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Abstract
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Ultrasound sensors have been widely used in medical imaging, as well as structural health
monitoring (SHM) and non-destructive testing (NDT) in civil and mechanical structures.
Covering entire structures and imaging large areas requires multiplexing of many ultrasound
sensors with single readout instrument, which can be difficult for traditional piezoelectric

transducers. Optical fiber-based sensors offer numerous advantages such as being lightweight,
small, the ability to be embedded, immunity to electro-magnetic interference, and the ability to
be multiplexed and distributed ultrasound sensors. Fiber ultrasound sensors are regarded as an
ideal sensing solution for SHM and NDT, and even most recently for medical imaging due to its

broadband ultrasound response and distributed capability. Micro and nanofibers are made
smaller than telecom fibers using a wider selection of sensing materials with higher bending
capability, which makes them ideal for high frequency (hundreds of MHz) ultrasound detection
of micrometer cracks and imaging biological tissues. New optical materials and fabrication
techniques are shaping the future with exceptionally small ultrasound sensors and actuators,
extending the range of applications in SHM, NDT and medical imaging with higher accuracy

and better precision over larger areas.

Keywords: optical fiber ultrasound sensors,

structural health monitoring and non-destructive testing by ultrasound probe,
ultrasound sensing for medical imaging, micro and nano fiber for ultrasound transmitter,
laser ultrasound generation, multiplexing and distributed ultrasound sensors

(Some figures may appear in colour only in the online journal)

1. From optical sonometer to ultrasound sensors
and their applications

2023 is the centennial year for ‘The optical sonometer’
paper published in the first issue of the Journal of Sci-
entific Instruments [1]. The principle is simple: sound waves
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collected by a horn fall on a silvered celluloid diaphragm of
18 mm in diameter and less than a wavelength of light in thick-
ness as illustrated in figure 1. The core of the optical sonometer
is a transducer: the reflecting diaphragm, which converts vari-
ations in sound-pressure into mechanical movement is recor-
ded through optical means. The mechanical movements rep-
resent ultrasound and acoustic emission waves propagating
through rigid structures and being subject to fast forced vari-
ation.

A sonometer is a diagnostic instrument that records the ten-
sion, frequency, or density of vibrations. During the past cen-
tury, acoustic and ultrasound detection have been established

© 2023 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The general appearance of an optical sonometer. Reproduced from [1]. © IOP Publishing Ltd All rights reserved.

as valuable tools for imaging structures from a molecular
scale for medical diagnosing, to monitoring the health condi-
tions of civil and mechanical infrastructures. In medical ultra-
sound, an ultrasound pulse is transmitted into the body and
is reflected due to the interfaces between tissues with different
acoustic impedances to produce an image of different contrast,
which carries the physiological and pathological information
inside tissues. Ultrasound is an emerging measurement tech-
nique in biomedical imaging, photoacoustic sensing, and non-
destructive industrial monitoring because of its non-invasive,
non-destructive, and real-time monitoring capabilities [2].

Normal ultrasound imaging system can only reach
1 mm level resolution. However, high-frequency ultrasound
(>20 MHz), which are only available in research centers
allows for resolution of <100 pm for biomedical imaging,
such as endoscopy, ophthalmology, intra-vascular image and
dermatology [3].

Magnetic resonance imaging (MRI) systems have resolu-
tion of 1-2 mm [4]. In these systems, the intensity of detec-
ted MRI signal from an interrogated object strongly depends
on the strength of the magnetic field of the imager’s magnet.
Imaging at lower resolutions thus would reduce the cost, size
and weight of the MRI scanner and shorten image acquisition
times. MR with ultrahigh magnetic field can reach resolution
better than 100 pm.

In addition to being expensive, MRI systems have limited
temporal resolution, which prevents fast imaging and rapid
diagnosis. X-ray computed tomography is a relatively afford-
able modality with high resolution (400 um); however, the ion-
izing radiation makes it unsafe for medical monitoring.

Multiple methods have been developed in several stages,
both in generation and detection for specific frequency ranges
and strengths (also called displacement) of mechanical move-
ment, most relying on electrical systems. An important trans-
ition was accomplished by extending the use of electrical
waveguides [lead-zirconate-titanate (PZT)] to optical wave-
guides, such as telecom fibers, micro and nanofibers. Highly
sensitive ultrasound sensors with a broadband frequency
response, ranging from kilohertz to a few hundreds MHz
have been developed with the advancement of the detection

sensitivity and higher spatial resolution. These have been
applied in several fields, such as biomedical imaging [3, 5]
where optical ultrasound sensors can be used as probes to
detect optical absorption by sound/acoustic wave, which offers
unique capabilities in studying biological tissue [4]. The sens-
itivity and bandwidth of detecting laser-induced ultrasonic sig-
nals are crucial for attaining high quality and high-resolution
medical images [6].

Structural health monitoring (SHM) [7] is the continuous
monitoring of a structure’s integrity under stress/strain, which
is often performed with non-destructive testing (NDT) tools
[8]. SHM can assess the condition of a structure through the
monitoring of its in-service performance. SHM can detect
deterioration in a structure to avoid catastrophic failures by
predicting when a structure may collapse and thus be unsuit-
able for further use until maintenance work is performed. This
process can minimize maintenance costs and the downtimes
of critical structures, and hence provides a very high return
on investment [7]. Small levels of damage can be detected by
ultrasonic sensors based on acoustic guided waves (GW) [9].
Ultrasound and acoustic emissions have contributed to pub-
lic safety and improved the quality of people’s lives with their
development through technological advancement.

