POLITECNICO DI TORINO
Repository ISTITUZIONALE

Updated shape monitoring of morphing wing structures using iFEM and SSB-iIFEM: Applications to
composite and modular architectures

Original

Updated shape monitoring of morphing wing structures using iFEM and SSB-iFEM: Applications to composite and
modular architectures / Biscotti, V., Blaha, D., RzZika, M., Gherlone, M.. - In: AEROSPACE SCIENCE AND
TECHNOLOGY. - ISSN 1270-9638. - ELETTRONICO. - 180:1(2027). [10.1016/j.ast.2026.113670]

Availability:
This version is available at: 11583/3015176 since: 2026-09-04T16:01:14Z

Publisher:
Elsevier

Published
DOI:10.1016/j.ast.2026.113670

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

09 September 2026



Aerospace Science and Technology 180 (2027) 113670

Aerospace

e

Contents lists available at ScienceDirect

Aerospace Science and Technology

journal homepage: www.elsevier.com/locate/aescte

Original article

Updated shape monitoring of morphing wing structures using iFEM and
SSB-iFEM: Applications to composite and modular architectures

Vincenzo Biscotti®*, David Blaha (© ", Milan Rzi¢ka ©® *, Marco Gherlone ) 2

2 Politecnico di Torino, Department of Mechanical and Aerospace Engineering, Corso Duca degli Abruzzi 24, Torino, 10129, Italy
b Czech Technical University in Prague, Faculty of Mechanical Engineering, Technicka 4, Prague, 16000, Czech Republic

ARTICLE INFO ABSTRACT

Communicated by Dr Kwok Kawai Aircraft wings are traditionally designed as compromise configurations, able to provide acceptable performance

over a range of flight conditions without being optimal at each operating point. Morphing-wing technologies, and
trailing-edge morphing concepts in particular, can reduce this compromise by enabling continuous adaptation
of the aerodynamic shape. In practical applications, however, achieving a prescribed morphing shape remains
challenging, especially when aerodynamic loads reduce actuation authority and realistic sensor-placement con-
straints limit direct shape monitoring. This paper presents an updated iFEM-based closed-loop architecture for
morphing-wing shape control and assesses it on two structures: a composite morphing trailing edge and a modular
morphing wing. The first novelty is an updated control procedure based on the Levenberg-Marquardt algorithm,
introduced to improve the stability and efficiency of the load-update process in the presence of aerodynamic dis-
turbances, especially for flexible structures. The second novelty is the integration of Single Sensor Based inverse
Finite Element Method (SSB-iFEM), which removes the need for fully back-to-back sensor layouts and enables
shape sensing with single-sided or hybrid strain-sensor configurations. The third novelty is the extension of the
framework from a single morphing trailing-edge device to a modular wing architecture with constrained sensor
placement. Numerical results show that the updated procedure suppresses the oscillatory behavior exhibited by
the original controller under severe aerodynamic loading while preserving convergence to the target shape. For
the modular wing, the combined use of SSB-iFEM and a weighted load-update scheme enables shape control with
limited sensor information, confirming the robustness and applicability of the proposed framework.
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1. Introduction Among the various morphing-wing concepts proposed in the litera-

ture, trailing-edge morphing solutions have received particular attention

Aircraft wings are traditionally designed as compromise configu-
rations, able to ensure acceptable performance over a range of flight
conditions, although not under fully optimal aerodynamic conditions
at each operating point [1]. Morphing wing structures are intended to
reduce this compromise by actively modifying selected geometric fea-
tures of the wing, so that its aerodynamic shape can be better adapted
to changing flight conditions and mission requirements [2]. In this way,
morphing enables a closer-to-optimal aerodynamic behavior over an ex-
tended flight envelope, with potential benefits in terms of efficiency,
control authority, and operational flexibility [3]. In recent years, mor-
phing technologies have attracted increasing research interest in the
aerospace community, mainly because of their potential contribution
to more sustainable aviation through drag reduction, load control, and
the consequent decrease in fuel consumption and emissions [4].
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because they enable a smoother and more continuous modification of
the local airfoil camber than conventional hinged control surfaces [5].
This feature makes them especially attractive for improving the aerody-
namic adaptation of the wing over changing operating conditions, and
several studies have discussed their potential to enhance aerodynamic
efficiency and overall wing performance in both maneuvering and high-
lift conditions [6,7].

These promising aerodynamic capabilities have motivated a sus-
tained research effort on morphing trailing-edge architectures within
several research programs and technology demonstrators. From the
DARPA/AFRL/NASA Smart Wing initiative [8], to European projects
such as SARISTU [9], Clean Sky [10], MechaTwing [11], and HER-
WINGT [12], as well as industrially oriented developments such as
the Mission Adaptive Compliant Wing by FlexSys [13], a considerable
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effort has been devoted to the maturation of adaptive trailing-edge ar-
chitectures. In parallel, a wide spectrum of technical solutions has been
proposed, ranging from adaptive flaps [14] and compliant trailing-edge
structures [15,16], to smart-actuation [17], multistable concepts [18],
and bio-inspired mechanisms [19,20].

Despite the wide variety of architectures proposed in the literature,
these solutions share a common objective: achieving target shape con-
figurations that are best suited to the current aerodynamic condition, so
as to maximize wing performance. In practical applications, however,
attaining a prescribed morphing shape is far from trivial, since the struc-
ture must remain compliant enough to deform while being sufficiently
stiff to withstand aerodynamic loads, which may significantly affect the
available actuation authority under real operating conditions [21,22].

Several control strategies have therefore been proposed for morphing
wing structures, relying on different feedback variables, sensing tech-
nologies, and control architectures [23,24]. In many cases, the control
action is driven either by quantities only indirectly related to the actual
wing shape or by measurements associated with local structural param-
eters. More recently, Biscotti et al. investigated a different perspective,
placing particular emphasis on global shape reconstruction within the
control-loop [25]. In their study, the feedback was provided by the in-
verse Finite Element Method (iFEM) [26], a shape-sensing technique
that reconstructs the global deformed structural configuration and thus
enables direct monitoring of the actual morphed shape.

Shape sensing refers to the reconstruction of the deformed configura-
tion of a structure from discrete strain measurements, with the aim of ob-
taining global information on the displacement field for monitoring, di-
agnostics, and control purposes. Within this general framework, several
families of methods have been proposed, including strain-integration ap-
proaches such as Ko’s Displacement Theory, basis-function approaches
such as the Modal Method, and finite-element-based variational ap-
proaches such as the inverse Finite Element Method (iFEM) [27]. Al-
though the first two classes have proved effective in a number of appli-
cations, their performance may be affected by kinematic simplifications,
by the need for prior modal information, or by reduced adaptability
to complex structures and full-field monitoring tasks [27]. By contrast,
iFEM reconstructs the global displacement field by minimizing the least-
squares error between analytical strains, obtained from a finite element
discretization, and experimentally measured ones, while relying only on
strain-displacement relations and therefore requiring no a priori knowl-
edge of material properties or applied loads [26].

