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This paper investigates the exploitation of corrugated composite laminates to design flexible joints. The joint can
sustain axial load using a flexible frame integrated into a composite tube, which transmits torque and supports
the frame allowing significant bending deformations with low bending stiffness. The concept is explored
numerically and applied to the design of a heavy-duty flexible joint for rotorcraft. The element is required to
transmit torque, allow misalignments, and withstand high compressive forces in emergency landing conditions.
After preliminary design, a manufacturing technique is developed to produce axisymmetric corrugated lami-
nates. Technological demonstrators are produced and subjected to tests, investigating the failure modes, vali-
dating the numerical approach for predictions, and confirming the quality of manufacturing. Finally, a complete
prototype is designed in detail, produced, and then tested in bending and compression. The results, in agreement
with the numerical analyses, confirm the capability to withstand design limit loads without damage

development.

1. Introduction

The design solutions for a structural joint, which transmit forces
between rotating parts or parts undergoing relative displacements,
typically involves the adoption of quite complex mechanisms, which
couple selectively the degrees of freedom of the parts connected. A
different strategy can be devised by exploiting the properties of mate-
rials and structures with stiffness variable in different directions, so to
develop a kind of hingeless joint that combines the possibility of relative
motions in given directions, with a non-zero but relatively low stiffness,
with the capability to transmit the required loads in other directions.
The design of such flexible joints can nowadays take advantage of the
studies that have been performed in recent years, aimed to develop
flexible structures with the capability to deform seamlessly and pro-
gressively in controlled modes and directions. In particular, innovative
solutions have been studied for morphing aerospace elements, with the
aim of replacing classical control surfaces based on mechanisms, thus
improving aerodynamic efficiency, and allowing a continuous optimi-
zation for the different phases of the missions [1-7]. The design process
of these morphing components can be particularly demanding, since it is
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required to obtain a component characterized by high flexibility asso-
ciated to the deformation in prescribed modes, while at the same time
retaining high stiffness and strength to transmit the aerodynamic loads
to the primary structures. These conflicting requirements, which are
analogous to those characterizing a flexible joint, can be fulfilled by
exploiting the properties of materials and of innovative structural ar-
chitectures to obtain high anisotropic responses.

Among the structural geometries considered for morphing applica-
tion, promising candidates to design parts that combine flexibility in
given directions with load carrying capability in other directions are
represented by corrugated laminates [8-14], which are characterized by
a highly orthotropic response in terms of both stiffness and strength.
Corrugated sheets exhibit tunable properties in the direction of the
corrugated profile, which can be considered their morphing direction,
by using different corrugation profiles, and excellent stiffness and
strength in the other non-morphing directions [15]. The application of
composite materials to a corrugate geometry allows a further increment
of the intrinsic tunability and anisotropy of the corrugate by properly
selecting the lay-up characteristics ([16,17]). Composite materials are
also particularly suitable for morphing application due to their ability to
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undergo large deformation without failure and their high fatigue resis-
tance properties in the fiber direction, which allows them to change
their shape several times without nucleating damages or cracks. More-
over, they are particularly indicated for aerospace usage since they
allow the design of lightweight components, which is a highly valuable
characteristic in this application field.

The properties of composite corrugated laminates have been
exploited to develop structural component with the capability of a
progressive shape variation in predefined directions. Significant exam-
ples can be the usage for actuated morphing skins, such as in [8,9,16].
The possibility to host diffused actuator systems has been also explored,
by integrating shape memory alloys wires (Nitinol), which act directly
on the flexible component [17-19].

Following these evaluations, composite corrugated laminates in
axisymmetric configuration have been considered for the development
of joints that are flexible in the bending direction, but retain the capa-
bility to transmit torque, lateral loads and to sustain also axial loads.
Actually, some solutions for flexible joints based on corrugated geom-
etry can be found [20-22], while similar solutions can be obtained by
adopting helical geometries [23]. These types of joints can accommo-
date large misalignments between rotating shafts also adopting several
joints connecting multiple shaft segments [24]. Different concepts for
flexible joints are presented in [25], where the joint works as a rope in
which the interlacement allows the flexibility required, and in [26] in
which a flexible shaft rotates inside a hose, and it is stabilized by several
bearings. However, most of the proposed flexible joints carry relatively
low loads and all of them combine bending flexibility with the capability
of transmitting torque. The transmission of other types of loads, such as
axial or transverse loads is not required.

Composite technology and the properties of corrugated composite
laminates have been exploited in this work to develop a heavy-duty
flexible joint for rotorcraft power transmission, with particular severe
requirements and innovative characteristics with respect to the solutions
for flexible joints presented in literature.

The type of joint studied in this work shall meet more challenging
requirements, which arise for particular applications in rotorcraft
transmissions, where joints have to transmit very high loads including
torque, axial compressive, tensile and transverse force, which have to be
transmitted between parts subjected to relative motion or displacement.
Actually, the inherent lightweight and flexibility of modern rotorcraft
structures and the complexity of rotorcraft transmissions requires the
accommodation of misalignment angles and change of direction in
power shafts, which could represent several appealing application sce-
narios for innovative heavy-duty flexible joints, since the state-of-the-art
solutions are represented by metallic gimbal joints, which involves
complex, lubricated mechanism with considerable weight, requiring
high maintenance effort.

Accordingly, the development of a solution for a flexible structural
joint represents a relevant goal and it can be pursued by applying the
concept of load path separation, which is one of the key strategies for the
development of morphing structures with load carrying capabilities. In
particular, in the solution proposed, the axial load is transferred by a
metallic frame, while the torsional load is reacted by a composite
tubular structure which is corrugated in order to allow bending defor-
mation with a reduced and tunable stiffness. Bending flexibility is ob-
tained by adopting a corrugated shape for the composite structure
combined with a metallic frame with a geometry providing high axial
stiffness and strength but very low overall bending stiffness.

The manufacturing of such a type of joint requires the production of
axisymmetric corrugated laminates, which is particularly challenging if
high curvatures due to the corrugated profile and to the axisymmetric
shape are involved. The double curvature of axisymmetric corrugated
geometry is expected to amplify the difficulties of producing corrugated
laminates, which are reported in literature [9,10,15,16] and can be
addressed by following step-by-step lamination procedures and using
properly designed counter-molds to control pressure exertion during
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curing. Therefore, both design and manufacturing issues have to be
addressed to obtain a realistic and successful solution for practical
applications.

