissue (up to 3 mm depth),

and the accuracy of the presented temperature distribution is limited to tissues rich

in water content. As in all the photoacoustic thermometry methods reviewed so far,

the method is also limited to temperatures below the coagulation threshold when

irreversible changes in optical properties are induced by heating and ultimately ab-
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lation. This limitation was addressed by assessing the boundaries of the induced

ablation lesion based on detecting positive variations in the time derivative of pho-

toacoustic signals [110]. The method was tested on a 1 cm thick porcine heart

sample utilising a spherical array and radiofrequency (RF) source for ablation. The

ablation was monitored at 6 mm and 10 mm depth and the lesion visually inspected

afterwards. The ability of the method to detect ablation was confirmed by observing

sharp changes in the slope of the time profile of the photoacoustic signal intensity.

Yao et al. presented a method based on the dual temperature dependencies of

Grüneisen parameter and speed of sound of tissues [217], where the irrelevant fac-

tors were eliminated by taking ratiometric measurements of both PA signal ampli-

tude and the acoustic time of flight ∆t at two adjacent temperatures, and experimen-

tally calibrating for unknown coefficients for porcine tissues. In a follow-up of this

work, an optical-diffusion-model-enhanced PAT for absolute temperature mapping

in tissues was proposed [228]. This method correlates the temperature of the body

surface to the deep-tissue temperature and uses the linear relationship of Grüneisen

parameter for soft tissues (Eq. 2.12), although the authors themselves have stated

that not all soft tissues can be accurately generalised.

The feasibility of use of nanomaterials as contrast agents for photoacoustic

thermometry was assessed by Liu et al. [120]. The photoacoustic signals arising

from carbon nanoparticles were reportedly compared to the water signals and exhib-

ited the same linear relationship with temperature. However, as the laser wavelength

used for illumination was 532 nm, and the water absorption at the given wavelength

is negligible (<0.0004 cm-1 [65]), the PA signal arising from water would have an

amplitude lower than the noise equivalent pressure of the detector. The presented

waveforms were most probably arising from reflections within the experimental

setup or edge waves, thus the conclusion that carbon nanoparticles are suitable as

contrast agents for photoacoustic thermometry is questionable. This study, however,

translated a useful medical imaging concept to thermometry which could potentially

solve some of the technique’s challenges.

Finally, a new thermal-energy-memory-based photoacoustic thermometry
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(TEMPT) technique was proposed [227] that differs from all the work previously

done by not requiring the knowledge of the tissue baseline temperature, but rather

probing the Grüneisen parameter of the illuminated tissue and estimating the tem-

perature using Eq. 2.12. This is done by using a burst of nanosecond laser pulses to

induce a transient temperature rise (determined to be 2 °C on average) and exploit-

ing the fact that the initial photoacoustic signal amplitude carries information about

the tissue’s baseline temperature, while the following PA signals reflect the local

temperature rise. Performing a ratiometric measurement and reconstruction of the

Grüneisen parameter at the baseline temperature, however, requires the calibration

of the system parameters as well as the knowledge of the linear dependence of the

Grüneisen parameter on temperature, the mass density of tissue and its specific heat

capacity at constant volume, the literature values of which exist but their accuracy

cannot be determined. The feasibility of real-time in vivo temperature monitoring

was demonstrated for HIFU-induced heating of a mouse limb, however, thermocou-

ple validation was performed on an ex vivo chicken tissue and included heating up

to 80 °C, although the linearity between the Grüneisen parameter and temperature

may no longer be valid for temperatures above 50 °C due to protein denaturation and

coagulation. Coupled with the generalised expression for the linearity of Grüneisen

parameter of soft tissues with temperature, the actual accuracy of temperature es-

timates is uncertain. Nevertheless, TEMPT provides an innovative technique for

the measurement of the Grüneisen parameter, provided the aforementioned sample

properties are known and the system calibration is performed.

3.4 Generalised approach for the estimation of tem-

perature changes

A generalised approach to estimating temperature change induced by HIFU can be

described as using two subsequent photoacoustic images taken before and during

heating and performing some ratiometric calculations. Assuming that the tempera-

ture dependence of the Grüneisen parameter takes a linear form (Eq. 2.11) and using
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Eq. 2.9, these images can be described as:

before heating s0(r) = (AT0(r)+B)µaΦ(r). (3.2)

during heating s1(r) = (AT1(r)+B)µaΦ(r), (3.3)

Here, s1(r) and s0(r) are the photoacoustic source distributions reconstructed from

the time series measurements of p(rs, t) at the position r, while T1(r) and T0(r) are

the temperature distributions. These two equations can be rearranged to eliminate

µaΦ and give:

∆T = T1 −T0 = (
s1 − s0

s0
)(T0 +

B
A
). (3.4)

By assuming the initial temperature distribution is known across the image volume,

the difference of the two images and their quotient provides a 3D temperature map.

The advantage of this approach is that a small change in an image is made more

visible by subtracting the reference image (difference image), while by dividing

this by the reference gives a quotient image which is proportional to the percentage

change in Γ and is no longer dependent on the fluence.

3.5 Discussion and conclusions
Several different photoacoustic thermometry methods have been presented, each of

which has contributed to a better understanding of the complex requirements that

this field poses. Many of the methods described are based on calibrating the PA sig-

nal amplitude to thermocouple temperature data [114, 207, 144, 113, 177, 145, 58,

59, 20, 203]. This is valid only for the tissue region that has been used for calibra-

tion and thus cannot be used universally. Also, these methods are based on a linear

relation between the Grüneisen parameter and temperature valid in absorbing aque-

ous solutions, which is neither accurate for all tissues nor linear in all temperature

ranges. Therefore these can generally only be used as an indication of temperature

rise, rather than an absolute measurement of temperature in tissue under investiga-

tion.

Other methods avoided this kind of calibration by taking ratiometric measure-
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ments [97, 98, 217]. However, here the medium properties such as the Grüneisen

parameter were assumed to be spatially homogeneous, which may not be a valid

assumption in heterogeneous media such as tissue. Due to variability of Grüneisen

parameter, there is a need to ensure that these techniques are validated and their

accuracy assessed in the clinical applications in which they will be used.

The methods utilising in silico models [30, 31, 108, 109] have the ability to

distinguish the temperature information from noise, as well as signals arising from

the actual heat source from those affected by heat diffusion. These are thus suitable

for model validation and quality assurance tests but, as the results are not provided

in real-time, are of less use in monitoring thermal therapies.

The most promising method for monitoring temperature distribution during

thermal therapies to date utilises the newly-discovered universal behaviour of nor-

malised temperature-dependent PA response (ThOR) in blood which solves the

problem of variability of the Grüneisen parameter between highly perfused tissues

[153, 156, 154, 155]. Another step towards clinical translation can be seen in the lat-

est studies focussing on monitoring HIFU-induced heating in real-time [227, 104].

More testing and rigorous validation, however, would give greater confidence that

the in vivo results are quantitatively correct. The thermal-energy-memory-based

photoacoustic thermometry (TEMPT) technique [227] provides a valuable means

of measuring the tissue’s Grüneisen parameter and could potentially solve some

issues encountered in other photoacoustic thermometry techniques.

To summarise, photoacoustic thermometry provides a potential means of accu-

rately monitoring temperature changes during thermal therapies in real-time. How-

ever, the conversion of photoacoustic signal amplitude to temperature depends on

the Grüneisen parameter, which is not only tissue-specific but may vary from pa-

tient to patient. Additionally, the optical absorption coefficient contributes to the

amplitude of the generated photoacoustic pressures in an intrinsic property called

the photoacoustic conversion efficiency µaΓ. The variability in µa with tempera-

ture for tissues is poorly reported in literature. Thus a method is needed for either

accurately determining the optical absorption coefficient and Grüneisen parameter
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during temperature monitoring or eliminating it from the conversion, with the pos-

sible solutions looming from ratiometric methods or using ThOR as a parameter for

converting PA images to temperature maps.

In order to validate photoacoustic thermometry techniques, a stable material

with known properties is needed. Several works reviewed above acknowledged the

need for such validation, however, the phantom materials used were inadequate for

the application (low melting point of agar [111] and gelatin [113]) due to their prop-

erties or required extensive preparation yielding variable optical properties (PVA

[177]). The ideal material should have strong temperature-dependent properties and

be well-characterised. Formed into a phantom, this can also be used to tackle other

challenges encountered in new imaging and therapeutic modalities, such as system

characterisation and outcome predictions. The requirements for such a phantom are

addressed in Chapter 6 and currently available materials reviewed.
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Chapter 4

Hydrophone calibration using a

reference transducer

4.1 Introduction

The main aim of this thesis is improving the metrology practices required to vali-

date emerging temperature monitoring techniques such as photoacoustic thermom-

etry. As an imaging modality, one of the most important aspects of validating its

approaches is the use of a stable phantom material with known properties. This ma-

terial must be well-characterised across a wide range of temperatures relevant to the

application. In order to do so, the variation in hydrophone sensitivity with temper-

ature must be known. This knowledge is scarce in the literature, with temperatures

covered only between 16 °C and 24 °C [161, 183]. Thus in order to obtain accurate

results in material characterisation measurements, Part II of the thesis investigates

two approaches to temperature-dependent transducer calibration.

Hydrophones can be calibrated with reference to another calibrated reference

hydrophone (substitution procedure) or by performing an absolute calibration. In

this work, the focus is on the latter. The first method, described in this Chapter,

utilises a reference transducer whose output power is known as a function of tem-

perature which can then be used to characterise the free-field sensitivity of a hy-

drophone. As the knowledge of variability of transducer output with temperature is

not readily available, two independent methods are first used to investigate the ef-



4.2. Hydrophone calibration methods 39

fect of temperature increase on the output of two PZT transducers. The first method

uses radiation force balances as a technique for determination of transducer power

output as given in IEC 61161 [80]. The second method, laser vibrometry, is based

on optical interferometry, where the sound pressure is calculated from the mea-

surement of the displacement of an acoustically reflective membrane (IEC 62127-2

[83]). Chapter 5 introduces an alternative approach to temperature-dependent hy-

drophone calibration by using water as a laser-generated ultrasound source.

An overview of hydrophone calibration methods and PZT transducers is given

in Sections 4.2 and 4.3. The specific methods used in this chapter are then described

in Section 4.4, followed by details on data analysis and measurement uncertainty

calculations. The study findings are presented in Section 4.5 and conclusions de-

rived thereof. The journal article in [7] has been modified and adapted to form parts

of this chapter, with reprint permission under CC BY 4.0 License.

4.2 Hydrophone calibration methods

4.2.1 Overview

Hydrophones are devices used for absolute measurements of the properties of an

acoustic field and their sensitivity can be calibrated according to the IEC 62127-2

[83] standard. A companion standard also specifies the methods for measurements

of acoustic fields generated by ultrasound medical equipment in liquids (IEC 62127-

1 [82]). During these measurements, the temperature of the bath should ideally

match the temperature at which the hydrophone was calibrated. The electroacoustic

properties of hydrophones vary with temperature [159] and for this reason, they are

usually calibrated close to the intended application temperature. For most appli-

cations, the calibration is performed at a room temperature of 22 °C ± 3 °C [81].

Although corrections to hydrophone sensitivity may be applied in order to adjust

the derived transducer characteristics to a different temperature of interest, these

corrections are only known for a small range of temperatures.
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4.2.2 Hydrophone calibration without using a standard trans-

ducer

The temperature dependence of hydrophone sensitivity has previously been mea-

sured for temperatures between 16 °C and 24 °C using the NPL Primary Stan-

dard Laser Interferometer [161, 183]. A coplanar-shielded membrane hydrophone

showed a relative variation in sensitivity of 6.5×10-3 °C-1 (approximately 6 % over

the temperature range), while a bilaminar-shielded membrane hydrophone showed

a smaller variation (less than 2.5×10-3 °C-1 or approximately 2 %). The primary

calibration of hydrophones is typically based on optical interferometric techniques

which determine displacement of a pellicle in an acoustic field, which is propor-

tional to the applied pressure. The pellicle is then substituted with a membrane hy-

drophone and the electrical signal from the device is acquired in the same position

of the field. As the acoustic field is the same for the pellicle and the hydrophone, this

method can be used to determine the variation in sensitivity of a hydrophone with

changes in water temperature, without introducing errors caused by the sensitivity

of the ultrasonic source transducer to temperature variations [159]. However, these

measurements are performed in only a handful of specialised laboratories in the

world. They also require each of the measurement components (e.g. transmission

of the pellicle, interferometer, laser spot size, etc.) to be known at each temperature

the hydrophone is calibrated (IEC 62127-2, Annex F [83]). For this reason, most

primary hydrophone calibrations are performed at only one temperature.

The self-reciprocity calibration method uses the theory of acoustic transduc-

tion and propagation to generate a known acoustic pressure field without the need

for a primary standard or standard transducer (IEC 62127-2, Annex K [83]). The

hydrophone being calibrated is used as both a transmitter and receiver. It emits an

ultrasonic tone burst onto a reflector and subsequently receives the reflected signal.

The quantities measured are electrical and absolute values can be measured with

low uncertainties. However, this requires specialised equipment and the knowledge

of all the components’ uncertainties. The technique also requires a minimum ge-

ometrical adjustment to be carried out and is suitable for a relative measurement
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of temperature-dependent variation in hydrophone sensitivity by changing the wa-

ter bath temperature. However, calibration by self-reciprocity is not applicable to

all hydrophones. Generally, high-frequency hydrophones do not produce sufficient

acoustic output due to their small element size and thus cannot be calibrated using

this technique. The minimum diameter for a practical transducer is about 2 mm

[83].

4.2.3 Hydrophone calibration using a standard transducer

A hydrophone can be calibrated by measuring the output of a standard transducer

utilised as a source of ultrasonic power. This transducer can be a standard device

of known and reproducible output power, or its output power may be determined

prior to hydrophone calibration using radiation force balance techniques as given

in IEC 61161 [80]. During the calibration, the transducer is driven using the same

drive voltage as used in the radiation force balance measurement. A gated sinu-

soidal excitation (tone burst) is used containing a sufficient number of oscillations

to ensure steady-state conditions but also avoid reflections. The hydrophone is then

positioned in the far field of the transducer and the lateral position of the peak acous-

tic pressure located. The far field of a transducer is defined as all the points after the

last axial pressure peak, which for a planar transducer corresponds to the Rayleigh

distance:

far field z >
a2

λ
(4.1)

where a is the transducer radius and λ is the ultrasonic wavelength. In order to per-

form a temperature-dependent hydrophone calibration, first the output of a standard

transducer must be determined for the relevant temperature range.

4.3 PZT transducers
Piezoelectric ultrasound transducers use the inverse piezoelectric effect to gener-

ate ultrasound waves. A piezoelectric ceramic that is frequently used in medical

ultrasound is lead zirconate titanate (PZT). Piezoelectric materials and their elec-

tromechanical properties can be fully characterised with a set of independent me-

chanical, piezoelectric and electrical parameters [33]. The piezoelectric coupling
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Table 4.1: Mechanical and piezoelectric coefficients used in the calculation of the piezo-
electric coupling factors [33].

Coefficient Description SI Units Constant

e31, e33
piezoelectric stress
coefficient

C/m2

d31, d33 piezoelectric coefficient C/N

cD
33

elastic stiffness
coefficient

N/m2 dielectric displacement D

εT
31, εS

33, εT
33 dielectric permittivity F/m strain S, stress T

sE
11, sE

33 elastic compliance m2/N electric field E

factor k can then be calculated, which is a measure of the efficiency with which

the crystal converts energy from electrical to mechanical. Note, however, that this

does not take into account losses in the system and is therefore not directly equiva-

lent to transducer efficiency [57]. The piezoelectric coupling factor depends on the

boundary conditions surrounding the element and the piezoelectric element vibra-

tion mode. In the case of a PZT transducer operating in thickness mode, with lateral

dimensions much greater than the thickness of the piezoelectric layer, the two most

relevant piezoelectric coupling factors are defined as [33]:

kt
33 =

e33√
cD

33εS
33

; kl
33 =

d33

sE
33εT

33
(4.2)

where kt
33 relates to lateral clamping and kl

33 strain-free (unclamped) conditions

(kt
33 < kl

33). The parameters in Eq. 4.2 are defined in Table 4.1.

Of particular interest here are the transmission (strain) coefficient d describing

the strain produced per unit of applied electric field, and the parameter e relating

the mechanical and electrical properties of the material. Additionally, a change in

dielectric properties alters the capacitance of a piezoelectric material and thus the

electrical matching criteria of a PZT transducer.

The temperature dependence of the elastic, dielectric and piezoelectric coef-

ficients of PZT ceramics and films has been investigated in several studies, with

measurements performed on a variety of PZT types ranging from commercially

available PZT-5H [204], various hard and soft PZT materials such as PZT 52/48
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and PZT-500 [226], respectively, to PZT mixtures with varying concentrations of

PbTiO3 [211].† All studies reported an increase in transmission coefficients d31 and

d33 with temperature [204, 226, 211, 229, 134, 62] as well as e31 [211], where a

stronger dependence was associated with a decreasing PbTiO3 content. The relative

dielectric permittivities εT
11 and εT

33 exhibited a very large increase with temperature

[204, 226, 211, 62, 181], while elastic compliance coefficients sE
11 and sE

33 followed

a weakly increasing trend for soft PZT, but no change was observed in hard PZT

materials [62]. The piezoelectric coupling factors k11 and k33 increased for undoped

PZT [229], while kt
33 was independent of temperature in a study that also showed

kl
33 decreases for hard PZT whereas for soft PZT it increases until 0 °C followed by

a decreasing trend [62]. In summary, changes in temperature have greater influence

on the properties of soft PZT materials [62] than hard PZTs, and their response

depends on dopants present [215].

Using the existing literature, it is challenging to predict the precise behaviour

of a PZT transducer at elevated temperatures. The properties of the material used

for the piezoelectric layer have a strong dependence on dopants as well as the field

conditions such as temperature and hydrostatic pressure. These coefficients also

do not represent all the factors influencing the ultrasound transducer output. For

example, the electrical impedance of the transducer and its matching with the signal

chain must also be taken into consideration. This is why a direct measurement of

the variation of the transducer’s output with temperature is necessary.

†The designation of soft and hard PZT ceramics refers to the mobility of dipoles (or domains)
and hence also to the polarization and depolarization behavior. Briefly, soft ceramics are created by
adding small amounts of a donor dopant leading to a creation of metal (cation) vacancies, while hard
PZTs are doped with acceptor ions thus creating oxygen (anion) vacancies in the crystal structure
[71]. These dopants in turn determine the characteristic features of the PZT material and thus its
application suitability.
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4.4 Methods

4.4.1 Radiation force balance

Theoretical background

The propagation of ultrasound through a medium leads to a simultaneous trans-

fer of momentum. If the ultrasound beam is intercepted by a target, the resulting

radiation force on it is proportional to the acoustic power Wtot [13, 12]. This prin-

ciple is exploited by radiation force balances (RFB), internationally accepted for

characterizing ultrasound power [80]. Radiation force F is typically determined by

measuring the change in weight ∆m of an initially buoyant target [160]:

F = ∆mg (4.3)

where g is the acceleration due to gravity. For a plane wave incident on a perfectly

absorbing target, the radiation force is given by:

F =
Wtot

cw
(4.4)

where Wtot is the total acoustic power emitted by the transducer and cw is the speed

of sound of the medium, usually water [192]. For a reflective target, the force

depends on the target geometry and material, and Eq. 4.4 can be generalised by

multiplying by the right hand side by the factor h

h = 1+Rcos2θ (4.5)

where R is the amplitude reflectivity coefficient of the target surface, and θ is the

angle between the direction of the incident ultrasound beam and the normal to the

target surface [13].

A typical RFB setup can be seen in Fig. 4.1. The transducer-target separation

x in the setup is determined by the target type, but is usually kept at the minimum

distance possible in order to reduce the effects of attenuation and acoustic streaming

[13]. Due to the acoustic absorption of ultrasound in water, the power loss from the
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beam increases with the distance and a correction for this is applied in the form:

Wcorr =Wtote2αx (4.6)

where Wcorr is the corrected transducer power output, Wtot is the measured power,

α is the absorption coefficient in Np/m at the measurement frequency, and x is

the transducer-target separation. Under a plane wave assumption and using the

expression for the average acoustic intensity [33], the acoustic pressure p generated

by the transducer is proportional to:

p ∝
√

ρwcwWcorr (4.7)

where ρw and cw are the temperature-dependent density and speed of sound in water,

respectively [94, 126].

Figure 4.1: Radiation force balance setup. Transducer is positioned above the suspended
target immersed in a tank filled with degassed deionised water, with the trans-
ducer’s beam axis perpendicular to the target. The tank is placed on the balance
pan and the balance readout sent to a PC so as to track the changes in weight
caused by the ultrasound transmitted from the transducer.

Measurement setup

The transducers used in this study were two unfocussed PZT transducers from

Olympus (Panametrics NDT, Tokyo, Japan), namely a 1 MHz transducer (A392S-
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SU, U8421057) with an active diameter of 1.5” (38.1 mm) and a 2.25 MHz trans-

ducer (A304S-SU, U8421006) with an active diameter of 1” (25.4 mm). The

characterisation of the transducer output power was performed using two radia-

tion force balances available at the National Physical Laboratory (Teddington, UK),

both utilising a high-performance analytical balance (AC211S Balance, Sartorius,

Göttingen, Germany). The two configurations are shown in Fig. 4.2. The schematic

of the two balance configurations in Fig. 4.2 can be found in IEC 61161, page 43,

Figure F.2 and Figure F.3 [80]. The frame holding the target is connected to the

force measuring point on the balance and hence the weight of the tank is not felt by

the balance.

(a) (b)

Figure 4.2: Radiation force balance (RFB) configurations with a suspended (a) flat absorb-
ing target; (b) conical reflecting target.

The configuration shown in Fig. 4.2(a) uses a suspended flat absorbing target

made of either HAM A-LF (NPL, Teddington, UK) [223] or Aptflex F28P (Pre-

cision Acoustics Ltd., Dorchester, UK) acoustic absorber material, both of which

satisfy the requirements of IEC 61161 [80]. The advantages of using a flat absorbing

target include simplified corrections for non-perpendicular incidence, as the radia-

tion force is in this case insensitive to small changes in angular alignment [189], and

the reduced distance between the transducer and the target, thereby reducing the

magnitude of the applied corrections for small-signal attenuation in water, which

can be significant at higher frequencies. However, the absorbed ultrasound will
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cause the target material to heat up, resulting in thermal expansion and a change in

buoyancy. This in turn may cause the weight of the target to drift and give rise to

errors in the measurement of the radiation force [189].

In the configuration shown in Fig. 4.2(b), a suspended air-backed convex cone

is used as a reflecting target. In this case, the factor h (Eq. 4.5) is determined by

the direction and magnitude of the reflected beam assuming 100 % reflectivity. The

target used in Fig. 4.2(b) is right-angled ensuring the reflected ultrasound is directed

perpendicular to the beam axis and thus away from the transducer. The main ad-

vantage of using a reflecting target is that it absorbs very little acoustic energy, so

buoyancy changes due to thermal expansion of the target are negligible. Hence

thermal drifts caused by absorption have no effect on the force being measured.

All measurements were performed in an enclosure with air temperature con-

trol. The tank was filled with degassed deionised water in order to prevent the

occurrence of cavitation which can produce an increase in the attenuation of ul-

trasound due to scattering and absorption [179]. The water was treated with an

in-house system (Purelab Option-R 7/15, ELGA LabWater, High Wycombe, U.K.)

and the conductivity in the tank was measured using a conductivity meter (CON450,

Eutech Instruments, Singapore) and was 0.80 µS at 19 °C. The temperature of the

air and water were monitored using K-type thermocouples and logged using a Pico

thermocouple data logger (TC-08, Pico Technology, St Neots, UK). The water was

preheated to 50 °C, and measurements taken every 2 °C from 46 °C to room tem-

perature of 22 °C, at the state of thermal equilibrium, i.e. once both the enclosure

air and water temperature were equal.

The PZT transducers were driven by a waveform generator (33600A, Keysight

Technologies, Santa Rosa, CA, USA) connected via a 150 W power amplifier

(150A100B, AR, Souderton, PA, USA), both matched to an electric impedance of

50 Ω. Measurements were made under continuous wave (CW) conditions, where

the transducer was excited by a sinusoidal wave with a frequency set to the centre

frequency of the transducer. The transducer drive voltage was monitored using a

Tektronix TPP0850 scope probe and MSO54 Tektronix 5 series mixed signal os-
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cilloscope (Tektronix, U.K. Ltd., Berkshire, UK) and was kept constant at a peak

positive voltage of 14 V. This was done by adjusting the amplitude on the signal gen-

erator from 86 mVpp at a temperature of 46 °C to 80 mVpp at 22 °C for the 1 MHz

transducer, and from 72 mVpp at a temperature of 46 °C to 66 mVpp at 22 °C

for the 2.25 MHz transducer. Ideally, these measurements should be performed by

keeping the input electrical power to the transducer constant. However, this requires

knowledge of the temperature-dependent electrical impedance of the transducer, a

parameter which is not always readily available. Instead, the drive voltage was kept

constant throughout the RFB measurements as this parameter can be easily moni-

tored and controlled during experiments [67]. The temperature-dependent electrical

impedance was later measured to give the values of the electrical power input and

the transducer efficiency, as described in Section 4.4.3.

During the RFB measurements, the transducer was switched on for a pe-

riod of 10 s and then switched off for a period of another 10 s, with four on-off

transitions for each measurement temperature. Data were acquired and processed

by a LabVIEW application written in-house that accounts for the target type and

temperature-dependent speed of sound of water. It also performs attenuation cor-

rections given the transducer-target separation distance and minimises errors arising

from drifts in “zero” levels and readout levels of the balance by extrapolating the

change in readings to a common time in the measurement sequence.

4.4.2 Laser vibrometry

Theoretical background

Heterodyne vibrometers are used in the primary calibration of ultrasound hy-

drophones, reconstructing the displacement signal from the phase modulation of the

laser beam reflected from a vibrating surface using a suitable decoder [83, 174, 208].

Here, the acoustic pressure generated by a transducer is determined by directing the

ultrasound waves towards a thin reflective pellicle placed within a water vessel. A

thin, acoustically transparent membrane follows the movement of the surrounding

medium and can therefore reveal the particle displacement induced by an ultra-

sound field [160]. Provided the pellicle is optically reflective, its displacement can
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be directly measured using optical interferometry [83]. As ultrasound waves are re-

flected at all boundaries between the water, pellicle and air multiple times, a model

for the acoustic transmission coefficient T of the displacement through the pellicle

must be used [83, 107]. Assuming a plane wave, the acoustic pressure p generated

by an ultrasound transducer is related to the time derivative of the time-dependent

acoustic displacement ξ (t). Taking into account the acoustic absorption of water,

the acoustic pressure inside the water can be calculated as:

p =
ρwcw

Tr
∂ξ

∂ t
eαx (4.8)

where ρw and cw are the temperature-dependent density [94] and speed of sound

[126] of water, respectively, Tr is the transmission factor of the pellicle while α

is the absorption coefficient in Np/m at the measurement frequency and x is the

transducer-pellicle distance in meters.

In the quasi-continuous excitation case, where the ultrasound waves have a

narrowband frequency content centred around the transducer’s centre frequency,

the particle and thus pellicle displacement can be described by:

ξ (t) = Deiωt (4.9)

where D is the amplitude of the pellicle displacement and ω is the angular fre-

quency. In this case, the magnitude of the acoustic pressure generated by the trans-

ducer can be obtained as [83]:

p =
ρwcwωD

Tr
eαx. (4.10)

Measurement setup

A schematic of the measurement setup is shown in Fig. 4.3(a). The transducer under

test was immersed in a tank filled with degassed deionised water, the temperature

of which was controlled using a thermostat (ECO RE415S Silver thermostat, Lauda

GmbH, Lauda-Königshofen, Germany) with an in-built PID controller and J-type
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thermocouple for feedback. The tank was lined with absorbers to avoid reflections

and the generation of standing waves. The transducer was positioned with its front

face parallel to the water surface. A thin reflective aluminium pellicle was placed

on the water surface. This was done in order to avoid errors in the displacement

measurements caused by the water surface vibrations arising from environmental

sources as well as to increase measurement SNR through higher reflectivity. The

pellicle transmission factor was calculated as described in [106] and was equal to

Tr = 2. Factor 2 describes the total reflection of the ultrasound wave at the free sur-

face, where the surface displacement is twice as large as the particle displacement in

water [208]. The pellicle thickness was measured with a micrometer and was 20±2

µm. The pellicle was stretched across a holder design based on embroidery rings,

80 mm in diameter and positioned approximately 10 mm from the transducer face.

The exact distance from the transducer was determined from the time of arrival of

the signals and the known speed of sound in water [126].

The pellicle displacement caused by the ultrasound waves emitted from the

transducer was interrogated using a laser vibrometer (Polytec OFV-5000 vibrom-

eter and OFV-505 laser, Waldbronn, Germany). This was positioned on a 2-axis

motorised stage above the tank, with its beam (λ = 633 nm) directed perpendicular

to the pellicle using a mirror (BB1-E02P, Thorlabs, Inc., Newton, NJ, USA). The vi-

brometer was coupled with a displacement decoder (Polytec DD-300, Waldbronn,

Germany) with a scaling factor of 50 nm/V. Signals were filtered using a Butter-

worth high-pass filter with a cutoff frequency of 0.5 MHz, and low-pass filter with a

cutoff frequency of 10 MHz (3945 multichannel filter, Krohn-Hite, Brockton, MA,

USA). The filter bandwidth was chosen to capture all of the energy emitted from

the transducer. The signal was displayed and averaged (100 averages) on an os-

cilloscope (9304A, Teledyne LeCroy, Chestnut Ridge, USA) and logged using an

in-house LabVIEW program.