Comparative investigations have shown that, when a sufficiently rich
strain dataset is available, iFEM generally provides higher reconstruc-
tion accuracy than alternative shape-sensing methods, albeit at the cost
of a significant number of strain measurements [27-29]. This practi-
cal limitation can be addressed through two complementary routes,
namely by increasing the amount of physically measured strain infor-
mation or by enriching the strain field virtually before the reconstruc-
tion step. On the physical side, fibre-optic technologies, including FBGs
and distributed fibre-optic sensing, make it possible to acquire denser
strain information than conventional point-wise layouts [30]. On the
virtual side, strain pre-extrapolation strategies such as Smoothing Ele-
ment Analysis and Modal Virtual Sensor Expansion can enrich the strain
field before the iFEM reconstruction, thus reducing the number of phys-
ical sensors required [31,32]. Related studies have also explored the
combination of iFEM with neural networks to infer missing strain infor-
mation from limited measurements [33], as well as Fisher-information-
based strategies for systematic sensor placement [34]. An additional
step forward is represented by the Single Sensor Based iFEM [35], a
novel iFEM formulation that removes the need for back-to-back sensor
arrangements and extends the applicability of the method to thin-walled
structures instrumented with single-sided configurations [35]. Recent
results have also shown that this increased flexibility can be exploited
to identify hybrid and optimized sensor layouts, thereby reducing the
number of sensors required while preserving an accuracy comparable
to that of standard iFEM [36].
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These accuracy- and applicability-driven needs have contributed to
the rapid evolution of iFEM. Since its introduction [26], the method
has grown into a broad methodological framework, with numerous in-
verse elements, enhanced kinematic assumptions, nonlinear extensions,
damage-oriented developments, and hybrid or data-enriched strategies
proposed in the literature; a comprehensive overview of these advances
is beyond the scope of the present work and can be found in the recent
review of Khalid et al. [37]. Owing to these developments, iFEM has
progressively evolved from a promising inverse formulation into a ver-
satile monitoring tool, finding applications in real-time structural mon-
itoring and digital-twin implementation [38,39], in damage detection
and localization [40-42], and in broader data-fusion and population-
based SHM frameworks [43]. At the same time, its applicability has been
demonstrated over a wide range of structural domains, including air-
craft and aerospace structures [44-48], marine and offshore structures
[49-52], and civil infrastructure [53-56].

Despite this broad spectrum of applications, direct iFEM applications
to morphing structures remain comparatively scarce in the open litera-
ture. One example, for instance, is the work of Huang et al., who have
explored shape-sensing strategies for morphing-wing load-bearing struc-
tures, focusing on reducing the number of nodal DOFs and improving
computational efficiency [57]. Against this background, the work of
Biscotti et al. [25] is particularly relevant, as it not only addressed a
morphing application, but also showed that an iFEM-based closed-loop
strategy can successfully drive a morphing trailing edge toward pre-
scribed target configurations even when aerodynamic loading is taken
into account. At the same time, that study highlighted a limitation of
the original load-update law, whose iterative response may exhibit pro-
nounced oscillations and require a large number of iterations to reach
convergence under severe loading conditions.

To address this drawback, the present work proposes an updated
control architecture in which the actuation loads are computed through
a Levenberg-Marquardt-based procedure [58,59]. The update strategy
is introduced with the aim of improving the stability and efficiency
of the closed-loop response while preserving the shape-sensing capa-
bilities of the original iFEM-based framework, and its performance is
demonstrated on the composite morphing trailing edge structure orig-
inally tested by Biscotti et al. [25]. Moreover, to assess the proposed
control scheme on a more challenging benchmark, the study also con-
siders a modular morphing wing architecture inspired by the wind-
tunnel demonstrator developed within the MechaTwing project [11].
This second application extends the investigation from a single morph-
ing trailing-edge structure to a multi-module configuration that is more
representative of realistic morphing-wing layouts. In addition, physi-
cal constraints on sensor placement are taken into account, particularly
the limitations that prevent a fully back-to-back sensor configuration.
Accordingly, the original iFEM-based control scheme is updated to in-
corporate the newly developed SSB-iFEM [35].

The remainder of the paper is organized as follows. Section 2 summa-
rizes the methodological framework, including the iFEM and SSB-iFEM
formulations, the original closed-loop control strategy, and the proposed
Levenberg-Marquardt update. Section 3 describes the two morphing
wing models considered in the study, namely the composite morphing
trailing edge and the modular morphing wing. Section 4 presents and
discusses the numerical results, while the main conclusions are finally
drawn in Section 5.

2. Methodology

This Section provides an overview of the methods employed to de-
velop the iFEM-based control-loop architecture presented in this work,
which represents an update to the original one developed by Biscotti
et al. [25]. In the updated procedure, both the inverse Finite Element
Method (iFEM, [26]) and its new formulation, the Single Sensor Based
iFEM (SSB-iFEM, [35]), are employed. Thus, first, the two formula-
tions are introduced. Subsequently, a brief summary of the original
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Fig. 1. Plate geometry and kinematic variables of the FSDT [46].

control scheme is provided. Lastly, the updated procedure, based on
the Levenberg-Marquardt method [58,59], is described.

2.1. iFEM and SSB-iFEM formulations

This subsection briefly summarizes the original iFEM and its SSB for-
mulation, which form the conceptual and numerical basis of the mor-
phed shape control. Both approaches have been developed for thin plate
and shell structures and are based on the kinematic assumptions of the
First-order Shear Deformation Theory (FSDT) and on a corresponding fi-
nite element discretization. The key difference between iFEM and SSB-
iFEM lies in the definition of the error functional, based on different
analytical and experimental strain data.

2.1.1. Displacements, strains, and strain measures

A plate with thickness 27 is considered, with the thickness coordi-
nate z ranging between z = —¢ (bottom surface) and z = + (top surface).
The reference plane is also the mid-surface and corresponds to the (x, y)
plane, Fig. 1. According to FSDT, the displacement field of the plate is

u(x,y,2) =ulx,y)+ zﬂy(x, y)
uy(x,y,2) = v(x, y) — 20,(x, y) @
uz(x,y,z) = w(x, y)

where u,, u,, and u, are the displacement components along the x, y,
and z-axis, respectively. These components are expressed in terms of the
kinematic variables, u = {u, v, w,0,, 0y}T, namely the in-plane displace-
ments of the mid-surface, u and v, the transverse deflection, w, and the
bending rotations, ¢, and 6, (refer to Fig. 1).

Within the small displacements and small strains regime, strain com-
ponents are computed from Eq. (1) using linear relations

[4

&= 5;: = ”; +z _ay:y
Vxy Uy+0x Oyy = Oix 2
_ _ m(u)
=m(u) + zk(u) = ZEp (z){ k(u) }
_ Vxz - w,x +0 —
=y { T e ®
with
Z ()= zI C))

The in-plane strains €, are expressed in terms of the in-plane strain mea-
sures m and k (membrane strains and bending curvatures, respectively),
and the transverse shear strains y ; correspond to the transverse shear strain
measures, g.
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Fig. 2. Some discrete strain sensors on the top and bottom surfaces of a thin-
walled structure. Experimental in-plane strain measures (m¢ and k¢) are avail-
able only where sensors are attached in a back-to-back configuration [39].

2.1.2. Finite element discretization

The plate structure is subdivided into finite elements and, for each
element, the kinematic variables u are approximated using shape func-
tions, N, and nodal degrees of freedom (DOFs), u,

u = Nu® (5)

Therefore, the strain field (Egs. (2) and (3)) is approximated accordingly

m
g, =m() + zk(u’) =B"u’ + zB*u’ = Z.,(2) [];k]u“ = ng(z)B'""u”

(6)

7, = g(u’®) =Bfu’ )

B™, B¥, B"K and B¢ are matrices of shape-function derivatives obtained
from N. The inverse finite element adopted in the present paper is
the quadrilateral, four-node iQS4, whose details (in particular its shape
functions) can be found in Kefal et al. [60]. A key property of the iQS4 is
the inclusion of the drilling rotation 8, as one of the DOFs (Fig. 1). This
inclusion leads to the availability of the full set of displacements and
rotations as DOFs, and to the possibility to model curved and built-up
structures.

2.1.3. Strain measurements and experimental strain measures

In a standard measurement pattern, some strain sensors are attached
to the external surfaces of a thin-walled structure, at the top (z = +t)
and/or at the bottom (z = —1t), see Fig. 2. At each in-plane discrete loca-
tion, these sensors provide the corresponding top and/or bottom in-plane
strain measurements

€+ €—
Exx Exx
e+ €+ €e— __ €—
et =1y £ =16, 8)
e+ €—
Yy Yxy

where the superscript ¢ denotes the experimental origin of the quantity.
When sensors are arranged in a back-to-back configuration (Fig. 2), the
corresponding experimental in-plane strain measures, m* and k¢, can be
evaluated as

£ 1 €+ €= €—
m® = E(E” +&,7), ) )

kzzi(£e+_£
2t P P

Since transverse shear strains cannot be experimentally measured on

thin-walled structures, the experimental transverse shear strain measures,
g¢, are always unavailable.

