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Abstract: Acoustic sensing is nowadays a very demanding field which plays an important role in 
modern society, with applications spanning from structural health monitoring to medical imaging. 
Fiber-optics can bring many advantages to this field, and fiber-optic acoustic sensors show already 
performance levels capable of competing with the standard sensors based on piezoelectric 
transducers. This review presents the recent advances in the field of fiber-optic dynamic strain 
sensing, particularly for acoustic detection. Three dominant technologies are identified – fiber Bragg 
gratings, interferometric Mach-Zehnder, and Fabry-Pérot configurations – and their recent 
developments are summarized. 
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1. Introduction 

Acoustic wave detection and analysis is a field 

of research with a vast number of applications which 

have grown a lot in the past few decades. Acoustic 

methods have proved to be very informative tools 

for studying the structure and properties of materials 

and different physical processes occurring inside 

them. Thus, the importance of the acoustic wave 

technology on both modern science and engineering 

applications, has been growing at the increasing 

speed. The applications spread to diverse areas such 

as navigation (pressure and speed monitoring, depth 

sounding/sea-bottom profiling), non-destructive 

evaluation of structures through detection of emitted 

ultrasounds (detection and location of cracks, inner 

stresses, micro displacements, and others), detection 

of phase transitions in scientific research, as well as 

in the health sciences (medical imaging and 

diagnosis). All these applications have the acoustic 

sensor as the core instrument to capture the acoustic 

fields from which all data are extracted. Apart from 

audio-used microphones, the most common and 

commercially available acoustic sensors are based 

on piezoelectric crystals. Over the years, 

piezoelectric sensors have been used in many 

acoustic applications with a fair amount of success. 

They are small in size, relatively inexpensive, quite 

sensitive, and capable of measuring a wide variety 

of different input parameters. Nevertheless, they do 

exhibit some limitations, especially when being 

submitted to harsh environments, having low 

resistance to chemical agents and high temperatures, 
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and they are not immune to electromagnetic 

interference. This type of system also needs many 

electronic components and electric cable that, 

together with the high attenuation of electronic 

signals, makes them less practical in many 

applications where it is necessary to cover great 

distances (e.g. remote sensing or long structures). 

Fiber-optic sensors remove all these limitations from 

acoustic sensing and bring more advantages to it. 

Fiber-optic systems have the large bandwidth, are 

not constrained to the limited size and shape, are 

robust lasting solutions, capable of multiplexing, 

and can be directly connected to optical transmission 

links. These features make fiber-optics a very 

promising technology for acoustic sensors. The first 

systems were reported in 1977 by Bucaro et al. and 

Cole et al. [1–3]. Their preliminary works marked 

the beginning of fiber-optic acoustic sensing that, 

since then, continued to be developed. Currently, 

numerous works in this field can be found, many of 

these following interferometric configurations such 

as Mach-Zehnder [4], Michelson [5], Sagnac [6], 

and Fabry-Pérot [7], while others explore the 

possibilities offered by fiber Bragg grating (FBG) 

sensors [8]. A comprehensive review paper in this 

area until 2008 was written by Graham et al. [9], 

and another work comparing three different types of 

fiber-optic acoustic sensors was published in 2010 

[10]. This review summarizes these sensing 

technologies, with particular emphasis on works 

reported recently in the field of advanced fiber-optic 

acoustic sensing. 

2. Interferometric acoustic sensors 

2.1 Mach-Zehnder configuration 

As it was pointed out in the introduction, the 

first work in the field of fiber-optic acoustic sensing 

was done by Bucaro et al. [1, 2]. Their detection 

method consisted of a fiber-optic Mach-Zehnder 

interferometer (MZI). By subjecting one arm of the 

fiber interferometer to an acoustic wave, the authors 

showed that the acoustic wave interaction with the 

fiber leads to a variation in the optical path length. 

