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Abstract
With the advancements in fiber optics, FBG sensors have become one of the most widely used sensors in a diverse range of

applications such as civil engineering, telecommunication, biomedical, automotive, aerospace, etc. This is due to their

attractive properties of flexibility, lightweight, immunity to electromagnetic interference (EMI), high sensitivity and serial

multiplexability. In aerospace engineering-related applications where high precision, remote sensing and lightweight

sensors are crucial, FBG sensors have proved to be excellent candidates. In this article, we have provided an overview of

the advancements in FBG sensing technology for various applications in the field of aerospace engineering, namely high

pressure sensing, ground-based aerodynamic test facilities, shock pressure sensing, spacecraft monitoring and structural

health monitoring of aircraft composites.
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Introduction

The use of optical fibers has grown tremendously in the last

20 years, particularly in the telecommunication sector.

There is also a parallel development in exploring and using

fiber optic-based sensors for various applications. This has

resulted in increased research and improvements in the

performance of fiber optic-related components and there-

fore, a reduction in their cost. Because of their compact-

ness, electrical/chemical inertness and high sensitivity,

fiber optic sensors are also being investigated for use in

various commercial and industrial applications. There are

different types of fiber optic sensors, viz. intensity-based,

polarization-based, grating-based, scattering-based sensors,

reported in the literature for varieties of applications in

aerospace engineering (Di Sante 2015). Among the fiber

optic sensors, fiber Bragg grating sensors (FBGs) have

been widely used in a variety of applications. FBGs were

first fabricated by K.O. Hill et al., at Communications

Research Centre in 1978 in germanosilicate fiber by

launching visible Argon ion laser into the fiber. However,

interest in FBGs increased with the development of side

writing technique by Meltz et al., almost 10 years later.

Now, high-quality gratings with precise control over

refractive index modulation can be fabricated with several

techniques like phase-mask, point-by-point, interferomet-

ric, femtosecond laser and draw tower gratings in shorter

time duration. FBGs are more attractive compared to other

types of fiber optic sensors due to their wavelength enco-

ded sensing nature, which is independent of light source

intensity variations, lack of need for bulk optics like mir-

rors and lenses, high sensitivity, multi-parameter sensing

capability and serial multiplexability allowing multipoint

sensing with a single fiber. FBG sensors are intrinsically

sensitive to strain and temperature, but they have been used

to measure a multitude of other parameters like pressure,

displacement, acceleration, relative humidity, refractive

index, vibration levels. FBG sensors have been used in

strain monitoring for damage detection in bridges, build-

ings, dams, and other civil engineering applications. They

have been used in smart manufacturing of composites for

aircraft and space structures. FBG sensors have found

applications in marine engineering as underwater acoustic

sensors, structural health monitoring of ships and sub-

marines. Biomedical applications have also employed FBG

sensors due to their chemical passivity, higher sensitivity
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and diminutive size for pulse monitoring, gait analysis.

Etched FBG sensors have been used in chemical sensing

for water quality monitoring (Mihailov 2012; Othonos and

Kalli 1999; Othonos 1997; Hill et al. 1978, 1993; Meltz

et al. 1989; Kashyap 1999; Meltz and Morey 1991).

A variety of sensing diagnostics is required in aerospace

applications both in industry and research. Multiple

parameters like strain, temperature, pressure, acceleration,

vibration, etc., must be monitored while fabrication, testing

and onboard missions of aircraft and spacecraft systems.

Flow around aircraft test models are simulated in aerody-

namic ground test facilities like wind tunnels and shock

tunnels. A wide range of sensors are required to gather

crucial information about flow parameters as well as

aerodynamic parameters around the test model. The type of

sensor used depends on the measurand as well as the

application. Mechanical-based sensors were used initially

but they were found to be less precise, easily affected by

external environment like vibrations, electromagnetic

interference and are bulky. They were replaced with elec-

trical-based sensors which had faster response, increased

repeatability, and higher lifetime. But they do suffer from

some disadvantages like danger of electric sparking, elec-

tromagnetic interference (EMI) and noise pickup, cum-

bersome electrical connections, and bulky data acquisition

instruments. Fiber optic sensing systems provide a suit-

able alternative to electrical-based sensors owing to their

lightweight, freedom from electric sparking due to their

dielectric nature, immunity to EMI, chemical passivity, and

flexibility. They can be employed in remote locations in the

aircraft structure and used in harsh conditions like explo-

sion environments. FBG sensors can be serially multi-

plexed with several sensors in a single fiber which

increases the sensor capacity. Multi-parameter sensing

capability of FBG sensors makes them a perfect candidate

for aerospace applications. The lightweight of FBG-based

sensing systems is important for space systems as it redu-

ces fuel consumption and increases payload capacity.

In this article, we have attempted to review the recent

developments in applications of FBG sensors in different

fields of aerospace engineering both in ground-based test

facilities and onboard missions of aircraft and spacecraft

systems. Before going into real-time onboard missions,

most of the systems are tested and evaluated in ground-

based test facilities. For example, shock phenomena which

are encountered in high-speed flow analysis are an

important aspect of research in high-speed aerodynamics.

These experiments are generally conducted in shock tun-

nels and wind tunnels. FBG-based sensing is a promising

technique for shockwave studies and is a rapidly devel-

oping field. Application of FBG sensors in ground-based

aerodynamic test facilities (wind tunnels and shock tun-

nels), evacuation monitoring, spacecraft applications and

structural health monitoring of aircraft composites have

been briefly summarized. Implementation of FBG sensors

in such complex experiments and different signal interro-

gation systems (configurations) developed so far, have also

been discussed.

Principle of fiber Bragg grating (FBG)
sensors

An FBG is a uniform, periodic modulation of refractive

index in the core of a germanium doped (photosensitive)

single mode fiber. This modulation of the core effective

refractive index can be inscribed using a variety of tech-

niques like Phase mask technique, Interferometric tech-

nique and Point-by-Point writing. All the three techniques

mainly use UV excimer laser sources. The FBG behaves as

an optical filter by reflecting a narrow band of wavelengths,

centered around the Bragg wavelength, and is transparent

to the remaining wavelengths of an incident broadband

light coupled into the fiber as shown in Fig. 1. The Bragg

wavelength satisfies the energy and momentum conserva-

tion equations, which form the Bragg grating condition.

