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Abstract

One of the tasks of the FutureWings project, funded by the European Commission within
the 7th framework, was to numerically validate the mechanical behavior of a wing whose
deflections had to be controlled via a suitable distribution of piezoelectric patches. Starting
from a reference geometry (a NACA 0012 airfoil), wing profiles were implemented and
analyzed using the fluid—structure interaction analysis technique. The wing section was
designed with a morphing profile in which both the front and rear parts self-deform
via piezoelectric patches that serve actuators glued to the skin of the profile. A Macro
Fiber Composite (MFC) was used as the piezoelectric actuator. Aeroelastic analyses were
performed at low Mach numbers under the sea-level flight condition. Analysis of the
technical solution was based on an examination of the aerodynamic coefficients and polar
curves of the profile, as the control voltage of the patches can vary. The results were
compared with those available in the literature. As a preliminary step, this work contributes
to examining the current technical possibilities of this technology relating to the application
of piezoelectric patches as actuators in the field of aerostructures.

Keywords: piezoelectric actuators; morphing structures; FSI; Macro Fiber Composite

1. Introduction

It is generally assumed that aircraft capable of smoothly and continuously changing
shape (morphing) would offer optimized aerodynamic performance [1]. Recently, morph-
ing wings have gained considerable attention due to advances in electronic components,
such as smart actuators and compliant structures [2,3]. Morphing concepts have been de-
veloped with the objectives of weight and fuel consumption reductions and aeromechanical
performance improvements compared to conventional aerostructures [1-5]. Only a few
years ago, several critical aspects remained unresolved. Under this background, several
studies were published to examine these critical issues in detail by identifying inventions
and innovations, leading to both successes and failures [6].

Importantly, surface integrity must not be lost during flight [2]. This issue has been con-
sidered and critically examined in relevant projects by FlexSys [7], NASA [8], [9] (pp. 24-25),
Airbus, Boeing, and other companies [9] (pp. 36—40). Polymorphic wings in small UAVs
are capable of morphing their chords and curvature, achieving up to 10% chord extension
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and curvature morphing changes of +/—20% [10]. A system based on the use of “zigzag
compliant ribs” and a pre-tensioned latex skin was also developed.

Morphing technology includes material selection and analysis, as well as analysis of
the mechanical behavior of structures and the smart materials used for actuation and/or
conventional actuators used for morphing. A fairly comprehensive review on this topic
is provided in both [3,11]. For example, in [12], a study on morphing wing analysis and
application, the authors addressed the real benefits of adopting morphing technologies con-
sidering practical aspects such as aircraft operation, mission planning, and sustainability.

Morphing wing designs, however, are challenging because the wing’s structure, skin,
and actuators must be integrated to such a level that they all share the functions involved
in carrying loads and changing shape.

Most previous research on morphing structures for aircraft applications involved
twist-morphing or camber-morphing wings and tails, as well as adaptive leading and
trailing edge technologies [12-20]. Camber-morphing is a type of out-of-plane morphing
that bends the airfoil’s midline, thus changing the local lift distribution and essentially
transforming a low-lift airfoil shape into a high-lift airfoil shape. Conventional aircraft
use movable surfaces at the trailing edge to change the curvature of the wing sections in
which they are installed, while camber-morphing surfaces provide a uniform shape with-
out additional gaps, thereby reducing the strong drag produced by conventional control
surfaces. The authors in [12] compared the aerodynamic performance of camber-morphing
and conventional airfoils. This study demonstrated the advantages of variable camber-
morphing wings over conventional wings in terms of their aerodynamic efficiency and
maneuverability. In [13], the complete composite primary- and morphing-structure of a
fixed-wing drone was additively manufactured for the first time. Studies have also been
conducted on camber-morphing rib designs. The fish bone active camber concept (Fish-
BAC), a biologically inspired compliant structure, was introduced in 2012 [18]. The airfoil
deformation structure (which was novel and original at the time of this paper’s publication)
consisted of a thin chordwise bending beam load-bearing structure with branched chords
connecting the structure to a pre-tensioned Elastomeric Matrix Composite (EMC) skin
surface. This solution was also adopted in [15], in which a shape-memory alloy (SMA) was
used to actuate an unmanned aerial vehicle (UAV) tail structure. A CFD simulation of a
camber-morphing airfoil in transition demonstrated that the aerodynamic behavior varies
linearly as the camber rate rises [19]. Skin design also represents a significant challenge
in wing morphing. A morphing skin is ideally a continuous surface that can adapt to the
shape of the morphing body while remaining robust enough to withstand aerodynamic
stresses. To meet these criteria, the skin must meet specific structural criteria such as low
in-plane stiffness and high out-of-plane bending stiffness [15].

An in-depth study of different skin configurations was published in [21], focusing
on the use of corrugated skin allowing large chordwise camber and length changes due
to its high level of anisotropic properties. The authors in [22] investigated the multiaxial
mechanical properties of a latex skin for morphing wing applications. In [23], the authors
applied a fishbone variable camber wing in the design of a futuristic hybrid aquatic-aerial
vehicle, obtaining technical results with numerical fluid—structure interaction (FSI) analyses.

Previous research on the performance of morphing technology has predominantly
focused on the aerodynamics of specific morphing configurations [24,25] and calculating
the deformation levels achievable with morphing techniques.