Therefore, the characteristics of the acoustic wave 

can be deduced through the observed changes in the 

intensity of the interferometer output. This 

interferometer worked with sound frequencies of  

40 kHz – 400 kHz with no significant sensitivity 

variation. The fiber MZI was used in many 

assemblies to further study the capabilities of fiber 

optic acoustic sensors and, in particular, to create 

optical fiber hydrophones [2, 11]. Another important 

work using a fiber MZI setup was demonstrated in 

1990 [12], where the configuration was based on the 

work path of Hocker in sensitivity enhancement by 

coating the fiber with composite structures of low 

elastic modulus [13, 14]. It was shown that, by 

adding a piezoactive polymer coating to the fiber, it 

was possible to enhance the sensitivity to the 

acoustic wave. A typical MZI configuration is 

illustrated in Fig. 1, where the sensing arm of the 

interferometer incorporates a fiber mandrel as a 

means of increasing the effective area of interaction 

with the acoustic wave. 

 
Fig. 1 Reflective spectrum of the hybrid fiber-optic 

Fabry-Pérot sensor. 

2.2 Michelson configuration 

Fiber-optic Michelson interferometers are also 

used in the context of acoustic detection, since it 

was demonstrated for the first time in 1980 [15, 16]. 

The Michelson configuration consists of an optical 

fiber coupler where two output arms are used as 

reference and sensor paths. At the end of each arm, 

there is a reflecting structure (e.g. a mirror or an 

FBG) to send the two signals back to the detector. 
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One can think of a Michelson setup (see Fig. 2) as 

half of a Mach-Zehnder, which makes its operation 

principle very similar. Although in this case, instead 

of a segment of the fiber being the detector, it is also 

possible that it is the reflecting structure acting as 

the acoustic transducer, responsible for the optical 

path difference. Michelson setups are probably the 

least used configuration for fiber-optic acoustic 

sensing. 

 
Fig. 2 Michelson fiber-optic interferometric configuration, 

consisting of a 2×2 coupler with 50:50 split, and with reflective 
elements (e.g. metallic mirror, FBGs, or other) added to the 
interferometer arms. 

2.3 Sagnac configuration 

The fiber-optic Sagnac interferometer is also one 

of the most explored configurations for optical 

acoustic sensing [6, 17]. This interferometer has 

been widely applied in the manufacture of 

fiber-optic hydrophone systems for acoustic 

detection. Figure 3(a) presents a typical 

configuration of the fiber-optic Sagnac 

interferometer. The final amplitude variation is a 

function of the hydrophone phase modulation and 

the product of the acoustic modulation frequency 

with the loop time delay. This differs from MZI 

sensors, where the final amplitude is the function 

only of the hydrophone phase modulation. The loop 

will have a proper frequency, which is the lowest 

frequency where the maximum sensitivity is 

achieved. This frequency is determined by the length 

of the delay loop. 

A means of decreasing the fiber length used in 

each sensor is required, in order to use Sagnac-based 

sensors in large-scale arrays. In 1999, the first 

Sagnac in the array configuration was demonstrated 

[18]. In this case, the same delay coil was used for 

several parallel hydrophones, creating an array of 

sensors through time domain separation [see Fig. 

3(b)]. 

 
Fig. 3 Sagnac-based interferometric acoustic fiber-optic 

sensor in the (a) single-sensor configuration and (b) array sensor 
configuration. 

2.4 Fabry-Pérot configuration 

The interest in Fabry-Pérot interferometers (FPIs) 

to create fiber-optic acoustic sensors has grown over 

time, and it is now one solution being widely 

explored [7]. This interferometer gained relevance in 

the field of acoustic sensing with its demonstration 

in 1991 by Murphy and co-workers [19]. A strain 

sensitivity of 5.45-degree phase shift/microstrain⋅cm–1 

was achieved. The extrinsic Fabry-Pérot (FP) cavity 

consisted of an air gap between a single-mode fiber 

and a multimode fiber, all inside in a hollow-core 

fiber, as illustrated in Fig. 4(a). Variations in the air 

gap longitudinal dimension, due to the applied 

strains, modify the FP cavity characteristics. 

Changes in the cavity can be deduced by 

analyzing the reflected wavelength variation, and 

therefore, the strain arising from the acoustic wave 

can be determined. There are many demonstrations 

of extrinsic FPIs for pressure and acoustic sensing 

using optical fibers [20–26]. A summary of these 

works reported up to 2011 can be found in [27]. 
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Since Murphy’s work, new solutions to increase the 

dynamic range and high pressure variation have 

been proposed. One of them is the FPI based on a 

diaphragm topology, as illustrated in Fig. 4(b). 