Mechanical waves can be described by the phase and amp-
litude as a function of time. The low mechanical amplitude
of the vibrations makes the recording process to be difficult,
as the oscillation frequency occurs between 20 kHz to many
MHz. If we increase the mechanical frequency of oscilla-
tion, the structure starts to behave like a low pass filter for
which the higher frequencies are attenuated at a significant
rate. Depending on the transducer medium, the amplitude can
reach nano-strain (n¢) levels for frequency higher than 1 MHz.
This amplitude level is usually restricted to the surface of the
structure and is only detectable with high-sensitivity sensing
systems. The key challenge to the measurement of GW's with
any sensor is the need of a high signal-to-noise ratio (SNR),
so that the waveform can be well resolved within the acoustic
wavelength.

An acoustic wave (mechanical wave) is an oscillation of
pressure that travels through a solid, liquid, or gas in a wave
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pattern [10]. It transmits sound by vibrating organs in the
ear that produce the sensation of hearing. Also called sound
waves, they are defined by three characteristics: wavelength,
frequency, and amplitude. Wavelength is the distance from the
top of one wave’s crest to the next. Frequency is the number of
waves that pass a point each second. Sound waves with higher
frequencies have higher pitches than those with lower frequen-
cies. Ultrasonic waves are acoustic waves with frequencies
higher than human hearing range, so the terms ‘ultrasonic’
and ‘acoustic’ are often used interchangeably in the literature.
Amplitude is the measure of energy in a wave and affects its
volume. Greater amplitude means stronger pressure oscilla-
tion, which lead to louder sounds.

A device must be as small as an acoustic wavelength
depending on the frequency of the ultrasound wave (20 kHz
to tens of MHz). The associated acoustic wavelength varies
from mm (larger structures) [7] to micrometres or sub-pm
for high-resolution biomedical imaging, scientific research for
drug development, medical diagnosis and NDT of microelec-
tronic components [11]. Such a resolution requires a high-
frequency ultrasound probe over broadband response.

Since Kao and Hockham [12] suggested optical fibers for
communication systems, modulating the light within fibers
by changing the refractive index has been investigated [13],
which formed the foundation for optical fiber sensors (OFSs).
OFSs offer significant advantages over other sensing methodo-
logies, such as higher sensitivity, smaller size (diameter is hair
thin), lightweight, immunity to electromagnetic interference
and multiplexing with large numbers of sensing probes. Dis-
tributed ultrasound sensors have been demonstrated based on
Rayleigh scattering using pencil break induced impact wave
for the frequency range of kHz—10 MHz [14]. The high fre-
quency components are detected by optical interferometers,
while the location of the ultrasound signal is determined by
optical time domain reflectometry (OTDR) technique using
telecom fiber [15]. The simple structure of modifying single
pulse OTDR with combined multiple long and short pulse [16]
can also achieve distributed ultrasound sensor with spatial res-
olution of meters in frequency of sub-MHz range. They are
ideal for NDT and SHM using telecom fibers.

Since the fiber is an optical waveguide device for light
propagation, it is also an ideal ultrasound waveguide for high
frequency ultrasound wave propagation with low loss over tens
of meters [17], making them ideal for sensing acoustic/ultra-
sound signals for various applications. If an ultrasonic wave
is guided by an optical fiber, which is then detected by a
piezoelectric sensor, the leakage of a pipeline can be evalu-
ated depending on additional ultrasonic attenuation [18]. Note
this only works for short lengths (<100 m). One major advant-
age of OFSs is that light properties are changed in the pres-
ence of acoustic waves, and light itself propagates through the
fiber carrying the acoustic information with extremely small
attenuation. While acoustic waves can propagate in fibers
and be detected by piezoelectric sensors close to the sensing
point (<100 m), fiber-based ultrasound sensors with telecom
fiber offers remote sensing over kilometers [15, 16]. In addi-
tion, multiplexing point fiber sensors can achieve simultaneous
ultrasound measurement in multiple locations [19, 20].

2. Ultrasound detection by lead-zirconate-titanate
(PZT) and optical waveguide sensors

The change of refractive index in a material due to an applied
strain is called the strain-optic effect [21]. The acoustic signal
is a pressure wave in the material in the form of an elastic wave,
known as a stress or strain wave, which propagates through an
elastic medium. In general, the amount of energy released as
an elastic wave depends on the initial conditions of the source.
The rapid localized release of energy from the source gener-
ates elastic waves with frequencies in the ultrasonic range [22],
which can be detected by an optical fiber or the PZT trans-
ducer sensor [23]. Elastic waves can be actively generated by
actuators such as ultrasonic generators [24]. Normally, PZTs
are designed and fabricated at a specific resonant frequency
for ultrasound wave generator/sensor at frequencies less than
5 MHz.

