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A B S T R A C T

The inverse Finite Element Method (iFEM) is a robust and efficient computational technique for reconstructing 
full-field displacements from strain measurements, requiring only structural geometry, boundary conditions, and 
sensor data—without the need for material properties or external load information. While its independence from 
loading conditions makes it particularly suitable for aerospace Structural Health Monitoring (SHM) and Digital 
Twin (DT) frameworks, three major challenges limit its application to aerospace composite structures: (i) most 
existing studies focus on simplified structural configurations rather than realistic, full-scale assemblies, (ii) sparse 
sensor layouts, which reduce reconstruction accuracy, and (iii) uncertainty or degradation of boundary condi
tions, which can significantly compromise shape sensing performance. This study presents a novel combined 
numerical–experimental methodology for advanced shape sensing of a full-scale composite Unmanned Aerial 
Vehicle (UAV) stabilizer under non-ideal boundary conditions. The approach integrates Smoothing Element 
Analysis (SEA) into the iFEM framework to pre-extrapolate strain fields from limited sensor measurements. Given 
the structural complexity of the stabilizer, SEA is applied on different planes of the structure, starting from 
instrumented areas and progressively extending to non-instrumented regions. Furthermore, the methodology 
explicitly accounts for non-ideal boundary constraints arising from joint loosening and support compliance. The 
methodology is experimentally validated on a full-scale composite stabilizer equipped with a LUNA distributed 
fiber optic sensor network, with reconstruction accuracy assessed under various ideal and non-ideal support 
configurations. Several experimental tests are performed in which the stabilizer is subjected to two external 
forces, inducing bending and torsion in a cantilever beam configuration. Results show that, when only ideal 
boundary conditions are assumed, displacement reconstruction errors can exceed 14 % at key measurement 
points, which is not acceptable for SHM purposes. By explicitly modeling joint loosening and support compli
ance, reconstruction errors are reduced to approximately 2 %, achieving the accuracy required for real-world 
applications. These findings highlight the potential of the proposed SEA–iFEM approach for real-time moni
toring of complex composite aircraft structures in realistic operational scenarios, where non-ideal boundary 
conditions cannot be neglected.

1. Introduction

Ensuring structural integrity and accurately assessing potential 
damage are fundamental aspects for maintaining the safety and reli
ability of a wide range of structures and systems. The specific safety 
requirements vary depending on the intended application and are 
typically established based on the severity of the potential consequences 
associated with structural failure or malfunction. In this context, aero
nautical structures represent one of the most safety-critical domains, as 

even minor failures can lead to catastrophic outcomes, posing significant 
risks to both human life and mission success [1,2]. Due to their aniso
tropic and layered nature, aeronautical composite structures are 
particularly susceptible to barely visible impact damage and internal 
delamination, which may compromise structural performance without 
clear external signs. This makes it essential to implement appropriate 
methods for inspecting and monitoring structural conditions over time.

For this reason, non-destructive testing (NDT) techniques—such as 
visual inspections, liquid penetrant testing, radiography, and magnetic 
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particle inspection—are routinely carried out at scheduled maintenance 
intervals to identify the onset of damage at an early stage. While effec
tive, these techniques often necessitate taking the aircraft out of service, 
resulting in operational downtime and significant economic implica
tions for the overall maintenance and lifecycle management of the 
aircraft fleet. Moreover, when dealing with composite structures, 
traditional NDT methods may face challenges in detecting internal flaws 
such as delamination or matrix cracking, which often develop without 
clear external signs.

This issue can be partially addressed through the implementation of 
Structural Health Monitoring (SHM) and Prognostic Health Monitoring 
(PHM) systems, which are designed to enable real-time evaluation of the 
structural state. These systems rely on a network of permanently 
installed sensors capable of capturing the operational and environ
mental conditions experienced by the aircraft during service. In com
posite structures, where damage can develop internally without visible 
manifestations, SHM systems are particularly valuable for providing 
early insight into the onset and evolution of structural degradation. The 
collected data are then processed using either data-driven approaches 
[3–5] or model-based algorithms [6,7], which can detect anomalies and 
early signs of damage. By providing continuous monitoring and timely 
diagnostics, these techniques can extend the interval between scheduled 
maintenance operations, thereby reducing downtime and lowering the 
overall maintenance costs throughout the aircraft’s lifecycle.

Data-driven algorithms typically leverage large sets of historical data 
to identify patterns and detect anomalies, whereas model-based ap
proaches rely on accurate representations of the structure in both its 
undamaged and damaged states. In practice, many of these algorithms 
incorporate machine learning techniques—such as artificial neural 
networks (ANNs)—trained on databases containing various predefined 
damage scenarios to perform structural assessment tasks [8]. However, a 
major limitation shared by many SHM techniques in the literature is 
their strong dependency on the external loads acting on the structure 
[9]. This sensitivity to loading conditions reduces their robustness, 
especially in real-world applications—such as aircraft structures—
where external loads are often uncertain, variable, or difficult to mea
sure. As a result, there is a growing interest in alternative methods 
capable of reconstructing the structural response independently of the 
external loading, using only measurable quantities such as strains.

In recent years, structural monitoring has undergone a significant 
paradigm shift with the emergence of the Digital Twin (DT) approach 
[10–13]. A DT is an integrated, multi-physics, multi-scale, and proba
bilistic simulation of a physical system, continuously updated using 
high-fidelity physical models, sensor data, fleet history, and other 
sources to accurately mirror the behavior and evolution of its real-world 
counterpart throughout its lifecycle [14]. Each physical aeronautical 
structure can be associated with a DT—a digital replica built through 
detailed and accurate modeling. The number of DT-related studies has 
grown rapidly, with applications spanning the aerospace sector [14–18], 
marine engineering (e.g., offshore wind turbines and naval transport) 
[19–21], and manufacturing processes [22–24]. In aerospace, DTs are 
currently used primarily for modeling aircraft airframes [15,16,18] and 
predicting the fatigue life of cracked or aging components [20,25]. 
Although there is no universally accepted definition of the DT archi
tecture [11], most implementations share three core components: (i) the 
physical structure or system, (ii) its digital counterpart (also called the 
master model), and (iii) a connection between the physical and digital 
systems, typically enabled through a network of sensors, often referred 
to as the digital shadow. To be effective, a Digital Twin must run in real 
time, using sensor or simulated data to predict future structural states. 
This requires fast and accurate models, often based on ANNs, analytical 
methods, or surrogate models. Critically, for full-scale composite com
ponents, the DT must accurately replicate the current structural con
dition—including any damage—by incorporating real-time deformation 
and strain data. This capability enables near real-time structural 
assessment and supports damage diagnosis and prognosis within an 

SHM framework.
Among the various algorithms proposed in the literature, the inverse 

Finite Element Method (iFEM) stands out as a model-based technique 
capable of reconstructing the displacement field of a structure from 
strain measurements. Its implementation only requires a mesh dis
cretization and boundary conditions, without the need for material 
properties or knowledge of external loads. The sole input consists of 
strain data acquired from sensors, making iFEM particularly efficient 
and suitable for real-time applications [2,26]. Typically, iFEM relies on 
strain sensors (such as strain gauges or fiber optic sensors) bonded to the 
outer surfaces of the structure, although some studies have explored the 
use of embedded sensors in composite materials [27]. Thanks to its in
dependence from loading conditions and minimal modeling assump
tions, iFEM is particularly well-suited for Digital Twin frameworks 
targeting the monitoring of full-scale composite structures in opera
tional environments, such as those encountered in the aeronautical 
sector.

The iFEM was originally developed by A. Tessler et al. [28,29], and 
its formulation has since been extended to both beam structures [30–37] 
and shell structures [38–45]. The method is founded on the minimiza
tion of a least-squares functional that quantifies the error between strain 
measurements acquired from sensors and their numerical counterpart, 
expressed in terms of unknown nodal degrees of freedom [46,47]. 
Various inverse finite elements have been developed to support shape 
sensing and structural health monitoring applications. Notable shell 
elements, such as iMIN3 (three-node flat shell element based on Mindlin 
theory, [48,49]), iQS4 (inverse Quadrilateral Shell element with 4 
nodes, [41,50,51]), and iCS8 (inverse Curved Shell element with 8 
nodes, [52]), employ first-order shear deformation theory with 
C0-continuous interpolation functions. A comparative study has evalu
ated the performance of these elements under various application sce
narios [53]. Among these, iQS4 element has garnered significant 
attention due to its effectiveness in modeling large-scale systems with 
low-cost sensor networks and its ability to provide highly accurate 
displacement predictions. The iQS4 element has been widely applied to 
ships such as container ships [2,39], bulk carriers [54], chemical tankers 
[38], offshore platforms [51], and aerospace structures [43,55,56].

The versatility of iFEM is further demonstrated by its successful 
application to multilayered and sandwich composite structures, where it 
has been employed for displacement and stress monitoring under 
varying load conditions. Refined theoretical formulations have recently 
been integrated into the iFEM framework to capture zigzag de
formations across the thickness of sandwich plates and beams [57–59], 
with validation provided by both numerical and experimental studies on 
moderately thick panels, especially in the context of aerospace struc
tures [60]. Experimental implementations have demonstrated practi
cality for real-time shape and strain sensing in composite panels, 
including those subjected to impact damage or complex boundary 
conditions [61,62]. Moreover, the iFEM methodology has been applied 
to complex scenarios such as the detection of delamination damage in 
composite structures [63,64] and real-time crack propagation moni
toring in fiber-reinforced composites [65]. These developments 
emphasize the versatility and reliability of iFEM in SHM applications 
across various engineering domains, particularly when dealing with 
complex structural systems, including composite components. Despite 
these advancements, in the aeronautical and aerospace fields, existing 
applications have primarily focused on simplified configurations or 
localized portions of larger assemblies. This represents one of the main 
limitations highlighted in literature, as such studies often fall short in 
capturing the full structural and material complexity of real-scale 
aircraft components—particularly when dealing with composite 
structures.

In addition to these application-related limitations, another critical 
aspect to consider in iFEM-based shape sensing is the practical deploy
ment of strain sensors. While in numerical investigations it is often 
possible to apply strain sensors across the entire structure [2,50,66], 
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practical implementations face significant constraints regarding the 
number and placement of sensors [61,62]. These limitations are typi
cally due to hardware availability and installation challenges, such as 
restricted access to certain structural areas. As a result, sensors are 
usually placed over a limited region of the structure, and their posi
tioning must be carefully optimized to capture the strain field as accu
rately as possible within existing constraints. To improve the quality of 
the reconstructed displacement field, various pre-extrapolation tech
niques have proven effective in estimating strain values at locations not 
directly instrumented with sensors [27,62]. These techniques can be 
data-driven—based on polynomial fitting or smoothing element analysis 
(SEA) [27,67–70]—or physics-based, relying on prior knowledge of the 
system [71,72]. Alternatively, statistical methods such as Gaussian 
process interpolation have been employed for strain field estimation 
[73]. In particular, SEA enables the reconstruction of full-field, contin
uous strain distributions from discrete measurements by minimizing a 
penalized least-squares functional, ensuring smoothness and stability of 

the estimated field even with limited sensor data [27]. Despite its po
tential, only a few studies in literature have applied SEA as a 
pre-extrapolation method within the iFEM framework, and its use in 
real-world or full-scale structural applications remains largely 
unexplored.

Beyond shape sensing, iFEM has also been extended to support 
damage detection within SHM frameworks, leveraging its ability to 
capture local variations in structural behavior. Several methodologies 
have been developed in this context, including the formulation of load- 
independent damage indices [50,61], the use of damage parameters 
derived from Von Mises strain to identify local anomalies [74,75], the 
application of pseudo-excitation-based indices for dynamic assessments 
[66], and the integration of machine learning techniques, such as arti
ficial neural networks, to enhance detection capabilities [75].