For example, in [24], the drag reduction benefits of wing morphing were quantified
using numerical analysis techniques by comparing different curvature morphing rates with
different conventional wing configurations created for different flap deflection angles. This
study used different NACAO0012 airfoil shapes, which differed only in curvature, while
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maintaining a constant thickness along the chord. The transformation from one airfoil
shape to another was achieved by modifying the trailing edge (TE) and leading edge (LE),
while the center section remained unchanged.

Altering the geometry of an aircraft wing during flight improves flight performance
across a wide range of conditions. Conventional control systems such as flaps and ailerons
introduce discontinuities on the wing surface, decreasing aerodynamic efficiency. In general,
conventional wing-flap configurations do not provide an optimal solution for overall
aircraft performance due to the different lift requirements under different flight conditions.
Among the various methods, camber morphing has proven to be a highly effective and
efficient approach to achieve optimal efficiency throughout the entire flight mission [24].
Furthermore, by using continuous, flexible skin enclosing ailerons and flaps, the noise
generated by conventional wings can be significantly reduced.

In 1998, the Aircraft Morphing Program was started at NASA with the goal of de-
veloping morphing structures capable of changing shape using adaptive materials, mi-
crocontroller systems, and bioinspired material technologies to improve the aerodynamic
efficiency of aircraft. The Morphing Aircraft Structure program worked on large-scale
projects to build morphing flight vehicles capable of drastically changing shape during
flight [8].

As already mentioned above, Woods and Friswell et al. [18] proposed the concept of a
fish bone active camber wing. The idea of the fish bone active camber (FishBAC) is based
on a flexible skeletal structure inspired by fish anatomy. Wind tunnel research [25] revealed
that using the morphing FishBAC structure substantially improved the lift-to-drag ratio by
20-25% over a range of angles of attack, compared with a flapped airfoil. The work in [15]
presents a new, simple, and lightweight SMA-based camber morphing wing design based
on the FishBAC concept. In this study, according to the authors, the FishBAC model was
integrated with SMA wire-actuated actuators running through the camber morphing ribs
for the first time. A further example of this technique’s application can be found in [26],
which applied a fishbone-like morphing wing rib design with rear spar articulation in a
cost-effective manner.

The amount of camber in an airfoil has an important influence on the force generation
under fluid flow. Variable camber structures often exploit this fact in fluid dynamics
systems. The possibility of using variable geometry aerodynamic profiles is often included
among the design choices subject to optimization processes [27].

In [28], a theoretical and experimental study, a morphing trailing edge concept, struc-
ture, and mechanism were designed, developed, and validated. This study examined
the aeromechanical characteristics of a morphing airfoil section with the aim of achieving
optimal aerodynamic efficiency while maintaining the same maximum lift coefficient. The
experimental model used in this research included ribs matching the shape of a NACA 0012
airfoil with a chord 200 mm in size. The airfoil section featured a wingspan dimension
of 250 mm. The trailing edge of the airfoil structure was effectively equipped with one
rotational degree of freedom. To generate torque on the flap, an actuation system was
installed. Using this system, the effective curvature of the airfoil could be changed by
varying the produced lift. Additionally, variable trailing edge rotation angles from 0 to
30 degrees were considered in the study. However, this work did not consider the effects of
the wing section skin, which was not actually superimposed onto the deformable internal
structure of the section in the experimental model.

In [29], the deformation function and load capacity of the leading edge of a full-scale
variable camber wing section were studied. An accurate mathematical model and a load
test apparatus were also implemented. A distributed network of sensors was used to
reconstruct the structural configuration during actuation of the leading edge. The motion



Actuators 2025, 14, 499

40f23

function and structural strength of the leading edge structure of the variable camber wing
section were then numerically estimated and validated using tests. In this work, no fluid
dynamic analyses were conducted; only structural aspects related to use of the actuation
mechanism producing deflection of the leading edge of the wing section were considered.

To our best knowledge, most morphing surface actuation systems in the literature
are of the “mechanical” type, based on the use of linear actuators with significant power
levels. Some studies also addressed new issues related to modification of the stiffness
characteristics that can have effects on the aeroelastic stability of morphing wings [30].

One of the first examples of application of piezoelectric actuators was reported in [31],
where this technology was applied to control deflection of the trailing edge of helicopter
blades. Recently, other works have explored the use of piezoelectric materials for camber
morphing [32]. In the present work, based on the application experiences described in other
technical—-scientific publications [33-37], we study an actuation method using piezoelectric
patches installed directly on the outer skin of the aerodynamic surfaces to be deformed.
This method could also be used to produce small amounts of electricity in stand-alone
health monitoring systems [38,39]. In addition to these last applications, piezoelectric
networks can also be exploited for structural vibration damping, as shown in [40,41].
This multifunctional potential further highlights the versatility of piezoelectric patches in
morphing aerostructures.

In [42], a corrugated panel (a type of compliant periodic structure) used inside a
morphing wingtip was studied numerically and experimentally. This type of structure
could also be coupled with piezoelectric actuators.

In [43], a compliant morphing trailing edge was proposed and studied for the genera-
tion of high lift during take-off and landing. The design was characterized by enhanced
aerodynamic performance and smaller take-off and landing distances due to its high lift
capacity and intrinsic lightness compared to the basic configuration in conventional aircraft
such as the ATR 72. This technical solution could further improve the performance of the
Box-Wing Aircraft configuration, whose controllability was studied in [44] and take-off
performance was studied in [45].

In [46], active hinged wingtips were analyzed to improve the gust load reduction and
reduce the wing root bending moment, starting from the use of passive hinged wingtips,
which increased the aspect ratio and provided additional gust attenuation.

