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Abstract

Chiral metamaterials are a class of auxetic mechanmical metamaterials, which are
widely emploved for their remarkable auxetic behavior. However, they typically exhibit
lower stiffness and energy absorpiion compared to other auxetic metamaterials at the
same relative density. Therefore, enhancing the mechanical properties of chiral
metamaterials  through appropriate  distribution of materials and geometric
reconfigurations rather than simply adding more materals remains a significant
challenge. In this study, a novel random structure called Vorochiral metamatenal was
proposed by integrating Voronoi tessellation with conventional chiral metamaterials,
effectively chiralizing the Voronod structure. The mechanical properties of Vorochiral
metamatenals, including Poisson’s ratio, stiffness, energy absorption capacity, and
deformation behaviors, were investigated through experimental testing and finite
element (FE) analyses. The experimentally validated FE models were further used to
investigate the mechanical properties of Vorochiral metamaterials with varying
irregularity degrees and parametric analyses on the influence of nodal cirele radius and
wall thickness were conducted. The Vorochiral metamaterials demonstrated higher
stiffness than conventional chiral metamaterials while maintaining a negative Poisson’s
ratio over a wide range of strains. Additionally, they exhibited superior energy
absorpiion capacities due to multi-step plateaus in stress-strain curves. The results also
showed that increasing the nodal circle radius decreased both stiffness and energy
absorpiion capacity, whereas increasing the wall thickness enhanced both properties.
These finding suggest that geometric reconfigurations can effectively enhance the
mechanical properties of chiral metamaterials. This smudy successfully breaks the
traditional trade-off between high stiffness and large deformability, demonstrating a
significant improvement in mechanical performance compared to conventional chiral
metamatenals.

Keywords: Voronoi tessellation; chiral metamatenial; chiralizing; negative Poisson’s

ratio; random structure; multi-step platean



1 Introduction

Mechanical metamaterials are engineered structures with unprecedented
mechanical properties governed by their microstructures rather than chemical
compositions| 1-8]. They are widely employed in aerospace, automotive, marine, and
biomedical engineering. Their design typically relies on lattice or micro/nanostructures,
enabling precise control over geometry and material distnibution to achieve desired
mechanical behaviors[9-15]. Auxetic mechanical metamaterials, also known as
negative Poisson’s ratio structures, exhibit counterintuitive deformation behavior —
contracting laterally under compression and expanding laterally under tension| 16-20].
Among them, chiral metamaterials represent a notable subclass, capable of maintaining
a negative Poisson’s ratio over a wide range of strains[21, 22]. They are highly regarded
by researchers for their remarkable auxetic behavior. However, chiral metamaterials
generally exhibit lower stiffness and energy absorption compared to other auxetic
metamaterials at the same relative density. To enhance their stiffness, additional
materials are often incorporated into the structure[23-25]. Although this method
improves mechanical performance, it also increases both volume and mass. Therefore,
a more efficient approach may be to enhance the mechanical properties through
optimized material distribution and geometric reconfiguration, an area that remains a
significant challenge.

Chiral structures are a class of negative Poisson’s ratio metamaterials
characterized by non-superimposable mirror images, providing mechanical stability
under external loads[26-34]. Unlike re-entrant structures, which may lose their auxetic
behavior due to instability at critical strain levels, chiral structures maintain both
stability and auxeticity, making them less susceptible to failure. Prall and Lakes [35],
building on Wojciechowski’s theory [36]), introduced a hexagonal honeycomb chiral
structure whose unit cell consists of a central circular node with six ligaments
symmetrically and rotationally connected around its axis. Additionally, anti-chiral

structures feature adjacent nodes positioned on the same side of a shared ligament. In
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chiral structures, the ligaments surrounding the nodes contract simultaneously under
compression and expand under tension, resulting in a negative Poisson’s ratio. Alderson
et al. |37] found that incorporating cylinders at the nodes of chiral honeycomb
structures reduced their stiffness compared to re-entrant hexagonal honeycomb
structures. Furthermore, Alderson et al. [38] reported that anti-chiral honeycomb
structures exhibited lower modulus values than chiral honeycomb structures with the
same number of ligaments. To achieve perodicity in chiral structures, rotational
symmelry constraints must be satisfied, allowing only five fundamental chiral
configurations: trichiral, anti-trichiral, tetrachiral, anti-tetrachiral, and hexachiral.
Gupta et al. [39] investigated the in-plane mechanical properties of trichiral and anti-
trichiral structures, demonstrating that trichiral structures exhibited superior energy
absorption capacity at equivalent relative densities. Meta-chiral structures, which do
not adhere to rotational symmetry, integrate both chiral and anti-chiral elements to
enhance auxeticity|40]. Grima et al. [40] combined tetrachiral and anti-tetrachiral
structures to form a meta-chiral structure, modifying the nodes from cylindrical to
rectangular, which resulted in a Poisson’s ratio significantly lower than -1.0. Mizzi et
al. [41] explored the mechanical properties and deformation behaviors of various chiral
metamaterials derived from the chiralization of Euclidean tessellations. Geometric
chiralization enables the development of novel chiral structures that may enhance
mechanical properties while preserving negative Poisson’s ratios. In essence,
modifying the geometric distribution of conventional chiral metamaternals through
tessellations can significantly improve their mechanical performance.

