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Abstract: The present paper investigates the mechanical behavior of a biomimetic Voronoi structure,
inspired by the microstructure of the shell of the sea urchin Paracentrotus lividus, with its characteristic
topological attributes constituting the technical evaluation stage of a novel biomimetic design strategy.
A parametric design algorithm was used as a basis to generate design permutations with gradually
increasing rod thickness, node count, and model smoothness, geometric parameters that define a
Voronoi structure and increase its relative density as they are enhanced. Physical PLA specimens were
manufactured with a fused filament fabrication (FFF) printer and subjected to quasi-static loading.
Finite element analysis (FEA) was conducted in order to verify the experimental results. A minor
discrepancy between the relative density of the designed and printed models was calculated. The
tests revealed that the compressive behavior of the structure consists of an elastic region followed
by a smooth plateau region and, finally, by the densification zone. The yield strength, compressive
modulus, and plateau stress of the structure are improved as the specific geometric parameters are
enhanced. The same trend is observed in the energy absorption capabilities of the structure while
a reverse one characterizes the densification strain of the specimens. A second-degree polynomial
relation is also identified between the modulus, plateau stress, and energy capacity when plotted
against the relative density of the specimens. Distinct Voronoi morphologies can be acquired with
similar mechanical characteristics, depending on the design requirements and application. Potential
applications include lightweight structural materials and protective gear and accessories.

Keywords: biomimicry; strategy; Voronoi; 3D printing; mechanical behavior; compression; finite
element analysis; FEM

1. Introduction

Cellular structures can be commonly found in nature and have been observed in
bones, seashells, and the plant kingdom [1-3]. Such structures are a product of billions
of years of natural evolution and manage to achieve exceptional mechanical properties
while maintaining low weight and minimal usage of material and energy [4], traits that
are vital for the survival of organisms in nature. More specifically, the shell of the sea
urchin Paracentrotus lividus has been shown, under scanning electron microscope (SEM)
analysis, to be comprised of a porous structure known as the stereom which resembles a
foam, as illustrated in Figure 1 [5]. The porous calcite shell provides the urchin with the
necessary toughness and impact resistance to protect itself from environmental threats and
predators [6-8].
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Figure 1. (a) A fresh sample of the sea urchin Paracentrotus lividus; (b) the porous structure of its shell.

Cellular structures have a variety of cells shapes and can generally be categorized
as honeycombs [9], closed- or open-cell foams [10], and lattice formations with regularly
arranged cells like gyroid [11], truncated cuboctahedron [12], and octet-truss [13] lattices.
The natural formation of the urchin’s stereom closely resembles the geometric formation
of a 3D Voronoi diagram [14]. As a result, Voronoi diagrams have been employed for the
design and fabrication of biomimetic porous structures and materials [1,15]. Traditional
fabrication techniques include gas injection in melts [16], the co-expansion method of pow-
ders, and blowing agents mixtures [17], or foaming by gases produced through a reduction
reaction [18], and are mainly used to produce polymer and metal foams [19-21]. Such
structures have found application as energy absorption parts in the aeronautic and automo-
tive industries [22], insulators [23], automotive catalysts [24], and in medical applications
like orthopedic implants [19,25]. Nevertheless, the above construction techniques have
held back the accuracy, the complexity, and the reproducibility of such structures [10,26].
Advancements in 3D printing technologies make it possible to overcome these obstacles
and fabricate intricate porous materials efficiently, with high precision and control over
their geometry, in a large variety of advanced materials [27-31].

Another constraint for the design and fabrication of cellular structures and materials
has been the available Computer Aided Design (CAD) software. Until recently, researchers
have generally been limited to simplistic Voronoi design techniques with limited control
over the model’s geometric parameters and have relied on the overall relative density of
the structure as a characterization basis [32-34]. Although relative density has been proven
to play an important role in the mechanical performance of such topologies [35,36], several
geometric characteristics can alter a sample’s relative density [15,17,37]. Progress in algorith-
mic, parametric design enables designers, nowadays, to create fully customizable algorithms
containing several interactive parameters that can control a wide range of the geometric
attributes of the cellular structure while requiring little computational power [38—40]. As a
result, new approaches to the study and mechanical characterization of such morphologies
can be explored based on their topological design.

