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Abstract

Composite sandwich materials are very common in structural uses for a wide range of applications in the aerospace and

automotive industry that require low weight, high bending strength, and high energy absorption. In general, the core of

the sandwich structures has a two-dimensional cellular structure, with a regular honeycomb geometry. While with

standard manufacturing processes the geometric structures are limited, the emergence of additive manufacturing pro-

vides alternatives to conventional designs. The aim of this work is to analyze and evaluate the effect of the core geometry

on the flexural properties of the structure. For that purpose, three different cellular configurations were considered,

namely regular honeycombs, lotus, and hexagonal honeycombs with Plateau borders. Four relative densities, with aver-

age values of 0.1, 0.25, 0.44, and 0.62, for each configuration, were studied. The flexural properties of cellular structures

were evaluated with three-point bending tests, both numerically and experimentally. A modeling approach of the tests in

the three configurations was performed, for two materials, polylactic acid and pure aluminum, by means of finite element

simulations. Fused deposition modeling was used to obtain polylactic acid samples for the aforementioned configurations,

which were experimentally tested to evaluate the mechanical response and the failure behavior of the cores. Results

differ with the geometry arrangement and showed a strong dependency with the relative density of the structures in the

flexural response in what concerns strength, stiffness, and energy absorbed. The arrangements studied present proper-

ties, which make them competitive with the traditional core structures for the same density. A promising agreement

between experimental and simulation results was obtained.
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Introduction

One of the major goals of structural design is to
achieve load-carrying structures as light as possible,
with high stiffness and strength. Sandwich composite
structures fulfil these requirements, due to their low
density, high strength, high energy absorption, and
relevant bending stiffness, and are suitable for use in
the aerospace, automotive, and train industries,
among others.1–5

Sandwich panels are structural composites that
consist of two skin faces separated by a thicker core.
The core contributes to increase the flexural stiffness
and to reduce the stresses in the panel. Cores may
consist of two-dimensional or three-dimensional cel-
lular material, respectively designated by honeycomb
or foam.1 Most of the honeycomb cores are made of
periodic hexagonal cellular structures.

Over the past years, the properties of the honey-
comb cores have been extensively investigated,1,6–9

complemented with research on the mechanical
response and failure behavior of sandwich panels
under bending or other loading conditions.10–15

Recently, new materials and new designs have been
in development to increase the core performance.
Although the most used core material is aluminum,
polymeric and natural base materials are becoming
more common, due to their density and flexibility in
the manufacturing process.16 Also, new core designs
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have been proposed to be alternatives to the conven-
tional hexagonal structures.17

Technical developments in advanced manufactur-
ing techniques, like additive manufacturing, opened
new opportunities to design and produce cellular
structures with complex shapes. The most common
method of additive manufacturing is fused deposition
modeling (FDM).18–21 In the FDM procedure a tem-
perature-controlled head or nozzle extrudes a part,
layer by layer. Adequate software controls the extru-
der movement. The head moves in the X–Y plane,
depositing material according to the CAD file and
shifts vertically in the Z plane to deposit new layers,
until all the part is generated.

From metals to polymers, several materials may
be used in the FDM process. Commonly used poly-
mers are acrylonitrile butadiene styrene (ABS),
poly(methyl methacrylate) (PMMA), poly(ecaprolac-
tone) (PCL), poly(lactidecoglycolide) (PLGA), poly-
etheretherketone (PEEK), and polylactic acid
(PLA).22–25 PLA is a biodegradable aliphatic polyes-
ter, with a wide range of applications from food
packaging to scaffolds for tissue engineering or ortho-
paedic fixation.26

In the present study, new core designs are intro-
duced for sandwich composite structures based on
the three configurations proposed by Ronan et al.27

Taking profit from the FDM process, plates with dif-
ferent arrangements were fabricated. Its mechanical
properties and failure behavior were investigated
through three-point bending (3PB) tests, either experi-
mentally, or with finite element (FE) models. For each
configuration, four relative densities with average
values of 0.1, 0.25, 0.44, and 0.62 were studied.
Simulations with different configurations, several rela-
tive densities, as well as with two different materials,
PLA and aluminum, were carried out. Experiments
were performed with PLA samples in an attempt to
validate the numerical results. The failure mechanisms
of the core due to the bending tests were identified and
discussed. The effect of the three configurations stu-
died on the flexural properties of the cellular core
structures was achieved.

