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Chiral honeycombs are a class of auxetic metamaterials which are characterised by a lack of plane symmetry.
Besides the traditional chiral honeycombs based on regular monohedral tessellations such as the hexachiral and
tetrachiral honeycombs, a vast range of auxetic chiral metamaterials may be produced through the ‘chiralisation’
of Euclidean tessellations made from polyhedral tilings and/or irregular monohedral polygons. In this work, we
show for the first time, how the direction of the geometric chiral transformation, i.e. clockwise vs anti-clockwise
chiralisation, has an influence on the mechanical properties and deformation modes of the resultant chiral
metamaterial systems. This influence, which is a result of the intrinsic absence of axial symmetry in the original
base tessellation, can lead to the production of two unique and distinct chiral metamaterial configurations with
completely different mechanical properties originating from a single base tessellation. In this work we demon-
strate and quantify, through a wide range of numerical simulations and experimental tests on additively-
manufactured prototypes, the effect of the direction of chiralisation on two tessellations: a Florent pentagonal
system with hexagonal rotational symmetry and a hexagonal monohedral tessellation with trigonal rotational
symmetry. The results obtained show that the clockwise and anti-clockwise chiral structures exhibit significantly
different mechanical properties and deformation modes, highlighting the increased versatility of this relatively
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novel class of chiral metamaterials.

1. Introduction

Chiral honeycombs are one of the main classes of mechanical met-
amaterials with the capability of exhibiting a negative Poisson’s ratio.
This anomalous property, also known as auxeticity [1], imparts a
number of useful accompanying characteristics to these metamaterials
including a high indentation [2] and shear resistance [3] as well as the
ability to adopt synclastic curvature [4]. These advanced functionalities
make auxetic metamaterials ideal candidates for implementation in
specialised applications such as biomedical implants, including stents
[5], prosthesis [6] and skin grafts [7], as well as flexible electronics [8]
and mechatronic components [9]. Chiral honeycombs, as their name
implies, are systems which are characterised by an axi-asymmetric ge-
ometry which cannot be superimposed to its mirror image by rotations
and translations alone. These systems deform primarily via rotation of
nodes and flexure of ligaments and the first designed and most
well-known example of such structures is the hexachiral honeycomb
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[10-17]. This system, first proposed by Wojciechowski [10] and later
implemented in physical form by Prall and Lakes [11], possesses a
Poisson’s ratio of -1, has hexagonal rotational symmetry and exhibits
transverse-isotropy. Since then, other chiral metamaterials have been
realised including the tetrachiral [18-23] and trichiral [22,24,25] sys-
tems which are characterised by quadratic and trigonal rotational
symmetry as well as variants with similar deformation modes but pos-
sessing one or multiple axes of symmetry, commonly known as
anti-chiral [26-33] and meta-chiral [34] honeycombs. Additional chiral
honeycombs based on polyhedral tessellations [35-40], hierarchical
geometries [27] and 3D lattices [41-46] have also been designed and
studied. Besides investigating the influence of the various geometric
parameters such as chiral node size, ligament thicknesses and lengths on
the Poisson’s ratio of these systems, a number of studies have also
analysed the effect of these dimensions on the stiffness and shear moduli
as well as the out-of-plane curvature capabilities of these systems.
Despite this considerable number of works, there is one aspect of
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these system which is commonly overlooked and, to the authors’
knowledge, never examined deeply with respect to auxetic chiral met-
amaterials — the influence of the rotational direction of chirality on
mechanical properties. As stated previously, chiral honeycombs are
characterised by the absence of axial symmetry and, hence, as shown in
Fig. 1, may be denoted either as clockwise or anti-clockwise chirals.
Typically, the direction of chirality is not considered important and this
is due to the fact that the current state-of-the-art on chiral honeycombs is
primarily focused on systems based on regular hexagonal, quadrilateral
and triangular monohedral tessellations, namely the aforementioned
trichiral, tetrachiral and hexachiral honeycombs and their variants. The
base tessellations of these systems all possess at least one axis of sym-
metry and, as a result of this, the chiralised counterparts of these tes-
sellations are identical mirror-images of each other and exhibit the exact
mechanical properties and deformation modes irrespective of whether
clockwise or anti-clockwise chiralisation is applied. An example of this is
shown in Fig. 1, where a clockwise and anti-clockwise trichiral system
are illustrated. Both these systems are based on the same hexagonal
tiling pattern, with the only difference being the direction of
chiralisation.

However, this consideration only holds true if the original tessella-
tion upon which the chiral honeycomb is based is axisymmetric. In the
absence of axial symmetry, clockwise and anti-clockwise chiralisation of
a completely asymmetric tessellation or a geometry which possesses
only rotational symmetry results in two non-congruent chiral systems.
Two examples of such tessellations are shown in Fig. 2. The first is a
monohedral pentagonal tessellation [47,48] with rotational symmetry
of order 6 (commonly known as a Florent pentagonal system) [49],
while the second system is a monohedral hexagonal tessellation with
trigonal rotational symmetry [47,48]. Both of these systems exhibit
transverse isotropy (with or without chiralisation) due to their rota-
tional symmetry characteristics [50,51]. It is evident from Fig. 2 that the
corresponding clockwise and anti-clockwise chiralised structures
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derived from these tilings are unique and cannot be superimposed on
each other. As a result of this, one would expect these systems to also
deform in a different manner as well as exhibit diverse mechanical
properties.