A final aspect, still largely overlooked in the current SHM literature, 
concerns the uncertainty and potential degradation of boundary con
ditions over time. This issue, although often neglected, can significantly 

Fig. 1. The proposed research framework, illustrating the main steps from strain data pre-processing to load reconstruction via iFEM.
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compromise the accuracy of shape sensing and damage detection stra
tegies based on iFEM. In real-world structures—particularly in aero
space applications—boundary connections are rarely as ideal as 
assumed in numerical models. For instance, the wing-to-fuselage at
tachments in an aircraft are often idealized as perfectly fixed connec
tions during the design phase. In practice, however, their stiffness is 
finite and may degrade over time due to bracket flexibility, bolted-joint 
compliance, fatigue, microcracking, or thermal effects, resulting in 
partial constraint behavior that significantly influences structural 
response. If not properly accounted for, such boundary condition un
certainty introduces significant errors in the reconstruction of dis
placements and strains using iFEM. Similar phenomena are observed in 
other engineering systems as well, such as steel frames with bolted joints 
or reinforced concrete beams embedded in aging infrastructure. 
Nevertheless, most existing studies either neglect this issue or address it 
indirectly through modal identification or flexibility-based approaches, 
which often require prior knowledge of external loads or material 
properties. Only a few attempts, such as the vision-based methodology 
proposed by Colombo et al. [61] for composite plates, have tried to 
tackle this challenge within the iFEM framework. Yet, their applicability 
to full-scale or in-service structures remains limited due to practical 
constraints like sensor accessibility or camera positioning. Therefore, 
explicitly addressing the variability and uncertainty of boundary con
ditions is crucial to enhance the reliability and robustness of iFEM-based 
SHM in operational scenarios—particularly for complex, full-scale 
composite structures in aerospace applications.

To address the limitations previously discussed, the present study 
introduces a novel combined numerical–experimental methodology for 
shape sensing on a representative full-scale Unmanned Aerial Vehicle 
(UAV) stabilizer made of composite material. The proposed approach is 
designed to tackle key challenges identified in literature, including the 
lack of full-scale experimental validation on complex composite struc
tures, the limited use of pre-extrapolation techniques such as SEA within 
the iFEM framework and finally the influence of uncertain or degraded 
boundary conditions on reconstruction accuracy. The key innovations of 
the proposed approach can be summarized as follows: 

(1) Experimental validation of the iFEM methodology on a full-scale 
aircraft composite stabilizer in a cantilever configuration, 
including real sensor deployment (LUNA distributed fiber optic 
sensors) under bending and torsional loads induced by two 
actuators.

(2) Application of a modified SEA-based strain pre-extrapolation, 
integrated within the iFEM framework, applied sequentially on 
multiple structural planes and accounting for the variable thick
ness of the demonstrator to enhance reconstruction accuracy 
under sparse sensor configurations.

(3) Development of a numerical methodology with an explicit model 
of the structural support system, loaded with internal actions 
reconstructed by the iFEM, to account for non-ideal boundary 
conditions and enhance reconstruction accuracy in realistic 
configurations.

The paper is structured as follows. Section 2 presents the theoretical 
framework of the iFEM formulation, SEA pre-extrapolation strategy and 
its coupling with non-ideal boundary conditions. Section 3 outlines the 

numerical and experimental studies, detailing the experimental sensor 
network, the acquisition of strain measurements, the experimental tests, 
the support system FE model and their integration into the iFEM 
framework. Also, it discusses the results obtained, including the recon
struction of full-field displacement and strain for various scenarios 
investigated, accounting also for the uncertainty in the definition of the 
boundary conditions. Section 4 concludes the paper, summarizing key 
findings and their implications for future research and applications.

2. Research framework methodology

The following sections describe the various steps of the proposed 
framework. Initially, the overall methodology is introduced and illus
trated through a schematic representation. Subsequently, the analytical 
formulation of the inverse iFEM for shell structures is presented, fol
lowed by the description of the SEA technique adopted for strain field 
pre-extrapolation. Finally, the procedure for reconstructing internal 
loads from the iFEM output is outlined.

2.1. Overall research framework

The overall research framework is schematically illustrated in Fig. 1
and the main steps of the data processing chain are summarized in 
Table 1.

As illustrated in Fig. 1, the proposed research framework is struc
tured into several phases. The process starts with the acquisition of 
strain data from a limited number of sensors strategically placed on the 
surface of the monitored structure (stabilizer) during various experi
mental tests.

Due to practical constraints—such as sensor cost, accessibility, and 
installation limitations—the spatial resolution of the experimental strain 
data is typically insufficient for direct use in iFEM methodology with 
accurate results. To address this, the SEA technique is applied to the 
stabilizer structure as a pre-processing step. SEA enables the recon
struction of a smooth and continuous strain field over the entire struc
tural domain, extrapolating information in regions not directly 
instrumented. Since the structure under investigation is complex and 
composed of multiple interconnected surfaces, only a subset of these can 
be instrumented with strain sensors. As a result, the SEA procedure is 
applied individually to each surface. The process begins with the sen
sorized surfaces, where actual strain data is available, and then proceeds 
to the non-sensorized ones. For each unsensed surface, the SEA uses the 
extrapolated results from the previously processed surfaces as input at 
the nodes shared between adjacent regions. This enhanced strain field 
provides the necessary input for the subsequent application of the iFEM, 
which is then used to reconstruct the complete displacement field of the 
structure in a model-based and load-independent manner.

The previous reconstruction was carried out under the assumption of 
ideal boundary conditions (full clamp along the root section of the sta
bilizer, as a cantilever beam). However, in real applications, the struc
ture under investigation is often connected to other structural 
components whose mechanical behavior may not ensure ideal con
straints. This can be due to connection flexibility, assembly tolerances, 
or degradation effects. To improve the accuracy of the reconstruction, it 
is therefore essential to identify which components of the connection 
may compromise the ideal constraint assumption. This assessment can 

Table 1 
Summary of the data processing chain adopted in this work, from distributed strain measurements to displacement reconstruction and validation.

Stage Input data Processing step Output/Purpose

Sensor acquisition Distributed strain from optical fibers Interrogator by LUNA system Raw strain profiles
Pre-processing Raw strain profiles Noise filtering and referencing Clean strain signals
SEA Clean strain signals Strain pre-extrapolation on SEA mesh Smoothed strain field
iFEM Smoothed strain field Inverse finite element reconstruction Displacement and internal force fields
Validation Reconstructed displacement field Comparison with experimental data Accuracy assessment
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be supported by strategically placing sensors on the connection itself to 
detect which parts are more susceptible to deformation or relative mo
tion, thus indicating a deviation from ideal boundary behavior. A way to 
address this is to develop a static numerical model of the support sys
tem—in this case, the support system of the stabilizer—and apply to it 
the internal actions reconstructed through iFEM. In fact, based on the 
reconstructed displacement field, the internal force resultants—namely 
membrane forces, bending moments, and transverse shear forces—are 
calculated using classical plate theory formulation, in combination with 
the known material properties of the structure. As said, the last step 
requires accurate knowledge of the material properties of both the 
monitored structure and its support system—information that is typi
cally well known during the design phase.

The model of the support system allows for the estimation of the 
generalized displacements at the stabilizer–support interface, which 
represent the constraint deformations or boundary flexibility (i.e., the 
actual compliance of the connection). These generalized displacements 
Uboundary are then imposed as boundary conditions in a refined iFEM 
model of the stabilizer, enhancing the accuracy of the final displacement 
reconstruction and making the method suitable for realistic real-world 
structural configurations.

It is important to note, however, that the initial reconstruction of the 
displacement field—and consequently of the strain field and internal 
actions—is inherently limited by the accuracy of the assumed boundary 
conditions. If the initial boundary conditions are not representative of 
the actual constraint behavior, the reconstructed fields will carry cor
responding inaccuracies. For this reason, the proposed procedure—
starting with an initial iFEM reconstruction, followed by the estimation 
of generalized displacements from the support model, and then applying 
these as non-ideal boundary conditions in an updated iFEM model—can 
be iteratively repeated. This iterative loop allows for progressive 
refinement of the reconstructed fields and increased fidelity of the result.

This refinement loop should be understood as a correction strategy 
for boundary conditions rather than as a classical iterative solver. First, 
the stabilizer is reconstructed with ideal BCs, which capture the global 
kinematics but neglect the compliance of the support. Internal forces 
from this reconstruction are applied to a support model to extract 
realistic displacements and rotations, which are then imposed as non- 
ideal BCs in a refined iFEM run. In the present case, this two-step pro
cedure was sufficient, with validation at the actuator locations con
firming the improved accuracy. In cases where the initial reconstruction 
with ideal BCs is less accurate, additional cycles may be performed until 
the displacement fields stabilize within measurement uncertainty.

Finally, it is worth highlighting that this framework is suitable for 
real-time implementation, as both the iFEM algorithm and the static 
model of the support system are computationally efficient. This enables 
continuous updates and progressive improvement of the reconstruction 
quality in real-time monitoring scenarios.

2.2. iFEM formulation for shell structures

This section provides a general overview of the iFEM methodology 
[28,29], whereas readers interested in the specific formulation of the 
iQS4 element (based on Mindlin theory as its kinematic framework) can 
refer to the more detailed discussions in [41,43]. Consider a shell 
structure discretized using inverse elements (Fig. 2); in this study, the 
iQS4 element is employed [41]. The displacement field is reconstructed 
from measured strain data by minimizing the least-squares functional 
presented in Eq. (1). This functional quantifies the discrepancy between 
the strain field obtained from sensors (⋅ε) and its numerical counterpart 
(⋅(u)), which depends on the unknown nodal displacements u. Both the 
measured and computed strain fields are decomposed into three primary 
components: membrane strain e, bending strain k, and transverse shear 
strain g. Accordingly, the formulation of the i th inverse element is 

Fig. 2. Discrete sensor location both on the top and on the bottom surface of the shell structure. Adapted from [1].

Fig. 3. iQS4 element with global (X,Y,Z) and local (x,y,z) reference systems and the related degrees of freedoms. Numbers 1 to 4 refer to the element nodes. Adapted 
from [1].
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expressed as: 

Φi
(
ui)=‖ e

(
ui) − eε

i ‖
2
Wi

m
+ ‖ k

(
ui) − kε

i ‖
2
Wi

b
+ ‖ g

(
ui) − gε

i ‖
2
Wi

s
(1) 

Where ‖ ⋅ ‖2
W is the squared weighted Euclidean norm with the 

weight matrix W. Specifically, Wi
m, Wi

b, and Wi
s are diagonal matrices of 

weights for the membrane, bending, and transverse shear strain con
tributions, respectively. These coefficients control the coherence be
tween the numerical and the experimental strain measurements in the 
case of sparse sensor networks. In general, a unitary reference value is 
associated with the elements in which the input strain field component is 
acquired by physical sensors (eε

i , k
ε
i and gε

i ), while, in other cases, the 
coefficients are generally reduced to small values (e.g., 10− 4). Notice 
that each matrix W contains three weights on the main diagonal, which 
are related to the strain components along the x-axis, the y-axis, and the 
in-plane shear with respect to the element’s local reference system 
(Fig. 3). Then, if an element is interested by a monoaxial strain sensor, 
only the weight related to its direction is assigned equal to one and the 
others are reduced to a small value.

Following an appropriate assembly procedure, the unknown 
displacement field of the structure is obtained by minimizing the error 
functional defined in Eq. (1). The formulation of this functional will be 
discussed in Section 2.2.3, after introducing the input strain field in 
Section 2.2.1 and its numerical counterpart in Section 2.2.2.

2.2.1. Input strain formulation
In the most general case, the input strain field is derived directly 

from strain measurements acquired on the structure. Sensors are typi
cally installed on the external surfaces of the component, where access 
for installation and maintenance is more practical, although applica
tions involving embedded sensors have also been reported in the liter
ature [27].

As an example, consider a pair of strain gauge rosettes placed on the 
outer surfaces of the shell, as illustrated in Fig. 2. The membrane and 
bending strain components corresponding to the location of the j-th 
sensor within the i th inverse element can be expressed as: 

eε
ij =

1
2

⎧
⎪⎪⎨

⎪⎪⎩

ε+xx + ε−xx

ε+yy + ε−yy

γ+xy + γ−xy

⎫
⎪⎪⎬

⎪⎪⎭
j

kε
ij =

1
2h

⎧
⎪⎪⎨

⎪⎪⎩

ε+xx − ε−xx

ε+yy − ε−yy

γ+xy − γ−xy

⎫
⎪⎪⎬

⎪⎪⎭
j

(2) 

Where 2h is the shell thickness at the sensors’ location. The 
computed strain components contain the information of a plane strain 
tensor and, in case monoaxial strain sensors are used, only one 
component will be defined, and the others are posed equal to zero.

