
24 February 2025

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Shape monitoring of morphing wing structures using the inverse Finite Element Method / Biscotti, Vincenzo; Roy, Rinto;
Gherlone, Marco. - In: COMPUTERS & STRUCTURES. - ISSN 0045-7949. - ELETTRONICO. - 309:(2025).
[10.1016/j.compstruc.2025.107652]

Original

Shape monitoring of morphing wing structures using the inverse Finite Element Method

Publisher:

Published
DOI:10.1016/j.compstruc.2025.107652

Terms of use:

Publisher copyright

(Article begins on next page)

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

Availability:
This version is available at: 11583/2997182 since: 2025-02-03T08:03:08Z

Elsevier Ltd



Shape monitoring of morphing wing structures using the inverse Finite Element Method

Vincenzo Biscottia,∗, Rinto Roya, Marco Gherlonea

aDepartment of Mechanical and Aerospace Engineering, Politecnico di Torino, Corso Duca degli Abruzzi 24, Torino, 10129, Italy

Abstract

This work presents a closed-loop control strategy for morphing wing structures where the feedback originates from monitoring
the actual deformed shape of the morphed skin. The approach is based on the inverse Finite Element Method (iFEM), able to
reconstruct the displacement field of a structure by minimizing, in a least squares sense, the error between the analytical strains
and those experimentally measured in some discrete locations. Once the actual shape has been reconstructed, the actuation loads
required to achieve the target shape are computed. The iFEM-based control strategy is assessed numerically on the example
problem of a wing segment whose trailing-edge camber is modified via the morphing strategy. Actuation loads are represented by
concentrated forces or by a distributed pressure, the effect of aerodynamic loads is taken into account, and strain data are measured
on the top and bottom morphing skin. The results show accurate convergence to the target shape, thus demonstrating the potential
of the proposed control-loop strategy.
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1. Introduction

The term ”morphing” is short for metamorphose, i.e., grad-
ual transformation [1]. In morphing aircraft, this transformation
revolves around the external shape of the aircraft, frequently of
the wing [2], with the objective of providing high performance
during different and even contrasting mission operations. The
research field on morphing aircraft is brimming with a multi-
tude of solutions and, in just the last few years, different reviews
of this broad literature have been published [3–5]. The review
of Ameduri and Concilio [5], in particular, highlights the nu-
merous advantages, both in terms of performance and environ-
mental impact of morphing wing structures, stressing the com-
petitive edge of morphing solutions in the modern aerospace
industry: their transversality, i.e., the capability to positively
impact multiple aircraft systems, thus achieving widespread ef-
ficiency. Morphing capabilities and their potential always fas-
cinated aircraft designers. For instance, the Wright Brothers
developed their first design, the Wright Glider, exploiting mor-
phing for lateral control, in an attempt to imitate the flight of
buzzards [6]. However, throughout aviation history, develop-
ing a completely reliable, safety-compliant morphing structure
proved to be a difficult task and prevented the large-scale diffu-
sion of morphing applications. For this reason, in its Morphing
Aircraft project, NASA advocated for the development of new
and potentially disruptive technologies that would allow the re-
alization of a full-performing morphing aircraft [7]. Since then,
many innovative solutions have been proposed, mainly involv-
ing the design and production process, the actuation system,
and the control loop architecture.
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For the production and development of the morphing wing
structure, Jennet et al. [8] designed a digital cellular solid struc-
ture. Cellular solids are materials made of a lattice array of
1D and 2D elements. The digital approach introduces in the
cellular solid network a repetitive unit, which constitutes the
building block element from which the entire structure is as-
sembled. This strategy allows to drastically reduce the man-
ufacturing process complexity and to precisely tune the prop-
erties of the cellular solid, which depend on the geometry of
the lattice array. Another solution in the field of morphing air-
craft manufacturing is the one proposed by De Gaspari et al.
[9], and by Fasel et al. [10], who employed additive manufac-
turing to build the compliant structures of their morphing wing
designs. This innovative process is economically affordable, as
waste material is minimized and the complexity of the printed
part does not increase the cost of the process. Furthermore, in
the case of a composite fiber-reinforced structure, such as the
one developed by Fasel et al. [10], the 3D printing technique
allows to exploit the anisotropy of the material, by aligning the
fibers in the direction of the load path.

To enable the actuation of the morphing wing structure, two
main strategies are found in the literature: for morphing wings
based on a rigid link mechanism, where the structure acts in a
finger-like configuration [11, 12], electromechanical actuators
have been the privileged solution. On the other end, when de-
veloping ultralight-compliant designs, many researchers have
explored the use of smart materials, namely piezoelectric and
shape memory alloy (SMA) actuators [13–19]. In particular,
De Breuker et al. [13] coupled piezoelectric bimorphs with
electromechanical actuators to achieve faster morphing. On the
other end, Molinari et al. [14] combined piezoelectric bimorphs
with a skin made of dielectric elastomers, whereas in [15–17],
Macro Fiber Composite (MFC) piezoelectric patches on the

Preprint submitted to Computers & Structures December 20, 2024

REVISED Manuscript (text UNmarked) Click here to view linked References

https://www2.cloud.editorialmanager.com/cas/viewRCResults.aspx?pdf=1&docID=16792&rev=1&fileID=284104&msid=3e1291e0-5512-4267-a618-df440533fe67
https://www2.cloud.editorialmanager.com/cas/viewRCResults.aspx?pdf=1&docID=16792&rev=1&fileID=284104&msid=3e1291e0-5512-4267-a618-df440533fe67


skin were used. In their work, Grigorie et al. [18], achieved
the deformation of the upper skin surface using the action of
Ni-Ti SMAs, in order to control the position of the transition
point over the profile. Lastly, Jodin et al. [19] used the com-
bination of SMA wires and MFC patches to obtain both large
deformations at limited frequencies and high deformations at
higher frequencies.

Another enabling technology for morphing wing structures
is their control system, which, in turn, requires the development
of an accurate, real-time feedback strategy: for the ”finger-
like” morphing structures, the feedback is frequently provided
by measuring the relative rotations between the links with en-
coders [11, 12]. In particular, Dimino et al. [12] coupled the
encoders with chord-wise and span-wise strain measurements,
to verify the compliance of the strain distribution with that of
the target shape in specific points of interest. Strain sensors
were also used by Nazeer et al. [20], in the form of FBG sen-
sors, and by Molinari et al. [15] and Jodin et al. [19] as well,
with both employing strain gauges. Notably, Nazeer et al. [20]
converted the strain measurements into the tip displacement us-
ing appropriate transfer functions whereas, for the latter two,
the strain data were directly fed to a PI controller to monitor
the local deflection. In addition to the strain sensor informa-
tion, Jodin et al. [19] also employed thermocouples to retrieve
the SMA wire’s temperatures to use them as feedback in their
control architecture. A similar solution was adopted by Grig-
orie et al. [18], as the displacements of two position transduc-
ers were used together with the temperature measurements as
feedback for a fuzzy logic-based PID controller to monitor the
shape variation of their morphing wing. Conversely, Haughn et
al. [16] built an inference model with neural networks and cou-
pled it with the internal displacements measured by flex sensors
to reconstruct the tip deflection of the wing, which was then fed
back to a reinforcement learning controller. Local displacement
measurements, retrieved at specific locations through laser sen-
sors, were also employed by Fichera et al. [17] in their camber
morphing design.

