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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.

1. Introduction

The term “morphing” is short for metamorphose, i.e., gradual trans-
formation [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 con-
trasting mission operations. The research field on morphing aircraft is
brimming with a multitude 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
numerous advantages, both in terms of performance and environmen-
tal impact of morphing wing structures, stressing the competitive edge
of morphing solutions in the modern aerospace industry: their transver-
sality, i.e., the capability to positively impact multiple aircraft systems,
thus achieving widespread efficiency. Morphing capabilities and their
potential always fascinated 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, developing a completely re-
liable, safety-compliant morphing structure proved to be a difficult task
and prevented the large-scale diffusion of morphing applications. For
this reason, in its Morphing Aircraft project, NASA advocated for the
development of new and potentially disruptive technologies that would
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allow the realization of a full-performing morphing aircraft [7]. Since
then, many innovative solutions have been proposed, mainly involving
the design and production process, the actuation system, and the control
loop architecture.

For the production and development of the morphing wing struc-
ture, Jennet et al. [8] designed a digital cellular solid structure. 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 en-
tire structure is assembled. This strategy allows to drastically reduce the
manufacturing process complexity and to precisely tune the properties
of the cellular solid, which depend on the geometry of the lattice ar-
ray. Another solution in the field of morphing aircraft manufacturing is
the one proposed by De Gaspari et al. [9], and by Fasel et al. [10], who
employed additive manufacturing 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 de-
veloped 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.
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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 con-
figuration [11,12], electromechanical actuators have been the privi-
leged solution. On the other end, when developing 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 Com-
posite (MFC) piezoelectric patches on the 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 combi-
nation 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 encoders [11,12]. In particular, Dimino et al.
[12] coupled the encoders with chord-wise and span-wise strain mea-
surements, 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 sensors, 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 using 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 information, Jodin
et al. [19] also employed thermocouples to retrieve the SMA wire’s tem-
peratures to use them as feedback in their control architecture. A similar
solution was adopted by Grigorie et al. [18], as the displacements of
two position transducers were used together with the temperature mea-
surements 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 coupled 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 spe-
cific locations through laser sensors, were also employed by Fichera et
al. [17] in their camber morphing design.

A common feature of all the feedback shape control strategies dis-
cussed so far is that they all aim to monitor and act on the shape they
control by either employing sensor measurements that are indirectly
related to the displacements of the structure, as in the case of the rel-
ative rotations between the hinges of the actuators [11,12], which do
not involve reconstructing the global morphed shape, or by using sensor
measurements that are directly related to the displacements, such as the
strain measurements or the displacements themselves, but that are ex-
ploited only for local reconstructions [15-17,20] (few strategies [18,19]
implement hybrid solutions between these two approaches). This obser-
vation holds even when considering the broader, more comprehensive
literature review on closed-loop shape control architectures for morph-
ing wing structures by Parancheerivilakkathil et al. [21]. The review
provides additional examples of local shape reconstructions through
sensor measurements directly related to the local displacements, such as
the twist angle of the twist morphing design of Sun et al. [22]. Also re-
viewed are applications employing sensor measurements only indirectly
related to the displacements of the monitored structures. Examples in-
clude the torque in the actuation 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
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the pressure distribution was used by Popov et al. as a further feed-
back 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 morphing skin in order to monitor the transition point over the air-
foil. 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, thick-
ness, skin contour). However, as highlighted by Parancheerivilakkathil
et al. in their review [21], the most recent efforts in morphing wing de-
signs have been concentrated in developing polymorphing wings, where
multiple combinations of displacements and displacement rates are com-
bined 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 configuration and to one spe-
cific task. That is, local reconstruction of the structural parameters may
be insufficient for these morphing designs. Furthermore, even sensor
measurements indirectly related to displacements may be insufficient
for future morphing 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 commands provided by
the control system and it also represents an instrumental factor in the
evaluation of the improvements provided 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 difficulties regarding
the installation of the optical fibers on the skin of the structure, they de-
signed 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 re-
sults, as Ciminello et al. observed in their paper [29], the procedure
is able to reconstruct only the flap mid-line, thus lacking the capabil-
ity 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-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 ap-
proaches, i.e., methodologies to evaluate the global deformed shape of
a structure starting from discrete strain measurements [32]. The recon-
structed displacements can be further elaborated to obtain the strain and
stress fields over the whole structural domain (thus enabling the applica-
tion of Structural Health Monitoring approaches and more cost-efficient
maintenance strategies based on actual data [33]). Shape sensing ap-
proaches are typically based on strain measurements and on related sen-
sors. Apart from traditional strain gauges or rosettes, still applicable to
laboratory experimental campaigns but less suitable for on-board mon-
itoring, new sensors are gaining increasing popularity as Fiber Bragg
Grating (FBG) sensors [34] and fiber-optical sensors based on Rayleigh
scattering and Optical Frequency Domain Reflectometry [35].

