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Abstract
One of the most promising and innovative approaches in designing mechanical 
metamaterials for various applications is the use of bioinspired geometries. Nature 
offers a wide array of geometric forms and structures that have evolved to serve specific 
functions, including protection. Examples of such structures include the microstructure 
of pomelo peels and the geometry of starfruits (carambola), both of which are 
designed to protect the fruit from impact when falling from a height. Based on these 
natural structures, it is possible to develop metamaterials that exhibit low weight, 
high strength, and enhanced energy absorption properties. Furthermore, additive 
manufacturing technologies enable the fabrication of such metamaterials with unit cell 
geometries of arbitrary complexity. In this study, the microstructures of pomelo peels 
and the forewing of the Japanese rhinoceros beetle were used as source geometries 
for the design of metamaterials. Metamaterial specimens, consisting of 5 × 5 × 5-unit 
cells with an initial model porosity of 80%, were fabricated from Ti6Al4V alloy using 
the selective laser melting method. Quasi-static and dynamic compression tests were 
conducted to determine the mechanical properties and specific energy absorption of 
the metamaterials. The compressive yield strength of the metamaterial samples based 
on the Japanese rhinoceros beetle forewing microstructure was 134 MPa, compared 
to 115.87 MPa for those based on the pomelo peel microstructure. Under quasi-static 
compression, the energy absorption level of the metamaterial samples based on the 
rhinoceros beetle wing microstructure was 13.83 J, with a specific energy absorption 
of 4.61 J/g. The results demonstrate the overall promise of employing a bioinspired 
approach for designing energy-absorbing metamaterials. These findings will serve as a 
basis for further in-depth research and development of energy-absorbing systems and 
components based on the geometries presented in this work.

Keywords: Mechanical metamaterials; Energy absorption; Selective laser melting; 
Bioinspired design; Mechanical characterization; Finite element method

1. Introduction
There is a growing demand for lightweight structures and components with enhanced 
strength and energy-absorption characteristics for use in various energy-absorbing 
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devices.1-3 Such devices are widely employed in the 
automotive, aerospace, defense, and other industries to 
protect and dissipate kinetic energy in emergency impact 
scenarios.4-6 To improve the properties of these devices, 
extensive research is being conducted, primarily focusing 
on the use of mechanical metamaterials with different 
unit cell geometries to achieve optimal performance.6-8 
As is known, mechanical metamaterials are artificially 
engineered materials with specific geometries and 
arrangements of unit elements (unit cells), designed to 
exhibit unique properties such as a negative Poisson’s 
ratio or high-specific energy absorption.7,9-14 Accordingly, 
it is clear that the properties of mechanical metamaterials 
are primarily determined by the geometry or topology 
of their unit elements.10,11,15 One promising research 
direction in this field is the development of bioinspired 
geometries, using or adapting structures found in living 
organisms.16-20 This approach combines modern scientific 
and technological capabilities, particularly additive 
manufacturing, with evolutionary solutions that provide 
the best adaptation mechanisms for living beings to their 
environments.16,21-23 Depending on the research objectives, 
the source biological geometries may include deep-sea 
sponge skeletal structures,8,24,25 pomelo peels,7 honeycomb 
patterns,5,26 crab exoskeletons,27 cacti,28 microstructure 
of mammalian (dog) paw pads,29 starfruit (carambola) 
geometry,30 mantis shrimp claw structure,16 and others.21 
In some cases, geometries are combined,4 such as hybrid 
designs of honeycombs and hierarchical human bone 
structures,2 honeycombs and pomelo peel structures,31 
or human spinal column and turtle shell structures.32 
Additive manufacturing technologies, such as material 
extrusion, powder bed fusion, and others, play a crucial 
role in enabling and implementing such research. They 
allow the fabrication of highly complex geometries 
from various materials, including polymers, metals, and 
alloys.8,21,33-36 These studies and the utilized geometries 
clearly demonstrate the promising potential and active 
research in applying bioinspired designs to create energy-
absorbing structures. It is also worth emphasizing the need 
for further research in this field, particularly in the context 
of designing bioinspired metamaterials.

