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Abstract

The paper discusses the approaches for the design and manufacturing of morphing skins based
on square-shaped composite corrugated laminates and proposes a novel solution to integrate in
the skin an elastomeric cover to prevent detrimental effects of corrugation on aerodynamic per-
formances. Additionally, more complex corrugated shapes are presented and analysed. Design
and manufacturing issues related to the production of corrugated laminates are discussed in de-
tail, considering stiffness requirements derived from previously performed aeroelastic analyses
of a morphing concept. A solution is proposed to integrate an elastomeric cover in the corrugated
skin and a manufacturing process is presented and assessed. Moreover, a fully non-linear numer-
ical model is developed and characterized to study the behaviour of this skin concept in different
load conditions. Finally, configurations based on combination of square-shaped corrugated pan-
els are considered. Their structural properties are numerically investigated by varying geomet-
rical parameters. Performance indices are defined to compare structural stiffness contributions
in non-morphing directions with the ones of conventional panels of the same weight. The overall
results validate the design approaches and manufacturing processes to produce corrugated lami-
nates and indicate that the solution for the integration of an elastomeric cover is a feasible and

promising method to enhance the aerodynamic efficiency of corrugated skins. Numerical studies
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also show that the extension of the concept to complex corrugated shapes may improve both the

design flexibility and some specific performances with respect to simple corrugations.

1. Introduction

Structures capable of a smooth and progressive shape change without experiencing damage or perma-
nent deformations can provide novel solutions for the generation of aerodynamic forces required to
guide, control and stabilize aerospace vehicles as well as to optimize them for different missions or
mission segments. Such type of structures, which are currently referred to as morphing structures, can
perform with more efficiency and versatility the functions of the rigid moveable aerodynamic surfaces,
such as flaps and ailerons, which are conventionally adopted in the aerospace field. In recent years,
researchers have devised and analysed a large variety of morphing solutions, sometimes inspired by bio-
mimesis or conceived by exploiting the properties of advanced materials and actuation concepts [1,2].
Generally, the design of a morphing structure represents a challenging task for engineers, since the de-
sired progressive shape change requires tuneable compliance and high deformability in well-defined
directions, which can be defined as morphing directions, but, at the same time, significant load carrying
capability and stiffness should be retained in other directions. A typical case is represented by the skin
of morphing structures, which should undergo to large deformations required by shape changes without
damages but is also required to collect aerodynamic pressures and transfer their resultant to the main
structure without excessive local waviness. Functional requirements for such flexible skins actually de-
pend on the specific performance and working conditions. In the cases presented in [3], requirements in
morphing direction are the capability of undergoing large recoverable strains, with a low axial compli-
ance in order to reduce the forces needed for actuation and a sufficient bending stiffness to avoid skin
bubbling or instability. However, different applications can specifically require low bending stiffness
and no axial compliance, such as in the case of the morphing leading edge presented in [4,5].
Moreover, considering the role of the skin in conventional aircraft stressed-skin constructions, an opti-
mal solution should also provide a contribution to carry shear and normal loads in non-morphing direc-

tions, in order to reduce the weight cost related to morphing. Since the skin represents a fundamental
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ingredient of all the types of morphing aerospace structures, the identification of an adequate design
concept is of paramount importance for the successful implementation of morphing solutions.
Corrugated panels represent a particularly appealing concept to accomplish the aforementioned conflict-
ing requirements, since they can be easily extended and bended along the direction of the corrugated
profile and exhibit high stiffness and strength properties normally to the corrugate profile. Production
of corrugated sheet by lamination of composite plies enhances the design flexibility of this structural
concept, because the degree of structural anisotropy can be increased by selecting the most convenient
lay-ups. Usage of composite corrugated laminates for morphing skins was proposed in [6] and their
potential was recognized very soon [7, 8]. Morphing solutions based on corrugated composite laminates
were manufactured and their aerodynamic performance were tested and analysed by using Computa-
tional Fluid Dynamic models in several works [9-11].

The interest in corrugated laminates for morphing has promoted the development of approaches to eval-
uate the stiffness properties of different corrugated geometries, made of circular segments or having
trapezoidal and rectangular shapes with rounded angles, as, for example, in [6, 12, 13]. According to
[14], maximum and minimum stiffness levels, for a given set of geometrical and material properties,
can be obtained by considering two limiting geometries, namely a triangular and a trapezoidal shape.
Analytical models were also developed by different authors to derive the properties of homogenized
orthotropic plate models. Such homogenized models can be used to effectively model morphing aircraft
components at the structural scale level, as it was done in [15, 16]. A detailed comparison between
analytical predictions, finite element models and experiments was presented in [13]. The homogeniza-
tion technique proposed by [17] can be considered an extension of the analytical models and can be
adopted to obtain the complete stiffness matrix for a generic corrugated shape, although a finite element
approach could be required in the case of thick or asymmetric laminates [18]. Recently, the properties
of more complex corrugated geometries made of composite laminates have been analysed to enhance
design flexibility of the concept [19, 20].

Although corrugated laminates can be designed to meet highly demanding requirements in morphing
and non-morphing directions, a fundamental issue is represented by alterations induced in the lift curve
and in the drag coefficient of an airfoil endowed with a corrugated skin, when the flow is parallel to

3
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morphing direction. Such issue had already been considered in [6], and the proposed solution consisted
in filling the valleys of the corrugation with an elastomer. The problem was more accurately analysed
in [10], showing that detrimental effects due to corrugation can be reduced at an acceptable level by
limiting the corrugation depth to less than 1% of the profile chord. A discontinuous segmented skin was
suggested and used in experimental tests to improve aerodynamic performances [9]. A detailed investi-
gation of corrugation effects has been presented in a more recent work [21], where high reductions of
the lift to drag ratio were found with respect to the one of a smooth airfoil with a corrugation depth equal
to 1% of the chord. Such observations clearly indicate that the advantages obtained by the adoption of
a seamless and adaptable morphing profile with a corrugated skin could vanish considering the reduction
of aerodynamic performances.

The main objective of the paper is the development of morphing skin concepts based on corrugated
laminates that can fulfil realistic aeroelastic requirements, prevent detrimental effects of corrugation on
aerodynamic performances and provide adequate structural contributions in non-morphing directions.
To accomplish such goals, design approaches and a technological process are first presented, aiming at
manufacturing composite corrugated laminates with a square-shaped corrugation designed to meet the
requirements derived from an aeroelastic optimization process, carried out in a previous work [15]. In a
subsequent section, an efficient and lightweight solution is presented to address the aerodynamic issues
related to corrugation effects. The integration of an elastomeric cover in the square-shaped corrugated
laminate, supported by honeycomb stripes is described and the manufacturing process is assessed. More-
over, this section includes tests and numerical evaluations to show that the external cover does not in-
terfere with the compliance of the corrugated support and that it minimizes the waviness of the external
surface under different combinations of applied pressures and morphing deformation. A further section
is aimed at extending the concept of corrugated supports for morphing skin to more complex configu-
rations, which can be manufactured by combining square-shaped corrugated laminates. Performance
indices are defined and applied to investigate responses in morphing and non-morphing directions. Par-
ametric studies are carried out to evaluate the effects of the most significant geometric design variables
and to compare simple and complex types of corrugation. In particular, bending stiffness in non-morph-
ing direction and in-plane shear stiffness are compared to the ones achieved by a conventional flat panel,

4
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with no morphing capabilities, having the same weight of the morphing panel. The most important find-

ings of the research activity are summarized in a final section.

