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Abstract The detection of stress/strain field in struc-
tural components represents one of the cornerstones of
continuous mechanics analysis of materials and struc-
tures. In particular, this paper presents some of the most
remarkable aspects of aeronautical structures mon-
itoring techniques through fibre optics (FO) sensors;
given their capability to convert local or distributed
strains into optical signal and to transmit it remotely,
optical fibres represent a powerful detection tool which
can be integrated in complex structures. Firstly, some
basic technological concerns to be tackled in view of
sensors integration are considered, e.g. trade-off pro-cess
between bonding and embedding techniques, co-
bonding or co-curing, inter- or intra-laminar embed-
ment, compatibility between host material and opti-cal
fibres, degree of invasivity and interface analysis,
bending sensitivity, use of quick-packs and connectors to
guarantee sensors integrity and functionality. Then,
general concerns to be faced during the design pro-cess
of sensors networks for strain sensing, health- and
process-monitoring are analysed (e.g. distributed, local-
ized and co-located sensors, hot-spot identification, sig-
nal management, multiplexing, attenuation). Moreover,
a number of issues are addressed for a reliable conver-
sion of optical signal into mechanical strain field. In
particular, theoretical and experimental techniques are
presented, devoted to thermal/mechanical signals de-
coupling. Finally, the use of fibre Bragg’s grating (FBG)
sensors and chirped arrays are compared in view of solv-
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ing the problem of reconstructing the stress/strain field
on the basis of spectral signals provided by FO sensors.

Keywords Aeronautical structures - health monitor-
ing - process monitoring - strain sensing - fibre optics
sensors - integration techniques

1 Introduction

Nowadays, structural health monitoring represents one
of the major concerns for modern aeronautical struc-
tures maintenance and aircraft fleet management. As
a matter of fact, the progressive ageing of the aircraft

Abbreviations
ACT across capillary tube
DCB double cantilever beam
DTG draw tower array
ECT extremity capillary tube
ENF end notched flexure

FO fibre optic

FBG fibre bragg grating

FWHM full width half maximum
GFRP glass fibre reinforced plastic
IFSS interfacial shear stress
MAXERR maximum error

QP quick-pack

RMSE root mean square error
RTM resin transfer moulding
SHM structural health monitoring
SpaC spatial continuity

SpaD spatial discontinuity

SpeC spectral continuity

SpeD spectral discontinuity

TMM transfer matrix method

UD unidirectional
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fleet can make questionable their durability, affordabil-
ity and profitability, as well as the real effectiveness of
conventional preventive maintenance philosophy, based
on a scheduled-based approach and non-destructive in-
spection techniques. Such uncertainties become even
more alarming when the structures are made of or-
thotropic and inhomogeneous composite materials. The
ageing of modern damage tolerant composites aero-
nautical structures should be better managed through
predictive maintenance philosophy, sometimes based on
condition-based approaches; the effect of operational
loads, unexpected events and damages on the mechani-
cal response of structural components must be promptly
recorded so that proper actions can be activated. This
requires the integration of a network of sensors, ac-
tuators and detection algorithms, synergistically cou-pled
with continuum mechanics, fracture mechanics and
damage mechanics techniques. The structures become
smart structures and the philosophy is called structural
health monitoring, usually implemented in modern air-
craft through health and usage monitoring systems. Such
methodology is very promising and is going to be adopted
by most modern aircraft, provided some ma-jor concerns
are successfully tackled: sensors and actua-tors
integration, data processing and storage, noise and false
signals filtering, environmental and variable op-erational
conditions management. In brief, structural health
monitoring (SHM) systems can be successfully used,
provided reliability, availability, maintainability and
safety requirements are satisfied. Due to their adapt-able
shape and small size, FOs are suited to be easily
embedded in composite laminates with limited inva-
sivity and sensitivity to environmental degradation [5].
The presence of closely spaced FBGs inscribed on FOs
produces a wavelength change of transmitted/reflected
light according to strain induced spacing variation. FBGs
are thus accurate local strain sensors with extremely
small dimensions. Moreover, FBG sensors, normally in-
scribed on FOs, are immune to electromagnetic fields, are
able to transduce several physical quantities (by di-rect
or indirect measurements) and present multiplex-ing and
real time capabilities [19].
These latter features are often extremely valuable for
practical applications, since they allow the fast and
reliable transmission of a large number of data. As a
matter of fact, a complex architecture of sensors can be
designed and implemented in a structure, which is able to
monitor deformations in a number of differ-ent locations
and directions. In particular, a special kind of sensors,
characterized by a variable-pitch grat-ing (chirped) are
particularly appealing, since, once a code for the
numerical simulation of their reflected spec-trum is
developed, the strain profile along the sensor

can be reconstructed. Such devices show a one-to-one
correspondence between reflected spectrum wavelength
and strain distribution along the sensor, making chirped
gratings ideal for strain sensing over extended lengths
(< 80-100 mm) [2-4], while their use for real time mon-
itoring is prevented, being data post-processing needed
to reconstruct the strain profile acting on the sensor. An
additional type of devices, called Draw Tower Grat-ing
arrays, can be conveniently adopted as well, each one
having different spectral and spatial characteris-tics.
These arrays are produced through an innovative
technique, where gratings are inscribed directly after
spinning on the draw tower, before coating deposition.
Such sensors do not require fibre stripping and recoat-
ing, so maintaining high tensile strength and reliability
[12, 21, 17]. Moreover they are cheaper than conven-
tional arrays and their spectral characteristics can be
easily tuned for obtaining the most disparate spectral
shapes and sensor
Besides monitoring-diagnosis-prognosis issues, further
crucial aspects of health and usage monitoring systems
need to be considered in view of their reliable industrial
adoption [8]. In particular, one should take into account
that simultaneous mechanical and thermal stimuli in-
duce effects which interact and overlap, thus affecting
FBGs response. Such a phenomenon prevents a prompt
interpretation of FBGs signals. The need of discrimi-
nating thermal and mechanical strain contributions has
promoted the development of optical signals decoupling
techniques [9].

responses.

