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• Negative Poisson’s ratio behaviour is engineered into metals and plastics through the introduction of a regular array of
circular holes, paving the way for the fabrication of high-strength mechanical metamaterials.

• The symmetry-breaking buckling instability that enables an auxetic response is governed by the compressive stiffness
of the struts that surround the circular holes.

• In contrast to elastomeric structures, holey sheets made from hard materials exhibit significant negative post-buckling
stiffness.
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ABSTRACT
Auxetics are materials that contract laterally when compressed, rather than expand, in contrast to
common experience. Here we show that common metals and plastics can be rendered auxetic through
the introduction of a regular array of holes. Under compression, these hard holey materials bypass
localized failure modes, such as shear banding, and instead deform via a global pattern transforma-
tion previously reported in elastomeric structures. Despite significant variations in internal structure,
the pattern transformation responsible for auxetic behaviour in both metals and plastics is governed
by the elastic buckling of the slender struts that comprise the microarchitecture. Furthermore, in
contrast to elastomeric structures, holey sheets made from hard materials exhibit significant nega-
tive post-buckling stiffness. This suggests that, beyond the geometrical nonlinearities associated with
topological modifications, material nonlinearities which arise during plastic deformation offer further
potential for altering the material properties of the constituent.

1. Introduction
The Poisson’s ratio � is a measure of the transverse-to-

axial strain in a loadedmaterial. Auxeticmaterials, for which
� < 0, exhibit counter-intuitive lateral contractionwhen com-
pressed uni-axially [1, 2, 3, 4, 5, 6, 7, 8, 9] and are valued for
their desirable material properties, e.g. enhanced hardness
and vibration absorption (relative to their non-auxetic coun-
terparts [4]). Auxetic behaviour can be engineered into soft
materials by harnessing elastic buckling instabilities [10, 11,
12, 13, 14, 15, 16, 17], resulting in flexible mechanical meta-
materials. Typically made from an elastomer for which � ≃
0.5, the auxetic response arises as a consequence of small-
scale topological changes to the bulk (namely, the introduc-
tion of voids) that introduce a microarchitecture [18] into the
material. Indeed, the archetypal auxetic metamaterial is an
elastic sheet perforated with a dense square array of regu-
lar holes [10, 11, 12, 13, 16]. Under compression, elastic
buckling of the interhole ligaments causes the circular holes
to transform into mutually orthogonal ellipses, resulting in
a lateral contraction of the sheet. These soft, holey sheets
have found application in phononics [19, 20] and photonics
[21, 22], as wave guides [23] and in colour displays [24].
Industrial application is limited, however, by the material
properties of the bulk, in particular; the low strength, low
melting point and low resistance to chemical corrosion of
the base elastomer.

Metals, in particular, serve as attractive base materials
for strong, durablemetamaterials. However, at the bulk scale,
metals contain many defects such as dislocations, grains and
micro-cracks that could induce the early onset of plastic-
ity and inhibit buckling in periodic, porous structures [25].
(Even a solid column under axial compression, which has
a fully stable post-buckling behaviour in the elastic range,
is appreciably affected by small imperfections in the plas-
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tic range [26].) As such, the use of metals and metallic al-
loys in the creation of mechanical metamaterials with aux-
etic properties remains relatively unexplored. Pattern trans-
formation and auxetic behaviour have been reported in atom-
istic simulations of holey metallic nanostructures [25] when
the plate thickness approaches the nanoscale, due to a free
surface effect that induces a finite compressive stress inside
the nanoplates [27]. Experimentally, an auxetic response has
been observed under compression in a cellularmetal that was
fabricated with a partial imprint of the desired deformation
pattern [28], and under tension in metal sheets sparsely pat-
terned with mutually orthogonal elliptical slots [29]. How-
ever, neither of these cases exhibit a symmetry-breaking pat-
tern transformation (as discussed in [30]) since the pattern of
deformation simply reflects the structure prescribed by the
undeformed sample. Specifically, the Poisson’s ratio of the
bulkmaterial is recovered [29], or shear banding occurs [28],
as the aspect ratio of the holes approaches 1 (circular holes).