Furthermore, in practical applications, only a limited number of 
sensors can be used due to cost, space constraints, and hardware limi
tations, which restricts the definition of the input strain field. However, 
for accurate iFEM computations, the input strain field should ideally be 
defined over all the structure’s inverse elements and should adequately 
capture the strain gradient. Therefore, the sensor network must be 
carefully designed, and the mesh discretization can be adapted by tuning 
the element size according to the expected strain variations.

Nevertheless, some elements may remain without input data. To 
minimize their impact on the global formulation, small weighting co
efficients Wi (i = m,k, s) can be assigned to those elements. To further 
enhance the accuracy of iFEM results, the input strain field can be pre- 
extrapolated in regions where physical sensors are not present, 
enabling a complete strain field definition over the entire structure. This 
pre-extrapolation can be performed using different approaches 
depending on the specific case, as described in the Introduction section. 
In the case under investigation, strain pre-extrapolation is carried out 
using the SEA method, the theoretical foundations of which are sum
marized in Section 2.3.

2.2.2. Numerical strain formulation
The numerical strain field required in Eq. (1) is formulated using the 

element’s shape functions, following the standard finite element pro
cedure. A local coordinate system (x, y, z) is defined for each inverse 
element, with its origin located at the element centroid. In this system, 
the z-axis represents the out-of-plane direction, spanning the thickness 
of the shell such that z ∈ [ − h; + h], as illustrated in Fig. 3. The local 
coordinates are obtained from the global reference frame (X, Y, Z)—in 
which the overall structure is defined—via a transformation matrix that 
is specific to each element.

Each iQS4 inverse element is composed of four nodes, each one with 
six degrees of freedom. In particular, each element has 24 degrees of 
freedom with 3 translations uq =

{
ux, uy, uz

}q and 3 rotations θq =
{

θx, θy, θz
}q for each element’s node q = (1,2,3,4), which are collected 

into the element’s nodal displacement vector ui. Then, the local 
displacement field within each inverse element is defined through the 
shape functions Nq, Lq, and Mq [41] as: 

u(x, y) =
∑4

q=1
Nquxq +

∑4

q=1
Lqθzq (3) 

v(x, y) =
∑4

q=1
Nquyq +

∑4

q=1
Mqθzq 

w(x, y) =
∑4

q=1
Nquzq −

∑4

q=1
Lqθxq −

∑4

q=1
Mqθyq 

θx(x, y) =
∑4

q=1
Nqθxq 

θy(x, y) =
∑4

q=1
Nqθyq 

Then, under the hypothesis of plane stress condition and after 
computing the partial derivatives of the shape functions, the strain field 
components within each element can be defined as: 

e
(
ui) = Bmui 

k
(
ui) = Bbui 

g
(
ui) = Bsui (4) 

Where Bm, Bb, and Bs are matrices containing the derivatives of the 
shape functions.

Finally, the numerical strain field can be computed with the 
following relations in correspondence of the required z coordinate: 
⎧
⎨

⎩

εxx
εyy
γxy

⎫
⎬

⎭
= e

(
ui)+ z⋅k

(
ui)

{
γxz
γyz

}

= g
(
ui) (5) 

2.2.3. Matrix formulation
As previously mentioned, iFEM is based on the minimization of the 

global functional defined in Eq. (1). However, the formulation discussed 
thus far has been limited to a single inverse element. Before extending 
the formulation to account for the contribution of all inverse elements in 
the mesh, Eq. (1) is reformulated to enable efficient numerical compu
tation. Specifically, the three squared weighted norms are rewritten in 
terms of normalized Euclidean norms, expressed as: 
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‖ e
(
ui) − eε

i ‖
2
Wi

m
=

1
n

∫∫

Ai

∑n

j=1

(
e
(
ui)

j − eε
ij

)T
Wi

m

(
e
(
ui)

j − eε
ij

)
dxdy (6) 

‖ k
(
ui) − kε

i ‖
2
Wi

b
=

(2h)2

n

∫∫

Ai

∑n

j=1

(
k
(
ui)

j − kε
ij

)T
Wi

b

(
k
(
ui)

j − kε
ij

)
dxdy 

‖ g
(
ui) − gε

i ‖
2
Wi

s
=

1
n

∫∫

Ai

∑n

j=1

(
g
(
ui)

j − gε
ij

)T
Wi

s

(
g
(
ui)

j − gε
ij

)
dxdy 

Where Ai is the area of the considered element and n the total number 
of input strain sensors within the same. Then, after substituting the input 
and the numerical strain components previously developed in Sections 
2.2.1 and 2.2.2, respectively, the least-square functional can be 
expressed as: 

Φi
(
ui) = uiT kiui − 2uiT f i

+ ξi (7) 

In which: 

ki
=

∫∫

Ai

(
BmT WmBm +(2h)2BbT

WbBb +BsT WsBs
)

dxdy (8) 

f i
=

1
n

∫∫

Ai

∑n

j=1

(
BmT Wmeε

ij +(2h)2BbT
Wbkε

ij +BsT Wsgε
ij

)
dxdy 

ξi =
1
n

∫∫

Ai

∑n

j=1

(
eεT

ij Wmeε
ij +(2h)2kεT

ij Wbkε
ij + gεT

ij Wsgε
ij

)
dxdy 

The integrals involved can be efficiently evaluated using numerical 
techniques such as Gauss quadrature—for instance, by employing four 
integration points per inverse element to ensure sufficient accuracy. A 
standard assembly procedure is then used to incorporate the contribu
tions of all inverse elements in the structure, resulting in the global form 
of Eq. (7). This global functional is subsequently minimized with respect 
to the global displacement field, i.e., by imposing ∂Φ /∂U = 0, leading to 
the following system of equations: 

KU = F (9) 

where K is a matrix linking the nodal displacement U, in global co
ordinates (Ux, Uy, Uz, Θx, Θy, and Θz for each node), with the vector F, 
which is a function of the input strain field. Notice that the matrix K 
depends on the structure’s element discretization and on the sensor 
network configuration, while F only depends on the input strain mea
surements. However, the matrix K is singular and it will lead to a rigid 
motion of the structure if unconstrained; thus, after the definition of 
problem-specific boundary conditions, the unconstrained (free) nodal 
displacements can be computed as: 

KFFUF = FF ⇒ UF = K− 1
FF FF (10) 

Finally, after the computation of the structure’s displacement field, 
the numerical strain can be computed on the whole structure through 
Eq. (5).

2.3. Review of smoothing element analysis (SEA) formulation for strain 
pre-extrapolation

To enhance the robustness of shape-sensing procedures when only a 
limited number of strain sensors are available, the present study adopts 
the SEA as a pre-processing step for experimental strain data. SEA is a 
finite element-based technique that minimizes a penalized least-squares 
functional to generate smooth approximations of discrete input data. In 
this context, the experimental strain components—typically collected 
from strain gauges or fiber Bragg grating (FBG) sensors—are 

transformed into continuous functions of the spatial coordinates over 
the entire domain of the structure.

As an example, consider a configuration in which strain gauges or 
rosettes or fiber Bragg grating (FBG) are mounted on the top and bottom 
surfaces of the plate or composite laminate, while no sensors are 
embedded, for simplicity, within the laminate, as illustrated in Fig. 2. 
The discrete experimental strain data can be represented as a vector 
εχ

i ≡
[ (

εχ
xx
)

i

(
εχ

yy
)

i

(
γχ

xy
)

i
]T , where the subscript i = 1, 2,…, n iden

tifies the in-plane measurement location, and the subscript χ = +, −

refers, as always, to the measurement position on the top surface and 
bottom surface, respectively.

Here, (εχ
xx)i and 

(
εχ

yy
)

i denote the normal strains along the x and y 
directions, while 

(
γχ

xy
)

i corresponds to the engineering shear strain in the 
xy-plane (see Fig. 3). Prior to performing the iFEM analysis, these 
discrete experimental data can be analytically processed through the 
SEA, which enables the reconstruction of a full-field strain distribution 
over the plate domain and reduces the approximation error associated 
with discrete sensor measurements.

Through SEA, the strain components acquired from strain gauges and 
FBG sensors are converted into continuous functions of the spatial co
ordinates across the reference plane of the plate, expressed as εχ ≡
[

εχ
xx(x) εχ

yy(x) γχ
xy(x)

]T (χ = + , − ). This process yields C1-contin
uous strain fields, meaning that their first spatial derivatives are C0- 
continuous. For detailed formulations and mathematical foundations of 
the SEA method, including three- and four-node smoothing elements, 
the reader is referred to [67–50].

For a concise notation, let εh
i denote a generic term from the discrete 

set of experimental strain data, for example εh
i ≡

(
γ−xy

)

i
, εh

i ≡
(

εj
xx

)

i 
(i =

1, 2, 3, …, n), etc. The continuous strain field resulting from the appli
cation of SEA can then be written as εh

i →ε(x) ≡ ε. For a single smoothing 
element, the corresponding penalized discrete least-squares error func
tional can be expressed following [67] as: 

FSEA =
1

ne,SEA

∑ne,SEA

i=1

[
ε(xi) − εh

i
]2

+ α
∫

Ae,SEA

[(
ε,x − κx

)2
+
(
ε,y − κy

)2]dAe,SEA

+ βAe,SEA

∫

Ae,SEA

[
(
κx,x

)2
+
(
κy,y

)2
+

1
2
(
κx,y + κy,x

)2
]

dAe,SEA

(11) 

In this context, the symbol ε(xi) denotes the analytical counterpart of 
the discrete strain data εh

i at the point xi, while the operator (⋅),α ≡
∂(⋅)
∂xα 

indicates partial differentiation with respect to the in-plane coordinates. 
The term Ae,SEA represents the area of the smoothing element. In Eq. (11), 
κx ≡ κx(x) and κy ≡ κy(x) are the analytical counterparts of the first- 
order derivatives of the discrete strain data εh

i with respect to x and , 
respectively. The first term of Eq. (11) corresponds to a discrete least- 
squares functional that enforces consistency between the smoothed 
strain field and the experimental measurements. The second term in
troduces a penalty that promotes smoothness by approximating the 
strain field’s derivatives (κx, κy) with respect to the in-plane coordinates. 
The third term imposes a curvature-control constraint that mitigates 
local errors in the spatial distribution of the experimental strain data.

The influence of these regularization terms is governed by the 
dimensionless parameters α and β, which regulate the smoothness and 
curvature constraints, respectively. Achieving C1-continuity of the strain 
field ε(x) and C0-continuity of its derivatives κi(x) across the SEA 
domain can be accomplished by choosing appropriate values of α and β. 
Typically, α is selected from values such as 102, 103, and so on, while β is 
chosen from smaller values like 10− 3, 10− 4, etc.

When experimental strain data is uniformly distributed across each 
smoothing element (i.e., with similar numbers and locations of sensors), 
the influence of the penalty parameter α on the least-squares term is 
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negligible for values greater than 0.1. As such, the value of α = 1 is 
generally sufficient in well-sampled configurations. On the other hand, 
when few sensor data points are available—such as one or two per 
smoothing element—setting a small value for the curvature-control 
parameter β helps stabilize the SEA formulation. Further guidance on 
selecting suitable values for these parameters is provided in references 
[67–68].

The smoothed strain field ε(x) and its corresponding analytical de
rivatives κi(x) can be approximated using element-wise interpolation. 
To this end, the three-node triangular smoothing element introduced in 
[69] is employed, and the smoothed quantities are defined as: 

ε(x) =
∑3

i=1

(
ζi(x)qi + ζxi(x)qxi + ζyi(x)qyi

)
= Nqe 

κi(x) =
∑3

i=1
ζi(x)qji (j=1, 2) (12) 

With N = [N1 N2 N3 ]
T, Ni =

[
ζi ζxi ζyi

]
, qe = [q1 q2 q3 ]

T 

and qi =
[
qi qxi qyi

]
considering (i = 1,2,3). The vector qi contains 

the nodal degrees of freedom as depicted in Fig. 4. These nodal degrees 
of freedom 

(
qi qxi qyi ; i= 1,2, 3

)
correspond to the smoothed strain 

component and its derivatives with respect to the x and y coordinates, 
respectively. Also, Ni vector contains the shape functions of the element 
that are the linear and quadratic functions of the local coordinates of the 
element. For brevity, the explicit expressions for the calculation of the 
functions inside Ni are omitted here and can be found in standard ref
erences, such as [27].