2 General consideration about FO

networking

Sensors

Prior to start dealing with the specific sensors inte-
gration concerns (e.g. bonding vs. embedment, inter-
face efficiency, static and fatigue invasivity), general
issues related to the design of sensors network must be
faced. This implies the consideration of more gen-eral
and higher-level problems, correlated with the net-work
topology and the system overall efficiency, relia-bility,
durability, affordability. These aspects do not de-pend
on the system specific finalization, so they indiffer-ently
apply to usage monitoring (for strains, loads, tem-
perature, moisture content measurement, etc.), health
monitoring (for the investigation of damage mechan-ics
parameters and subsequent diagnosis and prognosis
phases) and process monitoring (devoted to the evalua-
tion of curing conditions, infusion parameters and resid-
ual stresses onset during fabrication, as well as loading
and heating during machining of composite materials).
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Preliminarily, a basic choice between distributed acqui-
sition through long chirped sensors or particular optical
architectures (e.g. Brillouin) and point-to-point discrete
local sensing should be made. Advantages and disad-
vantages of the two solutions should be compared as
well, taking into account, for example, the need of ref-
erence baselines in the first case and of efficient interpo-
lating algorithms in the second one. Besides, an efficient
and synergistic correlation with FEM analysis should be
pre-defined: as a matter of fact, an accurate iden-
tification of hot-spots allows to selectively densify the
sensors distribution, reducing in the same time their to-
tal numbers, as well as the complexity, the burdensome
management and the weight/cost of the whole system.
Moreover, it is well known that FO systems are also
particularly convenient thanks to their capability to
manage several sensors lying on the same fibre, exploit-
ing efficient multiplexing techniques. Among the others,
wavelength division multiplexing and time division mul-
tiplexing techniques can be conveniently adopted, once
respective pros and cons are compared: wavelength di-
vision multiplexing technique can acquire continuously
and contemporarily a certain number of different sen-
sors irrespectively of their pitch, provided such a num-
ber is not too large. On the contrary, time division
multiplexing technique allows the use of several (up to
100) identical sensors inscribed on a single fibre, but the
mutual distance between two adjacent sensors must be
large enough to allow the optical interroga-tor to
discriminate among different signals, being the
acquisition sequential. As a consequence, wavelength
division multiplexing technique is particularly suited for
accurate and dynamic local monitoring of relatively
small areas, while time division multiplexing technique
can be conveniently adopted in case of large structures
quasi-statically loaded. A further basic aspect, deserv-
ing particular attention, is optical attenuation, since it
can affect the signal-to-noise ratio. Optical attenuation
depends on intrinsic characteristics of both core and
cladding, which should be chosen having also this crite-
rion in mind (e.g. poly-acrylate coatings perform better
than poly-imide ones). On the other hand, attenuation
depends on some features of the whole system such as
the number of splice joints and connectors. It also de-
pends on FOs bending (and micro-bending) sensitivity,
that is affected by the relative orientation between FOs
and fiber reinforcement: attenuation increases if sensors
are embedded between off-axis unidirectional and fab-
ric layers, while it is minimized when adjacent layers
consist of unidirectional.
Another general concern, affecting most FO sensors net-
works, descends from thermal and mechanical coupling.
Sometimes, temperature measurement through thermal

on-axis

strains represents the main goal of the system (e.g. usage
monitoring, process monitoring). In other cases thermal
and mechanical effects should be decoupled: several
strategies have been developed, some of which will be
presented in the following. However, stringent
requirements, need of simple and fast placement, to-
gether with inherent difficulties related to the capabil-
ity of transferring signals through moving components,
may limit the choice of the decoupling techniques which
can be adopted. A typical situation where design is-sues
and technological requirements do not allow a free
choice among optical architectures is represented by he-
licopter blades monitoring . As a matter of fact, easy
placement procedure, robustness and need of adopting
commercially available instrumentation to be installed
at the root of rotors blades represent compulsory re-
quirements for an  effective  implementation.
Finally, in designing the sensors network for setting up a
FO monitoring system, some very basic criteria should
be borne in mind, relevant to its reliability, reparability,
maintainability, complexity, weight and cost. Since such
criteria are very often conflicting, a trade-off procedure
should be devised in order to find out a compromise so-
lution. As an example, reparability and maintainability
are maximized if sensors are bonded to the surface of the
structure, but, so doing, environmental endurance and,
consequently, reliability can be affected. Addition-ally, a
highly-fractionated network of fibres, consisting of
several branches joined through connectors, maxi-mizes
reparability and maintainability, but implies an
increased number of connectors and increases system
complexity, weight and cost. Overall system robustness
and availability are increased as well, to the expenses of
reliability, which, in turn, is reduced owing to the
increased number of components. In conclusion, a re-
liability, availability, maintainability and safety analy-
sis implementing a global system engineering approach
[22] is worth adopting to get a fully comprehensive op-
timal solution.

3 Integration issues

The integration of FO sensors into structural composite
components can be generally achieved in two different
ways, that is bonding them to the external surface or
embedding them inside the laminates during the man-
ufacturing process. External bonding can appear the
simplest and most preferable method, even though the
procedure hides some difficulties, mainly due to FOs
brittleness and small bonding surface. For these rea-
sons, sensors installation becomes burdensome and the
interface with the structure reveals inadequate to en-
sure acceptable strength levels.
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GFRP UD

GFRP fabric

PTFE tube

(a)

(b)

Fig. 1 Quick-Pack production: (a) scheme of the Quick-Pack;
(b) micrograph of FO embedded in a laminate showing the
core and the coating of the fiber.

In order to overcome these problems, a special device
should be adopted, consisting of a thin flexible GFRP
laminate embedding FOs (Fig.1a). A dedicated vac-uum
bag assisted curing cycle minimizes resin loss and voids
percentage amount around FO. A ”smart” rib-bon
results, named Quick-Pack (QP), in which a well-
protected FO is placed. Its flexibility, guaranteed by ex-
ternal fabric plies, allows a perfect adhesion on curved
surfaces, while reinforcement fibres of an inner UD layer
preserves FO integrity and operation. Besides, QP can
be employed at high process temperatures, irrespective
of the limited thermal stability of FOs coating (for in-
stance, acrylate coating) (Fig.1b). QPs can be bonded to
the surface of composite laminates according to stan-
dard co-bonding process or directly during the manu-
facturing of the component itself (co-curing process)|8].
The first one consists in a simple procedure relying on
low curing temperature paste or film adhesive. In co-
curing technique, QPs adhesion is granted by lami-nate
uncured resin: no additional adhesive is required. As a
consequence, both QP materials and consumables must
comply with (high) curing temperatures of com-posite
part. However, even if more critical, the latter process
guarantees higher strain-transfer capability be-tween
monitored part and monitoring sensor. A possi-ble
drawback can arise, consisting in QP and FO tubing
sinking into prepregs, which may create undesiderable
indentations affecting the final laminate (Fig.2). Special

Vacuum bag

Flexible
. Laminate \ caul plate
Peel ply  Ribbon Bleeder
Rubber
layer
(b)

