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a b s t r a c t

The design and production of multifunctional materials possessing tailored mechanical properties and special-

ized characteristics is a major theme in modern materials science, particularly for implementation in high-end

applications in the biomedical and electronics industry. In this work, a number of metamaterials with perforated

architectures possessing the ability to exhibit a plethora of 2D auxetic responses with negative Poisson’s ratios

ranging from quasi-zero to large negative values (lower than −3.5), stiffnesses, stretchability and surface coverage

properties were manufactured. These systems were produced through the introduction of microstructural cuts in

a rubber sheet using direct laser cutting, and analysed using a dual approach involving experimental tests and

Finite Element Analysis. In addition to examining the mechanical properties of the perforated metamaterials, the

influence of edge effects and material thickness on the deformation behaviour of these systems were investigated,

with re-entrant systems shown to possess anomalous deformation profiles which are heavily dominated by the

boundary regions. These findings highlight the effectiveness of this method for the fabrication of auxetic meta-

material sheets as well as the large variety of mechanical properties, deformation mechanisms and load responses

which may be obtained through what may be effectively described as simply the introduction of patterned cuts

in a thin sheet.
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. Introduction

Auxetic mechanical metamaterials are systems which possess the un-

sual property of having a negative Poisson’s ratio [1]. This property

rises primarily as a result of the structure of the system rather than

ts chemical and material composition and thus the mechanisms which

mpart this characteristic are scale independent. In fact, auxeticity has

een reported in a number of systems ranging from the macro-scale to

he micro- and nano-levels. Auxetic metamaterials have attracted a great

eal of interest not only due to their negative Poisson’s ratio, but also

or the variety of additional accompanying characteristics which include

he ability to undergo synclastic curvature [2] and high indentation re-

istance [3]. These properties make these systems applicable for a wide

ange of uses, particularly in the biomedical [4–7], personal protection

8], aviation [9,10] and electronics sectors [11,12].

A number of rapid prototyping techniques have been suggested

nd implemented for the manufacture of auxetic metamaterials rang-

ng from additive manufacturing methods such as extrusion-based and

tereolithography 3D printing [13–17], to molding [18] and laser lithog-

aphy [19–21]. These methods allow for the production of mechanical
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etamaterials on a wide range of scales with their suitability for the

pecific fabrication of different metamaterial types depends on a vari-

ty of factors such as desired resolution, material type, scale, geometric

haracteristics and required properties. In this work, we explore the ef-

ectiveness and viability of using direct laser cutting as a method for the

esign of thin sheet-like 2D perforated auxetic metamaterials. These per-

orated auxetic systems are based on the concept that the introduction

f strategically placed cuts and/or perforations within a suitable thick

heet of material possessing a positive Poisson’s ratio can transform the

ystem into exhibiting a tailor-made negative Poisson’s ratio [22–38].

n particular, this work will focus on auxetic systems produced through

he introduction of slit perforations, which involve only the introduction

f a cut rather than the actual removal of a chunk of material from the

heet, a factor which potentially makes laser cutting an ideal candidate

or rapid production of such structures. Although several slit perfora-

ion patterns have been proposed which may be used to design thin-

heet kirigami structures capable of exhibiting auxetic behaviour, the

eformation of these systems is typically dominated by out-of-plane de-

ormations [39–41] which generally results in an overall much less neg-

tive Poisson’s ratio than that predicted for solely in-plane deformation.
ctober 2019
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Fig. 1. Diagram depicting the twelve architectures studied here and the parameters used to define the slit perforations. Note that Set 1, Set 3 and Set 4 architectures

may each be defined by the same set of parameters. In each case the perforations (marked by the black lines) had a thickness, t, of 0.3 mm.
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ne way through which this problem may be circumvented is to pro-

uce systems with very large out-of-plane thickness in order to minimise

his effect. However, this solution is inadmissible for thin sheet-like sys-

ems requiring large in-plane auxetic behaviour and thus in these cases

t is imperative to counteract this problem through smart design of the

etamaterial system.