2. Design and manufacturing of corrugated panels with square-shaped profile
2.1 Formulations for the design of a corrugated composite panel
Axial and bending stiffness levels required to a morphing skin, in the morphing direction, depend on a
large number of factors, including operative working conditions, constructive constraints, and structural
functions performed by the aerodynamic surface. The evaluation of the requirements may be carried out
by considering the panel as generic orthotropic plate, with the following stiffness matrix:

N A B|(g,

= = 1

M/ |B" D||«x @

where N, M are the membrane forces and bending moment per unit width applied to the corrugated

laminate, whereas g and k are the deformations and the curvatures of its mid-plane. The terms Zij and

Bij represent the membrane and bending stiffness properties of the corrugated, which are homogenized

into the ones of the equivalent orthotropic panel. In the paper, axis 1 is taken along the corrugated profile,
that is in the morphing direction , whereas axis 2 indicates the transversal, non-morphing direction. The
approach based on the homogenization can be efficiently used in aeroelastic models to identify the re-
quirements for a skin in a specific morphing solution.

An example is provided in [15], where an optimization process was performed by using a humerical
aeroelastic model of an airfoil with the capability of varying camber under the action of aerodynamic
loads. Additional details on the internal flexible structure of the proposed morphing solution are pre-
sented in [16], whereas the present work analyses the requirements for the skin and discuss the selected
solutions.

The profile considered in [15] had a chord of 1 m and its performance were investigated at an airspeed

of 42 ms™. The properties in the morphing direction were included in the set of problem design variables.
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Results indicated that a low membrane axial stiffness, A< 30 Nmm?, is suited for the morphing per-

formance and does not affect the capability of the skin to collect the aerodynamic pressure. However,

bending stiffness, 511, had to be kept beyond a threshold, 500 Nmm -+ 600 Nmm, in order to avoid
bubbling, which originated oscillations in the distribution of pressure coefficient on the wing surface.
Hence, results confirmed the main findings in [3] and are used in this work as a reference to present the
basic issues regarding the design and the production of a composite corrugated panel.

The identification of an engineering solution requires prediction tools to evaluate the homogenized prop-
erties that can be obtained by a corrugated composite laminate with a given set of geometrical parame-
ters, material properties and lay-up.

Indeed, corrugated panel can be shaped according to different geometries, such as in the examples pro-
vided in figure 1-(a) and 1-(b), referred to a curved corrugated shapes, originally proposed in [6] and the
square-shaped one, respectively. Such square-shaped geometry actually includes rounded fillets, which

must be introduced to obtain technologically feasible configurations.

(b) (c)

Figure 1. Rounded (a) and square-shape (b) corrugations, and scheme for the evaluation of properties

in morphing direction (c).

Several general formulations exist to calculate all the stiffness properties of homogenized panels [17,

18]. Most of them are based on the application of Euler-Bernoulli or thin shell theory. An extension of
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such theories is hereby proposed to consider transverse shear deformation in the laminate. Accordingly,
axial and bending stiffness in the morphing direction for the shapes presented in figure 1-(a) and figure
1-(b) were obtained by applying Timoshenko beam theory. The unit element represented in figure 1-(c)
was considered, which represents an horizontal curved and vertical part of the corrugated panel consid-
ered in cylindrical bending (i.e. without displacement or force gradients along the panel width). The
differential equations that derive from the application of Timoshenko beam theory are reported in Ap-
pendix A. They lead to the expressions reported in (2), which can be considered an extension of the
Euler-Bernoulli formulations presented in [17]. Although such expressions were obtained for the square-
shape corrugation presented in figure 1-(b), they are also valid for the round-shaped type of figure 1-(a),

if the length of the horizontal arm, b, is set to zero.

All _ 4(r+b)
Ry
A; Dy (th)eq (2)
Du :I";b D,
Zril+b
2

Ai1 and D1 in (2) are the terms of the stiffness matrix of the composite plate that is laminated according
to the corrugated shape, and (kGt)eq is the equivalent transverse shear stiffness per unit width. The coef-
ficients Q1, Q2 and Qs have the following expressions:

Q =nr—4b=I,

Q=4 2[b+;)+2rl(4b+7rl)+r2 (40+81+71)=1, ©)

Q=rr+4l=l,

Considering the bending stiffness term, Du ,the formulation reported in [6] for the rounded geometries
turns out to be identical to the one reported in (2) and (3), if b = 0 is assumed. Considering the formula-
tion for the axial stiffness, the expression provided in (2), obtained by applying Timoshenko Beam The-
ory (TBT), can be transformed in the expressions obtained in [6] and in [17], by changing the values of

the coefficient Q;, according to indications reported in table 1.
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Table 1. Coefficients in the expression of axial stiffness according to different formulations.

Yokozeki et al. Xia et al. TBT

Q: 0 I Iy
Q: I, I, I
Q3 0 0 |3

The analytical formulations expressed in (2) and (3) were applied to try to identify a composite corru-

gated panel fulfilling the requirements A1 < 30 Nmm and 500 Nmm < D11 < 600 Nmm, obtained in
[15]. An homogeneous [0], lay-up was considered for the corrugated panels. Selected material was
SEAL CC90/ET443 carbon/epoxy fabric, with the properties reported in table 2. Moreover, technolog-
ical limitations regarding the minimum radius, r were taken into consideration to select a feasible con-

figuration.

Table 2. Properties of composite plies used in the design of the corrugated panel

Ein=Ex» MPa 56550
Va1 - 0.05

G2 MPa 4040

G13 =G MPa 3000
ply thickness mm 0.113

A set of technologically feasible solutions were obtained by adopting a period, p, of 24 mm and a min-
imum fillet radius, r, of 2 mm. The stiffness parameters of the identified design hypotheses are reported
in table 3. It can also be observed that, in the considered case, the different analytical formulations for
the evaluation of the axial stiffness provide almost identical results.

The round-shaped corrugation almost meets the requirements by using the geometrical parameters in
table 3 and a number of plies, n, equal to 5, although bending stiffness is underestimated. For a square-
shaped corrugation with the same overall height and pitch, the bending stiffness turns out to be slightly
lower the required limit with n=5. However, if the number of plies is increased to 6, both axial and
bending stiffness are slightly beyond the desirable limits.

Table 3. Design hypothesis for the corrugated skin
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n Au Au An o
Type r L b Du
plies  yokozekyetal.  Xiaetal. TBT
(mm) (mm) (mm) () (Nmm™) (Nmm?)  (Nmm?) (Nmm)
Round 6.0 1.0 0.0 5 20.34 20.33 20.12 490.42
Square 2.0 4.0 4.0 5 N/A 20.14 19.95 458.87
Square 2.0 4.0 4.0 6 N/A 34.81 34.32 792.92

In this work, the solution with the square corrugation was selected to manufacture a prototype of the
skin system. One of the fundamental reasons for such a choice was the need of a horizontal surface to
provide the support for the elastomeric cover. The integration of such cover in the square-shaped corru-

gated laminate will be presented in section 3.

