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Department of Sciences and Methods for Engineering, University of Modena and Reggio Emilia, Reggio Emilia, Italy

A R T I C L E  I N F O

Keywords:
Mechanical metamaterials
Zero Poisson’s ratio
Honeycomb systems
Mechanical properties
Lattice structures

A B S T R A C T

Zero Poisson’s ratio metamaterials are a peculiar class of metamaterial systems which undergo no lateral 
deformation upon uniaxial loading. In this work, we propose a new 3D star-shaped lattice metamaterial structure 
which is specifically designed to exhibit this property in all three principal directions. This system, which is 
highly anisotropic, can have a tailorable stiffness which is dependent on the geometry of the structure and may 
be altered according to design specifications without influencing the Poisson’s ratio. An analytical model which 
may be used to predict the mechanical properties of this system was derived and validated through a wide 
ranging parametric Finite Element simulation run. In addition, a prototype system was produced using additive 
manufacturing and tested under compressive loading, with Digital Image Correlation techniques confirming the 
zero Poisson’s ratio of the system, which is retained under relatively high-strain loading. It is envisaged that the 
large versatility and tuneability of this new metamaterial structure make it ideal for future implementation in 
applications requiring zero Poisson’s ratio properties.

1. Introduction

Mechanical metamaterials are a unique class of materials with 
properties which are geometry dependent. These include systems with 
negative, counter-intuitive properties which are not commonly found in 
nature such as a negative Poisson’s ratio (auxetics)(Evans et al., 1991), 
negative stiffness (Churchill et al., 2016) and negative thermal expan
sion (Lakes, 2007). These properties make these materials useful for a 
number of specialised applications in fields such as the biomedical and 
aerospace industries. An interesting class of mechanical metamaterials is 
that of systems with a zero Poisson’s ratio(Soman et al., 2012). Unlike, 
conventional positive Poisson’s ratio systems which contract laterally 
upon tensile loading and auxetic materials which do the opposite, these 
systems remain unchanged in the transverse direction under uniaxial 
compressive or tensile loading. This property is also highly dependent 
on the architecture of the metamaterial system and there are various 
geometries which can give rise to this behaviour. This characteristic is 
also accompanied by useful secondary properties such as cylindrical 
curvature, which is extremely desirable for biomedical implants such as 
stents(Mizzi et al., 2014; Wang et al., 2021) since it ensures a constant 
cross-sectional thickness and eliminates lateral shape changes and sizing 
problems (Hoseini et al., 2024).

Initial research on zero Poisson’s ratio metamaterials focused on 
exploiting honeycomb structures, such as mixed mode re-entrant and 

conventional systems and reversed semi-reentrant hybrid configurations 
(Grima et al., 2010; Attard and Grima, 2011; Grima and Attard, 2011; 
Olympio and Gandhi, 2010; Chen and Fu, 2018; Naghavi Zadeh et al., 
2020; Huang et al., 2018; Chen et al., 2015)–(Grima et al., 2010; Attard 
and Grima, 2011; Grima and Attard, 2011; Olympio and Gandhi, 2010; 
Chen and Fu, 2018; Naghavi Zadeh et al., 2020; Huang et al., 2018; Chen 
et al., 2015). The main idea was to combine negative Poisson’s ratio 
architectures with positive Poisson’s ratio systems and by having the 
respective mechanisms cancel each other out, obtain zero Poisson’s 
ratio. Other proposals for zero Poisson’s ratio architectures involve 
deformation mechanisms which affect only specific components of ge
ometry which influence the global length of the metamaterial system in 
the loading direction only, leaving the other unchanged. Apart from 
these, other forms based on tetrachiral honeycombs(Mizzi et al., 2018; 
Zhong et al., 2019; Miller et al., 2010)–(Mizzi et al., 2018; Zhong et al., 
2019; Miller et al., 2010) (which take advantage of shear-directed 
deformation modes), star-shaped systems (Ai and Gao, 2018; Gong 
et al., 2022; Mamoun et al., 2025; Liu et al., 2023), mixed-mode rotating 
metamaterials (Dudek et al., 2023) and aperiodic tessellations (Clarke 
et al., 2023) have also been designed. Furthermore, 3D variants of these 
architectures which exhibit zero Poisson’s ratio in multiple planes have 
also been proposed(Hamzehei et al., 2022; Chen et al., 2021; Yang and 
Ma, 2020)–(Hamzehei et al., 2022; Chen et al., 2021; Yang and Ma, 
2020) along with other works involving new strategies such as 
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voxel-based mixed architectures by Sahariah et al. (2023) with a zero 
Poisson’s ratio. This approach which involves combining 3D structures 
with negative and positive Poisson’s ratios to achieve an overall zero 
Poisson’s ratio.