The Bragg wavelength, kB; at the center of the reflected

spectrum, depends on the effective refractive index of the

core neff, and the spatial interval of the index modulation K,
called the period of the grating. The Bragg grating condi-

tion is written as

kB ¼ 2neffK ð1Þ

The effective core refractive index neff and grating

period K are sensitive to disturbances in the external

environment like strain and temperature. This responsive-

ness of the Bragg wavelength makes the FBG to function

as a sensor. The strain sensitivity of the FBG is due to the

strain-optic or the photo-elastic effect i.e., change in core

refractive index with strain and compression or elongation

of grating period. The Bragg wavelength response to

mechanical strain is written as:

DkB
kB

¼ ð1� qeÞe ð2Þ

where qe is the effective strain-optic coefficient of the fiber
core material and e is the longitudinal strain applied on the

fiber. The term qe is a function of the photoelastic constants
pij in the strain optic tensor and the Poisson’s ratio t of the

core and is expressed as

qe ¼
n2eff
2

½p12 � t p11 þ p12ð Þ� ð3Þ

For a silica core fiber, neff is approximately 1.46, p11 is

0.113, p12 is 0.252, which gives a value of 0.22 for qe. For
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a grating with a Bragg wavelength of 1550 nm, the strain

sensitivity works out to be 1.2 pm/le.
The causes for temperature sensitivity of the FBG are

thermal expansion i.e., the expansion and contraction of the

grating period with temperature, and the thermo-optic

effect i.e., change in refractive index with temperature. The

Bragg wavelength change with temperature is expressed as

DkB
kB

¼ ðaþ gÞDT ð4Þ

where a ¼ 1
K
oK
oT is the coefficient of thermal expansion, g ¼

1
neff

oneff
oT is the thermo-optic coefficient and DT is the applied

temperature. For a silica fiber, the thermal expansion

coefficient is 5 9 10–7 K-1 and the thermo-optic coeffi-

cient is 7 9 10–6 K-1. The temperature sensitivity evalu-

ates to 11.2 pm/K for a grating with center Bragg

wavelength of 1550 nm. The material coefficients a and g
are not constant and change with temperature. Equation (4)

becomes nonlinear at higher temperatures.

As the light reflected from the Bragg grating is depen-

dent upon the spacing of the index modulation KG and the

refractive index neff, the strain field affects the response of

the FBG directly, through the expansion and compression

changes of KG and through the strain-optic effect, i.e., the

strain-induced change in the glass refractive index. The

change in Bragg wavelength DkB due to an applied strain ez
and temperature drift DT is given by

DkB
kB

¼ 1� qeð Þez þ ðaþ gÞDT ð5Þ

where qe is the effective strain optic coefficient, a is the

coefficient of thermal expansion of the fiber and g is the

thermo-optic coefficient. For a germanosilicate fiber, typi-

cal values are qe = 0.21, a = 0.55 9 10–6 and g =

8.6 9 10–6. Substituting these values in Eq. (1) for an FBG

with Bragg wavelength kB = 1550 nm, the strain

sensitivity and temperature sensitivity turn out to be

1.22 pm/le and 14.18 pm/�C, respectively. Thus, the

Bragg wavelength change gives a direct measure of strain

and/or temperature. FBG sensors can also be used to

transduce other measurands such as pressure, curvature,

and vibration into strain. The Bragg wavelength and FBG

spectrum is monitored using a broadband FBG interrogator

(Mihailov 2012; Othonos and Kalli 1999; Othonos 1997;

Hill et al. 1978, 1993; Meltz et al. 1989; Kashyap 1999;

Meltz and Morey 1991).

FBG sensors for shock wave measurements

Study of dynamic behavior of materials is essential in

various applications like shock and detonation physics,

geophysics, particle physics, planetary studies and in sev-

eral other areas. For predicting dynamic events like high

velocity impacts and detonation of explosives, nonlinear

wave propagation in solids needs to be understood. Shock

compression experiments provide a method to generate

such high pressures, high deformation rates to evaluate the

material response and provide basis for predicting wave

propagation and interaction phenomena. The sudden

application of pressure propagates in the material as a

discontinuity in density, temperature, stress, enabling the

study of Equation of State (EOS), phase diagram, dynamic

strength, etc. High pressure loading on the materials under

test can be achieved using high velocity impact or explo-

sives. Proper diagnostics must be used in these experiments

to measure vital parameters like applied dynamic stress,

velocity of the shock wave and shock stress. There are

several piezoresistive (carbon, manganin) and piezoelectric

(quartz, lithium niobate, PVDF) stress sensors used con-

ventionally (Davison 2008). However, Fiber Optic sensors

including FBG sensors owing to their diminutive size

Fig. 1 Principle of fiber Bragg grating (FBG) showing input broadband light signal, reflected signal from the Bragg grating and transmitted

signal from the fiber core. Reprinted with permission from Nicolas et al. (2016). https://creativecommons.org/licenses/by/4.0/
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(* 200 lm diameter of fiber), capability to withstand high

pressure shocks, chemical passivity, immunity to electrical

sparking and EMI, have been used recently in shock wave

diagnostics and detonation experiments (Benterou et al.

2007, 2011; Rodriguez et al. 2013, 2014; Benterou and

Udd 2012; Udd and Benterou 2012; Berkovic et al. 2018;

Barbarin et al. 2016; Cranch et al. 2013; Udd 2011, 2014;

Rodriguez and Gilbertson 2017; Sandberg et al. 2014;

Magne et al. 2013).

A fiber optic Fabry Perot Velocity Interferometer system

was developed at TNO, Netherlands, to measure speeds of

high velocity objects launched by an electric gun. The

experimental setup consisted of a laser source, Fabry Perot

etalon with lenses, streak camera and optical fiber to

transport light between the moving test object and the

Fabry Perot interferometer. Doppler shift causes the posi-

tion of the interferometric pattern formed behind the FP

interferometer to change with the object velocity which is

recorded by a streak camera. The Fabry Perot system was

able to measure velocities in the range of 100 m/s to sev-

eral km/s (Prinse et al. 2001). Cheng et al., developed a

fiber-optic interferometer system consisting of a Sagnac

interferometer and Mach–Zehnder interferometer to eval-

uate the sensitivity of a ‘Composition B’ explosive to high

temperature by using a Cook-off tube apparatus. The test

explosive was filled in a steel cylindrical Cook-off tube

which is heated to several hundred degrees Celsius and its

expansion velocity (rate of change of diameter) was mon-

itored by wrapping the sensing fiber arms of Mach–Zehn-

der and Sagnac Interferometers on the Cook-off tube. The

expansion velocity of the tube is an indication of the

reaction process of the explosive. The output signals, a

measure of change in length of the sensing fibers of the two

interferometers, were recorded by a Digital Signal Ana-

lyzer (DSA). The expansion velocity of the tube was cal-

culated using fringe counting method and fringe duration

methods for MZI and Sagnac interferometers’ output sig-

nals, respectively. The results of the fiber-optic interfer-

ometers were compared with a thin resistance wire,

wrapped on the Cook-off tube at a similar location, and

were found to have a better signal-to-noise ratio and

detection limit (Cheng et al. 2001).

