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Abstract

A way of describing photoacoustic measurement techniques is listening to light. An-
other way is as sensor techniques for characterisation of materials by means of light and
sound interacting with the material under investigation. Photoacoustic measurements are
emerging techniques and examples and suggestions of applications can be found foremost
in diagnostics for medical purposes but also for industrial materials.

The photoacoustic measurement techniques used in present thesis is based on the
thermoelastic effect. A short light pulse is sent into a material, and energy from the
light being absorbed leads to a localised heating. If the duration of the heating is short
enough, a local pressure wave is built up, that propagates through the material as an
ultrasonic pulse which can be detected by an ultrasound transducer and subsequently
analysed.

In photoacoustic measurement techniques, the advantage of high spatial resolution
from measuring with ultrasound is combined with the advantage of high contrast from
measuring with light. Ultrasound propagating in for example human tissue scatters less
than what light does, enabling more precise positioning of the origin of the information
in the measured signal. High spatial resolution is thereby achieved from measuring with
ultrasound. High contrast can be reached from different responses to light in materials
with diverse light absorption coefficients. However, a disadvantage of the technique is
that in biological tissue, light scattering is limiting the practically usable penetration
depth.

Besides for photoacoustic measurements, the thermoelastic effect can be utilised to
generate laser-induced ultrasound for measurement applications. The present thesis’ con-
tribution is studies of laser-induced ultrasound in a thin semitransparent light-absorbing
layer, experimentally and theoretically. To draw conclusions from measurements, one
wish to know more about what happens in the absorbing layer, knowledge that could
also be applied on corresponding processes in a material under study. An analytical model
could thereto constitute a base for ultrasound pulse shaping, for adjusted measurements
for specific applications.

Through experiments on dyed polymer film, frequency spectra of laser-induced ultra-
sound were studied, varying thickness and light absorption coefficient of the film layer
structure. In the outcome of the experiments, decreased thickness was related to in-
creased centre frequency as well as increased bandwidth of the generated ultrasound,
and increased absorption together with decreased thickness was related to increased ul-
trasound amplitude.
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A one-dimensional analytical photoacoustic wave model of generation and propaga-
tion of heat-induced ultrasonic pressure wave in three material layers has been developed.
From an existing model of three layers, this is an expansion enabling the two materials
surrounding the light absorbing layer to be different. The analytical solution to the pho-
toacoustic wave equation problem was based on a Laplace transform approach. Pressures
resulting from the analytical model corresponds well to results from simulations. Ana-
lytical pressures were compared to ultrasound transducer experimental voltages, through
system identification of the transducer system conversion between pressure and voltage.
The system identification was however unstable.

For ultrasound reception, experiments were performed on piezoelectric film with elec-
trically conductive coatings as a transducer.
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Abbreviations and denotations

Abbreviations
EM electromagnetic (waves/radiation)
IEC International Electrotechnical Commission (standards organisation,e.g. for safety)
IR infrared
ITO indium tin oxide, a transparent conductive oxide (TCO)
MMUS magnetomotive ultrasound imaging
OCT optical coherence tomograpyhy
PA photoacoustic (measurement technique)
PAT PA tomography (imaging technique based on PA effects)
PET polyethylene terephthalate (polyester polymer)
PVDF polyvinylidene difluoride (polymer, possibly piezoelectric)
UV ultraviolet
1D one-dimensional

Denotations
p(x, t) acoustic pressure in position x at time t
β isobaric (under constant pressure) thermal expansion coefficient
κ isothermal compressibility
T temperature change
ρ density
c sound speed
Cp isobaric (under constant pressure) specific heat capacity
CV isochoric (under constant volume) specific heat capacity
µt extinction coefficient
α, µa light-absorption coefficient
µs light-scattering coefficient
τpulse laser pulsewidth
E0 energy density at layer surface facing laser
τthermal thermal relaxation time
dc characteristic dimension
αthermal thermal diffusivity
λthermal thermal conductivity
H(x, t) heating function as energy absorbed per time per unit volume
Γ Grüneisen parameter
τstress pressure propagation time
θ(t) Heaviside step function, value 1 if t > 0, and value 0 if t < 0
δ(t) Dirac’s delta function
bii+1 x value boundary between layer i and i+1
Z acoustic impedance
A signal amplitude
fcentre centre frequency in frequency spectrum
bw bandwidth in frequency spectrum
F collecting constant
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Chapter 1

Introduction

“listening to light”

Vasilis Ntziachristos et al.[1]

1.1 Thesis introduction

Photoacoustic measurement techniques are measurement techniques where the combined
interaction of light and sound are used to characterise a material under study. These
hybrid techniques have found extensive use in biomedical engineering as well as in non-
destructive testing and evaluation of engineering materials [2, 3, 4].

Generally, the photoacoustic technique rests on an energy conversion process where
electromagnetic waves are converted to mechanical waves [5]. For a brief and simplified
description of the process, assume that a short light-pulse is let to irradiate a region of
a material under study. Some of the light is absorbed by the material and an associated
heating process takes place. This process causes a volume change and consequently a
rapid change in pressure. Since the incident light is a short pulse the conversion process
will result in an ultrasonic pressure wave propagating through the material. The light-
induced pressure wave can then be detected at some other location using ordinary ultra-
sonic, interferometric or other detection techniques. Electromagnetic excitation sources
for photoacoustics that have been used over the years are e.g. pulsed lasers in the visible-,
near infrared and infrared wavelengths.

From the perspective of measurement science, both light, the photoacoustic process
and the ultrasonic waves can be used in characterising a material in which the process
takes place. The light can be used to determine the spatial distribution of optical prop-
erties in the material. For example, the strength of the photoacoustic light-to-ultrasound
conversion process at a specific point in the material under examination will depend on
the amount of optical absorption at that point. Thus, a volume with high optical absorp-
tion will act as a stronger source of ultrasound than the surrounding material. The spatial
distribution of strong acoustic sources can then be determined by detecting the ultra-
sonic waves at a location at a distance from the sources [6]. Also, the photoacoustically
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generated ultrasound that travels through the material under investigation inherently
carries information on the spatial distribution of acoustical properties, as distributions
of density and elasticity of the material under investigation.

Since ultrasound intensity thereby is related to optical absorption, ultrasound gen-
erated in this thermoelastical fashion can be seen as a measure of absorption. As an
example in biomedical diagnostics, employing the fact that haemoglobin absorbs light
well, aggregations of blood vessels around growing tumours can be detected by photoa-
coustic techniques [6]. Measuring absorption by photoacoustic techniques can give high
spatial resolution in comparison to purely optical techniques. This is because the posi-
tion information is more exact when carried by sound waves than by light, since sound
waves scatter less than light does [6]. Photoacoustic techniques partly rest on the ad-
vantage of resolution as acoustic techniques, partly on the advantage of contrast as in
optical techniques [6]. From ultrasound techniques information can be gained about me-
chanical material properties. However, the mechanical properties might not differ very
much e.g. between an early stage tumor and surrounding tissue. To base the measure-
ment techniques on optical absorption on the other hand, can provide higher contrast
in measurements when optical absorption vary more than mechanical properties within
a sample. Thus, photoacoustic measurement techniques can reach contrast as in optical
techniques.

As well as employing the thermoelastic process for photoacoustic measurements, the
process can also be utilised for generation of ultrasound to be transmitted into a sample
in the same way as in regular ultrasound measurements. To gain more knowledge about
what happens in the material by the thermoelastic process and about the ultrasound that
is rendered, the process can be theoretically modelled. Modelling ultrasound generated
by light can serve as a background for image reconstruction algorithms from registered
acoustic waves. A theoretical model can also constitute a basis in shaping the generated
ultrasound regarding temporal profile or frequency spectrum. Ultrasound pulse shaping
can be advantageous as a possibility to adjust the ultrasound for specific acoustic mea-
surement applications to enhance characteristic features in the measurements. Increased
ultrasound bandwidth and centre frequency are related to higher spatial resolution and
decreased depth of photoacoustic imaging [6]. As an example of ultrasound shape in
relation to possible measurements by means of ultrasound, the spatial resolution obtain-
able is limited by the bandwidth of the measurement system [7]. Modelling and knowing
the properties of the ultrasound that is transmitted into a sample thereto constitutes a
reference with which to compare the ultrasound detected from a sample.

Modelling of laser-induced ultrasound generation and propagation was of primary
objective in present thesis. For completeness, reception of photoacoustic ultrasound was
also briefly considered.
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1.2 Research questions and methods

1.2.1 Question 1

Q10: How can a thermoelastic light-to-sound conversion in a material be modelled?

A photoacoustic wave equation constitutes a starting point in the modelling. Differ-
ent approaches and aspects of thermoelastic modelling have been reported on by others.
The different aspects are choices of modelled geometry, pulsed versus amplitude modu-
lated heating sources, partial or total light-absorption, acoustic pressure analytical time
profiles in relation to frequency representation, or e.g. numerical solutions. Matching
solution approach for the modelling is to be chosen in relation to aspect of focus.

Modelling has been made of a photoacoustic sources in plane, cylindrical, and spher-
ical geometries, as e.g. presented by Zhao et al. [8]. Regarding absorption, some have
investigated 100% absorption of the incident light, like Won Baac et al. [9], and others
have considered semitransparent light-absorbing materials. Sun and Diebold [10] mod-
elled generation of ultrasonic waves from a photoacoustic source consisting of alternating
layers of semi-transparent light-absorbing, and transparent fluid layers. Via absorption
in the semitransparent layers, an amplitude-modulated laser generated pressure waves
at specific resonance frequencies by means of wave interferences in the layers. For an
amplitude modulated light source, the thermoelastically generated pressures can bene-
ficially be represented in frequency domain [11]. Hu et al. [12] modelled a sinusoidally
modulated light source and thermoelastic sound generation in i = 1, .., N material layers,
with frequency representation. A thermoelastic process by heating from one laser-pulse
was modelled by Shan et al. [13] in one light-absorbing material layer within another
material. Numerical solutions were described by e.g. Cox and Beard [14].

The one-dimensional (1D) case of light-to-sound conversion in a thin light-absorbing
planar layer was chosen as take-off point for the modelling. Semitransparency of the
light-absorbing layer was of interest for the present thesis, letting some light also to be
transmitted into adjacent light-absorbing structures. Regarding possibilities of ultra-
sound pulse shaping, to get time resolution with relation to specific changes in heating
from a light-source, modelling of a laser pulse was chosen over a modulated light source.
However, it is noted that ultrasound pulse shaping could include interference between
ultrasound pressure waves from subsequent laser pulses. Modelling one laser pulse con-
stitutes a starting-point towards modelling several pulses. Also, with ultrasound pulse
shaping as an objective, representing the analytical original time-profile of the generated
ultrasound was desired in front of Fourier series representation. Analytical expressions,
was preferred over numerical solutions, for expressing the acoustical pressures by means
of physical parameters.

A general model for an arbitrary number of material layers of arbitrary physical
properties is sought for. As a starting step towards that, present thesis handled one
light-absorbing material with boundaries towards two other materials. This makes up
the least complicated case of a light-absorbing material but still treating reflections on
interfaces towards two materials of different properties.
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Solution approaches to the resulting set of differential equations are e.g. Laplace
transformation as employed in Shan et al. [13], or by means of Greens function as in
Diebold [11]. Köstli et al. [15] used Fourier transform to calculate and represent pressure
waves for their reconstruction algorithm. To summarise, research question Q10 about
modelling of thermoelastic effect was for the above reasons narrowed into 1D analytical
modelling of one laser pulse in one light-absorbing material surrounded by two other
materials.

Q1: Can photoacoustic phenomena in layers be modelled as transient generated acoustic
pressure waves, by analytical expressions?

The method for the theoretical photoacoustic modelling was setting up a physical model
from a 1D photoacoustic wave equation with initial and boundary conditions for a light-
absorbing material layer with interfaces towards two other materials. The differential
equation solution approach for the photoacoustic wave equation was by Laplace trans-
form to achieve analytical solutions. Acoustic pressure time profiles were results from
this analytical model. To verify the calculated analytical expressions, resulting pressures
were compared to numerical simulations. For verification of the model, results from the
analytical expressions were compared to experimental results.

1.2.2 Question 2

Q20: Can the laser-induced ultrasound pulse be shaped regarding temporal and spectral
properties?

Approaches of shaping the laser-induced ultrasound could both be related to the input as
the light source, or to materials in which the light-to-sound conversion and sound propa-
gation takes place. Zhao et al. [8] described factors for pulsed-laser-induced thermoelastic
waves in liquids as laser parameters, as well as material parameters including boundary
conditions at material interfaces. The laser, or input, parameters are wavelength and
energy distribution in space and time. Material parameters are e.g. optical absorption
coefficient, thermal expansion coefficient, material density and speed of sound. Hou et al.
[16] discussed ultrasound shaping by means of the temporal profile of the input optical
pulse. Sun and Diebold studied interference patterns from laser-induced ultrasound [17].

Ultrasound pulse shaping would offer possibilities of adjusting ultrasound pulses to
specific applications to possibly enhance measurement outcome. In present thesis, as
mentioned, the starting-point was modelling one laser pulse, as basis for possible future
interference modelling of subsequent laser-pulses. Besides temporal ultrasound profiles,
of interest in present thesis were also ultrasound frequency spectra, as centre frequency
and bandwidth, since for example high ultrasound frequencies could be utilised for high
spatial resolution measurements. The work in present thesis was delimited to studies on
the light-absorbing materials and surrounding materials, and not including ultrasound
shaping from variations in laser input. Based on the delimitation to consider ultrasound
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shaping by means of the materials in which the laser-induced ultrasound is generated,
and to focus on mentioned features of the ultrasound, research question Q20 was nar-
rowed into Q2.

Q2: Can laser-induced ultrasound be influenced regarding temporal profile and frequency
spectrum, by varying physical properties of the materials where the light-to-sound con-
version and sound propagation takes place?

The method to investigate this was experimental. Experiments were designed to in-
vestigate variations in ultrasound amplitude, frequency spectrum centre frequency and
frequency spectrum bandwidth. The physical properties chosen to vary in the experiment
were absorber thickness and light-absorption coefficient. These properties were believed
to have effect on the generated ultrasound. Also, materials for experiments were obtained
from film manufacturers in a suitable range on these properties. Hypotheses testing were
performed to determine if varying the physical properties had effect on the laser-induced
ultrasound. Verification of some tendencies were made from the photoacoustic pressure
determined analytically.