Voronod tessellation, a widely used random pattern, mimics natural structures such
as dragonfly wings, leaf veins, and nacreous formations[42-48). Unlike conventional
hexagonal honeycomb structures, Voronoi tessellations exhibit variability in both the
number of edges per cell and the length of each edge[49-58). As early as the late 20th
century, Silva et al. [59, 60) conducted studies on the mechanical properties of 2D

Voronoi tessellation honeycomb structures, including stiffness and strength. Their
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research demonstrated that variations in the arrangements of honeycomb walls alter the
overall elastic constants of the structure, and that non-periodic honeycombs exhibit
greater strain under compression compared to periodic hexagonal honeycombs.
Subsequently, Zhu et al. [61, 62] introduced the concept of the degree of regularity in
Voronoi tessellation, which expands the design space. At lower relative densities,
increased irregularity in Voronoi tessellation honeycombs was found to enhance both
the dimensionless Young's modulus and shear modulus[61, 63, 64). Zheng et al. [65]
investigated the dynamic crushing performance of Voronoi tessellation honeycomb
structures, showing that increased structural irregulanty improves performance,
including a higher plateau crush pressure compared to regular hexagonal honeycomb
structures. Abdullahi and Gao [66] used a 2D Voronoi honeycomb-filled square tube
structure to increase peak crushing force and specific absorption energy over regular
square cell filling, thereby improving crashworthiness. Wang et al. [67) studied the
mechanical properties of Voronoi honeycomb evlindrical shell structures and
demonstrated that energy absorption capacity increases with decreasing irregularity.
Overall, Voronoi tessellation structures exhibit superior stiffness and high energy
absorption capacity compared to regular honeycomb structures. Therefore, integrating
Voronoi tessellation into conventional designs presents a promising strategy for
enhancing mechanical performance.

In this study, a novel metamaterial with a random structure, termed the “Vorochiral”
metamaterial, was proposed by integrating Voronoi tessellation with chiral structures,
effectively introducing chirality into the Voronoi-based architecture. This hybrid design
combines the unique characteristics of both Voronoi tessellation and chiral
metamaterials. The mechanical properties of Vorochiral metamaterials, including
Poisson’s ratio, stiffness, energy absorption capacity, and deformation behaviors, were
investigated through experimental testing and finite element (FE) analyses. The
experimentally validated FE models were further employed to examine the mechanical

responses of Vorochiral metamaterials with varying degrees of irregulanty. Additionally,
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parametric studies were conducted to analyze on the effects of nodal circle radius and
wall thickness. The results demonstrated that Vorochiral metamaterials exhibit a
significant enhancement in mechanical performance compared to conventional trichiral

metamaternals.
2 Methods

2.1 Generation of the geometric model

The proposed Vorochiral metamaterials were derived from the chiralization of
Voronod tessellation structures. The generation process of the Vorochiral diagram is
illustrated in Fig. 1{a). The Voronoi tessellation diagram was generated using MATLAB
{(v2023b, MathWorks Inc., Massachusetts, USA) with 90 seed points {i.e., nuclei).
Initially, the irregularity of the Voronoi tessellation was defined. To construct a regular
hexagonal honeycomb with n cells in a square area Aqo, the distance o, between any

two adjacent nuclei should remain constant and is given by:

24,
ny3

For a random Voronoi tessellation diagram with s cells in the square area Ao, the degree

