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Abstract
Lattice materials can overcome the need of light and stiff structures in the aerospace industry. The wing leading edge is one of the most critical
parts for both on-board subsystem and structure features: it must withstand to the aerodynamic loads and bird-strike, integrating also the anti-ice
system functions. Nowadays, this part is made by different components bonded together such as external skin, internal passageways, and feeding
tubes. In the present work, a single-piece multifunctional panel made by additive manufacturing will be developed. Optimal design and
manufacturing are discussed according to technological constraints, aeronautical performances and sustainability.
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1. Introduction
Thermal anti ice is one of the most widely used groups of
anti-ice systems and have been extensively used for the antiicing since the advent of turbomachines [1]. Those systems are
installed in the leading edges of airplane to avoid the formation
of ice during flight. From theoretical point of view, icing
problem on aircraft or on wind turbine has been widely studied
[2,3,4,5,6]. An example of P180 [7] aircraft scheme of this
system is reported in Fig.1. Insufflating hot air behind the
external panels (such as leading edges of wing helicopters
blade) assure that the outer surfaces remain at a temperature
over ice formation point [8]. Those systems fulfil a vital
function: ice forming may cause an overweight on the wing or
lock the control surfaces with potential catastrophic effects
[9,10,11].
Other kind of anti-ices have emerged as powerful platforms:
over the literature is frequent to find proposal of novel piezo
electrical anti ice embedded in carbon fiber structures [12,13]
or microwave heating sources [14].

Fig. 1. Layout of P180 anti-ice system [7].

Recently, evidence of flying aircraft, such as the 787, suggests
that more electrical airplanes will install more frequently
combined power sources. By the way, one of the main obstacles
of that type of system is the great current that have to be
generated, which would require a revision of the generation
system of electrical power. Electro thermal anti ice system is
also associated with an increased risk of parasite current and
lightning risks.
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x Cell length: considering thermo-fluid requirements two cell
length had been imposed, of 5 and 7 mm each.
x Beam section radius.
x Shell thickness.
FEM geometry (cell type and length) was set-up through a
MATLAB code designed for automatize the FEM preprocessing as described in Fig 4.
Fig. 2. Panel section with focus on trabecular core.

Despite of it, there is little published data on novel thermal
anti ice: most of the papers published have not dealt with the
integration of thermal anti ice system inside of the primary
structures. The entire system is designed as multiple parts
added to the primary structure with joining, bolts or rivets. This
work traces the development of a novel system of anti-ice,
directly integrated inside the primary structure. This newpatented system [15] uses a lattice core as a heat exchanger, as
reported schematically in Fig.2.
Using this sandwich is possible to obtain a light and stiff
structure with a great internal thermal exchange surface.
Although this novel solution should be complicated to be
constructed and tested with traditional technologies, it is easy
to be manufactured in a single-piece with Additive
Manufacturing technology. In fact, Selective Laser Melting
(SLM) and Electron Beam Melting (EBM) can realize nonstochastic structures with controlled porosity.
Several papers describe the behaviour of such structures
using different material and different cell types, among others
[16,17]. The specific objective of this paper is to test different
models of cells type and different skin thicknesses to
understand which design variable affect mainly the mechanical
behaviour.
Data for this study were collected using an aerodynamic 2D
CFD tool, Xfoil [18], and a high-fidelity FEM structural code,
Optistruct. DOE approach has been utilized introducing Hyper
Study to speed up the analysis process. Due to practical
constraint, this paper cannot provide a comprehensive view of
all the aero-elastic behaviour but is intended to provide new
insights for further development.

Fig. 3. Cells type made with SLS, on the left BCCZ on the right BCC.
INPUT
Cell size
n° of cells in z direction
% of chord of anti ice
NACA type profile name

PROFILE
Generation of a wing profile
default lenght 1000mm

REMESHING
Equi spaced nodes over the profile with
linear distance ≈ cell size
node generation of outer surfaces

Xfoil
CFD Analysis with default outer
environmentr variables

LE
extraction of the nodes relative only to
the leading edges

FEM
writing of node list, connectivity and load
list in .fem formact

2. Material and Method
2.1. Model set-up
To establish whether of the design variable affects majorly the
mechanical resistance of the sandwich panel, a Design of
Experiment (DOE) has been designed. DOE method has been
applied through FEM simulations on a NACA profile, using
real loads from aerodynamic simulations. FEM model
considers the outer skins modelled as shells and the lattice core
made by beams. So that, DOE design variables considered in
the present work are:
x Cell type: from simple body centered (BCC) to body
centered plus vertical beams (BCCZ), as analyzed
previously in [19], reported in Fig. 3.

ANALYSIS
Analysis set up and DOE with minitab
and hyperstudy

POST
Post processing with hyperview
fitting and optimisation with
hyperstudy

Fig. 4. Set up routine.
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Fig. 5. (a) NACA 0015 profile with un-evenly spaced nodes; (b) original
nodes and evenly spaced nodes for the same profile.

