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Abstract

Optical fiber transducers such as Fiber Bragg Ggati
(FBG) are promising solutions for guided waves &trral
Health Monitoring (SHM) due to their low intrusiyigind
their ability to cope with harsh environments (ertie
temperatures, radiations, explosive atmospheredie.
present here a solution enabling measurements under
varying environmental and operational conditionisiolv is
mandatory for many applications in SHM, the low
complexity of the solution ensuring good integratio
capacities. The effect of the length of the FBG a®
studied to enable the optimization of the systensis@ity.

1. Introduction

Ultrasonic guided waves have been studied for
nondestructive testing applications for a long tihleand,
more recently, also for Structural Health Monitgri{iSHM)

[2]. Indeed, these waves propagate over largerdisgin
waveguides such as plates, pipes or rails, makiegnt
suited for many applications and enabling to inspdarge
portion of a structure with only a few sensorspéticular,

for SHM, this helps limiting the intrusivity of thgystem.
However, conventional sensors, which use piezaidect
transducers, may not be suited: they may add tochmu
weight, need lots of circuitry and cannot withstdratrsh
environments in general. On the other hand, opfibal
sensors have been used in many applications dtieeito
low intrusivity and ability to cope with harsh eraiments
such as extreme temperatures, electromagnetic
environments, or radiations. They have been usedkaimy

low frequency applications, based for instance on
distributed [3] and accurately localized measuremés.
However, such distributed measurements, also
Distributed Acoustic Sensing [5], are rather lidita terms
of sampling frequency and spatial resolution, mgkimeir
use for ultrasonic measurements inadequate asdafyto
Hence the use of quasi-distributed optical fibexagducers
for ultrasonic measurements, such as Fiber Braggjr@s,
is one solution. To achieve the high sampling fesoy
necessary for these measurements, most solutiertmaed
on the so-called « edge filtering » technique [Pljriefly
described hereafter. Contrary to piezoelectricstlaers,
FBG transducers are not able to emit ultrasonicewaVhat

like

is why they have been recently used for passivaisitigns
[8], that is the recovery of equivalent signalsclassic
inspections with emitters from the acquisition ofitaent
noise in the structure. This has been later contbitoe
guided wave imaging [9]. A SHM system can hence be
designed using solely these transducers, redudieatly
the system’s intrusivity thanks to the small diaenetf the
optical fiber, enabling perfect integration propest
especially in composite structures [10], combinéth whe
multiplexing capabilities in a single optical fiber
However, FBG acquisition systems are sensitive to
variations in Environmental & Operational Condition
(EOCQC), as the FBG itself is sensitive to straire@nperature
changes. Previous studies have proposed optoeiactro
systems correcting this sensitivity, but needinditiahal
assumptions such as two FBGs submitted to the E&0@s
[11] or the same ultrasonic waves [12], or witlather high
complexity which may hinder their integration caititibs
[13]. We propose here a solution close to [14]béing to
filter out low frequency EOC variations from the
measurements. This solution is based on the mal-ti
tracking of the setting point of the edge filteriteghnique
thanks to a thermal tuning of the laser sources $biution
was tested during a four points bending test oflaa f
composite sample. The sensitivity of the edge rfii
technique was also studied experimentally to dategrthe
length of the Fiber Bragg Grating with respect ke t
ultrasonic wavelength of interest. The system atsd i
validation are presented in the next section, wiifle
optimization of the FBG length is the subject of third
section.

2. Ultrasonic measurements using Fiber Bragg
Gratings under dynamic environmental
conditions

Fiber Bragg Gratings are the result of local véoia of the
refractive index of the core a singlemode optidbkr,

leading to the reflection of light in a narrow baadound a
center wavelength, the so-called Bragg wavelength
More precisely, for the simplest FBAs.: with periodic
variations of this refractive indexy is given by:
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where n.s; is the effective refractive index of the
waveguide, and is the grating pitch. To adapt the reflected
spectrum with respect to an application, diffedends of
gratings can be considered. For example, to lidélsbes