Moreover, the adoption of a composite corrugated laminate for a
primary structure of a rotary wing vehicle requires a painstaking eval-
uation of the state of stress and very reliable predictions regarding the
failure modes of the corrugated laminate, which can be influenced not
only by the in-plane stress components in the plies [27], but also by out-
of-plane stress states, particularly in the zones presenting high curva-
tures [28].

The work is articulated in four chapters: the first one describes the
initial numerical studies performed to verify the structural response that
can be achieved by the design concept in terms of maximum bending
angle and maximum compressive sustainable load. Then, in the second
part, a realistic heavy-duty application scenario is considered, and the
preliminary design of the component is carried out to comply with the
prescribed requirements, taking into account the technological limita-
tions related to the production of the axisymmetric laminates with
double curvature. In the third part, an insight into the technological
process is presented. A full description of the manufacturing procedures
is provided, and the quality of the laminate is assessed by testing a
specimen obtained from the produced element. Experimental outcomes
are also compared with the results of finite element analyses, to validate
the design approach and investigate the real failure modes. Finally, the
last chapter concerns the detailed design and assembly to produce a
prototype of the joint, which was subsequently tested in bending and in
compression.

2. Structural concept and preliminary FEM studies
2.1. Flexible corrugated joints with load carrying capability

The concept presented in this work is based on the application of
composite corrugated laminates to the design of a flexible joint capable
of sustaining considerable axial load, significant torque, while main-
taining low weight and the capability to undergo a bending deformation
with a relatively low bending stiffness. It is known that a corrugated tube
is inherently capable of carrying significant torsional loads, but it cannot
sustain axial loads without undergoing significant elongation in tension
or collapse in compression.

The design of the joint proposed in this work is based is the possi-
bility to carry axial loads through a separate load path characterized by
relatively thin lateral stiffeners, with adequate axial stiffness and
strength and low stiffness when bent out of their plane. These thin
stiffeners are inherently prone to instability when compressed, but the
interaction with the composite corrugated tube provides a lateral sup-
port, thus greatly increasing their buckling load. Hence, the integration
of the stiffeners in the corrugated tube leads to a module with a high
bending compliance when bending moment is applied about an axis that
lies on the plane of the thin lateral stiffeners. However, if two modules
are connected with mutually orthogonal stiffener planes, a joint with a
high compliance in all bending directions is obtained. The resulting
scheme is exemplified in Fig. 1b and ¢ where each module can bend with
a relatively low stiffness along one axis, X; and X», respectively, so that
the combination of the two modules makes possible bending in a generic
direction.

Accordingly, high bending compliance is combined with the possi-
bility of carrying both axial and torsional loading. The stiffeners are
fundamental to carry the axial load, but the corrugated tube provides a
lateral support for the stiffeners, increasing the axial buckling load of the
whole assembly. The transfer of the axial load to the system of mutually
orthogonal stiffeners is achieved through a system of annular dia-
phragm, at the ends of each module. Finally, the closed section corrugate
tube is essential to sustain the torsional load.

In real life operations, system of forces can be simultaneously applied
to the joint leading to complex loading conditions, but the load path
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Fig. 1. (a) Shape and dimension of the corrugation scheme; (b) Dimension and shape of the whole tube; (c) FE model of complete joint based on corrugated laminate.

separation should ensure the component capability to sustain the loads.
Moreover, it is expected that the joint is capable of transmitting signif-
icant transverse loads, along X; or X, axis, without excessive shear
deformations.

2.2. Preliminary FEM analyses of the concept

Some numerical analyses were performed to assess the potential of
the concept in terms of axial compression strength and maximum
achievable bending. The configurations studied were based on the one
showed in Fig. 1, representing a corrugated tube divided in two modules
stiffened along two mutually orthogonal planes, which were delimited
by three diaphragms.

Two different geometries were considered, with module height equal
to 132 mm and 84 mm, respectively. Both geometries had identical
square-rounded corrugation profiles, shown in Fig. 1a with a period of
24 mm and a depth of 12 mm. The profile was chosen considering the
experience gained in previous works on plane corrugated panels
[16,17], where it exhibited remarkable properties in terms of maximum
elongation and flexibility.

Finite element models were developed and solved by using Simulia/
Abaqus solver code. Reduced-integration shell elements (S4R and S3R
elements [29]) with typical size of 1.5 mm were used for the corrugate
and the stiffeners, while continuum shells (SC8R elements [29]) were
used for the diaphragms. The mesh of the corrugated tubes and that of
the stiffeners were connected by using a TIE algorithm, available in the
solver code to join dissimilar meshes. The complete model consisted of
99,448 shell elements and 7296 continuum shell elements for a total
number of 625,206 nodal degrees of freedom in the longer configuration
and for the shorter configuration the model consisted of 65,160 shells
and 7296 continuum shells, totaling 418,734 variables.

Two loading conditions were defined to evaluate both the critical
load under axial compression and the stress state for a bending corre-
sponding to a deflection angle of 7° between the end diaphragm, which
were modelled as rigid bodies. The bending analyses allowed the eval-
uation of the bending stiffness and of the stress state for the imposed
deflection, so the assess the structural integrity of the composite joint

under bending.

Different layups were considered for the composite parts. In partic-
ular, a variable [45, / Op, / Oy / 454] layup was considered for the
corrugated tube, by using Carbon-reinforced fabric or Glass-reinforced
fabric with polymeric matrix composite materials, with the character-
istics are reported in Table 1. The stiffeners were designed to be
constituted by a polymeric core reinforced by a variable number of
carbon fabric plies on both sides, so to vary the bending stiffness of the
element. In particular 1, 2, and 3 plies of carbon fabric were considered,
so to obtain a reinforcement thickness of 0.22 mm, 0.44 mm, and 0.66
mm on each side of the polymeric core. The properties of the polymeric
core were based on the ones of a polyimide material, with a Young
modulus equal to 1650 MPa, Poisson ratio of 0.3 and a thickness of 1.0
mm [30]. The central diaphragm between the two modules was
modelled by considering a ring with a thickness of 3 mm, an external
diameter of 168 mm, and an internal diameter of 156 mm, made of
metallic material with a Young modulus of 73,000 MPa and a Poisson’s
ratio of 0.33. The diaphragm at the ends of the joint were modelled as
rigid bodies. The lower one was clamped. The upper one was left free to
rotate in the buckling analysis, with the axial load applied in the vertical
direction and the translation along X; and X, directions kept fixed. In the
bending analysis a rotation of 7° was imposed about axis X;, without
applying constraints to the other degrees of freedom.

