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An optimization procedure for the shape design of morphing aircraft is presented. The process is coupled with a knowledge-
based framework combining parametric geometry representation, multidisciplinary modelling, and genetic algorithm. The
parameterization method exploits the implicit properties of the Bernstein polynomial least squares fitting to allow both local and
global shape control.The framework is able to introducemorphing shape changes in a feasible way, taking into account the presence
of structural parts, such as the wing-box, the physical behaviour of the morphing skins, and the effects that these modifications
have on the aerodynamic performances. It inherits CAD capabilities of generating 3D deformed morphing shapes and it is able
to automatically produce aerodynamic and structural models linked to the same parametric geometry. Dedicated crossover and
mutation strategies are used to allow the parametric framework to be efficiently incorporated into the genetic algorithm. This
procedure is applied to the shape design of Reference Aircraft (RA) and to the assessment of the potential benefits that morphing
devices can bring in terms of aircraft performances. It is adopted for the design of a variable camber morphing wing to investigate
the effect of conformal leading and trailing edge control surfaces. Results concerning four different morphing configurations are
reported.

1. Introduction

The very challenging targets of new environmental require-
ments for transport aircraft force the researchers to look
for more advanced aircraft configurations, based on more
efficient aerodynamics and structures together with more
sophisticated flight control systems. Focusing on European
transport, it appears as clear that the pressure will increase
for large scheduled European carriers to reequip their short
haul fleets with more fuel-efficient types, in order to remain
competitivewith low-cost rivals and to ensure theywill not be
unduly penalized when European emissions trading comes
into full force.

The Bréguet range equation [1, 2] combines aerodynamic,
propulsion, and structural figures ofmerit and suggests acting
on both the aircraft empty weight and the lift over drag
ratio, in order to improve the modern aircraft efficiency.
Many are the approaches investigated during recent years
trying to improve all the Bréguet equation terms, such as

advanced and unconventional configurations able to improve
aircraft efficiency, new materials and structural concepts,
active controls to peak loads reduction and flight control
improvements, more efficient engines, and alternative fuels
[3]. Certainly morphing technologies offer potential benefits
for a more efficient aircraft and for this reason literature
reports many and different morphing concepts even if a
clear evaluation of their real benefits is not available yet [4–
7]. One of the key challenges for morphing technologies
is represented by the identification of the most suitable
actuation concept able to reduce the actuation energy and the
mechanism weight.

While current aircraft are already equipped with systems
able to introduce in-flight geometrical variations such aswing
area change, variable camber, and retractable landing gear,
the morphing of next generation still has challenges and
leads to the design of morphing wings based on conformable
control surfaces [8]. In particular, the variable wing camber
morphing, considered as the capability to change the airfoil

Hindawi Publishing Corporation
International Journal of Aerospace Engineering
Volume 2015, Article ID 325724, 19 pages
http://dx.doi.org/10.1155/2015/325724



2 International Journal of Aerospace Engineering

shape without surface discontinuities often based on the
adoption of ad hoc designed flexible skins [9], appears as
an efficient way to maximize the lift over drag ratio and to
reduce the fuel consumption over the entire flight envelope.
However, the design of this kind ofmorphing devices requires
developing specific procedures able to assist the engineers
during both the design [10–12] and the benefits evaluation
phases. Currently, this target is commonly addressed by
means of dedicated multilevel and multiobjective optimiza-
tion procedures [13]. Multilevel capabilities allow performing
the optimization of morphing shapes and the design of
the morphing mechanism separately [14]; multiobjective
techniques help to design aircraft able to adapt its shape to
optimize the performances along the cruise or at a wide range
of different flight conditions.

The design of morphing wing devices must combine two
opposite requirements, often named kinematic and structural
requirements, respectively: a flexible structure so tominimize
the energy necessary to adapt its shape as expected and at
the same time an enough rigid structure able to maintain the
new shape under the aerodynamic loads when the morphing
mechanism is not actuated. The approach proposed by the
authors [15] is based on the optimization of aerodynamic,
stiffness, and actuation sequentially, passing through the
definition of a family of optimal morphing shapes associated
with a group of as many flight conditions. Hence, the design
of morphing mechanism depends on the availability of the
optimal shapes that must be achieved when it is actuated and
that are computed before the mechanism is known. In this
way the optimal shapes guarantee the aerodynamic perfor-
mances, while the mechanism can be optimized considering
both kinematic and structural requirements.Thekey problem
is that the allowable shape variation laws depend on the type
of mechanism, while the mechanism design depends on the
shape changes that the mechanism must be able to reach.
For this reason, in recent years many efforts have been made
aiming at considering energy and actuation requirements
[16–18], as well as structural constraints [19], directly during
the aerodynamic shape optimization.

The work presented in this paper focuses on the first level
of a wider morphing design framework having the follow-
ing capabilities: wing shape optimization able to combine
aerodynamic performances with optimal deformation of the
skins (first level); optimal design of compliant mechanism
able to produce, once actuated, the optimal shape coming
out from the first level (second level); integration of the
morphing devices into a high-fidelity model representing the
complete aircraft for final aeroelastic assessment to evaluate
the reliability of the designed morphing solutions [20].

Initially, the first level was implemented as a simple
2D shape optimization linked to a viscous and subsonic
2D aerodynamic solver, while the second one represented a
general code for the synthesis of compliant mechanisms [15,
21] and two software pieces have been developed separately.
Recently, the first one has been extended in order to produce
3D wing models starting from the results which continued
to be obtained by 2D shape optimization while the second
one has been improved by adding multiobjective capabilities
[22].

The paper describes the novel progress beyond this
point about the first level optimization which is now based
on a comprehensive knowledge-based engineering (KBE)
framework able to define the optimal morphing wing shape
in terms of mission profile performances, directly in the
three-dimensional space. It is based on coupling a paramet-
ric geometry representation, able to predict the structural
response of morphing skin, with Computer-Aided Engi-
neering (CAE) capabilities, Object-Oriented Programming
(OOP), genetic algorithm, and aerodynamic analyses. The
results obtained applying it to a Reference Aircraft (RA),
coming from the FP7 EU NOVEMOR project (Novel Air
Vehicle Configurations: from Fluttering Wings to Morphing
Flight) and adopted as a benchmark to evaluate the optimal
benefits that can bring in terms of global performances, are
reported to validate the proposed procedure and to evaluate
the impact of continuous chordwise and spanwise camber
variation in terms of lift to drag ratio and aerodynamic load
distribution.

2. Shape Design Methodology

The shape design procedure presented in this work consists
of a shape optimization, based on genetic algorithm and
coupled with the parametric framework introduced in the
following section, able to design the optimal morphing
shapes from the aerodynamic point of view, under skin
structural requirements. While genetic algorithms have been
already coupledwith 2D shape optimization of airfoil [23, 24],
this paper presents an approach, based on a particular use of
the genetic algorithms, able to combine the set of the most
important cross sections describing the wing, in order to
define the optimal shape of a 3D morphing wing.

The set of parameterized cross section shapes is the
starting point of the whole process shown in Figure 1. The
outer optimization loop, based on genetic algorithm, works
on the most important design variables affecting the camber
morphing, such as the leading and trailing edge deflections.
After the cross sections are combined by PHORMA, the code
described in Section 3.1, the 3D model is analytically defined
and its shape can be easily controlled and used to estimate
the aerodynamic performances by means of the user-defined
fitness evaluation function. Different performance indices
can be enclosed in the shape optimization process in order
to improve the aerodynamic efficiency and reduce the fuel
consumption or to guarantee that the morphing aircraft
has optimal aerodynamic characteristics over different flight
conditions [25, 26]. The inner loop, based on a dedicated
development of CST method [27], guarantees that the outer
loop works only on feasible shapes able to satisfy wing-box
volume constraints and morphing skin structural require-
ments.

