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Abstract

Auxetic materials (or metamaterials) are those with a negative Poisson ratio (NPR) and
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display the unexpected property of lateral expansion when stretched, as well as an equal and
opposing densification when compressed. Such geometries are being progressively employed
in the development of novel products, especially in the fields of intelligent expandable
actuators, shape morphing structures and minimally invasive implantable devices. Although
several auxetic and potentially auxetic geometries have been summarized in previous reviews
and research, precise information regarding relevant properties for design tasks is not always

provided.

In this study we present a comparative study of two-dimensional and three-dimensional
auxetic geometries carried out by means of computer-aided design and engineering tools
(from now on CAD—CAE). The first part of the study is focused on the development of a CAD
library of auxetics. Once the library is developed we simulate the behavior of the different
auxetic geometries and elaborate a systematic comparison, considering relevant properties of
these geometries, such as Poisson ratio(s), maximum volume or area reductions attainable and
equivalent Young’s modulus, hoping it may provide useful information for future designs of

devices based on these interesting structures.

1. Introduction

When a material is stretched there is normally an
accompanying reduction in width. A measure of this
dimensional change can be defined by the Poisson ratio,
V = —dé&rans/d€axials Etrans AN Eaxjal being the transverse and
axial strains when the material is stretched or compressed
in the axial direction. In a more general case, v; is the
Poisson ratio that corresponds to a contraction in direction
‘/’ when an extension is applied in direction ‘i’. For most
materials this value is positive and reflects a need to conserve
volume. Auxetic materials (or metamaterials) are those with
a negative Poisson ratio (NPR) and display the unexpected
property of lateral expansion when stretched, as well as an
equal and opposing densification when compressed [1-4].
Natural (some minerals, skins, ...) and man-made (foams,
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Gore-Tex®, polymeric foams) auxetics have been described
and very special attention is being paid to the development
of auxetic structures designed and controlled on a molecular
scale [5].

Auxetic geometries are being progressively employed in
the development of novel products, especially in the fields of
intelligent expandable actuators, shape morphing structures
and minimally invasive implantable devices. Regarding smart
actuators based on an auxetic structure, it is important to
cite some recent progress linked to auxetic shape-memory
alloys (SMA) for developing deployable satellite antennas [6]
and some research on the characterization of polyurethane
foams with shape-memory behavior and auxetic properties,
promoted thanks to several post-processing stages [7]. In
the area of medical devices, recent research has also
assessed the behavior of a few auxetic geometries for
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implementing expandable stents [8] and their application to
other implantable biodevices is clearly a matter of research.

Several auxetic and potentially auxetic geometries,
normally grouped under the terms ‘re-entrant’, ‘chiral’ and
‘rotating’ in relation to the characteristics that promote the
auxetic behavior, have been summarized in previous reviews
and research. However, precise information regarding the
values of Poisson ratios is not always provided, due to
difficulties with simulating and manufacturing such complex
geometries. Sometimes just a scheme of their folding
process, when submitted to uniaxial stresses, is provided,
which proves to be limited for subsequent design activities.
Additional information of relevant properties of different
auxetic geometries, methodically compared, would therefore
be beneficial for material-structure selection tasks for the
development of novel foldable-morphing actuators, structures
and devices.

In this study we present a comparative study of two-
dimensional and three-dimensional auxetic geometries carried
out by means of computer-aided design and engineering tools.
The first part of the research exposed is focused on the
development of a CAD library of auxetic and potentially aux-
etic geometries—structures, including seven three-dimensional
structures and 25 two-dimensional structures, based on or
adapted from the information included in previous review
publications, conference proceedings and patents, as well
as some we have developed ourselves. Once the library
is developed we simulate the behavior of the different
auxetic geometries and elaborate a systematic comparison,
considering relevant properties of these geometries for the
development of actuators and morphing structures, such
as Poisson ratio(s), maximum volume or area reductions
attainable, equivalent Young’s modulus and density.