Fig. 2 Co-curing technique: (a) sinking of QP and PTFE
tubing and (b) scheme of the developed procedure.

composite caul plates, with the half thickness of the QP,
can be applied on the top of uncured laminate (Fig.2b)
in order to avoid FO breakage and QP misalignments.
Figure 3 shows a detail of these very flexible caul-plates
during vacuum bag preparation and the final result at
the end of the co-curing process. As an alternative to co-
bonding and co-curing techniques, FOs can be
embedded inside composite laminates directly during
lamination phase: so doing, monitoring is possible at
hardly accessible locations and FOs protection is guar-
anteed from environmental effects. This is particularly
relevant if clean and smooth surfaces are required (e.g.
aerodynamic surfaces). On the other hand, the devel-
opment of a proper embedment technique has to ad-
dress a number of critical issues. The preservation of FO
coating polymer integrity during embedment is neces-
sary to ensure homogeneous adhesion between host ma-
terial and sensor. When peculiar optical architectures
are adopted (e.g. FBG), it is of paramount importance
to avoid FO cross-section distortions, which could in-
troduce misworking or inaccurate measurements. Both
aspects are influenced by host material lamination se-
quence. In particular, off-axis reinforcing fibres induces
local states-of-stress on gratings, possibly leading to
permanent alterations of reflected spectrum, or even
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(b)

Fig. 3 Co-curing technique: (a) special carbon fabric caul-
plates positioned on the top surface of the laminate before
curing cycle and (b) no visible sinking of the QP at the end
of the process.

................... Undeformed spectrum
Deformed spectrum

oy
s

TN
WAL

1652 1553 1554
Wavelength (nm)

0
1651

Fig. 4 Effects of a FO deformed cross-section on the reflected
spectrum of a Bragg grating sensor.

to the complete loss of functionality of the sensor itself
(Fig.4).

When FOs are directly embedded in cross-ply or angle-
ply laminates, microscopy analysis shows standard acry-
late coating undergoing relevant deformation due to
high curing pressures and temperatures (Fig.5). Conse-
quent alterations of output signal suggest FOs to be em-
bedded between on-axis UD layers. To overcome such a
drawback, resistant coatings like polyimide, ceramic or
metal, may be used as well. Figure 5 also highlights the
presence of resin pockets around FO, that implies ef-

Fig. 5 Effect of the misalignment between FO and reinforc-
ing fibres on coating deformation: no visible effects in case
of FO is (a) aligned or (b) in case of polyimide coating is
adopted; (c) visible deformation of acrylate coating in an
angle-ply laminate.

fects even more serious from the point of view of FO in-
vasivity. Finally, a reduction of optical signal transmis-
sion occurs when FOs are subjected to micro-bending
phenomena (owing to weaviness of bordering layers):
again, the adoption of QPs makes FOs embeddable in
any lamination sequence with no effect due to misalign-
ment (Fig.6).
The degree of invasivity related to different embedment
techniques (QP vs. direct embedment) can be evalu-
ated through fatigue tests performed on representative
structural elements, like a helicopter rotor blade [5].
Two different specimens, have been considered, being
FBG sensors respectively embedded along reinforcing
fibres (in spar elements) and via QP (in trailing edge
elements where upper and lower blade skins are bonded
together) (Fig.7). Sensors performances are evaluated
by comparing their outcomes to reference strain gauges
signals, to identify possible sensitivity change due to fa-
tigue loads. Besides, endurance analysis comparing the
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(b)

Fig. 6 FO embedment technique through QP (QP embed-
ment): (a) positioning of the QP between two solid adherends
and (b) cross section view of final laminate.

(a)
C3 CFRP specimen
4000 16000
3500 14000
3000 Aﬁ\ 12000
1 2500 [ \ [ \\1]‘ 10000 "
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1000 7 \\ Vi // \Q 4000
500 g Wyg/ % 2000
0 0
9900,26 9900,46 9900,66 9900,86 9901,06 9901,26
Time [s]
[ ——Fses ——s61 ——se2 ———5G average Load |

(b)

Fig. 7 Invasivity evaluation of FO embedded in composite
components: (a) location of hot spots in a cross section rotor
blade and (b) example of the sensor response during fatigue
tests.

behavior of plain and FO-sensorized specimens allows to
point out possible damage onset due to embedded FOs
or QPs. As a matter of fact, post-fatigue analysis shows
no micro-cracks onset and growth, in spite of 10 million
cycles at f=10Hz frequency, R = 0.1 fatigue ra-tio and
max load to about 4000 pe [5]. Low invasivity of sensors
implies no damaging effect and allows high measuring
accuracy.

To get a strong interface between sensors and host ma-
terial, a crucial role is played by the embedment tech-
niques, as well as by the nature of FO. To evaluate
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(b)

Fig. 8 Comparison between Epoxy resin/FO interfaces (two
coatings: poly-acrylate and poly-imide); (a) Pull-Out curves;
(b) Inter Facial Shear Stress.

the stress-transfer capability of the interface, pull-out
tests should be carried out on different kind of FO coat-
ings. Specimens consist of small resin blocks partially
embedding a single fibre (embedded length L shorter
than critical value L¢ ). The latter is defined as the
embedded length which gives a pull-out force equal to
the fibre failure load: so doing, debonding occurs rather
than fibre failure. Pull-out test supplies maximum shear
stress through an equilibrium relationship, provided a
uniform stress distribution is assumed along the inter-
face [36]:

Fyax (1)

TIFSS = rdl

where Fi 4 x is the maximum value of force correspond-
ing to debonding and d is the fibre diameter. A specific
testing equipment allowing reliable and repeatable fiber
embedment and clamping was designed [7, 6].
Figure 8 and figure 9 respectively show typical force vs.
displacement curves and micrographs of polyacrylate-
and polyimide-coated FOs. Polyacrylate coatings shows
mixed adhesive/cohesive fracture occurring at 2.7 MPa
average InterFacial Shear Stress (IFSS); poly-imide
spec-imens collapse implies only adhesive failure, at
higher stress levels (IFSS=32.7 MPa).

A potentially advantageous integration technique con-

sists in FOs direct embedment during fabric weaving:
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(b)

Fig. 9 Comparison between Epoxy resin/FO interfaces (two
coatings: poly-acrylate and poly-imide; (a) micrographs of
damaged poly-acrylate coating; (b) smooth poly-imide-coated
FO cladding after pull-out.

