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Abstract

Sandwich structures have been increasingly used due to their high strength-to-weight ratio and bending
and buckling resistance. Today, it is possible to create topology-optimised structures with complex shapes
using lattice structures through Additive Manufacturing technologies, avoiding the difficulties in core-
sheets adhesion in sandwich structures. In this paper, a 3D numerical model is proposed to assess the
mechanical properties of hybrid lattice structures. A comparison between the overall response of a control
surface of a tiltrotor aircraft with different cores for its sandwich panels will be studied. Specifically, two
strut lattice cores and a conventional honeycomb lattice core are considered as options for the asymmetric
sandwich panels.

1. Introduction

Tilt rotors are hybrid aircraft capable of shifting between vertical take-off and landing (VTOL), hovering in mid-air,
and efficient forward flight thanks to their rotors which can rotate around the pitch aircraft axis and assume a vertical
or a horizontal position.

The versatility of these aircraft makes them well-suited for a range of applications, including aerial transportation,
search and rescue operations, military missions, and to reduce air and ground congestion. In order to reduce fuel
consumption and emissions, while maximizing the payload ratio and maintaining structural integrity and safety, engi-
neers and designers constantly seek new lightweight structures. Sandwich structures, multi-layered structures formed
by high-strength outer layers (faces) separated by a thick low-density inner layer (core)! , have been increasingly used
due to their high strength-to-weight ratio and their bending and buckling resistance”? . According to Castanie et
al.* two main types of sandwich structures can be defined: Symmetrical and Asymmetrical sandwiches. The former
is particularly suitable for pressurized structures or those exposed to aerodynamic loads. Conversely, the latter is
commonly employed in non-pressurized and moderately loaded structures and can alleviate the joint difficulties of
different panels.

With the advent of Additive Manufacturing (AM) technologies, new possibilities in materials and core topologies are
available, enhancing their performances and characteristics of sandwich structures. By leveraging the freedom design
provided by AM, it is possible to fabricate complex lattice or cellular structures within the core layer, enhancing its
energy absorption capacity, thermal insulation properties, and overall weight reduction. Wicks and Hutchinson® have
shown improved performances against bending and compression loads of truss core sandwich panels. Furthermore,
truss core sandwich panels have demonstrated their utility in heat transfer applications and can be exploited also
for structural anti-icing systems® . These panels leverage the truss-like internal structures within the core layer to
efficiently distribute heat and prevent the formation of ice on the outer surfaces. In a study conducted by Kohsaka et
al.” , the vibration characteristics of sandwich structures with a lattice beam Body-Cantered Cube (BCC) core were
investigated. The findings of the study revealed that when compared to a brick core, the sandwich structures with a
BCC core consistently exhibited higher maximum frequencies, thereby enhancing the vibration response. The BCC
lattice structure was also investigated in Tancogne and Mohr® . A monotonic increase in the stress-strain compression
curve, followed by a plateau region before the densification stage, suggests the application of these structures as energy
absorption systems for crushing applications.

The full capabilities of AM technologies can be achieved with metamaterials, which are structured materials possessing
distinct mechanical properties designed for specific purposes and optimized across various regions of the structure. One
approach to achieve this optimization is through the design of topology-optimized structures using periodic lattice cells,
where cell types, dimensions, or relative volume fractions can be varied’ . By employing this methodology, structures
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with graded or separate regions can be manufactured in a single process, significantly reducing the design-to-production
time and enabling rapid iteration and design optimization.

The mechanical properties of cellular materials are influenced by several factors, including the relative density, the base
material, and the architecture of the unit cell. These elements collectively determine the response of the structure when
subjected to external macroscopic loads which can deform the cell by a combination of bending, twisting, and stretching
modes, thus significantly influencing its overall macroscopic behaviour'® . In their work, Al-Ketan et al. compare the
properties of strut-based lattice cells with triply periodic minimal surfaces cell structures like the skeletal-TPMS and
sheet-TPMS. While strut-based cells like the Kelvin and Gibson-Ashby structures exhibit mixed stretch/bending mode
deformation, a bending-dominated and a stretching-dominated behaviour was observed for the skeletal-TPMS and for
the sheet-TPMS, respectively. In a recent work!! , Tumino et al. explored the mechanical properties of waved-strut
lattice cells highlighting an increase in the longitudinal uniaxial modulus and a negligible effect on the transverse
moduli. Several studies are present in the literature to estimate the mechanical properties of lattice cells'>!3 .To reduce
the computational costs of numerical analyses, a modified-beam approach which uses the concept of stiff beam-length
is proposed in the work of Tumino et al.'* .