As previously mentioned, one of the primary factors 
influencing the properties of mechanical metamaterials 
is the geometry of their unit cells. Consequently, the 
most effective design approach appears to be the use 
of symmetric or partially symmetric structures. Such 
structures are ideally suited for defining the topology of 
a unit cell, which can then be replicated into an array – 
that is, a metamaterial sample with the specified topology. 
Examples of such structures can be found in the study by 
Zhang et al.,7 where a 4 × 4 × 4 mm unit cell was designed 

based on pomelo peels. The authors reported a notably high 
energy absorption performance. In addition, reference 
should be made to Du et al.,37 who introduced a geometry 
inspired by the microstructure of the Japanese rhinoceros 
beetle’s forewing. It was noted that this geometry, 
fabricated from an aluminum alloy, exhibits mechanical 
properties comparable to those of titanium alloy 
structures. Consequently, additional research is required 
to explore the potential of these geometrical designs in 
creating mechanical metamaterials with optimized energy 
absorption performance.

Based on the considerations mentioned above, we 
aim to design mechanical metamaterials incorporating 
the geometrical configurations described in previous 
studies.7,37 The design process of unit cells and metamaterial 
samples involves numerical computer simulation to 
conduct preliminary evaluations of the metamaterials’ 
properties, with particular emphasis on the influence 
of unit cell porosity levels. Specimen fabrication was 
accomplished through selective laser melting (SLM) using 
Ti6Al4V alloy powder, followed by experimental testing to 
determine key performance characteristics and validate the 
simulation results. The implementation of this combined 
“simulation-experimentation” approach is expected to 
streamline and accelerate the development and design 
process of mechanical metamaterials. This is achieved by 
enabling more accurate performance predictions during 
the design phase through numerical computer simulation. 
This study compares the efficiency of the two investigated 
geometries and assesses their potential application in 
designing mechanical metamaterials with enhanced 
energy-absorption properties, paving the way for further 
development of structures and components based on these 
geometries.

2. Materials and methods
2.1. Materials

The metamaterial samples and the solid alloy samples, 
necessary to determine their baseline properties for 
numerical simulation, were fabricated from spherical 
Ti6Al4V alloy powder. The chemical composition of 
the source powder is presented in Table  1. The solid 
alloy samples possessed the following geometric 
parameters: d = 3  mm, h = 13  mm for compression to 
failure tests, d = 10 mm, h = 90 mm to determine elastic 
modulus, d = 6  mm (working section), h = 63  mm for 
tensile tests, d = 5.7 mm (working section), and h = 53 mm 
for torsion tests. The samples were fabricated using a 
3DLAM Mini SLM system (3DLAM Company, Russia) in 
an inert argon atmosphere. The system is equipped with 
an IPG Photonics (United States) fiber laser. The build 
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chamber is cylindrical with a diameter of 90  mm and a 
height of 100  mm. The following processing parameters 
were used: laser power: 150 W, scanning speed: 1200 mm/s, 
hatch spacing: 0.12  mm, layer thickness: 0.03  mm, and 
spot diameter: 0.08 mm. The metamaterial samples were 
oriented horizontally during manufacturing, as shown in 
Figure  1. The samples were fabricated according to the 
original models with 80% porosity. Following fabrication, 
all samples underwent heat treatment in a vacuum at a 
temperature of 1,050°C for 120 min, followed by furnace 
cooling.

2.2. Finite element modeling and mechanical 
characterization

The geometric models of the unit cells and metamaterial 
samples were created and numerically simulated using the 
finite element analysis package ANSYS 2019 R2 SpaceClaim 
(ANSYS 2019 R2, Ansys Inc., United States). The unit cell 
dimensions were 2.5 × 2.5 × 2.5  mm. The metamaterial 
samples comprised a 5 × 5 × 5 array of unit cells, resulting 
in a total of 125 cells, with overall dimensions of 12.5 × 12.5 
× 12.5 mm. Two unit cell models were prepared: Strut_06 
(hereinafter referred to as S06), based on the geometry 
from Zhang et al.,7 and Strut_08 (hereinafter S08), based 
on the geometry from Du et al.37 The topologies of the S06 
and S08 unit cells, featuring 80% porosity, are presented in 
Figure 2. The metamaterial samples constructed based on 
these topologies are shown in Figure 3.