1.3 Thesis outline

The present thesis consists of two parts. Part I is an overview with introductions into pho-
toacoustic physics, photoacoustic measurement techniques with applications, and laser-
induced ultrasound in layers, with ultrasound sensing thereafter. Part I also includes
a summary and conclusions of the papers in part II, and suggestions on further work.
Part II consists of two papers on laser-induced ultrasound in semi-transparent layers,
investigated experimentally and modelled analytically.
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Chapter 2

Photoacoustic physics

Photoacoustics (PA), also known as optoacoustics [18], laser-induced ultrasonography
[19], or thermoacoustics in the microwave-induced case [2], is a combination of optics
and acoustics. Acoustics can be defined as a science of generation, transmission, and
reception of energy [20] as mechanical waves, and optics correspondingly as generation,
transmission, and reception of energy as electromagnetic (EM) waves [21]. Within optics,
EM radiation in the spectral range of human vision (wavelengths 0.4–0.7 µm) is handled,
but also surrounding wavelengths of ultraviolet (UV) and infrared (IR) waves may be
included [21]. Within acoustics, ultrasound is defined as waves with higher frequencies
than humans can hear; frequencies higher than approximately 20 kHz [20].

Photoacoustic physics studied in present thesis is based on the thermoelastic effect.
In the thermoelastic process, e.g. a short pulse of light, is sent into a material, and energy
absorbed from the light induces a rapid heating process and an associated pressure rise.
Other processes that can give rise to sound from light are plasma formation [22, 23],
vaporisation [24], ablation [25], chemical reactions and electrostriction [26], depending
on the EM wavelength λ and power, in interaction with a material under investigation.
Vaporisation is when the physical phase of a substance, by means of energy added, is
changed into vapour. Ablating the top of the surface of a sample by means of a laser
can also give sound. Plasma formation is when the substance is ionized into plasma
phase. When chemical reactions are induced by light as laser, and the reaction products
takes up different space than the initial constituents, a pressure wave might be formed.
Electrostriction is a property of dielectric materials (electrical non-conductors) to change
in shape under an applied electric field. In the electric field, randomly aligned electrical
domains become differently charged, attracting or repelling each other. An effect related
to electrostriction is piezoelectricity. For energy input for thermoelastic effect under
study, the light source can for example be a pulsed laser or an amplitude modulated
continuous laser. As will be later described, the aspect of variation in heating is of
importance in the photoacoustics.
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10 Photoacoustic physics

heating 

volume V 

volume V+dV 

Figure 2.1: Heating of a material volume leading to a volume expansion.

2.1 PA instant pressure

As an introduction into, and to deduce an expression for an instant PA pressure, material
volume V = V (p′, T ′) as a function of pressure p′ and temperature T ′ can be expressed
as differential

dV = dp′
(
∂V

∂p′

)

T ′
+ dT ′

(
∂V

∂T ′

)

p′
(2.1)

where the subscripts T ′ and p′ means differentiation in one variable while the other in
subscript is held constant. Inserting in equation 2.1 thermal expansion coefficient β and
isothermal compressibility κ from Nordling et al. [27]

κ = − 1

V

(
∂V

∂p′

)

T ′
, β =

1

V

(
∂V

∂T ′

)

p′
(2.2)

gives
dV = −dp′ κV + dT ′ β V. (2.3)

Instead defining pressure and temperature changes as dp′ = p and dT ′ = T , a PA
fractional volume expansion dV/V on laser excitation can be expressed [6]

dV

V
= −κ p+ β T. (2.4)

Figure 2.1 illustrates heating of a material volume leading to a thermoelastic expan-
sion. If the duration of the heating is short, a local pressure wave is built up. This
acoustic pressure wave can propagate through the heated material with surroundings as
an ultrasonic pulse which can be detected by an ultrasound transducer and subsequently
analysed [6]. If the duration of the heating is much shorter than the time of heat conduc-
tion as well as of pressure propagation across a size of the heated region, the fractional
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volume expansion is assumed negligible and the local pressure change pinstant instantly
after the heating laser pulse, can be formulated from equation 2.4 as

pinstant =
β T

κ
, (2.5)

where then pressure and temperature changes are proportional to each other [6]. To
describe pressure not only instantaneously, but from a heating process and in time and
space, a PA wave equation follows.

2.2 PA wave equation

Originating in conservation of energy and of momentum, the generation and propaga-
tion of heat-induced ultrasound, can be described by a PA wave equation, expressing
ultrasound pulses as acoustic pressure p = p(x, t) in position x at time t. The thermal
expansion equation [6], a generalisation of Hooke’s law, implies conservation of energy,
with requirement of linearly elastic material, and is a 3D vector expressed version of the
already introduced equation 2.4

∇ · ξ (x, t) = −κp(x, t) + βT (x, t) (2.6)

with medium displacement vector ξ (x, t). Conservation of momentum is represented by
the linear inviscid force equation [6], from Newtons second law, as

ρ
∂2

∂t2
ξ (x, t) = −∇p(x, t), (2.7)

where ρ is the material density.
The two equations 2.6 and 2.7 make up the basis for the PA wave equation in a linearly

elastic inviscid material that is fluid, or solid with only longitudinal waves considered.
Inserting equation 2.6 into the divergence of equation 2.7, setting speed of sound c as
c2 = 1/(ρ κ) gives a general PA wave equation [6] in an inviscid linearly elastic medium

(
∇2 − 1

c2

∂2

∂t2

)
p(x, t) = − β

κ c2

∂2T (x, t)

∂t2
, (2.8)

where the right hand side constitutes a source term for the left hand side acoustic wave.
The speed of sound in the material gives the pressure wave propagation speed in the
material. Also included in equation 2.8 is the thermal expansion coefficient, temperature
change, and isothermal compressibility

κ =
Cp

ρ c2CV
, (2.9)

where Cp is specific heat capacity at constant pressure, and CV is specific heat capacity
at constant volume.
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To start from the beginning in the light-to-sound conversion in a material, light
interaction with materials can be represented by extinction coefficient µt

µt = µa + µs (2.10)

where µa is apsorption coefficient and µs scattering coefficient. These coefficients are
measured in m−1 as a probability of photon interaction per unit path length of the light
trajectory. Figure 2.2 illustrates an overview of PA light-to-sound conversion in a sam-
ple. Light with wavelength λ, pulse length τpulse and energy E0 , is irradiated into and
interacts with the materials in a sample that is having optical properties as absorption
and scattering coefficients. The sample thermal material properties as thermal expansion
coefficient and heat capacities affect the thermoelastic conversion, and mechanical prop-
erties, as sound speed and density, further influence the generated ultrasound. Because
of the ultrasound generation in and interaction with the sample, the ultrasound carries
information that can be extracted about the sample regarding material properties and
distributions of material properties within the sample.

Figure 2.2: Overview of photoacoustic light-to-sound conversion in a sample. The red oval
symbolises a light-absorbing feature.

Something to consider before further PA modelling is heat conduction during the
heating of duration τpulse. The thermal relaxation time τthermal for thermal diffusion
across a characteristic lenght of dimension dc was written by Wang and Wu [6] as

τthermal =
dc

2

αthermal
(2.11)
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where αthermal is thermal diffusivity from Gusev and Karabutov [5] as

αthermal =
λthermal
ρCp

(2.12)

with thermal conductivity λthermal.
With negligible heat conduction during the heating, τthermal � τpulse, called thermal

confinement [6], and heating function H (x, t) as energy absorbed per time per unit
volume, the right hand side of equation 2.8 can be rewritten by means [6] of

ρCV
∂T (x, t)

∂t
= H (x, t) . (2.13)

Equation 2.13 comes from the heat conduction equation [27, 5]

ρCV
∂T (x, t)

∂t
= λthermal∇2T +H (x, t) (2.14)

describing the temperature distribution from generated heat, but with the term in equa-
tion 2.14 including thermal conductivity λthermal neglected for thermal confinement.

A PA wave equation in thermal confinement modelling generation and propagation
of acoustic pressure p(x, t) is then

(
∇2 − 1

c2

∂2

∂t2

)
p(x, t) = − β

Cp

∂H (x, t)

∂t
. (2.15)

In the right hand side of PA wave equation 2.15, the PA source term contains the time
derivative of the heating. Theoretically and in fluid, an ideal thermoelastic source pro-
duces a pressure profile proportional to the time derivative of the heating from the laser
pulse [28]. It is thereby the change in the heating that gives rise to the induced ultra-
sound. The position x can be a vector of two or three dimensions, but in present thesis
a 1D scalar x is later used. Not included in equation 2.15 is e.g. sound attenuation in
the medium.

A factor to mention in the context, for later reference, is Grüneisen parameter

Γi =
c2
i βi
Cp i

=
βi

κi ρiCV i
, (2.16)

which is dimensionless, temperature-dependent, and proportional to the fraction of ther-
mal energy converted into pressure [29, 6]. The introduced index i will be used later on
to denote different material layers i, but can for now be off the focus. PA initial acoustic
pressure distribution in one dimension x can be written from Gusev and Karabutov [5]
by means of Grüneisen parameter as

pi (x, 0) = µa iE0 i Γi e
−µa ix. (2.17)

Light scattering µs was neglected in comparison to light absorption µa in the calculations
of analytical photoacoustic expressions in present thesis.
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Chapter 3

Photoacoustics measurement
techniques and relevant

applications

Various applications of PA measurement techniques as implementations of PA physics
for characterisation of materials by means of light and sound, have been investigated and
suggested [30]. Foremost are applications in diagnostics for biomedical purposes [3], but
also as example for industrial materials [4].

In 1880 Alexander Graham Bell reported on sound produced by light [31]. That
discovery came to use in PA techniques after inventions and developments of ultrasonic
transducers, computers and lasers [6]. The related ultrasonography (ultrasound imaging),
which is based on sonar, had been introduced in medical applications after World War
II [6]. Today, photoacoustic imaging are emerging techniques for biomedical applications
[32, 33].

Other biomedical imaging techniques are e.g. ultrasound, optical methods, X-ray
or magnetic resonance imaging (MRI) [34]. MRI is considered expensive, and X-ray
is thereto ionizing. Photoacoustic measurement techniques are acoustical and optical
techniques in combination, and are non-invasive and do not require EM radiation of
ionizing wavelengths. In photoacoustic measurement techniques, the advantage of high
spatial resolution from measuring with ultrasound is combined with the advantage of
high contrast from measuring with light [6], see Figure 3.1 for a summary. Ultrasound
in for example human tissue scatters less than what light does, enabling more precise
positioning of the origin of the information in the measured signal. High spatial resolution
is thereby achieved from measuring with ultrasound. High contrast can be reached from
different responses to light in materials with diverse light absorption coefficients. With
PA techniques, transmitting light into and measuring sound out from a sample, the light
scatters on its way into the sample, gets absorbed, and sound is generated. In entirely
optical measurements as comparison, with light in and light out from a sample, light
scatters also on its way out from the sample, meaning loss of positioning information. In
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entirely acoustical measurements, with sound in and sound out from a sample, mechanical
properties might not be that different between features of interest and the surroundings,
leaving a lower contrast. Ultrasound images of tissue might suffer from this. For the
record, ultrasound contrast agents can be added as microbubbles of gas as described by
Szabo [35].

A disadvantage of the PA techniques is that light scattering and absorption is limiting
the practically usable penetration depth [6]. Most biological tissues scatter light strongly
[6]. Scattering can be 100 times larger for light in biological tissue than absorption [6],
and penetration depth can be in the order of millimeters or tenths of mm [36] depending
on light source and technique employed.

Figure 3.1: An illustration of the advantages from using optical (with high contrast) and
acoustical (with high resolution) measurement techniques.

PA measurement techniques, as ultrasound detected after EM irradiation, also include
tomography, arrays and reconstruction algorithms. Imaging based on the photoacoustic
effects, called PA tomography (PAT), is done by e.g. Wang [6]. The source of EM
radiation for PA techniques, providing variations in heating of a material, can for example
be a pulsed laser or an amplitude modulated continuous laser. The EM wavelength range
can be in the visible region, IR, UV, or e.g microwave as by Hosten et al. [37]. PA
measurement techniques are applied on gases, liquids and solids [5, 38].

Note that to generate PA ultrasound signals efficiently, short illumination is required,
as pulses with durations e.g. in the range of tens to hundreds of nanoseconds [39]. Figure
3.2 is an illustration of PA generated ultrasound in a sample of a light-absorbing feature
symbolised by the red oval. The generated ultrasound is measured by a transducer
or transducer system which can be an array, and processed by means of algorithms to
reconstruct the measurement data into an image of the sample.

3.1 Biomedical applications

In biomedical applications, PA techniques can be used for purposes of diagnostics. Pho-
toacoustic imaging can be used for molecular, structural and functional imaging and in
cancer detection, diagnosis, and treatment guidance [40].
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Figure 3.2: Overview of aquisition and signal processing of photoacoustic ultrasound.

Optical absorption is a desirable feature to employ in a biomedical measurement tech-
nique. This is because of its high sensitivity to certain molecules [6]. In biomedical appli-
cations, light-absorbing substances in human tissue are e.g. body specific skin pigments,
haemoglobin in red blood cells – oxygenized and deoxygenized, or water. Also, con-
trast agents can be added, as e.g nanoparticles [28], to enhance contrast. See Figure 3.3
for absorption coefficient spectra of endogenous tissue chromophores [32]. Note that
haemoglobin has an absorption coefficient of light in the visible regime at least about
100 times as high as water, and is therefore a strong source of PA generated ultrasound.
In haemoglobin, the absorption dominates over scattering [6]. In soft biological tissue,
a laser-induced temperature rise of the order of mK yields about 800 Pa initial pres-
sure [36]. This correspond to the sensitivities of typical ultrasonic transducers within
a safe temperature rise [36]. EM wavelengths applied in the PA measurements can be
chosen from absorption spectra of substances of interests and to minimise background
absorption.

In biological tissue, optical absorption can provide information about angiogenesis
(production of blood vessels) and hypermetabolism, which are characteristics of can-
cer [6]. By using such a tendency of vascularisation around a tumour, along with the
higher light-absorption of haemoglobin than of surrounding tissue, the photoacoustic sig-
nal from blood can be used as an indicator in cancer screening. Tumour hypermetabolism
can decrease oxygen saturation, which can be estimated as the relative concentration of
oxygenized haemoglobin employing two wavelenghts of light together with known and
distinguished oxygenized and de-oxygenized haemoglobin absorption coefficients [6].

PA in breast tumour applications provides a inexpensive non-ionizing radiation al-
ternative to x-rays, and an increased possibility to differentiate between a tumours and
fluid-filled cyst compared to ultrasound alone [34]. In Twente, Manohar et al. [41]
and Piras et al. [34] have developed photoacoustic mammoscope with three-dimensional
reconstruction algorithm.
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Absorption coefficient spectra of endogenous tissue chromophores.  

Beard P Interface Focus doi:10.1098/rsfs.2011.0028 
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Figure 3.3: Absorption coefficient spectra assembled by Beard [32] (in Figure 1 in the reference),
of endogenous tissue chromophores. Oxyhaemoglobin (HbO2) red line, deoxyhaemoglobin (HHb)
blue line, water black line (majority percentage by volume in tissue) , lipid(a) brown line, lipid(b)
pink line, melanin black dashed line, collagen green line, and elastin yellow line. Reprinted with
permission.

