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Abstract 
Sandwich panels have been widely used in many engineering applications where saving weight whilst 
maintaining high strength and stiffness is crucial. The increase in use of these structures highlights the 
need for a detailed study and development of new structural typologies to upgrade mechanical 
properties such as stiffness, strength and energy absorption. The sandwich panel cores are man-
made cellular materials. The most common core is the two dimensional regular hexagonal cell shape, 
labelled honeycomb which has been used as the baseline of this study. Two new bioinspired natural 
structures were developed to find improvements in the performance of sandwich panel cores, 
particularly in the in-plane properties. Among all the large amount of structures that nature provides, 
enamel and bamboo were chosen. The compressive and flexural properties of these two innovative 
cellular structures were assessed and compared against the classic honeycomb. To carry out this 
comparison, all the arrangements were numerically simulated with the Abaqus software for different 
relative densities. Finally, the fused deposition modelling (FDM) technique was used to print some 
selected samples in polylactic acid (PLA) that were experimentally tested. The ultimate goal of this 
methodology was to validate the results from the finite elements simulations with experimental data. 
Results show that the mechanical properties depend on the core geometry and have a strong reliance 
on the relative density. Finally, for the same relative density, the bioinspired natural structures 
compete with the traditional core structures in what concerns to strength and stiffness. 

Key-words: Cellular structure, compression test, three point bending test, numerical simulations, 
FDM. 

Introduction 
Sandwich composite panels are structures that 
combine strength, toughness, stiffness and 
energy absorption with low weight. Sandwich 
panels have been widely used in a range of 
applications in mechanical and aerospace 
engineering and they are composed by two 
stiff face sheets separated by a different type 
of thicker core. The core is, in general, 
synthetic cellular material which can be either 
honeycomb (2D) or foams (3D) [1]. The most 
extensively used core structure is the regular 
hexagonal honeycomb. 

In the last years, many investigations have 
been carried out to study and analyse the 

properties of the honeycomb as a core under 
bending, compression or other loading 
conditions [1–3]. 

More recently, new core designs have been 
developed in order to enhance some 
properties of the classic honeycomb core [4,5]. 
Bioinspired materials are materials that mimic 
natural structures. In fact, nature can be a 
source of ideas to create new core designs. All 
these complex shapes can be produced thanks 
to the additive manufacturing. 

The aim of this paper is to develop new 
bioinspired cellular honeycomb structures, 
enamel and bamboo structures that will be 
compared to the baseline honeycomb 
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configuration. A study of the mechanical 
properties, compression and bending of 
several arrangements is performed. 

Material and methods 
For the purposes of this research, three 
different cellular structures were designed in 
order to analyse the effect of the geometry in 
the mechanical properties by carrying out 
compression and three point bending tests. 
Both simulations and experiments were 
conducted for samples with different densities.   

Numerical simulations using the finite elements 
method (FEM) software ABAQUS were 
performed. Finally, some samples were 

chosen to be printed by fused deposition 
modelling in polylactic acid (PLA). The printed 
samples were used to make experimental tests 
in order to compare with the results obtained in 
the numerical simulations. 

A total of twenty four models (four for each of 
the three configurations, and for two tests) 
were created using the CAD software 
Autodesk Inventor 2016. The three 
configurations are represented in Figure 1 and 
Figure 2. The samples were built symmetrically 
with approximately the same size when it was 
possible. For the compression test the 
dimensions were around 136 x 118 x 10 mm3 
and for the 3PB test around 140 x 65 x 10 
mm3. 

Figure 1: Non-graded structures, (a) honeycomb, (b) enamel. 

 

Figure 2: Graded structures, (a) bamboo_2 arrangement, (b) bamboo_1 assembly. 

 

Material 
The material used in the simulations and in the 
rapid prototypes of the cells was poly lactid 
acid, known as PLA. PLA is a high-modulus, 
high-strength and thermoplastic polymer that 
can be efficiently manufactured on standard 
plastic devices to yield molded parts. In 
addition, PLA is a renewable and 
biodegradable aliphatic polyester with a large 
application field [6]. 