Materials and methods

Materials

The samples were drawn with the 3D CAD program
SolidWorks (SolidWorks, 2002). The three studied
configurations consist of hexagonal honeycomb,
lotus, and hexagonal honeycomb with Plateau bor-
ders, as shown in Figure 1.

The relative density ��, which is a crucial parameter
for cellular solids, is the ratio of the cellular material
density divided by the density of the cell wall compact
material.1 The relative density of the arrangements
depends on the parameters l, t0, R, and r exhibited in
Figure 1. Each of the mentioned configurations has its
own equation to calculate the relative density.28

For each of the three configurations, four relative
densities were taken into account. Due to the differ-
ences between the structures, it is not possible to
obtain exactly the same relative density for all of
them. Table 1 presents the relative density of the 12
samples assembled into four groups, namely: A –
density varies between 0.086 and 0.106; B – density

Figure 1. Schemes of cellular arrangements: (a) regular hexagonal honeycomb, (b) lotus material, and (c) hexagonal honeycomb with

Plateau borders of radius r¼ 0.4� l (and relative density, ��& 0.2). The direction X3 is perpendicular to the X1–X2 plane.

Table 1. Relative density and simulation results for aluminum

geometries.

Geometry ��
�max/ ��
(MPa)

K/ ��
(N/mm) Ea / �� (J)

Honeycomb_1A 0.086 16.8� 102 3.08� 105 a 8.3� 10�1

Lotus_2A 0.101 17.2� 102 1.67� 104 0.13� 103

Plateau_3A 0.106 12.7� 102 0.99� 104 0.71� 103

Honeycomb_1B 0.223 7.59� 102 3.56� 104 2.47� 103

Lotus_2B 0.285 5.28� 102 3.84� 104 2.21� 103

Plateau_3B 0.243 7.00� 102 3.89� 104 2.32� 103

Honeycomb_1C 0.424 3.42� 102 4.88� 104 2.85� 103

Lotus_2C 0.454 3.48� 102 3.92� 104 2.18� 103

Plateau_3C 0.444 3.34� 102 5.47� 104 2.79� 103

Honeycomb_1D 0.612 2.49� 102 5.18� 104 1.96� 103

Lotus_2D 0.612 2.60� 102 4.33� 104 2.23� 103

Honeycomb_3D 0.632 2.36� 102 4.09� 104 1.93� 103

aThe value is very high due to numerical problems, since the load–

deflection bending curve does not present a clear initial zone.

2 Proc IMechE Part L: J Materials: Design and Applications 0(0)



changes between 0.223 and 0.285; C – density varies
between 0.424 and 0.454; and D – density has values
between 0.612 and 0.632. The structures will be nomi-
nated by the geometry type, Honeycomb_1, Lotus_2
and Plateau_3, or simply 1, 2 and 3, followed by the
previously defined density group, A, B, C, and D, in a
total of 12 examples.

The twelve quasi-two-dimensional samples were
created, when possible, with almost the same
number of cells, which gives cellular structures with
dimensions slightly different among each other,
around 140� 65� 10 mm3.

Group B configurations were chosen to be printed
by FDM, as they have almost the same dimensions.
Firstly, the specimens were processed by the software
CURA and then were printed in a Ultimaker 3 device.
The material used was PLA from supplier ESUN. The
extrusion temperature attained was 210 �C and the
layer thickness was 0.1mm. Parts were produced at
room temperature as the equipment has no closed
chamber. The infill density was set to 100% and the
inner and outer wall printing speeds were 60mm/s
and 30mm/s, respectively. Parts are built layer by
layer with the head moving in the X1 – X2 plane of
Figure 1, depositing material and moving perpendicu-
larly to the X1 – X2 plane to deposit new layers.

Finite element modeling

FE models were developed using ABAQUS finite
element software, version 6.16, to investigate the fail-
ure mechanisms of the structures under flexural
loadings.

The cellular structure was held between rigid
supports, being the lower ones fixed, while the upper
support moves down with constant velocity of
2.5mm/min. The final displacement was 2.5mm for
all the tests. A contact interaction with a friction coef-
ficient of 0.2 was applied.

Two cell wall materials, PLA and aluminum, were
evaluated. Materials were taken to be elastic-plastic.
The material properties namely density, Young’s
modulus, Poisson’s ratio, and yield stress, were set
as �¼ 1252 kg/m3, E¼ 1.5GPa, �¼ 0.36, and
�y¼ 20MPa, for the PLA,29 while for aluminum the
properties were taken as �¼ 2700 kg/m3,
E¼ 68.2GPa, �¼ 0.3, and �y¼ 100MPa.30–32

Cell walls were meshed with elements of type
C3D8R, i.e. linear brick, reduced integration.