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

Methodologies belonging to category (2) are typically developed for
beam-like structures as in Ko’s Displacement Theory [37]. The key idea
is that axial strains measured along a “sensing line”, with a known dis-
tance from the neutral axis of the beam, are integrated twice to obtain
the deflection [37]. Further to simple bending, torsional deformation
can be reconstructed 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 de-
formed shape reconstruction [34,38].

Methods grouped into category (3) assume that the displacement
field of a structure can be expressed in terms of known spatial func-
tions and unknown coefficients whose value is determined in order to
fit the reconstructed strains to the experimental 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 neces-
sary 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 varia-
tional 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 dis-
placements (discretized using finite elements) and the strains experi-
mentally 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 originally intro-
duced for thin-walled structures, by adopting the kinematic assumptions
of the First-order Shear Deformation Theory and consequently develop-
ing 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 struc-
tures [46] and further extended to beams with complex cross-sections
[47]. Moreover, recently a 1D inverse element was introduced combin-
ing iFEM with the Global Beam Theory to model cylindrical and conical
shells [48,49]. Hybrid iFEM strategies (beam and shell inverse finite ele-
ments) have been successfully applied to stiffened structures [50]. iFEM
has been shown to be general enough, thus leading to applications in
several fields, ranging from aircraft structures [51-53], to marine struc-
tures [54,55] and civil structures [56,57]. Further, iFEM developments
have been non-linear formulations for large displacements [58,59], spe-
cial enhancements for multilayered composite and sandwich structures
with highly heterogeneous stacking sequences [60,61], and iFEM-based
approaches 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 unavailable 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 feed-
back strategies relying 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 ob-
jective 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. Further 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
actual global deformed shape through discrete sensor strain measure-
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Thin-walled aluminum
leading edge

Soft Roachell foam core

Epoxy resin skin
trailing edge

Fig. 1. Morphing wing structure.

ments is realized, and its feasibility and efficacy are investigated 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 aerodynamic loads. Section 3 describes the
steps and ingredients of the control loop strategy. Section 4 summarizes
the main assumptions and equations of iFEM, thus setting the numer-
ical framework 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 future 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 investigation, and the
FE model developed to simulate its structural behavior.

2.1. Morphing wing structure

To test the iFEM feedback-based closed-loop architecture, a morph-
ing 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 corresponding leading edge designs [14]. Therefore, mor-
phing capabilities 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 Fig. 1. A NACA 6516 airfoil is
chosen as the wing profile and the design represents 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 consid-
ered infinitely 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 portion of the wing
are chosen so that the structure is compliant enough to exhibit morph-
ing capabilities but, at the same time, has the strength to withstand the
applied loads. In particular, the foam core is used to counteract the aero-
dynamic pressure distribution 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 epoxy skin
and the foam core, as clearly shown by the data in the table, are consid-
ered as isotropic materials. This simplifying assumption facilitates the
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Table 1
Materials and thickness data of the morphing wing
model.
Trailing edge
Skin Core
Material Epoxy resin  Roachell WF 51
E [MPa] 3.2 75
% 0.35 0.44

thickness [mm] 5 130-3

130 mm

5mm|

Fig. 2. Morphing trailing edge structure.

z X

Fig. 3. Trailing edge FE model.