Substituting Eq. (12) into Eq. (11) and minimizing the resultant 
equation with respect to the unknown nodal degrees of freedom of the 
triangular smoothing element, qe, a set of final equations can be 

obtained in the following compact form: 

∂FSEA(qe)

∂qe = 0⇒Aeqe = He⇒ qe = (Ae)
− 1He (13) 

Where the right-hand-side vector He depends on the discrete exper
imental strain data, defined as: 

He =
1

ne,SEA

∑ne,SEA

i=1
N(xi)

Tεh
i (14) 

Whereas the left-hand-side matrix Ae includes the squared values of 
the shape functions evaluated at the strain sensor positions xi, as well as 
the squared terms of their first-order derivatives, expressed as: 

Ae =
1

ne,SEA

∑ne,SEA

i=1
N(xi)

TN(xi) + α
∫

Ae,SEA

BT
αBαdAe,SEA

+ βAe,SEA

∫

Ae,SEA

BT
β DβBβdAe,SEA (15) 

Where the matrices Bα, Bβ and Dβ are computed using the standard 
formulations reported in [27], which are not explicitly recalled here for 
brevity, as they are well-established in the SEA strategy.

The matrix Ae is square, symmetric, and exhibits a banded structure. 
When the smoothing domain of the plate is discretized into multiple 
smoothing elements, a global system of equations is assembled by 
combining the contributions of each element. This global system can 
then be efficiently solved to determine the unknown nodal degrees of 
freedom associated with smoothing discretization.

Different from the iFEM, in the SEA the problem is solved for all 
degrees of freedom. Indeed, the application of boundary conditions is 
not necessary for the SEA. However, if the exact behavior of the field is 

Fig. 4. A generic three-node triangular smoothing element with associated nodal degrees of freedom of a simple plate structure. Adapted from [27].

Fig. 5. SEA mesh configurations: (a) structured triangular and (b) cross-pattern.
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known in some regions, some constraints can be applied as in any finite 
element analysis.

A final aspect to be discussed for SEA implementation is the defini
tion of the mesh. The following two main approaches can be carried out: 
a structured triangular configuration, in which all common edges be
tween adjacent triangles are parallel, and a cross-pattern configuration, 
as illustrated in Fig. 5.

Generally, the cross-pattern configuration is considered a better 
option due to its higher symmetry, which enhances the mesh’s ability to 
deform according to its degrees of freedom. A mixed configuration is 
also feasible, with some regions of the structure meshed using structured 
triangular elements and others adopting the cross-pattern layout. 
Regardless of the chosen mesh configuration, a key parameter is the 
mesh size [62]. The SEA mesh should be sized appropriately, in coher
ence with the spatial distribution of the available measurements. A 
higher number of elements increases the ability to capture steep strain 
gradients. However, an excessively refined mesh may result in many 
elements lacking measurement coverage, which can reduce the accuracy 
of the field reconstruction. Therefore, the mesh size should be optimized 
by balancing the expected strain field gradients and the density of the 
sensor network. Ideally, each element should be covered by at least one 
measurement. Generally, the SEA mesh is typically coarser than the 
corresponding iFEM mesh.

Closely related to the pre-extrapolation step is the following impor
tant consideration: in general, given a certain level of internal action in a 
shell component (e.g., axial force or bending moment), the resulting 
deformation is inversely proportional to material thickness. In other 
words, regions with greater thickness tend to exhibit lower strain under 
the same loading conditions. Therefore, when pre-extrapolating the 
strain field from sensor data distributed across regions with varying 
thicknesses, the algorithm should account for the fact that strain mag
nitudes are inherently linked to the local thickness of the shell. However, 
as can be seen from the SEA equations introduced earlier, the structural 
thickness does not explicitly appear in the formulation. This omission 
may lead to inconsistencies when extrapolating strain fields across 
heterogeneous regions, and it highlights the need for incorporating 
thickness effects into the SEA framework for more accurate strain 
reconstruction.

To overcome this limitation, the formulation proposed by Poloni 
et al. [76] has been adopted. This approach introduces a 
thickness-weighted correction into the SEA framework, allowing the 
pre-extrapolated strain field to be properly scaled according to the local 
thickness of the shell regions involved. This improvement is particularly 
relevant for the stabilizer case study, where the skins do not have uni
form thickness, as described in detail in Section 3. When applying 
pre-extrapolation to this structure (and to its upper and lower skins), it is 
essential to account for their variable geometry. Although the external 
loading of the stabilizer induces a global bending deformation, the 
skins—being significantly thinner than the distance separating 
them—can be considered to respond primarily through in-plane 
(membrane) strains rather than bending. As a result, in this work, only 
the effect of thickness on membrane strain is considered in the extrap
olation. Furthermore, since sensors are placed only on the external 
surfaces of the skin due to accessibility constraints, the strain values on 
the internal surfaces must be inferred. Assuming membrane-dominated 
behavior, internal and external values are considered equal (i.e., ε− =

ε+), which is a reasonable simplification for the purpose of this study. 

The detailed procedure proposed in [76] is not recalled here; the reader 
is referred to the original reference for a complete description of the 
methodology and its implementation Fig. 6

While local bending effects may arise in specific loading scenarios, 
they are inherently embedded in the measured strain field and are thus 
accounted for in the iFEM reconstruction. For extreme cases involving 
impact or concentrated out-of-plane forces, bending contributions may 
become more relevant. The present SEA–iFEM workflow can be 
extended with higher-order enrichment strategies to address such con
ditions, and we are currently preparing a follow-up study specifically 
targeting impact loading, where the role of local bending will be more 
explicitly analyzed.

2.4. Internal forces reconstruction

The reconstruction of displacement and strain fields using the iFEM 
algorithm provides valuable information for SHM in engineering ap
plications, but it is not the only data that can be retrieved. This section 
presents the strategy adopted in this study to reconstruct the internal 
forces within transverse structural sections, based on the strain field 
obtained through iFEM. This approach takes advantage of the known 
material properties and the reconstructed strain distribution provided 
by the iFEM algorithm. To compute the sectional internal forces, the 
authors rely on classical plate and shell theories—namely, the Kirch
hoff–Love or Reissner–Mindlin formulations—as illustrated in Fig. 7 [2,
77]. Depending on the structural characteristics of the problem, one 
theory may be more suitable than the other. In the present case, due to 
the slender and thin-walled nature of the stabilizer, the Kirchhoff–Love 
theory is adopted as the reference formulation. For completeness, the 
full mathematical formulation is reported in the following section.

For this case, the classical vector of sectional strains ε =

[ε1, ε2, γ12, κ1, κ2, κ12, γ1, γ2]
T can be defined, where ε1, ε2, γ12 are the 

membrane strains, κ1, κ2 are the bending curvatures, κ12 is the twisting 
curvature and finally γ1, γ2 are the transverse shear strains (the latter 

Fig. 6. Scheme of the iFEM steps with the pre-extrapolation procedure for variable thickness structures studied in [76].

Fig. 7. The kinematics of a shell structure. Adapted from [77].
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negligible when the Kirchhoff–Love model is applied).
Accordingly, the vector of the generalized stresses R =

[N1,N2,N12,M1,M2,M12,Q1,Q2]
T can be defined as: 

(N1,N2,N12,Q1,Q2) =

∫

(σ1, σ2, τ12, τ13, τ23)dx3 (16) 

(M1,M2,M12) =

∫

(σ1, σ2, τ12)x3dx3 (17) 

Sectional stiffnesses/flexibilities are defined to relate sectional 
generalized stresses to sectional strains. For a uniform thick shell with an 
isotropic material (for instance steel or aluminum), such a relation can 
be expressed as: 
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ε1

ε2

γ12

κ1

κ2

κ12

γ1

γ2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
Eh

⎡

⎢
⎢
⎣

1 − ν 0

− ν 1 0

0 0 2(1+ν)

⎤

⎥
⎥
⎦ 0 0

0
12
Eh3

⎡

⎢
⎢
⎣

1 − ν 0

− ν 1 0

0 0 2(1+ν)

⎤

⎥
⎥
⎦ 0

0 0
1

kGh

[
1 0

0 1

]

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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⎢
⎣

N1

N2

N12

M1

M2

M12

Q1

Q2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(18) 

Where k is the well-known shear factor, E the Young’s modulus, G the 
shear modulus and finally h the thickness of the plate.

Since the structure under investigation is composed of composite 
laminated materials (as described in detail in Section 3), Eq. (18) must 
be generalized to account for the anisotropic and layerwise-varying 
properties of each ply. In this context, the relation between general
ized stresses and strains is governed by the laminate stiffness matrices A, 
B, D, and S, which relate membrane forces, bending moments, trans
verse shear forces, and membrane-bending coupling effects to the cor
responding strain components. Specifically, A, B, and D describe the in- 
plane, coupling, and bending stiffnesses of the laminate, respectively, 
while S represents the transverse shear stiffness matrix and accounts for 
shear deformation through the thickness of the shell or plate. The 
updated version of Eq. (18) for composites is the following: 
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ε1

ε2

γ12

κ1

κ2

κ12

γ1

γ2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎣
A B 0
B D 0
0 0 S

⎤

⎦

− 1

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

N1

N2

N12

M1

M2

M12

Q1

Q2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(19) 

The matrices A, B, D, and S are computed by integrating the 

transformed reduced stiffness of each ply through the laminate thick
ness, considering the ply orientations, material properties, and stacking 
sequence. This generalized formulation enables the accurate recon
struction of internal forces in laminated composite structures, starting 
from the strain field obtained through the iFEM algorithm, provided that 
the material properties and stacking sequence of the laminate are fully 
known.

Within the framework, a linear elastic behavior of the structure is 
assumed. For a given section of interest, the corresponding internal forces 
are calculated as the sum of contributions from each element intersected 
by the section. Starting from the strain field εiFEM reconstructed by the 
iFEM, the contributions R = [N1,N2,N12,M1,M2,M12,Q1,Q2]

T of 
individual elements are determined by applying Eq. (20). Finally, the 
internal forces of the section considered are obtained as the sum of the 
products of the generalized stresses and the respective lengths of each 
element.

It is important to remark that, while the displacement field recon
structed by iFEM is independent of material properties, the subsequent 
step of internal force reconstruction relies on the laminate stiffness 
matrices [A, B, D, S]. Consequently, uncertainties in ply properties or in 
the stacking sequence definition may affect the accuracy of the recon
structed internal forces. In the present study, the manufacturer’s mate
rial data and lay-up were considered as reference, whereas a detailed 
sensitivity analysis to such uncertainties is left for future investigations.

3. Case study

This section introduces the case study and provides a comprehensive 
overview of the experimental and numerical activities carried out. The 
specimen and the corresponding experimental setup are described in 
Section 3.1, followed by the experimental quasi-static tests in Section 
3.2. Section 3.3 presents the sensor network and its installation on the 
structure, while Section 3.4 describes the sources of uncertainty in the 
boundary conditions. Finally, Section 3.5 describes the model employed 
for the SEA pre-extrapolation of strain data and Section 3.6 is dedicated 
to the numerical model of the support system of the stabilizer, developed 
to reproduce the non-ideal boundary conditions observed during the 
tests.

3.1. Specimen and experimental setup

The structure under investigation in this work is a full-scale Medium 
Altitude Long Endurance (MALE) UAV composite aircraft stabilizer wing 
[78], whose displacement, strain and internal action fields are recon
structed through the iFEM. The stabilizer is composed of two main 
composite panels—hereafter referred to as upper and lower 
skins—connected by eight longitudinal half-stringers acting as internal 
stiffening elements. An overview of the stabilizer is provided in Fig. 8 
and Fig. 9. It is worth noting that in Fig. 8 the stabilizer is shown in a 
vertical orientation due to laboratory constraints; however, in its actual 
operational configuration, it is mounted horizontally on the UAV 
structure.

Fig. 8. Test sample and its supporting system (view from the upper skin side).

J. Bardiani et al.                                                                                                                                                                                                                                Aerospace Science and Technology 168 (2026) 111067 

10 



This is a complex three-dimensional composite structure, approxi
mately 3.3 m in length, with a total mass of about 35 kg. Both the 
thickness and the span of the cross-section vary along the longitudinal 
axis: the span ranges from a maximum of 0.9 m to a minimum of 0.48 m, 
while the thickness varies from a maximum of 0.22 m to a minimum of 
0.12 m The skins are slightly curved and not flat, which contributes to 
the structural complexity. The entire stabilizer is fabricated from lami
nated composite materials, tailored for weight efficiency and mechani
cal performance. The skins present a variable thickness both 
longitudinally and transversally. Longitudinally, the thickness decreases 
from root to tip (left to right of Fig. 8), while transversally it increases in 
the areas where the stringers are bonded. The maximum skin thickness is 
approximately 7 mm, and the minimum is around 1.5 mm, obtained by 
stacking composite plies each 0.2 mm thick. Conversely, the stringers 
exhibit a constant thickness of 2 mm. A schematic view of the stabilizer 
highlighting all regions with different thicknesses and ply orientations is 
provided in Fig. 10, where such zones are distinguished using different 
colors. Due to confidentiality constraints, the exact thickness values of 
the individual structural components are not fully disclosed here. Other 
details of the demonstrator under investigation are reported in Fig. 11.