Next, the ANSYS 2019 R2 SpaceClaim software package 
(version 2019.2.0.04089) was used to determine the 
mechanical characteristics of the metamaterials—Young’s 
modulus (E), yield strength, and compressive strength—
by simulating a compression experiment with static load 
in both elastic and plastic regions using the finite element 
method. To determine the Young’s modulus, the following 
boundary conditions were applied: normal displacement 
without friction was applied on the lower face, and a small 
displacement corresponding to 0.01% strain was used on 
the upper face of the metamaterial samples. To determine 
the compressive yield strength and ultimate compressive 
strength, analogous boundary conditions were applied, 
with a level of displacement corresponding to 5% strain.

2.3. Mechanical testing and energy absorption 
characterization

Visual inspection of the fabricated metamaterial samples 
was conducted using a TESCAN Mira 3 LMU scanning 
electron microscope (SEM) (TESCAN, Czech Republic) in 
a secondary electron mode. Quasi-static compression tests 
to failure and tensile tests, conducted on both solid alloy 
and metamaterial samples, were performed using a Zwick/
Roell Z100 uniaxial testing machine. Torsion tests of solid 
samples, as well as dynamic compression tests (impact) to 
failure of the metamaterial samples, were performed on a 
Gleeble 3800 system (Dynamic Systems Inc., United States). 
During dynamic testing, the compression rate was 0.7 m/s. 

Table 1. Chemical composition of Ti6Al4V (wt. %)

Chemical Titanium Aluminum Vanadium Iron Oxygen Carbon Nitrogen Hydrogen Other

Max Balance 6.4 3.8 0.3 0.12 0.06 0.03 0.011 0.09

Figure 1. Orientation of the metamaterial sample on the build plate, with the building direction indicated by the arrow
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The porosity of the fabricated metamaterial samples was 
calculated using Equation (1):38,39

P
s

� �( )
*

1 �
�

� (1)

where ρ* is the density of the metamaterial sample and ρs 
is the density of the material from which the metamaterial 
sample was fabricated.

To evaluate the energy absorption of the investigated 
metamaterial samples, several metrics were calculated. 
The fundamental energy absorption (EA) metric was 
determined by mathematically integrating the load-
displacement curve, which can be expressed using 
Equation (2):5

EA F x dx
x

� � ��0 � (2)

Specific energy absorption (SEA) was used to 
evaluate the energy absorption efficiency per unit mass 
of the investigated structure and was calculated using 
Equation (3):31

SEA EA
m

= � (3)

where m is the mass of the structure of the metamaterial 
sample.

2.4. Statistical analysis

For each test, three metamaterial specimens of each 
topology were fabricated. In total, 12  specimens were 
manufactured and tested (six of each topology). Analysis of 
the obtained results, their processing, and the preparation 
of the stress–strain curve graphs were performed using the 
Origin software (version SR1 b9.5.1.195).

3. Results and discussion
3.1. Mechanical characterization of the Ti6Al4V alloy

Based on the testing results of the solid alloy samples, a set of 
properties that were necessary and sufficient for numerical 
computer simulation was obtained. The experimentally 
determined properties of the Ti6Al4V alloy are presented 
in Table 2.

Figure  4 shows the stress–strain curve obtained from 
the compression testing of the Ti6Al4V alloy samples, 
which was imported into the ANSYS 2019 R2 SpaceClaim 
software package to determine the properties of the 
metamaterials.

3.2. Effect of porosity on the simulated mechanical 
properties of S06 and S08 metamaterials

Based on the results of the numerical computer modeling, 
the values of the elastic modulus (E), compressive yield 
strength, and ultimate compressive strength of the 
metamaterial samples with different porosities were 
obtained. The results are presented in Table  3. The 
thicknesses of the unit cell struts (T) are also indicated.

For a more comprehensive analysis of the results, 
Figure 5 presents the dependence of elastic modulus (E), 
compressive yield strength, and ultimate compressive 
strength on the porosity of the metamaterials. Based on 
Figure  5, it can be observed that increasing the porosity 
of the metamaterial unit cells, by increasing the strut 
thickness, led to an increase in the values of the resulting 
metamaterial properties. A  nearly linear dependence is 
observed for all parameters. At the same time, the elastic 
modulus values obtained through modeling did not 
differ significantly between the topologies. However, the 
strut thicknesses of the topologies varied considerably, 
with this difference increasing as porosity decreased. 
At 70% porosity, the strut thickness of the metamaterial 
with topology S06 was 202 μm greater than that of the 
metamaterial with topology S08. At 65% porosity, the 
difference in thickness reached 221 μm.