2.2 Manufacturing of square-shaped composite corrugated laminates

Production of thin corrugated composite laminates, with good manufacturing quality, involves some
technological issues. Actually, difficulties for manufacturing corrugated composite panels depend on
the shape of the corrugation, since lamination of deeply corrugated shapes and presence of fillets with
small radii significantly complicate the process.

The need for a step-by-step lamination procedure to force the pre-preg plies into a corrugated metallic
mould was outlined in [9]. In such work, the lay-up was kept in position by the application of metallic
bars during lamination. The methodology for the production of rounded corrugation shape described in
[22] was based on application of a metallic mould, but authors’ findings indicate that the adoption of a
metallic counter-mould turns out to significantly improve the quality of the laminate and the consequent
strength properties.

In the present work, a light alloy mould was machined to obtain a square-shaped corrugated panel with
the geometrical characteristics reported in table 3. Initially, technological trials carried out by consider-
ing a lamination sequence [0]s. The layers were individually laid on the mould by using a heat gun to
facilitate forming. Three corrugated samples with a width of 140 mm and a total length of 280 mm
(including 12 unit cells and two flat ends for the insertion into test machine grips) were produced by

using the mould shown in figure 2. Manufacturing was carried out both the application of a metallic
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counter-mould and of an elastomeric counter-mould, which was produced by using a non-siliconic elas-
tomer (Airpad™), having a use temperature higher than 200°C. The elastomeric counter-mould was
shaped at 176 °C in autoclave by using the same mould prepared for the corrugated panel. The quality
of the laminates obtained the metallic and the elastomeric counter-mould is presented in figure 3. Sev-
eral voids and surface defects are apparent in the corrugated panel shown in figure 3-(a), particularly in
the fillets. Such panel was produced with the metallic counter-mould and can be compared with the one
presented in figure 3-(b), which was produced by using the elastomeric counter-mould and presents an

appreciable surface finishing.

Figure 3. Surface of the corrugated panels produced with a metallic (a) and an elastomeric counter-
mould (b)

10
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Tensile tests were carried out on the specimens produced. The experimental set-up is shown in figure 4-
(a), and the results of the tests are presented in figure 4-(b). It can be observed that the two tests per-
formed on the panels manufactured with the elastomeric counter-mould are characterized by a lower
stiffness, but presents higher displacement at failure and maximum load than the coupon produced with
the metallic counter-mould. The difference in stiffness is due to a different compaction of the plies,
which leads to a slightly lower thickness in the laminates produced with the elastomeric counter-mould,
whereas the improvement in ultimate load and displacement indicates the improved quality of the lam-

inate.

—metallic
countermould

__elastomeric
countermould

__elastomeric
countermould

/

50 100 150
Disp. (mm)

(@) (b)

Figure 4. Experimental procedure (a) and results (b) of the tests on corrugated panels

2.3 Testing and modelling of corrugated laminates based on square-shaped cell

On the basis of the results of the technological trials, corrugated panels were produced by using the
mould and the elastomeric counter-mould shown in figure 2 and adopting a [0]s lamination sequence,
which was considered acceptable for the requirements provided in [15] for the skin, according to the
results in table 3.

The development of a technology to produce square-shaped corrugated laminate also provided the op-
portunity to explore combined corrugated shapes. For instance, a corrugated panel made of a sequence

of deformable and closed square cells was obtained by bonding together two corrugated laminates, as it

11
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is exemplified in figure 5-(a). Indeed, a similar geometry, which will be referred to as twin corrugated
laminate, was used in [9]. Properties of configurations with closed shells, based on square-shaped cor-
rugated laminates will be evaluated and compared with simply corrugated laminates in section 4 of this
paper.

A twin corrugated panel is shown in figure 5-(a). Bonding between the two simply corrugated laminate
was carried out by means of stripes of adhesive film 3M AFK-163-2K, which were set on the adjacent

horizontal parts and cured in a secondary process by using a heated plate press

(b) (c)
Figure 5. Manufactured twin corrugated panel (a) and FE model of a simple corrugated (b), and twin
corrugated laminate (c)

All panels had a width of 140 mm and a total length of 280 mm, with 12 unit cells. They were tested in
tension by adopting the same test lay-out shown in figure 4-(a). Two finite element models of the unit
cells referred to both the corrugated laminates were developed and solved by using Abaqus/Standard FE
code. Panels were modelled by using 8-noded continuous shells (Elements SC8R [23]), which have the
behaviour of conventional thick shell elements but represent the physical geometry of the laminate in
the in-plane and trough-the-thickness direction. The models are shown in figure 5-(b) and figure 5-(c)
for the simple and the twin corrugated laminate, respectively. Linear and geometrically non-linear anal-
yses were conducted by using the Abagus/Standard code, by constraining the rotations at the end of the
cell and applying an axial displacement. Such conditions were enforced to represent a test performed on
a periodic corrugated structure. The results are shown in figure 6, in terms of axial force per unit with,

Ny, vs. the mid-plain engineering strain &, Analytical models of the simple corrugated laminate are also

12
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included in the comparison presented in figure 6, which reports the force per unit width at gy = 0.1

calculated by applying the stiffness predicted in table 3.
—Simple Corrugated Laminate (SCL)
8 O SCL FE Linear Model '
. + SCL FE non-Linear Model

- =Twin Corrugated Laminate (TCL)
6 O TCL FE Linear Model

X TCL FE non-Linear Model
5| O TBT analytical SCL model

+ Xia et al. analytical SCL model
4
3
2

0 0.05 0.1 0.15 0.2
€, ()

o]
Figure 6. Experimental, numerical and analytical axial response of simple and twin corrugated lami-
nates

The results indicate that the axial compliance of the simple corrugated laminate is about three times the
one of the twin corrugated laminate. Strains at failure can not be compared, since the twin corrugated
laminate was not brought to failure in the experiments. The numerical-experimental correlation indicates
that the finite models developed can obtain an acceptable correlation with the experimental stiffness of
the corrugated panels, although an error of 10% is obtained considering the double corrugated case.
Analogously, analytical predictions for single corrugated laminates are in acceptable agreement with
experiments, although the analytical stiffness is slightly overestimated. Such errors are likely to be orig-
inated by discrepancies between nominal and cured ply thickness as well as by geometrical imperfec-
tions and by difficulties in accurately modelling the extension of the bonded zone , in the twin corrugated

laminate.