In [47], the authors designed and aerodynamically analyzed the leading edge of a mor-
phing wing. The variable camber leading-edge structure underwent numerical simulation
validation (through FSI analyses) before its fabrication as an experimental prototype.

A recent line of research linked to the development of morphing structures is based
on systematically studying the characteristics of lattice materials or metamaterials [48].
For example, in [49], a morphing wing was developed using mechanical metamaterials
technology. The authors demonstrated that with the maturity of additive manufacturing
technology, artificially designed mechanical metamaterial structures can offer very interest-
ing mechanical properties. In this paper, a full lattice deformed wing based on mechanical
metamaterials was proposed, and the wing model was analyzed from both structural and
aerodynamic perspectives.

In the field of mechanical metamaterials, cells with negative Poisson’s ratios have also
been applied to improve the deformability potential in morphing wings [50].

In [51], a lightweight camber morphing wing aircraft was designed, implemented,
and tested in flight. This compliant camber-morphing wing configuration was proposed
and implemented based on an in-depth computational analysis, with 3D-printed ribs used
for the wing morphing mechanism. The wing skin of the small UAV was composed of
a deformable material, and a single servomotor was used to power the rib’s morphing
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mechanism. Two connecting rods were connected to the servo (see Figure 9a of [51]),
causing the front and rear parts of the rib to deform. Comparative analyses were also
carried out using the NACAQ0012 profile as a reference, with a flap joint at 70% of the
chord length.

Among the methods available in the literature on morphing wings [2,3], one of the
technical concepts is based on the implementation of telescopic wings [52] or variable-
span wings [4]. It is known that aircraft with a wider wingspan have good aerodynamic
efficiency, which translates into good range and fuel economy.

In the field of methods and technologies used to design and produce morphing
aerodynamic surfaces, a series of papers were published on the use of “Macro Fiber
Composite (MFC), a type of piezoelectric device that offers structural flexibility and high
actuation authority” [53-57]. Bilgen et al. [55] developed and successfully flight-tested an
unmanned aircraft utilizing MFC actuators for solid-state control surfaces and effective
roll control without traditional mechanical components. In this work, the researchers
used NACA symmetrical airfoils as the leading edge blended with a thin trailing edge
for morphing alongside tail stabilizer morphing using piezoelectric solid-state actuators.
In a 2014 work by Bilgen and Friswell [56], NACAO0012 profiles controlled with MFC
were studied.

Chanzy et al. [58] employed a morphing wing technique featuring a flexible skin
and variable camber mechanism, optimized for improved aerodynamic performance and
validated through wind tunnel testing. As there was no hinge on the upper or lower
surface of the wing, the proposed wing significantly reduced drag. This reduction yielded
higher aerodynamic efficiency (lift to drag ratio: L/D) for morphing UAVs compared to
conventional options, despite the lift force not experiencing significant enhancement.

Further examples of studies on morphing aerodynamic surfaces (winglets) can be
found in [1,5]. In [5], the authors applied the camber-morphing winglet concept to a
midsize business jet, showing that fuel consumption improvements can be achieved when
compared to an optimized fixed geometry winglet.

The results of CFD calculations performed on a NACA airfoil by varying the curvature
of the profile were presented in [14]. In this study, the CL-alpha curves of a self-deforming
profile and conventional profile were compared, starting from a basic NACAQ012 profile
and modifying its curvature, thereby simulating the effects of a morphing technology. This
work considered the effect of a control surface (flap) by varying the deflection angle. The
study in [14] contains useful data that are compared in detail with the results of the present
work, results which derive from some of the activities carried out within the European
project FutureWings [59]. This project involved the companies Smart Material [60], Piaggio
Aero Industries (today Piaggio Aerospace) [61], and IChrome [62] as partners, in addition
to the University of PISA.

Almost simultaneously with the FutureWings project, other important projects were
presented and developed within the European Community. Notable projects include the
SADE project, the NOVEMOR project, and the SARISTU project [63-66].

An effective method for creating deformable airfoils involves the Kerf Bending Active
Camber Concept [28]. The process of creating slots in a structural component (such as a rib)
to facilitate bending is known as kerf bending. This method is applicable to a variety of
materials, including metal. Using this technique, a wide range of shapes can be achieved.
As previously mentioned, in [28], the NACAQ012 profile was used as a reference for
conducting morphing analyses, which is common among relevant studies in the literature.

Despite progress, one key problem remains: the compatibility of the deformations
of profile skins with the deformations of the ribs, when such deformations change their
curvature. This issue leads to the use of, e.g., highly deformable elastomeric materials.
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In the literature, some works have focused on exploring the deformation mechanism of
morphing wing skin, although many analyses were purely numerical [67]. To resolve this
technical problem, designs could adopt laser cutting techniques for morphing profile skins
to facilitate their deformation capabilities [68].

Under this scientific and technical background, the present work describes a series
of numerical results obtained with FSI analysis, applying an airfoil morphing technology
based on the use of MFC-type piezoelectric patches.

This numerical analysis represents part of the preliminary work carried out within the
FutureWings project [59]. This project aimed to numerically study a full-scale morphing
wing model controlled via piezoelectric actuators.

Thanks to the availability considerable data, it is currently possible to perform an
in-depth critical comparison of the results of our analysis.

Furthermore, it is possible to imagine studying new technical solutions that combine,
for example, the adoption of Kerf-type structures with MFC-type piezoelectric actuators.