Figure  2. Unit cell topologies. (A) Strut_06. Scale bar: 0.6 mm. 
(B) Strut_08. Scale bar: 0.5 mm

A  B

Figure 3. Models of the metamaterial samples. (A) Strut_06. (B) Strut_08

A B
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Table 2. Experimentally obtained properties of Ti6Al4V that 
were used in the simulation

Parameters Value

Density, ρ (kg/m3) 4,458

Elastic modulus, E (GPa) 155.78

Shear modulus, G (GPa) 59.14

Poisson’s ratio, ν 0.317

Table 3. Properties of metamaterial samples with S06 and 
S08 unit cell topologies, obtained by simulation

Parameters Porosity 
(%)

Topology

S06 S08

Elastic modulus 
(GPa)

85 3.92 4.69

80 7.22 7.46

75 11.45 11.10

70 16.59 15.63

65 22.48 21.24

Yield strength 
(MPa)

85 32.5 32

80 55.7 50.3

75 77.5 72.25

70 103.4 101.7

65 130 132.5

Compressive 
strength (MPa)

85 42.14 40.79

80 67.48 69.40

75 94.63 93.51

70 123.39 131.6

65 156.43 169.07

Thickness of unit 
cell struts (µm)

85 416.3 279.7

80 491 330

75 560.5 378.6

70 627 425

65 691.2 470.2

The compressive strength of the metamaterial with 
topology S08 was higher than that of the metamaterial 
with topology S06 for all porosity variants, excluding 
the 65% porosity data. At 65% porosity, the compressive 
strength of the metamaterial with topology S08 was higher 
than that of the metamaterial with topology S06. A similar 
trend was observed for the yield strength. An inverse 
relationship was noted for the elastic modulus: at 85% and 
80% porosity, the elastic modulus of the metamaterial with 
topology S06 was lower than that of topology S08. As the 
porosity decreased to 75% and below, the elastic modulus 
of metamaterials with topology S06 increased compared to 
the metamaterials with topology S08.

3.3. Experimental characterization and validation of 
simulated metamaterial properties

Figures 6 and 7 present the SEM images of the fabricated 
metamaterial samples and their unit cells with topologies 
S06 and S08, respectively. Powder adhesion to the struts 
of the unit cells was clearly visible. The porosity of the 
obtained metamaterial samples was 72.38% for topology 
S06 and 68.53% for topology S08. The average front-
view strut thickness was 497.3 μm for topology S06 and 
363.23 μm for topology S08.

Figure  8 presents the X-ray diffraction results of one 
of the as-fabricated samples. Only the α-titanium phase 
with a hexagonal close-packed structure was observed. No 
other phases were detected.

Figure  9 shows the stress–strain curves obtained 
from the compression tests of metamaterial samples with 
topologies S06 and S08, respectively. The metamaterial 
samples after testing are presented in Figures 10 and 11.

From Figure 9, it can be observed that the metamaterial 
samples with topology S08 are characterized by a greater 
strain to failure, indicating their higher ductility. The 
descending segment of the curve suggests gradual failure 
of the samples without an abrupt load drop. In contrast, the 
metamaterial samples with topology S06 failed on reaching 
maximum stress, with a poorly defined plastic deformation 
region followed by rapid fracture. For both metamaterial 
topologies, failure occurred at a 45° angle, which is a 
characteristic of classical materials. In the metamaterial 
with topology S06 (Figure 10A), the failure line essentially 
passed through the centers of the unit cells. The cells were 
fractured, causing the upper part of the sample to shift 
and become wedged into the lower part. Meanwhile, the 

Figure 4. Stress-strain curve of Ti6Al4V alloy used in the simulation
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cells located outside the failure line, at the edges of the 
sample, appeared intact, with no visible cracks or damage. 
In cells situated immediately adjacent to the failure line 
(Figure  10B), cracks of various sizes were observed on 
the struts. It should be noted that a similar failure process 
at a 45° angle has been reported for geometries based on 
pomelo peels in other research studies.7,40

Conversely, Figure 11A shows that the failure line of the 
metamaterial sample with topology S08 passed through the 

bases of the unit cells. Displacement and partial fracture 
of the cells were observed, primarily in the region of their 
bases (Figure 11B). The central parts of the cells remained 
intact. In cells not located on the failure line (e.g., the top 
row), cracks were observed on the struts at the cell bases, 
at the midpoints of the struts, as well as at the points of 
contact with other struts. Overall, similar failures of struts 
at the bases of unit cells have been reported by Du et al.,37 
where failures were primarily noted at the bases of the 
structures.