During the measurements, line scans were taken across the centre of the trans-

ducer face, with 41 points in 1 mm increments. Examples of voltage signal readouts

for two scan positions are shown in Fig. 4.3(b). It can be seen that the pellicle dis-
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Figure 4.3: Laser vibrometry setup. (a) Transducer is positioned in a water tank with tem-
perature control and J-type thermocouple (TC). A thin reflective aluminium
pellicle is placed on the water surface and the laser vibrometer positioned on a
2-axis motorised stage, with its beam directed perpendicular to pellicle using
mirror. (b) Examples of displacement signal readouts for two scan positions
(scan line: blue dashed line, scan position: red cross).

placement just outside the projection of the edge of the transducer case onto the

pellicle (i) has a lower amplitude than the displacement induced at the centre of

the transducer face (ii). These line scans were later combined into 2D plots using

MATLAB.

Scans were made at temperatures from 46 °C to 22 °C in steps of 2 °C and

repeated using different transducer drive settings in order to measure the relative

displacement of the pellicle and assess how the relative pressure generated by the

transducer changes with temperature. The scans were made once the thermocouple

readings were stable for a minimum of 5 minutes, and the transducer was switched

off between scans at different temperatures to prevent self-heating.

The transducers were driven with three types of excitation signals: broadband

pulsed wave (PW), single cycle sinusoidal wave (sine pulse) and a long burst si-

nusoidal wave at the transducer’s centre frequency as a quasi-continuous (qCW)

case. Although laser vibrometry measurements are usually performed using PW,
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using long burst excitation made the comparison with the radiation force balance

measurements possible. In the PW case, the transducer was driven using a pulser

receiver (5800PR, Olympus, Tokyo, Japan) with a pulse repetition frequency set to

80 kHz, pulse energy of 100 µJ and pulse width of 200 ns. The pulser has a volt-

age output of 400 V, resulting in a large pellicle displacement amplitude and thus

high signal-to-noise ratio (SNR). The maximum pellicle displacement was within

the linear measurement range of the interferometer, with the linearity error for the

decoder below 1 %.

For the sinusoidal excitation, the transducers were driven by a signal genera-

tor (33522A, Agilent Technologies, Santa Clara, CA, USA) connected via a 75 W

power amplifier (A075, E&I, Rochester, NY, USA) and were excited by a single-

cycle sinusoidal wave or a 10-cycle toneburst at the centre frequency of the trans-

ducer. The transducer drive voltage was adjusted in order to achieve an appropriate

signal-to-noise ratio for the measurement. It was monitored using an oscilloscope

(9304A, Teledyne LeCroy, Chestnut Ridge, USA) and remained constant through-

out all measurements with a value of 14 V peak-to-peak (Pk-Pk) for the 2.25 MHz

toneburst, 25 V Pk-Pk for the 2.25 MHz sine pulse, and 35 V Pk-Pk for both the

sine pulse and toneburst for the 1 MHz transducer.

Data analysis

Figure 4.4 shows 2D plots of the pellicle displacement recorded for the three types

of transducer excitations for the 1 MHz transducer (top row) and 2.25 MHz trans-

ducer (bottom row). For the PW and sine pulse excitations, it can be seen that the

ultrasound wave has two parts, namely a direct wave from the face of the transducer

arriving at time t = z/cw, followed by edge waves arriving at a subsequent time

t =
√

a2 + z2/cw, where a is the transducer radius and z is the distance of a point

on the transducer axis from the transducer, here corresponding to the transducer-

pellicle separation. These edge waves are caused by the presence of laterally prop-

agating plate waves that originate from the rim of the transducer and radiate into

the surrounding fluid [33]. Here, the edge and direct waves are clearly separated

in time so that no interference occurs, and the edge waves were gated out in the
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Figure 4.4: 2D plots showing the pellicle displacement for 1 MHz and 2.25 MHz transduc-
ers and three excitations: pulsed wave (PW), single-cycle (sine pulse) and long
burst sinusoidal wave (qCW), respectively.

data analysis. In the qCW case, on the other hand, the calculation suggests the edge

waves arrive at t = 12 µs, thus overlapping with the direct wave. This can be seen

in the 2D plot presented for the 1 MHz transducer. However, as the edge waves

have comparatively low amplitude these were not considered to affect the result.

In order to extract the relative change in pressure generated by the transducer

as a function of temperature, the data were processed in the following manner. For

long burst (qCW) excitation i.e., a narrowband signal with frequency content cen-

tered around the transducer’s centre frequency, a windowed and zero-padded FFT

was applied to the displacement signals spatially confined to the 10 mm centre re-

gion of the transducer. The amplitude information for each time series was extracted

by taking the amplitude of the Fourier spectrum and the transducer centre frequency

(using the extractAmpPhase function in k-Wave [193]). The mean amplitude

of the 11 measurement points and their standard deviation at each measurement

temperature were then used to calculate a relative change in pressure generated by

the transducer between 22 °C to 46 °C, as defined in Eq. 4.10. Here, a minimal

change in beam shape is assumed, e.g., due to changes in the relative arrival time of

the edge waves which depends on the speed of sound in water that changes by 3 %

from 22 °C to 46 °C.
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In the pulsed wave and single-cycle sinusoidal wave excitation measurements,

the frequency content of the signals reflects the transducers’ broadband response.

In order to encompass all the information carried by the signals, the time derivatives

of the data were calculated using a second-order accurate central difference scheme

(using the gradientFD function in k-Wave [193]). The peak particle velocities

were obtained as the maximum absolute value from the 10 line scans corresponding

to the 10 mm centre region of the transducer. The mean and standard deviation

were used in the calculation of the acoustic pressure generated by an ultrasound

transducer as defined in Eq. 4.8.

4.4.3 Electrical measurements

Transducer electrical impedance measurements were performed using an

impedance analyser (4294A, Agilent Technologies, Santa Clara, CA, USA). These

measurements were used to evaluate the transducer efficiency ε , defined as the

ratio of the radiated acoustic power to electrical power. The electrical impedance

measurements also enabled the assessment of how the pressure radiated from the

transducer is altered by changes to the electrical signal supplied to it from a source

of specific impedance. The reflection coefficients and the relevant energy transmis-

sion coefficients were calculated using the measured impedance data, as described

below.

During the measurements, the transducers were immersed in a water bath lined

with absorbers. The temperature of the water bath was controlled using a thermostat

(ECO RE415S Silver thermostat, Lauda GmbH, Lauda-Königshofen, Germany).

The impedance analyser was calibrated using the Short-Open-Load (SOL) tech-

nique [78] and measurements taken for a frequency range from 0.5 MHz to 5 MHz

at temperatures between 22 °C and 46 °C.

The electrical power P to the transducer was calculated as:

P =
V 2

RMS
|Z|

cos
(
arg(Z)

)
(4.11)

where VRMS is the RMS voltage which was kept constant at 10 V (corresponding
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to a peak positive voltage of 14 V), |Z| is the modulus of the measured complex

impedance and arg(Z) was calculated as a 2-argument inverse tangent of the real

and complex part of the measured impedance [96].

In order to assess how the electrical drive system could affect the temperature-

dependent transducer output, reflection coefficients R were calculated assuming

an interface between the transducer (ZT ) and a source with a fixed characteristic

impedance (ZC):

R =

∣∣∣∣ZC −ZT

ZC +ZT

∣∣∣∣ . (4.12)

The coefficients were calculated for temperatures between 22 °C and 46 °C, using

the measured transducer impedance values ZT at the corresponding temperature.

Two cases were investigated, with fixed characteristic impedances ZC of 50 +0j Ω

and a complex impedance of 2 – 11j. The 50 Ω case was considered for scenarios

when using a drive system where function generator and amplifiers have input and

output impedances of 50 Ω, and where all interconnecting cables behave as 50 Ω

transmission lines. In contrast, the output impedance of a pulser is likely to be

a low real impedance plus capacitance but will not be constant. This variation is

difficult to quantify as it arises from the avalanche discharge of a capacitor bank

in the output stage of the pulser, which may vary on a nanosecond timescale. The

complex impedance 2 - 11j is chosen as a representative value. Energy transmission

coefficients were calculated as Te = 1−Re, where Re = R2.

4.4.4 Uncertainty evaluation

Measurement uncertainty was evaluated following the guide to the expression of

uncertainty in measurement [89]. The expanded measurement uncertainty quoted

in the results section was determined using both Type A (random) and Type B (sys-

tematic) uncertainty evaluations and is given as the standard uncertainty multiplied

by a coverage factor, k = 2, providing a coverage probability of approximately 95 %

(p=0.95), according to the method recommended in [196, 89]. Type B uncertainties

arise from several sources, which were independently evaluated or quoted from the

available literature, as briefly described in Table 4.2. The combined standard un-
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certainties of quantities derived from the measured data were obtained according to

the expression of propagation of uncertainty in measurement for uncorrelated input

quantities [89]. Briefly, the standard uncertainty of y, where y is the estimate of

the measurand Y and thus the result of the measurement, is obtained by appropri-

ately combining the standard uncertainties of the input estimates x1,x2, ...,xN such

that y = f (x1,x2, ...,xn). This combined standard uncertainty of the estimate y is de-

noted by uc(y) and is calculated as the positive square root of the combined variance

u2
c(y):

u2
c(y) =

N

∑
i=1

(
∂ f
∂xi

)2

u2(xi) (4.13)

where u(xi) is the standard uncertainty of the input estimates xi and the partial

derivatives are the sensitivity coefficients describing how y changes with variations

in xi.

An uncertainty budget for determination of ultrasound power output using ra-

diation force balances was calculated according to IEC 61161 [80]. Type A un-

certainty for each target type and measurement temperature was assessed from the

four on-off transition differences. Type B uncertainties arise from several sources

which were independently evaluated at different frequencies. Some of these include

the linearity and resolution of the balance system, target imperfections, setup mis-

alignment, acoustic streaming, environmental influences, temperature variations,

oscilloscope resolution and the linearity of the amplifier [80, 196, 6].

For the laser vibrometry measurements, uncertainty budget calculations were

performed as described in [208]. Type A uncertainty for each transducer drive set-

ting and measurement temperature was assessed from the pellicle displacement am-

plitudes of scan points across the transducer face. Sources of type B uncertainties

that were taken into account included pellicle properties, vibrometer noise, decoder

linearity, electrical load correction, distance dependence and repeatability of the

acoustic field, oscilloscope resolution and the linearity of the amplifier [208, 196].

Sources of uncertainty considered for the electrical measurements included

the errors in real and imaginary parts of the measured complex impedance, VNA

uncertainty, and water and transducer temperature.
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Table 4.2: Uncertainty sources and their contributions (k = 1), expressed as a percentage
(%).

Source of uncertainty Standard uncertainty Description
Radiation force balance

Type A 5.00 † Random/repetitions

Balance system including target suspension 0.07 Equal to the error in the measurement of a 20 mg calibration mass

with the target immersed.

Linearity of the balance 0.06 Evaluated from measuring a range of calibrated weights with the

target immersed.

Resolution of the balance 0.24 From balance specifications.

Extrapolation to the moment of switching the

ultrasonic transducer

0.12 This source contributes primarily to random variation and is in-

cluded in the statistical variation of repeat measurements within a

run. An additional contribution of 0.2 % is included here.

Target imperfections 0.70 Calculated taking into account transmission losses, reflection co-

efficient and reflected pressure to the transducer.

Transducer misalignment 0.14 Equal to the cosine of the angle of the transducer to vertical, as-

suming that angle is within 4 degrees (cos = 0.9976).

Water temperature 0.12 Change in speed of sound per degree Celsius calculated from

[126].

Finite target size 0.44 Calculated as 2 % × (minimum acceptable target radius / target

radius).

Plane-wave assumption 0.17 Calculated as plane-wave correction - 1.

Environmental influences 0.30 Evaluated from noise plots.

Transducer temperature 0.14 Calculated assuming a rate of change of 0.25 % per degree Celsius

(based on NIST measurements).

Target type 1.15 Measured in-house.

Difference between turn-on and turn-off value 0.76 Based on previous CCAUV comparison.

Excitation voltage measurement 0.35 Measured in-house.

Laser vibrometry

Type A 3.00 – 8.50 † Random/repetitions

Vibrometer noise 0.02 Interpolated from [208]

Photodiode of vibrometer 0.27 Interpolated from [208]

Electrical load correction 0.58 Interpolated from [208]

Repeatability of acoustic field 0.15 Evaluated from voltage measurements.

Distance dependence of the field 0.15 Interpolated from [208]

Transmission factor of pellicle 0.07 Interpolated from [208]

Decoder linearity 1 % for qCW, 5 % for PW From decoder specifications

Oscilloscope resolution 0.10 Table 1 in [183]

Oscilloscope linearity and distortion 0.29 From oscilloscope specifications

Oscilloscope temperature and time dependance 0.03 Table 1 in [183]

Alignment and time delay 0.10 UKAS Improvement Action Report 2017.

Transducer misalignment 0.14 Equal to the cosine of the angle of the transducer to vertical, as-

suming that angle is within 4 degrees (cos = 0.9976).

Water temperature 0.12 Calculated from [126]

Finite target size 0.44 Calculated as 2 % x (minimum acceptable target radius / target

radius).

Plane-wave assumption 0.17 Calculated as plane-wave correction - 1.

Environmental influences 0.25 Evaluated from noise plots.

Electrical impedance

Type A for R 5.00 Random

Type A for X 1.00 Random

Transducer temperature 0.14 Calculated assuming a rate of change of 0.25 % per degree Celsius

(based on NIST measurements).

Water temperature 0.12 Calculated from [126]
† Depending on transducer/excitation mode.
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4.4.5 Statistical analysis

In order to confirm the significance of the observed trends in the results obtained

from both methods, weighted least-squares (WLS) regression was used [93]. Here,

an additional scale factor (i.e. weight) was included in the fitting process, where the

weight is the inverse of the square of the variance of the data point. The weights

determine how much each data point value influences the final parameter estimates

of the fit. For example, a high-quality data point influences the fit more than a

low-quality data point.

4.5 Results and discussion

4.5.1 Continuous wave measurements

Comparison of RFB targets

First, a comparison between the two radiation force balance configurations utilis-

ing absorbing and reflecting targets was performed. Results are shown in Fig. 4.5.

These measurements were done using the 2.25 MHz PZT transducer. It can be seen

that the results for both RFB targets are in good agreement and exhibit an increas-

ing trend in the transducer radiated power with temperature from 22 °C to 46 °C,

corresponding to approximately 1.4 % increase per degree Celsius. The expanded

measurement uncertainty in the radiated power for the absorbing target was around

5 % over the whole temperature range, while for the reflecting target it varied be-

tween 4 % and 8 %. These were mostly due to temperature variations and drifts

in baseline levels and readout levels of the balance caused by the rapid evaporation

rate of water which meant the weight experienced by the balance was continuously

decreasing. The results obtained in these measurements show that the absorbing

target in this case does not suffer from increased measurement errors as previously

described in Section 4.4.1. Due to various advantages of using this configuration,

all subsequent radiation force balance measurements utilised the absorbing target

only.
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Figure 4.5: Power radiated from the 2.25 MHz transducer at temperatures between 22 °C
and 46 °C as determined using the radiation force balance configurations with
(a) absorbing target and (b) reflecting target. Error bars represent the expanded
uncertainty (p = 0.95). The dotted lines represent the weighted least-squares
(WLS) regression fit.

Comparison of RFB and laser vibrometry results

Figure 4.6 shows the temperature dependence of the relative pressure radiated from

the 1 MHz and 2.25 MHz transducers driven with a continuous sinusoidal wave (or

qCW), as determined from the radiation force balance measurements utilising the

absorbing target and laser vibrometry. The measured quantities, namely radiated

power in RFB and pellicle displacement in laser vibrometry, were transformed to

radiated pressure using Eqs. 4.7 and 4.10, respectively, in order to allow the compar-

ison between the two techniques. The values for the temperature-dependent density

and speed of sound of water were obtained from Jones [94] and Marczak [126],

respectively. The results are presented for temperatures between 22 °C to 46 °C,

and are normalised to the values at 22 degrees Celsius, and trends described with a

linear equation (R2 > 0.9).

The results from RFB and laser vibrometry measurements for both transducers

are in good agreement and exhibit an increasing trend in the transducer output with

temperature when driven at constant voltage. Both transducers show consistent

variation with temperature, corresponding to approximately 14 % increase between

22 °C and 46 °C (or 0.6 % per °C).

The expanded measurement uncertainty in the radiated acoustic power for the
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Figure 4.6: Temperature-dependent pressure radiated from the (a) 1 MHz and (b) 2.25 MHz
transducer as determined from the radiation force balance measurements (blue
circles) and laser vibrometry (orange squares). The results are presented for
temperatures between 22 °C and 46 °C, normalised to 22 °C. Error bars rep-
resent the expanded uncertainty (p = 0.95). The dotted lines represent the
weighted least-squares (WLS) regression fit.

1 MHz transducer (Fig. 4.6(a)) was around 12 % over the whole temperature range,

while the expanded standard uncertainty of the pressure is 6 %. For this measure-

ment the Aptflex F28P absorbing target was used. This has a lower limit for the

suitability of application of 1 MHz thus explaining the larger uncertainties observed.

The expanded standard uncertainty of the pressure calculated from radiation force

balance measurements using the HAM A-LF target for the 2.25 MHz transducer

(Fig. 4.6(b)) is around 2.5 %. As for the results obtained using laser vibrometry,

the expanded measurement uncertainty in the measured displacement and the com-

bined standard uncertainty of the calculated pressure was around 3 % across the

entire temperature range for both transducers.

Transducer efficiency

Using the impedance analyser, the complex impedances of the two PZT transduc-

ers were measured for temperatures between 22 °C and 46 °C. This was used to

calculate the electrical power delivered to the transducer driven at a constant RMS

voltage of 10 V (Eq. 4.11), corresponding to a peak positive voltage of 14 V. The

power radiated from the transducer when driven with a constant voltage as measured

using the radiation force balance was then scaled by the electrical power input to
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provide a measure of the temperature-dependent change in transducer efficiency.

These results are presented in Fig. 4.7.
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Figure 4.7: Temperature-dependent (a) radiated power with constant drive voltage, (b) elec-
trical power to the transducer, (c) efficiency of the 1 MHz (blue circles) and
2.25 MHz (orange squares) PZT transducer between 22 °C and 46 °C. Error
bars represent the expanded uncertainty (p = 0.95). The dotted lines represent
the weighted least-squares (WLS) regression fit.

The measured resistance of the 1 MHz transducer decreased by 30 %, while

its reactive impedance increased by 22 % within the measurement range. The

2.25 MHz transducer’s resistance and reactive impedance increased by 9 % and

7 %, respectively. When keeping the input peak positive voltage constant at 14 V,

the radiated power (Fig. 4.7(a)) from the 1 MHz transducer (shown in blue) in-

creased by 28 %, while for the 2.25 MHz transducer (shown in orange) it increased

by 40 %. The corresponding electrical power inputs to the transducer (Fig. 4.7(b))

increased by 32 % (1 MHz) and 25 % (2.25 MHz). Scaling the radiated power

with the temperature-dependent electrical power input to the transducer provides

the transducer efficiency (Fig. 4.7(c)), here used as a measure of how the acoustic

power radiated from the transducer would change if the input electrical power was

constant with temperature. The efficiency of the 1 MHz transducer increased from

86 % at 22 °C to 96 % at 46 °C, while for the 2.25 MHz transducer it increased

from 45 % to 50 %. Across both transducers, this corresponds to a relative increase

in efficiency of approximately 0.5 % per °C.

The expanded measurement uncertainties in the measured resistance and re-

active impedance were both approximately 1 % for the 1 MHz transducer, while

for the 2.25 MHz transducer these were around 5 % and 1 %, respectively. The
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expanded measurement uncertainty in the radiated power and the electrical power

input to the transducer were 12 % and 2 % for the 1 MHz, while for the 2.25 MHz

transducer these were around 5 % and 6 % over the whole temperature range, re-

spectively. The propagated uncertainty of the transducer efficiency was around 14 %

for the 1 MHz transducer and 11 % for the 2.25 MHz transducer. Error bars in

Fig. 4.7(c) are omitted for clarity.

4.5.2 Investigation of excitation source types using laser vibrom-

etry

The effect of excitation source type on the temperature dependence of transducer

output was investigated using laser vibrometry. The temperature-dependent plots

for the measured displacements, as well as calculated particle velocities and pres-

sures can be found in Appendix B. Figure 4.8 shows the generated pressure radiated

from the transducers obtained for temperatures between 22 °C to 46 °C, calculated

using Eq. 4.8 for broadband pulses and Eq. 4.10 for narrowband pulses. All results

are normalised to values at 22 degrees Celsius, and trends described with a linear

fit.

The results for the 1 MHz transducer exhibit similar increasing trends for all

excitation types, corresponding to an average increase of 15 % from 22 °C to 46 °C.

The uncertainty in the measured displacement, and the propagated uncertainty of

the calculated pressure presented in Fig. 4.8 for the 1 MHz transducer was around

3 % for PW and qCW case, and 4 % for single-cycle excitation, and was consistent

across the entire temperature range.

In the case of the 2.25 MHz transducer, the results for narrowband excitation

are similar to the 1 MHz transducer and show an increase in generated pressure of

approximately 12 % over the temperature range from 22 °C to 46 °C. On the other

hand, when using a pulser there is no clear trend in the temperature dependence

of the generated pressure radiated from the transducer. These measurements were

repeated using different configurations including several pellicle types, measure-

ments of water surface and direct transducer surface measurements through an anti-

reflective glass window. All configurations displayed similar results, thus providing
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Figure 4.8: Relative change in pressure generated from two PZT transducers excited by a
pulsed wave (PW), single-cycle (sine pulse) and long burst (qCW) sinusoidal
wave excitation. The results are presented for temperatures between 22 °C
and 46 °C, normalised to 22 °C. Error bars represent the expanded uncertainty
(p = 0.95). The dotted lines represent the weighted least-squares (WLS) regres-
sion fit.
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confidence in the measurement results. The uncertainty in the measured displace-

ment, and the propagated uncertainty of the calculated pressure for the 2.25 MHz

transducer, varied between 3.5 % and 7 % for PW, and 4 % to 8.5 % for sine pulse

excitation, while in qCW case it was consistent around 3 % across the entire tem-

perature range.

One possible explanation for the observed difference in results between the

three transducer excitations for the 2.25 MHz transducer was investigated by con-

sidering the electrical impedance properties of the two PZT transducers. Firstly, the

resistive versus reactive impedance plots (Fig. 4.9) of the transducers were analysed.

The plot for the 2.25 MHz transducer exhibited a behaviour atypical from the IEEE

standard 178 on piezoelectricity [77]. This standard implies transducers normally

exhibit a resistive vs. reactive loop, as was observed for the 1 MHz transducer (a)

but not for the 2.25 MHz transducer (b). This would indicate the latter to have a

non-standard electrical impedance matching.
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Figure 4.9: Resistive versus reactive impedance plots for the (a) 1 MHz and (b) 2.25 MHz
PZT transducers.

Secondly, the effect of temperature change on the electrical input to the trans-

ducer, its impedance and the changes to the electrical signal supplied to it from a

source of specific impedance were investigated. The energy transmission coeffi-

cients were calculated for the interface between the PZT transducer and an excita-

tion source with a fixed characteristic impedance of (i) 50 + 0j, corresponding to a

signal generator and amplifier, and a (ii) complex impedance of 2 - 11j, representa-
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tive of a pulser. The results for the 2.25 MHz transducer are presented in Fig. 4.10

for temperatures between 22 °C and 46 °C.
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Figure 4.10: Energy transmission coefficient (Te) between the 2.25 MHz PZT transducer
and an excitation source with a fixed characteristic impedance of 50 + 0j (pur-
ple circles), and complex impedance of 2 - 11j (green squares). Results pre-
sented for temperatures between 22 °C and 46 °C, as (a) absolute values and
(b) relative change.

At the interface between the 2.25 MHz transducer and a source impedance of

50 + 0j, the energy transmission coefficient increases with temperature by 12 %

within the measurement range from 22 °C to 46 °C. This indicates more energy

is arriving at the transducer at higher temperatures, which is an effect observed in

the laser vibrometry result for the transducer driven with a signal generator and

amplifier (sine pulse and qCW case). In the case of a complex source impedance,

however, there is very little relative change (1 %) in the energy transmission coeffi-

cient as a function of temperature and thus no changes in the transducer output are

observed in the laser vibrometry measurements. This hypothesis is supported by

a similar analysis for the 1 MHz transducer, where the energy transmission coeffi-

cient was calculated to significantly increase for both driving conditions. It should

be noted, however, that transducer output is dependent on numerous different vari-

ables not investigated in this study and these findings should thus not be considered

absolute.

The two measurement approaches used in the study each have advantages and

disadvantages. Radiation force balances are affordable and more readily available
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in ultrasound measurement laboratories. They are straightforward to setup and use,

although this approach may not be appropriate for all transducers. RFBs have rel-

atively low sensitivities and can only detect powers above 10-20 mW ([80], [15],

[158]). Consequently, not all excitation regimes can be used during these measure-

ments. Additionally, RFBs can only measure the total output power of a transducer

(no spatial information is given on the produced field). Laser vibrometry on the

other hand requires more expensive and specialised equipment, as well as a com-

plex setup. However, it can be used for all excitation regimes, and also captures

the time domain displacement, allowing spatial information about the acoustic field

(including edge waves) to be captured. The frequency range for the RFB is limited

by the design of the acoustic target, while the frequency range for the laser vibrom-

etry is limited by the digitiser and decoder. In practice, both techniques cover the

frequency range of interest to medical ultrasonics. Both methods as implemented

for this study are limited to measuring unfocused transducers driven at moderate

acoustic power levels under which the wave propagation is linear. However, meth-

ods to extend RFB measurements to much higher power levels and highly focused

fields have previously been described [129, 178], and measuring the temperature-

dependent output of such transducers would make for interesting future work.

4.6 Hydrophone calibration

Using the above findings on temperature-dependent output of PZT transducers, a

hydrophone can be calibrated by using the method described in Section 4.2.3. In

this measurement, the PZT transducer with the now known output would be placed

in a temperature-controlled water bath along with the hydrophone, as shown in

Figure 4.11.

The hydrophone would be placed in the transducer far field, which for the

1 MHz and 2.25 MHz transducers used in this study is 244 mm at 22 °C and

236 mm at 46 °C. This would make the minimum required tank length approxi-

mately 650 mm in order to fit all the apparatus inside the tank. Along with the

width required to avoid reflections from the tank walls, the volume of water in-
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Figure 4.11: Setup for hydrophone calibration using the comparison method. Here, the
hydrophone is positioned in the far field of the transducer driven using a gated
sinusoidal excitation.

side the tank would be difficult to uniformly heat in a controlled manner using the

equipment available at the time of the measurements. The hydrophone was thus not

calibrated using this method, but rather by using an alternative approach to relative

temperature-dependent hydrophone calibrations presented in the following Chap-

ter 5.

4.7 Conclusion
Hydrophone calibration using a standard transducer requires the knowledge of the

transducer’s output with temperature. In this chapter, the temperature-dependent

output of two single-element unfocused PZT transducers (with centre frequencies

1 MHz and a 2.25 MHz) immersed in water between 22 °C to 46 °C was investi-

gated. When driven using a continuous wave (CW) or quasi-CW excitation with

constant input voltage using a signal generator and amplifier matched to 50 Ω, the

pressure radiated from the two transducers increased by approximately 0.6 % per

°C over the measurement range. This was primarily due to an increase in transducer

efficiency, which exhibited a relative increase of approximately 0.5 % per °C.

Two independent measurement methods were used for the study, namely, radi-
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ation force balance (RFB) and laser vibrometry. For the RFB measurements using

CW excitation, close agreement was observed using both absorbing and reflecting

targets. Additionally, close agreement was observed between RFB measurements

using an absorbing target and CW excitation, and laser vibrometry using a reflective

pellicle and quasi-CW excitation.

Additional measurements using laser vibrometry and a single-cycle sine pulse

excitation with a matched signal chain showed similar trends to the quasi-CW case.

However, when driven with a pulser (which is not electrically matched), the two

transducers exhibited different behaviour depending on their electrical impedance.

For the 1 MHz transducer, the output using the pulsed excitation was similar to

the CW case. However, for the 2.25 MHz transducer, the output did not show a

strong temperature dependence. These results can largely be explained by differ-

ences in the electrical impedance of the 2.25 MHz transducer (which is closer to

the impedance of the pulser), which results in a negligible relative change in energy

transmission coefficient with temperature.

Using the findings in this chapter, a hydrophone can be calibrated against a

temperature range from 22 °C to 46 °C. This, however, was not done within the

scope of this thesis due to facility and time constraints. In the next chapter, an easy

to implement novel approach to temperature-dependent hydrophone calibrations is

introduced. The method is based on using water as a laser-generated ultrasound

source, and was used to investigate the variation in hydrophone sensitivity with

temperature for three different hydrophones types.