The convergence test of the FE models was per-
formed to verify the mesh quality. The convergence
criterion was set to be less than 5% changes in the
highest von Mises stress. After mesh refinement, the
number of elements, e.g. in model Honeycomb_1B
was 25,960, while for model Lotus_2A was 305,460.

The load–displacement curves, the initial stiffness,
i.e. the slope of the linear region of curve, K, the
energy absorbed, Ea until maximum load, and the
maximum stress �max were obtained from simulations.

The force was assessed from the reaction force of the
upper support, while the deflection was taken as the
displacement of the elements below the same support.
Maximum stress �max enables to evaluate the strength
of a configuration.

Experimental tests

3PB tests were performed on an Instron 3369 univer-
sal testing machine with a load cell of 10 kN and a
cross-head speed of 2.5mm/min, using the Bluehill
Software. The lower span was 80mm. The load–dis-
placement curves, the initial stiffness, i.e. K, and the
energy absorbed, Ea until maximum load, were
assessed and the failure mode of the specimens was
evaluated. The applied force was measured by the
machine load cell. Tests were conducted following
ASTM D790 – 17 (Standard Test Methods for
Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials).

Results

Figure 2(a) exhibits the 3PB set-up used in the experi-
mental tests, while Figure 2(b) shows a FE model of a
honeycomb configuration.

Table 1 present the FE results obtained, for the
configurations made of aluminum. The parameters
were normalized with respect to the relative density.

An overall behavior of the different structures may
be taken from the analysis of the load–displacement
curves shown in Figure 3, for the three configurations
made from aluminum. It is clear that, for the same
displacement, the load increases with the density,
independently of the structure. For the honeycomb
and Plateau configurations, there is a large increase
in the load when the relative density increases from B
to C, while further increase in the density is not
accompanied by a substantial increase in load. The
lotus arrangement exhibits the highest load augmen-
tation when the relative density average increases
from C to D.

Another way of showing the FE results is exhibited
in Figure 4, where each figure corresponds to a rela-
tive density of the three arrangements studied. Only
for the highest relative density, i.e. density D, the
load–displacement curves are almost coincident for
the three arrangements (Figure 4(d)). The regular hex-
agonal configuration, honeycomb, experiences higher
loads, only in the case of the lowest density A,
whereas for density B undergoes the lowest load,
whilst for density C the load is in between the other
two arrangements. For density B, the higher loads are
carried by lotus configurations, whereas for density C
the major loads are supported by the Plateau
arrangements.

The flexural stiffness was not possible to calculate
in configuration Honeycomb_1A due to numerical
problems, since the load–deflection bending curve
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Figure 2. Three point bending (3PB): (a) experimental set-up and (b) numerical model.

Figure 3. Load–displacement curves obtained with simulations of aluminum configurations of (a) honeycomb, (b) lotus, and

(c) Plateau.
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does not present a clear initial zone. The highest value
of stiffness is attained, for relative densities average of
0.25 (B) and 0.44 (C), with Plateau configurations,
while for average density 0.62 (D) is the honeycomb
arrangement that prevails (Table 1).

Comparing the energy absorbed by the studied
configurations (Table 1), it is possible to state that
for densities around 0.25 (B) and 0.44 (C) the arrange-
ment that absorbs the higher energy is the honey-
comb, while the lotus configuration exhibits the
highest values for the density of 0.62 (D).

FE results for the aluminum maximum stresses
after the flexural loading (Table 1), show that the
lotus configurations present the highest values of
stress for relative densities A, C, and D, while for
density B the upper value is obtained in the honey-
comb arrangement.

The stress distribution within all tests performed
with aluminum is shown in Figure 5. Taking a careful
look at Figure 5, it is clear that the stresses are
higher in the struts making 30� with the direction X1

(Figure 1). The localization of the maximum stress
seems to be independent of the configuration and of
the density.

