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Abstract:  Structural health monitoring is a critical requirement in many composites.
Numerous monitoring strategies rely on measurements of temperature or strain (or both), however
these are often restricted to point-sensing or to the coverage of small areas. Spatially-continuous data
can be obtained with optical fiber sensors. In this work, we report high-resolution distributed Brillouin
sensing over standard fibers that are embedded in composite structures. A phase-coded, Brillouin
optical correlation domain analysis (B-OCDA) protocol was employed, with spatial resolution of
2 cm and sensitivity of 1 °K or 20 micro-strain. A portable measurement setup was designed and
assembled on the premises of a composite structures manufacturer. The setup was successfully
utilized in several structural health monitoring scenarios: (a) monitoring the production and curing
of a composite beam over 60 h; (b) estimating the stiffness and Young’s modulus of a composite
beam; and (c) distributed strain measurements across the surfaces of a model wing of an unmanned
aerial vehicle. The measurements are supported by the predictions of structural analysis calculations.
The results illustrate the potential added values of high-resolution, distributed Brillouin sensing in
the structural health monitoring of composites.

Keywords: structural health monitoring; optical fiber sensors; Brillouin sensors; composite materials;
composite beams; strain measurements; Brillouin optical correlation domain analysis

1. Introduction

Composite materials are widely employed within critical structures in the aerospace, construction,
automotive and healthcare sectors, due to their favorable ratio of strength to weight and the large
freedom in the design of their mechanical properties and geometry. The potential consequences of
failure in many composite material structures are catastrophic. Hence the structural health monitoring
(SHM) of composites is often necessary at the design phase, during production, as part of in-service
preventive maintenance procedures and in damage assessment [1,2]. Methods for SHM in composites
include ultrasonic testing [1-6], thermography [7-9], and measurements of static deformation and
dynamic vibrations [1,10-14]. Static strain and dynamic vibration analyses are often restricted to
the reading of point-sensors, such as strain gauges, accelerometers [12] or non-contact laser Doppler
vibrometers [1,14]. The scaling of these sensors to the continuous coverage of large areas is challenging
or altogether impractical.
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Optical fibers constitute an exceptional sensing platform [15,16]. They may be readily embedded
within most structures with little effect on functionality, are immune to electro-magnetic interference,
can be addressed from a long stand-off distance, and may be used in hazardous environments where
electricity is forbidden. The most widely utilized fiber-based sensors in SHM are fiber Bragg gratings,
which provide point-measurement of temperature, strain and vibrations [13,17,18]. As many as several
hundreds of fiber Bragg gratings may be installed in large structures. However they cannot provide
spatially-continuous readings.

Opttical fibers also support distributed analysis protocols of both temperature and strain, based
on the principles of Raman [19], Rayleigh [20] or Brillouin scattering [21,22], in which every section
of the fiber itself serves as an independent sensing node. Coherent analysis of Rayleigh back-scatter
was used in static strain measurements within the wing of an unmanned aerial vehicle (UAV) [23].
Distributed Brillouin sensors were introduced to SHM in aircrafts in 2001 [24], and to the analysis of
large-scale composite structures in 2003 [25]. Brillouin sensing technology progressed significantly
since these initial demonstrations, reaching a measurement range of 325 km [26], the addressing of over
a million resolution points [27-29], acquisition rates of several kHz [30-32], and centimeter and even
millimeter-scale spatial resolution [33-35]. These advances are being adapted in SHM applications
in recent years, including in composites. Examples include modal vibrations analysis of panels with
20 c¢m resolution [36], Brillouin optical time-domain reflectometry with 10 cm resolution [37], and
dynamic monitoring of steel beams [38] and composite strips [39]. However, in our opinion, the
potential benefits offered by high-end distributed fiber sensing are not yet fully exploited in composites
(and in SHM in general).

In 2012, our group and coworkers proposed and demonstrated a Brillouin analysis protocol which
allows for random-access monitoring of cm-scale segments within arbitrarily long fibers under test
(FUTs) [40]. The protocol, known as phase-coded Brillouin optical correlation-domain analysis (or
phase-coded B-OCDA), has since been extended to address over 400,000 resolution points [27,28].
Between 2014 and 2016, we had been working to implement phase-coded B-OCDA, with spatial
resolution of 2 cm, over fibers embedded in composites. This paper summarizes the results of
these efforts. A portable B-OCDA setup was designed and assembled on the production floor of
a manufacturer of composite materials structures. Three different experiments are reported: the
monitoring of epoxy resin curing, during and following the production of a composite beam; the
estimate of bending stiffness and Young’s modulus of a composite beam based on distributed strain
measurements in three-point bending tests; and the mapping of static strain in a loaded model
of a composite UAV wing. Preliminary, partial results of our work were previously presented in
conferences [41-43]. This paper brings together the outcome of the entire study, including previously
unpublished results. The experiments illustrate the potential added values of high-resolution Brillouin
analysis in the design, production and life-cycle monitoring of composites.

