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Summary: The CFRP wing box section under investigation is a stringer less wing-box (de-
velop within the OPTICOMS research project) and consists of two portions: an upper part,
made of co-cured spars and a top skin panel, and a bottom cured skin panel. The two portions
are joined with a bonding process, giving rise to the final wing-box. During that final assembly
step, distributed fibre optics were embedded between the spar caps and the bottom skin panel
along the bonding lines. The embedded FO consists of six distributed fibres running within the
bonding layer for about 1 m along the span direction. An irregular damage map was defined,
by simulating the presence of manufacturing bonding defects by the intersection of teflon
patches, different for width and length, to check an SHM system capabilities in detecting such
flaws. The SHM system was tested after the final bonding process, by exploring the info con-
tained within the “residual strains” data of the unloaded structure. Results obtained by post
processing data for each fibre optic, are reported. The damage index associated to the eligible
sensors is provided. Based on the available data, the SHM algorithm appeared to be sensible
enough to hundreds of microstrain signals. Concerning faults detection, sensor density seems
a key. Errors in the estimate of the damage extension can be assessed to be around 25%.

1 INTRODUCTION

One of the expectations for an SHM system is to be qualified as a repeatable and reliable
non-destructive inspection technique, as the ones that are referred to in many standards and
regulations. This may be particularly important for bonded structures. While the associated
technology may actually lead to relevant advantages in reducing weight and manufacturing
times, the current protocols are very, and reasonably, stringent for bonded joints the failures of
which may result in the catastrophic loss of the aircraft. In that case, it is in fact required that
the construction is capable to bear the design limit load in correspondence of the maximum
debonding occurrences allowed from the design characteristics using some stop debonding so-
lutions like fasteners. Alternatively, it may be chosen to let any bonded critical joints undergo
experimental verification test at limit load. Clearly, this is not viable for any aeronautic vehicle
that is produced in series for the extremely huge associated costs. As a last possibility, it is
cited in the airworthiness rules that would be acceptable the use of verified and reliable non-
destructive inspection techniques, or NDI, able to guarantee the strength of the investigated
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critical bonded joints. In the mentioned perspective, SHM system can target that aim consid-
ering no conventional current NDT method can be used to measure bond-line quality, due to
the phenomenon of a “kissing bond”. In this context, the adoption of an SHM system to detect
damage and/or changes in the health status of a structure is proving successful due to its pecu-
liarity of fully integration capability [1-3].

Among the available SHM technologies, valuable for the mentioned applications, the use
of distributed fibre optics sensing [4], or multiplexed Fibre Bragg Gratings [5], appears by
years quite attractive. If airborne applications are explored, at the current status of the technol-
ogy, the second ones shall be preferred since these latter may count on interrogators that can
be embarked, without being affected by the harsh environment of the flight, or giving effect to
the on-board electronics. In the aerospace field, Fibre Optic Sensors, (FOS), lead to many other
advantages, which conventional alternatives have not: they are quite flexible, tolerant to envi-
ronmental conditions, and almost transparent to electromagnetic interferences. Finally, their
transversal section allows easy embedding within large composite-material-based structural
components, such as many current wings, [6]. Examples of in-flight applications can be easily
found in literature: for instance, embedded FBG sensors were successfully applied on the
Nishant, an Indian UAV [7].

The SHM technique herein proposed is based on distributed FOS; on that architecture,
CIRA developed a dedicated algorithm (LHEO), to identify the damage location and size [8-
10] along the skin-spar cap bonding lines of a composite wing box during the manufacturing.

This work was carried out and funded within the European Union program Clean Sky 2 AIR
ITD WP B1.2 (Grant Agreement n°: 945521 CS2-AIR-GAM-2020) and the Clean Sky?2 project
OPTICOMS. The SHM system herein described based on FBGs embedded along skin/spar cap
bonding lines will be implemented in the final 7m wing box final structural ground
demonstrator of the OPTICOMS project for the its validation at full scale level.

2 THE STRUCTURAL COMPONENT

The test article, manufactured by the OPTICOMS consortium, is a segment between the
stations at BL=4000 mm and BL=5200 mm of the Piaggio P180 wing. Such a wing segment is
composed of skins, ribs and spars made of Carbon Fibre Reinforced Polymer (CFRP) material;
spars, ribs, and the top skin panel are co-cured together (Figure 1), plus a bottom panel, added
in a second curing step, at room temperature (Figure 2). One of the main features of such a
wing-box section is to have a middle spar running only partially along its span. The length of
the wing-box is about 1.2 m, while the root and tip chords are about 0.57 and 0.49 m, respec-
tively. Fibre optic lines are tracked in yellow along the spar caps (Figure 1).
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Figure 1: The upper skin with co-cured sar and the sensor system layout track.