()

Fig. 10 Intralaminar embedment of FOs during the weaving
stage of carbon fibre UD prepregs.

so doing FOs are integrated inside dry lamina reinforce-
ment and are allowed to reduce interlaminar invasivity;
interface characteristics are improved as well, thanks to
a better interaction with host material. Figure 10 shows
the inter-weaving process (preliminary technological as-
sessment).

Irrespective of adopted integration procedure, the weak

point of FO health monitoring systems reside in the
connection with opto-electronic devices. As a matter
of fact, FOs protruding from laminates edges prevent
any post-cure machining and imply handling concerns.

(b)

Fig. 11 Conceptual and technological assessment of embed-
dable FO connectors: (a) quick-pack with end connector and
(b) actual embedment in a laminate.

In principle, embeddable connectors could represent a
viable solution: FOs featuring such devices may termi-
nate inside the laminate and connect to external opto-
electronics once the component installation is accom-
plished. A promising preliminary technological assess-
ment of embedded connector is shown in figure 11.

4 Load monitoring

In their simplest application, FBG sensors carried by
optical fibres can be used to acquire strain measures
averaged over the grating length. However, the inher-
ent characteristics of sensor networks based on optical
fibres, such as lightness and immunity from electromag-
netic jamming, make conceivable the integration of a
relatively large number of sensors into a structural com-
ponent. Such networks will involve a moderate weight
cost and could be reliably interrogated in flight condi-
tions at adequate frequencies, so to make possible the
reconstruction of the strain field evolution in operative
conditions.

The spatial resolution and the level of physical integra-
tion of optical fibres into the structures required to ex-
tract meaningful information from sensor data depends
on the scope of strain sensing. Indeed, if the objective is
the identification of internal local damages in a com-
posite structure, such as in the application described in
Takeda et al. [35], a very refined network is required and
sensors embedded in composite laminates are likely to
represent the best choice to detect the signatures of
damage on the strain state. Conversely, few strain sen-
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sors can be required to approximately know the resul-
tant of the external forces applied to a structure. At an
intermediate level, a relatively dense network of sensors
can be applied to a structural component to reconstruct
the strain field for a more detailed evaluation of the in-
ternal stresses and of the stresses transmitted by the
surrounding components.

Such level of application becomes particularly interest-
ing for innovative composite and hybrid aircraft struc-
tural architectures, which may behave in more com-
plex ways than traditional metallic constructions, under
the action of thermo-mechanical loadings. A detailed
knowledge of load conditions in the most important
structural parts would provide significant information
to define and update maintenance operations. More-
over, the availability of a continuous monitoring of the
structural response can be exploited to detect the mod-
ification of load paths derived from aging, by the pres-
ence of damage in redundant parts and by the introduc-
tion of new flight configurations. Potential advantages
are also related to recent trends towards the applica-
tion of innovative morphing structures to perform load
alleviation and to optimize the shape of aerodynamic
surfaces for different missions or mission segments [4],
which can increase the variety and the uncertainties of
load conditions that can be experienced by the struc-
tural components of a flight vehicle.

The reconstruction of the whole strain field in a struc-
tural element on the basis of local strains is an inverse
problem that can be addressed by methods based on
least square approximations [31]. Assuming a linear be-
havior, the problem can be significantly simplified if the
loading conditions applied to the element can be ap-
proximated by a set of m parametrized loads, acting at
known location in the structures, which are represented
by a vector {F}. Each term of the parametrized load
set induces a strain field. Considering a set of n local
strains, {e*}, acquired at given position by the sensor
network, the application of a single term F; of the load
vector {F'} leads to a set of strain values that can be
expressed as in Eq. (2), under the assumption of linear
response.

{e*}i={a}iF; (2)

where {a}; is a vector of influence coeflicients, which
provides the local strains for a unit value of the load
term F;. The superposition of all the parametrized loads
leads to a vector of strain measures that is expressed
by defining a rectangular matrix of influence coefficient,
[a], whose columns are the vectors {a};, as indicated

in Eq. (3).

{e} = Z{€*h = Hah--H{a}i--{an] {F} = [o] {F}
3)

If the matrix [@] is known and the vector of strains
{e*} is given, the vector of the unknown loads {F'} can
be evaluated by minimizing the squared norm of the
distance between the experimentally acquired strains
and the strains computed by using [«], as expressed in

Eq. (4).

m

|W%MWW=ZG%X@M) @)

=1

The minimization of the norm in Eq. (4) leads to a least
square problem with the solution expressed in Eq. (5).

{(F} = ([0)"[o]) " [ "{e"} (5)

Hence, the system of parametrized loads can be identi-
fied if the coefficients of influence {a}; are known. Such
vectors can be evaluated by experiments or by develop-
ing a finite element model of the structural component
and by separately applying the F; loads, on the basis of
Eq. (2).
In an aeronautical component, loading conditions can be
a generic combination of external loads and of loads
transmitted by the surrounding structure. Such load
system can be relatively complex, but the knowledge of
the basic structural behavior of elements in the stressed
skin constructions, which are typically used in aeronau-
tical structures, can provide a guideline to define an
acceptable simplified parametrized set of load compo-
nents.

An example of application is provided considering a part
of a wing spar made of carbon/epoxy compos-ite
material, subjected to a generic load conditions,
endowed with a FBG sensor network for the acquisi-tion
of longitudinal strains in each bay, between the ribs. The
real-time monitoring of the whole strain field in service
should provide information on overloads and potentially
safe-critical conditions. The spar segment considered
has a C-shape section and a uniform lami-nation
sequence, with about 48% of reinforcement fibres in
+/-45 direction, 34% in 0 direction and 14% in 90, being
the 0 direction identified by the longitudinal axis of the
spar.