@, = (1)

of irregularity Ir of Voronoi tessellation diagram can be defined as:

i
Ir=1-— 2
- @

where @ is the minimum distance between any two nuclei[61, 62]. For a regular
hexagonal honeycomb, @ = ay and Ir = 0.0, whereas, for a completely random
{Poisson Voronoi) tessellation, @ = 0.0 and Ir = 1.0. In this study, n was set to 90,
and 4o was defined as a square area of 90 x 90 mm’. Next, nodal circles with equal
radii were placed at the vertices of the Voronoi tessellation and the tangentially-attached
ligaments were connected to adjacent nodal eircles. Each vertex was traversed using an
adjacency matrix to generate chiral diagrams. If adjacent circles intersected or were

tangent, no ligaments were created between them. For instance, as highlighted in the
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dashed red box in Fig. I(a). two trichiral diagrams were fused into a tetrachiral diagram.
Therefore, the Vorochiral metamaterial can also be regarded as a combination of
multiple types of chiral structures. The Vorochiral diagram was defined by assigning a
radius R to the nodal circles. Finally, given a wall thickness ¢ and an out-of-plane
thickness T, the Vorochiral metamatenial was constructed using SolidWorks (v2023,
SolidWorks Inc., Massachusetts, USA), as shown in Figs. 1(b)-1(g). Using this method,
Vorochiral metamaterials with degrees of irregulanty 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 were
generated, as shown in Figs. 1(b)-1(g). Notably, when the degree of irregularity was
0.0, the Vorochiral metamaterial corresponded to a conventional trichiral metamaterial,
as depicted in Fig. 1(b).
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Figure 1 Vorochiral metamaterials. (a) The generation process of Vorochiral diagram.

Vorochiral metamaterials with degrees of irregularity (b) 0.0, (c) 0.2, (d) 0.4, (¢) 0.6,

(f) 0.8, and (g) 1.0.
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2.2 Experimental tests

2.2.1 Fabrication of specimens

The dumbbell-shaped standard specimens and Vorochiral metamaterials
specimens were fabricated using the fused deposition modeling (FDM) method with a
Bambu Lab P18 printer {Shenzhen, China), as shown in Fig. 2(a) and Fig. 3{a). The
STL files, prepared using SolidWorks 2023, were imported into the Bambu Studio
slicing software. A 0.4 mm nozzle was used for printing. with a set printing speed of
40.0 mm/s and a fixed layer height of 0.08 mm. Thermoplastic polyurethane (TPU) 95A
HF, manufactured by Bambu Lab, was selected as the base materal for specimen
fabrication.
2.2.2 Material properties of TPU

The main material properties of TPL were obtained through uniaxial tensile tests.
In accordance with the ASTM D638 international standard, dumbbell-shaped TPU
specimens were modeled and fabricated. The geometry and dimensions of the standard
specimen are presented in Fig. 2(a). Three specimens were tested using a universal
testing machine (MTS Criterion 43.104) with a measuring range of 10.0 kN and a
maximum foree indicator error of less than +1.0% at a constant testing speed of 10.0
mm/min, as shown in Fig. 2(b). The force-displacement data were recorded and used
to calculate the nominal stress-strain curves. From the experimental dara, a fitting curve
for the hyperelastic material constitutive model was derived. Several hyperelastic
constitutive models, including Mooney-Rivlin, Polynomial, Neo-Hookean, Arruda-
Boyee, Yeoh, and Ogden, were evaluated against the average nominal stress-strain
curve. Among them, the Polynomial (N = 2) model provided the best fit to the
experimental results. The individual stress-strain curves obiained from the tensile tests
are shown in Fig. 2(c). The resulting parameters of the Polynomial (N = 2) model were
subsequently mput into Abaqus (v2021, Dassault SIMULIA, Rhode Island, USA) to

define the material properties, as summanzed in Table 1.
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Table 1 Material parameters of TPU
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Figure 2 (a) Three TPU standard dumbbell-shaped tensile specimens and their

dimensional parameters. (b) Experimental testing of dumbbell-shaped specimen. (¢)
Nominal stress-nominal strain curve of the base matenal.

2.2.3 Quasi-static compressive experimental tests

Quasi-static compressive tests of the Vorochiral metamaterials were conducted
using the same MTS universal testing machine with a measuring range of 10.0 kN and
a maximum force indicator error of less than +1.0% at a constant loading speed of 2.0
mm/min, as shown in Fig. 3(b). Each specimen was compressed to a displacement of
63.0 mm (corresponding to a strain of 0.7), and the resulting force-displacement curves
were recorded. To capture the real-time deformation behavior, a high-resolution camera
was positioned in front of the specimen during testing. A total of 18 specimens were
tested, with three specimens prepared for each degree of irregularity, as shown in Fig.
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3(a). All specimens had an out-of-plane thickness of 15.0 mm to prevent buckling or
instability under compressive loads. Additionally, the relative density of each specimen
was mamntained at 20% to ensure consistency in matenal distribution and geometric
COmparisons.