For acoustic-ultrasonic detection, piezoelectric actuators
are typically used for generating guided waves in the struc-
ture. Currently, piezoelectric transducers are state-of-the-art
ultrasound sensors, that are routinely used to detect ultrasonic
signals by converting pressure waves to measurable electrical
signals. Piezoelectric crystals (quartz and ZnO), piezoceram-
ics (barium titanate or BaTiO3 and PZT), and piezoelectric
polymers (polyvinylidene difluoride or PVDF) are popular
choices of piezoelectric materials for highly sensitive ultra-
sound detection. Further, the output voltage can be displayed
on a digital scope and transferred to computer from PZT probe
[25]. Although piezoelectric ultrasound detectors were widely
used in imaging, several technical constraints can potentially
impede further development of medical imaging techniques as
listed below.

2.1. Piezoelectric element size

In any kind of image sensing, high resolution measurements
require the use of short wavelength acoustic signals, which
requires detection and generation of high frequency ultrasound
[26]. For instance, high resolution microscopes are based on
the emission of UV-light, and the distinction between two
points is limited by the optical wavelength via diffraction
optics. Likewise, the imaging resolution of acoustic sensors
is limited by the size of piezoelectric elements, which defines
the acoustic wavelength that is often in millimeters to centi-
meters scale. The acoustic element size and installation posi-
tion also affect the sensitivity of the sensor, as it is highly dir-
ectional (wave polarization must be aligned with the sensor)
and there is a spatial averaging effect for frequencies higher
than MHz due to large sensor dimension. This can degrade
the image signal to noise ratio for applications that require
omnidirectional response such as photoacoustic imaging [27].
Omnidirectional microphones can pick up sound with equal
gain/sensitivity from all sides or directions of the microphone,
(i.e. whether a user speaks into the microphone from the front,
back, left, or right side, the microphone will record the sig-
nals all with equal gain) [28]. However, unidirectional micro-
phones can only pick up sound with high sensitivity from a
specific side/direction.



Meas. Sci. Technol. 34 (2023) 051001 Perspective
Pinhole -
__Laser Splitter
Lens
Substrate
f:jf’ = Function
A Generator ccD Objective
Transducer Trigger \
¥ Pulser- Transducer
| Oscillo@(— receiver €
Amplifier
Ultrasound N . Target
Becsptinn | P‘CL‘ > XY Stage
B | aser ,
Water Z-axis Stage

Ultrasound Reception

Figure 2. Photoacoustic microscopy setup with a focused transparent transducer (left), the setup for characterizing the optical and acoustic
properties of focused transparent transducer (right). © [2020] IEEE. Reprinted, with permission, from [26].

2.2. Sensor material

The highest sensitivity with piezoelectric sensors requires
detectors that are fabricated from acoustically resonant PZT
materials. This can result in a sharply peaked frequency
response thereby precluding a faithful representation of the
incident acoustic wave and ultimately compromising image
fidelity either for medical or NDT.

2.3. Detection bandwidth

The structural details in biological tissues have a scale of
1-200 pum, which requires a broad frequency range ultra-
sound detection from 7.5 MHz to 1.5 GHz in photoacoustic
tomography (PAT) and photoacoustic microscopy (PAM). In
recent years broadband response has been achieved by detect-
ing combined optical and acoustic signals as transmitter and
receiver [26], with PZT MEM [27] and PZT thin film [29].

(a) The approach proposed in [26] reports an integrative ima-
ging setup consisting of both optical and acoustic com-
ponents. Their synergistic operation is essential for obtain-
ing optimal imaging performance. It is based on a focused
optically transparent ultrasound transducer with a wide
bandwidth for PAM, shown in figure 2. The transducer
consists of a 9 um-thick polyvinylidene fluoride (PVDF)
film coated with Indium-tin oxide (ITO) and metal elec-
trodes, which is laminated onto a concave glass lens. The
transparent transducers can have adequate optical trans-
mittance at the laser excitation wavelength for ultrasound
signal generation and provide a complete sensing sub-
strate for receiving the PA signal for a compact genera-
tion and detection scheme. The acoustic center frequency
of 24 MHz, and an acoustic bandwidth of 26 MHz were
demonstrated. With an acoustic numerical aperture (NA)

of 0.23, it provides a 0.13 mm acoustic focal spotand a 1.6
mm focal depth.

(b) The high frequency piezoelectric MEMS ultrasound
transducers [27] were developed by the deposition of
piezoelectric thin films on larger structures. This demon-
strates good performance over very high frequencies, ran-
ging from tens to hundreds of MHz, which is suitable
for high-resolution imaging systems [29]. The dimensions
of the transducers were 0.5 pums in thickness, 30 pms
in width, and 150-300 ums in length. The chip consists
of 16 channels of transmitter and receiver circuits, which
include programmable pulse delay circuits, pre-amplifiers,
variable gain amplifiers, 250 MHz analog-to-digital con-
verter, and on-chip memory [30]. This broadband fre-
quency response PZT device opens a door for high sensit-
ivity optical imaging. Unfortunately, they require custom
designed electronics and transducers, which makes it dif-
ficult to access for general use.