The spar segment, which is represented in figure 12a,
includes 7 bays, which are separated by ribs. The sen-
sors networks are considered applied along the exter-nal
surface of the spar, on the flanges and on the web. The
FBG sensors are oriented to measure longitudinal
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Yol pusizizn

Fig. 12 Active sensors positioning and related codifying vec-
tor (typical): (a) full wing spar segment and (b) possible FBG
sensors location.

strains in 18 potential positions in the bay. Such instal-
lation can be obtained by bonding six QP per bay, of the
type defined in the section 3, each one potentially
hosting three sensors. The possible locations of sensors
are defined in figure 12b. By varying the number and the
position of the active sensors, 2'® configurations are
possible in each bay. Such configurations can be coded in
the vector that is shown in figure 12b, where po-sitions
hosting an active sensors are represented by a unit value
and void positions are indicated by zeros. The sensor
network is used to identify a parametrized load system,
presented in figure 13, which includes 17 concentrated
forces and 12 distributed load systems. The
concentrated forces are transmitted to the spar segment
in correspondence of the ribs. In the finite element model
of the spar such forces are applied by means of rigid
plates, which are visible in figure 13 and represent the
attachments of the ribs to the in-ternal surface of the
spar. The plates are modeled by rigid elements and
connected to the web of the spar model by means of rigid
bodies in correspondence of the bolts. Concentrated
forces include longitudinal and horizontal resultants as
well as bending moments. The distributed loads are
applied as nodal force systems to the caps of the spar
and represent the action transmit-ted by the panels.
They include 8 longitudinal loads, divided into upper
and lower components, and 4 sys-tems representing
torsional moments. A nominal finite

Fz1

[
~mys

Fig. 13 Generic parameterized load condition.

element model of the spar is clamped at the root and
used to calculate the coefficients c;; that provide the
longitudinal strain at all the potential positions, €7, by
applying a single component of the parametrized load
system Fj;. A study is performed to evaluate the per-
formance of the load identification system for various
configuration of sensor networks, assuming an identical
configuration in all the bays, with n; active sensors per
bay installed at the positions indicated by the codifying
vector represented in figure 12. The strains to be iden-
tified are obtained by developing a virtual test model,
subjected to a load condition, represented by a generic
combination of parametrized loads. The values of the
components in the force vectors are chosen to represent
a realistic load condition for the component, which is
considered as a segment of a forward spar in a wing in
cruise load conditions. The values of internal forces in
the wing are used to estimate vertical forces, bending
and torsional moments, whereas horizontal loads are
separately added. The output of the virtual test model
is used to surrogate the vector of the strains acquired
by the monitoring system {&*}, which is introduced in
Eq. (5). Once that the number of active sensor is fixed,
a Monte-Carlo approach is followed, by randomly vary-
ing the codifying vector. For each configuration repre-
sented by the codifying vector, the root mean square
error (RMSE) and the maximum error (MAXERR) are
calculated between the values of the load components
identified by the load identification algorithm and the
actual values of the load components.

The study is first performed by assuming no discrep-
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Fig. 14 Load monitoring system performances considering
1000 possible combinations.

ancies between the nominal model and the model used
for the virtual test. An indication of the system perfor-
mances is provided in figure 14, where the RMSE and
MAXERR indices are given, in percentage, for the best
50 configurations at n, = 5,6,8, obtained considering
1000 possible combinations for each n; value. Load com-
ponents are identified with a considerable precisions,
with RMSE lower than 0.5% and MAXERR lower than
1% for ny =5. It can be observed that both the indices
present minima that progressively decrease as the num-
ber of sensor per each bay is reduced. A more realistic
situation is considered by introducing differences be-
tween the nominal model used to calculate the matrix
of influence coefficient and the virtual test model used
to surrogate the strains acquired by the sensors. In the
virtual test model, the spar segment is divided in 18
sectors, with different lamination sequences obtained
by introducing small alteration in the thickness and in
the orientation of the plies. Gaussian distributions are
considered to attribute the lamination sequence to each
sector, with a covariance of 3.6% for the thickness dis-

tribution and of 2deg for the distribution of orientation
angles with respect to nominal values. The performance
of the monitoring system in such conditions is presented
in figure 15, where the values of RMSE and MAXERR
indices are provided for the best 10 configurations ob-
tained in Monte Carlo approach with 10000 configura-
tions explored for each value of ny. Although the num-
ber of configurations is not adequate to identify opti-mal
performances, results indicate well-defined trends. The
number of configurations with acceptable perfor-mances
is very low with respect to the total number of
configurations considered, whereas in the previous case,
without discrepancies between nominal and vir-tual test
models, many configurations obtained similar
performances. This can be related to the importance of
the proper positioning of sensors on the component as
well as to a sensitivity to the specific load condi-tions.
The number of sensors has a relevant importance to
improve the accuracy of the identified load system.
Indeed, Maximum errors are below 27% by using 8 sen-
sors per bay, whereas the RMSE index can be reuced to
11.5% by choosing an adequate sensors configuration.
The values of MAXERR are quite high, but it should be
noted that such error is typically referred to a force
component with a relatively small absolute value, which
marginally affects the strain field. In the best configu-
ration found with n, = 8, the MAXERR in the vertical
forces, which are the most significant components in the
load condition, is of 8.4% and only 4 parameters of the
29 components of the force vector present errors that
exceed 18%. Overall, the results of the study pre-sented
confirm the possibility to identify with a good detail the
complex load conditions in an aeronautical component,
provided an adequate number of sensors is used. Hence,
the lightness, the reliability and the plain-ness of
installation of the sensor network play a fun-damental
role to determine the feasibility of such type of
monitoring systems. In the presence of uncertainties, the
system should be designed considering realistic load
conditions and exploring as many configurations as pos-
sible to identify the best trade-off between the number
of sensor and the robustness of identification.

5 Health monitoring

Modern design philosophies of aircraft structures are
nowadays widely adopting damage tolerance fatigue ap-
proach, while most up-to-date maintenance procedures
are based on predictive concept. Anyhow, if the health
condition of the structure (dependent on possible pres-
ence of internal damages) is going to be investigated,
a large amount of data is needed. As mentioned in
the previous section, these data should be acquired in
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Fig. 15 Load monitoring system performances considering
10000 possible combinations.

real-time, on a continuous time-scale and distributed
space-metric. To this purpose, the so called continuous
structural health monitoring systems have to be im-
plemented, consisting in a network of sensors able to
measure fatigue cracks, corrosion damages, outcomes
of low-to-medium energy impacts, technological defects
and, in case of composite materials structures, delam-
inations and honeycomb debondings. The adoption of
such structural health monitoring systems allows one
to get remarkable savings, in terms of both Direct Op-
erative Costs and, above all, of Direct Maintenance
Costs. In modern military aircraft, 44% saving in in-
spection time is gained thanks to the adoption of these
systems in comparison with conventional techniques,
as shown in table 1: Among different techniques avail-
able for implementing structural health monitoring sys-
tems (acoustic-ultrasonic, comparative vacuum mon-
itoring, acoustic emission, sensitive coating, environ-
mental degradation monitoring sensors, microwave sen-
sors, imaging ultrasonic, foil eddy currents), the one
based on FO sensors is definitely the more mature and

Table 1 Modern military aircraft: inspection times ([30]).