The present paper aims to examine the technical evaluation of a biomimetic Voronoi
structure inspired by the porous microstructure of the stereom of the sea urchin
Paracentrotus lividus as part of the development of a novel strategy for biomimetic de-
sign. More specifically, the goal of the study is to investigate the mechanical performance of
the structure in relation to its characteristic geometric properties. A parametric algorithm
was implemented for the emulation of the biological structure. The biomimetic digital
model was taken as the basis for the generation of a series of models with variable design
parameters. The node count, the rod radius, and the smoothness of the geometry were
modified, and physical specimens were printed in a fused filament fabrication (FFF) 3D
printer. The mechanical properties and fracture behavior of the structure were examined
experimentally under quasi-static compression loading and finite element analysis (FEA)
was carried out to validate the results.
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2. Materials and Methods
2.1. Biomimetic Design Strategy

A novel biomimetic design strategy that was developed as part of the present research
serves as a guideline for the technical evaluation of the Voronoi structure inspired by
Paracentrotus lividus shell microstructure. The strategy consists of three separate stages:
“Research and Analysis”, followed by “Abstraction and Emulation”, and concluded with
the “Technical Evaluation” phase. The workflow of the strategy is not linear, but instead
consists of bi-directional feedback loops that inform and counter-inform the three stages
as seen in Figure 2. More specifically the “Technical Evaluation” phase incorporates the
prototyping of the structure with the aid of additive manufacturing technologies and the
mechanical characterization through testing of the physical samples combined with finite
element analysis (FEA). The printing process was informed by the topological intricacies of
the structure while fabrication constraints counter-informed the design. Furthermore, the
functional role of the biological structure informed the testing process and FEA.

Research & Analysis

Abstraction & Emulation

)

= Technical Evaluation E—

I— Protoyping 7

Physical ., Finite
Testing Element

Analysis
¥,

.

Figure 2. The stages “Research and Analysis”, “Abstraction and Emulation”, and “Technical Evaluation”

of the novel biomimetic strategy are interconnected via bi-directional feedback loops. The Technical
Evaluation stage consists of prototyping and mechanical characterization of the biomimetic model.

2.2. Design Parameters and 3D Printing

A parametric design algorithm, emulating the morphogenetic process of a 3D Voronoi
diagram [5], was developed with the aid of the computer-aided design (CAD) software
Rhinoceros 3D and Grasshopper 3D (v. Rhino 7, 7.1.20343.09491, Robert McNeel & Associates,
Seattle, WA, USA) in a previous stage of this research. A custom set of points is created within
a bounding geometry. Spheres are drawn around each point and are expanded at the same
rate until they come into contact so that planar faces are created that form convex polyhedrons.
Their edges are extracted, forming the rods of the Voronoi structure. A custom thickness can
be applied to them with the aid of the plug-in Dendro (ECR Labs, Los Angeles, CA, USA).
The same tool is used to smooth out the volume. The algorithm was further developed by
applying a volume Boolean union between the original Voronoi volume and the volume that
is derived after the smoothing process. This was deemed necessary to ensure constant rod
thickness beyond the boundaries of the smoothing operation around the volume’s nodes,
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which are the junction points of 2 or more rods. The updated definition is illustrated in
Figure 3 as scripted in the Grasshopper environment.

A baseline model (Model 1) was established [5], with XYZ dimensions of
40 mmx 40 mm x 40 mm, node count of 60, rod radius 1.8 mm, and smoothness scale 1.
Variations of this model were generated with successive changes in geometric parameters
that define a 3D Voronoi structure and have significant impact on its relative density [14].
Initially, the node count was changed to 80 and then to 100. Afterwards, the rod ra-
dius was altered to 2 mm and 2.2 mm. Lastly, the smoothness was set to 4 and 7. All
the geometric parameters of the models are shown in Table 1. The 3D printing of the
specimens was conducted with a Creality Ender 3 Pro printer (Shenzhen Creality 3D Tech-
nology Co., Shenzhen, China) using a commercial PLA filament (NEEMA3D, Petroupolis,
Greece). The slicing process was carried out on the Ultimaker Cura slicer (v.4.9.1, Ulti-
maker, Utrecht, The Netherlands). An outer wall speed of 15 mm/s was selected. The
speed for inner walls and infill was set at 30 mm/s. The layer thickness was adjusted at
0.2 mm, as a compromise between quality and printing time which ranged from 6 to 7 h. A
lines infill pattern was chosen along with 100% infill density. A 0.4 mm diameter nozzle
was used which was heated to 205 °C, while the temperature of the build platform was set
at 55 °C. No additional support structures were utilized. The complete printing parameters
can be found in Table 2. The digital and the 3D printed models are illustrated in Figure 4.