Many of these architectures have been specifically developed to 
exhibit a tailored mechanical response, namely a zero Poisson’s ratio 
coupled with an accompanying Young’s modulus and/or specific pro
grammable shape deformation for one specific loading direction only. 
Given the fact that in most of these cases, zero Poisson’s ratio is typically 
induced by deformation modes which involve specific components of 
the geometry deforming only when the system is loaded in a specific 
direction, tailoring these systems to exhibit desired mechanical prop
erties for uniaxial loading in multiple directions can be a challenge since 
one must ensure that the deformation mechanism functioning in one 
direction does not influence the others. In this work, our goal was to 
develop an anisotropic metamaterial geometry capable of exhibiting a 
zero Poisson’s ratio in multiple on-axis directions while also allowing for 
large tuneability of Young’s modulus in each of the three dimensions 
through variation of the geometric parameters making up the geometry.

In view of this, we have designed a new 3D metamaterial with a zero 
Poisson’s ratio and the capability of exhibiting different Young’s moduli 
in all three principal directions. This new system, which is formed from a 
star-shaped architecture, was investigated using a parametric finite 
element simulation run in order to characterise its mechanical proper
ties. An analytical model capable of predicting the mechanical proper
ties of this system on the basis of its geometric parameters was also 
developed and validate. Finally, a 3D-printed prototype was designed 
and fabricated followed by experimental testing under compressive 
loading conditions. The Poisson’s ratio of the system was analysed using 
Digital Image Correlation (DIC).

2. Concept and design

In this section, the geometry of the 3D star-shaped lattice structure is 
first characterised in its most generalised form, with ten independent 
geometric parameters. This is followed by an analytical model which 
allows the designer to predict its on-axis Poisson’s ratios and Young’s 
moduli in terms of these parameters.

2.1. Geometry and dimensions

A schematic of a generic 3D star-shaped lattice structure along with 
the geometric parameters used to define it is shown in Fig. 1. In Fig. 1a, a 
single representative volume element (RVE) is shown, while the view of 
the system from the x-, y- and z-directions are illustrated in Fig. 1b, c and 
d. As evident from these images, from the on-axis viewpoint, the system 
has the form of a cross-shaped quadratic star with three axes of mirror 
symmetry. The full lattice supercells with 3 × 1 × 1, 3 × 1 × 3 and 3 × 3 
× 3 RVEs are shown in Fig. 1e, f and g (RVEx × RVEy × RVEz).

The geometry of the system may be defined by the following pa
rameters: l, h, θ and t. The parameter l defines the length of the vertical/ 
horizontal ligaments while h is the length of the inclined ribs. The angle 
θ determines the inclination of the ligaments with length h and can vary 
from 0◦ to 90◦. The system is made up entirely of ligaments with a 
constant cross-section, in this case defined by an in-plane thickness 
variable, t. In each plane, the parameters l, h and θ may be assigned 
different values. As shown in Fig. 1, three sets of these independent 
variables may be defined, with l1, h1 and θ1 denoting the variables along 
the x-direction, l2, h2 and θ2 along the y-direction and l3, h3 and θ3 in the 
z-direction.