Van’t Hof et al., first reported the use of FBG sensors for

dynamic pressure measurement during detonation of

explosives. FBG sensors, owing to their small size do not

affect the detonation wave propagation dynamics. Since the

building up of pressure in a shock wave exists over a very

small area, short length FBG of about 0.5 mm was used to

avoid measuring the average pressure over a few mm. The

FBG sensor was placed in an ammonium nitrate-based

Westfalit D powder explosive in a box with a high-voltage

initiator to ignite the explosive (Fig. 2a). The detonation

velocity and detonation pressure of the explosive was

2 km/s and 1 GPa, respectively. The wavelength shift of

the FBG due to the shock pressure was detected using an

unbalanced Mach–Zehnder fiber interferometer with three

outputs and three detectors. The Mach–Zehnder interfer-

ometer consisted of two FO couplers with two optical paths

(Fig. 2b). The three output signals had a fixed phase dif-

ference of 2p/3. The wavelength shift was calculated from

the phase u of the interferometric signal. From the shock

Hugoniot relation of pressure against specific volume for

quartz fiber, the peak detonation pressure was determined.

The experimental value of pressure was found to be close

to the expected pressure. However, the estimate can be

improved as reported, by taking axial compression of fiber

along with longitudinal compression (Van’t Hof et al.

2007).

Deng et al. (2011) developed an FBG sensor system to

measure shock stress in water using an unbalanced Mach–

Zehnder interferometer. A water container with Aluminum

target was impacted by an Aluminum flier plate as shown

in Fig. 3a with velocity up to 800 m/s, launched from a

single stage gas gun to generate stresses up to 1.4 GPa in

water. A short length FBG of 2 mm with FWHM of 0.3 nm

was used. Based on a linear relation between the refractive

index of the FBG and its density (Setchell 1979) under

shock loading, a polynomial relation (Barker and Hollen-

bach 1970) was derived to relate the shock stress in fused

silica fiber with the Bragg wavelength shift. The Bragg

wavelength shift of the FBG was measured using a fiber

Mach–Zehnder interferometer with an optical path differ-

ence of 3.1 mm. The unbalanced MZI system consists of a

broadband ASE light source (1525–1565 nm) to illuminate

the FBG, 2 9 2 FO coupler to input reflected light from the

FBG into the MZI, 3 9 3 FO coupler at the MZI output

which is connected to 3 detectors. The 3 output interfero-

metric signals have a mutual phase difference of 120�. An
arctangent data reduction method was used to derive the

wavelength shift from the detector signals. The maximum

shock stress measured by the sensor was 1.4 GPa with an

accuracy of 10% (Fig. 3b).

Ravid et al. (2014) studied the response of FBGs to

weak planar shock wave with shock pressure under 1 GPa.

The dependence of orientation of FBG with the incoming

shock front and the effects of photoelasticity and dynamic

strain on the FBG were estimated theoretically. When the

shock front travels parallel to the FBG axis, the fiber gets

compressed reducing the grating period K along with

change in effective refractive index neff of FBG due to

material density changes (photoelastic effect) which results

in Bragg wavelength shift of - 14 pm/MPa. When the

shock front travels perpendicular to the FBG axis i.e., the

planar shock wave strikes the fiber from the side, only the

photoelastic effect is predominant. This causes a Bragg

shift of 9 pm/MPa. In the test setup as shown in Fig. 4a,
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two short length FBGs (L = 1 mm, kB = 1552.5 nm) were

embedded in a PMMA target, with one parallel and the

other perpendicular to the incoming shock front. Short

length FBGs are used to match with the dimension of shock

wave region and measure the pressure at a point instead of

average pressure. The target was struck with a high

velocity (300 m/s) LEXAN impactor launched from a gas

gun. VISAR was used to measure the particle velocity by

using a gold-coated PMMA window. The authors used an

electro-optical readout system consisting of add-drop filters

with different spectral windows, which were then con-

nected to high speed detectors (Fig. 4b). This is described

in detail in Ravid et al. (2014). The experiments showed

that FBG survived for more than 1 ls under 5 kbar shock

stress. The stresses measured were approximately 4.6 kbar

for shock front traveling parallel to FBG axis and 1.8 kbar

for the other case. However, the accuracy of the results

could be improved.

The major challenges in monitoring shock waves with

FBGs are (a) understanding the ultra-fast changes caused

by shock waves on the material and spectra of FBG (b)

development of interrogation techniques to acquire the

spectral changes at the rate of GHz. Shafir et al. (2017)

extended the work on shock wave measurements with

FBGs. Stainless steel impactor at projectile velocity of

315 m/s was used to generate planar shock wave of mag-

nitude 0.58 GPa in a water chamber. Two short length

FBGs (L = 1 mm), one perpendicular and one parallel to

the direction of propagation of shock front, were used to

measure the shock strength in water (Fig. 5a). A broadband

SLED source was used to illuminate the FBG and the FBG

reflected signal was directed to 6 DWDM add-drop filters

with 1.2 nm bandwidth with each channel having a

wavelength separation of 1.6 nm. The output of each

channel was connected to fast InGaAs photodetectors

(Fig. 5b). For the FBG with axis parallel to the direction of

shock propagation, the compressive strain effect (reduction

Fig. 2 a Schematic of test setup with FBG, explosive and HV igniter, b schematic of the unbalanced Mach–Zehnder interferometer. Reprinted

with permission from Van’t Hof et al. (2007). Copyright 2007, Society of Photo-Optical Instrumentation Engineers (SPIE)

Fig. 3 a Schematic of the test

setup for measuring shock stress

in water, b shock stress in water.

Reprinted with permission from

Deng et al. (2011). Copyright

2011, American Institute of

Physics
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Fig. 4 a Schematic and

photograph of PMMA target

setup, b electro-optical readout

system. Reprinted with

permission from Ravid et al.