The first step in this process was to declare the INPUT request
in a series of variable, such as NACA profile type, profile chord
length, cell size and number of layers to build in z direction.
The process reads this input file and automatically generates a
NACA profile with points unevenly spaced along the airfoil.
An example of NACA 0015 is reported in Fig.5a. This profile
will be the one of the internal skin of the sandwich panel.
After the generation of the sample profile, a remeshing phase
generates new nodes evenly spaced along the airfoil, with
distance equal to the cell length imposed before, as it can be
seen in Fig. 5b. Once the real nodes are created also the internal
one and the external projection of the outer skin are generated
in this routine.
Imposed the external nodes, it is possible to execute Xfoil and
to extrapolate the pressure coefficient for each node having the
simulation environment fixed as reported in Table 1.
Table 1. Imposed simulation conditions
Name
Value
Unit of Measure
Dynamic Viscosity 0.0000176
Pa s
Air Density
1.1117
kg/m3
Pressures
898
Pa
Altitude
1000
m
Sound Speed
336.44
m/s
Velocity
242
km/h
Mach Number
0.3
--Reynolds Number
450000
---

The simulation environment reflects the condition of a medium
size liner airplane or UAV HALE during climbing phase at
1000 metres of altitude at a true speed of 242 km/h. The
selection of this condition represents a real icing condition
where the system could be activated.

Fig. 6. (a) Leading edge panel with 5mm length; (b) Leading edge panel with
7mm length.

The final stage of the MATLAB routine is writing in
normalized format of the node list, the connectivity of the entire
panel and the load applied. It is important to remark that, for
the purpose of this work, only the leading edges were selected
(skimmed as a percentage of the chord length). Fig. 6 represents
a view of the two panel with different cell size.
The FEM analysis have been performed over a portion of the
entire profile relative to the leading edges, approximately at
50mm of chord length. Due to cell constraint, the length of the
two panels cannot be exactly of the length same.
Structural behaviour of the panel was assessed by a linear static
analysis and a modal analysis. Load conditions were those
related to Table 1 and boundary constraints were imposed to
avoid movements outside the plane and to reproduce riveting
of the panel with the remaining part of the structure. Structural
analysis set-up was made importing the model geometry
derived from the MATLAB in Hyperworks17, using Optistruct
as solver.
2.2. Doe set up
A DOE (Design of Experiment) was defined to analyse the
effect of the lattice-core characteristics (cell type and length)
on structural behaviour. For each cell length, the effects of
beam-section radius and the shell thickness were investigated
by means of a Central Composite Design (CCD), as reported
graphically in Fig. 7. It has been chosen to give evidence of
linear and non-linear effects, including interactions among
variables, also providing reliable response surface models,
suitable for design optimization [17].
Table 2 shows the CCD definition applied to beam radius and
thickness shell variables. Their values were set in the ranges of
0.35÷0.65 mm and 0.40÷1.00 mm, respectively.
Table 2. Used values of Beam Radius and Shell Thickness in CCD.
Run
1
2
3
4
5
6
7
8

9

Beam
Radius
(mm)

0.39

0.39

0.61

0.61

0.35

0.65

0.50

0.50

0.50

Shell
Thick.
(mm)

0.49

0.91

0.49

0.91

0.70

0.70

0.40

1.00

0.70

Fig. 7. Scheme for the CCD adopted.
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This DOE was replicated for two different cell types, reported
in Figure 3:
x Cell_1: body centred plus vertical beams, BCCZ;
x Cell_2: simple body centred, BCC;
and for two cell lengths, selected to take into accounts different
heat sections and related thermal constraints that are not
considered directly in this work. They are:
x length_7: cell length equal to 7 mm;
x length_5: cell length equal to 5 mm;
The study had involved 36 different simulations divided into
four sets, the first group by length and the second by type.
3. Results
In this section, the results obtained from the model set-up of
the simulations, both for finding the aerodynamic loads and the
structural responses, are presented together with the results
achieved by the four sets of DOE.
3.1. Aerodynamics loads
To assess which of the parameter influences majorly the
mechanical behaviour aerodynamic load had to be computed.
To fulfill this Xfoil has been used giving a profile paneling
conveniently generated from MATLAB with a spacing equal
to the cell length. To avoid the bias in load due to the external
augmented thickness of the 7 mm-case a reshaping of that
profile has been carried to uniform the section magnitude.
Polar graphs for the two cases are reported in Fig. 8 and 9.
As reported by the graphs, the Cp value has some noises in
the trend especially near to the leading edges where presents
some spikes. These numerical errors are imputable to the coarse
paneling and have been filtered in the post processing phase
with MATLAB.

3.2. Structural FEM analysis
DOE results were taken from FEM analysis, in particular
output was managed by Hyperstudy and related to the
following FEM responses:
x Maximum beam stress in the vertex of the profile and in
the most loaded constraint.
x Maximum displacement and shell stress of the structure, in
the middle section of the upper part of the panel.
Figures 10, 11 and 12 shows the contour of these responses
highlighting maximum values, comparing the deformed
structure to the undeformed one. Fig. 13 shows also the first
mode of the modal analysis. It was selected, together with total
mass, as the objective functions of the optimization problem
faced through the response surface achieved by the DOE.
3.3. DOE results
According to section 3.2, DOE results consist with 6x36
response evaluations, not entirely reported for sake of brevity.
Concerning stress responses both length_5 and length_7 has
the same behaviour changing beam radius and shell thickness.
Fig. 14 shows beam stress at the vertex, with cell_1 (BCCZ),
for the two different cell lengths.