3. Integration of an elastomeric cover in the morphing skin

3.1 Development of a technological solution

13
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A fundamental problem for the development of morphing skins based on corrugated laminates is repre-
sented by the effect of corrugation on aerodynamic performance. According to numerical and experi-
mental analyses, airfoils endowed with corrugated trailing edges present significant increase of drags
and a reduced slope of lift vs. angle of attack curve with respect to conventional airfoils with smooth
skins [10, 11]. Indeed, problems originated by waviness of the aerodynamic surface had been already
considered in [6], where it was proposed to fill the “valleys” of the corrugation by using elastomeric
material. However, such solution can result in significant additional weight, particularly for deeply cor-
rugated shapes. A different strategy was adopted in [9], where an externally segmented composite skin
was bonded to the corrugated laminate to improve aerodynamic performances in wind tunnel tests. In
such solution, small strips of composite laminates, bonded at one end, cover the “valleys” of the corru-
gation. Such segmented skin can reduce the detrimental effects of corrugation on the aerodynamic per-
formances, but, in real world applications, the presence of platelets bonded to surfaces is likely to present
some drawbacks concerning structural integrity, aerodynamic efficiency, vibrations and limited applica-

bility in the case of large curvatures.

An alternative, efficient and lightweight solution is hereby proposed based on an elastomeric external
cover that is sustained, in the “valleys” of the corrugation, by strips of conventional hexagonal-cell
honeycomb, with cell axes directed perpendicular to the cover. In the solution, which is sketched in
figure 7-(a), the elastomeric cover is bonded on the horizontal arms of the corrugation. The honeycomb
should only provide a support to the elastomer in the vertical direction, with a minimal interference on
the overall deformation mechanism. Such goal could be accomplished thanks to the significant or-
thotropy of honeycomb and, particularly, to the very low stiffness properties in the plane of the hexag-

onal cells.

14
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) Honeycomb inserts
Elastomeric cover /
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adhesion
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Figure 7. General lay-out of the skin system (a) and configurations with honeycomb lateral surfaces

bonded (b) and non-bonded (c) to corrugated laminate

The concept presented in figure 7-(a) was considered to manufacture a 280 mm long, 140 mm wide skin
panels, by using the simply corrugated laminates described in section 2.2. Honeycomb stripes with a
height of 12 mm and a width of 12 mm were cut from a sheet of Hexcel™ HRH-10 aramid honeycomb,
with a density of 48 kg/m® and a cell size of 3 mm. The elastomeric cover was obtained by using a a

siliconic rubber (RECKLI™ SI compound 6.25) with a shore hardness of approximately 25.

The integration of honeycomb stripes and of the elastomeric cover was performed in a secondary tech-

nological step, after the production of the composite corrugated laminate.

Initially, the configuration presented in figure 7-(b) was considered, where honeycomb lateral surfaces
are bonded to the vertical arms of the corrugated laminate, to support the elastomeric cover. In a manu-
facturing trial, honeycomb was bonded inside the valleys of the corrugated laminate and then tested
without the application of the elastomeric cover. Bonding was obtained by applying a film of 3M AFK-
163-2K adhesive to the lateral surface of the honeycomb stripes. The stripes were inserted in the corru-
gated laminates and vacuum assisted curing was performed in an oven, at a temperature of 120° C. A

detail of the obtained panel is shown in figure 8-(a). The panel was tested by using an Instron 4302

15
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electromechanical test system. The panel ends were gripped into metallic plates as shown in figure 8-

(b). The obtained response, presented in figure 8-(c), was characterised by an initial stiffness Au =102
Nmm™, which is significantly higher than the values of about 20 Nmm™ provided by the analytical
predictions, presented in table 3 for the composite corrugated laminate alone. Moreover, a premature
failure was achieved, at a displacement corresponding to a strain level of about 1.6%. Such failure was
due to the debonding of a honeycomb stripe and was followed by subsequent failures of all the other
bonding lines. Subsequent failures originated a segmented force vs. displacement response, shown in
figure 8-(c). The test was continued until the final failure of corrugated laminate, which occurred at a

displacement corresponding to strain level of 18.5%.

e R e o (L S A

0 30 60
Displacement (mm)

(c)

Figure 8. Detail of honeycomb integration (a), lay-out of testing test (b) and force vs. displacement

response (c)

The results obtained in this first integration test demonstrated that bonding of honeycomb lateral sur-
faces to the corrugated laminate significantly influences the overall deformation mechanism. Indeed,
the vertical arms of the corrugated laminate undergo flexure so that the axes of the honeycomb cells
bonded to them are required to bend when the system is stretched. Bending of cell axes involves axial
strain of cell walls in the direction parallel to cell axes, and originates not negligible stress levels. Con-

sequently, the overall stiffness of the laminate is noticeably increased.

16
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Moving from such results and considerations, direct adhesion between honeycomb surfaces and corru-
gated laminate was eliminated in the final version of the skin. Application of honeycomb was obtained
by integrating the stripes into the elastomeric layer during vulcanisation, and supporting function was
obtained by allowing a contact between the lower surface of the honeycomb stripe and the horizontal
arm of the corrugated laminate, as it is sketched in figure 7-(c). The technological process to manufac-
ture such skin system made use of the same mould adopted for the production of the corrugated lami-
nated, which was used to house the laminate and to keep in position the honeycomb stripes as indicated
in figure 9-(a). The surface of the upper horizontal arms was treated with a specific primer (RECKLI
Primer SI) to guarantee adhesion with the elastomeric cover. The mould was then capsized and intro-
duced into a container filled with a layer of liquid elastomer mixed with the vulcanization agent. During
vulcanization, which takes several hours, the liquid silicon rubber penetrated by capillarity into the hon-
eycomb cells. At the same time, adhesion between the horizontal arms and the elastomeric cover was
obtained thank to surface treatment, as prescribed in figure 8-(a). A detail of the result is shown in figure

9-(b), whereas figure 9-(c) is referred to the tensile test performed on the final skin system.

The result of this test is provided in figure 10. The response of the corrugated laminate without any
additional feature is also presented and compared with the results of the configuration sketeched in
figure 7-(b), reproduced from the data already presented in figure 8-(c). Such comparison confirms the
undesired stiffening effect of lateral honeycomb bonding in the first configuration tested, which actually
increased the panel stiffness until the failure of all the lateral bonding lines. Indeed, it can be seen that
when all the bonding lines are failed, the secant stiffness turns out to be similar to the original one of
the corrugated laminate. Analytical predictions, evaluated for the panels from the values in table 3, are
also reported in figure 7. Considering the final version of the skin system, with honeycomb stripes inte-
grated in the elastomeric cover, the response is very closed to the one of the corrugated laminate alone.
Accordingly, the integration of the elastomeric cover, supported by the honeycomb to obtain a smooth
aerodynamic surface, did not affected the tensile stiffness of the system. The slight progressive reduction
of the stiffness observed in the experimental test can be attributed to the slipping of the silicon elastomer

between the metallic plates applied to grip the specimen during the test.
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(b) (c)
Figure 9. Positioning of honeycomb stripes into the corrugated laminate (a), integration of elastomeric
cover (b) and test on the final skin system (c)
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Figure 10. Result of tensile tests performed on corrugated laminates and on complete skin system
3.2 Material characterisation for a detailed model of the skin system

Results obtained for the integration of the elastomeric cover into the corrugated laminate are promising
to develop a structurally and aerodynamically efficient morphing surface. However, even such techno-

logical solution can not guarantee a perfectly smooth surface, as it can be noticed in the picture presented
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in figure 9-(c), since the elastomeric cover assumes a deformation characterized by bands with different
surface displacements, originated by the different type of internal support provided by the composite

laminate and the honeycomb stripes.