PA techniques has also been successfully applied in arthritis diagnosis and vascular
visualization [42]. PA techniques has also been suggested for endocsopy and in skin
tumour diagnosis [43]. In superficial measurements, limited penetration depth might not
mean a measurement limitation.

Note that the limited penetration depth of light, implies superficial PA effects un-
less light is guided deeper into the tissue. Zhang et al. [44] described photoacoustic-
photothermal probes for insertion via a biopsy needle or endoscope.

3.2 Examples of industrial materials applications

Michaelian [4] instantiated applications of infrared spectroscopy within PA measurement
technique on characterization of industrial materials as carbons, polymers, food products,
fuels, medicine and dentistry, clays and minerals, textiles, inorganics, wood and paper.
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In application of PA techniques on paper and paper pulp, for example Lima et al.
[45] investigated thermal diffusivity as a tool in comparing and controlling properties of
pulp and paper. Another example for the paper pulp industry application was presented
by Zhao et al. [46] as a combination of both optical and acoustic measurements on
paper pulp. Concentrations of fines particles in size range below about 100µm, and
concentration of long fibres, were evaluated by means of light scattering and acoustic
attenuation respectively. Zhao et al. sent a laser beam into a pulp suspension and
registered laser-induced ultrasound from fines in the suspension, and empoyed external
light-absorbers to generate ultrasound propagating through the pulp suspension and
interacting with fibres. Also Niemi et al. [47] investigated fines and fibres concentrations,
but in comparison to the light-absorbers in Zhao et al., instead used reflectors for the
ultrasound already generated in the pulp.

To summarize, PA techniques can have applications within a wide range of industrial
applications.

3.3 PA techniques in combination with other mea-

surement techniques

While PA techniques themselves can be considered combination techniques in characteris-
ing materials, they are also used in further combinations for the gaining of complementary
information. When pathological processes and tissue abnormalities are associated with
changes in mechanical properties of soft tissue, ultrasound imaging can provide informa-
tion about anatomical structure. Ultrasound imaging combined with PA measurements
was suggested by e.g. Niederhauser et al. [48] and Harrison et al. [49]. Emelianov et
al. [50] described combined ultrasound, elasticity, and photoacoustic imaging. Extra
beneficial in the combining of ultrasound imaging and PA imaging is that they can be
based on the same transducer electronics.

For PA applications in cancer biomedical applications, Mallidi et al. [40] reviewed
and exemplified combination of PA techniques also with optical coherence tomography
(OCT), fluorescense imaging, and magnetomotive ultrasound imaging (MMUS). OCT
is based on optical backscattering properties of tissue and can provide resolution (OCT
about 10µm) larger than ultrasound (ultrasound about 50−500µm), and was investigated
by e.g Li et al. [51] as three-dimensional combined photoacoustic and optical coherence
microscopy for in vivo microcirculation studies. In MMUS, magentic nanoparticles within
tissue or organs are induced into motion to give information about mechaical properties.
Beard et al. [52] combined in a probe photoacoustic-photothermal measurements. Hsieh
and Li [53] described an intravascular integrated ultrasound and photoacoustic imag-
ing system using an optical fibre together with a conic prism for omni-directional light
excitation.

In the papers in present thesis, laser-induced ultrasound in semitransparent structures
was considered, with the idea of transmittning ultrasound for ultrasound measurements,
as well as transmitting light for photoacoustic measurements.
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3.4 Measurement and safety considerations

In applications, for the PA techniques to be non-invasive, considerations are to be taken
not to harm or disturb the sample/tissue under investigation. Regarding laser radiation,
the proper wavelength or wavelength range is to be chosen. Also considerations are to
be taken into intensity and exposure time safety limits, see for example International
Electrotechnical Commission (IEC) Laser safety standard IEC 60825-1 [54]. Lihachev et
al. including Spigulis [55] demonstrate with continuous laser irradiation that even at low
power (100 mW/cm2) compared so IEC standard (<200 mW/cm2, exposure time <103

s), effects of photo-bleaching of skin as decreased autoflourescence (natural emission of
light by biological structures after they have absorbed light) intensity of pre-irradiated
areas of healthy skin. Corresponding IEC safety standard for safety of ultrasonic medical
diagnostic and monitoring equipment is IEC 60601-2-37 [56]. Also, sensor materials pos-
sibly in contact with skin, are to be considered in the use of PA techniques in applications
for minimal invasion.



Chapter 4

Laser-induced ultrasound in layers

In addition to using the thermoelastic effect for photoacoustic measurements, as pre-
viously described, it can also be utilised to generate laser-induced ultrasound. The ther-
moelastic effect is the most common mechanism of optical generation of ultrasound [16].
However, the conversion efficiency has been low, with low transmitted power [25]. Ultra-
sound for medical diagnostic purposes is typically in the frequency range 1– 15 MHz [35]
for non-invasive probes. Resolving smaller features is related to using higher ultrasound
centre frequencies and larger bandwiths [6], which in turn are also related to decreased
depth of photoacoustic imaging [6].

In ultrasound measurement techniques, the ultrasonic waves needs to be generated
and trasmitted into a sample, as well as received from the sample by some devices. In
the case of PA measurements, ultrasound after laser irradiation is to be detected. Both
generation and receiving of ultrasound can be made by employing techniques based on
the piezoelectric effect, but also by optical techniques as e.g. optical reception by means
of interferometry. Laser-induced ultrasound as alternative to traditional piezoelectrically
generated ultrasound has been investigated by e.g O’Donnell et al. [28]. Producing 2-D
piezoelectric arrays operating above 20 MHz is a challenge due to dicing, cross-talk, and
interconnect limitations, they reasoned, and suggested alternative structures as a thin
polymer film or as a gold nanostructure for a higher conversion efficiency than with a
metallic film used as PA transducer.

Since laser-induced ultrasound is governed by change in heating, see the PA source
term in PA wave equation 4.2, ultrasound that is generated with an appropriate heating
input from a laser source, can be made very broadbanded [28]. With a broadbanded
ultrasound pulse sent into a sample, the in-signal contains a wide range of frequencies
to interact with the sample, from which information about the sample can be extracted.
That the center frequency and bandwidth of the generated ultrasound is mainly deter-
mined by the temporal profile of the input optical pulse, was demonstrated by Hou et
al. [16]. As well as depending on light-source factors, thermoelastically generated ultra-
sound is also affected by physical parameters of the materials where the light-to-sound
conversion takes place [8]. Considered in present thesis are properties of the laser-induced
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ultrasonic pulse that are related to the light-absorbing materials, and not to the laser
pulse as laser pulse shape, intensity, wavelength.

Regarding laser-induced ultrasound in a layer, Biagi et al. [57] achieved photoacoustic
generation in a graphite layer with larger ultrasound signal amplitude than in a thin metal
layer. Won Baac et al. [9] generated ultrasound in composite material of nanoparticles
with high light-absorption in elastomeric polymer aiming at high ultrasound amplitude
and frequency generation. Compare chapter 2.2 in which a large µa as well as large β is
expected to give a large acoustic pressure.

Also Zhao et al. [8] considered maximum amplitude, and investigated production and
detection theory of pulsed photoacoustic wave with maximum amplitude and minimum
distortion in absorbing liquid in an overview over plane, cylindrical and spherical source
models. Shan et al. [13] modelled laser-ultrasound signals from an optical absorption
layer within a transparent fluid. Two layers were modelled in the study by Coulette et al.
[58], where a semi-analytical model for laser-generated ultrasound in two homogeneous
and orthotropic material layers in cylindrical symmetry was calculated.

Also multilayers irradiated by amplitude-modulated heat-sources have been stud-
ied. Sun and Diebold [10] modelled generation of ultrasonic waves from a photoacoustic
source consisting of alternating layers of light-absorbing and transparent fluid layers. An
amplitude-modulated laser generated pressure waves at specific resonance frequencies by
means of wave interferences in the layers. Hu et al. [12] calculated PA waves gener-
ated by amplitude modulated light in multilayers in connection to gas. Bozoki et al.
[59] presented a transfer matrix method for calculation of the thermoelastic response of
multilayered samples exposed to modulated laser heating.

Models of ultrasonic frequency spectrum of thermoelastic pressure were compared
with experiments by Karabutov et al. [60]. Köstli et al. [15] performed calculations for
the inverse problem of modelling pressure distributions from measured pressure, numer-
ically and using Fourier transform.

The present thesis’ contribution were studies of laser-induced ultrasound in a semi-
transparent light-absorbing layer. Figure 4.1 illustrates a semitransparent light-absorbing
layer. A laser pulse is sent into a semi-transparent layer letting some light to be trans-
mitted into the sample for further photoacoustic measurements, or into added absorbing
layers for further ultrasound generation. Another part of the light is let to be absorbed
in the semi-transparent layer, to induce ultrasound, also to be used for further measure-
ments in the sample. In the generation of laser-induced ultrasound, measuring as well
as modelling the light-to-sound conversion in the sensor layer were of interest for present
thesis.

4.1 Theoretical modelling

Paper B treated theoretical 1D modelling of a planar heat-pulse-induced ultrasonic wave
based on a PA wave equation with boundary conditions between three material layers,
see Figure 4.2 for a sketch. In the sketch also a layer 0 is included, and the dimensions of
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Figure 4.1: Semitransparent absorber for transmission of laser light for photoacoustic measure-
ments, and for transmission of laser-induced ultrasound for ultrasound measurements. Laser
light (green arrows) reaches a sample to induce photoacoustic ultrasound (dashed grey circles
depicting spherical waves). Also, ultrasound (dashed grey lines depicting planar waves) laser-
induced in the semitransparent absorber reaches the sample for measurements. The darker
blue dots in the sample is to illustrate light-absorbing constituents highly interacting with light.
Lighter yellow dots are added as reminder about possible constituents with different mechanical
properties than the surrounding, interacting deviatingly with the sound.

the layer boundaries are exaggerated for clarity. Towards solving the PA wave equation
for arbitrary number of i = 1, 2, ..N layers, i = 1, 2, 3 was used as a start. For this
theoretical modelling of laser-induced ultrasound in layers, the PA wave equation 4.2
was solved through initial conditions specifying the pressure p(x, t) at a time t = 0, and
boundary conditions that gave corresponding specification of the pressure at position x.
This model made up an expansion of existing model by Shan et al. [13], that also enabled
the properties of the materials on each of the two sides of the light-absorbing layer to be
different.

Assumptions for present 1D PA wave equation were thermoelastic sound generation
mechanism, negligible viscosity (implying that shear waves are not supported), isotropic
material properties within each layer, linearly elastic materials, negligible heat conduc-
tion during the laser pulsewidth τpulse (thermal confinement), as well as τpulse � τstress
pressure propagation time across the heated region (stress confinement) [61]. The time
τstress of pressure propagation at speed c of sound across a characteristic dimension dc of
the heated region was expressed [6] as

τstress =
dc
c
. (4.1)

Further assumption was sound attenuation neglected.
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transducer

Figure 4.2: Sketch of layers of material 0, 1, 2, and 3. Boundaries around the light-absorbing
layer 2 are x = b1,2 and x = b2,3. The sketch describes the setup of heating from laser light
inducing ultrasound in layer 2 recorded by a transducer placed in material layer 3.

In solving the 1D PA wave equation for the acoustic pressure pi(x, t) in layer i with
the material properties of layer i, a separate wave equation 4.2 was set up for each layer
as partial differential equation [6]

∂2pi(x, t)

∂x2
− 1

c2
i

∂2pi(x, t)

∂t2
= − βi

Cpi

∂Hi(x, t)

∂t
. (4.2)

Denotations will soon be described, but can also be found in the preamble of present
thesis. The heating functions Hi(x, t) in respective layer can be written for example from
exponential light-absorption in accordance with Beer’s law [62], as from Shan et al. [13]

Hi(x, t) = µa i e
−µa ix

E0i

τpulse
(θ(t)− θ (t− τpulse)) . (4.3)

Material specfic components in the PA wave equation 4.2 with heating function 4.3,
are light absorption coefficient µa i on absorbed energy E0i from EM radiation here in
frequencies of light, and the quotient βi/Cpi expressing how much the absorbed energy
is transformed into a change in size, in comparison to how the material is heated. The
θ(t) is Heaviside step function.

In stress confinement, the duration τpulse of the heating Hi(x, t) > 0 is negligibly short
in comparison to τstress, and the differential in equation 4.3 of Heaviside step functions
was approximated by a delta function δ (t). The heating functions, with light-absorption
in layer i = 2 solely, were in stress confinement then

H1 ≡ 0, H2(x, t) = µa 2e−µa 2xE02 δ (t) , H3 ≡ 0, (4.4)

Diebold et al. [63] presented calculations in 1D that for a heating function with δ (t)
distribution in time, the time profile of the generated photoacoustic wave get its shape
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from the spatial deposition of heat. Exponential acoustic pressure waves were thereby to
be expected from heating function in equation 4.4.

In boundary conditions for the PA wave equation 4.2, the density ρi of the material
together with speed of sound ci models reflections on material interfaces. Boundary con-
ditions at interface x = bi,i+1 between layer i and i+1, according to acoustic conservation
laws for pressure and acceleration at interfaces [64], were

pi (bi,i+1) = pi−1 (bi,i+1) , (4.5)

− 1

ρi

d

dx
pi (bi,i+1) = − 1

ρi−1

d

dx
pi+1 (bi,i+1) (4.6)

and by choice 0 ≤ b1,2, and b1,2 < b2,3.
Initial conditions were

pi(x, 0−) = 0 (4.7)

∂

∂t
pi(x, 0−) = 0 (4.8)

Hi(x, 0−) = 0. (4.9)

The solution approach of the differential PA wave equation in focus of present thesis
was Laplace transform, to be described in section 4.1.2. Solving by means of Greens
function is another approach which is overviewed in section 4.1.1. In present thesis
a heating from a laser pulse was considered. For intensity-modulated laser heating,
solutions for the photoacoustically generated pressure wave in frequency representation
[11] would be appropriate in the matching of particular differential equation solution.

4.1.1 Green’s function solution approach to PA wave equation

Green’s function solution approach to PA wave equation was applied by e.g. Diebold
[11] or Cox and Beard [14] who solved the PA wave equation 4.2 by means of Greens
function and in wave number k, where the k is denoting the wave number k = 2π f

c
, and

f is frequency and c is speed of sound.
A solution [11] in a light-absorbing layer to equation 4.2 by means of Green’s function

is in time domain given by

p(x, t) =
βc

2Cp

∫
H

(
x′, t− x− x′

c

)
dx′ (4.10)

where uniform media corresponding to sound speed ci ≡ c and density ρi ≡ ρ for all i
were assumed, as well as thermal and also pressure confinement. This solution comes
from just one function term on the right hand side of equation 4.2, given by the spatial
and temporal distribution of the light-absorption, whereby reflections on interfaces with
different impedances Zi = ci ρi are not represented. Unless reflections are calculated
separately, that is. For a setup including material borders, or the cases of a laser pulse
not negligible short in comparison to pressure propapation time, or modulated laser
irradiation heating, the PA wave equation can be handled in frequency domain [11] by
Green’s function method.
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4.1.2 Laplace transform solution approach to PA wave equation

A Laplace transform approach was applied to solve the partial differential equation 4.2,
together with the initial and boundary conditions, to get a differential equation in the
position x variable only. Then an equation system was set up with the two boundary
conditions in equation 4.5 and 4.6 for each of the two boundaries b1,2 and b2,3. A denomi-
nator in the transform plane, of at term identified as periodic, was handled by geometric
series expansion before inverse Laplace transformation back to pi(x, t). The acoustic
pressure p3(x, t) was calculated in Paper B.