2.1.4. iFEM error functional

The iFEM functional for a single inverse element is the weighted sum
of the least-squares errors between each analytical strain measure (m,
k, g) and the corresponding experimental strain measure (m¢, k¢, g*)

D) = 4, - B, () + A - By (u) + A - D, (u) (10)
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A, Ay, and 4, are the vectors of penalty weights, and @, ®;, and @,
are the vectors of individual errors corresponding to the membrane, cur-
vature, and transverse shear strain measures, respectively,

@, =/ [m(u®) — m¢|° da an
A€
@, = (21 / [k(u®) — k] da* (12)
e
@, = / [2u®) — g da® (13)
e

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

The penalty weights 4,,, 4;, and 4, govern the level of compatibility
enforcement between analytical and experimental strain measures. Fur-
thermore, these coefficients allow to account for missing experimental
strain data in an inverse element. Specifically, the penalty weight is as-
signed a value of unity when the corresponding experimental strain mea-
sure is accessible; conversely, in instances where an experimental strain
measure is unavailable, a small value (e.g., 107>) is applied to minimize
the influence of the missing data. Since transverse shear strain measures
g¢ cannot be measured experimentally, they are assumed to be 0; small
values are assigned to the associated penalty weights, 4, = {1075,1073},
and the corresponding least-squares error assumes a simplified defini-
tion

_ e\02 e
@, = y g(u)°2 dA a4

As for the experimental in-plane strain measures, m¢ and k¢, they require
back-to-back sensors (Eq. (9)), thus leading to the condition 4,, = 4,
and to the following cases: tri-axial strain rosettes 4,, =4, = {1,1,1},
no strain sensors at all 4,, = 4, = {107,107, 107>}, linear strain-gauges
along the y—axis 4,, = 4, = {107, 1,107} (and values modified accord-
ingly if linear strain-gauges are measuring only &, or 7, ).

Substituting Eqgs. (6) and (7) into Egs. (11), (12) and (14), and
these into the definition of the element error functional, Eq. (10), and
then minimizing with respect to the element nodal DOFs, u®, yields the
element-level system of linear algebraic equations

00°(u®)

Frran Ku® - =0 = K°u® =f° (15)

where the vector u¢ collects the nodal DOFs of the inverse element; the
coefficient matrix, K¢, depends on the element shape functions and on
the spatial distribution of the available strain measurements, whereas
the right-hand-side vector, f¢, additionally incorporates the correspond-
ing experimental strain values (for the complete definition of the coeffi-
cient matrix, K¢, and of the right-hand-side vector, f¢, refer to Tessler et
al. [26], or Biscotti et al. [35]). The transformation from local element
coordinates to the global structural system, followed by the assembly of
contributions from the whole set of inverse elements, yields the global
algebraic system of equations

KU=F (16)

where U represents the vector of nodal degrees of freedom (DOFs) for the
discretized structure, while K and F are the corresponding global quan-
tities obtained by assembling the element contributions. Accordingly,
K is determined by the inverse finite element discretization and by the
spatial distribution of the sensors, whereas F additionally depends on
the corresponding experimental strain measurements. Thus, no infor-
mation on either the applied loads or the material of the structure is
required to compute its displacements. Furthermore, the computational
efficiency of the solution (once appropriate geometric boundary condi-
tions are imposed) is significantly enhanced by the fact that K does not
change with the strain data. Consequently, even in dynamic analyses
involving time-dependent variations of the strains and, thus, of F, the
inversion of K is required only once [26].
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2.1.5. SSB-iFEM error functional

The SSB-iFEM error functional has a weighted-sum structure similar
to that of iFEM (Eq. (10)), but is based on analytical strains and exper-
imental strain measurements (rather than analytical and experimental
strain measures), in order to circumvent the difficulty or even infeasi-
bility of back-to-back sensor arrangements
W) = AF W) + A W () + 4y - Wy (u) 17
Similarly to iFEM, ).;, i, and 4, are the vectors of penalty weights and

‘I’; , ‘I‘;, and W, are the vectors of individual error functionals

02
+ _ e e+ e
v _/AE [epcrru) —ect]| " aa as)
- e €= 02 e
¥ =/Ae [ep-ru) - 57| "aa 19
v, = / y,(u)°2dA® = / gu®)*?dA° =, (20)
Ae Ae

In addition to playing a role similar to that already discussed for iFEM,
the vectors /1;', 4 are also associated with a range of sensor configu-
rations that is wider for SSB-iFEM than for iFEM. Since a back-to-back
sensor layout is not required, /1; and 4. do not need to coincide. For ex-
ample, if a linear strain gauge in the x—direction is available on the top
surface only, 4; = (107,107,107} and 4} = {1,107%,107%}. Eq. (20)
reveals that the individual error functional ¥, = @, represents a com-
mon term between iFEM and SSB-iFEM; therefore the same penalization
strategy holds for the definition of 4,.

By substituting Egs. (6) and (7) into Egs. (18)—(20), and subsequently
into Eq. (17), the SSB-iFEM error functional can be rewritten in terms
of the nodal DOFs, u®. Performing minimization with respect to u¢, fol-
lowed by the transformation from the element to the structural coor-
dinate system and by the global assembly, yields systems of equations
analogous to Eq. (15) (for the element) and Eq. (16) (for the structure),
but involving a modified definition of the coefficient matrices and of the
right-hand-side vectors (see [26] and [35] for additional details).

The new system of equations maintains all the properties of the iFEM
one, that is, independence from structural loads and material properties,
applicability to static and dynamic cases, and a low computational cost
of the solution procedure. However, it is worth highlighting once more
that the SSB-iFEM allows building such a system of equations on the
basis of single-sided, back-to-back, or hybrid sets of sensor configura-
tions, in turn enabling higher flexibility in the sensor pattern selection
compared to the iFEM.

2.2. Original closed-loop control architecture

This subsection summarizes the original iFEM feedback-based
closed-loop strategy adopted for morphing wing shape control, first pre-
sented by Biscotti et al. [25]. The strategy is implemented at a numerical
level, employing a FE model of the structure to simulate the real mor-
phing wing actuation and deformation. Under the assumption that the
FE data on the displacement of the structure, and thus on its shape, are
unknown to the controller (as the actual shape of the structure would
be in a real application), the iFEM is employed to constantly recon-
struct and monitor the shape of the structure from its strain measure-
ments, enabling the controller to assess whether the target shape has
been achieved and, to this end, compute the required actuation loads.
The control-loop flowchart is reported in Fig. 3.

At the generic iteration (time instant 7), it proceeds as follows:

1. The difference between the target shape, P,,,, and the iFEM recon-
structed shape, P,y (?), is evaluated. This mismatch is used to de-
fine the required displacements, D, @), as

Dreq(t) = Ptgt - PiFEM(t)' 21

as well as the convergence criterion of the iterative process (its ex-
plicit expression depends on the specific application and is provided
subsequently).
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Legend

P, .= Target shape; Pifra= iFEM reconstructed shape;

L= Actuation loads; £rEm= Real strains simulated via FE model;
p= Pressure distribution;  Prgar= Real shape simulated via FE model.
Yes

Pros 1. Does Pire
. converge to
Pg?

Pirem ()

2. Actuation
Loads

S. Inverse
FE Model
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Numerical simulation of the real morphing
wing actuation and deformation

Prewm(t - Ar)

3. Aerodynamic
loads

erem (1)
Prem(t)

4. Unmorphed
FE Model

Fig. 3. Original closed-loop control architecture [25].

2. The computation of the actuation loads follows an influence-
coefficients matrix approach, inspired by the work of Roy et al. [61].
For a given actuation scheme, the matrix of influence coefficients C
relates each load increment to the corresponding displacement vari-
ation,

D(t) = CAL(?). (22)

By enforcing D(f) = D,,,(?) in a least-squares sense, the load incre-
ment is computed as the solution to the problem

. 2
min [Preg® - CALG)| (23)
which yields:
AL®) = (€7C)7'CD,, ), (24)

Consequently, the actuation load vector is updated as follows
L) = L(t — A1) + AL(?) (25)

where L(t — At) represents the actuation load vector computed in the
previous iteration.