The objective of this research paper is to evaluate the mechanical properties of hybrid lattice structures through
numerical analyses. Specifically, a three-dimensional (3D) model is used to capture the essential behaviour of a BCC
and a sine-Waved Body Centered Cubic (WBCC) lattice structures. The homogenised mechanical properties are used
in comparative study of the overall response of a control surface of a tiltrotor aircraft. Specifically, the focus is on
the asymmetric sandwich panels of the control surface, which employ the two mentioned strut lattice structures and a
classic honeycomb lattice core to explore the capabilities of these new emerging structures.

2. Lattice Cells Homogenisation

2.1 Body Centered Cubic & Waved Body Centered Cubic Lattice Cells

At first, the mechanical properties of the single BCC and WBCC unit cells are determined. The methodology proposed
considers a full 3D Finite Element Analysis in the commercial software Ansys; given the periodic nature of the unit
element, significant attention is dedicated to establishing accurate boundary conditions. Specifically, a custom routine
was developed using Ansys Parametric Design Language (APDL) to enforce double periodicity conditions.

Figure 1 depicts the Body Centered Cubic & sine-Waved Body Centered Cubic Lattice Cells considered for the
numerical analysis. A cell length L = 10 mm is chosen for both the BCC and WBCC cells, while the strut waviness of
the WBCC cell is described through a sine function with a period of V3L:

. [ 2né

Y = asin (—) (1)
V3L

Indeed, the BCC cell can be seen as a special case of a WBCC cell with amplitude a = 0 mm.

In order to compare the mechanical properties of the two cells, the same specific density, defined as the ratio between

the volume of the cell and the volume of the box enclosing the cell itself, is selected: p* = V,./V}, = 0.094, while the

other geometric parameters are accordingly selected in order to guarantee the desired density.

(a) (b)

Figure 1: Strut lattice cells. a. BCC lattice, strut diameter d = 1.4 mm. b. WBCC lattice, d = 1.5 mm, a = 2.0 mm
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A standard aluminium alloy is used as the base material for the two cells: £ = 71.0 GPa,v = 0.33.

As mentioned, specific periodicity conditions must be ensured due to the periodic nature of the cells. To this end, an
ad-hoc routine was developed in Ansys Parametric Design Language (APDL) to impose double periodicity conditions
along the selected directions through constraints equations pairing the displacements of the nodes in two opposite faces:

Uig = Uiy = Up g —Upy
Vieeo = Vieer = Vpooo = Vpeer @)

Wix:O - Wix:L = WPXZO - wa:L

where:

u,v,w are the displacements along the x, y, z-directions. i,— and i,_; are the generic /" node couple sharing the same
relative position in the opposite faces, respectively; while p,—o & py=p are two pilot nodes properly selected in the two
faces.

Equation 2 refers to the periodicity conditions along the x-direction. In a similar way, it is possible to enforce the
periodicity conditions along the y and z-direction. Since each node must have a paired node on the opposite face,
only 1/8 of the cell is first created and meshed, as shown in Figure 2a, to be subsequently mirrored, thus ensuring the
correspondence of the nodes in the external faces of the lattice cells.

(@ (b)

Figure 2: a. Mirroring of one-eighth of WBCC strut. b. Graphical representation of constrain equations in x,y -
direction.

The mechanical properties of the single unit cell are derived through a compression and shear test simulation. In
addition to the double periodicity conditions previously described, the 3D model imposes specific displacement condi-
tions as boundary conditions.

For the compression test, a displacement along the z-direction is applied to the upper surface (z = L : w = —1 mm),
while the respective displacement of the bottom surface is constrained (z = 0 : w = 0 mm). In contrast, the shear test
considers an imposed displacement applied along the x direction on the upper face (z = L : u = 1 mm), while the
bottom surface has the relative displacements constrained (z =0 : u = 0 mm, w = 0 mm).

The homogenised orthotropic mechanical properties of the BCC and WBCC lattice cells are reported in Table 1.

Table 1: Homogenised mechanical properties Body-Centered Cubic and Waved-Body-Centered Cubic lattice cells.