In the schematic shown in Fig. 1, all li, hi and θi variables have the 
same value, resulting in a cubic RVE. However, if different values are 

Fig. 1. Schematic of a) an RVE of the proposed star-shaped structure and the view from the b) yx-, c) yz- and d) xz-planes. Images showing the supercells for e) 3 × 1 
× 1, f) 3 × 1 × 3 and g) 3 × 3 × 3 RVEs with the central cell marked.
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used for these parameters, then a cuboidal RVE is formed. The lengths of 
the RVE in the three principal directions, Lx, Ly and Lz, may be defined in 
terms of the independent parameters as follows: 

Lx = 2(l1 + h1 sin θ1)

Ly = 2(l2 + h2 sin θ2)

Lz = 2(l3 + h3 sin θ3)

Eq. 1 

Although the ten geometric parameters are independent, there are 
some geometric conditions which must be satisfied from combinations 
of assigned values in order to achieve a realisable system without any 
overlapping ligaments. These conditions are listed below: 

h1 cos θ1 < l2 + h2 sin θ2
h1 cos θ1 < l3 + h3 sin θ3

Eq. 2 

h2 cos θ2 < l1 + h1 sin θ1
h2 cos θ2 < l3 + h3 sin θ3

Eq. 3 

h3 cos θ3 < l1 + h1 sin θ1
h3 cos θ3 < l2 + h2 sin θ2

Eq. 4 

The system was specifically conceived to achieve a zero Poisson’s 
ratio upon uniaxial loading in all three principal on-axis directions. To 
achieve this, the metamaterial structure was designed on the basis of the 
principle that in order to maintain a constant lateral width upon the 
application of a uniaxial load in a direction i, the only components of the 
system which deform are one set of inclined ligaments, hi, with the other 
ligaments remaining undeformed. Since each set of inclined ligaments 
influences the dimension of the global metastructure in one direction 
only, this ensures that there is no lateral expansion or contraction, hence 
guaranteeing a zero Poisson’s ratio when the structure is subjected to a 
uniaxial stresses or strains.

2.2. Analytical model

Based on this design principle and predicted deformation mode, 
analytical expressions which may be used to predict the in-plane me
chanical properties of the star-shaped metamaterials proposed in this 
work were derived. These expressions consider the linear-elastic defor
mation of these systems and are based on standard Euler-Bernoulli beam 
deflection models using the Gibson-Ashby(Gibson et al., 1982) as
sumptions for deformation of cellular honeycombs. These entail a 
deformation mechanism which is predominantly characterised by 
bending/flexure of ligaments with minute contributions from shear and 
axial deformations and, thus, this model is particularly well-suited for 
determining the mechanical properties of configurations involving thin, 
long-ligaments subjected to small-strain loading.

Given the symmetric nature of the metamaterial geometry in ques
tion, we can consider the deformation of 1/8th of the RVE in order to 
characterise this system (see Fig. 2a). This section of the cell can be 
defined by the following dimensions, denoted as Dx, Dy and Dz: 

Dx =
Lx

2
= l1 + h1 sin θ1

Dy =
Ly

2
= l2 + h2 sin θ2

Dz =
Lz

2
= l3 + h3 sin θ3

Eq. 5 

As shown in Fig. 2b and c, once the system is subjected to a uniaxial 
load in the x-direction, only one pair of ligaments is expected to deform 
through bending, while all the other ligaments remain unaffected. This 
means that all the force generated by the application of stress, σx, is 
absorbed by this ligament pair.

The applied force, Fx, induced by stress can be defined as follows: 

Fig. 2. Image of a) 1/8th of an RVE and the view from the b) yx- and c) xz-planes. The red ligaments indicate the components of the system which undergo 
deformation upon uniaxial loading in the x-direction. In d) the forces and moments acting on a generic inclined ligament are shown, along with the resultant S-shaped 
flexural deformation. The reaction force, C, which is perpendicular to the applied load, Fi/2 (since there are two ligaments deforming in 1/8th of an RVE), is equal to 
zero, while the moment, Mx, is calculated according to Eq. (7). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fx = σxDyDz Eq. 6 

This force generates a moment, Mx, which in turn is defined as: 