Another application for the findings obtained in this chapter is medical ultra-

sound, where accurate knowledge of the output of ultrasound transducers output is

essential in order to ensure safety during both imaging and therapy (IEC 62127-

1 [82]). For example, if an array of sources is to be used for applications such

as transcranial ultrasonic neuromodulation [117], their output must be validated to

ensure that the amplitude of acoustic pressure can be estimated at the target loca-

tion, thereby contributing to the safety and effectiveness of the delivered treatment

[127]. This validation is usually done experimentally, using techniques such as
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acoustic holography [173] where a calibrated hydrophone is scanned through the

acoustic field of a source transducer in order to measure the generated ultrasound

pressure field. However, during transcranial ultrasonic therapy the water used as a

coupling agent between the transducer and the subject can be either cooled to re-

duce skin burns or warmed closer to body temperature to improve comfort. In this

case, the transducers may operate at a temperature approximately 5 °C below [188]

or up to 15 °C above the characterisation temperature, and as such, their output is

likely to vary. Additionally, transducer output can change due to inefficiencies in

transduction, where self-heating occurs.

To summarise, the output of PZT transducers will depend on temperature. It is

thus recommended that for applications where PZT transducers are used at tempera-

tures significantly different from the characterisation temperature, a measurement of

the transducer output is performed using one of the described methods and correc-

tion for this effect taken into account. Moreover, the results for the pulsed case sug-

gest the measurement of the temperature-dependent transducer output must be done

using the electrical drive system relevant to the target application. It is worth noting

that air-backed transducers (commonly used in ultrasound therapy) and transduc-

ers without an acoustic matching layer were not investigated in this study, although

similar trends might be expected given the temperature-dependent changes in the

properties of PZT observed in previous studies as discussed in Sec. 4.3.



Chapter 5

Hydrophone calibration using a

laser-generated ultrasound source

5.1 Introduction

In order to accurately characterise the phantom materials for their use in photoa-

coustic thermometry, the variation in hydrophone sensitivity with temperature must

be known. This knowledge is scarce in the literature, with temperatures covered

only between 16 °C and 24 °C [161, 183].

Recently, the effect of temperature from 50 °C to 130 °C on the performance

of poly-vinylidenefluoride (PVDF) film transducers was investigated [100]. The

transducers were fabricated from uniaxially stretched and poled PVDF films of var-

ious thicknesses, laminated between two steel discs functioning as electrodes and

connected to 50 Ω coaxial cables with a PTFE coated wire. During the measure-

ments, the transducers were placed in a temperature-regulated oil bath. Pulse-echo

responses were acquired from a reflector positioned 10 mm away across the temper-

ature range over a duration of 5 hours. The results showed all transducers exhibited

an initial drop in sensitivity at temperatures of 60 °C and above, followed by an

extended slow decline. Although these findings provide valuable insight into the

effect of temperature on PVDF transducers such as hydrophones, their variation in

sensitivity will be affected by not only the PVDF film thickness, but also the design,

electrical impedance matching and other factors. Thus a direct measurement of the
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hydrophone sensitivity as a function of temperature is necessary.

Chapter 4 presented methods for the temperature-dependent calibration of PZT

transducers which can subsequently be used for hydrophone calibration. However,

this measurement requires a large water tank which is difficult to uniformly heat

over the required temperature range. In this chapter, a novel method for character-

ising the relative variation in hydrophone sensitivity with temperature is presented.

The method utilises the fundamental properties of water acting as a laser-generated

ultrasound source, and is described in Section 5.2. The method is validated using

self-reciprocity as described in IEC 62127-2:2007 [83] (Section 5.3) and then used

to calibrate a selection of hydrophones for medical applications. The results are

discussed and summarised in Section 5.4.

5.2 Measurement of the hydrophone sensitivity using

LGUS source

5.2.1 Principle of LGUS

A pulse of light incident on an absorbing sample is scattered and absorbed, con-

sequently resulting in a rise in pressure (and subsequent relaxation in the form of

thermal expansion). In cases where the scattering is much weaker than absorption,

the light distribution in a sample along the axial direction of the excitation beam at

normal incidence can be described by the Lambert’s law as:

Φ(z) = Φ0e−µaz (5.1)

where Φ(z) is the depth dependent fluence distribution, Φ0 is the fluence incident

on the sample surface, and µa is the optical absorption coefficient [116].

If the optical pulse duration is much shorter than the thermal and stress re-

laxation times of the material, a thermoelastic stress wave is induced which then

propagates away from the heated volume:

p0(z) = µaΓΦ0e−µaz (5.2)
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where p0(z) is the depth dependent pressure distribution at time t = 0, z is the depth

and Γ is the Grüneisen parameter or thermoelastic efficiency. The properties of the

induced wave depend on the optical pulse duration and energy, the size of the il-

luminated region, and the physical properties of the medium, such as the product

µaΓ, called the photoacoustic conversion efficiency, an intrinsic material property

which determines the amplitude of the wave. This principle can be used to gener-

ate ultrasound waves, and control their amplitude, bandwidth and spatial size [28].

Ultrasound waves generated in this manner are often referred to as laser generated

ultrasound (LGUS) [166].

When a hydrophone is placed in the water at a distance z = d from the source,

the pressure of an LGUS wave as recorded by the hydrophone can be described as:

p(t) = SµaΓΦ0e−µa(d−ct)e−αct (5.3)

where S is the hydrophone sensitivity, α is the acoustic attenuation coefficient ex-

pressed in Np/m and c is the speed of sound in water [11]. Provided the LGUS

properties are known as a function of temperature, the change in the hydrophone’s

sensitivity with temperature T can be calculated from the change in the peak of the

recorded time series occurring at t = d/c, corrected for the temperature-dependent

source properties. A relative measure of this variation can be obtained by normalis-

ing the sensitivity at temperature T to that at room temperature T0:

S(T )
S(T0)

=
µa(T0)Γ(T0)

µa(T )Γ(T )
pmax(T )
pmax(T0)

. (5.4)

Here, µa(T ) is retrieved by performing curve-fitting to the decaying exponential

part of the recorded PA signal, Γ(T ) can be obtained from the literature, while pmax

is the measured peak positive voltage of the detected signal. The expression is de-

rived from Eq. 5.3 where Φ0 cancels out as is independent of temperature for a

non-scattering fluid such as water, while the ratio eα(T )d

eα(T0)d
has a negligible effect on

the calculation as its value for a maximum measurement temperature of 50 °and a

baseline of 17 °C in water is approximately equal to 1 (0.9997). Thus the change in
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the measured peak only needs to be corrected for µa(T ) and Γ(T ). If this is obtained

over a significantly wide temperature range, a temperature correction factor for hy-

drophone sensitivity can be acquired and subsequently used to correct the absolute

hydrophone sensitivity at temperature TC from the sensitivity obtained at a different

temperature T from a standard hydrophone calibration. Provided the relationship

between the hydrophone sensitivity and temperature is linear within the measure-

ment temperature range, the temperature correction factor a can be defined as the

slope of the measured trend in hydrophone sensitivity with temperature, expressed

in % per degree Celsius:

a =
∆S
∆T

×100 (5.5)

and sensitivity corrected as:

S(T ) = S(TC)+a(T −TC). (5.6)

5.2.2 LGUS source

The last decade has seen a rise in the development and use of LGUS sources. These

sources are usually comprised of nanocomposite materials, which when excited by

a short pulse of laser light produce a broadband, high amplitude ultrasound pulse

[166]. Such a source was recently developed as a calibration source for hydrophone

calibrations up to 100 MHz [166]. However, in order to investigate the effect of

temperature on hydrophone sensitivity using the theory outlined above, the tem-

perature dependence of the LGUS source properties must be well-characterised or

known a priori. The simplest example of such a material is water.

Water has been used as a standard medium in various measurements, and as

such its properties are well known. The temperature dependence of the speed of

sound in water within the limits from 0 °C to 95 °C can be described by a fifth-

order polynomial given by Marczak [126]. For temperatures between 4 °C and ap-

proximately 70 °C (where the speed of sound in water increases with temperature)

the Grüneisen parameter of water can be approximated as Γ(T )= 0.0053T +0.0043

[205], where this linear relation was derived from its definition (Eq. 2.7) and knowl-
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edge of the temperature dependence of the speed of sound, volume thermal expan-

sion coefficient and specific heat capacity at constant pressure for water and aqueous

solutions.

In order to efficiently use water as a laser-generated ultrasound source, the

laser light must be tuned to one of the water’s absorption peaks. The water’s optical

absorption spectrum in the visible to infrared spectral region is dominated by the

fundamental rotational and vibrational modes of the water molecule [118]. Specifi-

cally, the dominant vibrational features of the two O-H bonds lead to major absorp-

tion maxima, where each of these modes is predominant at a certain wavelength

thus giving rise to the absorption peaks in the spectrum [46]. Absorption peaks in

the infrared (IR) and near-infrared (NIR) optical spectrum of water occur around

1460 nm, 1940 nm and 2950 nm [65, 150]. The exact wavelength and µa value

vary depending on water processing and quality, as well as measurement method

and wavelength resolution [66]. Considering the wavelength range of the lasers

available in the Photoacoustic Imaging Group at UCL, the 1460 nm peak was cho-

sen as the target wavelength. While Irvine and Pollack report µa = 26 cm-1 at

1450 nm [85], Hale and Quarry have measured values of 28.8 cm-1 and 28.4 cm-1

at 1440 nm and 1460 nm, respectively [65]. Palmer and Williams have reported a

value of 28.5 cm-1 at 1471 nm [150]. No information, however, was given on the

measurement temperature.

In order to determine the exact wavelength of the water absorption peak, a

tunable OPO system (SpitLight 600, Innolas, Krailling, Germany) providing 6 ns

pulses at 30 Hz was used for the generation of LGUS signals. A wavelength sweep

from 1400 nm to 1600 nm in steps of 10 nm was done in order to determine the

water absorption peak. Figure 5.1 shows the water absorption spectrum as measured

in-house, with the water absorption peak occurring at 1470 nm.

5.2.3 Setup for hydrophone calibration using an LGUS source

Using the theory outlined above, a setup for measuring the variation in hydrophone

sensitivity with temperature as defined in Eq. 5.4 was designed using water as a

laser-generated ultrasound source. The main parts of the measurement setup, shown
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Figure 5.1: Absorption spectrum of deionised water between 1400 nm and 1600 nm. The
absorption peak occurs at 1470 nm.

Figure 5.2: Setup for hydrophone calibration using a laser-generated ultrasound (LGUS)
source. Light is delivered through the optical fibre (1) into the tank (2.a)
through an optical window (2.b). The water temperature is regulated via two
radiators (3) connected to a thermostat and the generated photoacoustic signals
recorded by a hydrophone (4).

in Fig. 5.2, comprised of a light source (1), a water bath (2) with temperature control

(3), custom-made hydrophone mount and the hydrophone being calibrated (4).

Light source

Illumination was achieved using a tunable fiber-coupled Nd:YAG pumped OPO

laser (Spitlight 600, InnoLas Laser GmbH, Krailling, Germany), with a pulse du-

ration 4 ns and pulse repetition frequency of 30 Hz. The laser source was tuned to

1470 nm and coupled to an optical fibre with a numerical aperture of approximately



5.2. Measurement of the hydrophone sensitivity using LGUS source 76

20 °(1). The beam was geometrically spread to a diameter of approximately 20 mm

at the tank’s optical window (2.b).

Water bath

The water bath consisted of a tank (2.a) with an optical window (2.b) and an acoustic

absorber (2.c) placed behind the hydrophone. The tank was manufactured from

perspex, with inner dimensions of 245 mm × 245 mm × 390 mm (height × width

× length). The optical window was a 30 mm diameter circular IR quartz window

(IRQ-302, UQG Ltd., Cambridge, U.K.). A 10 mm thick perspex slab was used as

a partition for adjusting the tank length and volume of water being heated.

Temperature control

The temperature control was achieved using a thermostat with an external circu-

lation (ECO RE415S Silver thermostat, Lauda Dr. R. Wobser GmbH, Lauda-

Königshofen, Germany) connected to two aluminium radiators immersed in the tank

(3). Temperature feedback was received using a T-type thermocouple (5TC-TT-

TI-36-1M-SMP-M IEC PFA-insulated, Omega Engineering Limited, Manchester,

U.K.) positioned close to the hydrophone.

Hydrophone

The hydrophone being calibrated (4) was sandwiched between two perspex plates

and mounted on a custom-built rig with 2 translation stages on each side of the tank

to enable precise hydrophone positioning with an accuracy of 0.01 mm. The hy-

drophone was connected to an oscilloscope (DSO-X 3024A, Agilent Technologies,

PaloAlto, CA, USA) and signal acquisition triggered using an in-house built pho-

todiode and waveforms digitised with a sampling frequency of 200 MHz and 2000

averages.

5.2.4 Hydrophones

The hydrophone used in the initial stages of the study was a custom-made broad-

band PVDF receiver (PA1075, Precision Acoustics Ltd., Dorchester, UK) with a

5 mm active element and a centre frequency of 14 MHz. This hydrophone is used

in Part III of the thesis and was used for the proof-of-concept study due to its ro-
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Figure 5.3: Frequency response of the PA1075 hydrophone in the range 1 Mhz to 40 MHz.
The error bars represent the expanded uncertainty (p = 0.95).

bustness and availability in the laboratory. The hydrophone is made from a 28 µm

PVDF film, has an acoustically hard backing made of tungsten/epoxy composite

and an acoustic aperture of 23 mm, with a case diameter of 31 mm and case length

of 53 mm. It is a circular plane piston, immersion hydrophone providing a flat,

broadband sensitivity. The hydrophone was connected to the oscilloscope using a

1 dB hydrophone preamplifier, which also buffers the signal and provides a 50 Ω

output. The amplifier is powered by a DC coupler. The free-field sensitivity of the

hydrophone at room temperature of 22 °C was measured across the frequency range

from 1 to 40 MHz at the NPL Hydrophone Calibration facility [83]. A comparison

method was used where the response of the test hydrophone is compared against a

reference transfer standard hydrophone, the calibration of which is traceable back

to the NPL Primary Standard laser interferometer [159]. Spatial averaging correc-

tions were applied to compensate for the different diameter between the reference

and test device [221]. The hydrophone’s sensitivity as a function of frequency is

shown in Fig. 5.3. It has a peak sensitivity of 2030 nV/Pa at its centre frequency of

14 MHz. The expanded uncertainty at this frequency is 5.22 %.

Additionally, two membrane hydrophones were characterised: a 1.0 mm bil-

aminar membrane hydrophone (IP033, GEC-Marconi Electronics Ltd., UK) from
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the original 1999 paper [159] and a 0.2 mm differential membrane hydrophone

(D0902, Precision Acoustics Ltd., Dorchester, UK). The sensitivity of these hy-

drophones has been previously measured and is around 200 nV/Pa at 1 MHz. The

Marconi bilaminar hydrophone was connected to the oscilloscope using a 1 M Ω

IN - 50 Ω OUT amplifier. The differential hydrophone features a differential in-

put preamplifier embedded into the hydrophone ring and was connected to a power

supply. The signals recorded from both hydrophones were amplified using a hy-

drophone booster amplifier (MA2, Precision Acoustics Ltd., Higher Bockhampton,

U.K.).

5.2.5 LGUS setup simulation

In order to determine the distance between the LGUS source and the hydrophone

required to resolve the direct ultrasound wave from any edge waves, an axisymmet-

ric time-domain simulation of wave propagation (using kspaceFirstOrderAS

function [194] in k-Wave [193]) was performed. The simulation was run for each

hydrophone separately as the source-hydrophone separation depends on the hy-

drophone’s active element size. A snapshot of the simulation is shown in Fig-

ure 5.4(a). A cylindrical LGUS source with the radius of 10 mm was defined as a 1D

decaying exponential with a constant optical absorption coefficient of 28.5e+02 m-1

corresponding to the water absorption peak value reported in the literature [65, 150].

The sensor radius was defined as half the hydrophone’s active element size and

pressure recorded with a line across the sensor. During the simulations, the medium

speed of sound (and thus effectively its temperature) was varied within the intended

temperature range for the hydrophone calibration, while the source–sensor separa-

tion distance was varied between 15 mm and 55 mm in steps of 10 mm. An example

of the simulated waveforms at temperatures of 17 °C and 50 °C for the PA1075 hy-

drophone with an active element radius of 2.5 mm is shown in Figure 5.4(b).

It can be seen that for separation distances greater than 25 mm the edge wave

is overlapping with the main wave and affecting the signal amplitude. Reducing the

distance between the LGUS source and hydrophone separates the edge wave from

the main wave and ensures an accurate signal amplitude is recorded. The required
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Figure 5.4: Axisymmetric simulation of the laser-generated ultrasound (LGUS) source. (a)
Simulation snapshot with the black line representing the sensor mask and red-
yellow line the oncoming ultrasound wave. (b) Simulated waveforms at 17 °C
and 50 °C for source–sensor separation distances between 15 mm and 55 mm.

separation distance for all three hydrophones was less than 25 mm.

5.2.6 Application for control and data acquisition

An application for data acquisition and control of the various parts of the measure-

ment process was built using LabVIEW (National Instruments, Austin, TX, U.S.),

with the main focus on temperature control that was implemented using the Lab-

VIEW’s in-built PID controller virtual instrument. PID controllers use a control

loop feedback mechanism to control process variables by continuously calculating

an error value e(t) as the difference between a desired setpoint (SP) and a measured

process variable (PV), and applying a correction based on proportional, integral, and

derivative terms (denoted P, I and D, respectively) known as the manipulated value

(MV). In the case of temperature control, the PID controller accepts temperature

data from the thermocouple embedded in the sample under test as input and com-

pares the actual temperature to the desired setpoint determined by the user. It will

then provide an output to the thermostat, the internal temperature of which is the

manipulated value. The communication between the application and the external

instruments was made via a USB connection. The user interface of the applica-

tion can be seen in Fig. 5.5, and its operation can be described in four main parts

presented in a Chevron diagram which can be seen in Fig. 5.6. First, the user sets

the measurement temperature range, as well as the tolerance which determines the
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Figure 5.5: User interface of the application built for control of the measurement process
including temperature regulation using a PID controller and data acquisition.

allowed error value. The thermostat internal temperature limits can also be set,

and measurement information saved in a text file. PID gains are also determined

at this point, with the option to autotune parameters. This is done by running a

test measurement in which the in-built LabVIEW PID controller determines the op-

timised PID gains for the measurement setup. Lastly, the number of waveforms

to be acquired and the output .csv file name and destination is chosen. Next, the

PID controller is initialised: the initial setpoint is read and the thermocouple data

are used as the measured process variables. The control loop feedback mechanism

continuously calculates the error value and outputs the new value of the thermostat

internal temperature. Once the set temperature is reached within the allowed mar-

gins, it is maintained for 5 minutes in order to allow the water and hydrophone to

reach temperature equilibrium. Waveform acquisition is then triggered and the data

saved. The process is repeated until the final setpoint temperature is reached, and

then continued during cooldown.



5.2. Measurement of the hydrophone sensitivity using LGUS source 81

Figure 5.6: A Chevron diagram of the operational stages for the temperature control and
data acquisition application depicting parameter input, temperature control and
signal acquisition stages.

5.2.7 Protocol for hydrophone calibration using an LGUS

source

During the measurements, the entire setup was placed in a light-absorbing enclo-

sure for eye-safety purposes. The tank was filled with degassed deionised water.

The water was deionised to reduce the build-up of mineral deposits on the tank and

equipment, and stop electrical conduction through the water. Degassing reduces

the probability of bubble formation during the experiment [179]. The water was

treated with an in-house system (Purelab Option-R 7/15, ELGA LabWater, High

Wycombe, U.K.) and the conductivity in the tank was measured using a conduc-

tivity meter (CON450, Eutech Instruments, Singapore) and was 0.80 µS at 19 °C.

The hydrophone being calibrated was placed in the holder, immersed in water and

aligned for maximum signal. The water (and thus hydrophone) temperature was

changed in the range between 17 °C to 50 °C (depending on the permitted exposure
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Figure 5.7: An example of a laser-generated ultrasound signal as recorded by the PA1075
hydrophone (left) and the corresponding single-sided amplitude spectrum
(right).

for the hydrophone being calibrated as advised by the manufacturer), and signals

acquired every 1 °C during both heating and cooling. For each hydrophone, the

measurement was performed five times, thus making a total of 10 data sets.

5.2.8 Data processing

The data acquired using the LGUS method was processed assuming all frequency

components have the same temperature dependencies. The recorded time-domain

signals were processed in MATLAB (R2020a, MathWorks, Massachusetts, USA)

by first removing any DC offset (by setting the DC component to zero in the Fourier

spectrum) and averaging. An example of the signal recorded by the PA1075 hy-

drophone and the corresponding amplitude spectrum are presented in Fig. 5.7. The

spectrum was acquired by applying a zero-padded fast Fourier transform (FFT) to

the signals and the single-sided amplitude A( f ) spectrum obtained as a function of

frequency f is shown here for illustration only.

The initial part of the signal corresponds to the initial stress distribution, which

is proportional to the axial distribution of the absorbed energy in the irradiated vol-

ume. The positive peak of the signal corresponds to the absorbed energy at the sur-

face of the sample. The negative peak is caused by edge waves from the perimeter

of the excitation beam [116]. This is followed by reverberations caused by multiple

acoustic or light reflections in the optical window. The signal amplitude spectra in-
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dicates the majority of the signal is contained around 1 MHz. The photoacoustically

generated pressure at 20 °C was in the order of 25 kPa.

5.2.9 Measurement uncertainty

Measurement uncertainty was evaluated following the guide to the expression of

uncertainty in measurement [196]. The expanded measurement uncertainty quoted

in the results section was determined using both Type A (random) and Type B (sys-

tematic) uncertainty evaluations and is given as the standard uncertainty multiplied

by a coverage factor, k = 2, providing a coverage probability of approximately 95 %

(p = 0.95), according to the methods recommended in [196, 89]. Contributions of

Type A uncertainties were evaluated at intervals of 6 degrees Celsius (22 °C, 30 °C,

38 °C and 46 °C), while Type B uncertainties arise from several sources not af-

fected by the temperature changes in the water bath. These were independently

evaluated or quoted from the available literature, as briefly described in Table 5.1.

These included laser noise, oscilloscope linearity and resolution, and contributions

of uncertainty in the optical absorption coefficient used to calculate the hydrophone

sensitivity.

Table 5.1: Type B Uncertainty sources and their contributions (k = 1), expressed as a per-
centage (%).

Source of uncertainty Standard uncertainty Description
Type A 2.5 * Random/repetitions.

Laser shot-to-shot noise 0.08 Evaluated from laser power output measurements over 300 averages.

Laser stability RMS 1.50 From laser specifications.

Laser photodiode 0.46 From [208]

Distance dependence of the field 1.48 Evaluated from k-Wave simulations by taking the percentage difference

in amplitude at 18 °C and 50 °C

Oscilloscope linearity and distortion 1.00 From oscilloscope specifications.

Oscilloscope resolution 0.40 From oscilloscope specifications.

Hydrophone preamplifier linearity 1.00 From specifications.

Signal-to-noise 0.10–0.50 * Calculated as ratio of noise at zero level to signal peak.

Water temperature 0.40 From thermocouple specifications.

Optical absorption coefficient 1.00 Random/repetitions.
* Depending on hydrophone

5.3 Validation using self-reciprocity

5.3.1 Principle of self-reciprocity

In order to validate the results obtained using the above-described LGUS method,

the self-reciprocity method as described in IEC 62127-2:2007 Annex K [83] was
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used. The theoretical background and the experimental method used in this section

are inferred from the procedures given in the standard. The method was adapted

to include a relative measurement of the hydrophone’s sensitivity over a wide tem-

perature range. As outlined in Section 4.2, this method uses the theory of acoustic

transduction and propagation to generate a known acoustic pressure field by us-

ing the hydrophone being calibrated as both a transmitter and receiver. However,

calibration by self-reciprocity is not applicable to all hydrophones. Generally, high-

frequency hydrophones do not produce sufficient acoustic output due to their small

element size and thus cannot be calibrated using this technique. The minimum di-

ameter for a practical transducer is about 2 mm [83]. In order to use this method, the

transducer must first be linear, passive and reciprocal. Here, the definition of linear

refers to the transducer sensitivity, meaning it does not depend on the pressure in

the interval of interest. This is true for most transducers until the saturation of the

PVDF material is reached. Passive means it is not powered. In other words, it re-

ceives the detected pressure and converts it into an electrical response as a voltage.

A reciprocal transducer is capable of acting both as a transmitter and a receiver, and

satisfies the electromechanical reciprocity condition:

transmission
∣∣∣∣vI
∣∣∣∣= ∣∣∣∣UF

∣∣∣∣ reception (5.7)

where v is the uniform velocity of the radiating surface of the transducer for an

input current I, and U is the open-circuit voltage produced by a force F acting on

the transducer. For such a transducer, a well-defined relationship exists between

its transmitting response to current and the free-field sensitivity as a detector. The

transmitting response to current of a transmitter S is the ratio of the acoustic pressure

in front of the transmitter ptr to the current I flowing through the electrical terminals

of the transmitter:

S =

∣∣∣∣ ptr

I

∣∣∣∣ (5.8)

The receiving voltage response (free-field sensitivity) M of a receiver is ratio of the

open circuit voltage of the receiver U to the acoustic pressure in the undisturbed
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free field in the position of the reference centre of the receiver if the receiver was

removed:

M =

∣∣∣∣ U
prec

∣∣∣∣ (5.9)

Under plane wave conditions, the pressure in front of the transmitter is related to

the uniform surface velocity by the relationship:

ptr = ρcv (5.10)

where ρ and c are the medium density and speed of sound, respectively. Assuming

the acoustic wave propagates between transmission and reception without loss or

diffraction effects:

ptr = prec = p. (5.11)

The force F exerted on the receiver surface is therefore given by:

F = 2Ap (5.12)

where A = r2π is the effective radiating surface calculated using the hydrophone’s

effective radius r (IEC 61217-2:2007 Annex K.10 [83]) which was determined to

be approximately 5 mm at 14 MHz. Combining equations 5.7 – 5.12 and taking

the ratio of the free-field sensitivity and the transmitting current response of the

hydrophone, the reciprocal coefficient for plane waves Jp can be defined:

M
S

=
UI
p2 =

2A
ρc

= Jp. (5.13)

As Jp is known from the hydrophone specifications and the medium properties, a

measurement of the input current I and received voltage U leads directly to the

determination of p, and thus S and M.

5.3.2 Setup for hydrophone calibration using self-reciprocity

In order to validate the LGUS method using self-reciprocity, the 5 mm piston hy-

drophone was used in the setup shown in Fig. 5.8. The hydrophone was held in a
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retort clamp connected to a manual rotation stage (RP01, Thorlabs Inc., Newton,

NJ, USA) enabling precise tilt adjustments. It was immersed in a tank filled with

degassed deionised water. The water was treated with an in-house system (Purelab

Option-R 7/15, ELGA LabWater, High Wycombe, U.K.) and the conductivity in the

tank was measured using a conductivity meter (CON450, Eutech Instruments, Sin-

gapore) and was 0.75 µS at 19 °C. The hydrophone was positioned perpendicularly

above a reflective target (98 % reflectivity). The reflector satisfied the requirements

set in K.5.5 of IEC 62127-2:2007 [83], including a diameter sufficient to encompass

the entire ultrasonic beam and positioned at a distance from its surface of at least

1.5 times the near field distance, given by N1 = a2/λ where a is the effective radius

of the ultrasonic transducer, and λ is the ultrasonic wavelength in water at its fre-

quency of operation. The separation distance used in this case was thus 80 mm. The

water (and thus hydrophone) temperature was changed in the range between 18 °C

to 48 °C using the thermostat with an external temperature feedback as described in

Section 5.2.3.

The hydrophone was excited by a 10 V peak-to-peak 10-cycle tone burst with

2 ms burst period at the hydrophone’s centre frequency of 14 MHz provided by an

arbitrary waveform generator (33250A, Keysight Technologies, Santa Rosa, CA,

USA). The input signal was monitored using an oscilloscope (MSO54, Tektronix

Inc., Beaverton, OR, USA). The oscilloscope was set to 1000 averages, 6 kpts

record length, 1.25 GS/s sample rate and 480 ns/div horizontal scale. An uncali-

brated current probe (6027, Pearson Electronics, Palo Alto, CA, USA) was used to

measure the input current to the transducer, as well as the reflected signals. The

probe has nominally no impedance losses and has a conversion of 1 A = 1 V. The

hydrophone was rotated and tilted in order to maximise the received signal. The in-

put current (t = t0) to the hydrophone was kept constant with temperature and was

10 A peak-to-peak. The temperature-dependent reflected signals received after a

delay (t = tdelay) were low in amplitude so were amplified 5× and low-pass filtered

(20 MHz) before the connection to the oscilloscope. The peak-to-peak amplitude

of reflected signals at 22 °C was 0.14 V.
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Figure 5.8: Self-reciprocity measurement setup with the diagram representation depicted
at the top and a photograph at the bottom. The hydrophone is positioned per-
pendicularly above a reflective target and the input as well as reflected signals
monitored by a current probe connected to an oscilloscope.
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Figure 5.9: Input current to the hydrophone (top) and the reflected signal waveform (bot-
tom) as monitored by the current probe connected to the oscilloscope.

5.3.3 Data processing

The recorded time-domain signals were processed in MATLAB (R2020a, Math-

Works, Massachusetts, USA) by first removing any DC offset (by setting the DC

component to zero in the Fourier spectrum) and averaging them. An example of the

measured input current and reflected voltage signal at 22 °C is shown in Fig. 5.9.

The signal envelope is not symmetric due to internal reflections, thus only the stable

middle part of the tone burst was used for analysis and the amplitude information

for each time series extracted by taking the peak-to-peak amplitude of the signal.