The parameters obtained from the static compression 
tests to failure for each topology—elastic modulus, 
conditional yield strength, conditional ultimate 
compressive strength, and maximum strain of the 
metamaterial samples—are presented in Table 4.

Based on the data presented in Table 4, it can be observed 
that the metamaterial samples with topology S08 exhibited 
superior characteristics compared to those with topology 

Figure 8. X-ray diffraction pattern of the sample in the as-fabricated and 
heat-treated conditions

Figure 5. Dependence of metamaterial properties on porosity. (A) Elastic modulus. (B) Compressive yield strength and ultimate compressive strength

A B

Figure  6. Scanning electron microscopic images of the metamaterial 
sample with S06 topology, front view. (A) Sample. Scale bar: 2 mm, 
magnification: ×19. (B) Unit cell. Scale bar: 500 µm, magnification: ×80

BA

Figure  7. Scanning electron microscopic images of the metamaterial 
sample with S08 topology, front view. (A) Sample. Scale bar: 2 mm, 
magnification: ×19. (B) Unit cell. Scale bar: 1 mm, magnification: ×70

BA
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S06. Specifically, topology S08 was characterized by a 
higher elastic modulus (6.44 GPa on average), an ultimate 
compressive strength averaging 134 MPa, and maximum 
strain values (9.18% on average). For the metamaterial 
sample with topology S06, the ultimate compressive 
strength was 115.87 MPa. A relatively high level of result 
reproducibility was noted for both metamaterial unit cell 
topologies.

Compared to literature data, the obtained values of 
elastic modulus, yield strength, and compressive strength 
for the metamaterial with topology S06 were higher than 
those reported in other studies7,40 on metamaterials with 
pomelo peel-based geometries. This is attributed to the 
lower porosity of the fabricated S06 topology metamaterial 
samples compared to the original models. It should also be 
noted that in Zhang et al.,40 the sample porosity was 92%, 
which naturally led to reduced mechanical properties of 
the samples.

Furthermore, the modeling and experimental results 
were compared. For greater clarity, Table  5 presents a 
comparison of the metamaterial properties obtained 
from the simulation and experimental measurements, 
indicating the deviation levels from the values predicted 
by simulation for 80% porosity. In addition, the simulation 
results for 75%, 70%, and 65% porosity are included.

As observed in Table 5, there are deviations between the 
simulated and experimental results. Primarily, we noted a 
decrease in sample porosity. For topology S06, the deviation 
was 7.62%, while for S08, it was 11.47%. The reason for 
the porosity deviation lies in the increased thickness of the 
struts in the metamaterial unit cells. For topology S06, the 
deviation in strut thickness was smaller than for topology 
S08, which also resulted in a smaller porosity deviation. It 
should be noted that strut thickness measurements were 
taken from the front view. Figure  12 presents the SEM 
images of the metamaterial samples for each topology, 
viewed from the side. A significant thickening of the struts 
in the metamaterial unit cells was observed in the side 
projection, particularly for the inclined and horizontal 
struts. On average, the strut thickness in the side projection 
was 593.64 μm for topology S06 and 477.30 μm for 
topology S08. Thus, it can be hypothesized that the struts 
of the unit cells partially exhibit a teardrop-shaped form, 
which ultimately affects the porosity of the samples. This 

Figure 9. Stress-strain curves of samples under compression. (A) Strut_06. (B) Strut_08

A B

Figure  10. Scanning electron microscopic images of the metamaterial 
sample with S06 topology after the compression test, front view. (A) 
Sample. Scale bar: 2 mm, magnification: ×18. (B) Unit cell. Scale 
bar: 1 mm, magnification: ×40