Diaphragms of different materials with different 

thicknesses may present the enhanced sensitivity to 

acoustic waves. 

 
Fig. 4 Extrinsic Fabry-Pérot interferometer: (a) fiber air gap 

based cavity and (b) diaphragm based cavity. 

A review of interferometric fiber-optic acoustic 

sensors until 2004 can be found in [28]. Another 

review of the developments up to 2012 of 

interferometric fiber optic sensors is given by Lee  

et al. [29]. 

3. Fiber Bragg gratings 

The optical FBG was first demonstrated by Hill 

et al. in 1978 [30]. As shown in Fig. 5, the FBG is a 

periodic microstructure printed by means of a 

perturbation of the refractive index of the fiber core. 

The structure will reflect only a specific wavelength, 

which depends on the periodic spacing of the FBG. 

By analyzing the shifts in the reflected wavelength, 

the spacing variation can be determined. Exploring 

this effect, many sensors can be built based on the 

FBG principle. The most commonly used are 

FBG-based strain and temperature fiber-optic 

sensors. 

In 1996, Webb et al. were the first to apply 

FBGs to sensing of ultrasonic fields for medical 

applications [31]. As the acquisition rate of 

wavelength interrogators increased, the first 

dynamic study appeared. Betz et al. used FBGs for 

the monitoring and detection of Lamb waves 

[32–34], while other groups investigated the 

possibility of using FBGs for dynamic strain sensing 

[35–37]. In 2009, Seo et al. studied the sensitivity 

enhancement of FBG sensors for acoustic emission 

detection [38]. The FBG was compared with typical 

acoustic emission piezoelectric sensors and 

demonstrated close performance, with similar 

waveforms, when subjected to pencil lead breaks. 

One of the great advantages of FBGs over optical 

fiber interferometers is their ease of multiplexing. 

FBGs also show improved spectral characteristics 

but their drawback is their sensitivity. There are at 

least two ways of achieving the improvement of the 

FBG sensitivity. One is by reducing the radius of the 

fiber and, consequently, of the FBG itself. However, 

this will lead to a lower mechanical resistance of 

both the sensor and the fiber. The other is by 

analyzing simultaneously the reflected and 

transmitted optical signals, instead of just one of 

them, using the so-called transmit reflect detection 

sensing (TRDS) interrogation technique. When the 

acoustic waves interact with the FBG, the reflected 

wavelength undergoes a shift, either positive or 

negative, while the transmitted signal experiences an 

opposite shift; hence, the overall signal can be 

increased by differential amplification. The TRDS 

system is well described in a review of FBG-based 

sensors for acoustic detection [39]. 

 
Fig. 5 Operation principle of an FBG based optical sensor 

(the reflected Bragg wavelength λB is related to the grating 
period Λ of the FBG through λB = 2neΛ, where ne is the effective 
refractive index of the structure). 
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4. Advanced technologies 

4.1 Compact directional acoustic sensor using a 

multi-fiber optical probe 

Bucaro et al. created a compact directional 

acoustic sensor [40] based on a previous work [41], 

the microphone, which in turn was based on an 

earlier reported fiber-lever probe [42]. This sensor is 

composed of a two-fiber optical probe, an optical 

source, a photo-detector, and a slender cylindrical 

cantilever to which an optical reflector is attached, 

as depicted in Fig. 6(a). While one fiber is used for 

illuminating the cantilever, the other collects the 

reflected optical signal and is responsible for the 

directionality sensitivity. Directionality is achieved 

through the fact that the power in the collection fiber 

varies proportionally to the cosine of the angle 

between the axis of the two fibers [x axis in Fig. 6(b)] 

and the cantilever tip displacement direction [in the 

x-y plane in Fig. 6(b)] which, in turn, is in the same 

direction as the acoustic wave. This type of sensor 

requires only about 100-mW electrical power and 

has a low level of 1/f noise. This sensor can be a 

solution for applications where a relatively long 

battery powered operational life time is required. 