3. The effect of external/environmental loads is introduced through a
spanwise-constant aerodynamic pressure distribution, p(z), acting on
the wing surfaces. As in the original application [25], in the ones
considered in this work, p(?) is obtained from XFOIL [62], under the
assumption of laminar flow distribution. The pressure distribution is
computed by feeding XFOIL with the coordinates of the deformed
mid-span cross-section of the wing. The shape data are extracted
from Pz, (t — At), the FEM simulation of the real shape, computed
in the prior control iteration.

4. The actuation loads L(¢) and the aerodynamic pressure distribution
p(¢) are applied to the direct FE model of the unmorphed structure,
yielding the simulated wing deformation Pgp,,(#) and the corre-
sponding surface strains &g, (1).

5. The FEM strains €y, (¢) are used as input to the iFEM analysis to
reconstruct the current shape P, , (1), which is then fed back to the
controller, closing the loop.

2.3. Levenberg-Marquardt control

In the original control scheme, the load increment is computed from
the influence-coefficients matrix, which yields a proportional-control
behavior: at each iteration, the load increment is proportional to the
required displacements (Eq. (24)), that is, to the mismatch between the
iFEM-reconstructed shape and the target shape. To mitigate the conver-
gence and robustness issues that may arise with a purely proportional

update law, a new control-loop architecture based on the Levenberg-
Marquardt algorithm (LM, [58,59]) is introduced (Fig. 4).

This approach improves the robustness of the iterative process by
minimizing a cost function, J,, which, at every iteration (time instant ),
is defined as the squared L2-norm:

‘It = ”Ptgt - PiFEM(l)H2 = ”Dreq(1)”2 (26)

Using the influence matrix C defined in the previous section, the
iterative update for the actuation loads is calculated as:

AL() = (A + AD)7'CTD,,, (1) (27)

where A = CTC, and 1 and I = diag(A) are, respectively, the damping
parameter and the matrix that characterize the LM method [58,59]. Both
A and I' are precomputed to optimize the control-loop efficiency. The
damping parameter is initialized at A = 4, and is adaptively scaled by
a factor, based on the evolution of the cost function J,. If J, decreases,
4 is divided by a down-scaling factor, 4,,. In the limit where 4 — 0,
the update step simplifies to the least-squares solution of the original
control scheme, Eq. (24), which provides quadratic convergence near
the local minimum. Conversely, when the cost function increases, 1 is
multiplied by an up-scaling factor, 4, , to shift toward a gradient descent
behavior. In the limit where 4 — oo, the step direction aligns with the
steepest descent:

AL(Y) ~ %I‘"CTDW(I) (28)

From a control perspective, the adaptive damping parameter 4 is the
main component governing the robustness of the LM update. When the
cost function does not decrease, the increase in A regularizes the matrix
A = CTC and reduces the magnitude of the subsequent load increment.
Since each column of the influence-coefficients matrix C describes the
displacement variation produced by a unit increment of the correspond-
ing actuation load, the diagonal terms of T = diag(CT C) quantify the
magnitude of these individual effects. The matrix I' therefore weights the
regularization of each load component in proportion to its predicted in-
fluence on the monitored displacements, rather than applying the same
absolute damping to all components. In this sense, 4 acts as an adap-
tive damping term in the load-update space: it promotes more conser-
vative corrections after an unsuccessful iteration, whereas its reduction
following a decrease in J, progressively restores the faster least-squares
behavior of the original scheme.

3. Morphing wing models

In addition to the updated control procedure, a new modular morph-
ing wing model is tested in this work. This Section provides a detailed
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Numerical simulation of the real morphing
wing actuation and deformation
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Fig. 4. New closed-loop control architecture with Levenberg-Marquardt update subsystem.

Thin-walled aluminum
leading edge

Soft Roachell foam core

Epoxy resin skin
trailing edge

Fig. 5. Composite morphing trailing edge [25].

description of the new morphing architecture. Additionally, as the new
control procedure is also tested on the composite morphing trailing edge
originally tested in [25], a brief summary of the original model is also
included.

3.1. Composite morphing trailing edge

This subsection briefly recalls the composite morphing trailing-edge
benchmark introduced in Biscotti et al. [25], which is retained un-
changed to isolate the effects of the updated control strategy. The mor-
phing capability is confined to the trailing edge and is employed to mod-
ify its camber. The reference 3D configuration is shown in Fig. 5.

The wing section is based on a NACA 6516 profile. The leading-
edge portion, made of aluminum, thin-walled structures, is treated as
infinitely rigid with respect to the compliant trailing edge. The latter
consists of an epoxy-resin skin supported by a soft foam core. Material
properties and thickness data are reported in [25].

3.1.1. Numerical models

The direct and inverse models adopted within the closed-loop proce-
dure are presented in Fig. 6. Only the trailing-edge portion is modeled,
while the interface with the rigid leading edge is represented through
clamped boundary conditions applied at the front end of the trailing
edge.

The direct FE model is developed in MSC/PATRAN and MSC/NAS-
TRAN. The skin is discretized using QUAD4 shell elements and the core
is modeled using HEX8 solid elements. In the present work, the trail-
ing edge is actuated through a set of sparse transverse concentrated
forces, acting along the global Y direction and distributed along both

P, 522,
o G
52T
B TS 2 S
S T
kf\{%% 0 Ve /\\(\\\
TR
R

Fig. 6. Trailing-edge FE model and sparse transverse concentrated-forces actu-
ation scheme [25].

chord-wise and span-wise directions (Fig. 6). This actuation scheme is
retained from [25] as a simplified representation of the structural ac-
tion that may be transmitted by a real internal actuation mechanism
[63,64]. It is intended to assess the closed-loop control strategy rather
than to reproduce or size a specific actuator architecture; the physical
interpretation and limitations of this idealization were discussed in the
original study.

The iFEM discretization involves only the skin and adopts iQS4 in-
verse quadrilateral elements [60]. The iFEM mesh coincides with the
2D FEM mesh of the skin (Fig. 6), thus enabling a direct transfer of
strain data from the FEM simulation to the iFEM reconstruction. In par-
ticular, it is assumed that a fully back-to-back configuration of strain
rosettes, placed at the centroid of each of the elements of the iFEM mesh,
is available. Consequently, all the in-plane, tri-axial strains on the top
and bottom surfaces at the skin-element centroids are taken as known,
consistently with [25].

3.1.2. Target shape and convergence metric
The target configuration is prescribed by modifying the camber line
through a parabolic profile,

Yo (X) = Y0 — k(X = X,,)%, (29)

where Y, enforces continuity with the unmorphed portion of the wing
and X,, = 0.55 defines the front boundary of the morphing trailing edge.
In this work, as in [25], the target shape is generated using k = 0.4
(Fig. 7).

The effect of the weighting strategy becomes evident when the final
iFEM reconstructions of Fig. 20 are compared with the corresponding
unweighted noisy cases.
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Fig. 8. Modular morphing wing architecture (dimensions are expressed in me-
ters).

Since the deformation associated with camber morphing is pre-
dominantly transverse (global Y direction), convergence is monitored
through a transverse relative least-squares metric. To compare the iFEM
reconstructed shape with the target shape on a consistent set of coor-
dinates, the target shape is mapped onto the chord-wise coordinates of
the iFEM reconstruction via spline interpolation:

Y = f(X),

f = spline(X,. Yyq0), (30)
Y5, = [ Kippa).

where (X, Y,,,) define the target shape and X, gy, contains the chord-

wise coordinates of the nodes of the iFEM reconstructed shape. By se-
lecting the proper sets of skin nodes, the transverse relative least squares
error is computed for both the upper and lower skin of the morphing
trailing edge as

) . 2
L (0 =Ygy )

N max ( (ngt )2>

where N, represents the total number of nodes of the upper (or lower)
skin and the superscript j is used to represent the jth node of the FE
discretization (for instance, Y/F EM is the transverse coordinate of the
jth node of the iFEM reconstruction).

errpy(t) = (31)

3.2. Modular morphing wing

This subsection presents the new morphing wing considered in this
work. The new wing adopts a modular architecture and is shown in
Fig. 8, where dimensions are also provided.
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The structure consists of six span-wise modules: two central mod-
ules (3 and 4) with a width of 0.15 m, and two end modules on each
side with a width of 0.10 m (1, 2, 5, and 6). All modules share the same
airfoil profile, namely the FX66-S196-V1. The adoption of both the se-
lected profile and the modular layout is consistent with the morphing
prototypes and the wind-tunnel demonstrator investigated within the
WP4 of the MechaTwing Project [11]. Each module comprises a rigid
front structure connected to a morphing trailing-edge section. The tran-
sition point between the rigid and the morphing section, shown in Fig. 8
as X,,, is placed at 40% of the chord length. The morphing concept and
the actuation system are identical for all modules and are derived from
the design proposed by Ameduri et al. [15]. In particular, the morph-
ing trailing edge employs variable-thickness upper and lower skins con-
nected by a vertical web. The upper skin is fixed at the front interface
with the rigid structure, whereas the lower skin is linked to the actua-
tion mechanism and slides on dedicated guides. This choice maintains a
smooth upper surface, mitigates instability risks on the lower skin, and
simplifies integration and maintenance. Actuation is achieved through
an electromechanical system based on a ball-screw, combined with a
linear guide and a mechanical transmission.