BA

Figure  11. Scanning electron microscopic images of the metamaterial 
sample with S08 topology after the compression test, front view. 
(A) Sample. Scale bar: 2 mm, magnification: ×18. (B) Unit cell. Scale bar: 
1 mm, magnification: ×40

BA
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Table 4. Properties of metamaterial samples, obtained from compression tests

Topology Sample Conditional elastic 
modulus (GPa)

Conditional yield 
strength (MPa)

Conditional compressive 
strength (MPa)

Maximum 
deformation (%)

S06 Sample 1 5.39 103.60 117.90 5.29

Sample 2 5.66 102.00 114.95 4.04

Sample 3 5.53 101.00 114.75 4.32

Average 5.53 102.20 115.87 4.55

Standard deviation 0.19 1.13 2.08 0.88

S08 Sample 1 6.36 108.50 130.96 8.57

Sample 2 6.51 113.50 137.05 9.79

Sample 3 6.24 109.00 134.89 9.17

Average 6.44 111.00 134.00 9.18

Standard deviation 0.11 3.54 4.31 0.86

Table 5. Properties of metamaterial samples, obtained from simulation and experiments

Topology Sample Porosity 
(%)

Strut thickness 
(µm)

Conditional elastic 
modulus (GPa)

Conditional yield 
strength (MPa)

Conditional compressive 
strength (MPa)

S06 Simulation 80 491 7.22 55.70 67.48

Experiment 72.38 497.3 5.53 102.20 115.87

Deviation (%) 7.62 1.29 23.41 45.50 41.76

Simulation 75 560.5 11.45 77.5 94.63

70 627 16.59 103.40 123.39

S08 Simulation 80 330 7.46 50.30 69.40

Experiment 68.53 363.23 6.44 111.00 134.00

Deviation (%) 11.47 10.07 13.67 54.68 48.21

Simulation 70 425 15.63 101.70 131.60

65 470.2 21.24 132.5 169.07

shape of the unit cell struts has been previously reported 
in earlier studies.41 The reasons for this increase in strut 
thickness lie in the sample orientation during printing 
and the specific characteristics of the SLM process itself—
specifically, the repeated remelting of several underlying 
layers during sequential scanning of the top powder layer. 
Unfortunately, the simulation methodology used in this 

study cannot account for such manufacturing process 
peculiarities. This naturally leads to deviations in porosity.

In turn, deviations in sample porosity led to deviations 
in other properties as well. For the Young’s modulus of 
the metamaterial with topology S06, the deviation was 
23.41%, while for the metamaterial with topology S08, it 
was 13.67%. Notably, in both cases, despite the reduced 
porosity of the experimental samples, the deviation in 
elastic modulus decreased. The deviation level did not 
exceed 25% (for the metamaterial with topology S08, it 
was <15%).

For other properties, a greater level of deviation was 
observed from the values obtained for 80% porosity. 
For the metamaterial with topology S06, the deviation 
in yield strength was 45.5%, and in compressive 
strength, 41.76%. For the metamaterial with topology 
S08, the deviation in yield strength was 54.68%, and in 
compressive strength, 48.21%. At the same time, when 
comparing the yield strength and compressive strength 

Figure 12. Scanning electron microscopy images of metamaterial samples 
(side view). (A) S06. (B) S08. Scale bar: 2 mm, magnification: ×18

BA
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values obtained from the simulation at 70% porosity, it 
can be noted that the difference between experimental 
and simulated values was minimal. For example, for the 
metamaterial with topology S08, the experimentally 
obtained yield strength was 111 MPa, while the simulated 
value at 70% porosity was 101.70 MPa—a difference of 
only 9.3 MPa. For metamaterials with topology S06, the 
difference between the simulated value at 70% porosity 
and the experimental value for yield strength was even 
smaller, 1.2 MPa. All this indicates the overall viability 
of the proposed “simulation-experiment” methodology. 
Despite some inaccuracies, such as in determining the 
elastic modulus, the values of other indicators can be 
effectively predicted by selecting them through modeling 
for multiple porosity levels.