This parametric shape representation is suitable to be
incorporated into genetic algorithm and to be parallelized
[28, 29]. The most innovative aspect of this implementation
is that the skin structural behaviour, recovered from the
adopted geometry representation, determines the ruleswhich
drive the reproduction process of the population. In this way,
the resulting morphing shape comes from a natural selection
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Figure 1: Scheme of the genetic algorithm based on the 3D parametric shape representation.

able to take into account the physics related to structural
deformation of the skin.

Each individual making up the population is divided
in as many parts as the wing sections are and each part
is composed of the same set of optimization variables. The
generation of each new population is produced by in-house
crossover and mutation dedicated strategies, while a code
parallelization allows decreasing the computational cost. Two
possible code parallelization modes can be adopted. The first
one computes in parallel the fitness functions in terms of
global aerodynamic performance.The second one divides the
wing problem into a number of subproblems, equal to the
number of wing sections, that are solved simultaneously.

3. The Knowledge-Based Framework

The shape design of morphing aircraft, able to smoothly
change their external geometry, requires interfacing the aero-
dynamics that can be optimized for different flight conditions
of the mission profile and the structure of the skin that
constitutes the outermost component of the aircraft. CAE
systems represent parametric tools, including Finite Element
Analysis (FEA) and Computational Fluid Dynamics (CFD),
able to assist the engineering in the shape design, but the
ability to introduce complex changes is limited and the only
rules that can be embedded are restricted to simple geomet-
rical statements. KBE systems are designed to allow implicit
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Figure 2: The parametric framework.

rules, physics-based solvers, and evolutionary algorithms
to be linked to CAD system. A specific knowledge-based
framework, able to provide advanced implicit parametric
capabilities and more direct shape control than common
CAE systems, is here presented. It is a fully integrated
multiphysics environment based on a parametric geometry
representation of the aircraft that incorporates the ability
to predict the structural response of the skin to the shape
changes, provides couplings with aerodynamic solvers, and
uses genetic algorithm to tackle the optimization problem
related to the definition of the best morphing shapes.

Theknowledge of themorphing skin structural behaviour
is included into a so-called skin structural (KBSS) feedback
that consists of an inference engine that uses rules to deduce
new shapes consistent with the structural response of the
morphing skin. This knowledge-based technology is strictly
related to anObject-Oriented Programming-based geometry
parameterization, that is, the Class Shape Transformation
(CST), which is integrated with a Computer-Aided Engineer-
ing (CAE) tool. The integration with CAD allows enriching
the parametric capabilities of the CST formulation with the
parametric features of the CAD systems, for a complete and
accurate 3D shape definition. When this knowledge-based
system is coupled with genetic algorithm, as described in
Section 2, it offers very efficient criteria able to drive the
evolution of the solution during the whole optimization
process. In this way it acts not only on the results, but also
on how the evolutionary process works to reach the final
solution.

The architecture of the framework is shown in Figure 2
where the implementation sequence of the three main parts
and their mutual interactions are represented.The generation
of the 3D models corresponding to different morphing

configurations is done in two steps: the parametric identi-
fication of the aircraft and its shape modification according
to the KBE strategy. Once a 3D geometry is identified in a
parametric way, different FEM, CFD, and CAD models can
be linked to a common shape representation. In this way
the shape changes can be quickly extended to the physical
models.

The structural, aerodynamic, and CAD modelling capa-
bilities are implicitly connected and inherit their properties
from a main class able to combine in three dimensions the
set of the most important parameterized cross sections of the
aircraft model. A specific code directly connected to the CST
method is also available for the automatic and high-fidelity
2D aerodynamic analyses of each cross section.

3.1. Aircraft Shape Parameterization. The KBE framework
revolves around PHORMA (Parametric sHapes for aerOdy-
namic and stRuctural Modelling of Aircraft) that is an object
oriented code composed by a suite of modules conceived
to exchange and handle different shapes, corresponding to
the set of the most important cross sections of the aircraft
model, in order to generate the 3D geometry. The shapes
are parameterized and combined in the 3D space through
CAD-based interpolation techniques so that local shapes
changes can be spread out. Resulting geometry is shared by
the aerodynamic, structural, and CAD models that inherit
the parametric capabilities from the so-called class/shape
function transformation (CST) technique, originally pro-
posed by Kulfan [27] and extended by PoliMi to morphing
wing sections [21]. The CST parameterization is based on
merging four terms: a shape function, a class function, and
two additional terms related to the airfoil leading edge and
trailing edge shapes.
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Figure 3: CSTv3 geometric parameters for airfoil sections.

The general mathematical expression representing the
airfoil geometry, already presented in [15], is here defined as

𝜁 (𝜓) = 𝐶
𝑁1

𝑁2
(𝜓) a ⋅ b𝑇

𝑛
(𝜓) + 𝜓𝜁TE + (1 − 𝜓) 𝜁LE, (1)

where 𝜓 = 𝑥/𝑐, 𝜁 = 𝑧/𝑐 are the nondimensional coordinates
with respect to airfoil chord 𝑐, 𝜁TE = 𝑍TE/𝑐, and 𝜁LE =
𝑍LE/𝑐. These parameters in addition to the airfoil leading
edge nose radius 𝑅LE, the trailing edge boat-tail angle 𝛽,
the thickness Δ𝑍TE, and the angular thickness 𝛿 represent
the set of “CST parameters” and are shown in Figure 3.
Starting from these quantities, the leading edge deflection is
conventionally defined as 𝛿LE = arctan(𝑍LE/(𝐶FS − 𝑥LE)),
while the trailing edge equivalent deflection can be defined
as 𝛿TE = arctan(𝑍TE/(𝑐 − 𝐶RS)), where 𝐶FS and 𝐶RS are the
front and rear spar position, respectively. It is noticed that it
is different and generally smaller than the boat-tail angle 𝛽.

The first term of (1) is the class function and provides
control of both the leading and the trailing edge shape.
It includes the exponents 𝑁1 and 𝑁2 that are used to
mathematically define a variety of basic general shapes [15].
The second term of (1) is the shape function that is defined
using a set of (𝑛+1) Bernstein polynomial components 𝐵

𝑖
(𝜓)

(of selected order 𝑛) included in the function array b
𝑛
(𝜓),

scaled by as many unknown extra coefficients 𝐴
𝑖
included in

the vector a.
The 𝑖th shape function component is defined as the prod-

uct between the 𝑖th Bernstein polynomial component and the
𝑖th associated binomial coefficient. Each Bernstein polyno-
mial component is multiplied by the class function defining
the systematic decomposition of the airfoil shapes into
corresponding scalable airfoil components. Consequently, the
constant coefficient 𝐴

𝑖
can be used to scale the entire airfoil

function which is a smooth function that eliminates local
discontinuities.

The first and last terms of the vector a are related to the
leading and trailing edge boundary conditions and are equal
to the shape function evaluated in 𝑥/𝑐 = 0 and 𝑥/𝑐 = 1.

In particular a(1) = √2𝑅LE/𝑐 and a(𝑛 + 1) = tan𝛽 + 𝑍TE/𝑐 −
𝑍LE/𝑐.