2.4. Limitation in optical resolution PAM

In medical imaging, the lateral resolution is determined by
either ultrasound or optical focusing [5]. In acoustic-resolution
imaging [31], the lateral resolution depends on the center
frequency and NA of the ultrasound detector. In optical-
resolution PAM, the lateral resolution is determined by the
diffraction-limited optical focus, which is limited by the bulky
and optically opaque piezoelectric detectors which forces ima-
ging into transmission mode. Thus, this introduces another
limitation: the sample thickness is an issue due to strong
frequency-dependent acoustic attenuation [32].

In NDT and SHM monitoring, the fragile PZT materials
associated thin film made them difficult to be used for high
ultrasound frequency in field applications, which limits the
spatial resolution of ultrasound imaging to the mm level. In
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addition to the thickness of the PZT on maximum ultrasound
frequency, the sensitivity of ultrasound sensors is reduced by
the small contact area (the adhesive layer bonding) between
the PZT sensors and the structure. To overcome the above lim-
itation of PZT sensors in imaging and field monitoring, optical
ultrasound sensors provide greater sensitivities over a signi-
ficantly wider frequency range, hence potentially providing
higher spatial resolution.

In 2020, Shnaiderman et al demonstrated a miniaturized
high-sensitivity and ultra-broadband acoustic sensor based on
an array of point like silicon waveguide-etalon detector using
an SOI platform. The cavity is formed by a spacer and a Bragg
grating. The size of the cavity size is 220 nm by 500 nm, which
gives an ultra-small sensing area (figure 3). The SOI based
optical cavity resonator provides per-area sensitivity to be 103
times better than that of piezoelectric detectors. This design
enables an ultra-wide detection bandwidth, reaching 230 MHz

—6 dB [33]. The optical resonance enhanced the readout
sensitivity of mechanical vibration, the mechanical resonance
in optical micro-resonators also increases its response to an
external ultrasound signal by increased interaction length of
optical and mechanical wave enabled by multiple-interference
due to low loss of optical wave, therefore increasing the sensit-
ivity. The optical cavities depend on refractive index-induced

optical path length changes and static deformations rather than
nano-mechanical resonances, while the peak shift sensitivity is
enhanced by optical interference.

The small optical waveguide sensors, such as fiber or Si
waveguide ultrasound sensors, offer a miniaturized, optically
transparent, highly reliable and low-cost ultrasonic detector
[34] based on optical phase changes from the ultrasound pres-
sure induced refractive index changes in optical fibers. Such
a change can be measured by optical interferometers, Fiber
Bragg Gratings (FBGs) [35] and micro-fiber-based ultrasound
sensors [36]. The combined optical and acoustic transducers
allow higher sensitivity over broad frequency range, thus suit-
able for imaging of small dimensions through waveguides
with micrometer and nanometer sizes. This allows a simpler
and more compact imaging system configuration with optimal
detection condition. The challenge of providing high strength
ultrasound signals needed for better imaging quality requires
the study of materials on impedance matching over broad-
band for ultrasound transmitter. The high optical and acous-
tic coupling in certain materials is stronger, the choice of
the materials needs more research to search wide wavelength
window optical transparent transducer. Since the photo-elastic
effect has little frequency dependence, we can choose optically
transparent materials for combined ultrasound generation and
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detection. The heat dissipation can be an issue, as continuous
high power optical pulse driving could lead to the fatigue of the
transducer material. This will lower the photo-acoustic con-
version ratio, which reduces the ultrasound power and lowers
the image quality. Semiconductor coolers can help to mitigate
this effect.

3. Fiber based interferometer for ultrasound
sensing

Optical ultrasound sensors offer an alternative to piezoelectric
sensors that have dominated the market for years, especially
those based on fiber interferometers, such as Mach—Zehnder
interferometers, F-P interferometers, microspheres, micro-
rings, and in-fiber Bragg gratings as shall be detailed next. The
fiber-based ultrasound sensors detect acoustic waves through
the photo-elastic effect or acoustic pressure induced deforma-
tion on the refractive index, both change the optical path length
in the interferometers. The changed optical path length can be
detected by the time varied optical phase detection. Compared
with optical waveguide ultrasound sensor, fiber-based sensors
are easy to be packaged and compatible with telecom equip-
ment. The massive production of fiber related telecom appar-
atuses made such sensors cheap and readily accessible.
Ultrasound wave induced displacement is very small, in
the scale of nanometres [37], which is much smaller than the
optical wavelength, say at 1550 nm, where the fiber loss is
the smallest and optical components are the cheapest due to
the common wavelength with the telecom industry. In optical
interferometers, light is transmitted through the sensing path
(SP) and reference path (RP) and is then recombined by
an optical fiber coupler to produce interference signals. The
optical path length difference between the RP and SP can be
measured as a function of time, which is proportional to the
acoustic wave induced displacement. In 1977 a double path
Mach—Zehnder interferometer (MZI) was proposed to detect
ultrasonic waves in water [38]. The sensing fiber was a coiled
fiber submerged in an acoustic beam; the plane of the coil was
parallel to the acoustic wavefronts. The single mode fiber ele-
ments used in this system were 4 m long to increase the sensit-
ivity of acoustic detection of phase change. The coiled portion
had a diameter of 3.3 cm. The two MZI beams were collim-
ated and combined, generating an interference pattern carrying
acoustic information that was detected by a photomultiplier at
visible wavelength for a better signal to noise ratio.
Rashleigh [39] proposed a single fiber acoustic sensor
based on the phase velocities of the polarization modes in
a tension-coiled fiber due to acoustic wave induced differ-
ential changes, which resulted in the polarization rotation of
the transmitted light, called a polarimetric optical fiber acous-
tic sensor. The acoustically induced birefringence in polar-
ization maintaining fibers can be detected at high frequen-
cies (>1 MHz) due to the anisotropic strain distribution [40].
At lower frequencies, the birefringence is attributed by the
inhomogeneous elastic properties of the fiber. The first in-
fiber Michelson interferometer (MI) for detecting vibration
was demonstrated in 1980 [41]. Udd [42] presented the first