To evaluate the surface waviness under different operative conditions, a detailed non-linear finite ele-
ment model was developed and analyzed. Analyses were carried out considering different tensile and

compressive axial loading and the action of aerodynamic pressure.

An accurate characterization of the hyper-elastic response of silicon elastomer was considered important
to obtain reliable numerical results. Tension tests were performed on two types of specimens, to obtain
the silicon elastomer response in two different stress states. Such tests, which are described with more
detail in Appendix B, were used to characterize a hyperelastic material model by using the second order

form of the Odgen strain energy potential [24], reported in (4).
2 2/4 (— — 2
U= OZ(/? + A —3)+Z— (Je'— (4)

where J is the volumetric deformation, 4 =J¥°4 are the normalized form of the principal stretches of

the deviatioric tensor, Ai. Material parameters s, ci, and D are found by minimizing the discrepancies
between the experimental and the numerical response in both uniaxial and planar test. Such identifica-
tion process is actually a built-in procedure in the Simulia/Abaqus code [23] and provided the values
given in table 4.

Table 4. Material model parameters of elastomeric material

u a D
i=1 7.15-107 3.07 0.46
i=2 -1.54-107 -5.67 0

For the honeycomb material, a linear elastic orthotropic material was selected, with axis 3 along the cell
axes and axes 1 and 2 in the plane of the cells. The most significant stiffness constants, in the out-of-

plane direction, were obtained from the producer datasheet and were integrated by assuming an isotropic
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behavior in the plane of the cells, with very low elastic moduli E1; = E» = 0.01 MPa and a Poisson’s
ratio vi of 0.3. The in-plane shear modulus turns out to be G1, = 0.0038 MPa, from isotropic assumption.
Properties in the out-of-plane direction are Es3 = 138 MPa, Giz = 40 MPa and Gz = 25 MPa. The

Poisson’s ratios vi3 and v»3 were set to 0.001.

3.3 Numerical analysis of surface smoothness in different operative conditions

A fully non-linear model of a 50 mm wide, two-cell chunk of a corrugated laminate, with a [0]s lay-up
and geometrical parameters defined in table 3, was developed, including the honeycomb and the elasto-
meric cover. In the model, presented in figure 11, the elastomeric cover and the honeycomb inserts were
modelled by using solid elements with sizes ranging from 0.5 mm to 0.8 mm, characterized by the
previously described material models. The corrugated composite laminate is represented by shell ele-
ments with a typical size of 1 mm, which are rendered with their thickness in the visualization presented
in figure 11-(b) and figure 11-(c), to show the contact interaction between the honeycomb and the com-

posite laminate.

Figure 11. Detailed non-linear finite element model of the skin system: contour of strain in tensile
analyses (a), deformed shape in tensile (b), and compressive analyses with pressure (c)
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The adhesion between the elastomeric layer and the horizontal upper arm of the composite laminate was
modelled by using an algorithm available to join dissimilar meshes in the solver code (Tie Algorithm
[23]), whereas a contact interaction, with a friction coefficient of 0.9, was set between the side of the

honeycomb stripes and the internal surface of the composite laminate.

The model was used to analyze the smoothness of the surface in the proposed skin system, under the
action of the aerodynamic pressure and in different tension and compression conditions. Hence, the
objective of the numerical activity was a quantification of the waviness that has to be expected if the
proposed design solution is adopted. Although analyses are referred to specific configurations and de-
sign conditions, the indications regarding the performances and the methodological approach have a

more general validity.

Numerical analyses were performed by applying a displacement corresponding to a stretching of about
12% in tension and compression direction. In the same analyses, increasing pressures were applied to
the external surface of the elastomeric layer, taking as a reference a pressure pres = 0.018 MPa, which is
the maximum aerodynamic pressure achieved in the design conditions considered in [15], at an airflow
speed of 41 m/s. The model, which represents two unit cells for a total length of 48 mm, was supported
in the vertical direction at both ends. Moreover, an identical displacement was imposed to all of the
nodes at the ends, in order to achieve the desired stretching levels. Accordingly, no rotation at the end

was possible.

The length of the model in the morphing direction, corresponding to two periods, is consistent with the
distance between the skin supports in the morphing airfoil that was taken as a reference in this work [15,
16]. Indeed, the space interval between the vertical supports greatly influences the total deflection. For
such a reason, it was decided to separately consider the overall bending deflection of the skin, considered
as a homogenized plate, from the local waviness of the external surface. This choice is motivated by the
fact that limitation to the overall bending deflection is already taken in consideration in aeroelastic anal-
yses, where the skin is represented at the homogenized level. Accordingly, overall bending deflection

has to be controlled by properly choosing material, geometry and lay-up of the corrugated profile,
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whereas the analyses performed with the detailed non-linear model have to focus on local waviness of
the external surface. To separate the displacements due to global bending from local waviness, vertical
displacements due to overall bending response were estimated through a homogenized model of the
plate, made of bi-dimensional shell elements (elements S4R [23]). Such elements were directly charac-
terized with the stiffness parameters of the homogenized plate, according to the constitutive law ex-
pressed in (1). Stiffness parameters in morphing directions were evaluated by performing tensile and
bending analyses on the complete detailed model that has been previously described. The homogenized
shell model was analyzed by applying the same stretching and the same pressure loads considered for
the detailed model, including the effects of geometrical non-linearity. The vertical deflection measured
at the nodes of the homogenized model represents the overall bending response, which was subtracted
to the vertical displacements of the external elastomeric cover obtained in the FEM analysis of the de-

tailed model, to quantify the waviness effect.

A typical deformed shape obtained in a tensile analysis on the detailed model is shown in figure 11-(a),
which presents the contour of maximum principal strains in all the elements of the systems. The profile
shown in figure 11-(b) is referred to tensile stretching, whereas the one in figure 11-(c) is referred to the
compressive case. The critical condition for waviness is tension, because the lower horizontal arms de-
flect upwards and push the honeycomb, which induces the local deflection of the elastomeric skin in the
supported region, whereas the part bonded to the upper horizontal arm experiences a smaller vertical
displacement. Such phenomenon originates the bands observed in figure 9-(c). The numerical vertical
displacements of the external surface in the detailed model (DM) and the overall bending obtained in
the analysis of the homogenized shell model (HM) under the same load conditions are presented in

figure 12 for the 12% tensile stretch case, at increasing values of applied pressure.
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Figure 12. Profiles of vertical surface displacements in analyses of the model stretched at 12% at dif-

ferent pressure levels

The absolute value of displacements is below 0.5 mm. It can be observed that the maximum differences
between surface displacements in the detailed model and overall bending behavior are due to aforemen-
tioned interaction between the honeycomb insert and the lower horizontal arm of the corrugated lami-
nate. The major effect of increasing pressure is related to overall bending, whereas the surface profile

remains qualitatively unchanged.