Table 1. Geometric parameters of the printed and tested models.

Model Node Count Rod Radius (mm) Smoothness Scale
1 60 1.8 1
2 60 2 1
3 60 2.2 1
4 80 1.8 1
5 100 1.8 1
6 60 1.8 4
7 60 1.8 7

Table 2. Printer parameters.

Printer Parameter Value
Nozzle size 0.4 mm
Materials PLA
Layer Thickness 0.2 mm
Wall Thickness 0.8 mm
Infill Pattern Lines
Infill Density 100%
Outer Wall Speed 15 mm/s
Inner Wall Speed 30 mm/s
Infill Speed 30 mm/s
Printing Temp. 205°C
Build Plate Temp. 55°C
Support No

Print Time 6-7h
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Figure 3. The updated definition in the Grasshopper environment. A volume Boolean union is added to ensure constant rod thickness.
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Figure 4. Designed and fabricated samples: (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4;
(e) Model 5; (f) Model 6; and (g) Model 7.

2.3. Compression Testing Supported by FEA

Three specimens of each model were printed (for a total of 21) in order to derive a
statistical model of the mechanical properties of the Voronoi structure. The compressive
behavior of the printed samples was examined on a Testometric M500-50AT system (Testo-
metric company, Rochdale, United Kingdom) and compression tests were conducted with
a constant deformation rate of 5mm/min. The ANSYS™ software (Ansys® Academic
Research Mechanical, Release 23.1, ANSYS, Inc., Canonsburg, PA, USA) was used to study
the mechanical behavior of all the Voronoi lattice structures. An explicit dynamic analysis
was conducted to accurately simulate the mechanical response of the lattices which was
necessary to capture their large deformations and bi-linear material behavior.

A convergence study was performed to ensure a mesh-independent response, which
showed that stress convergence was achieved with nearly 130,000 elements for each verifi-
cation model. Specific density or relative density is defined as the ratio of the density of a
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porous material to that of the solid material from which it is made [41]. The porosity P (%)
of each sample was determined according to the following equation [18]:

P:(lp) % 100 )

Os

where p is the density of the Voronoi structure in g/cm?® and ps is the density of
PLA (1.24 g/ cm?) [42]. Stress ¢ (MPa) was calculated as the ratio between force F (N)
and the apparent cross-sectional area A (mm?) of the specimens [43]:

F

= —, 2
77 A @
Strain ¢ (%) was estimated as the percentage of the ratio between deflection L (mm)

and initial height # (mm) of the samples [44]:

L
€= Eloo, (©)]
In order to calculate the energy absorption capacity of the biomimetic Voronoi struc-
ture, the densification strain ep must first be determined. Densification strain is the effective
strain when the cells of the Voronoi structure have entirely collapsed, and further strain
would compress the bulk PLA material. The densification strain ep of porous materials
is derived based on its energy absorption efficiency [45], which is calculated with the

following equation:
1 €
1€ = 71, o @

The densification strain ¢p is the strain that corresponds to the maximum value of
the #(e) curve [32,45]. After this point, the stress increases rapidly, as the bulk material is
compressed, resulting in a substantial drop in the efficiency of the structure [32]. A typical
energy efficiency curve is illustrated in Figure 5 for Model 1 of the designed and fabricated
specimens. The energy absorption efficiency n of the model is plotted against the strain
¢. The value of strain corresponding to the maximum value of the efficiency curve is the
densification strain ep of Model 1 [45].
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Figure 5. A typical energy efficiency curve #(¢) for Model 1 of the biomimetic Voronoi structure and
the respective densification strain.



