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ARTICLE INFO ABSTRACT

Keywords: Reconstructing the displacement field from discrete strain measurements, commonly known as shape sensing,
Structural Health Monitoring plays a crucial role in the development of advanced Structural Health Monitoring (SHM) frameworks.
iFEM ) Monitoring displacements throughout a structure’s operational life provides valuable data for predictive
]S)}.la.;ielsx_smg maintenance strategies and supports the implementation of digital twin technologies. Among the various
igital twin

shape-sensing techniques, the inverse Finite Element Method (iFEM) has emerged as a prominent solution.
However, despite its demonstrated effectiveness, the practical application of iFEM remains limited by the
requirement for back-to-back strain sensor configurations, i.e., sensors installed on both surfaces of a thin-
walled structure. To overcome this limitation, a new variant called Single Sensor Based iFEM (SSB-iFEM) has
recently been proposed. In this work, SSB-iFEM is employed to perform, for the first time, shape sensing on
an entire aerospace structure: the half-wing of a commercial hotliner. The test setup reflects the complexity
and constraints of real industrial conditions, as only limited structural information is available due to the
commercial nature of the test article. Furthermore, the structure is instrumented exclusively on the accessible
external surface and tested under simulated operating conditions in a wind tunnel. The experimental results
demonstrate the high versatility and accuracy of SSB-iFEM, even when using a reduced set of strain sensors.
This study proves that the proposed formulation successfully overcomes the main limitations of standard iFEM
and significantly extends the applicability of shape sensing approaches to real-world aerospace structures.

Aerospace structures

1. Introduction A class of these methods employs predefined basis functions, with

unknown coefficients adjusted to best fit the measured strains. The

Aircraft, civil, and marine structural systems are susceptible to
progressive structural degradation, often demanding complex and high-
cost maintenance interventions. To address these challenges, Structural
Health Monitoring (SHM) technologies are evolving rapidly, offering
valuable insights to enhance structural safety while lowering main-
tenance costs [1]. Among the various SHM strategies, shape-sensing
techniques, based on reconstructing the structural displacement field
from discrete strain measurements, have experienced growing success.
These methods provide evaluations of displacement, strain, and stress
fields, enabling early detection of damage [2,3], assessment of remain-
ing service life, and integration with control systems for morphing
structures [4,5]. Their ability to operate in real time also aligns them
closely with the structural digital twin concept.

Several shape-sensing methodologies exist in the open literature.
Although they rely on the same type of input, strain data from a
limited set of sensors, they differ in their underlying computational
frameworks [6].
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Modal Method (MM), for example, represents structural deformation
using mode shapes as basis functions [7,8], which are typically derived
from experimental results or numerical models. Since generating these
mode shapes can be resource-intensive, selection strategies based on
energy contribution are commonly applied to reduce the considered
modes, by selecting those that contribute the most to the target de-
formed shape [9]. Strategic placement of sensors has been shown to
enhance performance even when only a few are used [10], and recent
advancements have extended such techniques to highly flexible wings
undergoing significant deflections [11].

Another major category consists of strain-integration approaches,
particularly suited for slender structures. These methods often assume
classical beam theory and derive deflections from measured axial
strains. Ko’s Displacement Theory stands out in this group. Introduced
in [12], it reconstructs beam deflections by integrating axial strains
twice, using measurements collected along a known sensing line, offset
from the neutral axis by a known quantity. In addition to simple
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bending, torsional effects can also be captured, either by orienting
strain sensors along a 45° direction path or by implementing a double-
line sensor setup. This theory has been successfully applied to a finite
element model of the Ikhana UAV’s doubly tapered wing [13] and
has undergone experimental validation [14]. Additional applications
include shape monitoring of a vertical take-off and landing (VTOL)
UAV [15], cantilevered swept wings [16], and composite laminates
such as CFRP [17].

In order to enhance shape-sensing methodologies with the poten-
tialities of Physics Informed Machine Learning (PIML) [18], a recent
attempt has been presented in [19], where an inverse Physics Informed
Neural Network (iPINN) is developed for displacement reconstruction.
The iPINN was trained on direct problem datasets, and its performance
was compared with the MM approach. The results, although promising,
demonstrated a strong sensitivity of the iPINN on the selected sensor
configuration.

More recently, a method based on discretising the structural do-
main with finite elements has gained attention for its flexibility and
robustness in shape sensing, the inverse Finite Element Method (iFEM).
Initially introduced in [20], iFEM reconstructs displacement fields by
expressing strains as derivatives of shape functions multiplied by the
unknown nodal degrees of freedom (DOFs). The unknowns are com-
puted by minimising a weighted-least-squares error functional that
quantifies the discrepancy between measured and reconstructed strains.
The error functional is computed for membrane and bending strain
measures, which can be easily computed from sensors installed in a
back-to-back configuration for a thin-walled structure. Crucially, iFEM
depends only on kinematic relationships, without requiring knowl-
edge of material properties or loading conditions. The method was
first applied to thin-shell structures using a triangular three-node el-
ement (iMIN3) [20], and later extended to four-node quadrilaterals
(iQS4) [21], curved eight-node elements [22], and isogeometric ele-
ments [23,24]. Developments have also included nonlinear extensions
for large deformation analysis [25,26], as well as specialised versions
for layered composites and sandwich panels with highly heterogeneous
stacking sequences [27-29]. Additionally, one-dimensional inverse el-
ements grounded in Timoshenko beam theory have been developed for
truss and beam applications [30], including variants for structures with
nonuniform or complex cross-sections [31,32]. Hybrid iFEM schemes,
which integrate both one- and two-dimensional inverse elements, have
proven effective in the analysis of stiffened panels and similar structural
systems [33].

Comparative studies in the literature [6,34-36] indicate that MM
and iFEM are among the most versatile and effective shape-sensing
techniques for general and complex structures. In particular, iFEM has
the potential to offer higher accuracy even in the presence of uncer-
tainties, although this comes at the cost of requiring a large number
of strain measurements and corresponding sensors [34,35]. To address
this limitation, various strategies have been explored. For example,
sensor placement optimisation has been investigated to enhance the
accuracy of displacement field reconstruction for a limited number of
sensors [34,37]. Another promising approach is to pre-extrapolate the
strain field before using it as input to iFEM [38-42].

The inverse Finite Element Method has demonstrated broad ap-
plicability across various engineering domains, including marine [43-
45] and civil structures [46,47]. In the aerospace sector, iFEM ap-
plications have primarily focused on component-level analyses, such
as aerospace panels [48,49], wing-shaped sandwich structures [39],
and CFRP-stiffened plates [33]. To date, only one study in the open
literature has addressed the application of iFEM to a full wing struc-
ture [50], though that investigation was limited to numerical simu-
lations. The main obstacle hindering the experimental application of
iFEM to complex structures lies in its requirement for back-to-back
sensor placement. The conventional iFEM formulation relies on the
evaluation of both membrane and bending strain measures, which
necessitates strain measurements on both the inner and outer surfaces
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of thin-walled structures. In experimental scenarios, however, access to
both surfaces of components such as wings is often not feasible, making
the installation of such sensor configurations impractical. To address
this limitation, a multilayer perceptron (PMLP) neural network was
proposed in [51] to reconstruct strain data on both surfaces of a plate
using only single-sided strain measurements. Though promising, this
approach increases the complexity of the procedure by requiring prior
training of the neural network. Moreover, the approach was validated
for only a single load case, without demonstrating generalisation to
different loading conditions. A more comprehensive and straightfor-
ward solution to this challenge was recently introduced in [52], where
the Single Sensor Based inverse Finite Element Method (SSB-iFEM)
was presented. The method modifies the standard iFEM weighted-least-
squares error functional by directly incorporating the sensor strain
measurements and comparing them with the corresponding analytical
strain values. By formulating the problem in terms of actual sensor data
rather than derived strain measures (membrane strains and bending
curvatures), this approach removes the need for back-to-back sensor
placement and enables the use of single-sided sensor configurations.