The stabilizer is mounted on a dedicated support system consisting of 
a triangular steel stand, a steel plate, and a total of eight aluminum 
brackets. The triangular steel stand (E = 210000 [MPa], ν = 0.33 [ − ]), 
serving as the primary load-bearing structure, is rigidly anchored to the 
ground by means of eight M24 bolts. It has a base footprint of 0.75 m ×
1.050 m, a total height of 1.8 m, and incorporates two triangular stiff
ening plates that enhance its rigidity. All parts of the stand have a uni
form thickness of 40 mm. Positioned between the stand and the 
stabilizer, the steel plate (E = 210000 [MPa], ν = 0.33 [ − ]) features a 
base surface of 0.65 m × 0.85 m, with the longer side oriented vertically 
in the assembly, and a uniform thickness of 30 mm. The plate is me
chanically connected to the stand through ten M20 bolts. The stabilizer 

is connected to the steel plate through eight aluminum brackets (E =

70000 [MPa], ν = 0.33 [ − ]), each fastened to the plate by two M16 
bolts and riveted to both the upper and lower skins of the stabilizer using 
six rivets per bracket. The brackets, measuring 0.050 m × 0.087 m ×
0.110 m, are reinforced with three internal triangular stiffeners of 8 mm 
thickness to increase local rigidity.

The overall laboratory test rig is illustrated in Fig. 12, and the 
properties of the material used for the stabilizer are reported in Table 1.

The loading system comprises two MTS 244.11 hydraulic actuators 
(Fig. 13(a)), positioned approximately 2.7 m from the root section of the 
stabilizer. The actuators are equipped with load cells, which enable the 
force-controlled setting of the test bench [79]. The distance between the 
upper edge (leading edge) of the stabilizer and the application point of 
force F1 is approximately 0.1 m, while the spacing between the two force 
application points (F1 and F2) is about 0.28 m, as shown in Fig. 13(c). 
The actuators apply out-of-plane forces—i.e., perpendicular to the sur
face of the stabilizer—through a custom-designed saddle system. Each 
saddle (Fig. 13(b)) is composed of two aluminum frames (E =

70000 [MPa], ν = 0.33 [ − ]) connected to the actuator rods via spher
ical hinges, and two wooden blocks (E = 9000 [MPa], ν = 0.4 [ − ]) that 
hold eight rubber pads.

These pads distribute the load uniformly onto the outer surfaces of 
the upper and lower skins, preventing local damage and mimicking 
realistic load transmission. Several loading scenarios were tested, and 
they are described in detail in Section 3.2. Additionally, dedicated 
displacement transducers were placed at the actuator contact zones to 
record the structural response in terms of deformation. These displace
ment measurements are essential for validating the accuracy of the iFEM 
algorithm, as they provide ground truth data against which the recon
structed displacements can be compared. The LUNA interrogation sys
tem includes internal referencing procedures that minimize thermal 
drift during the quasi-static tests, while the SEA pre-extrapolation 

Fig. 9. Test sample and its supporting system (view from the lower skin side).

Fig. 10. Schematic distribution of ply orientations and thickness regions in the CAD model of the stabilizer.
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provides additional smoothing of local noise before feeding the strain 
data into the iFEM framework.

3.2. Experimental quasi-static tests

To demonstrate the framework proposed in the present work, a series 
of static laboratory tests was conducted on the full-scale stabilizer 
specimen. The goal of these tests was to acquire distributed strain 
measurements, which serve as the essential input for the application of 
the iFEM strategy. These experimental activities were carried out using 
the setup previously described in Section 3.1, which was specifically 
designed to allow controlled and repeatable loading conditions.

A set of quasi-static load cases was defined, involving different 
combinations and magnitudes of the two external forces, denoted as F1 
and F2. Each configuration was designed to explore a representative 
range of structural responses under different load distributions. The 
complete set of load cases, together with the corresponding measured 
displacements D1 and D2 at the actuator contact points, is reported in 
Table 3. In all tests, the hydraulic actuators were set up to apply tensile 
(pulling) loads to the stabilizer in a cantilever configuration, as 

schematically shown in Fig. 13(c). This loading arrangement induced 
bending in the component and, in some cases, also torsional effects.

For the purpose of demonstrating the present framework, only eight 
load cases from Table 2 were considered — specifically, cases 2, 4, 7, 8, 
10, 14, 16, and 20. These were selected as they are representative of the 
overall loading conditions, capturing the range of bending- and torsion- 
dominated scenarios observed in the full dataset.

The actuators were force-controlled, with each actuator applying a 
load incrementally from 0 kN up to 8 kN in steps of 2 kN.

Each test consisted of the following steps (one example is shown in 
Fig. 14): 

• a 30 s baseline with the actuators unloaded.
• A ramp to the nominal condition in 10 s.
• Static loading: 10 s (time window during which LUNA sensor read

ings were extracted and subsequently averaged).
• Unloading the structure: 10 s.
• A 30 s baseline with the structure unloaded.
• Repetitions from second to fifth point three times.

Fig. 11. Details of the stabilizer (from CAD modelling): (a) front view of the constrained side, (b) lateral view of the constrained side and (c) detail of the joint 
between a stringer and the skins.

J. Bardiani et al.                                                                                                                                                                                                                                Aerospace Science and Technology 168 (2026) 111067 

12 



The temperature is assumed to be constant throughout the tests since 
the duration is about six minutes.

As previously mentioned, these displacement measures play a key 
role in the validation of the iFEM reconstruction strategy. Specifically, 
the displacements reconstructed by the iFEM algorithm—based solely 
on the input strain data acquired during the tests—will be directly 
compared against the experimentally measured displacements, thus 
providing a quantitative benchmark for evaluating the accuracy and 
reliability of the proposed approach.

3.3. The sensor network and its installation

Although the stabilizer was instrumented with various types of 
sensors—including Fiber Bragg Gratings (FBGs), temperature sensors 
(NTC thermistors), and others—for the purposes of the present study, 
only the LUNA distributed fiber optic sensors based on Optical Back
scatter Reflectometry (OBR) are considered, as they were used to apply 
and validate the proposed framework.

The stabilizer structure is instrumented with 20 m of OBR fiber optic, 
which is interrogated using a LUNA ODiSI-B system. OBR is an inter
ferometric technique capable of detecting local strain variations by 
analyzing the spectral characteristics of the light backscattered within 
the fiber. Unlike point sensors, this method enables continuous strain 

monitoring with extremely fine resolution, making it well-suited for 
SHM applications. This setup enables the acquisition of distributed 
strain measurements along the entire length of the fiber, with a spatial 
resolution of approximately one data point every 2.5 mm. This acqui
sition system allows for high-resolution monitoring of the strain field 
across the structure.

The layout of the fiber on the stabilizer is presented in Fig. 15 for the 
lower and upper skins, highlighting the areas covered by the sensing 
network.

The fiber is installed exclusively on the external surfaces of both 
skins, as the inner sides are not accessible due to structural constraints. 
The fiber follows four main rectilinear paths aligned with the longitu
dinal direction of the stabilizer. Only the strain data collected along 
these straight segments are considered valid for analysis, while those 
acquired in the corner regions—where the fiber bends—are discarded 
due to signal unreliability and ambiguous strain orientation.

The stringers are not equipped with sensors, except for a single fiber 
segment applied to each of the two external stringers. These segments 
are used solely to ensure continuity of the sensing path, allowing the 
fiber to pass from one skin to the other. Despite the high density of 
data—amounting to approximately 6500 strain measurements—it is 
evident from Fig. 15 that the spatial coverage is limited relative to the 
overall dimensions and complexity of the structure. In particular, the 

Fig. 12. Laboratory test rig for the experimental tests: (a) picture and (b) CAD model.
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fiber is applied only in the central region of each skin, leaving both ends 
entirely unsensorized. Moreover, the presence of varying skin thickness 
adds an additional layer of complexity to the interpretation of strain 
data, as the strain state is influenced by local stiffness variations.

This setup notably differs from the idealized sensing configuration 
introduced in Section 2.3, where each measurement point is composed 
of a top/bottom pair of strain gauge rosettes capable of capturing all 
three in-plane strain components. In contrast, the optical fiber provides 
only the strain component along its own axis—that is, the fiber’s lon
gitudinal direction—which, depending on the orientation of each 
segment, corresponds either to the longitudinal strain εxx or the trans
verse strain εyy in the structure. As illustrated in Fig. 15, most of the 
recorded strain data correspond to εxx, with only a limited number of 
segments aligned transversely and thus capable of capturing εyy. The in- 
plane shear strain component γxy cannot be measured with this acqui
sition method.

The design of the sensor network was the result of a preliminary 
multidisciplinary effort aimed at balancing monitoring accuracy, phys
ical feasibility, and implementation constraints. Rather than relying on a 
purely theoretical optimization, the sensor layout was developed 
through collaboration between the research team, the stabilizer manu
facturer, and fiber optic sensing specialists. This process integrated prior 
numerical insights—such as finite element predictions of strain distri
bution under representative loading conditions—with practical experi
ence and technical considerations specific to fiber optic systems.

Several physical and engineering criteria guided the layout defini
tion, including the need to: 

• avoid sharp directional changes to reduce the risk of signal degra
dation or fiber damage.

Fig. 13. (a) MTS 244.11 hydraulic actuator, (b) saddle that transfers their loads to the structure and (c) application points of the actuator loads. Same reference 
system of Fig. 12.

Table 2 
Material properties of the stabilizer’s composite structure, as provided by the 
manufacturer.

Cytec 977–2–34–24KIMS-196-T1

E11 [MPa] E22 =

E33 [MPa]
υ12 =

υ13 [ − ]

υ23 [ −

]

G12 =

G13 [MPa]
G23 [MPa]

125,000 7575 0.34 0.55 3150 2720

Fig. 14. Load time series for the load case 9 of Table 3.
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• Avoid overlapping with other sensors installed on the demonstrator.
• Minimize unintended load transfer through the fiber, which could 

compromise measurement accuracy.
• Maximize straight segments to ensure consistent acquisition di

rections and facilitate interpretation.
• Provide strain data in both longitudinal and transverse directions to 

support robust biaxial field reconstruction.
• Leave adequate clearance between the fiber paths and the impact 

points designated for future dynamic tests, to prevent potential 
damage during post-static testing phases.

• Avoid placing measurement points at discontinuities—e.g., abrupt 
changes in thickness—to reduce noise and improve data reliability.

Furthermore, constraints related to the manufacturing process and 

stabilizer geometry—such as curvature, accessibility, and manual 
placement limitations—were carefully considered. Although the final 
configuration is not the outcome of a formal optimization algorithm, it 
represents a technically robust and practically viable solution, as 
confirmed by the high quality of the strain measurements and the reli
able results obtained through the iFEM reconstructions discussed in the 
following sections.

Before installing the sensor, the surface of the vessel was meticu
lously prepared to ensure optimal adhesion and, consequently, accurate 
signal acquisition. The preparation process included an initial sanding 
phase, followed by a thorough cleaning using acetone to remove any 
residual contaminants. The optical fiber was then manually positioned 
onto the specimen’s surface and temporarily held in place with paper 
tape to allow for precise alignment. Once the entire fiber was correctly 

Fig. 15. Distributed fiber optic distribution on the stabilizer skin: (a) upper and (b) lower.