Designs 2023,7,113

8 of 18

The plateau stress 07 is a significant parameter used to assess the compressive perfor-
mances of porous materials as it describes the plateau region of the stress—strain curve of
cellular solids and is calculated by the following equation [46]:

Oy = ! /ey o(e)de, (5)

SD _Sy €D

where ¢, is the yield strain, which corresponds to the onset of plastic deformation.

Porous structures absorb energy at an almost constant load until the densification
strain, when the load rapidly increases. Thus, the energy absorption capacity W, (MJ/m?)
of the foams is estimated by the energy absorbed per unit of volume up to the densification
strain ep. [45]:

Wy = [ ote), 6)

And the specific energy absorption Wy, (KJ/kg) as the energy absorbed per unit

of mass [47]:

Wy
Wy = 2 %
T

3. Results and Discussion
3.1. Characterization of the Biomimetic Voronoi Structure

In order to examine the mechanical response of the biomimetic Voronoi structures, it
is necessary to first evaluate the impact of the changes in the geometric parameters of the
structure on the overall relative density of the designed unit cells. It is also important to
determine and compare the relative density of the 3D printed samples in relation to the
designed ones and identify potential discrepancies. In Table 3, the designed relative density of
the digital models is compared to the calculated values of the 3D printed physical models.
First of all, it becomes obvious that the relative density of the structure can be increased
either by increasing the thickness of the rods, or by raising the number of total nodes or
by smoothing the geometry, as more material is added to it. More specifically, the relative
density of the baseline Model 1 is 0.44 for the digital model and 0.4 £ 0.004 for the printed
one, a discrepancy of 9.09%. In Models 2 and 3, the designed relative density is raised to
0.52 and 0.61, respectively, as the thickness of the rods is also raised to 2 mm and 2.2 mm.
The calculated relative density of Model 2 is 0.48 + 0.005, a difference of 7.69% and relative
density of Model 3 is 0.56 £ 0.005, a difference of 8.2%. In Models 4 and 5, as the nodes are
increased to 80 and 100, so increases the designed relative density to 0.53 and 0.60. Once
again, a discrepancy of 7.55% and 8.33% can be observed in the calculated values which were
determined to be 0.49 & 0.03 and 0.55 £ 0.03, respectively. The designed relative density of
Model 6 (smoothness 4) is 0.46 and the relative density of Model 7 (smoothness 7) is 0.5. The
value for the printed Model 6 is 0.42 & 0.08, a deviation of 8.7% and for the printed Model 7
is 0.46 £ 0.02, a discrepancy of 8%. It becomes evident that the difference in relative density
between the digital and physical models is consistent among all specimens, a trend that can
be attributed to limitations of the fused filament fabrication technology [48].

3.2. Compression Results of the Biomimetic Voronoi Structures
3.2.1. Compressive Behavior, Strength, and Modulus

The compression tests of the biomimetic Voronoi structure reveal a repeated behavior
across all specimens which can be distinguished into three separate zones. The first is
the elastic zone where the stress increases linearly. It is followed by a long plateau region
where the rods of the structure progressively buckle and collapse while absorbing energy
up until the densification strain. At this point, all the cells of the Voronoi have completely
collapsed and the densification portion begins which is characterized by a sharp increase
in stress as the bulk material is compressed. Figure 6 shows frames of the samples during
compression. The second and third column of frames document the gradual failure of the
rods in the plateau region. The failure mechanism of the rods can be traced to buckling
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and layer delamination, as shown in Figure 7, a behavior that is characteristic to 3D printed
structures [17,32]. The fourth frames column highlights the fully compacted cells at the
onset of the densification zone. It becomes evident that a recurring trend emerges across
all models despite their geometric discrepancies that is in agreement with the typical
mechanical behavior of porous structures as documented in relevant literature [17,32,34].

Table 3. Designed relative density of the models compared to the calculated values of the 3D
printed specimens.

