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Abstract

Rotating unit metamaterials, as their name implies, are a class of auxetic systems which possess
deformation mechanisms characterised by rotating blocks of material relative to one another.

In this work, we propose a new class of hierarchical rotating unit systems made from octahedral
frameworks connected to each other at the vertices. These systems, which are presented in terms
of two distinct configurations: full-block and hierarchical ligament-based; were studied using a
dual approach involving an extensive parametric finite element simulation run of various systems
and experimental tests on prototype structures produced using stereolithography methods. These
metamaterials have been shown to exhibit auxetic behaviour coupled with a high level of aniso-
tropy, while other properties such as stiffness and volume fraction can also be tailored according
to the necessary requirements. These properties make them ideal for potential applications in the
fields of biomedical and aerospace engineering where lightweight systems with considerable stiff-
ness and auxetic properties are often desirable.

1. Introduction

Mechanical metamaterials are systems with deformation behaviour that is defined by architecture rather
than chemical composition. The design of metamaterials has attracted considerable interest over the past
few decades, particularly due to their unique mechanical and physical properties which are not found
in other materials. Auxetic metamaterials stand out for their negative Poisson’s ratio [1-4], a character-
istic that provides them with exceptional properties such as improved energy absorption [5, 6], increased
indentation resistance [7] and enhanced acoustic properties [8—10]. This distinctive property opens
applications in various fields, ranging from aerospace [11, 12], personal protection [13] and sports [14]
to biomedical engineering [15, 16], where materials capable of controlled and reversible deformation
are highly desirable. In recent years, the advent of additive manufacturing techniques has allowed for
the realisability of many metamaterial architectures at the macro and microscale. As a result, research
on mechanical metamaterials has advanced significantly since previously unrealisable architectures have
become easier to produce.

Since auxeticity is a geometry-dependent property, it may be obtained at several scales ranging from
the marco- [17, 18] to the micro- [19, 20] and nano/molecular level [21-27]. Many geometric configur-
ations which give rise to auxetic behaviour have been developed, with the most important cases includ-
ing re-entrant honeycomb models [28-30], chiral geometries [31-34], as well as rotating rigid or semi-
rigid unit modes [35, 36]. In this work, we will focus on the latter class of structures. Rotating units
are structures composed of blocks of material connected at their vertices which rotate relative to each
other upon loading. Numerous examples of these 2D structures exist, such as the rotating square system
[37, 38], as well as systems involving parallelograms [39-41], rhombi [40], triangles [42], mixed poly-
gon models [43—45] and hierarchical structures [19, 46—-49]. These systems can exhibit a wide range
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of Poisson’s ratios from high positive values to giant negative ones as well as an extremely large spec-
trum of Young’s moduli. These systems can also be extended to 3D structures, such as geometries con-
taining cubes serving as the rigid units [50], perforated rotating unit modes [51] and modified hybrid
geometries [52].

Despite these advancements, several challenges remain in the field of rotating auxetic metamateri-
als. One of these challenges involves the fact that while rotating units are typically considered to be the
class of auxetic metamaterials with the highest level of structural stiffness, they are also characterised
with a relatively large density and a low degree of strain tolerance and fatigue resistance. One method
which has been employed in the literature to improve this factor is to introduce hierarchical truss ele-
ments within the system [53-58]. Provided that the correct geometric arrangement is chosen, the system
can be designed in such a manner to retain its negative Poisson’s ratio properties while simultaneously
enhancing its stiffness/density ratio. This improvement is obtained through a change in deformation
mechanism which involves the ligaments making up the rotating unit, hence reducing the localised stress
concentrations at the interconnection regions of the system.

In this work, we aim to design lightweight 3D rotating unit auxetic metamaterials based on the same
concept. Our focus will be on the rotating octahedron structure, which possess a representative unit cell
made up of eight octahedra connected at the vertices which has the ability to exhibit a negative Poisson’s
ratio. This will be carried out using an integrated approach that combines numerical simulations with
experimental testing on additively manufactured prototypes. The specific steps include designing two
separate configurations of the 3D octahedron-based structure and conducting a parametric numerical
study to analyse the influence of geometric variables on mechanical properties. The two configurations
involve a full-block system and a hierarchical truss corresponding system. This will be followed by an
experimental study involving 3D-printed systems subjected to uniaxial compressive loading tests.