(2014). https://

creativecommons.org/licenses/

by/3.0/

Fig. 5 a Schematic of the experimental setup, b optical measurement setup. Reprinted with permission from Shafir et al. (2017)
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in K) dominates the photoelastic effect. The wavelength

shift was - 3.2 nm for shock strength of 5.8 kbar, giving a

shock pressure sensitivity of - 5.5 pm/MPa. Similarly, for

an FBG with axis perpendicular to the shock propagation

direction, the photoelastic effect dominates. The wave-

length shift was 5.5 nm for shock amplitude of 5.8 kbar,

resulting in a pressure sensitivity of 9.5 pm/MPa.

Hsu et al. (2020) used FBG sensors to measure the strain

of underwater structure subjected to shock loading from

underwater explosion. The experimental setup consisted of

a thin cylindrical shell (t = 1 mm) made of 5086 aluminum

alloy of diameter 500 mm in a static water tank (Fig. 6).

FBG sensor was bonded on the inner surface of the

cylindrical shell in axial direction to measure the strain on

the cylinder surface caused by the impact of shock wave.

Shock waves were generated by explosion of 1 g TNT

explosive at fixed depths of 30 cm, 15 cm, 5 cm below the

cylindrical shell. FBG sensor was calibrated initially using

a four-point bending test and was found to have a strain

sensitivity of 1.4 pm/le. The FBG signals were acquired

using a spectrometer arrangement. The explosion test time

was 0.5 to 1 s. The FBG wavelength shifts were found to

be 2.563 nm (30 cm depth), 37.135 nm (15 cm depth) and

32.923 nm (5 cm depth). As the tests were done continu-

ously which might have caused the plastic deformation or

yielding of the cylindrical structure (shock stress greater

than yield stress of aluminum), the wavelength shift at

5 cm depth was found to be inconsistent with the other

readings. However, FBG sensor with its high sensitivity,

stability, and repeatability can be used in these extreme

environments to measure shock induced strain with

improved design of the test structure.

FBG sensors for ground-based aerodynamic
test facilities

FBG sensors for monitoring evacuation process

Vacuum environment is necessary for several industrial

and scientific research like microelectronic industries,

nanoscale device fabrication processes, metallurgical pro-

cesses, aerodynamic test facilities like wind tunnels, shock

tunnels and many others. The level of vacuum in an

enclosed volume is determined by measuring the absolute

pressure inside. Pirani and Penning gauges have been used

for vacuum measurement for a long time since their

invention. Pirani gauges are used in the pressure range of

10–3 to 10 mbar and Penning gauges are used from 10–2 to

10–7 mbar (Jitschin and Ludwig 2004). Pirani gauges work

on the principle of thermal conductivity changes of a

heated metal wire as a function of pressure which is

measured using a Wheatstone Bridge configuration. But

they are bulky, require regular calibration and heating time

of metal wire is high. Miniaturized vacuum sensors based

on MEMS technology have lower fabrication cost, lower

power consumption, improved dynamic range but its

implementation in vacuum environments is complex

requiring several electrical connections, feedthroughs, and

metal flanges. Also, electrical-based sensors suffer from

EMI. Hence FBG sensors offer a viable alternative for

vacuum measurement.

Guru Prasad et al. (2010) demonstrated the use of FBG

sensors for real-time monitoring of evacuation process and

leak detection in a bell jar vacuum chamber. The mea-

surement principle was based on the pressure induced

Bragg wavelength shift of FBG sensor. The vacuum

chamber capable of creating a vacuum of 0.1 millibar was

fitted with a Pirani gauge to validate the FBG measure-

ments simultaneously. The Bragg wavelength was

Fig. 6 Experimental setup of

FBG underwater shock test.

Reprinted with permission from

Hsu et al. (2020). Copyright

2020, Elsevier
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monitored using SM 130 Micron Optics interrogator at an

acquisition rate of 1 kHz. An optical fiber vacuum feed-

through (OFVFT) was designed to interface the fiber to the

vacuum chamber with the FBG positioned inside the

chamber. Pressure inside the bell jar was reduced from

atmospheric pressure to 1 mbar and evacuation process

was monitored using FBG sensor and Pirani gauge. The

FBG sensor showed a linear response during evacuation

process, closely following the Pirani gauge response. When

the vacuum was held constant, the FBG center wavelength

showed a slight increase instead of a flatline response

which required further investigation (Fig. 7a). During

evacuation, the Bragg wavelength decreases due to com-

pression of the FBG. The FBG sensor showed a Bragg

wavelength shift of 45 pm for a vacuum pressure change of

80 mbar reading on Pirani gauge. The experimentally

obtained pressure sensitivity of FBG sensors was

5.625 nm/MPa compared to a theoretical pressure sensi-

tivity of 5.6 nm/MPa. The FBG sensor was used in a

pressure range of 1 bar to 1 mbar. The FBG sensor

response was also recorded during the entire process of

evacuation, constant vacuum, and vacuum release

(Fig. 7b).

FBG sensors for hypersonic wind tunnel
measurements

Surface measurement of pressure and temperature during

aircraft testing is essential for the optimization of structural

design, choice of materials and life estimation. Modern

space missions, missile programs, supersonic flight pro-

grams require research and analysis of complex high-speed

flow fields in hypersonic and supersonic regimes. These

high-speed flow fields are characterized by high tempera-

ture, pressure, flow enthalpies. To simulate these flow

conditions on ground, impulse test facilities like wind

tunnels, shock tubes are used. These ground-based test

facilities are limited by short test times owing to the need

to withstand high thermal and structural loads. Typical test

times in shock tunnels are in the order of milliseconds. The

harsh flow conditions, sudden variations accompanied with

short test times impose challenges in implementation of

flow diagnostics in these test facilities. Estimation of cru-

cial parameters like aerodynamic forces and moments on

aircraft structures, drag in high-speed flows and flow

unsteadiness requires surface pressure measurements

(Aime et al. 2019; Chehura et al. 2009; Lawson et al. 2016;

Segawa et al. 2003; Jukes et al. 2012; Yu et al. 2022).

Surface temperature measurements are important for

determination of thermal loads on the aircraft structure.

