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HIGHLIGHTS

« A novel method to produce 3D
auxetic metamaterials has been
proposed.

« The proposed method involved the
application of continuous voids with
constant cross-sectional area in
multiple perpendicular planes.

« The potential of using subtractive
manufacturing, additive
manufacturing, or casing to fabricate
these 3D auxetic structures was
shown.

« Using continuous voids with a
diamond shaped cross-sectional area
were shown to produce novel 3D
auxetic structures.

« Nonlinear simulations and
experimental testing showed that the
Poisson’s ratio of these structures is
strain independent up to 7%
deformation.
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ABSTRACT

Prototyping of three-dimensional mechanical metamaterials that exhibit negative Poisson’s ratio is usu-
ally performed through additive manufacturing. Although this technique has a huge potential, its use to
engineer mechanical metamaterials for consumer products is still challenging. In this work, a novel
design method is being proposed where 3D auxetic metamaterials can be produced by introducing con-
tinuous voids of constant cross-sectional area. Such voids would be inserted at strategic positions in dif-
ferent perpendicular planes of a solid block to obtain a continuous three-dimensional mechanical
metamaterial that can exhibit the desired mechanical characteristics. The use of continuous voids to
design the 3D meatamaterial makes it possible to use additive manufacturing, subtractive manufacturing
as well as casting to produce these systems. The proposed design method is explained by using contin-
uous voids having a diamond shaped cross-sectional area. The resulting group of structures can be
described as connected polygons and were found to exhibit a negative or zero Poisson’s ratio. The
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analysed systems were also found to have a strain independent Poisson’s ratio up to at least 7% strain. The
proposed design method can thus facilitate the availability of three dimensional auxetic metamaterials in
the consumer market which to date is conspicuous by their absence.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Technological advancement is at least partly dependent on the
development of new materials with novel functionalities that lead
to innovative products. At present, one of the most promising ways
of designing systems with improved functionalities is based on the
use mechanical metamaterials. These are engineered materials
that exhibit behaviours not commonly found in nature such as
negative Poisson’s ratios [ 1], negative compressibility [2], and neg-
ative stiffness [3]. Their abilities are mainly dependent on their
geometry and deformation mechanism [4]. An important subset
of mechanical metamaterials which has attracted significant atten-
tion in the past few decades is represented by auxetic systems [5],
i.e. materials characterised by a negative Poisson’s ratio (NPR). This
type of mechanical metamaterials will contract (expand) trans-
versely when subjected to a uniaxial compressive (tensile) force.
This behaviour is unlike that of conventional materials which
expand transversely in response to a compressive force [6].

The presence of an NPR is associated with several desirable
material properties including superior shear [7], indentation
[8,9], impact [10], and fracture [11] resistance, as well as better
energy absorption performance [12-14] as compared to materials
with positive Poisson’s ratio. Furthermore, NPR systems can have
a variable permeability [15] and exhibit synclastic curvature [16-
18]. For this reason, it is expected that auxetic materials and struc-
tures can be used to design innovative products having an
improved performance across a number of industries including,
but not limited to, the biomedical [19], textiles [20,21] (particu-
larly for sport applications [16,18]), automotive [22-24], and aero-
space[17] ones. Examples of such products comprise vibration
dampers [22-24], smart sensors [25,26], adaptable body armour
[10], seat cushions [27], smart filters [15,28], acoustic isolators
[29], and magnetic auxetic system s[30,31] such as thin memory
films [32]. They can also be used for applications where impact
[10], indentation, and fatigue resistance [33,34] are required.

A significant advancement in auxetic research was attained with
the development of 3D systems that are capable of exhibiting an NPR
behaviour in at least two planes that are orthogonal to each other
(henceforth referred to as 3D auxetic systems). One such system is
the three-dimensional rotating rigid cuboids structure proposed by
Attard and Grima [35]. This structure is capable of exhibiting an
NPR along some planes depending on the angle between the cuboids.
The design concept was subsequently extended by Kim et al. [36]
who studied the Poisson’s ratio of 3D structures made of intercon-
nected triangular, hexagonal, or square prisms [36]. Other 3D auxetic
designs that have been proposed include the 3D arrowhead system
[23,37], 3D re-entrant systems [38,39], 3D chiral systems [40,41],
interacting particles [42-44], random networks [45], and 3D buckling
soft metamaterials [46,47]. Research on 3D auxetic systems has only
flourished recently possibly because the complex geometries
involved are difficult to manufacture, limiting their industrial appli-
cability. The situation has changed with the evolution of additive
manufacturing which allows the fabrication of 3D auxetic metamate-
rials with relative ease. In fact, additive manufacturing is possibly-
one of the best fabrication methods for such structures, notwith-
standing the number of challenges this technique presents, which
include production time, void formation, anisotropic microstructure,
and mechanical properties [48].