A common feature of all the feedback shape control strate-
gies discussed so far is that they all aim to monitor and act on
the shape they control by either employing sensor measure-
ments that are indirectly related to the displacements of the
structure, as in the case of the relative rotations between the
hinges of the actuators [11, 12], which do not involve recon-
structing the global morphed shape, or by using sensor mea-
surements that are directly related to the displacements, such as
the strain measurements or the displacements themselves, but
that are exploited only for local reconstructions [15–17, 20]
(few strategies [18, 19] implement hybrid solutions between
these two approaches). This observation holds even when con-
sidering the broader, more comprehensive literature review on
closed-loop shape control architectures for morphing wing struc-
tures by Parancheerivilakkathil et al. [21]. The review provides
additional examples of local shape reconstructions through sen-
sor measurements directly related to the local displacements,
such as the twist angle of the twist morphing design of Sun et
al. [22]. Also reviewed are applications employing sensor mea-
surements only indirectly related to the displacements of the

monitored structures. Examples include the torque in the actu-
ation shafts of Kammegne et al. [23] and the motor speed in the
application by Khan et al. [24]. In the latter, as well as in the
one developed by Botez et al. [25] and Popov et al. [26], the
linear actuator position was also measured. Furthermore, both
Botez et al. and Khan et al. employed current measurements as
feedback, while the pressure distribution was used by Popov et
al. as a further feedback parameter. The pressure distribution
was also employed in other closed-loop control strategies, for
instance, in the one by Coutu et al. [27] where it allowed to
compute the lift-to-drag ratio, or in the one by Kammegne et al.
[28], where it was used to adjust the thickness of the morph-
ing skin in order to monitor the transition point over the airfoil.
These feedback strategies enable robust and effective control
for the morphing wing designs examined, where morphing is
employed to modify only one structural parameter of the wing
(e.g. camber, thickness, skin contour), However, as highlighted
by Parancheerivilakkathil et al. in their review [21], the most re-
cent efforts in morphing wing designs have been concentrated
in developing polymorphing wings, where multiple combina-
tions of displacements and displacement rates are combined
to act on the different structural parameters. As advocated in
[21], polymorphing wings require proper control and feedback
strategies that are not limited to one optimal morphing config-
uration and to one specific task. That is, local reconstruction of
the structural parameters may be insufficient for these morph-
ing designs. Furthermore, even sensor measurements indirectly
related to displacements may be insufficient for future morph-
ing wings. Ciminello et al. [29] stressed the relevance of an
accurate and effective sensor network and shape feedback strat-
egy: the complete knowledge of the global wing shape plays,
in fact, a decisive role in the real-time evaluation of the com-
mands provided by the control system and it also represents an
instrumental factor in the evaluation of the improvements pro-
vided by the morphing solutions. Ciminello et al. [29] proposed
a solution that represents an exception when considering the
broad literature of feedback strategies previously examined: in
their morphing design, they employed FBG sensors, i.e. sensor
measurements directly related to the displacements, to provide
the global reconstruction of the shape of their morphing trailing
edge wing. In particular, to circumvent the problems related to
the high strain levels in the chord-wise direction and the diffi-
culties regarding the installation of the optical fibers on the skin
of the structure, they designed two different solutions: a sliding
bending beam device, acting as a transducer for the chord-wise
strains, and thin flexible GFRP patches embedding the optical
fibers for the strains measured along the span. To reconstruct
the deformed shape, the polynomial interpolation of the strain
measurements is combined with the integration of the classical
beam strain-displacement relations. Recently, a similar strategy
to the one proposed by Ciminello et al. was successfully tested
on a ground demonstrator platform by Shi et al. [30]. Despite
these promising results, as Ciminello et. al observed in their
paper [29], the procedure is able to reconstruct only the flap
mid-line, thus lacking the capability of monitoring the external
shape of the morphing wing. A solution to this problem can be
found in a recent work [31], where Roy et al. developed wing-
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structure open and closed-loop control strategies with feedback
based on a shape-sensing approach.

A rapidly increasing interest is being devoted to shape-sensing
approaches, i.e., methodologies to evaluate the global deformed
shape of a structure starting from discrete strain measurements
[32]. The reconstructed displacements can be further elaborated
to obtain the strain and stress fields over the whole structural do-
main (thus enabling the application of Structural Health Mon-
itoring approaches and more cost-efficient maintenance strate-
gies based on actual data [33]). Shape sensing approaches are
typically based on strain measurements and on related sensors.
Apart from traditional strain gauges or rosettes, still applica-
ble to laboratory experimental campaigns but less suitable for
on-board monitoring, new sensors are gaining increasing pop-
ularity as Fiber Bragg Grating (FBG) sensors [34] and fiber-
optical sensors based on Rayleigh scattering and Optical Fre-
quency Domain Reflectometry [35].

Available shape-sensing approaches are usually classified
into four categories [32]: (1) methods based on neural net-
works, (2) methods based on the integration of strains, (3) meth-
ods based on global or piecewise basis functions, and (4) meth-
ods relying on a FE-based variational principle. The main out-
come of the efforts belonging to category (1) is that the accuracy
is strongly affected by the choice of training load cases [36].

Methodologies belonging to category (2) are typically de-
veloped for beam-like structures as in Ko’s Displacement The-
ory [37]. The key idea is that axial strains measured along
a “sensing line”, with a known distance from the neutral axis
of the beam, are integrated twice to obtain the deflection [37].
Further to simple bending, torsional deformation can be recon-
structed by either using sensors oriented along the 45°-direction
or by adopting a two-line strain-sensing system. Geometric
complexities (tapered beams, sweep angles) can be taken into
account by this methodology whose main application is for wing-
structures deformed shape reconstruction [34, 38].

Methods grouped into category (3) assume that the displace-
ment field of a structure can be expressed in terms of known
spatial functions and unknown coefficients whose value is de-
termined in order to fit the reconstructed strains to the experi-
mental ones. In particular, the Modal Method uses numerical or
experimental mode shapes as spatial functions [39, 40] and does
not require any information on the applied loads. On one hand,
the evaluation of the mode shapes often results in an onerous
process and an energy-based criterion is therefore necessary to
select those that mainly participate in the reconstruction of the
displacement field [41]. On the other hand, the search for an
optimal sensor configuration can lead to accurate results even
when few strain data are available [42].

Among shape-sensing approaches formulated with FE-based
variational principles (4), the so-called inverse Finite Element
Method (iFEM) has recently gained increasing popularity in
the scientific community. iFEM is founded on minimizing a
weighted-least-squares functional measuring the error between
the strains due to the reconstructed displacements (discretized
using finite elements) and the strains experimentally measured
in some discrete locations [43]. The formulation is only based
on the strain-displacement relations, thus requiring no infor-

mation on materials or loading conditions. iFEM was orig-
inally introduced for thin-walled structures, by adopting the
kinematic assumptions of the First-order Shear Deformation
Theory and consequently developing a three-node, triangular
inverse shell element (iMIN3) [43, 44]. More recently, a four-
node, quadrilateral inverse shell element (iQS4) was proposed
[45]. A class of one-dimensional inverse elements based on
the Timoshenko beam theory was also formulated for truss and
beam structures [46] and further extended to beams with com-
plex cross-sections [47]. Moreover, recently a 1D inverse ele-
ment was introduced combining iFEM with the Global Beam
Theory to model cylindrical and conical shells [48, 49]. Hybrid
iFEM strategies (beam and shell inverse finite elements) have
been successfully applied to stiffened structures [50]. iFEM
has been shown to be general enough, thus leading to applica-
tions in several fields, ranging from aircraft structures [51–53],
to marine structures [54, 55] and civil structures [56, 57]. Fur-
ther, iFEM developments have been non-linear formulations for
large displacements [58, 59], special enhancements for mul-
tilayered composite and sandwich structures with highly het-
erogeneous stacking sequences [60, 61], and iFEM-based ap-
proaches to damage-detection [62–64].