Because of the short run times and extreme flow conditions

in shock tunnels, the pressure sensors should have fast

response time and withstanding capabilities. High temporal

and spatial resolution of sensors is important in certain flow

measurements. For pressure sensing, electrical-based sen-

sors like fast response piezoelectric PCB and piezoresistive

Kulite sensors, pressure sensitive paints (PSPs) for surface

pressure distribution in high-speed wind tunnels, pin-hole

static pressure probes, micro-electro mechanical systems

(MEMS)-based pressure sensors have been used (Sriram

et al. 2015). Conventionally used temperature sensing

devices for hypersonic flow fields and test models include

thermocouples, resistive temperature devices (RTDs) and

infrared cameras. But some of the electrical-based sensors

suffer from cumbersome connections, complex lead wire

extensions and adapters, expensive high precision data

Fig. 7 a Comparison of FBG and Pirani gauge response during evacuation, b FBG response during evacuation and vacuum release. Reprinted

with permission from Guru Prasad et al. (2010). Copyright 2010, Society of Photo-Optical Instrumentation Engineers (SPIE)
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acquisition systems and electronics, noise pickup and EMI.

FBG sensors with their small size, multiplexing capability

and fast response can give high spatial and temporal res-

olution measurements in ground-based aerodynamic test

facilities (Qiu et al. 2020).

Guru Prasad et al. (2013) demonstrated the use of FBG

sensors for measurement of pressure and temperature on

30� apex angle blunt cone test specimen in hypersonic

wind tunnel at IISc, Bengaluru. The FBG temperature

sensing probe was designed by encasing the FBG sensor in

a 200 lm stainless steel tube to isolate strain effects but

conduct heat into the FBG. The steel tube encapsulated

FBG temperature probe was calibrated and found to have a

temperature sensitivity of 10 pm/K, similar to a bare FBG

sensor. The carbon fiber blunt cone specimen was placed in

the 300 mm diameter test section of the hypersonic wind

tunnel facility which is described in Kishore et al. (2005).

The angle of attack of air flow on the specimen was 0�.
Two 3 mm gauge length FBG sensors were used. One bare

FBG, sensitive to both pressure and temperature (Pressure

FBG) and FBG temperature sensor probe were surface

bonded on the leeward side of the specimen. Temperature

compensation was done by subtracting the Bragg shift of

temperature probe from the Pressure FBG. Bragg wave-

length from both the sensors was acquired simultaneously

using Micron Optics SM130 interrogator at a sampling

frequency of 1 kHz. The experiments were carried out at

hypersonic flow speeds of Mach 6.5 and 8.35. The FBG

temperature sensor recorded 326 K at Mach 6.5 and 334 K

for Mach 8.35 with the ambient temperature of 298 K

(Fig. 8a). FBG pressure sensitivity of 464.12 pm/bar was

used to calculate pressure from Bragg wavelength shift

(Correia et al. 2007). The gauge pressure measured by the

FBG sensors was 0.05 bar for Mach 6.5 and 0.07 bar for

Mach 8.35 (Fig. 8b). The temperature and pressure mea-

surements were validated with CFD simulations and were

found to be in good agreement.

FBG sensors for structural health monitoring

Real-time in situ monitoring of aircraft composite struc-

tures is necessary for assessment of their performance and

integrity. Several types of sensors like strain gauges,

ultrasonic sensors, passive acoustic sensors, etc., have been

explored for SHM applications. But some of these sensors

are difficult to deploy over large structures, incapable of

withstanding harsh environments and low operational

lifetime. Fiber optic sensors, especially Fiber Bragg Grat-

ing (FBG) sensors have proved to be excellent candidates

due to their numerous advantages such as small size,

lightweight, durability, chemical passivity, immunity to

electromagnetic interference, serial multiplexability and

possibility of embedding the sensor within the structure.

Today, structures of civil aircrafts and military airplanes

are composed of a high percentage of advanced composite

materials. This is due to their low weight-to-strength ratio

compared to conventional metallic materials thereby

improving fuel efficiency, operational costs, reducing

emissions and lowering manufacturing/certification costs

of future aircrafts.

However, composite materials are anisotropic being

composed of different materials (matrix and fibers) which

makes them more complex than their metallic counterparts.

Durability and safety issues arise like initiation and prop-

agation of failure cracks caused by impact loads and the

estimation of remaining strength and residual life of the

structure. Intelligent monitoring systems that would enable

continuous in-service load monitoring and damage detec-

tion of aircraft structures are essential. The added advan-

tage of integrating FBG sensors into composite materials

during the layup process would also enable the monitoring

of composite structures during their whole life cycle,

improving their safety, reliability, cost efficiency and,

hence extending their operational life. FBG-based sensors

and measurement systems are already being employed in

load and damage monitoring of aircraft composite struc-

tures, mainly in ground tests and design. However, its

widespread usage is still impeded by problems like sensor

performance when embedded, detection capability, main-

tainability, size, and weight of the interrogation equipment

(Di Sante 2015; Hegde and Asundi 2003, 2006; Lee et al.

2003; Floris et al. 2021; Jinachandran and Rajan 2021;

Rocha et al. 2021; Kuznetsov et al. 2021; Kahandawa et al.

2012).

Goossens et al. (2021) demonstrated the use of surface

mounted FBG sensors for the detection of barely visible

impact damage (BVID) on aerospace grade carbon fiber-

reinforced plastic (CFRP) laminates. The detection prin-

ciple was based on the change in optical signal before and

after impact. A BVID causes change in strain field around

the area of impact location which results in non-uniform

strain acting on the FBG nearby (Fig. 9a, b). Bragg

wavelength shift (measure of magnitude of strain change)

and Pearson correlation coefficient (Comparison of FBG

spectrum before and after impact) were used as damage

indicators. Ormocer-coated Draw Tower Gratings (DTG)

with FBG length of 8 mm were used. Each fiber had 6

wavelength multiplexed FBGs with an inter-FBG separa-

tion of 26 mm. The BVID detection thresholds of FBG

sensors in the presence of standardized on-ground aircraft

conditions, namely temperature (- 45 to 50 �C) and

vibration levels, was investigated with four CFRP material

systems (thermoset, a dry fiber and liquid resin, thermo-

plastic, CNT-infused thermoset). With Bragg wavelength

shift damage indicator, BVID could be detected up to a

ISSS Journal of Micro and Smart Systems

123



Fig. 8 a Photograph of the blunt cone specimen in hypersonic wind tunnel, b time response of FBG temperature sensor, c time response of FBG

pressure sensor. Reprinted with permission from Guru Prasad et al. (2013). Copyright 2013, IOP Publishing Ltd

Fig. 9 a Bragg wavelength shift

caused due to uniform strain,

b FBG peak distortion due to

non-uniform strain. Reprinted

with permission from Goossens

et al. (2021)
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distance of 17–35 mm from fiber array for different CFRP

material systems. For BVID with delamination of CFRP

reaching below the FBG array, Pearson correlation coeffi-

cient (a measure of peak distortion) could detect BVID up

to a distance of 12.3 mm from FBG array.