The perturbation of one of the extra coefficients propor-
tionally changes the value that the CST function assumes at
the chordwise station of the peaks of every airfoil component.
They are equally spaced along the airfoil chord and are
defined as

𝜓max(𝑍) =
𝑁1 + 𝑖

𝑁1 + 𝑁2 + 𝑛
for 𝑖 = 0, . . . , 𝑛. (2)

Many other properties of the cross-section shapes, such as
the airfoil area, the nondimensional arc length nal of the
leading edge or the upper and lower surfaces, the airfoil
camber, or thickness, can be computed in a parametric way.
Thanks to its nature, the calculation of the first- and second-
order derivatives is very fast and can be used to compute
geometrical quantities, such as the length 𝐿(𝑥) and curvature
𝜅(𝑥) of the upper and lower sides, as well as leading edge,
surfaces, or a portion of them.

PHORMA is implemented by the Object-Oriented Pro-
gramming so that different cross-sectional shapes of a com-
plete aircraft can be identified in order to reproduce the cor-
responding reference shape and to have a 3D mathematical
model, based on CST parameterization, suitable to introduce
morphing shape changes. In this way the estimation of the
morphing skin structural behaviour, as well as the generation
of the aerodynamic or finite element models, of the aircraft
inherits all methods coming from its parametric representa-
tion.

3.2. Parametric Identification. In order to have a parametric
model suitable to introduce morphing shape modifications,
an efficient CST identification of preexisting CAD models
is available. By means of a completely automatic procedure,
the shapes corresponding to the set of the most important
cross sections of the aircraft model are parameterized and
corresponding CST models are generated. The upper and
lower extra coefficients (𝐴up and𝐴 low) of each shape function
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can be evaluated by a variety of techniques depending on
the particular study, such as numerical optimizations. In this
paper, a very efficient CST identification, based on closed-
form least squares fitting able to match preexisting CAD
models, is presented. The procedure is completely automatic
and allows catching the arbitrary set of cross sections of the
CAD model. Equation (1) can be rearranged as follows:

[𝐶
𝑁1

𝑁2
(𝜓) b
𝑛
(𝜓)] ⋅ a𝑇 = 𝜁 (𝜓) − 𝜓𝜁TE − (1 − 𝜓) 𝜁LE. (3)

The parameterization process is based on a specific least
squares fitting, where the Bernstein basis, described by [30],
is replaced by the here defined CST basis:

𝑇
𝑛

= {𝑡
(𝑛)

𝑖
= 𝐶
𝑁1

𝑁2
(𝜓)(

𝑛

𝑖
) (1 − 𝜓)

𝑛−𝑖
𝜓
𝑖
, 𝑖 = 0, . . . , 𝑛} .

(4)

The CST basis is the basis of the space of the class-shape
functions of degree less than or equal to 𝑛 on the interval
[0, 1]. Equation (3) can be expressed in the CST basis as
follows:

t
𝑛
(𝜓) ⋅ a𝑇 = 𝑓 (𝜓) , (5)

where t
𝑛
(𝜓) is the vector containing the CST components in

the CST basis and 𝑓(𝜓) is equal to the right terms of (3).
If {𝜒
𝑗
}
1≤𝑗≤𝑙+1

∈ (0, 1) are 𝑙 + 1 pairwise distinct real
points and {𝑓

𝑗
}
1≤𝑗≤𝑙+1

∈ R, computing the (𝑛 + 1) coefficients
a is equivalent to solve, in the least squares sense, the
overdetermined system:

T
𝑛
a𝑇 = f , (6)

whereT
𝑛
is the here defined (𝑙+1)×(𝑛+1)CST-Vandermonde

matrix for the CST basis 𝑇
𝑛
and f is the (𝑙 + 1) vector, both

evaluated in the nodes {𝜒
𝑗
}
1≤𝑗≤𝑙+1

.
Taking into account that T

𝑛
has full rank (𝑛 + 1), the

problem has a unique solution given by the unique solution
of the linear system:

T𝑇
𝑛
T
𝑛
a𝑇 = T𝑇

𝑛
f . (7)

Since T
𝑛
is usually an ill-conditioned matrix, the 𝑄𝑅 factor-

ization can be used to solve the system.
The approximation can be improved extracting the

boundary condition terms from the definition of the CST
basis and embedding them within the right term of (5). The
CST basis is redefined for 𝑖 = 1, . . . , 𝑛 − 1, while 𝑓(𝜓) is
recomputed as

𝑓 (𝜓) = 𝜁 (𝜓) − 𝜓𝜁TE − (1 − 𝜓) 𝜁LE

− 𝐶
𝑁1

𝑁2
(𝜓) [𝐴

0
𝐵
0
(𝜓) + 𝐴

𝑛
𝐵
𝑛
(𝜓)] .

(8)

The terms 𝐴
0
and 𝐴

𝑛
of (8) are defined by the extra coeffi-

cients a(1) and a(𝑛 + 1) and depend on the CST parameters
𝑅LE, 𝑐, 𝛽,𝑍TE, and𝑍LE that can be directly computed starting
from the data points.

3.3. Structural Response of Morphing Skin. The paramet-
ric framework introduced in this section is a dedicated
knowledge-based engineering (KBE) environment able to
force the shape design to move inside a domain where the
global shape is driven to change in a feasible way. First of
all, a morphing wing shape is feasible if it is able to take into
account the structural behaviour of the skins. It depends on
how the actuation is introduced and how the morphing skin
responds to the actuation input together with the external
loads. A Knowledge-Based Skin Structural (KBSS) feedback
embedded into the shape parameterization scheme allows
taking into account the skin structural response before the
morphing mechanism has been defined.

One of the most important obstacles in the wing morph-
ing is due to two main aspects:

(i) The presence of main bearing structures.
(ii) The structural contribution of the skin.

Indeed, even if almost all the proposed approaches for
morphing wings are based on a different structural config-
uration of the ribs, the structural contribution of the skin still
remains.Moreover the skin is directly connected to the struc-
tural box which represents an obstacle for a full deformation
and restricts outside deformable regions. In the approach
here presented the knowledge-based parameterization is able
to take into account all of these aspects in an implicit way. It
represents a tool that assists the engineers in determining the
best morphing shape to limit the deformation energy of the
skin and, at the same time, the actuator power necessary to
control the shape change. This approach is general and can
be easily applied to skin made of different type of material.

When local perturbations are introduced in a wing shape,
one of the main feasible constraints is represented by the
wing regions that must be kept undeformed. Considering
a conventional wing equipped with active camber, this
region corresponds to the structural box. Introducing this
equality constraint in an explicit way, for example, during an
optimization process, is an expensive approach in terms of
computational effort. A different approach is to exploit the
CST basis capabilities, described in Section 4.1, not only to
handle volume constraints, but also to ensure that the skin fits
the fixed parts of the wing. In this way the knowledge-based
approach is able to follow a set of implicit rules governing
the skin structural behaviour in order to prevent the case
in which the shape changes violate the wing-box constraint
during the optimization process.

The CST formulation offers the possibility to capture a
second structural feedback related to the behavior of the por-
tion of morphing skin outside the undeformed regions. The
estimation of the skin structural deformation here proposed
is directly inherited from the analytical CST formulation and
it is included in the KBSS feedback.

The structural behavior of the skin has a key role in
the shape changes that the skin can assume during the
deformation. It can be obstacle or a help to achieve the desired
shape. This link is preserved by the CST formulation which
embeds, in the same parameterization technique, the ability
to introduce shape changes and, at the same time, to evaluate
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the corresponding stress distribution along the skin.The first
ability has been previously described, while the second one is
based on geometrical consideration, already described in [15].
The axial strain 𝜀axial (or axial stress 𝜎axial) required to stretch
or compress the skin and the bending deformation 𝜀bend (or
bending stress 𝜎bend) can be directly deduced, respectively,
by the length Δ𝐿(𝑥) and curvature Δ𝜅(𝑥) difference function
between the initial and the deformed shape, with respect
to the same normalized arc length function nal(𝑥). If the
skin structural properties, such as Young’s Modulus 𝐸 and
the skin thickness 𝑡, are known, the comparison between
the CAD models representing the initial and the deformed
shapes allows estimating the strain distribution along the
upper and lower as well as leading edge skin surfaces.