A series of analyses was also performed by removing the honeycomb inserts in the detailed model. In
the plot reported in figure 13, waviness is quantified as the absolute value of the difference A, between
the maximum surface displacement in the detailed model and the displacement of the homogenized
model taken at the same point. The trend of A; is reported for increasing pressures and different types
of analyses. If honeycomb is removed, waviness increases with pressure up to values higher than 1.5
mm for p = 4pyr. Tensile stretching modifies the waviness and the slope of the waviness-pressure curve.
However, stretching has no dominant effects. When honeycomb is applied, the effect of pressure on the
waviness is significantly reduced. Without stretching, A; is lower than 0.1 mm for any pressure value,
but a tensile stretching of 12% leads to a waviness of about 0.4 mm. However, it can be observed that,

in the stretched solution with honeycomb, waviness is actually reduced if pressure is increased.
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Figurel3. Waviness of different skin systems at increasing pressures

Assuming that surface irregularities have to be kept below 1% of the chord to avoid excessive detri-
mental aerodynamic effects, as proposed in [10], a chord of 1200 mm would be required if the 12 mm
deep valleys of the corrugated laminate were not covered by any additional layer. The proposed system
drastically reduces the required chord length to fulfill such requirement, since a chord of 50 mm is
adequate for the worst considered case, which occurs for a skin stretching of 12%. It should be remarked
such stretching is indeed a very high value for most of the morphing applications considered in literature.
Moreover, such reduction of waviness is obtained without completely filling the corrugated laminates
with elastomeric material, which would lead to a very high weight penalty. Accordingly, the proposed
technological solutions can be considered adequate to obtain an aerodynamically efficient skin, still

maintaining all the advantages of corrugated laminates.
4. Numerical performances indices of skins based on square-shaped corrugated laminates
4.1. Configurations based on square-shaped cells and performance indices

In the previous sections, a technological process has been presented to produce square-shaped corru-
gated laminates and to integrate an external aerodynamically efficient elastomeric skin. As it was shown

in section 2.3, two square-shaped corrugated profiles can be bonded along the horizontal straight arms

24



Design and manufacturing of skins for morphing aerodynamic surfaces 25

to obtain a more complex shape, a twin corrugated laminate. Indeed, another possible configuration,
which will be referred to as doubled corrugated laminate, can be obtained by bonding two corrugated
laminates with different periods. Such types of geometry was also proposed in [19, 20]. These three
possible configurations are shown in figure 14. It should be remarked that all of them are suited to be
endowed with the elastomeric skin supported by honeycomb stripes. The twin and doubled corrugated
laminates are characterized by the presence of closed cells, which can provide several advantages, since
they make available a well-protected environment to host sensors, diffused actuation systems and damp-
ing media. Generally, it is expected that the three configurations proposed in figure 14 achieve different
mix of properties, such as a different ratio between axial and bending stiffness, and that each geometry

could presents specific advantages and drawbacks with respect to the others.

| i Simply Corrugated Laminate

Twin Corrugated Laminate

p Doubled Corrugated Laminate
| I
| v I
e

Bonding lines
Figure 14. Configuration based on square-shaped corrugated laminates
Therefore, the properties in morphing and non-morphing directions of the proposed configurations were
numerically analyzed by developing parameterized finite element models of the unit cell for each con-

figuration. All meshes were obtained by using a typical element length of 0.5 mm and were generated

by using 8-noded continuum shell elements. Hence, the modelling approach is the one applied to simple
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and twin corrugated profiles in figure 5-(b,c), which was correlated with experimental results in figure
6. Since this numerical study is mainly aimed at comparing the performances of the different configu-
rations, an homogeneous lay-up of fabric plies, [0]», was considered. The property of the plies are the

ones reported in table 2.

The first index that was evaluated is the axial stiffness in the morphing direction, As. A one-element
wide strip of the unit cell was generated, as the one presented figure 15-(a), referred to the simple cor-
rugated laminate. Rotation was constrained at the ends of the unit cell and two horizontal forces were
applied to stretch the unit cell. A second performance index is referred to the bending stiffness in the
morphing direction. The same type of model adopted for axial stiffness was used, but two bending mo-

ments were applied at the ends, as it shown in figure15-(b), which is referred to doubled corrugated

laminate. The relative rotation at the free end, 4, was acquired and bending stiffness Du: was calculated.

The ratio between the bending stiffness in the morphing direction and the axial stiffness 511/ Au was

considered an important functional performance index for the morphing skin, since many applications
require adequate bending stiffness to sustain aerodynamic loads but low axial stiffness to allow large

shape variations with low actuation force levels.

Figure 15. Examples of tensile (a) and bending (b) analyses for properties in morphing direction

Among the properties in non-morphing directions, bending stiffness D2 and the in-plane shear stiffness

Ass Were evaluated by developing parameterized three dimensional models of the representative unit

cell, with a length, L, and a width, w, such that L =w = p, where p is the period of the corrugation.
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An example of bending analysis in non-morphing direction is presented in in figure 16-(a), for a doubled
corrugated laminate. Two reference nodes were created at the two opposite faces and were connected
by a kinematic link to the nodes of the corresponding face. This link imposed that the end sections of

the model, initially plane, remain plane. A bending moment was applied to the reference nodes at both

ends of the model and the stiffness Dz, was computed by evaluating the relative rotation between the

two faces.

tion = -1.0), Layer = 1 5, 512
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Figure 16. Analyses for bending in non-morphing direction (a) and shear response (b)

A normalized structural index was then defined, by calculating the ratio between Dz and the bending
stiffness of a flat laminate made of the same material and having the same areal density of the corrugated
profile. The weight of the support was calculated from the finite element model generated by the auto-
matic procedure and the thickness of the equivalent flat laminate, teq, was determined by simple geomet-

rical considerations. Then, the normalized bending structural index reads:

b &
121-V;,

K, =D, (5)
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where E,, is the equivalent bending Yonug modulus of the flat laminate. Since it is assumed that the flat
laminate has the same ply properties, that the lamination sequence is an homogeneous lay-up [0]» and
that both corrugated and flat plate undergoes cylindrical bending, modulus E; is the Young modulus of

the ply, reported in table 2, in the morphing direction.

The second index referred to properties in non-morphing direction is related to the in-plane shear stiff-
ness, which was evaluated by applying a displacement-controlled analysis to the three dimensional mod-
els. In such analyses, the nodes belonging to each side of the representative cells were linked to four
reference nodes, shown in figure 16-(b). Equations were used to link the horizontal displacements u of
the horizontal boundaries and the vertical displacement v of the vertical boundaries to the corresponding
ones of the reference nodes, uac and vy g, respectively. Then, a displacement boundary condition was
applied, such that us = vp = U = vg. In such conditions, the system of reaction forces acting on the

reference nodes corresponds to a shear load with a magnitude F. By evaluating the angle o, the in-

plane shear stiffness Ass of the support can be determined. A normalized shear structural index was
defined by considering a flat laminate with homogeneous [0], lay-up and thickness teq, which was eval-

uated considering a flat panel with the same weight of the corrugated laminate:

Ks = K%/(Glzteq) (6)

4.2. Set up and results of numerical sensitivity study

Parameterized models of the configurations based on square-shaped corrugated laminates were gener-

ated by varying geometrical parameters including height, h, period, p, fillet radius, r, and thickness, t.
The main objectives of such study were the evaluation of the performances indices A, 511/ Au, Kpand
Ks for different geometries and the comparison between the performances of the three configurations.