However, additive manufacturing is not the only method that
has been useful to produce auxetic structures. In fact, subtractive
manufacturing has been successfully employed for the fabrication
of 2D auxetic metamaterials (i.e. materials which show a negative
Poisson’s ratio in just one plane). The method involves the perfora-
tion of a sheet of conventional material (that has positive Poisson’s
ratio) at strategic loci [29,49]. In consequence, it has been the focus
of extensive research in recent times [50-59] due to the ease and
simplicity with which 2D auxetic structures can be produced. Var-
ious perforation shapes have been adopted to re-create known 2D
auxetic structures [1,60-69], including star, diamond (rhombus),
elliptical, rectangular, and hexagonal ones, leading to systems
mimicking the rotating rigid triangles [50,70], rotating rigid
quadrilaterals  [29,49,51,53,54,71,72], and chiral systems
[52,53,64-66,73-77]. It has also been shown that slit and / or I-
shaped perforations may be used to obtain systems resembling
the 2D re-entrant, chiral, and rotating rigid units mechanisms
[54,74,78]. Furthermore, subtractive manufacturing has also been
used to produce 2D hierarchical auxetic metamaterials [79,80].

Notwithstanding the amount of research in 3D auxetics and 2D
perforated auxetic systems, to date, no attempt has been made to
propose a design method that can be used to produce 3D auxetic
metamaterials having continuous voids of constant cross-
sectional area. The structures obtained from such a design method
would be able to be produced through various methods, including
subtractive manufacturing, additive manufacturing and casting.
Such systems would combine the advantages specific to 3D auxetic
structures [81] with multiple streamlined production processes,
depending on the case. In view of these considerations, a novel
design method will be proposed in this study which utilises the
application of continuous voids of constant cross-sectional area
on different planes of a solid block of material. This process will
be exemplified by using continuous voids having a diamond
shaped cross-sectional area. It will be shown for the first time that
several 3D auxetic metamaterials, having negative or zero Pois-
son’s ratios can be obtained using such diamond shaped voids.

2. Methodology

2.1. Description of the proposed design method used to produce 3D
auxetic metamaterials with continuous voids

In this section a description of how auxetic metamaterials may
be produced through the proposed novel design method will be
given. To achieve this, continuous voids having a diamond shape
perforation will be used as an example (see Fig. 1). For ease of ref-
erence, the continuous voids having a constant cross-sectional area
will henceforth be referred to as ‘perforations’. Referring to Fig. 1
(a), without loss of generality, starting from a cube made of con-
ventional material, a first set of perforations can be carried out
on the xy-plane using equally sized diamond shaped perforations
(i.e. all diamond shaped perforations have equal side lengths).
The perforations traverse the whole length of the material which
is orthogonal to the xy-plane, i.e. that is aligned along the z-axis.
Once applied, the pattern of perforations is such that the nearest
neighbouring rhombi are rotated by 90° with respect to each other,
meaning that their longest diagonals are aligned along perpendic-
ular directions. At the same time, the nearest corners of the dia-
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Fig. 1. (a) Production of 3D perforated systems using continuous voids having a diamond shaped cross-sectional area (b) An example of a regular 3D perforated system and
(c) an example of a perforated system using different size continuous diamond shaped voids.

mond shaped perforations are separated by an equal distance s.
This is required to provide spacing material so as to connect the
different rigid units. The resultant structure mimics the 2D rotating
squares system [49]. Thus, provided that s is small enough, the
system is expected to show a negative Poisson’s ratio in the xy-
plane.

A second set of analogous perforations can then be performed in
the yz-plane. This will result in a system which has a projected ‘ro-
tating squares’ geometry in both the xy- and yz-planes. It would
thus be expected that such a system will exhibit a negative Pois-
son’s ratio in both planes. To complete the structure, a third set
of analogous perforations is performed in the xz-plane, yielding
the 3D polygons system shown in Fig. 1(b). Based on the previous
considerations, the resulting system is expected to exhibit a nega-
tive Poisson’s ratio when loaded in all three planes.

The concept outlined above can easily be extended to one
where the diamond shaped perforations are not the same. To do
this, diamond perforations having different side length and inter-
nal angles need to be used as illustrated in Fig. 1(c). In this case,
it is expected that the Poisson’s ratio will depend on the dimen-
sions of the diamond perforations used in each orthogonal plane,
meaning that it can vary between planes.

2.2. Geometric considerations of the proposed design method used to
produce 3D auxetic metamaterials with continuous voids

In the case of the proposed design method, one must ensure
that the perforations performed on one plane do not cut through
the material between the different units of another plane as this
would result in disjointed parts. The geometric requirements for
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Fig. 2. An illustration possible 3D auxetic structure that may be obtained when using different perforation shapes. Panel (i) represents the projections of the 3D structures in

the major planes while panel (ii) shows the 3D structure.
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Fig. 3. (a) Volume fraction against perforation angle with the insets showing structures having a perforation angle, 6, of 10°, 45°, and 80°. (b) An irregular dodecahedron

obtained by taking one eighth of a unit cell (0 = 50°).

the diamond shaped perforations used in this study as an example
of the proposed design method are given in this section. The dia-
mond shaped perforations which can be applied to each major
plane of a block of material is characterised by the side lengths
and internal angles of the diamond/rhombi shaped perforation as
well as the separation between the nearest corners of the perfora-
tions s. Given the existent relations between the internal angles of
a rhombi, only one angle needs to be specified for each plane. This
will be referred to as the aperture angle. Considering the simplest
case proposed here, whereby all the side length of the rhombi are
equal to a, and the aperture angle in each plane is also equal, and
referenced by 0, the side lengths of the unit cell along the x, y, and z
directions are given respectively by:

X:Y:Z:Z{a[cos (§)+sin (g)} +s} (1)

The resultant perforated system will henceforth be referred to
as the regular 3D perforated system.