3.4. Multidisciplinary Modelling. Once a parametric model is
available and morphing shape changes are introduced, cor-
responding CAD, FEM, or CFD models can be linked to the
same shape geometry. While the framework described in this
section allows exporting the most common CAD formats,
such as IGES and STEP, as well as CATIA files, parametric
meshing strategies, able to follow the shape changes based
on the CST formulation, are implemented to automatically
generate structural and aerodynamic models. It interacts
with different classes and methods, as shown in Figure 2,
to generate 3D models for different disciplines. During the
shape optimization described in this paper, only aerodynamic
analyses have been performed in order to evaluate the
performances of wings with and without morphing devices.
Therefore the generation of structural models, based on the
OOP-based PFEM (Parametric Finite ElementModels) class,
as well as the postprocessing class including Fluid-Structure
Interaction (FSI) techniques, is not described [22].

PHORMA is equipped with a CAD interface to automati-
cally interpolate in spanwise direction the set of cross sections
describing the wing. Corresponding parametric shapes are
automatically transformed into spline-based curves bymeans
of a user-defined number of points extracted from the
CST formulation and combined to generate a multisection
NURBS-based surface by sweeping themalong a user-defined
spine. In order to accurately describe the original geometry,
one or more guide curves can be defined and slope and cur-
vature boundary conditions can be introduced at the ends of
the surface. Comparisons between original wing geometries
and identified shapes are performed to identify the correct
combination Bernstein polynomial order/number of sections
in spanwise direction able to guarantee an approximation
error tolerance.

The generation of aerodynamic models is strictly con-
nected to the full parametric description of the geometry.
Both 2D and 3D models can be produced by different in-
house procedure depending on the desired model quality.

In the case of 2D aerodynamic analyses, a specific code
able to automatically produce a 2D structured mesh suitable
to perform Navier-Stokes computations is directly linked
to the CST-based code. The generation of structured mesh
around a parameterized airfoil is based on a script for Ansys
ICEMCFD [31]. It is represented by a Tcl/Tk shell with
an extended library consisting of ICEMCFD commands.

The script is contained in a “rpl” file, while the complete
process, shown in Figure 4, works by adapting the mesh with
respect to a predefined mesh, contained in the “blk” file,
built around a baseline airfoil shape. Once the aerodynamic
mesh is produced, the CFD computations are performed by
the EDGE code [32]. The parametric mesh generation has
been applied to the morphing leading and trailing edge of the
airfoil shown in Figure 5.

The whole process allows adding a set of high-fidelity
polar curves to the set of the most important parameterized
cross sections used by PHORMA to describe the complete
wing model. This could be used to make local corrections to
a 3D low-fidelity simulation with the computational cost of a
reduced number of 2D flow solutions equal to the number of
cross sections [33, 34].

In the case of 3D aerodynamic analyses, the cross sections
are combined in order to spread the specific geometry details
along the wing via particular interpolation surfaces able
to accurately reproduce the correct wing thickness distri-
bution in spanwise direction. The implemented procedure
allows imposing different transition laws among different
2D airfoils, as well as modifying their properties such as
Angle of Attack, dihedral or tow angles. Different kind of
low-fidelity and high-fidelity aerodynamic models can be
generated exploiting the parametric methods that PHORMA
inherits from the CST formulation.

Another way to perform 3D simulations is to directly
generate full volumemeshes for medium/high-fidelity analy-
ses. PHORMA is linked in batch mode to the software sumo
[35, 36] in order to generate unstructured surface meshes.
Heuristics parameters can be tuned to obtain acceptable
mesh. Triangulations are based on a three-dimensional in-
sphere criterion, which provide high quality meshes. Geo-
metric refinement criteria are able to produce a finer mesh in
regions of strong curvature, such as morphing leading edge
geometries. Starting from the surface mesh, unstructured
or hybrid volume meshes can be generated by TetGen code
and automatically converted to EDGE-compatible files in
order to perform Euler or Reynolds average Navier-Stokes
formulation (RANS) computations.

The hybrid mesh generation has been applied to the
Reference Aircraft. The prismatic layer around the fuselage
and around a wing section placed near the root equipped
with a morphing leading edge is shown in Figure 6. Once the
aerodynamic analysis is finished, PHORMA is able to extract
the results in terms of 𝐶

𝑝
distribution and to apply them

along corresponding parametrized cross section shapes. The
aerodynamic results can be extrapolated around one or more
sections arbitrarily positioned and oriented, so that the set of
wing cross sections can be directly associated with a set of
aerodynamic results coming from 3D analyses.

4. Optimization Problem Definition

The skin structural requirements, introduced in Section 3.3,
are embedded into the implementation of the shape opti-
mization problem as described in Sections 4.1 and 4.2, so
that the aerodynamic performances are evaluated only on
physically acceptable shapes.The process exploits parametric
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Figure 4: The implemented procedure for 2D CFD analyses embedded into the CST class.

Figure 5: Parametric meshing around undeformed airfoil and corresponding morphing leading and trailing edge shapes.

(a) (b)

Figure 6: 3D hybrid mesh for RANS computation around complete aircraft w/o engine (a) and around the morphing leading edge (b).

meshing capabilities, described in Section 3.4, to generate
the aerodynamic models. This aerostructural scheme allows
combining the skin structural control and the estimation
of global aerodynamic performances in the same shape
parametric representation, and it is suitable to describe a
wide variety of wing shapes using a small number of design
variables.

4.1. Wing-Box Implicit Constraint. When a perturbation is
introduced in the CST geometry by means of a subset
of coefficients 𝐴

𝑖
, the shape changes spread on the entire

domain and the other coefficients must be scaled in order
to keep the shape fixed along specific regions defined by Δ𝜓
intervals. If the number of perturbed coefficients is 𝑚, the
other 𝑛−𝑚+1 coefficients can be quickly computed, starting
from the following equation:

t
(𝑛−𝑚)

(𝜓) ⋅ a𝑇 = 𝜁 (𝜓) − 𝜓𝜁TE − (1 − 𝜓) 𝜁LE

− 𝐶
𝑁1

𝑁2
(𝜓)
𝑚

∑
𝑖=1

𝐴
𝑖
𝐵
𝑖
(𝜓) .

(9)
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Given {𝜒
𝑗
}
1≤𝑗≤𝑙+1

∈ (Δ𝜓
1
, . . . , Δ𝜓

𝑘
) ∈ (0, 1) pairwise distinct

real points, included in a number of fixed subregions equal to
𝑘, computing the (𝑛 − 𝑚 + 1) coefficients a, it is equivalent
to solve the following reduced system, smaller than that
reported in (6):

T𝑇
(𝑛−𝑚)

T
(𝑛−𝑚)

a𝑇 = T𝑇
(𝑛−𝑚)

f , (10)

where T
(𝑛−𝑚)

is here defined (𝑙 + 1) × (𝑛 − 𝑚 + 1) reduced
CST-Vandermonde matrix for the CST basis 𝑇

(𝑛−𝑚)
of degree

less than or equal to 𝑛 − 𝑚 and f is the vector obtained
evaluating the right term of (10) in the (𝑙 + 1) nodes. In this
way the perturbation affects only the domain outside the fixed
regions. The code automatically selects the𝑚 coefficients, by
the comparison between the subdomain and the positions of
the airfoil components peaks, defined in (2).

This approach is very efficient for the following main
reasons:

(i) It allows introducing local perturbations by means of
a global geometry representation method.