In this work, we aim to characterise and quantify the influence of the
direction of chiralisation on the mechanical properties of chiral meta-
materials based on axi-asymmetric tessellations. Through Finite Element
simulations on a range of hexagonal and pentagonal tessellation-based
chiral systems such as the ones shown in Fig. 2, as well as experi-
mental loading tests on additively-manufactured prototypes, we show
how the Poisson’s ratio and Young’s modulus of these metamaterials are
affected by the relative directions of chiralisation and original rotational
symmetry of the base tessellation.

2. Design of clockwise and anti-clockwise chiral honeycombs

In this section, we quantitatively define what constitutes clockwise
and anti-clockwise chiralisation as well as geometric characteristics of
the two base tessellations chosen for analysis.

2.1. Clockwise and anti-clockwise chiralisation

The chiralisation of a basic tessellation involves the formation of
chiral nodes at the vertices of tessellation which are connected together
through ligaments in an axi-asymmetric manner. Typically, circular
chiral nodes are used and they are connected to each other through
tangentially-attached ligaments as shown in Fig. 3a. If we consider two
adjacent vertices of a hypothetical tessellation, A and B, which are
distant from each other by a length R (defined by the original base
tessellation geometry), then the chiralisation of these two points may be
defined in terms of two additional independent geometric variables.
These two variables are the node radius, r, and the ligament thickness, t.
The resultant ligament length, [, is a dependent variable, which may be

i

Anti-Clockwise Trichiral Honeycomb

Fig. 1. A regular trichiral honeycomb with the chiral nodes connected in a clockwise and anti-clockwise manner. The two systems are identical mirror-images of

each other.
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Fig. 2. Clockwise and anti-clockwise chiralisation of a pentagonal tessellation with hexagonal rotational symmetry (Florent pentagonal tessellation) and a hexagonal
tessellation with trigonal rotational symmetry. It is evident that the resultant chiral honeycombs in each case are unique and cannot be super-imposed upon

each other.

determined as a function of R, r and t as follows:

2 2
263
Besides these variables, there is also another geometric factor which
must be considered; the direction of chiralisation. As shown i ligament
with length [ may be tangentially connected to the chiral nodes in two
ways; through a clockwise or anti-clockwise rotational direction. These
two forms of chiralisation may be geometrically defined as follows:

o Clockwise Chiralisation — Taking into account the tangent point (T) of
the ligament with the chiral node, the radius AT is superimposed on
the x-axis through an in-plane rotation of an angle less than 90° in
the clockwise direction.

o Anti-Clockwise Chiralisation — Taking into account the tangent point
(T) of the ligament with the chiral node, the radius AT is super-
imposed on the x-axis through an in-plane rotation of an angle less
than 90° in the anti-clockwise direction.

2.2. Pentagonal and hexagonal tessellations

As shown in Fig. 2, two tessellations which are characterised solely
by a planar rotational symmetry of order n were investigated; namely
the Florent pentagonal tiling (with rotational symmetry of order 6) and
the chosen hexagonal tiling (with a rotational symmetry of order 3). The
main reason why these two geometries were chosen is that they both
allow for considerable geometric variation whilst retaining their un-
derlying rotational symmetry characteristics which includes both
convex and concave configurations. This geometric versatility therefore
allows one to examine the influence of base tessellation parameters and
direction of chiralisation on mechanical properties while keeping the
rotational symmetry of the overall system unchanged. In this section, a
brief overview on the design of the base tessellations is provided.

2.2.1. Pentagonal tessellation with hexagonal symmetry

This particular pentagonal tessellation (also known as a Florent
pentagonal tiling) is characterised by a rotational symmetry of order 6
and can be defined by three independent geometric variables: i, j and k,
shown in Fig. 4. The tessellation considered in this work may be
designed by constructing two external triangles adjacent to a generic



L. Mizzi et al. Thin-Walled Structures 205 (2024) 112381
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Fig. 3. a). Formation of chiral nodes and connecting ligament between two points, A and B along with resultant geometric parameters. Schematics showing how the
ligament can be formed in a b) clockwise and c) anti-clockwise rotational direction.
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Fig. 4. Design of the Florent pentagonal tessellation. The dashed white lines show the rectangular representative unit cell of the system.
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triangle with sides of lengths a, b and c (see Fig. 4) on sides a and b. The
triangle constructed from the side of length a is an equilateral triangle,
while the one constructed from side b is an isosceles triangle with an
internal angle of 120°. The lengths a, b and c are related to the external
side lengths of the pentagon as follows: a =i, b = j\/ 3 and ¢ = k and
therefore, for any chosen set of i, j and k to result in a realisable
tessellation, the following conditions must be met:

a. The angle between the two sides with length i must be equal to 60°

b. The angle between the two sides with length j must be equal to 120°

c. The chosen combination of side lengths i, j and k must respect the
following triangle realisability condition:

2 4 372 — k2

_ 1 2
20V3 < 2

As stated previously, these existence limits permit the design of
various configurations including both convex and concave ones. For the
sake of brevity, we have omitted to include a detailed explanation on the
design of these tilings and refer the reader to [40] for a more in-depth
analysis on the mathematical conditions necessary for all the permis-
sible forms of convex and concave systems. Given that the tessellation is
known to be transversely isotropic, due its inherent hexagonal rotational
symmetry [51], the choice of orientation for the representative unit cell
(RUC) with respect to the global cartesian coordinate system is of no
consequence with regards to the mechanical properties obtained for the
system and, therefore, the rectangular cell based on the 6-fold rotational
symmetry points of the tessellated structure was chosen for convenience.
This unit cell has the following dimensions, I, and I, which are defined
as follows:

L= V3, 3)

l,=2,|i +k742 — ikcos {arccos <12+l;21k—3]2> + ;j 4
2.2.2. Hexagonal honeycomb with trigonal symmetry

The hexagonal honeycomb with trigonal symmetry, shown in Fig. 5,
may also be defined by three independent length variables: the three
side length parameters: i, j and k. In analogy with the pentagonal
tessellation, this Euclidean tiling can also be designed from an internal
triangle with side lengths a, b and c. In this case, isosceles triangles with
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an angle of 120° are constructed externally on all three sides. The
lengths of the internal triangle are related to the hexagon parameters as
follows: a = iy/3, b = jy/3 and ¢ = k4/3 and the conditions to design
these tessellations are:

a. The angles between the three pairs of sides with equal lengths must
be equal to 120°

b. The chosen combination of side lengths i, j and k must respect the
triangle realisability condition:

i2+j2—k2

2% <1 5)

These conditions permit the design of both concave and convex
tessellation, with a concave tessellation being formed if one of the angles
of the triangle with sides a, b and c exceeds 120°. As shown in Fig. 5, a
rectangular unit cell was chosen for these systems with dimensions
and L, which are defined as follows:

2 122
I, = .| + k? — 2ikcos <arccos (H_kj> + ”)

2ik 3
2 2 2
2 2 o i?+j* -k n 6
+,|i® +j* — 2ijcos (arccos (72ij ) +3> (6)
2 2 2
2 2 _ o ki r
+, |j° + k* — 2jkcos (arccos( 2k ) + 3>
L
b=5 @

Since this tessellation exhibits trigonal rotational symmetry, it is also
analytically predicted to exhibit transverse isotropy [51] and thus the
chosen orientation of the representative unit cell has no bearing on the
resultant mechanical properties (neither before nor after chiralisation).

2.3. Chiralisation of tessellations

As shown in Fig. 2, the chiralisation of these tessellations is essen-
tially performed by forming chiral nodes at the vertices of the polygons
and connecting them through clockwise or anti-clockwise oriented
tangentially-attached ligaments. Naturally, this transformation entails

Single Hexagonal Cell

Trigonal Rotational
Symmetry Arrangement

Final Tessellation

A Rotational

Replication around
pomt A

Tessellation of
Geometry 1 2D

Space

Fig. 5. Design of the hexagonal tessellation with trigonal rotational symmetry. The dashed white lines show the rectangular representative unit cell of the system.
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additional geometric restrictions on the realisability of these chiral
honeycombs further to the original tessellation constraints indicated in
Egs. 2 and 5. The most obvious restriction is that the chiral node radii
must be small enough with respect to the original tessellation side length
so as to ensure that a ligament may be formed between two adjacent
connected nodes. In this case, a uniform node radius dimension, r, was
used and thus this geometric condition, which is valid for both tessel-
lations, can be expressed as follows:

s <iik ®

This condition is sufficient for all configurations of the hexagonal
tessellations with trigonal rotational symmetry described in Section
2.2.2, however, in the case of the pentagonal tessellations with hexag-
onal rotational symmetry, there is an additional geometric constraint
which must be met in the case of concave systems. This condition, which
ensures that the ligaments of the chiral honeycomb do not intersect with
nodes to which they are not supposed to be connected, depends highly
on direction of chiralisation. For clockwise chiralisation, the condition is
as follows:

icos(6+p) < —t 9
while for anti-clockwise:
icos(6 — ) > 2r 10

The full explanation and derivation of these conditions, along with
the definition of the variables 6 and f, is presented in Appendix 1.