Figure 6 and Table 2 exhibit FE results of stress
after 3PB tests of honeycomb, lotus, and Plateau

configurations for PLA and relative density average
of 0.25. Maximum stresses are also located at the
struts that make an angle of 30� with the direction
X1, similarly with the aluminum behavior. An analysis
of FE results indicated, the stresses are almost the
same in the upper and lower surfaces of the plate,
which is subject to tensile stresses. If the material to
be tested was a uniform compact solid, the stresses at
the upper surface would be of the same value of
the lower surface, with a difference only in the
sign. However, as the cellular structure is not a
uniform compact solid, this accounts for a nonuni-
form stress distribution at the hexagonal cell wall
(Figure 6(d) to (f)).

FDM specimens made of PLA were experimentally
tested under 3PB and the failure surfaces are indicated
in Figure 7. Figure 7(a) to (c) shows the initial
deformation points, which are indicated with
arrows. In the honeycomb arrangement, the failure
seems to start at triple junctions, while for the other
arrangements, lotus and Plateau, the failure starts at
the struts of the structures.

In order to clarify the failure mechanisms, optical
observations of PLA samples prior and after 3PB tests
were undertaken. Observations of the undeformed
parts were only performed at the specimen surface,

Figure 4. Load–deflection curves obtained with simulations of aluminum configurations of honeycomb, lotus, and Plateau, assembled

by relative densities: (a) A samples, (b) B samples, (c) C samples, and (d) D samples.
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Figure 5. Finite element analysis of stresses, after bending tests of honeycomb, lotus, and Plateau configurations made of aluminum,

with four different densities (von Mises stress (MPa)).

Figure 6. Finite element analysis of stress after bending tests of: (a) honeycomb, (b) lotus, and (c) Plateau configurations for PLA and

relative density, ��& 0.2); (von Mises stress (MPa)); (d)–(f) components of normal stress in the three directions of the honeycomb

structure.

Table 2. Relative density, FE, and experimental results for PLA geometries.

Finite element Experimental

Geometry �� �max/ �� (MPa) K/ �� (N/mm) Ea/ �� (J) K/ �� (N/mm) Ea/ �� (J)

Honeycomb_1B 0.223 88.70 6.15� 102 1.37 4.62� 102 1.32

Lotus_2B 0.285 57.68 7.73� 102 1.39 6.16� 102 1.70

Plateau_3B 0.243 81.19 7.07� 102 1.45 4.93� 102 1.49
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as cutting the samples, would destroy the arrangement
of the filaments. The surface of undeformed parts
(Figure 8(1), 8(2)) reveals heterogeneities due to the
fabrication procedure, while Figure 8(3) confirms the
failure initiation zones shown in Figure 7. The ana-
lysis of the complete failed samples (Figure 8(4)) allow
for the hypotheses that the filaments were not com-
pletely uniform prior to deformation, along with the
presence of other defects, possibly small air gaps.

The experimental and the simulation force–dis-
placement curves may be compared in Figure 9.
There is the same trend in experimental and FE
results, with the lotus configuration exhibiting the
highest load, followed by the Plateau and finally, by
the honeycomb configuration. FE load–displacement
curves for PLA of Figure 9 are similar, apart from a
different scale, with Figure 4(b) obtained with
aluminum.

Discussion

Honeycombs formed by regular hexagonal cells are
the most widely used structures for sandwich panel
cores, due to their good out-of-plane properties and
their ability to be easily manufactured. Both strength
and stiffness of honeycombs are larger in the out-of-
plane direction when compared with the in-plane
properties.1

When loaded in the X3 direction, perpendicular to
the plane of Figure 1, cell walls are extended or com-
pressed. At an initial phase, cell wall deforms by elas-
tic bending, but after attaining a local yield stress,
they deform by elastic buckling (elastomers) or by
plastic collapse (plastic materials). The stress distribu-
tion in honeycombs is not easy to calculate as each
cell wall suffers a nonuniform deformation due to the
constraints imposed by the neighbors.1 Exact calcula-
tions are only possible with the aid of numerical
methods.

Although the use of honeycomb structures is gen-
eralized, other cellular configurations may be used to
increase the core performance. In the present work,
three configurations, honeycomb, lotus, and Plateau
were studied. The FE method is applied to predict the
mechanical response of plates produced with different
arrangements and with different relative densities.

The qualitative shape of the load–displacement
curves was unchanged for the three configurations.
All the curves consist of a linear part followed by a
nonlinear region. It may be assumed that the second
part of the curve is associated to the damage, i.e. to
localized plastic collapse of some cell walls, as in some
elements, the stress may be higher than the yield stres-
ses, originating local collapse.