The index 511/ Auis negligibly affected if lay-up is changed, since both stiffness parameters mainly

depend on bending stiffness of the composite laminate. Moreover, also the indices K, and K; are actually

not affected by the lay-up, assuming a homogeneous orientation of the fibers and identical ply properties
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both in the corrugated laminate and in the flat laminate used to normalize the stiffness. Therefore, the

homogeneous lay-up [0]» was maintained for all the models.

It is worth noting that in the twin and doubled corrugated configurations presented in figure 14, the
length of the bonding line represents an additional design variable that requires some additional consid-
erations. Indeed, in the twin corrugated configuration, the zones where the simply corrugated laminates
are bonded together at the neutral plane of the twin laminate and do not provide a significant contribution
neither to axial compliance, neither to the bending stiffness in morphing and non-morphing direction. It
should also be noted that a limited bonded length for the twin and doubled configuration also reduces
the unsupported lengths of the external elastomeric cover in the “valleys’ of the corrugated shape, thus
reducing the need of large honeycomb supports. Accordingly, the lengths of the bonded zones were set

to a relatively small fixed length of 5 mm in all the performed parametric studies that were performed.

The availability of parameterized finite element models allowed building the response surfaces for all
the properties in morphing and non-morphing directions, considering the variability ranges reported in
table 5. A full factorial grid in the four-dimensional space (h,p,r,t) was used, with 6 points along each

dimension.

Table 5. Variability range of design parameters and points for section visualization

Min Max
Value  Value

t (mm) 050 150 0.50 0.75 1.00 1.25 1.50
r(mm) 200  3.00 2.00 2.25 2.50 2.75 3.00
p(mm) 20 32 20 23 26 29 32
h(mm) 12 20 12 14 16 18 20

P1 P2 P3 P4 P5

Examples of response surface sections, in the plane h-p are reported in figure 17 fort=1 mmand r = 3
mm. Indeed, axial and bending stiffness in morphing direction mainly depend on the bending behavior

of corrugated walls, so that they typically depend on t* for all the considered geometries. The analyses
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of figure 17, indicate that, for the axial stiffness, Au, a dominant parameter is the height, h, whereas the

period, p, has small or negligible influence, as it is exemplified in figure 17-(a), referred to a simply
corrugated shape. Both period and height affect the bending stiffness Dy for all the geometries, though
the effect of h is typically higher. The ratio of bending stiffness to axial stiffness, 511/ Au is presented

in figure 17-(b) for the Doubled Corrugated Laminate, which presents the highest values for such pa-

rameter. The influence of both height and period can be appreciated.
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Figure 17. Example of response surface of axial stiffness (a), bending to axial stiffness ratio (b),

bending in non-morphing direction index (c), and in-plane shear stiffness index (d) for different corru-

gated configurations

The bending structural index, Ky, is typically very high, because corrugations increase the moment of
inertia of the sections with respect to the flat panel having identical weight. Actually, the thickness of
the sides is the most important parameter affecting such index, but the effect of both period and height
is not negligible, as it can be observed in figure 17-(c), referred to a simply corrugated laminate. The

qualitative trend for the other geometries is very similar. The normalized shear stiffness index, Ks, is
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typically lower than unit, as it is exemplified in figure 17-(d), referred to a twin corrugated laminate.
This can be explained by observing the mechanism of shear deformation represented in figure 16-(b).
Shear stress acts in the vertical sides of the corrugated laminate and gives a contribution to the shear
angle ., without providing a contribution to the resultant in-plane shear force F. For such a reason, the
index increases as h is reduced for all the considered geometries, whereas both bending stiffness in

morphing and non-morphing directions exhibit the opposite trend.

In table 5, the location of five points P1, P2, P3, P4 and P5 in the space of design variables is also
provided. The plots in figure 18 represent the sections passing through the central point P3 of the 511/ Au

response surface, taken along the axes t, p, h, r and sampled at points P1,P2, P3, P4, P5. Such represen-
tation allows appreciating the influence of the different design variables and provides a quantitative
indication of the values that the different performance indices can obtain for the different corrugation

configurations. It can be observed that height h has the most significant influence on the functional index
[_)11/ I_A(ll, which represents the possibility to maintain an adequate bending stiffness with an high axial
compliance. The doubled corrugated laminate presents the highest values for such index. Actually, the
analysis of the whole response surface indicates that the differences in 511/ Au values between the dou-

bled corrugated geometry and the other two configurations can be even greater than the ones referred to

the sections presented in figure 18. Moreover, such configuration exhibits a significant variation of the

[_)11/,_%1 index with other parameters, namely t, r and p, thus indicating a significant design flexibility.
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Figure 18. Sections along the axes of design variable space for the D11/A1; response surface of simply

corrugated (a), twin corrugated (b), and doubled corrugated (c) configurations

Although the doubled corrugated laminates offer the highestf)_u/ﬂu, the minimum axial stiffness is

obtained by using simply corrugated shapes, as it is shown in figure 19. It can be seen that, for the same
values of parameters, the axial stiffness exhibited by the simple corrugated laminate is about one order
of magnitude lower than the one of twin corrugated configurations and three times lower than the one
obtained by the doubled corrugated laminates. However, the absolute value of axial stiffness can be

modified by changing thickness or ply orientations.
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Figure 19. Sections along the axes of design variable space for the A1 response surface of simply

corrugated (a), twin corrugated (b), and doubled corrugated (c) configurations

Sections sampled at the points indicated in table 5 also make possible a comparison between the different
geometries for the structural indices in non-morphing direction, K, and K, which represent bending and
shear stiffness normalized with respect to the ones of a panel having the same weight of the corrugated
laminates. Considering the structural index Ky, the sections reported in figure 20 confirm that thickness
is the most significant variable affecting the index. The influence of the other parameters, is actually
much less important, from a quantitative standpoint. The simply corrugated laminates achieve the high-
est values for such index, which, in the considered sections, are about two times the ones of the twin

corrugated laminates and three times the ones of the doubled corrugated configurations.
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The structural index Ks is particularly important for morphing skins, since skin contribution to shear
stiffness is one of the most important features of stressed skin constructions used in aerospace applica-
tions. In the plots presented in figure 21, it can be seen that all design variables have a significant influ-
ence on this index. However, the effect of height variable, which was previously commented, is domi-
nant. It can be observed, for the considered sections, that twin corrugated laminates present the highest
value of such index. Overall, data analysis indicate that shear structural index and axial compliance are
conflicting performance indices, so that the configurations presenting the lowest compliance are also
the ones that obtain the lowest shear stiffness contributions. However, sections show that it is possible
to manufacture a morphing skin that can exhibit a shear stiffness from 20% to 70% of the ones of a flat

panel made of identical material and with identical weight.
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Figure 20. Sections along the axes of design variable space for the Ky response surface of simply cor-

rugated (a), twin corrugated (b), and doubled corrugated (c) configurations
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Figure 21. Sections along the axes of design variable space for the Ks response surface of simply cor-