Such properties are defined as follows.

s

e Poisson ratios: v, = —Ax/Az and v, = —Ay/Az, ‘z
(vertical axis) being the direction of axial compression
used further on and Ax, Ay, Az the displacements
obtained.

e Maximum volume/area reduction: MVR = —(Vy—V;)/V)
and MAR = —(Ag — Af)/Ao. Vo and A are respectively
the values of the initial volumes of the 3D auxetics and
areas of the planar auxetics. Vy and Af are the final
volumes and areas of the auxetics, after application of
the uniaxial loading levels that lead to the beginning of
contacts between inner features, thus also promoting the
beginning of buckling and structure collapse.

e Equivalent  Young’s modulus:  E;quxetic = Ezeq
= 0z eq/6zeq = [XF;/(ab)]/[—Az/c], ZF, being the total
compressive force applied in the simulations (along the
z axis) and a, b, ¢ the global dimensions of the different
structures under study measured along axes x, y, z.

e Equivalent density: payxetic = Peq = Poulk| Vauxetic / (abc)],
obulk being the density of the bulk material, Vyyxetic
the volume of the planar or three-dimensional auxetic
structure (measured with the help of a computer-aided
design program) and again a, b, ¢ the global dimensions of
the different structures under study, measured along axes

X, ¥, z. Such a definition is valid for three-dimensional and
planar auxetics as in the case of a planar auxetic the expres-
sion would lead to: P2D,auxetic == Poulk [ Vauxetic / (abc)] =
Poulkl (Aauxeticdota) / (abc)] = Poulk[ (Aauxetic) / (PO) ],
Aauxetic being the area of the planar auxetic measured in
plane ZY.

To our knowledge, the present study constitutes one
of the most comprehensive comparative studies of auxetic
geometries realized to date, providing a blind validation for
several prior studies, complementing some of the references
with additional data and helping to detect various problems
with a few geometries, typically described as ‘potentially
auxetic’ in several references and websites, but whose auxetic
behavior is actually prevented due to buckling phenomena and
consequent structure collapse.

2. Materials and methods
2.1. Computer-aided designs

The different geometries, our objects of study, are designed
with the help of Solid Edge (Siemens PLM Solutions),
firstly by obtaining different unit cells and subsequently
by using Boolean operations and two-dimensional or three-
dimensional matrix replication. In most cases unit cells were
repeated four times for the planar geometries and three times
for the three-dimensional ones, in the different directions, for
obtaining adequate auxetic behavior without increasing file
size unnecessarily. Such repetitions were oriented at providing
a more exact visual impression of the aspect of the auxetic
structure, as sometimes if using just one unit cell it might not
be so easy to imagine the final aspect. The planar auxetics
are designed in the ZY plane for subsequent extrusion along
the x direction, so the expected auxetic behavior leads to
transversal contractions along the y axis, when compressed
along the z direction. The three-dimensional auxetics are
designed to investigate transversal contractions along x and
y axes, when compressed along the z direction. In a similar
way, tractions along the z direction lead to transversal
expansions. A homogeneous thickness of 1.2 mm is used for
the smaller features of the structures obtained, for promoting
a more adequate comparison, especially in terms of equivalent
Young’s modulus. Such a value of 1.2 mm corresponds to
a wall thickness in the 2D structures and to a cross-section
diameter in most 3D structures, with the exception of the
‘re-entrant cuboid’ structure for which such a value is given to
wall thickness. We have tried to obtain structures with similar
overall dimensions, with a & b =~ ¢ for the 3D auxetics,
and a =~ b/10 =~ ¢/10 for the 2D auxetics, although some
differences appear due to the use of cell units with different
degree of complexity (see table 1).

2.2. Finite-element method simulations

The different geometries are simulated using the finite-
element method capabilities of NX-8.0 (Siemens PLM
Solutions) for validating (or rejecting) their auxetic behavior
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Table 1. Summary of planar auxetic (and potentially auxetic) geometries under study.

