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Abstract: The technique of morphing in aerospace engineering is a relatively new discipline targeting
the improvement of aircraft performance, even through dramatic changes to some critical geometrical
and mechanical features, to adapt aircrafts’ configurations to evolving operation conditions. The
development path of morphing systems is complex and shall pass through articulated gates to prove
its readiness level due to the concurrence of different disciplines and approaches. The characterization
and demonstration of the concepts in a representative environment, such as wind tunnel test facilities,
are some of the most relevant steps needed for the maturation of the engineering technique. The
practical size limitations of test facilities usually impose the use of scaled models. In the case of
morphing systems, whose architecture is strictly dependent on the available room, and whose perfor-
mance is tightly correlated with the general structural stiffness, changes in dimensions may affect the
overall behaviour significantly. Therefore, the adaptive design may change a lot until it arrives to
the formation of completely different products. Transportability issues of certain architectural forms,
as well as the different classes of vehicles, are also related to that aspect. The scope of this paper
is to investigate the impact of some effects of scaling processes on certain features of a morphing
system, particularly focusing on the stiffness parameters, for their impact on several features such as
the load bearing capability and structural stability in both steady and dynamic conditions. As a case
study, a rotorcraft blade segment integrated with torsional shape memory alloy (SMA) actuators was
considered. Relevant numerical models were exploited to highlight the different evolution laws of
the characteristic structural parameters vs. the referred scale factors. In this investigation, the axial,
flap, lag bending, and torsion stiffnesses, as well as normal modes and stress levels, are considered.
The achieved results confirm the complexity of attaining an effective reproduction of the targeted
morphing architecture, as scaled configurations are considered. In spite of the unavoidable specificity
of the analysis herein reported, it is believed that such attainments can have a general validity at least
to some extent, and the outcomes may be exported to other morphing systems, at least as guidelines.
This study took place within the European project SABRE (Shape Adaptive Blades for Rotorcraft
Efficiency, H2020).

Keywords: scaling effects; structural morphing systems; shape memory alloys; adaptive structures;
integrated actuators; geometrical layout; mechanical configuration; rotorcraft blade

1. Introduction

Nowadays, the aerospace industry is being asked to face new challenges, strictly
related to its environmental impact, the safety of flights, and survival within a competitive
market [1]. Such a situation has become even more impellent amid the COVID-19 emer-
gency and its effects [2]. In fact, the significant reduction in passenger traffic during the
pandemic, on the one hand, and the need for specific assistance and prevention strategies,
on the other hand, had a dramatic impact on the aerospace industry, enforcing more than
ever the need to optimise every process, as well as relevant technologies, to better face
challenging situations such as this.
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The impact of air transportation on the environment and, in general, its contribution
to pollution are widely documented [1,3]. The dramatic changes in the climate, on the
one side, and the expected return to the usual growth of the aeronautic civil sector in the
post-emergency phase, on the other side, require solutions and strategies that are more
efficient than ever, involving both the aircraft and the supporting infrastructure systems
(airports, connections, anti-terrorist measures and regulations, weather forecast systems,
and so on) [4]. This aspect shall be managed by considering the foreseen increase in flown
passengers in the next/medium period, related to both the estimated growth of pre-existing
market players and the entry of new competitors [1]. Within this context, it is foreseen that
these changes will lead to a gradual shift in the market’s centre from the US to Eastern Asia
(India, China, Japan, Indonesia) [5].

In this competitive scenario, a critical role can be played by technologies with a relevant
impact on aircraft efficiency [6]. Among others, the scientific and technological community
looks at morphing and laminar flow with increasing interest due to the envisaged benefits
in terms of fuel consumption, manoeuvrability, and structural safety [7], and the appealing
potentialities for the emerging full-electric architectures. On those topics, many research
programs have been funded in recent decades. At the European level, some projects
have targeted the enhancement of aircraft and rotorcraft efficiency. Recently, the Clean
Sky 1 and 2 programmes focused on adaptive solutions for the enhanced performance of
regional vectors [8,9]; in the FP7, SARISTU (Smart Intelligent Aircraft Structures) [10,11]
and SADE (Smart High Lift Devices for Next Generation Wings) [12,13] were aimed at
developing and testing the morphing and laminar flow concepts for SMR airplanes. SABRE
(Adaptive Blades for Rotorcraft Efficiency) [14] and FRIENDCOPTER [15] focused on solu-
tions for adapting blade geometry to extend and improve the helicopter flight envelope.
Worldwide, MACW (Mission Adaptive Compliant Wing) [16] tested in-flight a wing inte-
grated with a morphing flap on the NASA experimental aircraft Gulfstream III; the CLEEN
project (Continuous Lower Energy, Emissions, and Noise Project) [17] concentrated on the
upgrade of conventional systems to enhance aircrafts’ environmental impact; MDO-505,
a cooperation between Canadian and Italian companies, targeted the development of mor-
phing aerofoils to improve wing efficiency [18]. Despite its short length, this list can allow
for a perception of the attention that is deserved to adaptive and, specifically, morphing
structures. At the end of the mentioned processes, suitable concepts were selected depend-
ing on a number of parameters, referring to macroscopic properties like reliability and
manufacturing/integration viability. In the wake of this, the recent Airgreen2 (AG2) project
within the Clean Sky 2 program has been recently preparing morphing and adaptive wing
component demonstrators for in-flight testing, while full-scale experimental lab campaigns
have been ongoing [19–21].

All of the above programs have drafted preliminary maturation paths for their relative
technologies, moving on the basis of industrial requirements. This is essential in the view
of a well-assessed TRL path [22–24].

To support and enhance the readiness level of morphing technology, more and more ex-
perimental demonstrations have been organized, leading to the manufacturing of more and
more complex mock-ups, with the final aim of seizing the real behaviour of the proposed
system to the maximum extent. In ETRIOLLA (Experimental Transonic Investigations on
Laminar Flow and Load Alleviation) [25], a flexible scaled model that was optimised to
delay laminar flow degradation was tested in a wind tunnel facility. Similarly, NOVEMOR
(Novel Air Vehicles Configurations: From Fluttering Wings to Morphing Flight) [26] inves-
tigated the behaviour of novel lifting concepts and morphing wing solutions in significant
wind tunnel environments.

In the reported investigations, a critical point was represented by the scalability
of the proposed architectures. Former works did investigate this aspect, for instance,
demonstrating the difficulties that should have been faced to try to use the same system on
different classes of vehicles, or to design representative tests based on scaled prototypes.
In [27], the difficulty of exploiting a morphing architecture from a small to a larger UAV
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was emphasized, concluding that compliant mechanisms should be tailored for specific
vehicles. In [28,29], the authors of these papers preliminarily drafted the effects of the
geometrical scale factor on a simple but representative aircraft adaptive structural element.

In morphing systems, scalability issues impact both the structural skeleton, in terms of
its capability of absorbing loads while withstanding large deformations, and the other main
subsystems, namely the actuation and sensor networks, as well as the control architecture.
As discussed in [30], for instance, actuators require specific sizing procedures on the basis
of their typology, with the geometry being only one of the aspects needing to be considered.
Energy density, weight per volume unit, the transmission of forces and displacements, and
even the internal layout and its conceptual definition (f.i., kinematic or solid-state) each
have a specific role in the design and may represent constraints to the resizing process. The
specific choice of the actuator type then becomes hardly exportable to applications that
are similar but different in size. Generally, hydraulic actuators are used for medium–large
appliances for high energy density characteristics [31], but their complexity makes extreme
miniaturization processes difficult. For the same reason, piezoelectric actuators find their
place within small–medium devices; in this latter case, it is worth mentioning that several
studies are being carried out to expand their applicability domain [32]. Similarly, high-
energy smart actuators like SMA-based ones, which are, in principle, suitable for large-
size mechanics, find limitations based on their typical thermal inertia, which is strongly
dependent on their size [33].