An irregular damage map was defined on the bottom panel. Faults were different for width
and length, to check algorithm capabilities in individuating such flaws under typical qualifica-
tion loads (compression and bending up to limit load) and also under other particular condi-
tions, i.e. after curing.

The damage map is visible in Figure 2, corresponding to the areas where Teflon patches
were placed within selected areas on the spar caps. The main idea was to simulate the presence
of disbonded areas, therefore characterized by a lower mechanical strength.

d area.

Figure 2: The lower skin with the Teflon tape simulating a disbonde

The SHM system was tested on the manufactured unloaded item, soon after the final curing
process, by exploring the info contained within the so-called “residual strains” (in Figure 3, an
overall view of the CAD of the parts of the structural components is reported). It was in fact
considered that, during curing, the structural system would have experienced some thermal and
even unwanted pre-stresses.
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Figure 3: The CAD of the main structural components.

To face this target, distributed FOS were embedded within the bonding lines during the
assembly. A total number of 6 OF (Optical Fibres) were placed. The process of mounting the
fibre optic strain sensor is very similar to the process of mounting electrical foil strain gages.
The same surface preparation methods are used and similar adhesive selection considerations
are made. These measurements concern the strains in the direction of the fibre sensor. There-
fore, in order to capture strain at the location(s) and in the direction(s) of interest on the test
article, it is important to plan the sensor route (Figure 4).

1190

492

Figure 4: The sketch of a possible distributed fibre optic route layout on the investigated structural compo-
nent and the defined damage map. The dotted rectangle indicates the region of interest far from the cradle area.
In addition, there are two flags on damage 3 and damage 4-5. The reason is that damage 3 was discovered to be

bonded out of the region of interest, while damage 4-5 were merged due to the resin squeezing post assembly.

In order to prevent fibre breakage during manufacturing, transportation and testing (consid-
ering potting both the wing box edges), and according to the previous considerations about
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sensors installation, a scheme (Figure 5) was provided for the egress of the fibre leads. De-
pending on the manufacturing process, before the vacuum bag and curing, it is possible to leave
the fibre connector outside the vacuum bag, and sealing the loose tube to the bag by using a
tacky tape; it is also useful to apply a breeder layer all over the external fibre tubing/connector
in order to prevent the vacuum can overpressure it.

EGRESS POINT

4

A LA

Figure 5: The legress of the fibre lead: left) sketch for the lad, right) egrss point after manfacurig.

The test article was then supplied to PAI (Piaggio Aero Industry) test laboratory, with the
optical fibres already installed. Strain gauges and cradle mounting were installed “in situ” at
the test laboratory premises (Fi

Figure 6: The wing box installed on the-:-test rig-in Piag;rgio Lab.

In what follows the SHM methodology is introduced and the monitoring of the unloaded
structure is provided.
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3 SHM METHODOLOGY

The LHEO (Local High-Edge Observation) algorithm tries to consider structural damage as
an edge discontinuity along the strain energy signature. Its logic diagram is reported in Figure
7. The core of the methodology is the cross-correlation function.

For the sake of clarity, the cross-correlation function [9,10] represents the measure of simi-
larity of two signals as a function of a time shift or a spatial translation applied to one of them.

N-1
1
Ri(t) = NZ x; (t)x;(t + 1) (1)
1=0

where N is the sample number of structural responses, 7 is the time delay; if i=j, Eq. (1) is
the auto-correlation function. Considering two real-valued signals (the i-th and the j-th) and a
generic x-axis, (whatever the variable x may represent), the cross-correlation can be calculated
to show how much the i-th signal must be anticipated along the x axes, to make it identical to
the reference j-th one.

The formula anticipates the signal along the axis, by calculating the integral of the product
for each possible value of the displacement. By considering strain measurements as input sig-
nals, the cross-correlation function of Eq. (1), can be written by using Eq. (2) as follows:

N-1
1
Ri(®) = z &i(t)g;(t + At) )
=0

(some expressions of the cross-correlation function may include a multiplying constant re-
ferring to the input force that can be eliminated by normalizing with its root mean square
value). By setting the maximum value of the auto-correlation envelope function of the current
responses as a vector:

Rinax ) = [max(Rii(T))] (3)

wherei = 1,2,...,n, is the response from measurement sensor point i. The relative change
of cross-correlation function with respect to the reference auto-correlation vector Eq. (4), is
defined as:

DI; = [(Rij)] — [Rmax] 4)

In the absence of a jump/edge, the cross-correlation variance with respect to autocorrelation
will be small. On the contrary, if an edge is present, the two function values will be quite
different. In the next paragraph, the strain data elaboration from unloaded structural condition
just after the curing process of the test article, is reported.
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Figure 7: The logic diagram of the SHM methodology.
5 RESULTS

In what follows, the residual strain is compared in two different conditions. The first one
just after the assembly of the wing box, and the second one after the wing box was delivered
in the Piaggio Labs and installed on the test rig. The wing box was unloaded and simply sup-
ported in the first case, while in the installation it assumed a cantilever beam-like configuration.