2. Methodology

In order to investigate these systems, the finite element method (FEM) was used to conduct a parametric
study and analyse the deformation behaviour of these metamaterials under uniaxial loading conditions.
Following this step, an experimental and nonlinear numerical analysis was conducted on two selected
configurations representative of the octahedral rotating unit metamaterial in order to validate the simula-
tion results and observe the high strain behaviour of these systems.

The structures considered in this study are shown in figure 1. The representative volume element
(RVE) of these 3D system consists of 8 octahedra joined together at the vertices. In the first case (see
figure 1(a)) a full block structure was considered, where the rotating unit is a solid regular octahedron.
This structure represents the classic 3D rotating unit mode; i.e. a system in which the ‘rigidity’ of the
rotating unit is ensured through the use of a full-block of material. The second case (see figure 1(b)), on
the other hand, involves a hierarchical truss geometry where the rotating unit is composed of beam-like
ligaments. The trusses form the outer skeletal framework structure of the octahedron and are also joined
together in the centre, in a manner analogous to a BCC cubic lattice. In both cases, the interconnection
region is made up of a spherical connection which has the same radius as the cylindrical cross-section of
the ligaments, at the edges of the octahedra.

As shown in figure 1, both these metamaterial architectures may be defined by the following geomet-
ric parameters: the side length of the octahedral rotating unit, /, the radius of the cross-section of the
cylindrical ligaments/interconnection region, r, and the two angles 6 and ¢ which define the rotational
configuration of the octahedron. The angle 6 defines the rotation in the xz-plane while ¢ is the rotation
in the xy-plane. In this parametric study, the parameter I was kept constant at a value of 20 mm for all
configurations studied, while the dimension r was set at 0.5 mm and 1 mm. The thicknesses were selec-
ted to account for both thin, long ligaments in the former case as well as thick ligaments in the latter.

It is also worth noting, that in the case of the full-block systems, a small r value results in a system with
thin overlapping interconnection regions, while a large r value results in a thicker connection between
the vertices of the octahedra. Additionally, several different angular geometric configurations were con-
sidered for each of the two cases. These consisted of cases ranging from almost fully closed configura-
tions (i.e. ¢ = 5°, 8 = 5°) to quasi-fully opened forms (i.e. ¢ = 35°, § = 45°). At this point, it is worth
noting that the parameter ¢ was varied only between 5° and 35° since the 45° configuration represents
the theoretical limit for the retention of connectivity of the same set of vertices and due to practical con-
siderations related to the interconnection region geometry, configurations with ¢ values from 35° to 45°
were not physically realisable as rotating unit systems. The full list of variables is indicated in table 1.
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Figure 1. Images showing 2 X 2 X 2 supercells of the (a) full-block and (b) hierarchical rotating octahedra systems.

Table 1. List of geometric parameters used.

Geometric parameters

20 mm

5°-85° in steps of 5°
5°-35° in steps of 5°
0.5and 1 mm

~ e o

The simulations were carried out using ANSYS Mechanical APDL software. Each system was simu-
lated as 1/8th of a representative unit cell, i.e. a single octahedron, subjected to periodic boundary con-
ditions (PBC) as shown in figure 2. This was possible since these systems possess three-axes of mirror-
symmetry and thus this approach can be utilised to minimise computational time [59]. The systems
were meshed using SOLID187 elements (a higher-order 3D 10-noded element with quadratic displace-
ment behaviour). Following convergence tests, a minimum mesh size of /4 was chosen for the truss
configurations while for the solid block systems a non-uniform mesh with refinement at the intercon-
nection region (minimum 12 elements) was utilised. The material properties of elastic photopolymerised
resin were used with a Young’s modulus of 1 MPa and a Poisson’s ratio of 0.4 [60].