BCC WBCC
E; 1.11E+08 1.61E+08 [Pa]
E, 1.11E+08 1.61E+08 [Pa]
E; 1.11E+08 1.11E+09 [Pa]

Vi2 0.481 0.824
V23 0.481 0.074
V13 0.481 0.074

G 9.08E+08 8.51E+08 [Pa]
Gy;  9.08E+08 9.26E+07 [Pa]
Gi3  9.08E+08 9.26E+07 [Pa]
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2.2 Honeycomb Lattice Cell

Finally, the mechanical properties of a honeycomb, with Hexagonal (Hex) unit cell reported in Figure 3, are evaluated.
Similarly to the previous cases, a specific density p* = 0.094 is selected, while the base of the enclosing box was
selected so that @ * b = L?, leading to a cell length [ = 4.38 mm and a thickness ¢ = 0.29 mm. The homogenised
mechanical properties, retrieved analitically from the work of Kumar et al.!> and Gibson and Ashby'® , are: E; =
4.63E+07 [Pa], E, = 4.68E+07 [Pa], E5 = 7.20E+09 [Pa], Gj» = 2.81E+07 [Pa], G23 = 1.52E+09 [Pa], Gi3
1.02E+09 [Pa], vi» = 0.99.

4 i 43 (1)
E| = s (1)2 G12=TEs(Z)

V3 [3+§)]

t
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Figure 3: Honeycomb Cell, [ = 4.38mm, t = 0.29mm.

From the homogenised mechanical properties retrieved, it is interesting noticing the Hex and WBCC cells have an
orthotropic behaviour. At the same time, the BCC properties are equivalent in the three cartesian directions despite the
cell not being isotropic in all directions.

3. New-generation Tiltrotor Control Surface

The control surface of a new-generation civil tiltrotor, reported in Figure 4, is considered in this study. Specifically, the
upper and lower composite skins are reinforced with asymmetric sandwich panels, whose schematic representation in
illustrated in Figure 5a, with the homogenised core properties previously exhamined.

T

Figure 4: New-generation tiltrotor control surface. Front, Top, Lateral and Isometric view.

Furthermore, due to the instrinsic geometry orthotropy of the WBCC cell, a second configuration, namely WBCC2,
will be considered. The WBCC is rotated so that the cell 3" axis is aligned with the global y-direction of the structure.
The whole structure is modelled with 2D surfaces. The composite parts, namely the upper, lower and leading edge
skins and the main spar, are modelled through the Ansys Composite Pre/Post (ACP) module. The composite laminates
use epoxy-carbon woven prepreg plies whose mechanical properties are: E; = E; = 6.13E+10 Pa, E3 = 6.90E+09
Pa, v = 0.04, va3 = vi3 = 0.3, G2 = 3.30E+09 Pa and Gy3 = Gi3 = 2.70E+09 Pa. The main spar was modelled
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Figure 5: a. Control Surface interior, asymmetric sandwich panel close-up. b. Control Surface section representation.

as an "I-section" beam, as schematically shown in Figure 5b. The laminate stacking sequence for the four mentioned
components, with reference to the global coordinate system of Figure 4, is reported in Table 2.

Table 2: Laminate stacking sequence. t,;, = 0.32mm.

Top/Bottom Skin  [(0,90)/(x45)/(0,90)], [0] [(0,90)/(£45)/(0,90)]
Working Skin Core Stabilizing Skin
Main Spar [(£45)/(0,90)]2s [(+45)/(0,90)21;
Web Cap
LE Skin [(0,90)/(£45)/(0, 90)];

The pressure coeficient ¢, acting on the control surface’s outer skins was retrieved numerically using the panel method.
More specifically, the open-source software XFLRS was used to analyse the wing’s airfoil first and then the behaviour
of the control surface. In this early study stage, constant pressures (represented by the average c,, values, as reported in
Figure 6) are uniformly applied on the upper and lower skin surfaces.

v= 141. m/s, a=2.0°
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Figure 6: Variation of the pressure coefficient ¢, as a function of the normalised wing’s chord position x/c,,,. Mean
values on the control surface’s upper and lower skins.
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As depicted in Figure 4, five hinges connect the control surface to the main wing, allowing the surface to be deflected.
Therefore, the boundary conditions are completed by imposing displacement constraints on the hinge surfaces, rep-
resented by the yellow surfaces in Figure 7 Right. The displacement constraints are defined with respect to the two
cylindrical coordinate systems depicted in Figure 7 Right, where u,, u,, and u, correspond to the radial, tangential, and
axial displacements, respectively.