Type of Standard Reduction Saved
inspection duration adopting SHM time
(% total) (% total) (% total)

Flight line 16 40 6.4

Scheduled 31 45 14.0
Non scheduled 16 10 1.6

In service 37 60 22.2
Total 100 - 44.0

able to guarantee the best compromise among reliabil-
ity, sensitivity, low invasivity, quick time-response and
acquisition probability [14, 13]. Since the most com-mon
damage in composite laminates consists of delam-
inations, which mainly propagate according to Mode I
and Mode II, it appears that, to preliminarily evaluate
the efficiency of structural health monitoring systems,
double cantilever beam (DCB) and end notched flexure
(ENF) fracture mechanics tests should be performed at
first [2]. In principle, such an assessment consists in the
comparison of FO sensors and electrical strain gauges
measurements to FEM analysis results [1]; some typical
outcomes of such basic validation tests are reported in
figure 16. Load and strain trends, measured as function
of crack propagation, allow the investigation of process
zone as well the monitoring of strain field evolution. In
particular, figure 16b shows that strains, recorded by
FBGrqcr, embedded two plies above the pre-cracked
central interlaminar layer at 40 mm from the initial
crack front, rapidly increase as the crack tip passes be-
low the sensor during DCB tests.

Once demonstrated the capability and reliability of
FO sensors to detect strain fields modification due to
damage growth in simple standard fracture mechanics
coupons, more complex structural components may be
considered [3], which are representative of real struc-
tural details/subcomponents, like the one reported in
figure 17. In this component, the start and evolution of
delamination within a T joint has been predicted by nu-
merical simulations and experimentally assessed by em-
bedded FOs. In conclusion, FO sensors-based systems
prove to be particularly suited for performing health
monitoring of real aircraft structures and able to im-
plement and support damage tolerance fatigue design
philosophy and predictive maintenance approach.

6 Process monitoring

Since FO sensors are embedded in composites at lam-
ination stage, they can provide a powerful tool for the
monitoring of whole lamination and curing process. In
prepreg lamination techniques, (e.g. heated-platen press-
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Fig. 16 FO sensors in fracture mechanics tests: (a) test lay-
out and strain sensors location within DCB and ENF speci-
mens; (b) internal strain evolution measured by FBG sensors
embedded in DCB specimens. Vertical lines (Fig.16b) identify
sensors close to pre-cracked interlaminar layer (FBGcrack)-

ing and vacuum bag/autoclave), as well as in liquid
composite molding, such as RTM, FOs measurements
made available since initial stages, allow one to properly
choose processing conditions and provide insightful in-
formation about manufacturing procedure. Indications
about consolidation, resin curing progression, compos-
ite temperature evolution, final residual strains can be
gathered from the output signal of embedded FBGs [25].
Moreover, in case of liquid resin processes (RTM, resin
infusion, etc.) additional information can be ob-tained
about resin flow rate, preferential paths, incom-plete
mould filling, presence of dry spots. For these last
purposes, standard FOs (with no FBGs) may be em-
ployed, which are considerably cheaper and can be eas-
ily embedded [16, 18]. A further interesting use of FBG
sensors becomes apparent in case of adhesive joining,

Fig. 17 Complex structural composite component for FO
health monitoring applications.

where local temperature/strain evolution during adhe-
sive cure can be monitored. It should be noted that all
such data are obtained in real-time and give a direct in-
dication of what is occurring within the laminate or the
adhesive layer. To acquire FOs signals since the begin-
ning of technological process, adaptation of moulds and
manufacturing equipment may be required. In case of
vacuum bag/autoclave processes, long portions of fibers
protruding from the laminate must be left, to allow an
easy connection to opto-electronics. Once sensing fibres
are embedded into laminate, proper passages through
vacuum bag sealing and special by-passes should be em-
ployed to drive FOs signal out of autoclave. Moreover,
in case of heated platen pressing, suitable adaptation of
mould edges may be required, not to damage FOs
protruding from laminate during part de-moulding.
Special care must be taken in RTM process as well,
mainly in case of vacuum-assisted resin injection tech-
nology. As a matter of fact, mould vacuum tightness is
crucial to guarantee the final quality of moulded com-
ponents. Even slight vacuum losses lead to air leakage in
the mould and consequent incomplete reinforcement
wetting: so protruding fibers should be placed within
soft seals granting air and pressure tightness during the
whole mould filling stage (Fig.18). These drawbacks of-
ten represent the limiting issues for a wider adoption of
FO sensors in process monitoring. Figure 18 reports the
information supplied by three plain optical fibres placed
at different distance from the inlet of a RTM mould
during resin injection in a preform. Signal drop, due to
abrupt refractive index variation, occurs when resin



O©CoO~NOOOITA~AWNPE

Fibre Optics health monitoring for aeronautical applications

13

1
N |
= | [ 1
g | I |
- | | i
® 1.5 = o === Fiber 3 i s Bt T - F-—
s | |- End of mold . ! - i
c filling | ' h I
2 T T | I |
@ I | | I | !
| e (e = e R G R e P =
| | 1 I | '
| | | | 1 1
| | | | | i
| 1 | | | f
| | | | | i
0.5F-—---- I==q=-=- e e S t——-—-= -
| | | | I I
1 L & L H
0 50 100 150 200 250 300
Time (s)

Fig. 18 Signals from three optical fibres in a RTM preform
during resin injection.

x 10"

15

Ahg (um)

0 50 100 150 200 250
Time (min)

Fig. 19 Signal from a FBG embedded in the adhesive layer
of an hybrid joint.

reaches optical fibres tip. Actual resin flow rate can eas-
ily be calculated. As it will be shown in section 7, FBGs
signal wavelength is related to material strain and tem-
perature. Figure 19 shows such wavelength variation
occurring when a FBG sensor is embedded into the ad-
hesive layer during the hot curing stage of an hybrid
joint. Further information about adhesive temperature
time-history and final residual strains can be gathered as
well.

7 Decoupling techniques of thermal and
mechanical effects

In the previous sections, it has been shown that, once
solved technological concerns relevant to embedment,
invasivity and stress-transfer capability, FO sensors are
particularly suited to load, health and process moni-

toring of composite structures, provided efficient tech-
niques are adopted for decoupling thermal and mechan-
ical effects. As a matter fact, FBG sensors based on
uniform Bragg gratings, allow the measurement of de-
formations and temperature through the variation of re-
flected wavelength. According to the well-known Bragg’s
relationship (6) among wavelength (Ap), effective re-
fractive index (n.ss) and grating period (A), signal vari-
ation AAp depends on both thermal and mechanical
effects according to Eq. (7) [33]:

)\B: 2neff/1 (6)

A)\B:/\B(lfpe) €1+>\B(OéCTE+C) AT (7)

where photo-elastic p. and thermo-optic coefficients ¢
represent respectively strain and temperature depen-
dence on refractive index, acr gis FOs thermal expan-
sion coefficient, €1 and AT refer to strain and temper-
ature variations.
Finally, introducing the coefficients of proportionality

K. and K7, Eq. (7) can be expressed as:
ANg = K.e + Kr AT (8)

Referring to Eq. (8), a few techniques based on the
following Egs. (9) have been proposed.