Thin-Walled Structures 205 (2024) 112381
3.1. Parametric analysis using linear FE simulations

The ten tessellations investigated in this work are illustrated in Fig. 6
and listed in Table 1. These tessellations encompass representative
configurations of both convex and concave pentagons and hexagons and
were chiralised by forming circular nodes at the vertices of the polygons
and tangentially-connected ligaments. The geometric chiralisation var-
iables, the node radius, r, and the ligament thickness, t (see Fig. 3a),
were varied as follows: r was set at a range between 0.5 mm and 5 mm
with steps of 0.5 mm, while t was varied from 0.1 mm to 1.0 mm in steps
of 0.1 mm. Since 10 systems were studied and each structure was con-
structed in the form of a clockwise chiralised and anti-clockwise chi-
ralised variant, the resultant factorial space yields a total of 2000 chiral
structures. In reality, the actual number of simulated systems was
slightly lower than this value due to the geometric conditions indicated
in Egs. 8-10, rendering certain combination of variables inadmissible,
since they result in unrealisable configurations.

In order to find the Poisson’s ratio and Young’s modulus of these
chiral systems, FE simulations were conducted using the ANSYS16
software. The systems were constructed as planar, single representative
unit cells and simulated under periodic boundary conditions.
PLANE183, a higher order 2-D, mixed 8-node or 6-node element with

Table 1
Dimensions of tessellations studied in this work and shown in Fig. 6.

Pentagonal tessellations

Tessellation i (mm) Jj (mm) k (mm) j/i k/i
3. Methodology P1 24.0 7.2 28.8 0.3 1.2
P2 24.0 12.0 7.2 0.5 0.3
In order to study the influence of direction of chiralisation on the P3 24.0 24.0 24.0 1.0 1.0
mechanical properties of these metamaterials, two approaches were P4 24.0 19.2 19.2 08 0.8
. . . - L. P5 24.0 28.8 33.6 1.2 1.4
used. First, a parametric analysis was conducted using Finite Element
(FE) simulations under linear loading and periodic boundary conditions Hexagonal tessellations ) y )
on five configurations representative of typical convex and concave Tessellation ¢ (mm) j (mm) k (mm) i ki
systems of each tessellation type. This was then followed by experi- H1 24.0 19.2 14.4 0.8 0.6
mental tests on a number of 3D-printed prototypes in order to analyse H2 24.0 36.0 12.0 L5 05
the behaviour of these systems at small strain loading and validate the H3 24.0 144 96 06 04
. ystem - 4 H4 24.0 38.4 16.8 1.6 0.7
results obtained from the initial parametric run. H5 24.0 43.2 19.2 1.8 0.8
System 1 System 2 System 3 System 4 System 5
=
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Fig. 6. Schematic showing the five pentagonal and five hexagonal tessellations which were chiralised and investigated in this study. The systems are presented to
scale relative to one another in order to allow for a visual comparative analysis. The dimensions of these tessellations are listed in Table 1.
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Compressive Loading in x-Direction
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Fig. 7. Illustration indicating the loading modes employed to simulate uniaxial compression of a representative unit cell of the H1 tessellation in the a) y- and b) x-
directions. The red and blue lines indicated nodes paired by constraint equations. The system was fixed from only two corresponding nodes on the horizontal
boundaries and uniaxial compressive force loading was employed. This generic implementation of periodicity ensures that the axially asymmetric unit cell can

deform freely.

quadratic displacement behaviour and two degrees of freedom, was used
under plane-stress conditions. Following convergence tests, the mini-
mum mesh size was set to tyin/4, where tyi, is the minimum ligament
thickness, i.e. 0.1 mm. Naturally, for systems with thicker ligaments,
larger elements were used in order to minimise the computational time
(following additional mesh size convergence testing). The material
properties of isotropic ABS plastic were used: Poisson’s ratio of 0.3 and
Young’s modulus of 2 GPa. In order to specify the periodic boundary
conditions, constraint equations were applied on the nodes on the edges
of the unit cells. These constraint equations pair nodes on opposing
edges and ensure that the displacements in the x- and y-directions of
edge nodes are mirrored by the nodes on the opposing edge. The system
is fixed from a single point in the x- and y-direction at the bottom edge
and fixed in the x-direction only from the corresponding point on the top
edge as shown in Fig. 7. This ensures that the system remains aligned
with the y-axis throughout deformation. Uniaxial loading is applied
through the application of a compressive force on opposing edges of the
representative unit cell. The systems were loaded separately in both the
x- and y-directions under linear elastic loading conditions and the
Poisson’s ratios and effective Young’s moduli were extracted. Further
information on the simulation methodology used may be found in [52].

3.2. Experimental tests

In order to experimentally validate the numerical simulation results,
two pairs of chiral pentagonal and hexagonal tessellations were fabri-
cated using a Fused-Deposition Method (FDM) 3D-Printer in ABS plastic.
The dimensions and relative parameters of these systems, which corre-
spond to the P2 and H2 configurations respectively, were chosen on the
basis of the results obtained from the parametric study described in the
previous section and the design constraints imposed by the 3D-printer
resolution and platform space. Both pentagonal and hexagonal chiral
systems were designed as 3x5 representative unit cells with an out-of-
plane thickness of 20 mm. The systems are shown in Fig. 8, while the
parameters are listed in Table 2.