The capability to monitor the global shape of a structure
in real-time and on-board, even when applied loads are unavail-
able or difficult to measure (e.g., aerodynamic forces) and when
material data are either affected by uncertainties or unknown,
represents a strategic advantage of the inverse Finite Element
Method. At the same time, current feedback strategies rely-
ing on measured quantities indirectly related to the shape of
the structure (i.e. not reconstructing the shape), or only based
on local information of the morphed shape may be insufficient
when considering the future polymorphing wing designs. Thus,
the main objective of the present effort is to exploit the global
shape reconstruction capabilities of the iFEM to fill this gap
in the literature on morphing shape control architectures. Fur-
ther developing the approach proposed by Roy et al. in [31],
a closed-loop control strategy for a morphing wing structure
where the feedback is coming from the iFEM providing the ac-
tual global deformed shape through discrete sensor strain mea-
surements is realized, and its feasibility and efficacy are inves-
tigated at a numerical level. The paper is structured as follows:
Section 2 provides a description of the wing structure and of the
FE model used to simulate its response to actuation and aerody-
namic loads. Section 3 describes the steps and ingredients of the
control loop strategy. Section 4 summarizes the main assump-
tions and equations of iFEM, thus setting the numerical frame-
work for the investigation. Section 5 presents and discusses the
numerical results. Section 6 collects some general observations
on the obtained results and provides some perspectives on fu-
ture further investigations.

2. The morphing wing model

This Section provides a description of the wing structure
with the morphing trailing edge being considered for the inves-
tigation, and the FE model developed to simulate its structural
behavior.
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2.1. Morphing wing structure

To test the iFEM feedback-based closed-loop architecture,
a morphing wing model is created. In the literature, camber
morphing is the prevalent solution for morphing wing design,
as it has shown the most promising results when evaluated both
in terms of control capability and aerodynamic efficiency [16].
Among the camber morphing wings, the morphing trailing edge
concepts have proven to be superior with respect to the corre-
sponding leading edge designs [14]. Therefore, morphing capa-
bilities are concentrated in the trailing edge of the tested wing
and morphing is used only to change the camber of the trailing
edge profile.

The morphing wing model is shown in figure 1. A NACA

Figure 1: Morphing wing structure

Figure 2: Morphing trailing edge structure

6516 airfoil is chosen as the wing profile and the design repre-
sents a simplification of the morphing wing presented in [14].
The wing structure is divided into two parts: the first one is the
leading edge (represented in blue), made of aluminum, thin-
walled structures. This portion of the wing is considered in-
finitely rigid compared with the morphing trailing edge, which
has a skin made of epoxy resin (represented in red) reinforced
by a soft foam core. The materials used for the morphing por-
tion of the wing are chosen so that the structure is compliant
enough to exhibit morphing capabilities but, at the same time,
has the strength to withstand the applied loads. In particular, the
foam core is used to counteract the aerodynamic pressure dis-
tribution on the flexible skin of the trailing edge, which would

otherwise deform excessively under this transverse action. The
material properties and the thickness of the skin and core of
the morphing trailing edge are summarized in table 1. Both the

Trailing edge
Skin Core

Material Epoxy resin Roachell WF 51
E [MPa] 3.2 75
ν 0.35 0.44
thickness [mm] 5 3 - 130

Table 1: Materials and thickness data of the morphing wing model

epoxy skin and the foam core, as clearly shown by the data in
the table, are considered as isotropic materials. This simplify-
ing assumption facilitates the FEM implementation of the 3D
model. The two thickness values provided for the core repre-
sent, respectively, the thickness of the portion of the core ad-
jacent to the leading edge, and the thickness of the core at the
trailing edge tip, as shown in figure 2.

2.2. The FE model
In the absence of an experimental model, a finite element

model of the morphing wing structure is developed in order
to simulate the structural behavior under the actuation loads
and provide the simulated experimental strains required for the
iFEM feedback-based control strategy. The FE model is pre-
sented in figure 3. Only the trailing edge structure, whose di-

Figure 3: Trailing edge FE model

mensions are displayed in figures 1 and 2, is modeled. The lead-
ing edge, instead, is represented by the clamped front end of the
trailing edge. This choice is coherent with the assumption that
the leading edge, made of aluminum, thin-walled structures,
is infinitely rigid in comparison with the compliant morphing
trailing edge.

The upper and lower skin surfaces of the trailing edge are
modeled with 180 Quad4 2D shell elements, whereas 170 Hex8
solid elements are used for the foam core. The average global
edge length of the elements is set at 0.005 m, resulting in a
total of 308 nodes, of which 260 belong to the skin. Here the
variables Ne,s and Ne, f are introduced to represent the number
of elements in the skin and core, whereas Nn,s is used as the
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number of nodes in the skin. The FE model is developed using
MSC/PATRAN and MSC/NASTRAN [65].

In figure 3, the tested actuation scheme is also shown: it
consists of a set of transverse concentrated forces, that is, forces
acting along the Y-direction (henceforth, the capital letter will
be used to refer to the global reference system, which is shown
in the top-left corner of figure 3), distributed both along the
chord and along the span-wise direction. This actuation scheme
may represent an extreme simplification of the action exerted
by the piezoelectric or shape memory alloy actuators frequently
used in modern morphing structures. However, this choice does
not invalidate the results nor the procedure presented hereafter,
as the objective of the paper is to test the iFEM feedback-based
closed-loop strategy, rather than focusing on the creation of a
high-fidelity model of the morphing wing architecture. Further-
more, this actuation scheme may be reproducible with the con-
cept proposed by Berton [66], where the elongation and con-
traction of the SMA wires are converted through a mechanical
link into a transverse action on the controlled surface. Simi-
larly, the solution proposed by Wang et al. [67] could be em-
ployed to generate a set of distributed transverse loads: in order
to drive their trailing edge morphing concept, Wang et al. cou-
pled piezoelectric ultrasonic motors to an eccentuator, that is, a
bending beam able to convert rotations at one end into vertical
and lateral motions at the other. Taking inspiration from Wang
et al. [67], a second actuation scheme, figure 4, employed to
draw comparative results with the previous one, is considered.
It consists of a set of distributed pressure loads acting perpen-
dicularly on each element of the top and bottom skin of the trail-
ing edge. The distributed pressure actuation scheme is modeled
by applying an external pressure load on all the Ne,s elements
of the skin.

Figure 4: Distributed pressure actuation scheme

3. Control loop architecture

This Section presents the closed-loop control strategy that
was implemented to control the shape of the morphing wing
described in Section 2.

3.1. Notation

The shape of the structure is denoted by P, with different
subscripts according to the particular shape being considered:

• Ptgt is the target shape;

• PiFEM is the iFEM reconstructed shape;

• PFEM is the shape obtained using the FE Model of the
structure.

The shape is defined in terms of displacements. Thus, P is a ma-
trix containing the nodal displacement components (uX , uY , uZ)
defined with respect to the unmorphed shape in the global coor-
dinate system. In particular, P is a Nn,s x 3 matrix whose rows
correspond to the Nn,s nodes of the FE modeled skin

P =


uX,1 uY,1 uZ,1
...