3.4. Energy absorption characteristics under quasi-
static and dynamic compression

This section presents the resulting data on the energy 
absorption of the investigated metamaterial samples, 
obtained during both quasi-static compression and 
dynamic compression (impact testing). Figure  13 shows 
the force versus crosshead displacement curves obtained 
from the dynamic testing of the metamaterial samples. 
Table 6 presents the resulting metrics for each topology.

From Table 6, it can be observed that the SEA for the 
metamaterial with topology S06 averaged 2.95 J/g, with an 
average absorbed energy of 7.85 J. For the metamaterial 
with topology S08, the specific energy absorption was 
1.74 J/g, with an average absorbed energy of 5.24 J, which 
is generally lower than that of topology S06. The results 
show reasonably good reproducibility.

In addition, the energy absorption parameters of 
the metamaterial samples were calculated based on the 
quasi-static compression results. The data are presented in 
Table 7.

As shown in Table 7, for the metamaterial with topology 
S06, the SEA during quasi-static compression, which was 
2.72  J/g, was comparable to the value obtained under 
dynamic compression. However, for the metamaterial with 
topology S08, the opposite trend was observed. Under 
quasi-static compression, the specific energy absorption 
was 4.61  J/g, which is more than twice as high as under 
dynamic compression. The average absorbed energy was 
13.83 J, several times higher than the absorbed energy 
value reported in Du et al.37 This increase in performance 
is primarily attributed to the ability of metamaterials with 
topology S08 to undergo gradual failure during quasi-static 
compression. This allows them to absorb a greater amount 
of energy during the compression process.

It should be noted that the specific energy absorption 
for topology S08 is comparable to the results obtained by 
Zhang et al.40 The cited study investigated a pomelo peel-
based topology fabricated from Ti-6Al-4V alloy with 
different strut cross-sectional geometries. The SEA of the 
structures by Zhang et al.40 during quasi-static compression 
ranged from 2.95 to 5.10  J/g. As can be seen, the results 
for the metamaterial with topology S08 under quasi-static 
compression are comparable to those from the cited work, 
indicating the research potential of this topology.

The SEA obtained for the metamaterial with topology 
S06 (2.72 J/g under quasi-static compression, 2.95 J/g under 
dynamic compression) is also comparable to the results 
from Zhang et al.40 However, the values obtained under 
quasi-static compression were lower than those reported in 
Zhang et al.7 The reason for this discrepancy may lie in the 
methodology of the compression-to-failure experiment. 
In previous studies,7,40 quasi-static compression tests were 
conducted until complete compaction and failure of the 
samples. In our case, to ensure safety compliance and align 
with standard compression testing practices, the system 
automatically terminated the experiment when a sharp 
stress drop exceeding 80% of the maximum achieved 

Figure 13. Force-stroke curves of metamaterial samples after dynamic compression tests. (A) Strut_06. (B) Strut_08

A B
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value occurred. This approach is more representative for 
characterizing metamaterials up to the initial failure of 
their unit cells, but does not evaluate the energy absorption 
potential during subsequent failure of the remaining 
intact cells and sample compaction. In future studies, the 
methodology will be revised to maximize the collection of 
experimental data.

Furthermore, the obtained SEA values can be compared 
with results reported for other bioinspired structures. For 
instance, Guo et al.36 presented a metamaterial with a 
hierarchical geometry based on the skeleton of the knobby 
starfish and a triply periodic minimal surface-diamond 
structure, featuring macrocells of 10  mm and microcells 
of 2  mm, fabricated using vat photopolymerization. The 

SEA values of these metamaterials ranged from 0.53 J/g to 
2.31 J/g, which are lower than the results for metamaterials 
with topologies S06 and S08. Similar findings were reported 
by Khoa et al.,2 who described porous nylon structures 
with a geometry inspired by the human femoral bone. 
The SEA values obtained ranged from 1.76 J/g to 2.79 J/g, 
comparable to the results for topology S06 (under quasi-
static compression) but lower than those for topology S08.

In the study by Wang et al.,8 316L steel metamaterials, 
designed based on the geometry of a deep-sea sponge 
skeleton and exhibiting delocalized deformation capability, 
achieved SEA values under quasi-static compression of 
approximately 8 J/g, which is higher than those obtained 
for topology S08. However, it should be noted that this 
study focused on 2.5D metamaterials, and the cell size 
was larger (unit cell height: 9  mm). This allowed for the 
design and successful fabrication of a sufficiently complex 
geometry capable of delocalized deformation, contributing 
to the high SEA values.