Here, we demonstrate symmetry-breaking pattern trans-
formation and auxetic behaviour in holey sheets of crystalline
metals and semi-crystalline thermoplastics, as shown in Fig-
ure 1. Although pattern transformation requires plastic de-
formation, which depends on the internal structure of the
material, the phenomenon is instead governed by an elas-
tic buckling instability; the unbuckled solution bifurcates for
a critical stress that depends on the compressive stiffness of
the struts that comprise the microarchitecture. Material non-
linearities do play a role, however, as these hard holey struc-
tures exhibit significantly different post-buckling behaviour
to their elastic counterparts.

2. Experiments
Our experimental samples were fabricated from a va-

riety of hard materials using standard manufacturing tech-
niques (see Appendix A for details). The bulk Young’s mod-
ulus of the materials used was measured and found to be
in the range 0.49 ≤ Ebulk ≤ 11.1GPa. All samples had
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Figure 1: Pattern switching in metals and plastics. a-b. Uniaxial compression of a holey column (machined from aluminium plate
and annealed) triggers a pattern transformation whereby neighbouring holes become orthogonal ellipses. c. A holey sheet (made
from polylactic acid (PLA) using a 3D printer) also exhibits pattern transformation following compression. d. Strain-induced
pattern transformation in samples fabricated from: 1. Aluminium, 2. Brass, 3. 3D-printed plastic (PLA), 4. Reinforced 3D
plastic, 5. Polytetrafluoroethylene (PTFE), 6. Polyether ether ketone (PEEK), 7. Nylon, and 8. PLA.

a hole diameter D = 8mm and minimum strut thickness
t = 0.5mm, so that the hole centres were L0 = 8.5mm
apart, and t∕L0 < 0.06. The width and height of the sam-
ples depended on the number of holes in the array; tests were
performed on columns, NC = 1, with 5 ≤ NR ≤ 21 rows,
and sheets of 5 ≤ NR ≤ 11 rows with 2 ≤ NC ≤ 5
columns. Samples were typically of depth d = 12.7mm,
although samples of depths d = 6.5, 6.6 and 10.1mm were
also tested. At each end of the sample, a length of solid ma-
terial, lends = 12mm, was left free from holes. The ends
were placed inside custom-built adaptors that prevented hor-

izontal displacement of the sample during testing and sub-
sequent formation of localized shear bands (discussed else-
where [31, 28]).

Compressive testing was performed using a Universal
Testing System (5569, Instron). Stress-strain curves were
calculated from the acquired force-displacement data: specif-
ically, the engineering stress � = F∕A is the ratio of the
compressive force F to the top surface area A = (NC +
1)L0d, which depends on the number of columns in the ar-
ray; and the engineering strain � = Δl∕l0 is the ratio of the
change in sample length, Δl, to the initial sample length,
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l0 = NRL0 +2lends − t, which includes the solid material at
each end of the structure.

A dependence of the pattern transformation on strain rate
has been reported in plastic cellular structures [31]. We be-
lieve, however, that the shear banding reported therein for
low rates of compression was a consequence of samples be-
ing free to slide horizontally over the testing platform, rather
than being held in place during compression (as in the case
here). We instead observe a global pattern transformation
in holey structures made from a variety of polymer-based
plastics and for a wide range of strain rates. In particular,
a symmetry-breaking buckling instability occurred in holey
columns compressed at rates in the range 0.001−8.5mms−1
(metals and plastics), and in holey sheets compressed at rates
in the range 0.001 − 1mms−1 (plastics) and 1 − 8.5mms−1
(metals). The deformation of holey samples was imaged us-
ing a Nikon D7100 camera and measured via image process-
ing techniques developed in MATLAB.

3. Results
Figure 1a shows a holey column fabricated from alu-

minium. Uniaxial compression of the sample triggers a pat-
tern switch whereby the array of initially circular holes is
transformed into an array of mutually orthogonal ellipses,
shown in figure 1b. The observed pattern transformation is
strikingly similar to that previously reported in soft cellu-
lar solids [10, 11, 12, 13, 14, 15, 31, 32, 33, 16, 17]. Sam-
ples of various size, fabricated from different materials, are
shown in figure 1c-d following compression, clearly demon-
strating that strain-induced pattern switching also occurs in
both metallic and plastic materials.