...
...

uX,Nn,s uY,Nn,s uZ,Nn,s

 (1)

As mentioned in subsection 2.2, the FE model is used in the
closed-loop control tests to simulate the experimental strains
required for the iFEM feedback-based control strategy. In par-
ticular, it is assumed that, at the centroid of each element of the
FE model, the in-plane strains are known (a detailed explana-
tion of sensor placement is provided in subsection 4.2). Hence,
the strains are collected in the form of a Ne,s × 6 matrix as

εεε =


ε+xx,1 ε−xx,1 ε+yy,1 ε−yy,1 γ+xy,1 γ−xy,1
...

...
...

...
...

...
ε+xx,Ne,s

ε−xx,Ne,s
ε+yy,Ne,s

ε−yy,Ne,s
γ+xy,Ne,s

γ−xy,Ne,s

 (2)

where (ε+xx, ε
+
yy, γ

+
xy)i and (ε−xx, ε

−
yy, γ

−
xy)i are respectively the top

and bottom in-plane strains, measured in the local reference
system of the i-th element, at its centroid.

Moving to the notation of the actuation load schemes, for
the model using a set of NL sparse concentrated transverse forces,
shown in figure 3, the magnitude of the loads is contained in a
column vector, L, defined as

L = {L1, · · · , LNL }
T (3)

Likewise, when the distributed pressure actuation scheme is
used (figure 4), the load vector L contains the Ne,s values of the
pressure loads applied to the elements of the upper and lower
skin surfaces.

Lastly, the time instant t, corresponding to the generic closed-
loop iteration, is used to represent the variables produced during
that iteration, while t − ∆t represents the variables computed in
the previous iteration, assuming a time interval ∆t in between.

3.2. Control loop flowchart

The flowchart of the iFEM feedback-based closed-loop con-
trol strategy is presented in figure 5.

The closed-loop control architecture can be divided into 5
different stages:
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Figure 5: Closed-loop control architecture

1. In the first stage, the difference between the target and
iFEM reconstructed displacements, referred to as Ptgt and
PiFEM(t) is calculated;

2. Then, in the second stage, this difference is used to com-
pute the actuation loads, L(t);

3. In the third stage, the effect of external environmental
loads on the morphing structure is introduced. For the
present problem, this takes the form of the aerodynamic
pressure distribution, p(t), over the upper and lower sur-
face of the morphing wing;

4. The actuation loads and the aerodynamic pressure distri-
bution are both fed, in the fourth stage, to the FE model
of the unmorphed structure to produce a numerical simu-
lation of the real wing deformations, PFEM(t), and of the
real surface strains, εFEMεFEMεFEM(t);

5. Lastly, in the fifth stage, the FEM simulated strains are
used as the input for the iFEM analysis to produce the
iFEM reconstructed shape, PiFEM(t), which is used as
feedback for the controller, thus completing the closed-
loop cycle.

As mentioned in subsection 2.1, morphing is exploited only to
modify the camber of the trailing edge. Therefore, since the
wing changes its shape predominantly in the transverse direc-
tion, the error used to verify convergence is defined using only
the transverse distance between the top and bottom skin curves
of the current and target morphed shape. While the current
morphed shape is obtained using the iFEM analysis, the ’target
curves’ are computed by spline interpolation, using a certain
number of points of the target morphed shape, that is

spline(Xtgt,Ytgt)⇒ f (X)
Y∗tgt = f (XiFEM)

(4)

where Xtgt and Ytgt are vectors containing the global coordi-
nates of the target shape. Eqn. 4 describes a continuous piece-
wise polynomial interpolation (referred to as spline(Xtgt,Ytgt))

that produces a curve function, f (X), that is then evaluated in
XiFEM, the vector of global X-coordinates of the iFEM recon-
structed shape. In other words, this procedure allows to slightly
modify the set of points that define the target shape profile, from
the original coordinates (Xtgt,Ytgt), to a set of points with co-
ordinates (XiFEM,Y∗tgt). This procedure allows to define a tar-
get shape whose nodes share the same X-coordinates with the
nodes of the iFEM reconstructed shape. Thus, the convergence
criterion is based on an error containing only the difference be-
tween the global Y-coordinates of the nodes. In particular, the
error is computed in the first stage of the closed-loop iterations
following a least-squares approach, leading to the following ex-
pression

err∆Y (t) =

√√√
1

Nn,s

∑Nn,s

j=1(Y∗j,tgt − Y j,iFEM(t))2

max((Y∗tgt)
2)

(5)

where the variable t, as mentioned in the previous subsection,
represents the time instant corresponding to the iteration in which
the error is computed.

In the second stage, the procedure through which Ptgt −

PiFEM(t) is used to compute the actuation load vector, L(t), is
the one introduced by Roy et al. [31], which is based on the
simplifying assumption that the structure experiences only lin-
ear deformations, thus the principles of linear analysis are em-
ployed. In particular, the difference Ptgt − PiFEM(t) produces
the required displacements that the structure needs to achieve
the target shape

Dreq(t) = Ptgt − PiFEM(t) (6)

where the letter D is used because, in contrast to the displace-
ment matrix P, the required displacements are not measured
with respect to the unmorphed shape. To compute the loads
that produce Dreq(t), a relation between the actuation scheme
and the displacements is introduced following these steps: the
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FE model of the unmorphed structure is used to compute the
nodal displacement matrices, Πm, representing the nodal dis-
placements due to a unit load at the m-th actuation point of the
morphing scheme. Each matrix Πm can be rearranged as a col-
umn vector of the form

Πm = {uX,1, uY,1, uZ,1, ..., uX,Nn,s , uY,Nn,s , uZ,Nn,s }
T
m m = 1, ...,NL

(7)
Assembling all the Πm column vectors in a single matrix, the
matrix of influence coefficients, C is obtained:

C =
[
{Π1} · · · {ΠNL }

]
(8)

The matrix of influence coefficients is a 3Nn,s × NL matrix (or a
3Nn,s×Ne,s matrix for the distributed pressure actuation scheme).
For a given actuation scheme, and for any set of values of the
actuation loads represented by the load vector L, the correlated
displacements are obtained via this simple equation:

P = CL (9)

The P matrix obtained in Eqn. 9, as explained previously in
subsection 3.1, contains the displacements computed with re-
spect to the unmorphed shape. However, the function that com-
putes the loads uses as input the difference between two P ma-
trices, the one related to the target shape and the one obtained
via the iFEM reconstruction. The equation that relates the ma-
trix of influence coefficients to the difference between the two
displacement matrices, Ptgt and PiFEM(t) is

D(t) = Ptgt − PiFEM(t) = CLtgt − CLiFEM(t) = C∆L(t) (10)

where ∆L(t) is used to represent the unknown load increment
at the iteration corresponding to the generic time instant t.