These structures were each subjected to uniaxial quasi-static
compressive loading tests using a Galdabini® Sun 500 tensile loading
machine with a 5kN Loadcell. A global compressive displacement of 8
mm, equivalent to ca. 4 % strain in the y-direction was applied at a rate
of 2 mm/min. In order to measure the Poisson’s ratio of these systems, a
Digital Imaging Correlation system was used to track the deformation of
the central RUC of each structure (see Fig. 8). A camera was focused on
the central RUC and the four corners of the unit cell were tracked in
order to measure the displacements at each frame. Naturally, being a
finite system influenced by edge effects, the deformation of the central
unit cell is not equivalent to the deformation of the overall global system

and, therefore, the central unit cell deforms significantly less than the 4
% globally imposed strain.

4. Results and discussion

The results showing the Poisson’s ratios, v, obtained from the para-
metric study using linear FE simulations for the pentagonal and hex-
agonal tessellation-based chiral systems are presented in Figs. 9 and 10
respectively. The values obtained for loading in the x- and y-directions
were identical, as expected since the symmetry characteristics of these
metamaterials impart in-plane isotropic behaviour, and thus the results
shown in the plots represent the isotropic Poisson’s ratio of these
systems.

It is clearly evident from the plots that chiralisation has a distinct
influence on the mechanical properties of these tessellation geometries.
The general trend in nearly all systems is that the Poisson’s ratio de-
creases as the degree of chiralisation increases, i.e. as r increases and t
decreases, with the lowest Poisson’s ratios being generally observed for
systems with r = 5 mm and t = 0.1 mm. This effect is particularly pro-
nounced in the case of pentagonal tessellations, with the clockwise P2
tessellation exhibiting almost the entire spectrum of permissible trans-
verse isotropic Poisson’s ratio with values ranging from +0.95 to —0.96.
On the other hand, the influence of chiralisation on the Poisson’s ratio of
the hexagonal tessellations is less drastic and, although it decreases
appreciably, the reduction is less noticeable. Despite this reduced in-
fluence, chiral systems based on hexagonal tessellations still possess the
capability of exhibiting auxetic behaviour as evidenced by the plots for
systems H3 and H5.

It is also manifestly clear that the rotational direction of chiralisation
is an extremely influential and important factor in determining the
mechanical properties of these systems. In all systems, with the excep-
tion of H1 and H4 tessellations, the Poisson’s ratios of the clockwise and
anti-clockwise chiralised systems are different. In some cases, this dif-
ference is exceedingly prominent. Tessellation P2 is a case in point,
where the highly chiralised clockwise tessellations exhibit decidedly
negative Poisson’s ratios, while the corresponding anti-clockwise chiral
systems show Poisson’s ratio close to zero. An example is shown in
Fig. 11, where the deformation of the clockwise and anti-clockwise
chiralised P2 systems with the parameters t = 0.2 mm and r = 3.5 mm
are demonstrated. These systems exhibited Poisson’s ratios of —0.96 and
-0.06 respectively and it is clearly evident that they exhibit different
deformation modes. While in the clockwise chiralised system, the
deformation is almost entirely absorbed by the six long ligaments con-
nected to the central chiral node, causing it to rotate, in the anti-
clockwise system, significant deformation can also be observed on the
shorter ligaments, while the deformation of the six long ligaments is not
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Pentagonal Tessellation Chirals
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Fig. 8. Images showing the additively-manufactured a) Pentagonal Tessellation-based chirals (P2) and b) Hexagonal Tessellation-based chirals (H2) with the design
parameters listed in Table 2. The white dashed lines indicate the central RUC tracked using the DIC method in order to measure the Poisson’s ratio.

Table 2

Dimensions 3D printed prototypes shown in Fig. 8. RUC represents the number of representative unit cells in the x and y-directions used for the finite system, while L,
and L, indicate the total gauge length of the finite system in the x and y-directions respectively.

Pentagonal tessellation P2 (clockwise and anti-clockwise)

i (mm) j (mm) k (mm) t (mm) r (mm) RUC, RUC, L, (mm) Ly (mm)
19.20 9.60 5.76 1.00 2.4 3 5 214.12 206.04
Hexagonal Tessellation H2 (Clockwise and Anti-Clockwise)

i (mm) j (mm) k (mm) t (mm) r (mm) RUCx RUC, Ly (mm) Ly (mm)
18.00 27.00 9.00 1.00 3.2 3 5 214.31 206.22

identical for each one.

The example shown in Fig. 11 represents one of the most extreme
cases with respect to the differences between clockwise and anti-
clockwise chiralised systems. In the other systems, the differences are
less acute, but still significant. For tessellation P1, highly chiralised
systems in the clockwise direction exhibited Poisson’s ratios with values
as low as —0.82 while the corresponding anti-clockwise metamaterials
systems showed Poisson’s ratios of around —0.68. On the other hand for
tessellation P3, the Poisson’s ratio ranged from +0.31 to +0.22 for the
clockwise chiralised systems and +0.28 to +-0.03 for the anti-clockwise
chiralised systems. It was also observed that there appears to be no trend
with respect to whether clockwise or anti-clockwise chiralisation is most
conducive to auxetic behaviour. In the case of pentagons, while clock-
wise chiralised P1 and P2 tessellations are observed to exhibit more
auxetic behaviour with respect to their anti-clockwise counterparts

(with this trend also being observed for the non-auxetic P4 systems),
anti-clockwise P3 and P5 tessellations were generally found to possess
lower Poisson’s ratios than the corresponding clockwise chiral systems.

