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A B S T R A C T

We present a protocol for the design, fabrication and characterisation of laser-induced ultrasound transmitters
with a specific, user-defined frequency response for the purpose of ultrasound tomography of large-volume
biomedical samples. Using an analytic solution to the photoacoustic equation and measurements of the optical
and acoustic properties of the materials used in the transmitters, we arrive at a required mixture of carbon
black and polydimethylsiloxane to achieve the desired frequency response. After an in-depth explanation of
the fabrication and characterisation approaches we show the performance of the fabricated transmitter, which
has a centre frequency of 0.9 MHz, 200% bandwidth and 45.8◦ opening angle, multi-kPa pressures over a
large depth range in water.
. Introduction

Laser-induced ultrasound (LIUS) for biomedical imaging applica-
ions has been an emerging field of study for the last two decades [1–3].
IUS entails the use of ultrasound pulses generated by optical means,
sing the photoacoustic effect, for ultrasound imaging. In the field of
ondestructive materials evaluation it is usual to use the surface of
he sample itself as the ultrasound source, as the samples are often
imilar enough to one another to generate reproducible signals [4,5]. In
iomedical imaging the sample surface is generally much more variable
nd complex in shape and composition, and safety concerns limit the
ossible illumination strength, necessitating the use of an external LIUS
ource. A LIUS transmitter, then, is an engineered optically absorbing
bject with a specific set of optical and mechanical properties to gen-
rate a desired ultrasound field depending on the ultrasound imaging
pplication at hand.

LIUS is preferred for minimally-invasive imaging applications e.g.
nterstitial imaging [6,7] owing to the ease with which transmitters can
e miniaturised by coating the tip of an optical fibre to create an active
lement. Another advantage of using LIUS is the ability to avoid inter-
lement crosstalk when independently exciting many closely spaced
ltrasound sources [8–11], a feature of interest considering the cur-
ent trend towards miniaturisation of ultrasound multi-element arrays.
he potentially very broadband frequency response of LIUS transmit-
ers [12,13] also promises advances in the fields of acoustic microscopy
nd mesoscopy.

Ever more sophisticated fabrication methods offer a large degree
f control over the LIUS pulse properties [14] by manipulating the
acking structure. It has also been shown that dynamic focusing can

∗ Correspondence to: University of Twente, Technical Medical centre, Enschede, Netherlands.
E-mail address: d.thompson@utwente.nl (D. Thompson).

be achieved by creating a mechanically deformable transmitter [15],
as well as combining a LIUS transmitter and broadband detector in a
single package [16].

Several applications also make use of the natural combination of
LIUS imaging with photoacoustic imaging (PAI) or tomography (PAT)
to achieve multimodal acoustic imaging using all-optical excitation.
In one such example an optical fibre was fitted with a selectively
absorbing film for LIUS excitation and an integrated optical sensor
based on a ring resonator, to allow miniaturised PA/LIUS sensing and
imaging [17]. In another example a larger-scale tomographic set up
was built for combined PAT and LIUS transmission and reflection to-
mography of small animals [18], giving PA, B-mode and speed-of-sound
images of the target.

Most of the applications of LIUS in biomedical imaging from the
literature share the characteristic that they tend to focus on imag-
ing relatively small targets like zebrafish and mice, or intravascular
imaging. In these cases it is advantageous to use LIUS sources with
high optical absorption, to both maximise the generated peak pressure
and bandwidth of the generated acoustic pulses to improve spatial
resolution. Recent work by Joo et al. [19] looks towards non-invasive
applications in larger tissue volumes with the resulting need for a
larger penetration depth of the LIUS pulse. Their set up generates
focused ultrasound for non-invasive tissue ablation, where the desired
treatment depth of multiple centimetres precludes the use of high-
frequency, broadband pulses as attenuation scales with frequency in
a power law. They achieve this frequency tuning primarily by using
thicker absorbing films, up to 1.4 mm in thickness, with lower optical
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Fig. 1. (a) Schematic representation of the transmitter, including essential outer dimensions and individual components. (A) Optically absorbing active element, (B) High-impedance
backing layer, (C) Tube segment enclosing air cavity, (D) Threaded mounting piece with fibre passage, (E) Outer and inner O-rings for watertightness and fibre clamping (inner
only), (F) Fibre clamping chuck, (G) Optical fibre for light delivery. (b) Photograph of a finished LIUS transmitter.
absorption. The combination of the two serves as the main method of
controlling the output characteristics of the transmitter.

The current work presents a detailed look at the design, fabrication
and characterisation of unfocused LIUS transmitters for large-volume
ultrasound CT of, for example, the human breast. The use of LIUS can
be beneficial for the prevention of crosstalk, because the transmitters
are intended to be used with a high density of highly sensitive PZT
detectors. Further, this decoupling of transmission and detection allows
for the independent optimisation of both. Since it is important, in this
case, to detect the LIUS signal with as many detectors as possible per
shot, a large opening angle in addition to a lower centre frequency for
transmission through around 10 cm of tissue are desirable features. We
present the design considerations in terms of geometry and dimensions
and an analytic approach to estimating the output characteristics of
such a transmitter. A protocol for fabricating such a transmitter will
be presented in detail. We also show the methods used to optically
and acoustically characterise the materials in the active element and
the response of the finalised transmitters. While the transmitters pre-
sented here are designed for a specific imaging application and have
the properties to match, the design and fabrication approach can be
easily adapted to attain any desired set of transmitter properties using
low-cost, readily available materials.