This work presents the first experimental application of the Single
Sensor Based inverse Finite Element Method (SSB-iFEM), and more
broadly, of iFEM-based approaches, for the structural monitoring of a
full half-wing under dynamic aerodynamic loads. The structure under
investigation is the half-wing of a commercial hotliner, experimentally
tested using strain sensors placed solely on the external, and only
accessible, surface. The half-wing first undergoes a static experiment on
a test bench, and is subsequently subjected to experimentally simulated
operating conditions in a wind tunnel. These tests are particularly
significant, as limited information about the structure is available due
to its commercial origin. As such, the study highlights a key advantage
of the iFEM-based approaches with respect to other shape-sensing
techniques: they require only geometric data and can be applied even
when material properties are unknown. Furthermore, the methods are
capable of reconstructing the full deformed shape of the structure
and, in some cases, even of components with unknown geometrical
characteristics. In the study, the SSB-iFEM is benchmarked against
the standard iFEM. To enable this comparison, it is assumed that the
standard iFEM operates under the hypothesis of a constant through-
the-thickness strain distribution. The results show that while SSB-iIFEM
accurately reconstructs the deformed shape of the half-wing, the stan-
dard iFEM yields significantly inaccurate results. This confirms that
SSB-iFEM is the only practical solution for complex aerospace structures
with limited access to a single surface. Moreover, even in cases where
both surfaces are accessible, SSB-iFEM still offers the advantage of
reducing the number of required sensors. Finally, the wind tunnel
test demonstrates that the SSB-iFEM is capable of performing real-
time monitoring of an aerospace structure under dynamic operating
conditions with high accuracy, thereby enabling the realisation of a
structural digital twin.

The paper is structured as follows. In Section 2, standard iFEM and
SSB-iFEM are introduced. The half-wing and the static assessment con-
figuration and results are described in detail in Section 3. In Section 4,
the results of the wind tunnel experimental analysis are reported and
discussed. Finally, in Section 5, the concluding remarks are formulated.

2. Inverse Finite Element Method: original and SSB formulations

This section summarises both existing inverse Finite Element for-
mulations for thin-walled structures, the original one developed by
Tessler et al. [20], henceafter simply denoted as iFEM, and the recently
proposed SSB-iFEM, [52].
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Fig. 1. Kinematic variables of FSDT [33].

2.1. Kinematic assumptions and finite element approximation

Both iFEM and SSB-iFEM for plate and shell structures are based
on the kinematic assumptions of the First-order Shear Deformation
Theory (FSDT). Let us consider a plate with total thickness 2¢, referred
to a Cartesian reference system, with z being the thickness coordinate
ranging between z = —t and z = +¢ and the plate mid-surface be-
longing to the (x, y) plane, Fig. 1. According to FSDT, the displacement
components u,, u,, and u, can be written as follows

u(x,y,z) =u(x,y)+ z6’y(x, ¥)
uy(x, y,2) = v(x, y) — 26,(x, ) @
u (x,y,z) = w(x,y)

where the kinematic variables u = {u, v, w, GX,GY}T are: u and v (mid-
surface displacements in the x and y directions, respectively), w (trans-
verse deflection), 6, and 6, (rotations about the x- and y-axis, respec-
tively), Fig. 1.

Using the linear strain—displacement relations yields the strain field

0

xx X VX
€,=1&y = v, +z =0y, = m(u) + zk(u)
Vxy uy + Ux Hy,y - 0x,x 2
_ m(u)
= ng(z) { k(u) }

_ ) Vxz | _ ) Wi +6 —
v, = {yyz} = {w,y _ Hi} =g(u) 3

with Z, (z) = [I zI|. The in-plane strains €, are expressed in terms
of in-plane strain measures m and k (membrane strains and bending
curvatures, respectively), and the transverse shear strains y, correspond
to the transverse shear strain measures, g.

As for the direct FEM, in both the iFEM and SSB-iFEM the structure
is discretised into finite elements. Within each element, the kinematic
variables u are expressed in terms of the nodal degrees of freedom
(DOFs) of the element, u¢, through the shape functions N

u = Nu® (€))

The strain field defined by Egs. (2) and (3) is consequently approxi-
mated as

Bm
€, =m(u’) + zk(u®) =B"u’ + zBFu® = ZEF(z) [Bk] u® = Zép(z)B'"kuZ

)
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Fig. 2. Strain sensors on top and/or bottom surface of a thin-walled structure.
Experimental in-plane strain measures (m¢ and k¢) are available only where
back-to-back sensors are used.

v, = g(u®) =Bfu’ (6)

where B”, BX, B¢ and B¢ are matrices of shape functions derivatives.
In particular, the iQS4-inverse quadrilateral element is here considered
and the detailed expressions of the shape functions and corresponding
derivatives can be found in [21].

2.2. Experimental strain measurements and strain measures

Shape sensing is based on the availability of a discrete number of
strain sensors able to provide the corresponding strain measurements.
Considering strain sensors (linear strain gauges, rosettes, or fibre optical
sensors) attached on the top (z = +¢) and/or bottom (z = —r) surface
of the thin-walled structure (Fig. 2), the corresponding in-plane strain
measurements, are, respectively,

€+ €—
Exx Exx
e+ €+ €— €—
=< E =< E
£, (e £ Sy (@]
€ €—
Yxy Yxy

where the super-script ¢ denotes the experimental origin of the quan-
tity. If sensors are arranged in a back-to-back configuration, Fig. 2, the
corresponding experimental in-plane strain measures, m* and k¢, can be
easily evaluated as

1 - 1 -

e _ Lo et € £ _ (g€t _ g€
m‘ = z(ep +e,), k Zt(el’ £) 8
Since the experimental measurement of the transverse shear strains is
not possible, the experimental transverse shear strain measures, gt, are

always unavailable.
2.3. iFEM error functional

The iFEM error functional is based on a least-square error between
the analytical strain measures (m, k, g) and the experimental strain
measures (m¢, k¢, g¢). At the element level, the error is defined as

W) =4, - 2,)+ 4 - P W)+ 4, - P,(u°) 9

where 4,,, 4;, and 4, are the vectors of penalisation factors and ®,,, ®,,
and ®, are the vectors of individual error functionals corresponding
to the membrane, curvature and transverse shear strain measures,
respectively,

P, = / [m(u®) - m5]°2 daA® (10)
Ae
&, =) / (k) - k&]°2 dA® 1n
”
®, = / [gu®) — ] da® a2
»

where A° is the area of the element and the operator (-)° represents
the Hadamard power.

