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Negative Poisson’s ratios in cellular foam materials
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Abstract

Materials with negative Poisson’s ratios (auxetic) get fatter when stretched and thinner when compressed. This paper discusses a new explanation
for achieving auxetic behaviour in foam cellular materials, namely a ‘rotation of rigid units’ mechanism. Such auxetic cellular materials can be
produced from conventional open-cell cellular materials if the ribs of cell are slightly thicker in the proximity of the joints when compared to the
centre of the ribs with the consequence that if the conventional cellular material is volumetrically compressed (and then ‘frozen’ in the compressed
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onformation), the cellular structure will deform in such a way which conserves the geometry at the joints (i.e. behave like ‘rigid units’) whilst the
ajor deformations will occur along the length of the more flexible ribs which form ‘kinks’ at their centres as a result of the extensive buckling. It

s proposed that uniaxial tensile loading of such cellular systems will result auxetic behaviour due to re-unfolding of these ‘kinks’ and re-rotation
f the ‘rigid joints’.

2006 Published by Elsevier B.V.

eywords: Auxetic; Foams; Negative Poisson’s ratios; Mechanical properties

. Introduction

Materials with negative Poisson’s ratios (auxetic) [1] exhibit
he unusual property of becoming fatter when stretched and thin-
er when compressed. This unusual property was first reported in
944 when iron pyrites single crystals were described as having
negative Poisson’s ratio, a phenomenon, which was regarded

s an anomaly and attributed to twinning defects [2]. Since then,
nd most particularly in the last two decades, auxetic behaviour
as predicted, discovered, or deliberately introduced in various
aterials ranging from molecular level systems (e.g. nanos-

ructured and liquid crystalline polymers [1,3–7], metals [8],
ilicates [9,10] and zeolites [11]) to microstructured materials
uch as foams [12–15] and microstructured polymers [16–18].
arious auxetic structures have also been proposed including

e-entrant [19–21] and chiral honeycombs [22–24] and models
ased on rigid ‘free’ molecules [25–27]. In all of these systems,
he negative Poisson’s ratios are a consequence of the way that
he geometry of the structure (the nano/microstructure in the
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case of materials) changes when uniaxial mechanical loads are
applied.

Auxetic materials are known to exhibit various enhanced
physical characteristics over their conventional counterparts
ranging from increased indentation resistance [28,29] to
improved acoustic damping properties [30,31]. These enhanced
characteristics make auxetic materials perform better in many
practical applications.

A class of auxetics, which has attracted considerable atten-
tion in recent years is that of auxetic foams (see Fig. 1). These
foams were first manufactured by Lakes [12] and can be pro-
duced from commercially available conventional foams through
a process involving volumetric compression, heating beyond the
polymer’s softening temperature and then cooling whilst remain-
ing under compression. For example, Smith et al. [15] report
that they convert samples of commercially available reticulated
30 ppi polyurethane foams (‘Filtren’ by Recticel Ltd.) which
originally exhibited Poisson’s ratio of ca. +0.85 for loading in
the ‘rise direction’ to an auxetic form which exhibits Poisson’s
ratios of ca. −0.60 trough a process of compression in volume by
ca. 30%, heating at 200 ◦C and then cooling in the compressed
E-mail address: joseph.grima@um.edu.mt (J.N. Grima). shape.
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Fig. 1. SEM images of (a) conventional polyurethane foams, and (b) auxetic polyurethane foam.

2. Existing models for explaining the occurrence of
auxetic behaviour in foams

Various two-dimensional models, which represent a cross-
section of conventional and auxetic foams have been proposed
aimed at explaining the experimentally measured values of the
Poisson’s ratios in terms of the microstructure of the foams.
For example it has been proposed that conventional foams can
be modelled using hexagonal [20,21] and diamond-shaped [15]
honeycombs (see Figs. 2a and 3a) whilst auxetic foams can be
modelled through modified versions of these honeycombs (see
Figs. 2b and 3b). In the case of hexagonal honeycomb model,
the modification needed to convert the conventional honeycomb
to an auxetic form is to transform the ‘Y’ shaped joints to arrow
shaped joints as illustrated in Fig. 2. This process of inversion of
joints results in the formation of a re-entrant honeycomb, which
can exhibit auxetic behaviour if it deforms through changes in
the angles between elements of the honeycomb (see Fig. 2b)
or flexure of their ribs. In the case of the diamond-shaped [15]
honeycombs (see Fig. 3a), the transformation process requires

F
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a procedure involving the selective removal of ribs in a regular
manner (see Fig. 3b) so as to obtain a ‘chiral model’, which
exhibits negative Poission’s ratios [15,24].