Designed Calculated . o

Model RelativegDensity Relative Density Discrepancy (%)
1 0.44 0.40 £ 0.004 9.09
2 0.52 0.48 £ 0.005 7.69
3 0.61 0.56 £ 0.005 8.2
4 0.53 0.49 £ 0.03 7.55
5 0.6 0.55 £ 0.03 8.33
6 0.46 0.42 £ 0.08 8.7
7 0.5 0.46 £ 0.02 8

The above behavior can also be observed in the stress—strain curves of the models
in Figure 8. The curves can be generally considered smooth, with minimal oscillations
since the rods compact without fracturing catastrophically. Table 4 shows the mechanical
properties of the biomimetic Voronoi models as calculated based on the data derived from
the stress—strain curves. Several trends can be identified. As the thickness of the rods
increase in Models 2 and 3, so does the strength of the structure. More specifically, the
yield strength, oy, of Model 1 (baseline) is 6.26 & 0.12 MPa, 8.80 & 0.12 MPa for Model 2,
and 10.84 £ 0.10 MPa for Model 3. The compressive modulus E of the porous structure
is also improved as the rods become thicker. Model 1 has a compressive modulus of
310.29 + 15.38 MPa, Model 2 has 443.64 + 1.10 MPa, and Model 3 has 603.66 + 13.93 MPa.
It should be noted that the strength and modulus of the structures are significantly lower
than those of PLA because of their porous geometry and anisotropic layer bonding in
the rods [49].

Table 4. Mechanical properties of the biomimetic Voronoi structures.

Model  Porosity () Yield Strength etures Densifiation  _ Plateau Capacity Specific Energy
(MPa) o (MJ/m3) pacity (KJ/kg)

1 60.43 + 0.43 6.26 +0.12 310.29 + 15.30 4939 +£1.28 6.15 £+ 0.09 294 £+ 0.11 6.01 £ 0.30

2 52.03 +£0.47 8.80 +0.12 443.64 +1.10 4761 £1.14 9.38 +0.14 432 +0.14 7.26 + 0.31

3 44.25 4+ 0.50 10.84 4+ 0.10 603.66 = 13.93 47.43 £+ 0.47 12.64 +0.22 5.78 + 0.09 8.38 +£0.20

4 50.99 + 0.28 9.47 +0.13 498.31 + 8.83 48.68 + 1.30 10.31 + 0.02 4.85 1+ 0.14 7.98 + 0.19

5 44.69 £+ 0.32 11.55 4+ 0.40 658.07 £ 80.29 46.57 +0.42 13.55 + 0.55 6.07 £+ 0.19 8.85 £+ 0.27

6 58.04 + 0.85 7.40 £+ 0.06 381.33 + 11.40 48.88 + 1.59 7.42 + 0.08 3.51 +0.14 6.75 + 0.37

7 54.23 +0.21 8.57 + 0.45 443.01 + 14.37 45.07 £ 0.83 8.94 4+ 0.40 3.89 +0.19 6.85 £+ 0.31

The yield strength of Model 4 is 9.47 & 0.13 MPa and the yield strength of Model 5 is
11.55 £ 0.40 MPa. Their compressive modulus is 498.31 & 8.83 MPa and 658.07 £ 80.29 MPa,
respectively. It can be concluded that as the number of nodes of a Voronoi structure is raised,
so increases the structure’s strength and stiffness. Furthermore, Model 6 has a yield strength
of 7.40 £ 0.06 MPa and compressive modulus of 381.33 & 11.40 MPa, and Model 7 has
8.57 + 0.45 MPa and 443.01 + 14.37 MPa, respectively. It becomes obvious that when
smoothing out the overall geometry, and essentially filleting its sharp edges, its strength and
stiffness are improved, a principle that generally applies to design and engineering [50,51].
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Figure 6. Compressive behavior up until the densification point of: (a) Model 1; (b) Model 2;
(c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6; and (g) Model 7.
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Figure 7. Microscopic images in («,3) show typical failure points of the rods as they buckle under
compressive load and the bonded 3D printed layers are separated.
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Figure 8. Stress—strain curves of the biomimetic Voronoi models.