Shape memory alloys have the unique peculiarity of being able to exhibit a remarkable
strain recovery characteristic by changing their intimate molecular structures between
two phases, the so called martensite and austenite phases. The two states are, in fact,
associated with different volumes, so that one (the austenite phase) is more compact than
the other (the martensite phase). Such different volumes are small (i.e., not able to cause
significant density variations), but nevertheless enough to produce significant engineering
deformations, attaining several percent units. These values, associated with high stiffness
coefficients that are characteristic of standard metals, enable the onset of significant forces,
which can be used to modify the shape of a target structure. The transformation at the base
of this phenomenon is driven by both temperature and stress variations. In synthesis, it
can be stated that higher temperatures are needed at higher stress values, as well higher
stresses being needed at higher temperatures. This fact may be intuitively accepted, as
higher energy levels within the system require equivalent higher levels of input energy
to attain modifications. The key aspect of shape memory alloys’ working mechanisms is
that the two states are complementary: austenite does exist at higher temperatures but
low stress levels, while the opposite happens for martensite. Cyclic transformations are
possible by variating the temperature or the structural tension, alternatively. For a given
SMA, if the external temperature is sufficiently high, the phases change naturally by simply
applying and removing an external load, in turn generating the necessary stress levels. In
this case, it is spoken of superelasticity (or pseudoelasticity, as the process is non-linear),
since the material is able to recover huge strains. If the temperature is not high enough,
after a cyclical loading process, some residual strain is found, which can be recovered
by increasing the temperature sufficiently. In this case, the occurrence is reported as the
shape memory effect, since the material seems to remember its previous state by absorbing
a sufficient amount of energy. These few lines try to summarise, without any pretence of
a strict engineering rigour, the magnificent property of shape memory alloys. Many details
can be found in the literature within many dedicated articles and textbooks [34,35]. In this
article, shape recovery is mainly exploited by moving the material to a sufficient stress
level, and it in turn being able to reverse autonomously as the thermal load is moved away;
in other words, cyclicality is driven by temperature levels and not stress.

In the field of the actuation of morphing through shape memory alloy technology,
other relevant projects may be also cited, such as SMyLE (Shape Memory Alloy Leading
Edge) [36,37], aimed at developing and testing technologies for advanced droop nose
concepts with de-icing capabilities, as well as SMyTE (Shape Memory Alloy Trailing Edge),



Actuators 2023, 12, 366 4 of 36

which focused on the design, manufacturing, and testing of representative aero-structural
components [38,39], targeting the development of camber morphing trailing edge concepts.

As already mentioned, the scalability finds applications for demonstration activities,
that is to say, when a system has to be tested in facilities whose restrictions impose the
use of scaled models. In line with this, in [40], the authors developed a morphing radiator
system based on SMA technology, whose logic of control was tested on a scaled model.
Different works can then be cited, addressing the impact of geometrical scaling on the
actuation. One recalls the study on bending active structures [41], in which the impact
of the main geometric parameters of the proposed hinges is discussed; the work [42]
in which the authors discuss the scaling performance of a cell structure in terms of the
transmitted displacement, load absorption, and weight impact; and the work [43] in which
the authors address the problem of the dependence of a morphing system on the scale
factor through a surrogate model. In [44], the authors highlight the impact of scalability on
the industrialization and commercialization of morphing systems, implementing a non-
dimensional analysis to quantify the impact of the scalability; finally, in [45], the authors
focus their attention on the scale of morphing bioinspired wings.

In the same way, integrated sensors present their own scalability issues [46]. In the
case of strain contact sensors, their size may alter the measure if the reference structure is
small and soft. On the other side, a miniaturization process may be in conflict with wireless
or installation requirements. Currently, the problem has been moved to the network level,
so as to overcome possible limitations associated with the single sensible element [47].
Pressure and temperature sensors must meet specific requirements to describe the aero-
thermodynamic field around a typical wing, as the observation moves from full-scale to
small WT models. If the selected sensor technology does not allow for direct size reductions,
external post-processing approaches are introduced, involving the whole array, for instance,
using dedicated interpolation and field reconstruction methods [48]. The algorithm logic
aimed at coordinating sensor data and actuators’ actions may be also dramatically affected
by the scaling process: changes in terms of mechanical and thermal inertia, different ranges
of force and displacements, and so on, may require dramatic variations in the software
parameters or the architecture itself, with an unavoidable impact on stability and the
working domain of the referred system [49].

Withstanding all the considerations above, it is believed that a dedicated study on
scaling issues may have a certain relevance to morphing applications; this is the scope of
the present article. Since it may be very difficult to address this problem from a general
point of view, and to deduce potential consequences without a concrete example to handle,
a real adaptive architecture is taken as a reference, a sort of benchmark, to give concreteness
to the formulated considerations.

The case study in this paper uses a numerical model of a full-scale morphing rotorcraft
blade segment, developed and manufactured within the already mentioned European
project SABRE, and validated in lab, wind tunnel, and whirl tower tests [50,51]. The
adaptive system consists of a blade structure integrated with a spanwise SMA rod actuator,
having the function of altering the twist and contributing to bearing the external and
internal loads. The effect of the geometric scale factor is estimated by highlighting its
impacts on the stiffness (in terms of axial, lag, flap bending, and torsion), the dynamic
response (in terms of normal modes), and the aeroelastic properties (in terms of instability,
damping capability, and normal modes of interaction). The adaptive system response is
evaluated under the action of the aerodynamic, centrifugal, and internal loads. Non-linear
solutions have been implemented to take in proper consideration the complexity of the
referred architecture. The geometric scale factor is the sole factor to be considered in this
work. Effects of other parameter variations, like the elastic properties, are drafted in the
final paragraphs.

In spite of the unavoidable specificity of the analysis, conducted on a particular
morphing system, it is believed that it can have a general validity, at least to some extent,
and the main outcomes, as guidelines, may be exported to other generic configurations.
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2. The Case Study: An Adaptive Twist Blade Model

The proposed adaptive blade model is based on SMA technology. It was developed
within SABRE, an H2020 project, as an adapted version of the original architecture that
has been experimentally validated [51]. Such a model is herein used as a reference base to
evaluate the effects of geometrical scale on different parameters, such as the bending and
the torque stiffnesses, the stress level, the actuation performance, and the dynamic stability.

Compared to conventional helicopter blades, the investigated architecture has a high
complexity related to adaptivity features and the embodiment of innovative SMA actuators.
Geometrical adaptivity poses the well-known paradox of a structure that is rigid enough to
withstand the external loads while being adequately flexible to allow for the modification
of its shape. In this case, warping is targeted along the entire span of the blade, attained by
using pre-twisted shape memory alloy rods mounted along its overall length. By exploiting
the possibility of recovering the strain through the heat-induced SMA phase transformation
of martensite to austenite, torque is transmitted to the referred system; the return to the
original state is ensured through the elastic force system.

Within SABRE, the following criteria were established for designing a full-size demon-
strator, driven by the need to respond to wind tunnel and whirl tower specs.

• Structural integrity: a safety factor higher than two with respect to the ultimate mate-
rial stress should have been guaranteed for the most severe load conditions on all of
its parts, except for the SMA elements; the surrounding structure was then imposed to
bear the operation loads without the cooperation of the shape memory alloy rods. The
herein defined safety factor was computed with respect to the ultimate strength of the
adopted materials, excluding the shape memory alloy;

• Morphing twist performance: the SMA torque actuators should have been designed
to guarantee at least a 2 deg/m twist under the most severe load conditions;

• Shape preservation: in the same way as requested for the external loads, the actuator-
induced twist should have preserved the original airfoil geometry; this requirement
was quantified by assuming a maximum absolute shape deviation vs. the nominal one,
smaller than the typical roughness of 350 µm, adopted for laminar wind tunnel tests [52].

The selected design criteria that have been exposed were constrained by the test facilities,
whose availability was planned in the SABRE project, including a wind tunnel (WT) at the
University of Bristol facility, and a whirl tower at the DLR, Braunschweig. The main scope
of the WT campaign was to estimate the impact of the additional twist on the aerodynamic
performance. In this sense, the capability of the proposed system of actuating the prescribed
twist while keeping the external airfoil shape is fundamental. The main target of the whirl
tower test campaign was instead to estimate the impact of inertial and aerodynamic forces on
the proposed system’s functionality. To achieve this target, an architecture whose behaviour
was representative of that of a real helicopter blade was required. For this, the stiffness plays
a critical role, both in terms of achieving the desired shapes under the simultaneous actions
of both the SMA actuator and the external load, and guaranteeing the structural integrity.
Additional criteria were also considered, related to safety aspects:

• The maximum SMA temperature was set to never exceed 180 ◦C, to avoid any property
degradation or the onset of damage to the surrounding components; this requirement,
which is well over the operational temperature considered in the next sections (never
surpassing 100 ◦C), was met through a dedicated temperature control logic and, for
safety reasons, through the implementation of thermal fuses aimed at interrupting the
heating supply circuit if a certain threshold should have been overcome.