Stress-strain curves for holey sheetsmade from aluminium
and plastic are shown in figure 2a. Both samples exhibit
similar stress-strain curves, including a linear region for rel-
atively small strains, wherein stress is approximately pro-
portional to applied strain (see inset to figure 2a), and a pro-
nounced peak beyond which decreasing stiffness is observed
for increasing deformation. Strain-softening is not observed
in the bulkmaterials used for producing the samples; instead,
they strain harden beyond the yield point. Negative post-
buckling stiffness has been reported inwide elasticmetabeams
[34], honeycombs [35, 36] and elastic porous structures con-
taining a small number of holes [32, 37]. However, under
compression (andwithout lateral confinement [14, 17]), elas-
tic sheets containing a square array of ≳ 10 circular holes
instead exhibit a stress-plateau [10, 11, 12, 13] which sug-
gests that the pronounced strain-softening observed here is
a consequence of material nonlinearities that emerge during
irreversible, plastic deformation.

Notably, even though the number of holes in the sam-
ples is different, and the Young’s modulus of the bulk ma-
terial differs by a factor 5, the critical strain at peak stress,
�c = �(�c), is comparable between the two samples. Later,
we demonstrate that this is a consequence of the two sam-
ples having identical microarchitecture. First, we turn our
attention to the negative Poisson’s ratio behaviour exhibited

by the samples.
Following the procedure outlined in [12] we compute the

Poisson’s ratio � of the samples during compression by mea-
suring the center-to-center displacement of the holes, in the
horizontal and vertical directions. The results are shown in
figure 2b and clearly demonstrate that � changes from pos-
itive to negative with increasing strain. This implies that,
for small compressive strains, the samples expand laterally;
whereas, for large strains, the samples instead contract. These
measurements also highlight a marked difference in the me-
chanical response of metal and plastic samples to increasing
strain. In a manner similar to that exhibited in elastic cellular
solids [12], the measured Poisson’s ratio of the plastic sam-
ple remains positive, and approximately constant, until the
strain reaches �c and then switches to negative for � > �c .The aluminium sample, however, shows an approximately
linear decrease in the Poisson’s ratio with increasing strain
and, as such, becomes negative for � < �c .To better understand the different auxetic response of
metals and plastics, we performed incremental cyclic load-
ing tests; samples were repeatedly compressed, with increas-
ing applied strain. The results, shown in figures 2c-d, evi-
dence clear distinctions between metal and plastic samples.
Aluminium samples deform plastically for strains far below
the critical strain for pattern transformation (figure 2c) which
suggests that compression is accommodated through plastic
deformation before pattern switching occurs, and that yield
is therefore responsible for the early onset of negative � mea-
sured for � < �c . In contrast, the deformation of plastic sam-
ples is reversible (to some degree) for strains � > �c and
yield only occurs once the strain becomes comparable to the
critical strain for pattern transformation (figure 2d), � ≈ �c ;beyond this point, significant hysteresis is observed.

Having shown that plastic deformation permits a novel
route to a negative Poisson’s ratio, we now explore the role of
the microarchitecture in the pattern transformation responsi-
ble for auxetic behaviour. In elastic cellular solids, buckling
of the ligaments that surround the holes induces rotation of
the joints that connect the ligaments [10, 12]. To find out if
this is also the case in cellular solids made from hard ma-
terials, we tested the mechanical response of a single strut
– the simplest structural element of the microarchitecture –
to the three modes of deformation: compression, shear and
rotation. Schematic diagrams of the structural elements, and
the testing procedures used, are shown in figure 3a. The di-
mensions of the structural elements were identical to those
found in the microarchitecture of our experimental samples,
and tests were performed on the same structural testing sys-
tem.