in the spectrum, apodized FBGs can be used [15. Th
ultrasonic measurement principle can easily be ratoed
from (1): an incident wave will induce a changetire
grating pitch A, leading to a shifts1; in the Bragg
wavelength. Theoretically, the real-time measurdntén
Ag, based for instance on a peak detection algoritdomld

be used to detect the incident wave. But the straiiation
induced by the Lamb waves (typically lower than
0.1 um/m) is at least one order of magnitude lothen
what can be achieved with such method for today’s
monitoring systems, mainly dedicated to strain and
temperature metrology, with measurement rates it
compliant with ultrasonic (> 10 kHz) frequencies.
Moreover, depending on the ratio between the FB@tle
and the ultrasonic wavelength, the effect of theident
wave on the reflected spectrum may be more contphex

a simple translation [16]. Hence the use of another
technique, nameedge filtering, is mandatory.

2.1. Edgefiltering

The principle of edge filtering is depicted in FiguL.
A
LASER )\

Bragg

Reflectivity

Linear part of the spectrum

-
/ Bragg wavelength shift 5’18

Reflected signal

Wavelength

Figure 1: Principle of edge filtering

As mentioned, the reflected spectrum of a FBG is
characterized by a narrow band peak. It is howpussible
to lock a narrower light source, such as a lasegre edge
of this peak, and in particular around its half maxm. The
light source must be of constant power, so thttteéfedge
of the peak shifts, the reflected power varies propnally,
the spectrum being quite linear around its half imanm.
Note that this shift occurs independently of thigaslonic
wavelength [16]. It then suffices to use a photddido
convert the light into a voltage, which can therabwlified,
filtered and lastly digitized using an Analog togidal
Converter (ADC), for further analysis.

2.2. Setting point tracking

The principle of edge filtering was successfullyedisn
many laboratory applications until now. However, as
mentioned in the introduction, FBGs are also siesib

many EOCs such as temperature or strain change® Mo
specifically, the changes of the Bragg wavelengttgéven
by the Bragg relationship [17]

/1_; = (KT + KeAa)dT + Kedgstruct (2)
where k; and k., are respectively the sensitivity to
temperature and longitudinal strain of the FBEYG, is the
difference in thermal expansion coefficients betwéee
optical fiber and the host structure, adé,,,. is the
mechanical strain variation component of the stngcin
the direction of the FBG transducer.

From (2), variations in EOCs lead to a wavelengilft &
the position of the peak, resulting in a loss ofssvity of
the system as the peak drifts away from the laser
wavelength, up to a null sensitivity for importaBOC
changes if the laser wavelength, supposed to likedbon
one edge of the FBG spectrum, is not corrected.

The variations in EOCs are supposed to occur aedow
frequencies than the ultrasonic frequencies. Asbeaseen
in section 2.1, in edge filtering, ultrasonic wavee
measured through small oscillations of the outpitage
around a constant value, which is directly linkedthe
setting point, that is the relative position of thaser
wavelength to the FBG wavelength. This setting poém
hence be tracked through the control of the DC wtut
the photodiode.

More precisely, a DFB laser source is used in this
application: its emitting wavelength can be turtedtigh a
thermal effect with a Peltier device controlled ayPI
control loop on the DC component, the multiplicativ
coefficient being corrected to take into accoune th
nonlinear response of the DFB laser source to testyne.
To avoid unnecessary corrections, it was also @ecid
divide the DC value range into three areas: a firsia
around the nominal value, in which no tuning iSpened,
and two areas, above and below this nominal aneahich
the PI control loop applies a correction, so the DC
value if forced to go back into the nominal rangée
sensitivity to ultrasonic waves remains indeedsti@e for
all values in the first range.