In view of this, in this work twelve mechanical metamaterial ge-

metries belonging to four distinct classes of auxetic structures, were

roduced through the introduction of microstructural cuts on a 1 mm

ubber sheet using direct laser cutting. These geometries range from sys-

ems which are numerically predicted to exhibit giant auxetic in-plane

ehaviour (i.e. Poisson’s ratios lower than −3) to systems which show

Poisson’s ratio of zero and are produced using perforations with di-

ensions which are relative to the overall out-of-plane thickness of the

heet. The in-plane mechanical properties of these systems were inves-

igated using a micro-tensile loading device and digital imaging corre-

ation (DIC) studies and compared with the predictions of non-linear

inite Element simulations on corresponding structures. Furthermore,

he influence of boundary effects and out-of-plane deformations on the

echanical properties of these systems were also studied.

. Design of perforated metamaterial systems

The twelve geometries chosen for study and the parameters used

o define the architectures are depicted in Fig. 1 below. These systems

ere produced from a 1 mm rubber through the introduction of 300𝜇m

uts and the resulting in-plane repeating unit dimensions ranged from as

ow as 3.5 mm up to 10 mm, depending on the metamaterial geometry

n question. Many of these geometries have been predicted, through nu-

erical simulations conducted under plane-stress and periodic bound-

ry conditions, to possess the potential to exhibit an extremely wide

ange of negative Poisson’s ratios. These geometries represent almost all

lasses of 2D auxetic mechanisms and thus can be considered as ideal

andidates for an experimental analysis on their effectiveness when im-

lemented in thin sheet systems. Besides allowing one to experimentally

valuate the in-plane auxetic capabilities of these systems, these studies

re also expected to give a clear picture of other important characteris-

ics such as boundary effects, out-of-plane deformation and defects on
he performance of each individual perforation geometry, which are es-

ential for ensuring metamaterial functionality.

These chosen geometries may be classified into four main groups.

he first group comprising Architectures I-III is created through the in-

roduction of straight-line slits organized into two alternating sets. In

rchitecture I, the two sets of slits are equally sized and are aligned

n a perpendicular orientation relative to each other. In Architecture II,

he slits also possess a perpendicular alternating orientation, but they

re not equal in length, while in Architecture III, the slits are also un-

qually sized and, in addition, have a variable relative orientation which

s defined by parameter 𝜅. These systems have been previously studied

rom a numerical and theoretical perspective and are predicted to ex-

ibit deformation behaviour similar to the rotating quadrilateral mech-

nism [28]; more specifically the rotating squares [42], rotating Type

rectangles [43] and rotating Type I𝛼 parallelograms [44] mechanism

or Architectures I-III respectively.

The second set of systems (Architectures IV-VI) consists of slit per-

orated systems designed in a star-shaped manner. These systems may

e considered as the slit perforated counterparts of the area perfo-

ated three-star, four-star and six-star systems[16] which are designed

o mimic the behaviour of hexachiral [45–47], tetrachiral [47–49] and

richiral [47,50] honeycombs with polygonal rotating units respectively.

owever, since in these cases the triangular section of the ‘star’ perfora-

ion is now defined solely the length, h, and thickness of the slit perfora-

ion, t, an additional parameter (shown in Fig. 1) is required to define the

hift of the perforations with respect to one another, f. The inclusion of

his additional parameter was necessitated by the fact that unlike their

rea perforated counterparts (where this parameter was assumed to be

ero), aligning adjacent perforations directly with one another results in

fragmented system for a considerable number of geometries (indeed,

his is the case for all four and six-pointed star slit perforated systems)

nd thus does not result in a viable final structure.

The last two sets involve systems made from ‘I’-shaped slits [28,51].

n the third set, which comprises Architectures VII-IX, the slits are all

ligned in the same manner. Three different sets of l1 and l2 values were

sed to define the systems and this resulted in Architecture VII having a

hick column-like block of material, Architecture VIII having a medium

ized block of material and Architecture IX being made up entirely of

qually sized ligaments. These systems were designed to mimic the re-
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Table 1

List of dimensions used to design the slit perforated systems based on the parameters shown in Fig. 1.