Force-displacement curves for the structural elements com-
prising the microarchitecture are shown in figure 3b. Evi-
dently the thin geometry of the struts means that compres-
sive stiffness of a single strut is much greater than either
its shear or bending stiffness. We define an effective elas-
tic moduli of a single strut Estrut = (F∕As)∕(Δls∕ls), where
As = wsd is the area of the base of the strut (ws = 8.5mm
and d = 12.7mm), ls = 12.7mm is the initial vertical length
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Figure 2: Stress-strain and auxetic response of hard, holey materials. a. Stress-strain response of holey sheets machined from
aluminium and 3D-printed in plastic; the experimental samples comprised a 3× 7 and a 5× 7 array of circular holes, respectively.
Inset: the approximately linear response prior to pattern switching. b. Poisson’s ratio � as a function of applied axial strain,
computed from the measured center-to-center displacement of the 9 central holes in each sample from (a); in both samples,
� changes from positive to negative as the axial strain increases. In a-b: vertical dashed lines indicate the critical engineering
strain, �c , for which the maximum applied stress is recorded. c-d. Mechanical response to incremental, cyclic loading of: (c) an
aluminium column with a 1× 6 array of circular holes, which yields (deforms plastically) for small strains � ≪ �c , and (d) a plastic
(nylon) column with a 1× 5 array of circular holes, which deforms elastically until the strain exceeds the critical value for pattern
switching; plastic deformation only occurs for � ≳ �c . (Cycling loading of other samples, e.g. plastic samples with a 1x6 array of
circular holes, yields qualitatively similar results). In c-d: different load cycles are represented by different color curves ranging
from low strain (blue) to high strain (yellow).

andΔls is the change in that length (see figure 3a). This pro-vides a measure of the strut’s ability to withstand changes in
length when subject to compressive forces. For 3D struts
printed in plastic, we measured Estrut = 0.15 ± 0.01GPa;
while for brass struts,Estrut = 1.79±0.4GPa (the annealing
of dimensionally-accurate aluminium struts proved a techni-
cal challenge and, as such, they were not tested). The mea-
sured values of the effective compressive stiffness of a single
strut were significantly smaller than the Young’s modulus of
the bulk material, Ebulk∕Estrut ∼ (10). Using these mea-
surements we now demonstrate that the global pattern trans-
formation responsible for auxetic behaviour in hard materi-
als is indeed governed by the mechanical properties of the
microarchitecture.

In figures 3c-d, we show the measured critical strain,
�c = �(�c), for holey columns and holey sheets made from

variousmaterials and of different sizes (coloured, filledmark-
ers) as a function of the number of struts in the sample,Nstruts =
NC (NR−1)+NR(NC +1). Recalling that for small strains,
stress is approximately proportional to applied strain � =
Ebulk�, where Ebulk is the Young’s modulus of the bulk ma-
terial, we include the measured value of the dimensionless
peak stress �c∕Ebulk in figures 3c-d (coloured, empty mark-
ers). An order ofmagnitude discrepancy exists betweenmea-
sured values of �c and �c∕Ebulk. However, �c is in better
agreement with �c∕Estrut (also plotted on the figure; black
markers) which suggests that the mechanical response of the
samples is dominated by the pre-buckling compressive stiff-
ness of the microarchitecture, rather than the compressive
stiffness of the bulk material. This is consistent with theoret-
ical modelling [33], which indicates that compression of the
inter-hole ligaments, a property of the microstructure, con-
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Figure 3: Strut stiffness controls the critical strain. a. Schematic diagrams of the elements used to test the mechanical response
of a structural element to three modes of deformation (compression, shear and rotation). b. Force-displacement curves for
elements subject to axial compression, shear and rotation. Inset: raw data on a log-log plot. The compressive stiffness of a
single strut is orders of magnitude larger than the shear or rotational stiffnesses. An effective modulus of compressive stiffness
of a single strut is given by Estrut = (F∕As)∕(�∕ls), where As = wsd is the area of the base/top of the strut, ls its initial vertical
length and � is the vertical displacement of the testing system, which exactly corresponds to the change in length of the sample
Δls during compressive deformation. c-d. Critical strain as a function of the number of struts in: (c) holey columns, NC = 1
and 5 ≤ NR ≤ 21, made from different materials (as indicated in the legend), and (d) holey sheets machined from aluminium
or printed from plastic (2 ≤ NC ≤ 5 and 5 ≤ NR ≤ 11). In c-d: filled, coloured markers represent the measured critical strain
�c ; empty, coloured markers represent �c∕Ebulk ; and black markers represent �c∕Estrut (as indicated in the legend to figure 3.d).
Also shown are asymptotic predictions of �c∕Ebulk (dot-dashed line) and �c∕Estrut (dashed line), as given by Eq. 5, for (c) the
limit of tall, holey columns (for which NC = 1 and NR ≫ 1) and (d) sheets with NR ≥ 2 rows and NC ≥ 2 columns of holes.