FBG sensors in space applications

Continuous monitoring of spacecraft during its fabrication,

testing and service is important for its successful operation

in space mission. Fiber optic sensors offer several advan-

tages over the conventional electrical sensors due to their

lightweight, immunity to EMI and electric sparking, flex-

ibility of fiber optic cable for ease of embedment in com-

plex structures, multiplexability of several sensors,

chemical passivity which allows deployment in hazardous

environments, high sensitivity, and remote interrogation.

All these features make fiber optic sensors suitable for

harsh conditions in space viz., space radiation (gamma

rays, heavy ions), microgravity, thermal fluctuations, out-

gassing due to vacuum, vibrations, and shock (Mckenzie

and Karafolas 2005). Several space agencies like NASA

and ESA have developed, designed, tested and imple-

mented fiber optic sensors including FBG sensors in vari-

ous spacecraft components to measure a multitude of

parameters. Some of the major applications of fiber Bragg

gratings are in.

High pressure measurement in space
applications using diaphragm-based FBG sensor

High accuracy pressure measurement is necessary in vari-

ous space subsystems like propulsion, structure and pay-

load monitoring (Mckenzie and Karafolas 2005). Harsh

conditions in space such as large thermal fluctuations,

gamma radiations, heavy ions, microgravity, shock and

mechanical vibrations make fiber optic sensing systems

which are immune to Electromagnetic interference (EMI),

electrical sparking and explosive environments, excellent

candidates for sensing applications in space. Fiber Bragg

Grating (FBG) sensors owing to their wavelength-encoded

output and serial multiplexability have been explored in

various space applications for measuring strain, tempera-

ture, pressure, etc. Hegde et al., developed a diaphragm-

based FBG sensor with temperature compensation for high

pressure measurement (up to 700 bar gauge) with over-

range capacity of 1.5 times the maximum operating pres-

sure (1050 bar) and burst pressure of twice the maximum

operating pressure (1400 bar). The operating media was

cryogenic propellants for rockets, missiles and launch

vehicle applications (Hegde et al. 2021).

The pressure sensor was composed of a compact dia-

phragm (radius 12.5 mm and 2.02 mm thickness) and

pressure port assembly made of martensitic stainless steel

(APX-4) owing to their excellent mechanical properties

even at elevated temperatures. Polyimide-coated FBG was

bonded on the diaphragm center for pressure measurement

and a temperature compensating FBG was bonded on the

sensor body in a strain-free region (Fig. 10a). The sensor

assembly was mounted on a hydraulic dead weight tester

and calibrated up to the maximum pressure of 700 bar. The

Bragg wavelength data was acquired using a SmartFibers

FBG interrogator with a wavelength stability of 5 pm. The

sensor showed a good pressure sensitivity of 3.64 pm/bar

and a nonlinearity ? Hysteresis error of 0.75% of full-

scale pressure in the range of 0 to 700 bar, with a correl-

ative coefficient of 99.99% (Fig. 10b). The minimum

pressure or the threshold of the sensor was found to be

0.4 bar (0.057% of full scale). These were found to exceed

the requirements for the specific application. A strain

transfer analysis was carried out using Comsol Multi-

physics to verify the strain transfer efficiency between the

diaphragm surface to the FBG as well as optimize the

polyimide coating thickness of the FBG sensor. The pres-

sure sensor was compensated for temperature fluctuations

in the full operating range of - 40 to 90 �C required in

space environment and recalibrated for pressure in the

hydraulic dead weight tester. The error was found to be

within the tolerance limit for the application and depend

upon the operating temperature range of the adhesive.

The impulse/dynamic response of the pressure sensor

was tested in a table-top manually driven, diaphragm-type

shock tube called ‘‘Reddy tube.’’ The pressure sensor was

mounted on the end flange/open-end of the shock tube

(Fig. 11a). The Bragg wavelength was recorded at a sam-

pling rate of 2.5 kHz using SmartFibers FBG interrogator.

The driver gas was nitrogen and the driven tube was open

at the atmospheric pressure. The shock pressure test was

carried out at driver pressures of 18.5 bar and 19.9 bar at

Mach numbers of 4.59 and 5.5, respectively. The peak

Bragg wavelength shift was 68 pm for driver pressure of

18.5 bar (Fig. 11b). The sensor was recalibrated and tested

for its performance after shock test in the same pressure

range of 700 bar and it was found to be within an error of

1% of full scale (700 bar).

Vibration tests were carried out by mounting the pres-

sure sensor on an electrodynamic shaker connected to a

vibration controller (M/s Sdyn) to simulate the vibrations

encountered by the aerospace systems and sub-assemblies

during their operation. The vibration and acoustic load

experienced by launch vehicle components and its sub-

systems during lift-off and atmospheric re-entry can be

detrimental to the structural integrity of the aircraft. The

experiments were carried out at LPSC Bengaluru. Two
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kinds of vibration tests were carried out based on standard

vibration levels for flight acceptance and qualification

initially determined by acoustic testing on flight sub-

assembly. The vibration tests were carried out to determine

the response of the FBG pressure sensor to vibrations and

evaluate the robustness, durability and identify any dam-

ages caused by vibration. Swept sine vibration test was

carried out using a sine controller that produced a swept

sine signal. The test was carried out in both longitudinal

and lateral axes of the sensor at specified acceleration

(g) and displacement (mm) levels. A displacement level of

15 mm was used from 10–16 Hz and acceleration of 10 g

from 16–100 Hz for vibration test along longitudinal z-

axis. The frequency sweep rate was 2 octaves per minute.

Random vibration test was carried out with all frequencies

present simultaneously without any periodicity. The

acceleration level used was 13.5 g rms with a test duration

of 120 s. In sine vibration test, the maximum error induced

by vibration along longitudinal z-axis for pressure mea-

surement was 1.2 bar which was 0.17% of full scale

pressure (700 bar). In random vibration test, the maximum

pressure measurement error in presence of vibration along

longitudinal axis was 1.5 bar (0.21% of full scale pressure)

(Fig. 12a). The FFT of FBG response to random vibrations

revealed that the FBG sensors were found to be almost

insensitive to high frequency vibrations (Fig. 12b).