FEM implementation of the 3D model. The two thickness values pro-
vided for the core represent, respectively, the thickness of the portion
of the core adjacent to the leading edge, and the thickness of the core
at the trailing edge tip, as shown in Fig. 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 strat-
egy. The FE model is presented in Fig. 3. Only the trailing edge structure,
whose dimensions are displayed in Figs. 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 compar-
ison 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 ele-
ments is set at 0.005 m, resulting in a total of 308 nodes, of which 260
belong to the skin. Here the variables N, ; and N, , are introduced to
represent the number of elements in the skin and core, whereas N,,
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Fig. 4. Distributed pressure actuation scheme.

is used as the number of nodes in the skin. The FE model is developed
using MSC/PATRAN and MSC/NASTRAN [65].

In Fig. 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 Fig. 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 fre-
quently 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. Furthermore, this actuation scheme
may be reproducible with the concept proposed by Berton [66], where
the elongation and contraction of the SMA wires are converted through
amechanical link into a transverse action on the controlled surface. Sim-
ilarly, the solution proposed by Wang et al. [67] could be employed to
generate a set of distributed transverse loads: in order to drive their trail-
ing edge morphing concept, Wang et al. coupled piezoelectric ultrasonic
motors to an eccentuator, that is, a bending beam able to convert rota-
tions at one end into vertical and lateral motions at the other. Taking
inspiration from Wang et al. [67], a second actuation scheme, Fig. 4, em-
ployed to draw comparative results with the previous one, is considered.
It consists of a set of distributed pressure loads acting perpendicularly
on each element of the top and bottom skin of the trailing edge. The dis-
tributed pressure actuation scheme is modeled by applying an external
pressure load on all the N, ; elements of the skin.

3. Control loop architecture

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

3.1. Notation

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

* Py is the target shape;
* PippMm is the iFEM reconstructed shape;
* Pgpy is the shape obtained using the FE Model of the structure.

The shape is defined in terms of displacements. Thus, P is a matrix con-
taining the nodal displacement components (uy,uy,u,) defined with
respect to the unmorphed shape in the global coordinate system. In par-
ticular, P is a N, ; x 3 matrix whose rows correspond to the N, ; nodes
of the FE modeled skin
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Legend:

Py, = Target shape; P;ppm = iIFEM reconstructed shape;

L = Actuation loads; €ppym = Real strains simulated via FE model;
p = Pressure distribution; P gy = Real shape simulated via FEM model;

2. Actuation
Loads

1. Does PiFEM
converge to
Pyge?

Pipgm(t)

5. Inverse
FE Model
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Numerical simulation of the real morphing
wing actuation and deformation
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L) 1 3. Aerodynamic [l
I loads |

! |
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| FE Model |

|
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Fig. 5. Closed-loop control architecture.
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P= : : : (@)
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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 particular, it is assumed that, at the
centroid of each element of the FE model, the in-plane strains are known
(a detailed explanation of sensor placement is provided in subsection
4.2). Hence, the strains are collected in the form of a N, ; X 6 matrix as

- +
Exx,l Exxil Eyy,l Eyy,l ny,1 }IXYJ
€= : : : : : : 2
+ - + - + -
€ € € e
XX,Ne s xere,s YYsNe,s yy,NeYS YXYvNe,s yXy’NE.S
+ ot ot - = - :
where (exx,syy, yxy) ; and (€5 2 yxy),- are respectively the top and bot-

tom 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 N sparse concentrated transverse forces, shown in Fig. 3,
the magnitude of the loads is contained in a column vector, L, defined
as

L={L;,-,Ly,}" 3

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

Lastly, the time instant ¢, corresponding to the generic closed-loop
iteration, is used to represent the variables produced during that iter-
ation, while # — At represents the variables computed in the previous
iteration, assuming a time interval Af in between.

3.2. Control loop flowchart

The flowchart of the iFEM feedback-based closed-loop control strat-
egy is presented in Fig. 5.