2. Phase-Coded Brillouin Optical Correlation Domain Analysis

Distributed Brillouin fiber sensors in general [21,22,44], and phase-coded B-OCDA in
particular [27,28,40,45], are discussed in detail in many previous works. The measurement principles
are presented here only briefly, for completeness. A comprehensive, recent review may be found
in [46]. Stimulated Brillouin scattering (SBS) is a nonlinear optical interaction between pump and
probe waves that counter-propagate along an optical fiber. The optical frequency of the pump wave is
higher than that of the probe by a detuning v, which is on the order of 10-11 GHz. The beating between
the two optical waves stimulates a hyper-sonic acoustic wave of frequency v, which co-propagates
with the pump, through the mechanism of electrostriction [47]. The acoustic wave couples between
the two optical fields due to the photo-elastic effect [47]. Coupling may lead to the amplification of
the probe wave power, and to the attenuation of the pump. Effective stimulation of the acoustic wave
requires, however, that the frequency detuning v must agree with the Brillouin frequency shift (BFS)
of the fiber vg. The linewidth Avp of SBS amplification is very narrow: only 30 MHz for continuous
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pump and probe waves. The exact value of the BFS varies with both temperature and strain. Therefore
the mapping of the BFS is being used in the distributed analysis of both quantities.
Spatially-resolved Brillouin analysis mandates proper control over the location and timing of the
acoustic wave stimulation. The protocol used in this work achieves such control through the joint
phase-modulation of both pump and probe waves by a common, high-rate binary sequence. Consider
a pump wave of fixed magnitude A that is launched into the fiber from z = 0 and propagates in the
positive z direction, and a counter-propagating probe wave of fixed magnitude A,y that enters the fiber
at the opposite end z = L. Both waves are phase-modulated by the same sequence, so that the complex
envelopes of the pump and probe at their respective points of entry may be expressed as [40,45]:

Ap(t >0)= ApOu(t) = Apo chreCt<t —TI’ZT>, (1)

As(t >0) = Agu(t) = Ag chrect<t —TnT). ()

Here {c, } are the elements of a pseudo-random bit sequence (PRBS). Each element assumes a
value of either 1 or —1 with equal probabilities. Also in Equations (1) and (2), T is the duration of
each bit in the modulating sequence, rect(¢) = 1 for |¢| < 0.5 and equals zero elsewhere, and ¢ stands
for time. Both A,(t) and As(t) equal zero for t < 0. The bit duration T is chosen to be much shorter
than the acoustic lifetime T = 1/(27 - Avg), which is on the order of 5-10 ns. Subject to the above
modulation, one may show that the instantaneous complex magnitude of the stimulated acoustic wave
atany point 0 < z < L: Q(z, t), is given by [40,45]:

Q(zt) = jg14,0A% /exp[—rA (t— )] {u(t! - Z>u* [t/ 2 @(z)] }dtl. 3)

0 0
0 8 8

In Equation (3) g1 is an electrostrictive parameter of the fiber, v, is the group velocity of light
in the fiber, T4 (z) = 27j(v3 — v> — jv - Avg) /(2v) is a complex linewidth, and ©(z) = (2z — L) /v,
denotes a position-dependent time lag. The expression suggests that the magnitude of the stimulated
acoustic wave at a given z is closely associated with the auto-correlation function of the modulating
waveform u(t), evaluated at a delay of ©(z). For the phase modulation protocol of Equations (1)
and (2), the correlation time of u(t) is approximately half the bit duration T. Hence the stimulation
of the acoustic wave is effectively restricted to a narrow region of width Az = (v,T)/2, located
at zo = L/2 where ©(zp) = 0. At the correlation peak, Q(zo,t) may build up to its steady-state
value: Qss(z0) = (jg1A4p0A%Z) /T a(20). Qss(zo) reaches a maximum magnitude of 2jg1 A0 A% T when
v = vg(20) [45]. In all other locations z outside zy & Az, Q(z, t) rapidly oscillates about an expectation
value of zero [45].

If the period of the sequence {c,} is sufficiently long, a single correlation peak is formed at zy.
In this case, measurements of the output probe power can be unambiguously related to the Brillouin
amplification taking place at zg. The measurement point may be scanned through the introduction of
proper variable delays in the paths that lead the pump and probe waves into the FUT [34,35,40,44,45].
The Brillouin gain spectrum in each location is reconstructed through repeating acquisitions with
different values of frequency detuning v. More advanced variants of the phase-coded B-OCDA protocol
support the simultaneous, unambiguous analysis of as many as 2000 measurement points in each
trace [27,28,48,49]. However, these methods were not required in the analysis of the comparatively
short fibers used in this work.

Since the local BFS changes with both temperature and strain, the analysis of the two effects
using any Brillouin sensing protocol is inherently ambiguous. Several strategies were proposed for
the separation of the two parameters: (a) installation of specialty fiber cables that provide thermal
or mechanical isolation from the structure under test; (b) use of two dissimilar fibers in parallel;
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(c) measurement of additional optical properties, such as birefringence; or (d) prior knowledge of
specific processes or conditions.

3. Measurement Setup

A portable phase-coded B-OCDA measurement setup was designed and assembled. A detailed
layout of the setup is shown in Figure 1. The setup consisted of a main box that contained all
fiber-optic components, and standard laboratory equipment. Light from a laser diode was used
as a common source for the pump and probe waves. The laser diode output passed through an
electro-optic phase-modulator, which was driven by the output voltage of an arbitrary waveform
generator. The generator was programmed to apply PRBSs with periods of 63 to 256 bits, and bit
durations between 200400 ps. These parameters correspond to B-OCDA spatial resolution of 2—4 cm,
and separation of 1.25 m to 10 m between adjacent correlation peaks. The PRBS period was sufficiently
long to guarantee that only a single correlation peak could form along the FUT.

The phase-modulated waveform was divided in two arms. 90% of the intensity was directed
to the pump branch. The frequency of the pump wave was up-shifted by an offset v ~ vp using
a single-sideband electro-optic modulator, driven by the output voltage of a sine-wave generator.
The amplitude of the pump wave was modulated by repeating, low-duty cycle pulses of 25 ns
duration using a semiconductor optical amplifier. Last, the pump wave was amplified by two stages
of erbium-doped fiber amplifiers to an average power of 200 mW, and routed into one end of the FUT
through a circulator. The peak power levels of the pump pulses were several W.