2. Materials and Methods

In this section, we describe the basic analysis of two-dimensional airfoils that can
modify their aerodynamic shape via the use of MFC patches. The results for different flight
conditions and hypothetical voltage distributions are also summarized. All the results
are based on fluid-structure interaction analyses executed with a commercial software
platform (ANSYS Workbench 15 [69]).

The present analyses utilize a nonlinear piezo-mechanical design coupled to the
aerodynamic module of the code.

The preliminary aeroelastic analyses performed on two-dimensional wing sections
are described to define the appropriate technical bases for subsequent and more complex
three-dimensional analyses developed as part of the FutureWings project [59].

The results summarize the mechanical behavior of an airfoil section (i.e., the trans-
formed section geometry in relation to the control parameters) and its aerodynamic per-
formance, including polar drag curves of the airfoil section for different levels of control
voltages, as well as different altitudes and Mach numbers.

2.1. Numerical Model of a Piezo-Controlled NACA0012 Wing Section
2.1.1. Finite Element Structural Model of the Wing Section

A piezo-actuated wing section created with the geometry of an NACAQ0012 airfoil
(chord = 600 mm, width = 57 mm) was analyzed. The section width corresponds to the
maximum active width of the MFC patches (commercial code M8557-P1 [60]). The wing
section geometry is shown in Figure 1. Here, the nose is 20% of the chord, the wing box is
35% of the chord, and the trailing edge is 45% of the chord. The original profile was cut for
TE morphing modeling. For practical reasons, the profile at the trailing edge was slightly
truncated by about 2 cm, as shown in the figure. The length of the chord shown in the

—_\\
— |

57

figure is nominal.

20%¢c 35%c 45% ¢

600

Figure 1. Geometry of the NACA 0012 wing section model (nominal chord in figure) [70].



Actuators 2025, 14, 499

7 of 23

In this preliminary phase of the study, a series of fluid-structure interaction analyses
was performed. The structural model of the wing section is composed of a composite
material substrate (4-ply Graphite/Epoxy fabric, stack orientation 45°/0°/0°/—45°, with
an overall thickness of 1 mm) with piezoelectric patches that deform both the leading and
trailing edges under a voltage input. The MFC patches, modeled with the characteristics of
an orthotropic material, are glued to the structure using resin and installed on the external
and internal surfaces of the nose and tail laminates. In this way, the patches can simulate
the effects of the moving surfaces of a wing. Separation between the two patches was
achieved using Kapton (dark brown stripes in Figures 2 and 3).

\

—~

Substrate
Rubber LE

Figure 2. Structural arrangement of the NACA0012 wing section (CAD model).

Rubber LE

Figure 3. Details of the structural arrangement of the NACAQ012 wing section.

In the geometric environment, all bodies are connected as a unique part to avoid using
connections in a mechanical environment. The ANSYS elements used in these analyses
are SOLID186 and SOLID226. To define the piezoelectric material, a command script was
inserted. The mesh is particularly dense in the LE and TE zones but coarser in the wing
box region (see Figures 4 and 5).

Table 1 shows the thickness of each component of the profile model. Table 2 summa-
rizes the data on the materials used in this analysis. The substrate data were defined via
experimental measurements specifically carried out during development of the project
(graphite/epoxy KGBX2508). The parameters C 10 (and C 01) are used in the Mooney—
Rivlin model to simulate rubber-like materials.
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Figure 4. FE mesh of the NACAQ012 profile model [70].

(a) (b)

Figure 5. Details of the NACAOQ012 structural mesh: (a) leading edge region; (b) trailing edge
region [70].

Table 1. Thicknesses of the different parts.

Material Thickness [mm]
MEC 0.3
Resin 0.075
Graphite/Epoxy 1(4 x 0.25)
Kapton 0.3
Rubber TE 0.875
Rubber LE 0.5

By exploiting the physical behavior of the MFC studied in the first part of the
project [33], deformation of the nose and tail of the wing section was produced. We
obtained the desired deformed shape of the wing section without using high voltage values
by loading the outer surface of the upper skin and inner surface of the lower skin with a
positive electrical voltage and the inner surface of the upper skin and outer surface of the
lower skin with a negative voltage; we also set the positive voltage equal to three times
the negative voltage. As shown in Figures 4 and 5, hexahedral brick elements SOLID186
were used to model the entire profile (quadratic option), including the substrate (fabrics),
bonding resin, and MFC passive volumes. Piezoelectric elements SOLID226 were used for
the MFC active volumes. Here, the total number of nodes is equal to 32,082, and the total
number of elements is 23,420. The geometric nonlinearity (large displacements) option was
activated for this analysis.
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Table 2. Material data adopted to analyze the NACA0012 wing section (ANSYS code).
Engineering Sul?strate Rubber TE Resin MFC Kapton = Rubber LE
Constant Graphite/Epoxy
El [GPa] 67.07 5x 1073 10 30.34 2.5 0.8
E2 [GPa] 67.07 15.86
E3 [GPa] 67.07 15.86
v12 0.042 0.34 0.31 0.34 0.4
v13 0.042 0.16
v23 0.042 0.16
G12 [GPa] 4.78 5.51
G13 [GPa] 4.78 5.51
G23 [GPa] 4.78 5.51
C10 = C01 [Pa] 416,670
Dielectric [F/m] e=1.64 x 1078

Piezoelectric [m/V] d31=—46x10"10

The boundary conditions applied to the FE model assume that all displacements of
the lateral edges of the central part (wing box) of the wing section are fixed. On the lateral
edges of the rest of the profile, only the displacements in the out-of-plane direction are
fixed. This process essentially simulates two-dimensional behavior.