The penalisation factors 4,,, 4;, and 4, control the degree of com-
patibility enforced between the analytical and experimental strain mea-
sures. These factors are also used to deal with the unavailability of
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experimental strain measures within the element, in particular by
setting a penalisation factor to 1 or to a small value (for example,
1075) if the corresponding experimental strain measure is available or
not, respectively. Since transverse shear strain measures g¢ cannot be
evaluated experimentally, they are assumed to be 0, thus leading to a
simplified definition of the related least-square error

<I>g=/A gu®)°2 dA¢ (13)

and requiring small values of the corresponding penalisation factors,
A, = {1073,1073}. Considering that the experimental evaluation of the
in-plane strain measures requires back-to-back sensors, Eq. (8), 4,, = 4,
and the following cases are possible: tri-axial strain rosettes 4,, = 4, =
{1,1,1}, no strain sensors at all 4,, = 4, = {107°,107,107°}, linear
strain-gauges along the x-axis 4,, = 4, = {1,107°,107°} (and values
modified accordingly if linear strain-gauges are measuring only in the
y—direction or if the in-plane shear strain 7, is only measured).
Substituting Egs. (5) and (6) into Egs. (10), (11), and (13) and
these into the definition of the element error functional, Eq. (9), and
then minimising with respect to the element nodal DOFs u¢, yields the
element-level system of linear algebraic equations
9D (u®)
ou®
The definition of K¢ and f¢ is reported in Appendix A. Transforming
from the local-element to the global-structure coordinate system and
assembling the contributions of the whole set of inverse elements, lead
to the global-structure system of algebraic equations

=K —f =0 = Ku =f° 14)

KU=F (15)

where U contains the nodal DOFs of the discretised structure, the
global matrix K depends on the sensors location only, whereas the
global vector F depends on both the sensors location and on the
experimental strain measures. The solution of (15), upon prescribing
the proper geometric boundary conditions, is efficient since it involves
inverting K only once even when a dynamic problem is considered with
time-varying F [20].

2.4. SSB-iFEM error functional

Since the requirement for back-to-back sensors of iFEM can be
difficult, if not impossible, to meet in several applications, the SSB-iIFEM
formulation has been introduced in order to overcome this drawback.
The SSB-iFEM error functional is in fact defined as the least-square error
between the analytical strains and the corresponding experimental
strain measurements available on the top and/or bottom surface of
the thin-walled structure. For a single inverse element, the error is
expressed as

Pee) =AY - W) + A7 T () + A, - B (u) (16)

As for the iFEM formulation, A[‘;, /1;, and A, are the vectors of penali-
sation factors and \I';f s \I';, and ¥, are the vectors of individual error
functionals whose definition is

02
+ _ _ gt
Tt = /A E [ep(+t,ue) € ] daA° a”
02
v = /A E e, (w0 —eg|” anc a8)
v, = /A 7, (u®)°2 dA¢ = /A gu)*?dA’ =, 19)

The role of the penalisation factors A;, ).;, and A, is similar to that
already described for iFEM. Moreover, these coefficients also accom-
pany the increased flexibility of SSB-iFEM with respect to iFEM in terms
of strain sensor configuration. Since a back-to-back arrangement is not
required, A;r and A, need not to coincide. For example, if a linear strain
gauge in the y—direction is available on the bottom surface only, 4} =

{1075,1073,107°} and A= {1073,1,107°}. As expressed by Eq. (19), the
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individual error functional ¥, = @, represents a common term between
iFEM and SSB-iFEM and the same penalisation strategy holds for the
definition of 4,. The SSB-iIFEM formulation clearly includes the iFEM
one as a particular case (although with slight differences, refer to [52]
for further details) when back-to-back sensors are considered.

Egs. (5) and (6) are introduced into Egs. (17)-(19), and the latter
are further substituted into Eq. (16), thus leading to an expression
of the SSB-iFEM error functional depending on the nodal DOFs u‘.
Minimisation with respect to u® provides the inverse element-level
system of algebraic equations
IP¢(u®)

Ju

’

=K -f°=0 = Ku =" (20)

The definition of K'¢ and f'c is reported in Appendix A. The usual
straightforward treatment of (20), including local-to-global coordinate
system transformation and assembly, leads to the global-structure ma-
trix equation

KU=F 21)

where K’ and vector F’ have properties and roles similar to those of K
and F, respectively.

In the context of this work, both the iFEM and SSB-iFEM formula-
tions are implemented in the in-house DIMOSS® (Displacement Mon-
itoring using Strain Sensors) software [53] (https://dimoss.net/). This
is a MATLAB/Python-based code for SHM entirely developed within
the AESDO (Aircraft and Engine Structural Design and Optimisation)
research group of Politecnico di Torino.

3. Static assessment

This section presents the static experimental setup adopted to assess
and compare the accuracy and robustness of the recently formulated
SSB-iFEM and of the original iFEM. Furthermore, the inverse FE model
and sensor configuration are described and discussed in detail.

3.1. Half-wing structure

The structure considered in this experimental campaign is a com-
mercial hotliner produced by the Robbe modelsport company. Specif-
ically, the selected model is the “Limit PRO” hotliner, with a Glass-
Fibre-Reinforced-Polymer/Carbon-Fibre-Reinforced-Polymer
(GFRP/CFRP) structure. The full aircraft consists of a wing (aspect ratio
12.3, airfoil MH-30), fuselage, and horizontal tail. For the purposes of
this study, only the wing component is considered (see Fig. 3), and,
taking advantage of the symmetry of the structure and of the loading
condition, only half-wing is analysed.

This wing is particularly significant for different reasons. Firstly, it
is the first commercial product experimentally monitored using iFEM
(or SSB-iFEM). Secondly, its structural configuration can also represent
larger-scale aircraft, such as gliders and ultralight aircraft. Thirdly,
the geometrical and material characteristics are not fully known. In
fact, the manufacturer has not provided any details on the material
properties and wing geometry, apart from overall dimensions and
airfoil data. However, upon this last aspect, one major advantage of
the iFEM approach, compared to the traditional direct FEM or other
existing shape-sensing techniques, is that material properties are not
required to perform the analysis. Moreover, although iFEM requires an
accurate geometric description of the structure in order to generate the
inverse mesh and to correctly locate the strain sensors, it is possible to
exclude components or parts from the inverse model. This can apply to
components whose displacement field is not important to reconstruct
or that cannot be instrumented with strain sensors. While this might
appear to be an approximation, it is not, since the inverse model
is fed with strain data that are inherently influenced by structural
components, including those that are not present in the model.
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Fig. 3. Wing.

Fig. 4. CT scan of a cross-section close to the wing’s tip, in the aileron region.

Fig. 5. Details of the wing inner structure: (a) front spar; (b) rear spar.

Since the wing cannot be disassembled, a reverse engineering pro-
cess is required to retrieve the necessary geometrical features. Thus,
a second wing, identical to the first one, was purchased and cut into
different segments along its wingspan direction. Subsequently, each
part was scanned using Computed Tomography (CT) to obtain the
cross-sectional geometry. The CT scans were performed at the J-TECH
(Advanced Joining Technologies) laboratory at Politecnico di Torino.
Fig. 4 reports, as an example, a cross-section close to the wing’s tip, in
the aileron region.