The same effect was observed for the hexagonal tessellations, albeit
at a far less pronounced level. While the lowest Poisson’s ratios for
systems H2, H4 and H5 were found for the most highly chiralised anti-
clockwise systems, for H3 the most auxetic values were obtained for the
clockwise chiralised systems. In general, it appears as though the me-
chanical properties of the hexagonal tessellations are considerably less
influenced by chiralisation in comparison to pentagonal tessellations,
with the variations in magnitude of Poisson’s ratio being relatively
small. This factor is probably the reason why there is so little difference
between clockwise and anti-clockwise chiralised systems; i.e. if chirali-
sation has very little influence on the deformation mechanism of these
systems, then the direction of chiralisation is also expected to have a
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Fig. 9. Plots showing how the Poisson’s ratio, v, varies with changing t and r for clockwise (cw) and anti-clockwise (acw) chiralised pentagonal tessellations. The

white space in the first four plots represents unrealisable geometries.

slight effect. A case in point is system H1, where there is almost no
difference in the mechanical properties of the clockwise and anti-
clockwise systems. It is evident from Fig. 12 that these systems exhibit
similar deformation modes and hence, very similar Poisson’s ratios.
There is also no visible rotation of chiral nodes as observed for the
pentagonal tessellations. However, despite the reduced influence of
chiralisation, hexagonal tessellations still possess the capability of
exhibiting auxetic behaviour with configurations such as H2, H3 and H5

showing negative Poisson’s ratios.

Similar observations were also evident from the results of the
effective Young’s modulus, E*, of these systems. This property, which is
a ratio defined as the metamaterial Young’s modulus (Epey, Young's
modulus obtained from the FE simulation) divided by the constituent
material Young’s modulus (E,q, material Young’s modulus utilised to
run the FE simulation) is a unitless parameter which is characteristic of
the metamaterial geometry itself, independent of constituent material
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Fig. 10. Plots showing how the Poisson’s ratio, v, varies with changing t and r for clockwise (cw) and anti-clockwise (acw) chiralised hexagonal tessellations. The
white space in the fifth and sixth plot represents unrealisable geometries.

used. The values obtained for all systems investigated in this work are less visible except perhaps in the case of H3 where the anti-clockwise
presented in Figs. 13 and 14. In this case, the differences are more chiralised systems exhibit considerably higher effective Young’s
difficult to observe due to the fact that the effective Young’s modulus modulus in comparison to their clockwise counterparts. In the case of H1
increases exponentially upon increasing ligament thickness. However, it and H2, the effective Young’s moduli for both directions of chiralisation
is still clearly evident that there are differences between the clockwise are identical, highlighting the fact that the deformation mechanism is
and anti-clockwise chiralised systems, particularly in the case of the extremely similar in both cases.

pentagonal tessellations. For the hexagonal systems, the differences are The trends observed from the parametric study between clockwise

10
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Poisson’s ratio over compressive strains for the central RUC obtained through DIC of the experimental prototypes and corresponding linear periodic FE simulations.
d) Plots showing the variation in global force with global compressive displacement of the 3D-printed prototypes.

and anti-clockwise chiralised systems were also mirrored in the results
obtained from the experimental tests on the 3D-printed prototypes. In
the case of the pentagonal tessellation chirals, shown in Fig. 15, it is
clearly evident that there are significant differences in the mechanical
properties and deformation behaviour of the clockwise and anti-
clockwise systems. In the case of the clockwise system (see Fig. 15¢), a

Clockwise H2 System

Anti-Clockwise H2 System

distinctly negative Poisson’s ratio is observed in the range of -0.3,
similar to the prediction of the linear FE simulation of the periodic
system. On the other hand, the corresponding anti-clockwise, the Pois-
son’s ratio is generally positive over a range of 4 % compressive strain at
a value of ca. +0.1. This value is slightly lower in magnitude than the
predicted value of +0.3 from the linear FE periodic simulation. It is
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Fig. 16. Images showing the undeformed and deformed a) clockwise and b) anti-clockwise chiralised hexagonal tessellations. c¢) Plot showing the variation of
Poisson’s ratio over compressive strains for the central RUC obtained through DIC of the experimental prototypes and corresponding linear periodic FE simulations.
d) Plots showing the variation in global force with global compressive displacement of the 3D-printed prototypes.
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worth noting, that for the clockwise system the deformation of the
central RUC was minimal in comparison to the global deformation of the
system and, therefore, the Poisson’s ratio was measured over a localised
strain range of -0.01.