2. Materials and methods

2.1. Design requirements

The transmitters are designed to match with a reasonable precision
to the response and sensitivity of a custom detector (Imasonic SAS,
Besançon, France). The detector frequency response peaks at 1 MHz
with a bandwidth of roughly 100%. The remaining pressure after trans-
mission across the imaging volume, a distance of some 30 cm, needs to
be above the minimum detectable pressure, around 0.5 Pa. An opening
angle of at least 30◦ (1/e) is desired, to match the angular sensitivity
of the detectors. A greater opening angle, if sufficient pressure can be
maintained, would be beneficial.

For this particular transmitter design the physical dimensions are
restricted by the need to use them with an existing set up [20]. The
set up encompasses a 30 cm diameter hemispherical imaging volume,
surrounded by a pair of 20 mm thick 3D-printed nylon hemisphere
segments with universal mounting holes for any desired combination
of ultrasound detectors, transmitters and optical fibre bundles for pho-
toacoustic tomography. The mounting holes comprise an initial opening
with a 10 mm diameter and an 11.5 mm depth, with the rest of the hole
having an 8 mm diameter.

2.2. Transmitter design

Fig. 1(a) shows the design and resulting dimensions, the different
components are also labelled. The dimensions of elements D and F in
Fig. 1 are fixed, while the thickness of the active element, component
A, can be varied depending on the required optical and acoustic proper-
ties, with the length of component C being allowed to vary accordingly
2

so as to maintain the overall required dimensions. In response to the
design constraints the transmitter is cylindrical in shape, with a 10 mm
diameter head of 11.5 mm length and a tail of 8 mm diameter and
22 mm length. The final 15 mm of the transmitter are threaded, to
allow easy fastening in the mounting hole with a nut.

2.3. Analytical model for LIUS generation

The properties of the generated acoustic pulse can be influenced,
within our design, by the optical absorption coefficient 𝜇𝑎 [m−1], the
dimensions and fluence of the projected light spot and the dimensions
of the active element. To be able to guide the fabrication process, it
is important to be able to predict the behaviour of a transmitter with
some accuracy when the above-mentioned properties are varied. To this
end, an analytic expression for the generated signal as a function of the
design parameters is derived in the following.

The pressure detected at a given point as a function of time can be
described as follows, by solving the photoacoustic equation with the
Green’s function approach for an optical delta pulse [21,22]:

𝑝(𝑟, 𝑡) = 1
4𝑣2𝑠
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In cylindrical coordinates with the origin at the centre of the illumina-
tion spot on the back surface of the absorber:
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The first term is due to the direct pulse from the initial pressure distri-
bution while the second term denotes its reflection off the back surface
of the absorber, with 𝑅𝑝𝑔 the coefficient of reflection between the active
element and the backing material. The third term is a summation of all
the internal reflections in the backing material, with 𝑇𝑝𝑔 denoting the
pressure transmission coefficient into the backing, 𝑅𝑔𝑎 the reflection
coefficient off the interface with the air pocket, 𝑅𝑔𝑝 the reflection
coefficient at the interface between backing and active element and
𝑇𝑔𝑝 the transmission coefficient at the same location. Each consecutive
internal reflection gives rise to a virtual source shifted by a distance
𝑛𝛿, where 𝛿 depends on the sound speed and thickness of the backing
material and the sound speed in the active element. Additionally, 𝜂𝑡ℎ
denotes the thermal conversion efficiency, 𝑟, 𝑤0 and 𝑧 are the radial
coordinate, 𝑒−1 width of the laser spot and depth into the absorber
respectively, all in m, and finally 𝜙0 [J m−2] is the light fluence at
the origin. The gate functions that ensure this behaviour are defined
as follows:

𝛱
(

𝑧 ± 𝜅
2

)

=

{

0 if |𝑧 ± 𝜅
2 | >

𝜅
2

𝜅 𝜅 (3)

1 if |𝑧 ± 2 | ≤ 2
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Fig. 2. Schematic of the geometry of the analytical problem, showing the lower surface
of the absorber at 𝑧 = 0, the upper surface at 𝑧 = 𝜅, detector on the acoustic axis at
𝑧 = ℎ, and the different integration regions for the direct pulse.

Here, 𝜅 denotes the thickness of the absorbing layer. The dimensionless
Grüneisen parameter is defined as follows:

𝛤 =
𝛽

𝜅𝜌𝐶𝑉
(4)

where 𝛽 [K−1] is the thermal expansion coefficient, 𝜅 [Pa−1] the isother-
mal compressibility and 𝜌 [kg m−3] and 𝐶𝑉 [J kg−1 K−1] the mass
density and isochoric specific heat capacity, respectively.