Mx =
Fx

2
h1

2
cos θ1 Eq. 7 

The force is divided by a factor of two since the load is distributed 
along two ligaments and equilibrium conditions dictate that the reaction 
force perpendicular to the applied load, C, is equal to zero (see Fig. 2d). 
From standard beam theory, we can obtain the ligament deflection, δx, 
as: 

δx =
Fxh3

1 cos θ1

24EsI
=

σx(l2 + h2 sin θ2)(l3 + h3 sin θ3)h3
1 cos θ1

24EsI
Eq. 8 

Where Es represents the constituent material isotropic Young’s modulus 
and I the second moment of inertia of the ligament cross-section. The 
strain in the x-direction, εx, generated by this deflection can be defined 
as follows: 

εx =
dDx

Dx
=

δx cos θ1

l1 + h1 sin θ1
=

σx(l2 + h2 sin θ2)(l3 + h3 sin θ3)h3
1 cos2θ1

24EsI(l1 + h1 sin θ1)

Eq. 9 

The Young’s modulus in the x-direction, Ex, can be found by re- 
arranging the previous equation as shown below: 

Ex =
σx

εx
=

24EsI(l1 + h1 sin θ1)

(l2 + h2 sin θ2)(l3 + h3 sin θ3)h3
1 cos2θ1

Eq. 10 

Since the deformation of the ligaments shown in Fig. 2b and c, do not 
result in a global strain in the y- and z-direction for the RVE, the lateral 
strains εy and εz are equal to zero. This means that the Poisson’s ratios 
are also equal to zero: 

νxy = −
εy

εx
= 0 Eq. 11 

νxz = −
εz

εx
= 0 Eq. 12 

Utilising the same reasoning, we can obtain the mechanical proper
ties for loading in the y- and z-directions which result as follows: 

Ey =
σy

εy
=

24EsI(l2 + h2 sin θ2)

(l1 + h1 sin θ1)(l3 + h3 sin θ3)h3
2 cos2θ2

Eq. 13 

Ez =
σz

εz
=

24EsI(l3 + h3 sin θ3)

(l1 + h1 sin θ1)(l2 + h2 sin θ2)h3
3 cos2θ3

Eq. 14 

νyx = νyz = νzx = νzy = 0 Eq. 15 

Through this analytical model, one may obtain the on-axis Young’s 
moduli and Poisson’s ratios of these systems as a function of the basic 
geometric parameters; the latter of which are all zero provided that the 
star-shaped lattice framework is employed. In order to investigate 
further the mechanical properties of this new 3D metamaterial system 
and validate the predictions of the analytical model, we employed the 
Finite Element (FE) method to conduct a parametric study, simulating 
the axial loading behaviour while varying different parameters of the 

studied shape.

3. Methodology

This section is divided into two parts: a description of the parametric 
FE simulation run on a large number of configurations and experimental 
testing of an additively manufactured prototype based on this 
framework.

3.1. Finite element analysis

A parametric FEM study was carried out on a wide range of config
urations to understand the influence of various parameters on the me
chanical properties, namely the Poisson’s ratios and Young’s moduli. 
The ANSYS Mechanical APDL 2024 software was used to run the sim
ulations and in order to maximise computational efficiency, the struc
tures were moddelled as BEAM elements and simulated as single RVEs 
under periodic boundary conditions. The systems were meshed using the 
BEAM189 element (a quadratic three-node 1D beam element with six 
degrees of freedom (ANSYS24 Multiphysics n)) with a minimum mesh 
size of 0.2 mm, determined after performing mesh size convergence 
tests. A square cross-section was used for the beams, with a constant 
in-plane thickness, t, of 0.1 mm. The constitutive material properties 
used were an isotropic Poisson’s ratio of 0.3 and a Young’s modulus of 
200 GPa.