In order to obtain the mechanical properties of these structures, the systems were subjected to uni-
axial compressive loading in the x, y and z-directions separately. As shown in figure 2, roller unidirec-
tional displacement fixes were applied on the three faces located in the minimal positions in the x, y and
z-directions. A uniaxial compressive displacement was applied at the surface orthogonal to the loading
direction, while and the other maximal faces were constrained to always remain aligned with the prin-
cipal Cartesian global axis directions throughout deformation using displacement coupling equations.
From these simulations, the three on-axis effective Young’s moduli and six Poisson’s ratios were obtained.

In addition to the FEM simulations, two prototype systems (shown in figure 3) were fabricated using
a FormLabs® Form 3 stereolithography 3D-printer in elastic resin. These two systems (one full-block
and one hierarchical) were corresponding structures and each possessed the following set of paramet-
ers: | =20 mm, r = 1.0 mm, § = 40° and ¢ = 20°. Each system was printed as a 2 x 2 x 2 supercell
and subjected to uniaxial loading tests in the three principal directions. The Poisson’s ratios were meas-
ured using digital image correlation methods over a strain range of ca. 6% compressive strain. The strain
measurements were obtained by tracking the vertical and horizontal vertices of the lattice structures.
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Figure 2. Images showing 1/8th of a RVE with the fixes and constraints used to load the systems in uniaxially in the x, y and z-
directions, separately, under periodic boundary conditions.

Figure 3. Images of the two 3D printed prototypes: (a) full-block and (b) hierarchical ligament systems.

3. Results and discussion

In this section, we present and discuss the results obtained from the parametric FEM analysis and the
experimental tests performed on 3D-printed prototypes. The results of the finite element simulations,
based on different geometric configurations for r = 0.5 and 1 mm, are first detailed. These results are
then compared with the experimental data obtained from compression tests, allowing for an assessment
of the consistency and validity of the numerical models.
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3.1. Parametric FE simulations

It is clearly evident from the plots that these systems are highly anisotropic and all configurations exhibit
a negative Poisson’s ratio in at least two directions. The Poisson’s ratio varies significantly, with values as
low as —1.51 being observed in some planes while in other planes it is steadily close to zero. The low-
est values were consistently observed for v, and v, while the least negative values were obtained for
vy, and v,,. It is also worth noting that all graphs exhibit a distinct symmetry with respect to the angle
6. This symmetry, which also exists with respect to the angle ¢, indicates a regularity in the structural
deformation when the angular configurations are varied. This observation indicates that the variation

of the Poisson’s ratio from 6 = 5° to § = 45° is identical to the variation from § = 45° to § = 85°,
reflecting the symmetry of the geometry of the octahedra used. Furthermore, as expected, the metama-
terial configurations composed of filled octahedra possess a higher volume fraction and also a greater
effective Young’s modulus in comparison to configurations based solely on ligaments. The latter para-
meter is a dimensionless constant calculated by dividing the metamaterial system’s Young’s modulus with
that of the constitutive material Young’s modulus.

3.1.1. Thin ligament/interconnection region systems (r = 0.5 min)

The plots in figure 4 show the variations of Poisson’s ratios (Vyy, Vxz Vyxs Vyzs Vs Vzy), along with graphs
representing the volume fraction (V) and the effective Young’s moduli (E E*y, E,) for the simulated
systems with r = 0.5 mm. The results obtained clearly show that both the filled and ligament-based sys-
tems exhibit auxetic behaviour with similar trends observed for changes in the angles 6 and ¢.

It is evident that the solid octahedra-based systems show slightly more negative Poisson’s ratio in
comparison to the ligament-based systems. For the solid octahedra, the most negative Poisson’s ratios
were observed for the configuration with § = 20° and ¢ = 30° for v,, at —1.41, while for the same sys-
tem, a relatively large auxetic Poisson’s ratio value of —1.11 was also observed for v,,. For the majority
of other configurations, Poisson’s ratios in the range of —1.0 and —0.6 were observed for v,, and v,,. On
the other hand, for v,, and v,;, the Poisson’s ratio varies significantly from —1.0 to 0 depending on the
combination of 6 and ¢. For the former case, the most negative values were observed for systems with
0 close to 45° and the least negative for § = 5° and ¢ = 5° (or # = 85° and ¢ = 5°). This trend was
completely reversed for v,,. Finally, for v,, and v,,, all configurations exhibiting a positive or quasi-zero
Poisson’s ratio. This suggests an insensitivity of these coefficients to the geometric configuration due to
the mechanistic limitations imposed by the lack of rotation in the zy-plane. The distribution of positive
values for v,, and v, indicate that the deformation mechanism does not favour auxetic behaviour in this
plane.