For comparison with the theoretical model in Paper B, MATLAB third-party toolbox
k-Wave [65, 66] for time-domain simulation of acoustic wave fields was used. The k-Wave
simulations for this case were built on an heterogeneous propagation medium example,
and the PA wave equation was solved as an initial value problem of a homogeneous
wave equation. The assumptions for the PA wave equation in the k-Wave simulations
were described by Cox and Beard [14], and were the same as for the analytical model
developed in present thesis. The initial pressure distribution p2 (x, 0) was chosen from
Tuchin [29] as equation 2.17 containing Grüneisen parameter from equation 2.16. The
initial pressure distribution shape thereby resembled the PA source term on the right
hand side of equation 4.2, as to enable the comparison.

The theoretical pressure model from Paper B corresponded to numerical simulations
in k-Wave, see Figure 4.3, where experiment material parameter values were employed.
The materials of the layers were i =(0 water), 1 glass, 2 light-absorbing PET polymer
film, 3 water, and boundary b1,2 chosen as x = 0. In the numerical simulations, in addition
to the three layers in the theoretical model, a layer i = 0 was defined to resemble the
experimental setup. Since the 1 glass layer was acoustically thick in comparison to the
2 film layer, acoustic reflections at boundary b0,1 were expected to not interfere with the
ultrasound generated in 2, but to arrive at an imagined ultrasound sensor at a later time
than the PA generated ultrasound pulse shapes including detectable reflections within
layer 2. An absence of layer 0 in the theoretical model would thereby not restrict the
comparison with numerical simulation on the generated ultrasound.

In pulse shaping of laser-induced ultrasound in a light-absorbing layer i = 2, the
model can be used to study effects of changing material parameters as speeds of sound
and densities in absorbing or surrounding layers, laser energy E02, thermal expansion
coefficient β2, light-absorption coefficient µa 2, isobaric specific heat capacity Cp 2 and
layer thickness h2. For h2 = b2,3 − b1,2 see Figure 4.2. Acoustic pressure p3(x, t) was
expressed theoretically by

p3(x, t) =
N∑

j=1

p3j(x, t), (4.11)

p3j(x, t) =
F2 (R23 + 1)

2
· θ(x− b2,3) · (p3 j even (x, t) + p3 j odd (x, t)) (4.12)

with

F2 =
µa2 β2E02 c2

2

Cp2
, (4.13)
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Figure 4.3: Pressure from three-materials model (black dashed), and k-Wave simulated (blue
line), for experimental material parameters µa 2 = 44 · 104 m−1 and h2 = 5 · 10−5 m

and with the Heaviside θ(x− b2,3) specifying the x domain as for layer i = 3. Reflection
coefficients of wave from layer i = 2 reflected back into layer 2, at interfaces towards
layer 1 and 3 were respectively

R21 =
c1 ρ1 − c2 ρ2

c2 ρ2 + c1 ρ1

, R23 =
c3 ρ3 − c2 ρ2

c2 ρ2 + c3 ρ3

. (4.14)

Note that a reflection against a material with a smaller impedance Zi = ci ρi, gives
a reflection coefficient of negative sign, and thereby a changed polarity of an acoustic
pressure wave. Acoustic pressure wave components were

p3 j even (x, t) = (R21R23)j−1 · eµa2 c2
(
tj even+t− b2,3

c2

)
· θ(tj even + t)

· θ(−tj even) · θ
(
−tj even − t−

b1,2 − b2,3

c2

)
, (4.15)

p3 j odd (x, t) =
(R21R23)j

R23

· ec2 µa2
(
−tj odd−t−

b1,2
c2

)
· θ(tj odd + t)

· θ(−tj odd) · θ
(
−tj odd − t−

b1,2 − b2,3

c2

)
. (4.16)

The subscripts even and odd refers to the even and odd arguments jarg denoting number
of reflections within layer 2, into

targ (jarg) =
b2,3 − x
c3

+
jarg · (b1,2 − b2,3)

c2

(4.17)
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from
tj even = targ (2 · (j − 1)) , (4.18)

tj odd = targ (2 · j − 1) . (4.19)

The Heaviside functions θ(targ + t) and θ(−targ) originate in the Laplace inverse trans-
formation. The Heaviside function

θ

(
−targ − t−

b1,2 − b2,3

c2

)
(4.20)

limits the function domain towards next wave component in the sum in equation 4.11.
In summary, the analytical expressions were calculated from a set of 1D photoacoustic

wave equations with initial and boundary conditions, for a light-absorbing material layer
and two other interfacing materials. The materials were assumed isotropic and linearly
elastic. The Laplace transform solution approach was employed in the solving of the set
of differential equations and geometric series expansions for representations of periodic
reflected wave terms were utilised. The model included e.g. laser pulse energy, and ma-
terial properties as optical absorption coefficient, thermal expansion coefficient, densities
and speed of sound.

4.1.3 Model comparison layer 1 material = layer 3 material

The analytical expressions of photoacoustic pressure were compared to the model by Shan
et al. [13], that it was an expansion of. In the comparison the material properties of layer
1 was set to be equal to the properties of layer 3, since that was the setup modelled Shan et
al.. In Shan et al., the 1D PA wave equation was solved for a half space boundary where a
light-absorbing layer of infinite thickness h behind a transparent, non-absorbing material.
Thereafter the layer thickness as well as the corresponding pressure were truncated to
represent a second boundary towards the non-ansorbing material, and reflections on the
material boundaries are added. The acoustic pressure wave model based on Shan et al.
[13] will be referred to as two-materials-model, and the expanded model from section
4.1.2 as three-materials-model. In reference to layer sketch in Figure 4.2, layer 3 is of the
same material properties as layer 1, which, with the absorbing layer number 2, makes up
two materials in total. Sum of j = 1, .., N pressure waves p3twoj(x, tj) including reflections,
for this two-materials-model, at an ultrasonic detector placed in layer 3 behind the light
absorbing layer counted from the laser, was

p3two(x, t) =
N∑

j=1

p3twoj(x, tj). (4.21)

Expressions from Shan et al. [13] were reformulated in present thesis for comparison
with the expanded three-materials-model, and with Heaviside functions instead of defi-
nitions of function domains. In the two-materials-model, since material parameters with
layer index i = 3 equals material parameters with index i = 1, index 1 was used, as e.g.
sound of speed written c1.
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The time argument tj for j = 1 in Shan et al. [13] was

t1 = t− x

c1

(4.22)

In present comparison the argument tj was modified to

tj = t− argtwoj +
b2,3 − x

c1

(4.23)

where

argtwoj =
2 · (j − 1) · h2

c2

(4.24)

with thickness h2 of layer 2
h2 = (b2,3 − b1,2) . (4.25)

This modification was for consistency with equation 4.22, and not to move the x = 0,
and also not to use similar arguments for forward and backward propagating pressure
waves.

Pressure waves p3twoj(x, tj) were

p3twoj(x, tj) = F2
c1 ρ1

c2 ρ2 + c1 ρ1

R21
2·(j−1) ·

(
p3twojpart1(x, tj) + p3twojpart2(x, tj)

)
(4.26)

p3twojpart1(x, tj) =

(
e
−c2 α2

(
tj+

h2
c2

)
+ e

c2 α2

(
tj−h2

c2

))

· θ
(
−tj +

h2

c2

)
· θ(tj) , (4.27)

p3twojpart2(x, tj) =

(
R21e

−c2 α2

(
tj−h2

c2

)
+ e

−c2 α2

(
tj+

h2
c2

))

· θ
(
tj −

h2

c2

)
· θ
(
−tj +

2 · h2

c2

)
. (4.28)

Using material parameter values from Shan et al. [13], the three-materials model
was compared with the two-materials-model and with k-Wave simulations. In Figure
4.4, all three curves are seen to follow each other, as are expected since they are based
on the same assumptions. Though, the three-materials-model seems more similar to
k-Wave simulations than does the two-materials-model. The two-materials-model some-
times has a slightly higher value. Differences are e.g. equations 4.15 and 4.16 containing
one exponential expression each, compared to equations 4.27 and 4.28 contaning two ex-
ponential expressions each. Equation 4.12 compared to equation 4.26 contains different
reflection-like terms. The differences could originate in some transient wave included in
the reflection within the truncation process in Shan et al. [13].
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Figure 4.4: Pressure from three-materials model (black dashed), two-materials-model (red
dotted), and k-Wave simulated (blue line).

4.2 Experiments on laser-induced ultrasound

To investigate the experimentally determined pressure as well as its frequency spectra, ex-
periments were performed on laser-induced ultrasound in semitransparent light-absorbing
planar layer structures, in which absorption coefficient and layer structure thickness were
varied. Motivation for the choice to vary absorption coefficient and layer structure thick-
ness were because they were believed to have affect on the ultrasound.

For experimental setup, see sketch in Figure 4.5 and photo in Figure 4.6. From the left
in the figure, pulsed laser light of wavelength λ = 532 nm and pulse length 9 ns was sent
into a basin of water. In the basin a sample of a semi-transparent absorbing layer mounted
on a glass substrate was placed perpendicularly to the beam axis. As light-absorbing layer
a planar, dyed, non-conductive, semi-transparent, Polyethylene Terephthalate (PET)
polymer film in a stack of one up to four films was used. The film thicknesses were
all 50 µm, and the optical absorption coefficients µa = 11 · 103, 18 · 103, 27 · 103 and
44 · 103 m−1 respectively. The laser pulse energy absorbed by the layer was converted
to an ultrasonic pulse through a thermoelastic process in the layer. The ultrasonic pulse
propagated through the water and was recorded by an immersed broadbanded ultrasonic
PVDF (polyvinylidene difluoride) transducer.

The signal processed time signals were thereafter further Fourier transformed to give
frequency spectra. From the time signals, the amplitude A was determined, and from
the frequency spectra the centre frequency fcentre and bandwidth bw were determined in
Paper 1. Figure 4.7 exemplifies an ultrasonic pulse generated in a layer of two stacked
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Figure 4.5: Experimental setup of pulsed laser light transmitted into a basin of water irradiating
an immersed semi-transparent light-absorbing layered structure mounted on a glass substrate
inducing ultrasound (dashed lines) recorded by an ultrasonic transducer for subsequent signal
processing.

Figure 4.6: Experimental setup photo from laboratory. From the left: laser, beam-expander,
beamsplitter for energy measurements, water basin with plateholder for light-absorbing sample,
and with ultrasound transducer. Temperature was monitored by a thermometer probe.
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Figure 4.7: Ultrasonic pulse generated in two layers of µa = 27 · 103 m−1, in time.
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Figure 4.8: Ultrasonic pulse generated in two layers of µa = 27 · 103 m−1, in frequency.

films, with the maximum transducer signal asA. Figure 4.8 gives corresponding frequency
spectrum of ultrasonic pulse in Figure 4.7, with fcentre as the frequency of largest spectrum
amplitude, and bw as full-width at half maximum FWHM.

The experiments on varied absorbing layer thickness, showed that decreased h2 was
related to increased fcentre as well as increased bw of the generated ultrasound, see Figure
4.9. Regarding amplitude, experimental results from Paper A showed that the highest
amplitude on generated ultrasound was for an absorbing material with thin dimension
and high µa. Confirming results were presented by Hou et al. [16], who used a black
polydimethylsiloxane (PDMS) film for thermoelastic generation of ultrasound, the black
color implying a high absorption. Hou et al. concluded that if the film was thicker
than the light penetration depth, the extra thickness below the penetration depth simply
attenuated the generated ultrasound, especially at frequencies higher than 50 MHz. That
higher signal amplitude was related to a higher absorption coefficient was also seen from
the analytical model of laser-induced ultrasound from Paper B. Sound attenuation was
not included in the theoretical model, however. In the frequency range of f (3–100) MHz,
sound attenuation in water is proportional to f 2 [8].
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For the investigated films note that 50% of the light was transmitted through one
film of µa = 11 · 103 m−1 , and 5% through one film of µa = 11 · 103 m−1 in the stack. If
transmitted light is to be used for absorption in adjacent structures, the possible tradeoff
between the absorbed and transmitted proportions of the light needs to be considered.
This to achieve ultrasound generation of wanted acoustic amplitude in the layer, at the
same time as enough light energy is transmitted to the adjacent structures.

To summarise, the performed experiments were designed to investigate ultrasound
amplitude, spectrum centre frequency and spectrum bandwidth responses for ultrasound
induced in an optical absorption layer by heating from a laser pulse. The physical prop-
erties chosen to vary in the experiment were absorber thickness and light-absorption
coefficient. Hypotheses testing showed significant effects on the ultrasound from varying
these physical properties. For ultrasound temporal profile, experimental and analytical
results suggested that increased absorber absorption coefficient was related to increased
ultrasound amplitude. Experimental results also suggested that increases ultrasound
amplitude was related to decreased absorber thickness. To theoretically verify the ex-
perimental outcome regarding thichness, sound attenuation is proposed to be included
in the calculations for the analytical expressions of photoacoustic pressure. Regarding
ultrasound frequency spectrum, experimental results indicated that decreased absorber
thickness was related to increased centre frequency as well as increased bandwidth of
the generated ultrasound. To theoretically verify the experimental outcome about ultra-
sound frequency spectrum, including sound attenuation in the analytical expressions as
well as modelling the transducer measurement representation of the ultrasound frequency
spectrum are proposed.

Figure 4.9: Centre frequency with bandwidth ranging between upper and lower, against layer
structure thickness [67].
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4.3 Comparison between theoretical model and ex-

periments

To check the validity of the theoretical model, resulting acoustic pressures expressions
were compared to experimental values. Ultrasound generated in sample layers of light-
absorbing films was measured by a PVDF ultrasound transducer as voltage values. In
the transducer thereby takes place the last step in the electormagnetic to mechanical to
electric energy conversion chain of measured light-induced ultrasound. The experimental
voltage values from the transducer were compared to acoustic pressures simulated from
the analytical expressions via a PVDF transducer system identification used in converting
pressures into expected voltage. The system identification included estimations of pa-
rameters based on pairs of analytical acoustic pressures and corresponding experimental
voltages.