In the case of stiffness, appreciable differences were also observed
between the two systems. As shown in Fig. 15d, the clockwise system is
significantly stiffer than the anti-clockwise system. This increased stift-
ness is also accompanied by a decreased strain tolerance, with localised
fracture of ligaments at the uppermost region of the prototype being

Thin-Walled Structures 205 (2024) 112381

observed at a global displacement of 6 mm (corresponding to a global
compressive strain of ca. 3 %). On the other hand, the anti-clockwise
system exhibits a lower stiffness and did not undergo failure within
the applied strain range. These results highlight the difference in me-
chanical behaviour induced by the direction of chiralisation used to
transform these tessellations into chiral metamaterials.

On the other hand, as shown in Fig. 16, the deformation modes and
mechanical properties of the hexagonal tessellations are extremely
similar. This was to be expected, since as indicated by the parametric

Resultant Chiral

Original Tessellation Chiralisation -
Metamaterial
Dextro (+) Clockwise (+) Configuration 1
Dextro (+) Anti-Clockwise (-) Configuration 2

X% + 2 = &

Levo (-)

Clockwise (+)

Configuration 2

R+ e = gh

Levo (-)

Anti-Clockwise (-)

Configuration 1

%+ R =gl

Fig. 17. Schematic showing the different combinations of structures which may be obtained by chiralising tessellations which originally possess no axis of symmetry.
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simulation run, the influence of chiralisation on the mechanical prop-
erties of these systems is minimal and, therefore, the direction of chir-
alisation is expected have only a minor effect. In fact, both the clockwise
and anti-clockwise systems showed similar Poisson’s ratios of around
-0.1. This is in line with the predictions of the linear periodic FE sim-
ulations, which showed a Poisson’s ratio of +0.03 for the clockwise
chiral system and -0.13 for the anti-clockwise system. This difference is
very slight in realistic terms and it can be said that both systems exhibit a
quasi-zero Poisson’s ratio, which is similar to what was observed in the
experimental tests. In terms of stiffness, the hexagonal systems also
exhibit extremely similar values (see Fig. 16d). It is also worth noting
that the global stiffness of both these systems is extremely low in com-
parison to the pentagonal tessellations despite both systems having the
same ligament thickness of 1 mm. This result also corresponds to the
observations of the initial parametric simulation run which shows that
the pentagonal tessellation chirals are generally stiffer than the corre-
sponding hexagonal tessellation chirals.

The results obtained from both the FE and experimental studies
conclusively show that the direction of chiralisation plays a significant
role on the deformation modes and mechanical properties of tessella-
tions which do not possess an axis of symmetry. This influence is
particularly pronounced in the case of systems in which chiralisation
induces a complete change of deformation behaviour such as the Florent
pentagonal tessellation studied in this work. In the case of systems which
are less affected by chiralisation such as the hexagonal tessellation used
in this work, the influence of the direction of chiralisation is less evident,
but still noticeable. This observation is congruent with findings from
previous studies on chiralised tessellations, where it was observed that
tessellations made from higher n-sided polygons such as octagons and
dodecahedrons are less influenced by chiralisation in comparison to
those made from lower n-sided polygons such as triangles, quadrilaterals
and pentagons [38].

Before concluding, it is important to highlight the fact that the terms
clockwise and anti-clockwise used to classify the two directions of
chiralisation employed in this work are relative terms which are defined
with respect to the original tessellation itself. Since the original tessel-
lation does not possess an axis of symmetry, in geometric terms it can be
defined as being already “chiral”. If for the sake of convenience, we
apply the chemical enantiomeric nomenclature of handedness to the
original tessellation and refer to it in terms of levo (-) and dextro (+)
chirality, then it is evident that upon chiralisation of these enantiomers
in a clockwise and anti-clockwise direction, four resultant metamaterial
configurations are possible, of which in reality are two pairs of mirror-
images. This point is illustrated in Fig. 17, where it is shown that a
dextro-tessellation combined with clockwise chiralisation results in an
equivalent metamaterial structure to that of the levo-tessellation com-
bined with anti-clockwise chiralisation. The same applies to a dextro-
tessellation combined with an anti-clockwise chiralisation and a levo-
tessellation with a clockwise tessellation. In this work, therefore, by
keeping the original tessellation fixed at one enantiomeric configuration
and varying only the direction of chirality, we have analysed both
possible configurations of the resultant chiral metamaterial (1 and 2 in
Fig. 17) for each of the tessellations studied.