The most relevant PLA properties for the 
current study was the density, the elastic 
modulus (Young’s modulus), Poisson’s ratio 
and tensile strength being their values, ρ =
1252	 𝐾𝑔 𝑚*⁄ , 𝐸 = 1500	𝐺𝑃𝑎, 𝜐 = 0.36 and 
𝜎6 = 20	𝑀𝑃𝑎 [7]. 
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Finite elements modeling 
The numerical simulations were carried out 
using the software ABAQUS, version 6.14-1, a 
program that uses the finite elements method 
(FEM) to make all the calculations. In this way 
the structural analysis under compression and 
flexural loadings were made. 

The assemblies for both tests are exhibited in 
Figure 3.  For the compression test plates, the 
inertias were used, being for the upper plate 
0.275 Kg and for the lower plate 0.1 Kg. In 
addition, the upper support of the bending test, 
a displacement of -2.5 mm in the Y direction 
was assigned. The support span was taken as 
80 mm for all bending tests. In the upper plate 
for the compression test a displacement of -10 
mm in the Y direction was applied.  

A convergence study was performed in order 
to assign the size of the mesh for each 
configuration. The convergence criterion was 
set as 7% of the von Misses stress. It was 
assessed how the value of stress would 
change with the number of cells in the mesh, 
and seek to a compromise refinement of the 
mesh between the value of the parameters and 
the processing time spent in the calculation. 
The value that differed less than 7% between 
the maximum and the minimum was taken as 
ideal global size. Increasing the mesh size, it 
will not provide significantly different stress.  

 

Figure 3: Experimental set-up for bending (a) and 
compression (c) tests, and numerical models for 

3PB (b) and compression test (d). 

Experimental test 
In order to validate the results obtained in the 
numerical simulations, four samples were 
selected for each test. For the compression 
test honeycomb C, enamel C, bamboo_1_16 
and bamboo_2_18 were chosen and for the 
3PB test honeycomb C, enamel C, 
bamboo_1_14 and bamboo_2_18 were picked. 
The relative density for the mentioned samples 
is given in Table 1. 

The starting point of the 3D printing process is 
the CAD file where the geometry to be build is 
made, Autodesk Inventor was used. Then, the 
CAD file needs to be converted to STL file in 
order to have the layer information that is going 
to be printed using the software CURA. Finally, 
the STL file is sent to the Ultimaker 3 3D 
printer where the object is built layer by layer 
until the part is completed. 

The material used to create the samples was 
PLA from the supplier ULTIMAKER with a 
printing temperature of 210 ºC and layer height 
of 0.15 mm. The built plate temperature was 
80ºC. All parts were created at room 
temperature as the printer has no closed 
chamber. The printer speed to make the inner 
and outer wall was respectively 40 mm/s and 
30 mm/s. The 3D printer had problems in the 
graded structure and the infill density 
parameter was not used since the filament 
arrived very hot to the nozzle preventing the 
correct print. Instead of using the infill density 
parameter, the command Line Wall Count with 
value 3 as an infill parameter was adopted. 

The equipment Instron 3369 was used to make 
the experimental process for both tests which 
has a load cell of 50 kN. For all tests, a 2.5 
mm/min cross-head speed for the upper plate 
or upper support was defined. 

The compression tests were carried out 
according to the standard/normative ASTM 
D695 – 15 test (Standard Test Method for 
Compressive Properties of Rigid Plastics) [8]. 
Similarly, the three point bending test was 
performed following the standard/normative 
ASTM D790 – 17 (Standard Test Methods for 
Flexural Properties of Unreinforced and 
Reinforced Plastics and Electrician Insulating 
Materials) [9]. 
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Results and discussion 
Compression test 

 

 

 
Figure 4: Finite element von Mises stress results (in MPa) after compression test for (a) honeycomb, (b) enamel 

and (c) bamboo, with different relative densities. 