Fig. 10 a FBG pressure sensor with location of bonded pressure and temperature compensation FBGs. b Calibration plot of FBG pressure sensor

along with temperature compensation sensor. Reprinted with permission from Hegde et al. (2021)

Fig. 11 a Photograph of the FBG pressure sensor mounted on the shock tube and connected to FBG interrogator, b time response of pressure

sensor to passing shock wave with 18.5 bar driver pressure. Reprinted with permission from Hegde et al. (2021)
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Spacecraft/satellite structural health monitoring

Satellites with their sophisticated structure, and electrical

connections require continuous monitoring of thermal and

structural design for ensuring their reliability throughout

their lifecycle. During manufacturing, its necessary to

monitor micro cracks or damages and thermal stresses if

any to ensure efficient fabrication process. Satellites are

subjected to harsh environment tests like thermal vacuum

test, vibration test, acoustic emission test and static load

test to simulate the space environment. Conventional sen-

sors like thermocouples (temperature), strain gauges

(strain), accelerometers (acceleration), acoustic emission

sensors must be installed and detached after each test. For

such tests, FBG sensor network can be implanted in com-

posite structures to monitor a variety of parameters with

higher sensitivity, lower costs, and enable shorter lead

times. Even during its operation in orbit, the FBG network

can provide continuous information about impact from

debris and thermal stresses. Kabashima et al., developed a

health monitoring system using FBG sensors in satellite

structure. They developed an FBG sensor network which

was embedded in the composite laminate structure of

satellite. The sensor network was used to detect damage,

thermal stresses induced during curing and gluing phases of

the fabrication process (Smart manufacturing). An optical

fiber connector compatible with different cladding diame-

ter fibers was developed that could be embedded in com-

posite laminates. Strain and temperature measurements on

an embedded heat-pipe composite panel, a satellite struc-

ture, were carried out using 2 FBG sensors (temperature

and strain) in a vacuum thermal chamber and results

compared with thermocouple readings and FEM analysis.

Damage detection in composite laminates due to thermal

stresses was carried out by embedding FBG sensors in

composite laminates and analyzing spectral shapes of

Fig. 12 a Plot of random vibration test, b FFT plot of random vibration response. Reprinted with permission from Hegde et al. (2021)

Fig. 13 a Change in FBG spectral shape due to non-uniform strain

caused by damage, b FBG sensor network embedded in composite for

damage detection. Reprinted with permission from Kabashima et al.

(2001). Copyright 2001, Society of Photo-Optical Instrumentation

Engineers (SPIE)
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reflected light. It was found that the FBG spectral shape

changed due to non-uniform strain caused by damages on

the composite plate (Fig. 13) (Kabashima et al. 2001).

Ecke et al., developed a structural health monitoring

system using a network of 12 FBG sensors for measure-

ment of strain and temperature on a crew return vehicle

prototype, X-38 for the ISS. To maintain the system sta-

bility in challenging space environment (high vacuum,

random vibration of 10 g rms, 20 g shock acceleration), the

fiber was coated with organic modified ceramic (Ormocer)

and passivated with silane compounds for protection

against humidity and corrosion. The temperature mea-

surement range was - 40 to 200 �C and - 1000 to

3000 le for strain during the lifecycle (launch, orbit, and

re-entry) of the spacecraft. A robust data acquisition unit

was developed consisting of a superluminescent diode

(SLD) source and polychromator. A good repeatability of

25 le for strain and 1 �C for temperature was obtained

(Ecke et al. 2001).

Reusable Launch Vehicles need a more advanced

Structural health monitoring system compared to the

expendable launchers without affecting the mission and

affordable at a reasonable cost (Renson 2003). Diaz et al.,

developed a Structural Health monitoring system by

embedding FBG sensors in the CFRP fuselage of Reusable

Launch Vehicle (RLV) for a technology development

programme of the ESA (Diaz et al. 2003).

FBG sensors for monitoring of cryogenic
spacecraft tank structures

Latka et al., developed an FBG-based temperature, strain,

and hydrogen monitoring sensor system for cryogenic

liquid hydrogen tanks for the ESA. For the detection of

hydrogen leakage, a pair of fiber Bragg gratings (FBG)

inscribed in a hydrogen loaded D-shaped elliptical core

high-birefringent fiber is used with the grating at the fiber

end glued to a palladium foil. The palladium foil deforms

when it absorbs hydrogen causing a corresponding Bragg

shift. Temperature compensation was accomplished by

bonding a second FBG close to the hydrogen sensor. Strain

sensor head consisted of 2 polyimide and Ormocer-coated

FBG sensors bonded orthogonally for 2-D strain mea-

surements in the range of - 1000 to 3000 le in the inner

wall of hydrogen tank. Temperature measurement in the

range of 20 to 300 K was carried out with an FBG sensor

encapsulated in a protective tube for strain isolation. The

data acquisition unit consisted of a broadband light source

and data processing unit (Latka et al. 2004).

Dynamic strain monitoring of antenna reflector
during acoustic qualification tests

Friebele et al., demonstrated the use of FBG sensors for

measurement of dynamic strain in lightweight antenna

reflector in spacecraft during acoustic qualification tests.

The effects of embedding optical fibers on the strength

reduction in composites, issues of fiber leads, fiber ingress-

egress were studied. The parabolic reflector, with a gra-

phite membrane reflector surface, was fabricated from

graphite-epoxy elements with metal epoxy fittings. Two

arrays of four FBGs were attached on various points of the

reflector structure such as struts, membrane and support

rings as shown in Fig. 14a. Resistance strain gauges were

also used for verification of FBG measurements. The Bragg

wavelength was monitored using unbalanced Mach–

Zehnder interferometer and digital audio tape recorder with

an acquisition rate of 5–2000 Hz. The FBG signals were

found to be in good agreement with RSG signals having a

low noise apparent strain of\ 1 le (Fig. 14b) (Friebele

et al. 1999, 2004).

Measurement of pressure and temperature
in propulsion subsystem

Propulsion subsystem produces thrust for controlling and

maneuvering the spacecraft in space. A variety of sensors

are used for monitoring several important parameters

which are crucial for mission operation. PROBA (Project

On-Board Autonomy) are small low earth orbit satellites of

the ESA for demonstrating and testing new spaceflight

technologies. The hybrid cold gas—solid gas generator

propulsion subsystem of the PROBA II consisting of a Xe

tank, solid gas generator, plenum and thruster, requires

monitoring of pressure (0–45 bar) and temperature (- 40

to 400 �C on thrusters, - 40 to 70 �C on fuel tanks and

connecting fuel pipes) for ensuring performance and

operational safety (Fig. 15). Serially distributed wave-

length multiplexed FBG sensors on several fiber optic lines

constituting a fiber optic harness are connected to a single

central interrogation unit on-board PROBA II. The FBG

pressure sensor had better resolution and dynamic charac-

teristics (2 mbar, 10 Hz) than existing electrical sensors.