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

1. In the first stage, the difference between the target and iFEM re-
constructed displacements, referred to as Py and Pipgy (1) is cal-
culated;

2. Then, in the second stage, this difference is used to compute 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 surface of the morphing wing;

4. The actuation loads and the aerodynamic pressure distribution are
both fed, in the fourth stage, to the FE model of the unmorphed
structure to produce a numerical simulation of the real wing defor-
mations, Ppgy(7), and of the real surface strains, epgp(1);

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, Pipgp(7), 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 direction, 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(tht, Ytgt) = f(X)
Yige =/ Kirem)

where X4 and Yy, are vectors containing the global coordinates of
the target shape. Eqn. (4) describes a continuous piece-wise polynomial
interpolation (referred to as spline(Xyy, Yig)) that produces a curve
function, f(X), that is then evaluated in Xipgy, the vector of global
X-coordinates of the iFEM reconstructed shape. In other words, this pro-
cedure allows to slightly modify the set of points that define the target
shape profile, from the original coordinates (X4, Yg¢), to a set of points
with coordinates (X;pgm- Yfgt). This procedure allows to define a target
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 between the global Y-coordinates

4
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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 expression

N,
DITC SIS AR
errpy () = e i L )

N max (Y )?)

where the variable 7, 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 Py — Pipgm(?) 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 linear deformations, thus the principles of
linear analysis are employed. In particular, the difference Pyy; — Pippy (1)
produces the required displacements that the structure needs to achieve
the target shape

Dreq([) = Ptgt = Pipem(®) (6)

where the letter D is used because, in contrast to the displacement ma-
trix P, the required displacements are not measured with respect to the
unmorphed shape. To compute the loads that produce D,..4(7), a relation
between the actuation scheme and the displacements is introduced fol-
lowing these steps: the FE model of the unmorphed structure is used to
compute the nodal displacement matrices, II,,,, representing the nodal
displacements due to a unit load at the m-th actuation point of the mor-
phing scheme. Each matrix II,, can be rearranged as a column vector of
the form

— T —
Oy, =f{uy 1, uy 1, uz1s - UX N, YWY N, YZ N Jm m=L..Np (7)

ns

Assembling all the II, column vectors in a single matrix, the matrix of
influence coefficients, C is obtained:

C=[{M,} (T, }] ®

The matrix of influence coefficients is a 3N, ; X N; matrix (or a
3N, ;X N, ; 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 ob-
tained via this simple equation:

P=CL )

The P matrix obtained in Eqn. (9), as explained previously in subsection
3.1, contains the displacements computed with respect to the unmor-
phed shape. However, the function that computes the loads uses as input
the difference between two P matrices, the one related to the target
shape and the one obtained via the iFEM reconstruction. The equation
that relates the matrix of influence coefficients to the difference between
the two displacement matrices, Py and Pippy(?) is

D(1) =Py — Pippm(t) = CLyy — CLipgm (1) = CAL(?) (10)

where AL(?) is used to represent the unknown load increment at the
iteration corresponding to the generic time instant 7.

At each iteration, Eqn. (10), together with the required displacement
D,.¢q(?), allows to build the least-squares difference functional

2 2
WAL(®) = || Dreg(® = DO | = || Dreg(0) — CAL®)|| an
Minimizing Eqn. (11) leads to the following least-squares problem:
. 2
ZHI}(I}) H Dreq(’) - CAL(I) H 12)

Since the only independent variable of the least-squares functional is
the unknown load increment, AL(?), the solution of Eqn. (12) is exactly
AL(?) and can be obtained, for instance, using the singular value decom-
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Fig. 6. Notation for the flat shell [44].

position (SVD) of the matrix C. In particular, using the pseudo-inverse
matrix C [68], the load increment is computed as:

AL(1) = C'Dyq (1) 13)

AL(?), however, is not the final output of the process yet. L(¢), the ac-
tuation load vector that, as shown in 5, is the actual controller output,
and that is used as an input for the FEM procedure, is obtained at the
time instant t with the following expression:

L) =L — A+ AL®) 14

In the third stage, the aerodynamic pressure distribution is computed
by feeding the deformed FEM simulated shape computed at the previ-
ous iteration, Ppgy(f — At), to XFOIL [69], which produces the pressure
distribution on the morphed profile. In particular, to simplify the proce-
dure, the analysis are run under 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 Pggy(f — At) 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 mor-
phing wing.