Set 1 – Rotating quadrilateral systems

Architecture a (mm) b (mm) K𝜅 s (mm) t (mm)

No. of repeating

units in x

No. of repeating

units in y Gauge length (mm)

I 5.0 5.0 0° 0.4 0.3 5 7 44.8

II 7.7 3.0 0° 0.4 0.3 7 5 45.5

III 7.7 3.0 30° 0.4 0.3 7 5 45.7

Set 2 – Star perforated systems

Architecture p (mm) f (mm) s (mm) t (mm)

No. of repeating

units in x

No. of repeating

units in y Gauge length (mm)

IV 3.2 0.5 0.4 0.3 6 6 45.7

V 6.5 1.0 0.4 0.3 6 6 45.2

VI 6.0 0.5 0.4 0.3 6 7 45.8

Set 3 – Re-entrant systems

Architecture l1 (mm) l2 (mm) s (mm) t (mm)

No. of repeating

units in x

No. of repeating

units in y Gauge length (mm)

VII 5.0 7.5 0.4 0.3 4 5 44.5

VIII 3.0 6.0 0.4 0.3 7 6 44.4

IX 2.3 7.5 0.4 0.3 11 5 44.5

Set 4 – Anti-tetrachiral systems

Architecture l1 (mm) l2 (mm) l3 (mm) l4 (mm) s (mm) t (mm)

No. of repeating

units in x

No. of repeating

units in y Gauge length (mm)

X 4.8 6.2 4.8 6.2 0.4 0.3 5 6 45.6

XI 8.6 5 3.6 10 0.4 0.3 5 4 44.4

XII 8.6 3 1.6 10 0.4 0.3 7 4 44.4
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ntrant mechanism, either in the form of the so-called ‘fibril and nodule’

echanism or the hexagonal re-entrant honeycomb [52–55]. Finally,

n the fourth set (Architectures X-XII), the systems are designed to de-

orm similar to various anti-tetrachiral honeycombs [56,57] made from

olygonal rotating units. These systems consist of two sets of ‘I’-shaped

lits aligned in a perpendicular orientation and are meant to mimic a

egular anti-tetrachiral honeycomb (Architecture X) and two irregular

nti-tetrachiral systems (Architectures XI and XII).

. Methodology

The parameters used to produce these twelve 2D architectures are

isted in Table 1. The patterned perforations were cut using a Univer-

al® XLS10 laser cutter using a single pass pathway from a piece of black

ubber with a thickness, d, of 1 mm. Following cutting, the samples were
ig. 2. a) Schematic showing the actual dimensions of the slit perforations including

erm which represents the slit length parameters, a, b, p, l1, l2, l3 and l4 shown in Tab

/2. The separation between slits, s, is defined as the actual distance/length of materia

rchitecture X under a stereomicroscope and c) image showing the 18 points from w

ndicate the points used for the representative repeating unit while the outermost ma
leaned under sonication in order to remove any residual rubber frag-

ents. The stress–strain plot of the base material is provided in Section 1

f the Supplementary Information. In each case, the thickness of the slit,

, was set to 300𝜇m, the chosen spot-size of the laser (see Fig. 2a and

).

Since these systems possess an extremely low effective Young’s mod-

lus, a Deben® Micro tensile loading device with a 20 N load cell was

sed to measure the force required to apply a uniaxial tensile strain. The

ystems were loaded on the tensile loading device as shown in Fig. 2c

nd an elongation of 10 mm (the maximum allowed by the tensile load-

ng device) was applied to the architectures at a displacement rate of

.5 mm/s. This corresponds to an overall tensile strain of roughly 20%.

n order to analyse the Poisson’s ratio of these systems, the deforma-

ion was recorded and analysed using Digital Imaging Correlation (DIC)

mplemented in Matlab. The systems were analysed in terms of two as-
the laser spot-size, t. The slit length, l, indicated in the diagram is an arbitrary

le 1. As one may observe, the ends of the slits are circular and have a radius of

l between the slits, including the slit thickness factor shown above. b) Image of

hich the DIC measurements were taken for Architecture I; the central markers

rkers represent the points of the overall system.
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ects; i) the deformation of the central unit cell of each individual geom-

try and ii) the overall deformation of the entire system. In the former

ase, 8 markers denoting the central repeating unit of the geometry were

racked and used to find the strain in the x- and y-directions as shown

n Fig. 11c (marked in yellow), while in the latter case an additional

0 points marking the external boundaries of the entire sample were

racked in order to obtain the average overall strains in the axial and

ransverse directions (marked in red). Further information on the DIC

ethod is presented in Section 2 of the Supplementary Information.