In the following we assume the laser spot size to be significantly
smaller than the diameter of the absorber, which is thus treated as
though it extends infinitely in the lateral dimension 𝑟′. For a detector
placed on the acoustic axis at a distance 𝑧 = ℎ from the origin as shown
in Fig. 2, Eq. (1) then becomes:
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The integral over 𝜃 simply yields a factor 2𝜋. By changing variables in
the integral to 𝛼 =

√

(𝑣𝑠𝑡)2 − 𝑟′2 and adding the explicit expression for
𝑝0 this results in the following series of Gaussian integrals:
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The first integral describes the pulse propagating directly towards the
detector, the second is the contribution from the reflection off the
backing and the third term is the total contribution of any internal
reflections in the backing. The integration limits as function of time
and detector position are
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[ℎ + 𝜅 + 𝑛𝛿, ℎ + 𝑛𝛿] for 𝑣𝑠𝑡 > ℎ + 𝜅 + 𝑛𝛿
The two ranges of 𝑣𝑠𝑡 values for the direct pulse are illustrated in Fig. 2.
Performing the integration and differentiation in Eq. (6) leads to three
sets of equations in terms of Dawson functions [23], for the direct
forward propagating pressure 𝑝𝑑 :
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= 𝐴

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

(

𝑣𝑠𝑒
−𝜇𝑎 (ℎ−𝑣𝑠 𝑡)

(

(

𝜇𝑎 − 2𝑋1
)

𝐷
(

𝑋1
)

+ 1
√

2𝑤0

)

+
𝑣2𝑠 𝑡

𝑤2
0

𝑒
(ℎ−𝜅)2 −(𝑣𝑠 𝑡)2

2𝑤2
0

−𝜇𝑎𝜅
𝐷
(

𝑋2
)

) 𝑓𝑜𝑟 ℎ − 𝜅 ≤ 𝑣𝑠𝑡 < ℎ

𝑣2𝑠 𝑡

𝑤2
0

(

𝑒
(ℎ−𝜅)2 −(𝑣𝑠 𝑡)2

2𝑤2
0

−𝜇𝑎𝜅
𝐷(𝑋2) − 𝑒

ℎ2−(𝑣𝑠 𝑡)2

2𝑤2
0 𝐷(𝑋3)

)

𝑓𝑜𝑟 𝑣𝑠𝑡 ≥ ℎ

(8)

for the reflection of the interface between active element and backing,
𝑝𝑝𝑔 :
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and finally for the contributions from internal reflections in the backing
layer, 𝑝𝑔𝑎:
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Where the following constants and variables are defined, for com-
pactness’ sake:
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2𝑤0

; 𝑋2 =
𝜇𝑎𝑤2

0 − 2(ℎ + 𝜅)
2𝑤0

; 𝑋3 =
𝜇𝑎𝑤2

0 − 2ℎ
2𝑤0

𝑋1 = 𝑋1; 𝑋2 =
𝜇𝑎𝑤2

0 − 2(ℎ + 𝜅 + 𝑛𝛿)
2𝑤0

; 𝑋3 = 𝑋3

(11)

Evaluating Eqs. (8)–(10) for a set of 𝜇𝑎 values and absorber thicknesses
will produce analytical time signals, of which the frequency spectra
can also be calculated numerically. Examining the resulting spectra

and pressure values will inform the fabrication process and assist in
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choosing the proper values for 𝜇𝑎, the absorber thickness and the laser
ulse energy.

.4. Fabrication protocol

.4.1. Fabrication materials
The base material for the LIUS transmitters is polydimethylsiloxane

PDMS, Sylgard 184, Dow Corning, USA), which is mixed with an
ppropriate amount of carbon black (CB, Printex 60, Palmer Holland,
SA) for optical absorption, 45 g of PDMS with 3.63 g of CB for
weight percentage of 8.07%. The transmitter casings are made of
achined polymethylmethacrylate (PMMA), and the backing consists

f a disc-shaped borosilicate glass microscopy cover slip with a 5 mm
iameter and 100 μm thickness (Agar Scientific, UK). The various parts

are bonded together using a cyanoacrylate-based adhesive (Loctite,
Germany).

2.4.2. Fabrication protocol
Fig. 3 shows an illustration of the fabrication steps, from the prepa-

ration of the absorber material to the assembly of the transmitters
themselves. To expedite fabrication of a range of samples in the appro-
priate range of CB-percentages, and thus optical absorption coefficients,
a stock solution with a high concentration of CB was first prepared. This
serves the twofold purpose of minimising the requirement for handling
CB powder and increasing the accuracy of the amounts weighed, by
simply taking larger amounts. By placing an amount of CB powder
in a pre-weighed, sealed container and weighing it one can minimise
contamination of equipment and loss of CB. By pouring the viscous
liquid PDMS on top of the powder and again weighing, the weight
percentage of CB in the stock solution is determined. A homogeneous
mixture is achieved by mechanical mixing (RW16 basic, IKA Labortech-
nik, Germany) at 500 rpm for 90 min, breaking up any CB aggregates
by the applied shear forces from the flow of the viscous mixture [24].

Next, in a separate container or dish, a desired amount of stock
mixture is weighed, denoted 𝑚𝑠𝑡𝑜𝑐𝑘. Of this weight 𝑚𝐶𝐵

0 = 𝐶𝑠𝑡𝑜𝑐𝑘𝑚𝑠𝑡𝑜𝑐𝑘
is the weight of carbon black contained in the stock. Eq. (12) can then
be used to determine the weight of clear PDMS, denoted 𝑚𝑃𝐷𝑀𝑆 , to
e added to achieve the desired weight fraction of CB, 𝐶𝑓𝑖𝑛𝑎𝑙, based on
he weight fraction of CB in the stock mixture (𝐶𝑠𝑡𝑜𝑐𝑘), assuming a 10:1
eight ratio of PDMS to curing agent.