The reciprocal coefficient for plane waves Jp depends on temperature due to

the medium properties. This was calculated for water using the values as given in

Jones and Harris (density [94]) and Marczak (speed of sound [126]). The acoustic

pressure was then calculated using Eq. 5.13 as:

p =

√
UI
Jp

. (5.14)

The apparent value of the free-field voltage sensitivity M* can then be calculated

according to Eq. 5.9. Here, an ideal reflector is assumed as well as lossless transmis-

sion through the medium. In order to account for these, a correction factor k can be

applied as defined in IEC 62127-2:2007 Annex K.11 [83], Eq. k.25. As the method



5.4. Results and discussion 89

used in this chapter was adapted to include a relative measurement across a wide

range of temperatures, the factors contributing to the correction factor are reduced

to include only the temperature dependent parameters, which are the amplitude re-

flection coefficient at the water/reflector surface RRT and the acoustic attenuation

α(T ). The correction factor is then calculated as:

k(T ) =

√
1

RRT
exp2dα(T ) (5.15)

where d is the distance between the hydrophone and reflector, while α is the am-

plitude attenuation coefficient for ultrasound in pure, degassed water at 14 MHz.

The corrected free-field sensitivity Mcorr was then normalised to the value at 22 °C

to yield the relative variation in sensitivity with temperature. Combined with the

known hydrophone sensitivity at room temperature, this can be used to calculate

the hydrophone’s absolute sensitivity at a temperature T.

The expanded uncertainty was taken as the summation in quadranture of the

uncertainty in hydrophone calibration (5.22 %) and the overall systematic uncer-

tainty of ±1.5 dB in voltage sensitivity level as given in Clause K.8 of IEC 62127-

2:2007 [83]. This was calculated as the ratio:

uc(T ) =
−1.5 dB (re 1 V/µPa)

20log(M(T ))
(5.16)

where M(T) is the absolute temperature-dependent hydrophone sensitivity.

5.4 Results and discussion

5.4.1 Validation using self-reciprocity

In order to validate the results obtained with the novel LGUS method, the variation

in sensitivity of the 5 mm piston hydrophone was measured using both approaches.

The measurements were performed at temperatures between 18 °C and 48 °C in

steps of 2 °C using the self-reciprocity method, while for the LGUS method tem-

peratures up to 50 °C were reached and data acquired every 1 °C. The relative values

of free-field hydrophone sensitivity were obtained by normalising to temperature of
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Figure 5.10: Relative change in hydrophone sensitivity with temperature as measured
using the laser-generated ultrasound (LGUS) method (blue dots) and self-
reciprocity (orange circles). The error bars represent the expanded uncertainty
(p = 0.95).

22 °C. In order to obtain the absolute values of sensitivity using the self-reciprocity

method, specific circuitry is needed, which has to be calibrated according to the

standard. However, this was outside the scope of this thesis, as aim of this project

was to use a relative method, where the calibration factors will cancel out. Fig-

ure 5.10 shows the relative variation in sensitivity of the 5 mm piston hydrophone

as measured using the self-reciprocity (orange diamonds) and LGUS (blue dots)

approach. Both methods exhibit a small decreasing trend in the hydrophone sensi-

tivity with temperature from 18 °C to 48 °C (50 °C in case of LGUS method), with

trends of -0.19 % per °C and -0.20 % per °C (calculated using the slope of the fit)

for self-reciprocity and LGUS method, respectively. The results show good agree-

ment and are positioned within the error bars of both measurements, thus endorsing

the validity of the results obtained with the LGUS method.

5.4.2 LGUS measurements

Once the approach to hydrophone calibration using a laser-generated ultrasound

source was validated for the 5 mm piston hydrophone, two membrane hydrophones

were also characterised. Figure 5.11 shows variations in sensitivity of the 1.0 mm

bilaminar membrane hydrophone (a) and 0.2 mm differential membrane hy-
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drophone (b) for temperatures from 17 °C to 37 °C in steps of 2 °C, as well as

the piston hydrophone (c) for temperatures between 18 °C and 50 °C, normalsied

to 22 °C. The error bars represent the expanded uncertainty (p = 0.95) evaluated as

in Section 5.2.9.

The membrane hydrophones show low variation in sensitivity with a positive

trend of approximately 0.08 % per °C for the bilaminar and 0.35 % per °C for

the differential membrane hydrophone across the temperature range. The results

for the 1.0 mm bilaminar membrane hydrophone correspond well to the previously

reported result [159], while no existing data are available for the differential mem-

brane hydrophone.

The temperature dependence of sensitivity for the 5 mm piston hydrophone is

approximately -0.20 % per °C (calculated using the slope of the fit) and is compara-

ble to the findings reported in [100] indicating a reduction in normalised pulse-echo

amplitude when the PVDF sensor is exposed to an elevated temperature.

The differences in the sensitivity to temperature variation for different hy-

drophone types originate from the differences in variation of the dielectric constant

with temperature for PVDF and water [159] but are also influenced by other fac-

tors such as electrical impedance and matching. Their geometry and mechanical

features also make an important contribution, making modelling very difficult. As

such, a direct measurement of the variation in hydrophone sensitivity is required.

Knowledge of these variations with temperature is important in order to reduce

uncertainties in measurements made at temperatures differing from those used for

calibration.

5.5 Conclusion

The knowledge of the variation in hydrophone sensitivity with temperature is impor-

tant in order to reduce uncertainties in measurements made at temperatures differing

from those used for calibration. Such tasks include performing acoustic material

characterisation, use of hydrophones for mapping transducers at body temperature

as well as in international comparisons of hydrophone calibrations [86, 164].
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In this chapter, a novel method for characterising the relative variation in hy-

drophone sensitivity with temperature was presented. A selection of hydrophones

for medical applications was calibrated across the temperature range from 17 °C to

50 °C. The hydrophones exhibited a low temperature dependence within the mea-

surement range. The method was validated using self-reciprocity as described in

ISO 62127-2:2007 [83] and extended to include a relative measurement across a

range of temperatures. This showed good agreement between the results obtained

with both methods, thus endorsing the validity of results obtained with the new

method.

The presented method provides a way of performing temperature-dependent

characterisation for any hydrophone over any temperature range permissible. Al-

though this can be achieved using the described self-reciprocity method, the LGUS

method is much more flexible as it allows for characterisation of small membrane

hydrophones which generally do not transmit enough energy to be used in the self

reciprocity approach. The LGUS method uses the fundamental properties of water,

and provides the relative variation in hydrophone sensitivity with temperature which

can then be combined with the standard calibration at room temperature to provide

absolute values. The findings presented in this chapter will be used in Part III of

the thesis where phantom materials will be characterised across a wide temperature

range using the 5 mm piston hydrophone calibrated in this chapter.
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Figure 5.11: Relative change in sensitivity of the 1.0 mm bilaminar membrane hydrophone
(top), 0.2 mm differential membrane hydrophone (middle) and 5 mm piston
hydrophone (bottom). All plots are normalised to 22 °C. Error bars represent
the expanded uncertainty (p = 0.95). The dotted lines represent the weighted
least-squares (WLS) regression fit.
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Chapter 6

Review of phantom materials

6.1 Motivation
Part I of the thesis described the theory and main approaches in photoacoustic ther-

mometry. As a new emerging temperature monitoring modality, these approaches

need to be validated prior to their translation into clinic. Well-characterised phan-

tom materials developed specifically for use in photoacoustic thermometry would

enable the validation of emerging approaches and systems in the field. Several

works acknowledged the need for such validation, however, the phantom materials

used were inadequate for the application [111, 113, 177].

Part III of the thesis focuses on the phantoms needed for experimental vali-

dation of photoacoustic thermometry methods. In this chapter a review of existing

phantom materials is given and the specific criteria and characterisations needed for

photoacoustic thermometry outlined. Chapter 7 describes the methods used to char-

acterise the relevant material properties of PVCP, and polymer- and water-based

materials, the results of which are given in Chapters 8 and 9, respectively.

6.2 Requirements for a photoacoustic thermometry

phantom
Phantoms can be defined as objects of known shape and tissue-like properties that

are commonly used in the development, characterisation and evaluation of medical

imaging and treatment modalities [34]. Phantoms are also widely used in quality as-
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surance (commissioning, data acquisition, acceptance testing and on-going quality

control) and for dosimetry measurements in various medical imaging and treatment

modalities. The focus of this chapter is to determine the main requirements, and

adapt one of the existing phantom materials, for validation of photoacoustic ther-

mometry techniques.

The requirements for a photoacoustic thermometry phantom can be divided

into physical properties relevant to (i) photoacoustic imaging, and (ii) HIFU. The

requirements for a photoacoustic imaging phantom were thoroughly investigated by

Fonseca et al. [53]. These can be summarised as:

• tissue-realistic and tunable acoustic properties;

– well-characterised broadband frequency dependent speed of sound and

acoustic attenuation;

• tissue-realistic, stable and tunable optical parameters;

– photostability;

• tissue-realistic values for relevant thermoelastic properties;

– well-characterised Grüneisen parameter;

• mechanical stability;

• long-term stability under storage and repeated use;

• reproducibility of fabrication.

In the case of HIFU therapy, the most relevant phantom properties are the material’s

speed of sound, characteristic acoustic impedance and acoustic attenuation, but also

the nonlinearity parameter, specific heat capacity and thermal conductivity [190].

The material should also withstand temperatures of at least 55 °C, as this is the

temperature threshold for coagulative tissue necrosis aimed at during HIFU therapy

[190], noting the temperature at the focus can reach temperatures up to 80 °C [101].
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Thus the material should be mechanically stable in this range of temperatures and

ideally have a melting point above 80 °C.

Some of the requirements for real-time PA thermometry include correcting for

temperature-induced changes in the speed of sound required for image reconstruc-

tion, knowledge of the optical absorption coefficient which determines the signal

decay through the sample, as well as performing the measurements within a temper-

ature range where the Grüneisen parameter dependence on temperature is known,

ie. over a limited temperature range [153]. Most importantly, the material should

exhibit a strong change with temperature in the photoacoustic conversion efficiency

(µaΓ), an intrinsic material property which determines the amplitude of the photoa-

coustic signal. This dependence should preferably be similar to the one observed in

real tissues in order to enable temperature information to be retrieved using one of

the approaches described in Chapter 3.

Additional requirements for the phantom include durability (longevity), robust-

ness and stability in order to make the phantom reusable. A simple and repeatable

fabrication protocol is also desirable.

These specifications determine the main (temperature dependent) properties of

interest to assess the suitability of phantoms for photoacoustic thermometry. How-

ever, current literature lacks information on the temperature dependence. The fol-

lowing section presents the review of some commonly used materials in ultrasound

and photoacoustic imaging applications based on which the most promising mate-

rial is chosen and further characterised using methods described in Chapter 7.

6.3 Review of phantom materials

6.3.1 Water-based materials

Materials with a high water content present one category of potential candidates as

phantoms for photoacoustic thermometry. Assuming the properties of the matrix

material are similar to water, these materials should exhibit a strong temperature

dependence of Grüneisen parameter (Eq. 2.10). Two examples of such materials

widely used in photoacoustic and ultrasound imaging are agar-based phantoms and
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polyvinyl alcohol cryogels.

The International Electrotechnical Commission (IEC) agar-based tissue-

mimicking material (TMM) with thermal and acoustical properties similar to human

tissue is widely used for routine performance checks of ultrasonic transducers [79].

The material’s acoustic and optical properties are well characterised in the liter-

ature [19, 147, 165, 163] and its ease of fabrication makes its use in ultrasound

laboratories frequent [34]. The material matrix is largely made of water (97 %)

and is optically transparent, making it suitable for optical tuning through use of

dyes [115]. The material also has a parabolic temperature dependence of speed of

sound similar to that of water [45], as well as a linear increase with temperature

in thermal conductivity, diffusivity and specific heat capacity. These suggest the

temperature dependence of Grüneisen parameter for materials with an agar-based

matrix might exhibit a strong positive temperature dependence in PA conversion

efficiency as is desirable in photoacoustic thermometry. Their poor resistance to

elevated temperatures and high susceptibility to physical damage, however, make

it unsuitable for HIFU and thermal applications, with the maximum temperature

limit of around 40 °C [41]. In addition, these hydrogels require specific storage

conditions due to their high susceptibility to dehydration and bacterial growth [41],

as well as careful handling due to mechanical fragility.

Polyvinyl alcohol (PVA) is a hydrophilic, biodegradable and biocompatible

synthetic polymer, which has been widely used in different areas of the biomedi-

cal field [91] including ultrasound [37] and photoacoustic imaging [102, 26]. The

mechanical strength of this turbid gel progressively increases with the number of

freezing and thawing (FT) cycles [102]. Through altering concentrations of PVA

and varying the number of FT cycles it is also possible to achieve different acoustic

and optical properties of the phantoms [102, 214]. In particular, their intrinsic opti-

cal scattering coefficient can be adjusted by changing the length and number of FT

cycles, however, this also makes the material prone to inhomogeneities due to dif-

ferential heating and cooling rates [214]. The material is mechanically stable and

resistant to physical damage, but is sensitive to humidity and its extensive prepa-
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ration makes it a less favorable phantom candidate [41]. For applications where a

transparent homogeneous matrix material is required, optically transparent cryogels

can be obtained by use of dimethyl sulfoxide (DMSO) [76]. This component lowers

the freezing point of the water phase to below -20 °C, yielding highly transparent

and mechanically strong gels, but also resulting in higher values of acoustic prop-

erties. Most significantly, the acoustic attenuation of PVA cryogels fabricated with

DMSO was reported to increase from 0.19 ± 0.06 dB· cm-1 to 0.62 ± 0.03 dB· cm-1

[102]. The toxicity of the DMSO and arduous flushing process make the fabrication

process very complex and time-consuming, so this process is rarely used.

6.3.2 Polymer-based materials

Polymer-based materials for the purpose of this categorisation encompass matrix

materials with a high content of oils, resins or rubber-like substances. Based on their

temperature dependence of speed of sound which has been reported in the literature

to decrease with temperature [135], these materials might exhibit a negative trend in

photoacoustic conversion efficiency. Four most commonly used materials from this

category for ultrasound and photoacoustic imaging applications include copolymer-

in-oil, gel wax, polyvinyl chloride plastisol and silicone matrix materials.

Copolymer-in-oil phantoms are a mixture of copolymers, mineral oil and ad-

ditives used for tuning of acoustic and optical properties [149]. They are most

commonly made using styrene-ethylene/butylene-styrene (SEBS) cohesive copoly-

mer that is gradually dissolved in mineral oil at 135 °C (being the temperature

of copolymer dissolution) [88]. The additives can include low-density polyethy-

lene copolymers, glycerol to tune the speed of sound and acoustic attenuation [26],

acoustic scatterers such as glass microspheres or graphite powder, and optical ab-

sorbers in the form of dyes and optical scaterrers such as titanium dioxide [24]. The

acoustic attenuation of the material exponentially increases with the concentration

of copolymer used, whereas the viscosity level of the mineral oil increases its speed

of sound [149]. The copolymer-in-oil phantoms have highly tunable properties with

the speed of sound ranging from 1420 m· s-1 to 1502 m·s-1 and acoustic attenuation

from 0.10 to 0.59 dB· cm-1 at the frequency of 1 MHz. As such, they are under
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consideration for use as phantoms for testing preclinical and clinical photoacous-

tic imaging systems by the International Photoacoustic Standardisation Consortium

(IPASC) [95].

Gel wax is a mineral-oil based material with widely tuneable optical and ul-

trasound properties and well-suited mechanical characteristics [200, 25]. It was re-

cently used in the development of anatomically realistic phantoms for photoacoustic

imaging [124, 125] and since 2020 is under consideration for use as a standard phan-

tom for photoacoustic imaging by the IPASC [95]. The acoustic attenuation of gel

wax phantoms was tuned by the use of paraffin wax while acoustic backscattering

was improved by the addition of glass spheres [124]. The optical properties were

tuned by the addition of carbon black ink for absorption and titanium dioxide for

scattering [125]. The frequency-dependent acoustic attenuation was well described

with a power law: without any additives, the attenuation was measured to vary from

0.71 dB cm-1 at 3 MHz to 9.93 dB cm-1 at 12 MHz, while the speed of sound was

1445 ± 2.7 m s-1 and was mostly unaffected by any additives. The matrix material,

however, is obtained as a commercial material so its exact composition as well as

batch to batch variation is unknown [88]. Gel wax also suffers from a lack of struc-

tural rigidity and its low melting point (around 45 °C) makes it unsuitable for HIFU

applications.

Polyvinyl chloride plastisol (PVCP) is a suspension of PVC particles in a liquid

plasticizer. It is widely available for purchase as a two-part suspension of polyvinyl

chloride resin (PVC and copolymers) and plasticizer which upon mechanical mix-

ing and heating between 70 °C and 200 °C (depending on the formulation) turns into

a gel of high viscosity and forms a homogeneous material when cooled to room tem-

perature [43, 18]. At the time of writing the review of available phantom materials

in 2019, PVCP was considered as a best candidate for use in testing preclinical and

clinical photoacoustic imaging systems by the IPASC [16]. The material is largely

optically transparent and its optical properties can be tuned by use of specialised

pigments, scatterers and chromophores [53]. Due to its longevity and potential to

be reused, PVCP has been increasingly used in photoacoustic imaging [184, 17, 53].
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However, the lack of a widely available supply chain as well as accepted fabrication

protocol hinders its use as a standard metrology phantom. Additionally, it’s difficult

to tune acoustic properties and high acoustic attenuation make PVCP a less ideal

candidate for use in applications involving HIFU.

Silicone is a synthetic polymer commonly used in biomedical imaging to

mimic soft tissues [133]. The literature value for the speed of sound of room-

temperature vulcanised silicone is 1030 m·s-1 at 25 °C, while the frequency-

dependent acoustic attenuation coefficient, fitted with a power law of the form

α = α0 f y, obtains the values of α0 = 6.06 dB/cm/MHzy and y = 0.49 [219]. This

material is optically transparent making it suitable for tuning with specialised dyes.

However, due to its low speed of sound and high acoustic attenuation, silicone is a

generally less suitable phantom material than the other presented materials [219].

In spite of this, its stable properties, long shelf life and ease of fabrication make it

an appealing candidate as a phantom material [41].

6.4 Discussion and conclusions
A summary of the above-reviewed phantom materials and their key advantages and

disadvantages is given in Table 6.1.
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Table 6.1

Material Advantages Disadvantages

Agar-based • Well-characterised acoustic, optical and thermal properties; • Poor temperature resistance;

[79] - [163], • Easy and well-established fabrication protocol; • High susceptibility to physical damage;

[45] • Optically transparent matrix; • Susceptibility to dehydration and bacterial growth;

• Tunable optical properties; • Optical absorption of dye in solution different from

• Strong temperature dependence in acoustic and thermal

properties.

absorption in formed gel.

PVA • Well-characterised acoustic properties; • Extensive fabrication (several freeze-thaw cycles required);

[91] - [76] • High structural rigidity and longevity; • Inhomogeneous;

• Tunable optical properties; • Sensitive to humidity.

• Good temperature resistance.

Copolymer-in-oil • Well-characterised acoustic properties; • Mobility of scatterers at elevated temperatures;

[149] - [24] • Highly tunable acoustic and optical properties; • Lack of widely accepted fabrication protocol (at time of

• Resistant to dehydration and bacterial invasion; writing the review).

• Good temperature resistance.
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Table 6.1 continued from previous page

Material Advantages Disadvantages

Gel wax • Well-characterised and tunable acoustic and optical • Lack of structural rigidity;

[24], [200], properties; • Poor temperature resistance;

[125] • Resistant to dehydration and bacterial invasion. • Lack of widely available supply chain;

• Batch to batch variations.

PVCP • Stable and reusable; • High acoustic attenuation;

[184], [17], • Optically transparent matrix; • Difficult to tune acoustic properties;

[53] • Tunable optical properties; • Lack of widely available supply chain;

• Widely used in photoacoustic imaging; • Batch to batch variations;

• Good temperature resistance. • Lack of widely accepted fabrication protocol (at time of

writing the review).

Silicone • Stable and reusable; • Low speed of sound;

[41], [133], • Optically transparent matrix; • High acoustic attenuation;

[219] • Tunable optical properties; • Inhomogeneous with the addition of dyes;

• Easy and well-established fabrication protocol; • Batch to batch variations.

• Good temperature resistance.
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Based on the review of the above materials and the data available in the liter-

ature, none satisfied all the requirements for a photoacoustic thermometry phantom

described in Section 6.2. While water-based matrix materials are well-characterised

and their temperature dependent properties are expected to show similar trends to

those of water, their poor resistance to elevated temperatures and high susceptibility

to physical damage in the case of agar-based materials, and optical inhomogene-

ity and extensive preparation in the case of PVA cryogels make them unsuitable

for characterising heating induced by HIFU transducers by means of photoacoustic

thermometry.

The behaviour with temperature of polymer-based matrix materials is unknown

and it is thus difficult to assess their suitability for use in photoacoustic thermome-

try where a strong temperature dependence in photoacoustic conversion efficiency

is desirable. The materials which separate themselves from the rest are copolymer-

in-oil, gel wax and PVCP due to their ease of fabrication, good stability and highly

tunable optical properties. These were considered as phantoms for testing preclin-

ical and clinical photoacoustic imaging systems by the International Photoacoustic

Standardisation Consortium (IPASC) [95, 16]. At the time when this review of

phantom materials was written, the use of PVCP in photoacoustic imaging appli-

cations was increasing. The material was considered to be well-characterised in

regards to its acoustic and optical properties, while its robustness, long-term sta-

bility, optical transparency and tunability made it an excellent candidate for testing

of photoacoustic imaging systems. Based on this knowledge, PVCP was chosen

as a starting phantom material for this thesis and its properties and suitability for

use in validating photoacoustic thermometry approaches are investigated in detail

in Chapter 8.



Chapter 7

Material properties characterisation

7.1 Overview
This chapter describes the methods used to characterise relevant material proper-

ties required to evaluate their suitability as test materials for validation of photoa-

coustic thermometry techniques. These properties were outlined in Section 6.2. In

Section 7.2 of this chapter, the methods for characterising the room temperature

frequency-dependent acoustic attenuation α( f ) and speed of sound c( f ) along with

the acoustic impedance are described. This is required to assess the material’s suit-

ability for HIFU applications, as described in Section 6.2. The procedure for obtain-

ing the optical attenuation spectrum of the material is outlined in Section 7.3, while

Section 7.4 describes in detail the setup developed for measuring the temperature

dependence of bulk speed of sound, photoacoustic conversion efficiency and opti-

cal absorption coefficient. The setup builds on the previously described hydrophone

characterisation measurements (Chapter 5) and utilises the principle of photoacous-

tic signal generation to determine the material properties with low uncertainties, as

evaluated in Section 7.5.

7.2 Acoustic properties at room temperature

7.2.1 Broadband through-transmission method

Frequency-dependent acoustic attenuation α( f ) and speed of sound c( f ) can

be characterised using a broadband through-transmission two-sample substitution
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Figure 7.1: Measurement setup for the broadband through-transmission measurements of
speed of sound and acoustic attenuation. Comprising a (a) transmitter/receiver
transducer, (b) material sample and (c) membrane hydrophone used to detect
the ultrasound transmitted through the material sample.

method with reference to de-ionised water [222, 165]. In order to derive the re-

quired acoustic properties, four acoustic pulses are recorded in each measurement

set: (i) the water path transmission signal (or reference), (ii) the through-sample

transmission signal acquired by positioning the sample in the acoustic path, and

acoustic reflections from the (iii) front and (iv) back surfaces of the sample. This

set of measurements allows for the simultaneous evaluation of insertion loss and

speed of sound, as well as sample thickness by using the reflected signals from the

front and back surface of the samples. The acoustic attenuation is further derived

from the insertion loss and thickness measurements for two sample thicknesses for

each material [165].

The measurements were done at the NPL Materials Measurement Facility (Na-

tional Physical Laboratory, Teddington, U.K.). The schematic of the measurement

setup is shown in Fig. 7.1. A large tank with dimensions 112 cm × 38 cm × 30 cm

was filled with de-ionised water. The temperature during the measurements was
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20.0 °C ± 0.5 °C, measured using a calibrated spirit-in-glass thermometer (IP39C,

G. H. Zeal, London, U.K.). A single element broadband transducer (a) with a cen-

tre frequency of 10 MHz and 10 mm active diameter (Force Technology, Brøndby,

Denmark) was used as the emitter, while a 30 mm active element diameter broad-

band bilaminar hydrophone (c) (GEC-Marconi, Essex, U.K.) was used as a receiver.

The transmitter and the receiver were each held in a manual translation mount with

five degrees of freedom (rotation, tilt and three axes of translation) and were aligned

along the axis. The devices were connected to an Olympus 5073PR pulser–receiver

(Olympus, Waltham, MA, USA), with typical settings: gain +10 dB, pulse repeti-

tion frequency 1 kHz, energy 4, damping 8, LPF Full BW, HPF 5 MHz, with Mode

2 (R) used for through-transmission acquisitions and Mode 1 (T/R) for reflection

acquisitions.

In order to derive attenuation from the insertion loss measurements, two disc-

shaped samples with a diameter of 60 mm and nominal thicknesses of 5 mm and

10 mm were used for each material. The samples were held in a sandwich holder

made of PMMA (b), with acoustic windows of 50 mm diameter. The aperture size

was such that no acoustic reflections of the acoustic beam were generated from the

holder. The samples were aligned by maximizing the magnitude of the reflection

from the sample front interface by using a five degrees of freedom translation stage

(UMS3, Precision Acoustics Ltd, Dorchester, U.K.).

The recorded acoustic signals were digitised using a Tektronix DPO7254 Dig-

ital Phosphor Oscilloscope (Tektronix U.K., Bracknell, U.K.) with a time window

of 5 µs, sampling rate of 2.5 GSample/s, 12500 samples and 5000 averages. The

signals were stored and analysed using an in-house developed LabVIEW (National

Instruments, Austin, TX, USA) software.

Four independent measurement sets, each involving the acquisition of the

above-described four acoustic pulses, were acquired for each sample by changing

the pulser energy once, and the axial transmitter-receiver separations twice. This is

done to minimise any possible contributions from diffraction and nonlinear effects

[165]. Thus for each material, a set of 8 repetitions were performed (2 different
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sample thicknesses and 4 measurements at different distances/pulser settings each).

Typical transmitter-receiver separations used were in the range from 200 mm to

300 mm (equivalent to a 137-µs to 202-µs delay at 20 °C), while the distance be-

tween the transmitter and the front face of the sample was on the order of 80 mm.

7.2.2 Acoustic impedance

The density of the phantoms was determined from measurements of mass and vol-

ume. The mass of each sample was measured using a ML203T/00 precision balance

(Mettler Toledo, Columbus, OH, USA) with a resolution of 1 mg, while volume was

measured using the buoyancy method in accordance with ISO 1183-1:2019 [84].

The sample mass and volumes were measured five times and the mean ± Type A

uncertainty used to calculate the density. The density was further used to calculate

the acoustic impedance by multiplying the density and the speed of sound of the

sample.

7.3 Optical attenuation
The total optical attenuation spectrum of the samples was characterized using a

dual-beam spectrophotometer (Lambda 750, Perkin Elmer, Waltham, MA, USA).

The total optical attenuation arises from the combined effects of absorption and

scattering. In the absence of scattering, the optical absorption coefficient µa can be

calculated from measurements of the light intensity using the sample thickness d

values:

µa = A ln(10)
1
d

(7.1)

where A = − log10
Isample−Ibackground

Ireference−Ibackground
is the absorbance; Isample is the detected light

intensity when the sample is placed in the light path; Ireference is the detected light

intensity when a reference material (or no sample) is in place; and Ibackground is

the background noise detected with the light shutter closed. The spectrophotome-

ter measures the light transmittance T =
Isample−Ibackground

Ireference−Ibackground
, and outputs absorbance,

calculated as A = − log10(T ). In case of weakly scattering samples (µs ≪ µa),

such as the ones characterised in this thesis, this measurement produces values of

the total optical attenuation coefficient µ , as shown by the Lambert law [55]. The
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acquired spectrum can be used to determine the wavelength at which the material

exhibits absorption peaks. This knowledge can further be used to either tune the

laser wavelength to one of these peaks, or adjust the spectrum by using additives

such as soluble dyes, pigment dispersions or chromophores [54].

During the measurements, samples were placed on sample mounts and

collimated-transmission measurements were made at four different locations on

each sample (two per side) over the wavelength range from 500 nm to 2200 nm.

The total optical attenuation coefficients were reported as the mean of the four

measurements and spectra plotted across the wavelength range. These provided

useful information on the intrinsic absorption peaks for the investigated materials.

As the illumination source available for characterisation of materials’ temperature-

dependent properties was a 1064 nm Q-Switched Nd:YAG laser, the spectra were

used to tune the sample properties and produce LGUS waves from the sample itself,

as described in the following section.

7.4 Temperature-dependent properties

7.4.1 Overview

In order to investigate the temperature-dependent properties of test materials, a

setup was developed capable of measuring the bulk speed of sound, optical absorp-

tion coefficient and photoacoustic conversion efficiency for temperatures ranging

from room temperature to 50 °C and beyond. The method is based on the principle

used to characterise the temperature-dependent variation in hydrophone sensitivity

described in Chapter 5, only here the material being characterised is acting as the

LGUS source.