To define the potential loads, we used the Ansys add on, with which the user can
choose the surface of the body and insert the correct voltage value. We obtained the desired
deformed shape of the wing section without using high voltage values by loading the
outer surface of the upper skin and inner surface of the lower skin with a positive electrical
voltage. We also used a negative voltage on the inner surface of the upper skin and outer
surface of the lower skin, setting the positive voltage equal to three times the negative
voltage. All the MFC surfaces in contact with the substrate were loaded with zero voltage.
In this analysis, a reference voltage V* = 900 V was assumed, which will be used to produce
a parametric representation of the results. Table 3 summarizes all analyzed cases, where
cases 0 through 3 are realistic. On the other hand, cases 4 through 7 are hypothetical, as
they use voltage values that commercial patches cannot support. The maximum applicable
positive operating voltage is 1500 V, while the minimum applicable negative voltage is
—500 V [60].

Table 3. Voltage loading conditions for the NACA0012 wing section (ANSYS code).

Case Patches Voltage [V]
0 MFC1/2/3 0/0
MFC4/5/6 0/0

1 MFC1/2/3 600/ —200

MFC 4/5/6 600/ —200

’ MFC1/2/3 900/—300

MFC 4/5/6 900/ —300

3 MFC1/2/3 1200/ —400

MEC 4/5/6 1200/ —400
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Table 3. Cont.

Case Patches Voltage [V]
4 MFC1/2/3 1800/ —600
MFC4/5/6 1800/ —600

5 MFEC1/2/3 2400/ —800
MEC 4/5/6 2400/ —800

6 MFC1/2/3 2700/—-900
MFC 4/5/6 3300/—-1100

” MFC1/2/3 2700/ —900
MFC4/5/6 3900/ —1300

Figure 6 shows the adopted nomenclature for the patches and the Ansys commands
used to define the voltage loads. As mentioned above, the large displacements option
was applied. Ten iterations were used for each load step using force-based convergence

criterion, with a residual value equal to 0.5%.

Filter Name =

CF Voitage
Ak Voitage_Up_mfc2
/&L Voitage_Down_mfc2
& voltage_Up_mfcs
/4 Voltage_Down_mfc5 Voltage_Up_mfc2
A Voltage_Up_mfc3 =vh s
3 ‘oltage_Down_mfc2
/& Voitage_Down_mfec3
Al = oltage_|
3 voltage o mics [z | I Voltage Up_mcs
/& Voltage_Down_mfcs I Voltage_Down_mfc5
A Voltage_Up_mfc1 W Vottage_Up_mfc3
ﬁ ::z'm;;m [ Voltage Down_mfc3
E] Voltage_Down_mfca [l Vottage_Up_mfct
7B Commands (AFDL) B Voltage_Down_mfc6
1-/®l Solution (D) T | [ Voltage_Up_mfcl
i »

[ Voltage_Down_mfcl
Hails of *Multiple Selection® 3
Scope
Scoping Method | Geometry ...
Geometry 1 Face
Definition
Time Dependency |No

Voltage (Real)  [O[kgmm. 0,000 0,050 0,100 (m)

0.025 0.073

g@

Figure 6. NACAQ012 wing section: patches nomenclature for the voltage command [70].

2.1.2. Fluid Dynamic Model of the Wing Section

To perform coupled fluid—structure analyses, we used the System Coupling module
implemented in ANSYS Workbench. This module manages unidirectional and bidirectional
force-displacement couplings between the ANSYS Fluent and ANSYS Mechanical software
to perform FSI simulations. This coupling system enables solutions for steady-state or
transient FSI applications to be derived entirely within Workbench. This module also
handles many complex FSI applications, such as the flutter of three-dimensional airfoils
or wings, flow-induced vibrations, and more. After defining the structural model, the
model’s geometry was managed using CAD software (CATIA V5R20 [71]) to operate on
the external region that will be occupied by the fluid domain, without modifying the shape
of the external surface of the profile (Figure 7).

Figure 8 shows the block model, which divides the fluid region into a set of connected
subregions where the number of nodes, spacing ratio, and direction of propagation of the
node spacing can be easily controlled. A parametric fluid dynamic grid composed only of
hexahedral cells was generated to optimize the dynamic mesh standards.

This procedure generated a fluid mesh composed of 55,680 hexahedral cells for a total
of 66,080 nodes. This volumetric mesh is delimited by several surface meshes to introduce
the appropriate boundary conditions. This model is effectively three-dimensional and
uses brick elements to correctly model the piezoelectric patches using ANSYS software.
However, symmetric flow conditions were imposed on the lateral edges of the airfoil
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section to reproduce the results obtained with a two-dimensional airfoil. Figure 9 shows the
generated fluid dynamic grid. To carry out fluid dynamic analyses, we used the FLUENT
software (available within the Workbench platform).

Figure 7. Modeling the fluid domain around the NACA 0012 wing section [70].

Figure 8. Sketch of the blocking procedure implemented for the NACA0012 wing section: (a) global
view of shrunken blocks; (b) detail of the geometry of the blocks around the profile [70].

(a) (b)

Figure 9. CFD grid (NACAO0012 wing section): (a) global view; (b) detail of the grid around the
profile [70].

The analyses were performed under the following flight conditions: at sea level
(h = 0 m), with an asymptotic speed V = 30 m/s and four different values for the angle of
attack (o =0°, 2°,4°, and 6°).

