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This paper investigates the differences in structural response of lightweight
internal structures using finite element (FE) simulation to provide quantitative
comparison of the advantages of each type of structure. Various configurations,
corresponding to different amounts of weight savings, were studied under
distributed pressure loading and bending moment loading conditions. It was
found that for configurations with less weight savings, the kagome possesses
better performance than the honeycomb structure. However, as the amount of
weight savings increase, the trend was observed to be reversed, with the
honeycomb structure providing much better performance than the kagome
structure. In general, it was shown that the honeycomb structure possesses better
performance than the kagome structure under cantilever loading conditions.
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1. Introduction

In the design of structural components, we often have to strike a balance between form,
functionality and costs. Higher utilization of materials yield better structural properties,
but increase weight and thus production and operational costs. On the other hand, weight
reduction would lead to higher cost efficiency, which however, compromises structural
integrity.

Depending on the geometry, the core material can be classified as foam or lattice
structures. Foam structures are of stochastic nature and hence possess a certain degree of
randomness. On the other hand, lattice structures possess very regular configurations,
displaying tessellations of particular unit cells. Generally, lattice structures have
properties that are superior to other structures which make them viable for use in an array
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of applications, such as flexible actuation [1], heat exchangers [2], heat transfer
enhancement [3] and energy absorbers [3-5].

While there have been may works studying and characterizing different types of internal
structures, such as the honeycomb structure [5-8], the kagome structure [9, 10] and rib
and spar structure [11, 12]. There exists very few literature comparing the relative
performance of the different types of internal structures, with the exception of the recent
work by Li and Wang [5].

In this paper, we will study the different kinds of core structures, focusing on regular
lattice structures. This allows a deterministic approach as compared to irregular structures
which require a stochastic approach. Both 2D and 3D lattice structures will be
investigated to determine which lattice structure is able to fulfil the requirements
mentioned by performing structural analysis using finite element modelling on shortlisted
lattice structures chosen based on previous studies by researchers and using the results
obtained for justification.

2. Numerical model

2.1. Lattice structures to be investigated

In the current work, we focus on the regular lattice structures, which can be analyzed in a
deterministic approach, as compared to irregular structures which require a stochastic
approach in the analysis. Both 2D and 3D structures will be investigated using
commercial finite element software ANSYS Workbench.

Studies have shown that lattice-based open-cell structures have higher specific strength as
compared to closed-cell structures and are in general more effective for compression as
well as bending [13] which is crucial in the design of the internal structure of a wing.

Amongst the existing open-cell structures, several studies have indicated that the kagome
structure has been superior in its properties. Results from a study on lattice structures
which have high values in elastic performance - 3D Kagome, Hexagonal Diamond and
3D Pyramidal Structure - showed that the 3D Kagome structure does have the highest
load capacity among the three truss structures, being able to withstand the highest
compression stress of 0.65 MPa at a strain of 3.8% [13]. Another study on the
compression for tetrahedral and kagome cores also showed that the kagome structure, in
particular, has a greater load capacity and has shown to be a superior structure for ultra-
light panels [14].
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Amongst the closed-cell lattices, the honeycomb structure is well known for its strength
and advantages in being light-weight. The honeycomb structure has high strength-to-
weight ratio and has good compressive strength, resulting in applications in a wide array
of fields spanning engineering to medicine [15]. Some applications of honeycomb
include enhancing heat transfer [3], Currently, in wing designs, laminated honeycomb
panels are being used as the stress skins due to the mentioned advantages in its strength
and weight. The honeycomb structure is also being utilized in other parts of the wing as
well such as the leading edge.

As such, the honeycomb structure is chosen to be structurally analyzed alongside the
Kagome lattice structure for this work. Figure 1 shows the unit cells of both internal
structures.
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Figure 1: Unit cell of (a) kagome structure and (b) honeycomb structure.