Pulse FUT
Arbitrary Generator
Waveform -

Optical
Spectrum
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Generator
....................... -
10% = : Isolator Tunable
. 10/90 '—h ' Sharp BPF
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.|l D ....... : : .
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Figure 1. Schematic illustration of the measurement setup used in phase-coded Brillouin optical
correlation domain analysis along fibers under test that were embedded in composite structures.
Red, solid lines: standard single-mode fiber paths. Green, solid lines: polarization-maintaining
fiber paths. Magenta, solid lines: instrumentation control lines. Orange, dashed lines: electrical
radio-frequency signals paths. Black, solid lines: DC power supply lines. (Several additional power
supply connections are not shown, for better clarity.) FUT: fiber under test. SOA: semiconductor
optical amplifier. SSB: single-sideband electro-optic modulator. RF Amp.: radio-frequency amplifier.
BPF: optical bandpass filter. EDFA: erbium-doped fiber amplifier. PSW: polarization switch. PM:
electro-optic phase modulator. Closed circles represent input/output fiber connections for test-points
or equipment interface.
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Light at the 10% output of the coupler was used as a probe wave. The polarization of the probe
was alternated between two orthogonal states, using a polarization switch driven by a square wave,
to mitigate polarization-induced fading of SBS gain [50-52]. Parts of the setup were constructed of
polarization-maintaining fibers, to support proper polarization switching (Figure 1). A fixed delay of
1 km of fiber was used for scanning the position of the correlation peak along the FUT (see [53] for
details). The probe light at the output end of the FUT was detected by a photo-receiver, and the detector
voltage was sampled by a real-time digitizing oscilloscope for further off-line processing. A narrow
optical bandpass filter was used to block residual leaking of light at the pump wave frequency from
reaching the detector. Measurements were taken at each position z along the FUT for several tens
of detuning values v, in steps of 1-3 MHz. The BFS at each z was identified through fitting the
local measured Brillouin gain spectrum to a Lorentzian line shape of width Avp [54]. The typical
experimental uncertainty in the estimates of the local BFS values was +1 MHz. This uncertainty
corresponds to a temperature error of £1 °K, or static strain error of 20 pe. Standard FUTs with
250 um dual-layer acrylate coating were used in all experiments. This type of fiber is the most readily
available, and the simplest to connect with the measurement setup.

4. Experimental Results

4.1. Monitoring of a Composite Beam During and Following Production

The manufacturing of composites is accompanied by temperature elevation and the formation of
strain, which are difficult to map using conventional SHM methods. In a first set of measurements, we
have used the high-resolution B-OCDA setup for that purpose. Sensing optical fibers were installed
below the outer-most sheet of structural glass-fibers within a one meter-long composite beam, prior to
the application of epoxy resin. The width and height of the beam cross-section were 10 cm and 3 mm,
respectively. Measurements were taken in twenty minutes intervals for more than sixty hours, with a
resolution of 4 cm [41,42].

Figure 2a shows the measured BFS v3, as a function of position and time elapsed since the fiber
installation [41,42]. In Figure 2b, BFS values are presented as offsets from reference readings, which
were taken over the lead-in fibers outside the beam once every twenty minutes. The lead-in fibers
were strain-free, but their BFS drifted during the sixty hours of data acquisition due to changes in the
laboratory temperature. These environmental drifts are subtracted out of the results of Figure 2b.

The measurements show an initial increase of the BFS by approximately 15 MHz, which lasted for
several hours. Since the FUT remains strain-free while the resin is still soft, the change in the BFS may
be attributed to heating of the beam during the exothermic curing reaction. The measured change in
the BFS corresponds to a temperature increase of about 13 °K [55]. The BFS values reached a steady
state approximately twenty hours following the application of the resin. The steady-state BFS readings
in fiber segments within the beam are lower than corresponding values over the lead-in fibers, by
about 10 MHz. Since thermal equilibrium had been reached at the steady state, this offset indicates
that a residual compressive strain of about 200 pe remains within the beam at the conclusion of the
curing process [41,42]. The BFS of the fiber within the beam increased again, by approximately 5 MHz,
about 50 h into the experiment. A smaller increase in BFS was observed along the lead-in fibers at the
same time. The change was due to direct sunlight through the laboratory window in the afternoon
hours of a particularly hot day. The resulting temperature increase within the composite beam was
larger than that of the laboratory environment.

B-OCDA provided spatially and temporally continuous monitoring of the beam production
process. The information obtained is difficult to achieve using standard SHM techniques, and may
provide the manufacturer with effective quality control.
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Figure 2. Measured Brillouin frequency shift as a function of position z along a fiber under test, and
time elapsed since the installation of the fiber underneath the upper structural layer of a composite
beam [41,42]. Phase-coded Brillouin optical correlation domain analysis was carried out at 20 min
intervals for 60 h, during and following the production of the beam, with 4 cm resolution. (a): Offset of
the Brillouin frequency shift from a nominal value of 10.85 GHz. (b): same as panel (a), following the
subtraction of reference readings that were taken over the lead-in fibers outside the beam. The reference
readings were updated once every 20 min. Variations in the laboratory temperature over the 60 h of
measurements are therefore eliminated.