(ii) It preserves the 𝐶2 continuity and the local smooth-
ness of the wing geometry, which is one of the most
important features of the CST formulation.

(iii) It reduces the number of external variables, from 𝑛 to
𝑚.

(iv) It makes implicit constraints along the regions which
must be kept undeformed.

The results of a simple 2D example are reported in Figure 7 to
show the effects of the approach here presented.The grey area
corresponds to the region, of a considered airfoil, that must
be kept undeformed. The blue surface is the CST parametric
representation of the upper surface corresponding to Bern-
stein Polynomials Order of 8 (BPO8). The green surface was
obtained multiplying the coefficient𝐴

2
by a factor equal to 3.

The red surface was obtained in the same way, but activating
the solution of (10). It is possible to see how the perturbation
spreads along the entire airfoil domain in the first case, while
it is restricted outside the undeformed region in the second
case.

The approach here presented is extended to three dimen-
sions by the CAD interpolation capabilities described in
Section 3.4. Figure 8 shows an example of shape pertur-
bations introduced outside the wing-box area of a 3D
wing.

This method allows implementing implicit wing-box
constraints into the shape optimization. Every time, the 𝑚
coefficients of each section are changed and the least square
problem is solved to constrain the shape in the undeformed
region. Since the least square error does not guarantee that
the shape passes through every surface point, the new shape is
not exactly the same compared to the original one within the
undeformed region. In 2D, the differences between the refer-
ence and the deformed airfoil rapidly vanish increasing the
order of the Bernstein polynomial, following the same trend
already described in [37]. In 3D, these residual differences

0.4

0.2

0

−0.2

𝜁(
𝜓

)·
c

0.5 1 1.5 2 2.50

𝜓 · c

Figure 7: Comparison between a generic airfoil (black), its param-
eterization (blue), and corresponding shapes obtained introducing
the same perturbation with (red) and without (green) solving the
reduced system.

Figure 8: Local perturbation and fixed wing-box parametric repre-
sentation in three dimensions.

also suffer the approximation introduced by the CAD-based
interpolation technique working in the spanwise direction.
The comparison between the actual and the deformed wing
shape of the Reference Aircraft showed that using Bernstein
Polynomial of Order eight and Bernstein Polynomial of
Order ten to represent eight cross sections along the span
is a good compromise that allows introducing acceptable
spanwise deflection law in the morphing regions and, at the
same time, obtaining a maximum error within the tolerance
of 0.1mm in the wing-box region. CFD analyses showed
that the pressure distribution for a wing shape affected by
this level of error appears to match the actual wing pressure
distribution.

Wing-box constraints are very common in the aircraft
shape design and several approaches that allow achieving this
goal can be found in the literature. Different parameterization
methods could be used to improve the approximation in the
undeformed region [38] or to increase the efficiency when
they are used within an optimization process [39]. However
the estimation of the morphing skin structural behaviour is
based on the use of Bernstein polynomial as shape function
that allows the structural quantities of Section 3.3 to be
analytically computed.

4.2. Morphing Skin Structural Requirements. Combining the
estimation of the structural behavior of the morphing skin
and the introduction of feasible perturbation described in
Sections 3.3 and 4.1, the KBSS feedback represents a specific
algorithm that allows introducing only morphing shape
changes that meet preassigned structural requirements. The
design variables are composed by a subset of𝑚 independent
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Figure 9: Parametric CAD model of a morphing winglet.

coefficients 𝐴
𝑖
, while the general form of the algorithm can

be expressed as follows:

Minimize 𝑤 ⋅ 𝜀axial (nal) + (1 − 𝑤) ⋅ 𝜀bend (nal)

such that T𝑇
(𝑛−𝑚)

T
(𝑛−𝑚)

a𝑇 = T𝑇
(𝑛−𝑚)

f
Δ𝐿dev

 ≤ 𝑘𝐿 ⋅ 𝐿dev,𝑢

|Δ𝐴| ≤ 𝑘𝐴 ⋅ 𝐴𝑢,

(11)

where 𝑤 is a weight coefficient that allows scaling the axial
and the bending strain component and represents a degree of
freedom to obtain differentmorphing shapes.This expression
depends on the particular case study and can be replacedwith
a more suitable form. It represents a sort of shape variation
law which defines a set of “KBE parameters” that can be
changed to provide a different control of the shape. After-
wards, the first term is the implicit constraint for the solution
of (10). It acts on the structural box region delimited by the
front and rear spar position and described by 𝑙 + 1 pairwise
distinct coordinates {𝜒

𝑗
}
1≤𝑗≤𝑙+1

∈ (𝐶FS, 𝐶RS) ∈ (𝑥LE, 𝑐). The
second term 𝑘

𝐿
sets the maximum length variation of the

morphing device skin Δ𝐿dev, with respect to the undeformed
one (𝐿dev,𝑢). It can be related to the skin of a leading edge
device (Δ𝐿LE,skin) or to the upper and lower skin of a trailing
edge device (Δ𝐿TE,UpperSkin and Δ𝐿TE,LowerSkin). The inflatable
term 𝑘

𝐴
that allows limiting the maximum allowable airfoil

internal area variation Δ𝐴, with respect to the undeformed
one (𝐴

𝑢
), is introduced to avoid the generation of unrealistic

morphing shapes with too much stretched thickness. More
terms, such as stress limits, can be added. It was noticed that
quantities such as length and curvature, then strain, and stress
depend on the actual size of the shape and are computed with
respect to the variable 𝑥 instead of the nondimensional 𝜓.

Algorithm which implements (11) can be applied to each
parametric shape included in the set of the most important
sections used to describe the complete 3D aircraft. It works as
a background process that provides a structural retrofit able
to interactly change the morphing wing shape in a feasible
way.

The simplest example to demonstrate how the KBSS feed-
back acts is to force the skin axial and bending deformation to
be equal to zero that should be equivalent to a rigid rotation of

a control surface. A rigid tab connected to a winglet bymeans
of two morphing transition regions is shown in Figure 9.
In this case the KBSS feedback worked to introduce two
equivalent rotations of 10 deg downward and 15 deg upward
over a deformable region which starts at 80% of the local
chord.

4.3. Genetic Coordinates. When the shape changes are intro-
duced by means of the shape optimization of Section 2,
the KBE parameters are included between the optimization
variables, in addition to the CST parameters 𝑅LE, 𝑍LE, 𝛽, 𝛿,
𝑍TE,Δ𝑍TE, and 𝑐 defined in Section 3.1, and together with the
𝑛 − 1 shape function Bernstein polynomial extra coefficients
for the upper surface and other 𝑛 − 1 for the lower surface.

According to the constant cross section length (CCL)
concept [15], when the morphing leading or trailing edge
changes its shape, the airfoil chord becomes smaller in order
to keep the skin length constant or satisfy the structural
constraints.The CST formulation, as well as the aerodynamic
computations, works on nondimensional equation, but all
the structural quantities, such as 𝜀bend, Δ𝜅(𝑥), and Δ𝐿dev, are
dimensional and depend on the actual size of the morphing
skin.

Once the wing-box region is detected, a subset of CST
parameters can be defined, as described in Section 4.1. If
a morphing leading edge is considered, for example, only
𝑍LE is considered a design variable used by the high-
level optimizationwhich runs the aerodynamic computation,
while the other CST parameters are fixed by the boundary
conditions. On the other side, the KBSS feedback works on
a subset of 𝑚 extra coefficients, in addition to 𝑅LE and the
airfoil chord 𝑐, that represent implicit variables, not included
in the set of the high-level optimization variables and allow
satisfying the structural constraints included in the low-level
optimization loop (11).