The kagome and honeycomb structures, representing 3D and 2D lattice structures
respectively, will be varied based on size parameters, keeping volume constant for a
direct comparison between the two types of structures. Both the lattice structures will be
sandwiched between skins with thickness of 1 mm. The overall size of the models will be
50 mm by 43.30 mm by 8§ mm. A length of 50 mm was chosen based on a scaled
dimension of the length of the actual wing of the UAV. The width of 43.30 mm was
dimensioned based on the number of unit cells in each model. A nominal height of 8§ mm
was chosen. More details on the dimensions of the unit cells to be compared are
illustrated in the following sub-sections.

2.1.1. Kagome Lattice Structure with Vertical Trusses

Experimental results from a study on the compression of kagome structures have shown
that the addition of vertical strands offer much more attractive mechanical properties
[16]. Therefore, vertical strands will be included in the unit cell of the kagome structure.
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This difference of a lattice structure with and without the vertical strands is represented
visually in Figure 2.

(a) (b)
Figure 2: Comparison of modified Kagome structures with (a) no vertical strands, and (b) added vertical
strands.

Figure 3 shows the detailed dimensions of the kagome structure that will be used. For this
lattice structure, the diameter, D, of the individual rods will be varied. Table 1 then
summarizes the variation of the diameter as well as the corresponding volumes of the
structures to be tested.

(a) )

Figure 3 (a) Isometric projection and (b) dimensions of kagome sandwich panel.

Table 1: Parameters of kagome lattice structures.
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Configuration Diameter, D (mm)  Volume (mm?®)

1 3.10 10551.08
2 2.60 9029.38
3 1.95 7180.16
4 1.15 5380.16

2.1.2. 2.4.2 Honeycomb Structure

The following CAD drawings show in detail the honeycomb structure that will be used.
For this lattice structure, the distance between two parallel sides of the inner hexagon,
labelled as dimension ‘A’ will be varied. Table 2 summarizes the variation of the
parameter ‘A’ as well as the corresponding volume of the structure to be tested.
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(a) (b)
Figure 4: (a) Isometric projection and (b) dimensions of honeycomb sandwich panel, with greyed area the unit
cell of the honeycomb structure.

Table 2: Variation of dimension 'A' and volume of honeycomb lattice

Configuration Parameter A (mm)  Volume (mm?)

1 18.0 10586.29
2 20.0 9006.66
3 22.0 7260.76
4 24.0 5348.57

2.2. Material properties

Linear isotropic elastic material properties based on Acrylonitrile Styrene Acrylate
(ASA) are assumed in the simulation of the lattice structures, with Young’s modulus of
1.6 GPa and Poisson’s ratio of 0.331.
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2.3. Loads and boundary conditions

The sandwich structures are tested on cantilever boundary conditions and subjected to
two types of load cases. The first being a distributed pressure load, much akin to the
aerodynamic load distribution found on aircraft wings, which are generally distributed
elliptically spanwise.

This normal stress then causes a bending moment acting on the wing. This results in
bending of the wing which leads to compressive and tensile stresses between the top and
bottom surfaces.

The models are given cantilever boundary conditions, simplifying the conditions
experienced by an aircraft wing. In addition to a spatially distributed pressure load, the
effects of a bending moment load are also studied. Figure 5 provides a visual
representation of the boundary condition and loads.

BENDING
MOMENT

(a) (b)
Figure 5 : Loads and boundary condition for (a) distributed pressure load, (b) bending moment load.

Figure 6 shows the pressure distribution applied on the structure, equivalent to a lift force
of 20N while the resultant moment applied is 0.465 Nm.



An investigation into internal load bearing structures

10 T
8 \\
;-“? -
x 6
g
5 -
a
o 4
o

0.00 0.01 0.02 0.03 0.04 0.05
Z(m)

Figure 6: Pressure distribution along the length of the models
3. Results and discussion

3.1. Distributed pressure load

Figure 7 and 8 show the displacement, equivalent stress and equivalent strain response of
both sandwich panels with Configuration 1 under distributed pressure loading and
bending moment loading respectively. These responses are representative of the general
reponses for all four volume configurations investigated.