The results of the preliminary evaluations, reported in Table 2,
confirmed the potential of the concept. The critical load under axial
compression, P., was influenced by the lay-up of the lateral stiffener, as
it can be seen by comparing the results obtained with the same lay-up of
the tube. However, a significant and even greater increment was ob-
tained by varying the lay-up of the tube, thus indicating the role of the
corrugated tube in supporting the thin stiffeners. Actually, two typical
buckling modes were found in correspondence of the critical load, which
are represented in Fig. 2. Type A buckling (Fig. 2a) was obtained with
the more compliant lay-ups. It occurs at a relatively low P, with a
buckling mode involving all the central part of the assembly (corrugated
tube, diaphragm, stiffeners). If the tube wall exceeded a certain stiffness
threshold, type B buckling occurs (Fig. 2b), which is a local mode in the
stiffeners, characterized by a higher P, The height of the module had a
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Table 1
Material characteristics of preliminary numerical tests.
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E1; (MPa) Ez> (MPa) Via G2 (MPa) G13 (MPa) Go3 (MPa) Thickness (mm)
Carbon 63,000 63,000 0.055 5500 2500 2500 0.22
Glass 23,000 23,000 0.055 5500 2500 2500 0.25
Table 2
Results of the numerical analysis for the two geometries, with varying material, lay-up, and thickness of reinforcement layer applied to lateral stiffeners.
Case Tube Material Tube lay-up Thickness of reinforcement applied to the stiffeners [mm] P, [N] Buckling mode Kp [Nm/°]
1.1 Carbon [45/45] 0.22 5303 A 3.06
1.2 Carbon [45/45] 0.44 5709 A 3.13
1.3 Carbon [45/0] 0.22 8173 B 18.63
1st geometry 1.4 Carbon [45/01s 0.44 15,249 B 18.96
1.5 Carbon [45/01s 0.66 22,971 B 19.17
1.6 Glass [45/0]s 0.22 7367 B 11.36
1.7 Glass [45/0] 0.44 13,765 B 11.53
2.1 Carbon [45/45] 0.22 5460 A 37.3
2.2 Carbon [45/45] 0.44 5877 A 38.3
2nd geometry 2.3 Glass [45/0] 0.22 8109 B 137.9
2.4 Glass [45/0] 0.44 14,946 B 140.3
2.5 Glass [45/01s 0.66 19,413 A 142.2

(a) (D)

S.S12
PLY L1 (top)
(Avg: 75%)
53.21
44.01
36.01
27.42
18.82
10.22
1.63
-6.97
-15.57
-24.16
-32.76
-41.36
-49.96

(c)

Fig. 2. (a) Buckling mode A on the first geometry (configuration 1.1), (b) Buckling mode B on the second geometry (configuration 2.4), (c) Shear stress in 45° ply in

bending for configuration 1.5.

relatively small influence on P, since the difference between the results
referred to the long and short module configuration was less than 10%,
all the other parameters being equal.

The bending stiffness of the element was strongly influenced by the
tube lay-up and was almost independent from the stiffeners lay-up.
Moreover, the adoption of glass reinforced material in the tube could
lead to reduce bending stiffness, while still providing an adequate sup-
port to the stiffeners, as indicated by the level of compressive buckling
load. The short module configuration has a significantly higher bending
stiffness than the long module one, indicating a fundamental role of the
joint height on the bending compliance.

The state of stress in the plies in the bending analysis with imposed 7°
deflection is not reported in detail for the sake of brevity. A contour for
the long module of 115 stress is exemplified in Fig. 2c. The maximum
state of stress for the configurations using carbon was obtained for case

#1.5 with 617 = 272.4 MPa, 115 = 53.8 MPa, while for glass configu-
rations it was found for case 1.7 with 617 = 126.2 MPa, 712 = 58.9 MPa.
Considering the typical strength properties of composite plies at the
lamina level, the in-plane shear stress t12 is the most significant
component for the risk of failure. However, the values are lower of the
typical strength values found in composite materials for aerospace ap-
plications [31]. Hence, achieving a 7° deflection is well within the ca-
pabilities of this joint configuration. The stress state a 7° of bending
deflection is more severe for short module configuration, as it could be
expected, with maximum values of stresses in carbon configurations of
611 = 221.9 MPa, 115 = 80.6 MPa and of 617 = 219.5 MPa, 71, = 103.3
MPa for glass configurations, obtained for case 2.2 and 2.5 respectively.
In such a case, the stress state is likely to exceed the linearity limit of the
laminates.

Overall, the results indicate that the hypotheses at the base of the
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concept are verified, with the buckling load of the component that was
greatly influenced by the presence of the corrugate. The axial load level
that can be supported is significant. Taking as an example configuration
#1.5 presented in Table 2, a critical load exceeding 22 kN was obtained,
while keeping the bending stiffness below 20 Nm/°. In general, the
concept showed the need of a trade-off between the critical load and the
bending stiffness and a trade-off between the length of the module and
the maximum achievable bending deflection in the elastic range.
Moreover, these numerical results also proved a remarkable design
flexibility of the concept. Indeed, bending stiffness, maximum de-
flections and axial load carrying capability can be varied by acting on
the overall size, lay-up of the corrugated tube, and stiffener thickness
and material. The choice of the corrugation profile is also expected to
have a great influence on the mechanical response, even if it was not

H
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considered in the parametric studies presented.

However, these preliminary evaluations do not take into consider-
ation the technological feasibility of the joint, which can result signifi-
cantly complex, particularly when small size, deeply corrugated profiles
and complex lay-ups of the tube walls have to be produced. Such aspects
will be considered in the next section, where the concept is applied to
design and manufacture a joint for a defined application scenario.