Briefly, a pulse of laser light incident on an absorbing sample is scattered and

absorbed, consequently resulting in a rapid increase in temperature. If thermal and

stress confinement are satisfied, a (thermoelastic) stress wave is induced which then

propagates away from the heated volume. This photoacoustic generated pressure is

recorded by the hydrophone. Assuming a collimated laser beam at normal incidence
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to the sample, the pressure can be described as:

P(t) = S(T )µaΓΦ0eµacs(t−t0) (7.2)

where S(T) is the temperature-dependent hydrophone sensitivity as determined in

Chapter 5, µa is the optical absorption coefficient of the sample, Γ is the Grüneisen

parameter of the sample, Φ0 is the fluence incident on the sample surface, cs in the

exponent is the speed of sound in the sample, and t0 is the time difference between

the generation of the thermoelastic wave at t = 0 and its arrival at the hydrophone

[11]. The amplitude and temporal characteristics of P(t) contain information on the

sample properties, such as its bulk speed of sound, optical absorption and thermoe-

lastic efficiency (Grüneisen parameter Γ).

7.4.2 Measurement setup

The main parts of the measurement setup, shown in Fig. 7.2, comprised of a light

source (1), a water bath (2) with temperature control (3), sample mount (4) and a

custom-made broadband receiver (5).

Light source

Illumination was achieved using a 1064 nm Q-Switched Nd:YAG laser (Ultra, Big

Sky Laser Technologies, Bozeman, MT), with a pulse duration 5.6 ns, energy 45 mJ,

and pulse repetition frequency of 20 Hz. This laser was used rather than the tunable

OPO laser from Chapter 5 due to its higher energy output thus resulting in greater

measurement SNR. The laser source was coupled to an optical fibre with a numeri-

cal aperture of approximately 12 °(1.a). The beam was spread using a lens (1.b) to

a diameter of approximately 40 mm at the front surface of the sample in order to

achieve uniform sample illumination without exciting the sample holder.

Water bath

The water bath consisted of a tank (2.a) with an optical window (2.b) at the front

and an acoustic window (2.c) at the back. The tank was manufactured from stainless

steel in order to withstand high temperatures, with inner dimensions of 150 mm ×
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1.a

1.b

5.b
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Figure 7.2: Schematic depiction of the measurement setup for temperature-dependent ma-
terial characterisation, comprising of a 1064 nm Ultra laser for illumination (1),
water bath (2) with temperature control (3), sample mount (4) and a broadband
receiver (5). The light was delivered using an optical fibre (1.a) and uniform
illumination of the sample achieved using a lens (1.b). The sample was held in
a 3D printed holder (4.a), mounted to an optical post assembly with a 2-axis tilt
(4.b) used for alignment and immersed in the water tank (2.a) with an optical
window (2.b) at the front and an acoustic window (2.c) at the back. Temperature
control was achieve using a thermostat with an external circulation connected
to two aluminium radiators (3.a). The generated photoacoustic signals were
acquired using a broadband PVDF receiver (5.a) with a 5 mm active element,
which was held in a 3D printed transducer holder (5.b).
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2.a 5.a

5.b

1.a

1.b

2.b

Figure 7.3: Photographs showing the components of the measurement setup for
temperature-dependent material characterisation. The tank (2.a) was manu-
factured to ensure alignment of the optical fibre (1.a), optical lens (1.b), optical
window (2.b) and receiver (5.a) which was held in a 3D-printed holder (5.b).

120 mm × 40 mm (height × width × length) and back wall thickness of 10 mm.

The optical window was a 31 mm x 31 mm square NIR-II window (BK7 window 1/4

wave, Edmund Optics Ltd., York, U.K.) and was aligned with the circular opening

(Ø= 23 mm) for the hydrophone at the back (Fig. 7.3).

Temperature control

Temperature control was achieved using a thermostat with an external circula-

tion (ECO RE415S Silver thermostat, Lauda Dr. R. Wobser GmbH, Lauda-

Königshofen, Germany) connected to two aluminium heat sinks immersed in the

tank (3.a). Temperature feedback was received using a T-type thermocouple (5TC-

TT-TI-36-1M-SMP-M IEC PFA-insulated, Omega Engineering Limited, Manch-

ester, U.K.) embedded in the test material samples during fabrication.
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Sample mount

A circular sample holder (4.a) was 3D printed from PLA (Ø = 60 mm, width

10 mm), and was mounted to an optical post assembly with a 2-axis tilt (4.b) for

alignment.

Hydrophone

The hydrophone (5.a) used was a custom-made broadband PVDF receiver with a

5 mm active element and centre frequency of 14 MHz (PA1075, Precision Acoustics

Ltd., Dorchester, U.K.), which was calibrated and characterised in Chapter 5. The

hydrophone was mounted in a holder (5.b) 3D printed from SLS nylon, a strong and

tough plastic thus avoiding the need for a support material or structure. The holder

was attached to the tank from the rear side using eight hex socket cap screws and a

silicone gasket providing a leak-proof connection. The hydrophone was connected

to an oscilloscope (DSO-X 3024A, Agilent Technologies, PaloAlto, CA, USA) us-

ing a submersible hydrophone preamplifier that buffers the signal and provides a

50 Ω source. The preamplifier is powered by a DC coupler (Precision Acoustics

Ltd., Dorchester, U.K.). Signal acquisition was triggered using a photodiode and

waveforms were digitised using the oscilloscope with a sampling frequency of 200

MHz and 128 averages.

Measurement control and data acquisition

Data acquisition and control of the various parts of the measurement process were

achieved using the LabVIEW application developed for the hydrophone characteri-

sation in Chapter 5. Here, the samples were maintained at the setpoint temperature

for 60 seconds in order to reach temperature equilibrium using a PID controller.

Waveform acquisition was then triggered and the data saved. The process was re-

peated until the final setpoint temperature was reached, and then continued during

cooldown.

7.4.3 Measurement protocol

During the measurements, the entire setup was placed in a light-absorbing enclosure

for eye-safety purposes. The tank was filled with degassed deionised water. The wa-
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ter was treated with an in-house system (Purelab Option-R 7/15, ELGA LabWater,

High Wycombe, U.K.). The water was deionised to reduce the build-up of min-

eral deposits on the tank and equipment, and stop electrical conduction through the

water, and degassed in order to reduce bubble formation during heating. The water

conductivity in the tank was measured using a conductivity meter (CON450, Eutech

Instruments, Singapore) and was 0.86 µS at 19 °C. For each material, cylindrical

samples of 10 mm thickness and 60 mm diameter were prepared with an embed-

ded T-type thermocouple (5TC-TT-TI-36-1M-SMP-M IEC PFA-insulated, Omega

Engineering Limited, Manchester, U.K.). The thermocouples were inserted into the

samples during fabrication using a 3D printed rig to shape and hold the wire. The

sample was placed in the holder, immersed in water, illuminated by the 1064 nm

Ultra laser and aligned for maximum signal. The water (and thus sample) tempera-

ture was changed from 22 °C to 50 °C, and signals acquired every 1 °C during both

heating and cooling. For each material, the measurement was repeated five times,

thus making a total of 10 repeats.

7.4.4 Data processing

Signal processing

For each sample, the recorded time-domain signals were processed in MATLAB

(R2020a, MathWorks, Massachusetts, USA) by first removing any DC offset (by

setting the DC component to zero in the Fourier spectrum). The signals were then

averaged and their peak-positive voltage taken as the signal amplitude representing

µaΓ. The spectra were acquired by applying a zero-padded fast Fourier transform

(FFT) to the signals. An example of the recorded signal for one of the test materi-

als is shown in Fig. 7.4, along with the corresponding single-sided amplitude A( f )

spectrum (for illustration only). The initial part of the signal corresponds to the

initial stress distribution, which is proportional to the axial distribution of the ab-

sorbed energy in the irradiated volume. The positive peak of the signal corresponds

to the absorbed energy at the surface of the sample. The negative peak is caused by

edge waves from the perimeter of the excitation beam [116]. Broadening effects can

be observed around 35 µs, arising due to limited hydrophone bandwidth, followed
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Figure 7.4: An example of the recorded signal for one of the test materials, along with the
corresponding single-sided amplitude spectrum. In order to retrieve the optical
absorption coefficient, the decaying exponential part of the signal is plotted on
a logarithmic scale and a linear fit used to determine the slope.

by reverberations due to multiple acoustic or light reflections in the optical window.

The signal amplitude spectra indicates the majority of the signal is contained around

0.5 MHz.

Bulk speed of sound

Using the above-described setup, the temperature-dependent bulk speed of sound

(group velocity) of the samples can be determined using the time-of-flight method

[72]. This information is important for accurate image reconstruction. The time

between the laser trigger and the maximum peak in the recorded photoacoustic sig-

nal is used in conjunction with the known temperature-dependent speed of sound in

distilled water [126]. The speed of sound of homogeneous solid samples (cs) can

then be calculated using the relation:

cs = ds

(
t − dwater

cwater

)−1

(7.3)

where ds is the sample thickness, t is the time of arrival of the photoacoustic signal

defined at the signal peak, and cwater is the propagation speed in water and dwater the

water path length, ie. the distance between the sample and the receiver. For water

measurements, Eq. (7.3) reduces to cwater =
dwater

t where dwater is equal to the length

of the water tank.
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Photoacoustic conversion efficiency

The photoacoustic conversion efficiency is the product of the optical absorption

coefficient µa and the Grüneisen parameter Γ [144]. This is an intrinsic property

which determines the strength of the photoacoustic signal produced by the material

(as opposed to extrinsic characteristics such as the laser power output), as well as

its temperature-dependence, thus making it the most important parameter in estab-

lishing the material’s suitability for applications in photoacoustic thermometry.

The photoacoustic conversion efficiency was retrieved by extracting the peak

values of the averaged photoacoustic signals and plotting against the thermocouple

temperature data. The data are reported normalised to 22 °C to assess the strength

of the parameter’s temperature-dependence. In order to obtain absolute values of

the Grüneisen parameter, the optical fluence incident on the sample surface would

be required. However, these measurements were not performed as for the purpose

of this thesis the main interest was the relative change in material’s properties with

temperature.

Optical absorption coefficient

The optical absorption coefficient µa can be retrieved by performing curve-fitting

to the decaying exponential part of the recorded PA signal. To do so, the signals

were plotted on a logarithmic scale, as shown in Fig. 7.4, and a linear fit was used

to determine the slope [185]. The value for µa was calculated by taking the ratio of

the slope of the linear fit and the sample’s speed of sound cs, determined using the

time-of-flight method described above.

Reporting temperature dependencies

The trends in determined quantities over the measurement temperature range are

reported as % per degree Celsius. Weighted least-squares (WLS) regression was

used [93], where the weight is the inverse of the square of the variance of the data

point.
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7.4.5 Validation

In order to verify the measured properties of solid samples, measurements were re-

peated using degassed deionised water as a reference material with well-known

properties (Section 5.2.2). A tunable OPO system (SpitLight 600, Innolas,

Krailling, Germany) providing 6 ns pulses at 30 Hz was used for the generation of

photoacoustic signals. The laser was tuned to the water absorption peak at 1470 nm

(as determined in 5.2.2), the sample holder removed from the water bath and photoa-

coustic measurements of the temperature-dependent material properties were done

as described in Section 7.4.2. The measurements were repeated five times, with

water changed in between repeats.

The measurement results were then compared to the literature values. To eval-

uate the significance of the difference observed between the literature and measure-

ment data, a statistical analysis was made assessing the normalised error (En) as

described in [186]:

En =

∣∣∣∣∣ (x2 − x1)√
(U2

2 −U2
1 )

∣∣∣∣∣ (7.4)

where xi are the compared quantities, and Ui their corresponding uncertainties (p

= 0.95). Values were calculated over the temperature range from 22 °C to 50 °C

and are considered statistically equivalent for normalised errors less than or equal

to one.

Figure 7.5 shows the bulk speed of sound and photoacoustic conversion effi-

ciency of water for temperatures between 22 °C and 50 °C. The literature values are

plotted in solid red lines. There is good agreement for the speed of sound values,

with a consistent offset of approximately 5 ms-1. This discrepancy can be con-

tributed mostly to the uncertainty in water path length which was measured using a

caliper. The En values for cwater were in the range 1.00-1.30. The µa value at 22 °C

was 32.1 cm-1 and showed a linear dependence with temperature which can be ex-

pressed as µa =−0.05892T +33.4341. In order to compare the measured photoa-

coustic conversion efficiency to the literature values for Γ (as µa(T ) is not available

in the literature), µaΓ was normalised to 22 °C and divided by normalised µa(T ) to
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Figure 7.5: Bulk speed of sound and photoacoustic conversion efficiency of deionised wa-
ter for temperatures between 22 °C and 50 °C. The theoretical values from the
literature are plotted in red. The error bars represent the expanded uncertainty
(p = 0.95).

obtain a relative change in Grüneisen parameter with temperature. This is shown in

Fig. 7.5 and corresponds closely to the literature data for the Grüneisen parameter

of water within the measurement temperature range, which increases by approxi-

mately 4 % per degree Celsius. Correcting the measured Γ for the hydrophone’s

temperature dependence of -0.1 % per degree C (as measured in Chapter 5) yields

values with En less than 0.1 thus making the measured values statistically equiva-

lent to those reported in the literature, and confirming the accuracy of the methods

presented in this chapter.

7.5 Measurement uncertainty

7.5.1 Overview

The measurement uncertainty was evaluated following practices as defined [89,

196] and as utilised in Section 4.4.4. The expanded measurement uncertainty

quoted in the results section was determined using both Type A (random) and Type

B (systematic) uncertainty evaluations and is given as the standard uncertainty mul-

tiplied by a coverage factor, k=2, providing a coverage probability of approximately

95% (p=0.95), according to the method recommended in [89, 196].
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7.5.2 Broadband through-transmission method

Type A uncertainty for the speed of sound measurement for each sample was as-

sessed from at least four repeated measurements. Results derived for the same ma-

terial using different sample thicknesses were combined using the weighted mean.

For the acoustic attenuation coefficient, values of transmission loss for the different

thicknesses were subtracted and divided by the difference in sample thicknesses to

yield the attenuation coefficient at each of the frequencies of interest. Expanded

uncertainty was evaluated accordingly.

Systematic uncertainties in the broadband through-transmission method arise

from several sources which were independently evaluated at different frequencies.

These are outlined in Table 7.1. Some of the contributions include the tempera-

ture variations, diffraction errors, oscilloscope resolution and the linearity of the

amplifier and the receiver [89, 6].

Table 7.1: Uncertainty sources and their contributions (k = 1), expressed as percentages
(%).

Source of uncertainty 5 MHz 10 MHz Description
Speed of sound (m s-1)

Type A 0.02 – 0.08 * 0.02 – 0.08 * Random/repetitions

Oscilloscope time base < 0.001 < 0.001 From device specifications.

Oscilloscope resolution 0.007 0.007 Measured in-house.

Speed of sound in water 0.02 0.02 Calculated from [165].

Thickness 0.10 0.10 Calculated from uncertainty in the thickness.

Temperature 0.11 0.11 Calculated for ±0.5 °C.

Diffraction errors in reflected pulses 0.007 0.007 Calculated from [103].

Diffraction errors in transmitted pulses 0.007 0.007 Calculated from [220].

Acoustic attenuation coefficient (dB cm-1)

Type A 0.70 – 4.35 * 0.48 – 2.89 * Random/repetitions

Oscilloscope linearity 0.20 0.10 Measured in-house [196, 183].

Oscilloscope range-to-range corrections 1.70 1.70 Measured in-house [183].

Oscilloscope temperature dependence 0.20 0.10 From device specifications.

Hydrophone SNR < 0.01 < 0.01 Measured in-house.

Receiver linearity < 0.01 < 0.01 Measured in-house [196, 183].

Amplifier linearity 0.57 0.52 Measured in-house [196, 183].

Temperature dependence 0.02 0.02 Measured in-house.

Non-linear propagation < 0.01 < 0.01 Measured from [183, 4].

Absorption of water < 0.01 < 0.01 Calculated from [157].

Diffraction < 0.01 < 0.01 Calculated from [220].
* Depending on sample type

7.5.3 Optical attenuation

Optical attenuation measurements yielded a Type A standard uncertainty around

1 %, mostly due to uncertainty in sample thickness as a dominant source of mea-
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surement error, with an average uncertainty of approximately 0.5 %. Systematic

uncertainties in transmittance arising from the measurement device itself account

for less than 0.2 %, thus making the expanded uncertainty ( p = 0.95) 2 %.

7.5.4 Temperature-dependent properties

Uncertainty in the temperature-dependent speed of sound, optical absorption coeffi-

cient and photoacoustic conversion efficiency (measured as the peak-to-peak signal

amplitude) was determined from Type A uncertainties evaluated at four tempera-

tures (22 °C, 30 °C, 38 °C and 46 °C) and temperature-independent Type B un-

certainties. The uncertainty budget included systematic contributions such as the

oscilloscope linearity and resolution, laser shot-to-shot noise and SNR. A detailed

list can be found in Table 7.2. The contribution of uncertainty in hydrophone sen-

sitivity S with temperature, as determined in Chapter 5, was calculated based on

Eq. 5.6 and was equal to the uncertainty in hydrophone calibration at room temper-

ature.

Table 7.2: Uncertainty sources and their contributions (k = 1), expressed as percentages
(%).

Source of uncertainty Standard uncertainty Description
Speed of sound (m s-1)

Type A 0.28 – 0.91 * Random/repetitions

Oscilloscope horizontal resolution < 0.01 From device specifications

Sample thickness 0.50 From caliper measurements.

Water path length 0.10 From caliper measurements.

Speed of sound in water 0.02 From [165].

Temperature 0.23 From thermocouple specifications.

Optical absorption coeffcient (cm-1)

Type A 0.79 – 3.60 * Random/repetitions

Oscilloscope horizontal resolution < 0.01 From oscilloscope specifications.

Oscilloscope vertical resolution < 0.01 From oscilloscope specifications.

Oscilloscope linearity 0.58 From oscilloscope specifications.

Hydrophone linearity 0.02 From hydrophone specifications.

Hydrophone SNR 0.02 Calculated as ratio of noise at zero-level to sig-

nal peak.

Sample speed of sound Combined uncertainty in speed of sound.

Total laser noise 0.75 Calculated from laser shot-to-shot noise and

stability RMS.

Temperature 0.23 From thermocouple specifications.

Peak-to-peak signal amplitude (V)

Type A 1.48 – 7.38 * Random/repetitions

Oscilloscope linearity 0.02 From oscilloscope specifications.

Hydrophone sensitivity 4.94 From hydrophone specifications.

Hydrophone SNR 0.02 Calculated as ratio of noise at zero-level to sig-

nal peak.

Total laser noise 0.75 Calculated from laser shot-to-shot noise and

stability RMS.
* Depending on sample type
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7.6 Conclusion
In this chapter, the methods required to characterise the acoustic, optical and ther-

moelastic properties of materials were described. These included both room tem-

perature and temperature-dependent properties. The remainder of this thesis part

deals with characterising potential phantom materials for photoacoustic thermome-

try.



Chapter 8

PVCP

8.1 Introduction

Chapter 7 described the methods required to characterise material properties needed

to determine the phantom material most suitable for validating photoacoustic ther-

mometry approaches and techniques.

Based on the review of potential phantom materials as described in Chapter 6,

PVCP was chosen as the most promising candidate due to its rapidly increasing use

in photoacoustic imaging at the time of review, optical tunability and robustness

[53, 17, 202].

As an industrial material, PVCP is well-characterised in terms of its mechan-

ical properties and has well-established fabrication methods. Various PVC-based

formulations are used with numerous additives that modify the properties and re-

duce the final cost of the produced articles [172]. However these formulations are

often not widely available for use in fabrication of imaging phantoms and can be

expensive, especially if purchased for small production batches.

Commercial premixed PVC-plasticizer suspensions can be purchased at low

cost as a phthalate-free plastisol base material commonly used for making fishing

lures. As this application does not pose any strict requirements on the final prod-

uct such as homogeneity and repeatability, several preparation methods for PVCP

tissue-mimicking phantoms have been proposed utilizing standard laboratory equip-

ment [68, 184, 74, 123, 17]. However, these studies have yielded different properties
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and considerations regarding the suitability of PVCP for different applications in

photoacoustic and ultrasound imaging. The lack of an accepted fabrication protocol

and PVCP formulation makes it challenging to produce repeatable phantoms with

consistent properties. Additionally, the material has high acoustic attenuation mak-

ing it unsuitable for use in HIFU applications. The difficulties encountered when

tuning its acoustic properties also make it less suitable for mimicking soft tissues.

The work published by Maggi et al. [123] indicated these might be affected by the

curing temperature and time of PVCP suspension.

In this chapter, the properties and preparation methods for PVCP phantoms

are reviewed. A straightforward fabrication method is then introduced based on the

method used by Maggi et al. [123] and the effect of fabrication temperature and

curing time on the acoustic and optical properties of the material is investigated,

and their stability over time is presented. The material’s temperature-dependent

properties are then characterised using the methods developed and described in 7.4,

and PVCP’s suitability for photoacoustic thermometry assessed.

The journal article in [9] has been modified and adapted to form parts of this

chapter, with reprint permission under CC BY 4.0 License. The conference pro-

ceeding in [8] ©IEEE 2019 has also been adapted.

8.2 PVCP fabrication methods and properties

8.2.1 PVCP

Polyvinyl chloride plastisol (PVCP) is a suspension of PVC particles in a liquid

plasticizer. It is widely available for purchase as a two-part suspension of polyvinyl

chloride resin (PVC and copolymers) and plasticizer that keeps the resin in a liquid

state when at room temperature and forms a plastisol [43]. Upon mechanical mixing

and heating between 70 °C and 200 °C (depending on the formulation), the plastic

particles dissolve and the mixture turns into a gel of high viscosity. During the pro-

cess of gelation, the plasticizer penetrates into the PVC grains, swelling them and

glueing them together thus decreasing the relative amount of free plasticizer and

forming a homogeneous material [18]. The rate of the gelation process is inversely
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proportional to the PVC molecular weight and particle size [141]. The gel strength

increases with curing temperature, and the time required for gel formation decreases

with increasing curing temperature. Just above the temperature of gelation, gran-

ular morphology is no longer observable and the material obtains optimum tensile

properties in a process called fusion [199]. On cooling below 60 °C, a flexible,

permanently plasticized solid material with elastomeric properties is formed [175].

8.2.2 PVCP in industry

The effect of curing temperature and time on PVCP’s mechanical properties (but

not acoustic) has already been thoroughly investigated within the scope of its indus-

trial application [50]. Curing conditions commonly used in industry are tempera-

tures ranging from 160 to 220 °C and curing times between 6 and 16 minutes. The

optimum mechanical properties relevant to the industrial applications of PVCP are

obtained at 200 and 220 °C for curing times of 14 and 10 minutes, respectively [50].

The tensile strength increases with curing temperature and time, while the elonga-

tion at break point is highly sensitive to thermal degradation [60] and is related to

plasticizer structure and molecular weight, which is in turn directly linked to chain

mobility (high molecular weight results in lower mobility and thus low elongation

at break values). The effect of curing temperature and time can also be observed

morphologically through microscopic characterisation, as well as by studying the

colour and opacity of the cured samples which become transparent and acquire a

colouration representative of the natural colour of the plasticizer used when fully

cured [50]. A direct relationship between plasticizer migration and curing temper-

ature and time is known: for lower degrees of curing, the plasticizer is not fully

absorbed by the PVC particles and is thus free to migrate through the microstruc-

ture. The minimum values of migration are obtained at the same curing conditions

as the optimum mechanical properties of the samples.

8.2.3 PVCP as an imaging phantom

PVCP was first used as a tissue-mimicking material for ultrasound elastography in

2003 [122]. Although no description was given on how the phantoms were pre-
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pared, the work provided valuable information on the speed of sound and acoustic

attenuation of the material, indicating its tissue-like properties and utility.

The first reported process for fabrication of PVCP as a phantom for photoa-

coustic imaging consisted of heating a commercially available plastisol formulation

(manufacturer not reported) [68]. The heating was done under partial vacuum in

order to eliminate air bubbles. The liquid PVCP was then allowed to cool, reheated

and poured into a mould of the desired shape containing various targets. The use

of titanium dioxide (TiO2) to introduce optical scattering and commercial plastic

colours in order to improve absorption was suggested.

The acoustic and optical properties of PVCP were first measured in [184]. The

material was also characterized as a potentially suitable tissue-mimicking phantom

for use in biomedical photoacoustics as it is non-toxic, insoluble in water and can

be reused without degradation. The phantoms were prepared by heating a mixture

of liquid PVCP and BPC (Black Plastic Colour, CI Pigment Black 7) to approx-

imately 200 °C, stirred continuously with a magnetic stirrer. As it is heated, the

opaque PVCP-BPC mixture becomes more viscous and translucent, and TiO2 pow-

der is added. The total heating time reported for 300 ml of mixture was 130 min.

Upon cooling, the PVCP mixture solidifies and can easily be removed from glass

containers and cut into the desired shape. The properties are summarised in Table

8.1. The reheating of PVCP was reported to alter its optical properties. The speed

of sound was insensitive to the addition of colourants during phantom fabrication

but did introduce scattering and increase optical absorption. The provider of the

materials was M-F Manufacturing Co. (Fort Worth, TX, USA), which is commonly

used in all studies reviewed to date, unless stated otherwise. This study reports that

the phantoms should be stored away from other plastic materials as PVCP can react

with and dissolve other plastics when in prolonged contact through mutual diffu-

sion. A multi-layered PVCP skin phantom [23] was made using this preparation

procedure [184].

The characterisation of PVCP mixtures ranging from super soft to super rigid

enabled their use for fabrication of a realistic prostate phantom [74]. Phantoms of
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varying degrees of stiffness were made by adding 25 % to 90 % softener agent (a

plasticizer additive that reduces hardness and increases flexibility), yielding speed

of sound values from 1580 m·s-1 to 1360 m·s-1, respectively, thus concluding that the

speed of sound of PVCP can be tuned by the addition of the hardener/softener agent.

It should be noted, however, that the acoustic attenuation was not measured. The

mixtures were made using a hot plate set to 450 °C (no information was given on

the temperature reached within the PVCP suspension), heated for 20 to 30 minutes

and then placed into a vacuum chamber for 1 to 2 minutes prior to pouring into

an aluminium mould. The mould was preheated to prevent the PVCP from curing

too quickly around the walls which was known to trap the escaping air bubbles.

The fabricated PVCP phantoms were left to cool down and were stored in glass

containers [23] at -21 °C.

In 2013, two new fabrication processes were developed. The first one consisted

of degassing liquid PVCP suspension at room temperature and then pouring it into

the mould and heating in an oven at either 130 °C or 170 °C for plastic and super

soft plastic, respectively, for two hours [123]. The phantom properties were tuned

by adding PVC and/or graphite powder. The authors reported that the curing tem-

perature changed all material properties except the speed of sound, but suggested

this should be further investigated. The acoustic properties of two formulations can

be found in Table 8.1. The phantoms were also characterised thermally, yielding a

specific heat capacity between 1.16 and 2.65 J· kg-1·K-1 and thermal conductivity

κ from 0.0603 to 0.1243 J· s-1·K-1·m-1. The speed of sound was shown to decrease

linearly by 20 % in the temperature range from 20 °C to 50 °C. Although making

the fabrication process easy, this method had several drawbacks such as bubble for-

mation during heating and graphite particle settling. The properties of PVCP with

2 % graphite powder in the temperature range from 20 °C to 45 °C were later mea-

sured [35] and two phantoms were made: soft (ρ = 953 ± 24 kg·m-3) and hard (ρ

= 972 ± 24 kg·m-3) with a specific heat capacity of 2.65 ± 0.51 J· kg-1·K-1 and

thermal conductivity of 0.091 ± 0.013 J· s-1·K-1·m-1. The speed of sound decreased

from 1501.5 ± 0.7 m·s-1 at 22 °C to 1331.8 ± 0.3 m·s-1 at 45 °C, while the acoustic
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attenuation coefficient changed from 0.46 ± 0.03 dB·cm-1 to 0.94 ± 0.09 dB·cm-1

at the frequency of 1 MHz. The fabrication method still had issues with graphite

settling.

The second PVCP fabrication protocol was developed for tuning its optical

properties to values relevant for studies of biological tissue in the near infrared [17].

The aim of this work was to obtain a standard physical phantom for routine qual-

ity control and performance evaluation of photoacoustic imaging instruments. The

protocol, called S1, is as follows: upon adding the optical absorbers (BPC) and

scatterers (TiO2) to liquid PVCP suspension at room temperature, the suspension is

sonicated at 40 °C for 10 minutes; then poured into a flask along with a magnetic

stirrer bar, placed in an oil bath preheated to 200 °C and connected to a vacuum line

which is gradually opened until small bubbles are observed in the mixture. During

the procedure, the vacuum level should be adjusted to avoid excessive bubbling. Af-

ter approximately 6 minutes, the material should reach 130 °C and become viscous,

so the stirring speed should be reduced. After 2 additional minutes, the material

should begin to move freely so stirring should be restored back to its original speed.

After 10 minutes, the stirrer bar should be moving freely and the material should

have reached 180 °C, when it is ready for pouring into a mould. Several phan-

toms were made in the study with varying concentrations of BPC (0 to 0.016 % v/v

for background and 0.064 to 0.256 % v/v for targets, yielding optical absorption

coefficients of 0 to 0.1 cm-1 and 0.26 to 1.07 cm-1, respectively) and TiO2 in con-

centrations of 0 to 2.5 mg·ml-1 for the targets yielding a reduced optical scattering

coefficient of 0.9 to 6.8 cm-1. The addition of TiO2 was reported to have no effect

on the acoustic attenuation coefficient values. The phantoms were stored in air-

tight containers and showed no sign of physical degradation, nor bacterial growth

during the course of six months. This would make PVCP a suitable candidate for

a standard photoacoustic phantom, however, the material did not satisfy other re-

quirements such as the ease of preparation and mimicking the ultrasound properties

of tissues.