4.2. Measurement of Stiffness and Young’'s Modulus in Three-Point Bending of a Composite Beam

A two meter-long beam was produced for subsequent testing in a three-point bending setup [42];
it was comprised of structural layers of glass fibers and epoxy. The width and height of the beam
cross-section were B =12 cm and H = 2 cm, respectively. The sensing fiber was embedded underneath
the outermost structural layer (see Figure 3b); the vertical offset distance of the sensing fiber from the
centroid was y = 9.5 mm. A photograph of the test setup is presented in Figure 3a. In this picture
the beam is seen to be simply supported at its edges by two cylindrical rollers, which were spaced
apart by a length I = 1800 mm. Also shown in Figure 3c is a sketch of the setup, where w(z) denotes
the deflection of the beam due to a force of magnitude P applied at the center of the span z = /2.
Moreover, six mechanical gauges were placed underneath the beam; these provided independent
deflection measurements at discrete z positions.
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Figure 3. (a): A composite beam with embedded sensing fibers, placed in a three-point bending setup.
The setup is equipped with six mechanical deflection indicators [42]. (b): Schematic illustration of
the beam cross-section, showing the location of the sensing fiber. (c): An illustration of the bending
configuration, with definition of the coordinate system used.

The beam deflection at any point z is given by [56]:

l
Z_f

w(z 5

I 3
3122—423—1—8(2—2) +8

3
] , (4)

where E is Young’s modulus and I = (BH?)/12 = 8 x 108 m* is the cross-sectional moment of
inertia. The axial strain €, (z) at an offset y is given by:

P P ) P I
EZ(Z):E:VI|:222<ZZ>2‘ZZH (5)

The strain in the bent beam along the embedded FUT was measured with the phase-coded
B-OCDA setup [42]. Figure 4a shows the measured strain following the application of force P = 68.6 N.
Data were used for fitting the bending stiffness of the beam EI = 2590 N-m?, using Equation (5)
(see Figure 4a). The results suggest a value of E = 32.4 GPa for Young’s modulus of the glass-epoxy
composite. Note that the scatter in measured strain is larger beyond the point of loading (z = 0.9 m).
The calibrated modulus was used in forecasting the deflection profile of the beam, as in Equation
(4). Figure 4b indicates excellent agreement between projected deflections and the readings of six
independent mechanical gauges.
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Figure 4. (a): B-OCDA strain measurements (squares), and computed strain after the calibration of
bending stiffness (solid). (b): Independent point-measurements of beam deflection obtained with
mechanical indicators (circles), and projected deflections based on the Brillouin analysis calibration of
bending stiffness (solid) [42].
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4.3. Strain Measurements in a Model Wing of an Unmanned Aerial Vehicle

In a final experiment, optical fibers were embedded within a model of a UAV wing [43]. The model
was 2.5 m long. The loading of a solid wing would have required thousands of kg, therefore the wing
model was built with a soft foam core covered by an outer composite skin. The fabrication of the
model began with wrapping the compliant foam core with two sheets of carbon-fiber textile. Optical
fibers were then laid along the upper and lower surfaces of the model, and held in place using contact
adhesive. The ingress and egress points of the optical fibers were protected by hollow, 3 mm-diameter
plastic tubes used in standard optical patch-chords, and fixed to wooden sticks. A third layer of
carbon-fiber textile was wrapped on top of the sensing fibers, and the entire model was placed in a
vacuum sack. Epoxy resin was pumped in to the sack and cured in vacuum [43]. Three optical fibers
were embedded along the length of the lower surface of the model, and two more were installed in
the upper surface. A third sensing fiber underneath the upper surface of the model broke during
installation. No excess losses were observed in the remaining five FUTs. Figure 5 shows the wing
model in the sensing laboratory.

Figure 5. A model wing of an unmanned aerial vehicle, built with an outer skin of carbon-fiber and
epoxy composite, with embedded sensing fibers.

The near edge of the model wing, (the one that connects with the body of the UAV), was rigidly
clamped during testing. Different static loads were applied to the opposite, far edge. Reference values
v;gf (z) for the BFS along the sensing fibers were measured using phase-coded B-OCDA under
self-loading of the beam, with no additional weight applied. The analysis was then repeated subject
to static loads of 275 N (mass of 28 kg) and 550 N (56 kg). The additive strain due to loading was
estimated based on the difference between vp(z) and vgef (z). The spatial resolution of the B-OCDA
traces was 2 cm. The strain maps were averaged, however, by 10 cm-wide moving windows.

Figure 6 shows the measured additive strain due to both loads, along the five embedded fiber
segments. The added axial strain is seen to increase with load, as expected. The experimental
uncertainty in the B-OCDA strain measurement, averaged over 10 cm, was only £10 pe. We therefore
suggest that the observed irregularities in the strain profiles represent ‘true’ variations, associated with
the production and curing processes and with the manual installation of sensing fibers.
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Figure 6. Strain variations due to the loading of a composite model wing of an unmanned aerial vehicle,
measured using phase-coded B-OCDA. Five sensing fibers that were embedded in the outer skin of the
model during production: two in the upper surface and three in the lower surface. Green and blue
traces correspond to static loading of 275 N and 550 N, respectively.

The strain measurements were compared against the predictions of numerical structural analysis,
subject to 550 N load. Figures 7 and 8 show the measured and calculated strain profiles across the upper
and lower surfaces of the wing model, respectively. The two-dimensional, continuous experimental
maps were obtained using cubic extrapolation between adjacent measurement points. Qualitative
agreement is obtained between the predicted and measured strain maps. The order of magnitude
of maximal strain, 800 ¢, is in agreement as well. The detailed profiles in the two strain maps do
not fully match, however. Potential causes for discrepancies include residual deviations between the
manufactured model geometry and that of the design, imperfect clamping in the experimental test-bed,
and residual strain induced during the fibers installation. Despite these limitations, the experiment
provides a proof of concept for the application of high-resolution Brillouin analysis to a real-world
composite model, outside the research laboratory.
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Figure 7. Strain profiles across the upper surface of a composite model wing of an unmanned aerial
vehicle, subject to static loading of 550 N. (a): strain map extrapolated from high-resolution phase-coded
B-OCDA traces. (b): predicted strain map obtained by numerical, structural analysis.
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Figure 8. Strain profiles across the lower surface of a composite model wing of an unmanned aerial
vehicle, subject to static loading of 550 N. (a): strain map extrapolated from high-resolution phase-coded
B-OCDA traces. (b): predicted strain map obtained by numerical, structural analysis.