3.2.2. Densification Strain, Plateau Stress, and Energy Absorption

The densification strain, ep, of Model 1 is 49.39 + 1.28%. Model 2 has a densification
strain of 47.61 + 1.14%, and Model 3, 47.43 + 0.47%. The densification strain of Model 4
is 48.68 £ 1.30% and Model 5, 46.57 + 0.42%. Models 6 and 7 have a densification strain
of 48.88 £ 1.59% and 45.07 £ 0.83%, respectively. A reverse trend can be identified in
these results. As the thickness of the rods, the number of nodes, and the smoothness of the
structure are raised, the densification strain gradually decreases. This can be attributed
to the additional PLA material that increases its overall compressible volume, allowing
for smaller densification strain values and the observed decline. The plateau stress, oy, of
Model 1 is 6.15 & 0.09 MPa, while the plateau stress for Models 2 and 3 were calculated at
9.38 & 0.14 MPa and 12.64 & 0.22 MPa, indicating a rising trend as the struts become thicker.
A similar trend is noticed as the node count is raised according to the values of Models’
4 and 5 plateau stress which are 10.31 + 0.02 MPa and 13.55 £ 0.55 MPa, respectively.
The same can be said for enhancing the smoothness of the structure, since Models 6 and
7 demonstrate plateau stresses of 7.42 £ 0.08 MPa and 8.94 £ 0.41 MPa, respectively. A
correlation between the strength of the structure and plateau stress can be traced. Thicker
rods, more nodes, and smoother edges increase not only the compressive strength of the
Voronoi structure but also the sustained stress at which the structure progressively collapses
up until the densification point is reached.

The baseline Model 1 has an energy capacity W, of 2.94 + 0.11 MJ/m? and specific
energy capacity Wy, of 6.01 £ 0.30 KJ/kg. The calculated energy capacity and specific
energy capacity for Model 2 are 4.32 =+ 0.14 MJ/m? and 7.26 + 0.31 KJ/kg and Model 3 are
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5.78 4 0.09 MJ/m? and 8.38 + 0.20 KJ /kg, respectively. Similarly, to yield strength and
plateau stress, the energy absorption capability of the structure increases as the radius of
the rods is raised. Model 4 is characterized by an energy capacity of 4.85 + 0.14 MJ/m?
and a specific capacity of 7.98 4 0.19 KJ /kg while Model 5 shows 6.07 & 0.19 MJ/m? and
8.85 + 0.27 KJ / kg, respectively. Thus, it becomes obvious that the Voronoi structure can
absorb more energy when the count of its nodes is increased. Lastly, the capacities of
Models 6 and 7 are 3.51 + 0.14 MJ/m? and 3.89 + 0.19 MJ/m? and their specific capacities
are 6.75 + 0.37 KJ/kg and 6.85 £ 0.31 KJ/kg; therefore, smoother Voronoi geometries
have superior energy absorption. Overall, enhanced geometric parameters result in higher
energy dissipation through rod buckling and collapse at higher constant stress rates.

3.2.3. Correlation of Mechanical Properties to Relative Density

When the modulus of the different samples is plotted against their relative density, a
second-degree polynomial correlation is revealed (R? = 0.9596), as illustrated in Figure 9a.
The same relation can be observed when the energy absorption capacity (R? = 0.9783) of
the samples is plotted against their respective relative densities, as shown in Figure 9b. A
second-degree polynomial expression (R? = 0.9804) also describes the relation between plateau
stress and relative density in Figure 9c. This trend can be translated as an accelerated increase
in the mechanical properties of the structure as more material is added to it and its relative
density is raised. It becomes obvious that such an improvement can be achieved either by
increasing the thickness of the rods, or by raising the number of the nodes, or by smoothing
the geometry, depending on the design requirements or technical and fabrication constraints.

3.3. FEA Validation of Experimental Results

The verified material model from the FEA-supported nanoindentation method [5]
has been introduced into the FE model to assess the compression performance of the
Voronoi structures. Furthermore, a computational model was utilized to assess the stress
response of the 3D printed specimens when subjected to compression. A thorough explicit
dynamic analysis was carried out to precisely replicate the mechanical behavior of the
lattice structures. This was crucial to accurately represent their substantial deformations
and material behavior characterized by a bi-linear pattern. A study has been conducted to
confirm that the results were consistent regardless of the mesh density, finding that stress
convergence was obtained with approximately 130,000 elements in each model used for
verification. The Voronoi structures were subjected to a stepwise vertical velocity applied
to the top plate, while the reaction force was measured at the bottom with a fixed boundary
condition. The experimental results were used to obtain actual values of the vertical
displacement. The force values were determined from the deformation and compared to
the experimental results.