At each iteration, Eqn. 10, together with the required dis-
placement Dreq(t), allows to build the least-squares difference
functional

Ψ(∆L(t)) =
∥∥∥Dreq(t) − D(t)

∥∥∥2 = ∥∥∥Dreq(t) − C∆L(t)
∥∥∥2 (11)

Minimizing Eqn. 11 leads to the following least-squares prob-
lem:

min
∆L(t)

∥∥∥Dreq(t) − C∆L(t)
∥∥∥2 (12)

Since the only independent variable of the least-squares func-
tional is the unknown load increment, ∆L(t), the solution of
Eqn. 12 is exactly ∆L(t) and can be obtained, for instance, us-
ing the singular value decomposition (SVD) of the matrix C.
In particular, using the pseudo-inverse matrix C† [68], the load
increment is computed as:

∆L(t) = C†Dreq(t) (13)

∆L(t), however, is not the final output of the process yet. L(t),
the actuation load vector that, as shown in 5, is the actual con-
troller output, and that is used as an input for the FEM proce-
dure, is obtained at the time instant t with the following expres-
sion:

L(t) = L(t − ∆t) + ∆L(t) (14)

In the third stage, the aerodynamic pressure distribution is com-
puted by feeding the deformed FEM simulated shape computed
at the previous iteration, PFEM(t − ∆t), to XFOIL [69], which
produces the pressure distribution on the morphed profile. In
particular, to simplify the procedure, the analysis are run un-
der a laminar flow regime. Moreover, it is assumed that the
pressure distribution is constant along the span. Thus, only the
deformed shape of a reference section, at mid-span, is extracted
from PFEM(t − ∆t) and fed to XFOIL.

Lastly, as introduced at the beginning of this subsection,
the fourth and fifth stages consist of the direct FEM and inverse
FEM analysis. In particular, as the fifth stage represents the core
of the present effort, the following Section is entirely dedicated
to the in-detail explanation of the iFEM theory and the model
used for the iFEM analysis.

4. The inverse Finite Element Method

Before presenting the results, this Section aims to briefly
introduce the shape sensing method known as the inverse Finite
Element Method and its underlying theory, as well as the iFEM
model used for the morphing wing.

4.1. The iFEM framework

Shape sensing is defined as the inverse problem of recon-
structing the deformed shape of a structure using surface strain
measurements. In the inverse Finite Element Method, the strain
measurements are used to build a least-squares error functional,
Φ. Minimizing this functional yields Euler equations and con-
sistent boundary conditions that relate the measured strains to
the unknown displacement field [44]. In other words, iFEM is
a least-squares variational principle based method.

The structural framework model for the inverse Finite Ele-
ment Method applied to thin-walled structures is the First-order
Shear Deformation Theory (FSDT or Mindlin theory). With

Figure 6: Notation for the flat shell [44]

reference to figure 6, the FSDT displacement field is defined as

ux(x, y, z) = u(x, y) + zθy(x, y)
uy(x, y, z) = v(x, y) + zθx(x, y)
uz(x, y, z) = w(x, y)

(15)
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where u = {u, v,w, θx, θy}
T is the vector of the five kinematic

variables, which all refer to displacements and bending rota-
tions defined on the middle plane of the shell structure. The
kinematic model of Eqs. 15 leads to the following expression
for the in-plane strains:

εxx

εyy

γxy

 =

εx0
εy0
γxy0

 + z


κx0
κy0
κxy0

 ≡ e(u) + zk(u) (16)

where e(u) is the vector of membrane strains, and k(u) the vec-
tor of curvatures. Both vectors are related to the five kinematic
variables by 3 × 5 differential operator matrices:

e(u) = Lεu
k(u) = Lκu

(17)

Similarly, transverse shear strains are related to u via a 2 × 5
differential operator matrix:{

γxz

γyz

}
≡

{
γxz0
γyz0

}
≡ g(u) = Lγu (18)

The membrane strains, e, together with the bending curvatures,
k, and the transverse shear strains, g, are defined as analytical
strain measures.

According to the well-established finite element approxima-
tion strategy, the thin-walled structure is discretized using (in-
verse) finite elements. Within each of these inverse elements, u
is expressed as a function of ue, the nodal displacement vector:

u(x, y) = N(x, y)ue (19)

where N is a matrix containing appropriate shape functions.
Introducing Eqn. 19 in Eqs. 17 and 18, the analytical strain

measures can be expressed as functions of the nodal displace-
ments:

e(ue) = LεNue = Bmue

k(ue) = LκNue = Bbue

g(ue) = Lγue = Bsue

(20)

where Bm, Bb, and Bs are matrices of shape function derivatives
corresponding to the membrane, bending, and transverse shear
strain measures, respectively [70].

The iFEM least-squares functional, Φ, is built using the sur-
face strain measurements. However, in order to employ the
strain measurements in the definition of Φ, they have to be first
expressed in terms of membrane strains and curvatures. Re-
ferring to the notation of figure 6, let the position of the i-th
strain sensor pair (for instance, a couple of FBG sensors or
strain rosettes) on the top or bottom surface of the plate be
xi = (xi, yi,±t). The strains measured by the sensor on the
top-skin are (ε+xx, ε

+
yy, γ

+
xy), whereas the strains measured on the

bottom are (ε−xx, ε
−
yy, γ

−
xy). Having sensors on both the top and

bottom surface, the strain measurements can be converted into
experimentally evaluated membrane strains and curvatures us-
ing the following equations:

eεi ≡


εεx0
εεy0
γεxy0


i

=
1
2



ε+xx
ε+yy
γ+xy


i

+


ε−xx
ε−yy
γ−xy


i

 , (i = 1, ..., n) (21)

kεi ≡


κεx0
κεy0
κεxy0


i

=
1
2t



ε+xx
ε+yy
γ+xy


i

−


ε−xx
ε−yy
γ−xy


i

 , (i = 1, ..., n) (22)

where n is the number of sensors and the i subscript stands for
x = xi.

The experimentally evaluated membrane strains and curva-
tures of Eqs. 21 and 22, together with the FSDT analytical
strain measures of Eqs. 20 are used to formulate the least-
squares error functional associated with the generic element e
of the iFEM discretization

Φe(ue) = we
∥∥∥e(ue) − eε

∥∥∥2+wk
∥∥∥k(ue) − kε

∥∥∥2+wg
∥∥∥g(ue) − gε

∥∥∥2
(23)

In Eqn. 23, we, wk, and wg represent the row vectors of weight-
ing coefficients related, respectively, to the membrane, the cur-
vature, and the transverse shear strain measures. The weighting
coefficients control the degree of enforcement between the an-
alytical and the experimentally evaluated strain measures, i.e.,
the degree of enforcement of the following relations:

e(ue)→ eε

k(ue)→ kε

g(ue)→ gε
(24)

A strong enforcement of Eqs. 24 is obtained by setting the
weighting coefficients to one and it can be applied when the
measured strains are known. This is the case of the experimen-
tally evaluated membrane and curvature strain measures, eε and
kε, that can be directly obtained from the experimental strain
measurements using Eqs. 21 and 22. Accordingly, the norms
of Eqn. 23, are calculated using the following expressions:∥∥∥e(ue) − eε

∥∥∥2 ≡ 1
Ae

∫
Ae

[
e(ue) − eε

]2 dAe∥∥∥k(ue) − kε
∥∥∥2 ≡ (2t)2

Ae

∫
Ae

[
k(ue) − kε

]2 dAe

(25)

where Ae is the area of the inverse element.
On the other hand, if the strain measures can not be exper-

imentally evaluated, the corresponding weighting coefficients
are set to a small value, for instance, 10−4. This always applies
to the experimentally evaluated transverse shear strain mea-
sures, gε, as they cannot be obtained directly from the strain
measurements. Consequently, the corresponding norm of Eqn.
23 is computed as∥∥∥g(ue) − gε

∥∥∥2 ≡ ∫
Ae

g(ue)2 dAe (26)

A similar definition of the norms (instead of those in Eqs. 25),
and small values of the corresponding weighting coefficients
are used for membrane and curvature strain measures within
those elements where no experimental evaluations are available.