Geometry CAD model Geometry CAD model
Re-entrant Masters—Evans r- T | Chiral circular [16]
(two models) [9-12, 22] P = x FAY
pu = FAY
PAY
2

Re-entrant triangular [13]

Re-entrant star 3-n [11]

Re-entrant star 4-n [11]

Re-entrant star 6-n [11]

Re-entrant hexagonal
honeycomb [4]

Lozenge grid oblong [14]

Lozenge grid square [14]

Square grid [4]

Chiral circular
symmetric [16]

Chiral square
symmetric [16]

Chiral hexagonal [16]

Chiral rectangular
symmetric [16]

Rotachiral [16]

Rotating unit
triangles [17]

Rotating unit
squares [17]

Rotating unit
rectangles v1 inspired
by [17]

and obtaining the values of relevant design properties. Details
regarding material, mesh, loads, boundary conditions, solver
parameters used, post-processing and results analysis are
described along these lines. If adequate loads and boundary
conditions are used, simulating using just a single unit cell is
enough and speeds up the whole simulation process. However,
in our case, as we had already designed the auxetic structures
with repeated unit cells, we carried out the simulations using
such CAD files, instead of just single unit cells. In any case,
for us it was an adequate approach, as we were not so limited
by computing resources or simulation time, and simulating
a bigger structure let us assess more easily if the loads and

boundary conditions applied were working properly, verifying
symmetry and global behavior.

2.2.1. Material and mesh.  Tetrahedral ten-node elements
are used for meshing, which is carried out with the help of
the automatic meshing and refining tool from the software
employed, which provides elements with sizes below 0.5 mm
in almost all cases. Additionally more than 85% of the
elements obtained had a skewness value lower than 0,7, which
provides adequate meshes for the purposes of the present
study. Epoxy resin has been selected as material for the
simulations, as it is a material normally used in additive ‘layer
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Table 1. (Continued.)

Geometry CAD model

Geometry CAD model

Re-entrant sinusoidal [4]

Microporous [4]

Liquid crystalline [15]

Rotating unit
rectangles v2 inspired
by [17]

Clegg and
Vandeperre [17]

Egg rack
mechanism [17, 18]

Figure 1. Upper images: example of overall dimensions a, b, ¢ (related respectively to Cartesian directions x, y, z) for planar (left column)
and three-dimensional (right column) potentially auxetic structures. Lower images: example of loads and boundary conditions applied.
Fixed displacements in the basis along direction ‘z’, leaving ‘x’ and ‘y’ directions unrestricted, and a group of punctual/distributed forces
along direction ‘—z’ on upper face edges/faces for each structure under study.

by layer’ manufacturing technologies, which are normally
used for obtaining physical prototypes of complex geometries
with inner details, including auxetic models. Material bulk
properties include a density of 1300 kg m™>, a Young’s
modulus of 3000 MPa, a Poisson ratio of 0.37 and a yield
strength of 27 MPa.

2.2.2. Loads and boundary conditions. As the load
values for promoting relevant strains and subsequent adequate
Poisson ratio measurements are initially unknown for the

different geometries, repetitive load cases with increasing
values are used. Limit values are those that promote the
beginning of contacts between inner features of the structures,
when stress values start to increase also dramatically, even
above yield strength, thus promoting structure collapse if
higher values are applied.

Such limit cases help us also to obtain the maximum
area or volume reduction attainable by each of the structures
considered here, which is indeed useful for design tasks
linked to expandable actuators and morphing structures.
Nevertheless, previous recent research has also considered the
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Table 2. Summary of three-dimensional auxetic (and potentially auxetic) geometries under study.

Model Top view

Front view

Isometric view

Pyramid US
Patent [19]

Re-entrant
idealized v1 [9]

Re-entrant
idealized v2 [9]

Re-entrant
cuboid Novel
design

Re-entrant
octahedron
vl [20]
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possibility of using self-contact for promoting stress-relief [9],
which should be further studied as discussed in section 3.4,
even though the structures assessed here do not benefit from
such a possibility.

Loads are applied as a group of punctual forces along
the —z direction on the upper face edges of the different
structures, trying to promote symmetry and homogeneous
loading, or as distributed forces when there are planar faces
available. As boundary conditions, the vertical displacements
of the lower face edges of the different structures are fixed.
Displacements along x and y directions are free, so that auxetic
behavior can be assessed in ideal conditions. In some cases a
lower corner of the structure had to be fixed in all directions,

to avoid singularities during computing, but without actual
influence on the properties under study.

Figure 1 includes some images of 2D and 3D potentially
auxetic structures for providing some additional details about
overall dimensions a, b, ¢ (related to directions x, y, z), as well
as visual support regarding the different loads and boundary
conditions applied for assessing the behavior of the different
geometries—structures under study.