Reports have also been made of three-dimensional models
where the foam cells are represented by a dodecahedron [13,32]
or tetrakaidecahedron [33–36]. In these models, it was assumed
that the conversion from a conventional to an auxetic foam was
caused by changes in the shape of the joints, a process which
results in the formation of re-entrant cells (i.e. a transformation
which is similar to what is illustrated in Fig. 2 for the two-
dimensional hexagonal honeycombs).

Although these models can independently or concurrently
explain and reproduce the experimentally measured values of the
Poisson’s ratios [15] and probably play some role in modelling
the auxetic behaviour in these foams, one may argue that there is
not enough experimental evidence to justify the assumption that
either of these models represents the main structural modifica-
tions which result in the observed auxetic effect. For example,
whilst there is experimental evidence that there are ‘broken ribs’
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ig. 2. (a) The conventional hexagonal honeycomb model for conventional
oams, and (b) the re-entrant hexagonal honeycomb model for auxetic foams.
ig. 3. (a) The conventional diamond-shaped honeycomb model for conven-
ional foams and (b) the ‘missing ribs’ model for auxetic foams.
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on the surface of the auxetic foams (see Fig. 1b), it is still unclear
whether ‘broken ribs’ are also present in the bulk of the foams
or whether they are only present at the surface. Furthermore,
one could argue that the removal of ribs in a regular fashion is
unlikely to occur in the existing foam conversion process. In the
case of the re-entrant models, there is no clear experimental evi-
dence that a majority of the ‘Y-shaped’ joints in the conventional
foam are converted to an ‘arrow shaped’ joints during the com-
pression/heat treatment process. In fact, one may argue that this
transformation is unlikely to occur since one usually observes
that the ribs of open cell foams are slightly thicker in the prox-
imity of the joints than at the centre of the ribs, and hence it
is unlikely that the majority of the deformations occurs at the
joints (a requirement for a successful conversion of a Y-shaped
joint to an arrow shaped joint).

3. The new model: rotation of rigid units

We propose an alternative explanation for the presence of the
negative Poisson’s ratios in auxetic foams. This new model is
based on the hypothesis that it is more likely that changes in the
microstructure during the compression/heat treatment process
will conserve the ‘geometry of the joints’ and the major defor-
mations will occur along the length of the ribs, which buckle (the
foam is being subjected to ca. 30% compressive strain along each
axis). The model also assumes that the ‘additional thickness’ in
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Fig. 4. The newly proposed model: (a) the conventional hexagonal honeycomb
model for conventional foams, (b) the ‘rotation of rigid units (joints)’ model for
auxetic foams, and (c) an idealised representation of the ‘rotation of rigid joints’
model where the joints are represented by perfectly rigid equilateral triangles.

nor regular in shape. This is consistent with the fact that the
Poisson’s ratios in the heat-treated auxetic polyurethane foam
produced by Smith et al. was experimentally measured to be ca.
−0.60 [15].

4. Evidence for the new ‘rotation of rigid units’ model

Evidence that this new model is physically realistic can be
obtained by examining SEM images of the auxetic foams, such
as the one in Fig. 1b. From these images one may clearly observe
that the ribs appear to have extensively buckled with the result
that ‘kinks’ have formed along the length of the ribs whilst
the joints appear to have retained their shapes but re-oriented
themselves to form a more compact foam. These structural mod-
ifications results in a foam with a microstructure, which has the
essential features to be able to exhibit auxetic behaviour through
the ‘rotation of joints’ mechanism proposed here. In this respect,
it is important to note that in these images there is no evidence
that the majority of joints have been inverted as one would have
expected from the ‘re-entrant models’ (see Fig. 2), and although
there are some ‘cuts’ in the ribs, these ‘cuts’ appear to be mainly
present at the surface of the foam and not in the inside.

Having established that the microstructure of the auxetic
foams can be described in terms of ‘rigid joints at an angle
with each other’, we have attempted to simulate through finite-
e
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he proximity of the joints will make it possible for the joints
o behave as ‘rigid joints’ with the result that the foam may
e described in terms of ‘rigid units’ (the joints) which during
he foam manufacture process rotate relative to each other. The

icrostructure of foam then ‘freezes’ in this much more com-
act form which contains the necessary structural features for
he ‘rotating rigid units’ mechanisms to operate and generate
he experimentally observed auxetic behaviour (i.e. connected
igid units which can rotate relative to each other to generate a
ore open structure [37–39]). The extent of the auxeticity will

epend, amongst other things, on rigidity of the joints (the ‘rigid
nits’) when compared to the flexibility of the units connecting
hem (the ribs).