(e} = [k a L)

2( = 2 12 9)
AN Kz K7.| | AT

By means of two distinct FBG sensors inscribed on FOs
having different cross section, James S.W. et al. [23] and
Frazo O. et al. [28, 15] , developed a system relying on
the different response provided by different sensors
when the same stress is applied. Such a technique is
presented by Jin L. et al. [24]. As an alternative, the
convenience to embed a portion of the sensor into dif-
ferent materials is proposed by Guan B. O et al. [20].
Few techniques are particularly suitable when FO sen-
sors embedded into composite laminates. Udd E. et al.
[32] adopted a couple of FBGs having different Bragg’s
wavelengths inscribed on the same stretch of fibre. Yam
P. et al. [34] proposed to decouple the signal by means of
sensors characterized by a phase-shifted response (-
shifted). An alternative measurement system, adopting
sensors generated by particular phase masks, is pro-
posed by Caucheteur C. et al. [11], which uses tilted
sensors. Being not perpendicular to FO axis, part of the
signal is transmitted to FO cladding, thus obtaining a
wavelength whose value depends on the characteristics
of both and cladding.
Based on the use of capillary tubes, two simple decou-
pling techniques are proposed and tested [9]. The first
one (Extremity Capillary Tube - ECT technique), com-
plies to what proposed by Montanini and D’Acquisto

core
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[27]. Tt accomplish signal decoupling by directly embed-
ding a uniform Bragg grating (FBG1) into composite
structure, while a second standard sensor (FBG2), in-
scribed at the extremity of a FO, is loosely inserted in a
capillary tube, also embedded in the laminate. These
sensors react differently to thermal and mechan-ical
stimuli, since FBG1 response is influenced by tem-
perature and host material deformation (due to both
mechanical and thermal effects), while FBG2, which is
loose inside capillary, feels only thermal effects. The
proportionality coefficients K, in Eq. (9) can be written
as:

K; :A}B(l_pe)
K?=0

The gratings response to temperature variations is dif-
ferent as well, since the change of wavelength of the
sensor directly embedded is affected by the thermal de-
formation of the whole structure, not only by that of
optical fibre. The two proportionality coefficients K
can be written as:
K%“ = )‘}B (€ + aris)
K} =A% (C+ aro)
where a,;s represents thermal expansion of the com-
posite/embedded fibres system, which can be obtained by
a micro-mechanical analysis.
The alternative technique (Across Capillary Tube - ACT)
overcomes the problem of multiplexing downstream cap-
illary, since the fibre is not interrupted. ACT relies on a
first sensor (FBG1) directly embedded into composite,
while the second sensor (FBG2) is inscribed on a contin-
uous optical fibre, loosely constrained inside a capillary.
As a consequence, the optical fibre assumes a curvy shape
inside the capillary, whose elongation does not implies a
corresponding deformation of FBG2. The re-sponse of
FBG?2 to applied external strains is not null, but sensibly
differs from that of FBG1. However, the response of
FBG2 (K2 0) varies according to the

(10)

(11)

g
applied deformation. For small strains, the strain co-

efficient is assumed to be constant and the equation (9)
allows a correct estimation of thermal/mechanical effects
[9]. Fig.20 reports the calibration curves rele-vant to ECT
technique obtained by separately imposing strain or
temperature variations. They show different responses of
FBG sensors to thermal and mechanical stimuli. The
linearity of such responses allows one to determine all
matrix components in Eqgs. 9, as well as to solve the
system. Figure 21 reports the results of val-idation tests,
consisting in simultaneous temperature and strain
variations applied to a composite coupon. The
comparison of FBGs, electrical strain gages and
thermocouples outcomes assesses the reliability of ECT
decoupling technique.
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Fig. 20 Application of ECT technique to thermo-mechanical
decoupling of FBG signal: (a) Temperature; (b) deformation
response of sensors during calibration tests.

8 Strain field reconstruction from FO sensors
spectra

In section 4 an inverse problem is dealt with, devoted to
the reconstruction of the whole strain field in a struc-
tural element on the basis of local strain measured by
standard FBG sensors. In the following, another kind of
inverse problem, typical of FO monitoring system, is
solved, which allows one to obtain the global strain field
starting from optical spectra got by special FO sensors.
As a matter of fact, the wavelength of the reflection
spectrum for a chirped FBG has a one-to-one corre-
spondence to the position along the gauge section, thus
allowing strain reconstruction over the entire sensor
length. In particular, Draw Tower Grating sensors are
particularly appealing since they can provide a strain
field over an extended spatial region. The first step to
develop a strain reconstruction tool consists in the im-
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Fig. 21 Application of ECT technique to thermo-mechanical
decoupling of FBG signal: validation tests.

plementation of an algorithm simulating the reflected
spectrum of a sensor subject to an arbitrary deforma-
tion profile. Then, such algorithm has to be coupled to
an optimization procedure which finds the strain profile
minimizing the difference between simulated and exper-
imental spectra [29, 37]. A grating simulation approach
relying on the Coupled Mode Theory (simplified the-ory
derived from Maxwell’s equations [26]) is reported in
detail in [10], where TMM (Transfer Matrix Method) is
exploited as well, together with an optimization tech-
nique based on a hybrid genetic algorithm.
To validate such a strain reconstruction tool, tests are
performed on chirped grating sensors. To check repeata-
bility and robustness, several cases are investigated for
each shape of strain profile, with increasing deformation
magnitude. Strain gauges are located close to sensors
edges in order to monitor the actual strain distribu-tion.
Once completed the apodization process (applied
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Fig. 22 Chirped sensor: (a) numerically-reconstructed strain
profile compared to experimental one; (b) corresponding spec-
tra; linear strain test case; maximum strain level 2500 pym.

to reflected spectrum of unloaded sensor) to identify the
apodization profile, such apodized profile can be used for
simulating the reflected spectrum of loaded sensor
(Fig.22a) and for reconstructing the strain field, as re-
ported in figure 22b. As an alternative, Draw Tower
Grating arrays can be considered. They present several
advantages over traditional arrays, e.g. allowing sev-eral
different combination of spectral and spatial char-
acteristics. To identify the best combination for strain
reconstruction applications, three of them are consid-
ered, every array being composed of 10 individual FBG
sensors[10]:

— Spatial continuity and spectral discontinuity
(SpaC/SpeD):
Each sensor is 10 mm long; no spatial separation
exists between two adjacent gratings. Sensors wave-
length are separated by 1 nm;



O©CoO~NOOOITA~AWNPE

16

Giuseppe Sala et al.