fiber-optic acoustic sensors based on Sagnac interferometers.
Alcoz et al [43] demonstrated a short gauge length (5-13 mm)
intrinsic Fabry—Perot interferometer, which can detect ultra-
sonic longitudinal waves of 0.1-5 MHz. The main difference
between Michelson and Mach—Zehnder interferometers is that
the interference is generated between the reflected light by the
SP and RP in the former, and the transmitted light in the latter.

Glass optical fibers have a low opto-elastic coefficient.
Therefore polymer materials, with large opto-elastic coeffi-
cients, can be used to improve the sensitivity of fiber sensors
[44, 45]. For instance, graded-index (GI) polymer fiber sensor
can provide over 20-fold improvement in sensitivity compared
to its glass fiber counterpart [45]. Fabry—Perot interferomet-
ers (FPI) offer a significantly reduced gauge length as one thin
slice of sensing material at the end of the fiber may act as a FPI
with length equivalent to the period of an ultrasound frequency
of 20 MHz [46], if it can be fabricated with soft materials of
low Young’s modules.

The sensor gauge length is the major limitation of
interferometric OFS for ultrasound, as medical diagnosis
requires miniature device. At high frequency ultrasound waves
(10-500 MHz level), the acoustic wavelength can be as small
as a few um depending on the acoustic frequency. To respond
to small displacements associated with phase shifts induced
by high frequency vibrations, the interferometers must have a
short optical path and fast response, which are not available
using optical fiber as ultrasound sensor.

Polymer materials are usually softer than dielectric materi-
als, such as glass. They can be easily deformed by ultrasound
waves, thus allowing for high sensitivity. Polymer-based F—P
micro-resonators have been fabricated on the tip of the fiber via
a solid plano-concave polymer microcavity formed between
two highly reflective mirrors (figure 4) [47]. The cavity is
embedded within an encapsulating layer of identical polymer
to create an acoustically homogeneous planar structure. The
cavity itself is constructed by depositing a droplet of optic-
ally clear UV-curable liquid polymer onto a dielectric mir-
ror coated polymer substrate. The droplet stabilizes to form
a smooth spherical cap under surface tension and is sub-
sequently cured under UV light. The second dielectric mirror
coating is then applied to create the encapsulating layer. Laser
light is incident from the other end of the fiber to measure the
acoustic wave induced deformation of the cavity. This plano-
concave micro-resonator has achieved strong optical confine-
ment with a Q factor of 105, and broad bandwidth up to
40 MHz.

Therefore, optical ultrasound sensors have several advant-
ages over the piezoelectric counterpart, including: (a) high
sensitivity. Optical fiber devices, such as FPI, FBGs, ring res-
onator and MZI can enhance the interaction length of optical
and acoustic waves. The phase detection of the acoustically
modulated optical waves can be detected at a high signal to
noise ratio over a broader frequency range due to the high
optical carrier frequency (10'* Hz), overcoming thermal noise
or the shot noise limit. On the other hand, PZT devices oper-
ate in electronic noise limited regime, and carrier frequency
is microwave frequency, which makes it highly frequency
selective and have a narrow band; (b) low directivity at MHz
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frequencies. Optical fibers are microscale in size, so they can
be packaged or integrated on a chip. They are easily fabric-
ated with less requirements on acoustic impedance matching,
offering low directivity detection of acoustic waves over wide
bandwidths. (c) Multiplexed sensing. The widely developed
multiplexing fiber sensor techniques can be adopted for fiber-
based ultrasound sensors [7], as well as distributed ultrasound
sensors [14]. Multiple fiber optic sensing probes will increase
imaging speed and spatial coverage for NDT, SHM and med-
ical applications with great potential for other applications in
the ultrasound field.

4. FBG based ultrasound sensing

Interferometers from FBG with short gauge length are attract-
ive for ultrasound sensing [48]. FBGs are spectrally reflect-
ive elements written into the core of optical fibers. The
grating reflects a single wavelength of light, called the
Bragg wavelength, defined as Ag = 2n.sA, A being the grat-
ing period and ngg the effective refractive index of the fiber
at the FBG. Under ultrasound modulation, both the acous-
tic wavelength and the effective index will be modulated,
which leads to a shift of the Bragg wavelength. FBGs used
for ultrasonic measurements were first demonstrated for med-
ical applications [49], where the ultrasound signal was meas-
ured through the intensity change at quadrature point of the
FBG spectrum. The upper acoustic frequency limit is set
by the length of the grating, i.e. the grating length Lgpg
should be less than half of the acoustic wavelength A, in

the fiber core [50], i.e., LA"’

FBG
the refractive index nac = 1.2 x 1074, Lggg = 2.12mm, A =

530.65nm, A\g = 1534.97nm [51], this leads to A, > 4.2mm.
If we take the sound velocity in the fiber to be 5000m /s, then
the maximum acoustic frequency is approximately 1.25 MHz.