These trends were almost completely mirrored by the ligament-based systems, which exhibit almost
identical behaviour in terms of Poisson’s ratio. The greatest differences can be observed in the plots for
the effective Young’s modulus which show that the hierarchical ligament-based configurations possess a
significantly reduced stiffness in comparison to the full-block corresponding structures. This was to be
expected, as some deformation is absorbed by the ligaments, which have a reduced capacity to support
loads without excessive deformation. It is also noted that in each case the highest stiffness was observed
for configurations where 6 equals 45° for E, despite this configuration having the lowest relative volume
fraction. This can be attributed to the fact that this configuration represents the fully opened form of
the rotating octahedra mechanism, hence at this exact configuration the rotating mechanism is inhibited
and as a consequence the system has a higher effective Young’s modulus. However, this also results in
a positive Poisson’s ratio for this specific configuration since the mechanism responsible for imparting
auxeticity cannot function effectively.

Figure 5 illustrates the undeformed and deformed forms for two representative full-block and
ligament-based structures, providing a visual comparison of how these systems behave under compress-
ive loading. It is evident that rotation of the octahedral unit is occurring in both configurations, however
in the hierarchical system, this rotation is also accompanied by flexural deformation of the ligaments
making up octahedron. This flexural deformation is almost uniformly distributed throughout the liga-
ments as a result of the stretch-dominated internal hierarchical structure of the ligament arrangement,
in this case a square pyramidal framework [61]. In previous studies on lightweight hierarchical rotating
unit auxetic systems [53, 54], it has been consistently shown that the selection of such triangular (in the
case of 2D systems) and tetrahedron-based (in the case of 3D systems) frameworks results in uniform
deformation (contraction or expansion) within the rotating unit which accompanies the overall rotation
of the block and yields a resultant global negative Poisson’s ratio. Therefore, during tensile loading, the
flexure of the ligaments results in the octahedra stretching (whilst retaining their original relative dimen-
sions) while rotating, thus retaining the auxeticity of the original rotating unit mode (see figure 5(b)).

5
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Figure 4. Plots showing how the Poisson’s ratios, volume fraction and effective Young’s moduli of the thin ligament/intercon-
nection region (r = 0.5 mm) configurations varied with changing rotation angles 6 and ¢ for (a) full-block and (b) hierarchical
frameworks.

This effect indicates that the chosen hierarchical arrangement is sufficiently robust to retain the original
auxeticity of the full-block rotating octahedra metamaterial.

The deformation of the ligaments in the hierarchical framework is also the main reason for the
reduced overall Young’s modulus of this configuration in comparison to the full-block system. However,
the fact that the localised von Mises strains are distributed throughout the ligaments making up the
rotating unit also means that the magnitude of these stresses is significantly lower, indicating that this
configuration has a higher strain tolerance before fracture occurs. In the full-block system, all the loc-
alised strains are concentrated at the interconnection region, resulting in a maximum localised strain
which is more than twice as high as that observed for the corresponding hierarchical system at the same
global strain level (see figure 5). This factor is mainly responsible for the relatively low strain tolerance
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Figure 5. Deformations and localised von Mises strain distributions of two representative r = 0.5 mm structures in (a) the full-
block configuration and (b) the hierarchical ligament-based configuration.

of 3D full-block rotating auxetic structures, which typically undergo small strain failure at the intercon-
nection regions between rotating units.