The table in Figure 10 shows the parameters used to perform the fluid dynamic
analyses. In Figure 10, the Reynolds number for the various analyses is approximately
equal to Re = 1.2 x 10°.
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| soler | ReferenceValues | _Boundary Conditions |

Pressure-Based Area [m?] 0.0342  Mesh zone BC

Steady Density [kg/m?3] 1.225 Front velocity-inlet

Absolute Temperature [K] 288.15 Top velocity-inlet

P T Dynamic Viscosity [kg/m-s]  1.7894E-05 bottom velocity-inlet
Viscous-Realizable k-epsilon (2eq.) Ratio of Specific Heats 14 side sx symmetry

Operating Pressure [Pa] 101325 side dx symmetry

Length [m] 0.58 back pressure-outlet

| Fuid ] h [m] 0 wing  Wall-noslip

Velocity [m/s] 30

1.225 Re 1.1912E+06

1006.43

00242 Mesh

1.7894E-05 55,680 hexahedral cells

[ 66,080 nodes

0

Figure 10. Data used in the fluid dynamic analyses of the NACA0012 wing section (FLUENT
code) [70].

3. Results

To perform fluid—structure interaction analyses, the “dynamic mesh” option was used
to make the deformations of fluid cells consistent with those of the wing surface. More
specifically, the “Smoothing-Spring/Laplace/Boundary Layer” command [69] was used,
which allows the motion of the nodes to be calculated based on the static stiffness of the
fluid in each cell, assuming that the motion is inversely proportional to the characteristic
size of the cells themselves. The “deform adjacent boundary layer with areas” option
was also used since the model assumes shapes that deviate significantly from the initial
ones under the deformations produced by the actions of the piezoelectric patches. This
phenomenon occurs primarily around the rubber connection areas, i.e., near the leading
and trailing edges.

The method used increased the convergence rate, significantly reduced the cell defor-
mation effect, and ensured the reliability of the results.

Figure 11 shows an example of the undeformed dynamic mesh and the dynamic mesh
deformed using only the voltage command applied to the patches (Case 7 in Table 3), i.e.,
without considering the effects of aerodynamics.

0g75

D viewer | Table Viewer | Chart Viewer | Comment Viewer | Report Viewer |

Figure 11. Sketches of the undeformed and deformed grid: Case 7 in Table 3 (NACA0012) [70].
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3.1. Deformations and Aerodynamic Coefficients of the Morphing Profile

In a complete FSI analysis, the structural and fluid dynamic modules exchange data
iteratively. They update the data based on nodal loads, from fluent to mechanical, and
displacements, from mechanical to fluent. In this way it is possible to obtain the values
of the lift coefficient (Cl) and drag coefficient (Cd) for different voltage loads and angles
of attack.

Figure 12 shows full-scale deformation of the airfoil section corresponding to Case 2 in
Table 3 and « = 0° (FSI results), while Figure 13 shows full-scale deformation of the airfoil
section corresponding to Case 7 in Table 3 and « = 0° (FSI results). Mechanical analyses
assume that the central part of the section is constrained and, therefore, does not translate

or rotate under the action of aerodynamic forces.

0,000 0,180 0,200 {rm}
]

50 0150

Figure 12. Deformed shape of the NACA0012 wing section: Case 2, « = 0° (FSI results) [70].

R15.0

Academic

0,000 0,100 0,200 ()
I 20O a0

0,050 0,150

Figure 13. Deformed shape of the NACA0012 wing section: Case 7, « = 0° (FSI results) [70].

The physical conditions of the aerodynamic flow examined are summarized in
Figure 10.

Figure 14 shows the pressure coefficient (Cp) distributions (left) and velocity fields
(right) for h = 0 m, « = 0° and voltage loads corresponding to Case 0 and Case 7 in Table 3.
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The Cp approaches an acceptable approximation of a unit value at the leading edge of
the profile.

Figure 14. Cp fields and velocity fields: Case 0 and Case 7, h = 0 m, o = 0° (FSI results) [70].

Figures 15-18 show the Cl-o, Cd-a, and CI-Cd polar curves and Cl-V curves, respec-
tively, for the analyzed NACAQ012 wing section.

Cl-a
1.4
1.2
1
——Cl-a Case0
0.8 ——Cl-a.Casel
— 1 —o—Cl-aCase2
= ) ——Cl-a.Case3
0.6 ——Cl-a Case4
! ~+—Cl-a.Case5s
0.4 : ——(Cl-aCase6
——(Cl-a.Case?7
L
0,2
0
0 1 2 53 4 5 6 7
o [deg]

Figure 15. Cl-« curves (NACAO0012 wing section: FSI results) [70].
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0.026

0.024

0,022
0.02 ——Cd-o.Case0
——Cd-uCasel
5 2
8 0.018 Cd-uCase2
——(Cd-oCase3
——Cd-aCased
0.016 Cd-oCases
——Cd-aCase6
0.014 ——Cd-0Case?7
0,012
0.01
0 1 2 3 4 5 6 7
o [deg]
Figure 16. Cd-a curves (NACA0012 wing section: FSI results) [70].
Ccl-cd
1.4
1.2
1 /
——CIl-Cd Case
0.8 ——(1-Cd Case 1
" Cl-Cd Case2
© / ——(Cl1-Cd Case 3
0.6 ——Cl1-Cd Case 4
/ Cl-Cd Cases
0.4 ——(C1-Cd Case6
' ——Cl-Cd Case7
0.2
0
0 0.005 0,01 0,015 0,02 0,025 0,03
Cd

Figure 17. Polar curves (NACAOQ012 wing section): aeroelastic results.
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Cl

1.4

0.8

0.6

0.4

CI-V
——Cl-V =0
——Cl-Vo=2
Cl-Vo=4
——Cl-Va=6
0.50 1,00 1,50 2,00 2.50 3,00
\7}'\}'*

Figure 18. CI-V/V* curves (NACAOQ012 wing section): reference voltage V* =900 V.