Both crossover and mutation subroutines execute the
KBSS feedback in order to preserve the local feasibility, while
dedicated subroutine allows mixing only the same type of
genetic coordinates. The crossover randomly selects a pair of
parents who produce a new pair of offsprings by switching
information about a user-defined number of CST parameters
of the same cross section, preserving theKBEparameters.The
effect is to mix CST parameters between different individuals
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Figure 10: Reference Aircraft with morphing wing configuration and corresponding wing planform.
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Figure 11: Parametric identification applied to the Reference Aircraft model.

and KBE parameters between different cross sections. The
mutation can directly change a user-defined number of KBE
or CST parameter values in order to modify the local shape.

5. Results

The procedure described in the previous sections has been
applied for the optimization of the so-called Reference
Aircraft (RA). The morphing wing configuration and some
information about the wing planform, such as the total wing
span and the aileron span position, are shown in Figure 10.
The RA is a typical regional jet capable of carrying 113 PAX
which provides operational flexibility to accomplish different
missions at the transonic regime. It is capable of missions that
encompass 600 nm up to 2300 nm. The Maximum Takeoff
Weight is 58000 kg and the Maximum Landing Weight
53000 kg, while the Maximum Payload and the Maximum
Fuel are, respectively, 14000 kg and 18000 kg. The Reference
Aircraft was designed to achieve an optimum cruise perfor-
mance at Mach number equal to 0.78, an altitude of 37000 ft,
and an Angle of Attack AoA of 2 deg, corresponding to a
lift coefficient 𝐶

𝐿
of 0.47. The landing condition corresponds

to an Angle of Attack AoA of 15 deg, while the considered
Landing Mach is 0.15.

Different sections were chosen in order to identify the
parametric shape of the Reference Aircraft and to build up

the mathematical model suitable to be used to introduce the
shape changes into the leading and trailing edge morphing
regions. The whole process, described in Section 2, has been
applied to the parametric model of the Reference Aircraft
which is shown in Figure 11, together with the identified cross
sections.

In the following subsections, some results for morph-
ing leading and trailing edge at different flight conditions
are summarized. Since different design requirements have
been provided for each morphing device, different shape
optimization problems have been defined. They represent
four aerodynamic shape optimizations including structural
constraints on themorphing skin. According to the approach
described in Section 2, they allow collecting a family of
optimal morphing shapes that can be adopted as multiple
targets for the design of a morphing mechanism.

5.1. 2D Shape Optimization of the Morphing Leading Edge for
Cruise Condition. At the beginning, a 2D shape optimization
based on RANS computations has been applied to the wing
section placed at 9m along the wing span, in the reference
system of Figure 10, to lead the shape design of a morphing
leading edge. After the corresponding airfoil was identified,
a simplified version of the procedure described in Section 2
has been combined to the scheme shown in Figure 4 for the
evaluation of the 2D aerodynamic coefficients. In this way,
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the process automatically produces the mesh of both clean
and morphing airfoil shown in Figure 5, in order to estimate
the maximum benefit in terms of minimum 𝐶

𝑑
keeping

the 𝐶
𝑙
as constant as possible. In order to guarantee the

trim condition, this last constraint forces the lift coefficient
to be, if not equal, at least greater than the lift coefficient
of the reference airfoil. The evaluation of the aerodynamic
coefficients is performed at the cruise condition of the RA.
The optimization problem is formulated as follows:

Minimize 𝐶
𝑑

such that T𝑇
8
T
8
a𝑇 = T𝑇

8
f

Δ𝜓wing-box ≡ (0.1, 1.)

𝐶
𝑙
≥ 0.566

|Δ𝐴| ≤ 0.15 ⋅ 𝐴𝑢

Δ𝐿LE,skin
 = 0.

max (𝜎bend) ≤ 215MPa,

(12)

where the first two constraints represent the equation system
(10) used to keep undeformed region from the 10% of the
chord up to the end of the trailing edge.Themain design rule
from a structural point of view is keeping the circumferential
skin length 𝐿LE,skin constant to avoid axial strains. The
amount of droop of the individual section depends on the
maximumbending stress into the skin (𝜎bend).Themaximum
value of stress is related to a conventional leading edge skin
made in aluminium alloy (𝐸 = 72GPa) with a minimum
thickness 𝑡 of 0.5mm and to the curvature change which is
restricted to 12(1/𝑚).

The parametric airfoil shape is described by Bernstein
Polynomials Order 𝑛 = 10 (BPO10) that involves a total
of 22 extra coefficients, 11 for the upper skin and 11 for
the lower one. Nevertheless, the optimization variables are
composed of 1 CST parameter 𝑍LE and 1 KBE parameter 𝑤.
The dimension of each genetic array is equal to 2, while the
KBSS feedback works on a total of 𝑚 = 6 implicit variables,
2 for the upper surface (𝐴up,1 and 𝐴up,2), 2 for the lower
surface (𝐴 low,1 and𝐴 low,2), in addition to𝑅LE and to the airfoil
chord 𝑐, as described in Section 4.3. The extra coefficients
𝐴
1
and 𝐴

2
correspond to the shape component peaks placed

in the region of the morphing leading edge. The genetic
algorithm started with an initial population of 15 individuals
and allows 50 generations. The CFD grid is composed of
260452 nodes; each individual runs in parallel on 1 dedicated
quad-core CPU, with processor base frequency of 2.93GHz
and hyperthreading for a total of 8 threads, and requires
about 20minutes to solve RANS equations. On the other side,
the KBSS feedback works for about 2 minutes, mainly due
to satisfying the circumferential skin length constraint. The
optimal solution was obtained after 5 days and 25 iterations.
The total computational time could be drastically reduced
using Parallel Genetic Algorithm (PGA).

The vertical deflection which results from the shape
optimization is equal to 𝑍LE = −0.0260m over an airfoil
chord of 2.8486m, corresponding to an equivalent leading

edge deflection 𝛿LE = 5.29 deg. The circumferential skin
length constraint associated with this morphing deflection
is satisfied, considering a numerical tolerance of 1 ⋅ 𝑒−8.
Corresponding benefits are computed by 2D RANS analyses
in terms of aerodynamic coefficients that change from 𝐶

𝑙
=

0.566, 𝐶
𝑑

= 0.0185 to 𝐶
𝑙
= 0.569, 𝐶

𝑑
= 0.0175,

for a total efficiency improvement of 6.2%. These results
show that the considered morphing leading edge is able to
efficiently change its aerodynamic shape without generating
axial stresses. Figure 12 shows how the shape changes act on
the fore region of the shock wave, adapting the aerodynamic
field around the airfoil to increase the lift over drag ratio
and to keep the lift coefficient constant or greater than the
reference one. The optimal deformed airfoil shape is able to
decrease the 𝐶

𝑑
value, while the 𝐶

𝑝
values increase along the

upper skin and decrease along the lower skin so that the 𝐶
𝑙

chordwise balance is similar to the undeformed one.