3.2.1. Finite element model

The FE model of a representative module (module 1) is shown in
Fig. 9.

The model includes only the morphing trailing-edge portion and is
built using QUAD4 shell elements, with an average global edge length
of approximately 0.02 m. The modeling choices adopted for this mod-
ule are replicated for all modules, and, as a simplifying assumption, the
modules are treated as structurally independent, i.e., no constraints are
imposed at the interfaces between adjacent modules. This assumption
is consistent with modular morphing trailing-edge concepts in which
neighboring modules are connected through highly compliant intermod-
ular elements, such as flexible elastomeric skins or passive stretchable
sections, designed to preserve surface continuity while limiting the me-
chanical coupling between adjacent active modules [22,65,66]. Accord-
ingly, the structural interactions transferred through the interfaces are
expected to be limited and are neglected in the present module-level FE
model.

Consistently with [15], the front region of the upper skin is modeled
as clamped. For the lower skin, the front region is constrained only along
the Y, and Z, directions of the local reference system shown in Fig. 9 at
the front interface of the lower skin. The actuation system is reproduced
by prescribing a local displacement along the X, direction of the same
reference system, thus emulating the pulling action transmitted by the
electromechanical mechanism.

Fig. 9 also highlights the thickness distribution of the morphing com-
ponents: the front region of the skin (black) has a thickness of 2.84 mm,
which reduces in the rear region (blue) to 2.12 mm, while the vertical
web (yellow) has a thickness of 2.74 mm.

3.2.2. iFE model and sensor layout

For the modular wing, the inverse model is built consistently with
the structural discretization introduced in Section 3.2.1. In particular,
the iFEM mesh coincides with the module-level FEM mesh and employs
iQS4 inverse shell elements.

Within WP4 of the MechaTwing Project, the available sensing tech-
nology is based on Fibre Bragg Gratings (FBGs). Thus, a set of hybrid
sensor configurations adopting uniaxial strain measurements is exam-
ined through an optimization process. Because the adopted actuation
mechanism forces the lower skin of the morphing trailing edge to slide
inside the rigid front part of the wing, the optimizations are performed
under the constraint that no sensor can be placed on the external surface
of the wing’s lower skin. Under this constraint, the optimization space
comprises all possible combinations of sensor lines among 15 chord-
wise locations for the smaller modules (10 back-to-back on the upper
skin and 5 single-sided on the lower skin) and 18 chord-wise locations
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Fig. 10. Optimized hybrid back-to-back and single-sided FBG sensor layout:
four chord-wise fibre lines per module.

for the larger modules (12 back-to-back on the upper skin and 6 single-
sided on the lower skin). The resulting optimized sensor layout, obtained
as a trade-off between the number of sensor lines and reconstruction ac-
curacy, consists of four chord-wise FBG lines, two back-to-back on the
upper skin and two single-sided on the inner surface of the lower skin.
The optimized configurations are shown in Fig. 10: Fig. 10a refers to
the central modules (3 and 4), while Fig. 10b refers to the outer ones
(1, 2, 5 and 6). Since both back-to-back and single-sided strain data are
available, shape reconstruction is performed via the Single Sensor Based
formulation of iFEM (SSB-iFEM), previously introduced in Section 2.1.5.

The reconstruction performance of the optimized layouts is quan-
tified through the global root-mean-square error of the transverse
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Fig. 11. Empirical probability-density functions of the global SSB-iFEM recon-
struction error for a 10% strain-noise level.

displacement component,

Ny

. . 2
J J

z; (UY,ref - UY,iFEM)

RMSE;, = 100, | — 2 —, (32)

N" max (UY,ref)

is the FEM trans-

ref
verse displacement at the jth node, and U{;J FEM IS the corresponding
displacement reconstructed through iFEM or SSB-iFEM. The metric is
evaluated for the unit actuation load used in the sensor-layout optimiza-
tion.

To provide a direct comparison with conventional iFEM, the opti-
mized hybrid layouts were converted into fully back-to-back configu-
rations by adding two physical FBG lines per module on the external
surface of the lower skin. This additional sensorization allows the mem-
brane and bending strain measures required by standard iFEM to be
evaluated at all four optimized chord-wise locations. However, it does
not satisfy the installation constraint imposed by the sliding motion of
the lower skin. As reported in Table 1, the fully back-to-back configu-

where N, is the number of nodes of the module, U{;
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rations produce RMSE;, values of 2.23% for module 3 and 1.23% for
module 1, compared with 8.80% and 8.13%, respectively, for the opti-
mized hybrid SSB-iFEM layouts. Thus, the additional strain information
provided by the fully back-to-back configuration improves the recon-
struction accuracy, as expected. Nevertheless, the SSB-iFEM layout re-
tains an error below 9% while requiring two fewer physical sensing lines
per module and, most importantly, satisfying the actual installation con-
straints. The selected hybrid configuration therefore entails a moderate
and practically acceptable loss of reconstruction accuracy in exchange
for a physically feasible and less redundant sensor layout.

The robustness of iFEM-based shape reconstruction against mea-
surement noise has previously been investigated for different struc-
tures, sensor arrangements, and uncertainty-propagation procedures
[29,32,60]. To assess this aspect for the optimized layouts adopted here,
an uncertainty-propagation analysis was performed using 1000 Latin Hy-
percube samples. An independent zero-mean Gaussian perturbation was
applied to every active strain measurement, with a standard deviation
equal to either 5% or 10% of the absolute nominal strain value. For
the noisy cases, Table 1 reports the mean and standard deviation of
RMSEy, , together with its coefficient of variation.

The empirical probability-density distributions obtained for the more
conservative 10% noise level are shown in Fig. 11.

The distributions remain concentrated around the corresponding
noise-free values. In particular, the mean errors increase by less than
1% for all the modules, while the standard deviations remain equal to
0.6%. Measurement noise therefore mainly increases the dispersion of
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Fig. 14. Control scheme comparison, V' = 0 m/s: history of err,y (t).

the reconstruction error, without introducing a substantial bias or alter-
ing the overall accuracy of the optimized shape-feedback layouts.

3.2.3. Target shapes and convergence metric

For the modular wing application, the procedure adopted for the
composite trailing edge to define the target shapes (Section 3.1.2) can-
not be applied directly, since analytical equations for the FX66-S196-
V1 airfoil geometry are not available. In the context of the WP4 of the
MechaTwing project, however, the morphing system is intended to re-
place a conventional hinged flap. Thus, the target shapes are defined so
as to reproduce the geometry of a hinged-flap configuration.

Target airfoil coordinates are generated using XFOIL [62] by pre-
scribing, for each module, a flap deflection angle § and setting the hinge
location at 60% of the chord. Two target configurations are considered
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Table 1
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Shape-feedback reconstruction accuracy obtained with the optimized sensor layouts under noise-free and noisy

strain inputs.