In the case that rhombi of different dimensions and internal
angles are used, as indicated in Fig. 1(c), the side lengths of the unit
cell along the x, y, and z directions are given respectively by:

X=2 [a cos (92—1) + bsin (%) +s] (2)
Y=2 {a sin (02—1) + bcos <%1) +s] (3)
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Z=2 {d cos (%) +csin <92—2> +s} (4)

Here a and b are the side lengths of the rhombi in the xy-plane
while ¢ and d are those in the yz-plane (Fig. 1. (a)(i)). In addition
01 and 0, are receptively the aperture angles in the xy and yz planes.
Geometric analysis shows that the c, d, and 6, are related to each
other as well as to the corresponding parameters in the xy-plane
through the equations,

0, = 2cos ! [MLC@} 5)

_asin(3)
sin)
It can be noted from Equation (5) that when ¢ = bcos(%), the
angle 60, is equal to zero, implying that no perforations can be
made. In practice this sets a minimum value for ¢, as this side
length must be larger than bcos (%).
In a similar way, the side lengths of the rhombi in the xz-plane,
namely e and f, and the aperture angle 05 are related to the previ-
ously defined parameters through the equations,

(6)

~ bsin(%)
€= sin(%z) 7
~acos(%)
= cos(%z) ®
0, — 2tan”! {min [c siClnC((;%s)(,g)cos (”72)}} ©)
2

where the function “min” returns the minimum of the input values.
It should be mentioned that the definition of 05 has been chosen so
as to prevent the perforations from cutting through the spacing
material as this would remove the connection between the different
units. This is not the only constraint that is needed to ensure that
the geometry is not split up in disjointed parts. Testing has shown
that the following relation also needs to hold:

fcos (%) < bsin (%) +%S(%) (10)

The constraints mentioned need not be exhaustive of all possi-
ble ones. Identifying them would require a thorough investigation
of all possible parameter space, something that was considered
beyond the scope of the analysis.

The more general system being described here is thus charac-
terised by six lengths (a, b, ¢, d, e, and f) and three angles (01, 05,
and 03) leading to a total of nine geometric parameters. In turn,
these are related by five equations based on the geometric rela-
tions presented above. Hence, only four of the parameters are inde-
pendent. Without loss of generality, these can be taken to be a, b, ¢
and 0,. The projections of each plane of the resulting 3D system
may be described by Type I rotating rectangles system [72].

2.3. Finite element simulations

To study the mechanical properties of 3D structures produced
through the design method proposed in this study, finite element
simulations were performed on the 3D structures resulting when
using diamond shaped perforations. As explained above, diamond
shaped perforations were used as an example of the properties that
can be obtained when using this design method. The mechanical
properties of the novel 3D perforated systems were investigated
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using the Finite Element method, using the commercially available
software ANSYS® Mechanical APDL Release 13. For the simulations,
the symmetry that exists along lines parallel to the principal axes,
passing through the middle of the connecting material between
the polygons, were availed of. These lines of symmetry exist not
only at the edges of the unit cell, but also midway through each
side length of the original cuboid. Thus, only one eighth of the unit
cell needed to be simulated. A benefit to using a reduced represen-
tative volume was a decreased simulation time.

The symmetry boundary conditions were imposed in a similar
fashion to previous work [40]. To load the structure in the x direc-
tion, the nodes located on each face oriented along the zy plane were
coupled to move together in the x-direction and equal compressive
strains in the x direction were applied on the coupled nodes. Then
the displacement of the nodes in the y direction on one of the faces
oriented along the xz plane was set to zero, while the nodes on the
opposite face were coupled to move together in the y direction. Sim-
ilar boundary conditions were imposed on the nodes on the faces
along the xy plane. This allowed the structure to be modelled as
an infinite system, with the results providing the bulk properties
of the material when loaded in the x direction. Inferentially, loading
of the y, or z directions, were thus obtained by interchanging the
boundary conditions (see supplementary information for a pictorial
representation of the boundary conditions).

The element type for the simulation was set to SOLID187, this
being a higher order 3D element with quadratic displacement
behaviour that is able to model both elastic and plastic behaviour,
as well as allowing for irregular meshes [82]. For the initial inves-
tigation, the Young’s modulus was set to 1.1 GPa, while the Pois-
son’s ratio was set to 0.45. Mesh independence tests were then
carried out. The results indicated that using automatic (smart) ele-
ment sizing with the finest mesh configuration, followed by a level
4 refinement around boundary nodes up to a depth of 3 elements
inward from these nodes, produced results that were within 1 % of
those obtained with a finer mesh (see supplementary information
for more detailed results on the mesh independence tests). Hence,
this configuration was chosen for the bulk of the simulations. It
should be noted here that the adopted mesh density required
extensive computational resources. In fact, simulating the whole
of the unit cell with such a mesh density would not have been
viable. Thus, the use of symmetry considerations to reduce the vol-
ume simulated to one eight of the unit cell was, in this case, neces-
sary to obtain the needed results.