In the experiments, as described in section 4.2, µa 2 and h2 were varied in the samples.
The theoretical model included one absorbing layer i = 2, and to vary the absorbing layer
thickness h2 in the experimens, light-absorbing films of equal thickness were stacked to-
gether. The film stack structures were assumed to possess isotropic properties to resemble
only one layer.

A description of the system identification of the PVDF transducer can be found in
Paper B. Figure 4.10 illustrates experimental voltage values measured by a transducer
in comparison to PVDF system identification applied on theoretically modelled pressure.
The system identification of the PVDF transducer was unstable with fluctuations in
estimated parameters however, when applied to present set of voltage measurements
and pressures from the analytical expressions. The instability was especially prominent
for stacked film layers, indicating that the assumption of isotropic light-absorbing films
might not hold. The film coating, the adhesive layer, or e.g. inhomogenous distribution
of light-absorbing particles in the dyed core of the film could be reasons for this. In
the example showed in Figure 4.10, the system identification parameter values needed
to be manually adjusted in amplitude to get about the same size/order of size as the
measured voltages, as an indication of the instability. Note that the stress confinement
assumption of τstress � τpulse, is in the experiment in fact not completely fulfilled with
τstress ≈ 4 · τpulse. However, this would rather make the theoretical model fit better to
experiments in the case of more films stacked.

In the system identification of the PVDF transducer, the origin of differences between
pressure model and experiments could be further adressed. Now not distinguished is how
much of uncertainty that originates from the pressure model itself with assumptions,
from material parameter estimations, from the experimental setup and measurement
values, and so on. Further material parameter estimations could be made by searching
for parameter values that give the best match between experimental values and pressure
modelled through material parameters. Note that the experiments were measurements
on actual 3D pressure situations, while the pressures from the analytical expressions
were solely a 1D model. For the use on physical absorbing film stacks in experiments,
the theoretical model could benefit from including more layers, even if only one film were
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used in the stack, if the absorbing film can not be assumed to have isotropic properties.
Modelling the PVDF transducer measuring ultrasound, is beneficial in estimations of the
actual acoustic pressures measured as electric signals by the transducer. A functioning
transducer model can thereby be helpful in drawing further conclusions based on the
ultrasound and its temporal and frequency distributions.

Figure 4.10: Experiment (green line) compared to least square-estimate (blue dash-dot) of the
voltage amplitude, µa 2 = 11 · 104 m−1 and h2 = 15 · 10−5 m.



36 Laser-induced ultrasound in layers



Chapter 5

Ultrasound reception by
piezoelectric film with conductive

coating

5.1 Reception of photoacoustic ultrasound

As mentioned in the beginning of chapter 4, ultrasound reception can be done utilising
optical or e.g. piezoelectrical measurement techniques. In present thesis, piezoelectric
reception of ultrasound was chosen for initial studies.

Niederhauser et al. [68] proposed transparent indium tin oxide (ITO) coated polyvinyli-
dene difluoride (PVDF) film as a receiver for photoacoustic signals. This receiver allowed
laser light illumination and acoustic signals reception on the same surface, called back-
ward mode measurements. The contrary forward mode, with laser illumination on one
side of a sample and sound reception on the others side, would seldom be accessible for
human body parts. Niederhauser et al. discussed for backward mode depth profiling
the suggested transparent ultrasonic transducer as alternative to guiding light around
an ultrasonic transducer, illuminating through a piezoelectric ring, or e.g. using a layer
of salt water as transparent electrodes. Another solution to ultrasound reception from
the same surface as the llumination, was presented by Maslov et al. [69]. Maslov et al.
used a setup of illumination of a sample, and for the photoacoustic ultrasound from the
sample added a triangular acoustic prism to reflect ultrasound perpendicularly to the
axis of illumination and towards an ultrasound transducer on the side.

In present thesis, besides the choice of piezoelectric sensor properties for conversion
between pressure as mechanical energy and electrical energy regarding registration of
ultrasound, the property of optical transparency were chosen to allow transmission of
light for photoacoustic measurements. Electrically conducting and optically transmitting,
besides being compatible with the piezoelectric layer, were thereafter aims for the coating
materials enabling detection of the piezoelectric signals. Figure 5.1 illustrates reception
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of photoacoustic ultrasound by a transparent ultrasound transducer with the described
properties. Note that the piezoelectric property could also be utilised for generation of
mechanical waves as ultrasound from an applied voltage.

Sample 

Laser 

Signal processing 

Ultra- 
sound  
sensor 

Figure 5.1: Sketch of an ultrasound sensor for photoacoustic measurements on a sample.

5.1.1 Piezoelectric film

The piezoelectric effect was discovered in 1880 by Jacques and Pierre Curie [70]. The
brothers investigated among other things quartz crystal changing dimensions in an elec-
trical field, and generating electrical charge under mechanical deformation. Since then
more piezoelectric materials have been discovered and applied, as e.g. electromechanical
transducers in ultrasound devices, quartz clocks or lighters. Kawai found in 1969 that
mechanically stretched and electrically polarised polyvinylidene difluoride (PVDF) film
possess piezoelectric properties [70]. In the stretching the random-oriented structure of
the polymer chains is changed into a semi-crystalline structure, and in the application of
an electrical field, the molecular dipoles are aligned [70].

That a piezoelectric PVDF film can have a large piezoelectric constant giving sen-
sitivity to pressure, and posses a wide frequency range, makes it useful as transducer
material. Acoustic impedance (3.9 · 106 kg/(m2s) [71]) quite acoustically matched to
water (approx. 1.5 · 106 kg/(m2s) [27]), in comparison to piezoelectric ceramics against
water, makes PVDF suitable for applications on biological tissue. Besides, PVDF film
is bendable and also transparent. However, PVDF is sensitive to high temperatures as
above 80◦C regarding keeping its physical properties [70]. Note that since the piezoelectric
PVDF material also possesses pyroelectric properties, heating gives rise to pyroelectric
signals, decreased piezoelectric effect, and can be a source for noise [72].

With PVDF film, initial experiments were conducted for present thesis, to study its
properties as a receiver for ultrasound.
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5.1.2 Transparent conductive coatings

Requirements for PVDF film coatings were to enable transmission of light, to be electri-
cally conductive, and to be possible to bond to PVDF film. Transparent conductive oxides
(TCO), among which ITO is one, are possible suggestions to fulfill the requirements. Car-
doso et al. [73] used coated PVDF as ultrasonic transducer for fluid microagitation in a
lab-on-chip device. ITO and AZO (Aluminum doped Zinc Oxide) were used in Cardoso’s
work as transparent conductive electrodes. As conductors, also e.g. thin layers of gold or
wolfram, could make up alternatives for electrical conduction and optical transmission.
Shin et al. [74] reported on graphene, having high optical transmittance and electron
mobility, as electrodes on PVDF film for application transparent flat-panel speaker.

5.2 Experiments on ultrasound reception

Experiments on ultrasound detection were performed on ITO coated PVDF, manufac-
tured by Cardoso at University of Minho in Portugal [73]. The PVDF was β-poled and of
thickness 110 µm. The ITO layers on both sides of the film were 150-400 nm thick. Sur-
face resistance measurements with four point probe performed as VTT in Oulu, Finland,
gave estimation 1100 Ω/sq. with standard deviation 1100 Ω/sq.. The large standard
deviation in the surface resistance measurements could be due to possible variations in
the thickness of the ITO coating. The PVDF film was mounted on plexiglas with epoxy
glue. One wire was fastened by squeezing it under an edge of the PVDF film, another
wire was fastened to the free side of the PVDF film by silver paint. Both wires were
connected via a coaxial cable to an amplifier and the amplified signal was recorded by an
oscilloscope. The mounted film was immersed into water, and an ultrasound transducer
was placed facing the film, see Figure 5.2.

Figure 5.3 illustrates the registered voltage amplitudes over time. The lower blue
line is a recording from the ultrasound transducer in echo mode sending a pulse at time
t ≈ 10 · 10−6 s, towards a plate where the coated PVDF film is mounted. Note that
the pulses in the figure at that time are readings of the electric signals in the system
and might not correspond to actual pressures regarding shape, but marks the time of the
acoustic pulse transmission. The upper pink line is the signal from the coated PVDF film
recorded at the same time as the ultrasound transducer signal. The PVDF film shows a
registration at about t ≈ 35 · 10−6, corresponding to estimated ultrasound pulse arrival
at the film, based on the pulse detected by the ultrasound transducer at about twice the
distance propagation time t ≈ 60 · 10−6. The PVDF signal pulse width of about 4 · 10−8

s corresponds to pressure propagation time through the PVDF film thickness, as PVDF
sound speed 2200 m/s [71], gives propagation time 5 · 10−8 s. A further way to confirm
the PVDF reception of the pressure wave, could be e.g. to vary the distance between
PVDF film and ultrasound transducer to see that the echoes move proportionally.

In conclusion, PVDF coated with transparent conductive oxide (TCO) has been pre-
sented as transparent piezoelectric transducer materials [68, 73]. However, to find man-
ufacurers of TCO coated PVDF proved to be challenging, for the work in present thesis.
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PVDF film Ultrasonic
transducer

Figure 5.2: Ultrasound transducer transmtted sound towards a coated PVDF film, where the
sound was also reflected.
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Figure 5.3: Lower blue line is ultrasound transducer in echo mode, upper pink line is amplified
signal from coated piezoelctric film. Amplitude over time is illustrated.
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In addition to the experiments on ultrasound detection of ultrasound from an ul-
trasonic transducer in echo-mode, experiments on detection of laser-induced ultrasound
could be resumed. Such experiments would first address sources of disturbances when the
ultrasound is laser-induced, aiming at reducing the disturbances. To investigate possibly
mechanical disturbances, e.g. the water basin as locus of experiments could be placed
on some elastic suspension. Possible electrical disturbances could e.g. be addressed by
using electromagnetic shielding, signal amplifier powered by batteries or separated power
supplies, etc.. PVDF coatings could further be investigated and characterised, aiming at
properties of high optical transmittance in relation to low electrical resistance.
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Chapter 6

Summary of appended papers

“Essentially, all models are wrong, but some are
useful.”

George E.P. Box [75]

Paper A: On laser-induced ultrasound generated in a thin semi-transparent
layered polymer structure

Experiments on laser-induced ultrasound, varying the thickness and absorption coef-
ficient of the thin light absorbing dyed PET polymer film layer structure were described.
Frequency spectra of generated ultrasound were analysed regarding centre frequency and
bandwidth as FWHM. Also amplitude of the ultrasound was investigated, which was the
highest for an absorbing material with small thickness and high absorption coefficient.
Decreased thickness was related to increased centre frequency as well as increased band-
width of the generated ultrasound, and increased absorption together with decreased
thickness was related to increased ultrasound amplitude.

Author’s contribution was designing, performing and analysing the experiment and
writing the main part of the manuscript.

Paper B: Analytical one-dimensional model for laser-induced ultrasound
in planar light-absorbing layer

Theoretical modelling were performed of laser-induced ultrasound in a thin light ab-
sorbing polymer film surrounded on each side by materials that can be different. A 1D
photoacoustic wave equation model of generation and propagation of heat-induced ultra-
sonic pressure wave in three material layers was developed. From an existing model of
three layers, this was an expansion enabling the two materials surrounding the light ab-
sorbing layer to be different. The analytical solution to the photoacoustic wave equation
problem was based on a Laplace transform approach. The acoustic pressure resulting
from the analytical expressions corresponded to numerical simulations. Also experimen-
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tal voltage recordings were used for comparisons. A transducer system identification
based on physical principles of the PVDF transducer enabled the comparison.

Author’s contribution was the experiments, the calculations for the theoretical model
with simulations and writing the main part of the manuscript.



Chapter 7

Conclusions and further work

7.1 Conclusions

Laser-induced ultrasound was investigated in present thesis. This in the case of a semi-
transparent light-absorbing planar layer surrounded by two other materials. Ultrasound
temporal profiles were investigated through analytical expressions as well as experimen-
tally, and ultrasound frequency spectra were investigated experimentally.

Research question Q1 to investigate was: Can photoacoustic phenomena in layers be
modelled as transient generated acoustic pressure waves, by analytical expressions?

Yes, analytical expressions of laser-induced ultrasound were calculated in the present
thesis. The acoustic pressures resulting from the analytical expressions corresponded to
simulations and where compared to experiments.

To solve the photoacoustic wave equation with boundary conditions, the method of
Laplace transformation approach was applied together with geometric series expansion
of periodic terms. The expressions presented in the thesis modelled laser-induced ultra-
sound in one light-absorbing layer surrounded by two transparent other material layers.
If an analytical temporal pulse-shape representation is of importance, this method seems
applicable to model an expanded number of layers. In that case nested geometric series
expansions are suggested. However, the solution method led to long-winded calculations
for expressions modelling only the specific number of material layers. The number of
layers and tools for calculations would influence how long-winded the calculations would
be and the practical use of the method. Another thought would be to first calculate
generated transient waves, and to handle reflections separately. As a method otherwise,
using spectral representation and e.g. Green’s function solution approach seems to pro-
vide modelling possibilities for laser-induced ultrasound. However, an infinite sum of
frequency components is to be handled when spectrally representing the pulse nature of
the photoacoustic pressure.

45



46 Conclusions and further work

The presented analytical expressions could be used to theoretically describe laser-
induced ultrasound in a light-absorbing layer for application-dependantly shaped ultra-
sound to be sent into a sample, or to describe photoacoustic light-to-sound conversion in
a layer in a sample and used as a base for reconstruction algorithms.

Research question Q2 to investigate was: Can laser-induced ultrasound be influenced
regarding temporal profile and frequency spectrum, by varying physical properties of the
materials where the light-to-sound conversion and sound propagation takes place?

Yes, according to experiments, changes of physical properties gave significant effects on
the ultrasound. Verification of some tendencies were made by the analytical expressions
for laser-induced pressure.

In the performed experiments the two absorption layer properties absorbtion coef-
ficient and thickness were varied. The analytical expressions also comprised thermal
expansion coefficient, specific heat capacity, densities and speed of sound. These prop-
erties could be varied in further ultrasound shaping experiments. A further question
regarding ultrasound shaping is how to choose physical properties to achieve a specific
ultrasound temporal profile or frequency spectrum.

In conclusion, the analytical modelling of photoacoustic phenomena in layers as tran-
sient generated acoustic pressure waves, together with the results of laser-induced ultra-
sound influenced regarding temporal profile and frequency spectrum by varying physical
properties of the materials where the light-to-sound conversion and sound propagation
takes place, shows possibilities of using analytical expression to model shaping of the
ultrasound by means of choices of physical properties of the materials.