() (b)

....‘,_.__
I I .

Figure 3 3D printing specimens and experimental testing platform. (a) The 3D
printing specimens with varying degrees of irregularity. (b) Experimental testing

platform used for quasi-static compressive tests.

2.3 FE analysis

The FE analysis in this study was performed using the commercial software
Abaqus/Explicit 2021. Geometric models created in SolidWorks 2023 were imported
into Abaqus, where the Polynomial (N = 2) matenal model was applied to simulate the
mechanical behaviors of the Vorochiral metamatenials. Two rigid plates were positioned
above and below the Vorochiral metamatenal, as shown in Fig. 4. The Vorochiral
metamatenal was meshed using hexahedral solid elements (C3DSR). while the plates
were meshed using quadrilateral shell elements (R3D4). A mesh sensitivity analysis
was conducted to ensure mesh independence, revealing that a mesh size of 0.36 mm
produced stable and converged simulation results. In the simulation setup, the bottom
plate was fully constrained, and the top plate was displaced downward by 63.0 mm to
compress the structure. The friction coefficient for tangential contact was 0.2, while the

10



normal contact behavior was modeled as “hard™ contact. A force-displacement curve
was obtained by extracting the reaction force and displacement at the node coupled to
the top plate. From this data, the corresponding stress-strain curve was calculated to
evaluate the mechanical response of the Vorochiral metamatenals.

l Compression

.A-

"
AT A4

!0
.’\
) "‘ \\‘ -:

Complesely fixed

Figure 4 FE model of Vorochiral metamaterials.

2.4 Evaluation indicators of mechanical properties

The evaluation indicators of mechanical properties in this study were derived from
the stress-strain curves of the Vorochiral metamaterials. Several key indicators were
used to assess mechanical properties[68]): effective Poisson’s ratio (v), apparent
Young's modulus (E), energy absorption (EA), specific energy absorption (SEA),
energy absorption efficiency (EAE), strain at the densification point (£y), and mean
crushing load (MCL). Their definitions are as follows:

Poisson’s ratio 1s a fundamental indicator of deformation behavior. To minimize
boundary effects, the effective Poisson’s ratio was calculated based on the nterior
region of the structure, specifically within the solid red box located at the center of the
specimen|69], as shown in Fig. I(b). The effective Poisson’s ratio was determined by
measuring and averaging the boundary displacements between the top and bottom

edges, as well as the left and right sides of the solid red box during compression. The
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effective Poisson’s ratio (v) is given by:
Ex
v=—— (3

Ey

where £, and £, represent the nominal strains in the honzontal and vertical

directions, respectively. The £, and £, are calculated using the following equation:

Ax
&= (4)
AT

where [ and h represent the initial horizontal and vertical lengths of the solid red box,
respectively, as shown in Fig. 1(b). In this study, { was set to 20.0 mm, and h was set to
36.0 mm. A¥ and A¥ are the average deformation variations of the marked area in
the horizontal and vertical directions, respectively.

Young's modulus 15 an indicator of stiffness, representing the ability to resist
deformation. It is calculated from the linear elastic part of the stress-strain curve. The

apparent Young's modulus (E) of the structure is calculated as below:
_ FjA e
where F denotes the load carried by the structure under compression, H denotes the

E

overall height of honeycomb, 4 and Ah are the surface area and displacement of upper
boundary of the structure, respectively.

EA, SEA, EAE, £y, MCL are key indicators used to evaluate the energy absorption
capacity of the Vorochiral metamaterials. E4 in this study represents the cumulative

energy absorption per unit volume, which can be obtained by integrating the stress-

slrain curve.
3
EA= j o(e)de )
a
SEA 15 the energy absorption of the structure per unit mass, which can be calculated as
follow:
EA
SEA = —— (8)
Pmy

where pn, denotes the density of base matenial, and p, denotes the relative density of
12



the undeformed structure. EAE is generally defined as the ratio of the actual energy

output to the total input energy during the process of energy conversion or transfer for

a system, which can be expressed as:

EAE = 'r':'ﬂ;ﬁ (9)

where £, denotes the instantaneous strain that corresponds to the stress value . The
strain at the densification point £y can be determined by the last local maximum value
of EAE. The MCL represents the energy absorption per unit displacement, which can

be calculated by:

[t Fds

L]

d

MCL = (10)

where d 15 the displacement corresponding to the £,.
3 Results and Discussion

3.1 Experimental validation

The FE models were validated against the experimental results, focusing on both
the stress-strain curves and deformation behaviors. As illustrated in Fig. 5, the stress-
strain curves from the FE simulations of Vorochiral metamaterials with varying degrees
of irregulanty closely followed the trends observed in the experimental resulis across
all three specimens. However, due to minor discrepancies between the 3D-printed
structures and the FE models, particularly in contact interactions, material parameters,
and boundary conditions, the results from the FE simulation are slightly different from
the experimental results. The MCL was used as a comparative indicator, and the errors
among the three experimental tests and FEM were no more than 7.20% in varying
configurations, as shown in Table 2. Additionally, as shown in Fig. 6, the deformation
behaviors of Vorochiral metamaterials with different degrees of irregulanty
demonstrated a high degree of consistency between the experimental observations and

sumulation results.
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Overall, the differences between the experimental data and FE simulation results

remain within an acceptable range, thereby validating the accuracy and reliability of the

FE models. Therefore, these validated models can be confidently employed in

subsequent analyses to investigate the mechanical behavior of Vorochiral metamatenals.
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Figure 5 Comparison of stress-strain curves among three experimental tests and FEM.
Irregularity degrees of (a) 0.0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, and (f) 1.0.
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Figure 6 Comparison of deformation behaviors between experiment and FE with

varying degrees of irregulanty.

Table 2 MCL of Vorochiral metamaterials on three experimental tests and FEM

Ir 0.0 0.2 0.4 0.6 0.8 1.0
FEM 32.02 39.11 33.84 28.57 31.93 34.39
EXP 1 31.73 41.41 36.27 30.63 34.15 36.84
(-0.92%) (+5.88%) (+7.17%) (+7.20%) (+6.97%) (+7.11%)
EXP 2 3249 40.62 34.82 30.13 3294 32.63
(+1.47%) (+3.86%) (+2.89%) (+5.46%) (+3.17%) (-5.11%)
EXP3 30.42 39.28 32.30 29.37 32.80 31.97

(-4.99%) (+0.42%)  (-4.54%) (+2.80%) (2.72%) (-7.03%)

Note: “+" and “-" represent the enhancement and reduction compared to FEM,

respectively.

3.2 Enhanced E and EA by chiralizing the Voronoi structure

Vorochiral metamatenal outperformed the conventional trichiral metamaterial in
both £ and EA4 by incorporating chirality into the Voronoi tessellation structure, while

still retaining its auxetic effect. In this study. the concept of irregularity was introduced
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to expand the design space and explore its influence on mechanical performance. To
systematically investigate the effect of irregularity, the radius of the nodal circles and
the relative density of all structures were fixed at 1.6 mm and 20%, respectively. The
degree of irregularity was varied from 0.0 to 1.0 with an increment of 0.2

As shown in Fig. 7(a), the effective Poisson’s ratio of Vorochiral metamaterials
with varying degrees of irregulanity remained negative over a wide range of strains.
These results confirm that a negative Poisson’s ratio, the key characteristic of the chiral
structure, successfully preserved in the proposed Vorochiral metamaterial design.
Moreover, the strain range over which the negative Poisson’s ratio was observed
expanded to a broad range depending on the level of irregularity.

The Vorochiral metamaterials with lower degrees of irregularity exhibited higher
apparent Young's moduli. To ensure the reliability of the results, six Vorochiral
structures were randomly generated for each degree of iregularity and tested for their
mechanical performance. As shown in Fig. 7(b), the apparent Young's modulus of
Vorochiral metamaterials imtally increased and then decreased with increasing
irregularity. Among the tested configurations, the structures with an irregulanty degree
of 0.4 demonstrated the highest modulus. Moreover, Vorochiral metamaterials with
irregularity degrees below 0.4 exhibited higher apparent Young's moduli than the
conventional trichiral metamaterials (i.e., fr = 0.0). Notably, the apparent Young's
modulus of the Vorochiral metamaterial with an irregularity degree of 0.4 was enhanced
by 13.88% compared to the conventional trichiral metamaterials, as presented in Table
i

The Vorochiral metamaterials successfully retained a negative Poisson’s ratio
effect, inherent to chiral metamaterials. In other words, chiralizing Voronoi tessellations
provides an effective approach for generating novel auxetic structures. The novel
structures proposed in this study demonstrate the ability to simultaneously achieve
higher stiffness and a negative Poisson’s ratio — a combination that is difficult to realize.

Moreover, the Vorochiral metamaterials exhibited a negative Poisson’s ratio over a
16



broader range of strains compared to similar structures reported in previous studies|69],
highlighting their enhanced mechanical performance and design potential.