The ODiSI B by Luna Inc., was used during this application, to provide measurements along
the entire length of a fibre at a millimetre-scale sensor spacing. The Figure 8 shows a compar-
ison between the strain distribution at assembly (black curve) and at installation (red curve)
phases. The plots refer to the fibre OF1, bonded on the rear spar, and the fibre OF5 bonded on
the front spar.

A non-zero strain map is revealed, much more evident after the installation on the test rig.
Indeed, the cantilever beam-like configuration on the test rig added a gravity load over the span
of the box providing a strain shift of the overall signal. In addition, the strain distribution also
showed a clear compression effect in the area of the cradle (indicated by a red arrow). Finally,
the effective length of the fibre optic along the spar is retrieved, by marking the abscissa (black
arrows) corresponding to the egress point on the connector side.
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Figure 8: The residual strain after assembly (black line) and after installation on the test rig (red line).
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In the next figures, the post processing data are reported during the post assembly phase.
The elaborations provide the high edge onset corresponding to structural discontinuity assumed
here as a bonding failure. Indeed, the high-density sensor network (5 mm space gap), allows
to track the edge onset very precisely.

5.1 Fibre optic OF1

For the sake of simplicity, full steps of the SHM methodology are shown for one case, only
(the rear spar); for all the others, only the output is provided, in form of the graphical interface
representation. Each fibre was connected to LUNA for acquisition and the strain map was then
processed by the LHEO algorithm. The readouts were graphically visualized on the lower skin
image by using yellow dots to indicate the distributed sensors array, and red dots to highlight
the sensors revealing a damage. In Figure 9, the after-assembly strain residuals are reported.
As it can be seen, the signal output is significantly relevant, with strain values that range be-
tween about -50 and 50 microstrains. There is also a significant peak associated to the bonding
transition point, as already shown in Figure 8. In the next Figure 10, the cross-correlation fea-
tures as extracted by the strain map, are reported.

From these pictures, it does seem that the most remarkable edge is revealed at the egress
point of the fibre; however, at a more accurate view, other minor peaks can be revealed. Now,
the former ones are a known characteristic of the system, and can be neglected. The others,
shall be further analysed by the LHEO algorithm to provide an expected indication of the dam-
age presence. In fact, In the next Figure 11, the cumulative damage index (CDI) is shown all
along the fibre length.

Therein, the strain signal is reported with the aim of providing a reference to the reader. As
it can be seen, the egress region is clearly indicated, and other points do also emerge as indica-
tion of what the SHM code recognised as significant discontinuities. It is relevant to remind
that the code aims at revealing the edges of the fault areas, and therefore it is expected that the
points more easily pointed out will be their boundaries. The final picture, Figure 12, reports
the same data of Figure 11, but deployed on the physical representation of the bottom skin
panel to help discern the revealed points. This may be an excellent tool for the immediate
comprehension by a generic user.

100

50

50—

Microstrain

-150

-200 {

2505 200 400

600 800 1000 1200
Fiber lenght [mm]

Figure 9: The residual strain after assembly for OF1 on the rear spar
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Figure 10: The cross-correlation features extracted by the strain map (phase 2, flowchart in figure 7)
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Figure 11: The cumulative damage index CDI extracted by the features (phase 3, flowchart in figure 7)



M. Ciminello, A. Concilio, U. Mercurio and G. Apuleo

_Fi;gure 12: The graphical user intere-lce with a representation of the fibre optic in yellow and the SHM sen-
sors readouts indicating a damage in red

5.2 Fibre optic OF2

As anticipated, from this point on, it is chosen to report only the final outcomes of the data
elaborations. The steps are the same, and the intermediate graphs would add only side infor-
mation with respect to the algorithm capability in detecting the presence of the damage. In
detail, a good proximity of the outcomes for the OF1 and OF2 may be appreciated by a com-
parison between Figure 12 and Figure 13. The positions of the imposed damage are clearly
exhibited, and the specific prediction points are well matched. A minor discrepancy does ap-
pear at the very beginning of the fault ID.6 (Figure 4), maybe associated to a small local irreg-
ularity in the fibre deployment.