3. Application of the concept to a specific design case
3.1. Design case and adaptation of the concept

The appreciable results obtained in the preliminary studies moti-
vated the development of a joint for a specific design case, which is

depth

period

—>

Fig. 3. Proposed geometries (A and B) for the heavy-duty joint and a deformed configuration under limit loading.
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represented by a heavy-duty flexible joint for an aeronautical applica-
tion. The component was intended to substitute a metallic universal
joint inside a rotorcraft transmission system. The joint connects two
parts transmitting significant load levels, while the parts are mounted on
flexible structures, so that small misalignments have to be taken into
account. The specific component is a non-rotating joint that provide the
reaction to the torque transmitted by a coaxial rotating shaft. In limit
conditions, the element is subjected to significant axial, torque and
lateral load components. Moreover, it also performs critical roles in
emergency landing conditions, thus leading to severe requirements in
terms of axial load carrying capability. Hence, two main conditions were
considered: a limit operational condition and an extreme condition,
which is representative of an emergency landing and must be sustained
once in a lifetime. The element was required to sustain the limit con-
dition allowing a 1.4° misalignment. The bending stiffness of the joint
should be minimized, and, in any case, the misalignment angle has to be
reached with a moment lower than the applied torsional load. Overall,
the specific design case is characterized by significant load values and
relatively low displacement, thus indicating the need for high thickness
in the composite tube and in the lateral stiffener, which are conflicting
with the objective of reducing the bending stiffness. To complete the
requirements a limit on the maximum dimensions was introduced, with
a height of H and a diameter of D. Moreover, due to the proposed
aeronautical application, keeping a low weight was fundamental.

3.2. Definition of the design configuration

To meet the expected requirements, the numerical approach devel-
oped for the preliminary studies presented in section 2 was applied to
identify a design configuration, which was detailed in the subsequent
phases of development. The preliminary studies led to a basic lay-out,
showed in the two configurations reported in Fig. 3, which were char-
acterized by three modules: two short ones at the extremities and one
long one in the middle. The stiffener plane was the same for the short
modules, while for the central module the stiffeners plane was shifted by
90° with respect to the one of the short modules. The technological
feasibility was taken into account since the early design phases, leading
to avoid excessively small curvature radii of the surfaces to simplify the
lamination process. Hence, the corrugation period was increased, and a
rounded profile was adopted, which was considered technologically
more feasible and less prone to delamination phenomena with respect to
the square-rounded profile considered in section 2, due to higher radii of
curvature. Following the indication of the preliminary studies, glass-
fiber reinforced materials was selected for the development of the
joint. Finally, the stiffeners and the diaphragms were designed to be
produced by using a metallic alloy, to simplify the manufacturing pro-
cess and to increase the strength to sustain high axial loads.

A sensitivity study performed on different combinations of period/
depth ratio and lay-up of the composite corrugated tubes and consid-
eration based on technological feasibility led to identify-eight promising
configurations that were analyzed in detail. These were a combination of
two possible geometries, denoted as A and B in the following, and four
possible lay-ups.

The two proposed geometries, A and B, are shown in Fig. 3. Geom-
etry A had a period to depth ratio of 1.54, while B had a period/depth
ratio equal to 2.00. The four selected lay-ups, numbered 1 to 4, were
composed by Glass/Epoxy Fabric and Unidirectional composite mate-
rial, with the material characteristics are reported in Table 3. Pre-
liminary laminations tests indicated that the fabric ply could be more
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easily draped on the double-curvature surface when oriented at +45°
with respect to the tube axis. Hence, fabric plies could have been used
for the external layers of the lay-up, while internal reinforcement could
be obtained by using unidirectional plies. Accordingly, the lamination
sequence was of the type [FB45°/UD0°/UD90°/UD0°/FB45°]. The dif-
ference between the 4 lay-ups considered in the sensitivity study was
based on the thickness of the different block of plies with different
orientation. In particular, the configurations considered are presented in
the following list:

1. reference thickness configuration type [FB45°/UD0°/UD90°/UDO°/
FB45°].

2. thickness of FB45° plies increased by 50%.

3. thickness of UDO° plies increased by 50%.

4. thickness of UD90° plies increased by 50%.

The finite element models of the 8 configurations were developed by
using about 110,000 shell elements (S4 elements [29]) and about 22,000
continuum shell elements (SC8R elements [29]) with typical size in the
range 1.2 mm + 1.8 mm, for a total number of about 766,000 nodal
degrees of freedom.

The bending stiffness and the critical load were evaluated by using
the same type of boundary conditions applied in the preliminary studies.
The results are reported in the two histograms in Fig. 4 and are
normalized with respect to two limits derived from the requirements.
Fig. 4a is referred to critical load, where a limit is set to a value that
guarantees a significant margin of safety to carry the axial load in
extreme conditions. Fig. 4b reports the bending stiffness, with a limit set
to the value that correspond to a bending moment for 1.4° deflection
equal to the applied torsional load in limit conditions. The analysis of
results indicates that geometry A provided the best solutions, since it
satisfied the minimum critical load requirement, with a significantly
lower bending stiffness than configuration B. However, it should be
noted that geometry A has the deepest corrugation, so that lamination is
expected to be more critical than in the case of geometry B.

Regarding the effect of the lay-up on the performances, it can be seen
that the higher is the critical load, the higher is the bending stiffness.
However, all the proposed lay-ups satisfy the imposed limits on these
performances and the selection require a more detailed evaluation of the
state of stress in limit and extreme conditions.

Accordingly, two sets of loads were introduced, corresponding to the
limit and ultimate conditions, with values reported in Table 4. The limit
load set was a combination of axial, torsion, and bending load, while the
ultimate load conditions was a composed by a very high axial load
combined with a torsional load and was representative of an emergency
landing condition.

All the eight possible configurations were numerically tested under
the two conditions, using a maximum stress criterion to verify the
strength of the element. The criterion was set up assuming the design
values reported in Table 5, for both the fabric and the unidirectional.
Such design values were obtained by introducing knockdown factors on
the strength allowables defined for the materials.