• The structural safety factor was set to a minimum value of two for all parts of the
demonstrator except for the SMA rods. In the latter case, in fact, to produce enough
martensite exploitable for actuation, an adequate pre-load should have been provided.
This exception was possible because of the location of the SMA components that, being
embedded within the main structure, prevented any projection of possible debris
during the tests following the crisis of those specific components.
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• The mass layout was designed so that its centre of gravity fell within the first quarter
of the chord to ensure aeroelastic stability; even though this requirement was met
by the adopted layout, further balancing masses could have been used to shift the
barycentre further forward.

In detail, the model represents a segment of the Bo 105 blade, implementing a NACA
23012 airfoil cross-section [53]. In the representation adopted in this paper, it is made of
two bays for a 1000 mm approximate total span, and a 270 mm chord (Figure 1). Each
bay houses a single SMA rod that is 500 mm long; a two-bay configuration is, in fact,
preferred to avoid transversal bending instability during actuation. In the same figure, the
reference frame is indicated, highlighting the axes referring to lag and flap bending, and
torsion rotations, respectively. The main features of the materials considered in this study,
including the SMA, are summarised in Table 1.
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Table 1. Main properties of the used materials.

Alloy Type and
Composition NiTiNol

Ni—ca. 55%
Ti—Balance

Other Elements *—<0.05%
* Fe, C, O, Co, Cr, Ni, H, N

SMA (actuator) (data measured
via internal tests)

Austenite Young modulus, Ea, (GPa) 38.8

Martensite Young modulus, Em, (GPa) 28.8

Poisson ratio 0.33

Martensite start transformation stress, σAS
s (MPa) 186.0

Martensite finish transformation stress, σAS
f (MPa) 348.0

Austenite start transformation stress, σSA
s (MPa) 168.0

Austenite finish transformation stress, σSA
f (MPa) 6.0

Martensite start transformation temp. Ms, (◦C) 42.0

Martensite finish transformation temp., Ms, (◦C) 15.0

Austenite start transformation temp., As, (◦C) 45.0

Austenite finish transformation temp., Ms, (◦C) 72.0

Stress/temperature ratio (MPa/◦K) 6.0

Density (kg/m3) 6450.0

Ultimate stress (MPa) 500.0
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Table 1. Cont.

Alloy Type and
Composition NiTiNol

Ni—ca. 55%
Ti—Balance

Other Elements *—<0.05%
* Fe, C, O, Co, Cr, Ni, H, N

7075-T6 Aluminium alloy for
middle and side flanges

Young modulus (GPa) 71.0

Poisson ratio 0.32

Damping factor (%) 2.0

Density (kg/m3) 2750.0

Ultimate stress (MPa) 572.0

310 AISI Stainless steel alloy for
clamps and connecting beam

Young modulus (GPa) 210.0

Poisson ratio 0.32

Damping factor (%) 2.0

Density (kg/m3) 7900.0

Ultimate stress (MPa) 655.0

PTFE used for the skin and the
middle ribs

Young modulus (MPa) 540.0

Poisson ratio 0.42

Damping factor (%) 22.4

Density (kg/m3) 2240.0

Ultimate stress (MPa) 25.0

Lead balancing masses are deployed on the tip (leading edge) to ensure that the
centre of gravity is located within the first chord quarter, to prevent basic aeroelastic
instability [54]. The SMA rods have a 10 mm diameter circular cross-section, except for
at the edges, where they are square-shaped to assure an adequate twist transmission to
the blade structure. The relative interfaces are square clamps made of steel (Figure 2a).
Eight bolts are implemented to tighten the grips, and to connect the device to the global
system. The two demonstrator bays are joined with an aluminium rib (Figure 2b). This
component underwent milling operations to keep its weight at the minimum in order
to preserve the established centre of gravity location and to create adequate room for
hosting the skin, the clamps, and the balancing masses. Similar operations are conducted
on the lateral ribs, which have the further role of guaranteeing a proper connection to
the wind tunnel facility.

The skin is made of PVDF (polyvinylidene fluoride). The use of this material is
a good compromise between the need for securing adequate structural integrity and twist
deformability. To this latter scope, each bay is further integrated with an intermediate
flange and four webs, with the same thickness as the skin, and placed along the chord at
the rib openings, positioned forward and behind the SMA clamp assembly, as shown in
the schematic reported in Figure 2b. As illustrated in Figure 3d, the two backwards webs
have the same thickness of skin, while the other two in contact with the clamp are thicker
to better transmit the twist actions from the SMA rods.
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3. FE Model Development

As previously stated, the FE models used to represent this two-bay blade configuration
are derived from the ones assessed and validated in SABRE. The MSC Nastran solver
code [55] was used to address the numerical investigations presented in the next sections,
while the FEMAP pre- and post-processor [56] was exploited to build the model and
present the numerical outcomes. Four different versions were prepared to reproduce a set
of linear geometrical scale factors, sc, namely equal to 0.5, 1, 1.5, and 2. The value of
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1 refers to the nominal size. A view of the FE model and of its interior is reported in
Figure 3. Three-dimensional elements are used to represent the structural parts, for a total
of 426,528 tetrahedrons and 214,516 nodes. The size of the mesh was driven by practical
considerations. First, since the phase transformation of the SMA rods was addressed, aimed
at torsion generation, the discretization shown in Figure 3c was adopted for the actuator
cross-sections. Parabolic tetrahedral elements were used to have an adequate number of
nodes along the radius to potentially represent each of the stress distributions depicted in
the following paragraphs. Another critical element in such a sizing process was the skin; in
fact, it was the more extended component, therefore strongly influencing the computational
weight of the model. Since small strain variations could be expected along its thickness,
even considering the presence of relevant centrifugal actions, tetrahedral linear elements
were chosen to minimise the number of nodes.

The left side of the structure is clamped, while the opposite section is allowed to twist
(rotation around the span axis) and translate along the three directions, which is coherently
with a typical wind tunnel test room. Such an outline was aimed at investigating the
aerodynamic performance variation, consequent of an imposed warping, without the
effect of centrifugal actions. Those forces would have altered the overall system stiffness,
and would have therefore affected the final geometry achieved. It is worth citing that
the device was tested in the whirl tower [50], and the system proved its capability in
achieving the prescribed specifications, even in the presence of high-speed rotations along
the normal axis.

Non-linear analyses were implemented to simulate the action of the SMA actuators
on the hosting structure to the best extent. This choice was necessary for both taking care
of the constitutive relations of the shape memory alloy material, the complex functions of
the temperature, and the stress; and providing a satisfactory representation of the different
phases of the device’s installation and operation. Each analysis considered three main steps,
schematically reported in Figure 4 [28,57]. There, the first column (a) defines the specific
step; the adopted equivalent structural concepts are reported in the middle column (b);
and the specific operation simulated at the FEM level is finally summarised in the last
column (c). In detail:

• In the pre-twist phase, (a), the actuator is twisted by an imposed torque applied to
a node on the centre of the edge of the SMA rod, linked to the other surrounding nodes
through a spider rigid element. This generates a pre-existing stress field within the
active element that is not yet connected to the main body at this stage. To the zone
of the elastic structure that will be connected to the SMA, another spider is applied,
connecting all surrounding interface nodes to a central one.

• In the connection phase, (b), the interface sections of the SMA rod and the structure
body are connected via a multi-point constraint, or MPC. The MPC is used to de-
fine a linear relation among the components of the above-mentioned central nodes’
displacement by introducing the coefficients of that function. In that manner, the
displacements reported in the MPC cards block are distinguished between dependent
and independent degrees of freedom, therefore reducing the effective degrees of free-
dom to a pre-defined set [58]. The applied twist moment (a) is then removed and the
system reaches an equilibrium point, as the increased structural elastic forces balance
the residual twisting action of the SMA.

• In the activation phase, (c), the shape memory alloy element is heated, inducing a strain
recovery, and therefore transferring a further deformation to the structure. Since it
tends to report the SMA deformation as zero, it has the same level of deformation as
the one experienced in phase (b), for both the blade and the active rod. In the real
operation, the temperature variation is provided by a heater coil deployed around the
SMA rod, while, in the simulation process, a uniform temperature is simply imposed
to the shape memory alloy.
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4. Parametric Analysis

A non-linear analysis was performed through the SOL 400 of MSC/Nastran; a ded-
icated card was used for simulating the SMA parts, MATSMA [58], which implements
Auricchio’s mechanical model [59], and the Saeedvafa-Asaro, thermo-mechanical model,
cited in [60]. Among many other parameters, the card specifies the following:

• The Young modulus, the Poisson ratio, and the density in both the martensite and
austenite phases;

• The transformation stresses, and the associated transformation temperatures;
• The stress and temperature slopes along the forward (A→M) and rearward (M→ A)

transformation processes.