Fig. 16. Schematic representation of the mapping procedure used to associate fiber-optic strain measurements with specific physical locations on the surface of a 
representative plate. The yellow dots indicate all available measurement points along the fiber, while the highlighted elements correspond to those requiring strain 
input at their centroids. For each element, the nearest yellow point was selected and used as the input measurement. Adapted from [72] with permission.
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laid out, a mapping procedure was carried out to correlate the sensor’s 
internal measurement reference with actual physical locations on the 
structure. This step—schematically illustrated in Fig. 16—was essential 
for accurately converting the distance from the fiber connector (as 
registered by the control unit) into corresponding spatial coordinates on 
the specimen. As shown in the representative example in Fig. 16, the 
discrete measurement points along the fiber (marked as yellow dots) 
were associated with the centroids of the inverse elements that required 
strain input. For each of these inverse elements, the nearest available 
measurement point was selected and used in the inverse reconstruction 
process. This concept will become clearer in the following section, 
where the inverse model and its implementation are described in detail.

Following the mapping phase, the sensor was permanently bonded to 
the surface using 3M® DP490 epoxy structural adhesive. This adhesive 
step was critical to ensure consistent strain transfer from the structure to 
the sensor. Careful application was necessary to avoid excessive adhe
sive thickness, which could introduce measurement artifacts and 
compromise accuracy. Finally, to protect the fiber at critical transition 
zones—particularly at the entry point of the fiber and at the transition 
from the external to the internal surface—a rubber heat-shrink tube was 
applied. This provided mechanical protection without interfering with 
the sensor’s function.

A pre-processing step required by the iFEM model involves filtering 
the strain data acquired from the experimental sensor network, to 
reduce noise and obtain clean, reliable strain values. This filtering was 
carried out using a Butterworth filter with a cutoff frequency of 0.1 Hz. 
In addition to noise reduction, the dataset was also processed to remove 

outliers, ensuring the consistency and physical plausibility of the strain 
measurements. The sampling frequency adopted for the LUNA acquisi
tions was 10 Hz, while that of the actuators was set to 100 Hz.

3.4. The iFEM model

To build the inverse model of the stabilizer, the structure must be 
entirely modeled using iQS4 shell elements, as explained in Section 2. 
This constraint represents a first simplification compared to the high- 
fidelity CAD model of Fig. 11. An additional simplification lies in the 
modeling strategy: the entire stabilizer is represented as a single part, 
meaning that the connections between stringers and skins are treated as 
simple welded intersections. Furthermore, although the stabilizer does 
not feature perfectly flat skins, they are approximated as planar surfaces 
in the inverse model to simplify the geometry. However, this curvature 
is sufficiently small, and it does not significantly influence overall 
structural behavior and results. Fig. 17(a) shows the complete iFEM 
model of the stabilizer made in ABAQUS CAE environment, with the 
simplifications described above, along with the shell mesh adopted for 
its discretization. The average element size is 25 mm, resulting in a total 
of 10,450 iQS4 elements and approximately 27,500 nodes, which rep
resents a relatively fine discretization suitable for the purposes of this 
study. The resulting mesh size limits the computational time within 
acceptable bounds in view of real-time applications and allows the input 
strain field definition from experimental measures in all the elements 
intersected by the optical fiber. Strain measurements from experimental 
tests, as described in Section 3.2, are mapped onto this mesh based on 

Fig. 17. Inverse FE model in ABAQUS CAE: (a) assembly 3D view with BCs, (b) iQS4 mesh for the upper side and (c) iQS4 mesh for the lower side. The elements of 
the inverse mesh with strain measures are highlighted in blue.

J. Bardiani et al.                                                                                                                                                                                                                                Aerospace Science and Technology 168 (2026) 111067 

16 



their global coordinates. The outcome of this mapping is illustrated in 
Fig. 17(b) and (c), where elements containing assigned strain mea
surements are highlighted in blue as consistent with Fig. 15. Following 
the standard iFEM practice, unit weighting factors were assigned to the 
strain components directly measured by the fiber optic sensors, whereas 
reduced coefficients of 10⁻⁴ were used for the unmeasured components 
to minimize their influence on the least-squares functional. This 
weighting scheme ensures numerical stability and accuracy even in re
gions with sparse sensor coverage.

It can be observed that the sensor network is rather limited in 
coverage relative to the overall structure, as most of the elements do not 
contain any strain measurements. For this reason, the SEA pre- 
extrapolation of the strain field must be applied, making use of the 
formulation recalled in Section 2.3. The structural model adopted for the 
SEA pre-extrapolation procedure is described in detail in the following 
Section 3.4.

A fundamental aspect of the present work lies in the accurate iden
tification of the real boundary conditions acting on the stabilizer, to 
ensure reliable displacement and strain field reconstructions using the 
iFEM. Indeed, the accuracy of the iFEM results is highly sensitive to the 
imposed constraints, and even slight deviations from the actual support 
behavior can significantly affect the quality of the reconstruction.

As a first modeling assumption, ideal clamped boundary conditions 
were imposed in the iFEM model at the locations where the stabilizer is 
connected to the eight steel brackets. These idealized constraints 
represent a fully fixed support, neglecting any local compliance or 
flexibility at the bracket interfaces. The surfaces of the model where 
these ideal boundary conditions are applied are highlighted in Fig. 18. In 
the following paragraph, the sources of uncertainty in defining the 
appropriate boundary conditions for the structure under investigation 
are described, based on the experimental setup.

3.5. Uncertainty in the boundary conditions

At the end of the experimental campaigns, it became evident that a 
more detailed analysis of the sources of uncertainty in the stabilizer’s 
boundary conditions, provided by the support system of the stabilizer, 
was necessary. Two main aspects to study were identified: the deform
ability of the individual components of the support system, and the 
compliance at the interfaces between these components. These two 
factors introduce small but non-negligible displacements and rotations 
at the connection points, effectively altering the boundary conditions 
initially assumed as ideal. As a result, ideal constraints in the iFEM 
model may no longer accurately reflect the actual support behavior, 
thereby degrading the quality of the displacement and strain field 
reconstruction.

The sources of uncertainty affecting the boundary conditions of the 
stabilizer due to the support system are summarized in Table 4. In this 
table, for each item, the actual type of physical connection is indicated, 
along with an assessment of whether its influence can be considered 
negligible or not. This latter evaluation was carried out experimentally 

using a laser displacement measurement system, which allowed for the 
detection of small relative displacements of each component of the 
support system. Through this process, it was possible to determine 
whether each source of uncertainty could be safely disregarded or 
should be accounted for in the iFEM modeling phase.

As shown in Table 4, the only two contributions that cannot be 
considered negligible are the compliance of the steel plate–bracket 
connection and the compliance of the brackets themselves (see Fig. 19). 
These effects imply that the stabilizer is no longer subjected to a fully 
clamped (ideal) constraint, but rather to a non-ideal boundary condi
tion. In particular, the local flexibility of the brackets and the connection 
between them and the steel plate led to small but significant rotations 
and displacements at the nodes where the brackets are connected to the 
stabilizer. These generalized displacements must be imposed as 
boundary conditions in the updated iFEM model of the stabilizer to 
improve the accuracy of the reconstruction.

Fig. 18. Portions of the stabilizer where fully clamp boundary conditions were applied to the inverse model.

Table 4 
Identified sources of uncertainty affecting the boundary conditions of the 
stabilizer.

N◦ Item Actual joint type Can be 
neglected?

1 Ground deformability – Yes
2 Compliance of the triangular steel 

stand-to-ground interface
Eight M24 bolts Yes

3 Steel stand deformability – Yes
4 Compliance of the triangular stand- 

to- steel plate interface
Ten M20 bolts Yes

5 Steel plate deformability – Yes
6 Compliance of steel plate-to- 

aluminum brackets interface
Two M16 bolts (for 
each bracket)

No

7 Aluminum brackets deformability – No
8 Compliance of brackets-to-stabilizer 

interface
Six rivets (for each 
bracket)

Yes

Fig. 19. Detail of the mechanical connection bracket-stabilizer (rivets) and 
bracket-steel plate (bolts).
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To compute these generalized displacements—i.e., nodal trans
lations and rotations—a dedicated static FE model of the support system 
must be developed. In this model, the brackets are treated as deformable 
components, and the loads reconstructed by the iFEM under the ideal 
clamped assumption are applied at the stabilizer’s root section. The 
procedure used to extract such equivalent loads is the same as the one 
described in Section 2.4.

This approach is necessary because, in real-world applica
tions—unlike controlled experimental setups—the actual external loads 
acting on the structure are generally unknown. Consequently, the iFEM 
reconstruction, assuming ideal clamped boundary conditions serves as a 
first step to estimate the internal forces at the clamping section. These 
reconstructed internal actions are then applied to the finite element 
model of the support system, allowing the calculation of the displace
ments and rotations induced by the deformability of the brackets. 
Finally, these computed quantities are imposed as boundary conditions 
in a new iFEM model, thus accounting for non-ideal support conditions 
and enabling a more realistic reconstruction of the stabilizer’s structural 
response. The numerical model of the support system used to carry out 
this procedure is presented and described in detail in Section 3.6.

3.6. Stabilizer model for SEA pre-extrapolation

As anticipated before, sensors application on the whole structure is 
practically unfeasible. A pre-extrapolation procedure is then used to 
obtain strain data in the elements free from any measurement input to 
improve the reconstruction’s accuracy. As already anticipated, the SEA 
method is used in this work for the pre-extrapolation of the input 
measures

Even though the SEA method is formulated for a two-dimensional 
domain, the algorithm described in Section 2.3 can also be applied to 
a three-dimensional structure. When the structure is composed of 
several planar surfaces with different orientations, each triangular mesh 

element is locally defined in the (x, y) reference system of the plane it 
belongs to (see Fig. 4). In this way, while the formulation of each 
element remains bi-dimensional, all the degrees of free
dom—representing the strain field—are assembled into a global system 
that captures the behavior of the full three-dimensional structure.

In the most general case, a total of four independent extrapolations is 
required for each iFEM simulation: the strain (i) along and (ii) trans
versal to the load direction on both the (a) top and (b) bottom side of 
each surface that defines the three-dimensional structure. As already 
explained in the methodology section, assuming a membrane- 
dominated behavior, internal and external strain values are considered 
equal, which is a reasonable simplification for the purpose of this study. 
Apart from this, the number of SEA elements must be tuned according to 
the problem under analysis, considering the input strain measure den
sity within the domain. As a rule of thumb, a high number of input data 
requires a finer mesh. However, since four independent SEA must be 
executed for each iFEM analysis, limiting the number of elements, and 
thus the computational burden, is also a primary concern. For the pre
sent case, the triangular mesh adopted is the one shown in Fig. 20. It is 
important to note that this SEA mesh is implemented on the same ge
ometry described and illustrated in Fig. 17(a). A cross-pattern triangular 
configuration was selected, resulting in a total of 476 triangular 
elements.

The SEA mesh refinement was selected based on preliminary nu
merical trials, which indicated that increasing mesh density beyond a 
certain threshold produced negligible accuracy gains while increasing 
computational effort. Both structured triangular and cross-pattern dis
cretizations were tested, yielding comparable reconstruction accuracy. 
Consistently with observations reported in [62], the cross-pattern dis
cretization proved particularly efficient in capturing the anisotropic 
strain field of the stabilizer with a reduced number of elements.

In many real structural configurations, including the one considered 
in this study, an additional complication arises: some of the planar 

Fig. 20. Mesh of the stabilizer structure used for the application of SEA pre-extrapolation: (a) cross-pattern 3D view and (b) mesh overlaid on the upper skin of the 
stabilizer. Same reference system of Fig. 12.
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regions where SEA pre-extrapolation is required do not contain any 
strain sensors. Such is the case, for example, of longitudinal stringers. To 
solve this challenge, the proposed strategy consists in performing the 
SEA pre-extrapolation in sequential steps, each one corresponding to a 
specific portion of the structure (i.e., a set). The selected sequence for 
this case study—lower skin, upper skin, and longitudinal string
ers—follows the principle that planar regions with available strain 
measurements must be processed first, allowing extrapolation to be 
propagated toward regions without sensors, such as the stringers. At 
each step, the strain field is fitted using: 

• the strain measurements from sensors located on the current set.
• The strain values already extrapolated on previous sets at nodes 

shared with the current one.

This sequential process enables the estimation of the strain field even 
in regions without any strain sensors, provided that these regions are 
positioned at the end of the pre-extrapolation sequence. Fig. 21 illus
trates a schematic of the multi-step algorithm in combination with iFEM, 

considering a representative case with three sets. The third set, which 
lacks direct sensor input, is highlighted with dashed lines to emphasize 
that reliable extrapolation is still achievable by enforcing continuity 
with the strain fields reconstructed in the previously processed sets.