Among the range of densities evaluated, there is
not a single configuration that provides the best mech-
anical results with respect to strength, stiffness and
energy absorption. A strong dependency of the rela-
tive density was found, with the three configurations
competing among each other.

The core material has a significant role in the
behavior of the sandwich panel. Generally, in indus-
trial cases, the material used in the core of honey-
combs is aluminum, which has been featured in the
present investigation. However, the use of a polymeric
material, PLA, provided load–displacement responses
similar to the ones of aluminum, apart from the values
involved.

For the three types of arrangements, one may con-
jecture only the effect of the geometry on the deform-
ation behavior. Theoretical approaches indicate that
during the deformation of a honeycomb structure,
there is a high level of local stress at the vertices/
triple joints.27 The lotus arrangement may be con-
sidered as a prismatic porous solid for which the
deformation occurs by necking at the vertical
walls.27 The Plateau configuration differs from the
lotus one as a portion of uniform cross-section

Figure 7. PLA samples after 3PB tests (a), (d) honeycomb, (b), (d) lotus and (c), (f) Plateau, with relative densities around 0.2: (a) to

(c) initial deformation; (d) to (f) complete failure. Arrows indicate the beginning of the deformation.
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exists at mid-length of the struts, but possesses an
accumulation of material at the vertices, i.e. at the
Plateau borders.27 Comparing the theoretical mechan-
ical properties of the three arrangements, one would
expect that the stiffness, energy absorption, and
strength would increase in the sequence honeycomb,
Plateau, and lotus.

Numerical results and experimental data have
been compared for PLA samples fabricated by
FDM. This comparison has not only been based

on a load–displacement curve, but has been exempli-
fied by photographical images of the localization of
deformation. Although, in experiments of the honey-
comb structure, failure begins at the triple junctions as
sharp edges are stress concentration areas, this was
not replicated by FE results. For the lotus and the
Plateau arrangements, failure starts at the struts men-
tioned previously, which is in accordance with FE
simulations. In fact, the presence of Plateau borders
reinforces the triple joints that are no longer

Figure 8. Optical microscopy observation of PLA samples prior and after 3PB tests: (a) honeycomb, (b) lotus, and (c) Plateau, with

relative densities around 0.2 (a scale bar was added to make possible the calculation of the magnification). 1. Lateral section with

filaments perpendicular to the X3 direction before testing. 2. Upper section prior to testing. 3. Initial deformation at the upper section.

4. Failed cross-sections.
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concentrating stress, which is also accomplished in the
lotus structure.

Differences between the experimental and FE
results in configurations fabricated in PLA may be
due to manufacturing procedure. Specimens were
obtained by FDM, with a layer-by-layer method,
giving rise to samples with mechanical properties
lower than the ones exhibited by compact structures
obtained by conventional methods. To account for
the manufacturing method, authors evaluated the
mechanical parameters of PLA printed parts by
FDM29 and used those mechanical parameters instead
of the ones from the compact solid PLA.

Although the infill parameter was set to 100%, one
would expect the presence of small air gaps, as well, as
other defects due to the heterogeneity of the filaments
thickness. Defects reduce the strength of the structure
and will be originators of failure surfaces.
Nevertheless, geometry also plays an important role
in the failure mechanism and one may conjecture that
failure starts at defective zones that are present, at the
lower thickness edges in lotus and Plateau, and at
sharp edges for honeycomb arrangements.

Conclusions

Two innovative configurations for core sandwich
composites were designed, simulated numerically,
experimentally tested, and were compared with the
conventional honeycomb configurations.

FE models were developed to predict the failure
behavior of the arrangements under flexural loading.
In general, a good agreement was found between FE
analysis and experimentally observed failure localiza-
tion results.

The mechanical properties of the three configur-
ations studied depend on the geometry arrangement
and, moreover, were extremely sensitive to the relative
density of the structure. For example, results (Table 1)
showed that for the same relative density C, lotus sus-
tains the highest bending strength, while Plateau exhi-
bits the highest stiffness, and the highest absorbed
energy is obtained with a honeycomb structure.
However, results obtained with density D (Table 1),

reveal that lotus has the highest flexural strength and
the highest absorbed energy, while honeycomb shows
the highest stiffness.

A promising agreement between the mechanical
experimental behavior of the configurations studied
and the simulation results for specimens made of
PLA was found.

The two proposed configurations provide an effect-
ive answer to the needs required for sandwich cores.
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