The CT scans and the cut specimens revealed that the wing structure
consists of a skin and of two main spars of different lengths. The skin,
with a constant thickness 27 = 1.45 mm, is made of a lightweight foam
reinforced with GFRP. The front spar, which is the shortest one, is
made of balsa wood covered by a thin layer of CFRP, as shown in Fig.
5(a). The rear spar, i.e., the longest one, is made of the same material
used for the skin, see Fig. 5(b). Taking advantage of the iFEM feature
previously discussed, given that it is impossible to set strain sensors
inside the wing box, both spars are excluded from the reconstructed
geometry and, therefore, not represented in the inverse model.

As shown in Fig. 6, a hole is present on the lower wing skin surface
to locate the servos. Although it presents a complex geometry, it can
be modelled in a simplified manner, that is, as a rectangular hole (see
Fig. 6).

The spatial resolution of CT cross-section scans is lower than 0.15
mm; however, to reconstruct a smoother geometrical model, only a

Fig. 6. Servos hole and dimensions (in mm).
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limited number of images were considered. The selected CT scan images
were imported into SOLIDWORKS® and used to create the reference
geometry. More specifically, the MH-30 airfoil profile was adapted to
reconstruct the middle line of the skin profile and, subsequently, used
to generate the reference surface of the wing structure through a sweep
function along the wingspan direction.

The obtained geometry is then imported into MSC PATRAN® as a
surface feature. However, before generating the mesh, three geometry
edits are required. First, the servo hole is created according to the
dimension reported in Fig. 6. Second, the aileron is removed from the
geometry since it is considered not to contribute to the wing stiffness.
Third, the wing tip beyond the loaded section (See Fig. 7) is also
removed as strains are expected to be null and, for this reason, no strain
sensors have been installed and no inverse elements are required.

The wing is tested in a cantilever configuration subjected to a
concentrated transverse force near the wing tip, as shown in the scheme
of Fig. 7. The clamped condition is recreated using two aluminium
blocks that lock the wing and fix it to the testing table. Two thin silicone
sheets have been placed between the wing and the blocks to ensure a
better fit and prevent damage to the structure (see Section 3.3). Fig. 8
shows the clamped portion of the wing structure. The loading system
that generates a concentrated force consists of two aluminium blocks
hooking the wing section. Similarly to the clamped section, two thin
silicone sheets are added around the wing surface to accommodate
the wing profile without damaging the structure. The lower block is
connected to an aluminium profile that holds the weights as shown in
Fig. 9.

The structure is mounted upside down, so that the application
of the weights generates a load that is in the same direction as the
aerodynamic lift under operational conditions. An identical loading
system to that shown in Fig. 9 is placed at the opposite end of the other
half-wing in order to re-create a symmetric loading condition. Although
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Aluminium
blocks

Fig. 9. Loading system and its main components.

not necessary for the iFEM analysis, for the sake of completeness, the
location of the applied load is reported in Fig. 10.

3.2. Inverse FE model

This section presents the details of the inverse model used to assess
the SSB-iFEM formulation implemented in DIMOSS® software and to
compare its performance with that of the original iFEM.

Taking advantage of the symmetry of the wing’s structure, loading
and clamped conditions, only half of the wing is considered for the
digital model. The inverse FE model of the half wing consists of 941
iSQ4 elements and 994 nodes, as shown in Fig. 10. As previously
explained, both spars, the aileron and the wing tip are not included
in the model.

Although the aluminium blocks aim to recreate the fully clamped
condition by limiting displacements and rotations of the wing root
section, as shown in Fig. 10, these may not be completely suppressed.
In fact, the wing box, being hollow, allows some deformation, and the
presence of the silicone sheets does not ensure a zero-displacement
condition. According to the real loading configuration, the half-wing is
constrained by applying a symmetry condition to the nodes belonging
to the wing’s mid-section (x = 0 in Fig. 10). More specifically, the
constrained degrees of freedom for symmetry conditions are one dis-
placement, i.e., u = 0, and two rotations, i.e., 6,=0.=0. Additionally,
the half-wing is bolted to the upper aluminium block at two points,
physically restricting displacements, i.e., u = v = w = 0 at the
corresponding bolt nodes in the inverse FE model (refer to Fig. 10).

3.3. Sensor configuration

The half-wing is instrumented with strain sensors, which provide
inputs for the shape-sensing process, and with displacement sensors,
which provide feedback values for the evaluation of the accuracy of
the displacement reconstruction.

Two kinds of strain sensors are installed on the structure: strain
rosettes and fibre optic sensors. As already highlighted, the half-wing
is designed so that the internal wing box is inaccessible and cannot be
sensorised. Therefore, strain sensors can only be applied on the skin’s
external surface, leaving the internal one and the spars lacking any
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strain information. This condition represents an interesting and realistic
challenge for applying the shape-sensing process to real structures
characterised by areas that are either difficult or impossible to reach.
The SSB-iFEM perfectly adapts to this condition, since its formulation
does not require sensors on both surfaces of a thin-walled structure.
Moreover, SSB-iFEM is perfectly adaptable to conditions where it is
the external surface to be inaccessible or to configurations with sensors
on both sides at different locations, without compromising its valid-
ity. Therefore, its application to the test case is straightforward and
requires no modification. On the contrary, the original iFEM requires a
back-to-back sensor configuration to compute the experimental strain
measures (membrane strains and bending curvatures) included in the
error functional of Eq. (9). Therefore, applying iFEM to the current test
case requires some hypotheses on the internal strains. If we consider the
half-wing as a beam-like structure under bending deformation, the axial
strains have a linear distribution along the thickness of the wing airfoil.
If the thickness of the skin is smaller compared to the thickness of the
airfoil, the variation of the strains along the skin’s thickness can be con-
sidered negligible with respect to the total variation of the strains along
the wing cross-section [34,52]. Therefore, a constant strain assumption
can be made for the strains on the top and bottom surfaces of the wing’s
skin. Although this is a strong assumption when considering the actual
behaviour of the test case, a more complex derivation of the internal
strains, i.e using extrapolation techniques, would increase the complex-
ity of the process for the application of standard iFEM, thus leading to
a non-equal comparison with the straightforward application of SSB-
iFEM. When assuming a through-the-thickness constant strain for the
original iFEM, the procedure will be defined as Constant Strain-iFEM
(CS-iFEM).

The strain sensors are installed on the external surface of the
half-wing according to the scheme in Fig. 10. A fifteen-meter-long dis-
tributed fibre optic strain sensor based on the Rayleigh back-scattering
and Optical Frequency Domain Reflectometry (OFDR) [54] is attached
to the wing’s upper and lower surfaces so that eight sensing lines along

Fig. 11. Detail of the strain sensors installed at the root section of the wing.

the wingspan are obtained. On these lines, the high-density sensor is
able to measure the strain along the fibre direction in every centroid
of the inverse elements that lie underneath the sensor itself. Thanks
to the presence of the silicone layers, the fibre is also installed in the
portion of the half-wing clamped between the aluminium blocks, so
that any eventual deformation in the clamped area can be measured.
In addition, fourteen strain rosettes are installed in proximity to the
root section of the wing (Fig. 10). These sensors can measure the strain
along different directions than the axial direction available with the
fibre. Seven of them are installed on the upper and seven on the lower
surface of the half-wing. A detailed view of the installed strain sensors
is presented in Fig. 11.