3.2. Comparison of Results in Terms of Calculated Aerodynamic Coefficients

We compared the present results to those reported in [14]. This work considered
both the effects of a traditional flap and the effects of variation in the curvature of a basic
profile coinciding with NACA0012. Notably, the Reynolds numbers in the present analyses
and those presented in [14] are not perfectly comparable (about 1,200,000 versus 77,000).
Nevertheless, while such a difference can have an important effect on the drag coefficients,
it remains less important in calculating the lift coefficients.

An initial comparison of the lift coefficient for the basic profile using an angle of
incidence of 4 degrees (Figures 7 and 8 in [14]) obtained values with excellent agreement.
The ClI was approximately 0.4 in both [14] and the present results, as shown in Figure 15.

Figure 8 in [14] presents results for the deflection of a conventional flap. Here, Cl1 = 0.67
was estimated for an incidence of 4 degrees and a flap deflection of 4.5 degrees. This result
compares well with the results in Figure 15 (Case 1 in Table 3), which provides a Cl of
approximately 0.7.

Similarly, for a flap deflection of 9.5 degrees with the same incidence of 4 degrees
(Figure 8 in [14]), a Cl of about 0.89 was estimated. For comparison, Case 3 (Table 3) in our
study yielded a Cl of approximately 0.86.

Notably, both cases considered so far (Case 1 and Case 3) refer to voltage levels
realistically applicable to piezoelectric patches.

Directly examining the data from Figure 10 in [14] relating to the morphing profiles
demonstrates that Case 3 in our study can be directly compared with the 5412 profile,
which provides a Cl = 0.86 for an incidence angle of 4 degrees.

Further, the 6412 morphing profile from Figure 10 in [14], which estimates a Cl of
approximately 0.93, is comparable to that of Case 4 in Table 3 (Cl = 0.94 see Figure 15). In
our study, however, the voltage load applied to the patches was higher than what can be
realistically applied.
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Tables 4 and 5 summarize the possible comparisons between the results reported in [14]
and the results of the present work. For example, here, an angle of attack « of 4 degrees
was considered. In Table 4, the flap deflection angle is indicated with the symbol f3.

Table 4. Comparison of calculated ClI values ([14]: Baseline and Flap).

[14] Present Results [14] Present Results [14] Present Results
Basic Airfoil: NACA 0012 Flap Realistic Voltage Flap Realistic Voltage
Figures 7 and 8 Figure 15 Figure 8 Figure 15 Figure 8 Figure 15
Re 77,000 1,200,000 77,000 1,200,000 77,000 1,200,000
o [°] 4.0 4.0 4.0 4.0 4.0 4.0
B [°] 45 9.5
Case (Table 3) 1 3
Cl 0.4 0.42 0.67 0.70 0.89 0.86
Table 5. Comparison of calculated Cl values ([14]: Morphing Airfoils).
[14] Present Results [14] Present Results
Morphing Realistic Voltage Morphing Hypothetical Voltage
Figure 10 Figure 15 Figure 10 Figure 15
Re 77,000 1,200,000 77,000 1,200,000
o [°] 4.0 4.0 4.0 4.0
Airfoil 5412 6412
Case (Table 3) 3 4
Cl 0.86 0.86 0.93 0.94

Another less-precise comparison was conducted by comparing the polar curves of the
profile studied here with those from Figure 9 in [18]. Although purely theoretical from the
perspective of applied voltage levels, the polar curve corresponding to Case 7 in Table 3
overlaps well with the polar curve corresponding to the FishBAC configuration in [18]
(deflection coefficient: k = 0.3), based on the range of available Cl and Cd values. A similar
comparison was made with the results from Figure 8b in [24], which presents the polar
curves of the basic NACA0012 profile together with those from a series of morphed profiles.
The data in Figure 17 of our work agrees well with the graphical summary in [24].

We also directly compared the application of morphing technology like that explored in
the present study, despite the different configuration and distribution of MFC piezoelectric
patches, by examining the work in [55]. In particular, we compared the graph from
Figure 8a in [55] with a curve corresponding to o = 0°, reproduced here in Figure 18.
Figure 8a in [55] presents the results for the lift coefficient of an NACAQ012 airfoil as a
function of the applied voltage obtained via a static aeroelastic analysis with a flow velocity
of 20 m/s. For example, for an applied voltage of about 900 V (V/V* = 1), a Cl value equal
to about 0.4 is obtained in both cases.

The present results and comparisons, the latter of which are not always quantitatively
precise, show that technology based on the application of piezoelectric patches offers
technically interesting properties, at least from the perspective of wing profile aerody-
namic performance.

As demonstrated in some of the previously cited works, use of this technology in the
development of medium- to small-sized UAVs, coupled with the development of specific
compliant structures such as the Kerf Bending Active Camber Concept, could produce
even greater performance than that numerically obtained in this research.
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4. Discussion

A comprehensive review of the work carried out and presented in this study reveals
that the present application of morphing technologies in the aerostructures sector has
achieved a high level of resonance. In the literature, most technical applications refer to
complex mechanical systems and inevitably have low levels of reliability.