4.1. The iFEM framework

Shape sensing is defined as the inverse problem of reconstructing
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, ®. Minimizing this functional
yields Euler equations and consistent 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 Element
Method applied to thin-walled structures is the First-order Shear De-
formation Theory (FSDT or Mindlin theory). With reference to Fig. 6,
the FSDT displacement field is defined as

u (x,y,z) =u(x,y)+ sz(x, ¥)
uy(x, v, z)=v(x,y) + z0,(x,y) (15)
uz(x,y,z) =w(x,y)
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where u= {u,0,w,0,, Gy}T is the vector of the five kinematic variables,
which all refer to displacements and bending rotations defined on the
middle plane of the shell structure. The kinematic model of Egs. (15)
leads to the following expression for the in-plane strains:

Exx £x0 Kx0
Eyy ¢ =19 &0 +2) Ko (= e(u) + zk(u) 16)
yxy 7xy0 ny()

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

ew)=L,u

k(uw)=L,u an

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

Vxz = Vxz0 = =L 1
{ Vyz } { Yyz0 } s =L (a8

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 approximation strat-
egy, the thin-walled structure is discretized using (inverse) finite ele-
ments. Within each of these inverse elements, u is expressed as a func-
tion of u®, the nodal displacement vector:

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

where N is a matrix containing appropriate shape functions.
Introducing Eqn. (19) in Egs. (17) and (18), the analytical strain
measures can be expressed as functions of the nodal displacements:

e(u®) =L ,Nu®=B"u*
k(u®) = L,_Nu® = B"u® (20)
gu®) =L, u’=B%u*

where B™, BY, and BS are matrices of shape function derivatives corre-
sponding to the membrane, bending, and transverse shear strain mea-
sures, respectively [70].

The iFEM least-squares functional, @, is built using the surface strain
measurements. However, in order to employ the strain measurements in
the definition of ®, they have to be first expressed in terms of mem-
brane strains and curvatures. Referring to the notation of Fig. 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 x; = (x;, y;, ). The strains measured by the sensor on the top-
skin are (7, e;f " y;fy),-, whereas the strains measured on the bottom are
(€5, £ y;y)i. Having sensors on both the top and bottom surface, the
strain measurements can be converted into experimentally evaluated
membrane strains and curvatures using the following equations:

efc() ch—x E;x

€=t =5|1eh et [ =t @1
yjy() i y;—y i y;y i
Kch 6;( 6;x

k=4 K =2lz et =de bl =1 22)
KiyO i y:y i Vx, i

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

The experimentally evaluated membrane strains and curvatures of
Egs. (21) and (22), together with the FSDT analytical strain measures of
Egs. (20) are used to formulate the least-squares error functional asso-
ciated with the generic element e of the iFEM discretization
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2 2
O°(u) =w, + W || K(u®) — k? (23)

2
g s -

e(u®) —ef

In Eqn. (23), We, Wy, and w, represent the row vectors of weighting
coefficients related, respectively, to the membrane, the curvature, and
the transverse shear strain measures. The weighting coefficients control
the degree of enforcement between the analytical and the experimen-
tally evaluated strain measures, i.e., the degree of enforcement of the
following relations:

e(u®) — ef

k(u®) - Kk* (24)
g(u®) > g°

A strong enforcement of Egs. (24) is obtained by setting the weight-
ing coefficients to one and it can be applied when the measured strains
are known. This is the case of the experimentally evaluated membrane
and curvature strain measures, e and k*, that can be directly obtained
from the experimental strain measurements using Egs. (21) and (22).

Accordingly, the norms of Eqn. (23), are calculated using the following
expressions:

He(ue) —ef : = %/ [e(ue) - e‘g]2 dA®
AL’
(25)
2
Hk(ue) _ke’ = % [k(u®) - k| da*
AL’

where A° is the area of the inverse element.

On the other hand, if the strain measures can not be experimentally
evaluated, the corresponding weighting coefficients are set to a small
value, for instance, 104, This always applies to the experimentally eval-
uated transverse shear strain measures, g¢, as they cannot be obtained
directly from the strain measurements. Consequently, the corresponding
norm of Eqn. (23) is computed as

2 2
E/g(ue) dA® (26)

Ae

|| gu®) —g°

A similar definition of the norms (instead of those in Egs. (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 Egs. (25) and
(26), it is evident that the inverse element least-squares functional,
@¢(u®), depends only on the element nodal displacements. Therefore,
minimizing the element functional leads to the following problem:
00°(u®)

oue
which is the element matrix equation, where K¢ is a function of the
positions of the strain sensors, as is the vector f¢, 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*=0 = K®u®=f* 27)

KU=F (28)

whose solution yields the nodal displacements of the structure.