MATSMA was used jointly with PSLDN1, an MSC Mark proprietary card, which
adds non-linear displacement features to the solid elements representing the SMA material
segments. A parametric study was carried out, referring to the following parameters:

• Axial, flap, and lag bending stiffness and torque rigidity vs. sc;
• Actuation performance vs. sc;
• Stress level vs. Reynolds (Re) and Mach (M) numbers;
• Normal mode characteristics vs. sc;
• Aeroelastic behaviour (flutter analysis) vs. sc;
• Rotodynamic features (Campbell diagram) vs. sc.

Propaedeutic to this investigation, the ability to keep the prescribed airfoil shape
was verified vs. a torque load action. Operatively, a 2 deg/m twist was imposed on the
full-size model (sc = 1), and the airfoil shape deviation (or, the cross-section of the blade,
measured along its span) vs. the undeformed geometry was computed at intermediate
longitudinal stations. Such measures were normalized vs. the chord length (270 mm), and
are reported in the form of a bar plot in Figure 5. The maximum absolute variance value
was estimated as 110 µm, about 1/3 of the typical roughness requirement for wind tunnel
laminar tests [52].
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It must be clear that, referring to four values of the scale factor, sc, a polynomial
representation of the generic parameter vs. sc may be to the third degree, at most.

5. Stiffness versus sc

The first analysis was aimed at finding a relation between the sc and the blade struc-
tural stiffness characteristics, in particular associated with flap and lag bending and torsion
stiffness. The SMA actuator, in the form of a bulk rod spanning along the entire blade
section length, contributed to the overall stiffness significantly, so that it may be considered
as an integral part of the structure (load-bearing actuator). The load transmission among
the elements of the considered architecture was intrinsically considered in the FE model,
once it was assembled.

Before being integrated into the structure, the shape memory alloy element was
supposed to be in a pure austenite phase; then, it was pre-loaded by a torque to achieve
a transformation in the martensite phase, and successively connected to the structure. It
is worth noting that, since the stress level approaches zero at the centre of rotation, pure
austenite is always present, no matter the amplitude of the applied load. In order to
properly consider this phenomenon, non-linear analyses have been set.

Static analyses were performed by applying concentrated actions at the free end of
the model, clamped on the other side. In spite of the use of a non-linear model, for the
reasons described above, the stress and strain fields were kept small enough to approximate
the structural response for each sc considered, with its first-order representation in the
considered range of action of the imposed loads (linearity).

5.1. Axial Rigidity

The numerical axial rigidity was computed as the ratio between the applied axial force
and the corresponding displacement. In this case, the blade model may be assumed as
a simple rod, whose linear spanwise displacement is related to the applied force F, the span
length L, the cross-section area A, and the material Young modulus E, using the following
classical equation [61]:

uaxial =
Faxial

(EA/L)
=

Faxial
Kaxial

(1)
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Holding the following relation between the reference (0), and the scaled geometrical
characteristics,

A = A0 sc2; L = L0 sc (2)

It follows that
EA
L

=
EA0sc2

L0sc
= sc

EA0

L0
(3)

or
Kaxial = sc Kaxial 0 (4)

The dependence of the axial stiffness on the scale factor is reported in Figure 6. The
FE prediction is in line with the theoretical assumption of a linear relation between the
structural stiffness and the scale factor.
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5.2. Bending Rigidity

In the same way, the blade bending lag and flap stiffness were numerically estimated
by loading the structure with chordwise and normal-to-wing-plane forces, respectively.
The nominal lag and bending stiffnesses were computed through the classical equation for
a generic cantilever beam, in the following form [61]:

w f lap,lag =
Ff lap,lagL3

3EI f lap,lag
=⇒ K f lap,lag =

3EI f lap,lag

L3 (5)

The product EI,flap,lag was estimated via numerical analysis, using the known applied
force, F, and the resulting applicable displacement, wflap,lag. Since

I = I0 sc4; L = L0 sc (6)

it follows that
3EI

L
=

3EI0sc4

L0sc3 = sc
3EI0

L0
⇒ K = sc K0 (7)

or
K f lap, lag = sc K f lap,lag 0 (8)
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The plots in Figures 7 and 8 illustrate the dependence of the flap and lag bending
stiffnesses on the geometrical scale factors, as computed through the FE computations.
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Figure 7. Bending stiffness in flap direction vs. scale factor and the relevant interpolating polynomial.
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The computations were initially carried out by letting free the torsional DOF, both for
the flap and the lag bending stiffness. In this latter case, however, the influence of the torsion
was evident because of the smaller displacement, therefore avoiding the appreciation of
the single function relating the external force to the lag bending movement of the blade.
It was therefore chosen to perform the computations again by suppressing the torsional



Actuators 2023, 12, 366 14 of 36

DOF. In fact, flap bending as a function of the sc seems to be well represented by a linear
function, as predicted in the basic theory. The latter appears instead to be affected by a strong
non-linearity which is well approximated using a quadratic polynomial, as shown by the
practically unitary value of the coefficient R2. As the twist DOF was locked, a linear trend
was found. This can be easily explained for the larger relative sensibility of the lag bending
vs. the application of the force along the thickness, easily inducing a rotation and therefore
activating the blade’s warping. Such an effect vanishes as torsion is inhibited, and the model
comes back to its elementary behaviour. An application of the external force at the very
exact location of the shear centre does give rise to a diagram equivalent to that of Figure 8.

5.3. Torsional Rigidity

For the torsional stiffness, the product of the shear modulus, G, by the polar mo-
ment of inertia, J, over the span length, L, was assumed as a representative parameter.
A concentrated moment was applied at the free edge to estimate the produced twist. Under
the assumption of a constant twist rate along the span, the equation expresses the link
between the applied moment, T, and the attained rotation, ∆θ.

∆ϑ, can be written as
GJ
L
·∆ϑ = T (9)

Since
J = J0 sc4; L = L0 sc (10)

it follows that
GJ
L

=
GJ0sc4

L0sc
= sc3 GJ0

L0
⇒ K = sc3 K0 (11)

or
Ktors = sc3 Ktors, 0 (12)

It then follows that the link between the torsional stiffness and the scale factor should
be expected to have a cubic characteristic. The plot of Figure 9 shows the torsional stiffness
versus the scale factor and the interpolating polynomial, after the numerical simulations.
It confirms the basic theory prediction and also provides a confirmation of the effect that
was seen before, as the torsion provides a cubic contribution in terms of rotations, and
a quadratic contribution in terms of the affected displacements (since the ratio s/r, namely
the displacement occurring at the generic radius, may be put in place of ∆θ, therefore
resolving a new stiffness factor, depending on the sc squared).
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Figure 9. Torsional stiffness vs. scale factor and the relevant interpolating polynomial.
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5.4. A Consideration

It may be of some interest to compare the trend of the different curves, for instance, by
normalising the axial, lag, and flap bending vs. the torsion stiffness. It should be remarked
that those ratios are dimensional (specifically, 1/L2), as the stiffnesses have different mean-
ings; furthermore, for the lag bending stiffness, the linear curve was chosen, which is
coherent with the former considerations. Such an exercise brings us to the plot reported
in Figure 10. All three curves seem parallel to each other because of the implemented
logarithmic scale, which is necessary for a compact representation within a unique plot.
The curves do appear to strongly diverge in a linear scale as the scale factor approaches
zero, highlighting the challenge of obtaining scaled properties by acting on a unique factor.
As a latter consideration, it may be said that, since the ratios are dimensional and linked to
the inverse of a squared length, the graph below may be seen as the visual representation
of sc vs. sc2.

Actuators 2023, 12, x FOR PEER REVIEW  15  of  38 
 

 

 

Figure 9. Torsional stiffness vs. scale factor and the relevant interpolating polynomial. 