𝑚𝑃𝐷𝑀𝑆 =

𝑚𝐶𝐵
0

𝐶𝑓𝑖𝑛𝑎𝑙
− 1.1(1 − 𝐶𝑠𝑡𝑜𝑐𝑘)𝑚𝑠𝑡𝑜𝑐𝑘

1.1
(12)

After adding the required weight of clear PDMS a disposable plastic
ipette is used to add curing agent of the desired 10% of the total PDMS
eight, after which it must be well mixed with a small spatula until it
ppears homogeneous, as the volume is too small to use a mechanical
ixer. To facilitate the production of multiple transmitters the mixture

s cured in a slab by transferring it to a flat-bottomed rectangular
ontainer, degassing in a vacuum vessel at −1 bar and regulating the

thickness with a PMMA plate on a translation stage. Any excess liquid
will flow past the edge of the plate and is cut off after curing. The mould
is then placed in an oven at 70 ◦C for 90 min to cure.

Once cured and cooled, 10 mm diameter discs are cut from the
lab with a mechanical hole punch and a hammer. A small drop of
yanoacrylate adhesive is deposited on one face of a cut disc and
meared out into a thin layer with a needle tip. A glass backing disc
s gently but firmly pressed onto the glue for tight adhesion to the disc.
he tube segment and fibre mount need to be bonded coaxially, for
hich purpose a cylindrical alignment piece was machined, shown in

mage III on the right-hand side of Fig. 3. The centre of the alignment
iece contains the cut-off end of one of the optical fibres, which fits
nugly into the hollow of the fibre mount, ensuring alignment of the
ieces. Cyanoacrylate adhesive is once again deposited and smeared
ut over the exposed rim of the tube segment, after which the mounting
4

piece is firmly pressed against it and allowed a minute to set. Finally,
adhesive is applied in the same manner as the previous steps to the open
side of the tube segment, which is then pressed gently but firmly against
the CB/PDMS disc and left for a few minutes to dry. After addition of
the external and internal o-rings and insertion of an optical fibre the
transmitter is now ready for use.

2.5. Characterisation methods

Before fabrication of the transmitters could begin, the dependence
of the optical properties of the CB/PDMS mixture in the concentra-
tion of CB had to be determined. Once known, the acoustic proper-
ties of a sample with the required optical properties also had to be
characterised. This section will describe the various characterisation
approaches taken.

2.5.1. Materials characterisation
The required weight concentration of CB is determined by mea-

suring the optical transmission spectrum for a range of samples of
PDMS with CB contents between 0.03% and 0.28%, beyond which
the transmitted light is insufficient for an accurate measurement. Any
higher concentrations could not be measured by the spectrophotometer
(UV2600, Shimadzu, Japan). The samples are prepared by mixing a
range of concentrations from the previously prepared stock solution
and placing a drop inside a circular, 120 μm spacer (SecureSeal, Grace
Bio-Labs, USA) in between two microscope slides. By measuring the
transmittance over a wavelength range from 400 to 1100 nm, 𝜇𝑎 can
e determined for any illumination wavelength within that range and
wide range of CB concentrations, by taking a linear fit to the data.

he scattering coefficient of the mixture can be estimated from the
ean CB particle size of about 21 nm [25] and the volume fraction

f CB in the mixture for any given concentration. We assume Rayleigh
cattering [26], as the particle size is significantly smaller than ≈ 10%
f the wavelength of 1064 nm. Using the refractive index and density
or CB of 2.00 and 1.8 kg m−3 respectively [27] and a value of 1.41 for
he refractive index of PDMS, the mean scattering cross section of a CB
article is :

𝜎 = 8𝜋
3

(

2𝜋𝑛𝑃𝐷𝑀𝑆
𝜆

)4
𝑑6

(

𝑚2 − 1
𝑚2 + 2

)2
(13)

where 𝑚 = 𝑛𝐶𝐵
𝑛𝑃𝐷𝑀𝑆

, d is the particle diameter and 𝜆 the wavelength

of the light. The scattering cross section is multiplied by the number
density of CB to obtain the scattering coefficient 𝜇𝑠, which is on the
order of 10−20 mm−1 for the CB concentrations in the range of interest,
many orders of magnitude below 𝜇𝑎, and thus negligible.

Once the proper CB-percentage for the desired photoacoustic re-
sponse is known, a precursor slab for a desired number of transmitters
is fabricated according to the description in Section 2.4.2. By making
an excess of material for the slab, a block for measurement of the
acoustic properties can also be produced. This excess material is poured
to a depth of roughly 25 mm in a 50 × 35 × 30 mm3 polypropy-
lene container and cured with the slab to produce a block measuring
50.0 × 34.9 × 25.0 mm3 as measured with a Vernier caliper. Through-
ransmission ultrasound measurements of the block are performed at
requencies of 1, 2.25, 5, 7.5 and 15 MHz produced by single element
ransducers (Olympus Panametrics NDT, USA) and measured by a 1 mm
iameter PVDF needle hydrophone (Precision Acoustics, UK). From the
ransmission ultrasound measurements the material sound speed can
e determined from the differences in arrival times when measuring
hrough different thicknesses of material. Comparing the signal arrival
imes between different sides of the block, as well as comparing it to
reference measurement in water then lets us determine the speed of

ound [28]:

𝑣𝑠 =
𝛿

𝛥𝑡 𝛿 (14)

𝑣𝑟𝑒𝑓
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Fig. 3. Making a slab of CB/PDMS of the right concentration from a high-concentration stock and assembling it into a LIUS transmitter.
In Eq. (14), 𝛿 [m] denotes the difference in sample thickness between
measurements, 𝛥𝑡 is the difference in arrival time between two signals
and 𝑣𝑟𝑒𝑓 [m s−1] is the speed of sound in water.