To obtain a non-singular coefficient matrix, boundary conditions are
to be imposed. On the contrary, to solve for the displacements of the
structure, elastic or inertial material properties 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. Further-
more, 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
computational cost, since the analysis themselves require only the cal-
culation of F, while K remains constant. These advantages make the
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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 mor-
phing wing structure is built using 2D inverse four-node quadrilateral
elements, the iQS4 [45]. These elements have 6 DOF (degrees of free-
dom) at each node and employ C°-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 Fig. 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 instrumented 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). Nev-
ertheless, to validate the procedure, the assumption is made that this
measurement 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 acting on the
structure, which was controlled by the value of the velocity, V, as
the aerodynamic pressure is defined by the following expression:

1
P=3 szcp 29
where p = 1.225 kg/m? is the density of the air, and ¢, 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 number of iterations. In
addition to the line plots, the 3D iFEM reconstructed shape plots are also
shown: each plot is colored to represent the distribution of the nodal
transverse relative error:

sy - |Yj’f,g, =Y ireml

T max((Yp D)

(30)

which, excluding the normalizing factor 1/4/N, ;, 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 equa-
tion of the camber line, as the equation of both the top and bottom
skin change accordingly. In particular, for the results presented in this
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Fig. 7. Target shapes.

Section, the camber line equation is modified so that it morphs into an
arbitrary parabolic shape. This leads to the following expression of the
transverse global coordinate of the camber line:

Yoy =Yg —k- (X = X,,)° @1

where the term Y, is used to guarantee the continuity of the equation
with the unmorphed portion of the wing and X, = 0.55 is the coordinate
along the chord of the front part of the morphing trailing edge. The term
k represents an arbitrary constant that is used to control the extent of the
downward transverse deflection of the profile and that, from a practical
perspective, 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 Fig. 7.

5.2. Parametric analysis: actuation scheme

The first test of the closed-loop architecture aims to evaluate the
behavior of the control algorithm, comparing the case where the morph-
ing trailing edge is actuated by transverse concentrated forces with the
case where the distributed pressure is employed. Both actuation schemes
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Fig. 8. Comparison of closed-loop control architecture behavior with two dif-
ferent actuation schemes.

were presented in subsection 2.2. The test is carried out considering the
target shape obtained with k = 0.4 and a velocity V' =0 m/s, i.e., with
no aerodynamic loads acting on the structure. The results are shown in
Fig. 8, where the error is plotted against the number of iterations. Com-
paring the results obtained with the two actuation schemes, it is evident
that, in both cases, the closed-loop strategy is able to rapidly converge to
the target shape and with the same error values: less than 1% for the up-
per skin and around 5% for the lower skin. These results are confirmed
by the colored 3D iFEM reconstructed shape plots, which show that, in
the final iteration, the structure morphs to the target shape with a max-
imum value of the nodal transverse relative error, 3Y}, of 0.03. These
plots are contained in Appendix A.

It can be concluded from these results that if no aerodynamic load
acts on the structure, the iFEM feedback-based closed-loop control strat-
egy is able to immediately converge to the target shape after the second
iteration. Furthermore, different actuation schemes can be employed
without affecting the behavior of the closed-loop architecture. There-
fore, in the rest of this Section, only results obtained using the transverse
concentrated forces actuation scheme are considered.
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Fig. 9. Comparison of closed-loop control architecture behavior with two dif-
ferent target shapes.

5.3. Parametric analysis: target shape

After testing the influence of the actuation scheme, the effect of a dif-
ferent 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 previously, employing only the transverse concentrated
forces actuation scheme.

In Fig. 9, the error trends for the two case studies are compared: the
different target shapes minimally affect the closed-loop iterations as,
although in both cases the control algorithm rapidly converges to the
target shape, the end error values are slightly different. However, look-
ing at the 3D colored plots of Fig. B.1, which show the nodal transverse
relative error, 3Y;, all over the morphed structure in the final iteration,
it is evident that, in both cases, the closed-loop strategy is able to con-
verge to the target shape. The slight difference in the error values of
Fig. 9 is caused only by a small misalignment between the final mor-
phed shape and the target shape at the rear end of the trailing edge in
the case where k = 1, which can be observed in Fig. B.1b.