The FBG temperature sensor had resolution of 0.1 �C. The
multiplexability of several sensors reduces the weight of

the overall fiber optic demonstrator (FSD) system

(Mckenzie and Karafolas 2005).

Thermal control in satellite structure panels

Temperature measurement is required in a satellite’s

communication module (CM) and service module (SM).
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Temperature readings are required on more than 180

locations of Geosynchronous Telecommunication Satellite

EUROSTAR3000 (EADS ASTRIUM’s satellite) for ther-

mal mapping of the walls and floors of communication and

service modules. The existing thermistor technology makes

harnessing very heavy and time consuming. The multi-

plexing capability of FBG sensors reduces the weight of

the harness and time for installation. The FBG sensors were

bonded on the satellite’s panel surface as embedment of

sensors would affect the strength and manufacturing of the

panels as well as prevent measurement spots on top or

inside equipment boxes. Installation of FBG sensors yields

a 74% mass decrease compared to the surface mounting of

thermistors. Installation of FBG sensors decreases the

overall cable length from over 350 m to less than 100 m)

(Nannipieri et al. 2017).

Fig. 14 a Schematic diagram of a lightweight antenna reflector

structure showing locations of FBG and RSG strain sensors, b power

spectral density against frequency using a 3.75 Hz sampling

bandwidth for RSG and FBG sensors. Reprinted with permission

from Friebele et al. (1999). Copyright 1999, IOP Publishing Ltd

Fig. 15 Schematic of the fiber optic sensor demonstrator for the propulsion subsystem of PROBA II. Reprinted with permission from Mckenzie

and Karafolas (2005). Copyright 2005, Society of Photo-Optical Instrumentation Engineers (SPIE)
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Monitoring temperature during RF testing
of array antenna

Measurement of temperature on certain elements of array

type antenna, while being subjected to RF path particularly

in aerospace systems is challenging. Temperature mea-

surements are necessary for early detection of design

problems. The metallic cables of conventional sensors like

thermocouples and thermistors interfere with RF at certain

frequencies. The immunity of Fiber optic sensors to elec-

tromagnetic interference (EMI) and its miniature size

enables its deployment in small intricate gaps of antenna

structures for thermal monitoring. FBG sensors can also be

embedded without affecting the antenna operation. FBG

temperature measurements in array antenna were demon-

strated in two antenna samples: a stripline Wilkinson

divider breadboard used for the center divider of the

NAVANT (transmit antenna for GALILEO system) and a

1:3 Divider used in a NASA’s Mars ROVER antenna. The

presence of FBG sensors did not affect the performance of

the antenna (Abad et al. 2017).

Thermal monitoring in electric propulsion
subsystems

Temperature measurements in vital components of electric

propulsion subsystems using conventional electrical sen-

sors is hindered by the presence of high EM fields, free

charged particles in the vacuum conditions of space envi-

ronment. Three main parts in the ion engine propulsion

system require thermal monitoring: (1) Ion engine thrusters

require thermal monitoring on their walls as the impacts of

accelerating ions degrade the lifetime of these engines. (2)

High-Voltage Power supplies (HVPS) undergo a lot of

heating during their operation, especially the high-voltage

transformers. (3) High-voltage cables connecting HVPS to

the engine require thermal mapping to monitor the cable

performance. On a demonstrator, FBG temperature sensors

were bonded on different locations to simulate the thrus-

ter’s walls, the solenoids, and a high temperature spot. FBG

sensors in S-shaped serial configuration to remove strain

effects were used to measure temperature in the medium

range (\ 120 �C) while FBG sensors in terminal configu-

ration were used for high temperature range (\ 400 �C).
The maximum temperature measured was limited by the

material characteristic of optical fiber coating material

(polyimide/Kapton). Overall, 19 FBG sensors were used on

the demonstrator and signals were measured with a single

interrogation unit. The FBG temperature sensors were

tested at ambient pressure and thermal vacuum with high

voltage, high magnetic field, plasma, and temperature

gradient conditions and compared with thermocouple

readings. The FBG sensors were found to measure tem-

perature better than thermocouple in the presence of high

thermal gradient fields. FBG sensors also have a slightly

faster response compared to thermocouples. Presence of

EMI and electrical transients in high voltage conditions

affects thermocouple measurements while FBG remains

unaffected. FBG sensors are suitable for measuring tem-

perature gradients in plasma and AC magnetic fields as

well (Selwan and Ibrahim 2018).

Conclusions and future trends

In conclusion, we have reviewed the recent advances in

applications of FBG sensor technology in aerospace engi-

neering such as shock pressure sensing, structural health

monitoring of spacecrafts and satellites, temperature

monitoring of space structures, SHM of aircraft composites

and diagnostics for aerodynamic ground test facilities. The

theory and fabrication of FBG sensors have been discussed

briefly. Owing to their small size, flexibility, and ability to

withstand harsh environments FBG sensors can be used in

shock sensing. FBG sensors have already been used in

plate impact experiments to measure shock generated

stress. Orientation of FBG with incoming shock wave is

found to affect the sensitivity and response of the sensor.

However, rugged sensor packaging and higher sampling

rate of FBG data acquisition systems are required to deploy

FBG sensors in field applications. FBG sensors and other

fiber optic sensors have been used for strain, pressure and

temperature monitoring in satellite and launcher subsys-

tems, atmospheric entry vehicles, International Space Sta-

tion (ISS), ground testing of antenna reflectors and solar

sails, by various space organizations around the world. A

hybrid combination of FBG sensor technology and other

technologies in Reusable Launch Vehicles is being inves-

tigated by several space agencies. FBG sensors have been

deployed in aircraft composite structures for monitoring

the fabrication process, testing and structural health mon-

itoring during their service. Real-time monitoring of

evacuation process and detection of gas leaks using FBG

sensors can be a valuable solution for the aerospace

industry. However, further work is required in terms of

design of fiber optic vacuum feedthroughs, sensitivity, and

range of vacuum detection. Use of FBG sensors for

simultaneous strain, temperature and pressure monitoring

on test models in aerodynamic test facilities like hyper-

sonic wind tunnels, shock tunnels has been demonstrated.

With suitable packaging and the system implementation,

FBG sensors can be used to measure other high-speed flow

parameters as well. However, further research is needed in

this area.
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