2.3. Experimental validation

The setup was tested during a 4-points bendingTtasttwo
bottom external supports are 22 cm apart whilevilzetop
internal supports are 16 cm apart. A Fiber BraggtiGg
was glued at the center, on the bottom surface fhéta
composite sample. The 4 mm long type-lll FBG (femto
second photo-writing process) is apodized to asdite
lobes. During the test, the maximum vertical displaent
of the two center points was set at 32 mm, leading
Bragg wavelength shift slightly smaller than 1 nirhe
displacement speed varied between 0.5 mm/min and
7 mm/min, with a 0.5 mm/min increase between edgp. s
By doing so, the capacity of the system to stagdumnder
increasing strain rates could be tested. A 10 namédter
piezoelectric transducer was coupled using shdaatgme
end of the plate to act as an actuator. It is &etbasing a
low frequency generator, which emits a 5 cyclesrHaurst
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of center frequency 40 kHz and amplitude 10 Vpghwei
burst period of 100 ms to enable several acquistauring
the bending test. An analog first order band-palssr f
between 10 kHz and 300 kHz is also used in recepto
limit noise outside the ultrasonic frequencies.eference
FBG, on another optical fiber, was also glued asichg the
first FBG, to get an image of the sample defornmatio
The optoelectronic system was set so that the marim
output voltage of the photodiode was 10 V, inducarg
optimum setting point at 5 V. The area without hgnis set
empirically between 4 V and 6 V. During the expesi)
the DC voltage is acquired as our tuning paramétee
wavelength of the reference FBG is measured using a
Micron-Optics™  Si255 monitoring system. The
corresponding data are plotted in Figure 2.
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Figure 2: Evolution during the four points bendtegt of
the DFB laser diode control DC input voltaljgrg and the
wavelength shiftd4,., of a control FBG transducer glued
on the flat composite sample.

In this figure, the control FBG gives an image bét
endured deformation by the flat sample at increpsin
speeds, its variations being in the prescribedeaWée can
see that the DC voltage remains between the pbestri
boundaries for the first steps, with small correasi
occurring continuously to adjust in real-time thEBlaser
wavelength. As the speed increases, an overshpeaep
as the solicitation direction changes: as our systebased
on a thermal effect, it presents some inertia,ifeatb the
system still shifting the laser source in a direttivhile the
solicitation already goes in the opposite. Note ésv that
this overshoot is mainly due to the selected dalicin
shape, and may not be representative of field egipdins.
The system is then able to go back into the “nanyiarea”.
For fastest solicitations, the system is not ablgn@ore to
compensate, resulting in a DC voltage that rem@iost of
the time within the tuning areas.

From this test, we estimated that the tracking basn
performed without any sensitivity degradation up &train
rate of 17 (um/m)/s for the sample under test. ligher

strain rates, there will first be a loss of semgitiwhen the
setting point is still on either side of the reflen spectrum,
that is for DC voltages above 2V and below 8V
empirically. Then, for even higher strain rateg #tetting
point may be lost and the system will then seektfer-BG
spectrum, leading to a temporary blind zone. Is $ipiecific
test, this blind zone lasted at most a few secoiitie.
corresponding strain rates could not be estimateteastep
was too short given the time corresponding to treeshoot.
Ultrasonic signals were also acquired to assesgydioel
quality of the data at four different times duritige test.
Examples of such signals are plotted in Figure 3.
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Figure 3: Acquired ultrasonic signals during tharfpoints
bending test. Lines correspond to the mean sigkal o
different acquisitions, shaded areas correspond3to
standard deviations around the mean value. Blue: ra
signal. Red: band-pass filtered signal.

0.0000 0.0002 0.0010

In this figure, the lines correspond to the meamais, the
mean being taken over the different acquisitiorepone

of them being acquired in static conditions asfaremce.
The shaded areas around the curves correspond3to a
standard deviation around the mean value. Raw al&ta
plotted in blue, and numerically filtered data arduhe
center frequency are plotted in red. Note thahis figure
and for the remaining of the section, the data rawée
normalized, so that the amplitudes can be compared
between figures. Only small variations around theam
value are observed, with a good signal to noise eten

for the raw data. We then computed the residualatsy
between each acquisition and the reference onajradgn
static conditions. The corresponding signals aoéted in
Figure 4.
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Figure 4: Residual signals using the data acquiinetthe
static case as a reference. Lines correspond tontan
signal over different acquisitions, shaded arearsespond
to 3 standard deviations around the mean value=:Baw
signal. Red: band-pass filtered signal.