Figure 4 shows the von Mises stress results for 
the three configurations studied. For the 
honeycombs samples, the maximum value of 
stress was obtained for the case of the relative 
density ρ=0.229, labelled honeycomb C. In 
views of the colour plots presented in Figure 4 
(a), there is no clear direct relationship that 
relates the relative density with the stress since 
the lowest relative density structure (ρ=0.086) 
presents much higher stress levels than those 
with relative densities ρ=0.106 and 0.125, but 
less than the configuration with the highest 
relative density of all the studied cases. This 

fact suggests that the maximum von Mises 
stress is highly dependent on the relative 
density, but there must be some other 
parameters that have a more relevant role. For 
the enamel arrangements the highest value of 
stress is achieved for the structure with relative 
density ρ=0.123, followed very close by the 
sample with density ρ=0.144. It is remarkable 
that for this configuration the maximum stress 
is not attained for the configuration with higher 
relative density. The four bamboo samples 
studied have more or less the same relative 
density but as it is a graded configuration, the 
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results change due to the different distribution 
of the thickness. In views of the colour plots of 
Figure 4 (c), it can be observed that for 
bamboo_1 structure, the middle cell presents a 
higher stress, being the maximum stress 50.29 

MPa for the model bamboo_1_14. Bamboo_2 
structure shows a stress distributed into more 
cells, having a maximum value for the 
configuration with relative density ρ=0.216. 

 

 
Figure 5: Load-displacement curves for (a) honeycomb, (b) enamel, (c) bamboo_1 structure, and (d) bamboo_2 

structure. 

The load-displacement curves (Figure 5) show 
a linear part continued by a nonlinear zone 
which is thought to be associated to the 
damage. Doubling the relative density average 
from 0.10 to 0.22 increases the applicable load 
over 5 times for honeycomb and enamel 
configurations. The enamel load-displacement 
curves present a maximum that is shifted 
towards the left hand-side of the curve as the 
density increases. Regarding the bamboo_2 
structure, the behaviour is the same for both 
studied cases, being the maximum load slightly 
larger for higher relative density. In bamboo_1, 
for almost the same relative density, the curve 
has a common initial load increment. However, 
despite the similar densities, the shape of the 
load-displacement plot largely differs, since 

one case follows the same trend that was 
mentioned for honeycomb and enamel 
structures and the other shows a curve that 
had not been seen before for any of the study 
cases. Another fact worth to highlight is that in 
this case the reduction in load after the 
maximum is 50%, a much larger difference 
than those observed earlier. 
 
For the honeycomb, enamel and bamboo_2 
structure, one can perceive the same 
response, as the relative density increases, the 
maximum stress decreases but the stiffness 
and the energy absorbed rise. For bamboo_1 
structure, the values of the parameters are 
slightly different, and considering that 
bamboo_1_14 and bamboo_1_16 have the 

(a) 

(c) 

(b) 

(d) 
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same relative density, the results obtained 
differ between configurations. The reason of 
this difference could be due to the way that the 
geometry changes in each structure. 

 
Comparing the two non-graded structures 
(honeycomb and enamel) for the densities 
around 0.10 (A), 0.12 (B) and 0.22 (C), it is 
observed that enamel can withstand higher 
stress, which indicates that enamel exhibits 
higher strength than honeycomb. Regarding 
the stiffness, honeycomb has higher values 
than enamel reaching the maximum for the 
density C. The energy absorbed is quite similar 
between these two arrangements. Finally, the 
maximum stress is achieved for the density D, 
and the higher initial stiffness and the energy 
absorbed values are reached for the maximum 
density studied C. 

Table 1: Normalized numerical simulation results by 
the relative density for the compression 
test.…………………………………

 

Bending Test 

Figure 6: Finite element von Mises stress results (in MPa) after 3PB test for (a) honeycomb, (b) enamel and (c) 
bamboo, with different relative densities. 

In Figure 6 (a) and (c) can be observed that 
the maximum stress is reached where the 
module has contact with the support and closer 
to the triple junction. Analysing the colours of 
the honeycomb configurations it can be said 
that for the samples D, A and B the lower part 
of the module which is in contact with the lower 
supports, the stresses are higher than the 
upper part of the module which is in contact 

with the upper support. Enamel samples with 
low relative density (A, B and E) have a low 
capacity of stress support in comparison with 
other configurations but, there is a huge 
increment of the stress when the density 
increases from 0.144 (E) to 0.222 (C) having 
the value 19.11 MPa. As enamel C carries 
three times more stress than the other 
structures, it was created another scale of 

 ρ (-) 
σvM/ρ 
(MPa) 