3.7. Numerical model of the support system of the stabilizer

The finite element model made in ABAQUS CAE used to represent the 
support system of the stabilizer—and thus to simulate the actual, non- 
ideal constraint conditions acting on the stabilizer structure—is shown 
in Fig. 22. The constraint conditions applied in this model are defined to 
reflect the actual behavior of the support system observed in the labo
ratory with the details presented in Table 4.

In particular, the FE model of support system comprises: a triangular 
steel stand, connected to a floor plate, a rectangular steel plate and 
finally eight aluminum brackets. The geometry of these components has 
already been described in a previous section; therefore, the following 
focuses directly on the adopted modeling strategies.

From a numerical point of view, the connection between the stand 

Fig. 21. Scheme of the iFEM steps with the pre-extrapolation procedure for complex 3D structures.

Fig. 22. Numerical FE model of the support system of the stabilizer with a detail of the brackets.
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and both the ground and the steel plate is modeled using tie constraints. 
The stand structure was discretized in ABAQUS using 35,600 solid ele
ments of type C3D8R. Furthermore, the floor is modeled as a rigid sur
face, which is fully fixed, representing an infinitely stiff foundation with 
no deformation under load.

Moving on to the steel plate, it is connected to the triangular stand 
through a tie constraint, which is intended to simulate the mechanical 
effect of ten M20 bolts. This component was also discretized in ABAQUS 
using 1800 solid elements of type C3D8R and the total weight registered 
is 120 kg.

Finally, the model includes eight aluminum brackets that connect the 
stabilizer to the overall support system structure. Each bracket is dis
cretized using a total of 200 solid elements of type C3D8R. This 
component plays a critical role in the overall mechanical behavior of the 
support system, as its flexibility, along with its connection to the steel 
plate, introduces non-negligible deviations from ideal clamped bound
ary conditions. These deviations have been found to significantly affect 
the accuracy of the iFEM-based reconstruction strategy and must 
therefore be properly accounted for in the modeling process.

The M16 bolts used to connect each bracket to the steel plate are 
modeled as preloaded bolts by means of a translator element connector 
(Fig. 22 on the left) [80]. This approach treats the bolt as a digital spring 
acting along its axis, allowing the application of preload either as an 
axial force or as an imposed length change. While it does not explicitly 
represent the bolt’s solid geometry, local stress concentrations, or joint 
friction, it efficiently captures the global preload effect and is sufficient 
for the purposes of the present framework. One end of the bolt is pinned 
to the steel plate, and the other one liked with a multi-point constraint to 
the nut contact area on each bracket. A surface-to-surface contact is 
created between the steel plate and the brackets. The friction coefficient 
is set to 0.1 based on preliminary calibration tests. Finally, the bolt 
pre-load is applied with a value of 18 kN.

Importantly, the fidelity of this numerical model was validated 
through comparison with experimental displacements measured via 
laser-based acquisition systems. These measurements confirmed that the 
support structure, specifically the brackets and their connections to the 
steel plate, introduce slight flexibility effects that influence the overall 
iFEM reconstruction of the stabilizer. The constraint conditions and the 
level of detail included in the model—such as the representation of bolts, 
contacts, and tie constraints—were thus calibrated to reproduce this 
behavior as closely as possible.

Finally, all the material properties adopted in the model are consis
tent with those already detailed in Section 3.1. It is also important to 
highlight that the mechanical behavior of all components was assumed 
to be linear elastic, in line with the small deformation regime observed 
during the experimental campaign and consistent with the assumptions 
made in the iFEM formulation.

The most critical feature of the present static FE model is the 
implementation of internal actions reconstructed via the iFEM meth
odology. These actions are applied to evaluate the displacements and 
rotations that should be imposed as generalized boundary conditions on 
the iFEM model of the stabilizer alone. This approach allows the effects 
of non-ideal constraints to be considered, thus improving the recon
struction accuracy compared to the case of idealized clamped condi
tions. The internal actions are evaluated for simplicity at the root cross- 
section of the stabilizer.

The results of the internal action reconstruction through the pro
cedure of Section 2.4 were also cross validated using the in-built section 
analysis tool in ABAQUS CAE. At the given section, six generalized in
ternal actions (three force components and three moment components) 
are theoretically transmitted, as illustrated in Fig. 23. Depending on the 
specific load configuration applied to the structure, some of these 
components may dominate while others may be negligible.

In the present case, all the relevant internal actions of the specific 
load case scenario are imposed on the floor–stand–plate–brackets sup
port system through a kinematic coupling constraint, with the reference 
node located vertically at the centroid of the considered stabilizer cross- 
section and horizontally at the mid-width section of the brackets 
(Fig. 18).

Fig. 23. Example of internal forces to which a generic cross-section of the stabilizer can generally be subjected: forces (Tz, Ty and N) and moments (Mfz, Mfy 
and Mt).

Table 3 
Summary of all the experimental tests with different combinations of the loads 
provided by the actuators and related displacements.

Load case F1 [kN] F2 [kN] D1 [mm] D2 [mm]

1 2 0 4.30 2.94
2 2 2 7.25 6.84
3 2 4 10.49 10.31
4 2 6 13.78 14.26
5 2 8 17.18 18.26
6 4 0 8.96 6.12
7 4 2 11.96 9.71
8 4 4 15.25 14.66
9 4 6 18.60 17.68
10 4 8 22.10 21.80
11 6 0 13.66 9.36
12 6 2 16.59 12.91
13 6 4 20.15 17.13
14 6 6 23.58 22.26
15 6 8 27.21 25.45
16 8 0 18.58 12.96
17 8 2 21.82 16.63
18 8 4 25.25 20.85
19 8 6 28.88 25.06
20 8 8 32.52 30.28
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4. Results and discussion

For the discussion of the results obtained, reference is made to load 
case No 14 (bending) and No 16 (torsion) of Table 3, while complete 
results for all load cases are reported in the tables.

4.1. Input strain and SEA-based pre-extrapolation

For load case number 14, Fig. 24 and Fig. 25 show the longitudinal 
and transversal strain measurements (εxx and εyy) obtained from the 
experimental test and pre-processed according to the procedure 
described in Section 2.3, as recorded by the sensor network. Specifically, 
the two figures refer to the measurements on the upper and lower skins 
on the outer side, where the distributed optical fiber is actually installed 
(the same applies to the fiber segments mounted on the outer side of the 
lateral stringers).

This detail is relevant because, as anticipated in the methodological 
section, assuming membrane-dominated behavior, internal and external 
strain values are considered equal (i.e., ε+ = ε− ), which is a reasonable 

simplification for the purposes of this study. Therefore, internal-side 
strain measurements are not reported, as they follow the previous 
assumption. As can clearly be observed, since this is a bending- 
dominated case, the longitudinal strains are significantly higher in 
magnitude than the transversal ones, and their absolute value decreases 
progressively with the distance from the clamped edge, reflecting the 
expected deformation pattern. It can also be noticed that the number of 
sensors in the transversal direction is extremely limited, which makes 
the reconstruction particularly challenging, especially in torsion- 
dominated cases. To avoid overloading the discussion, only the experi
mental strain data for case 14 is reported in this section. Care must be 
taken when interpreting these figures. For example, in Fig. 25(a), 
transversal strain values appear along the longitudinal segments of the 
fiber; however, these values are actually zero.

As already discussed in the case study and sensor network descrip
tion, although the number of measurement points along the optical fiber 
is relatively high, it is still limited with respect to the overall extent of 
the structure. For this reason, a pre-extrapolation step is required. The 
results obtained for the SEA strain in the pre-extrapolation stage, for 

Fig. 24. Longitudinal strain measures εxx of the sensor network for the load case n◦14 (unit of measurement: [με]): (a) upper skin side view and (b) lower skin 
side view.
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load case number 14, are reported in Fig. 26 and Fig. 27, derived from 
the experimental strain data previously shown in Fig. 24 and Fig. 25. 
The remarkable effectiveness of the SEA pre-extrapolation can be 
immediately appreciated: starting from a very limited number of mea
surement points, it generates a continuous strain field that faithfully 
represents even the regions not directly covered by sensors.

A preliminary sensitivity analysis on the SEA parameters confirmed 
that the contribution of β is negligible compared to α for the present 
case. Consistently with the literature [76], the best SEA performance in 
terms of displacement field reconstruction was achieved with β fixed to 
10⁻⁶ and α in the range of 10²–10³ for both εxx and εyy. Within this range, 
the reconstructed displacement fields were sufficiently smooth while 
still following the input strain distribution across the entire domain. 
Tests with larger β values only produced mild over-smoothing and a 
slight increase in the error in points D1 and D2, while variations of α 

outside the indicated range did not significantly improve accuracy. 
These results indicate that the adopted parameter choice ensures a 
balanced trade-off between accuracy, stability, and computational cost.

Due to the symmetry of the sensor grid between the outer and inner 
sides of the stabilizer structure, the same α and β values were adopted for 
both sides.

Also, from both Fig. 26 and Fig. 27 it can be observed that the strain 
is influenced by the local shell thickness. The modification introduced in 
the methodology to account for thickness variations proved to be highly 
effective, leading to a more accurate reconstruction of the displacement 
and strain fields.

In addition, preliminary checks on the SEA mesh density showed that 
a coarser discretization tends to increase the reconstruction error due to 
loss of strain gradient resolution, while excessive refinement yields only 
marginal accuracy gains at a higher computational cost. The adopted 

Fig. 25. Transversal strain measures εyy of the sensor network for the load case n◦14 (unit of measurement: [με]): (a) upper skin side view and (b) lower skin 
side view.
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mesh therefore represents a balanced compromise, ensuring sufficient 
resolution of the strain field while keeping the procedure computa
tionally efficient.

The SEA results obtained in the previous step were then used as input 
for the iFEM code to reconstruct the full displacement and strain fields, 
with the aim of comparing the displacements reconstructed by iFEM at 
locations D1 and D2 with the corresponding experimental measure
ments.

4.2. iFEM displacement reconstructions with ideal boundary conditions

The results for the U2 = UY displacement field of the stabilizer for 
load case number 14, obtained using the ideal boundary condition 
approach described in Section 3.3, are shown in Fig. 28 considering 
several views.

The general trend associated with the bending load is correctly 
captured by the iFEM reconstruction, which exhibits a qualitative 

pattern consistent with expectations. However, clear discrepancies are 
observed between the reconstructed D1,iFEM,IBC and D2,iFEM,IBC (IBC 
acronym for ideal boundary condition) and experimental measurements 
D1 and D2. As also reported in Table 5, for load case number 14 the 
experimental values are D1 equal to 23.58 mm and D2 equal to 22.26 
mm, while the iFEM reconstruction under ideal boundary conditions 
yields D1,iFEM,IBC equal to 20.07 mm (− 14.89 %) and D2,iFEM,IBC equal to 
19.35 mm (− 13.07 %), indicating a non-negligible underestimation of 
the actual displacements.

This underestimation is consistent with the subsequent analyses on 
boundary condition compliance: in this first phase, the assumption of 
ideal constraints (full clamp) results in the stabilizer being more 
confined, thereby exhibiting overall lower displacements.

The above considerations are further confirmed when examining the 
iFEM reconstructions for load case number 16 in Table 5. In this case, the 
loading condition is more complex to reconstruct, as it corresponds to a 
torsion-dominated scenario. The results, still expressed in terms of the 

Fig. 26. Longitudinal input strain measures (after SEA pre-extrapolation) εxx of the sensor network for the load case n◦14 (unit of measurement: [με]): (a) upper skin 
side view and (b) lower skin side view.
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U2 displacement component, are presented in Fig. 29, providing addi
tional insight into the reconstruction performance under a different and 
more challenging loading configuration.

The general trend associated with the torsional load is reasonably 
captured by reconstruction, which exhibits a qualitative pattern 
consistent with expectations. However, also in this case, non-acceptable 
discrepancies are observed between the reconstructed. In fact, for load 
case number 16 the experimental values are D1 equal to 18.58 mm and 
D2 equal to 12.96 mm, while the iFEM reconstruction under ideal 
boundary conditions yields D1,iFEM,IBC equal to 15.22 mm (− 18.08 %) 
and D2,iFEM,IBC equal to 11.55 mm (− 10.88 %).