rugated (a), twin corrugated (b), and doubled corrugated (c) configurations

5. Conclusions

This work proposes design and technological solutions for the development of a morphing skin that can
fulfill several critical requirements related to its aerodynamic and structural functions. The activity car-
ried out to set up the manufacturing process for the production of square-shaped corrugated laminates,
with rounded fillets, provided the guidelines for the achievement of good quality laminates and assessed
different types of analytical and numerical approaches for stiffness prediction. The square shaped cor-
rugated configuration proposed in this work presents straight horizontal arms that are well suited for
integration of additional elements in the skin system and for the combination of different laminates to
obtain new geometries. In particular, a technological solution to integrate an elastomeric cover in the
corrugated laminate at a moderate weight cost was presented, with the objective of producing a smooth
and aerodynamically efficient surfaces. Experiments and numerical results show that such integration
can be accomplished without altering the mechanical properties of the corrugated laminate and that
surface waviness can be drastically reduced with respect to the original corrugated profile. It is important
remarking that, in the solution proposed, the tearing or the failure of the external aerodynamic cover
will not lead to the loss of the load carrying capabilities of underlying corrugated laminate, whereas the
external elastomeric layer represents a protection against foreign object impacts for the corrugated struc-
tural support. Combinations of square-shaped corrugated laminates were also proposed, which can also
be endowed with the elastomeric cover to obtain aerodynamically efficient skins. Performances indices
based on the bending to axial stiffness ratio in morphing direction and on structural contributions in non-
morphing directions were introduced, taking in consideration the weight cost involved in the adoption
of the morphing corrugated skin. The development of parameterized models, adopting a numerical ap-
proach validated with experimental tests, made possible the investigation of performance indices con-
sidering wide range of variations of the main geometrical parameters. Results identify that the simply

corrugated shape exhibits the lowest axial stiffness and maximize, for a given areal weight, the bending
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stiffness in non-morphing direction. However, combined corrugated laminates achieve maximum bend-
ing to axial stiffness ratio and maximum structural efficiency for shear stiffness. Such configurations
are also characterized by closed cells that are well-suited to host sensors, actuation systems, de-icing
devices and other type of systems to develop a multi-functional stressed skin. Overall, the work confirm
the potential of square-shaped corrugated composite laminates to design morphing skin and proposes
innovative and promising solutions to develop aerodynamically efficient skins and new corrugated con-
figurations that can be exploited to enhance the structural and multi-functional performances of the skin

in new architectures, specifically designed for morphing.

Acknowledgements

The authors wants to thanks the inter-departmental laboratory AMALA of Politecnico di Milano for

the co-operation.

Appendix A: Application of Timoshenko beam theory to square-shaped corrugated laminates

The evaluation of the axial and bending stiffness reported in Eq. 2 was obtained by applying Timoshenko
beam theory to the corrugation profile. Assuming that the laminate undergoes cylindrical bending, the
corrugated profile can be considered like a beam of unit width with a rectangular section of height t, so
that section area is A=1 x t. The kinematic hypothesis of the theory involves plane sections that remain
planes in the deformation process and rotates of an angle y due to bending and of an angle y due to
transverse shear. Deformation mechanism is sketched in figure Al. Thanks to symmetry considerations,
the analysis can be limited to the analytical area that has been evidenced in figure 1-(b). Figure Al is
referred to the calculation of the axial stiffness, which requires the evaluation of the displacement &
under the action of the force Fx. The profile is divided into three parts and the problem is set up by
introducing the axial, vertical and rotational displacements along the axis of the beam, which are shown

in figure Al for the three domains.

The differential equations governing the structural problem and the relevant boundary conditions for the

application of force Fy are reported in (Al), (A2), and (A3) for each domain, including the essential and
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the natural boundary conditions. In the equations, a shear correction factor, k = 5/6, was introduced to
more accurately represent the transverse shear stiffness of the beam chunks. The formulation for the
curved Timoshenko beam in the second domain, reported in (A2), was derived following [25]. Eventu-
ally, equation solution makes possible the evaluation of vs(l) = &, so that the axial stiffness can be
determined, thus leading to the analytical result reported in the first of equations (2). Application of a
bending moment to the free end of the analytical area leads to a second set of equations that allows the
evaluation of the rotation at the free end and of the bending stiffness reported in the second line of
equation (2). In this second case, all beams are in pure bending conditions and no effect of transverse

shear stiffness is observed.

Figure A1l. Sections along the axes of design variable space for the K response surface of simply cor-

rugated (a), twin corrugated (b), and doubled corrugated (c) configurations

EAu/(s)=0 u(0)=0 [Ely{(b)=F (1+r)
kGA[V/(s)-w.(s)]=0 v,(0)=0 <EAU'(b)=F, (A1)
KGAV',(s)-y(s)]+ Elyi(s)=0 |y,(0)=0 [KGAly,(b)-y,(b)]=0
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Appendix B: Characterization of the hyperelastic material model for the elastomeric cover

The characterisation of the hyperelastic constitutive law used in the detailed model of the skin, required
two different tests for the definition of the coefficient of strain energy potential reported in (4). In a first
test (uniaxial test) material was let free to laterally contract during tension, whereas, in the second test,
the lateral contraction was opposed by stretching a relatively short and large specimen, fully clamped at

the upper and lower end (planar test).

The uniaxial tensile test was carried out according to regulation ASTM D638 (specimen type 1V) [26].
Three dog-bone shaped specimens with a gauge length of 25 mm and a width of the narrow section of
6 mm and a thickness of 4 mm were cut and tested under displacement control at three different veloci-
ties: 5 mm/min, 50 mm/min and 500 mm/min. A phase of the test is shown in figure B1-(a). For the
planar tensile test, no specific regulations are available. The objective of the test is obtaining a state of
pure shear at 45° with respect to tension direction. This is achieved by using a specimen with a very
high width to height ratio, so to avoid the lateral contraction of the nearly incompressible elastomeric
material. The adoption of a 0.25 width to height ratio is known to be optimal to accomplish such objec-

tive [27]. Accordingly, specimens with a thickness of 2 mm, a width of 140 mm, and a gauge length of
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35 mm were adopted to perform tests at 5 mm/min, 50 mm/min and 500 mm/min. A phase of the test is

shown in figure B1-(b). Differences exist between the responses at different loading rates, although they
are relatively limited.

The responses at 5 mm/min reported in figure B1-(c) were used to calibrate different forms of the hy-
perelastic potentials, available in the Simulia/Abaqus code [23]. The second order form of the Odgen
strain energy potential, given in (4) obtained the best fitting for the two tests and was therefore selected.

The best fitting procedures included in the solver code provided the material parameters reported in

table 4.

45 T T ¥
'.' —PLANAR 5mm/min
40 i - -PLANAR 50mm/min
ol ,' =---PLANAR 500mm/min
i —UNIAXIAL 5mm/min

30 ;’ = =UNIAXIAL 50mm/min
. i --=UNIAXIAL 500mm/min
= ! 7

25—}

0 20 40 60
Displacement (mm)

(c)

Fig. B1. Uniaxial (a) and planar (b) tensile tests performed on the silicon elastomer and force vs. dis-

placement responses (c)
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