0.0000 0.0002

The order of magnitude of the residuals is clos&0#% of
the magnitude of the original signals, with no clea
evolution versus time: these residuals might resinly
from measurement noise. To get confirmation, we als
acquired averaged data over 10 consecutive sanmphes.
quantity of samples was kept low to avoid any agieig
effect over the evolution of the deformation, thaicge of
geometry and strain rate of the host structureclwimay
indeed have an effect on the guided wave signaé Th
residual signals obtained from the averaged datalatted

in Figure 5.
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Figure 5: Residual average signals using the dagaired
in the static case as a reference averaging eaghs#®n
over 10 consecutive samples. Lines correspondcetontan
signal over different acquisitions, shaded areasespond
to 3 standard deviations around the mean valuee:Baw
signal. Red: band-pass filtered signal.
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The amplitude of these residuals has further deecedue
to the averaging, confirming that a significanttpsrthese
residuals is due to measurement noise.

3. Bragg length optimization

The previous section shows ultrasonic waves measnes
using FBGs under dynamic loading with a satisfactor
signal to noise ratio. However, no specific attemtivas
paid on the choice of the FBG. This choice may be
significant to improve the sensitivity of a system.
Furthermore, as several guided modes may existhiosa
structure at the frequency of interest, the chatehe
transducer may help selecting the desired mode.

This question has been the subject of some studlidse
past [16]. Broad qualitative behavior have beereoked,

in particular based on simulations [18]: in thestfiregion,
the FBG length is large with respect to the ultréso
wavelength, leading to an averaging and no seitgitin
the second region, where the FBG length is of tmes
order as the ultrasonic wavelength, the FBG peaktionly
shifted but rather changes width due to the interaavith
the incident wave. In the last region, in which #FBG
length is small with respect to the ultrasonic wawmgth, the
FBG sees a uniform deformation field, leading tquite
homogeneous peak shift.

Experimental tests were performed in the secondtlaindl
region [16], up to a Bragg length of half the waic
wavelength but, to the author’s knowledge, no stunahd
experimentally to use a FBG transducer in the fiegion,
that is longer than the ultrasonic wavelength. The
experiment presented hereafter aims at validatieg"BG
sensitivity with respect to the ultrasonic waveldng

3.1. Experimental setup

The experimental setup is depicted in Figure 6:aor is

to acquire guided waves corresponding to different
wavelengths using different lengths of FBGs, and to
compare the corresponding amplitudes. To do square
aluminum plate of thickness 3 mm 1 m side was used for
the experiment to have a good knowledge of thesdinic
guided wave wavelengths. A piezoelectric transdueas
glued to the surface, and FBG transducers of differ
lengths,i.e.: 7 mm, 14 mm, 21 mm and 28 mm, were glued
to the panel along a circle 200 mm apart from tinéter.
This distance was chosen to have a good time dépara
over a large frequency range of the SO and A0 modes
without interference with modes reflected from ¢lokges of
the plate.
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Figure 6: Scheme of the FBG transducers
optimization experiment.

lengths

The piezoelectric transducer was excited usingcgcles
Hann burst with a center frequency varying betwa@ikHz
and 200 kHz, with a 20 kHz step. As it is well knothat
the excitation depends also on the shape of thtexdata
were acquired with piezoelectric transducers ofed#nt
diametersj.e.: 10 mm, 14 mm and 20 mm.

The data were acquired with the same kind of saup the
previous section, but without any tracking of thedtiag
point, the EOCs being stable. The data were alscaged
over 100 samples to determine precisely the anuaitof
the incident modes. Finally, these amplitudes were
extracted through the maximum of envelope in a time
window of 5 cycles around the theoretical time laghits.
Examples of acquired signals with the position bé t
extracted maximum are plotted in Figure 7.

Finally, reference measurements were also perfousig)

a laser interferometer at a normal incidence, al290 mm
away from the source. This sensor is assumed te hav
constant response with respect to frequency oveusied
range, enabling to compensate for the dependentlyeof
emission. However, as it is only sensitive to tloenmal
displacement at the surface of the sample, onlyegfor
the A0 mode could be retrieved. We hence focushim t
mode in the next section. Note that, for the freqyaange
of our experiment, the AO mode wavelength rangésden

7 mm and 38 mm, enabling to study the various feitgi
area mentioned before.
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Figure 7: Acquired signals for a FBG length of 7 ramd
an emitter of diameter 14 mm. Black lines indic#te
extracted maximum of amplitude of SO (first lin&)daA0
(second line). Blue: raw signals. Red: mean signals

3.2. Results

First, the normalized extracted amplitudes aret@ibtvith

respect to frequency in Figure 8. In this casemnhin factor
is the emitter, as all curves corresponding tovamgisource
show similar results.