While the acoustic attenuation between roughly 0 and 4 MHz can
be determined from transmission measurements on this block, it was
deemed preferable to measure it over a broader frequency range. For
this purpose a pair of disc-shaped samples of 2.5 cm diameter and
3.97 and 5.97 mm thicknesses was also cast. In this manner the sound
speed can be measured with greater accuracy due to the smaller relative
uncertainty in the measured sample thickness, while the attenuation
will be known over a broader frequency range. The acoustic attenuation
in dB per cm as a function of frequency can be determined from [28]:

𝛼(𝑓 ) = 20
𝛿

log10
(

𝐴2(𝑓 )
𝐴1(𝑓 )

)

(15)

where 𝐴2(𝑓 ) is the amplitude spectrum of the signal through the
thinner sample, 𝐴1(𝑓 ) the same for the thicker sample. The frequency
dependence of the acoustic attenuation generally follows a power law,
so a fit to the data can be found in the form:

𝛼(𝑓 ) = 𝛼0𝑓
𝑏 (16)

Once the values of 𝛼0 and b are known they can then be used to
estimate the impact of acoustic attenuation on a transmitter of a given
thickness.

2.5.2. Transmitter response measurements
A fibre-optic needle hydrophone system (Precision Acoustics, UK)

is used to characterise the response of the transmitter under illumi-
nation by a 3.6 mm diameter (1/e) Gaussian spot from a compact
diode-pumped pulsed Nd:YAG laser (M-NANO PR147, Montfort Laser,
Austria) emitting 4.7 ns pulses at a 100 Hz repetition rate at a 1064 nm
wavelength. The light from the laser is coupled into a multimode opti-
cal fibre (FT600UMT, Thorlabs, USA), in a fibre multiplexer described
in more detail in previous work [8]. The hydrophone is placed on a
3D translation stage to enable characterisation of the full acoustic field
that is emitted. The temporal and frequency response as well as the
field geometry are characterised, emphasising opening angle and on-
axis pressure decay. By increasing the laser pulse energy the response
of the transmitter to optical fluence, as well as the optical damage
threshold, can be found. The on-axis response is also measured using
the custom-built single element transducer mentioned in Section 2.2 for
comparison.
5

3. Results and discussion

3.1. Analytical results

Evaluating Eqs. (8)–(10) for a glass-backed PDMS (𝛤 ≈ 0.71) active
element with values of 𝜇𝑎 between 1 mm−1 and 10 mm−1 at a depth
of 300 mm with an optical pulse energy of 1 mJ and 𝑤0 = 2.0 mm,
or a fluence of 7.95 mJ cm−2 gives the signals and spectra shown the
insets in Fig. 4, for 1 mm active element thickness. The maximum of
the spectrum occurs at 1 MHz for a value of 𝜇𝑎 = 6.4 mm−1, with a
bandwidth from 0 to 5.5 MHz and peak-to-peak pressure of 49.3 Pa
at 300 mm in water. The signal and frequency spectrum for 𝜇𝑎 = 6.4
mm−1 are shown in Fig. 4(a) and (b) respectively. The negative part of
the time signal contains a series of diminishing oscillations, the source
of which are the internal reflections in the backing layer described by
Eq. (10). As acoustic attenuation was not taken into account for these
calculations, a somewhat smaller bandwidth is to be expected in the
experimental results. With the values extracted from these calculations,
the next step is to determine the weight fraction of CB required to
achieve a 𝜇𝑎 of 6.4 mm−1.

3.2. Materials characterisation

3.2.1. Optical properties
Fig. 5 shows plots of the transmittance and the corresponding 𝜇𝑎

over a wavelength range from 400–1100 nm. The sample CB concentra-
tions range from 0.03% to 0.28%. Fig. 5(c) shows the measured values
of 𝜇𝑎 for the full range of concentrations, denoted C, and a linear fit
to the data at 𝜆 = 1064 nm. The fit indicates that the desired 𝜇𝑎-
value of 6.4 mm−1 requires a CB concentration of 0.075% by weight.
Calculating the expected value of the scattering coefficient 𝜇𝑠 using the
approach delineated in Section 2.5 yields a value of 1.3 ⋅ 10−20 mm−1,
20 orders of magnitude below 𝜇𝑎 and thus of little consequence to the
behaviour of the transmitter.