1 o - I L -
Figure 13: The graphical user interface with a representation of the fibre optic in yellow and the SHM sen-
sors readouts indicating a damage in red

10
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5.3 Fibre optic OF3 and OF4

Continuing the aforementioned tracks, in the next Figure 14 and Figure 15, the outcomes
associated to the fibres deployed along the middle spars are reported. These results are partic-
ularly significant from the algorithm capability verification standpoint, since the imposed dam-
age interested a very limited area at the tip of the central spar. Therefore, it was natural to
expect that the indications could be very slight. Nevertheless, the algorithm proved to be very
sensitive in this case, either, by recognizing the existence of a structural irregularity in the
region of interest. This does appear very clear for the fibre OF3, while the detection for the
fibre OF4 is only marginal, but nevertheless occurring at the fault edge.

. Figure 14: The graphical user interface with a representation of the fibre optic in yellow and the SHM sen-
sors readouts indicating a damage in red

Figure 15: The graphical user interface with a representation of the fibre optic in
sors readouts indicating a damage in red

yellow and the SHM sen-

11
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5.4 Fibre optic OFS and OF6

Finally, the outcomes for the front spar are reported. Even in this case, the OF5 and OF6 are
reported. The damage presence is always revealed, with a clear resolution with respect to the
fibre segments that are not interested by disbonding regions; disbonding areas are always high-
lighted by a remarkable and homogeneous quantity of warning points. As in the other cases,
few points do occur in regions nominally intact. Again, they can be explained by local irregu-
larity in the fibre deployment or in further anomaly in the local bonding application. In the sole
point of the fault ID.2, Figure 4, it could be supposed that the relevant alert shown by that
sensors line, may be due to a sort of spill-over effect of the imposed damage, locally.

Figure 16: The graphical user interface with a representation of the fibre optic in yellow and the SHM sen-
sors readouts indicating a damage in red.

Figure 17: The graphical user interface with a representation of the fibre opitic in yellow and the SHM sen-
sors readouts indicating a damage in red.

12



M. Ciminello, A. Concilio, U. Mercurio and G. Apuleo

5.5 Discussion

To summarise the achieved results, the following Table 1 is filled. In the table, the following
parameters are reported:

* the ID for each damage (coded as in Figure 4);

* the nominal damage length;

» the estimated damage length as derived from post assembly and post installation
data, respectively;

» the absolute error with respect to nominal and estimated damage length, having
the nominal one as a reference.

Table 1: Estimation error for the damage length and position

Damage Nominal Damage Estimated Abs Estimated Abs
ID Length Damage Length Error Damage Length Error
[mm] (post assembly) [%] (post installation) [%]
[mm] [mm]
1 80 88 10 88 10
2 40 37 7 34 15
3 20 - - - -
4 20
63 (ID.4+1D.5) 21 112 (ID.4+ID.5) 40
5 40
6 80 84 5 78 2
7 20 13 35 16 20

6 CONCLUSIONS

A first consideration must be done about the manufacturing process. It arose that the damage
ID.4 and ID.5 were barely distinguished by the SHM system. The gap of 20 mm between them
was probably uncovered by the adhesive during the assembly, for the excessive proximity of
the two faults.

Another consideration must be done for the damage ID.3, that was scarcely revealed by the
SHM system, even if a certain alert points distribution was detected; however, such a map was
considered insufficient for a reasonable determination of the fault size. The partial visibility of
the flaw may be associated to the fact, confirmed by the C-Scan, that the Teflon was actually
arranged out of the region of interest (Figure 4).

Based on the available data (unloaded structure), the algorithm confirmed a certain capabil-
ity to detect damage with:

* low amplitude strain (around 50 microstrains)

* unloaded condition; this is very important in the view of using the SHM system
as a tool for NDI inspections after curing, therefore aiming at evaluating the
integrity of the manufactured structural component.

Results are confirmed for both post-assembly and post-installation configuration. However,

13
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results seem noisier for the first condition, probably due to the fact the signal-to-noise level is
much higher for the absence of an external constraint, in turn inducing an additional solicitation
stress with respect to the simple curing process.

Concerning faults detection, output density seems a key to be further investigated, having
established the following, reasonable, priorities:

» Fault existence
* Fault quantification

It should be remarked that the nature of faults is not herein considered, and that the errors
are generally around 25%, a feature that can be widely acceptable at this stage even considering
that the damage effect extension is usually wider than its actual size.

A final point concerns the need of investigating the presence of undesired anomalies along
the fibre length, in regions where the structure is considered nominally integral, in this inves-
tigation. These false positives could be attributed to irregular fibre deployment, or to local
structural imperfections, for instance. In the first case, it pushes the technology for the devel-
opment of automated fibres placement, while in the second case it urges to perform non-trivial
post-test inspections to verify the possible existence of supposed anomalies (then strengthening
the algorithm capability) or other motivations for the issue of such unexpected alerts.
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