5.4. A Consideration 

It may be of some interest to compare the trend of the different curves, for instance, 

by  normalising  the  axial,  lag,  and flap  bending  vs.  the  torsion  stiffness.  It  should  be 

remarked  that  those  ratios  are dimensional  (specifically,  1/L2),  as  the  stiffnesses  have 

different meanings; furthermore, for the lag bending stiffness, the linear curve was chosen, 

which is coherent with the former considerations. Such an exercise brings us to the plot 

reported  in  Figure  10. All  three  curves  seem  parallel  to  each  other  because  of  the 

implemented logarithmic scale, which is necessary for a compact representation within a 

unique plot. The curves do appear to strongly diverge in a linear scale as the scale factor 

approaches zero, highlighting the challenge of obtaining scaled properties by acting on a 

unique  factor.  As  a  latter  consideration,  it  may  be  said  that,  since  the  ratios  are 

dimensional and linked to the inverse of a squared length, the graph below may be seen 

as the visual representation of sc vs. sc2. 

 

Figure 10. Axial and flap and lag stiffnesses normalized with respect to the torsional rigidity. 

ax
ia

l,b
en

di
ng

/to
rs

io
n 

st
iff

ne
ss

 ra
tio

 (1
/m

2 )

Figure 10. Axial and flap and lag stiffnesses normalized with respect to the torsional rigidity.

6. Stress Level vs. Re and M

The structural system’s ability to absorb external loads may be considered its essential
characteristic. In this sense, the effect of the Mach (M) and Reynolds (Re) numbers may be
significant for an aeronautical element. The former is related to the speed, and then to the
magnitude of the forces acting on it, while the latter depends on the characteristic size of
the architecture and, therefore, directly on the scale factor. The system chord is taken as the
reference length for Re. The 2D Xfoil software [62] was used to determine the aerodynamic
pressure distribution around the model. The angle of attack was considered to vary in the
range of ±12 deg, with a 1 deg step, estimating the pressure distribution along the chord at
each step. The most severe case resulted in that of −12 deg, which was finally assumed to
evaluate the stress field.

At first, the effect of Re was explored by varying the sc and keeping the M constant and
equal to 0.07 (about 24 m/s at sea level). This value is equivalent to the linear speed of the
middle cross-section of a 1 m span blade rotating at 44.4 rad/s, which is the nominal hover
condition of the reference helicopter, the Bo 105. Since the pressure load is mainly driven
by the speed and the geometrical shape of the airfoil (inside a certain range of size), with
both of them being invariant (the first as a hypothesis, the second as a result, as previously
discussed), the same pressure level is expected to act on all the models, irrespectively of
the sc value. The resultant force and moment depend on the exposed area (Figure 11), so
that a quadratic dependence on the scale factor, and then on the Re (depending in turn on
the sc, linearly), was finally observed. However, external force levels were compensated by
the clamp surface increase. An example of the resulting stress map is reported in Figure 12
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(Re = 4.1 × 105); it refers to the real-scale model (sc = 1), but it is applicable to all other
models. A maximum stress level of 3.5 MPa was observed in the skin element, the most
critical part, which is well below the PVDF stress limit (14 MPa).
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The effect of the M was then investigated by keeping the Re constant at 4.1 × 105.
The chord variation following the application of the sc was compensated using a speed
adjustment, in agreement with the following classical relation:

Re =
ρ·c·V

µ
=

ρ·c0·sc·V
µ

→ V =
Re·µ

ρ·sc·c0
(13)

where ρ, µ, c, and c0 are the air density, the dynamic viscosity, and the model’s scaled and
full-size chord, respectively. The dramatic impact of the Mach number on the stress level is
shown in Figure 13. M = 0.13 (corresponding to a 0.5 scale factor value) leads to a maximum
stress of 13 MPa, almost four times the one attained for the reference model.
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7. SMA Actuator Performance

Widely discussed in the literature, with a huge number of bibliographic references,
SMAs are a peculiar material able to change their phase via thermal or stress loads. The most
relevant fact is that the two phases (martensite—low T, high stress; and austenite—high
T, low stress) have very different physical characteristics, including a different density.
Despite being slight, such a property leads to extremely significant effects like the strain
recovery capability [63,64].

The shape memory alloy was initially assumed to be in a full-austenite phase. The
SMA actuator behaviour was investigated under both axial and torsional loads, which give
rise to very a different distribution of phases. In fact, the axial load induced a uniform
stress distribution over the cross-section and, thus, a uniform phase map. Contrastingly,
the torsional load caused an angular deformation in the plane of the cross-section, with
a consequent strain variation ranging from zero (at the section centre) to the maximum
value at its border. Therefore, an austenite core is always present, irrespective of the
amount of external action; a full martensite transformation may occur at the outer section
regions where the stress achieves its larger value, while an intermediate state is formed in
between. In Figure 14, three configurations of phase distribution on the cross-section are
illustrated. If the stress level produced by the torsional load is lower everywhere than the
start transformation threshold, only the uniform pure austenite can be found (scheme on
the left). If the stress level values increase to a level higher than the start transformation
threshold but lower than the end transformation threshold, the situation depicted by the
scheme on the middle occurs; in this case there is a pure austenite core and an external
crown. Finally, if stress levels that are higher than the end transformation threshold is
achieved, the situation illustrated in the scheme on the right occurs; there are, in practice,
three regions: the pure austenite core, an intermediate crown in which austenite and
martensite coexist, and an outer crown with pure martensite.

This effect leads to very different trends in the actuator’s performance vs. the geo-
metrical scale factor. In the case of the axial load, the ratio between the transmitted force
and the structural stiffness depends on the ratio between the SMA rod and the structural
cross-section areas, which is independent of the sc. For a torsional actuation, such a uniform
distribution cannot hold for the above-mentioned reasons, and for other details that will be
given in the next part of this section.
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Figure 14. Phase distribution across the cross-section of the rod: pure austenite (left) for stress levels
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martensite crown (right) for external stress levels higher than the transformation end threshold.

7.1. Axial Load

The plot of Figure 15 illustrates the typical SMA stress–strain cycles for axial loads
at four different temperatures: 25 (room temperature), 50, 75, and 100 ◦C. Even in these
cases, the non-linear MSC/Nastran SOL 400 was used. The specific analysis is split into
three steps: the first to set the temperature, and the second and third to load and unload
the specimen.
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Figure 15. Stress vs. strain vs. temperature for the SMA considered for the model (axial load).
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For the load cycles at 75 and 100 ◦C, the transition segments of the curves are parallel
in both directions of the transformation (austenite into martensite and vice versa). At 50 ◦C,
it is possible to see that the reversal transformation (from M to A) gives rise to a residual
strain, meaning that a mechanical force is necessary to recover the strain at its initial zero.
Finally, the transition segment of the cycle at room temperature shows a different slope;
in the adopted model, it is linked to the fact that, at room temperature, the martensite
activation stress is nominally below the zero value; physically, it means that the martensite
transformation is activated as the stress is imposed. As the martensite fraction at the
considered temperature increases as the working temperature decreases, such a line tends
to approach the x-axis. However, this apparent behaviour is correlated to a limitation of
the herein implemented analytical representation, which could have been overcome by
integrating the well-known Brinson’s correction [65]. Such a model upgrade would have,
however, not modified the global results of this preliminary investigation (even because the
way of working of the implemented SMA actuator stands in a continuous transformation
between martensite de-twinned and austenite, at considerable temperatures and stress
levels), so it was chosen to avoid this further complexity.

7.2. Torsional Load

An analogous three-step approach was implemented for the analysis of the SMA
actuator under a torsional load analysis, analysed for the same temperature set (25, 50,
75, and 100 ◦C). The same angular deformation (0–57 deg) was imposed at the free edge.
Different curves were obtained for each sc, as shown in Figure 16.
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The impact of the scale factor on the twist recovered was identified against the struc-
tural torque stiffness (Figure 9). To this scope, the torque moment vs. angle vs. temperature
plots obtained for all scale factor values are reported. In the same plots, the equivalent
torsional stiffness of the structure at the different sc values is represented by the pink
dashed lines. The PL and FA points, therein reported, represent the pre-load (PL) conditions
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(set at the same equilibrium value of 57 deg with the structure) and the full actuation
(FA) conditions, achieved for the maximum temperature considered, that is to say, 100 ◦C,
which allows for transformation in pure austenite. It must be clear that any loading process
working at that temperature does not produce any martensite fraction, since the martensite
activation stress is moved higher than the considered conditions for that temperature. The
horizontal distance between these two points, PL and FA (black thick lines in Figure 16),
represents the maximum angular strain, which is potentially recoverable. The observed
trend of such a recovery angle, different from the axial actuation, is strongly dependent on
the scale factor; this is reported in Figure 17. For an sc lower than 1.5, a decreasing trend is
noticed, moving from 4 (sc = 0.5) to 3 (sc = 1.5) deg of potential recovery rotation. Then, the
curve strongly rises up to reach 12 deg for a scale factor equal to two, with an approximate
parabolic trend. This phenomenon seems to be caused by the different martensite levels
produced by the same pre-twist angle in SMA rods of different diameters.
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Figure 17. Recovered angle vs. scale factor.