U, =0, u, =free,u, =0
B u.=0u =free,u,=0
. P, = 0.5pv2cpup

IE' P, = 05pvicy,

Figure 7: FEM Analyses Boundary Conditions. Left: Pressures on the upper and lower control surface skins (C & D
areas). Right: Hinge detail, boundary conditions (A & B areas).

Figure 8 presents the contour map illustrating deformation along the z-direction specifically for the honeycomb confi-
guration. As expected, the central area of the lower surface between the control surface ribs exhibits the highest degree
of deformation due to the c,, values retrieved. In terms of overall deformation, no significant differences are observed
among the contour maps for the remaining three core configurations. The sandwich structure experiences membrane
stresses on its external skins, while the core primarily endures shear stresses as a consequence of the imposed load and
boundary constraints. However, in this global analysis, the use of an equivalent homogenised core limits the extraction
of relevant information regarding the core itself as the stresses would lack physical meaning. Consequently, the results
focus on the displacements along the z-direction to compare the overall rigidity of the structure.

L: Global HEX

Directional Deformation - z

Type: Directional Deformation(Z Axis)

Unit: mm >< v

Global Coordinate System
Time: 1s

Max: 0.29503

Min: -0.044436

0.29503
0.25731
0.21959
0.18187
0.14415
0.10644
0.068718
0.031
-0.0067179
-0.044436

Chord path

Figure 8: Directional deformation z-direction [mm]. Left: Whole structure. Right: Maximum deflection on lower skin
detail.

Figures 9 and 10 compare the directional deformation along the z-direction for the upper and lower skins of the four
examined lattice cores as a function of the control surface chord and span, respectively. In both cases, the honeycomb
core experiences the lowest deformation resulting in a stiffer structure than the other lattice cores, while the WBCC1
experiences the highest deformations. As evidenced in Figures 9 and 10, the four suggested core topologies are
equivalent for the z-directional deformation as a function of the chord on the upper skin due to the low ¢, value
retrieved on the upper skin. On the contrary, a maximum difference of 7% is measured between the hex and WBCC1
configurations on both the directional deformations along the chord and the span for the bottom skin.

From the WBCC1 and WBCC?2 curves, it is interesting noticing that the cell orientation modifies the rigidity of the
structure, thus suggesting the possibility of tailoring the overall behaviour of the structure. Rotating the WBCC cell so
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that its 3" direction is aligned with the control surface’s chord reduces the stiffness perpendicular to the skin. However,
due to the imposed load, this is not relevant to the overall rigidity of the structure as the core withstands mainly shear
deformations vy,, and y,,. In the WBCCI configuration the shear moduli G»3 and G 3 contribute to the panel rigidity;
by rotating the WBCC cell the higher shear modulus G, is activated instead of G»3.
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Figure 9: Comparison of the directional deformation along z-direction as a function of the control surface chord for the
four lattice cores.

-~ Hex
— BCC
—- WBCC1
03071 Bottom Skin — wacc?
= 0.25
E
=)
0.20
s A% I
4
0.15 Top Skin
3500 4000 4500 5000

Span [mm]

Figure 10: Comparison of the directional deformation along z-direction as a function of the control surface span for
the four lattice cores.

4. Conclusions

The present paper compares the overall response of a control surface of a new-generation tiltrotor using different
cores for its sandwich panels. A standard honeycomb and three strut lattice cores were analysed: Body-Centered-
Cubic and a sine-Waved-Body-Centered-Cubic with two different orientations. The numerical analyses consider two-
dimensional components and use homogenised cores to drastically reduce the computational effort. Since the use of

the homogenised core loses information about the stresses within the core, the deflections of the whole structure were
considered as a comparative means.
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The findings revealed that the standard honeycomb core has the highest rigidity in contrast with the WBCC1 core
configuration, which resulted in the highest deformation. However, the orientation of the unit cell is shown to influence
the overall rigidity, thus giving the ability to tailor the mechanical response of the component. Furthermore, the free-
form tailoring ability of additive manufacturing technologies and the ability of strut lattice components as energy
absorbers or heat dissipators make these structures particularly interesting and worthy of further research.

Future investigations aim to optimise the cell performances considering different orientations and construction param-
eters, such as the cell size or the waviness amplitude of the struts. Through a local analysis inside the sandwich core
with fully modelled cells, it would be possible to asset the stress field, thus comparing the influence of the different
cores topologies on the core-skin interface and the outer skins. Furthermore, understanding the stress distribution
within the sandwich structure would facilitate the design of topology-optimised structures, e.g. for iso-resistant design
approaches, incorporating cells with varying geometries.
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