2.2.3. Solver parameters and post-processing. From the
different possibilities of NX-8.0 for carrying out FEM
simulations, NX-Nastran solver and structural analysis type
(solution type SESTATIC 101) are selected with the option of
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Table 2. (Continued.)

Model Top view

Front view

Isometric view

Re-entrant
octahedron
v2 [20]

Re-entrant
tetracaidecahe-
dron [21]
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Figure 2. Summary of planar auxetics considering Poisson ratio and maximum area reduction.

‘element iterative solver’ activated as 3D elements are used
for the simulations. Simulations are carried out at a default
ambient temperature of 25 °C. It is important to remark the
compatibility between the design and simulation programs, as
geometries can be directly imported for simulation, without
the typical limitations of universal format (.igs, .stl, .stp,
...) conversions and the information loss they normally
involve. Once the simulations are carried out, post-processing
tools allow for an easy measurement of displacements in
the different directions for subsequent calculation of the
Poisson ratios, of the area or volume reduction, due to
the auxetic behavior during uniaxial compressions, and of
the equivalent Young’s modulus of the different structures.
Details regarding the different designs obtained and the results

from the simulations developed are presented, summarized
and discussed in section 3.

3. Results and discussion
3.1. CAD library of auxetic geometries

The library of auxetic and potentially auxetic geometries
under study is summarized in tables 1 and 2, showing
respectively the different CAD models of the planar
and three-dimensional structures designed. Most of these
geometries and names are selected from previous research,
publications, patents and websites, and some of them include
relevant adaptations or are even our own novel designs.
In some cases a similar concept has been widely explored
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Planar auxetics
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Figure 3. Summary of planar auxetics considering equivalent Young’s modulus.
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Figure 4. Normalized Young’s modulus versus normalized density of planar auxetics.

and different variations are included, as happens with
the ‘Masters—Evans’, ‘re-entrant star’, ‘rotating units’ and
‘3D re-entrant’ geometries. Our intention is to make the
library available online through our university website or by
developing a collaborative site for download of the different
geometries in .par format (Solid Edge) and other universal
formats such as .stl for prototyping purposes, as well as for
continuously updating and expanding the library.

3.2. Comparative study of the planar auxetics

From the 25 planar structures, a total of 20 are simulated
for obtaining detailed information regarding Poisson ratio,
maximum area reduction and equivalent Young’s modulus.
Figures 2 and 3 represent the results from the simulations,
showing respectively the values of ‘Poisson ratio’ versus

‘maximum area reduction’ and ‘equivalent Young’s modulus
for different structures’ for those geometries whose actual
auxetic behavior has been validated. It is important to note that
only 16 of them provided auxetic behavior, as the ‘re-entrant
star 6-n’, ‘re-entrant hexagonal honeycomb’, ‘rotating unit
rectangles v1’ and ‘Clegg and Vandeperre’ expand laterally
when vertically compressed, according to our simulations.
A logarithmic scale has been used for the vertical axis of
figure 3, for providing an easier to use comparative graphic.
The ‘re-entrant star 3n’, ‘liquid crystalline’, ‘rotating unit
triangles’ and ‘rotating unit rectangles v2’ proved to have too
complex features for an adequate simulation and results could
not be obtained. In the case of the ‘egg rack mechanism’
geometry, very important out-of-plane strains are obtained
and additional restrictions are needed to promote auxetic
behavior.
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Three-dimensional auxetics
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Figure 5. Summary of 3D auxetics considering Poisson ratio and maximum volume reduction.
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Figure 6. Summary of 3D auxetics considering equivalent Young’s modulus.

Figure 4 provides a performance map, relevant for using
these kinds of geometries, not only for developing deployable
systems, but also for their potential use as structural
elements. The values of Young’s modulus (E; auxetic) and
density (pauxetic) Of the planar auxetic structures have been
normalized, dividing them by the values of Young’s modulus
(E; buik) and density (ppylk) of the bulk material. A logarithmic
scale has been used for the vertical axis of figure 4.