The operational structural torque stiffness was finally computed by intersecting the
lines representing the structural stiffness, as reported in Figure 16 (pink lines), with the
characteristic curves of the SMA behaviour at the different temperatures and at the different
sc values (Figure 17). As it can be expected, it dramatically rises with the scale factor, as
reported in Figures 18 and 19, and Table 2.
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Figure 18. Torque stiffness vs. scale factor, parameterized with reference to linear temperature (left)
and logarithmic plot (right).
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Figure 19. Torque stiffness vs. temperature, parameterized with reference to the scale factor: linear
(left) and logarithmic plot (right).

Table 2. Torque stiffness vs. scale factor vs. temperature.

Value of Torque Stiffness vs. sc vs. T (Nm/rad)

Scale Factor, sc

T (◦C) 0.5 1.0 1.5 2.0

25 0.99 3.35 8.06 63.56

50 2.21 7.47 17.71 141.70

75 3.62 12.22 28.95 231.63

100 4.04 13.64 32.32 255.57

The plot in Figure 20 (bottom) reports the evolution of the martensite phase during
the three-step process, parametrized, vs. the radial coordinate in a non-dimensional
representation ranging from 0 to 100% of its max values (0%, centre of rotation; 100%,
external radius). The martensite phase depends strongly on the radial coordinate. Start-
ing from full austenite (martensite fraction = 0.0), its concentration linearly increases
during the pre-load phase. The larger stress level in the outer annular layers determines
a wider production of martensite and, thus, a different slope of the curves during the
incremental application of the external torque moment. During the elastic recovery
and consequent partial relaxation of the SMA, the produced martensite fraction slightly
decreases, in the cases that the austenite activation stress is reached, and is usually
considerably lower than the martensite start values (the value according to which the
transformation from austenite to martensite begins). Finally, during the activation, the
austenite is fully recovered at different temperatures for the different radial stations, as
the austenite end temperature is reached for specific stress values, which are larger for
the more external layers.

The top part of Figure 20 illustrates instead the process from a macroscopic point
of view (the two histories are synchronously represented, as they happen in reality). At
first (blue region), there is the application of an external moment aimed at producing
a martensite transformation, in turn leading to a potential rotation recovery, commanded
through the heating of the actuation rod. Then, the rod is attached to the structural
skeleton; then, the two parts are left free to find their elastic equilibrium; in this phase,
the SMA rod is partially relaxed, inducing an increase in the structural tension within
the blade, until the two stress fields balance. Usually, the stress decrease within the rod
is designed so as to produce only a marginal reduction in the martensite fraction, since
its presence is to allow a forced rotation recovery of the system. Finally, the heating
phase is implemented (red region). It consists of heating the SMA so as to lead to a phase
change (namely “activation” in the plot) from martensite to the austenite fraction; the
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grey line in the picture shows the temperature increase. As the austenite activation’s start
temperature is achieved, the shape memory alloy material gradually changes its phase,
trying to reconvert to a pure austenite phase. At that point, the crystalline modification
will stop, and so too will the rotation recovery. In this architecture, the movement occurs
in the same direction as the elastic recovery. From that point on, as the material cools
down, it returns to the starting point, indicated by S in the same picture. It is relevant
to note that, in the shown simulation, it was chosen to make the activation phase start
when the elastic recovery was still ongoing, in order to check the capabilities of the
implemented routines.
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Figure 20. Pre-load, elastic recovery, and thermal recovery, following the adopted 3-step mounting
and operation process. Twist rotation and SMA temperature (a); martensite production and austenite
recovery (b).

7.3. Heating Aspect

Finally, some considerations can be made with regard to the time of activation.
The time required for the full activation of the SMA elements depends on different
aspects, some of them strictly related to the heat transfer, others specifically relevant
to the SMA material. The rapidity of the activation of the alloy depends on how fast
the full transformation temperature is reached. Power supply, its adduction, and heat
losses play a fundamental role. If it is possible in principle to increase the power supply
at will to accelerate the heating and thus the activation, speeding up the de-activation
process via cooling is relatively more difficult; in this case, in fact, unless considering
additional exchange systems, heat can be dispersed only through the pre-existing heat
transfer mechanisms. Figure 21 compares the time history of the temperature computed
via a transient heat analysis performed on the FE model of an SMA rod, scaled using
sc. Radiation and natural convection heat transfer modes were implemented, assuming
a thermal conductivity of 13.3 W/mK, a convection coefficient of 15 W/m−2K, and
a heat flux of 10 W/m2 applied on the lateral surface of the cylinder. A surrounding
temperature of 25 ◦C was assumed. The higher the scale factor, the longer the time
needed to achieve the regime’s condition was. As shown in the plot of Figure 22,
a parabolic dependence can be found between the time needed to achieve the regime
conditions and the scale factor.
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Further to these aspects, the specific nature of the SMA material should also be
considered. In fact, for the same power supply and heat transfer characteristics, the
activation is a function of the target temperature threshold, and in turn, a function of
the stress levels. To mitigate the effect of this parameter, the stress–temperature curve
gradient and the zero-stress activation temperatures can be altered, within certain limits,
by changing the alloy composition.
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8. Dynamic Behaviour

In this section, the impact of the scale factor on the dynamic behaviour of the model is
reported, at the levels of both the fixed and rotary wing configurations, analysed through
the classical flutter and Campbell diagrams, respectively. MSC/Nastran uses the Galerkin
method [66,67], based in turn on an application of Green’s function for the dynamic analysis.

8.1. Aeroelastic Analysis

A simplified version of the referred blade segment model was realised to perform
the aeroelastic investigations (Figure 23). This numerical representation was made of
beam elements, featuring the SMA rods, and plate elements, schematizing the blade
structure, for a total of 5534 nodes (about 2.6% of the previous FE model). Two edge
constraint arrangements were explored: clamp-pinned and clamp-free. Preliminarily,
a modal comparison between the simplified and the refined models was executed by
considering the first six eigenvalues and eigenvectors. The percentage deviations proved
a good agreement for the two layouts (Figure 24).
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Figure 23. Simplified FE model of the blade segment, used for aeroelastic investigations.
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Figure 24. Refined vs. simplified FEM: normal mode comparison (percentage difference, reported
along the axis) for clamp-free (a) and clamp-pinned (b) configurations.
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The MSC/Nastran SOL 145 aeroelastic flutter was used to carry out the corresponding
analysis. An example of the results is reported in Figure 25 (sc = 1), using the classical damp-
ing/frequency representation vs. speed, parametrized with respect to the different modes,
whose characteristic frequencies have already been reported in Figure 24. The data picked from
the analogous representations extended to different scale factors (Figure 26c); there, minimal
deviations can be appreciated in terms of flutter speed. On the contrary, as expected, the reso-
nance frequencies that resulted were dramatically affected by the sc, as shown in Figure 26a,b.
A quasi-exponential relation vs. sc was found, for both the constraint conditions, for the first six
considered eigenvalues. It should be remarked that those latter plots are built for more scale
factor values than the initially defined set of four (0.5, 1, 1.5, and 2), to give the curves a better
regularity; this operation is supported by the relative simplicity of the adopted model.
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Figure 25. Flutter speed and damping in the clamp-pinned condition (a,c) and clamp-free configura-
tions (b,d).
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Figure 26. Normal frequencies vs. sc for the two constraint types (clamp-pinned (a) and clamp-free
(b)) and flutter speed (c).
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Flutter may be seen as the convergence of two different modes, a bending one and
a torsional one. As it can be seen in the predictions, it seems that the change in frequency,
following a different scale factor, is more or less homogeneous, so that the two modes
exhibit the same variations. This is confirmed by the plot in Figure 26 (eigenfrequency as
a function of sc), as well as in the Campbell diagram shown in the next section. As it can be
seen in Figure 10, the curves are regular enough and, in spite of the different variability
(quadratic vs. linear), appear to be in the same range. In other words, their numerical
values remain comparable and do not differ that much from one another. This leads to
a substantial compensation of such variations that ends up with the expression of flutter
speed, which is namely constant along the considered range. This result is surprising
enough, but it is extremely positive in terms of the scaling effect, with the aim of reserving
the system’s characteristics in this new scenario. It seems clear that such an occurrence
shall be verified for larger and smaller values of the sc. This would then deserve a further
study devoted to this specific point.