1.0 1 . 10mm FBG 7mm

. 10mm FBG 14mm
. 10mm FBG 21mm
. 10mm FBG 28mm
. 14mm FBG 7mm

. 14mm FBG 14mm
. 14mm FBG 21mm
. 14mm FBG 28mm
. 20mm FBG 7mm

. 20mm FBG 14mm
. 20mm FBG 21mm
. 20mm FBG 28mm

0.8

0.6 1

0.4 4

0.2 A

0.0

0.65 0.|10 O.iS 0.|20 0.'25 0.|30
Frequency (kHz)
Figure 8: Normalized amplitude of AO with respeot t
frequency for different emitter and receiver sizeach
curve being normalized with respect to its maximuatue.

The same curves are then plotted with respecteaatio
between the FBG length and the ultrasonic wavelemgt
Figure 9. The data were also normalized with resfoethe
maximum measured amplitude for a given emitter, to
reduce the effect of this parameter.
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Figure 9: Normalized amplitude of A0 with respeztthe
ratio between FBG length and ultrasonic wavelerfgth
different emitter and receiver sizes. The curveg ar
normalized with respect to the maximum value fgivaen

emitter.
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Figure 10: AO amplitude normalized with respecth® measured emission amplitude using a lasefénteneter. From left to
right and top to bottom: FBG length of 7 mm, 14 n&h,mm and 28 mm.

First, we see a good agreement between the curves

corresponding to different emitters in this cadeveing

that the effect of the emission has been properly
compensated. Second, we see that a maximum isdndee

We see that the maximum amplitude, independentthef
emitter, is obtained for a ratio above 0.5, whiehds to
demonstrate that a longer FBG should indeed be tis#d
however that the maximum sensitivity is always otztd
for the FBG of length 14 mm, which also demonstdiat

a too long FBG may result in a decrease in seitgitias
expected. These effects on sensitivity for the diligeing
technique can be explained by two reasons: first, a
mentioned before, a too long FBG results in an ayieg
effect along its entire length, limiting its sensty due to a
reduced wavelength shifii; on the edges. But a longer
FBG also means a narrower reflection peak, andsseeper
edge with a greater sensitivity. The best sensjtivi
compromise is then shifted towards longer FBGs.

It is however hard from this plot to deduce thetbaso, as
the trends are still dependent on the emission.

Finally, the acquired data were normalized witlpess to
the amplitude acquired using the laser interfereméihe
corresponding amplitudes are plotted in Figure 10.
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obtained for a ratio between 0.5 and 1 in all cati@s
maximum being around a ratio of 0.8. Note that fitet
points of all curves are polluted by interactioesween SO
and A0 modes: indeed, for such a low frequencyk{2p),
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SO0 has a too big wavelength to be separated. Tjwnts
were left for the sake of completeness, but thisraction
explains the local maxima at the first points, imexent with

the subsequent trends.

Finally, remark that FBG transducers are ratheatband
sensors, as the sensitivity does not decreasasb@arfound
the optimal value, making them good candidates for
applications such as acoustic emission.

4. Conclusions

We have shown in this paper the possibility to B8&
transducers for ultrasonic wave measurements under
varying Environmental & Operational Conditions. The
proposed setup leads to a good signal to noise wath a
rather simple setup, making it a good candidate for
integration in a structural health monitoring systeThe
next step will be to use such a setup with sewveaakducers
multiplexed along the same optical fiber.

The sensitivity of the FBGs with respect to theadbnic
wavelength was also studied, enabling to determhiatthe
maximum sensitivity is indeed for a ratio betweeBG-
length and ultrasonic wavelength around 0.8, whicla
higher value than what has been studied in the passo
appeared that their response is not varying styonigh the
wavelength, and so the frequency, making them tikrsa
Sensors.
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