From the explicit expression of the squared norms of Eqs.
25 and 26, it is evident that the inverse element least-squares
functional,Φe(ue), depends only on the element nodal displace-
ments. Therefore, minimizing the element functional leads to
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the following problem:

∂Φe(ue)
∂ue = Keue − fe = 0 =⇒ Keue = fe (27)

which is the element matrix equation, where Ke is a function
of the positions of the strain sensors, as is the vector fe, which
also depends on the measured strain data. Through appropriate
rotations of the element vectors and coefficient matrices, and
using finite element assembling techniques, the iFEM produces
a system of algebraic equations for the whole structure

KU = F (28)

whose solution yields the nodal displacements of the structure.
To obtain a non-singular coefficient matrix, boundary con-

ditions are to be imposed. On the contrary, to solve for the
displacements of the structure, elastic or inertial material prop-
erties can be unknown. This constitutes a key advantage of the
iFEM procedure together with its potential to be applied to both
static and dynamic systems. Furthermore, in applications where
the strain sensor’s position is fixed and the only variables are
the measured strain data, the iFEM analysis has a low computa-
tional cost, since the analysis themselves require only the calcu-
lation of F, while K remains constant. These advantages make
the iFEM applicable and effective in real-time case scenarios,
such as the control strategy of the morphing wing structure.

4.2. The iFEM model
For the iFEM analysis, the inverse finite element model of

the morphing wing structure is built using 2D inverse four-
node quadrilateral elements, the iQS4 [45]. These elements
have 6 DOF (degrees of freedom) at each node and employ C0-
continuous anisoparametric shape functions (interested readers
may refer to [45] for the expressions of the shape functions). In
particular, the inverse model consists solely of iQS4 elements,
so that the iFEM mesh is the same as the 2D FEM mesh used
to model the skin, and that is represented in black in figure 3.
The reason is that the iFEM feedback is used to monitor only
the external shape of the structure, which can be obtained by
simply reconstructing the displacements of the skin.

To accomplish this iFEM shape reconstruction, as explained
in the previous subsection, the measured strains are paramount.
To simulate them, it is assumed that every element of the skin,
and thus of the FEM and, notably, the iFEM mesh, is instru-
mented with a strain rosette on both its top and bottom surfaces.
In reality, it would be very difficult to have strain sensors on the
inner interface between the skin and the foam core (integrated
Fiber Bragg Grading sensors should be used). Nevertheless, to
validate the procedure, the assumption is made that this mea-
surement is possible so that the back-to-back tri-axial strains at
all the element centroids are known. This assumption allows
for a full-field (i.e. at every material point) reconstruction of
the displacements.

5. Results

This Section contains the main numerical results of the closed-
loop architecture. Parametric analyses were carried out to draw
comparative results. Three test parameters were considered:

• the actuation scheme employed;

• the target shape;

• the intensity of the aerodynamic pressure distribution act-
ing on the structure, which was controlled by the value of
the velocity, V , as the aerodynamic pressure is defined by
the following expression:

p =
1
2
ρV2cp (29)

where ρ = 1.225 kg/m3 is the density of the air, and cp is
the vector of the pressure coefficients.

The results are presented in terms of the transverse relative
least-squares error, err∆Y (see Eqn. 5), plotted against the num-
ber of iterations. In addition to the line plots, the 3D iFEM re-
constructed shape plots are also shown: each plot is colored to
represent the distribution of the nodal transverse relative error:

δY j =
|Y∗j,tgt − Y j,iFEM |

max(|Y∗tgt|)
(30)

which, excluding the normalizing factor 1/
√

Nn,s, is the j-th
term of the summation of Eqn. 5.

Before introducing the results, the target shapes employed
and their definition are presented.

5.1. Target shapes

As explained in Section 1, the morphing capabilities of the
chosen wing design are exploited only to modify the camber of
the trailing edge of the wing itself. For a NACA airfoil, such
as the one used for the wing profile, camber morphing can be
achieved by modifying just the equation of the camber line, as
the equation of both the top and bottom skin change accord-
ingly. In particular, for the results presented in this Section, the
camber line equation is modified so that it morphs into an arbi-
trary parabolic shape. This leads to the following expression of
the transverse global coordinate of the camber line:

Yc,tgt(x) = Yc0 − k · (X − Xm)2 (31)

where the term Yc0 is used to guarantee the continuity of the
equation with the unmorphed portion of the wing and Xm =

0.55 is the coordinate along the chord of the front part of the
morphing trailing edge. The term k represents an arbitrary con-
stant that is used to control the extent of the downward trans-
verse deflection of the profile and that, from a practical perspec-
tive, could be understood as the variable used to maneuver the
morphing trailing edge as a control surface. In the case studies
presented in this Section, the value of the constant was set to
k = 0.4 and k = 1. The target shapes obtained are shown in
figure 7.

5.2. Parametric analysis: Actuation scheme

The first test of the closed-loop architecture aims to evalu-
ate the behavior of the control algorithm, comparing the case
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(a) k = 0.4

(b) k = 1

Figure 7: Target shapes

where the morphing trailing edge is actuated by transverse con-
centrated forces with the case where the distributed pressure is
employed. Both actuation schemes were presented in subsec-
tion 2.2. The test is carried out considering the target shape ob-
tained with k = 0.4 and a velocity V = 0 m/s, i.e., with no aero-
dynamic loads acting on the structure. The results are shown in
figure 8, where the error is plotted against the number of iter-
ations. Comparing the results obtained with the two actuation
schemes, it is evident that, in both cases, the closed-loop strat-
egy is able to rapidly converge to the target shape and with the
same error values: less than 1% for the upper skin and around
5% for the lower skin. These results are confirmed by the col-
ored 3D iFEM reconstructed shape plots, which show that, in
the final iteration, the structure morphs to the target shape with
a maximum value of the nodal transverse relative error, δY j, of
0.03. These plots are contained in Appendix A.

It can be concluded from these results that if no aerody-

(a) Sparse transverse forces

(b) Distributed pressure

Figure 8: Comparison of closed-loop control architecture behavior with two
different actuation schemes

namic load acts on the structure, the iFEM feedback-based closed-
loop control strategy is able to immediately converge to the tar-
get shape after the second iteration. Furthermore, different actu-
ation schemes can be employed without affecting the behavior
of the closed-loop architecture. Therefore, in the rest of this
Section, only results obtained using the transverse concentrated
forces actuation scheme are considered.

5.3. Parametric analysis: Target shape
After testing the influence of the actuation scheme, the ef-

fect of a different target shape is addressed: the target shapes
obtained using k = 0.4 and k = 1 are chosen. The tests are
run setting a velocity V = 0 m/s and, as mentioned previ-
ously, employing only the transverse concentrated forces ac-
tuation scheme.

In figure 9, the error trends for the two case studies are com-
pared: the different target shapes minimally affect the closed-
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loop iterations as, although in both cases the control algorithm
rapidly converges to the target shape, the end error values are
slightly different. However, looking at the 3D colored plots of

(a) k = 0.4

(b) k = 1

Figure 9: Comparison of closed-loop control architecture behavior with two
different target shapes

figure B1, which show the nodal transverse relative error, δY j,
all over the morphed structure in the final iteration, it is evident
that, in both cases, the closed-loop strategy is able to converge
to the target shape. The slight difference in the error values of
figure 9 is caused only by a small misalignment between the
final morphed shape and the target shape at the rear end of the
trailing edge in the case where k = 1, which can be observed in
figure B1b.