The parameters that were modified during this study are: a) the 
aligned ligament lengths l1, l2, and l3, b) The inclined ligament lengths 
h1, h2, and h3 and c) the inclination angles θ1, θ 2, and θ 3. Given the large 
number of variables at hand, four sets of simulations were carried out. In 
the first set (Set 1), a cubic RUC was used, with the condition that h1 =

h2 = h3, l1 = l2 = l3 and θ 1 = θ 2 = θ 3 kept at all times. The l dimensions 
were kept constant at 10 mm while the dimensions h and θ varied from 2 
mm to 20 mm in steps of 1 mm and 5◦–85◦ in steps of 5◦ respectively. 
Following this initial run, further simulations were conducted on sys
tems having cuboidal RVEs in additional three sets. In Set 2, l2 and l3 
were varied separately from 2 mm to 20 mm in steps of 1 mm, while the 
other parameters were all kept constant: l1 = 10 mm, h1 = h2 = h3 = 6 
mm and θ 1 = θ 2 = θ 3 = 30◦. In Set 3, h2 and h3 were varied from 2 mm 
to 20 mm in steps of 1 mm with all other dimensions fixed at: h1 = 6 mm, 
l1 = l2 = l3 = 10 mm and θ 1 = θ 2 = θ 3 = 30◦. Finally in Set 4, θ values 
were varied, with θ 2 and θ 3 changing from 5◦ to 85◦ in steps of 5◦ while 
θ1 = 30◦, l1 = l2 = l3 = 10 mm and h1 = h2 = h3 = 6 mm. The full set of 
simulations are listed in Table 1.

In order to carry out the simulations, the systems were subjected to 
three separate uniaxial loads in the x-, y- and z-directions under mirror- 
symmetry based periodic boundary conditions (see Fig. 3). This was 
possible since the system possesses three planes of mirror-symmetry 
aligned with the principal global Cartesian directions. To implement 
these boundary conditions, one face for each of the three principal di
rections was fixed for one displacement degree of freedom perpendic
ular to the direction of the surface as shown in Fig. 3. A small 
compressive displacement was applied on the opposing face according 
to the loading direction and the remaining two faces were constrained to 
remain aligned with principal directions using coupling equations. 
Finally, the rotational degrees of freedom (ROTx, ROTy and ROTz) of all 

Table 1 
All four sets of simulations carried out listed with the variations in parameters. Note that in Set 1, the variables marked with (*) and (ǂ) were varied identically with 
respect to one another.

Set N◦ l1 (mm) l2 (mm) l3 (mm) h1 (mm) h2 (mm) h3 (mm) θ1 (◦) θ2 (◦) θ3 (◦)

1 10 10 10 2–20 … 1* 2–20 … 1* 2–20 … 1* 5-85 … 5ǂ 5-85 … 5ǂ 5-85 … 5ǂ

2 10 2–20 … 1 2–20 … 1 6 6 6 30 30 30
3 10 10 10 6 2–20 … 1 2–20 … 1 30 30 30
4 10 10 10 6 6 6 30 5-85 … 5 5-85 … 5
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external face nodes were paired to the ones on the corresponding 
opposing face using coupling equations. An example for loading in the x- 
direction is shown in Fig. 3. This methodology is an adaptation of the 
mirror-symmetry periodic boundary conditions method presented in 
(Mizzi et al., 2021) and has been validated for use with BEAM elements 
in (Cavaliere and Mizzi, 2025). The simulations were solved using a 
linear solver for small strain compressive loading and the three principal 
Young’s moduli, Ex, Ey and Ez, were obtained along with the corre
sponding six Poisson’s ratios, νxy, νxz, νyx, νyz, νzx and νzy.

3.2. Experimental testing

In addition to the simulations, a prototype metamaterial system was 
designed and produced using additive manufacturing. The system was 
built using Solidworks CAD software as a 3D 3 × 3 × 3 RVE model and 
then printed in ABS with 100 % infill using a Stratasys Fortus 250mc 

FDM printer (see Fig. 4a). The ligaments were built with a square cross- 
section of thickness, t, in an analogous manner to the FE simulations and 
the corners were filleted with a small radius, r. The dimensions of the 
prototype are listed in Table 2.