Such observations made for both the bending and torsional cases are 
also evident in the other load scenarios reported in Table 5. Across all 
configurations, the percentage errors between the reconstructed dis
placements at the actuator locations and the corresponding 

experimental values do not fall below approximately 13 %. This level of 
discrepancy is generally considered unacceptable for advanced SHM 
applications, where accurate displacement reconstruction is essential to 
ensure reliable assessment of the structural state. For this reason, the 
next paragraph presents the results of the FE model of the support sys
tem, which enables the definition of more realistic boundary conditions 
for the stabilizer by explicitly modeling the non-ideal boundary 
conditions.

4.3. Internal action reconstruction and non-ideal boundary condition 
analysis

For simplicity, the discussion in this section focuses on the bending 
case only, namely load case 14. In addition to reconstructing the full 
displacement field, iFEM is also capable of reconstructing the strain field 

Fig. 27. Transversal input strain measures (after SEA pre-extrapolation) εyy of the sensor network for the load case n◦14 (unit of measurement: [με]): (a) upper skin 
side view and (b) lower skin side view.
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and, through the methodology presented in Section 2.4, determining the 
internal actions at any desired cross-section of the stabilizer. An example 
of iFEM strain reconstruction for the load case 14 is reported in Fig. 30, 
for the εxx component only.

In the most general case, as shown in Fig. 23, six components of 
forces and moments (Tz, Ty, N, Mfz, Mfy and Mt) can be reconstructed for 

each cross-section of the stabilizer model. The results of these re
constructions, for the eight experimental cases analyzed, are reported in 
Table 6. As expected, for the bending-dominated cases the predominant 
contributions are Ty and Mfz, whereas for the torsion-dominated cases 
the most relevant internal actions are Tz and Mt . It should be noted that 
the internal action values presented above are to be regarded as 

Fig. 28. Reconstruction results of the full field of vertical displacements U2 = UY for the load case n◦14 (deformation scale factor = 10, displacement in [mm]) in the 
case of ideal boundary conditions: (a) 3D view with undeformed configuration, (b) 3D view and (c) top view.

Table 5 
Comparison between experimental actuator displacement and iFEM reconstruction, including percentage error. D1,iFEM,IBC and D2,iFEM,IBC refers to the iFEM model with 
fully clamped (ideal) boundary conditions, while D1,iFEM,NIBC and D2,iFEM,NIBC refers to the iFEM model with non-ideal boundary conditions.

Load case D1 

[mm]

D2 

[mm]

D1,iFEM,IBC 

[mm] and % error
D2,iFEM,IBC 

[mm] and % error
D1,iFEM,NIBC 

[mm] and % error
D2,iFEM,NIBC 

[mm] and % error

2 7.25 6.84 6.28 
(− 13.37 %)

5.88 
(− 14.04 %)

7.22 
(− 0.40 %)

6.71 
(− 1.88 %)

4 13.78 14.26 11.83 
(− 14.15 %)

12.36 
(− 13.31)

13.68 
(− 0.70 %)

14.20 
(− 0.45 %)

7 11.96 9.71 10.22 
(− 14.53 %)

8.57 
(11.78 %)

11.89 
(− 0.56 %)

9.23 
(− 1.16 %)

8 15.25 14.66 12.99 
(− 17.89)

12.66 
(− 13.67)

15.23 
(− 0.14)

14.44 
(− 1.28 %)

10 22.10 21.80 18.54 
(− 16.10 %)

19.16 
(− 12.11 %)

22.04 
(− 0.27)

21.71 
(− 0.40)

14 23.58 22.26 20.07 
(− 14.89 %)

19.35 
(− 13.07 %)

23.51 
(− 0.30 %)

22.22 
(− 0.18 %)

16 18.58 12.96 15.22 
(− 18.08 %)

11.55 
(− 10.88 %)

18.49 
(− 0.48 %)

12.91 
(− 0.39 %)

20 32.52 30.28 28.29 
(− 13.00 %)

26.72 
(− 11.75 %)

32.91 
(− 1.19 %)

30.21 
(− 0.24 %)
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estimates rather than exact values, as they were computed from strains 
(and thus displacements) reconstructed by iFEM in the previous case 
with ideal boundary conditions. Consequently, they are affected by a 
certain degree of error.

To further assess the reliability of the reconstruction, simplified 
consistency checks were performed. Considering, for simplicity, the load 
Case 2, the stabilizer can be assimilated to a cantilever beam subjected to 
two concentrated actuator loads. With two forces of about 2 kN each 
applied at a lever arm of approximately 2.7 m from the root, the ex
pected bending moment at the clamped end is on the order of 10.8 kN⋅m, 
while the corresponding shear force is about 4.0 kN. The iFEM recon
struction yielded values of 10.3 kN⋅m for the bending moment and 3950 
N for the shear force, showing very good agreement in order of 
magnitude (Table 6). This provides a useful plausibility check, even 
though no direct reference values were available.

The previously reconstructed internal actions are applied to the FE 
model of the support system, as described in Section 3.6. The results of 
this model, for load case 14, are shown in Fig. 31. This figure illustrates 
the magnitude displacement field of the support system under the loads 
transmitted by the stabilizer. As already discussed, the stand and the 
steel plate assembly are extremely stiff, and the only components 
exhibiting noticeable deformation are the brackets and their bolted 
connection to the steel plate. The displacements predicted by the FE 
model are on the order of approximately 1.8 mm—small in absolute 
terms but not negligible when aiming for accurate shape sensing of the 

stabilizer. As shown in the magnification of Fig. 31(b), the bending loads 
acting on the support system induce bracket deformations that are 
consistent with the nature and direction of the applied forces, con
firming the structural response anticipated from the load transfer 
mechanism between the stabilizer and its support.

Based on these results, the displacement and rotation fields are 
extracted from the bracket surfaces interfacing with the stabilizer skins. 
These fields are then applied as non-ideal boundary conditions to a new 
iFEM model of the stabilizer, mapping properly the mesh nodes of the 
brackets to the ones of the stabilizer, thereby improving the represen
tation of the constraints and, in turn, enhancing the reconstruction ac
curacy for both displacements and strains, with respect to the previous 
imposing of ideal full clamp.

4.4. iFEM displacement reconstructions with non-ideal boundary 
conditions

The displacement results obtained for load cases 14 and 16 using the 
non-ideal boundary condition procedure are presented in Fig. 32 and 
Fig. 33, respectively. Specifically, for the bending case, the experimental 
values are D1 equal to 23.58 mm and D2 equal to 22.26 mm, while the 
iFEM reconstruction under non-ideal boundary conditions (NIBC) yields 
D1,iFEM,NIBC equal to 23.51 mm (− 0.30 %) and D2,iFEM,NIBC equal to 22.22 
mm (− 0.18 %), indicating a consistent higher accuracy with respect to 
the results presented in Section 4.2 (ideal boundary conditions).

Fig. 29. Reconstruction results of the full field of vertical displacements U2 = UY for the load case n◦16 (deformation scale factor = 10, displacement in [mm]) in the 
case of ideal boundary conditions: (a) 3D view with undeformed configuration, (b) 3D view and (c) top view.
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Furthermore, for the torsional case, the experimental values are D1 
equal to 18.58 mm and D2 equal to 12.96 mm, while the iFEM recon
struction under ideal boundary conditions yields D1,iFEM,NIBC equal to 
12.49 mm (− 0.48 %) and D2,iFEM,NIBC equal to 12.91 mm (− 0.39 %), also 
in this case much better than the ideal case.

Comparing Fig. 32 with Fig. 28 clearly highlights the impact of ac
counting for non-ideal boundary conditions. When the deformability of 

the brackets and their bolted connection to the steel plate is considered, 
small displacements and rotations are already present at the clamped 
section, enabling the reconstructed field to reach displacement values at 
the measurement points that closely match the experimental data. This 
improvement is consistently observed across all other cases studied, as 
reported in Table 5.

All the results presented here indicate that explicitly modeling the 

Fig. 30. Longitudinal reconstructed strain field εxx for the load case n◦14 (unit of measurement: [με]): (a) upper skin side view and (b) lower skin side view.

Table 6 
Internal action reconstruction at the root section of the stabilizer provided by the iFEM considering the reconstructed strain for all the scenarios studied in the present 
work.

Load case |Tz| [N] |Ty|[N] |N| [N] |Mfz | [Nmm] |Mfy| [Nmm] |Mt | [Nmm]

2

341.35

3950

0

10.3 ⋅ 106

49.5 ⋅ 104

0
4 3899 10.6 ⋅ 106 56.5 ⋅ 104

7 1932 10.7 ⋅ 106 2.6 ⋅ 104

8 7956 20.9 ⋅ 106 0
10 3993 10.1 ⋅ 106 112.3 ⋅ 104

14 11,912 31.2 ⋅ 106 0
16 7782 21.2 ⋅ 106 2.20 ⋅ 106

20 15,832 42.7 ⋅ 106 0
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Fig. 31. Results obtained for the FE model of the support system: displacement magnitude (unit: mm) for load case No 14. (a) 3D view and (b) Magnification of the 
steel plate-brackets interface. Deformation scale factor = 5.
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non-ideal boundary conditions—by accounting for the actual compli
ance of the support system and its connections—significantly enhances 
the accuracy of iFEM-based reconstructions. By incorporating realistic 
displacement and rotation fields at the stabilizer–support interface, the 
method can more faithfully reproduce both the global deformation 
trends and the local displacement values at key measurement points, 
consistently reducing the discrepancies with experimental data across 
all load cases.

Importantly, including a static FE model of the support within the 
workflow does not limit the real-time applicability of the overall 
framework, as the support model can be precomputed and its influence 
incorporated into the boundary condition definition. This demonstrates 
the critical importance of accurately representing boundary conditions 
in shape-sensing applications, particularly in structural health moni
toring contexts where precise displacement and strain reconstructions 
are essential for reliable damage detection and assessment.

Finally, the computational cost of the proposed workflow is very 
limited: the SEA pre-extrapolation requires <0.1 s per load case, while 
the iFEM reconstruction of the full stabilizer mesh is completed in about 
1–2 s on a standard workstation (Intel® Core™ i9–14,900 K, 3.20 GHz, 
128 GB RAM, CPU-only). This confirms that the SEA–iFEM chain oper
ates within a few seconds, thereby supporting its feasibility for real-time 
or near real-time monitoring.

5. Concluding remarks

This work presented a comprehensive experimental–numerical 
framework for reconstructing the displacement, strain, and internal load 
fields in a full-scale composite UAV stabilizer, addressing key challenges 
related to sparse sensing, strain extrapolation, and boundary condition 
representation. The methodology combines Smoothing Element Anal
ysis (SEA) to reconstruct continuous strain fields from a limited set of 
optical fiber measurements with the inverse Finite Element Method 
(iFEM) for full-field displacement and strain recovery.

A dedicated finite element model of the stabilizer support system was 
developed to explicitly represent non-ideal boundary conditions, 
including the compliance of brackets and bolted joints. This addition 
proved to be a crucial factor in improving reconstruction accuracy: for 
bending-dominated load cases, the displacement errors at key mea
surement points were reduced from values exceeding 14 % under the 
ideal boundary condition assumption to approximately 2–3 % when 
realistic constraints were applied. Comparable improvements were 
observed for torsional load cases, confirming the robustness of the 
approach across different loading scenarios.

The proposed framework also enables the estimation of internal force 
and moment distributions, offering valuable diagnostic insights beyond 
shape sensing. Importantly, the inclusion of the static FE model of the 
support system does not compromise the real-time applicability of the 

Fig. 32. Reconstruction results of the full field of vertical displacements U2 = UY for the load case n◦14 (deformation scale factor = 10, displacement in [mm]) in the 
case of non-ideal boundary conditions: (a) 3D view with undeformed configuration, (b) 3D view and (c) top view.
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method, as its effects on boundary conditions can be precomputed and 
integrated into the iFEM formulation.

The proposed boundary condition treatment already includes a data- 
driven correction, since the ideal BCs are refined using displacement 
information derived from actuator measurements and internal force 
transfer to the support. This represents a first step toward a data-driven 
calibration strategy. While this correction proved sufficient for the 
quasi-static cases considered here, future developments will focus on 
online calibration procedures, where boundary conditions can be 
adaptively updated in real time based on continuous sensor feedback.

Overall, the results demonstrate that accurate boundary modeling, 
coupled with advanced strain extrapolation techniques, is essential for 
achieving high-fidelity reconstructions in complex aerospace composite 
structures. This capability not only enhances the reliability of structural 
health monitoring but also supports future Digital Twin implementa
tions for condition-based maintenance and operational decision- 
making.
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