The experimental strain sensor configuration installed on the wing
covers the majority of the elements of the inverse model, and it can feed
the shape-sensing algorithm with an impressive amount of data. How-
ever, according to previous investigations, this amount is reasonably
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(a) LASER sensors configuration
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(b) Transverse displacements, w; and ws, measured by the LASER beams

Fig. 12. LASER displacement sensors.

unnecessary for the iFEM, which can obtain accurate reconstructions of
the displacement field with sparser sensor configurations. In standard
iFEM and, more generally, in shape-sensing applications, the strain
sensor configuration is usually selected through an Optimised Sensor
Placement (OSP) procedure. However, these procedures require per-
forming shape sensing with different sensor configurations to find the
optimal one according to a defined selection process. This task can only
be accomplished if the whole strain field of the structure is known,
typically by analysing a high-fidelity structural model of the structure,
which requires a priori detailed knowledge of the material mechanical
characteristics. One of the novelties of the present work is related to
this condition. The wing tested for this application is representative of
a real-world scenario where a high-fidelity model cannot be designed
because of the lack of sufficient information. Therefore, the wing
is initially instrumented with a sensor configuration meant to cover
almost the entire geometry of the structure. The optimisation of sensors
is carried out after the first experimental strains are obtained in order
to prove that a reduced and affordable number of sensors is suffi-
cient to perform accurate shape sensing. The a-posteriori experimental
optimisation will be described in Section 3.4.

Finally, to assess the accuracy of the displacement reconstruction,
two transverse deflections (w,, w,) of the wing are measured on
the upper and one (w;) on the lower surface of the half-wing. Two
time-of-flight LASER sensors (optoNCDT ILR2250 by Micro-epsilon) are
installed on the floor, as shown in picture 12(a), to measure the two
deflections on the upper surface (Figs. 10 and 12(b)). On the other
hand, one Linear Variable Transducer (LVDT) is installed on the lower
surface to measure the w; transverse displacement, as illustrated in Fig.
7. The three reference displacements are broadly distributed over the
structure’s geometrical domain to evaluate the global accuracy of the
shape sensing in different zones and surfaces.

3.4. Results

The experiment is performed by loading the clamped half-wing with
increasing loads from 0 to 2.0 kg. During the test, the strains and the
deflections w, w, and w; are measured by the sensors. Simultaneously,
the strain data are used to compute the whole displacement field

Table 1
Static test results for F, = 2.0 kg and considering all the installed strain
sensors.

Exp. values SSB-iFEM ERR CS-iFEM ERR [%]
[mm] [mm] [%] [mm]
w, 18.34 18.15 -1.1 0.82 -2140.9
w, 12.35 11.99 -2.9 2.32 —-431.6
ws 4.85 4.59 -5.4 1.42 -242.4

with SSB-iFEM and CS-iFEM. The nodal transverse displacements cor-
responding to the measured ones are extracted from the reconstructed
deformed shape and compared to the sensor data.

The first analysis is performed considering the inputs from all
the installed strain sensors. Due to the linearity observed in all the
experimental data, only the results for the maximum load of 2.0 kg
are reported in Table 1. The constant strain assumption is enforced
by assigning the strain value measured by the sensors on the skin’s
external surface to the internal surface as well. The percentage errors
in the reconstruction of the displacements, reported in Table 1, show
a significant accuracy of the SSB-iFEM, with errors that do not exceed
5.4%. Moreover, the reconstruction of the maximum displacement (w,)
is impressively precise, showing an error of approximately 1%. On the
contrary, the errors exhibited by CS-iFEM are significant, revealing
a total misinterpretation of the deformed shape, since the maximum
measured displacement is the smallest one in the reconstruction. These
results prove that the constant strain hypothesis is incorrect for this
structure. However, the need for the standard iFEM formulation of
back-to-back sensors in a case like that, where the physical installation
of sensors inside the wing is impossible, can only be satisfied with this
kind of hypothesis or with a complex procedure that will make the
method much less efficient than SSB-iFEM.

Once the superior accuracy of SSB-iFEM is assessed, the problem
of having too many strain sensors on the structure can be addressed.
An optimisation is performed by searching for a subset of sensors
leading to a displacement field reconstruction as accurate as the one
obtained with the full set. The standard sensor optimisation procedure
is typically performed using data from a high-fidelity finite element
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(FE) model of the structure and optimising the sensor configuration
for various loading conditions. However, in this work, the objective is
to demonstrate the accuracy and flexibility of the SSB-iFEM approach
under conditions where only limited information about the structure
is available and no high-fidelity model exists. Furthermore, one of
the goals of the optimisation is to show that the method can oper-
ate effectively with a reduced number of sensors, regardless of how
this configuration is obtained. Therefore, the optimisation is carried
out using experimental data from the single loading condition of the
static assessment. Previous studies have shown [42,55] that iFEM-based
approaches exhibit good flexibility of the sensor configuration with
respect to different loading conditions. Similarly, in this work, the
adaptability of the experimentally-obtained optimised sensor configu-
ration will be demonstrated under a different loading condition during
the wind tunnel test, as discussed in Section 4.

The experimental optimisation procedure consists of defining a cer-
tain number of sensors and trying all the combinations of that number
of sensors. In the context of this optimisation, one sensor is considered
to be a single rosette or a single sensing line of the fibre (from root to
tip). For example, to start, four sensors are selected: two lines of fibre
and two strain rosettes. Therefore, all the existing combinations of two
lines and two rosettes are tested with SSB-iFEM, and the errors on the
measured displacements are computed. This procedure is performed
for an increasing number of sensors, until the errors reach, with a
satisfactory approximation, the one obtained with the full set of sensors.
The identified minimum number of sensors that lead to accurate shape
sensing is six. In particular, the use of six sensing lines, without any
rosette, gives the errors summarised in Table 2. Fig. 10 shows the
selected six strain sensing lines with magenta lines. The configuration
includes three sensing lines on the upper surface of the wing and three
corresponding lines on the lower surface. Therefore, this layout can
be considered a globally back-to-back configuration, different from a
standard back-to-back arrangement where the sensors are located on
both sides of the thin-walled parts of the structure. The sensors’ setup
covers a broad area of the structure and guarantees extreme accuracy
to the SSB-iFEM. On the contrary, using CS-iIFEM with the optimised
sensor configuration still leads to extremely inaccurate shape-sensing
predictions. These results are demonstrated by the errors in Table 2 and
the reconstructed deformed shape reported in Fig. 13. In particular, the
deformed shape reconstructed with CS-iFEM (Fig. 13(b)) highlights the
limitations of this formulation. The reconstructed deformation exhibits
significant torsion, which is not present in the actual half-wing static
response. The line of nodes where w, is measured corresponds to the
torsion axis of this misinterpreted deformation, and along this line
the deflection is nearly zero. A key limitation of the constant strain
hypothesis is that the ratio between the skin thickness and the overall
thickness of the half-wing varies along the chord. In the thicker region
of the airfoil, the assumption of a negligible skin thickness compared
to the overall section thickness is more realistic. However, while the
skin thickness remains constant along the span, the airfoil thickness
decreases towards the wing-tip. This causes the thickness ratio to vary
along the span, implying that the constant strain assumption can only
be reasonably enforced near the root section and where the airfoil is
thicker. In fact, even in lines of nodes near the leading edge, CS-iIFEM
is able to reconstruct only a small portion of the actual bending of
the structure. Conversely, moving closer to the trailing edge, the con-
stant strain assumption becomes increasingly inaccurate. As a result,
in that area, CS-iFEM completely fails to capture the bending of the
half-wing, leading to zero transverse displacements. Once again, it is
important to note that enforcing a different, more accurate assumption
on the through-the-thickness distribution of strains in standard iFEM is
extremely difficult, or even unfeasible, for such a complex structure.
This clearly highlights a limitation compared to the straightforward
application of SSB-iFEM, when sensors are available on one surface
only.
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Table 2
Static test results for F, = 2.0 kg and considering the six sensing lines included
in the optimised strain sensors configuration.