3.1.2. Thick ligament/interconnection region systems (r = 1.0 mm)

As shown in figure 6, for the thick ligament/interconnection region configurations, the overall magnitude
of Poisson’s ratio was generally lower in comparison to the systems in the previous set with r = 0.5 mm.
This was to be expected since by increasing the value of this parameter, the interconnection region
between rotating units becomes thicker, leading to a reduced effectiveness of the rotating mechanism

and increased stiffness. In fact, the latter point is clearly evident from the effective Young’s modulus plots
where it is shown that these systems have a significantly higher value in comparison to the previous set
of structures.

The trends obtained for the Poisson’s ratios are similar to the previous set; vy, and v,, continue to
show the most auxetic behaviours, but with lower magnitudes compared to thin interconnection region
systems, while the v,, and v;, coefficients remain mostly positive. It is also worth noting that the dif-
ferences between hierarchical ligament-based and full-block rotating octahedra structures are less pro-
nounced in terms of Poisson’s ratio. This was also to be expected, since as the ligaments making up the
octahedra get thicker, they become less amenable to flexure and hence the systems behave more similarly
to the filled corresponding structures as shown in figure 7. However, in some singular, isolated cases,
systems with 7 = 1 mm exhibited more negative Poisson’s ratio than their r = 0.5 mm counterparts,
such as the case of # = 20° and ¢ = 30° for v, which showed an extremely auxetic Poisson’s ratio of
—1.5. In the case of stiffness, it is clearly evident that these systems, as expected, show a higher overall
effective Young’s modulus. Similarly to the thin ligament systems, the highest stiffness is observed for
loading in the z-direction, E,, for systems with 6 = 45°, 5° and 85°. These configurations represent the
full-opened and fully-closed configurations of the rotating octahedra.

7
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Figure 6. Plots showing how the Poisson’s ratios, volume fraction and effective Young’s moduli of the thick ligament/intercon-
nection region (r = 1.0 mm) configurations varied with changing rotation angles 6 and ¢ for (a) full-block and (b) hierarchical
frameworks.

It is evident from figure 7, that the flexure of ligaments in the thick-ligamented hierarchical system is
less pronounced than in the case of the thin-ligament system. This reduced flexural deformation, results
in a similar von Mises localised strain value for both the full-block and hierarchical system and there-
fore, in this case, the introduction of hierarchy does not improve the strain tolerance of the metamaterial
geometry.

3.1.3. Variable interconnection/ligament thickness, r

It is clear that the interconnection/ligament thickness, defined by the variable r, is a key factor which
determines the mechanical properties and deformation behaviour of the rotating metamaterial systems.
Therefore, in order to investigate more thoroughly the influence of this parameter on the mechanical

8
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Figure 7. Deformations and localised von Mises strain distributions of two representative r = 1.0 mm structures in (a) the full-
block configuration and (b) the hierarchical ligament-based configuration.

properties of these systems, an additional simulation run was carried out where this variable was varied
while keeping the other geometric parameters constant, namely 8 = 40°, ¢ = 20°, and / = 20 mm. The
results obtained are presented in figure 8.

In terms of Poisson’s ratio, it is immediately evident that both the full-block and hierarchical systems
exhibit almost identical trends. In all cases, the most negative Poisson’s ratio is observed for the sys-
tems with the smallest r value, i.e. r = 0.5 mm while the least auxetic systems are those with the highest
thickness; r = 2.5 mm. For the Poisson’s ratios vy, and v,,, which show the largest variation, the values
vary from ca. —1 for the thinnest systems to —0.2 for the thickest systems. This change can be attributed
to the interconnection region as systems with thick interconnection regions are less amenable to rotat-
ing deformations with respect to those with thinner connections. Nonetheless, it is interesting to note
that the introduction of hierarchy appears to have a minimal effect on auxeticity. In previous studies
on 3D hierarchical rotating cube systems [54], a noticeable reduction in the magnitude of the negative
Poisson’s ratio is observed once the full-block systems are compared with corresponding hierarchical sys-
tems, however this factor is not evident here. This change is probably due to the fact that rotating octa-
hedra frameworks are connected together solely through vertices rather than through edges and vertices
as in rotating cube systems which in the latter case results in a slight change of deformation mechanism
once hierarchical configurations are introduced within the rotating unit. Vertex-based connections have
a significantly lower stiffness in comparison to edge-based connections and therefore, a possible hypo-
thesis which explains this behaviour could be that even with the introduction of hierarchy, which lowers
the rigidity of the rotating octahedra significantly, ‘hinge joint’-type rotations are still kinematically the
favoured deformation mode. On the other hand, in rotating systems possessing edge-based connections
between rotating units such as a rotating cubes, the high stiffness of these connections ensures that the
role of other alternative deformation mechanisms such as localised flexure of ligaments plays a more sig-
nificant role, thus altering the resultant Poisson’s ratio of the metamaterial system.