In another study, PVCP’s suitability as a potential phantom for photoacoustic
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vascular imaging was considered due to its stability and longevity [201]. The effect

of PVC concentration and the addition of biologically relevant absorbers and scat-

terers on its acoustic and optical properties was investigated. The phantoms were

made following protocol S1 [17]. Hardener agent was added (0 to 50 % v/v) in

order to increase PVC concentration, while 2 mg·ml-1 to 0.125 mg·ml-1 of TiO2 and

1 % v/v to 0.125 % v/v BPC were added to tune the reduced scattering coefficient µ ′
s

and optical absorption coefficient µa, respectively. The optical properties were mea-

sured in the wavelength range from 500 nm to 1100 nm and the ability of PVCP to

be tuned to tissue-relevant properties was demonstrated. µ ′
s of the PVCP suspension

was reported to be less than 0.05 cm-1 making it a good base material, while µa ex-

hibited absorption peaks characteristic of the primary plasticizer bis(2-ethylhexyl)

adipate (DEHA), which were reduced with the addition of BPC. The acoustic at-

tenuation increased from approximately 3 to 5 dB·cm-1 at the frequency of 5 MHz

with increasing hardener concentration from 0 % to 50 %, however the speed of

sound of PVCP was effectively unalterable. The addition of TiO2 had no effect on

acoustic properties. The requirement for adequate tunability of the acoustic proper-

ties established the ground for further work in which a dual-plasticizer approach for

fabricating PVCP phantoms with finely-tunable acoustic and optical properties was

developed [202]. The plasticizer choice had a great impact on the speed of sound

and acoustic attenuation of PVCP and four of the most suitable formulations were

used for fabrication, with PVC resin content of 10 to 20 %. A positive correlation

between the speed of sound and plasticizer density was observed, but none with

molecular weight. Glass microspheres were used to tune the acoustic attenuation

and ultrasound speckle pattern. The best storage conditions for PVCP phantoms

were also thoroughly investigated: encased in a solid chamber and sealed to pre-

vent environmental exposure, then stored at a low temperature of 2 °C to reduce

plasticizer exudation.

The suitability of PVCP as a quantitative photoacoustic imaging (qPAI) phan-

tom has also been assessed [53]. The suspension used was Lure Flex Firm provided

by Lure Factors (Doncaster, U.K.), a British equivalent to the previously mentioned
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M-F Manufacturing Co. PVCP was characterized over the wavelength range from

400 nm to 2000 nm and intrinsic absorption peaks were observed at 910, 1190,

1400 and 1720 nm, possibly due to vibrational energy transitions in PVC [63].

The use of various pigments and sulphates as chromophores for multiwavelength

photoacoustic imaging phantoms has been thoroughly investigated [54]. Nonlin-

earity of the optical absorption coefficient was observed at high peak powers typi-

cally used in photoacoustic imaging. The Grüneisen parameter was measured to be

Γ = 1.01±0.05.

In another study, the mechanical and acoustic properties of PVCP were also

altered by adding softener, mineral oil and glass microspheres in order to develop

a regression model for the design of formulations with targeted properties [119].

The optical clarity of samples was represented by light transmittance at two wave-

lengths (645 nm and 532 nm) and increased with the addition of softener, while

it decreased with the addition of microspheres and oil, the latter being due to the

impediment of cross-linking. The elastic modulus, Shore hardness and viscoelas-

tic relaxation time constant exhibited a wide range of tunability, whereas the speed

of sound and acoustic attenuation had a large discrepancy with values of real soft

tissues. The regression model was thus applied to mechanical properties only and

validated experimentally with an error <5 % within the range of previously mea-

sured parameters.

A comprehensive list of acoustic and optical properties of PVCP phantoms

fabricated and characterised in the above studies and the values obtained in this

study is given in Table 8.1.
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Table 8.1: Speed of sound c, density ρ , acoustic attenuation coefficient α and optical absorption coefficient µa for various PVCP formulations from
the literature.

Formulation c (103 m·s-1) ρ (103 kg·m-3) α (dB·cm-1) µa (cm-1)
Triple hardness PVCP [122] 1.395 - 1.05 @ 4.5 MHz -
PVCP (M-F Manufacturing) [184] 1.40 @ 1 MHz 0.98 - 1.01 0.57 @ 1 MHz 0 - 3.7 @ 1064 nm
PVCP with 25% softener [74] 1.58 0.98 - -
PVCP with 50% softener [74] 1.44 0.91 - -
PVCP with 75% softener [74] 1.42 0.93 - -
PVCP with 90% softener [74] 1.36 0.74 - -
PVCP cured at 130 °C [123] 1.43 0.97 0.66 @ 1 MHz -
PVCP cured at 170 °C [123] 1.43 0.97 0.92 @ 1 MHz -
PVCP Protocol S1 [17] - - - 0 - 1.07 @ 600 - 1000 nm
Dual-plasticizer formulation [202] 1.35 - 1.54 - 1 - 30 @ 4.0 MHz 0.07 - 10 @ 500 - 1100 nm
PVCP with 5-20% softener [53] 1.40 @ 5 MHz 1.01 6.45 - 8.12 @ 5 MHz 0 - 3 @ 400 - 2000 nm
PVCP at investigated curing conditions 1.40 @ 5 MHz 0.95 - 1.07 7.26 - 8.24 @ 5 MHz 0.45 - 16 @ 500 - 2200 nm
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8.3 Phantom fabrication
Taking into account the reviewed fabrication methods, the PVCP samples were ini-

tially made following protocol S1 [17] and using Lure Flex Firm provided by Lure

Factors, Doncaster, U.K. The following observations were made. Firstly, the move-

ment of the magnetic stirrer bar was soon disabled as the surrounding suspension

solidifies more quickly. Secondly, it is considered that the temperature/time rec-

ommendations from the protocol [17] may have been inaccurately reported. The

suspension temperature was monitored using a suspended thermometer and exhib-

ited a slow temperature rise, reaching 130 °C after 30 minutes, as opposed to the

reported 180 °C which could not be achieved within a reasonable amount of time (a

maximum of 6 hours was tested). It was noticed that if the thermometer was touch-

ing the bottom of the flask, a higher temperature occurred within the amount of

time reported, but this meant the actual readings were taken of the Duran glass and

not the suspension. The saturation temperature of the suspension using the oil bath

setup was 150 °C. This temperature depended very little on the concentration of

softener used. Nonetheless, the protocol proved to give optically inconsistent phan-

toms (acoustic properties were not investigated at this point). Preventing bubble

formation or premature solidifying during pouring into the mould was also a sig-

nificant challenge. These difficulties encountered while following the fabrication

protocol S1 may be related to the composition of the PVC-plasticizer suspension

used, as the effect of the particle size and distribution on PVCP viscoelasticity is a

well reported phenomenon [142].

The fabrication method suggested by the provider of the PVCP suspension

utilizes a microwave oven. However, following this method caused the PVCP to

carbonise even at the lowest microwave power level. It was thus concluded that

making PVCP should involve a gradual heating process.

Finally, a method was adopted following the main guidelines from [123] with

additional steps to prevent bubble formation. The fabrication process was as fol-

lows:

1. PVCP suspension was mechanically mixed (by shaking for approximately 5



8.3. Phantom fabrication 132

minutes) with any softener/hardener agent or pigment dispersion additives.

2. The mixture was then sonicated using an ultrasonic bath (T9, L&R Manufac-

turing Co., Kearny, NJ, USA) with the heater set to 40 °C for 10 minutes in

order to improve component mixing.

3. The mixture was poured into Anumbra® resistance glass petri dishes

(Ø 60 mm) used as moulds and degassed for 10 minutes in a vacuum cham-

ber at 0.4 mbar to eliminate bubbles created during mixing. The sample

thicknesses were around 5 mm and 10 mm.

4. The dishes were placed in an oven (ED 23, Binder, Tuttlingen, Germany)

preheated to 40 °C and the temperature gradually elevated to the desired set

temperature (average heat up time of the oven from 40 °C to the set tem-

perature was 20 minutes) after which the mixtures were left to cure over the

chosen amount of time.

5. Upon curing, the disk-shaped samples were left to cool at room temperature

before demoulding and stored in glass containers at 2 °C.

In order to investigate the effect of curing temperature and time on PVCP prop-

erties, first the minimum and maximum curing temperatures were established. The

maximum time of 2 hours was chosen in order to keep the fabrication process con-

venient. The curing timing was started at the point when the oven reached the

set temperature. Gradual heating of the PVCP suspension is desirable as placing

the samples at high temperatures causes layered solidification and results in non-

uniform samples. The minimum temperature required for solidification of PVCP

was 120 °C, while samples started to burn at 220 °C. Thus 14 samples were made

at temperatures ranging from 120 °C to 200 °C in steps of 20 °C, and curing times

of 15, 30, 60 and 120 minutes. For temperatures below 180 °C the minimum time

required for solidification was 30 minutes, while the samples at 200 °C were only

cured for 15 minutes as longer times were not achievable because the fabrication

conditions constituted a fire hazard due to oven limitations and laboratory safety

conditions.
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Several phantoms were also made using pigment dispersions as additives. Var-

ious colours were used in different concentrations (0.01 %, 0.1 % and 1 %) ob-

tained by serial dilution of pigment with PVCP suspension. All pigments were

supplied by the same manufacturer as for the PVCP suspension. The coloured sam-

ples were cured at 160 °C for 120 minutes. Cylindrical phantoms with volumes up

to ≈ 200 mL have also been made using the same fabrication protocol, although

there should be no inherent limit on the size of the phantom, provided no acoustic

scatterers are added to the solution, the final distribution of which would then be

non uniform.

8.4 Material properties

8.4.1 Acoustic properties at room temperature

The fabricated PVCP samples were characterised in terms of their frequency-

dependent acoustic attenuation α( f ) and speed of sound c( f ) using the broadband

through-transmission technique as described in Section 7.2. Two samples were

made for each curing temperature and time combination, with nominal thicknesses

of 5 mm and 10 mm.

The effect of curing temperature and time on the acoustic properties of the

PVCP samples is shown in Fig. 8.1 and 8.2. The uncertainty in the speed of sound

was 3 m·s-1 in the whole frequency range (mostly due to temperature variations

during the measurements). Speed of sound (Fig. 8.1) increased with curing time for

a given curing temperature, but not significantly, whereas the acoustic attenuation

(Fig. 8.2) remained unchanged. The values for speed of sound are at the lower end

of the range for human fatty tissue [44], and are in good agreement with the values

reported in the literature (Table 8.1).

The measured frequency-dependent acoustic attenuation coefficient was fitted

with a power law of the form α = α0 f y over the frequency range from 2 to

15 MHz, where α0 = 0.6643 dB/cm/MHzy and y = 1.552 (R2 = 0.95). The power

law fit was obtained using the mean of the data for fully cured samples. These are

similar to the values for normal human breast tissue [44]. Expanded uncertainty was
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Figure 8.1: The effect of curing temperature and time on polyvinyl chloride plastisol
(PVCP) speed of sound at 20.0 °C over the frequency range from 2 MHz to
15 MHz. Error bars represent the expanded uncertainty (p = 0.95) which equals
to 3 m·s-1 for all the measurements.

evaluated as in [6] to be 12 % in the range 2-3 MHz, 10 % in the range 4-7 MHz,

7 % in the range 8-12 MHz, and 5 % in the range 12-15 MHz. The density of all

samples was 1000 ± 0.03 kg·m-3, while the acoustic impedance values for fully

cured samples ranged from 1.39 to 1.51 x 106 kg/(m2·s) at a frequency of 5 MHz,

which is similar to values for fatty tissue and water at 20 °C [44].

The addition of pigment dispersions of up to 1 % had a very small effect on

the speed of sound (up to 5 m·s-1 increase) and no effect on the acoustic attenuation

of samples. Figure 8.3 shows a comparison of the acoustic properties of PVCP

samples with no additives, 0.1 % BPC and 1 % BPC, all cured at 160 °C for 120

minutes.

8.4.2 Optical properties

The samples’ optical properties were characterised using light transmittance mea-

surements (7.3). A qualitative assessment of the optical transparency of PVCP (the

degree of scattering) was also made by placing samples over a mesh pattern and

observing their clarity. Fig. 8.4 shows a comparison of the colour and opacity of
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Figure 8.2: The effect of curing temperature and time on polyvinyl chloride plastisol
(PVCP) acoustic attenuation coefficient at 20.0 °C. Error bars represent the ex-
panded uncertainty (p = 0.95) over the frequency range from 2 MHz to 15 MHz.
The power law fit was obtained using the mean of the data for fully cured sam-
ples.
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Figure 8.3: Comparison of speed of sound and acoustic attenuation of polyvinyl chloride
plastisol (PVCP) with no additives, and samples with 0.1 % and 1 % black
plastic colour (BPC) at 20.0 °C. Error bars represent the expanded uncertainty
(p = 0.95) over the frequency range from 2 MHz to 15 MHz. The power law fit
was obtained using the mean of the data for fully cured samples.

PVCP samples fabricated with different curing temperatures and times. The par-

tially cured samples (incomplete gelation-fusion) appear white and are opaque and

inhomogeneous, while the fully cured samples (complete gelation-fusion) are op-

tically clear. This is a good method of testing whether the fabrication process was
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Figure 8.4: Colour and transparency of polyvinyl chloride plastisol (PVCP) assessed by
placing the samples over a mesh pattern.

successfully completed. It is concluded that the optimal fabrication temperature

lies above 160 °C and the required curing time decreases with increasing tempera-

ture. As the fabrication method does not include mixing during heating, a shorter

curing time is desirable in order to reduce the settling of particles when scatterers

are added. Consequently, the recommended curing conditions are a temperature of

180 °C and curing time of 30 minutes. The samples heated to 200 °C with a curing

time of 15 minutes exhibited a yellow appearance, thus indicating thermal degra-

dation [60]. In industry, the colouration of PVC formulations is commonly used as

an indication of the grade of thermal degradation of the samples [69]. It is a con-

sequence of the polymer dehydrochlorination and leads to changes in crosslinking,

poor mechanical properties and potential stability issues [92]. Thus these samples

were excluded from further investigation.

The grade of completeness of the gelation-fusion process is also indicated by

the characteristic optical attenuation spectra of PVCP samples, arising from the
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combined effects of absorption and scattering. In order to simplify the inter-sample

comparison, these are presented as the natural log of the proportion of the energy

transmitted T normalised by the sample thickness d. In the absence of optical scat-

tering, this will equal the optical absorption coefficient. Fig. 8.5 shows the spectra

which are grouped by their similarity. The intrinsic absorption peaks of PVCP

can be observed at 910, 1190, 1400, 1720, 1940 and 2140 nm (the last two peaks

are not commonly reported, possibly due to the available wavelength measurement

range). For fully cured samples, the spectra is dominated by the optical absorp-

tion and does not depend on the curing temperature or time. For partially cured

samples it tends to be higher, which is due to a reduced transmittance caused by

the clustering of PVC particles and thus increased effect of scattering, especially

prominent at shorter wavelengths. The total optical attenuation spectra of partially

cured samples approaches the values for fully cured samples with increasing curing

temperature and time as the optical scattering coefficient decreases to zero when

PVCP has reached complete gelation-fusion.

Fig. 8.6 shows the optical absorption spectra of PVCP samples with 0.1 % v/v

BPC, 0.1 % v/v green pigment, and a representative spectrum of fully cured PVCP

with no additives, all cured at 160 °C for 120 minutes thus assuming the absence

of optical scattering. For PVCP samples with BPC, the spectra exhibit identical

absorption peaks to PVCP without additives, while for other pigments the spectrum

contains additional absorption peaks characteristic of the added colour thus indi-

cating a suitable pigment dispersion can be chosen for a wavelength of interest. It

can also be observed that the addition of BPC has a non-linear effect on the optical

absorption coefficient and increases the µt values more than the same concentration

of the green pigment dispersion used as an exemplary colour spectrum.

8.4.3 Stability

In order to evaluate the phantoms’ stability over time, the per cent mass and density

loss, as well as the acoustic and optical properties were measured 16 weeks after

fabrication. Initial characterisation measurements were done within 72 h of fabrica-

tion. Density was included as a parameter as this made the inter-sample comparison
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Figure 8.5: The optical attenuation spectra of polyvinyl chloride plastisol (PVCP) samples
made with different curing temperatures and times. The spectra are plotted as
the natural log of the proportion of the energy transmitted T normalised by the
sample thickness d over the wavelength range from 500 nm to 2200 nm. In the
absence of optical scattering, such as can be seen in the samples with complete
gelation-fusion, this will equal the optical absorption coefficient.

Figure 8.6: The optical absorption spectra of polyvinyl chloride plastisol (PVCP) samples
with pigment dispersions in comparison to the PVCP formulation with no ad-
ditives.



8.4. Material properties 139

20 25 30 35 40 45 50

Temperature (
°
C)

1280

1300

1320

1340

1360

1380

1400

1420

S
p

e
e

d
 o

f 
s
o

u
n

d
 (

m
s

-1
)

y = -3.607827 * T + 1477.781454

R2: 0.999028

-0.26 % per deg C

data

WLS fit

20 25 30 35 40 45 50

Temperature (
°
C)

6

6.5

7

7.5

8

8.5

9

9.5

10

O
p

ti
c
a

l 
a

b
s
o

rp
ti
o

n
 c

o
e

ff
ic

ie
n

t 
(c

m
-1

)

y = -0.000473 * T + 8.086784

R2: 0.121922

-0.01 % per deg C

data

WLS fit

20 25 30 35 40 45 50

Temperature (
°
C)

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

N
o

rm
a

lis
e

d
 

a
 (

a
.u

.)

y = -0.002120 * T + 1.045786

R2: 0.989308

-0.21 % per deg C

data

WLS fit

Figure 8.7: Temperature-dependent bulk speed of sound (left), optical absorption coeffi-
cient (middle) and photoacoustic conversion efficiency of PVCP (right). The
error bars represent the expanded uncertainty (p = 0.95). The dotted lines rep-
resent the weighted least-squares (WLS) regression fit.

more clear.

The samples were stored in glass containers and kept at 2 °C. The statistical

analysis was performed as described in [186, 6] and the normalised error was cal-

culated over the measurement frequency range. This analysis was used to establish

the significance of the observed difference between two sets of measurement data.

For values of normalised error lower than and equal to one, the compared samples

were considered statistically equivalent with respect to the parameter under consid-

eration. The observed mass and density losses over 16 weeks were less than 2 % for

all samples, and no significant change was observed in the measured acoustic prop-

erties. The speed of sound changed by ± 5 m·s-1, however, this was evaluated to

be statistically insignificant. No change was measured for the acoustic absorption.

Optical attenuation showed an increase of less than 2 % for all samples.

8.4.4 Temperature-dependent properties

The variation in PVCP’s speed of sound, optical absorption coefficient and photoa-

coustic conversion efficiency with temperature was measured according to methods

described in Section 7.4. A 1064 nm Ultra laser was used to excite the samples. Be-

cause PVCP has no intrinsic absorption peaks at this wavelength, the characterised

samples were fabricated with 0.1 % v/v BPC to increase their optical absorption.

The measurement results are presented in Fig. 8.7. The error bars represent the

expanded uncertainty (p = 0.95) evaluated as in Section 7.5.
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The material’s speed of sound follows a linearly decreasing trend for temper-

atures between 22 and 50 °C, where the values decrease by 0.25 % per degree

Celsius (-3.6 m·s-1). The optical absorption coefficient shows no significant change

with temperature, while for the photoacoustic conversion efficiency a similar trend

to the change in speed of sound can been seen as it decreases by 0.21 % per de-

gree Celsius. This is expected as the Grüneisen parameter is directly proportional

to speed of sound squared (Eq. 2.7). This, however, isn’t comparable to the changes

expected to be seen in soft tissues, where the Grüneisen parameter increases by ap-

proximately 2.8 % per degree Celsius (Eq. 2.12). Additionally, the sensitivity of

the photoacoustic thermometry approach and system would need to be very high to

accurately determine the temperature changes on this scale, which often isn’t the

case, thus making PVCP unsuitable as a validation phantom material.

8.5 Conclusion

In this chapter, the effect of curing temperature and time on PVCP properties is

presented. The samples were fabricated using an optimized process in which the

suspension is poured into a mould prior to curing at the high temperatures required

for the completion of the gelation-fusion process, in order to avoid premature solidi-

fication and bubble formation. A simple visual method of determining the optimum

temperature and time of curing was utilized by studying the colour and opacity of

the cured samples which become transparent when fully cured. The new fabrication

method is scalable to larger volumes essential for full-size imaging phantoms used

for evaluating deep-imaging photoacoustic devices. The capability of this fabrica-

tion method to alter the material properties was investigated. The density, speed of

sound, acoustic attenuation and optical attenuation of the PVCP samples were mea-

sured, and their stability assessed 16 weeks after fabrication. The results show is

it not possible to tune the acoustic properties of PVCP by changing the fabrication

conditions, and its optical properties are stable provided the material has reached

complete gelation-fusion. The values of speed of sound, acoustic attenuation and

acoustic impedance correspond to typical values for human fatty tissue.
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Additionally, PVCP’s temperature-dependent properties relevant to photoa-

coustic thermometry were characterised using the setup described in Section 7.4.

The change in speed of sound with temperature followed a similar decreasing trend

to fatty tissue, while its optical absorption coefficient and photoacoustic conver-

sion efficiency showed no significant change with temperature, thus making PVCP

unsuitable for use as a phantom for validation of photoacoustic thermometry.

In the next chapter, other more established phantom materials for ultrasound

and photoacoustic imaging are assessed for applications in photoacoustic thermom-

etry. These include agar-based materials, polyvinyl alcohol, copolymer-in-oil, gel

wax and silicone.



Chapter 9

Polymer- and water-based phantom

materials

9.1 Overview

The previous chapter investigated in detail PVCP and the effect of curing tempera-

ture and time on its acoustic and optical properties. Due to its weak dependence of

photoacoustic conversion efficiency on temperature, the material is unsuitable as a

phantom for validating photoacoustic thermometry techniques, where a strong PA

signal amplitude dependence on temperature is desirable.

In this chapter, the temperature-dependent properties of several other com-

monly used phantoms for ultrasound and photoacoustic imaging are characterised

and the phantoms assessed for application in photoacoustic thermometry. These in-

clude five materials, sorted into two categories: water-based (agar and polyvinyl al-

cohol) and polymer-based (copolymer-in-oil, gel wax and silicone). Although PVA

is a polymer, here it is categorised as water-based due to its high water content.

The phantom materials were fabricated following the accepted protocols as

reported in the literature, which are briefly described in Section 9.2, along with the

relevant acoustic and optical properties of the materials. The material’s temperature-

dependent bulk speed of sound, optical absorption coefficient and photoacoustic

conversion efficiency were characterised using the methods described in Section 7.4

and presented in Section 9.3. Finally, the phantom material most suited for the
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application is chosen based on the results.

9.2 Phantom fabrication

9.2.1 Phantom design

For each material, planar samples of 10 mm thickness and Ø60 mm were prepared

using Anumbra® resistance glass petri dishes as moulds. The samples were embed-

ded with a T-type thermocouple (5TC-TT-TI-36-1M-SMP-M IEC PFA-insulated,

Omega Engineering Limited, Manchester, U.K.) for temperature monitoring during

characterisation.

The phantoms were fabricated following accepted protocols as reported in the

literature, however, for the purpose of this study, acoustic scatterers and other ad-

ditives were omitted to produce matrix materials. These were optically charac-

terised using a spectrophotometer (as described in Section 7.3) in order to deter-

mine whether the material exhibits sufficient absorption at the illumination wave-

length to inherently act as an LGUS source. As for the characterisation of samples’

temperature-dependent properties the available illumination source was a 1064 nm

Q-Switched Nd:YAG laser, the spectra were acquired between 900 nm and 1200 nm

in steps of 5 nm. This knowledge was further used to adjust the samples’ spec-

trum by using specialised dyes added to the matrix material in order to improve the

signal-to-noise ratio for the characterisation of their temperature-dependent prop-

erties using the LGUS method described in Section 7.4. Based on the conclusions

derived from the PVCP study, the dyes were considered only to affect the optical

properties of the materials rather than acoustic.

As some of the samples characterised were weakly scattering, the spectra

shown in Fig. 9.1 represents their optical attenuation coefficient arising from the

combined effects of absorption and scattering. In the absence of optical scattering,

this will equal the optical absorption coefficient.

The acquired spectra showed none of the phantoms exhibit sufficient absorp-

tion at the wavelength of interest and thus require further tuning by use of additives

such as soluble dyes or pigment dispersions [54]. Most notably, the optical at-
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Figure 9.1: The optical attenuation spectra of agar-based (blue dot), polyvinyl alcohol
(PVA) (green diamond), copolymer-in-oil (grey star), gel wax (orange square)
and silicone (purple asterisk) samples over the wavelength range from 900 nm
to 1200 nm. In the absence of optical scattering, this will equal the optical ab-
sorption coefficient.

tenuation spectra of agar and PVA matrix samples showed similar variations with

wavelength, most likely due to their high water content contributing to the spectrum

shape. This could indicate such materials exhibit dominant absorption peaks at or

around the same wavelength as water, however, this hypothesis was not experimen-

tally tested.

9.2.2 Water-based materials

Agar

The fabrication of the IEC agar-based tissue-mimicking material (TMM) for use

in ultrasound applications is described in the standard [79] and is made using the

following ingredients:

• 11.21 % glycerol,

• 82.95 % deionised water,

• 0.47 % benzalkonium chloride,

• 0.53 % silicon carbide (SiC (400 mesh)),

• 0.88 % aluminium oxide (Al2O3 (0,3 µm)),
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• 0.94 % aluminium oxide (Al2O3 (3 µm)),

• 3.02 % agar.

Here, glycerol is used to tune the material speed of sound, the benzalkonium chlo-

ride is used as an antifungal agent extending the life of the phantoms, silicon car-

bide as an acoustic backscatter factor for mimicking real-tissue acoustic backscatter

properties, whereas aluminium oxide is used for tuning of the acoustic attenuation.

The optimum fabrication method of the IEC agar-based TMM was thoroughly

investigated in a study where three different stirring methods, none of them explic-

itly mentioned in the standard, were compared [147]. These included manual, me-

chanical and magnetic stirring. The results showed no effect on the speed of sound

of the material, however the acoustic attenuation and homogeneity of the phantoms

was affected. Manual stirring produced inhomogeneous phantoms, while mechani-

cal stirring introduced bubbles and thus increased attenuation. Based on these find-

ings, magnetic stirring was chosen as the most suitable fabrication method.

The acoustic properties of the IEC agar-based TMM are well-characterised

over a wide frequency range up to 60 MHz [165]. The acoustic attenuation co-

efficient has a value of 0.5 ± 0.05 dB·cm-1 ·MHz-1, while the speed of sound is

1540 ± 5 m·s-1 [21]. These were shown to change over the temperature range

from 22 °C to 37 °C with rates of + 2.1 m· s-1 · ° C-1 for the speed of sound and

-0.005 dB· cm-1 · ° C-1 for the acoustic attenuation [19]. The effect of individual

components of the IEC agar phantom on the material’s acoustic properties is also

reported for frequencies between 12 MHz and 50 MHz [163].

Taking these studies into account and following the procedure described in

Annex DD of IEC 60601-2-37 Edition 2 [79], the phantoms were fabricated using

the following steps:

1. All the components except agar were poured into a glass beaker in the order

listed in the ingredients while mixing using a magnetic hotplate stirrer (AREX

Digital CerAlTopTM, Velp Scientifica, Usmate, Italy) set to 200 rpm. The

mixture was then degassed at -0.4 bar at room temperature for 10 minutes.
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2. Agar was added and the mixture heated while stirring until 90 °C was reached.

To avoid evaporation and hence a change in the components ratio, the beaker

was covered during this process.

3. The mixture was kept at this temperature while stirring for approximately

30 minutes to ensure proper dissolution of the agar.

4. The mixture was then passively cooled (by switching off the hotplate) while

stirring continuously until approximately 60 °C was reached.

5. The substance was quickly poured into moulds and degassed, letting it further

cool down with the mould covered.

6. Upon cooling, the solidified phantoms were stored at room temperature in a

closed container with a water/glycerol mixture to prevent them from drying

out and to avoid air contact. This mixture contained 88.1 % w/w deminer-

alised water and 11.9 % w/w glycerol (purity > 99 %).

Alongside matrix material samples with no additives aside from glycerol, var-

ious phantoms for photoacoustic thermometry were fabricated using different in-

gredient combinations from the IEC list [79] in order to investigate the effect dif-

ferent components have on the amplitude of the photoacoustic signal arising from

the samples. Silicon carbide was excluded from the fabrication as for this pur-

pose a phantom with a minimum amount of scattering is desirable. Samples for

temperature-dependent characterisation using the LGUS method were made using

deionised water with 0.08 % of India ink (Pelikan Vertriebsgesellschaft mbH & Co.