This metamaterial system was specifically designed for optimal 
loading behaviour in the y-direction, with the h2 ligaments being rela
tively long in comparison to h1 and h3 ligaments, while the angle θ2 of 
30◦ was also chosen on this basis. The system was therefore subjected to 
y-direction quasi-static compressive loading of ca. 9 % strain using a 
Galdabini loading device with two rigid plates placed above and below 
the system. In order to record the local displacements within the system 
and measure the Poisson’s ratio, 12 points were marked with white paint 
as shown in Fig. 4b and the entire loading test was recorded by camera. 
The obtained images were then analysed using a Matlab subroutine for 
Digital Image Correlation (DIC) point-tracking in order to measure the 
strain of the system from the tracked points and obtain the Poisson’s 
ratio for a series of images. Two Poisson’s ratios were obtained: i) the 
global Poisson’s ratio of entire system, including boundary effects, from 
the points marked in yellow in Fig. 4b, and ii) the central RVE Poisson’s 
ratio; extracted from the 4 points marked in orange.

4. Results and discussion

The results obtained from the FE simulations, along with the 

Table 2 
Geometric parameters of additively manufactured prototype shown in Fig. 4.

l1 l2 l3 h1 h2 h3

15 mm 5 mm 15 mm 10 mm 25 mm 10 mm

θ1 θ2 θ3 t r RVEs

70◦ 30◦ 70◦ 2 mm 0.5 mm 3 × 3 × 3

Fig. 4. a) Image of the 3D-printed prototype and b) front-view of the plane in which the Poisson’s ratio was measured using DIC, showing the white marker points 
which were tracked. The points circled in yellow were used to measure the Poisson’s ratio from the boundary of the system while the points circled in orange were 
used to measure the Poisson’s ratio of the single central unit cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 3. Images showing how the a) RVE was fixed with viewpoints from the b) yx-c) yz- and d) xz-planes. The constraints were applied on all nodes on the external 
faces of the RVE. Apart from these constraints, all nodes on opposing faces were individually paired together using coupling equations for the rotational degrees 
of freedom.
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predictions from the analytical model described in Section 2.2, are 
presented in Figs. 5–7. It is clearly evident that there is an extremely 
good match between the analytical predictions and the simulations for 
both the Poisson’s ratios and Young’s moduli. In Fig. 5a and b, the re
sults of the Set 1 simulations are presented. As stated previously, this set 
of simulations comprises of cubic RVEs since l1 = l2 = l3, h1 = h2 = h3 and 
θ1 = θ2 = θ3 and therefore, all Poisson’s ratios and Young’s moduli along 
the principal axes are equal. For this reason, the results are presented in 
terms of a single Poisson’s ratio and Young’s modulus. However, it is 
important to note that this does not entail that the system is isotropic, 
merely that it exhibits identical mechanical properties at 90◦ rotational 
intervals.

The results in Fig. 5a show that almost all configurations in Set 1 
exhibit a Poisson’s ratio of zero. This Poisson’s ratio is the result of the 
deformation mechanism described in Section 2 and illustrated in the 
simulation result in Fig. 5c, where only one set of inclined ligaments of 
length h deforms upon on-axis loading. In the case demonstrated in 
Fig. 5c, the system is loaded in the x-direction and therefore only the h1 
ligaments undergo flexure upon the application of strain. Analogously, 
in the case of separate y-direction and z-direction loading, only the h2 
and h3 ligaments deform respectively. This ensures that no lateral strains 
occur upon deformation, hence the resultant zero Poisson’s ratio. 
Moreover, the extremely good match between the analytical results and 
simulation values for the Young’s modulus (shown in Fig. 5b), also 
confirm the presence of this deformation mechanism.