The results indicate that the fulfilment of strength requirement in
limit conditions is not straightforward. The maximum stress states were
found in the crest and the valleys on the tensed side of the corrugated
profile, as shown in Fig. 3. The most promising configurations were
obtained by increasing the thickness of 0° oriented plies (3rd configu-
ration) for both the geometries A and B. The maximum values of stress
components are provided in Table 6, normalized with respect to the

Table 3
Material characteristics.
E;; (MPa) Ez» (MPa) Vi2 Vis Va3 G2 (MPa) Gi3 (MPa) Ga3 (MPa)
Fabric 23,000 23,000 0.11 0.3 0.3 5000 2500 2500
Unidirectional 45,000 13,000 0.25 0.25 0.3 5000 5000 5000
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Loading conditions.

Condition Nodal degree of freedom
U, Uyy U, UR, UR,, UR,»
Limit -F 0.735F - My 1.4° -
Ultimate —5.275F - - 1.281M, - -
Table 5
Allowables values.
Xy (MPa) Xc(MPa) Yp(MPa) Yc(MPa) Sy, (MPa)
Fabric 500 350 500 350 33
Unidirectional 750 500 30 100 33

Table 6
Ply maximum stress levels for A3/B3 configurations in limit load conditions
normalized with respect to the corresponding allowable.

Positive Negative
011 G22 012 011 G22 G12
45° 0.088 0.154 0.909 —0.169 —0.074 —0.818
0° 0.137 0.900 0.273 —0.162 —0.300 —0.697
A3 90° 0.153 2.467 0.606 —0.238 —0.080 —0.182
0° 0.137 1.300 0.152 —0.162 —0.390 —0.545
45° 0.188 0.114 0.545 —0.131 —0.234 —0.697
45° 0.064 0.104 0.879 —0.134 —0.066 —0.667
0° 0.121 0.933 0.242 —0.132 —0.230 —0.545
B3 90° 0.157 0.267 0.515 —0.186 —0.060 —0.212
0° 0.115 1.333 0.182 —0.120 —0.310 —0.485
45° 0.168 0.120 0.333 —0.111 —0.020 —0.545

design values reported in Table 5. The stresses in fiber direction are well
below the assumed limits, while a couple of plies exhibit stress higher
than the design values for matrix-dominated directions.

Given the obtained results, a geometry A, with a lay-up configuration
type 3, was selected for further developments. In particular, the tech-
nological feasibility of the double-curved corrugated laminate, the
experimental investigation of failure modes, and a more detailed stress
analysis were carried out before the manufacturing of a joint prototype.

4. Manufacturing and testing of composite axisymmetric
corrugates

4.1. Manufacturing process

The main advantage of the selected geometry A was the possibility to

minimize the bending stiffness. Nevertheless, it was also characterized
by the lowest period/depth ratio, thus complicating the lamination
process on the doubly curved geometry. To ensure the feasibility of the
manufacturing process, a series of technological tests were carried out. It
was decided to produce only half-tube corrugated modules, avoiding the
complications involved in the production of hollow tubes, which would
have required complex molds made of different parts for extraction or
the adoption of soluble mandrels. Hence, it was decided to exploit the
presence of the metallic frame to join the half tubes and to carry out the
final assembly of the joint.

Focusing on the composite corrugate production, the starting point
was to enhance the methodology presented in [16] for the lamination of
corrugated panels, which was defined for an element with a single
curvature. The technological trials performed in [16] showed that using
two metallic molds could led to low quality components, so the proposed
method used a metallic mold and an elastomeric counter mold. How-
ever, the preliminary design led to define a quite complex lamination
sequence production of a double-curved corrugated element with a
lamination sequence [45,/0r/90x/0r/45,]1, with 2n layers of fabric
glass-reinforced plies, oriented at 45°, and 2k + h layers of unidirec-
tional glass reinforced plies, oriented at 0° and 90°. The lamination of
such laminate on the doubly curved surface resulted far more complex
than that of a more conventional corrugated laminate. In particular, the
following critical issues had to be addressed:

- direct lamination on a curved mold was found unfeasible, so that the
process was based on the preliminary lamination of flat corrugated
sub-laminates, followed by a pre-forming according to a doubly
curved geometry and by the final depositions of the sub-laminates on
a metallic corrugated axisymmetric mold.

the relatively thick and multi-directional lay-up was found particu-
larly difficult to be stretched and pre-formed, so that the lamination
process was divided into three steps: the pre-forming and the depo-
sition of a [45,/0x] sub-laminate, the application of 90° layers, the
pre-forming and the deposition of the final [0x/45,] sub-laminate.
the deposition of the 90° oriented layers on the whole surface of the
tube was unfeasible, so that such layers were applied only in the crest
and in the valley of the corrugated laminate, where the stress state
was expected to be more critical (see Fig. 3); accordingly, in the final
technological trial the tube was laminated according to a lamination
[45,/00/45,] in the flat segments of the corrugated profile and a
lamination [45,/0x/90r/0x/45,] in the crests and the valleys of the
corrugation.

The accomplishment of the process required the production of a se-
ries of tools, which are presented in Fig. 5: a set of single-curvature
elastomeric molds and counter-molds for pre-forming (Fig. 5c),
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metallic molds for the for the curing of the half-tubes related to the
central and to the end modules (Fig. 5a), and the corresponding elas-
tomeric counter molds for the accomplishment of vacuum bag tech-
nology (Fig. 5b). All the elastomeric tools were produced by using a
Two-Part Room-Temperature-Vulcanizing Silicone Rubber (RTV-2).

The set-up of the process eventually led to the following lamination
procedure:

i. the pre-preg plies were cut and laminated in a plane rectangular
configuration, thus obtaining a [45,/0x] sub-laminate.

ii. the initial corrugation was given to the sub-laminates by pressing
them between the single-curvature elastomeric molds and
counter-mold (Fig. 5c¢).

iii. the sub-laminates were pre-formed with a curvature in the
circumferential direction without extracting them elastomeric
tools, by bending the package over a cylindrical surface.

iv. the preformed sub-laminates were extracted from the elastomeric
tools and laid on the metallic mold (Fig. 5a), which was previ-
ously treated with a releasing agent, removing manually the
wrinkles and cutting the lateral borders exceeding the surface of
the metallic mold.
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(d)

Fig. 5. (a) Metallic molds; (b) and (c) Elastomeric tools; (d) Half laminate with stripes at 90° applied.

v. the [45,/0¢] lay-up was compacted by applying the elastomeric
curved counter-molds and introducing the assembly in a vacuum
bag.

vi. after the compaction the [90y] strips were cut and applied on the
laminate; then another compaction cycle was performed on the
package; the picture in Fig. 5d shows the results obtained at the
end of this phase.

vii. the first two steps were then repeated for the [0x/45,] lay-up; the
preformed sub-laminate was stretched and laid directly on the
[45,/0x/90p] sub-laminate, already positioned on the mold.

viii. the complete laminate was compacted in a vacuum bag and then
cured in autoclave for 90 min at 120 °C, with a pressure of 3 bar.