Initially a parametric analysis was carried out using linear sim-
ulations. The first set of these simulations sought to investigate the
relation between the ‘degree of openness’ of the diamond shaped
perforations and the mechanical properties (namely the Poisson’s
ratios and Young’s moduli) of the regular 3D perforated system
(System I). For the purpose, the following parameters were used
(see Fig. 1(a)): a=b =c=10.0 mm, s = 0.5 mm, while 0 was varied
between 1° and 90° in increments of 1°.

In the second set of simulations, the effect of s on the mechan-
ical properties of System I was investigated. To do so, the following
set of parameters was chosen: a = b = ¢ = 10.0 mm, s was varied
from 0.1 mm to 2.0 mm in increments of 0.1 mm, and angle 0
was varied between the values of 10° to 80° in increments of 10°.

The third set of simulations considered the more general sys-
tem. For this case, parameter a was set to 10.0 mm, parameters b
and ¢ were varied between 2.0 mm and 20.0 mm in increments
of 2.0 mm, s was set at 0.5 mm while angle 0§ was assigned values
from 10° to 80° in increments of 10°. The chosen parameter space
allowed the investigation to have the aspect ratios of b/a and c/a
span from relatively small to the relatively large values thus
encompassing a wide variety of structures. Not all parameter com-
binations resulted in a tesselatable system due to the constraints
mentioned.
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From the numerical results obtained the engineering Poisson’s
ratio and Young’s moduli in all loading directions were derived.
Furthermore, the distribution of forces within the material was
studied using the strain concentration factor (K;) which was
defined as:

K, — Gmax 11)

8&1V€

where ¢&,,,« is the von Mises strain at a specific region and &y, is the
strain applied to the structure.

Based on the analysis of the initial parametric investigation, two
structures were identified for further investigation. The first one
represented the regular 3D perforated system having dimensions
a=b=c=4.0 mm and 6 = 40°, while the second one the more gen-
eral cuboid system having dimensions a = 4.0 mm, b = 4.8 mm,
c = 4.8 mm, and 6; = 40°. These will be referred to as System I
and System II respectively. Nonlinear simulations were carried
out for these structures with the intention of comparing the results
with those of the mechanical testing of physical prototypes. For the
purpose, the mechanical properties of the material that was meant
to be used for the manufacturing of the prototypes were deter-
mined from the mechanical testing of a number of dog bones
(see supplementary information). The Poisson’s ratio of the consti-
tuting material in the linear region was found to be 0.42 while the
Young’s modulus was estimated to be 1.52 MPa. Static simulations
that take into consideration large deflections were then carried
out. To do so, the stress-strain results obtained from the dog bones
were used as inputs to the hyperelasticity model with the selection
of the experimental response function model available in ANSYS
APDL. The results could then be compared with those obtained
through the mechanical testing of the prototypes. Details of the
manufacturing and testing of the prototypes are given in the next
section.

2.4. Experimental method

Experimental prototypes of 3D structures obtained by the
design method proposed in this study when using diamond shaped
perforations were also produced. This was achieved by applying
the diamond shaped perforations in-silico and 3D printing the
resultant 3D structure. 3D printing was done by using a Formlabs
Form 3 SLA 3D printer using the Elastic 50A resin. The xy resolution
was set to 100 pm and a layer thickness of 100 um was adopted.
Once printed the prototypes were washed with isopropyl alcohol
(IPA) in the Formlabs Form Wash tank for 10 min. The parts were
then removed from the build plate and washed once more for
10 min. Formlabs Form Cure was then used to cure the prototypes
for 20 min at 60 °C. Once the process was completed, the structure
dimensions (parameters a and b) and the separation between dif-
ferent perforations (parameter s) were measured. This was done
using a Trinocular Stereo Microscope (HK 1Kins Technology Co
Itd) mounted with a duly calibrated Industrial UHD 4 K SONY
IMX334 HDMI Measuring Video Camera. One hundred measure-
ments were taken for each parameter considered, from which the
average, standard deviation, and distribution were determined.

The prototypes were then loaded under compression using a
Testometric universal loading machine (M350-20CT) with a
100 kg load cell (Serial Number: 31931) (see supplementary infor-
mation). One set of two black spots were drawn in the axial direc-
tion and two sets of two black spots were drawn in the transverse
direction using a black marker. The markings represented the
edges of a unit-cell of the system and were used to record the
deformations. A compressive strain of circa 7 % was then slowly
applied on the prototype with the deformation being recorded
with a duly calibrated Messphysik-Video extensiometer camera.
The change in lengths were monitored using the pattern recogni-
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tion feature found within the video extensometer software. This
yielded one measurement of the change in length in the axial
direction and another two for the transverse direction from which
the Poisson’s ratio was then determined.