7.2 Further work

The analytical expressions of photoacoustic ultrasound modelled a thermoelastic light-
to-sound proccess induced by a short laser-pulse in linearly elastic isotropic and non-
dispersive materials. Further modelling could be done on higher laser energies giving rise
to other processes, on unlinear effects, on heat diffusion during a longer laser pulse, or
e.g. anisotropic or dispersive materials. Along with the considered absorption, also light-
scattering effects could be taken into account. To further make the theoretical model a
base for ultrasound pulse shaping and reconstruction algorithms, more material layers
could be included. By means of interference between photoacoustic pressures generated
from subsequent laser pulses in materials with properties chosen for the application,
ultrasound shaping could be further addressed. Modelling could also be continued e.g.
by the use of Green’s method, as well as including sound attenuation and expanding
geometries into 2D or 3D. Regarding the frequency content of the ultrasound in the
pulse shaping, depending on the material in each layer possible dispersion behaviour
could be used in ultrasound shaping. Experiments on light-absorbing layers could be
expanded, to investigate ultrasound pulse shaping by absorption coefficient grading in
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the absorbing layer.
In addition to investigating the thermoelastic heat to sound conversion, the subse-

quent reception of the sound could be further studied. If receiving the ultrasound by an
ultrasonic transducer, modelling the voltage response of the transducer to the acoustic
pressure could be further addressed. The analytical expressions for photoacoustic pres-
sures could be compared to more experimental measurements using knowledge about the
transducer response. This comparison could facilitate the development of the analytical
model to make an even better description of experimental results.



48 Conclusions and further work



References

[1] Vasilis Ntziachristos, Jorge Ripoll, Lihong V Wang, and Ralph Weissleder. Looking
and listening to light: the evolution of whole-body photonic imaging. Nat Biotech,
23(3):313–320, March 2005.

[2] Lihong V. Wang. Preface. In Lihong V. Wang, editor, Photoacoustic Imaging and
Spectroscopy, pages xiii–xiv. CRC Press, 1 edition, March 2009.

[3] Changhui Li and Lihong V Wang. Photoacoustic tomography and sensing in
biomedicine. Physics in Medicine and Biology, 54(19):R59–R97, October 2009.

[4] Kirk H. Michaelian. Photoacoustic infrared spectroscopy of industrial materials
(invited). Review of Scientific Instruments, 74(1):659–662, January 2003.

[5] Vitalij Eduardovic Gusev and Aleksandr Alekseevic Karabutov. Laser optoacoustics.
AIP Press, New York, 1993.

[6] Lihong V. Wang and Hsin-i. Wu. Biomedical optics : principles and imaging. Wiley-
Interscience, Hoboken, N.J., 2007.

[7] Minghua Xu and Lihong V. Wang. Analytic explanation of spatial resolution re-
lated to bandwidth and detector aperture size in thermoacoustic or photoacoustic
reconstruction. Physical Review E, 67(5):056605, May 2003.

[8] Zuomin Zhao, S. Nissila, O. Ahola, and R. Myllyla. Production and detection the-
ory of pulsed photoacoustic wave with maximum amplitude and minimum distor-
tion in absorbing liquid. IEEE Transactions on Instrumentation and Measurement,
47(2):578–583, April 1998.

[9] Hyoung Won Baac, Jong G Ok, Hui Joon Park, Tao Ling, Sung-Liang Chen,
A. John Hart, and L. Jay Guo. Carbon nanotube composite optoacoustic transmit-
ters for strong and high frequency ultrasound generation. Applied Physics Letters,
97(23):234104–234104–3, December 2010.

[10] T. Sun and G. J. Diebold. Generation of ultrasonic waves from a layered photoa-
coustic source. Nature, 355:806–808, February 1992.

49



50 References

[11] Gerald J Diebold. Photoacoustic monopole radiation: Waves from objects with
symmetry in one, two or three dimensions. In Lihong V. Wang, editor, Photoacoustic
Imaging and Spectroscopy, pages 3–17. CRC Press, 1 edition, March 2009.

[12] Hanping Hu, Wei Zhang, Jun Xu, and Yi Dong. General analytical solution for
photoacoustic effect with multilayers. Applied Physics Letters, 92:014103, 2008.

[13] Q. Shan, A. Kuhn, P.A. Payne, and R.J. Dewhurst. Characterisation of laser-
ultrasound signals from an optical absorption layer within a transparent fluid. Ul-
trasonics, 34(6):629–639, August 1996.

[14] Ben Cox and Paul C. Beard. Modeling photoacoustic propagation in tissue using
k-space techniques. In Lihong V. Wang, editor, Photoacoustic Imaging and Spec-
troscopy, pages 25–34. CRC Press, 1 edition, March 2009.
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[26] Juha M. Saarela, Torbjörn Löfqvist, Kerstin Ramser, Per Gren, Erik Olson, Jan
Niemi, and Mikael Sjödahl. Detection of laser induced dielectric breakdown in water
using a laser doppler vibrometer. Central European Journal of Physics, 8(2):235–241,
April 2010.
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On laser-induced ultrasound generated in a thin
semi-transparent layered polymer structure
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ABSTRACT

We investigate laser-induced ultrasound generated in a plane semi-transparent layered polymer structure. The
scope is to study relations between generated ultrasound, as e.g. amplitude, and centre frequency and bandwidth
of its frequency spectrum, and properties of the polymer layers, like thickness and absorption. This knowledge can
then be used when designing polymer film based, semi-transparent ultrasonic devices specifically for photoacoustic
applications. The experimental study is set-up as a factorial experiment with a completely randomised design.
In the experiments, the light source is a pulsed Nd:YAG laser. As absorber, a semi-transparent, non-conductive
polymer film in a plane layered structure of one or more layers on a glass substrate is used. The frequency spectra
of the generated ultrasound spans 2 to 20 MHz, which is recorded by a broadband PVDF ultrasonic transducer.
The results show that an increased thickness of the polymer layer structure relate to a lower center frequency
and a lower bandwidth, and that an increased optical absorption and a decreased layer structure thickness is
related to a higher ultrasound amplitude.

Keywords: photoacoustics, laser-ultrasound, photoacoustic effect, thermoelastic, optical absorption, thin film,
polymeric, layers

1. INTRODUCTION

Photoacoustic techniques for biomedical applications is a rapidly growing area of research. Advantages of using
photoacoustic sensing principles compared to other tissue imaging techniques are that it combines the high
optical absorption contrast in tissue with high spatial resolution of ultrasound, in addition to being non-ionizing
and non-invasive.1 Devices based on photoacoustic principles has evolved recently, as e.g. a mammography
instrument that complements regular techniques like NMR and x-ray23 .

Many of the photoacoustic techniques studied is based on pulsed laser light which is penetrating tissue and
absorbs at positions where the optical absorption is larger than the surrounding tissue, like e.g. blood vessels.
The absorption gives rise to an ultrasonic wave through a thermoelastic conversion process.4 The ultrasonic
waves are detected at the tissue surface either by using interferometric or other optical techniques to image the
pressure induced surface deflection field, or detecting the same acoustic pressure field at the tissue surface using
arrays of sensing elements, based on the piezoelectric effect. In both cases tomographic or other reconstruction
algorithms are used to calculate two- or three-dimensional reconstructions of the tissue under study, see Li and
Wang5 for a review.

The tissue imaging photoacoustic techniques can be seen as basically two separate systems; one for the
illumination of the tissue and one for the sensing of the resulting pressure waves. By letting the incident pulsed
laser light partially absorb in the transmitting part we can create an ultrasonic wave in the transmitter that
propagates into the tissue under examination. This ultrasound generation principle could be applicable in e.g.
miniature, fiber optic based, ultrasonic transmitters where semi-transparency is an objective.

Regarding earlier studies of laser-induced ultrasound in thin, opaque, absorbing layers, by e.g. Buma et al.67

an acoustically thin layer of an elastomeric compound filled with carbon black was used to obtain high frequency
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Figure 1: Experimental setup. Pulsed laser light is sent into a water basin and hits an immersed semi-transparent
light absorbing layered structure mounted on a glass substrate. The laser-induced ultrasound (dashed lines) is
recorded by an ultrasonic transducer for subsequent signal processing.

ultrasonic signals. Using deposited gold nanoparticles on a thin elastomeric layer, Hou et al.8 has been able to
obtain laser induced, wide bandwidth, ultrasound above 50 MHz. Biagi9 employed a similar approach and used
graphite powder deposited on an optical fibre tip as a source for high frequency ultrasound.

When considering semi-transparent sources of laser-induced ultrasound Shan et al.10 used a single optically
absorbing layer to produce ultrasonic signals from pulsed laser light. Hu et al.11 studied optically induced
acoustic wave propagation in a planar structure of multiple layers where the thermoelastic conversion process
could take place in any of the layers. However, Hu’s objective is to describe photoacoustic spectroscopy (PA)
of thin films in gas for low acoustic frequencies and thus has to account for the effect of thermal diffusion and
thermal contact resistance between the layers.

An idea worthwhile to explore is the possibility to shape the photoacustically generated ultrasound pulse,
regarding e.g. centre frequency, bandwidth and amplitude, by altering geometry, mechanical- and optical pa-
rameters in the region where the conversion process takes place. The current study investigates the generation
of ultrasound in a planar semi-transparent optically absorbing structure that partially absorbs the incident laser
energy. The thermoelastic light to sound conversion process gives an ultrasonic wave which can be recorded.
We experimentally investigate characteristic properties of the ultrasonic signals frequency spectra well as their
relation to thickness, stacking order and optical properties of the polymeric film used.

2. EXPERIMENTS

Experiments are performed on pulsed laser ultrasound generation in semi-transparent polymer film in a planar
layered structure. Factors varied for the semi-transparent absorbing layers, are the optical absorption coefficient
α and the total layer structure thickness dtot. Also stacking order of layers with different absorption coefficients
is varied. As responses amplitude (A), centre frequency (fcentre) and bandwidth (bw) are determined from the
recorded ultrasonic pulses and corresponding frequency spectra. The responses are then analysed in relation to
the factors.

The experimental setup is shown in figure 1. From the left in the figure, pulsed laser light is sent into a
basin with de-ionized and ultra-purified water. The light source was a diode pumped, Q-switched, frequency
doubled, Nd:YAG laser, of wavelength λ=532 nm, emitting 9 ns pulses of energy about 0.2 mJ/pulse. The
system used was a NL 202/SH from EKSPLA, Lithuania. The laser beam was expanded from 0.8 mm to a
diameter of approximately 8 mm to avoid excessive heating of the absorbent. In the basin, a sample consisting



-3

-2

-1

0

1

2

Si
gn

al
(V

)

0.0 0.5 1.0 1.5 2.0

time ( s)

(a) Time domain

0.0

0.005

0.01

0.015

0.02

0.025

A
m

pl
itu

de
(|

A
U

|)

0 5 10 15 20 25 30 35 40 45 50

frequency (MHz)

(b) Frequency domain

Figure 2: Ultrasonic pulse generated in two semi-transparent layers of optical absorption coefficient 27 · 103 m−1

of semi-transparent absorbing layers mounted on a 3.15 mm thick substrate of glass is placed. As absorber for
laser light we used planar, dyed, non-conductive, semi-transparent, Polyethylene Terephthalate (PET) polymer
film in one layer or in a structure of layers. The films was manufactured by Johnson Laminating and Coating
Inc., CA, USA, and had a thickness of 50 µm and optical absorption coefficients α = 11 · 103, 18 · 103, 27 · 103
and 44 · 103 m−1 respectively.

When a laser pulse hits the film sample, the thermoelastic expansion process converts the incident laser
pulse energy to an ultrasonic pulse. The ultrasonic pulse then propagates through the polymer structure,
continues into the water filled basin and is subsequently recorded by an immersed ultrasonic transducer, a
broad-band, PVDF based with a centre frequency of 25 MHz, model IA-FM 25.3 by GE Sensing and Inspection
Technologies Inc., Germany. The signal from the ultrasonic transducer is amplified by a JSR Ultrasonics DPR500
Dual Pulser/Receiver, JSR Ultrasonics, NY, USA, and then digitised by means of an oscilloscope, a Yokogawa
DL9140L, Yokogawa Corp., Japan, sampling at 12.5 GHz with 12 effective bit resolution. For each run, data
from 10 individual laser pulses are recorded for subsequent signal processing. The basin water temperature was
23.1 ± 0.4 ◦C during the experiments.

The recorded time signal is processed in Matlab, Mathworks Inc., MA, USA. The ultrasonic pulses of interest
are windowed and aligned12 to reduce the timing jitter before averaging which aims at reducing the influence from
noise. The averaged time signal is then Fourier transformed. Figure 2a, 2b shows an ultrasonic pulse generated in
an absorbent of two layers of polymeric film, both with the same α, and the corresponding frequency spectrum.
To achieve a frequency resolution that enables error estimations of the responses, zero-padding13 of the time
signal, eight times the signal length, is applied before the signal is Fourier transformed. From the time signals,
the amplitude A is determined, and from the frequency spectra the centre frequency fcentre and bandwidth bw
as full-width at half maximum FWHM are determined.

The transducer responsivity is as a first approximation assumed to equal unity. While it in fact, according
to the transducer calibration, has a negative second order behavior with maximum value at around 25 MHz.
However, since this would give the same effect on all frequency spectra, we believe that comparisons can still be
made.

For each of the three responses fcentre, A and bw, determined from the signal processing, a factorial analysis
is performed in Minitab, Norsys Technology AB, Sweden, to investigate effects from layer structure thickness dtot
(in range [1 3] layers of thickness 50 µm each) and absorption coefficient α (in range [11 · 103 44 · 103 ] m−1 ). In
the analyses we assume that the experiments was completely randomised, i.e. that the residuals are independent
and normally distributed. The confidence level is chosen as 5%. Based on the factorial analysis and additional
measurements, the response are modeled. Note that the models from current experiments are purely statistical,
and that further theoretical modelling from first order physical principles is necessary for drawing conclusions
and making generalisations.
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3. RESULTS AND DISCUSSION

3.1 Centre frequency

In a factorial fit from the experimental data for the centre frequency fcentre of the ultrasound frequency spectrum,
only the layer structure thickness dtot of the absorbing polymer has a significant effect. To quantify the statistical
relation between fcentre and dtot shown in figure 3, corresponding regressional fit is

fcentre ≃ 8.1(5)− 31(5) · dtot (1)

for fcentre in MHz and layer structure thickness dtot in mm, explaining 78% if the variation in fcentre. The
number within parentheses are standard deviations of the coefficients. An increase in dtot is related to a decrease
in fcentre. Only based on this statistical model, we do not want to speculate about possible relations to resonance
frequencies of the layer structure. Even though no effect on the centre frequency fcentre is shown from optical
absorption coefficient α in this experiment, we still believe some absorption to be necessary for the thermoelastic
process to be detectable, and thereby indirectly affecting the centre frequency.