Therefore, as for the actuation scheme, the different tar-
get shapes do not impact the iFEM feedback-based closed-loop
control over the morphing trailing edge. Thus, in the follow-
ing subsection, only the target shape obtained with k = 0.4 is
considered.

5.4. Parametric analysis: Aerodynamic pressure intensity

The previous results were obtained assuming V = 0 m/s,
i.e., the aerodynamic pressure distribution on the structure is
null. This last subsection is dedicated to the investigation of the
effect of such external action on the iFEM feedback-based con-
troller. As for the previous subsections, a parametric analysis is
carried out, setting k = 0.4 for the target shape, the transverse
concentrated forces as the actuation scheme, and varying the
airflow velocity. Three different values are considered: V = 100
m/s, V = 200 m/s, and V = 300 m/s.

The results for V = 100 m/s are presented in figure 10a,
where the transverse least-squares relative error, err∆Y , is plot-
ted against the number of iterations.

Comparing the graph of figure 10a with the one figure 8a,
the aerodynamic pressure distribution has little to no effect on
the structure and the controller is able to converge to the error
values of around 5% for the lower skin and 0.8% for the up-
per skin. Similarly, the barely noticeable effect of the pressure
distribution can be observed comparing figure C1a and figure
C3a: the controller achieves the target shape on the second it-
eration, and the distribution of nodal transverse relative error,
δY j, remains almost identical between the second and the last
iteration, with its maximum staying around the value of 0.03.

To see a noticeable effect of the aerodynamic pressure dis-
tribution on the structure the velocity is increased to V = 200
m/s. The maximum pressure value, which was around 8000 Pa
in the previous case study, now rises to 30000 Pa, as shown in
figure C2. Looking at the comparison of the 3D colored plots
in the second closed-loop iteration, presented in figure C1, the
effects of the pressure distribution are much more visible, as it
slows the convergence by slightly tilting the tip of the trailing
edge in the upward direction. On the other hand, this increase of
lifting action caused by the aerodynamic pressure does not cre-
ate an evident change in the trend of the graph in figure 10b: the
error converges once again to the same error values of around
5% the bottom surface and a value of less than 1% for the top
one.

Conversely, when the velocity is augmented to V = 300
m/s, the disturbance creates a high amplitude oscillating pat-
tern, as shown in figure 10c. The response of the structure is
caused by the oscillations of the pressure distribution and its
peaks, that, as shown in figure C2, range now from 60000 to
80000 Pa. The results of these high-pressure peak values are
also reflected in the 3D colored plots (see figure C1c): in the
second iteration the upward tilt of the morphing wing is far
more noticeable, and the maximum value of the nodal trans-
verse relative error, δY j, rises to 0.15. Nevertheless, even though
it requires more than one hundred iterations, the controller is
able to suppress the oscillations, converging to the target shape,
and achieving the err∆Y values of around 5% and less than 1%
for the lower and upper skin, respectively (figure 10c). Lastly,
similarly to the previous cases, a maximum nodal transverse
relative error of 0.04 (figure C3c) is achieved.
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(a) V = 100 m/s

(b) V = 200 m/s

(c) V = 300 m/s

Figure 10: Comparison of the closed-loop control architecture behavior with
three different intensity levels of the aerodynamic pressure distribution

6. Conclusions

The problem of developing and assessing a closed-loop strat-
egy for the morphing of wing structures where the feedback

comes from the global deformed structural shape has been ad-
dressed in this work. The investigation has been conducted nu-
merically on a simple wing segment with a morphable trail-
ing edge, actuated by concentrated forces or distributed pres-
sures, and with aerodynamic loads updated while the morphing
is occurring. The deformed shape of the trailing top and bot-
tom skin is reconstructed by using the inverse Finite Element
Method (iFEM), a FE-based numerical approach matching, in
a least-square sense, the analytical strains and those “measured”
in some discrete locations.

The closed-loop strategy is based on the target shape to
achieve, on iFEM reconstructing the actual shape from some
strain measurements, and on the actuation loads computed in
order to correct the actual shape. The fundamentals of iFEM
and of actuation loads evaluation are summarized in order to
set the numerical framework for the investigation.

The assessment of the proposed control-loop strategy has
been conducted on the FE model of the wing segment sub-
jected to aerodynamic loads (computed via XFOIL) and ac-
tuation loads. The “measured” strains needed as input data
for the iFEM-based feedback are evaluated on the trailing-edge
skin. The morphing control assessed at different air-flow ve-
locities demonstrated good performances in terms of conver-
gence and accurate final trailing-edge shape. On the other hand,
the proposed strategy employed a high number of sensor mea-
surements and, in the harshest aerodynamic load conditions,
required numerous iterations to suppress the structure’s oscil-
lations.

Future efforts of the ongoing research study will address
further enhancements of the proposed strategy, including more
realistic wing structures and actuation mechanisms, and more
efficient actuation loads computation that reduces oscillations
during the morphing process. Moreover, strategies to reduce
the number of required strain sensors will be investigated, both
using strain pre-extrapolation techniques and seeking optimal
sensor configurations. Comparative investigations will be also
performed where the performances of the proposed strategy are
evaluated against those of existing approaches.
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Appendix A. Actuation scheme comparison

In the figures of the appendices, the 3D iFEM reconstructed shapes are presented. The 3D plots are colored based on the values
of the nodal transverse relative error, err∆Y (see Eqn. 30). The top and bottom views of the morphing trailing edge are shown to
highlight the distribution of err∆Y on the skin, whereas, in the lateral view, the difference between the iFEM reconstructed shape
and the target shape, which is represented with black outlines, is clearly visible. In particular, in this appendix, the 3D colored plots
of figure A1 and figure A2 help to draw the comparison between the behavior of the two actuation schemes tested (the concentrated
forces and the distributed pressure), showing how they barely affect the control strategy.

(a) First iteration

(b) Last iteration

Figure A1: δY j error plot on the iFEM reconstructed shape - k = 0.4, V = 0 m/s, sparse transverse forces actuation scheme

(a) Last iteration

Figure A2: δY j error plot on the iFEM reconstructed shape - k = 0.4, V = 0 m/s, distributed pressure actuation scheme
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Appendix B. Target shape comparison

In this appendix, the 3D colored plots of figure B1 are used to compare the behavior of the closed-loop control strategy when
tested with two different target shapes. The results presented in figure B1a show that, when k = 0.4, the control strategy converges to
the target shape. On the other hand, the results of figure B1b highlight a slight misalignment between the iFEM reconstructed shape
and the target shape. However, as the nodal transverse error distributions are almost identical, it can be concluded that different
target shapes barely affect the behavior of the control strategy.

(a) k = 0

(b) k = 1

Figure B1: δY j error plot on the iFEM reconstructed shape - V = 0 m/s - Last iteration
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Appendix C. Pressure intensity comparison

The results presented in this appendix help to assess how the intensity of the aerodynamic pressure distribution varies with the
relative wind speed, V , (see figure C2) and, consequently, how the closed-loop iterations are affected by this variable aerodynamic
load (see figure C1), Moreover, the results are used to confirm that, even when confronting the harshest aerodynamic pressure
distribution, the controller is still able to converge to the target shape (see figure C3).