K/ρ 
(N/mm) 

Ea/ρ 
(J) 

Honeycomb D 0.086 512.46 208.37 6.386 
Honeycomb A 0.106 339.49 318.64 6.959 
Honeycomb B 0.125 290.70 449.53 7.873 

Honeycomb C 0.229 206.26 1981.54 11.947 

Enamel A 0.101 382.04 57.79 6.772 
Enamel B 0.123 358.67 404.38 8.191 
Enamel E 0.144 300.66 566.37 9.873 

Enamel C 0.222 224.64 1925.99 7.095 

Bamboo_1_14 0.205 245.18 1544.05 5.971 
Bamboo_1_16 0.202 219.98 1565.62 7.656 
Bamboo_2_17 0.225 198.10 1855.04 10.478 

Bamboo_2_18 0.216 222.21 1724.78 10.033 
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values. It is interesting to comment that the 
predominant colour in the stress figure is blue. 
This predominance of the blue colour means 
that most of the module is not under stress 
when the load is applied and there are small 

focalized areas that have the maximum load. 
The stress value for the bamboo structure is 
almost the same for the four samples, being a 
bit higher in the structure one with 19.31 MPa. 

 

 
Figure 7: Load-displacement curves for (a) honeycomb, (b) enamel, (c) bamboo_1 structure, and (d) bamboo_2 

arrangement. 

For every configuration there is an elastic-
linear response. Honeycomb is the 
arrangement that can reach the highest load 
value, having a large increment of this load 
when the density change from 0.12 (B) to 0.22 
(C). In honeycomb as the relative density 
increases, the load increase. In comparison 
with the other two configurations enamel does 
not have a good response in bending 
situations. In middle term of the load values 
are the bamboo structure. Bamboo_1 structure 
have the same relative density 0.196, this is 
the reason why the name is in the plot rather 
than the relative density. Having the same 
density, the sample that starts with 1.4 mm 
reach a bit more load.  

 

Table 2:  Normalized numerical simulation results by 
the relative density for the 3PB test. 

 ρ (-) 
σvM/ρ 
(MPa) 

K/ρ 
(N/mm) 

Ea/ρ 
(J) 

Honeycomb D 0.086 220.97 234.13 0.405 
Honeycomb A 0.106 181.09 206.36 0.389 
Honeycomb B 0.125 153.60 263.02 0.487 

Honeycomb C 0.229 85.31 593.77 1.732 

Enamel A 0.101 78.08 21.30 0.067 
Enamel B 0.123 54.20 11.88 0.038 
Enamel E 0.144 42.69 12.85 0.041 

Enamel C 0.222 85.97 144.01 0.446 

Bamboo_1_14 0.196 98.60 508.26 1.223 
Bamboo_1_16 0.196 98.47 417.68 0.876 
Bamboo_2_17 0.222 86.34 279.31 0.834 

Bamboo_2_18 0.213 89.89 302.43 0.874 

(a) 

(d) 

(b) 

(c) 



8 
 

This indicates, as it happened in compression 
test, that the increase of the cell walls in 
bamboo_1 structure plays an important paper. 
As it can observe in bamboo_2 structure the 
curve is the same with a slightly difference in 
the relative density.  

For honeycomb arrangements, as increase the 
relative density the maximum stress decrease 
but the stiffness and the energy absorbed 
heightened. This response cannot be observed 

in the other two structures. Comparing the 
maximum stress, bamboo_1 structures have 
the highest values whereas for the relative 
density around 0.22 honeycomb presents the 
lower value.  However, the maximum value of 
stiffness and energy absorbed is attained for 
honeycomb with a density (C). It is remarkable 
that enamel arrangement comparing to the 
others configurations does not have a good 
response in bending situations. For instance, 
the energy absorbed exhibit very low values.

Experimental test 
Compression 

 
Figure 8: (a) Load-displacement compression curves for (a) experimental results, and (b) FE results. 

 
Load-displacement curves (Figure 8) for 
experimental and FE results have the same 
trend, being the honeycomb sample the 
structure that reaches more capacity of load 
support in both cases. However, there are 
discrepancies between the experimental and 
computational results both in terms of trends 
and absolute values. It should be noted that 
the experimental data displays higher load 
values than the FE results. Differences 
between both plots can be due to the 
manufacturing process and the differences in 
the material that was used in the FE 
simulations and that was used to print the 
samples.  