Fig. 10. Example of displacement trend with the maximum displaced zone in
the black ellipse

Fig. 11. Example of shell stress trend with the maximum stressed zone in the
black circle.
Fig. 8. Polar diagram for 0015 profile with 5 mm paneling.

Fig. 9. Polar diagram for 0015 profile with 7 mm paneling.

Fig. 12. Example of beam stress trend and the two considered zones: @vertex
(red ellipse) and @upper constraint (black ellipse).
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Fig. 13. Example of the deformed shape for the first natural mode.

Fig. 14. Beam Stress @Vertex (in MPa) changing R-Beam and T-Shell for
the two lengths in cell_1 configuration.
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cell_2 type, passing from length_7 to length_5 makes the stress
increasing, due to the higher number of cells and elements that
produce a more rigid structure (with decreasing displacement).
Concerning mass of the structure, length_7 has higher
weight than length_5 since although it has more cells length_7
must have longer beams.
Concerning frequency of the first mode, length is the most
effective variable, moving the frequency from mean values of
3.7 kHz for the length_7 to mean values of 3.1 kHz for
length_5, while other variables are ineffective.
CCD made starting from a full factorial DOE, as the selected
one, allows to see interaction among variables. In our case, only
frequency is affected by interaction between shell thickness
and beam radius.
To obtain optimal discrete values of Beam Radius and Shell
Thickness, we decided to use fitting surfaces, in Hyperstudy,
for each one of the four-considered case. The variables had
been approximated, through a full quadratic least square
regression model, with surfaces, which track the trends already
described previously. With this method, we found relative
errors lower than the 5% between surfaces and DOE discrete
values.
These response surfaces are used as input for the
optimization algorithm to get the searched optimal values. We
used the Global Response Surface Method (GRSM), defining
two objectives:
x minimization of mass in order to have the lightest possible
structure;
x maximization of the first natural frequency in order to avoid,
as much as feasible, possible resonance effects.

Fig. 15. Maximum Shell Stress (in MPa) changing RBeam and TShell for the
two lengths in cell_1 configuration.

Fig. 15, instead, shows the same kind of analysis related to
maximum shell stress, obviously highlighting (by a comparison
to the Fig. 14) the dependence of beam stress from the Beam
Radius and the dependence of the shell stress from the Shell
Thickness.
Considering maximum displacement, length_7 provides a
minor influence of shell thickness both in case of cell_1 and in
case of cell_2. On the contrary, in case of length_5, principal
effects of shell thickness and beam radius are quite similar.
We can also observe a decrease of stress passing from the
cell_1 type to the cell_2. This can be explained considering that
the cell_2 implies a less rigid structure, transforming the given
energy (by the loads) more into displacement than into stress
compared to the cell_1 case. For an analogous motivation, in

Fig. 16. Maximum Displacement (in mm) changing Rbeam and TShell for the
two lengths and the two cell types.

Fig. 17. Example of one of the obtained Pareto fronts.
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Beam Radius
(mm)
Shell
Thickness
(mm)
Mass (g)
(Objective)
1st
Frequency
(kHz)
(Objective)
Max
Displacement
(mm)
Max Shell
Stress (MPa)
(Constraint)
Max Beam
Stress
@Vertex
(MPa)
(Constraint)
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Table 3. Optimal results.
Length_5
Length_5
Length_7
Cell_1
Cell_2
Cell_1
0.350
0.398
0,470

Length_7
Cell_2
0.496

0.517

0.449

0,400

0.400

3.084

2.836

4,110

3.811

3.191

3.154

4,008

3.968

0.691

0.772

0,538

0.604

172

185

191

180

329

263

275

230

the Pareto frontier of the problem, optimal solutions were
evaluated. To optimise mass and 1st frequency beam radius can
be set between 0.35 and 0.40 passing from cell_1 to cell_2_ in
case of length_5, from 0.47 to 0.50 in case of length_7. Shell
thickness, with the same type of progression, changed from
0.52 to 0.40.
In the next future, a multi-disciplinary optimization of the
lattice core will be introduced using extensive CFD methods
and lumped parameters to evaluate not only the mechanical
behaviours but also the thermal dynamic properties during
exercise and under deformations. At the end of the analysis
campaign, a real demonstrator will be build and tested in a wind
tunnel facility with temperature and humidity controls to verify
the effectiveness of the patented system.
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Also, two constraints had been defined in the optimization.
In fact, we decided to control beam (@vertex) and maximum
shell stresses, constraining them to stay under 400MPa,
considering it a safety threshold since the Yield stress assumed
for the considered material (Al7075) about 500MPa.
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example is reported in Fig.17). Obtained optimal results are
reported in Table 3.
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sandwich panel was investigated. It consists with a core made
by lattice structure and two outer skins, manufactured by
additive manufacturing. Aerodynamic loads were investigated
by Xfoil and applied to derive simplified FEM models. They
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