The work conducted in this study clearly demonstrates the versatility
which the chiralisation of Euclidean polygonal tessellation possesses as a
method for metamaterial design. Besides allowing for an increased
variation of possible mechanical properties, in comparison with tradi-
tional chiral metamaterials, courtesy of the high number of geometric
design parameters such as tessellation configurations (i, j, k), chiral node
radius (r) and ligament thickness (), a further important design variable
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has been added in terms of direction of chirality. This new additional
design factor, which is applicable only to tessellations which originally
do not possess an axis of symmetry, has been shown to have a great
influence on the mechanical properties and deformation behaviour of
the resultant chiral systems and may potentially be used to obtain
combinations of stiffness and Poisson’s ratios which may be unattain-
able from systems which are defined by a single chiralisation direction.
It is also worth noting that since this factor applies only to base tessel-
lations which lack an axis of symmetry, traditional well-known chiral
honeycombs such as hexachiral, tetrachiral and trichiral honeycombs
are not influenced by the direction of chiralisation, hence the reason
why this variable has previously not been considered as important in the
literature. This means that for a wide range of irregular monohedral and
polyhedral tessellations, a wider range of configurations is geometrically
available and a systematic analysis of these systems is expected to yield
an extremely large spectrum of possible combinations of mechanical
properties. Thus, the findings of this work also open up new avenues in
the production of chiral auxetic metamaterials since they introduce a
new design parameter which was up till now considered irrelevant with
respect to its influence on mechanical properties and deformation mode.

5. Conclusion

In this work, we analysed the influence of the direction of chirali-
sation on the mechanical properties and deformation modes of two
transversely-isotropic 2D tessellations exhibiting hexagonal and trigonal
rotational symmetry. The results obtained indicate that this parameter is
an extremely important factor for tessellations which lack an axis of
symmetry, meaning that two distinct configurations of chiral meta-
materials exhibiting entirely different mechanical properties may be
obtained from a single base tessellation depending on the whether
clockwise or anti-clockwise chiralisation is applied. It was also shown
that the Florent pentagonal tessellation was significantly more affected
by this factor in comparison to the trigonal-symmetry hexagonal
tessellation. This finding highlights the vast spectrum of geometric
versatility provided by the chiralisation of Euclidean tessellations pro-
duced from irregular polygons. Despite the strict geometric constraints
associated with their intrinsic rotational symmetry, they can be designed
from a large variety of geometric parameters which are not available for
traditional chiral metamaterials such as hexachiral honeycombs,
including the direction of chiralisation.
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Appendix 1. - Geometric conditions for the chiralisation of Florent Pentagonal tessellations

As stated previously in Section 2.3, the chiralisation of the Florent Pentagonal tessellations is subject to additional geometric constraints linked to
the specific direction of chiralisation. A detailed explanation of these constraints, which were used to obtain the conditions presented in Eq. 9 and 10 of
the main manuscript, are provided in this appendix. Both Figures A1 and A2 refer to a generic case of the pentagon illustrated in Fig. 4.

Clockwise chiralisation

A generic case of a segment of a clockwise-chiralised tessellation is shown in Fig. Al.

Fig Al. Schematic of the clockwise chiralisation of a segment of a generic Florent Pentagonal tessellation including lengths i and k.

In order for the chiral metamaterial structure to be realisable, the node with centre point B must not intersect with the ligament TT’, which in turn
means that the side BB’ must be greater than the node radius, r. This length may be defined as a function of the angles 6 and 3, which are defined as
follows:

TED = 0 = arccos (Zrk— t> (A1)
2 2 _ Q42
BED = j = arccos <1+I;T3]> (A2)

In order for the aforementioned condition to be met, the length BB’ can be found as follows:

BB = HT = EH +ET
=icos(z — (0 +p)) + (r—t) (A3)
= —icos(0+p) +r—t

and hence, since BB’ must be greater than r, the following condition must be respected:

icos(0+f) < —t (A4)

Anti-clockwise chiralisation

In the case of anti-clockwise chiralisation similar considerations must be followed. As shown in Fig. A2, the situation can still be described by the
same parameters as the clockwise case, with the angles 6 and j both being defined by the same terms in Eqs. A1 and A2.
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Fig. A2. Schematic of the anti-clockwise chiralisation of a segment of a generic Florent Pentagonal tessellation including lengths i and k.

Even in this case the chiral node with centre B must not intersect with the line TT’ and, hence, BB’ must be greater than the node radius, . For anti-
clockwise chiralisation, the length BB’ is defined as follows:

BB =HT = EH — ET

=icos(@—f) —r (A5)
and hence, since BB’ must be greater than r, the final condition is the following:
icos(6— ) > 2r (A6)

Appendix 2. - Mesh convergence analysis

In this appendix, the results of mesh convergence studies conducted on representative structures of the Florent pentagonal and trigonal symmetry
hexagonal tessellation-based chiral systems are presented (see Fig. A3). The two structures investigated are the following:

P3:i=j=k=24 mm;t=0.4mm, r=3.5mm, Clockwise Chiralisation

H1l:i=24 mm;j=19.2 mm; k = 14.4 mm, t = 0.4 mm; r = 3.5 mm, Clockwise Chiralisation
Mesh sizes: t/2, t/4, t/6
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Fig. A3Mesh convergence testing plots showing the changes in Poisson’s ratios and effective Young’s moduli for two structures with different mesh sizes.

It is evident that all mesh sizes utilised exhibit extremely similar results and therefore a mesh size of t/4 was chosen in order to achieve optimal
accuracy and computational efficiency.
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