The stiffness of the trichiral metamaterial can be enhanced by chiralizing the
Voronoi tessellation structures. The Vorochiral metamaterials with lower degrees of
irregularity exhibited higher stiffnesses, while those with higher irregularity showed a
reduction in stiffness. This phenomenon can be attributed to the irregular ligament
configurations formed at lower irregularities, particularly triangular arrangements
within the internal structure, which provided additional support compared to
conventional trichiral metamaterials, as shown in Fig. 1(d). However, as the degree of
irregularity increased, excessively long ligaments may form, leading to localized
reductions in stiffness, thereby diminishing the overall structural stiffness, as shown in
Fig. 1{g). Stiffness reflects a material’s ability to resist deformation, and structures with
high deformability, such as conventional chiral and anti-chiral configurations, typically
exhibit lower stiffness. Despite this, the Vorochiral metamaterials in this study were still
able to maintain significant deformability, as shown in Fig. 7(a). Importantly, the
geometric reconfiguration of chiral metamaterial using this approach effectively
enhances stiffness, thereby breaking the conventional trade-off between high stiffness
and large deformability.

The EA and SEA of the Vorochiral metamaterials, which represent their energy
absorption capacity, were found to decrease with increasing irregularity, as shown in
Fig. 7(c). Vorochiral structures with lower degrees of irregularity exhibited greater
energy absorption capacity than the conventional trichiral metamaterials under the same
relative density. Notably, the structure with an irregulanty degree of 0.2 demonstrated
a 63.04% improvement in energy absorption compared to the conventional trichiral
configuration, as presented in Table 3. The strain at the densification point £4 is a
critical indicator of energy absorption and is defined as the strain corresponding to the
last local maximum value of EAE, as shown in Fig. 8. The point marks the onset of the

densification phase, where the integral of the stress-strain curve prior t© £y
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corresponds to the EA. The stress-strain curves of the Vorochiral metamaterials
displayed a distinct multi-step platean, ndicating a unique energy absorption
mechanism. For example, the stress-strain and E4E curves of Vorochiral metamaterial
with structure configuration 4 of irregularity degree of 0.4 was depicted in detail in Fig.
9. The emergence of multi-step plateaus has enabled Vorochiral metamaterials to absorb
energy in multiple stages, increasing the overall energy absorption capacity of the
structure while also delaying the appearance of £4. Moreover, the MCL and £4 jointly
influence the overall energy absorption capacity, as higher MCL and £, are associated
with improved energy absorption, as shown in Figs. 7(d) and 7{e). Furthermore, Fig.
7(f) presents a radar diagram offering a comprehensive visualization of the mechanical
performance of Vorochiral metamaterials across different degrees of irregularity. A
larger enclosed area in the radar plot indicates superior overall performance. Especially,
structures with irregularity degrees of 0.2 and 0.4 exhibit significantly enhanced
mechanical properties compared to other configurations.

The energy absorption capacity of trichiral metamaterials can also be enhanced by
chiralizing Voronoi tessellation structures. As the degree of irregularity increased, the
energy absorption capacity of the Vorochiral metamatenals decreased, consistent with
trends observed in conventional Voronoi honeycombs|[64]. The superior energy
absorption observed in Vorochiral metamaterials with lower irregularity, compared to
the conventional trichiral structure, can be mainly attributed to the occurrence of multi-
step plateaus in the stress-strain curves of Vorochiral metamaterials. The structures with
multi-step plateaus have strong energy absorption capacity, which were reported in
many previous studies| 70-78]. The occurrence of these multi-step plateaus was likely
attributed to multiple self-contact interactions within the structure during compression,
which momentarily altered the deformation pathway, as shown in Fig. 9. The places of
self-contact for each stage were marked with red ovals. The places of self-contact
increased gradually with the compression of the structure. Each increase in the number

of self-contact places also significantly increased the stress on the entire structure
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during compression, forming each local maximum value of EAE. In contrast, the

trichiral metamatenial had only one maximum value in the E4F curve, which meant that

all self-contacts occur almost simultaneously when the structure was compressed. Thus,

the tnchiral metamaterial also had only one platean stage in the stress-stran curve.

Addmonally, higher MCL and larger £y can led to a stronger energy absorplion

capacity. Therefore, Vorochiral metamaterials with higher degrees of irregularity

exhibited a notable decrease i MOCL, which contributed to the overall reduction

energy absorption capacity.