5.2. 3D Shape Optimization of the Morphing Leading Edge
for Cruise Condition. The complete procedure described in
Section 2 was applied to the 3D wing of the RA to maximise
the improving of the aerodynamic efficiency 𝐿/𝐷 of the wing
in cruise condition by means of a morphing leading edge. A
set of 7parametric sections along the span, 4 equally spaced in
the inboard region, from the wing root to the wing kink, and
4 equally spaced in the outboard region, from the kink to the
wing tip, was identified in order to introduce the morphing
shape changes. Each wing section is represented by Bernstein
Polynomials Order 𝑛 = 10 (BPO10) for a total number of
extra coefficients equal to 154. The optimization variables are
composed of 1 CST parameter 𝑍LE and 1 KBE parameter
𝑤 for each section, for a total of 14 explicit optimization
variables that form each genetic array. Since the algorithm is
applied to a 10% chordwise configuration, 7 KBSS feedback
works on 6 implicit variables (𝐴

1
and 𝐴

2
for the upper and

lower surfaces, 𝑅LE and 𝑐) for each parametric section. The
optimization problem can be formulated as follows:

Maximize 𝐿/𝐷

such that T𝑇
8
T
8
a𝑇 = T𝑇

8
f

Δ𝜓wing-box ≡ (0.1, 1.)

|Δ𝐴| ≤ 0.12 ⋅ 𝐴𝑢

Δ𝐿LE,skin
 = 0.

max (𝜎bend) ≤ 215MPa.

(13)

TheKBSS feedback acting on each wing section works to keep
undeformed local regions between the 10% of the chord and
the end of the trailing edge, to limit the airfoil area variation
and to avoid the circumferential skin length variation. The
optimization parameters are set up to 𝑘

𝐿,LE = 1 ⋅ 𝑒 − 6
(𝜎axial = 0) and 𝑘

𝐴
= 0.12. The maximum deflection range

is defined by the same curvature constraint used in the 2D
optimization, while a 3D constraint was added in order to
keep linear deflection law along the wing span.
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Figure 12: Morphing leading edge in high speed conditions: comparison between reference and deformed shape 2D results in terms of 𝐶
𝑝

and Mach chordwise distributions.

The genetic algorithm started with an initial population
of 40 individuals and allows 100 generations. The CFD grid
is composed of 1. million nodes; each individual runs in
parallel on 1 dedicated quad-core CPU with hyperthreading,
for a total of 8 threads, and requires about 15 minutes of
computational time to solve Euler equations. Each KBSS
feedback works for 2 minutes on different threads. The
optimal solution was obtained after about 2 weeks and 40
iterations.

The shape optimization process provided a spanwise
distribution of optimal leading edge deflections 𝛿LE that
linearly decreases from 8 deg, at the wing root, to 7.2 deg,
at the station placed at the 25% of the outboard region.

Beyondmorphing shape variations vanish and no deflections
are introduced by the optimizer from 25% to 100% of the
outboard region.

The results are reported in Figure 13 and show how the
leading edge shape changes are able to adapt the aerodynamic
field over the wing in order to increase the wing efficiency.
The black line represents the iso-Mach curve corresponding
to a local velocity equal to the speed of sound. The results
show that, in the transonic condition, the morphing leading
edge is able to change the chordwise𝐶

𝑝
distribution inside the

shock wave, following the same trend of Section 5.1. Figure 14
shows the chordwise𝐶

𝑝
distribution around the wing section

placed at 4.7m along the wing span in the reference system
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of Figure 10. However since the swept wing reduces the
local speed, it is more difficult to achieve the improvements
obtained in the 2D case and the corresponding increase of
wing efficiency is limited to 3.4%. For this reason the shape
optimization works to introduce leading edge deflections
only in the inboard region, where the local aerodynamic flow
is still parallel to the asymptotic speed and more similar to
the 2D case.

The optimization algorithm acted to decrease the refer-
ence lift coefficient from 𝐶

𝐿
= 0.49, computed by Euler

method, to 𝐶
𝐿
= 0.487. This means that the Angle of Attack

should be increased from 2 deg to 2.03 deg to guarantee the
trim in cruise condition. Additional computations showed
that this small variation does not reduce significantly the
benefits related to this morphing shape solution.

5.3. 3D Shape Optimization of the Morphing Leading Edge
for Low Speed Condition. A second 3D optimization process
was run using an objective function that tries to introduce
the maximum droop deflection along the wing span, instead
of an aerodynamic performance estimation. This may be
suitable for a low speed condition, corresponding to the
landing condition of the RA. A set of 4 identified parametric
sections, equally spaced along the outboard region, were
used in order to introduce the morphing shape changes.
The droop deflection to be maximized along the wing span
is the equivalent leading edge deflection 𝛿LE introduced in
Section 3.1. Each wing section is represented by Bernstein
Polynomials Order of 𝑛 = 10 (BPO10) for a total number
of extra coefficients equal to 88, and a family of possible
shapes has been generated for different values of 𝑤. Each of
the 4 KBSS feedback algorithms works on 6 implicit variables
(𝐴
1
and 𝐴

2
for the upper and lower surfaces, 𝑅LE and 𝑐)

for each section when the algorithm is applied to the 10%
chordwise configuration and 8 implicit variables (𝐴

1
, 𝐴
2
,

𝐴
3
, 𝑅LE, and 𝑐) when the 20% chordwise configuration is

considered. The total number of optimization variables is 4
explicit variables and 24 or 32 implicit variables depending
on the type of chordwise morphing configuration. The
optimization problem, for the 20% chordwise configuration,
can be formulated as follows:

Maximize 1

4

4

∑
𝑖=1

𝛿LE,𝑖

such that T𝑇
7
T
7
a𝑇 = T𝑇

7
f

Δ𝜓wing-box ≡ (0.2, 1.)

|Δ𝐴| ≤ 0.2 ⋅ 𝐴𝑢

Δ𝐿LE,skin
 = 0.

max (Δ𝜅 (𝑥)) ≤ 28 1
𝑚
.

(14)

The optimization works keeping the KBE parameter 𝑤 fixed
on each section. It is considered as an external parameter
in addition to the KBSS feedback ones. The constraints
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include a linear deflection law in spanwise direction along
the outboard region, while the maximum skin curvature
change is set to avoid strains above 1%, according to what
observed in other works, such as that described in [4].
Due to the high deflection levels, the curvature constraint
is expressed in terms of curvature variation that depends
only on geometrical considerations, instead of bending stress,
that requires knowing the material properties and the skin
thickness.The first one is not easy to estimate at this stage due
to the specific materials used for the morphing skin; the skin
thickness could be variable along the leading edge arc length.
The optimal shapes are chosen according to the following
consideration: the alleviation of the bending stress inside the
skin corresponds to the increase of the leading edge radius
that helps to preserve laminar flow for low speed and high lift
conditions.

The genetic algorithm started with an initial population
of 20 individuals and allows 80 generations. Since no CFD
analysis was performed, the optimization process was very
fast and the optimal solution was obtained after less than 1
day, only to satisfy all the structural constraints along the
wing span. The shape optimization provided the morphing
leading edge shapes shown in Figure 15.Themaximumdroop
deflection, corresponding to the 20% chordwise configura-
tion, linearly decreases from 𝛿LE = 18.3 deg at the wing kink
to 𝛿LE = 11.2 deg at the wing tip. Corresponding curvature
difference functions computed along the morphing leading
edge arc length and along the wing span are reported in
Figure 16 and show the values are lower than the maximum
curvature change limit.

Different types of 10% and 20% chordwise morphing
leading edge shapes for different values of 𝑤 were analyzed.
Once the best shapes were selected, they have been imple-
mented on the Reference Aircraft 3D model of Figure 11 and
postprocessed adopting RANS computations. The analyses
performed after the optimization process showed that, for
the subsonic flight regime, there is an improvement in the
lift over drag ratio between 0.43 and 1.0 of the lift coefficient
[40]. This improvement is about 5% at 𝐶

𝐿
= 0.6 for the 10%

chordwise configuration and the same value can be achieved
at 0.8 ≤ 𝐶

𝐿
≤ 0.9 for the 20% chordwise configuration.