The component obtained showed good surface quality, without
excessive wrinkles or resin accumulation. The final component is shown

in Fig. 6, where the different lay-up regions are highlighted.

4.2. Tensile testing of a corrugated strip and assessment of the modelling
approach

Once the final manufacturing procedure was defined and assessed,
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[45/0/0/45]
[St/0/06/0/5t]

Fig. 6. Final configuration corrugated element with relative lay-up.

two axial traction tests were performed on two strips cut from the
corrugate laminate manufactured. The tests aimed at partially repro-
ducing the working condition of the corrugate when the joint was sub-
jected to bending and had multiple objectives, namely the verification of
the quality of the manufacturing process, the investigation of the failure
modes, and the assessment of FE model predictions related to stiffness
and strength.

Two strips were cut from the half-tube produced with a width cor-
responding to a 16° circular sector of the corrugated tube. The appli-
cation of the loads to the double-curved ends required the development
of special clamps, made of a U-shaped and a T-shaped aluminum alloy
parts, which were bonded together. Each end of the corrugated strips
was sandblasted, inserted, and kept in position into the U-shaped profile.
The open sides of the U-shaped profile were closed with and adhesive
tape and positioned vertically. Then, epoxy resin was poured to clamp
the strips, providing to keep them vertical with respect to surface of the
resin. Once the resin curing process was complete, the procedure was
repeated with the other end. The result obtained is shown in Fig. 7,
which presents one of specimen during the test. The stem of T-shaped
was inserted into the grips of an MTS 810 testing system to perform a
quasi-static tensile test, where an imposed velocity of 1 mm/min was
applied up until the failure of the specimen.

The force versus displacement curves obtained in the two tests are
reported in Fig. 10. Both specimens widely exceeded the expected
displacement for the corrugated laminates in the design condition of the
joint, evaluated considering the maximum bending angle. Such limit is
represented by the dashed line in Fig. 10 to evidence that the experi-
mental responses were well within the linear region for the operational
condition of the element. The response of the first test, marked as
Experimental 1, was almost perfectly linear until the brittle failure,
while Experimental 2 presented an apparent deviation from linearity at
about 5 mm of displacement, followed by a non-linear response until the
final failure, which occurred at about 10 mm of displacement.

The failure mode was investigated through an optical microscope
analysis on the broken specimens. A curved section is shown in Fig. 8,
where the thickening corresponding to the application of the 90° ori-
ented layers is well evidenced in the central zone of the curve. De-
laminations were clearly visible starting from the beginning of the
thickened zone, at the interface between the 90° oriented layers and the
layers of 0° oriented plies. A longitudinal crack was also visible, which
passed through the block of 90° oriented layers at the center of the curve
and along the internal interface between the 0°- and 90°-oriented plies.
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According to the visual evidence, failure was likely to be triggered by the
development of delamination at the ends of the 90° oriented insert be-
tween the internal and external sub-laminates or, alternatively, by the
damage onset inside such insert, which then evolved into delaminations.

These tests were also simulated by developing two types of Finite
Element models, which are shown in Fig. 9:

- a shell model, which was used to evaluate the reliability of this
modeling technique, already adopted for the preliminary design
studies presented in the previous sections.

- a ply-wise solid model, which was used as reference solution to
validate shell-based modelling technique and for the analysis of the
interlaminar state of stress in the curved zones.

The shell model consisted of 2176 bi-linear shells (element S4 [29])
with a typical size of 1.25 mm, while the solid model was developed by
using 106,742 quadratic hexahedral element of type C3D20R [29] and
6156 quadratic wedge elements of type C3D15 [29], with a typical size
of 0.5 mm.

Considering the comparison between numerical and experimental
results, the stiffness of the strip is slightly overestimated by both nu-
merical models. The discrepancies between the numerical and the
experimental slopes can be attributed to two fundamental reasons:

i) the numerical models considered only the nominal thickness of the
material while in the real component the thickness presents slight
variations due to manufacturing imperfection, like resin accumula-
tions in pockets and wrinkles.

ii) the model used the nominal properties of the materials and the
nominal orientations, while in the real element the properties were
expected to vary depending on the region, since the rectangular plies
laminate were stretched to follow the curvatures of the mold
changing the density and the orientation of the fibers in the different
regions.

Despite the complexity of the real distributions of the reinforcement
fibers and of the thickness, the results obtained with nominal parameters
were found acceptable for design purposes. Moreover, it can be observed
that the shell model obtained very similar results to the solid one,
although the latter was more accurate to represent the three-
dimensional stress states in the curved parts and in the zones of ply
drop off.

The solid model was also be used to investigate the stress state of the
element during the test. Fig. 11 shows the contours of 655 stress com-
ponents and of 633 in correspondence of the experimental load at failure.
It can be observed that the 695 stress in 90° oriented inserts at the center
of the curved zone do not exceed 30 MPa, while zones of very high
interlaminar normal stress concentrations can be seen at the end of the
inserts. According to the model, which was developed with the
assumption of linear material behavior, both 633 and 713 would have
reached non-realistic values, beyond 100 MPa, thus indicating the
probable development of interlaminar damage before the ultimate
failure. Hence, the numerical results suggest that the delaminations
evidenced by the microscope analysis at the end of 90°-oriented insert
could have originated the laminate failure. It should also be remarked
that the in-plane stress components 611, 622, and 712 were lower than the
design values defined in Table 5 even at the maximum loads reached in
the tests. Moreover, the maximum interlaminar shear stress T3 was
found to be about 30 MPa and the maximum normal interlaminar stress
o33 was found to be about 20 MPa in limit conditions, without
evidencing risk of delamination at limit loads.