Table 3 E, £4 and 5EA of Vorochiral metamaterials

Ir E (kPa) EA (kl/m?) SEA (Jkg)

0.0 272.97+0.00 10.120.00 41.48 +0.00

0.2 279.87+23.99 (+2.5%) 16504093 (+63.04%)  67.62+3.80 (+63.04%)
0.4 3108543312 (+13.88%) 13.5142.27 (+33.50%)  55.35£9.30 (+33.50%)
0.6 267.78427.32 (-1.90%)  12.55+1.46 (+24.01%)  51.43+5.97 (+24.01%)
0.8 2427142324 (-11.08%)  12.2942.36 (+21.44%)  50.394+9.69 (+21.44%)
1.0 2212742743 (-18.94%) 11454200 (+13.14%)  46.94+8.56 (+13.14%)

Note: “+” and *-" represent the enhancement and reduction compared to “fr = (.07,

respectivelv.
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Figure 7 Mechanical indicators of Vorochiral metamaterials with varying degrees of
irregulanty (/r). (a) Effective Poisson’s ratio (v) of Vorochiral metamaterials with
different degrees of irregularity. (b) Apparent Young’s modulus (E). (¢) energy
absorption (EA4), specific energy absorption (SEA), (d) strain at densification point
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Figure 8 Stress-strain curves and energy absorption efficiency (EAE) curves of
Vorochiral metamatenials with degrees of irregulanity (/r) (a) 0.0, (b) 0.2, (¢) 0.4,
(d) 0.6, (e) 0.8. and (f) 1.0. The stars with different colors represent the last local

maximum values of EAE curves, respectively.
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3.3 Parametric studies

3.3.1 Effect of nodal circle radius

The radius of the nodal circles in Vorochiral metamatenals plays a crucial role in
influencing the mechanical properties of the structures. To investigate this effect, the
degree of irregularity and the relative density of all configurations were fixed at 1.0 and
20%, respectively. The radii of the nodal circles were varied from 1.0 mm to 2.0 mm,
with an interval of 0.2 mm. The deformation behavior of Vorochiral metamaterials with
varying nodal circle radii under compression i1s shown in Fig. 10. While the general
deformation pattern remained similar across all configurations, an increase in nodal
circles radius led to a decrease in the apparent Young’s modulus of the Vorochiral

metamatenals, as shown in Fig. 11(a). Both the £4 and SEA generally decreased with
22



increasing radius, as illustrated in Fig. 11{(b). Similarly, the £; of varying
configurations decreased as increasing radius, as presented in Fig. 11{c) and 11{d).
Additionally, the MCL across these configurations also exhibited an overall decreasing
trend as the radius of the nodal circles increased, as shown in Fig. 11{e).

The stiffness of the Vorochiral metamaterials was observed to decrease with
increasing nodal circle radius. As the radius increased, the circumference of each nodal
circle became longer, resulting in a reduction in wall thickness to maintain a constant
overall relative density. This decrease in wall thickness is likely the primary factor
contributing to the reduction in the stiffness of the structures.

The energy absorption capacity of the Vorochiral metamaterials decreased with
increasing radius of the nodal circles. As shown in Figs. 11{c)-11{e). the g4 values and
the MCL exhibited a gradual decline with increasing radius. This trend explains the

overall reduction in energy absorption capacity as the nodal circle radius increased.
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Figure 11 Mechanical indicators of Vorochiral metamatenals with varying radii of
nodal circles. (a) Apparent Young’s modulus (E) of Vorochiral metamatenals. (b)
Energy absorption (E4) and specific energy absorption (SEA) of Vorochiral
metamaterials. (¢) Stress-strain curve and energy absorption efficiency (EAE) of
Vorochiral metamaterials. The stars with different colors represent the last local
maximum values of EAE curves, respectively. (d) Strain at densification point (g4) of

Vorochiral metamatenals. (e) Mean crushing load (MCL) of Vorochiral metamatenals.
25



3.3.2 Effect of wall thickness

The wall thickness of the Vorochiral metamaterials directly influenced the relative
density of the structures. To examine its effect, the degree of irregulanty and the radius
of the nodal circles were fixed at 1.0 and 1.6 mm, respectively. The wall thickness was
varied from 0.5 mm to 1.0 mm in increments of 0.1 mm. The deformation process of
Vorochiral metamaterials with varying wall thickness is illustrated in Fig. 12. While the
overall deformation behaviors remained similar across configurations, local stress
concentrations increased with wall thickness under the same compressive strain levels.
As shown in Fig. 13(a), the apparent Young's modulus of the Vorochiral metamaterials
increased significantly with thicker walls, indicating improved stiffness. Similarly, both
the EA and SE4 increased with wall thickness, as shown in Fig. 13(b). Although the &4
decreased as wall thickness increased, the stress values at equivalent strain levels rose
markedly, as illustrated in Fig. 13{c) and 13{d). Furthermore, the MCL exhibited
substantial improvement with increasing wall thickness, as depicted in Fig. 13(e).