3.2 Bandwidth

In figure 3, with bandwidth bw as upper and lower frequencies, it can be seen that bw co-varies with centre
frequency. On bw, significant effects from a factorial fit on experimental data are from layer structure thickness
dtot, optical absorption coefficient α, interaction dtot · α and second order curvature. The largest relative effect
is from dtot, and just as for the centre frequency, the bw response decreases with increased dtot . In the model

bw ≃ 13.7(1.2)− 51(10) · dtot (2)

63% of the variation in bw in MHz (standard deviations within parenthesis) is explained by variation in dtot.
Using Beer’s law14 for absorption Aabs as Aabs = 1− e−αdtot , another statistical model of bw can be calculated
from the experimental data as

bw ≃ 16.8(1.2)− 18.8(1.8) ·Aabs + 0.000268(24) · α, (3)

which explains 91% of the variation in bw (standard deviations within parenthesis). Here the optical absorption
coefficient α of the layer structure, as well as the absorption Aabs have significant effects on bw. An increased
bw is related to an increased α, or a decreased Aabs. The factors in the models in equations (2) and (3) are
correlated and in part express the same content. Also, since Aabs consists of α (and dtot), multicollinearity,15
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when Aabs and its constituent contribute with redundant information, can make the model in equation (3) less
generalisable. Still we believe the tendencies in models to be of interest. For a deeper understanding of a physical
model for bandwidth, further studies are needed.

3.3 Amplitude

The factorial analysis of the amplitude of the ultrasound in the experiments gives that significant effects are
from layer structure thickness dtot, optical absorption coefficient α, interaction dtot · α as well as a second order
curvature. Absorption Aabs as dtot in combination with α in a regression model for A (in Volt), gives (standard
deviations within parenthesis)

A ≃ 0.87(22)− 13.7(1.2) · dtot + 0.0242(18) ·Aabs. (4)

Here 91% of the variation in A is explained by variations in the other variables, which is illustrated in 4. We
expect the amplitude of the ultrasound to increase if the total number of light absorbing molecules limitedly
increases, either by increasing dtot or α, increasing Aabs. Note that Aabs and dtot are correlated. From this
statistical model only, we can not judge about any damping effect from dtot.

3.4 Influence of order of layers with different absorption coefficients

By varying the position of a darker film layer with α = 44 · 103 m−1 in which about 90% of the light is absorbed,
among two layers of α = 11 · 103 m−1 wee see for effects on the generated ultrasound. Figure 5 shows fcentre (a),
bw (b), and A (c) respectively, for different positions of the dark film counted from the laser. For comparison
three layers of α = 44 · 103 m−1 , called position ”all”, and three layers of α = 11 · 103 m−1, called position
”none”, are included. From the figure, the centre frequency fcentre seems not affected by the varied position.
This conforms to section 3.1 where fcentre had significant effect only from dtot and not from α. The amplitude A
does not seem to vary much either between position 1, 2, and 3, for which the layer structure has the same Aabs

= 0.96 and dtot = 0.15 mm, but the slight variations suggests that the model in equation (4) is not complete.
The figure shows largest difference from position on bandwidth. The bw response for the dark film placed closest
to the laser, looks similar to that of three dark layer. Likewise for the layers of α = 11 · 103 m−1 closest. This
can be compared to a significant effect on bandwidth bw from α in equation (3). We thereby believe that the
bw of laser-induced ultrasound might get affected not only by the absorption but also by where in the absorbing
structure the absorption takes place.
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Figure 5: Centre frequency (a), Bandwidth (b), and Amplitude (c) plotted against position counted from the
laser, of a layer absorption coefficient 44·103 m−1 among three layers, where the other two layers have transmission
α = 11 · 103 m−1. All means that all tree layers have absorption coefficient 44 · 103 m−1. None means all three
layers have absorption coefficient 11 · 103 m−1.

3.5 Remarks

Not considered in the current study are properties of the laser-induced ultrasonic pulse related to the laser pulse;
shape, intensity and wavelength, which are held constant in the experiment.

4. CONCLUSIONS

Laser-induced ultrasound generated in an absorber as a thin semi-transparent absorbing layer structure, based
on significant effects from this experimental study, seems to be related to properties of the absorber as factors
thickness and absorption coefficient. An increase in layer structure thickness was related to a decrease in centre
frequency of the generated ultrasound, and an increase in optical absorption as well as a decrease in layer structure
thickness was related to an increased ultrasound amplitude. The bandwidth seems to depend on absorption and
possibly on how close to the laser the absorption in the absorbing structure takes place. Based on significant
effects from current experiments, we believe that amplitude, centre frequency and bandwidth of the ultrasound
could be influenced by means of the factors within their range. A specific application may request an ultrasonic
pulse with certain qualities, depending on the design of the ultrasound generating structure. This type of inverse
problem is a subject for future studies, including modelling from first order physical principles.
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Ultrasound generated by means of laser-based photoacoustic principles are
in common use today and applications can be found both in biomedical diag-
nostics, non-destructive testing and materials characterisation. For certain
measurement applications it could be beneficial to shape the generated ultra-
sound regarding spectral properties and temporal profile. To address this, we
studied the generation and propagation of laser-induced ultrasound in a pla-
nar, layered structure. We derived an analytical expression for the induced
pressure wave, including different physical and optical properties of each
layer. A Laplace transform approach was employed in analytically solving
the resulting set of photoacoustic wave equations. The results correspond
to simulations and were compared to experimental results. To enable the
comparison between recorded voltage from the experiments and the calcu-
lated pressure we employed a system identification procedure based on phys-
ical properties of the ultrasonic transducer to convert the calculated acoustic
pressure to voltages. We found reasonable agreement between experimentally
obtained voltages and the voltages determined from the calculated acoustic
pressure, for the samples studied. The system identification procedure was
found to be unstable, however, which might be attributed to material isotropy
assumptions violated by film adhesives and coatings in the experiment. The
presented analytical model can serve as a basis when addressing the inverse
problem of shaping an acoustic pulse from absorption of a laser pulse in a
planar layered structure of elastic materials.

Keywords: photoacustic, laser-ultrasound, thermoelastic, optical absorption,
thin film, polymer



1 Introduction

The use of laser based photoacoustic principles in generation of ultrasound is
an efficient way to generate ultrasound pulses of high frequencies and large
bandwidths. These properties has been utilised foremost in biomedical imag-
ing and diagnosis [1] but also in e.g. materials characterisation [2], or non-
destructive testing [3] or other engineering applications [4]. The technique
rests on absorption of an incident laser light pulse and energy conversion
through a thermoelastic process resulting in ultrasonic waves [5]. An objec-
tive in earlier studies has been to create a high conversion efficiency situation,
i.e. maximizing the ultrasound pulse energy by optimizing the light absorp-
tion and energy conversion in the light absorbing layer. This is commonly
achieved by opaque light absorbing films or structures as e.g. metal thin
films [6], light absorbing polymer thin films [7, 8], optically absorbing gold
nano structures [9, 10], or thin layers of carbon nanotube composites [11].

However, in some applications a desirable feature would be to use a semi-
transparent layer that partly absorbs and partly transmits the incoming laser
radiation. This could be useful in applications where a traditional, pulse-
echo technique is used in conjunction with e.g. photoacoustic tomography.
In this case the optical absorption is only partial and the possibility appears
to construct the absorbent such that the resulting ultrasound is influenced
by the physical layout and material properties of the absorbent. Planar,
layered absorbents has been studied earlier within the field of photoacostic
spectroscopy. Sun and Diebold [12] modelled generation of ultrasonic waves
from a photoacoustic source consisting of planar, alternating layers of weakly
light-absorbing solid and transparent fluid layers. An amplitude-modulated
laser generated acoustic waves at specific resonance frequencies by means
of acoustic interference in the layers. In order to shape the resulting ultra-
sonic pulse, light absorbing or transparent layers may be interleaved with
layers having different optical absorption coefficients, thickness’s and elastic
properties. The stack will then operate basically as a acoustic filter. Hu
et al. [13] modelled layers of arbitrary physical properties and calculated the
photoacoustic response to sinusoidally modulated heating. A transfer matrix
method for calculation of the thermoelastic response of multilayered samples
exposed to modulated laser heating was presented by Bozoki et al. [14].

As a base for ultrasound pulse shaping by a pulsed laser, in present work
we model, from fundamental principles and for one light pulse, the transient
acoustical pulse generation and transmission in a light-absorbing layer. This
layer is consisting of a stack of planar isotropic films, and is surrounded by



two material layers that can have different physical properties. A Laplace
transform approach is used in solving the set of linear, one-dimensional wave
equations describing the transient wave propagation in the three-layer struc-
ture. The analytical solutions for pressures are compared to simulations of
pressures as well as to experimental transducer voltage values. To facilitate
the latter comparison, a system identification process of tranducer character-
istics based on physical principles, is employed for estimations of the pressure
to voltage transition.

2 Analytical modelling

We will analytically express laser-induced ultrasound as acoustic pressure
p = pi(x, t) in position x at time t in a material layer i. The analysis is
based on a model presented by Shan et al. [15], of a light-absorbing layer
within a fluid. Present work is an extension that enables the properties of
the materials on each of the two sides of the light-absorbing layer to be
different. In the presented study we only consider one space dimension of
the wave propagation problem. It is assumed, for the photoacoustic 1D
wave equation that the material in each layer has isotropic properties and is
linearly elastic. We assume that the laser pulse width τpulse is very short, so
that the heat conduction is negligible during τpulse for thermal confinement,
and also so that time τstress of pressure propagation at sound speed c across
a characteristic dimension dc of the heated region as τstress = dc/c [16],
fulfills the condition τpulse ≪ τstress for stress confinement. Further, acoustic
attenuation is neglected in each layer.

To model the generation and propagation of laser-induced pressure waves, a
photoacoustic wave equation is set up for each material layer i. For descrip-
tions of coming denotations, see table 2.1. The index i numbering of the
layers is illustrated in Figure 2.1, where the index counting starts from the
layer closest to the laser source. The boundaries around the light absorbing
layer 2 are x = b1,2 and x = b2,3, where 0 ≤ b1,2 < b2,3. The 1D photoacoustic
wave equation [16] in layer i = 1, 2, 3 for pressure pi(x, t) is

∂2pi(x, t)

∂x2
− 1

c2i

∂2pi(x, t)

∂t2
= − βi

Cpi

∂Hi(x, t)

∂t
, (2.1)

were the right hand side source term holds the heating function

H1 ≡ 0, H2(x, t) = µa2 e
−µa2 xE0 2 δ (t) , H3 ≡ 0, (2.2)



Table 2.1: Denotations

DenotationDescription
βi isobaric volume expansion coefficient
Cpi isobaric heat capacity per unit mass
µai light absorption coefficient
E0i energy density at layer leftmost surface
θ(t) Heaviside step function
ρi density
hi thickness of layer i, hi = bi,i+1 − bi−1,i

with light-absorption in layer i = 2. In stress confinement, laser-pulse width
is approximated by a delta function δ (t).

0 b1,2 b2,3 x

0 1 2 3Laser Ultrasonic
transducer

Figure 2.1: Illustration of material layers i=0,1,2,3. The light-absorbing
layer2 has boundaries x = b1,2 and x = b2,3. Heating from a laser pulse
induces ultrasound in layer 2, which is recorded by an ultrasound transducer
placed in material 3.

Initial conditions are
pi(x, 0−) = 0 (2.3)

∂

∂t
pi(x, 0−) = 0 (2.4)

H2(x, 0−) = 0, (2.5)

and boundary conditions

pi (bi,i+1, t) = pi+1 (bi,i+1, t) , (2.6)

− 1

ρi

d

dx
pi (bi,i+1, t) = − 1

ρi+1

d

dx
pi+1 (bi,i+1, t) , (2.7)



are continuity in pressure and interface acceleration across each interface
x = bi,i+1 between layer i and i+ 1.

The set of i photoacoustic wave equations 2.1, including boundary and initial
conditions in equations 2.3 - 2.7, are Laplace transformed

L{pi(x, t)}(t → s) = yi(x, s), (2.8)

and solved in the transform plane. General solutions with coefficients CiF (s)
and CiB (s) for, in x-direction, forward and backward propagating waves in
layer i respectively, are for layer i = 1, 2, 3

y1 (x, s) = C1B (s) e
sx
c1 (2.9)

y2 (x, s) = C2F (s) e
− sx

c2 + C2B (s) e
sx
c2 +

F2 s e
−µa2 x

s2 − c22µa2
2

(2.10)

y3 (x, s) = C3F (s) e
− sx

c3 , (2.11)

where we used that the indirect condition on bounded pressure in x = ±∞
gives C1F ≡ 0 and C 3B ≡ 0. Material parameters are assembled into

F2 =
µa2 β2 E02 c2

2

Cp2

. (2.12)

The coefficients CiF (s) and CiB (s) are obtained from an equation system of
the two boundary conditions for each of the two boundaries. Of interest for
comparison with measurements is pressure wave in layer 3. Corresponding
coefficient C3F (s) is

C3F (s) = e
s b2,3
c3

(
C2F (s) e

− s b2,3
c2 + C2B (s) e

s b2,3
c2 +

s F2 e
−µa2 b2,3

s2 − c22µa2
2

)
(2.13)

with

C2FD (s) =
C2F (s)

D
, C2BD (s) =

C2B (s)

D
, (2.14)

D = e
s b1,2
c2

(
ρ1 c1
ρ2 c2

− 1

)
− e

s(2·b2,3−b1,2)
c2

(
ρ1 c1
ρ2 c2

+ 1
)(

ρ3c3
ρ2 c2

+ 1
)

(
ρ3c3
ρ2 c2

− 1
) , (2.15)



C2FD (s) =




(
ρ1c1
ρ2c2

− 1
)

(
ρ3c3
ρ2c2

− 1
)F2e

−µa2 b2,3



(
e

s(b1,2+b2,3)
c2

−ρ3c3
ρ2c2

µa2c2 + s

s2 − c22µa2
2

)
+

+




(
ρ3c3
ρ2c2

+ 1
)

(
ρ3c3
ρ2c2

− 1
)F2e

−µa2 b1,2



(
e

s·2b2,3
c2

s+ ρ1c1
ρ2c2

µa2c2

s2 − c22µa2
2

)

(2.16)

C2BD (s) =
(
F2e

−µa2 b1,2
)
(
s+ ρ1c1

ρ2c2
µa2c2

s2 − c22µa2
2

)
+

+




(
ρ1c1
ρ2c2

+ 1
)

(
ρ3c3
ρ2c2

− 1
)F2e

−µa2 b2,3



(
e

s(b2,3−b1,2)
c2

−ρ3c3
ρ2c2

µa2c2 + s

s2 − c22µa2
2

)
(2.17)

The denominator expression D, equation 2.15, is indicating periodic be-
haviour in the time-plane. The period do not start at t=0 as for table inverse
transform expression [17], so we chose to handle D by means of a geometric
series expansion [17]

1

D
=

∞∑

jD=1

(−1)(
ρ1c1
ρ2c2

− 1
)




(
ρ1c1
ρ2c2

− 1
)(

ρ3 c3
ρ2c2

− 1
)

(
ρ1c1
ρ2c2

+ 1
)(

ρ3 c3
ρ2c2

+ 1
)




jD

e

(
s(jD ·2(b1 ,2−b2 ,3)−b1 ,2)

c2

)

.