3.3. Comparative study of the three-dimensional auxetics

From the seven three-dimensional structures, a total of six
are simulated for obtaining detailed information regarding
Poisson ratios, maximum volume reduction and equivalent
Young’s modulus. Figures 5 and 6 represent the results from
the simulations, showing respectively the values of ‘Poisson
ratios’ versus ‘maximum area reduction’ and ‘equivalent

Young’s modulus for different structures’ for those geometries
whose actual auxetic behavior has been validated. It is
important to note that only four of them provided auxetic
behavior, as the ‘re-entrant octahedron v1’ and ‘re-entrant
octahedron v2’ expand laterally when vertically compressed,
according to our simulations.

Figure 7 provides an additional performance map,
relevant for using these kinds of geometries as structural
elements. The values of Young’s modulus (E; auxetic) and
density (pauxetic) of the three-dimensional auxetic structures
have been normalized, dividing them by the values of Young’s
modulus (E; pyik) and density (ppuix) of the bulk material.

3.4. Final summary and discussion

A summary of simulation results, with the relevant design
properties assessed, both for the planar and for the three-

Qs
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Three-dimensional auxetics
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Figure 7. Normalized Young’s modulus versus normalized density of 3D auxetics.
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auxetic geometries under study.

dimensional structures under study, is included in table 3
(together with some results from other auxetic materials) and
shown graphically in figure 8. In this case data from those
whose auxetic behavior has been validated and from those
whose auxetic properties have been rejected, are taken into
account for table 3, as they may be helpful for additional
design tasks linked to devices based on such structures.
Although from these results (see table 3 and figures 2-8) it is
difficult to establish general trends and connections between

the different properties of auxetic geometries, it is important
to remark some highly interesting details.

For the planar structures only the Poisson ratio v, is
presented, as v,x = 0 due to a lack of relevant out-of-plane
strains. For the three-dimensional structures the values v,y and
v, are always equal in these models, as they are obtained
by means of Boolean operations starting from a unit cell,
hence being symmetry promoted. Negative values of Poisson
ratios up to —1,7 or —1, 8 are obtained, both using planar
and three-dimensional structures, although the most typical

Q.6
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Table 3. Summary of properties assessed for the different auxetic geometries under study and for some materials previously reported with
auxetic properties.

Planar structures

Equivalent
Maximum area Young’s modulus
Geometry Poisson ratio (v;y) reduction (%) (MPa)
Re-entrant —0.341 32.48 103.98
Masters—Evans v1
Re-entrant —1.68 14.58 44
Masters—Evans v2
Re-entrant triangular —0.789 27.83 104
Re-entrant star 4-n —0.504 21.38 2.51
Re-entrant star 6-n 0.152 NA NA
Re-entrant hexagonal 0.875 NA NA
honeycomb
Lozenge grid oblong —-0.177 35.35 3.06
Lozenge grid square —0.326 35.06 6.53
Square grid —0.901 20.1 0.68
Re-entrant sinusoidal —0.81 24.12 11.33
Microporous —0.071 25.69 12.44
Chiral circular —0.628 25.82 10.48
Chiral circular symmetric ~ —0.926 37.97 0.99
Chiral square symmetric —0.966 25.81 0.2
Chiral hexagonal —0.273 23.13 7.32
Chiral rectangular —1.18 35.31 0.11
symmetric
Rotachiral —0.248 25.37 0.88
Rotating unit squares —0.315 12.65 379.73
Rotating unit rectangles 0.69 NA NA
vl
Clegg and Vandeperre 0.142 NA NA
Three-dimensional structures
Geometry Poisson ratios Maximum volume Equivalent
(v & vy) reduction (%) Young’s modulus
(MPa)
Pyramid US Patent —0.814 35.44 0.74
Re-entrant idealized v1 —0.11 31.02 0.37
Re-entrant cuboid —1.793 16.57 0.56
Re-entrant octahedron v1 0.997 NA NA
Re-entrant octahedron v2 0.433 NA NA
Re-entrant —0.053 30.3 1.46
tetracaidecahedron
Auxetic materials previously reported
Material Poisson ratios Maximum volume  Equivalent
reduction (%) Young’s modulus
(MPa)
Shape-memory polymer Ve = —0.95v,~0 ~80 —
foam [27]
Shape-memory polymer V) & —0.17 vy = ~30 —
auxetic foam [7] —-0.2
Shape-memory alloy v~ —lv, ~—1 ~10-15 —

auxetic actuator [6]

values range from —0.1 to —0.9. Those geometries with the
most negative Poisson ratios (‘re-entrant Masters—Evans v2’
and ‘re-entrant cuboid’) provide a maximum area or volume
reduction around 15%, a typically low value, when compared
with the most frequent 25%—40% range.