Central modules (Module 3-4)

Outer modules (Module 1-2-5-6)

Formulation and sensor layout ~ Noise level [%] RMSE, [%] CoV [%] RMSE, [%] CoV [%]
iFEM, fully back-to-back 0 2.23 - 1.23 -
SSB-iFEM, optimized hybrid 0 8.80 - 8.13 -
SSB-iFEM, optimized hybrid 5 8.85+0.28 3.18 8.19+0.29 3.51
SSB-iFEM, optimized hybrid 10 9.02 +0.61 6.81 8.37+£0.62 7.45
. Lo—tpperstin | Once the target profiles have been defined, convergence is assessed
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Fig. 15. Control scheme comparison, ¥ = 300 m/s: history of err,y ().

in this work, namely a small-deflection and a large-deflection case. For
the small-deflection target, moving along the positive Z-direction (i.e.,
from module 1 to 6 in Fig. 8), the following set of deflection angles is
prescribed:

B =10.32,1.93,4.24,4.24,1.93,0.32]° (33)

This sequence produces a step-wise discretization of a 1-cosine shape
across the morphing modules, and it is shown in Fig. 12, where a scale
factor (SF) of 5 is employed to magnify the morphing trailing edge de-
flections.

The large-deflection target, on the other hand, is defined by the fol-
lowing random set of flap deflection angles:

B =110,7.5,5,8,11,6]° (€D)]

which yields the configuration reported in Fig. 13, where, as for the
previous target shape, a scale factor of 5 is applied to better visualize
the morphed target shape.

Both target shapes of Figs. 12 and 13 are also colored to display the
target displacement values, that is, the displacement values required to
achieve the target shape starting from the unmorphed configuration. In
particular, for the jth node of the FE discretization, the color-maps show
the displacement magnitude in the XY plane, computed as

. . 2 . 2
J — J J
Umag,tgt - \/(UX ,tgt) + (UY,rgr)

(35)

10

at module-level by measuring the distance between a set of points on
the current module shape and the corresponding target airfoil contour.
The procedure is outlined below for a representative module and is then
applied independently to each module of the wing.

Let (X,g, Y,,,) denote the discrete points describing the target air-
foil curve of the module under consideration, generated through XFOIL
[62], as explained in the previous subsection, and let (X;rgars Yirem)
denote the points of the module’s current shape, reconstructed via the
iFEM at a given iteration. Unlike the composite trailing-edge case (Sec-
tion 3.1.2), analytical equations for the target airfoil geometry are not
available in the present application. Therefore, the target airfoil contour
is represented as a continuous parametric curve obtained from the dis-
crete target points by introducing a normalized cumulative arc-length
parametrization and fitting two cubic splines, one for the X coordinate
and one for the Y coordinate. To this end, the target points are first or-
dered along the contour and associated with the normalized cumulative
arc-length parameters

i-1
i 1 k+1 k)’ ke _yk ) ;
s;g,=§2\/(x,gj Sxb ) (Y -YE) L i=l M. (36)
k=1
where the total arc length, .S, is given by
M-l 2 2
_ k+1 k k+1 k
§= Z \/(thJtr _tht> + (Ytg:r _Ytgr> N (37)
k=1

and the superscripts i and k denote the points of the XFOIL discretization
of the target airfoil (so as to distinguish them from the superscript j
adopted for the FE discretization), and M is the total number of target
airfoil points.

In analogy with the procedure adopted for the composite trailing
edge, the spline interpolation of the target profile is written as

X = fx(s), Y = [y,
fx = spline(syg;, X, ), Sy = spline(s;g. Y g0),
X}, (0) = fx(o), Y, (1) = fy(o),

gt gt

with 7 € [0, 1] being the continuous curve parameter used to evaluate
the spline-interpolated X and Y coordinates, X and Yo

This evaluation is instrumental as, for each point X/ppr Yrem)

of the current reconstructed shape, it allows to assess and compute the

minimum distance to the target curve (X ;‘g[(r), Y,;(T)) as a solution of

the following problem:

V(X5 ®) = Xl )+ (Y0 = Vi)

In practice, the minimization in Eq. (39) is approximated by sampling
the interpolated curve on a sufficiently dense set of = values and select-
ing the minimum Euclidean distance, d;.

Once the complete set of minimum-distance values between the tar-
get curve and each of the iFEM nodes has been obtained, the module-
level convergence indicator at iteration ¢ is finally computed through
the following expression

(38)

d; = min : 39

7 g0,

(40)
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where the superscript m is used to refer to the mth module, and N} is
the number of iFEM nodes considered for the module. The root-mean-
square error metric defined by Eq. (40) represents the average distance
between the target shape and the iFEM-reconstructed shape, and it is
measured in mm. Convergence of the modular wing is achieved when
err'(1) falls below a prescribed threshold for each module.

4. Results
4.1. Composite morphing trailing edge

This subsection presents a numerical comparison between the origi-
nal control strategy and the new LM-based one for the composite mor-
phing trailing-edge structure. For the LM control scheme, the damping
parameter is initially set to A, = 1 x 1073, while the down-scaling and
up-scaling factors are chosen as 4, = 1.2 and 4, = 10, respectively. To
evaluate the performance of the updated control-loop architecture, a
target shape defined by k=0.4 is employed. The numerical assessment

11

is conducted, as anticipated in Section 2.2, by introducing the aero-
dynamic pressure distribution, p, as an external unknown load on the
structure. A parametric analysis is performed, representing the pressure
distribution as a function of the relative airstream velocity, V, as

p= %szcp (41)
where p = 1.225 kg/m? is the air density and ¢, is the vector of pres-
sure coefficients obtained from XFOIL.

Fig. 14 illustrates the convergence behavior for the static case (' =0
m/s). In the absence of aerodynamic loads, both the original control
scheme (Fig. 14a) and the LM-based architecture (Fig. 14b) rapidly con-
verge to the target shape, with the latter requiring just a few additional
iterations. Moreover, both approaches achieve the same final error, ap-
proximately 1% for the upper skin and 5% for the lower skin.

The advantages of the LM implementation become evident under
high aerodynamic loading. The case where V =300 m/s is therefore
selected for the analysis. It should be noted that this case falls outside
the optimal high-fidelity range of XFOIL and is not intended to repre-
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sent a realistic flight condition. This value is deliberately adopted as
a numerical stress test, since it generates a sufficiently severe aerody-
namic disturbance to highlight the oscillatory behavior of the original
control scheme and to assess the robustness of the LM update. As shown
in Fig. 15, in fact, while the original control scheme (Fig. 15a) exhibits
significant oscillations during the iterative process, converging toward
the target shape only after many iterations, the proposed LM method
(Fig. 15b) maintains high stability. By adaptively tuning the damping
parameter, the LM algorithm suppresses these oscillations and converges
to the target solution in only a few iterations, maintaining a final error
value of around 1% for the upper skin and 5% for the lower skin.

The physical origin of this improvement can be related to the in-
teraction between the fixed influence-coefficients matrix and the aero-
dynamic response updated during the closed-loop iterations. The ma-
trix C is computed once and remains unchanged throughout the control
process, whereas the aerodynamic pressure is recalculated at every iter-
ation from the current deformed airfoil profile. Consequently, especially
at high airspeeds, the effective relation between an actuation-load incre-

12
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ment and the resulting wing shape depends on the current aerodynamic
state and may not be fully represented by the fixed linear mapping pro-
vided by C. The original controller applies the complete least-squares
correction predicted by this mapping, which can therefore become ex-
cessively aggressive and produce successive overcorrections. In the LM
scheme, an unsuccessful correction causes 4 to increase, attenuating the
subsequent load increment and interrupting the oscillatory sequence.
Once the cost function decreases, 4 is progressively reduced, allowing
the update to recover the faster least-squares behavior.

4.2. Modular morphing wing

As anticipated in Section 2.2, and consistently with the results dis-
cussed for the composite morphing trailing edge, the numerical assess-
ment of the modular wing is carried out by considering different inten-
sities of the aerodynamic pressure distribution. For each module, the
pressure field is evaluated with respect to a reference airfoil section and
is then assumed to be constant along the module span. Its intensity is
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Fig. 18. Original control scheme, V = 0 m/s: final iFEM reconstructed shapes; sU},

regulated through the relative airspeed with respect to the external flow,
in full analogy with the procedure adopted for the previous subsection
(Eq. (41)).