The meshing was produced with hexahedral elements for the top compression plate
and tetrahedral elements for more complex geometries. Figure 10a displays the force-
displacement behavior obtained through finite element analysis (FEA), which demonstrates
good agreement between the force-displacement data generated by the FEA simulations
and the experimental compression tests for the 3D printed specimens. However, at larger
displacements, the experimental curves deviate more from the FEA simulation because
of the greater influence of 3D printing defects on the bending response. The material
model parameters were analyzed to minimize the differences between the simulated and
experimental force-displacement data. Thus, the deformation and equivalent von Mises
stress distribution results for the 3D printed Voronoi lattice structures under compressive
load, presented in Figure 10b,c, may accurately identify the regions of high stress in the
structures. In contrast to previous research [52-62], lattice structures similar to those in our
current study exhibited improved physical and mechanical characteristics, particularly in
terms of a more significant enhancement in compressive strength and energy absorption.
Based on the mechanical test results, it can be concluded that using computationally
generated (FEA) compression test data, combined with actual measurements, could be an
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effective method for characterizing the mechanical deformation behavior of 3D printed

Voronoi configurations.
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Figure 9. A second-degree polynomial correlation is discernible when the following factors are

plotted against their relative densities: (a) Elastic modulus; (b) energy capacity; and (c) plateau stress

of the Voronoi structures.
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Figure 10. (a) Experimental load—-displacement response for the Voronoi lattice structures curve-fitted
by FEA generated data; (b) vertical deformation and (c) stress distribution of the Voronoi structure
under compression load, utilizing the PLA material properties in the FE model.

4. Conclusions

The technical evaluation stage of a Voronoi structure, inspired by the shell of the sea
urchin Paracentrotus lividus, has been the focus of the present paper. The stage entails
3D printing the structure followed by mechanical characterization through testing of the
physical samples combined with finite element analysis. It is part of a novel biomimetic
design strategy that consists of three separate stages: “Research and Analysis”, “Abstraction
and Emulation”, and “Technical Evaluation” that are interconnected via bi-directional loops
of feedback.

A parametric algorithm was utilized for the generation of seven different structures
with progressive changes in the geometric parameters of rod thickness, node count, and
edge smoothness. All the physical specimens were printed with the aid of FFF technology
and commercial PLA filament. A consistent divergence was observed between the designed
and fabricated relative density of the models which can be attributed to limitations of the
3D printing technology. Compression testing of the physical specimens reveals a common
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behavior, characterized by an initial linear elastic zone, followed by a long plateau region
of progressive collapse of the structure until the densification point is reached in which the
cellular structure has completely collapsed, and the bulk material starts to compress. The
yield strength and Elastic modulus of the structure increases as the rod thickness, node
count, and smoothness are increased. The plateau stress is also raised as the geometric
parameters of the structure are enhanced. However, a reverse trend is detected in the
densification strain which can be explained by the additional PLA material that increases
the overall compressible volume of the material.

The energy capacity and specific energy capacity of the biomimetic structure is also
improved as the rod thickness, node count, and smoothness are increased. A second-degree
polynomial relation between the Elastic modulus, plateau stress, and energy capacity of
the structure and its relative density is detected which is due to accelerated enhancement
of its mechanical properties as more material is added. The present research has shown
that the relative density and, subsequently, the material properties of a biomimetic Voronoi
structure can be enhanced, with great accuracy and reproducibility, through diverse design
strategies, either by increasing the thickness of the rods, raising the node count, or by
smoothing out sharp edges, depending on the application or design requirements. The
conducted finite element analysis validates the above results through good agreement
between the force—displacement data generated by the simulations and the experimental
compression tests.

Potential applications of the biomimetic Voronoi structure include lightweight struc-
tural materials in architectural applications, protective gear and accessories like helmets,
or automotive parts. Further research includes the implementation and validation of the
biomimetic strategy of analysis, emulation, and technical evaluation in other cases of bio-
logical shells to development a series of biomimetic solutions that could serve as the basis
of a comprehensive database of biomimetic design concepts.
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