Thus, such comparisons further demonstrate both the 
alignment of the research results with the general state of the 
art and the necessity for further research and modification 
of the S06 and S08 topologies. This includes refinements 
from the perspective of the geometries themselves and 
their unit cell dimensions, to achieve higher SEA values.

4. Conclusion
In this study, metamaterial samples with two types 
of bioinspired geometries—designed based on the 
microstructure of pomelo peel (topology S06) and the 
microstructure of the Japanese rhinoceros beetle’s forewing 
(topology S08)—were fabricated using SLM and validated 
through experiments. Their mechanical properties 
were obtained, and energy absorption characteristics 
were determined under both quasi-static and dynamic 
compression tests. Based on all the results obtained, the 
following conclusions can be drawn.

The “simulation-experiment” methodology has proven its 
effectiveness. Despite deviations in the porosity of the samples 
during manufacturing, the modeling performed for lower 
porosity (70%) showed results close to the experimental ones. 
This confirms the feasibility of using this approach for the 
initial prediction of metamaterial properties.

The porosity of the fabricated metamaterial samples 
was 72.38% for metamaterials with topology S06 and 
68.53% for metamaterials with topology S08. Deviations 
from the original models with 80% porosity are associated 
with powder adhesion to the cell struts, thickening, and 
changes in the strut geometry during the manufacturing 
process.

Table 7. Energy absorption properties of metamaterial 
samples, obtained from quasi‑static compression tests

Topology Sample Energy 
absorption (J)

Specific energy 
absorption (J/g)

S06 Sample 1 8.82 3.31

Sample 2 5.66 2.13

Sample 3 6.04 2.27

Average 7.24 2.72

Standard 
deviation

1.72 0.65

S08 Sample 1 12.61 4.20

Sample 2 15.36 5.12

Sample 3 13.54 4.51

Average 13.83 4.61

Standard 
deviation

1.40 0.47

Table 6. Energy absorption properties of metamaterial 
samples, obtained from dynamic compression tests

Topology Sample Energy 
absorption (J)

Specific energy 
absorption (J/g)

S06 Sample 1 8.35 3.13

Sample 2 7.36 2.76

Sample 3 5.96 2.24

Average 7.85 2.95

Standard 
deviation

1.20 0.45

S08 Sample 1 4.45 1.48

Sample 2 5.36 1.78

Sample 3 5.90 1.97

Average 5.24 1.74

Standard 
deviation

0.73 0.24
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The metamaterial samples with both topologies 
demonstrated superior mechanical properties compared 
to structures with similar geometries reported in other 
scientific studies. For metamaterials with topology S06, the 
conditional elastic modulus was 5.53 GPa, the conditional 
yield strength was 102.2 MPa, and the conditional 
compressive strength was 115.87 MPa. For metamaterials 
with topology S08, the conditional elastic modulus was 
6.44 GPa, the conditional yield strength was 111 MPa, and 
the conditional compressive strength was 134 MPa.

The SEA of metamaterial samples with topology S06 was 
2.72 J/g under quasi-static compression and 2.95 J/g under 
dynamic compression. For metamaterials with topology 
S08, SEA was 4.61 J/g under quasi-static compression and 
1.74  J/g under dynamic compression. The SEA values of 
the obtained metamaterials generally align with the results 
reported in studies by other authors.

The obtained results generally indicate the promising 
potential of the proposed bioinspired geometries for 
developing mechanical metamaterials with enhanced energy 
absorption characteristics. Research in this direction should 
be continued, including the modification of existing unit cell 
geometries to achieve higher energy absorption values, the 
exploration of additional natural geometries for designing 
new topological variants, and the development of energy-
absorbing systems and components based on the acquired 
data. As a potential direction for modifying the unit cells, 
one can consider altering geometric elements—specifically 
the cell bases—to minimize stress concentration at specific 
points. In addition, it is possible to develop metamaterials 
based on the presented geometries with a gradient in the 
porosity of the unit cells or individual cell elements to 
enhance their strength. Furthermore, to improve the alloy’s 
properties, additional post-processing techniques, such as 
hot isostatic pressing, could be employed.
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