The assessment is organized into four steps, addressing the base-
line control response and its robustness to strain-measurement noise,
a weighted refinement of the load-update procedure aimed at improv-
ing local shape tracking, the influence of aerodynamic disturbances, and
the extension to the LM-based controller.

4.2.1. Baseline control response and noise robustness

The first set of results is obtained by considering the original control
scheme and neglecting aerodynamic loads, i.e., by setting V' =0 m/s.
Both the 1-cosine target shape and the large-deflection target shape in-
troduced in Section 3.2.3 are considered. The results are presented in
terms of the module-level convergence metric err’)(#) (Fig. 16), together
with the final iFEM reconstructions of the deformed structure (Fig. 17).
In the latter plots, the reconstructed shape at the last control iteration
is colored according to the signed nodal relative error between the tar-
get displacement magnitude, defined in Eq. (35), and the corresponding
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iFEM value. For the jth node, such an error is defined as

L A——
; mag,iFEM mag.,tgt
5U'/nag =100 42)
max (Upgg 1)

To assess the robustness of the complete control architecture against
strain-measurement uncertainty, 1000 closed-loop simulations were gen-
erated through Latin Hypercube Sampling. At each control iteration,
an independent zero-mean Gaussian perturbation was applied to ev-
ery strain measurement, with a standard deviation equal to 10% of the
corresponding absolute nominal strain value. Fig. 16 reports the noise-
free, the median err} histories obtained from the noisy simulations, and
the corresponding pointwise 1st-99th percentile intervals. The noise-free
histories of err!} reported in Fig. 16 show that, for both target configu-
rations, the original controller is able to drive all modules toward the
desired shape. At the final control iteration, the maximum error among
the upper and lower surfaces of all modules is approximately 0.73 mm
for the 1-cosine case, against a maximum target displacement of 7.53 mm
(Fig. 12), and 1.76 mm for the large-deflection case, against a maximum
target displacement of 19.24 mm (Fig. 13). These results are corrobo-
rated by the noise-free colored reconstructions in Figs. 17a and 17b,
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Fig. 19. Original control scheme with weighting matrix, V' = 0 m/s: noise-free and noisy histories of err) (¢).

which show signed nodal relative errors ranging approximately from
+12.6% to —15.0% for the 1-cosine target and from +12.6% to —8.5% for
the large-deflection target.

The Monte Carlo results show that measurement noise produces only
a limited modification of the convergence behavior. The noisy median
error trends remain close to the corresponding noise-free responses,
while the uncertainty bands do not indicate any loss of closed-loop sta-
bility. At the final iteration, the maximum 99th-percentile error remains
below approximately 0.93 mm for the 1-cosine target and 2.4 mm for the
large-deflection target. The representative noisy reconstructions shown
in Figs. 18a and 18b exhibit error ranges of approximately +14.12% to
—21.54% and +13.91% to —13.46%, respectively. Therefore, although the
strain perturbations increase the dispersion of the reconstruction and
the local nodal discrepancies, they do not substantially alter the conver-
gence of the control procedure or its capability to reproduce either target
configuration. As the closed-loop response remains robust even under a
substantial strain-noise level, the subsequent analyses are discussed by
adopting the conservative 10% noise condition, while the corresponding
noise-free trends are retained in the convergence plots as references.

4.2.2. Weighted load-update strategy
When the color-maps are compared with the target-displacement
fields of Figs. 12 and 13, it emerges that, in both noise-free and noisy
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conditions, the highest positive errors are mainly located in regions
where the prescribed displacement is small and therefore correspond to
limited absolute discrepancies. Conversely, the largest negative errors
localize at the trailing-edge tip, where the target displacement reaches
its maximum. This indicates that the most critical mismatch produced by
the control scheme is associated with an underestimation of the target
deformation in the most demanding portion of the morphing region.
To specifically improve the shape-matching capability in this critical
region, the weighted least-squares strategy proposed by Roy et al. [61]
is introduced. In particular, the functional used to compute the load
increments from the influence-coefficients matrix is modified as

”Wl/Z(Dreq(t) - CAL(®)) ”2

min (43)
AL(r)

introducing W, the diagonal matrix of weighting coefficients. This ma-
trix is built so as to assign a specific weight value to each node of the
iFEM mesh: 1 for the nodes where a strong correlation between the tar-
get and reconstructed shape is desired, and 10~2 where a weaker en-
forcement is allowed. Thus, in the present application, the coefficients
associated with the trailing-edge nodes are set to 1, while the remaining
coefficients are assigned the value 10~2. The solution of the weighted

least-squares problem yields

AL() = (CTWC) ™' CTWD,,, (). (44)
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(b) Large-deflection target shape.

Fig. 20. Original control scheme with weighting matrix, ¥ = 0 m/s: final iFEM reconstructed shapes with sU,

By adopting Eq. (44), the two cases are re-analyzed under the same
10% strain-noise condition. The corresponding trends of err’}, shown in
Fig. 19, remain close to those obtained without weighting. At the final
control iteration, the maximum 99th-percentile errors are approximately
1.06 mm for the 1-cosine target and 2.68 mm for the large-deflection
target, whereas the corresponding noise-free values are approximately
0.75 mm and 1.87 mm. Thus, the weighting coefficients produce only a
modest increase in the global convergence metric while redistributing
the control accuracy toward the most relevant trailing-edge region.

While the positive side of the signed relative error remains of the
same order as in the unweighted noisy cases, a marked reduction is
observed for the negative values in the trailing-edge tip region. More
specifically, the error ranges become approximately +15.72% to —7.73%
for the 1-cosine target and +15.55% to —7.73% for the large-deflection
target. By comparison, the corresponding unweighted noisy ranges were
+14.12% to —21.54% and +13.91% to —13.46%, respectively. Therefore,
the introduction of the weighting coefficients leaves the highest pos-
itive errors almost unchanged, but substantially improves the control
of the tip region by reducing the negative errors where the required
displacement is maximum. As in the previous case, the largest positive
values remain associated with regions of relatively small prescribed dis-
placement and therefore correspond to limited absolute discrepancies.
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¢ color-map; 10% strain noise.

Conversely, the reduction of the tip error results in a significant im-
provement in convergence toward the target deflection.

This interpretation is corroborated by the corresponding FEM de-
formed shapes at the last control iteration, reported in Fig. 21 and
colored with the FEM nodal displacement magnitude in the XY plane,
Urjnag,F EM*

When these results are compared with the target configurations of
Figs. 12 and 13, it is evident that the final deformed shapes remain close
to the prescribed ones even when the feedback strains are affected by
substantial noise. This confirms that the weighting strategy effectively
increases the control authority over the critical tip region while pre-
serving the overall convergence properties and noise robustness of the
original scheme. Here, it is worth recalling that the FE model simulates
the real morphing structure. Accordingly, the FE results of Fig. 21 are
considered unknown during the closed-loop iterations, since the struc-
tural shape is reconstructed only through the iFEM. The FE results are
reported here solely to demonstrate that the accuracy of the iFEM-based
reconstruction is sufficient to control the morphing shape without di-
rectly measuring it.

4.2.3. Influence of aerodynamic disturbances

To account for the presence of an external disturbance, two addi-

tional airspeed levels are considered, namely ¥V = 50 m/s and V = 100



V. Biscotti, D. Blaha, M. Riigi¢ka et al.

8.0523

7.1576

6.2629

5.3682

4.4735

h 3.5788

pem [Mm]

ma,

Ui

2.6841

1.7894

0.8947

Aerospace Science and Technology 180 (2027) 113670

(a) 1-cosine target shape.

19.6228

17.4425

15.2622

13.0819

10.9015

aerpy M)

ma

8.7212

i

6.5409

4.3606

2.1803

(b) Large-deflection target shape.

Fig. 21. Original control scheme with weighting matrix, V = 0 m/s: final FEM deformed shapes with U’

m/s. The former is selected because it corresponds to the operating
speed envisaged for the tests planned within WP4 of the MechaTwing
project, whereas the latter is considered as an extreme operating con-
dition. The weighted formulation of Eq. (44) and the conservative 10%
strain-noise level are adopted for both cases. For brevity, only the results
associated with the 1-cosine target shape are reported, as analogous con-
siderations can be drawn for the large-deflection case.