3.2.2. Acoustic properties
Fig. 6(a) shows speed-of-sound results of the through-transmission

ultrasound measurements of the large block. The different data sets
show sound speed values derived from a comparison of a measurement
through one side of the block to a reference measurement through
water or a measurement through one of the other sides. The sound
speed values all cluster together, except for the measurements through
the 34.9 mm side referenced to the 25.0 mm side (the purple curve).
This discrepancy may be due to the lower reliability of the measured
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Fig. 4. (a) Calculated temporal response for 𝜇𝑎 = 6.4 mm−1 at a depth of 300 mm, exhibiting 49.3 Pa peak-to-peak pressure, inset shows the response of a 1 mm thick absorber
as function of 𝜇𝑎. (b) Spectrum for 𝜇𝑎 = 6.4 mm−1, with an inset showing spectra as function of 𝜇𝑎. The red line follows the maximum amplitude, the black lines encompass the
−6 dB cut-offs of the spectra.
Fig. 5. (a) Plots of measured transmittance for a range of CB concentrations in PDMS, (b) the absorption coefficient derived therefrom and (c) 𝜇𝑎 vs concentration at 1064 nm
wavelength, including a linear fit to the data. The dashed red lines indicate the desired 𝜇𝑎 value and the corresponding concentration of 0.075% CB by weight.
thickness of the 25.0 mm side. The 25.0 mm side includes the top
surface of the PDMS which was exposed to the air while curing and
exhibits a concave meniscus which may have led to a slight over-
estimation of the thickness. However, no such noticeable deviation
can be seen for the green curve, which is the measurement through
the 50.0 mm side referenced to the short side. Overall, from these
measurements the sound speed in the 0.075% CB/PDMS material is
1041.78 ± 3.60 m/s, in line with literature values for clear PDMS [28].

Fig. 6(b) shows the attenuation results of the thinner samples. The
attenuation curves measured by the different transducers all appear to
fall on a similar trend, providing reliable data between 0.64 MHz and
12.84 MHz. Taking the mean values of the fitted parameters of the
power law in Eq. (16) gives us 𝛼0 = 1.75 dB cm−1 MHz−1 and 𝑏 = 1.45,
in line with values found in literature [29,30].

3.3. Transmitter performance

The generated peak-to-peak pressure was measured using illumina-
tion pulse energies between 809 μJ and 2149 μJ, or fluence values
between 7.9 and 21.1 mJ cm−2, at a distance of 6.2 mm from the
transmitter surface. An overview is shown in Fig. 7(a), the pressure
increases linearly from 166.8 kPa to 398.1 kPa between 809 and 1664
μJ, after which it seems to decrease in a more or less linear fashion.
The time signals started deforming at illumination pulse energies in
excess of 1505 μJ (𝜙0 = 14.8 mJ cm−2), exhibiting oscillations in
the rising flank of the negative peak currently suspected to indicate
6

detachment of the backing from the absorbing layer. There appear
to be no oscillations visible in the pre-damage curve in Fig. 7(b), in
contrast to the simulation results in Fig. 4(a). This could be due to
the intervening layer of cyanoacrylate adhesive acting as a matching
layer, smoothing out the signal. Optical damage to the glue layer may
then have changed the acoustic properties and thickness of the bond,
introducing the oscillations from internal reflections in the backing,
which can be seen clearly in the green curve in Fig. 7(b). Both signals
in Fig. 7(b) were measured at an illumination pulse energy of 809 μJ,
the post-damage curve being measured after going through the full
range of pulse energies up to 2150 μJ. All signals for this particular
transmitter, up to a pulse energy of 1664 μJ, also exhibited a positive
spike in the middle of the falling edge of the positive peak (red arrow
in Fig. 7(c)), most likely due to an excess of glue between the glass
and the CB/PDMS. As can be seen in Fig. 7(c) this spike disappears at
pulse energies of 1829 μJ and over, as do the rising-flank oscillations,
though both reappear at lower energies. The higher-energy signal still
has a bulge at the spike location and the negative peak has shifted to the
right by 36 ns. The positive temporal shift of the negative peak would
indicate a further increase in the distance between the PDMS and the
glass backing, which would shift any signals due to reflection off the
backing to the right. As the effect seems reversible it is likely to be a
thermal expansion effect in the cyanoacrylate layer.

The detachment may well have worsened at higher pulse energies,
partially explaining the decrease in generated pressure. At higher pulse
energies the amplitude of the internal-reflection peak at 𝑡 = 8 μs also
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Fig. 6. (a) Through-transmission speed-of-sound measurements based on 5 single element transducers, the different coloured curves specify through which side of the block the
signal was acquired and to what measurement it was referenced. (b) Attenuation measurements based on comparison of the received spectra through samples of 2 different
thicknesses, 3.97 mm and 5.97 mm, using the same set of 5 transducers. The dashed line shows a mean of the fits to the individual measurements.
Fig. 7. (a) Overview of peak-to-peak LIUS pulse pressures with increasing illumination pulse energy, showing a clear levelling off and subsequent decrease due to damage to the
back face of the transmitter.(b) Comparison of LIUS pulse at 809 μJ illumination before and after laser-induced damage. (c) LIUS pulses when illuminating at 1829 and 2149 μJ,
showing appearance and subsequent disappearance of oscillations in the rising edge of the negative peak.
increased, this persisted when illuminating at lower energies again, as
seen in Fig. 7(a). Upon disassembly of the damaged transmitter the
backing appeared white and optically opaque, likely due to damage
in the cyanoacrylate layer. This opacity may well be the main cause
for the decreased amplitude, while damage-induced changes in the
acoustic properties of the glue could account for the appearance of the
oscillations. Indeed, after disassembly the backing was only partially
bonded to the PDMS, falling off altogether after being lightly touched.
Even after incurring optical damage, the peak-to-peak pressure of the
signal remains 96% of that before damage at 159.29 μJ, though the
quality of the signal is more severely impacted. As this transmitter
7

already had a spike due to a somewhat thick glue layer, it may be
that it was more damage-prone than a transmitter with a thinner layer
where the backing is more securely bonded. On this basis illuminating
the transmitters with fluence values below 15 mJ cm−2 should allow
for damage-free operation.