(2.18)
Higher order expansion terms in jD are related to multiple reflections on layer
interfaces, in an overlapping manner.

By means of equation 2.18, inverse transformation gives analytical acoustic
pressure

p3(x, t) =
N∑

j=1

p3j(x, t), (2.19)

p3j(x, t) =
F2 (R23 + 1)

2
θ(x− b2,3) (p3 j even (x, t) + p3 j odd (x, t)) (2.20)

where the Heaviside function θ(x− b2,3) specifies the x domain for layer i = 3.
Reflection coefficients of waves from layer i = 2 reflected back into layer 2,
at interfaces towards layer 1 and 3, are respectively

R21 =
c1 ρ1 − c2 ρ2
c2 ρ2 + c1 ρ1

, R23 =
c3 ρ3 − c2 ρ2
c2 ρ2 + c3 ρ3

. (2.21)



Terms in equation 2.20 are

p3 j even (x, t) = (R21R23)
j−1 e

µa2 c2
(
tj even+t− b2,3

c2

)
·

θ(tj even + t) θ(−tj even) θ

(
−tj even − t− b1,2 − b2,3

c2

)
, (2.22)

p3 j odd (x, t) =
(R21R23)

j

R23

e
c2 µa2

(
−tj odd−t− b1,2

c2

)
·

θ(tj odd + t) θ(−tj odd) θ

(
−tj odd − t− b1,2 − b2,3

c2

)
. (2.23)

The subscripts even and odd refers to the even and odd arguments jarg in

targ (jarg) =
b2,3 − x

c3
+

jarg (b1,2 − b2,3)

c2
, (2.24)

denoting number of reflections within layer 2

tj even = targ (2 (j − 1)) , (2.25)

tj odd = targ (2j − 1) . (2.26)

The three Heaviside functions in equations 2.22 and 2.23 originates in Laplace
transform, in Laplace transform condition, and limits the function domain
towards next wave component in the sum in equation 2.19 respectively.

3 Experiments

For comparison with the analytical pressure model, experiments were per-
formed on laser-induced ultrasound in semitransparent light-absorbing planar
film stack structures, in which absorption coefficient and layer thickness were
varied.

For experimental setup, see figure 3.1. Pulsed laser light is sent from the
left in the figure, into a basin with de-ionized and ultra-purified water. The
laser light source was a system NL 202/SH from EKSPLA, Lithuania, as
a diode pumped, Q-switched, frequency doubled, Nd:YAG laser, of wave-
length λ=532 nm, emitting 9 ns pulses of energy about 0.2 mJ/pulse. To



Water Glass PETLaser Ultrasonic
transducer

Figure 3.1: Experimental setup of pulsed laser light irradiating a semi-
transparent light-absorbing layer mounted on a glass substrate immersed in
a basin of water. The laser-induced ultrasound (dashed lines) is recorded by
an ultrasonic transducer for subsequent signal processing.

avoid excessive heating of the absorbent, the laser beam was expanded from
a diameter of 0.8 mm to approximately 8 mm. In the basin we placed a
sample consisting of a semi-transparent light-absorbing layer mounted on a
3.15 mm thick glass substrate. As light-absorbing layer we used planar, dyed,
non-conductive, semi-transparent, Polyethylene Terephthalate (PET) poly-
mer films. To vary the absorbing layer thickness in the samples, films where
stacked together in a stack structure of one or more films. The films had a
thickness of 50 µm and optical absorption coefficients α = 11 · 103, 18 · 103,
27 · 103 and 44 · 103 m−1 respectively, and were manufactured by Johnson
Laminating and Coating Inc., CA, USA.

With an incident laser light pulse on the polymer film structure, laser pulse
energy is transitioned to an ultrasonic pulse through a thermoelastic process.
The ultrasonic pulse propagates through the film structure, continues into
the water-filled basin and is subsequently recorded by an immersed ultra-
sonic transducer, a broad-band, PVDF based with a centre frequency of 25
MHz, model IA-FM 25.3 by GE Sensing and Inspection Technologies Inc.,
Germany. The signal from the ultrasonic transducer was amplified by a JSR
Ultrasonics DPR500 Dual Pulser/Receiver, JSR Ultrasonics, NY, USA, and
then digitised by means of an oscilloscope, a Yokogawa DL9140L, Yokogawa
Corp., Japan, sampling at 12.5 GHz with 12 effective bit resolution. During



the experiments, water temperature in the basin was 23.1 ± 0.4 ◦C.

For each experimental run, data from 10 individual laser pulses were recorded
for subsequent signal processing. The recorded voltage time signal was
processed in Matlab, Mathworks Inc., MA, USA. To reduce the influence
from noise, the ultrasonic pulses of interest are windowed and by means of
Grennberg et al. [18] aligned to reduce the timing jitter, and then averaged.

4 Simulations and Results

The analytical model was evaluated for cases of physical parameters esti-
mated for our experimental setup. The analytical pressures were compared
to simulations from the MATLAB toolbox k-Wave, Treeby et al. [19]. The
simulations were performed on initial pressure distributions similar to the
photoacoustic source term in the inhomogeneous differential equation 2.1
for the analytical model. This initial pressure distribution was chosen from
Gusev et al. [5]

p2 (x, 0) = α2 E02 Γ e−α2x (4.1)

with Grüneisen parameter
Γ = c22 β2/Cp2. (4.2)

In the analytical model, reflections only at interfaces with the middle number
two layer are considered. However, in the simulations an additional layer
i = 0 is defined in emulation of the experimental setup of i = 0 water, 1 glass,
2 PET, 3 water. Since the glass layer is acoustically thick in comparison to
the PET film layer, acoustic reflections at boundary b0,1 do not interfere with
the ultrasound generated in the PET layer which is of our primary interest
for comparisons.

Analytical and simulated photoacoustically generated pressures are illus-
trated in Figures 4.1 - 4.4. Figure 4.1 shows pressure from a layer of one
light-absorbing film with the highest µa2, Figure 4.3 one film with the lowest
µa2, and Figure 4.4 a stack of three films with the lowest µa2, and Figure 4.2
a stack of three films with the highest µa2. The oscillations in simulations
from k-Wave after a discontinuity found in Figures 4.1 - 4.4 are artefacts
due to representation of a very sharp edge by a finite number of complex
exponentials. Figure 4.3 represents results from a thin layer of low absorp-
tion coefficient. Since less amount of the light is absorbed, the exponential
behaviour gets less distinct.



Table 4.1: Physical parameter values
Sound speed of PET polymer film was calculated according to c2 =

√
Y/ρ2

[20] with tensile elastic modulus Y table value (2.2− 2.5) · 109 Pa [21]. Ab-
sorption coefficient α2 was calculated from film thickness measurements to-
gether with film specifications from manufacturer [22].

layer parameter material value reference
1 glass

c1 (m/s) 5.3 · 103 [23]
ρ1 (kg/m3) 2.5 · 103 [23]

2 PET film
c2 (m/s) 1.3 · 103 [20, 21]
ρ2 (kg/m3) 1.3 · 103 [21]
E02 (J/m2) 4
laser energy (J) 0.2 · 10−3

beam diameter (m) 8 · 10−3

α2 m−1 (11, 18, 27, 44) · 103
β2 K−1 8 · 10−5 [21]
Cp2 (J/(kg K)) 1 · 103 [24]
h2 (m) (5, 10, 15, 20) · 10−5

3 water at 23.1 ± 0.4 ◦C
c3 (m/s) 1492 [25]
ρ3 (kg/m3) 997.5 [21, 26]
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Figure 4.1: Pressure from analytical model (black dashed), and k-Wave
simulated (blue line), for experiment material parameters of absorption co-
efficient and layer thickness µa2 = 44 · 104 m−1, h2 = 5 · 10−5 m.
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Figure 4.2: Pressure from analytical model (black dashed), and k-Wave
simulated (blue line), for experiment material parameters of absorption co-
efficient and layer thickness µa2 = 44 · 104 m−1, h2 = 15 · 10−5 m.
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Figure 4.3: Pressure from analytical model (black dashed), and k-Wave
simulated (blue line), for experiment material parameters of absorption co-
efficient and layer thickness µa2 = 11 · 104 m−1, h2 = 5 · 10−5 m.
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Figure 4.4: Pressure from analytical model (black dashed), and k-Wave
simulated (blue line), for experiment material parameters of absorption co-
efficient and layer thickness µa2 = 11 · 104 m−1, h2 = 15 · 10−5 m.

5 Model of the PVDF transducer

We used the ’grey box’ model presented by Shan et al. [27] in modelling
our PVDF transducer. Experimental values of the transducer output voltage
v(t) were compared to the analytical solutions of the predicted pressure wave
p(t). The voltage output response to pressure input may be described by a
second-order differential equation

d2v(t)

dt2
+ 2ζωn

dv(t)

dt
+ ω2

nv(t) = ǫ
dp(t)

dt
(5.1)

where ω, ζ and ǫ are constants. The constants ζ and ω are determined by
the mechanical properties of the transducer film and backing material while
constant ǫ is dependent on the piezoelectric and dielectric properties of the
transducer. The constants are difficult to determine individually for a partic-
ular device as their interrelationships are complicated [27]. The parameters
can instead be determined by a system identification method comparing ex-
perimental measurements and predicted pressure waves. A Z-transform is
used on equation 5.1 to derive the recurrence relation between the voltage
and pressure

v(n) = K1v(n− 1) +K2v(n− 2) +K0(p(n)− p(n− 1)) (5.2)



where n is the current sample n=1,. . ., N. The coefficients are functions of
ωn, ζ, ǫ and the sampling period τ such that

K0 =
ǫτ

1 + 2ζωnτ + ω2
nτ

2
(5.3a)

K1 =
2(1 + ζωnτ)

1 + 2ζωnτ + ω2
nτ

2
(5.3b)

K2 =
−1

1 + 2ζωnτ + ω2
nτ

2
(5.3c)

The least square method (LSM) was applied on equation 5.2 to solve the
coefficients K0, K1 and K2 for a collection of N samples during a sampling
period. The relation of the system can be written in matrix form as

V = Φb (5.4)

where the voltage V is put into a 1 × N vector and the other relations in
equation 5.2 into a 3×N matrix denoted Φ such that

V = [v(1), ..., v(N)]T (5.5)

Φ = [ϕ(1), ..., ϕ(N)]T (5.6)

ϕ = [v(n− 1), v(n− 2), p(n)− p(n− 1)] (5.7)

For an over-determined system the least-square estimate is

b = (ΦTΦ)−1ΦTV . (5.8)

where the elements in the vector b can be identified in equation 5.2

b =



K1

K2

K0


 (5.9)

about 2 mm, in comparison to the thinner thicknesses of 0.05-0.02 mm used
here, which might be a source of differences in the results. Datasets from
eleven experimental runs with varied absorption coefficients and absorbing
layer thicknesses were compared to corresponding analytical solutions. That
is, in the system identification, experimental voltage values were compared
to modelled pressures. In table 5.1, the result from the system characterisa-
tion is shown. The comparisons were unstable, though, such that when the
experimental voltage values were moved just one sample in comparison to the
analytical pressure values in the finding of the LS minimum error estimations



Table 5.1: Coefficients from equation 5.2, from the system identification of
the PVDF transducer

Coefficient Transducer estimation Dimension
K0 -73 ± 3 10−7 V/Pa
K1 1.990 ± 0.007
K2 -0.990 ± 0.007

of b, especially K0 fluctuated. For amplitude normalisation, the parameter
K0 was scaled. Individual ultrasonic transducer may differ from each other,
and also the signal amplification may vary, which both affect K0.

Figures 5.1 and 5.2 show comparisons between experimentally obtained and
simulated voltages from analytical pressures in Figures 4.3 and 4.4 respec-
tively, with a subsequent pressure to voltage estimation stage employing the
procedure described above, but with the current experimental values not in-
cluded in the respective coefficient estimation. In Figure 5.1 a single film
is used as a light absorbing layer and the simulated and experimentally ob-
tained voltages are seen to correspond quite well. In Figure 5.2 the number
of films are increased to three to make up the light-absorbing layer. Figure
5.2 in comparison to Figure 5.1 shows that the correspondence between ex-
perimental and simulated voltages are lower for a stack of three films than
for the situation with one light absorbing film.

6 Discussion and Conclusion

The 1D analytical model for heat-induced ultrasound in a light-absorbing
layer seems to give pressures consistent with results from simulations. Higher
pressure amplitude was indicated for a higher light-absorption coefficient,
and longer pressure pulse length indicated for a larger layer structure thick-
ness. The analytical modelling of the photoacoustic wave equation using
the Laplace transform approach could easily be expanded into more lay-
ers. However this will result in an increasingly complex situation, unless
using/finding a calculation tool of a more assistance. Parts of the Laplace
transformed solution of the photoacoustic wave equation, identified as pe-
riodic by its denominator, were handled by means of geometric series ex-
pansion. In solving the photoacoustic wave equation for more than three
layers, we suggest nested geometric series expansions for the corresponding
Laplace transformed denominator, unless reflections are handled separately
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Figure 5.1: Experimental values on the voltage output from the transducer
(green line), compared to LS-estimate (black dash-dot) of the voltage cal-
culated from a simulated pressure profile using absorbing layer absorption
coefficient µa2 = 11 · 104 m−1 and layer thickness h2 = 5 · 10−5 m.
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Figure 5.2: Experimental values on the voltage output from the transducer
(green line), compared to LS-estimate (black dash-dot) of the voltage cal-
culated from a simulated pressure profile using absorbing layer absorption
coefficient µa2 = 11 · 104 m−1 and layer thickness h2 = 15 · 10−5 m.



or another solution approach is used.

The system identification used to model the PVDF transducer, for compar-
ison between analytical pressure received by a certain individual of PVDF
transducer and measured voltage values by that transceiver, appeared un-
stable for our set of measurements and simulations. In the photoacoustic
wave equation, stress confinement τpulse ≪ τstress is assumed, but the pres-
sure propagation time τstress through the heated region in present experi-
ments is at its minimum value only about four times larger than the laser
pulse-width τpulse. This could possibly contribute to the difference between
analytical model and the experiments via PVDF transducer system identi-
fication. Furthermore, the material parameters, see table 4.1, used in the
model for our analytical pressures, are tabled values who may differ from
the actual physical parameters in our experimental setup. The correspon-
dence between experimental and simulated voltages seems lower for a stack
of three films than for the situation with one light absorbing film. A plausible
explanation is that the thin adhesive on the film and/or the coating of the
film affect the photoacoustic wave generation and propagation, which might
violate the assumption of absorber isotropy. We thereby suggest expansion
of the analytical pressure model into more layers. This even if only one film
is used.

Note that higher-dimension effects from e.g. waves in radial direction are not
included in the analytical 1D model, but would be a part of the experimental
voltage measurements.
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