trols the overall pre-buckling stiffness of a perforated struc-
ture. Consequently, (i) a rigid sheet of solid matter can be
softened considerably by introducing a periodic, porous mi-
croarchitecture, and (ii) the global pattern transformation re-
sponsible for the auxetic response is instigated by the buck-
ling of the struts that comprise the microarchitecture.

4. Modelling
We now compare our results on hard, holey structures to

amodel of the aforementioned elastic, cellular solids to see if
the critical buckling stress of metal and plastic structures can
be predicted from the elastic behaviour of their individual
structural elements (or ‘building blocks’). When the mini-
mum thickness of material between holes in a Neo-Hookean

elastic cellular structure is small compared to the hole diam-
eter, t∕L0 ≪ 1, the bending occurs predominantly in these
thin struts. This allows simple asymptotic modelling to pre-
dict the critical buckling stress of long columns [33]. Buck-
ling of a structure with NR ≥ 2 rows by NC ≥ 1 columns
of holes involves bending of (NR − 1

)

NC +
(

NC + 1
)

NRstruts. Each strut is assumed to bend at its thinnest point,
and, for small deformations, exert a bending momentM =
�� that is linear in the bending angle �, where � is the bend-
ing stiffness of the strut. This bending moment was mea-
sured experimentally for a single, plastic strut in the experi-
mental configuration illustrated in figure 3a(iii). In this ex-
periment, a force was applied at a perpendicular distance
x = L0∕2 = 4.25mm from the strut, and the measured
stiffness was found to be F∕Δl = 1.3 × 104 Nm−1. From
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the definition of a momentM = �� = FL0∕2 and the ge-
ometric relationship between the angle of bending and the
displacement at the point of applied force � = Δl∕x we find

� =
FL20
4Δl

= 0.234Nm. (1)
When the structure is compressed with a force F and

each strut is bent by an angle �, the height of the solid is
reduced by NRL0(1 − cos(�∕2)). Extending the argument
of [33] to structures with more than one column results in a
potential energy

V = 1
2
[(

NR − 1
)

NC +
(

NC + 1
)

NR
]

��2

+NRL0
[

cos
(�
2

)

− 1
]

F . (2)
The equilibria lie at the stationary points of this energy, i.e.
for )V ∕)� = 0 where

)V
)�

=
[(

NR − 1
)

NC +
(

NC + 1
)

NR
]

��

−
NRL0
2

sin
(�
2

)

F , (3)
and the bifurcation in the unbuckled equilibrium solution,
� = 0, lies at a critical force

Fc = 4
[

1 +NC

(

2 − 1
NR

)]

�
L0
. (4)

Dividing this by the area of the top of the structure, (NC +
1)L0d, gives the critical stress

�c = 4
(

1 +
NC (NR − 1)
NR(NC + 1)

)

�
L20d

, (5)

which can be nondimensionalisedwith respect to theYoung’s
modulus of the bulk Ebulk or a strut Estrut, as is shown by
the dot-dashed and dashed lines in figures 3c-d, respectively.
(Note that in figure 3c this asymptotic prediction is shown in
the limit of a tall column, i.e. for NC = 1 and NR ≫ 1.)
The reasonable agreement between predictions of the elas-
tic buckling stress and measurements in hard materials is
remarkable considering the intrinsic differences in material
properties, and the manifestation of material nonlinearities
during plastic deformation. However, we acknowledge that,
from the definition of Estrut, the quantity �c∕Estrut is simply
the engineering strain � of the structure that would be ob-
served if each strut behaved identically to the isolated com-
pressed strut (figure 3a(i)). The observed engineering strain
at bifurcation �c is a factor of ∼ 2 smaller than this for struc-
tures with Nstruts ≲ 100, suggesting that the effects of mi-
croplasticity [38] may be non-negligible in structures com-
prising a small number of holes.