9
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Figure 8. Deformations and localised von Mises strain distributions of two representative r = 1.0 mm structures in (a) the full-
block configuration and (b) the hierarchical ligament-based configuration.

The results obtained for the effective Young’s moduli are also of interest. While, as expected, the
full-block systems exhibit a higher value than the hierarchical systems, the differences between the two
systems are not extremely vast. At large r values, the full-block systems show stiffness values which are
slightly more than double those observed for the hierarchical structures, with the differences being lar-
ger for corresponding systems with smaller r values. Despite the discrepancies in magnitude, the overall
trends are identical for both sets of systems. In terms of volume fraction, it is also shown that the hier-
archical systems have significantly reduced values with respect to the full-block systems. At r = 0.5 mm,
the difference is at its maximum, with the hierarchical system being one order of magnitude lower, and
hence lighter, than its corresponding full block system, while for the thickest systems; r = 2.5 mm, the
ratio of V¢ between hierarchical and full-block is closer to 70%.

3.2. Experimental results

In this section, the results pertaining to the experimental tests on the additively-manufactured prototypes
are presented. As shown in figure 9, the systems were uniaxially loaded in the x-, y- and z-directions and
the Poisson’s ratios in the three principal planes were measured: vyy, Viz, Vyxs Vyz Vax Vzp. In addition, non-
linear geometric simulations were carried out on these systems under PBC in order to allow for a com-
parison between numerical predictions and experimental findings.

The congruence between the results obtained from the experimental tests and FE simulations is dis-
tinctly clear from the plots in figure 9. This similarity is present despite the fact that the Poisson’s ratio
for the experimentally-tested prototypes was extracted from the unbounded edges of the system while
the nonlinear FE simulations were carried out under PBC, and highlights the minute influence which
edge effects have on the deformation mechanism of the rotating octahedra system.

With regards to the Poisson’s ratio of these systems, as predicted by the initial parametric simula-
tion run, there is little difference between the values obtained for the full-block and hierarchical sys-
tems. A constant Poisson’s ratio of ca. —0.9 was obtained for both configurations for v,, and v,.. As one
may observe from figure 9(a), (b), (d) and (e), from this projection, the system resembles a 2D rotat-
ing system; a metamaterial structure which is characterised by a Poisson’s ratio of —1 which is retained
over large strains; hence the large constant negative Poisson’s ratio. On the other hand, the both systems
exhibit Poisson’s ratio of nearly zero for vy, v, and v,,. Finally, for the v, plane, a distinctly nonlinear
Poisson’s ratio is observed over a 6% compressive strain range, with the Poisson’s ratio departing from
a value of quasi-zero at small strains and becoming more negative (ca. —0.65) at higher strains accord-
ing to the FE simulations. This trend is also mirrored in the experimental results, albeit, reaching more
negative Poisson’s ratio at the same strain range.
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Figure 9. Plots and images showing the deformations and Poisson’s ratios obtained for the full-block rotating octahedra (a)—
(¢) and hierarchical rotating octahedra (d)—(f) subjected to uniaxial loading in the x, y and z-directions. The circles represent
the Poisson’s ratios obtained from the experimental tests as extracted from the point-tracking analysis on the vertices of the sys-
tem while the full lines are the predictions obtained from a geometric nonlinear FE analysis on systems with periodic boundary
conditions.