In order to thoroughly analyse and evaluate the experimental Pois-

on’s ratio plots obtained for these systems, non-linear simulations on

quivalent periodic and finite systems were conducted for comparison.

n the case of the infinite systems, the periodic boundary conditions were

mplemented using constraint equations on the edge nodes of the sys-

em, which was fixed to remain aligned along the y-axis. For the finite

ystems, the systems were designed and constrained in a similar method

o that used in the experimental tests. Further simulation details are

hown in Section 3 of the Supplementary Information. Also, similarly

o the experimental prototypes, the Poisson’s ratio of these systems was

easured in two ways; i) from a central representative unit cell and ii)

or the entire system overall, with readings taken from equivalent re-

ions to the DIC measurements from the experimental prototypes. Since

he main aim of this work was to analyse the in-plane deformation of

hese systems, the systems were simulated under plane-stress conditions

sing the PLANE183 element in ANSYS16 and using the material prop-

rties of the black rubber base material, with a Poisson’s ratio of 0.49.

hyperelastic 5-parameter Mooney-Rivlin model was fitted to the ex-

erimental stress strain data and used to obtain the parameters used to

mplement this model. Further information on the material properties

re presented in Section 1 of the Supplementary Information. A 3D sim-

lation using SOLID186 elements was also conducted in the case of one

ystem which was shown to undergo significant out-of-plane deforma-

ion. In this specific case, periodicity was enforced only in the x- and

-directions. Further details of this case are provided in Section 4 of the

upplementary Information.

. Results and analysis

In order to analyse the results obtained for each laser cut architec-

ure in the context of the targeted deformation mechanism which it is

eant to emulate, the results for each set of architectures are first di-

ided and discussed in separate sections. The results involve a compari-

on of the experimental results compared with the corresponding planar

inite Element simulations on a finite system and on an infinite system

sing periodic boundary conditions. This is followed by an overall dis-

ussion of all the findings afterwards. Videos showing the experimental

nd simulations conducted in this study are presented in ANIMS01-38

s Supplementary Information.

.1. Set 1

As shown in the plots in Fig. 3, all three architectures in this set ex-

ibited a significantly negative Poisson’s ratio, both experimentally and

rom the numerical simulations, with Architectures II and III showing

Poisson’s ratio of less than −1. In addition, as one may also observe

rom the diagrams, the targeted rotating mechanism was more or less

chieved in all systems. Animations showing the full deformation of the

hree architectures are presented in the ANIM01-09 and stress strain

lots are presented in Section 5 in the Supplementary Information.

In each case, the measurements for the overall system yielded less

egative Poisson’s ratios than the ones taken from the centre. Further-

ore, the central units experienced a significantly lower tensile strain

n comparison to the overall systems, with the majority of deformation

eing observed in the boundary middle regions as shown in Fig. 4. This

ehaviour was observed for both the simulated and experimental sys-

ems and may be explained by the fact that at the middle boundaries,
he rotating units are the least constrained and hence they undergo the

argest rotations. On the other hand, as expected, the regions close the

lamps show the least rotating deformation. As a result of this defor-

ation gradient, the central unit cell experiences a lower tensile strain

han the overall system.

Architecture I shows the least difference between simulations and ex-

eriment, with the Poisson’s ratio being almost constant between values

n the range of −0.80 and −0.97 for the central unit cell. In fact, as one

ay observe from Fig. 3a, the deformations shown are almost identical

n all three cases. On the other hand, for Architectures II and III, while

he finite simulations and experimental results are similar, the plots for

he periodic simulations are significantly different; predicting in both

ases a much more negative Poisson’s ratio. This suggests that the effect

f localized stretching at the ‘joint’ regions, which is present to a certain

xtent in all rotating unit systems made from perforated sheets, is exac-

rbated by the edge constraints on the system in the experimental tests

nd finite simulations and thus results in a less negative Poisson’s ratio.

n fact, as one may observe from Fig. 3c(iv), in its free state, Architecture

II has a non-zero shear coupling coefficient and hence a tendency to un-

ergo shear deformations which are restricted by the clamping method

sed.