5. Conclusions

This work reported the application of high-resolution B-OCDA protocols to SHM of composites.
The potential added values of the distributed analysis of temperature and/or static strain were
demonstrated in three different experiments. First, the production and curing processes of a composite
beam were continuously monitored over 60 h. The measurements revealed the heating profile that
is associated with exothermic epoxy curing, and the residual compressive strain that remained in
the beam at the conclusion of the process. Second, Young’s modulus of a composite beam was
estimated based on high-resolution Brillouin analysis. The B-OCDA results were corroborated by
independent measurements of beam deflection using six mechanical point-sensors. Last, strain profiles
were mapped across the upper and lower surfaces of a model composite UAV wing, subject to static
loading. Here too, the experimental strain maps were in general agreement with the predictions of
structural analysis. The spatial resolution of the measurements reached 2 cm in several experiments.
The experimental uncertainty in BFS measurements corresponds to errors on the order of +1 °K or
£20 pe, or better. The analysis is scalable, in principle, to kilometers of fiber [27,28].

The measurements suffered from several drawbacks. The embedding of sensing fibers within the
composite structures relied on manual installation, which is susceptible to local strain variations and is
not repeatable. Installation was particularly challenging in the UAV wing model. Non-uniform, initial
pre-strain in the sensing fibers introduces ambiguity in the interpretation of measured data. Better
practices for the embedding of fibers would be required in future studies and applications. The Brillouin
sensing configuration applied in this research is restricted to static analysis, due to the comparatively
long acquisition durations of several minutes. This limitation, however, is not fundamental. As already
noted in the introduction, measurement protocols for Brillouin sensing that are both of high resolution
and dynamic have been proposed and demonstrated in other works [30-32,38,39]. Distributed fiber
sensing is therefore applicable to vibration analysis of composites as well. Lastly, the size and weight
of Brillouin sensing equipment currently prohibits the use of distributed analysis in many in-flight
applications, particularly in UAVs.

Despite the above restrictions, our results and those of other studies [23-25,36-39] successfully
demonstrated that high-resolution Brillouin analysis of fibers embedded in composites may provide
significant data that is difficult to obtain otherwise. Knowledge of spatially-continuous temperature
and strain profiles can be highly instrumental in design validation and verification of scaled models;
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in quality control of production; in extraction of material parameters; in early detection of flaws
during the life cycle of structures; and in failure analysis. The first three scenarios above were directly
demonstrated in this work. This paper represents a significant step in the transition of high-end
Brillouin sensing technology, from the fiber-optics laboratory towards potential field applications.
Much work is still required towards this objective. However, the large potential benefits of distributed
fiber sensing in SHM suggests that such efforts are likely to continue.

Acknowledgments: This research was supported in part by the Chief Scientist Office, Israel Ministry of Economy,
through the MAGNETON program. The authors thank R. Cohen, O. Shlomi, L. Efraim and A. Froochzad of
Bar-Ilan University for assistance in data acquisition.

Author Contributions: Y.S. designed and assembled the measurements setup; Y.L. and Y.A. developed the
measurements protocol; Y.S, Y.L., Y.A., E.P. and H.H.D. collected and analyzed experimental data; M.S. and G.A.
designed the composite beams, and produced the composite beams and wing model; E.L. analyzed the data of
three-point bending measurements; D.S. designed and analyzed the wing model; A.Z. managed the project and
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; and in the
decision to publish the results.

References

1.  Zou, Y; Tong, L.; Steven, P. Vibration-based model-dependent damage (delamination) identification and
health monitoring for composite structures—A review. J. Sound Vib. 2000, 230, 357-378. [CrossRef]

2. Katunin, A.; Dragan, K.; Dziendzikowski, M. Damage identification in aircraft composite structures: A case
study using various non-destructive testing techniques. Compos. Struct. 2015, 127, 1-9. [CrossRef]

3. Polimeno, U.; Meo, M. Detecting barely visible impact damage detection on aircraft composites structures.
Compos. Struct. 2009, 91, 398—-402.

4.  Staszewski, W.J.; Mahzan, S.; Traynor, R. Health monitoring of aerospace composite structures—Active and
passive approach. Compos. Sci. Technol. 2009, 69, 1678-1685.

5. Diamanti, K.; Soutis, C. Structural health monitoring technique for aircraft composite structures.
Prog. Aerosp. Sci. 2010, 46, 342-352. [CrossRef]

6. Park, B.;; An, Y.-K,; Sohn, H. Visualization of hidden delamination and debonding in composites through
noncontact laser ultrasonic scanning. Compos. Sci. Technol. 2014, 100, 10-18. [CrossRef]

7. Avdelidis, N.P.; Almond, D.P,; Dobbinson, A.; Hawtin, B.C.; Ibarra-Castanedo, C.; Maldague, X. Aircraft
composites assessment by means of transient thermal NDT. Prog. Aerosp. Sci. 2004, 40, 143-162. [CrossRef]

8.  Meola, C.,; Carlomagno, G.M. Impact damage in GFRP: New insights with infrared thermography.
Compos. Part A Appl. Sci. Manuf. 2010, 41, 1839-1847. [CrossRef]