3. Results and discussion

A number of the 3D structures obtained when using diamond
shaped perforations as an example of the novel design method pro-
posed in this in this study were found to exhibit a negative Pois-
son’s ratio in a number of perpendicular planes (see Fig. 4 and
Fig. 5). The notion of using perforations (i.e., continuous pores in
the third direction) in multiple planes for the design of 3D auxetic
structures is not limited to the adoption of diamond shaped perfo-
rations. Other types of perforation shapes such as elliptical, rectan-
gular, stadium and I-shaped perforations can be expected to lead to
3D auxetic structures when perforations are performed in multiple
planes. An illustration of such a structures is given in Fig. 2. Refer-
ring to Fig. 2(a), elliptical perforations result in a system which
projections in 3D may be described by the rotating squares mech-
anism. Using rectangular shaped perforations results in a 3D struc-
ture which projections in the major planes may be describe by the
anti-tetrachiral mechanism (Fig. 2(b)). Using stadium shaped per-
forations also results in a 3D system which projections in the major
planes may be described by the rotating squares mechanism (Fig. 2
(c)) while using I shaped perforations results in a 3D structure
which projections in the major planes may be described by the
anti-tetrachiral mechanism (Fig. 2(d)). Although numerous struc-
tures can be obtained using this novel design method, the rest of
the discussion will focus on the properties obtained when diamond
shaped perforations are used.

The first set of results that will be presented relate to the regu-
lar 3D perforated systems. For a constant side length of the rhombi,
the pore size of this structure can be controlled by changing the
angle 0, whereby the larger the value of 0 the larger the pore size.
This change in pore size will be accompanied by a change in the
structures’ volume fraction. As it may be anticipated, an increase
in 0 will result in a decrease of the volume fraction of the regular
3D perforated system. This is clearly shown in Fig. 3(a) were the
change in volume fraction with respect to 6 for systems produced
from perforations having side lengths (a) of 10.0 mm separated
from each other by a distance (s) of 0.5 mm are shown. It is inter-
esting to note that the relation between the volume fraction and
the angle 0 is not linear. In fact for small values of 6, an increase
in this angle is followed by a relatively large decrease in the mate-
rial volume fraction whilst for large values of 0, an increase in this
angle is followed by a relatively small change in the materials’ vol-
ume fraction. This is related to the change in volume of the dia-
mond shaped perforations, although it cannot be directly
calculated by subtracting the volume of the diamond perforations
from the volume of the material. The reason being that there are
regions of overlap between the different perforations performed
on the different planes.

Further analysis shows that the shape of the polygons resulting
from the perforations vary as a function of 6. A system produced by
diamond perforations having a very small angle 0 may be described
as cubes connected through their vertices. As the aperture angle
increases, systems composed of irregular dodecahedra connected
at their vertices are obtained, while when 0 is 90°, the system
may be described as being made of rhombic dodecahedron con-
nected through their vertices. The vertices are highlighted through
arrows in Fig. 3.(b). It is interesting to note that the resulting poly-
gons are always connected from six vertices. Furthermore, the con-
nectivity area between any two adjacent polygons is s?, i.e. it is
independent of angle 0. In the case that 0 is approaching zero, i.e.
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Fig. 4. Results for the regular 3D perforated system (a) The Poisson’s ratio against 6 (b) A 3D plot of the Poisson’s ratio for the various combinations of s and 0 values (c) The
Poisson’s ratio against parameter, s, wheno = 50°. (d) A 3D plot depicting the percentage change in the ratio between the Young’s modulus of the structure and that of the

material for the various combinations of s and 0.

the polygon is approaching the shape of a cube, two vertices from
each cube will not be connected. On the other hand, in the region
where the shape of the polygon may be described as an irregular
dodecahedron (i.e. for large 0), eight vertices will not be connected.

The variation of the Poisson’s ratios and Young’s moduli with 0
and s for the regular 3D perforated systems are shown in Fig. 4.
Given the symmetry of the structure, its mechanical properties
are the same in the xy, yz, and zx planes. Thus, only those for the
xy plane will be discussed in detail. With this in mind, it is evident
from Fig. 4(a) that for the regular system having s = 0.5 mm, a neg-
ative Poisson’s ratio of circa —0.5 is attained when the values of 6
vary between 0° and 70°. Within this range of 0, the material
between the perforations is primarily acting as a hinge, allowing
the polygons to rotate in three dimensions when a uniaxial load
is applied. This can be verified from the Cartesian axis stress distri-
butions of the material between the perforations, which is in ten-
sion on one edge and in compression on the opposite edge (see
supplementary information).

As the value of 0 starts to approach 90°, the rotation of the poly-
gons becomes more difficult. In fact, when 0 is equal to 90° the
polygons are unable to rotate because the geometry is such that
the hinges are aligned along the line of action of the applied uniax-

ial force. At this point, there could be the expectation that the Pois-
son’s ratio of the structure would be equal to that of the
constituting material in view of the fact that the rotation mecha-
nism cannot operate. However, the numerical results obtained
indicate otherwise, with the Poisson’s ratio of the structure
approaching zero as 0 approaches 90°. This indicates that a second
deformation mechanism is operating. In fact, when 0 is equal to 90°
the perforated system can be compared to a system composed of
rigid units connected through springs. A uniaxial tensile load
(aligned parallel to the springs) applied on this configuration
would result in the stretching of the springs, elongating them in
one direction, while, at the same time, having a minimal effect, if
at all, on the rest of the structure (see supplementary information).
The net effect is that the configuration would exhibit a Poisson’s
ratio of zero. Considering that the induced deformation is localised,
this mechanism will henceforth be referred to as the connection
point elongation mechanism. It should be noted that in this confir-
mation, the connection points between the polygons will experi-
ence high internal stresses and strains. This can be verified from
Fig. 4 where it can be observed that the strain concentration factor
at the connection points increases dramatically as 0 increases. For
instance, when s = 0.5 mm the maximum strain concentration fac-
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Fig. 5. (a) Poisson’s ratio against 0, for the general 3D perforated systems having b = ¢ = 8.0 mm and (b) the undeformed and deformed structures for this system when
01 = 40°. (c) Poisson’s ratio against ; when b = ¢ = 12.0 mm and (d) the undeformed and deformed structures for this system when 60; = 40°. In all cases, a = 10.0 mm and

s=0.5 mm.