The jacket of an FBG fiber sensor also acts as a transducer,
which can be made with special material to match the imped-
ance of the measured structure or environmental medium (i.e.
water) to enhance ultrasound response [52]. This transducer
helps couple the ultrasound signal from the medium to the
fiber ultrasound sensor. Takeda et al [53] developed a small
diameter optical fiber with 40 um cladding and 52 pm poly-
imide coating to improve the stress detection by the FBG from
ultrasound wave. For the sensing of signals in the ultrasonic
range, viscous coupling of the optical fiber to the structure
provides an extremely high SNR, such as vacuum grease [54].
In the regime where A,/Lppg > 1, the FBG grating is sub-
jected to uniform deformation, which leads to a shift of the
Bragg wavelength proportional to the amplitude of the GW,
which is the ultrasound pressure wave induced displacement.
The recommended ratio for the reliable shift in the Bragg
wavelength was determined to be between 6 and 7 [39]. Con-
sidering ﬁ = 6, the maximum detectable frequency drops to
417 kH for 2 mm length of FBG sensor. This limits the size of
the damage/cracking that can be detected with FBG sensors.
The excitation frequency of Lamb waves is limited by the fol-
lowing condition: A, must be smaller than the defect dimen-
sions, which sets the FBG ultrasound response to <5 MHz
[51]. When we use FBGs to detect acoustic waves, the acoustic
wavelength A, should be comparable to the FBG length Lggg,

> 2. Suppose modulation of
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so that the stress induced by acoustic pressure is constant over
Lrpg, which gives the shifted spectrum comparable to those
without acoustic waves.

In MHz GW, Lamb wavelengths in thin metallic structures
are in the order of millimeters, so that the detection of Lamb
waves with typical FBGs with mm-length is given in the trans-
ition regime of L‘F\—B”(’ ~ 1. In this case, the maximum detectable
frequency is approximately 2.5 MHz. One can use an edge fil-
ter to detect intensity change [51] instead of the wavelength
shift of FBG spectrum. In the edge filtering configuration the
sensitivity of the FBG is proportional to the slope of the FBG
reflectivity spectrum. Thus, modifying the index modulation
of the FBG can improve the slope; ultrasound sensor operates
at the maximum slope point for the highest intensity change
detection by digital scope for direct intensity detection at the
selected wavelength of FBG spectrum, through Fast Fourier
Transform one can get frequency information. This process
allows for real time ultrasound detection. FBGs’s short length
translates into a wide reflection bandwidth, which increases
with decreased FBG length, limiting how accurately the spec-
tral shift caused by acoustic waves can be determined. Con-
sidering typical Lggg = 2 — 10 mm, the detection of acoustic
waves is limited to frequencies in the range from a few hun-
dred kHz to 1 MHz, corresponding to different reflection coef-
ficients with different bandwidths of the FBGs. The widening
of the peak is due to the non-uniform strain applied on the dif-
ferent parts of the FBG. When the edge filtering configuration
is used, the detected intensity would correspond to the aver-
aged value due to non-uniform strain applied along the FBG,
preventing the measurement of higher acoustic frequencies.
If multiple acoustic wavelengths fit within the FBG length,
then we always detect the averaged intensity. The coupling
mechanisms between the Bragg wavelength shift and the peak
widening changes is measured at the different ratios at differ-
ent GW frequency [55]. It is suggested that the FWHM peak
width of the FBG spectrum may be used for MHz ultrasound

(GW) detecting, which would replace traditional FBG peak
shift measurements.

FBG ultrasound sensors are mainly used for ultrasound
non-destructive testing detection of cracks (sub-mm) in mater-
ials, as the FBG wavelength shift detection accuracy is limited
by its bandwidth of a few GHz range. A phase-shifted fiber
Bragg grating (PSFBG) is fabricated by inserting a 7 -phase
in the middle of a traditional FBG, its spectrum property is
shown in figure 5. For the pressure wave that impinges onto
the 7-FBG at an angle of a with respect to the fiber axis in
figure 5(a), the measured ultrasonic wavelength along the fiber
axis direction is increased with the following relation [56].

A As (wavelength of ultrasound)

Cos

It was found that amplitudes of the refractive index and
the grating pitch modifications induced by the ultrasonic pres-
sure wave remained unchanged. It is likely that the directiv-
ity of a 7FBG ultrasonic sensor is highly dependent on the
ratio between the grating length and the ultrasonic wavelength.
This in fact imposes a limitation on the maximum detectable
ultrasound frequency. The PSFBG network is formed by a -
FBG array at different wavelengths. The wavelength shifts of
each PSFBG are detected by a tunable laser locked by integ-
rating a proportional-integral-derivative controller [57]. This
network can detect Lamb waves in composite laminate and
evaluate cracks under loading. The optical demodulation of
FBG sensors enabled a higher sensitivity than PZT ultrasound
sensor. The ability of multiplexing FBG sensors offers multi-
point detection, which makes them more attractive for NDT
detection, whereas PSFBG can be at the same time much
more expansive than PZT sensors. However, having numer-
ous FBGs with a single demodulation unit makes the cost
per sensor cheaper. In addition to their lightweight which is
critical for NDT in aerospace, such as satellite and airplane,
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even bridge monitoring will get benefit from numerous light-
weight ultrasound sensors. We expect to see an increase in
research and development, and the manufacturing of PSFBG
acoustic sensors for industry applications in the coming
years.