Kagome Honeycomb

Total deformation
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Equivalent plastic strain

Equivalent stress

Figure 7: Typical response of kagome sandwich panels under distributed load

Kagome Honeycomb

Total deformation
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Equivalent plastic strain

Equivalent stress

Figure 8 Typical response of honeycomb sandwich panels under bending moment

It is observed that the maximum deformation for both cases occur at the free-end of the
model while the equivalent stress and strain however occurs at the supported end. These
general results are expected responses of cantilevers under similar loading.

Table 3 and 4 provide comprehensive summaries on the results obtained from the

structural analysis with pressure loading applied and bending moment applied,
respectively.

Table 3 Summary of data for structures under pressure loading

Conficuration Max. Total Max. Equivalent Max. Equivalent

g Deformation (x10# m)  Elastic Strain (x107?) Stress (MPa)
Honey- Honey- Honey-

Kagome comb Kagome comb Kagome comb

1 1.73 1.88 1.49 1.46 2.09 2.32

2 1.91 2.16 1.88 1.55 2.58 2.47

3 227 2.54 2.12 1.90 2.87 3.03

4 3.50 3.28 5.11 2.65 7.88 4.23
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Table 4 Summary of data for structures under bending moment loading

Confieuration Max. Total Max. Equivalent Max. Equivalent
g Deformation (x10# m)  Elastic Strain (x1073) Stress (MPa)

Honey- Honey- Honey-

Kagome comb Kagome comb Kagome comb

1 2.82 2.07 1.31 1.31 2.09 2.10

2 2.99 2.84 1.36 1.39 2.18 2.22

3 3.18 3.05 2.34 1.55 3.40 2.47

4 3.33 3.20 6.88 3.17 9.17 4.23

Generally, the honeycomb structure is shown to provide better performance as compared
to the kagome structure. This is despite some interesting observations observed in the
deformation and stress results. Under distributed pressure loading, it can be seen that the
maximum total deformation in the honeycomb structure exceeds that of the kagome
structure up to the third configuration while for the structure with the least volume, the
honeycomb structure outperforms the kagome structure. This is likely due to the hollow
section in the honeycomb lattice being much larger than that of the kagome lattice, which
can be inferred from Figure 7, where the maximum deformation occurs at the hollow
region. This concentration of excess deformation is less evident in the kagome structure
due to the presence of more trusses per unit volume of the unit cell and is thus able to
better resist deformation of the skin.

The maximum equivalent stress experienced by the structures under both types of
loadings shows similar trend, where the performance of the honeycomb structure only
outperforms the kagome structure when the volume of the models decreases. In this
comparison, however, the stress per volume experienced by the kagome is about double
that of the honeycomb in the fourth volume configuration which further proves the
honeycomb’s performance under loadings is much better than that of the kagome,
especially when the volumes of the models are small.

Comparing maximum strain results, the honeycomb structure shows consistently better
performance than the kagome structure in all test cases except for the case of
Configuration 2 under bending moment load. Furthermore, the gap in performance of the
structure widens as total volume decreases, giving strong evidence of the superiority of
the honeycomb structure over the kagome structure, especially as structural weight is
continually being decreased.

4. Conclusion

This paper has investigated the performance of two types of lightweight internal
structures, namely the honeycomb structure and the kagome structure, to provide a
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quantitative comparison between the two different types of structures. The investigation
was performed on four weight configurations of honeycomb and kagome structures
constrained by cantilever boundary conditions and subjected to pressure and bending
moment loads. Analysis was conducted using finite element simulations through
commercial finite element software ANSYS.

It was found that in general, for the same weight, the honeycomb structure outperforms
the kagome structure. It is able to better resist the bending moments, especially when less
material is being used, as seen from the smaller maximum deformation and strain values.
In addition, for the same loads, the maximum stress in the honeycomb structure is
generally lower than in the kagome structure. This is especially so when smaller volumes
are involved. This implies that the honeycomb wing structure is able to withstand larger
loads prior to the point of material failure.
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