An illustration, which exemplifies how this mechanism oper-
tes were given in Fig. 4, which shows how a conventional ide-
lised two-dimensional hexagonal model for the conventional
oam (Fig. 4a) can be converted through the compression/heat
reatment process into an auxetic form (Fig. 4b) without the
eed of inversion of the ‘Y-joints’ or rib breakage. Here it is
ssumed that during the heating/compression process, there is
xtensive buckling in along the length of ribs, which form ‘kinks’
r ‘folds’ at their centre whilst the ‘Y-shaped joints’ behave like
rigid triangles’, which rotate relative to each other. This process
roduces a more compact microstructure (Fig. 4b) which when
niaxially loaded will exhibit auxetic behaviour as a result of re-
otation of the ‘triangular joints’ and unfolding of the ‘kinks’.

In an idealised scenario where the joints are assumed to be
equilateral triangles’ and ‘perfectly rigid’, the system would
xhibit in-plane Poisson’s ratios of −1 (Fig. 4c) [39]. However,
n real systems, the Poisson’s ratios would be expected to be
ess negative as in reality the joints will not be perfectly rigid,
lements modelling (FEM) the effect of uniaxial loading on a
oneycomb system such as the one illustrated in Fig. 4b which
ay be considered as an idealised 2D model of a cross-section

f the auxetic foams. In these simulations, the system illustrated
n Fig. 5a was constructed in ANSYS (release 5.7.1) using plane
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Fig. 5. (a) The idealised 2D system as constructed in ANSYS showing the
various constrains applied; (b) A plot showing how |Y|, the size of the system
in the Y-direction changes when |X|, the size of the system in the X-direction
changes. Note that |Y| = |EF| whilst |X| = average of |AB| and |BC|. (c) The shape
of the system at different strains in the x-direction as simulated by ANSYS.

elements (Plane 82) and was solved linearly for deformations Ux

which correspond to 5%, 10%, . . ., 30% changes in the distances
AB and CD (i.e. strains of 5%, 10%, . . ., 30% in the X-direction).
From these simulations it could be confirmed that the system
became larger in the Y-direction (i.e. the distance EF increased)
as a result of an applied strain the X-direction (i.e. as the dis-
tances AB and CD increased), see Fig. 5b, hence suggesting that
this system exhibits negative Poisson’s ratio. Furthermore, these
simulations confirm the hypothesis being proposed here since a
visual analysis of the deformed structures also confirms that the
‘joints’ have rotated with respect to each other hence confirm-
ing that ‘rotation of the joints’ is taking place. However, these
simulations also show that the ‘joints’ are not perfectly rigid and
change shape as the system is strained in the X-direction. This
results in a lowering of the auxetic effect which means that the
Poisson’s ratio will be less negative than the theoretical value
of νxy = −1 as predicted from for the ‘idealised rotating trian-
gles’ model [39]. As stated above, these effects are likely to be
observed in the real foams where Poisson’s ratios of −0.6 were
experimentally measured.

5. Discussion and conclusion

Through this work, we have shown that the experimentally
measured negative Poisson’s ratios in auxetic open-cell foams
manufactured through a process involving compression of con-
v
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(i.e. ‘joints’ which have been rotated with respect to each other
though the formation of ‘kinks’ along the lengths of the ribs).
Furthermore, FE modelling of an idealised 2D representation
of a cross-section of the foams suggests that these systems can
indeed exhibit negative Poisson’s ratios through a mechanism
of ‘rotation of the rigid joints’.

It is worthwhile to mention that in reality, the ‘rotation of
rigid units’ mechanisms operating in real foams are likely to be
much more complex. For example, in this model we have only
considered ‘two-dimensional’ joints, which rotate in the plane
of the system. In the real foams, the ‘rigid units’ will be three-
dimensional and one would expect that the rotations will occur
in different planes. Furthermore, as stated above, one would also
expect that the ‘rigid units’ will not be perfectly rigid and this
will influence the extent of the auxetic effect.

We also envisage that in reality this new mechanism will
work in parallel to other mechanisms such as the ones presented
in Figs. 2 and 3. However, in view of the evidence presented
here, and in view of the fact that such ‘rotation of rigid units’ are
responsible for auxetic behaviour in various other molecular-
level systems (e.g. zeolites [11,38–40] and silicates [40,41]),
we are confident that this mechanism is one of predominant
mechanisms that is responsible for the observed auxetic effect
in foams.
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