8.2. Rotor-Dynamic Behaviour

A further model of the blade segment was realised for the rotor-dynamic analyses.
It is significantly different from the former ones, for instance, in terms of span length
(Figure 27). In this case, in fact, it is necessary to expand its extension to properly address
the rotary-associated phenomena. Their effect would have been very different for squat
blades. The section is kept constant and equal to that of the former FE model. The structure
is modelled through 50 beam elements along the span (x direction), while the aerofoil chord
is oriented along the y-axis. Blade system rotation occurs around the z-axis, at the edge
representing the root section. The rotor-dynamic solution of MSC/Nastran, SOL 110, is
implemented to estimate the normal frequencies of the main modes affected by rotational
speeds ranging from 0 to 50 rps, for each considered scale factor.
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Figure 27. Simplified FE model for the computation of the rotor Campbell diagram.

A comparison among the Campbell diagrams for the different sc values is organised
and reported in Figure 28. As it can be seen, the geometrical modification does affect
both the eigenfrequencies and the critical points’ locations, identified as those where the
characteristic curves intersect, which can be associated with potential aeroelastic instability
regions. At the nominal rotative speed (5 rps), the curves representing the fourth flap
bending (F4) and the third torsional (T3) modes almost intersect (
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) for sc = 1.5; the
same situation occurs, for sc = 2, for the pair of curves, respectively representing the third
flap bending (F3) and the second torsional (T2) modes (
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). It can be said that, generally, some critical
points approach the nominal operation condition as the scale factor increases. This is
due to different dependences on the scale factor of the flap bending, lag bending, and
torsional rigidities. This happens for the already reported intersections (
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dramatically approach the nominal speed as the scale factor increases. A detail concerning
the first flapping and torsional modes, F1 and T1, is finally reported in Figure 29.
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9. Corrective Actions: A Preliminary Approach

The investigations shown in the previous sections highlighted the relevant effects
caused by the scale factor on the aero-structural response of the referred adaptive system,
with a specific focus on the actuator’s behaviour. It is worth mentioning that this is among
the most important aspects of this study, since it directly affects the performance of the
driving system, which is the core of any smart structure.
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The scope of this section is to summarise the outcomes of the performed analysis on
the scaling issues, carried out on a set of selected parameters, and explore the benefits
and limitations of actions aimed at compensating the observed effects, with the aim of
reproducing the features of the reference model (scaled 1:1) to the maximum extent. While
it is expected that a single solution would not solve all the possible problems, it may
be relevant to understand what level of effectiveness specific modifications may attain
in minimizing deviations from the nominal behaviour. In order to proceed, it comes
out that it is first necessary to assess the parameters intended to represent the nominal
behaviour, which is in itself a first focus of specific structural aspects. In this regard,
adjustments of the axial, flap bending, lag bending, and torsional stiffnesses per unit span
are herein considered.

Among the many possibilities, the preliminary approach adopted and herein reported
is based on the idea of modifying the general stiffness of the tested article. In this case, this
purpose is realized by adding or removing internal beam-like elements in the FE model,
deployed along the span at different chord stations. Such elementary parts, made of three
different possible materials (LPDE, low density polyethylene; PTFE, polytetrafluoroethy-
lene; and steel), have the function of being classical longitudinal stiffeners, affecting all
the cited elastic characteristics. Their cross-sections are sized with edges smaller than 5%
of the uniform airfoil chord. To increase the manipulation degrees of freedom, it is also
considered to modify the constitution of the skin and the ribs by alternatively using the
PTFE, the material used for the actual prototype, manufactured within the cited SABRE
project, or the LPDE. The latter, characterised by a Young modulus equal to about half of
the former, is used for sc values higher than one, since the simple stiffeners’ removal is not
expected to be enough to reasonably approach the target. The performed modifications are
synthetically reported in Table 3.

Table 3. Modifications implemented to obtain similar mechanical features to the reference (full size
model). Materials’ Young moduli: steel: 210 GPa; PTFE: 540 MPa; LPDF: 250 MPa.

Parameter Value for sc = 0.5 Value for sc = 1.0
(Nominal) Value for sc = 1.5 Value for sc = 2.0

Scale factor 0.5 1.0 Nominal 1.5 2.0
Material–Model PTFE PTFE LPDE LPDE

Flap bending stiffness correction
Additional area (m2) 8.45 × 103 0 3.80 × 10−4 6.76 × 10−04

Distance from the shear centre
normal to chord line (m) 3.59 × 10−3 0 1.90 × 10−2 7.29 × 10−3

Material of the additional area Steel 0 PTFE PTFE
Added (+) or removed (−) + NA − −

Lag bending stiffness correction
Additional area (m2) 3.95 × 10−5 0 1.22 × 10−4 6.76 × 10−4

Distance from the shear centre
in chord direction (m) 5.08 × 10−3 0 1.39 × 10−2 2.15 × 10−2

Material of the additional area Steel 0 PTFE PTFE
Added (+) or removed (−) + NA − −

The achieved results are illustrated in Figure 30. The dark blue bars represent the
outcome of the analysis, performed on the original models and achieved via a direct
application of the geometric scale factor. The values achieved for sc = 1 are, of course,
assumed as the reference and the aimed target. In the same picture, the corresponding
level is highlighted by a light, dashed, horizontal red line, for the sake of clarity. The bright
yellow bars illustrate the effects of the implementation of the cited adjustment strategy,
following the data illustrated in Table 3. It results that the torque, axial, lag bending, and
flap bending stiffnesses per unit span are clearly improved, although it is not possible to
reach a perfect compensation.
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The best enhancements were found for the flap bending stiffness, as the target was
almost fully matched as sc = 0.5 and sc = 1.5. Acceptable results were also achieved for
sc = 2, as a deviation of 56% was reported with respect to the target. The lag bending
stiffness exhibited deviations that were similar in trend, but definitely worse than the flap
bending stiffness, and the interventions did bring only limited benefits. Relative to that
parameter, a factor of six was attained for sc = 2, three for sc = 1.5, and 1/3 for sc = 0.5. For
scale factors larger than one, the torsional rigidity appears to be strongly influenced by
the lag bending stiffness (predominant with respect to the flap bending stiffness), while at
sc = 0.5, the additional mass is able to produce relevant effects. A similar behaviour was
observed for the axial stiffness; however, the imposed variations led to acceptable results
for scale factors larger than one.

The dynamic behaviour of the modified configurations was then explored, with
respect to a cantilever arrangement. The comparison among the first six eigenfrequencies
is reported in Table 4, together with the flutter speeds, if occurring within the established
operational range (0–50 m/s).

The largest deviations were found for the lowest scale factor, with a first eigenfre-
quency value that was almost an order of magnitude different to that of the reference
(22.3 vs. 2.4 Hz). For this sc, no flutter was observed in the observation interval. Smaller
deviations were instead obtained for the larger sc values. Generally, if larger frequency
values are experienced, further lumped masses can be added to reduce those values. These
considerations do have a strong limitation in considering only the eigenvalue, while, for
a global comparison process, the modal shapes should also be considered, with a dramatic
increase in the complexity of the approach.
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Table 4. Dynamic behaviour of the modified configurations vs. reference.

Scale Factor

0.5 1.0 Nominal 1.50 2.0

mode 1 (Hz) 22.27 2.39 1.97 5.85

mode 2 (Hz) 38.21 12.61 11.79 10.21

mode 3 (Hz) 64.95 14.10 13.00 17.62

mode 4 (Hz) 83.35 17.24 13.79 24.80

mode 5 (Hz) 101.75 41.90 29.11 30.91

mode 6 (Hz) 132.15 48.83 34.88 32.04

flutter (m/s) no flutter 36.40 no flutter 48.48

The proposed preliminary approach herein presented is a first example of what can
be done to adjust relevant deviations in the structural behaviour, both static and dynamic,
deriving a direct application of geometrical scale factors. The perhaps major constraint is
that such modifications shall not affect the basic configuration, i.e., the shape, or even the
internal architecture, otherwise bringing further unknowns into the process and moving
the scaled model still further from the reference one. Always valid, this statement is
exceptionally important for morphing systems, whose inner architecture is intrinsically
complex and aimed at satisfying a number of requirements that are non-limited to the
structural ones. The proposed methodology may only be partially extended to general
cases, but has the merit of showing the feasibility of reducing the effects of the scaling
process by paying a partial penalty to the system’s re-sizing. In the same way, it can be
stated that the use of lumped elements seems adequate for generic rotorcraft blades of
usual size and limited scale factors, and could be suitably used for many similar problems.