9. Usamentiaga, R.; Venegas, P.; Guerediaga, J.; Vega, L.; Lopez, I. Automatic detection of impact damage in
carbon fiber composites using active thermography. Infrared Phys. Technol. 2013, 58, 36—46. [CrossRef]

10. Trendafilova, I.; Cartmell, M.P.; Ostachowicz, W. Vibration-based damage detection in an aircraft wing
scaled model using principal component analysis and pattern recognition. J. Sound Vib. 2008, 313, 560-566.
[CrossRef]

11.  Rizos, D.D.; Fassois, S.D.; Marioli-Riga, Z.P.; Karanika, A.N. Vibration-based skin damage statistical detection
and restoration assessment in a stiffened aircraft panel. Mech. Syst. Signal Process. 2008, 22, 315-337.
[CrossRef]

12. Ratcliffe, C.; Heider, D.; Crane, R.; Krauthauser, C.; Yoon, M.K,; Gillespie, ].W., Jr. Investigation into the use
of low cost MEMS accelerometers for vibration based damage detection. Compos. Struct. 2008, 82, 61-70.
[CrossRef]

13. Loutas, T.H.; Panopoulou, A.; Roulias, D.; Kostopoulos, V. Intelligent health monitoring of aerospace
composite structures based on dynamic strain measurements. Expert Syst. Appl. 2012, 39, 8412-8422.
[CrossRef]

14. Katunin, A. Vibration-based spatial damage identification in honeycomb-core sandwich composite structures
using wavelet analysis. Compos. Struct. 2014, 118, 385-391. [CrossRef]

15. Culshaw, B.; Dakin, J. Optical Fiber Sensors: Principles and Components; Artech House: London, UK, 1988.


http://dx.doi.org/10.1006/jsvi.1999.2624
http://dx.doi.org/10.1016/j.compstruct.2015.02.080
http://dx.doi.org/10.1016/j.paerosci.2010.05.001
http://dx.doi.org/10.1016/j.compscitech.2014.05.029
http://dx.doi.org/10.1016/j.paerosci.2004.03.001
http://dx.doi.org/10.1016/j.compositesa.2010.09.002
http://dx.doi.org/10.1016/j.infrared.2013.01.004
http://dx.doi.org/10.1016/j.jsv.2007.12.008
http://dx.doi.org/10.1016/j.ymssp.2007.07.012
http://dx.doi.org/10.1016/j.compstruct.2006.11.012
http://dx.doi.org/10.1016/j.eswa.2012.01.179
http://dx.doi.org/10.1016/j.compstruct.2014.08.010

Sensors 2017, 17, 2266 12 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Udd, E.; Spillman, W.B. Fiber Optic Sensors: An Introduction for Engineers and Scientists, 2nd ed.; John Wiley &
Sons: Hoboken, NJ, USA, 2011.

Kalkanis, K.; Tsamasphyros, G.J.; Kanderakis, G.N.; Pantelelis, N.; Tur, M.; Maistros, G.; Botsev, Y.
Experimental control of curing via dielectric and fibre Bragg grating sensors for composite patch repairs.
Sens. Lett. 2011, 9, 1265-1272. [CrossRef]

Botsev, Y.; Arad, E.; Tur, M,; Kressel, L; Gali, S.; Thursby, G.; Culshaw, B. Using fiber Bragg gratings to
measure Lamb waves in an anisotropic composite plate. In Proceedings of the 19th Optical Fiber Sensor
Conference (OFS-19), Perth, Australia, 14-18 April 2008.

Bolognini, G.; Park, J.; Soto, M.A.; Park, N.; Di-Pasquale, F. Analysis of distributed temperature sensing
based on Raman scattering using OTDR coding and discrete Raman amplification. Meas. Sci. Technol. 2007,
18, 3211-3218. [CrossRef]

Shiloh, L.; Eyal, A. Distributed acoustic and vibration sensing via optical fractional Fourier transform
reflectometry. Opt. Express 2015, 23, 4296—4306. [CrossRef] [PubMed]

Kurashima, T.; Horiguchi, T.; Tateda, M. Distributed-temperature sensing using stimulated Brillouin
scattering in optical silica fibers. Opt. Lett. 1990, 15, 1038-1040. [CrossRef] [PubMed]

Nikles, M.; Thévenaz, L.; Robert, P.A. Simple distributed fiber sensor based on Brillouin gain spectrum
analysis. Opt. Lett. 1996, 21, 758-760. [CrossRef] [PubMed]

Tur, M.; Sovran, I; Bergman, A.; Motil, A.; Shapira, O.; Ben-Simon, U.; Kressel, I. Structural health monitoring
of composite-based UAVs using simultaneous fiber optic interrogation by static Rayleigh-based distributed
sensing and dynamic fiber Bragg grating point sensors. In Proceedings of the 24th Optical Fiber Sensor
Conference (OFS-24), Curitiba, Brazil, 28 September—2 October 2015.

Shimizu, T.; Yari, T.; Nagai, K.; Takeda, N. Strain measurement using a Brillouin optical time domain
reflectometer for development of aircraft structure health monitoring system. In Proceedings of the 6th
Annual International Symposium on NDE for Health Monitoring and Diagnostics, Newport Beach, CA,
USA, 4-8 March 2001; Volume 4335, pp. 312-322.

Murayama, H.; Kageyama, K.; Naruse, H.; Shimada, A.; Uzawa, K. Application of fiber-optic distributed
sensors to health monitoring for full-scale composite structures. J. Intell. Mater. Syst. Struct. 2003, 14, 3-13.
[CrossRef]

Gyger, F; Rochat, E.; Chin, S.; Nikles, M.; Thévenaz, L. Extending the sensing range of Brillouin optical
time-domain analysis up to 325 km combining four optical repeaters. In Proceedings of the 23rd Optical
Fiber Sensor Conference (OFS-23), Santander, Spain, 2-6 June 2014.