5. Micro- and nano- fiber and structured fiber device

Micro- and nanofiber photonics can greatly increase the upper
frequency limit of ultrasound sensors. The extremely small
size of the fiber couplers and fiber tapers means it is more
feasible to embed the sensor in material systems with min-
imal disturbance to structural monitoring. This makes the
microfiber ideal for in-service condition monitoring [7]. The
coupling length of the structured micro- and nanofiber can
range from a few pum to hundreds of um, for instance, a
small section (Lpyjcrofiver = 100-120 pum) of off-core fiber
[36] was demonstrated to form a Fabry—Perot cavity-based
ultrasound sensor with a frequency response from 5 kHz
to 45 MHz. The ultrasound wave was generated by high
order harmonics of PZT transducer with resonant frequency
of ~2-3 MHz. The small amplitude displacement of high
order harmonics in the generation process has set the upper
frequency limit for fiber ultrasound sensors. To prove that
the sensor is suitable for sensing higher acoustic frequen-
cies, other methods of acoustic frequency generation must be
explored. Due to the stronger attenuation of higher frequency
ultrasound waves, these often correspond to smaller pressure
changes, i.e. smaller displacements in the micro/nanofiber
device. Hence, micro/nanofibers represent future trends for
high-frequency acoustic wave detection, especially for impact
wave location localization [58]. Compared with fiber end FPI
cavity, the fiber taper, off-core fiber, and coupler type sensors
have better bending capabilities, which is essential for deform-
ation due to pressure waves from ultrasound [59]. Micro- and
nanofibers have little loss in signal strength associated with a
large range of tension and compression stress sensing [59], as
the optical signal travels in optical fiber and air which bring the
effective Youngs modulus to be lower counting the combina-
tion of the optical path in glass and air through twist fiber taper
[36], which has fast response time and recovery time from
mechanical wave induced deformation. This can lead to high
frequency ultrasound sensing. The bending capability is essen-
tial for the high frequency ultrasound sensor which is inversely
proportional to the size of cracks.

Another factor contributing to ultrasound sensitivity is a
low Young’s modulus material for the sensor, as it is easy
to be deformed for small displacement by optical wave. The
SiO, fiber is made from glass that has a high Young’s mod-
ulus. We need to design the sensor device with an effective
low Young’s modulus by making light propagate in two medi-
ums: (a) normal silica fiber and (b) a medium that allows the
fiber to bend easily. One approach is to make the ‘optical fiber
spring’ between different off-core and on-core fiber sections,
so that light travels between the air and optical fibers with
lower effective Young’s modulus. The deformations between

fiber sections enable multi-mode interference that changes the
phase and amplitude of the light due to ultrasound induced
pressure waves, which can be detected by measuring the time
dependent intensity change.

For a 100 MHz ultrasound wave in glass, its acoustic
wavelength is about 50 pm. The displacement is likely in the
order of <1% of the wavelength, in the range of nanomet-
ers (nm), which is much smaller than the optical wavelength.
To further increase ultrasound frequency detection, we need
to design fiber sensors with small dimensions in longitud-
inal length and transverse diameter, where ideally the size
should be comparable to the ultrasound wavelength at the
um level. The free-space off-core fiber based FPI [36] has
a 125 pm diameter, and a sensing length of 100 um. Fiber
tapers (microfibers) can reduce the dimension of the cross
section, and the length of the sensing fiber can be reduced
by twisting two tapered fibers of different materials, such as
an As,Ses taper (refractive index n = 2.9) and a SiO, taper
(n = 1.46) as shown in figure 6 [60]. This twisted fiber taper
is 5 wm in diameter and is capable of sensing 94 MHz. The
ultrasound generator is a PZT disc with resonant frequency
of 3.7 MHz, where the 25th order harmonic was successfully
detected.

The fused dual-core chalcogenide-PMMA microfibers is
a good candidate for ultrasound sensors as the low Young’s
modulus in As,Se; and PMMA (17.8 GPa for As;Se; and
3.5 GPa for PMMA) [61] made deformation easier to detect
when compared to silica. The strain sensitivity of the As,Ses-
PMMA taper is six times higher than that of silica-based
tapers. This allows for highly sensitive broadband ultrasound
sensing at 80 MHz.