Exp. values SSB-iFEM ERR CS-iFEM ERR [%]
[mm] [mm] [%] [mm]
w, 18.34 18.15 -1.1 1.69 —983.2
w, 12.35 12.02 -2.7 2.90 -325.2
w; 4.85 4.59 -5.6 1.35 -259.7

z-displacement (w)

10.9 16.4 21.9

(a) SSB-iIFEM

e
Seemee et

z-displacement (w)

-1.6 0.3 2.3 4.3 6.3
I - .

(b) CS-iIFEM

Fig. 13. Reconstructed deformed shape coloured with values of z—displace-
ment (w) in mm. Results have been obtained with SSB-iFEM (a) and CS-iFEM
(b) when the optimised sensor configuration is considered.

A further comparison is carried out to assess the ability of the SSB-
iFEM to reconstruct the strain field accurately. Since the CS-iFEM fails
to reconstruct the displacement field, no strain results obtained using
this methodology will be discussed. Specifically, the experimental strain
measurements are compared with the reconstructed values for the two
sensor configurations presented earlier: the full sensor configuration
(with sixteen sensing lines), and the optimised one (with six sensing
lines shown in Fig. 10). The results of the strain reconstruction are
evaluated for some lines on the upper and lower surfaces of the wing.
Specifically, lines 7 and 8 for the lower surface, and lines 1 and 5 for
the upper surface; their location is also shown in Fig. 10. The chosen
lines are representative of the entire range of strain reconstruction
behaviours observed, and the corresponding results are reported in Fig.
14. It is worth noting that, in the full sensor configuration, all the
selected lines are also sensing lines, meaning that the strain data are
used as input in SSB-iFEM reconstruction. Conversely, in the optimised
sensor configuration, only line 8 among the selected ones is also a
sensing line.

As expected, the SSB-iFEM is highly accurate in reconstructing
strain distributions that have been used as input data for the inverse
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Fig. 14. Measured and reconstructed strain distributions using SSB-iFEM along four different lines (see Fig. 10 for reference) on the upper and lower surfaces.
For each line, the SSB-iFEM strain reconstruction is obtained with the optimised sensor configuration (six sensing lines) and the full one (all sensing lines).

analysis. This happens for the considered lines when the full set of
sensors is used to provide strain input data, Fig. 14, and is confirmed
for line 8 when adopting the optimised set of sensors, since this set
includes that line, Fig. 14(a). Conversely, some differences are observed
when strain reconstruction is performed, where the strain input data
have not been used. This is the case of the results for lines 1, 5, and
7 obtained with the optimised set of sensors. For example, as shown
in Fig. 14(b), the reconstructed strain values in the optimised sensor
configuration are very different from the measured ones, with errors
that in some cases exceed 100%. However, it should be noted that
the measured strains for line 1 are one order of magnitude lower
than those in the other cases, and the values are very close to zero,
which makes the discrepancies in the reconstruction for these points
acceptable. Fewer discrepancies and lower errors are observed in the
reconstructed strain distributions of Figs. 14(c) and 14(d) for lines 5
and 7. A further confirmation of the robustness and relative accuracy
of the SSB-iFEM in reconstructing the strain field, even with a reduced
number of sensors, is proven by its ability to reproduce with good
fidelity some local strain effects of this wing structure, such as the
peak strain values caused by the termination of the front spar or
the strain redistribution associated by the presence of the servo hole,
as highlighted in Figs. 14(a), 14(c) and 14(d). Although some errors
remain in the reconstruction (see, for instance, lines 5 and 7 in Figs.
14(c) and 14(d)), the optimised configuration is still able to detect these
local strain phenomena with a good degree of accuracy. Moreover, the
overall performance is further assessed by computing the percentage
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Root Mean Square Error (RMSE) between all the reconstructed and the
measured strain data. Its definition follows:
£

2
1) 100
< max(e™) >
where N is the total number of strain measurements included in
the full set of sensors, /" is the ith measured strain value, and &/
is the corresponding ith reconstructed value. The RMSE values for
the optimised and full sensor configurations are 3.47% and 0.0034%,
respectively, both of which are considered reasonable for validating the
strain field reconstruction.

N

)
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m _ grec

1

RMSE.(%) = | % (22)

4. Real-time wind tunnel test

In this section, an additional test is conducted to demonstrate
the efficiency and accuracy of the SSB-iFEM. Specifically, two critical
aspects of the technology are investigated: the ability to monitor a
structure under operating dynamic conditions, and the capability to
perform such a task in real time. These features are assessed through a
wind tunnel test on the wing structure.

4.1. Testing configuration
The wing used in this experiment is the same as the one analysed

during the static campaign (Section 3). It is installed in the 3-meter-
diameter wind tunnel of the Modesto Panetti Aerodynamic Laboratory
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(a) Lateral view
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Fig. 15. Wind tunnel testing configuration.

at Politecnico di Torino. The wing is positioned at the centre of the
test chamber and connected to the tunnel’s post through the same
aluminium plates adopted to simulate the fuselage-wing connection
in the static test. An angle of attack of +5° is imposed. Unlike the
previous test, the wing is mounted in a right-side-up configuration, so
that the generated lift and the resulting deformation act in the standard
upward direction. Fig. 15 show the wing mounted inside the tunnel.
For this test as well, displacement sensors were required to validate
the reconstructions obtained with SSB-iFEM.

Two time-of-flight LASER sensors (optoNCDT ILR2250 by Micro-
epsilon), mounted on the base of the tunnel (Fig. 15(b)), are used to
measure the wing deflection at two points on the lower surface, near
the tip. The two points are shown in Fig. 10 with the labels w, and ws.

The strain sensor configuration installed on the structure is identical
to that used in the static test, comprising the 15-meter-long fibre and
the 14 strain rosettes. However, to evaluate under different loading
conditions the robustness of the optimised sensor configuration derived
from the static analysis, only the reduced set of six sensing lines defined
in that configuration was considered in this test.