Overall, the experiments on the strips confirmed that the quality of
the doubly curved corrugate laminate produced was acceptable for the
fulfilment of the design requirements, even by adopting the more
challenging configuration A, with the lowest period to depth ratio. The
numerical analyses indicated that a shell model was adequate for an
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Fig. 7. Specimen during testing.

Fig. 8. Interlaminar and intralaminar crack in the broken specimen.

acceptable evaluation of the stiffness of the corrugated modules, despite phenomenon was predicted for displacements that were significantly
the uncertainties in fiber distributions and orientations. The final failure higher than those expected in the operational conditions for the joint
was probably determined by interlaminar stress components, which considered.

could be captured only by a very detailed solid model, but such

10
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(b)

Fig. 9. (a) Shell model; (b) Details of the ply-wise solid model.
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Fig. 10. Testing results with normal operation displacement highlighted.

5. Detailed design, production, and testing of the flexible joint
5.1. Final detailed design of the element

Since the technological trials and the tests provided satisfactory re-
sults, the whole joint was designed in detail with the selected geometry
and lay-up of the corrugated modules, already assessed in the pre-
liminary module production. In this phase, the details of the metallic
frame were defined and the complete configuration was verified
numerically.

The stiffeners were designed with flanges and fillets to transmit axial
the force between the diaphragms at the end of each module without
excessive stress concentrations. The thin webs of the elements were
reinforced, in the joint axial direction, using composite strips, to miti-
gate the risk of local instabilities.

The diaphragms were designed to achieve a desired stiffness in
bending and torsion without excessive weight penalties, considering
their fundamental role in the transmission of the axial loads between the
modules with mutually orthogonal stiffener planes. The cross sections of
the annular diaphragms were designed according to a L or T shapes, to
provide the surface for the bonding of composite modules.

The sketches of a stiffener for the long central module and of a dia-
phragm are reported in Fig. 12a and b, respectively.
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The stiffeners were provided with flanges with double curvature
surface, to match with the surface of the composite corrugated modules.
Such flanges were designed to overlap and join, with the use of an ad-
hesive film, the ends of the half-tube. However, the continuity of the
load path for torsion and overall strength considerations led to reinforce
the longitudinal junctions with the introduction of an internal over-
laminate with a [45°] lay-up.

The different parts of the joint were assembled by using aeronautical
grade structural adhesive films. The junction line between the dia-
phragm and the corrugated tubes was found particularly critical in ul-
timate load conditions, thus suggesting the introduction of external half
rings, to be bonded to external surface at the top and the bottom edges of
each module, so to completely clamp the border of the composite
corrugated laminates. The sketch of the final configuration is presented
in Fig. 13.

5.2. Detailed FE of the complete joint

A detailed finite element model was progressively developed during
the design phase and guided the identification of the final configuration.
The model developed for the Simulia/Abaqus Standard solver is shown
in Fig. 14, where the different components are highlighted. It was
composed by about 285,000 solid, continuum shell and shell elements,
which represented the real geometry for all the parts and also included
the modelling of the adhesive layers at the interface between the parts.
The corrugated model was created using continuum shell elements
(element SC8R [29]), while the diaphragm and the constrain rings were
modelled by using solid elements (elements C3D8 [29]). The real ge-
ometry was detailly reproduced, including the protruding rings designed
to support the borders of the composite corrugated elements. Shell el-
ements were used for the thin internal overlaminates, applied to the
internal side of the longitudinal junction between the half-tubes.

The stiffeners were the most complex parts to be modeled due to
their geometry characterized by thin and bulk zones. They were
modelled through a combination of solid and continuum shell elements
(elements SC8R and C3D8 [29]) to avoid the use of extremely small solid
elements for the thin webs, which would have increased the computa-
tional cost of the model.

Layers of under integrated solid elements (elements C3D8R [29])
were used to represent the adhesive film of about 0.1 mm thickness, to
be adopted in physical elements for the final assembly. For each junction
line, a layer of solid representing the adhesive was integrated in a con-
forming mesh of one the parts to be joined. The connection with the
other part, with a dissimilar mesh, was obtained by using a TIE
connection algorithm available in the solver code.
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Fig. 11. Stresses at failure.

(a)

(b)

Fig. 12. (a) Stiffeners sketch; (b) Diaphragms sketch.

The layer of solid adhesive representing the adhesive layer was
characterized by using an elastic isotropic material model, with E =
3000 MPa and v = 0.3.

The two diaphragms at the end of the joint were included in two
separated rigid bodies and the boundary conditions corresponding to the
limit and ultimate load conditions, described in section 3.2, where
applied to analyze the state of stress. Moreover, a set of analyses were
performed by applying the bending moment along different directions to
evaluate the bending stiffness of the joint.

12

The model was solved by using the limit and ultimate loading con-
ditions. The corrugated element resulted the most critically loaded
component. The detailed definition of the metallic frame reduced the
severity of the state of stress with respect to the results of the preliminary
design reported in section 3. This is confirmed by the results reported in
Table 7, which refer to the numerical peak stresses in the corrugated
composite parts, normalized with respect to the corresponding design
value. It can be observed that design values were not exceeded in limit
condition. Regarding the ultimate conditions, the design values were
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Fig. 13. Sketch of the final configuration.

slightly exceeded, but this was not considered a critical issue, since the
region where limits were exceeded was small (see Fig. 15), the design
values were conservative with respect to the ultimate strength of the
laminates and the ultimate load conditions represent a crash condition
that has to be sustained only once in the lifetime of the component.
Overall, the analyses showed that the ultimate condition was the most
demanding, where both a compressive and torsional load were applied.
Although the state of stress was mostly influenced by the compressive
component, the analyses indicate that the joint can be subjected to
significant compression and torsion, without evidencing risks for the
structural integrity, proving that the proposed concept allows the
development of a robust design of a flexible joint subjected to a severe
load scenario.

5.3. Assembly of a prototype

The production of the six composite half tubes required for the
manufacturing of a prototype was carried out by applying the process
described in section 4. The metallic parts, namely the stiffeners, the
diaphragms, the internal stiffeners, and the half-rings were manufac-
tured in Al 7075 T6 alloy, by machining. The subsequent assembly phase
was divided into two parts: the assembly of the main body and the
addition of the metallic reinforcement.