Table 3: Experimental results for compression tests. 

 

 

Figure 9: PLA samples after compression test, (a) 
honeycomb C, (b) enamel C, (c) bamboo_1_14, and 

(d) bamboo_2_18. 

Figure 9 shows the samples after the 
compression test allowing to do an analysis of 
the failed samples by visual inspection. For the 
enamel instance, the finally failure does not 
appear in the same place where the maximum 
stress is attained in the numerical simulations. 
The same happened with the honeycomb 

 ρ 
K/ρ 

(N/mm) 
Ea/ρ 
(J) 

σmax 
(MPa) ε 

H_C 0.229 1957.69 16.35 1.05 0.049 
E_C 0.222 1732.08 10.39 1.23 0.071 
B_1_14 0.205 1414.32 8.57 0.65 0.043 

B_2_18 0.216 1215.73 6.83 0.54 0.050 
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configuration, as it broke in the corner instead 
of the triple junction where the maximum stress 
appeared in the simulations. These differences 
may be due to the printed samples defects 

such as air gaps or tilt of the walls. Although 
the final failure did not match the FE 
predictions, the deformation of the samples is 
similar.

 

Three point bending test 
 

  

 
 

Figure 10: (a) Load-displacement curves for (a) 3PB experimental results, and (b) 3PB FE results. 

 

Load-displacement curves exhibit the same 
response for both plots, experimental and FE, 
of magnitude, with the differences being attributable 
to the manufacturing process where the 
material is not printed homogenously having 
some air gaps inside the walls. 
 
 
Table 4: Experimental results for 3PB test. 

 
 
Finally, in Figure 11 one can see the failed 
samples after the three point bending test. For 
honeycomb, enamel and bamboo structure the 
failure starts at the points where the FE shows 
higher stress. However for bamboo_2 
arrangement, the failure occurs in the middle of  
the wall meaning that the failure was caused 
due to the air gaps.  

Figure 11: PLA samples after 3PB test, (a) 
honeycomb C, (b) enamel C, (c) bamboo_1_14, and 

(d) bamboo_2_1. 
 
 
 
 
 
 
 
 

 

 ρ (-) 
K/ρ 

(N/mm) 
Ea/ρ 
(J) 

Honeycomb C 0.229 453.650 1.401 
Enamel C 0.222 320.785 0.378 
Bamboo_1_16 0.196 252.137 1.134 
Bamboo_2_18 0.213 126.287 0.708 
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Conclusions 

This paper analyses simulations and 
experiments of two new core structures based 
on bioinspired natural materials. Among all 
natural sources, enamel and bamboo were 
selected to study their characteristics and 
compare them with the classic honeycomb. 
Compression and three point bending tests 
were carried out to predict the failure behaviour 
in both the numerical simulation and 
experimental setups. Generally, a good 
agreement was found between FE results and 
experimental results. For the three 
configurations analysed and for both tests, the 
mechanical properties show a strong 
dependency on the core geometry and the 
relative density.   

For instance, enamel arrangements have good 
response in the compression test with a 
maximum load of the same order of magnitude 
than honeycomb configuration achieved. 
However, under the same conditions, for the 
bending test, enamel has low load capacity 
even for the highest relative density. 

Regarding the bamboo structure, as it is a 
graded configuration it can be noted that the 
results of both tests change due to the different 
distribution of the thickness despite all 
configurations having a similar relative density. 
For compression test, the bamboo_2 structure 
assemblies showed the same order of 
magnitude as the honeycomb and enamel, 
nevertheless, bamboo_1 structure has less 
capacity of compression load. For the three 
point bending test, the bamboo structure have 
an intermediate load capacity, being between 
honeycomb, which has double bending load 
capacity, and enamel which has half of the 
bending load capacity, respect the bamboo 
structure.  

Finally, this study provides evidence to 
conclude that for the same relative density, the 
bioinspired structures may compete with the 
traditional core structures in what concerns to 
strength, stiffness and energy absorption. 
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