However, as shown in Fig. 5a, there are a few of exceptions for 
systems with large θ values (>75◦) and small h values (<4 mm) which 
show slightly positive values up to +0.1. They are also characterised by 
an extremely high stiffness in comparison to the other configurations 
(see Fig. 5b) due to the very small moment, Mx, generated by the applied 
force, Fi. These systems are geometrically distinguished by their 
extremely small inclined ligaments and almost fully-opened aperture 
angles. This means that the aforementioned deformation mechanism 
described in the analytical modelling section is not very compliant; in 
fact, the model is approaching an asymptote at this region. This effect is 
also observed for regular and re-entrant honeycombs and, at this point, 
other mechanisms such as direct axial compression of the inclined lig
aments come into play rather than pure flexure as demonstrated by 
Masters and Evans (1996). Nevertheless, as demonstrated clearly in the 
plots, these structures represent merely a small subset of possible con
figurations with all the others exhibiting a Poisson’s ratio of zero.

This point is plainly emphasised in the Poisson’s ratio results ob
tained from Sets 2, 3 and 4, shown in Fig. 6. These systems are char
acterised by a cuboidal RVE and are highly anisotropic, yet all exhibit a 
Poisson’s ratio of zero, regardless of the changes in parameters. In the 
case of Set 2 systems where h2 and h3 are varied, the relatively small 
number of points plotted is due to the realisability conditions stipulated 
in Eqs. (2)–(4) not being met for several configurations. The uniformity 
in Poisson’s ratios is not, however, mirrored in the Young’s moduli plots 
for the same systems presented in Fig. 7. Here, the large level of 

Fig. 5. Plots showing how the a) Poisson’s ratio and b) Young’s modulus vary with changing hi and θi for the Set 1 simulations and analytical model predictions. Note 
that, since in this set all the h and θ variables were varied in the same way, the RVE remains cubic and the Poisson’s ratios and Young’s moduli in the three principal 
directions are all equal, hence the reason why only two plots are presented. The region without points in both graphs indicates that geometries with that combination 
of variables are not realisable since they do not satisfy the criteria specified in Eqs. (2)–(4). c) An image of an undeformed and deformed system (with magnified 
displacement scaling) for compressive loading in the x-direction for the system with l1 = l2 = l3 = 10 mm, h1 = h2 = h3 = 6 mm and θ1 = θ2 = θ3 = 30◦.
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anisotropy is clearly demonstrated, with significant variations found in 
Ex, Ey and Ez for all structures. Starting from Set 2, where parameters l2 
and l3 are varied, it is evident that the l parameters are ones which have 
the least significant when it comes to influence on stiffness. This is not 
surprising, given that these ligaments do not undergo any deformation 
during loading and, in structural terms, merely define the surface are of 
the RVE upon which loading is applied. Provided the inverse relation
ship between l2 and l3 with respect to stiffness, Ex, quantified in Eq. (10), 
it is no surprise to see that for loading in the x-direction, the system 
shows the highest stiffness when l2 and l3 are at their lowest. On the 
other hand, the opposite is true for Ey and Ez, with large values of l2 and 
l3 resulting in the highest Young’s moduli, respectively, in accordance 
with the predictions from Eqs. (13) and (14).

For Set 3, the variations in h2 and h3 show a much greater influence 
on the Young’s modulus. Firstly, as expected, Ex is not very affected by 
changes in these variables due to the fact that only h1 ligaments deform 
upon loading in the x-direction and thus, h2 and h3 are only considered 
for the definition of the surface area of the RVE upon which a load is 
applied. Conversely, for loading in the y-direction, the length of h2 is 
extremely significant, with systems having small ligaments showing the 
highest stiffness and the same is true for h3 when loading the z-direction. 
This is due to the fact that these ligaments are the ones undergoing 
flexure upon loading in these respective directions, and, thus, in 
accordance with standard Euler-Bernoulli Beam Theory, the stiffest 
ligaments for flexural deformations are the shortest.