The results obtained for both V' = 50 m/s and V' = 100 m/s, reported
in Figs. 22 and 23, show that the control procedure still reaches the pre-
scribed configuration. The maximum final 99th-percentile values of err!}
remain close to 1.05 mm for both airspeeds and are therefore practically
identical to those obtained in the corresponding undisturbed noisy case.

Likewise, the increase in aerodynamic disturbance does not produce
appreciable variations in the signed nodal relative error shown by the
corresponding final iFEM reconstructions.

The signed relative-error ranges are approximately +15.56% to
—7.10% for V = 50 m/s and +15.82% to —7.90% for V = 100 m/s, which
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closely match the values obtained for the weighted undisturbed case. A
plausible explanation is that the modular structure considered here is
significantly stiffer than the composite morphing trailing edge analyzed
in the previous subsection. As a consequence, the aerodynamic forces
associated with the selected airspeeds have a much smaller influence
on the structural response than the actuation loads required to morph
the wing. The same conclusion therefore remains valid when substantial
uncertainty affects the strain feedback.

4.2.4. Extension to the LM-based controller

Since no significant oscillatory behavior is observed in the modular-
wing case, the original controller already proves sufficient to drive the
structure toward the target configuration. Nevertheless, the Levenberg-
Marquardt scheme is also tested in order to verify that the updated con-
trol framework can be naturally extended to the present configuration
and to the weighted formulation introduced above. By defining
A=CTwc,

T =diag(A), (45)
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Fig. 22. Original control scheme with matrix of weighting coefficients, 1-cosine target shape: noise-free and noisy histories of err”; (7).

the LM update assumes the form

AL(®) = (A + AD)"'CTWD,,, (1), (46)

which is here applied to the V' = 100 m/s, 1-cosine case, selecting the
same LM parameters of the composite trailing edge application, that is
Ay =1x1073, 4y, = 1.2, and A,, = 10, respectively.

The corresponding results, shown in Fig. 24, indicate that the LM-
based scheme does not introduce appreciable modifications either in
the trend of err) or in the final values of the signed nodal rela-
tive error.The maximum final 99th-percentile value of err!) is approx-
imately 1.02 mm, compared with a noise-free value of approximately
0.78 mm.

The representative noisy reconstruction exhibits a signed nodal
relative-error range of approximately +13.96% to —7.10%, which is fully
consistent with the results obtained using the original weighted con-
troller. This confirms that the proposed update strategy can be seam-
lessly adapted to the modular-wing configuration, to the weighted
least-squares formulation, and to uncertain strain feedback, with-
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out altering the convergence characteristics when the external dis-
turbance is not strong enough to trigger oscillatory behavior. At
the same time, the LM framework preserves the additional robust-
ness that becomes beneficial in the presence of more severe distur-
bances, as already shown for the composite morphing trailing-edge
benchmark.

4.3. Computational cost assessment

The real-time capability of iFEM-based shape sensing has been exten-
sively discussed in the literature [37] and, for SSB-iFEM, experimentally
demonstrated under dynamic wind-tunnel conditions [39]. To comple-
ment these previous findings and assess the computational requirements
of the proposed control architecture, the execution times of the differ-
ent operations were measured for the final modular-wing case, involving
the weighted LM controller, the 1-cosine target shape, and an airspeed
of V' =100 m/s.
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Fig. 23. Original control scheme with matrix of weighting coefficients, 1-cosine target shape: final iFEM reconstructed shapes with 5U,

noise.

As highlighted by the dashed orange box in Fig. 4, the aerodynamic-
load evaluation and the direct FE analysis constitute the numerical simu-
lation of the real morphing-wing actuation and deformation. These op-
erations replace the physical response of the wing in the present nu-
merical framework and would therefore not be performed by the con-
troller in an actual implementation. Their execution times are reported
separately for completeness and are not included in the computational
cost of the online monitoring and control procedure. Conversely, the
inverse FE analysis, the LM Update Subsystem, and the evaluation of
the convergence criterion represent operations that would be performed
online.

The analyses were performed on an ASUS TUF Dash F15 FX517ZC
laptop equipped with a 10-core Intel Core i7-12650H processor
(2.30GHz), 16 GB of RAM, and a 64-bit Windows 11 Home operat-
ing system. The control procedure was executed serially using MATLAB
R2025a. The values reported in Table 2 correspond to the average exe-
cution times measured over the control iterations.

As expected, the largest computational contribution is associated
with the numerical evaluation of the aerodynamic loads. However, this
operation, together with the structural FE response, belongs to the nu-
merical simulation of the physical wing and does not represent an online
control cost. The actual closed-loop monitoring and control operations
require an average total time of 19.90 ms. In particular, the SSB-iIFEM
reconstruction and the complete LM Update Subsystem require only
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g color-map; 10% strain

Table 2
Average computational times of the operations involved in the LM-based
modular-wing control analysis.

Operation Mean computational time [ms]

Numerical simulation of the real morphing-wing actuation and deformation

Structural FE response 1.68
Aerodynamic loads 143.95
Subtotal 145.63

Closed-loop monitoring and control operations

Inverse FE Model 0.32
LM Update Subsystem 0.18
Error evaluation and convergence check ~ 19.39
Subtotal 19.90

0.32 ms and 0.18 ms, respectively, corresponding to a combined exe-
cution time of approximately 0.50 ms. These results confirm the low
computational burden of the two core algorithmic components and in-
dicate that the proposed framework is compatible with real-time control
implementation.
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Fig. 24. LM control scheme with matrix of weighting coefficients, ¥ = 100 m/s, 1-cosine target shape; 10% strain-noise.

5. Conclusions

In morphing-wing applications, the possibility of achieving and
maintaining a prescribed aerodynamic shape depends not only on the
actuation system, but also on the capability to monitor the actual de-
formed configuration of the structure during operation. In this context,
the inverse Finite Element Method (iFEM) plays a central role, since
it enables the reconstruction of the global deformed shape from strain
measurements, without requiring prior knowledge of the applied loads
or material properties.

On this basis, Biscotti et al. proposed an iFEM-based closed-loop ar-
chitecture for morphing-wing shape control, in which shape sensing is
directly integrated into the control-loop [25]. The present work updates
that control framework by introducing a new load computation strategy
based on the Levenberg-Marquardt method (LM), and assesses its per-
formance on two different benchmarks, namely the composite morphing
trailing edge previously introduced in [25] and a new modular morph-
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ing wing configuration representative of the WP4 activities within the
MechaTwing project.

The study showed that the proposed LM method improves the robust-
ness of the original control strategy under severe aerodynamic loading,
mitigating the oscillatory behavior observed in the composite morphing
trailing edge while preserving accurate convergence to the prescribed
target shape.

For the modular wing, the results also demonstrated the compati-
bility of the control architecture with the newly developed SSB-iFEM
formulation, which enabled a hybrid back-to-back and single-sided op-
timized strain sensor configuration on the structure. Additionally, a
weighted least-squares load-update scheme was tested, which enabled
accurate reconstruction and control of the target configurations.

The uncertainty-propagation analyses further showed that the SSB-
iFEM reconstruction and the complete closed-loop response remain ro-
bust under substantial strain-measurement noise, without evidence of
numerical instability or loss of convergence.
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Due to its higher stiffness, the modular architecture showed lim-
ited sensitivity to the aerodynamic disturbance levels considered in this
work, making the original weighted controller already effective in those
scenarios. Nonetheless, the LM-based extension was shown to adapt con-
sistently to the new configuration without degrading the convergence
behavior. The computational-cost assessment also confirmed the low
burden of the core SSB-iFEM reconstruction and LM update operations,
supporting the applicability of the proposed architecture to online shape
monitoring and control.

Overall, the numerical results confirm the potential of iFEM/SSB-
iFEM-based feedback strategies as efficient and versatile tools for shape
control of morphing wing structures, supporting their application to in-
creasingly realistic aerospace systems.

Future work will focus on the experimental validation of the com-
plete closed-loop architecture on a physical, instrumented morphing-
wing structure.
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