London, Y.; Antman, Y.; Preter, E.; Levanon, N.; Zadok, A. Brillouin optical correlation domain analysis
addressing 440,000 resolution points. J. Lightw. Technol. 2016, 34, 4421-4429. [CrossRef]

Denisov, A.; Soto, M.A.; Thevenaz, L. Going beyond 1000000 resolved points in a Brillouin distributed fiber
sensor: Theoretical analysis and experimental demonstration. Light Sci. Appl. 2016, 5, e16074. [CrossRef]
Dominguez-Lopez, A.; Soto, M.A.; Martin-Lopez, S.; Thevenaz, L.; Gonzalez-Herraez, M. Resolving 1 million
sensing points in an optimized differential time-domain Brillouin sensor. Opt. Lett. 2017, 42, 1903-1906.
[CrossRef] [PubMed]

Urricelqui, J.; Zornoza, A.; Sagues, M.; Loayssa, A. Dynamic BOTDA measurements based on Brillouin
phase-shift and RF demodulation. Opt. Express 2012, 20, 26942-26949. [CrossRef] [PubMed]

Motil, A.; Davidi, R.; Bergman, A.; Botsev, Y.; Hahami, M.; Tur, M. Distributed and dynamic monitoring of 4
km/sec waves using a Brillouin fiber optic strain sensor. In Proceedings of the Fifth European Workshop on
Optical Fibre Sensors, Krakow, Poland, 19-22 May 2013.

Sovran, I.; Motil, A.; Tur, M. Frequency-scanning BOTDA with ultimately fast acquisition speed. IEEE Photon.
Technol. Lett. 2015, 27, 1426-1429. [CrossRef]

Dong, Y.; Zhang, H.; Chen, L.; Bao, X. 2 cm spatial-resolution and 2 km range Brillouin optical fiber sensor
using a transient differential pulse pair. Appl. Opt. 2012, 51, 1229-1235. [CrossRef] [PubMed]

Song, K.Y.; He, Z.; Hotate, K. Distributed strain measurement with millimeter-order spatial resolution based
on Brillouin optical correlation domain analysis. Opt. Lett. 2006, 31, 2526-2528. [CrossRef] [PubMed]
Cohen, R;; London, Y.; Antman, Y.; Zadok, A. Brillouin optical correlation domain analysis with 4 millimeter
resolution based on amplified spontaneous emission. Opt. Express 2014, 22, 12070-12078. [CrossRef]
[PubMed]


http://dx.doi.org/10.1166/sl.2011.1684
http://dx.doi.org/10.1088/0957-0233/18/10/S24
http://dx.doi.org/10.1364/OE.23.004296
http://www.ncbi.nlm.nih.gov/pubmed/25836466
http://dx.doi.org/10.1364/OL.15.001038
http://www.ncbi.nlm.nih.gov/pubmed/19770991
http://dx.doi.org/10.1364/OL.21.000758
http://www.ncbi.nlm.nih.gov/pubmed/19876149
http://dx.doi.org/10.1177/1045389X03014001001
http://dx.doi.org/10.1109/JLT.2016.2521173
http://dx.doi.org/10.1038/lsa.2016.74
http://dx.doi.org/10.1364/OL.42.001903
http://www.ncbi.nlm.nih.gov/pubmed/28504755
http://dx.doi.org/10.1364/OE.20.026942
http://www.ncbi.nlm.nih.gov/pubmed/23187549
http://dx.doi.org/10.1109/LPT.2015.2424271
http://dx.doi.org/10.1364/AO.51.001229
http://www.ncbi.nlm.nih.gov/pubmed/22441465
http://dx.doi.org/10.1364/OL.31.002526
http://www.ncbi.nlm.nih.gov/pubmed/16902607
http://dx.doi.org/10.1364/OE.22.012070
http://www.ncbi.nlm.nih.gov/pubmed/24921326

Sensors 2017, 17, 2266 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Minardo, A.; Coscetta, A.; Bernini, R.; Ruiz-Lombera, R.; Mirapeix Serrano, J.; Lopez-Higuera, ].M.; Zeni, L.
Structural damage identification in an aluminum composite plate by Brillouin sensing. IEEE Sens. 2015, 15,
659-660. [CrossRef]

Minakuchi, S.; Takeda, N.; Takeda, S.-I.; Nagao, Y.; Franceschetti, A.; Liu, X. Life cycle monitoring of
large-scale CFRP VARTM structure by fiber-optic-based distributed sensing. Compos. Part A 2011, 42,
669-676. [CrossRef]

Liu, RM.; Babanajad, S.K.; Taylor, T.; Ansari, F. Experimental study on structural defect detection by
monitoring distributed dynamic strain. Smart Mater. Struct. 2015, 24, 115038. [CrossRef]

Peled, Y.; Motil, A.; Kressel, I.; Tur, M. Monitoring the propagation of mechanical waves using an optical
fiber distributed and dynamic strain sensor based on BOTDA. Opt. Express 2013, 21, 10697-10705. [CrossRef]
[PubMed]

Zadok, A.; Antman, Y.; Primrov, N.; Denisov, A.; Sancho, J.; Thévenaz, L. Random-access distributed fiber
sensing. Laser Photonics Rev. 2012, 6, L1-L5. [CrossRef]

London, Y;; Silbiger, M.; Antman, Y.; Efraim, L.; Adler, G.; Zadok, A. High-resolution distributed fiber-optic
monitoring of composite beams production. In Proceedings of the 10th International Workshop on Structural
Health Monitoring, Stanford University, Stanford, CA, USA, 1-3 September 2015.