— Spatial continuity and spectral continuity
(SpaC/SpeC ):
Spatial configuration as SpaC/SpeD. Individual sen-
sors wavelength separation is 0.1 nm, that is the Full
Width Half Maximum of a single peak. Resulting
spectrum is continuous, with local maxima corre-
sponding to each FBG Bragg’s wavelength;

— Spatial discontinuity and spectral continuity

(SpaD/SpeC):
3 mm long sensors, 7 mm spatial separation be-
tween two adjacent gratings. Wavelength separation
is < FWHM originating a continuous reflection
spectrum. No local maxima are present, given the
greatest width of the individual peaks.

Spectral discontinuity allows individual peak tracking
and consequently real-time monitoring. However, to al-
low wavelength division multiplexing, the number of
single FBG which can be inscribed on the FO should be
limited; moreover, peak tracking gives no information
about strain gradients. Spectral continuity generates
narrower spectra, but requires spectral analysis and
makes it impossible to perform real-time monitoring.
Likewise chirped grating case, several tests should be
performed for obtaining different strain profiles. How-
ever, being Draw Tower Grating arrays longer than
chirped ones, more complex strain profiles can be ap-
plied: uniform, linear, triangular and quasi-quadratic
distribution. In the following, some typical results (re-
constructed spectra and strain profiles) are reported, re-
spectively relevant to SpaC/SpeD and SpaD/SpeC cases
(Fig.23 and Fig.24). Sensors are bonded to aluminum
coupons, together with reference strain gauges posi-
tioned in correspondence of each individual grating.

9 Conclusion

This paper faces a particular aspects of one crucial is-
sues of continuous mechanics, that is the experimen-tal
investigation of stress- and strain field inside ma-terials
and structures. Specifically, an overview is pre-sented,
dealing with FOs monitoring systems applied to
aeronautical structures design, production and man-
agement. Main features and drawbacks are considered as
far as integration and networking issues are con-cerned.
FO sensors networks allow one to perform dis-tributed
or point-to-point acquisition, exploiting multi-plexing
techniques based on Wavelenght or Time Divi-sion
Multiplexing approaches, depending on
dimensions and type of analysis (static or dynamic).
Other aspects of paramount importance are represented
by attenuation, thermal-mechanical coupling, degree of
network fractioning and consequent reliability, main-
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Fig. 23 Draw Tower Grating array in SPAtial Continu-ity and
SPEctral Discontinuity (SpaC/SpeD) configuration: strain
reconstruction via individual peak tracking. (a) Lin-ear strain
with gradient change test case; (b) quasi-quadratic strain test
case.

tainability, reparability, complexity, weight and cost.
More specifically, fibres integration into a host mate-rial
can be performed through bonding or embedding, both
choices implying advantages and drawbacks. The
interface between fibre and host material deserves spe-
cial attention, as well as the role played by connec-tors
and, in general, possible effects due to invasivity.
However, FO sensors-based systems prove to be par-
ticularly efficient in load, health and process monitor-
ing. In particular, a detailed knowledge of load condi-
tions acting in an aircraft main structural component
can provide crucial data to set-up maintenance opera-
tions. Besides, the continuous monitoring of structural
response can allow the detection of load paths modi-
fication, due to structural ageing or damage onset. In
addition, since modern fatigue design techniques are



O©CoO~NOOOITA~AWNPE

Fibre Optics health monitoring for aeronautical applications

17

3000
* Ok
* ¥ o
2500+ Ko : ¥k J
* *
=
e
£ 2000
o
7]
1500 *  Strain gauge
SpaD/SpeC array
1000 - . ; ;
0 20 40 60 80 100
z (mm)
(a)
““““““““““““ Experimental
Simulated
01F
x
0.05¢
0 — —
1546 1548 1550 1552
Wavelength (nm)
(b)

Fig. 24 Draw Tower Grating array in SPAtial Discontinu-ity
and SPEctral Continuity (SpaD/SpeC ) configuration: (a)
numerically reconstructed strain profile compared with the
experimentally applied one; (b) corresponding spectra. Quasi-
quadratic distribution strain profile test case.

widely adopting the damage tolerance approach, while
the most up-dated maintenance philosophies are based
on the predictive concept, a huge amount of data rele-
vant to structural health is required. Such real-time in-
formation should be made available in a continuous and
distributed way: FO networks represent the best com-
promise among sensitivity, promptness, low invasivity
and reliability. Finally, in case of structures made of
composite materials, FO sensors can represent a pow-
erful tool for the monitoring of the whole lamination
and curing process. In case of vacuum bagging, resin
transfer moulding and bonding techniques, indications
about consolidation, resin curing progression, temper-
ature evolution and final residual stresses can be gath-
ered from FO sensors. Since these sensors are then left
inside the composite structural element for in-service

load and health monitoring, a real from-the-cradle-to-
the-grave strategy can be put in place. The paper also
shows that the use of FBG sensors, together with proper
strain reconstruction codes, can represent a significant
step forward in developing complete SHM systems. In
particular, chirped gratings provide excellent results for
simple strain profiles, but, being post-processing ex-
tremely time consuming, this approach is may be not
adequate for real-time monitoring. Three configurations
of DTG arrays are tested as well [10]. SpaC/SpeD con-
figuration can identify strains via direct peak track-
ing, but numerical reconstruction proved to be unsuc-
cessful. Similar problems arose for SpaC/SpeC config-
uration; in addition, direct peak tracking is impossi-
ble. On the contrary, through SpaD/SpeC configura-
tion, numerical reconstruction procedure is successfully
performed in every load case. In conclusion, numeri-
cal strain reconstruction tools can be profitably applied
to FBGs arrays having suitable spectral characteris-
tics. A further issue faced by the paper refers to ex-
perimental techniques for decoupling thermal and me-
chanical effects affecting embedded FBG sensors. De-
coupling techniques provide reliable correspondence be-
tween measured strains/temperatures, requiring only
small capillaries and so limiting expected invasivity. In
general invasivity of both techniques can be reduced
adopting short FBGs (e.g. 1mm) smaller FOs (e.g.50um
diameter).
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