The assembly of the main body was carried out in the oven at a
temperature of 120 °C with a vacuum bag to apply pressure. To avoid
the failure of the composite walls, an internal counter-mold was pro-
duced by using silicon rubber. Such central silicon structure was pro-
duced by pouring liquid RTV silicone inside a pre-assembly of the joint.
Then films of structural adhesive Scotch Weld AFK 163-2 K were applied
to the diaphragm surfaces to be bonded to the composite modules,
which were assembled. The internal overlaminates were applied along

13
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the internal longitudinal junctions, including a final layer of adhesive
film to co-bond the overlaminates and the half-tubes.

The stiffeners, the external half-rings to reinforce the junctions be-
tween the diaphragms and the composite modules, and the composite
reinforcement along the web of the stiffeners were applied with two
subsequent curing cycles. Finally, the central silicone was removed,
leading to the final joint showed in Fig. 16a.

Overall, the assembly process showed some critical aspects, which
led to some imperfections, including wrinkles of overlaminates and gaps
between some of the longitudinal junctions. Such defects could have
reduced the ultimate strength of the prototype and their presence in-
dicates that improvements are required in the process achieve the ulti-
mate strength levels predicted by the numerical analyses. However, the
prototype was considered adequate to test the performances in a pure
compressive load condition and to evaluate the stiffness in the different
bending directions.

5.4. Bending and compressive tests on the assembled element

Once the assembly procedure was completed, two experimental tests
were performed on the complete joint, namely a bending test and an
axial compression load. To perform the bending test, eight holes had
been previously drilled on the diaphragms at the extremities before the
assembly. These holes were placed with a phase of 45° to be able to
attach a beam in different directions and place a weight on the beam to
apply bending moment, as shown in Fig. 16b. The results of the three
bending experiments performed are reported in Fig. 17a. The response
of the prototype was linear with small differences between the stiffness
in the different bending direction, thus indicating an acceptable quality
of the assembly. Actually, the stiffness was not expected to be equal in all
the directions, as indicated by the results of the numerical analyses
performed on the detailed model of the joint. As expected, the joint
respected the requirements imposed on the bending stiffness, with a
stiffness well below the maximum acceptable stiffness, which was
defined as the stiffness needed to bend the element by 1.4° while
applying a moment My. The slope corresponding to such limit is indi-
cated by the dash-dot line in Fig. 17a. The comparison between nu-
merical and experimental results indicates that the numerical analyses
captured quite well the experimental bending response, especially in the
test performed at 0° and 45°. The result is to be considered particularly
appreciable, due to the complexity of the design and of the
manufacturing process, which introduced significant uncertainties in
the geometries.

The structural integrity of the joint under the action of compressive
load was evaluated by performing a compressive test, which was carried
out by inserting the prototype between two steel flat plates, connected to
MTS 858 Mini Bionix II. The test was conducted under displacement
control at a speed of 0.25 mm/min.

The force versus displacement obtained in the test is presented in
Fig. 17b. An initial non-linearity can be observed at the very beginning
of the test, probably originated by an imperfect parallelism between the
surfaces of the steel plates and of the external diaphragms. After such
initial response, the curve indicates a linear behavior and very limited
residual displacement at unloading. The test was continued up to 4 kN, a
load that significantly exceeded the compressive load in limit condi-
tions. The picture in Fig. 16c¢ refers to the instant of maximum load. The
joint did not present any visible sign of damage both at maximum load
and at unloading.

6. Conclusions

The work addressed all the aspects for the development of flexible
joints based on axisymmetric composite corrugate laminates with axial
and torsional load carrying capabilities. A structural concept was pre-
sented, based on the development and the assembly of modules with
significant bending compliance along a pre-defined direction and thin-
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Fig. 14. Detailed model.

walled stiffeners working in axial conditions. The preliminary numerical
studies confirmed the potential and the design flexibility of the concept,
which can be tailored to different requirements. In particular, the key
role performed by the corrugated laminate to support the stiffeners,

Table 7
Peak stresses in the corrugated tube normalized with respect to the corre-
sponding allowable.

o1 22 012 o11 22 12 avoiding instability at low critical load was assessed.
Limit 0.085 0.700 0.424 -0.128 -0.210 —0.424 An application scenario related to a rotorcraft transmission was
Ultimate 0.121 1.067 0.818 -0.283 ~0.530 -0.939

considered, which was characterized by complex and severe load con-
ditions and small bending deflections. The design of the joint for the
application proposed led to take into consideration the technological
challenges related to the production of the joint and to the definition of a
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Fig. 16. (a) Complete assembly; (b) Joint in compression test; (c) Joint in bending test.

manufacturing process for axisymmetric composite corrugated lami- to the production of good quality laminates, as confirmed by the tests
nates, with doubly curved surfaces and multi-directional lay-up. The performed. Failure was found to be promoted by delamination in the
process, based on the application of elastomeric tooling techniques, led curved zones at significant level of displacements. However, such aspect
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Fig. 17. (a) Experimental results for bending showing the deflection angle over applied moment; (b) Axial tests results reporting the force-displacement curve.

did not represent a critical issue for the application scenario considered,
which was characterized by high loads and limited displacement, but it
should be taken into account if large bending deflection are required.
The comparison with the predictions of numerical models developed at
different levels of discretization indicate that the stiffness of the double-
curved laminate with variable thickness and lay-up can be approximated
at an acceptable level by shell models, although the details of the three-
dimensional stress states in the curved zones required the application of
solid element within a ply-wise modelling technique.

The final design was supported by the development of a detailed
model of the joint, which allowed to define the geometry and the ma-
terial of the metallic parts that constitute the axial load carrying frame,
which was integrated in the composite corrugated tube. The assembly of
the whole joint required a quite complex process, which has still to be
completely optimized. However, the tests performed on the prototype
produced confirmed that the objective of achieving a low bending
stiffness in different directions and a considerable load carrying capa-
bility was completely achieved, thus pointing out the potential of the
structural concept to substitute joints based on heavier and
maintenance-demanding mechanisms.
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