5. Discussion
Metallic metamaterials with multiscale, hierarchical mi-

croarchitectures have been reported previously [39]. How-
ever, the fabrication of these fractal-like materials requires

complex, additive manufacturing techniques. Here we have
demonstrated that auxetic metamaterials can be fabricated
from hard materials merely by perforating metal or plastic
sheets with a regular array of holes, so could be readily in-
corporated into industrial manufacturing processes (or re-
alised by a home enthusiast with a suitable drill). The re-
sultant structures are: low density, being comprised mainly
of voids; high strength, relative to their elastic counterparts;
can withstand high temperatures; and are resistant to chemi-
cal wear and corrosion. The remarkable agreement between
the measured critical stress at which hard metamaterials un-
dergo pattern-switching and the critical buckling stress pre-
dicted using our model for elastic cellular solids suggests
that the behaviour of hard structures is dominated by elastic
deformations of the structural elements comprising the mi-
croarchitecture (at least prior to the global pattern switch).
Similarly, elastic properties of microarchitecture determine
failure process in brittle rocks [40], for example.

Above a critical load, these holey structures deform plas-
tically, absorbing mechanical energy in the process [41]. As
such, they provide a novel solution for the practical fabrica-
tion of low-weight, crumple zones – for use in trains and au-
tomobiles – and other impact-absorbing structures [42, 43].
Furthermore, these engineered structures fold-in on them-
selves during compression (rather than expanding, or fail-
ing via the formation of collapse bands [44, 45, 46, 47]).
This implies that failure modes which typically arise dur-
ing plastic deformation, such as strain localization, can be
bypassed by harnessing elastic buckling of the structural el-
ements present in the microarchitecture. Material nonlinear-
ities which emerge during plastic deformation can results in
further, surprising changes to the mechanical properties of
the bulk material, such as negative stiffness. Harnessing ma-
terial nonlinearities could therefore provide further tools for
designing the macroscale, mechanical behaviour of metama-
terials made from hard materials.

A. Materials
Holey columns and sheets were machined (subtractive

manufacturing) from commercial sheets of aluminium (al-
loy 5083, Smiths Metal Centres Ltd.), copper (alloy C101
and C110/OFHC, Smiths Metal Centres Ltd.), brass (alloy
CZ121, Smiths Metal Centres Ltd.), nylon, polytetrafluo-
roethylene (PTFE), and polyether ether ketone (PEEK). Sam-
ples were also 3D printed (additive manufacturing) in poly-
lactic acid (PLA) plastic (VeroBlue, Stratasys Ltd.) and a
plastic composite reinforced with carbon fibre (Onyx, Mark-
forged). Most 3D-plastic sampleswere produced on the same
3D printer (Objet30 Pro, Stratasys Ltd), although the sample
made from a reinforced plastic composite was produced on a
different printer (Onyx Pro, Markforged). Aluminium sam-
ples were annealed prior to testing. Control samples (cylin-
ders of diameter 10mm and height 15mm) of each material
were subject to compressive testing and the Young’s mod-
ulus of the bulk, Ebulk, was calculated from the linear re-
gion of the resultant stress-strain data to be: 10.6GPa (alu-
minium), 2.0GPa (3D printed plastic –VeroBlue), 11.1GPa
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(brass), 11.0GPa (copper), 7.3GPa (OFHC copper), 0.6GPa
(Nylon), 0.5GPa (PTFE), 2.8GPa (PEEK). The only mate-
rial not to be tested for its bulk properties was the 3D plastic
composite (reinforced with carbon fibre); the manufacturers
value was reported to be Ebulk = 1.4GPa.
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