4.2. Real-time monitoring

The realisation of a real-time monitoring framework requires
achieving extreme computational efficiency for the SSB-iFEM algo-
rithm, as well as developing an effective communication protocol
between the physical sensors and the digital inverse model. The SSB-
iFEM algorithm is inherently efficient thanks to its formulation. The
reconstruction of the displacements is obtained by solving the system of
linear algebraic equations described by Eq. (21). The coefficient matrix,
K’, which must be inverted to solve the problem, depends on the sensor
configuration through the penalisation factors 4 and on the mesh of
the monitored structure through the shape functions. Conversely, the
vector of known terms, F/, depends on the same inputs but also on the
strain data acquired from the sensors. In a real-time monitoring context,
where both the sensor configuration and the inverse model are fixed,
the coefficient matrix K’ remains constant over time and therefore
needs to be inverted only once. The vector F/, on the other hand, must
be continuously updated with new strain data from the sensors at each
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time step. Nevertheless, updating this vector and multiplying it by the
already inverted matrix K’ is a computationally inexpensive process,
thus enabling fast and real-time computation of the displacement de-
grees of freedom (DOFs). Although it has been proven to be impractical
for this application, it is important to note that the standard iFEM
formulation shares the exact same characteristics as SSB-iFEM in terms
of computational efficiency and real-time capabilities.

The second crucial component for real-time monitoring is the design
of a fast communication protocol to transmit the sensor data to the
digital model. The acquisition system for the distributed strain-sensing
fibre is the Luna ODISI 6000 interrogator. This device enables real-
time streaming of strain sensor data through a TCP/IP communication
protocol. The strain measurements are transmitted as JSON streaming
data packets.

In this application, the data transmission to the DIMOSS® software,
where the SSB-iFEM digital model is elaborated, is achieved through a
Wi-Fi network. This enhances the capability to monitor the structure
not only in real time but also remotely. The real-time monitoring
system operates by directly acquiring the data packets and processing
them to continuously update the F’ vector with the new incoming data
at each time step. Then, the computation of the displacement field is
obtained through a simple vector-matrix multiplication, and the digital
model is updated accordingly. The updating of the model is visualised
in real time on the structure mesh in terms of the deformed shape and of
the von Mises strain field. In Fig. 16, the real-time monitoring process
is schematised.

4.3. Sensor data processing

The preliminary tests in the wind tunnel were performed by ac-
celerating the airflow from 0 to 20 m/s and measuring the strains
from the optical fibre. These tests highlighted an issue with the strain-
sensing data. Although the variation in flow speed was kept gradual,
the interaction between the flow and the structure induced vibrations in
the latter. These vibrations resulted in disturbances in the strain signal,
with the strain profile along the fibre length presenting several Not a
Number (NaN) values for air speeds exceeding 16 m/s, as shown in
Fig. 17(a). The figure reports the signal from a segment of the fibre
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Fig. 16. Communication protocol and real-time monitoring workflow.
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Fig. 17. Strain data vibration induced error. The figure shows the output from a segment of the strain measuring fibre. In (a), several areas where NaN values,
induced by the vibration, are shown as missing strain values, and one of them is highlighted. In (b), the same segment is shown after spatial interpolation of the

data has been performed.

immersed in an airflow at 18 m/s, where several points along the fibre
length show missing data.

The distributed fibre optic strain sensor used in this application
is based on Rayleigh backscattering and Optical Frequency Domain
Reflectometry (OFDR). This system provides an impressive density
of strain measurements along the fibre, with a measurement point
every 2.6 mm. However, according to the manufacturer, Luna Inno-
vations, the sensor can withstand a maximum dynamic loading rate
of 5 Hz [56]. It is therefore highly probable that, for air speeds
exceeding 16 m/s during the wind tunnel tests, the induced vibration
frequency surpassed this limitation, resulting in local measurement
failures. Nevertheless, the high spatial resolution of the sensor allowed
for an effective and reliable data post-processing. The NaN values were
replaced by performing a linear spatial interpolation of the valid data,
as illustrated in Fig. 17(b). This post-processing step yielded clean
strain data for air speeds up to 18 m/s. Moreover, the linear spatial
interpolation is computationally inexpensive, allowing the monitoring
to be performed in real time.

4.4. Results
The live monitoring was tested in the wind tunnel by accelerating

the airflow from 0 to 18 m/s while simultaneously collecting strain
data and performing shape sensing using the SSB-iFEM algorithm.
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The streaming of the data and the consequent updating of the digital
model are performed at a rate of 25 Hz. This frequency represents the
limit of the fibre optic acquisition system and is not related to the
computational speed of the SSB-iFEM real-time monitoring. The upper
working limit of the algorithm could not be tested at higher rates due
to this sensing limitation.

The first acceleration phase, from 0 m/s to 10 m/s, occurred
rapidly over approximately 20 s, whereas the subsequent accelera-
tion from 10 m/s to 18 m/s was performed gradually, with stops of
40-60 s at each 1 m/s increment. A video of one of the performed
tests demonstrates the real-time monitoring process (https://youtu.be/
HbQsPRhOXrc or Watch the video). The video has been sped up to make
the structural deformation more perceptible. As it can be observed, the
reconstructed displacement is perfectly synchronised with the actual
deformation, resulting in an excellent match between the physical
structure and its digital twin. In the video, a warning message appears
whenever a maximum displacement threshold of 7 mm is exceeded.
This serves as an example of how the technology could be used to
indicate, in real time, critical flight conditions. Fig. 18 shows the
monitored wing at a specific time step during the test at 18 m/s.

Once the synchronisation of the monitoring is verified, its accuracy
must be demonstrated. To this end, the reference displacement data
from the laser sensors are compared with the displacements recon-
structed at the same locations using SSB-iFEM. Fig. 19 shows the time
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Fig. 18. Live monitoring of the wing deformation at 18 m/s air speed. A complete recording of the experiment is available at

or Watch the video.
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Fig. 19. Time history of the measured (Laser sens.) and reconstructed (SSB-iFEM) transverse displacements w,, ws for a varying airflow speed between 10-18 m/s.

histories of the measured reference displacements and the correspond-
ing reconstructed values over an entire wind tunnel experiment. It is
important to note that these displacements are measured at the w;,
and w; positions, which are not located at the tip of the wing model.
Consequently, the maximum displacement observed in the video and
in Fig. 18 is not reached at these points, which explains the difference
in the measured values. The analysis of the graph shows a good
agreement between the measured and reconstructed displacements,
particularly for higher displacement values, where the signal-to-noise
ratio is higher. The details of the maximum displacement condition of
w, at the maximum speed of 18 m/s are presented in Fig. 20. The
graph highlights that the SSB-iFEM reconstruction of the transverse
displacement is highly accurate, successfully capturing even the small
fluctuations in displacement induced by the wing’s vibration. However,
at lower air speeds, corresponding to reduced aerodynamic loads,
particularly for wjs, the reconstructions exhibit slight discrepancies.

To more rigorously evaluate the overall accuracy of the shape-
sensing approach over the entire test, a statistical analysis of the
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reconstruction errors is performed. The absolute value of the percent-
age error with respect to the measured displacements is computed for
w, and ws at each time step. From the resulting error time histories,
box-and-whisker plots are derived (Fig. 21). In particular, Fig. 21(a)
presents the plots for all time steps corresponding to air speeds between
10 m/s and 18 m/s. The median error amounts to only 2.6% for w,
and 7.8% for ws. For w,, 75% of the errors are below 4.7%, and
97% are below 9.8%, with outliers representing merely 3% of the
dataset. For ws, 75% of the errors do not exceed 11.6%, while 99.6%
are lower than 22.3%, indicating the presence of only a few outliers.
Despite the occurrence of a few statistically rare error values exceeding
11.6% for ws, the overall results confirm the excellent performance of
the proposed shape-sensing approach. The limited number of higher
errors does not compromise the general accuracy or consistency of the
reconstructions, which remain highly reliable across the entire range of
aerodynamic loads.