tor increases from 2.0 when 6 is 10°to 4.1 when 6 is 50° to 35.0
when 0 is 85° (see Fig. 4 and supplementary information). This is
also indicative that as 0 increases, the probability of the structure
failing at the connection points increases due to the fact that the
strain (and stress) experienced by the material in these regions
would be relatively large.

The stiffness of the connection between rigid units certainly
plays a role in the deformation mechanism. In order to investigate
this, a set of simulations were undertaken whereby the diamond
shaped perforations are situated at a larger distance from each
other i.e., the parameter s was increased for a number of fixed
angles 0. The results indicate that up to moderately small 0 (circa
50°) the Poisson’s ratio is not affected to a large degree when s is
increased from 0.1 to 2.0 mm. For example, when 0 = 50° it changes
from —0.495 to —0.419 (see Fig. 4(c)). On the other hand, for rela-
tively large perforation angles the changes in Poisson’s ratio can be
significant. For example, in the case that 0 = 86° the Poisson’s ratio
changes from —0.479 to —0.039 when s increases from 0.1 to
2.0 mm. Yet, close to the fully open system (0 = 90°), the variation
can be small again. For example, when 6 = 90°, the Poisson’s ratio
changes from 0.004 when s = 0.1 mm to 0.076 when s = 2.0 mm.
The way that the Poisson’s ratio varies with s and the perforation
angle may be understood by taking into consideration the strain
concentration factor plots presented in Fig. 4(c) and the von Mises
stress distribution made available in the supplementary informa-
tion. These plots indicate that an increase in s is accompanied by
a progressive propagation of the deformation of the polyhedrons
beyond the connection point. As expected, the stresses in the
immediate vicinity of the connection points turn out to be different
from those experienced in the rest of the polyhedron. The larger
the value of s, the large the region of the polyhedron which is act-
ing as the ‘immediate vicinity’ of the point of application of load

onto the polyhedron. As s increases, the local deformation at the
connection points extends to the bulk of the polyhedrons, some-
thing that can be considered as a ‘third deformation mechanism’.
The deformation of the polygons can be predicted to lead to a pos-
itive Poisson’s ratio (assuming that the constituting material has a
positive Poisson’s ratio). In fact, it is expected to approach that of
the constituent material as the size of the pores decrease in rela-
tion to the unit cell, something that progressively occurs as s
increases. In consequence, the observed Poisson’s ratio will be
determined through the interplay of these mechanisms acting
together.

The degree to which these three types of deformation mecha-
nisms operate will also have an effect on the Young’s moduli of
the perforated systems proposed here. When s is small, i.e. when
the perforated system is mainly deforming through the rotation
and connection point deformation mechanisms, the change in
the ratio % £ (= £ x 100 %, where Es and Ey are respectively the
Young’s moduli of the structure and the constituting material,
see Fig. 4(d)), is always less than 1 % across the range of perforation
angle. In fact, for s = 0.1 mm the %EE—; changes from 2.97 x 107°%

when 0 = 10° to 2.96 x 107!% when 6 = 90°. On the other hand,
the Young’s modulus of the system changes to higher percentages
when s is larger. For example, when s = 2.0 mm the %E% changes
from 2.11 x 107'% when 6 = 10° to 5.81 % when 6 = 90°.

In addition to the range of configurations that can be attained
by altering s and 6, the perforation of a cuboid using different sized
diamonds (see Fig. 1) can result in a plethora of structures having a
diverse range of mechanical properties (see supplementary infor-
mation). In the cases when a=#b#c, the projections of the struc-
tures in the xy, xz, and yz planes may be described as rectangles
connected through their corners, albeit the dimensions of the pro-
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jected rectangles may be different in different planes. In general, it
was observed that such structures exhibited an NPR in at least one
direction, the magnitude of which can be relatively large in some
cases. From the sets of parameters tested in this study, the most
auxetic 3D perforated system (having a = 10 mm, b = 12 mm,
c =10 mm and 6 = 70°) had a Poisson’s ratio of —13.14 in the zy
plane, for loading in the z direction.

Comprehensive analysis of the result indicated that the defor-
mation of these cuboidal perforated systems is similar to that of
the regular 3D perforated system. When the structures are not
fully open and s is relatively small they deform mainly through
the relative rotation of the polygons (see Fig. 5 and supplementary
information). Furthermore, the Young’s moduli in the x, y, and z
directions were observed to increase to a small extent when the
perforation angle 6; and/or the ratio b/a increased. This indicates
that the connection point elongation mechanism starts to operate
when these parameters have large values.