10. Conclusions and Further Steps

The architecture of an integrated shape adaptation system is deeply affected by size
modifications; it can be stated that moving from a certain dimension to others may imply the
complete re-design of the envisaged architecture, until reaching the arrival of a completely
new device, characterized by very different performance capabilities.

By taking a full-scale adaptive blade model as a reference that is representative of
a working prototype manufactured and validated within the SABRE project (H2020),
this work quantifies the impact of a geometric scaling process on the main features of
a morphing system. This operation may have significant effects on the assessment of scaled
demonstrators for laboratory or wind tunnel tests, for instance. The resizing process may
affect either the actual exploitability of a specific morphing concept on vehicles of different
classes (f.i. moving from a small UAV to a regional aircraft, and vice versa) or nature (ships,
boats, automotives, heavy transport, and so on).

The exportability of the proposed benchmark concept from full-scale models to sizes
compatible with laboratory tests, as well as whirl towers or wind tunnel environments, is
studied. As expected, the consequences of the resizing process are relevant, and preliminar-
ily quantified for many targeted characteristics, like normal and bending stiffness, modal
and aeroelastic parameters, and even aerodynamic behaviour features. Such representing
factors are shown to change a lot, and in a wide range.

It seems useful to report in the form of a synthetic table (Table 5) the results that have
been found for the different parameters that were explored in this study. For the sake of
clarity, it is necessary to state, once again, that such results may be directly applied only to
architectures similar to the ones herein exposed, while other investigations are necessary
to confirm or expand the evidence that has been herein found and discussed. Trivially, as
the studied morphing system is largely dependent on the scale factor, its behaviour is also
dependent on this intimate architecture.
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Table 5. Synthesis of the dependencies of different representative parameters on the static and
dynamic structural behaviour, with respect to the scale factor.

Parameter Dependency on sc Beam Theory Prediction

Normal stiffness Linear, growing Linear
Bending flap stiffness Linear, growing Linear
Bending lag stiffness Square root, growing Linear
Torsion Cubic, growing Cubic
Reaction force, Reynolds Quadratic, growing Quadratic
Stress Levels, 1/M Exponential, decreasing -
Recovered twist angle Quadratic, parabolic -
Actuator torque stiffness Exponential, growing -
Activation Time Square root, growing -
Eigenvalues Quadratic, decreasing -
Flutter speed Constant -
Eigenmodes density Increasing -

As it can be noted, the characteristic parameters exhibit a tremendous variability of
behaviour, which makes it difficult to compensate each modification and consequence of
the scaling process. This is clearly evidenced in the subsequent study, reported at the very
end of this paper, which is aimed at showing the general consequences of certain choices
on scaled architectures in terms of characteristic stiffness, based on changes in the used
materials, with differences for each scale factor. Again, it seems interesting to summarise
those attainments in a table format (Table 6):

Table 6. Qualitative effects of adjustments, carried out in terms of material modification, to make the
behaviour of the scaled systems approach the nominal one.

sc Axial Flap Bending Lag Bending Torsion

0.5 Satisfactory Excellent Inadequate Inadequate
1.0 - - - -
1.5 Satisfactory Excellent Satisfactory Satisfactory
2.0 Poor Satisfactory Poor Satisfactory

In terms of the bar chart in Figure 31, the following values are attributed to the
adopted scale:

• Inadequate: 1
• Poor: 2
• Sufficient: 3
• Adequate: 4
• Excellent: 5

It highlights the performances of the adjustments which change dramatically, with
regards to both the kind of stiffness analysed and the value of the scale factor (in the
picture, sc = 1 represents the reference value). A global, immediate view allows for the
appreciation that small size increases do not affect the representativeness of the model a lot,
and its behaviour may be saved somehow. Instead, for higher or lower values of sc, such
variations become significant, moving the behaviour of the system away from that of the
nominal one. It is also relevant to observe, as these modifications are different for different
stiffness parameters. Since these ones are the bricks and mortar that drive other parameter
variations, their behaviour is clearly critical in the trial of making scaled systems that are
fully representative of their references.
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In spite of this specific investigation, carried out on a single type of morphing architec-
ture, it is believed that the outcomes of this study may be somehow generalized, with the
aim of creating preliminary guidelines for analogous problems.

One of the consequences of the evidence found in this study (intuitively acceptable)
is that a morphing concept should be intimately modified as the architecture is re-sized
to match the original characteristics (which should, in turn, be defined; in other words,
a selection of those features should be referred to). This is mainly due to the fact that the
morphing architecture (layout, outline, elements arrangement, etc.) and characteristics
(stiffness, transmitted power, etc.) strictly depend on the overall dimensions (including
volumes and external constraints).

As the next steps of this investigation, the authors want to consider further details
of the adaptive structures’ arrangement, trying to integrate other features in the process,
like sensor and driving systems characteristics. As a natural continuation of the work
herein presented, they would aim to provide measures to quantify the effectiveness of
the selected compensation processes, to classify and identify the most affordable ones.
Preliminary criteria to appreciate an objective distance from the target solution would
also be introduced. At the same time, it is necessary to export the assessing process
towards other kinds of morphing systems, to increase confidence and raise the generality
of the outcomes, with the final scope of assessing guidelines to handle the complex
process of the scaling. It is expected that the final results should ultimately show how
any morphing architecture has its own applicability domain. It is not of such a case that
insects’, birds’, and extinct reptiles’ wings are very different in their structures and ways
of working.

Manufacturing technologies should be also addressed; they can be dramatically af-
fected by the scaling process and could lead to very different mechanical performances and
costs. Actuation is another issue, since it is not possible to scale down or up an actuator and
keep its performance within a desired operational range, beyond a certain limit. Related to
the enforced motion, load transmission is another relevant matter, involving the re-design
of adequate interfaces, with suitable stiffness and load-bearing properties.
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In the present work, a compliant structure is investigated; kinematic mechanisms may
cause further questions that are related to sc to arise. For instance, free-play angles and gaps
may have an impact on actuation, depending on the sub-parts’ sizes and characteristics;
this could require specific mitigation actions in terms of machining and accuracy.

Speaking of adaptive structures, other subsystems such as sensing and logic should be
considered. Scaling a sensing network may have relevant effects on both detection perfor-
mance and layout definition. Size and stiffness changes may suggest the choice of different
kinds of sensible elements, and pose further integration problems. Dynamic behaviour
variations and the combined use of different materials may require a reinterpretation of the
original control logic and data processing.
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Acronyms and Symbols

0 subscript for full size parameters
A cross-section
A→M austenite into martensite transformation
Af austenite end of transformation temperature
As austenite start of transformation temperature
c scaled chord
γ shear strain
∆ϑ twist
E Young modulus
Ea Young modulus in austenite phase
Em Young modulus in martensite phase
ϑpt pre-twist angle
F force applied at the free edge of the beam
φ angular coordinate
F1,2,3,4 flap modes 1, 2, 3, 4
Faxial spanwise concentrated force applied to the model for axial stiffness estimation
flap flap direction, component
FEM finite element model, finite element method
G shear modulus
I inertia moment of the beam cross-section along the flap and lag axis
J polar inertia moment of the beam cross-section
Kaxial spanwise stiffness
L span length
L1,2,3,4 lag modes 1, 2, 3, 4
lag lag direction, component
M Mach number
µ dynamic viscosity of the air
M→ A martensite into austenite transformation
Mf martensite end of transformation temperature
MPC multi-point constraint
Ms martensite start of transformation temperature
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PVDF polyvinylidene fluoride
r radial coordinate
R2 coefficient of determination
Re Reynolds number
ρ air density at sea level
σAS

f martensite end of transformation stress
σAS

s martensite start of transformation stress
σSA

f austenite end of transformation stress
σSA

s austenite start of transformation stress
sc geometric scale factor
SMA shape memory alloy
SMR small–medium range (aircraft)
T torque moment applied at the free edge
T1,2,3,4 torsional modes 1, 2, 3, 4
TRL technology readiness level
uaxial spanwise displacement
UAV unmanned aerial vehicle
w transversal displacement of the representative elastic beam
WhT whirl tower
WT wind tunnel
x axial coordinate
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