4.2 Enhancement of acoustic sensitivity of 

hollow-core photonic bandgap fibers 

Yan et al. reported the enhancement of the 

acoustic sensitivity with hollow-core photonic 

bandgap fibers (HC-PBFs) by using air-included 

polymer coatings [43]. The first investigations in 

this field were performed by Cole et al., where it 

was demonstrated that this type of coated fiber has 

similar normalized responsivity (NR) to the mandrel 

based hydrophones [44, 45]. The developed 

HC-PBF was coated with a 7-µm-thickness silica 

cladding and a 100-µm-thickness Parylene-C 

polymer, and exhibited a pressure sensitivity of   

10 dB, which is higher than that of the commercial 

HC-1550-02 fiber, and 25 dB higher than that of 

standard single-mode fibers. Many air columns 

along the fiber significantly reduced its effective 

Young’s modulus and increased the axial strain due 

to the acoustic pressure, resulting in a higher 

sensitivity. The acoustic sensitivity could be further 

enhanced by optimizing the micro-structured 

cladding and the polymer coating. This significant 

sensitivity improvement can simplify the design of 

fiber hydrophone arrays and also increase the 

number of sensors that could be multiplexed in a 

single fiber. 

 
Fig. 6 Sensing configuration demonstrated in [40] for a 

two-fiber optical probe with the cantilever for acoustic wave 
detection. 

4.3 Fiber laser sensor based on a phase-shifted 

chirped grating for acoustic sensing of partial 

discharges 

Lima et al. demonstrated a fiber laser sensor 

based on a phase-shifted chirped FBG (PS-CFBG) 

for acoustic sensing of partial discharges [46]. The 

PS-CFBG sensing head had a narrow passband peak 

with a bandwidth of 20 pm at –3 dB. Since a 

relatively flat frequency response in the range of  

50 kHz – 200 kHz was desirable, a mandrel was used 

to increase the interaction area between the fiber and 

the incident pressure wave. The mandrel consisted in 

a 20-mm-length cylinder of polycarbonate, with an 

outer diameter of 10 mm and a thickness of 0.5 mm. 

In the reported results, the worst acoustic receiving 

sensitivity for the sensor was –200 dB (@ 0 dB =   

1 Vrms/µPa) at the frequency of 250  kHz, which 
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allowed a pressure resolution of about 10 Pa. The 

results also showed that this kind of optical solution 

for acoustic sensing of partial discharges presents an 

enhanced sensitivity and superior performance when 

compared with the piezoelectric transducer (PZT) 

sensors, which have to be mounted externally on the 

structure. The fact that the optical sensor can be 

mounted on the inside wall, is an inherent advantage 

allowing for better sensitivity and location processes. 

Another work on high sensitivity phase-shifted 

FBGs was developed by Azmi et al. where a 20-dB 

sensitivity enhancement compared with standard 

FBG acoustic sensors was reported [47]. This would 

be later applied to failure monitoring of 

e-glass/vinylester composite structures [48]. 

4.4 Highly sensitive fiber pressure sensors based 

on off-center diaphragm reflection 

Qi et al. developed a fiber collimator diaphragm 

pressure sensor, where the detection mechanism is 

based on an incidence-angle sensitivity instead of 

the traditional working-distance sensitivity [49]. 

This configuration is schematically illustrated in Fig. 

7. The high sensitivity is attained due to coupling 

efficiency of the collimator, which is very sensitive 

to the incidence angle of the off-center diaphragm 

reflection. Another particular feature of this sensor is 

that the diaphragm cavity is sealed and pressurized. 

In this way, the displacement of the diaphragm is 

determined by the pressure difference between the  

 
Fig. 7 Sensing configuration based on a fiber collimator and 

off-center reflection on a diaphragm demonstrated in [49]. 

inside and outside, making it possible to tune the 

detection range by changing the pressure inside the 

sealed diaphragm cavity. Results showed 

sensitivities of 1.11 dB/kPa and 0.16 dB/kPa, for 

silicon diaphragm thicknesses of 100 µm and 150 

µm, respectively. 