Partial symmetry in the general systems can be attained when
any two of the dimensions a, b, and c are equal. In this case, the ini-
tial block has the shape of a square cuboid. The resultant perfo-
rated system has a projection in one plane that may be described
as squares connected through their corners, whilst in the other
two planes, the projections may be described as rectangles con-
nected through their corners. These systems showed a negative
Poisson’s ratio in all planes investigated (see Fig. 5).

The linear numerical results presented above were also com-
pared to the corresponding nonlinear simulations. In the case of
the regular 3D perforated system (System I), the structure showed
an initial negative Poisson’s ratio of —0.44 in all planes studied, as
predicted by the linear simulations performed earlier. Further-
more, the nonlinear simulations indicate that the Poisson’s ratio
of this system is strain independent up to the maximum compres-
sion used in this study (7 % of the original length; see Fig. 6).

Analysis of the more general cuboid system (System II) gives a
similar result whereby the initial Poisson’s ratios v;; are in line with
those determined from the linear simulations. More specifically,
the values for vy, Vyx Vxz Va Vyz and v, were found to be
—0.260, —0.718, —0.305, —0.427, —0.678 and —0.415 respectively.
Once again, the Poisson’s ratios obtained for the various planes
were strain independent up to the maximum strain used in this
study. This is a very important result as invariance in Poisson’s
ratio with strain is rather uncommon amongst auxetic systems
mainly due to the fact that during the deformation there is a
change in geometry usually resulting in a change of the vj. Thus,
these systems can be used for applications where a constant value
of the Poisson’s ratio is required over a relatively large strain range.
Examples of such a situation include any impact absorption setups
such as car bumpers and personal protective equipment.

Further analyses of the numerical results were carried out by
comparing them with those obtained through the mechanical test-
ing of the physical prototypes. As can be observed from Fig. 6 the
general trends obtained from the experimental prototypes were
the same as those derived from the nonlinear analysis. In fact,
the experimental prototypes showed that these systems can
indeed exhibit a negative Poisson’s ratio that is strain independent
up to a compression of 7 %. However, for both the regular 3D per-
forated (System I) system and the more general system (System II),
the values obtained experimentally for the Poisson’s ratio differed
significantly from those predicted by the nonlinear simulations. In
fact, for the regular 3D perforated system, the experimentally
determined Poisson’s ratios V,y, Vy,, and v, were measured to be
—0.229, —0.224, and —0.301 respectively. These results suggest
that some anisotropy is present in the regular 3D perforated sys-
tem, something which was not expected based on the symmetry
and the numerical results. Furthermore, in the case of the more
general system, the Vi, Vyx, Viz Vao Vyz and v, were measured
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to be of —-0.068, —0.471, —0.067, —0.276, —0.531, and -0.291
respectively so that these too deferred from those obtained using
nonlinear simulations.

To investigate the differences between the numerical and
experimental results, the actual dimensions of the 3D printed
structures were measured using microscopy as described in Sec-
tion 2.4. For both System I and System II there were some discrep-
ancies between the expected perforation dimensions and the
actual dimensions. In fact, s, which should have been set to
0.8 mm, was found to vary between 0.9 and 1.5 mm in the case
of the System I, and between 1.0 and 1.4 mm in the case of System
II. This problem probably arose due to the poor drainage of the
uncured resin from the edges of the perforations while cleaning
the model with isopropanol. The extra resin, which did not drain
during the cleaning phase, then cured at the intersections during
the post curing stage. A change in s is not expected to cause a large
change in the Poisson’s ratio. However, this change in s is necessar-
ily accompanied with a change in the dimensions of the perfora-
tions. Indeed, in the case of System I, a was found to vary
between 3.7 and 4.3 mm whilst in the case of System II, a varied
between 3.7 and 4.3 mm while b ranged between 4.5 and
5.1 mm. This means that in the case of System I, the perforations
were not of the same dimension leading to an anisotropic beha-
viour of the structure. Similarly, the deviations of a and b from
the intended ones can explain the discrepancies obtained between
the simulated and experimental values. Such production problems
can be resolved in different ways. When using additive manufac-
turing, the shape of the perforation can be optimised. For example,
using ellipse shaped perforations instead of diamond ones allows
for better resin drainage. This would require further research to
study any changes in the mechanical properties because of this
change in perforation shape. The proposed systems could also be
produced using casting methods. This is possible as the pores in
this 3D system are continuous and thus allow for the design of a
mould with removable rods to produce the perforated system dis-
cussed in this study (see supplementary information for an exam-
ple of such mould). Once casting is complete one would simply
remove the rods and obtain the system which was investigated
in this study. The systems investigated in this study could also
be produced by a subtractive method. Subtractive methods are
generally easier to implement than additive manufacturing, how-
ever, they may be less cost-effective due to material wastage.
When using subtractive methods, the cost effectiveness would
highly depend on the size of the perforations. For example, in the
case of the regular 3D perforated system, using small values for
angle 6 will result in ‘slit’ like perorations. Production of such a sys-
tem using subtractive methods will probably be cost effective as
minimal material loss will occur. On the other hand, if large values
for angle 0 are used, subtractive methods may not be cost effective
due to the large amount of lost material. This may be clearly
inferred form Fig. 3 where the volume fraction of the regular sys-
tem for various values of 0 is given.