In this paper, which is part of the research conducted under a European project [59],
we examined a technology based on the use of MFC-type piezoelectric patches applied
directly to the skin of an airfoil. To evaluate the feasibility of this technology, an NACA0012
airfoil was examined.

The airfoil, without internal shear reinforcements, structurally included only top and
bottom skins, both made of a thin composite laminate.

The numerical study was based on the development of coupled fluid—structure calcu-
lations to simulate the electromechanical effects of the patches. Using these calculations, we
obtained data on the aeromechanical performance of an airfoil for aeronautical applications,
including the aerodynamic coefficients and polar curves.

The primary goal of this work was to correlate the voltage levels applied to the piezo-
electric patches with the aerodynamic coefficients for given aerodynamic flow conditions.

Each point shown in Figures 15-18 corresponds to the result of a single static aeroelastic
analysis performed on the wing section model.

We examined angles of attack ranging from zero to 6 degrees. The results, therefore,
reflect fairly regular flow conditions, i.e., with no marked separation phenomena at the
trailing edge of the profile. This regularity is demonstrated by the almost perfect linearity
of the lift coefficient Cl under a varying alpha value (Figure 15).

The effects of the voltage loads (from Case 0 to Case 7) are clear. Increasing the profile
curvature at the same angle of attack produces an increase in lift (increase in Cl, Figure 15)
and, correspondingly, an increase in aerodynamic drag (increase in Cd, Figure 16). The
polar curves are affected by these combined increases, as shown in Figure 17.

Finally, our calculation technique allowed us to directly quantify the effects of the
power supply potential of the patches at equal incidence, in accordance with the definition
of the reference potential and the distribution of electrical loads applied to the patches, as
shown in Table 3.

Figure 18 summarizes the Cl trends as the feed potential varies. The curves show
a bilinear shape, likely due to variation in the external geometry of the profile, which is
clearly affected by its initial shape. This result is also visible in Figure 15, where the Cl-o
curves become increasingly closer as the index increases, despite being perfectly linear.

Notably, in the static aeroelastic analyses performed using FSI, some hypothetical
loading conditions were considered, i.e., the use of voltage values higher than those
permissible for commercially available MFC patches (Case 4 to Case 7 in Table 3). These
theoretical analyses were conducted to verify the feasibility of applying this technology.
However, if patches with very high electro-mechanical performance were available, the
proposed technology would become much more efficient than other technologies based on
purely mechanical deformation systems.

Ultimately, the results obtained in this work are in good agreement with the literature
and also offer some novel data, especially regarding the type of material used to manufac-
ture the substrate (profile skins), which is not elastomeric but offers fairly high extensional
and flexural stiffness. An elastomeric material was used only at the leading and trailing
edges of the profile (Figure 2).



Actuators 2025, 14, 499

19 of 23

5. Conclusions

In this work, which summarizes research conducted as part of a European project [59],
a numerical model was developed to perform a feasibility study on applying piezoelectric
patches of the MFC type to airfoils in order to continuously modify their shape. An
NACAOQ012 airfoil with a nominal chord size of 600 mm was studied. In reality, the effective
chord was slightly reduced by about 20 mm to enable consistent modeling of the trailing
edge of the airfoil. Both model preparation and the numerical analysis were performed
using commercial software [69,71].

The supporting substrate of the skins was made using a stiff carbon fiber laminate. No
internal support structures, such as ribs, were modeled. The leading edge and trailing edge
were modeled with an elastomeric material sufficiently flexible to facilitate the flexural
deformation of the skins.

Some MFC patches [60] were glued onto both the upper and lower skins.

Coupled fluid—structure analyses were performed to consider the effects of aerody-
namic loads combined with the effects of voltage loads applied to the piezoelectric patches.
The results mainly relate to the aerodynamic coefficients of the loaded profile.

The studied morphing technology produced results in good agreement with results
in the literature. A detailed and quantitative comparison was also performed on the
calculated lift coefficients [14], along with some qualitative comparisons on the profile
polar curves [18,24] and the effects of the voltage loads applied to the patches [55].

Based on the extensive literature reviewed, morphing technologies currently rely
primarily on the application of mechanical actuation systems. These systems are generally
very complex, consisting of many mechanical elements, and heavy. The use of piezoelectric
paths does not yield very high deformation levels due to the physical limitations of current
patches on the market. However, the present simulations and results demonstrate that
potential developments in piezoelectric materials with higher performance, e.g., a wider
load potential range, could offer remarkable aeromechanical performance even for medium-
sized aircraft, not just the small aircraft commonly studied in the literature.

We believe that by coupling the technology discussed in this study with the structural
configurations in the literature (Kerf Bending Active Camber Concept [28]), it is possible
to increase the aeromechanical performance of airfoils thanks to a greater increase in the
curvature of the airfoils’ mean line. Possible future development of this work could involve
designing and modeling a Kerf structure that deforms under the action of MFC patches
appropriately positioned on the transverse elements of the structure itself.
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Abbreviations

The following abbreviations are used in this manuscript:

MEC Macro Fiber Composite

FishBAC  Fish Bone Active Camber Concept
FSI Fluid-Structure Interaction

EMC Elastomeric Matrix Composite
SMA Shape-Memory Alloy

UAV Unmanned Aerial Vehicle

CFD Computational Fluid Dynamics
TE Trailing Edge

LE Leading Edge
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