Finally, for Set 4, where θ2 and θ3 are varied, it is shown that these 
parameters are also extremely influential on the stiffness. For Ex, the 
same reasoning as above applies, i.e. ligaments with aperture angles θ2 
and θ3 are not deforming upon loading hence these two parameters only 

determine the geometry of the RVE and do not have a large influence on 
stiffness in this direction. For loading in y- and z-directions on the other 
hand, large θ2 and θ3, respectively, yield the highest stiffness. This is due 
to the fact that the configuration is very close to its fully-opened 
configuration, i.e. 90◦, at which the V-shaped pair of ligaments 
become a straight line and thus the flexural moment applied by strain 
becomes almost equal to zero. This leads to an extreme increase in 
stiffness and, at very large θ angles approaching 90◦, most likely results 
in a change of deformation mechanism and, therefore, a positive Pois
son’s ratio, as shown in Fig. 5. However, in the configurations presented 
for Set 3 in Figs. 6 and 7, only a marginal increase in Poisson’s ratio is 
evident and thus these configurations still represent a viable option for 
high-stiffness zero Poisson’s ratio metamaterials.

In order to confirm the zero Poisson’s ratio of these systems experi
mentally, a 3D-printed prototype was produced and tested as detailed in 
Section 3.3. The images in Fig. 8 show the system before and after 
deformation, and, along with the plots for the global and central RVE 
Poisson’s ratio, demonstrate quite clearly that the system exhibits a 
Poisson’s ratio of zero which is retained over relatively large strains. 
This shows that the deformation mechanism which gives rise to this 
property remains active and unchanged as compressive loading in
creases. It is also interesting to note that there is also almost no differ
ence between the central RVE and the global system Poisson’s ratio. This 
is anomalous, since in typical auxetic and conventional (positive Pois
son’s ratio) metamaterials, boundary effects have a significant influence 
on the deformation behaviour of the structure. However, in this case, the 
fact that there is no lateral expansion/contraction of the metastructure 
and that none of the deforming components of the structure are in direct 
contact with the upper and lower rigid plates, mean that the influence of 

Fig. 6. Plots showing how the on-axis Poisson’s ratios vary for Set 2, 3 and 4 structures. The mesh represents the analytical prediction of zero, while the dots are the 
numerical results obtained from the FE simulations.
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friction on the deformation mechanism is almost negligible and there
fore the global system deforms similarly to a periodic RVE.

Before concluding, it is important to highlight the merits of this new 
star-shaped lattice structure. The main advantage is the zero Poisson’s 
ratio in all three principal directions which remains unchanged 
regardless of which combination of geometric parameters is chosen. This 
means that one may tailor the Young’s moduli of the structure inde
pendently of the Poisson’s ratio and use the analytical model described 
in Section 2.2 to produce a fully-customised anisotropic metamaterial 
lattice structure according to the desired design specifications. Given 
that the stiffness in each principal direction is primarily determined by a 

subset of three variables (with the others having a very small influence), 
it is also very simple to alter the Young modulus in one specific loading 
direction without significantly altering the properties in other di
rections. Moreover, since the structure is entirely ligament-based, it can 
also qualify as a lightweight structure, and since the volume fraction of 
the system may be varied as a function of the geometry, one can also 
design the structure according to the necessary density requirements. 
Finally, the high strain tolerance and lack of lateral expansion make this 
metamaterial system ideal for implementation in crash-resistance and 
dampening applications, although further studies beyond this work are 
required to analyse the energy absorption and impact properties.

Fig. 7. Plots showing how the on-axis Young’s moduli vary for Set 2, 3 and 4 structures. The mesh represents the analytical prediction of zero, while the dots are the 
numerical results obtained from the FE simulations.
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5. Conclusion

In this work, a new anisotropic 3D star-shaped lattice metamaterial 
which exhibits zero Poisson’s ratio in all three principal directions is 
investigated. The stiffness of the system was shown to be tuneable as 
function of a set of independent geometric variables while the Poisson’s 
ratio remains unchanged. An analytical model which may be used to 
predict the on-axis mechanical properties of this structure was derived 
and validated using a wide ranging parametric FE simulation run fol
lowed by experimental tests on an additively-manufactured prototype. 
These findings demonstrate the functionality and effectiveness of this 
new metamaterial geometry which make it a useful addition to the 
emergent class of zero Poisson’s ratio metamaterials.
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