KG, Hannover, Germany) in order to improve signal-to-noise ratio at the measure-

ment wavelength of 1064 nm. The ink concentration (µa ≈ 3.5 cm-1) was chosen

to mimic the agar phantom previously used in a photoacoustic thermometry exper-

iment [109]. The fabricated phantoms included:

• 3.02 % agar dissolved in 96.98 % of deionised water;

• 3.02 % agar dissolved in 11.21 % of glycerol and 85.77 % of deionised water;
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• 3.02 % agar dissolved in 95.16 % of deionised water with 0.88% aluminium

oxide (0,3 µm) and 0.94 % aluminium oxide (3 µm);

• 3.02 % agar dissolved in 11.21 % of glycerol and 85.77 % of deionised water

with 0.88 % aluminium oxide (0,3 µm) and 0.94 % aluminium oxide (3 µm).

Based on [163], the phantoms are expected to have speed of sound ranging from

1533 ± 12.5 m·s-1 for the matrix material to 1546.8 ± 4.5 m·s-1 for the samples

containing aluminium oxide, while their acoustic attenuation is affected by changes

only at higher frequencies. The density of the samples is 1050 ± 10 kg·m-3 [219].

PVA cryogel

PVA cryogel phantoms were fabricated following the procedure by Hyon et al. [76].

Here, dimethly sulfoxide (DMSO) was used to improve the transparency of the ma-

terial while retaining its mechanical properties. A DMSO to water ratio of 80/20

by weight was reported to result in material transparency greater than 90 %, thus

enabling further optical tuning for the temperature-dependent material characterisa-

tion by use of dye. The procedure for fabricating the samples was as follows:

1. A silicone oil bath was prepared using suitable glassware and silicone oil, and

a small magnetic stirrer bar placed inside the oil bath.

2. In a glass beaker, DMSO was mechanically mixed with water in 80/20 by

weight ratio and degassed at -0.4 bar at room temperature for 30 minutes.

3. A magnetic stirrer bar was added into the glass beaker and the mixture heated

to 95 °C using the silicone oil bath with stirring set to 200 rpm.

4. 10 % w/v PVA was gradually added and the mixture kept at the set tempera-

ture for 2 hours while gently stirring at 100 rpm.

5. The mixture was then allowed to passively cool down to 60 °C and was poured

into the moulds.

6. These were then sonicated using an ultrasonic bath with the heater set to 80 °C

for 10 minutes in order to remove bubbles.
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7. The samples were frozen at -21 °C for a minimum of 12 hours, followed by

thawing for the same amount of time, and freeze-thaw (FT) cycles repeated

as necessary.

8. Once all FT cycles were finished, the samples were washed with flowing

water for approximately 4 days in order to exchange DMSO with water. This

was achieved by stirring continuously and regularly changing water.

9. The final phantoms were stored in a plastic bag with some water to prevent

dehydration and refrigerated at 2 °C.

A different number of FT cycles was used to produce samples of varying de-

grees of transparency. The best results were achieved by performing a total of two

FT cycles in duration of 12 hours each. Samples for temperature-dependent char-

acterisation using the LGUS method were made using deionised water with 0.06 %

of India ink (Pelikan Vertriebsgesellschaft mbH & Co. KG, Hannover, Germany) in

order to improve signal-to-noise ratio. Assuming ink does not affect the acous-

tic properties of the material (as was shown for PVCP in Fig. 8.3), the sample

speed of sound was expected to be around 1580 ± 30 m·s-1 and acoustic attenu-

ation follow the power law α( f ) = 0.32 f 1.16 dB·cm-1. The sample density was

1030 ± 20 kg·m-3 [102].

9.2.3 Polymer-based materials

Copolymer-in-oil

Copolymer-in-oil samples were acquired from the National Physical Laboratory

(Teddington, UK) and were fabricated using 12 % of copolymer-in-oil and 3 %

low-density polyethylene (LDPE) following the protocol reported in [88]. Titanium

dioxide was omitted in order to reduce scattering, while 1 % v/v Caligo safewash

relief ink (Black 029171, Cranfield Colours, UK) was added for the purpose of

LGUS characterisation. The matrix material was made using the ingredients below:

• Butylated Hydroxytoluene,

• Low-density Polyethylene,
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• Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene,

• mineral oil,

The fabrication procedure was as follows:

1. A silicone oil bath was prepared using suitable glassware and silicone oil, and

a small magnetic stirrer bar placed inside the oil bath.

2. The hotplate was switched on and the heating temperature set to 170 °C and

the revolutions per minute (rpm) of the stirrer to 50.

3. While the oil bath was being warmed up, 80 g of mineral oil was poured into

a glass beaker.

4. A magnetic stirrer bar was added into the glass beaker and the beaker po-

sitioned into the centre of the oil bath for heating up the mineral oil while

ensuring that the oil level in the bath remains above the mineral oil level. The

mineral oil was warmed up to 170 °C.

5. While the mineral oil was being warmed up, 12 g of polystyrene-block-

poly(ethylene-ran-butylene)-block-polystyrene, 8 g of low-density polyethy-

lene and 2 g of butylated hydroxytoluene were gradually added to it.

6. The stirrer rpm was set to 150 and the mixture left to heat at 170 °C for

5 minutes.

7. The rpm was then reduced to 50 and the mixture left at 170 °C for further

12 minutes or until the solution turned clear.

8. The solution was poured into a glass petri dish and allowed to set under room

temperature. Upon cooling, the samples were stored at room temperature.

The sample’s acoustic properties were characterised at the NPL Materials

Measurement Facility (National Physical Laboratory, Teddington, U.K.) using the

broadband through-transmission method as described in Section 7.2. The speed of

sound of the samples was 1459 ± 0.1 m·s-1, while acoustic attenuation had values
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of 2.1 ± 0.04 dB·cm-1 at a frequency of 3 MHz and measurement temperature of

19.5 °C. The sample density was 900 ± 5 kg·m-3.

Gel wax

Gel wax phantoms were made using native gel wax (FF1 003, Mindsets Online,

Waltham Cross, UK) and carbon black Caligo safe wash relief ink (Black 029171,

Cranfield Colours, UK) to improve the signal-to-noise ratio in the LGUS measure-

ments. The samples were fabricated following the procedure based on [125]:

1. The gel wax was heated in a glass beaker to 200 °C using a magnetic hotplate

stirrer (AREX Digital CerAlTopTM, Velp Scientifica, Usmate, Italy).

2. Ink was gradually added while continuously stirring at 200 rpm until the so-

lution was visually homogeneous (approximately 60 min).

3. The mixture was then sonicated using an ultrasonic bath (T9, L&R Man-

ufacturing Co., Kearny, NJ, USA) for 1 minute in order to achieve further

homogenization.

4. After sonication, the mixture was reheated to 200 °C, and then degassed for

approximately 2 minutes. The sonication-reheating-degassing steps were re-

peated until all air bubbles were eliminated.

5. The mixture was slowly poured into moulds and the sonication-reheating-

degassing step repeated once. The mixture was then left to cool down before

demoulding.

Assuming ink does not change the acoustic properties of the samples, their

speed of sound was expected to be 1445 ± 2.7 m·s-1 and acoustic attenuation fol-

low the power law α( f ) = (0.072±0.008) f (1.98±0.07) dB·cm-1 [125]. The sample

density was 850 ± 5 kg·m-3.

Silicone

The clear silicone potting gel phantoms were made using a two component addi-

tion cured RTV (room temperature vulcanization) silicone (Polytek PlatSil® Sili-
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Glass Silicone Rubber Part A&B, MB Fibreglass, Newtownabbey, UK) and Poly-

craft Black Silicone Pigment (MB Fibreglass, Newtownabbey, UK). Component A

contains the platinum catalyst while component B (hardener) contains the cross-

linker to form the silicone framework. The phantoms were made with the following

procedure:

1. In a glass beaker, the silicone pigment was added to Part A and mechanically

mixed until a homogeneous paste was formed. The mixture was then vacu-

umed at -0.4 bar until all bubbles were dissolved (approximately 5 minutes).

2. Parts A and B were then mechanically mixed for approximately 1 minute at

room temperature with ratio 1A:1B.

3. The solution was poured into moulds and vacuumed at -0.4 bar for 10 min-

utes.

4. The phantoms were demoulded within one-half to one hour after mixing.

Assuming ink does not change the acoustic properties of the samples, their

speed of sound was expected to be around 1030 m·s-1 at 7 MHz and acoustic atten-

uation follow the power law α( f ) = (6.06± 0.99) f (0.49±0.07) dB·cm-1 [219]. The

sample density was 1070 ± 30 kg·m-3.

9.3 Temperature-dependent material properties
The phantoms’ variation in bulk speed of sound, optical absorption coefficient and

photoacoustic conversion efficiency with temperature were measured according to

methods described in Section 7.4. The error bars represent the expanded uncertainty

(p = 0.95) evaluated as in Section 7.5.

9.3.1 Temperature-dependent bulk speed of sound

Figure 9.2 shows the variation in bulk speed of sound with temperature for phan-

toms fabricated in Section 9.2. The presented results are an average of ten measure-

ments and can be categorised between water-based and polymer-based materials.
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Figure 9.2: Temperature-dependent bulk speed of sound of agar-based phantoms, polyvinyl
chloride (PVA), copolymer-in-oil, gel wax and silicone phantoms. Error bars
represent the expanded uncertainty (p = 0.95). The dotted lines represent
the quadratic fit in case of water-based phantoms, and weighted least-squares
(WLS) regression fit for the polymers.
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It can be seen that water-based materials such as agar-based and PVA/DMSO

cryogels the bulk speed of sound exhibits a temperature dependence consistent with

a parabolic relationship similar to that of water [45]. Within the measurement tem-

perature range from 22 °C to 50 °C, this corresponds to approximately 0.11 %/°C

for agar-based and 0.16 %/°C for PVA cryogels. The measured rate of change

in bulk speed of sound for the agar-based phantoms corresponds well to the rate of

0.13 %/°C previously reported in literature for the temperature range between 22 °C

and 37 °C [19], while the values at room temperature are lower than those reported

in previous studies. This can be contributed to the omission of acoustic scatterers

and other additives otherwise used in fabrication of these phantoms, as well as un-

certainty in sample thickness and water path length measured using a caliper. The

expanded uncertainty for both materials is around 10 %.

Polymer-based materials (copolymer-in-oil, gel wax and silicone) showed a

similar decrease in bulk speed of sound as was observed in PVCP. The greatest

change can be seen in silicone (-0.41 %/°C), while copolymer-in-oil and gel wax

phantoms showed a decrease by -0.31 %/°C. This is expected due to their oil content

arising from the base material and dye used, for which the speed of sound is known

to decrease with temperature [135]. The values at room temperature fall well within

the expanded uncertainty for these materials, which is between 9 % and 17 % across

the temperature range (represented by the error bars). In order to reduce these un-

certainties, future studies should employ a broadband through-transmission method

to evaluate sample thickness by using the reflected signals from the front and rear

surface of the samples [165].

9.3.2 Temperature-dependent optical absorption coefficient

The variation in optical absorption coefficient for the characterised phantoms is

shown in Fig. 9.3. This was retrieved by performing curve-fitting to the decaying

exponential part of the recorded PA signal, as described in Section 7.4.4.

Most materials showed a similar temperature dependence between 0.16 %/°C

and 0.23 %/°C, with the exception of copolymer-in-oil with constant µa across the

measurement temperature range, similar to what was observed in PVCP. The error
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Figure 9.3: Change in optical absorption coefficient for agar-based phantoms, polyvinyl
chloride (PVA), copolymer-in-oil, gel wax and silicone phantoms. The re-
sults are presented across a temperature range from 22 °C to 50 °C. Error
bars represent the expanded uncertainty (p = 0.95). The dotted lines represent
the quadratic fit in case of water-based phantoms, and weighted least-squares
(WLS) regression fit for the polymers.
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bars represent the expanded uncertainties for all materials and are between 2 % and

5 % across the measurement temperature range. These results present a valuable

addition to the literature, where a lack of similar information is present.

9.3.3 Temperature-dependent photoacoustic conversion effi-

ciency

The changes in the PA conversion efficiency (µaΓ) of the fabricated phantoms over

the temperature range from 22 °C to 50 °C are presented in Fig. 9.4. The exception

is gel wax, for which the maximum measurement temperature was 40 °C due to its

low melting point compared to the other materials. The results are an average of ten

measurement repeats and are normalised to the amplitude at 22 °C. The expended

uncertainties were between 7 % and 13 % for all tested materials.
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Figure 9.4: The normalised temperature-dependent change in photoacoustic conversion ef-
ficiency generated in phantoms over the temperature range from 22 °C to 50 °C.
The materials presented are agar-based phantoms (blue dot), polyvinyl alcohol
(PVA) (green diamond), copolymer-in-oil (grey star), gel wax (orange square)
and silicone (purple asterisk). Error bars represent the expanded uncertainty (p
= 0.95). The dotted lines represent the weighted least-squares (WLS) regres-
sion fit.

The results for the characterised phantoms can be sorted into three distinct

categories. The first one includes agar-based phantoms and PVA/DMSO cryogels.

As their content is mostly water, the photoacoustic signal amplitudes generated in

these samples increase with temperature accordingly. The rate of increase can be

correlated to their water content, as for agar-based phantoms with 97 % water the
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increase corresponds to that of liquid water (4 %/°C), while a lower water content

in PVA/DMSO cryogels leads to a lower rate of change of 1.75 %/°C.

Copolymer-in-oil phantoms and gel wax, on the other hand, do not seem to

exhibit any significant change in the PA conversion efficiency with temperature.

Although for gel wax the bulk speed of sound was measured to decrease by 6 %

within the measurement range, the remaining material properties contributing to the

Grüneisen parameter (Eq. 2.7) and their dependence on temperature are unknown.

The change in the PA conversion efficiency in silicone phantoms exhibits a

decreasing trend with temperature at a rate of -0.67 %/°C. This results in an overall

change by 19 % between 22 °C and 50 °C which is more significant in comparison

to 6 % observed in PVCP.

9.4 Conclusion
In this chapter, several commonly used phantoms for ultrasound and photoacoustic

imaging were fabricated and their temperature-dependent properties characterised

in order to establish their suitability for application in photoacoustic thermome-

try. The materials included were sorted into two categories: water-based (agar and

polyvinyl alcohol) and polymer-based (copolymer-in-oil, gel wax and silicone).

Table 9.1 shows the summary of results for all phantoms characterised in this

thesis. Here, the equations used for fits represented in Figures 9.2, 9.3 and 9.4 are

given, along with the percentage changes per degree Celsius which were used to

describe the rate of change for the specific property for a given phantom.
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Table 9.1: Phantom properties

Phantom c (m·s-1) µa (mm-1) µaΓ

Agar-based - 0.0064T2 + 2.11T + 1463.24 (R2 = 0.99) - 0.0084T + 5.12 (R2 = 0.96) 0.04T + 0.11 (R2 = 0.99)
0.11 % per deg C 0.16 % per deg C 4.04 % per deg C

PVA/DMSO cryogel - 0.0067T2 + 1.6709T + 1478.94 (R2 = 0.99) - 0.0017T2 + 0.1281T + 8.22 (R2 = 0.93) 0.0177T + 0.6211 (R2 = 0.98)
0.08 % per deg C 0.19 % per deg C <40 °C & 0.08 % per deg C >41 °C 1.75 % per deg C

Copolymer-in-oil - 4.7073T + 1568.88 (R2 = 0.98) 0.0071T + 14.65 (R2 = 0.92) - 0.00134T + 1.022 (R2 = 0.96)
- 0.32 % per deg C 0.05 % per deg C - 0.07 % per deg C

Gel wax - 4.4230T + 1529.71 (R2 = 0.99) 0.0171T + 10.2917 (R2 = 0.92) - 0.0009T + 1.0197 (R2 = 0.99)
- 0.31 % per deg C 0.16 % per deg C - 0.09 % per deg C

PVCP - 3.6078T + 1477.78 (R2 = 0.99) - 0.0005T + 8.0868 (R2 = 0.99) - 0.0021T + 1.0458 (R2 = 0.99)
- 0.26 % per deg C - 0.01 % per deg C - 0.21 % per deg C

Silicone - 4.1962T + 1111.40 (R2 = 0.99) 0.0623T + 25.6755 (R2 = 0.99) - 0.0066T + 1.1427 (R2 = 0.99)
- 0.41 % per deg C 0.23 % per deg C - 0.67 % per deg C
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The temperature-dependent bulk speed of sound, optical absorption coefficient

and relative change in photoacoustic conversion efficiency for selected materials

is presented. These results show that water-based materials, such as agar-based

phantoms and PVA cryogels, exhibit an increase in the PA conversion efficiency

with temperature that is dependent on their water content. Copolymer-in-oil and

gel wax, on the other hand, do not seem to exhibit any significant change in the PA

conversion efficiency with temperature. The photoacoustic signal amplitudes gener-

ated in silicone samples decrease with temperature at a higher rate than PVCP. The

results obtained in this chapter form a valuable resource for the future development

of phantoms with properties suitable for applications in photoacoustic thermometry.

These measurements also have the potential to provide indirect information about

the thermodynamics of the materials.

Based on their strong temperature dependence of photoacoustic efficiency, it

can be concluded that the most suitable base materials for photoacoustic thermom-

etry phantoms are water-based. Although PVA cryogels provide better mechanical

stability than agar matrix phantoms, due to their optical inhomogeneity and exten-

sive fabrication protocol required to produce repeatable phantoms, they were not

deemed suitable as a phantom for the initial photoacoustic thermometry measure-

ments. Thus, a phantom with an agar matrix was selected as a test material for the

proof-of-principle photoacoustic thermometry experiment presented in Chapter 10.

The material is optically tuned and fabricated into an imaging phantom, which is

then heated in a simple photoacoustic thermometry setup to confirm its suitability

for use as a phantom for validating new approaches within the field.
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Chapter 10

Photoacoustic thermometry using a

linear array

10.1 Overview

The work presented so far addressed the current gaps in the field of metrology for

photoacoustic thermometry. In Part II, the effect of temperature on ultrasound trans-

ducers used in photoacoustic thermometry imaging as well as material characteri-

sation was investigated. The sensitivity of the hydrophone used to characterise po-

tential phantom materials in Part III was calibrated against the relevant temperature

range and the findings used to correct the results. Part III of the thesis focused

on methods for characterising phantom materials and assessing their suitability for

validation of photoacoustic thermometry. Based on their strong temperature de-

pendence of photoacoustic efficiency, water-based materials were determined to be

most suitable for the application.

In this chapter, a preliminary study demonstrating the use of water-based phan-

toms in the context of validating photoacoustic thermometry approaches is pre-

sented. First, an agar-based phantom is optically tuned and cylindrical phantoms

for the experiment fabricated (Section 10.2). The phantom is then heated in a sim-

ple setup comprising light illumination, HIFU transducer for heating, phantom, and

one linear array probe for imaging (Section 10.3). The results are presented in Sec-

tion 10.4 and the limitations addressed, along with future improvements required to
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finalise the work (Section 10.5).

The conference proceeding in [10] ©SPIE 2020 has been adapted to form parts

of this chapter.

10.2 Phantom for photoacoustic thermometry

In the previous chapter, it has been established that, due to their strong temperature

dependence of photoacoustic efficiency, water-based phantoms are most suitable

for use in photoacoustic thermometry. For the preliminary work presented in this

chapter, agar-based phantoms were chosen due to their simplicity of fabrication and

well-known properties. Although these phantoms cannot withstand temperatures

above approximately 40 °C [41], a temperature difference of around 20 °C from

room temperature was deemed sufficient for a qualitative demonstration of suitabil-

ity for use in photoacoustic thermometry.

Agar phantoms were fabricated by dissolving 3.02 % agar in 11.21 % glycerol

and 85.77 % dilution of India ink in deionised water. The phantoms were prepared

following the procedure described in Section 9.2. A cylindrical Pyrex beaker was

used as a mold to fabricate phantoms for photoacoustic thermometry (3 cm in diam-

eter and 4 cm in length), while Anumbra® resistance glass petri dishes (Ø 50 mm)

were used to prepare test phantoms for optical characterisation using light transmit-

tance measurements as described in Section 7.3.

The phantoms were optically tuned by adding India ink (Pelikan Vertriebsge-

sellschaft mbH & Co. KG, Hannover, Germany) in various concentrations to em-

pirically determine the most appropriate optical absorption required to observe a

photoacoustic signal. Different ink concentrations were obtained by serial dilution

of India ink with deionised water. The hypothetical intended concentration corre-

sponded to an optical absorption coefficient µa ≈ 1/d ≈ 0.33 cm-1 where d is the

phantom diameter in centimetres. In the absence of scattering, this optical absorp-

tion coefficient ensures approximately 35 % of the generated photoacoustic signal

reaches the ultrasound probe on the other side of the phantom. The addition of dif-

ferent components (such as agar) to water has a complex and unknown effect on the
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optical absorption of an India ink dilution. Because of this, the optical tuning of

the phantom was separated into two steps. First, serial dilutions of India ink with

deionised water were characterised using a dual-beam spectrophotometer (as de-

scribed in Section 7.3). The dilutions were made by mixing 1 ml of parent dilution

(1 in 500 concentration) with varying amounts of deionised water. Their optical

absorption coefficients at 1064 nm are presented in Table 10.1.

Table 10.1: India ink dilutions in varying concentrations and their optical absorption coef-
ficients at 1064 nm.

Parent H2O % Dilution µa (cm-1)
1 ml (1 in 500) + 7 ml 0.0250 1 in 4,000 0.9202

9 ml 0.0200 1 in 5,000 0.7372
11 ml 0.0167 1 in 6,000 0.6178
13 ml 0.0143 1 in 7,000 0.5369
15 ml 0.0125 1 in 8,000 0.4454
17 ml 0.0111 1 in 9,000 0.4047
19 ml 0.0100 1 in 10,000 0.3467
21 ml 0.0091 1 in 11,000 0.3309
23 ml 0.0083 1 in 12,000 0.2918
25 ml 0.0077 1 in 13,000 0.2922
27 ml 0.0071 1 in 14,000 0.2474
29 ml 0.0067 1 in 15,000 0.2487
31 ml 0.0063 1 in 16,000 0.1633
33 ml 0.0059 1 in 17,000 0.1554
35 ml 0.0056 1 in 18,000 0.1481
37 ml 0.0053 1 in 19,000 0.1478
39 ml 0.0050 1 in 20,000 0.1392
41 ml 0.0048 1 in 21,000 0.1304
43 ml 0.0045 1 in 22,000 0.1224
45 ml 0.0043 1 in 23,000 0.1206
47 ml 0.0042 1 in 24,000 0.1206
49 ml 0.0040 1 in 25,000 0.1164

Next, agar phantoms were fabricated containing India ink dilutions with con-

centrations ranging from 1 in 9,000 to 1 in 14,000. Their optical absorption coef-

ficients were determined as described in Section 7.3 and ranged from 0.56 cm-1 to

0.29 cm-1. The phantoms were then heated and imaged in a simple setup as de-

scribed in Section 10.3. These measurements showed the most suitable phantom

providing sufficient signal and SNR was the agar matrix with an India ink dilution

concentration of 1 in 13,000 yielding an optical absorption coefficient of 0.35 cm-1.
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10.3 Measurement setup for photoacoustic ther-

mometry

A schematic of the experimental setup used to photoacoustically measure tem-

perature change induced in the cylindrical agar phantoms is shown in Fig. 10.1.

The alignment and positioning of all the components was ensured by 3D print-

ing custom-designed PLA holders and mounts (Ultimaker S5, Ultimaker, Gelder-

malsen, Netherlands). The light delivery (1), HIFU transducer (3) and ultrasound

detection array (4) were positioned orthogonally with respect to each other, and the

phantom (2.a) was held in a rig holder (2.b) in the centre of the setup. Acoustic

coupling was achieved by immersing the entire setup in a tank filled with deionised

water at room temperature (22 °C). The water was treated with an in-house sys-

tem (Purelab Option-R 7/15, ELGA LabWater, High Wycombe, U.K.) and the con-

ductivity in the tank was measured using a conductivity meter (CON450, Eutech

Instruments, Singapore) and was 0.86 µS at 19 °C. Losses caused by reflections

at the water–agar surface were assumed to be negligible due to good impedance

matching between the two materials. This was calculated assuming phantom den-

sity ρagar ≈ 1015 kg·m-3 [219] and speed of sound cagar ≈ 1530 m·s-1 [163]. The cal-

culated values for acoustic impedance of agar and water are 1.52 and 1.48 MRayls,

respectively. The pressure reflection coefficient can then be calculated as:

r =
Zagar −Zwater

Zagar +Zwater
≈ 0.01. (10.1)

During the experiment, the phantom was illuminated from the top using a 1064

nm Q-Switched Nd:YAG laser (Ultra, Big Sky Laser Technologies, Bozeman, MT,

USA). The laser light was delivered using an optical fibre with a numerical aperture

of 0.2 thus corresponding to a maximal half-angle of the cone of light that can exit

the fibre of approximately 12 °(1). The fibre was positioned 6 cm above the sample

to ensure geometrical spreading of the beam diameter to approximately 2.5 cm at

the phantom surface and 3.1 cm at the centre, thus covering the entire phantom.

The pulse duration, energy, and repetition frequency were 5.6 ns, 40 mJ, and 20 Hz,
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Figure 10.1: Schematic of the setup of the photoacoustic thermometry experiment. (a) The
light from a 1064 nm Ultra laser was delivered using an optical fibre (1) po-
sitioned 6 cm above the cylindrical phantom (2.a) held in a rig holder (2.b).
Phantom heating was achieved using a HIFU transducer (3) with its focus po-
sitioned in the centre of the phantom. The generated photoacoustic signals
were acquired using a 128 element linear array transducer (4) connected to
the Verasonics Vantage 256 Research Ultrasound System. (b) Top view of the
setup showing the imaging plane. The HIFU transducer focus and the ultra-
sound detection array were aligned so that a cross-sectional plane of the HIFU
focus was imaged.

respectively.

Heating was induced using a single-element spherically focused HIFU trans-

ducer (3) (H-101, Sonic Concepts, Bothell, WA, USA) with an active diameter of

64 mm and focal length of 63.2 mm. The size of the -6 dB focal volume was

Ø 1.26 mm × 11 mm. The transducer was driven at its first harmonic of 1.1 MHz

using a burst excitation signal with 50 % duty cycle (25 ms on, 25 ms off) generated

by an arbitrary waveform generator (33500B, Keysight Technologies, Santa Rosa,

CA, USA) and amplified by an RF power amplifier (A075, Electronics and Innova-

tion, Rochester, NY, USA) before transmission to the transducer via an impedance

matching network (H-101G Impedance Matching Network, Sonic Concepts, Both-

ell, WA, USA). The drive voltage was measured using a scope probe (N2863B,

Agilent Technologies, PaloAlto, CA, USA) and an oscilloscope (DSO-X 3024A,

Agilent Technologies, PaloAlto, CA, USA). An acoustic absorber was placed at the

rear wall of the tank to prevent acoustic reflections.

In order to determine the drive settings for the sonication, the probability of

acoustic cavitation occuring was first assessed. Acoustic cavitation is known to
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induce increased heating within tissues and phantom materials, amongst other bi-

ological effects [38]. The likelihood of acoustic cavitation depends on the tissue

properties and many excitation parameters, some of which include peak rarefac-

tional pressure, temperature and burst settings [67]. According to Haller et al. [67],

the acoustic cavitation threshold (defined as the peak rarefactional pressure at which

the acoustic cavitation probability reaches 50 %) in a 3 % agar phantom without

scaterrers at a frequency of 1.06 MHz and drive settings of 25-cycle burst length,

10 ms burst period and exposure of 1 s occurs at 4.6 MPa. In order to estimate the

probability of acoustic cavitation occurring within the agar-based phantom used in

this chapter, the pressures generated within the phantom were assessed as follows.

The acoustic attenuation of the fabricated phantom was not measured in this work,

but was known to be small because of the lack of acoustic scatters within the ma-

terial. Assuming India ink does not change the acoustic properties of the phantom

(as was shown for PVCP in Chapter 8), a literature value for the agar matrix of

5 dB·cm-1 at 20 MHz [163] can be used. Assuming a linear frequency dependence

(α/ f = 0.25 dB/cm/MHz), the acoustic attenuation coefficient at a frequency of

1.1 MHz can be derived as 0.275 dB·cm-1. For a drive voltage of 100 Vpp, the H-

101 transducer was reported to generate a peak rarefactional pressure pr of 4 MPa

[128, 127]. Thus at a depth of z = 2 cm, the acoustic pressure generated within the

phantom P can be estimated as 3.75 MPa according to:

P = pre−αz. (10.2)

Using this knowledge and the finding of the above-mentioned study [67], the drive

setting selected to induce heating within the phantom in the photoacoustic thermom-

etry setup was a peak-to-peak drive voltage of 100 V. This would ensure enough

energy is deposited into the phantom to observe a signal amplitude change during

the heating but low enough to spare the phantom and avoid cavitation effects from

occurring.

The generated PA pressure waves were detected using a 128 element linear

array transducer (4) with a center frequency of 5 MHz and 38 mm field of view
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(L7-4, Philips Healthcare, Andover, MA, USA). The imaging plane was a cross-

section through the HIFU transducer focus. Data acquisition was carried out using

the Vantage 256 Research Ultrasound System (Verasonics, Kirkland, WA, USA)

with a sampling frequency of 31.5 MHz. The signal acquisition was triggered using

an in-house built photodiode. Synchronization between signal receiving and HIFU

heating was achieved by delaying the HIFU excitation bursts by 200 µs with respect

to the laser trigger used for the PA signal acquisition. Due to large data size, imag-

ing frames weren’t acquired with every laser pulse (50 ms) as the time to download

the data from each acquisition was longer than this. Comparing the experiment tim-

ing (which was controlled by a stopwatch) and the acquired heating profile, a frame

was acquired every 100 ms. During the experiments, image acquisition was initiated

approximately 10 seconds before HIFU heating was switched on in order to obtain

a baseline image at a known temperature. The HIFU transducer was then switched

on for 10 seconds, and the gradual heat diffusion imaged for 10 seconds after heat-

ing. Acquired data was post-processed offine using Matlab (R2018a, MathWorks,

Massachusetts, USA). Images were reconstructed using the kspaceLineRecon

function in the k-Wave toolbox [193] with a standard 2D linear FFT reconstruction

considering an average speed of sound of 1500 m/s.