The stiffness of the Vorochiral metamaterials was significantly enhanced with
increasing wall thickness, indicating that wall thickness is one of the most crucial
factors in determining the structural stiffness. Once the geometne configuration of the
structure is defined, the relative density (i.e., solid volume fraction) is governed solely
by the wall thickness.

Similarly, the energy absorption capacity of the Vorochiral metamaterials also
increased with wall thickness. As shown in Figs. 12{c)-12(e), variations in the MCL had
a more pronounced effect on the energy absorption capacity than the changes in £,

contributing to the improvement of energy absorption capability.
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Figure 13 Mechanical indicators of Vorochiral metamaterials with varying thicknesses
of wall. (a) Apparent Young’s modulus (E£) of Vorochiral metamaterials. (b) Energy
absorption (E£A4) and specific energy absorption (SEA) of Vorochiral metamatenials. (¢)
Stress-strain curve and energy absorption efficiency (EAE) of Vorochiral
metamaterials. The stars with different colors represent the last local maximum values
of EAE curves, respectively. (d) Strain at densification point (£4) of Vorochiral
metamaterials. (¢) Mean crushing load (MCL) of Vorochiral metamatenials.
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Although the mechanical properties of the Vorochiral metamatenals were superior
to those of conventional trichiral metamaterials, several limitations remain in this study.
First, while the Vorochiral metamaterials retained the key characteristic of a negative
Poisson’s ratio over a wide range of strains, the Poisson’s ratio could not be arbitranly
controlled. Further studies should explore the design of Vorochiral metamaterials with
customizable Poisson's ratio to enable broader functional applications. Second, due to
the influence of boundary effects, it was challenging for the overall structure to
consistently exhibit a pronounced negative Poisson’s ratio. The application of
appropriate boundary conditions remains a complex issue. In particular, the periodic
boundary conditions commonly used for unit cells of periodic structures were not
directly applicable in this study. Therefore, further research 15 needed to develop and
implement suitable boundary conditions for these types of non-periodic structures.
Third, the number of nuclei used in generating the Vorochiral metamaterials was nod
varied in this study. Modifying the number and distribution of nuclei could provide
valuable insights into how these parameters affect the mechanical performance of

Vorochiral metamaterials and should be considered in future investigations.

4 Conclusions

In this study, a novel random structure termed the Vorochiral metamatenal was
proposed by chiralizing the Voronoi tessellation structure. The Poisson’s ratio, stiffness,
energy absorption capacity, and deformation behaviors of the Vorochiral metamaterials
were systematically investigated. Moreover, the experimentally validated FE models
were employed to examine the mechanical performance of Vorochiral metamaterials
with varying degrees of irregularity, along with parametric studies on nodal circle radius
and wall thickness. The key conclusions drawn from the present study are as follows:

{1} The negative Poisson’s ratio effect was expanded to a wider range of strain in

Vorochiral metamaterials with varying degrees of irregularity.
{2) Vorochiral metamaterials with lower degrees of irregulanity significantly
29



outperformed conventional trichiral metamatenals in stiffness and energy
absorption capacity.
{3) The multu-step plateans in stress-strain curves contnbuted to improved energy
absorption capacity, when Vorochiral metamatenals were compressed.
{4) For fixed degree of irregularity and relative density, both stiffness and energy
absorpiion capacity exhibited an overall decreasing trend as the radius of the
nodal circles increased.
{5) For fixed degree of irregularity and nodal circle radius, increasing the wall
thickness significantly enhanced both stiffness and energy absorption capacity.
Overall, excellent mechanical performance of the Vorochiral metamaterials was
achieved by integrating Voronot tessellanon structures with chiral metamatenials. This
geometric reconfiguration approach effectively enhanced key mechanical properties,
breaking the traditional trade-off between high stiffness and large deformability.
Additionally, due to the occurrence of multi-step plateau in stress-strain curves, the
energy absorption capacity of the Vorochiral metamaterials was also significantly
enhanced compared to that of conventional trichiral metamaterial. These advancements
highlight the potential of Vorochiral metamaterials for high performance applications
across various engineering fields, including aerospace, automotive, marine, and
biomedical engineering.
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