4.5 Fiber-optic Fabry-Pérot acoustic sensor with 

multilayer graphene diaphragm 

Ma et al. have developed diaphragm-based FP 

acoustic sensors with the ultra-thin multilayer 

graphene diaphragms [22], as shown in Fig. 8. This 

can be regarded as an extension to dynamic 

measurement of their previously reported pressure 

sensors, where a diaphragm with the thicknesses of 

about 0.71 nm and 25 µm in diameter was tested, 

achieving a pressure sensitivity (pressure induced 

diaphragm reflection) of 39.4 nm/kPa [21]. 

Graphene structures have the very high mechanical 

strength, and it is possible to build ultra-thin 

diaphragms capable of withstanding high pressures. 

The possibility of making very thin diaphragm 

structures can significantly improve the pressure 

sensitivity of FP sensors as demonstrated in [21]. 

This acoustic sensor had a multilayer graphene 

diaphragm with the thickness of 100 nm and 

diameter of 125 µm. The dynamic (acoustic) 

pressure tests showed that the sensor had a pressure 

sensitivity up to 1100 nm/kPa and was able to detect 

acoustic signals as small as 60 µPa/√Hz at 10 kHz, 

with a relatively uniform frequency response from 

0.2 kHz to 22 kHz. Decreasing the diaphragm 

thickness leads to a sensitivity improvement but 

with a detection range reduction. 

 
Fig. 8 Extrinsic Fabry-Pérot interferometer incorporating a 

multilayer graphene diaphragm (adapted from [22]). 
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Recently, Xu et al. reported a fiber-tip FP 

interferometer made with a 125-μm-diameter and 

130-nm-thickness silver diaphragm, demonstrating a 

pressure sensitivity of 70.5 nm∕kPa [20]. 

4.6 Miniature fiber acoustic sensors and sensor 

array using photonic-crystal membranes 

Digonnet et  al.  reported on the second 

generation of FPI acoustic sensors incorporating 

diaphragms made from highly reflective photonic 

crystals [51] as a microphone [50]. The sensitivity, 

reproducibility in the interrogation wavelength, and 

thermal stability were significantly enhanced by 

improving the design and choice of materials, and 

developing a more precise assembly process. The 

sensor was made of a highly reflective photonic 

crystal fabricated on a silicon diaphragm and a thin 

layer of gold evaporated on the cleaved tip of a 

single mode fiber. The thermal stability was 

achieved by attaching the diaphragm to the fiber 

through a housing made of silica with a very low 

thermal expansion coefficient. The housing 

connected the FP cavity to a large back chamber that 

eliminated the sensitivity to static pressure. The 

proposed structure is illustrated in Fig. 9. From 

measurements made with 16 sensors, the minimum 

detectable pressure in the flat band of 10 of them 

lies in ±0.3 dB of a mean value of 50 µPa/√Hz. At 

the sensor’s resonance frequency (12.5 kHz), the  

 
Fig. 9 Extrinsic Fabry-Pérot interferometer incorporating a 

highly-reflective photonic-crystal diaphragm and Au film 
evaporated on the cleaved tip of a single-mode optical fiber 
(adapted from [50]). 

mean value was 6.25 µPa/√Hz. Thermal stability 

tests showed that the temperature could change as 

much as 68 ℃ before the acoustic sensitivity varied 

by more than ±0.3 dB. A configuration also 

consisting of an FPI incorporating a photonic crystal 

reflector was done by Kilic et al. [11]. The reported 

sensor was tested from 100  Hz to 100 kHz, 

demonstrating a sound-pressure-equivalent noise 

spectral density down to 12 µPa/√Hz. 

4.7 Sensitive acoustic vibration sensor using 

single-mode fiber tapers 

Yi Li et al. followed the line of the previous 

work reported by Chen et al. [53] and presented a 

sensitive acoustic vibration sensor with a fiber taper 

as the sensing arm of an MZI setup [52], as shown 

in Fig. 10. The biconical fiber tapers were 

manufactured by elongating a single mode fiber 

heated by a hydrogen gas flame, and diameters 

ranging from 1.7 µm to 50  µm were achieved. Under 

the same conditions, the thinnest fiber taper showed 

a 20-dB improvement in the signal-to-noise ratio 

compared with the standard single mode fibers. The 

taper waist length can still be further increased and 

made thinner, which should cause longer phase 

change when subjected to vibrations. In addition, the 

low refractive index polymer gel used as the 

bonding agent in the fabrication process also 

attenuates the loss in the acoustic transmission 

process. 