10.4 Results and discussion

Figure 10.2 (a) shows the reconstructed photoacoustic images acquired before

(time ≈ 5 s), during (time ≈ 15 s and 20 s) and after HIFU-induced heating

(time ≈ 30 s) within the cylindrical agar-based phantom. The image contrast be-

fore heating arises due to the photoacoustic signals generated by the optically-tuned

phantom material itself. This is required in order to obtain the baseline image and

perform the ratiometric calculations as described in Section 3.3. The subsequent in-

crease in contrast during and after the HIFU exposure is caused by the temperature

dependence of photoacoustic conversion efficiency of the material as investigated

in Chapter 9. The exact timestamp of the images could not be retrieved due to

an insufficient imaging frame rate, while the expected broadening of features con-
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Figure 10.2: (a) Photoacoustic images acquired before, during and after HIFU-induced
heating clearly show a difference in the photoacoustic signal amplitude for
these cases. (b) The temperature evolution profile as a function of frame num-
ber as recorded by a single channel of the linear array transducer. An increase
in PA signal amplitude is observed when the HIFU heating is on.

sistent with diffusion of heat into the surrounding volume were not present in the

acquired images. This was due to the limited-view geometry caused by the use of

a one-dimensional imaging probe [216]. In order to accurately reconstruct a HIFU

heating profile, imaging should be done from at least two directions orthogonal to

each other. Nevertheless, a characteristic HIFU heating profile was obtained. As

an example, a temperature evolution profile as a function of time as recorded by a

single channel of the linear array transducer is plotted for reference in Fig. 10.2 (b).

A steady increase in PA signal amplitude occurs when the HIFU heating is switched

on (time ≈ 10 s), with the peak occuring after 10 seconds of heating (time ≈ 20 s).

This is followed by a gradual decrease after the HIFU heating is switched off as the

deposited heat dissipates from the sonicated region (time >≈ 20 s).

Using the framework given in Eq. 3.2-3.4, these images could ideally be used

to provide a heating map of the insonicated region. The experiment, however, suf-

fered from several drawbacks which hindered the calculation of accurate tempera-

ture change. These included aspects such as alignment, detection bandwidth, ac-

quisition rate, light delivery and others, and are discussed in detail in the following

section along with measures on how to improve them. Nonetheless, these prelimi-
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nary results show that if agar-based phantoms are used to assess heating, a measur-

able signal can be acquired well above the noise level of the measurement system.

This confirms the work presented in Chapter 9 and establishes water-based phan-

toms as suitable to develop a test material for validating emerging photoacoustic

thermometry approaches.

10.5 Conclusions and Future work
In this chapter an agar-based phantom was heated and imaged in a simple proof-

of-concept photoacoustic thermometry setup. The phantom was optically tuned to

allow for both photoacoustic signal generation and detection using a linear array

probe. The experiment results showed a steady increase in PA signal amplitude

when the HIFU heating is switched on, followed by a gradual decrease after the

HIFU heating is switched off as the deposited heat dissipates from the sonicated

region. As such, this preliminary study demonstrated that water-based phantoms,

such as the agar-based one utilised here, can be used to assess heating induced by

thermal therapeutic modalities such as HIFU. Although a quantitative temperature

increase was not successfully recovered from these measurements due to limitations

in experimental setup, the results showed a promising effort towards validation of

photoacoustic thermometry approaches.

The limitations of the initial measurement setup are addressed in the following

subsections and the suggestions for future improvement described. These include

a new water-based phantom material with better temperature resistance, using two

linear array imaging to improve limited view artefacts, and validating results using

thermocouples.

10.5.1 Gellan gum phantom

In Part III of the thesis, it has been established that water-based phantoms are most

suitable for application in photoacoustic thermometry due to their strong tempera-

ture dependence of photoacoustic conversion efficiency. For the preliminary work

demonstrating the use of phantoms in the context of validating new approaches in

the field, a phantom containing an agar matrix was chosen due to its ease of fabrica-
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tion and well-characterised properties. The phantom was recognised to suffer from

several disadvantages, the main one being mechanical fragility and low temperature

resistance (usable up to 40 °C only [41]). In order to address these issues, a new

phantom material was investigated in the later stage of this PhD project but due to

time constraints hasn’t been fully assessed.

Gellan gum (GG) is a nontoxic, polysaccharide gelling agent used to pro-

duce hydrogels with a high temperature stability, mechanical strength and anatomi-

cally relevant acoustic and thermal properties. Due to its high melting point above

100 °C, gellan gum hydrogels have been used to produce tissue-mimicking materi-

als (TMM) for use in characterising heating induced by HIFU [105, 130, 36]. These

studies also assessed its potential to mimic thermal response to HIFU exposure of

real tissues and demonstrated gellan gum hydrogels exhibit repeatable and consis-

tent temperature increases similar to what is observed in soft tissues [105, 130, 36].

A phantom for ablative HIFU protocols was described in [36] and can be fab-

ricated using the ingredients below:

• 1.32 % w/w GG (low- and high-acyl KELCOGEL CG-LA) (CP Kelco, At-

lanta, GA),

• 0.35 % w/w potassium sorbate,

• 8.50 % w/w 1-propanol (isopropanol) (Merck KGaA, Darmstadt, Germany),

• 0.40 % w/w glass sphere 1–2 µm,

• 0.40 % w/w glass sphere 10–20 µm,

• 0.40 % w/w glass sphere submicrometer,

• 0.63 % w/w thermochromic microcapsule powder (3–10 µm),

• 88 % w/w deionised water type 1-A .

Here, potassium sorbate is used as a preservative and to prevent bacterial growth,

glass spheres to tune acoustic attenuation and thermal conductivity, while the ther-

mochromic powder enables visual feedback of the ablated region.
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The steps to fabricate a phantom with a volume of 300 ml are:

1. 1.75 g of potassium sorbate is added to 70 ml of water and mixed until fully

dissolved.

2. 6.6 g GG, 3.15 g thermochromic microcapsule powder, 430 ml water and

42.5 ml 1-propanol are mechanically mixed is a separate beaker.

3. The two mixtures are combined and degassed for 1 hour at -0.4 bar at room

temperature.

4. Once degassed, the mixture is heated to 85 °C and maintained at the set tem-

perature for 45 minutes.

5. The mixture is then cooled down to 70 °C and the glass spheres added: 2 g of

1-2 µm spheres, 2 g of 10-20 µm spheres, and 2 g of submicrometer spheres.

6. The gel is poured into a container, sealed and placed in a roller system set

to 3 rpm to prevent sedimentation while gradually cooling. The gel solution

starts to solidify at about 62 °C and forms an elastic solid phantom in 4 hours.

The acoustic and thermal properties of the GG hydrogels are well-characterised

within the scope relevant to HIFU applications. The acoustic attenuation follows

the power law α( f ) = (0.54± 0.069) f (0.93±0.056) dB·cm-1 at room temperature of

20 °C, while the speed of sound is 1521 ± 5 m·s-1 at 1 MHz [36]. These were

shown to change over the temperature range from 20 °C to 80 °C with rates of

+ 3.7 m· s-1 · ° C-1 for the speed of sound and <-0.0003 dB· cm-1 · ° C-1 for the

acoustic attenuation [36]. The thermal conductivity and specific heat values were

0.7 W(mK)-1 and 4.7 kJ(kgK)-1, respectively [35].

Prior to its use as a phantom for photoacoustic thermometry, this material first

needs to be characterised according to procedures described in Chapter 7 and opti-

cally tuned as in Section 10.2. Its low cost, longevity, thermal stability, and thermal

repeatability make GG hydrogel an excellent material for ultrasonic thermal appli-

cations, while its optical transparency and tunability make it promising for applica-

tions in photoacoustic imaging. Due to its high water content of 88 %, gellan gum
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hydrogels are expected to exhibit a strong temperature dependence of photoacoustic

conversion efficiency and thus prove suitable for use in photoacoustic thermometry.

Additionally, its ability to withstand high temperatures means heat deposition using

HIFU could be done within a smaller and more clinically relevant timescale, with

the H-101 transducer driven at its third harmonic of 3.3 MHz to deposit more heat

into the phantom due to higher acoustic absorption.

10.5.2 Two linear array imaging

In order to accurately reconstruct a HIFU heating profile, imaging should be done

from at least two directions orthogonal to each other. Care must also be taken to

allow for precise alignment of the imaging transducers relative to the HIFU focus.

Although the initial measurement setup presented in Section 10.3 was designed

with the intention to ensure fixed and precise alignment of all the components, the

dimensional and positional errors that can be introduced during the 3D printing

process, coupled with the fact the setup did not allow for any position adjustments,

made it difficult to locate the HIFU focus. With its size being just over 1 mm in

diameter, and the reported errors in 3D-printing between 0.5 mm and 1 mm [61],

the setup in Fig. 10.1 limited the data acquisition to a fixed position not necessarily

within the peak of HIFU heating profile.

With this in mind, a new setup shown in Fig. 10.3 was built accommodating

several changes with the aim to improve image acquisition and alignment. Here,

the mount for the HIFU transducer and phantom bed were fabricated using 10 mm

thick poly(methyl methacrylate) (PMMA) sheets and positioned at the bottom of

a tank filled with deionised water. An orthogonal mount for two L7-4 linear ar-

ray probes was 3D printed and suspended from a rig positioned above the tank and

connected to micrometer translation stages with two degrees of freedom to enable

precise positioning of the imaging planes (Fig. 10.4). An agar phantom was fabri-

cated following the recipe in Section 10.2 as a 216 ml cube with 60 mm sides in

order to enable easier positioning during the setup.

The light from the 1064 nm Q-Switched Nd:YAG laser was delivered using

an optical fibre with a numerical aperture of approximately 0.2. Phantom illumi-



10.5. Conclusions and Future work 172

Figure 10.3: Schematic of the new setup for the photoacoustic thermometry experiment.
The light from a 1064 nm Ultra laser is delivered using an optical fibre po-
sitioned from the side of a cube phantom held in the phantom bed. Phantom
heating is achieved using a HIFU transducer with its focus positioned in the
centre of the phantom. The generated photoacoustic signals are acquired using
two 128 element linear array L7-4 transducers in an orthogonal arrangement.

Figure 10.4: Photographs depicting the new setup for the photoacoustic thermometry ex-
periment, including the mount for the HIFU transducer and phantom bed
(left), 3D-printed orthogonal mount for two L7-4 linear array probes (mid-
dle) and the two components assembled together (right).
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nation was achieved through an optical window in the side of the tank (as shown

in Fig. 10.5) and the beam geometrically spread to the beam diameter to approx-

imately 4 cm at the phantom surface and 6 cm at the centre. The optical window

was a 30 mm diameter circular IR quartz window (IRQ-302, UQG Ltd., Cambridge,

U.K.), as used in measurement setups from Chapters 5 and 7. The photoacoustic

signals generated within the phantom, however, could only be received by the ultra-

sound probe positioned opposite the illumination source. As the light propagation

through a weakly-scattering sample, such as the agar phantom used here, can be ap-

proximated by a straight line, in order to utilise two orthogonal linear array probes,

light illumination should be delivered from at least two sides of the phantom. This

would allow signal detection from orthogonal directions and enable more accurate

image reconstruction of the circular cross-section of the heating profile. Such a

setup could be achieved by using an optical prism to expand the beam delivered

by the optical fibre and illuminate the phantom more uniformly, or by using fibre

bundles positioned around the sample. Unfortunately, due to time constraints and

lack of required components, this part of the work could not be finalised.

Finally, in order to accurately reconstruct the images from the data acquired

by the two linear array probes, co-registration must be done. A registration phan-

tom can be fabricated by embedding a target such as a synthetic black hair or

graphite rod within the agar phantom. This phantom should then be positioned

within the field of view of both linear probes, imaged using ultrasound pulse-echo

mode as well as photoacoustic imaging, and individual images from each probe re-

constructed. This would then enable the relative coordinates of each array element

to be obtained and registration used when imaging an object within the registered

volume, provided the transducers remain in the same position relative to each other.

10.5.3 Validation using thermocouples

Thermocouples (TCs) are widely used in ultrasound metrology for a range of ap-

plications, including measurements of surface temperature of externally applied

diagnostic ultrasound probes, experimental validation of predicted temperature in-

creases as well as beam localisation in HIFU measurements [56, 75, 29, 5, 42]. They
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Figure 10.5: Photograph showing the new setup for the photoacoustic thermometry exper-
iment as used in the measurements. The light from a 1064 nm Ultra laser is
delivered using an optical fibre through an optical window in the tank wall.
Phantom heating is achieved using a HIFU transducer with its focus posi-
tioned in the centre of the phantom, and an acoustic absorber on the oppo-
site side of the tank to prevent acoustic reflections. Signal acquisition is trig-
gered using an in-house photodiode and the generated photoacoustic signals
acquired using two 128 element linear array L7-4 transducers in an orthogonal
arrangement, positioned on a 2-axis manual translation mount system.
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introduce no interactions in the ultrasound field [5] and have been incorporated into

standard thermal test phantoms for medical ultrasound [180, 79]. The thermocou-

ples are usually embedded into a phantom material with an absorbing backing to

prevent reflection of ultrasound energy, and are used to measure the temperature

increase induced by the transducer under test.

As the beam-width becomes smaller, however, two experimental artefacts be-

come increasingly important which introduce large measurement errors. The first

one is conduction of heat away from the sensor along the connecting wires, leading

to lower temperatures being measured by the thermocouple. The second are vis-

cous heating artefacts. These occur when focused ultrasound is incident on a wire

thermocouple in fluid or semifluid media [5] and can lead up to a 30 % error when

measuring temperature at the focal peak [32]. Viscous heating is mainly caused

by the difference in density between the thermocouple wire and the surrounding

media, leading to friction at the interface between the two which causes an artifi-

cally higher temperature that is detected by the thermocouple [137]. Both of these

artefacts can be avoided with the use of fine wire thermocouples with a sufficiently

small diameter [136, 42]. These were shown to have fast response time, good spa-

tial and temperature resolution, are inexpensive and can be readily purchased from

a manufacturer with or without calibration.

Five 0.08 mm diameter fast response insulated thermocouples (5SRTC-TT-TI-

40-1M PFA-insulated, Omega Engineering Limited, Manchester, U.K.) were used

to measure the temperature profile induced by the HIFU transducer. The thermo-

couples were inserted into the phantom during fabrication in a dice five pattern

covering the focal zone along the acoustic axis of the HIFU beam (Figure 10.6).

In order to assess the results obtained in the photoacoustic thermometry exper-

iment, identical HIFU sonication conditions were replicated. Heating was induced

using the equipment as described in Section 10.3. The H-101 transducer was driven

at its first harmonic of 1.1 MHz using a burst excitation signal with 50 % duty

cycle (25 ms on, 25 ms off) and a peak-to-peak drive voltage of 100 V. The son-

ication duration was 10 s and the temperature rise detected by each thermocouple
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Figure 10.6: Agar-based phantom with five thermocouples (TCs) positioned in and around
the HIFU transducer focus. The TCs are positioned in a dice five patter cov-
ering the focal zone along the acoustic axis of the HIFU beam.

recorded in steps of 1 second by an 8-channel thermocouple data logger (TC-08 Pi-

coLog, Pico Technology, Cambridgeshire, U.K.), transferred to the PC and plotted

versus time. Figure 10.7 shows a characteristic HIFU heating profile as measured

by the thermocouple which was thought to be positioned in or near the HIFU focus

(labelled in Fig. 10.6 as number 3), identified by the highest temperature increase

recorded, while the surrounding thermocouples recorded no significant change in

temperature. The heating profile showed a steady increase in temperature followed

by a gradual decrease once the HIFU transducer is switched off, in a characteristic

shark-fin shape [137]. The measured temperature change corresponded to 6 °C.

The heating profiles as recorded by the thermocouple can also be used to as-

sess the occurence of acoustic cavitation within the phantom, as shown in Miloro

et al. [136] where smooth temperature rise versus time curves were shown to indi-

cate the absence of cavitation. In the future work, this could be used to adjust drive

settings such that more heat is deposited into the phantom within a clinically more

relevant timescale. The exact positioning of the thermocouples relative to the HIFU

focus should also be addressed. Uncertainty in the position of the ultrasound beam

relative to the thermocouple can lead to significant underestimates of temperature
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Figure 10.7: The temperature evolution profile as a function of time as recorded by the
thermocouple positioned close to the HIFU transducer focus.

rise induced in the phantom. The thermocouples should be inserted into the phan-

tom using a rig with evenly spaced-out holes and hypodermic needles ensuring their

precise position on the HIFU beam axis. The HIFU beam should then be moved un-

til the position of the maximum temperature rise during a brief sonication is located

[42].

10.5.4 Real-time 3D temperature measurement system

The final stage of the proposed improvements for this project is the design and con-

struction of a real-time cylindrical photoacoustic scanning system. Such a system

would enable fast acquisition of data at a high isotropic resolution and provide a 3D

temperature map of the sonicated region.

The current system design idea is shown in Fig. 10.8 and comprised of a ther-

mal phantom surrounded by a ring array of PVDF transducers mounted on a vertical

translation stage. The light delivery in this case is achieved through fibre bundles

coupled to the phantom, while the HIFU transducer is delivering heating from the

top through water coupling.

The transducer ring array consist of 256 rectangular elements made of PVDF,

the detailed characteristics of which need to be determined by running simulations

using the k-Wave toolbox [193]. The influence of different parameters such as
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Figure 10.8: Schematic of the final real-time cylindrical photoacoustic scanning system.
Light from a pulsed laser is delivered using a fibre bundle surrounding the
thermal phantom. Heating is induced using a HIFU transducer positioned
above the phantom and coupled using water. The generated photoacoustic
waves are detected by a PVDF ring array connected to the Verasonics Vantage
system.

element width and their number needs to be investigated, while also taking into

account the integration of the light delivery, signal acquisition and HIFU system.

In order to achieve uniform illumination of the phantom from all angles, fibre

bundles could be used. Another possible design for the light delivery setup can be

adopted from photoacoustic microscopy [131, 224, 225, 213]. Here, the laser beam

is expanded through a conical lens and focused into the sample using mirrors or an

optical condenser. Depending on the size and geometry of these components, point,

plane or volume illumination is achieved, or a dark-field illumination pattern that

reduces optical fluence at the sample surface.

After measuring the acoustic pressure time series at all detectors, image re-

construction must be performed in order to obtain 3D temperature maps of HIFU-

induced heating required for the validation of thermal models predicting it. Two

approaches to the problem of image reconstruction are determined by the timescale

τ over which the temperature variation occurs, which is in the order of a few sec-

onds, and the acoustic timescale t indicating the amount of time it takes for the

sound wave to travel from the photoacoustic source to the PVDF detectors (˜10 µs).

For each value of the time τ , the sample is excited by the laser pulse and the detec-
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tors record acoustic pressure time series. From these data, the aim is to obtain an

image of the temperature distribution. Assuming all the acoustic pressure data for

each timescale τ have been measured simultaneously, an approach to reconstruction

from complete data can be taken. However, if this assumption is not made, it might

be necessary to divide the full set of measurements into smaller subsets from which

the temperature estimates are dynamically updated.
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Chapter 11

General conclusions

The aim of this thesis was to address the current metrology practices required to

validate emerging temperature monitoring techniques such as photoacoustic ther-

mometry. This was motivated by a lack of widely accepted phantom materials with

well-characterised properties across a wide range of temperatures relevant to the

application. Within this scope, two main directions were identified: one investi-

gating the characterisation methods for establishing a metrology phantom for use

in validating photoacoustic thermometry; and the other developing measurements

of variation in hydrophone sensitivity with temperature, which is crucial for the

necessary phantom characterisation.

Part II of the thesis investigated two approaches to temperature-dependent hy-

drophone calibration. The first approach (Chapter 4), based on using a reference

transducer, requires the knowledge of variability of transducer output with temper-

ature. Two independent methods were used to investigate this, namely radiation

force balances (RFB) and laser vibrometry. The methods were adapted to cover

a wide range of temperatures while ensuring low measurement uncertainty. The

study showed good agreement between the two methods when the transducers were

driven using a continuous wave (CW) or quasi-CW excitation with constant input

voltage using a signal generator and amplifier matched to 50 Ω. The pressure radi-

ated from two PZT transducers while keeping the input voltage constant increased

by approximately 0.6 % per °C between 22 °C and 46 °C. This was primarily due

to an increase in transducer efficiency, which exhibited a relative increase of ap-
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proximately 0.5 % per °C. To date transducers are mostly characterised at room

temperature in a laboratory environment. However, when in clinical use, they can

be operated at different temperatures. One such example is the use of transcranial

therapy devices, where the water used as a coupling agent between the transducers

and the patient is either cooled to reduce skin burns or warmed to body tempera-

ture to improve comfort. A better characterisation of device properties in clinical

conditions can improve the knowledge of the power delivered to the patient, thus

increasing the safety and effectiveness of the treatment, as well as improving inter-

comparison among different centres. The results of this study will provide guidance

to both industry and academia on measuring the effects of temperature on transducer

performance and provide reference values for different applications.

In Chapter 5, an alternative approach to temperature-dependent hydrophone

calibration was introduced. Here, the fundamental properties of water acting as a

laser-generated ultrasound (LGUS) source were used to directly characterise the rel-

ative variation in hydrophone sensitivity with temperature. This approach was vali-

dated using self-reciprocity as described in IEC 62127-2:2007 [83] and extended to

temperatures up to 50 °C. The LGUS method has proved to be much more flexible

as it allows for characterisation of small membrane hydrophones which generally

do not transmit enough energy to be used in the self-reciprocity approach. A selec-

tion of hydrophones for medical applications was calibrated across the temperature

range from 17 °C to 50 °C, and all exhibited a low temperature dependence within

the measurement range. This behaviour is poorly studied in the literature, with the

existing characterisation methods limited to small temperature ranges. Calibration

of hydrophones using an LGUS source with known properties provides a useful tool

for implementing temperature corrections to calibrations at various temperatures as

performed in ultrasound metrology and calibration laboratories.

Using these findings, Chapter 7 focused on the development of a setup for mea-

suring the key parameters required to assess the suitability of phantom materials

for use in photoacoustic thermometry. These were identified as the temperature-

dependent bulk speed of sound, photoacoustic conversion efficiency and optical
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absorption coefficient. The setup builds on the previously described hydrophone

characterisation measurements (Chapter 5) and utilises the principle of photoacous-

tic signal generation to determine the material properties with low uncertainties.

A selection of six phantom materials commonly used in ultrasound and photoa-

coustic imaging were fabricated and characterised in Chapters 8 and 9. These in-

cluded agar-based phantoms, PVA, copolymer-in-oil, gel wax, PVCP and silicone.

These materials have been comprehensively characterised beyond the state of the art

and with specific focus on photoacustics and photoacostic thermometry. Based on

their strong temperature-dependent properties, water-based phantoms were recog-

nised as the most suitable base materials for photoacoustic thermometry. A phan-

tom with an agar matrix was selected as a preliminary phantom material for the

proof-of-principle photoacoustic thermometry experiment presented in Chapter 10.

The phantom was heated and imaged in a simple setup, and provided a qualitative

demonstration of the suitability of water-based phantoms to assess heating induced

by thermal therapeutic modalities such as HIFU. These results will be useful for

researchers in the area, trying to build quantitative imaging systems that rely on

accurate knowledge of material properties.

Overall, this thesis contributes to the field by building on measurement prac-

tices currently used in ultrasound metrology as well as proposing new measure-

ment methods to assess the accuracy of results obtained with photoacoustic ther-

mometry approaches. More specifically, the variation in transducer sensitivity with

temperature is characterised and the findings used to correct the results obtained

in a simple photoacoustic thermometry setup. This is further used to assess the

suitability of phantom materials needed for the experimental validation of photoa-

coustic thermometry systems, as well as the evaluation and tuning of their perfor-

mance. Beyond photoacoustic thermometry, the methodology and output of this

thesis could have impact on the wider field of ultrasound metrology. More specifi-

cally, the methodology developed contributes towards reduced uncertainties in mea-

surements made at temperatures differing from those used for hydrophone calibra-

tion, while the uncertainty budget calculations provide a framework for further im-
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provements. Such tasks include performing acoustic material characterisation, use

of hydrophones for mapping transducers at body temperature as well as in interna-

tional comparisons of hydrophone calibrations.

The future prospects of the project include improvements in the photoacoustic

thermometry setup required to obtain accurate quantitative information about the

HIFU-induced temperature increase in phantoms, as well as further investigation

of potential materials for use in the validation. Following these steps, validation

measurements using thermocouples are needed to confirm the accuracy of the ob-

tained results. Once finalised, the real-time 3D temperature measurement system

as described in Section 10.5.4 would provide a useful ultrasound metrology tool

for both routine quality checks and characterisation of HIFU transducers, as well

as validation of thermal models predicting heating induced by focused ultrasound

transducers in tissues. The increasing complexity of HIFU sources and treatment

delivery regimes used in clinical practice introduced the need for treatment plan-

ning. However, the models used require comprehensive knowledge of tissue acous-

tic and thermal properties as input parameters, both at the baseline and elevated

tissue temperatures [190]. The measurement results along with the methods deliv-

ered in this thesis provide strong foundations for this, as numerical models used

for evaluation of treatment can be developed and characterised using phantom ma-

terials [34]. The validation of coupled acoustic-thermal modelling requires accu-

rate benchmarks, which for thermal therapies include the temperature history as a

function of space and time as retrievable using the proposed real-time cylindrical

photoacoustic scanning system.



Appendix A

Data measured using laser

vibrometry

Figures A.1 and A.2 show the measured displacements, calculated particle veloc-

ities and generated pressures radiated from the 1 MHz and 2.25 MHz transducer,

respectively.
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Figure A.1: 1 MHz transducer. Temperature-dependent change in displacements measured
using laser vibrometry as well as calculated particle velocities and generated
pressures.



187

PW sine pulse qCW

Displacement

20 30 40 50

Temperature (
°
C)

19

20

21

22

23

D
is

p
la

c
e

m
e

n
t 

(n
m

)

y = -0.027895 * T + 22.044141

R2: 0.618370

-0.13 % per deg C

data

WLS fit

20 30 40 50

Temperature (
°
C)

7

7.5

8

8.5

9

9.5

D
is

p
la

c
e
m

e
n
t 
(n

m
)

y = 0.029847 * T + 7.277852

R2: 0.791413

0.38 % per deg C

data

WLS fit

20 30 40 50

Temperature (
°
C)

5.6

5.8

6

6.2

6.4

6.6

6.8

7

D
is

p
la

c
e
m

e
n
t 
(n

m
)

y = 0.030625 * T + 5.246419

R2: 0.888534

0.52 % per deg C

data

WLS fit

Particle
velocity

20 30 40 50

Temperature (
°
C)

0.33

0.34

0.35

0.36

0.37

0.38

0.39

0.4

P
a

rt
ic

le
 v

e
lo

c
it
y
 (

m
 s

-1
)

y = 0.000084 * T + 0.358402

R2: 0.007018

0.02 % per deg C

data

WLS fit

20 30 40 50

Temperature (
°
C)

0.105

0.11

0.115

0.12

0.125

0.13

0.135

P
a

rt
ic

le
 v

e
lo

c
it
y
 (

m
 s

-1
)

y = 0.000405 * T + 0.102696

R2: 0.820626

0.36 % per deg C

data

WLS fit

Normalised
pressure

20 30 40 50

Temperature (
°
C)

0.95

1

1.05

1.1

N
o
rm

a
lis

e
d
 p

re
s
s
u
re

 (
a
.u

.)

y = 0.001289 * T + 0.988314

R2: 0.151854

0.13 % per deg C

data

WLS fit

20 30 40 50

Temperature (
°
C)

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

N
o
rm

a
lis

e
d
 p

re
s
s
u
re

 (
a
.u

.)

y = 0.004962 * T + 0.891214

R2: 0.893962

0.50 % per deg C

data

WLS fit

20 30 40 50

Temperature (
°
C)

0.95

1

1.05

1.1

1.15

1.2

N
o

rm
a

lis
e

d
 p

re
s
s
u

re
 (

a
.u

.)

y = 0.006361 * T + 0.861093

R2: 0.906117

0.64 % per deg C

data

WLS fit

Figure A.2: 2.25 MHz transducer. Temperature-dependent change in displacements mea-
sured using laser vibrometry as well as calculated particle velocities and gen-
erated pressures.
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[16] S. Bohndiek, J. Brunker, J. Gröhl, L. Hacker, J. Joseph, W. C. Vogt, P. Ar-

manetti, H. Assi, J. C. Bamber, P. C. Beard, et al. International photoacoustic

standardisation consortium (IPASC): overview (conference presentation). In

Photons Plus Ultrasound: Imaging and Sensing 2019, volume 10878, page

108781N. International Society for Optics and Photonics, 2019.

[17] S. E. Bohndiek, S. Bodapati, D. Van De Sompel, S.-R. Kothapalli, and S. S.

Gambhir. Development and application of stable phantoms for the evaluation

of photoacoustic imaging instruments. PloS One, 8(9):e75533, 2013.
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