For further measurements, using an undamaged transmitter, a lib-
eral safety margin to prevent damage was maintained. The transmitter
was illuminated with pulse energies of 950 μJ, giving an approximate
fluence of 9.3 mJ cm−2. Fig. 8 shows the on-axis waveforms and spectra
as they typically appear, measured at a depth of 7.42 mm by fibre-
optic hydrophone and 147 mm by the custom US transducer mentioned
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Fig. 8. (a) Representative on-axis time signals for 950 μJ pulse energy. The bottom and left axes, in blue, correspond to the hydrophone-measured signal while the top and right
axes correspond to that measured by the transducer.(b) Frequency spectra corresponding to both time signals.
in Section 2.1. The hydrophone measured LIUS signal shows no spike
in the falling edge, indicating better adhesion of the backing. The
secondary pulse at 7.5 μs, from the internal reflection, has a peak-to-
peak amplitude of 13.5% that of the main peak in both the hydrophone
and the transducer signals. The peak-to-peak pressure is 144.73 kPa,
from a maximum of 39.83 kPa to a minimum of −104.9 kPa. The
spectrum of the hydrophone measurement has a −6 dB bandwidth
of 1.88 MHz from 0.17 to 2.05 MHz, the centre frequency is 0.94
MHz, the maximum is located at 0.85 MHz. As measured with the
custom transducer the spectrum peaks at 0.97 MHz, with a 98.9%
bandwidth from 0.52 to 1.48 MHz. The peaks in both spectra overlap
well, meaning that the signals can also be detected with adequate
efficiency by the more narrowband detector. The slight deviation of
the centre frequency from the model may be attributable to the absence
of acoustic attenuation in the design model, something which can be
improved in future iterations.

Fig. 9(a) shows a hydrophone scan of the emitted pressure field in
the plane perpendicular to the acoustic axis, here referred to as the
XY-plane. Fig. 9(b) shows the on-axis pressure decay with axial depth
together with a fit ∝ 𝑟−1. The fit allows us to estimate the pressure
at greater depths than 80 mm, beyond which point the hydrophone
sensitivity was not sufficient to practically detect the signal. From the
fit, the estimated pressure at 300 mm depth would be around 10 kPa.
Even after transmission through a full 30 cm of tissue (𝛼 = 2 db
cm−1 [31]), this would still leave a pressure of 10 Pa, well above
the minimum detectable pressure of our custom transducer. Fig. 9(c)
and (d) show the pressure map in the horizontal plane containing the
acoustic axis, here referred to as the XZ-plane, in kPa and normalised
row by row respectively. The pressure maps, together, show the ax-
isymmetric nature of the acoustic field as well as its behaviour with
increasing depth. The black dashed lines in (d) indicate a fitted line to
the e−1 points at each depth, from which the opening angle of 45.8◦ was
derived. The white dotted line in (d) indicates the acoustic axis. These
hydrophone scans took about 1.5 h to complete, illuminating with 970
μJ pulse energy at a 100 Hz repetition rate. This entailed an estimated
total of 5.4 ⋅ 105 laser pulses fired at the transmitter, after which there
was no noticeable degradation of the signal quality. This gives some
indication of the potential for long-term stable operation of the LIUS
transmitters.

3.4. General discussion

The LIUS transmitters presented in this work are still very much
prototypes. Were they to be made for wider distribution and application
some further improvements would be advised. The glass backing is
quite fragile in the current design, meaning even fairly light mechanical
pressure applied to the front face of the transmitter can lead it to
8

break or detach. This immediately deteriorates the signal quality, if
not necessarily the pressure, in unpredictable ways. One way to make
it more robust would be to have the backing not simply attached to
the PDMS, but integrated with the casing. This could be done by using
a wider glass disc or machining the PMMA casing to incorporate a
thin layer of material on top of the air pocket. To lower the chances
of the backing detaching a different bonding mechanism may also be
considered. In microfluidics highly robust bonding of PDMS is regularly
performed to both glass, through oxygen plasma treatment [32], and
PMMA, by treatment with 3-aminopropyltriethoxysilane [33]. Such a
bonding method has the added bonus that it does not introduce an
extra layer of a different material, however thin it may be, to the
transmitter as the use of cyanoacrylate does. The main motivation for
not doing this in this work is that various materials and shapes for the
backing could be more rapidly tested by having a quick, simple bonding
method that does not require any extra infrastructure to apply. For
future iterations of these LIUS transmitters it is highly recommended to
apply the mentioned surface modification bonding methods for a more
robust result.

While PMMA is a low-cost material that is also easy to machine, a
further simplification of the fabrication process might be achieved by
3D-printing the casings instead. As long as the precision is high enough
to allow for the placement of the optical fibre with variations of no
more than ≈ 200 μm and the PDMS can be bonded to the material,
this should not be problematic. Screw threads can also be printed [34],
meaning it should be possible to print the entire casing in just 2 pieces,
the main casing and the fibre clamp, greatly simplifying the whole
process. While this article presents a general approach to designing and
fabricating a range of LIUS transmitters with different responses, we
only show a single type. In future work it would be good to test the
approach for various different frequency ranges to get a more complete
outlook on the reliability of the process.