London, Y.; Antman, Y.; Silbiger, M.; Efraim, L.; Froochzad, A.; Adler, G.; Levenberg, E.; Zadok, A.
High-resolution Brillouin analysis of composite materials beams. In Proceedings of the 24th Optical Fiber
Sensor Conference (OFS-24), Curitiba, Brazil, 28 September—2 October 2015.

Stern, Y.; London, Y.; Preter, E.; Antman, Y.; Shlomi, O.; Silbiger, M.; Adler, G.; Zadok, A. High-resolution
Brillouin analysis in a carbon-fiber-composite unmanned aerial vehicle model wing. In Proceedings of the
Sixth European Workshop on Optical Fibre Sensors, Limerick, Ireland, 31 May-3 June 2016.

Hotate, K.; Hasegawa, T. Measurement of Brillouin gain spectrum distribution along an optical fiber using
a correlation-based technique-proposal, experiment and simulation. IEICE Trans. Electron. 2000, E83-C,
405-412.

Antman, Y,; Primerov, N.; Sancho, J.; Thevenaz, L.; Zadok, A. Localized and stationary dynamic gratings via
stimulated Brillouin scattering with phase modulated pumps. Opt. Express 2012, 20, 7807-7821. [CrossRef]
[PubMed]

Motil, A.; Bergman, A.; Tur, M. State of the art of Brillouin fiber-optic distributed sensing. Opt. Laser Technol.
2016, 78, 81-103. [CrossRef]

Boyd, R.W. Nonlinear Optics, 3rd ed.; Academic: Cambridge, MA, USA, 2008.

Elooz, D.; Antman, Y.; Levanon, N.; Zadok, A. High-resolution long-reach distributed Brillouin sensing based
on combined time-domain and correlation-domain analysis. Opt. Express 2014, 22, 6453—-6463. [CrossRef]
[PubMed]

London, Y.; Antman, Y.; Cohen, R.; Kimelfeld, N.; Levanon, N.; Zadok, A. High-resolution long-range
distributed Brillouin analysis using dual-layer phase and amplitude coding. Opt. Express 2014, 22,
27144-27158. [CrossRef] [PubMed]

Zadok, A.; Zilka, E.; Eyal, A.; Thevenaz, L.; Tur, M. Vector analysis of stimulated Brillouin scattering
amplification in standard single-mode fibers. Opt. Express 2008, 16, 21692-21707. [CrossRef] [PubMed]
Urricelqui, J.; Lopez-Fernandino, F.; Sagues, M.; Loayssa, A. Polarization diversity scheme for BOTDA
sensors based on a double orthogonal pump interaction. IEEE ]. Lightw. Technol. 2015, 33, 2633-2638.
[CrossRef]

Lopez-Gil, A.; Dominguez-Lopez, A.; Martin-Lopez, S.; Gonzélez-Herraez, M. Simple method for the
elimination of polarization noise in BOTDA using balanced detection of orthogonally polarized Stokes and
anti-Stokes probe sidebands. In Proceedings of the 23rd Optical Fiber Sensor Conference (OFS-23), Santander,
Spain, 2-6 June 2014.

Ben-Amram, A,; Stern, Y.; London, Y.; Antman, Y.; Zadok, A. Stable closed-loop fiber-optic delay of arbitrary
radio-frequency waveforms. Opt. Express 2015, 23, 28244-28257. [CrossRef] [PubMed]

Soto, M.A.; Thévenaz, L. Modeling and evaluating the performance of Brillouin distributed optical fiber
sensors. Opt. Express 2013, 21, 31347-31366. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/JSEN.2014.2364072
http://dx.doi.org/10.1016/j.compositesa.2011.02.006
http://dx.doi.org/10.1088/0964-1726/24/11/115038
http://dx.doi.org/10.1364/OE.21.010697
http://www.ncbi.nlm.nih.gov/pubmed/23669925
http://dx.doi.org/10.1002/lpor.201200013
http://dx.doi.org/10.1364/OE.20.007807
http://www.ncbi.nlm.nih.gov/pubmed/22453458
http://dx.doi.org/10.1016/j.optlastec.2015.09.013
http://dx.doi.org/10.1364/OE.22.006453
http://www.ncbi.nlm.nih.gov/pubmed/24663994
http://dx.doi.org/10.1364/OE.22.027144
http://www.ncbi.nlm.nih.gov/pubmed/25401865
http://dx.doi.org/10.1364/OE.16.021692
http://www.ncbi.nlm.nih.gov/pubmed/19104601
http://dx.doi.org/10.1109/JLT.2015.2401133
http://dx.doi.org/10.1364/OE.23.028244
http://www.ncbi.nlm.nih.gov/pubmed/26561095
http://dx.doi.org/10.1364/OE.21.031347
http://www.ncbi.nlm.nih.gov/pubmed/24514710

Sensors 2017, 17, 2266 14 of 14

55. Nikles, M.; Thevenaz, L.; Robert, P.A. Brillouin gain spectrum characterization in single-mode optical fibers.
J. Lightw. Technol. 1997, 15, 1842-1851. [CrossRef]
56. Hibbeler, R.C. Mechanics of Materials, 9th ed.; Prentice Hall: Upper Saddle River, NJ, USA, 2013.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1109/50.633570
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Phase-Coded Brillouin Optical Correlation Domain Analysis 
	Measurement Setup 
	Experimental Results 
	Monitoring of a Composite Beam During and Following Production 
	Measurement of Stiffness and Young’s Modulus in Three-Point Bending of a Composite Beam 
	Strain Measurements in a Model Wing of an Unmanned Aerial Vehicle 

	Conclusions 