Before concluding it is also important to point out that the 3D
structures that result when using this novel design method with
diamond shaped perforations are also novel. First and foremost,
such 3D structures can be fabricated using a number of fabrication
methodologies. This is due to the fact that the perforations extend
across the whole length of the cuboid in the x, y, and z directions
(continuous voids of constant cross-sectional area). Thus, such sys-
tems can be produced through casting by creating a mould cham-
ber having interpenetrating and detachable diamond-shaped rods.
The assembled mould itself would constitute the negative image of
the perforated cuboid just presented with the diamond shaped
rods creating the necessary voids (see supplementary information).
Furthermore, because of the presence of the continuous voids of
constant cross-sectional area, these systems can also be produced
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through subtractive manufacturing. Such 3D systems would also
show advantages when using additive manufacturing as they
would have a clear drainage channel thus eliminating issues such
as cupping.

Furthermore, the results obtained suggest that these 3D sys-
tems have a strain independent Poisson’s ratio (up to the maxi-
mum strain used in this study). This is a desirable feature which
is not obtained in numerous auxetic structures. For example, the
2D perforated systems that mimic the re-entrant honeycomb sys-
tems [72] do not exhibit a strain independent Poisson’s ratio.
Moreover, the systems designed using equally sized diamond
shaped perforations (the regular 3D perforated systems) where
shown to have a nearly constant Poisson’s ratio for a large degree
of 0 values (up to 60°). This is not the case for other 3D rotating
polygons. For example, the rotating cubes proposed by Kim et al.
[36] were shown to have a Poisson’s ratio that varies between

10

—0.51 and —0.98 as the angles between the cubes change between
2° and 60°. It was also found that in the case of the 3D systems pro-
duced with diamond shaped perforations a Poisson’s ratio of 0 can
also be obtained when the distance between the perforations (s) is
small, and 0 has a value of 90°.

The perforated 3D systems proposed in this study may be used
in a plethora of applications. For example, they can find use in pro-
tection equipment ranging from helmets to protective sports
equipment. As discussed above, materials with a negative Poisson’s
ratio have superior indentation resistance since the material tends
to move towards the zone of impact rather than away from it as is
the case for positive Poisson’s ratio materials. However, in the case
of ‘2D’ auxetic systems such as the rotating squares [ 1], one would
expect that the material would move towards the direction of
impact from only one orthogonal direction whilst in 3D auxetic
systems, such as the regular 3D perforated system proposed here,
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one would expect that the material moves towards the zone of
impact from all orthogonal directions, hence making the material
more resistant to impact. 3D materials like the ones proposed in
this study would also be useful for the production of 3D actuators
where an extension in the x-direction would result in the perpen-
dicular motion in the y- and z-directions. Furthermore, through the
design of the perforation used, one may design a system which
amplifies the strain in one of the orthogonal directions. Such appli-
cations are possible as the Poisson’s ratio was found to be nearly
linear with applied strain (up to the maximum strain used in this
study, 7 %). Furthermore, such perforated systems may find use
in the production of prosthetics. For instance, recent studies have
shown that tendons have a highly anisotropic Poisson’s ratio, with
a large negative Poisson’s ratio in one plane [83]. Thus, the
mechanical properties of the proposed perforated systems may
be fine-tuned to those of the tendon, with the aim of producing
prosthetics that mimic the behaviour of real tendons.

4. Conclusion

In this study, it was shown that a novel design method may be
employed to obtain auxetic 3D structures. This method utilises the
application of continuous voids of constant cross-sectional area in
multiple planes. The significant innovation of this work is that it
shows that perforations i.e. continuous pores within a material
may be used to design 3D auxetic structures. Since the pores are
continuous and have the same cross-sectional area throughout
the pore, several manufacturing techniques such as additive man-
ufacturing, subtractive manufacturing and casting techniques can
be employed to produce 3D auxetic structures. Due to their pore
geometry, such systems are by far easier to produce when com-
pared to current 3D auxetic systems with complex geometries. In
order to exemplify the proposed design method, several 3D struc-
tures were constructed using a series of diamond shaped perfora-
tions applied at strategic locations on multiple planes. The 3D
structures obtained are also novel due to a number of characteris-
tics which they show. The simplest structure considered here has
equal sized perforation in the xy, yz, and zx planes. Computational
simulations have shown that this configuration has a negative
Poisson’s ratio of circa —0.5 in the xy, yz, and zx planes as long as
the spacing between the perforations is relatively small. Further-
more, nonlinear simulations indicate that the Poisson’s ratio
obtained for these systems is strain independent up to the maxi-
mum strain used in this study (7 %). Also of interest is the fact that,
when the distance between the perforations is small and the per-
foration angle is 90°, a system with a Poisson’s ratio of zero may
be obtained. A more general 3D system having diamond shaped
perforations was also studied, whereby different size perforation
were used. The results obtained showed that an array of structures
exhibiting a range of anisotropic Poisson’s ratios and Young’s mod-
uli can be obtained.

Furthermore, it was shown that the methodology presented in
this study is not restricted to the use of diamond shaped perfora-
tions but other shapes, such as elliptical, stadium, rectanglar and
I shaped perforations can be used to obtain structures that can lead
to auxetic behaviour. Thus, it can be envisioned that this work can
promote the development of manufacturing methods for the low-
cost production of 3D auxetic systems making their industrial use
in numerous areas possible.
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