As described above, the current method of fabrication includes a
considerable potential for variability in transmitter properties, due to
the hand-made nature of the transmitters. In applications using mul-
tiple transmitters in concert, it is therefore important to characterise
each transmitter well, and to be sure that their properties do not change
during an measurement. Even if there is an appreciable variation in
transmitter pressure output, or even centre frequency, knowing exactly
what these variations are will let them be taken into account. Ideally,
in future improvements to the fabrication process any variability would
be minimised by more standardised and automated fabrication steps,
as well as by ensuring robust bonding methods that do not vary with
time and are not susceptible to optical damage in the course of normal
operation.

The calibrated fibre-optic hydrophone used for the characterisation

measurements was well-suited to determining the field geometry, the
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Fig. 9. (a) Face-on pressure map at 8 mm distance from the front face of the transmitter, showing the symmetry of the field. (b) On-axis axial scan of peak-to-peak pressure (blue
circles) and fitted function ∝ 𝑟−1. (c) Pressure map in the horizontal plane containing the acoustic axis and (d) row-by-row normalised version of the same, including dashed lines
indicating the acoustic axis and e−1 cut-off, encompassing the far-field opening angle of 45.8◦.
active sensor having a diameter of 10 μm and the associated wide accep-
tance angle. This does, however, limit the sensitivity of the sensor and
thus its ability to detect lower-pressure signals at greater depths. The
addition of a larger, more sensitive, calibrated sensor for long-distance
measurements would have allowed a more precise assessment of the
transmitter’s performance at such depths needed for large-volume USCT
measurements. As it stands, the fit to the data in Fig. 9(b) seems to
give an adequate estimate of performance, though future measurements
would bolster this conclusion.

For integration into a hemispherical large-volume PAT/USCT sys-
tem the positioning of the transmitters needs to be considered carefully.
Depending on the requirements of the PAT illumination and the den-
sity of detecting elements, a minimum number of LIUS elements for
sufficient-quality images should be arrived at. Considering the desire
to insonify as much of the imaging target as possible with each LIUS
shot, it is likely that a narrow ring nearer the rim of the bowl would
be optimal. In this manner a large range of angular positions could be
covered by perhaps a few tens of transmitters. With such a number of
transmitters in mind, the illumination method should also be addressed.
One method to efficiently illuminate such an array of LIUS transmitters
sequentially could be through the use of a fibre-optic multiplexer based
on a matrix of fibre inputs, selectively illuminated by a laser via
galvanometer mirrors and a scanning lens, as we have presented in
previous work [8].

A final consideration for the integration of the LIUS transmitter into
a multimodal system with a PAT capability is the generation of parasitic
signals. When illuminating the imaging volume for PAT measurements,
9

light hitting the front face of the LIUS transmitters is absorbed and
can generate unwanted signals orders of magnitude stronger than the
actual PA signals. This is highly undesirable and has to be addressed by
preventing optical absorption in the front face of the LIUS transmitters.
One of the easiest ways to do this, with minimal impact on the LIUS
signal quality, would be to place gold foil stickers on the front faces of
the transmitters, which would reflect most of the light and drastically, if
not completely, reduce parasitic signals. A similar approach has already
been shown to work in preventing parasitic signals from optically
absorbing ultrasound detectors in a photoacoustic mammoscope [35].

For future work, several options present themselves to further im-
prove control over the output of the LIUS transmitters. For one, the
addition of a broadband acoustic matching layer [36,37] to the front
face of the transmitter would allow increased energy transmission and
diminish or remove the internal reflection peak. The same could be
achieved with a simple quarter-wave layer of an impedance-matching
material like PDMS with embedded TiO2 [29] if the bandwidth of
the generated signal could somehow be further reduced, which may
be desirable depending on the detector being used. Further control
over the frequency spectrum of the transducer could be achieved both
by altering the laser pulse duration and by changing the physical
parameters of the absorbing material [38]. In the former increasing the
optical pulse duration up to values on par with the stress confinement
time will broaden the generated acoustic pulse and thus decrease the
bandwidth and centre frequency. One can imagine matching optical
absorption properties to laser pulse duration and temporal profile to

attain a range of desired spectral responses. In the latter the deposition
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of multiple low-absorbing layers of any combination of thicknesses and
optical properties may also serve to shape the pulse and thereby also
shape the spectrum.

4. Conclusion

We have presented an approach to designing laser-induced ultra-
sound transmitters for large-volume ultrasound computed tomography.
The transmitters produced according to our method behave in a satis-
factory and reproducible manner, though some room for improvement
in the process and result still remains. The LIUS transmitters produced
here have a centre frequency of 0.94 MHz with a bandwidth from 0.17
to 2.05 MHz, producing pressures between 180.17 kPa and 24.35 kPa
for a range of depths between 7.42 and 62.25 mm. The ultrasound
field has a cylindrical symmetry about the acoustic axis and an opening
angle of 45.8◦. These design and fabrication methods can be used to
create a wide range of LIUS transmitters for any number of applications.
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