Therefore, as for the actuation scheme, the different target shapes do
not impact the iFEM feedback-based closed-loop control over the mor-
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phing trailing edge. Thus, in the following 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 sub-
section is dedicated to the investigation of the effect of such external
action on the iFEM feedback-based controller. As for the previous sub-
sections, 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 Fig. 10a, where the
transverse least-squares relative error, err,y, is plotted against the num-
ber of iterations.

Comparing the graph of Fig. 10a with the one Fig. 8a, the aerody-
namic 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 upper skin. Similarly, the barely no-
ticeable effect of the pressure distribution can be observed comparing
Fig. C.1a and Fig. C.3a: the controller achieves the target shape on the
second iteration, and the distribution of nodal transverse relative error,
5Yj, 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 distribution
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 Fig. C.2. Looking at the comparison
of the 3D colored plots in the second closed-loop iteration, presented in
Fig. C.1, 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 create an evident change
in the trend of the graph in Fig. 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 pattern, as shown in
Fig. 10c. The response of the structure is caused by the oscillations of the
pressure distribution and its peaks, that, as shown in Fig. C.2, range now
from 60000 to 80000 Pa. The results of these high-pressure peak values
are also reflected in the 3D colored plots (see Fig. C.1c): in the second
iteration the upward tilt of the morphing wing is far more noticeable,
and the maximum value of the nodal transverse relative error, 38Y, 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 (Fig. 10c). Lastly,
similarly to the previous cases, a maximum nodal transverse relative
error of 0.04 (Fig. C.3c) is achieved.

6. Conclusions

The problem of developing and assessing a closed-loop strategy for
the morphing of wing structures where the feedback comes from the
global deformed structural shape has been addressed in this work. The
investigation has been conducted numerically on a simple wing segment
with a morphable trailing edge, actuated by concentrated forces or dis-
tributed pressures, and with aerodynamic loads updated while the mor-
phing is occurring. The deformed shape of the trailing top and bottom
skin is reconstructed by using the inverse Finite Element Method GFEM),
a FE-based numerical approach matching, in a least-square sense, the
analytical strains and those “measured” in some discrete locations.
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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 investiga-
tion.

The assessment of the proposed control-loop strategy has been con-
ducted on the FE model of the wing segment subjected to aerodynamic
loads (computed via XFOIL) and actuation 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
velocities demonstrated good performances in terms of convergence and
accurate final trailing-edge shape. On the other hand, the proposed
strategy employed a high number of sensor measurements and, in the
harshest aerodynamic load conditions, required numerous iterations to
suppress the structure’s oscillations.

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, 3Y; (see Eqn. (30)). The top and bottom views
of the morphing trailing edge are shown to highlight the distribution of
3Y; 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 Fig. A1 and Fig. A2 help to draw the comparison
between the behavior of the two actuation schemes tested (the concen-
trated forces and the distributed pressure), showing how they barely
affect the control strategy.
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Fig. Al. Y, error plot on the iFEM reconstructed shape - k= 0.4, V = 0 m/s, sparse transverse forces actuation scheme.
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Fig. A2. §Y; error plot on the iFEM reconstructed shape - k= 0.4, V' = 0 m/s, distributed pressure actuation scheme.
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Fig. B.1. 6Y; error plot on the iFEM reconstructed shape - V' =0 m/s - Last iteration.

Appendix B. Target shape comparison

In this appendix, the 3D colored plots of Fig. B.1 are used to compare
the behavior of the closed-loop control strategy when tested with two
different target shapes. The results presented in Fig. B.1a show that,
when k = 0.4, the control strategy converges to the target shape. On
the other hand, the results of Fig. B.1b highlight a slight misalignment
between the iFEM reconstructed shape and the target shape. However,

12

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.

Appendix C. Pressure intensity comparison
The results presented in this appendix help to assess how the inten-

sity of the aerodynamic pressure distribution varies with the relative
wind speed, V, (see Fig. C.2) and, consequently, how the closed-loop it-
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Fig. C.3. 6Y; error plot on the iFEM reconstructed shape - k = 0.4, sparse transverse forces actuation scheme - Last iteration.

erations are affected by this variable aerodynamic load (see Fig. C.1),
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 Fig. C.3).

Data availability
Data will be made available on request.
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