The fiber optic ultrasound generator is based on the pho-
toacoustic (PA) principle, which is an optical approach to gen-
erating ultrasound signals. The PA approach involves three
steps: energy absorption, thermal expansion, and acoustic gen-
eration. The fiber optic ultrasonic generator converts pulsed
laser energy exerted on the photoabsorptive thin films into
thermoelastic waves. The center frequency and bandwidth of
the generated ultrasound is determined by the incident laser
pulse [62]. The fiber optic ultrasound generator can be fabric-
ated with polydimethylsiloxane (PDMS) thin film in the end
of a multi-mode fiber [63]. The size of each generation ele-
ment is defined by the diameter of the fiber core. This fiber
ultrasound transmitter can be used for corrosion monitoring
[64], by the characterizing the samples at different corro-
sion rates. The ultrasound transmitter over 0.02-300 MHz
frequency range is realized through polymer waveguides as
shown in figure 7. The transducer is the curved adhesive wave-
guide on the off-core fiber of 100 um enabled fiber-optic ultra-
sound transmitter at 306 MHz detection [65]. The ultrasound is
generated by optical pulse excitation via photo absorption and
thermal expansion of UV-cured adhesive, and then detected
via the multi-mode interference of the same waveguide for the
broad transverse acoustic waves. Because the same device can
both generate and detect ultrasound resulting in more compact
ultrasound prove, it offers new opportunities to the advanced
biomedical, SHM and NDT.
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The prospect of the micro- and nano-fiber device offers
broadband ultrasound frequency response, which can be char-
acterized by surface acoustic wave (SAW) generator over
hundreds of MHz to GHz. High frequency SAWs can be
generated through a pair of interdigital transducers (IDT)
in a linear cavity configuration, where the cavity length
defines its operating frequency [66]. The wave generated from
the IDT device induces a strain oscillation that periodically
changes the local length and refractive index of micro-fiber-
based ultrasound sensors. This will provide a high frequency
response for optical or fiber ultrasound sensor characteriza-
tion. To overcome the narrow spectrum range of SAW res-
onance frequency, a sequence of IDT devices with different
cavity lengths can be fabricated to cover broadband optical
ultrasound sensors. This can be carried by optical/acoustic

Fabry—Perot spectrum, which was proposed in [67]. The
package of SAW and micro-fiber will provide ultrasound
transmitter and receiver, which is an alternative option of
photo-acoustic ultrasound transmitters (figure 7).

6. Future prospects and conclusion

The ultrasound imaging systems are safe and portable, and
offer high frame rates beyond 25 frames per second, which
is the threshold for real-time display. Photoacoustic imaging
is an emerging modality based on laser pulses delivered on
tissues to produce ultrasound [5, 68, 69]. Photoacoustic ima-
ging can penetrate the depth of tissues with high-resolution
imaging of 100 um limited by the bandwidth of PZT based
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ultrasonic signal generation. This can be improved by laser-
generated ultrasound (LGUS) [70] for high-frequency ultra-
sound with 100 MHz and a resolution of 20-30 um [5].

LGUS in conjunction with optical detection of ultrasound
allows for all-optical ultrasound systems. The all-optical plat-
form offers unique advantages in providing high-resolution
information and in facilitating the construction of miniature
probes using fiber-based ultrasound sensors as mentioned in
previous sections. The fiber optical detection platform intrins-
ically facilitates broadband ultrasound detection up to hun-
dreds of MHz. Because the acoustic excitation mechanism is
based on photoacoustic effect from thermoelastic approach of
laser excitation, it is very different from the resonant character-
istics of piezoelectric transducers. Therefore, they are prom-
ising for high-resolution ultrasound imaging due to flat spec-
tral response in fiber optic ultrasound sensors.

The detection sensitivity of fiber ultrasound sensors is inde-
pendent of their active area so long as the sensor dimension is
comparable to the acoustic wavelength. High sensitivity is thus
preserved with a small active area.

The application of SHM requires an extremely large num-
ber of point sensors. Benefiting from the technology offered
by the telecom industry with various multiplexing techniques,
fiber sensor networks with significant number of sensors can
be developed with a single interrogation system and minimum
modification for SHM and medical imaging. The overall cost
of the sensing system can be cheaper compared with cur-
rent PZT based ultrasound solutions. The potential of using
the same device for generation and detection makes the fiber
system [49, 50] especially attractive for SHM, NDT and med-
ical imaging.

The future directions for applications of ultrasound sensor
in imaging, NDT and SHM can be:

(a) Nanocomposites with high photoacoustic conversion can
be good materials for high-amplitude (strength) laser
ultrasound generation. Further research in optimization
and safety for medical usage of these nanocompos-
ites are needed in advanced diagnostic and therapeutic
applications.

(b) The future research of fiber-optic ultrasound transmitters
for interventional imaging and therapy should focus on
their biocompatibility and safety. Particularly, reducing
side effects and ensuring a safe delivery of strong laser
pulses are key issues.

(c) Development of a high-speed imaging system for medical
and SHM is a valuable research direction for the future.
Multiplexing fiber ultrasound networks will provide an
efficient way to realize high-speed imaging over a large
imaging sample.

(d) The most current research in this field is still in basic
research stage with proof-of-concept demonstration. More
clinical and field tests should be conducted for real
applications.

(e) The advancements of research with micro-and nanofibers
have the potential to reduce the cross section and length of
conventional telecom fibers, allowing ultrasound sensors

with smaller dimensions and much higher ultrasound fre-
quency detection for even higher imaging resolution.
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