Moreover, as one may observe from Fig. 3, the plots for the finite

nd periodic simulations did not reach the same level of strain as the

xperimental points. This is due to the fact that the simulations could

ot converge beyond a certain point because the rotating mechanism

as close to reaching its point of maximum deformation. This was to be

xpected since previous analytical models on idealized rotating systems

redict this phenomenon and it is well known that the chosen rotat-

ng rectangle and parallelogram geometries which Architectures II and

II are meant to mimic have a relative low strain threshold in compar-

son to Architecture I (the rotating square mechanism). In fact, it was

bserved in the experimental tests that after a certain strain threshold

ca. 4–5% and roughly equivalent to the corresponding simulations’ fail-

re point) Architectures II and III did not remain planar and started to

ndergo out-of-plane deformations in the form of waves parallel with

he loading direction. The crests and throughs of the waves coincided

irectly with the vertically arranged slits (i.e. the ones defined by l1)

nd this appears to indicate that material stretching is concentrated pri-

arily at joint regions above and below the slits. Furthermore, at this

oint rotation of the subunits also ceased and the system started once

gain to contract, hence the lowering of the auxeticity of the systems

t high strain. This behaviour can be visually observed in ANIM04 and

NIM07. In the planar finite element simulations, a similar scenario also

ccurs, however only in-plane stretching occurs due to the inherent pla-

arity constraint. A similar effect was also observed for Architecture I,

lthough not so pronounced and at a much high strain value. However,

espite these limitations, both Architectures II and III still showed an

nitial experimentally measured Poisson’s ratio in the regions of −2 and

3 respectively, highlighting the ability of this perforation patterning

o achieve giant auxetic behaviour.

.2. Set 2

Set 2 architectures show the least discrepancies between the two sets

f simulations and the experimental tests out of all the architectures in-

estigated here. All systems show a near constant Poisson’s ratio over

n 18% tensile strain range and these systems showed minimal out-of-

lane deformations, even at high strains. The Poisson’s ratios and de-

ormed forms of these systems at 12% engineering strain are presented

n Fig. 5, while videos of the tensile tests may be found in the Supple-

entary Information ANIM10-18.

As evident from Fig. 5, Architecture IV deformed in a manner sim-

lar to a hexachiral system made up of hexagonal rotating unit. This

rchitecture is predicted to possess a near-constant Poisson’s ratio of ca.

0.85 from both the periodic and finite FE simulations while the value

btained from the experimental tests is slightly lower at ca. −0.7. This
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Fig. 3. Diagram showing the central regions of the Set 1 (i) experimental and (iii) corresponding Finite Element simulation and (iv) the full periodic simulation

for Architectures (a) I, (b) II and (c) III. The engineering Poisson’s ratio, 𝜈yx, vs engineering strain, ey, plots for each system up to 18% strain as measured from the

boundary and central regions of each sample are presented in (ii). Videos of experimental tests and simulations for these systems are presented in ANIM01-09.
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Fig. 4. Diagrams showing the deformation gradient observed in Architectures a) I, b) II and c) III. The grey areas are used to highlight the regions exhibiting a

relatively higher deformation.
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ehaviour is similar to that observed for the corresponding area per-

orated tri-star systems [16] and the difference in Poisson’s ratio may

e attributed to imperfections in the experimental systems resulting in

lightly thicker ligaments that reduce the auxeticity of the system due

o their resistance to flexural deformations [58]. The effect of bound-

ry elements on the overall deformation is also quite low in this system

ith the Poisson’s ratio decreasing by only ca. 0.2 for both the finite

imulation and the experimental test when the Poisson’s ratio of the

hole system is measured. In fact, as one may observe from ANIM10

nd ANIM11, the deformation gradient is more uniform than in the case

f Set 1 systems, with the middle boundaries and central regions of the

ystem showing more or less similar observable levels of deformation.