Regarding the values of equivalent Young’s modulus,
we would like to remark that auxetics, due to their lattice
and light structures, are much more flexible than the bulk

material used for their manufacture; in this case with values
in the range 1-5 MPa, although it can be easily modified
and tuned to desired values by changing the thicknesses
of the different features and the geometries of unit cells.
It is also relevant to note that geometrical changes or
adaptations of a basic structure have an influence on final
properties, as can be seen when considering the differences
between the ‘re-entrant Masters—Evans v1’ and the ‘re-entrant
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Masters—Evans v2’, between the ‘rotating unit squares’
and the ‘rotating unit rectangles’ or between the ‘Lozenge
grid oblong’ and ‘Lozenge grid square’, as preliminary
comparisons for forthcoming more systematic analyses of the
effect of geometrical changes on each of the auxetic designs
have provided. In fact the influence of such geometrical
changes or adaptations of a basic structure, for modifying the
value of Poisson ratio obtained, has already been the subject
of systematic research for some of the structure types here
reviewed [23-25, 15].

In our study we have focused on providing a library
of different types of auxetic geometries (re-entrant, chiral,
rotating, . . ., both planar and three-dimensional) and assessing
their typical values of Poisson coefficient, equivalent Young’s
modulus, equivalent density and maximum area or volume
reduction, also trying to find some typically described
‘auxetic’ geometries, whose response is actually not auxetic.
The values provided for the different properties can be
conceived as an initial assessment for each of the designs
reviewed, for helping in metamaterial selection tasks. Once
a design is selected for its relationship between Poisson
ratio, equivalent Young’s modulus, equivalent density and
maximum area or volume reduction, the specific effects
of geometrical changes should be addressed, in case final
property adaptation for a concrete application is needed.

Novel interesting designs, based on modifications upon
some auxetics reviews here, take advantage from self-contact
during compression, as a way for promoting stress-relief and
achieving further area or volume reductions [26, 9]. Although
the structures analyzed here do not benefit from stress-relief
(and our consideration of the self-contact as a limiting value
thus has some exceptions), it would hopefully be possible to
obtain modifications from the designs included in the present
library for promoting such a possibility. The adaptation of the
‘Masters—Evans’ structure presented by Mehta, Frecker and
Lesieutre can be a source of inspiration for realizing similar
design changes in other planar and three-dimensional auxetic
structures. Regarding future directions it would also be
interesting to provide an additional review focused on auxetics
with stress-relief capabilities, hence helping to progressively
improve the present CAD library of auxetic geometries.

In any case it is relevant to mention that, when these
ad hoc designed auxetic geometries are compared with
foam materials and other actuators previously reported as
auxetics [27, 7, 6], several geometries assessed in this
study provide more negative Poisson ratios, as well as a
more remarkable symmetry, even though volume reductions
cannot match some values reported for polymeric foams.
Anyway this additional comparison is interesting and it
would be also motivating to obtain CAD models mimicking
foam-like auxetics for completing the developed library,
possibly by using medical imaging technologies, together
with MIMICS-like (materialize NV) software for converting
such complex geometries into CAD files.

4. Conclusions

A total of 32 potentially auxetic geometries have been
designed, from which 26 have been simulated using

the finite-element method for obtaining relevant design
properties, including Poisson ratio, maximum area or volume
reduction and equivalent Young’s modulus. The results from
the simulations have helped to validate the auxetic behavior
of 20 geometries and to detect six geometries typically cited
as auxetic, but whose auxetic behavior is actually prevented
due to lateral expansion, buckling and structure collapse. The
library of auxetic geometries and the information provided
may be of use for the development of novel actuators,
structures and devices based on these interesting properties.
The non-auxetic geometries can nonetheless be useful for
developing morphing or foldable structures, even though such
folding cannot be obtained by uniaxial loading and additional
boundary conditions are needed.
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