(a) V = 100 m/s

(b) V = 200 m/s

(c) V = 300 m/s

Figure C1: δY j error plot on the iFEM reconstructed shape - k = 0.4, sparse transverse forces actuation scheme - Second iteration
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(a) V = 100 m/s
(b) V = 200 m/s (c) V = 300 m/s

Figure C2: Pressure distribution - k = 0.4, sparse transverse forces actuation scheme - Second iteration

(a) V = 100 m/s

(b) V = 200 m/s

(c) V = 300 m/s

Figure C3: δY j error plot on the iFEM reconstructed shape - k = 0.4, sparse transverse forces actuation scheme - Last iteration

16



References

[1] © Cambridge University Press & Assessment 2024, Metamorphosis
— meaning - cambridge learner’s dictionary, https://dictionary.
cambridge.org/dictionary/learner-english/metamorphosis,
(accessed: 08.12.2024) (2024).

[2] A. Sofla, S. Meguid, K. Tan, W. Yeo, Shape morphing of aircraft wing:
Status and challenges, Materials & Design 31 (3) (2010) 1284–1292.
doi:https://doi.org/10.1016/j.matdes.2009.09.011.

[3] L. Chu, Q. Li, F. Gu, X. Du, Y. He, Y. Deng, Design, modeling, and con-
trol of morphing aircraft: A review, Chinese Journal of Aeronautics 35 (5)
(2022) 220–246. doi:https://doi.org/10.1016/j.cja.2021.09.
013.

[4] J. Zhu, J. Yang, W. Zhang, X. Gu, H. Zhou, Design and applications of
morphing aircraft and their structures, Frontiers of Mechanical Engineer-
ing 18 (3) (2023) 34. doi:10.1007/s11465-023-0750-6.

[5] S. Ameduri, A. Concilio, Morphing wings review: Aims, challenges, and
current open issues of a technology, Proceedings of the Institution of Me-
chanical Engineers, Part C: Journal of Mechanical Engineering Science
237 (18) (2023) 4112–4130. doi:10.1177/0954406220944423.

[6] J. Valasek, Morphing aerospace vehicles and structures, Morph-
ing Aerospace Vehicles and Structures (2012) 1–286, https://

onlinelibrary.wiley.com/doi/book/10.1002/9781119964032.
doi:10.1002/9781119964032.

[7] A.-M. R. McGowan, A. E. Washburn, L. G. Horta, R. G. Bryant, D. E.
Cox, E. J. Siochi, S. L. Padula, N. M. Holloway, Recent results from
NASA’s morphing project, in: A.-M. R. McGowan (Ed.), Smart Struc-
tures and Materials 2002: Industrial and Commercial Applications of
Smart Structures Technologies, Vol. 4698, International Society for Op-
tics and Photonics, SPIE, 2002, pp. 97 – 111. doi:10.1117/12.

475056.
[8] B. Jenett, S. Calisch, D. Cellucci, N. Cramer, N. Gershenfeld, S. Swei,

K. C. Cheung, Digital morphing wing: Active wing shaping concept us-
ing composite lattice-based cellular structures, Soft Robotics 4 (2017) 33–
48. doi:10.1089/soro.2016.0032.

[9] A. De Gaspari, L. Riccobene, S. Ricci, Design, manufacturing and wind
tunnel validation of a morphing compliant wing, Journal of Aircraft 55 (6)
(2018) 2313–2326. doi:10.2514/1.C034860.

[10] U. Fasel, D. Keidel, L. Baumann, G. Cavolina, M. Eichenhofer, P. Er-
manni, Composite additive manufacturing of morphing aerospace struc-
tures, Manufacturing Letters 23 (2020) 85–88. doi:https://doi.org/
10.1016/j.mfglet.2019.12.004.

[11] M. Arena, F. Amoroso, R. Pecora, S. Ameduri, Electro-actuation system
strategy for a morphing flap, Aerospace 6 (1) (2019). doi:10.3390/

aerospace6010001.
[12] I. Dimino, A. Concilio, M. Schueller, A. Gratias, An adaptive control sys-

tem for wing te shape control, in: K. M. Farinholt, S. F. Griffin (Eds.), In-
dustrial and Commercial Applications of Smart Structures Technologies
2013, Vol. 8690, International Society for Optics and Photonics, SPIE,
2013, p. 86900D. doi:10.1117/12.2012187.

[13] R. De Breuker, T. Mkhoyan, N. Nazeer, V. Stuber, X. Wang, I. Mkhoyan,
R. Groves, S. van der Zwaag, J. Sodja, Overview of the smartx
wing technology integrator, Actuators 11 (10) (2022). doi:10.3390/

act11100302.
[14] G. Molinari, A. F. Arrieta, P. Ermanni, Aero-structural optimization of

three-dimensional adaptive wings with embedded smart actuators, AIAA
Journal 52 (9) (2014) 1940–1951. doi:10.2514/1.J052715.

[15] G. Molinari, M. Quack, A. F. Arrieta, M. Morari, P. Ermanni, De-
sign, realization and structural testing of a compliant adaptable wing,
Smart Materials and Structures 24 (10) (2015) 105027. doi:10.1088/

0964-1726/24/10/105027.
[16] K. P. T. Haughn, L. L. Gamble, D. J. Inman, Deep reinforcement learning

achieves multifunctional morphing airfoil control, Journal of Composite
Materials 57 (4) (2023) 721–736. doi:10.1177/00219983221137644.

[17] S. Fichera, I. Isnardi, J. E. Mottershead, High-bandwidth morphing ac-
tuator for aeroelastic model control, Aerospace 6 (2) (2019). doi:

10.3390/aerospace6020013.
[18] T. L. Grigorie, R. M. Botez, A. V. Popov, M. Mamou, Y. Mébarki,

A hybrid fuzzy logic proportional-integral-derivative and conventional
on-off controller for morphing wing actuation using shape memory al-
loy part 1: Morphing system mechanisms and controller architecture

design, The Aeronautical Journal 116 (1179) (2012) 433–449. doi:

10.1017/S0001924000006977.
[19] G. Jodin, J. Scheller, J.-F. Rouchon, M. Braza, On the multidisciplinary

control and sensing of a smart hybrid morphing wing, in: 2017 IEEE
International Workshop of Electronics, Control, Measurement, Signals
and their Application to Mechatronics (ECMSM), 2017, pp. 1–6. doi:

10.1109/ECMSM.2017.7945866.
[20] N. Nazeer, X. Wang, R. M. Groves, Sensing, actuation, and control of

the smartx prototype morphing wing in the wind tunnel, Actuators 10 (6)
(2021). doi:10.3390/act10060107.

[21] M. S. Parancheerivilakkathil, J. S. Pilakkadan, R. M. Ajaj, M. Amoozgar,
D. Asadi, Y. Zweiri, M. I. Friswell, A review of control strategies used for
morphing aircraft applications, Chinese Journal of Aeronautics (2024).
doi:https://doi.org/10.1016/j.cja.2023.12.035.

[22] R. Sun, D. Yan, R. K. Nangia, J. E. Cooper, Optimization design for aero-
elastic morphing wings, Proceedings of 2017 9th International Confer-
ence On Modelling, Identification and Control, ICMIC 2017 2018-March
(2017) 25–30. doi:10.1109/ICMIC.2017.8321654.

[23] M. J. T. Kammegne, L. T. Grigorie, R. M. Botez, A. Korean-
schi, Design and wind tunnel experimental validation of a con-
trolled new rotary actuation system for a morphing wing application,
http://dx.doi.org/10.1177/0954410015588573 230 (2015) 132–145. doi:
10.1177/0954410015588573.

[24] S. Khan, T. L. Grigorie, R. M. Botez, M. Mamou, Y. Mébarki, Novel
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