 

Fig. 10 Acoustic sensor based on a Mach-Zehnder 
interferometric configuration where a tapered segment of a 
single-mode optical fiber is placed in the sensing arm of the 
interferometer (adapted from [52]). 
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4.8 A vibration sensor based on a distributed 

Bragg reflector fiber laser 

M. S. Ferreira et al. demonstrated recently a 

vibration sensor based on a distributed Bragg 

reflector (DBR) fiber laser with a response up to 

about 1.5 kHz [54]. The DBR sensing head was 

made of a linear laser cavity formed by two FBG 

gratings 20 cm apart from each other, written 

directly in a highly-doped Er3+-doped fiber [55]. The 

proposed configuration is schematically illustrated 

in Fig. 11. One of the FBGs was subjected to 

vibration using a PZT transducer (FBG2), while the 

other was used as a spectral filter (FBG1). The 

FBGs were fabricated so that the Bragg wavelengths 

would differ by 1 nm. With this mismatch, no lasing 

occurred initially. However, when applying strain to 

FBG1, its Bragg wavelength could be tuned to 

match that of FBG2, allowing laser emission to 

occur. It was demonstrated that if the first grating is 

placed in the slope of the second one, not only the 

optical power increases, but also a higher sensitivity 

to frequency changes on the second grating is 

obtained. 

 
Fig. 11 Sensing configuration based on a DBR fiber laser 

(adapted from [54]). 

In Table 1, we summarize the performance, in 

terms of resolution and frequency bandwidth, of the 

fiber-optic acoustic sensing technologies presented 

in this section. 
Table 1 Performance of state-of-art acoustic sensors. 

Reference Technology Resolution Freq. Range 

[40] N-I 6 mPa/√Hz 50 Hz – 1 kHz 

[49] N-I 1.11 dB/kPa n/a 

[22] FPI 60 µPa/√Hz 0.2 kHz – 22 kHz 

[50] FPI 50 µPa/√Hz 2 kHz – 8 kHz 

[11] FPI 12 µPa/√Hz 0.1 kHz – 100 kHz 

[52] MZI n/a 30 Hz – 40 kHz 

[54] FBG n/a 0 – 1.5 kHz 

N-I: non-interferometric. 

5. Conclusions 

We have given a review on the recent advances 

in fiber-optic methods for dynamic strain sensing, 

particularly in the acoustic and ultrasonic regions. 

Three major configurations have emerged among  

the others and form the present basis of research   

in the field: Mach-Zehnder/Sagnac interferometry, 

Fabry-Pérot interferometry, and fiber Bragg gratings. 

These technologies exhibit different merits, and the 

choice depends ultimately on the requirements of the 

application intended. The MZI/Sagnac 

interferometers are the most cost-effective and easier 

to implement. Also, the recent research is replacing 

the fiber mandrels by segments of tapered and 

hollow-core fibers, reducing the size of the sensing 

head. The most sensitive fiber-optic acoustic sensors 

reported so far are based on FP cavities, and the 

recent works suggest that this can be further 

improved by using diaphragms of different materials 

with the increased stiffness and lower 

thickness-to-diameter ratio. FBGs are most suitable 

for multiplexing, since wavelength multiplexing is 

easier to implement than time-domain multiplexing. 

Although this technology typically exhibits lower 

sensitivities, the recent developments (e.g. exploring 

phase-shifted gratings) are overcoming this 

drawback. Another trend being followed in 

fiber-optic acoustic sensing is the technique 

combining fiber-optics with micro-mechanical 

devices (e.g. cantilevers), where the acoustic wave 

does not interact directly with the optical fiber,   

but rather with an external mechanical      

element which modulates the light traveling in the 

fiber. 

Fiber-optic acoustic sensors are now starting to 

compete with the standardly used PZT sensors in 

terms of the frequency range, resolution, and 

sensitivity. Further developments are expected    

in the three main technologies presented, with    

the application of specialty fibers and novel 

materials. 
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