Although we have only experimentally validated one set of geometric parameters, the extremely good
match between experiments and simulation results for the mechanical properties and observed deforma-
tion mechanisms of these systems confirms the validity of the finite element simulation method used to
simulate and analyse these structures. The latter results clearly highlight that there are some configura-
tions with angular apertures 6 and ¢ which are close to the limits of the rotating mechanism and thus,
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these configurations, which include systems with € values close to 0°, 45° or 90° and a ¢ values close to
0° and 45°, are ideally to be avoided in order to ensure that the system functions as predicted.

Another point worth highlighting is the fatigue performance of these systems. All six loading tests;
two in each direction to measure the six Poisson’s ratios; were carried out on the same two prototypes.
Both systems underwent all loading tests without breaking, however, the full-block systems showed
reduced recovery and fractured in various points upon further loading despite its constituent material
being a hyperelastic resin which can tolerate over 100% strain before breaking. On the other hand, the
hierarchical ligament-based structure exhibited extremely high strain tolerance and even after repetit-
ive loading at higher strains than those presented in figure 9 did not undergo failure. This observation
confirms the results obtained from the analysis of localised von Mises strains which indicate that intro-
duction of hierarchical ligament frameworks in these systems results in improved strain tolerance. The
experimental prototypes tested in this work may be considered as systems analogous to the ones presen-
ted in figure 5, which have a similar //r ratio of 20:1, and indicate that the maximum localised strain
value in the ligamented system is about half that of its full-block counterpart.

3.3. General remarks

The systems presented in this work represent a new class of 3D auxetic metamaterials based on rotat-
ing octahedra with mechanical properties which may be tailored to obtain systems with a desired set of
Poisson’s ratios, Young’s moduli and volume fraction. The Poisson’s ratio may be customised primarily
as a function of the geometric parameters J, , f and ¢, while in the case of Young’s moduli and volume
fraction the use of full-block or hierarchical configurations is the greatest determining factor. In cases
where high stiffness is required, full-block configurations are optimal, however if higher strain tolerances
or lower weight are necessary, then hierarchical systems are the more appropriate option. This change in
stiffness and density can be obtained without significant changes to the Poisson’s ratio. These observa-
tions are consistent with findings in the literature on other 2D and 3D rotating unit systems which have
been transformed into ligament-based hierarchical metamaterial structures. The combination of light-
weightedness with relatively high stiffness and small strain cyclic deformation tolerance is a very desir-
able characteristic in prosthetic implants and aerospace components and it is envisaged that further stud-
ies on these lattice systems will focus primarily on the utilisation of geometric topological optimisation
methods to obtain the ideal set of parameters for a fixed set of requirements. Further studies can also be
carried out to form modified frameworks based on these systems which address certain structural weak-
points such as the interconnection regions in full-block configurations as well as the use of elongated
octahedra to obtain more highly anisotropic configuration with a wider range of mechanical proper-
ties. Finally, the hierarchical framework utilised in this work can also be potentially applied to other 3D
auxetic metamaterial systems in order to impart greater versatility and improved mechanical properties.

4, Conclusion

In this work, rotating octahedra-based auxetic metamaterials are proposed, numerically analysed and
experimentally tested. Two configurations are produced: a full-block system and a hierarchical ligament-
based framework. These systems were first analysed through an extensive parametric FE simulation run
followed by experimental tests on additively-manufactured prototypes. The Poisson’s ratios obtained
from the two methods showed extremely good agreement and clearly demonstrate that these systems
are characterised by high level of anisotropy along with the capacity to exhibit a wide range of negat-
ive Poisson’s ratios. Furthermore, it was shown, that the level of auxeticity remains relatively unaffected
by type of geometric configuration utilised (i.e. whether a full-block or hierarchical system is used),
while the Young’s moduli and volume fraction of the system vary significantly. This means that one may
obtain a desired Poisson’s ratio on the basis of the nominal geometric parameters while stiffness and
weight may be controlled independently based on which framework is used to construct the octahedral
rotating unit. This work demonstrates the high versatility of this class of auxetic systems and presents a
route towards the design of lightweight 3D auxetic metamaterial systems.
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