In order to quantify the benefits in terms of fuel saving a
typical flightmission was considered.Thismission comprises
600 nm, point to point distance, with a holding phase of 45
minutes. It was noticed that the holding phase is performed
at the lift coefficient that falls inside the range in which the
10% chordwise configuration can provide benefits in the 𝐿/𝐷
ratio. The adoption of this kind of morphing device at this
flight phase would lead to 62Kg of fuel saving.

5.4. 3D Shape Optimization of the Morphing Trailing Edge
for Cruise Condition. The shape optimization procedure was
applied to the wing of the Reference Aircraft to improve the
performances by means of a morphing trailing edge opti-
mized for the cruise condition.The fitness function is related
to the aerodynamic efficiency 𝐿/𝐷, while the optimization
process works without spanwise deflection law constraints
and tries to keep the total 𝐶

𝐿
not less than the reference

one requested for trimming. A set of 7 parametric sections

along the span, 4 equally spaced in the inboard region from
the wing root to the wing kink section and 4 equally spaced
in the outboard region from the same kink section to the
transition region before the aileron, was identified in order to
introduce the morphing shape changes. Each wing section is
represented by Bernstein Polynomials Order of 𝑛 = 8 (BPO8)
for a total number of extra coefficients equal to 126. The
optimization variables are composed of 2 CST parameters
𝛽, 𝑍TE, and 1 KBE parameter 𝑤 for each section, for a total
of 21 explicit optimization variables that form the genetic
array. Since the algorithm is applied to a 28% chordwise
configuration, each of the 7 KBSS feedback algorithms works
on 7 implicit variables (𝐴

5
, 𝐴
6
, and 𝐴

7
for the upper and

lower surfaces, in addition to the airfoil chord 𝑐), for a total
of 49 implicit variables. The optimization problem can be
formulated as follows:

Maximize 𝐿/𝐷

such that T𝑇
5
T
5
a𝑇 = T𝑇

5
f

Δ𝜓wing-box ≡ (0.,0.72)

𝐶
𝑙
≥ 0.49

|Δ𝐴| ≤ 0.3 ⋅ 𝐴𝑢

Δ𝐿TE,UpperSkin
 = 0.

Δ𝐿TE,LowerSkin
 ≤ 0.05 ⋅ 𝑐

− 5 deg ≤ 𝛿TE ≤ +5 deg .

(15)

Different structural requirements were adopted for the trail-
ing edge skin: the upper skin length constraint is set up to be
constant (𝑘

𝐿,UpperSkin = 1 ⋅ 𝑒 − 6meaning that the upper skin
axial strain is 𝜀axial,UpperSkin = 0), while the lower skin length
constraint has been relaxed in order to obtain an efficient
aerodynamic shape. This means that the lower skin is free to
slide along its contour and corresponds to the introduction
of a linear slider to avoid axial strain. The constraints related
to the skin curvature variations are not taken into account
due to the small deflections which are bounded in the range
of ±5 deg. The inflatable term is set up to 𝑘

𝐴
= 0.3 and the

trailing edge equivalent deflection 𝛿TE is bounded between
−5∘ and +5∘.

The population size and the grid size of the aerodynamic
model are more or less the same used for the study described
in Section 5.2. The total computational time was about 10
days.The shape optimization provided the morphing trailing
edge shapes shown in Figure 17. Corresponding optimal
spanwise deflections increase from −3.1 deg at the wing root
to 2.2 deg at the transition region close to the aileron.

The aerodynamic results are reported in Figure 18 and
show how the morphing trailing edge is able to change
its shape in order to adapt the aerodynamic field around
the wing. Differently from what happens for the morphing
leading edge, the trailing edge deflection is able to move the
shock wave, as shown by the black line that represents the
iso-Mach curve where the local velocity is equal to the speed
of sound. The trailing edge spanwise deflection moves the
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Figure 15: Parametric CAD model of the 10% and 20% chordwise morphing leading edge for maximum droop angle under skin structural
constraint.
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Figure 16: Curvature difference functions along the wing span for 10% and 20% chordwise maximum droop angle.

shock wave forward in the inboard region and backwards in
the outboard region. In order to improve the wing efficiency,
the spanwise antisymmetric deflections reduce the local lift
coefficient 𝐶

𝑙
in the region close to the wing root and

increase it in the region near the aileron. This variation can
be partially attributed to the wing load distribution which
becomes elliptical rather than triangular. This effect, positive
from the aerodynamic point of viewmoves the centre of
pressure outboard and leads to increase of the root bending
moment.

The optimization algorithm was able to improve the lift
over drag ratio of 3%, increasing the lift coefficient of 2%.
The trim condition should be recomputed and corresponding
Angle of Attack reduced to obtain the same total lift coeffi-
cient required for the cruise. For this reason the morphing
trailing edge shapes obtained by the optimization process
have been implemented on the Reference Aircraft and several
high-fidelity CFD computations have been performed on the
complete aircraft [40].The above decreasing deflection law in
spanwise direction allowed increasing the𝐿/𝐷 of 2% for𝐶

𝐿
=

0.45 and 5.85% for 𝐶
𝐿
= 0.55. This result is an indication that

the potential aerodynamic benefits can be translated into fuel
saving. However, the observed aerodynamic advantages are
just part of the feasibility evaluation, which must involve a
larger amount of disciplines, so during the structural design
of the wing-box the impact on the overall wing weight
of increasing the wing bending moment during the cruise
condition should be evaluated.

6. Conclusions

Morphing seems a potentially promising technology allowing
matching the new stringent requirements in terms of envi-
ronmental impact of next generation aircraft. Unfortunately
the results available in the literature concerning the applica-
tion of morphing concepts still combine lights and shadows
in terms or real benefits and open issues like certification,
fatigue, and so on. For sure the lack of design procedures
specifically dedicated to the optimal design of morphing
mechanisms appears clearly. This paper introduced in a
general way the work carried out at Politecnico di Milano
to set up a complete framework for the optimal design
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Figure 17: Parametric CAD model of the 28% chordwise morphing trailing edge for high speed condition under skin structural constraint.
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Figure 18: Comparison between the 𝐶
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distributions at cruise Mach over the reference wing (right) and over the wing equipped with

morphing trailing edge (left).

of morphing mechanisms based on compliant mechanisms.
In particular the paper focused on the first level of the
proposed multilevel design procedure. Indeed, the so-called
knowledge-based shape optimization procedure has been
introduced and described that is able to combine aerody-
namic with structural performances, mainly related to the
behavior of the skin during the shape variation.The proposed
procedure has been evaluated in the design of morphing
wing based on conformable leading and trailing edge surfaces
able to adapt the wing camber during the mission profile.
An external optimization loop works on the most important
design variables that affect the camber morphing and it
is dedicated to the aerodynamic performance evaluation.
A nested loop, based on a particular development of CST
method, guarantees that the outer loopworks only on feasible
shapes able to satisfy wing-box volume constraints and
morphing skin requirements.

Some examples are reported, concerning the so-called
Reference Aircraft, a regional-type aircraft developed inside
NOVEMOR project and used as a test bench for a final
assessment on morphing applications. The results obtained
for the leading edge device at the subsonic regime and the
trailing edge device at the transonic flight regime have been
selected and the mission analyses have been completed to
quantify possible benefits in terms of fuel saving. During
these studies, only the aerodynamic behaviour and the

structural behaviour of the morphing skin were considered.
Neither the impact on the maximum takeoff weight of the
morphing mechanisms nor the effect of aeroelasticity on the
behavior of morphing devices has been considered. A family
of optimal shapes have been produced and verified using both
medium and high-fidelity tools showing promising results as
well proving the versatility of the proposed approach. During
the second level of the same procedure, all the optimal shapes
can be adopted as multiple targets for the optimal design of
the morphing mechanism, according to the multiobjective
design strategy.
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