In Fig. 21(b), the box-and-whisker plot of the reconstruction error
corresponding to the time steps during which the air speed of 18 m/s
is reached and maintained is presented. This condition represents the
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most severe loading scenario, characterised by the largest structural
displacements and the highest signal-to-noise ratio. Under these cir-
cumstances, the reconstruction results exhibit excellent accuracy. The
median reconstruction errors for w, and ws are 1.5% and 2.1%, respec-
tively. Furthermore, 98.6% of the w, errors are below 5.4%, and 75% of
the data do not exceed a 2.6% error. The errors associated with the w;
displacement are slightly higher, with 98% of the data below 7.5% and
75% of the errors below 3.6%. Even the outliers for both displacements
do not exceed the 10.2% error value. These results demonstrate an
even higher robustness and accuracy of SSB-iFEM in cases where the
magnitude of the deformation leads to a high signal-to-noise ratio.
The analysis of the errors under the highest deformation condition
confirms the observations drawn from the analysis of Fig. 20. The SSB-
iFEM demonstrates the capability to accurately reconstruct even small
displacement fluctuations, exhibiting minimal reconstruction errors.

5. Conclusions

This study presents the first application of iFEM-based approaches
to the experimental monitoring of the deformed shape of a real
aerospace structure, both under static loading and in simulated oper-
ating conditions during a wind tunnel test. The analysed structure is
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the half-wing of a commercial hotliner. The half-wing presents several
characteristics that make it a challenging case for the application
of standard shape-sensing techniques. Due to its commercial nature,
only minimal information is available regarding its structural details.
Consequently, a reverse engineering process is required to retrieve the
essential data for monitoring purposes. In this context, the properties
of iFEM-based techniques proved advantageous. These methods, which
rely on the strain—displacement relationship, require only geometric
information and do not depend on material properties. Furthermore,
iFEM can reconstruct the displacement field of the entire structure even
when certain components are not included in the digital model and
their geometrical characteristics are unknown. In this case, for instance,
the spars of the wing box were not included in either the reverse engi-
neering process or in the monitoring model. An additional challenge
arises from the impossibility of accessing the internal wing box for
strain sensor installation. This limitation has historically hindered the
application of standard iFEM techniques to such complex structures.
The recent development of the SSB-iFEM formulation has addressed
this issue. This novel approach is based on the direct computation of
the error between the strains measured by sensors and their analytical
counterparts, expressed as a function of unknown DOFs and known
derivatives of the shape functions. As a result of this innovation, the
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need for a back-to-back sensor configuration for each thin-walled part
of the structure has been eliminated, thus making it possible to set
strain sensors only on the external surface of the whole structure.
Therefore, for this experimental activity, strain rosettes and distributed
fibre optic strain sensors are installed on the external surface of the
wing’s skin only.

The experimental static assessment is conducted by statically ap-
plying a transverse load to the wing tip, while the root section of the
structure is clamped. During the test, in addition to the strain data,
deflections at three locations distributed across the structural domain
are also measured to assess the accuracy of the shape-sensing approach.
To evaluate the accuracy of SSB-iFEM, the method is benchmarked
against the standard iFEM. However, applying iFEM with a sensor
configuration limited to a single surface of a thin-walled structure
requires the estimation of the missing strains on the opposite surface
through specific assumptions. In this study, the typical strain field of a
bending half-wing suggested the assumption of a through-the-thickness
constant strain in the wing’s skin. The experimental results show that
SSB-iFEM accurately reconstructs the measured displacements, even
when the number of strain sensors is reduced to only six sensing lines
along the span of the structure. By contrast, the constant through-the-
thickness strain assumption leads standard iFEM to an entirely incorrect
deformation reconstruction. Therefore, this study demonstrates that
SSB-iFEM effectively overcomes the limitation of back-to-back sensor
configuration and significantly expands the applicability of iFEM-based
approaches to real aerospace structures.

The dynamic wind tunnel test presented in this work represents
the first experimental assessment of shape sensing for an aerospace
structure under experimentally simulated operational conditions. The
test is performed under the same sensor configurations as the static
test. During the experiment, the airflow is accelerated up to 18 m/s,
while the displacement and strain fields are reconstructed in real
time using the SSB-iFEM approach and a continuous data exchange
between the sensors of the real structure and its digital model, thus
enabling the realisation of a true structural digital twin. The accurate
results obtained in terms of displacement reconstruction demonstrate
the applicability of SSB-iFEM for monitoring real aerospace structures
in dynamic operational environments. However, the wind tunnel exper-
iment also revealed a limitation of the sensing technology adopted for
the test. The distributed fibre optic sensors based on Rayleigh backscat-
tering and OFDR showed some limitations in capturing the dynamic
phenomena induced by aerodynamic loads. The strain signal exhibited
significant noise when the vibration level increased, particularly when
the airspeed in the tunnel exceeded 16 m/s.

Although, in this work, the disturbances in the strain sensing signal
were successfully mitigated through data filtering, future work should
focus on improving the sensing technology from two perspectives.
The first involves exploring alternative sensing technologies, such as
fibre optic sensors based on Fibre Bragg Gratings (FBG) or traditional
strain gauges. However, the adoption of these technologies leads to
the second point of interest. Distributed fibre optic sensors based on
Rayleigh backscattering and OFDR, despite their difficulties in dynamic
conditions, provide an unmatched density of strain measurements com-
pared to other technologies. Therefore, future studies should further
investigate the capabilities of SSB-iFEM by assessing its potential not
only for monitoring structures with single-sided sensor configurations
but also for reducing sensor requirements, even in cases where both
surfaces are accessible. Additionally, technologies capable of virtually
expanding the information obtained from physical sensors should be
explored.
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Appendix A. Matrices definition

The coefficient matrix K¢ and the vector f¢, Eq. (14), can be com-

puted as follows
K=K} +K| +K¢ a1n
£ =f +£°+f° ’

m k g

where

K¢ = / [B™ diag(4,)B"] dA® fe = / [B™ diag(A,)m*] dA®
Ae Ae

K¢ = (21 / [B*)T diag(A,)B*| dA® £ = (21)? / (B diag(d, k] dA®
Ac Ae

K¢ = /A g [(B%)T diag(4,)BE] dA° fe = /A ) [(B$)  diag(A,)gf] dA° =0

(A.2)

The coefficient matrix K'¢ and the vector f/E, Eq. (20), are defined
as

Te _ yete —e e
K¢=K+K+K{

fle=fre 1 fe 4 fe (A-3)
p 4 4

where Eq. (A.4) is given in Box [
with ij = Zep(+t) and Z;p = ZEF(—I).

Definitions (A.2) and (A.4) (and Egs. (10), (11), (13), (17), (18)
and (19) as well) are integrals over the element area although, in
real applications, experimental measurements are defined in discrete
locations. Refer to [34] for a complete discussion on how to efficiently
compute these integrals.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.measurement.2026.120354.

The video of the real-time monitoring during the wind tunnel test
is available as supplementary material.
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Box I.
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