Architecture V is the only non-auxetic geometry considered in this

tudy. This geometry, which is meant to mimic a fully-closed tetrachiral

ystem shows a Poisson’s ratio of almost zero. This structure is char-

cterised by high levels of shear deformation which results in only the

orizontally inclined ligaments deforming (see Fig. 5b). Edge effects also

ppear to play a minimal role on the deformation of this system with

he measured Poisson’s ratio at the boundaries being almost identical to

hat measured in the centre. This is extremely surprising since a previ-

us study on area perforated equivalents of these systems indicated that

his system should exhibit a significantly negative Poisson’s ratio un-

er the loading conditions of the tensile machine due to the restriction

f shear deformation by the clamps favouring rotational deformation of

he square unit [16]. However, although this effect is responsible for the

inute negative Poisson’s ratio observed (less than −0.05), the system

till deforms predominantly through shear-directed deformation. This is

ost probably due to the fact that in the slit perforated system is in its

ully-closed state since at extremely high strains the Poisson’s ratio of

he system gradually decreases with the system exhibiting a slightly neg-

tive Poisson’s ratio as the restriction on shear deformation increases on

ncreasing strain. The last geometry in this set, Architecture VI, shows

Poisson’s ratio of ca. −0.3 from the central regions of the simulations

nd experimental tests and a slightly less negative value of ca. −0.2

hen considering the entire unit cell. These values show that, like Ar-

hitecture V, the influence of edge effects on the Poisson’s ratio is min-

mal and that the targeted tri-chiral honeycomb-like deformation was

eached.

.3. Set 3

On the other hand, contrary to Set 2, Set 3 architectures showed the

east congruency between the two sets of simulations and the experi-

ental testing (see Fig. 6). Unlike, previously discussed architectures,

he deformation of these systems was dominated by boundary effects
hich resulted in significant deviations from the mechanical proper-

ies predicted by the corresponding periodic simulations. In fact, in Ar-

hitecture XI, the nature and positioning of the deformation observed

hroughout the system made it impossible to measure with a suitable

egree of reliability the Poisson’s ratio of the central repeating unit of

he experimental prototype (see Fig. 8).

As one may observe from Fig. 6a and b, in both the periodic and fi-

ite simulations, the deformations and the Poisson’s ratio changes over

ensile strain of the central regions of Architectures VII and VIII are ex-

remely similar. On the other hand, the values obtained from the central

egions of the experimental samples show a significantly lower magni-

ude of negative Poisson’s ratio which decreases steadily as strain in-

reases. In addition, the dip and rise of Poisson’s ratio seen in the sim-

lations is also not observed in the experimental results, however this

ould be due to the fact that it occurs over a relatively low initial strain

ange from which accurate DIC data is extremely difficult to obtain (in

act, only one or two points were obtained at these strains of the cen-

ral regions). The difference in Poisson’s ratio between simulation and

xperimental results is most probably due to the asymmetric nature of

he deformation in the real sample. This asymmetry is most probably a

onsequence of imperfect cuts resulting in thicker or thinner ligaments

hich in concert with the extensive boundary effects (see Fig. 7) ex-

erienced by these systems result in a distorted deformation profile of

he central repeating unit. However, despite these problems the central

egions of the experimental samples still showed an initial negative Pois-

on’s ratio of ca. −3 which became less negative with increasing strain

nd exhibit all the hallmarks of the re-entrancy.

The nature of the boundary effects experienced by these two archi-

ectures are highlighted in Fig. 7a and shown in ANIM19 and ANIM22.

nlike Architectures I-VI, these systems do not show a gradual defor-

ation gradient from the regions in proximity to the clamps right up to

he central areas of the sample. Instead, the deformation travels through

he system in the form of four distinct veins originating from the cor-

ers which meet at the centre of the system, with the other repeating

nits remaining almost completely undeformed. This behaviour, which

as mirrored in the corresponding simulations on the finite system (see

NIMS20 and 23), is highly unusual and is reminiscent of a crack prop-

gating through a system. The reason behind this phenomenon becomes

pparent once the stress-strain plots of the periodic simulations for these

rchitectures and the previous ones are analysed.

As one may observe from Fig. 7b, the stress-strain plots for i) Ar-

hitecture I and ii) Architecture VIII show contrasting trends. These

rends are mirrored for Architectures II-IV X-XII and Architectures VII,

X respectively (all plots are presented in Supplementary Information

ection 5). While the former starts from a relatively low Young’s mod-
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Fig. 5. Diagram showing the central regions of

the Set 2 (i) experimental and (iii) correspond-

ing Finite Element simulation and (iv) the full

periodic simulation for Architectures (a) IV, (b)

V and (c) VI. The engineering Poisson’s ratio,

𝜈yx, vs engineering strain, ey, plots for each sys-

tem up to 18% strain as measured from the

boundary and central regions of each sample are

presented in (ii). Videos of experimental tests

and simulations for these systems are presented

in ANIM10-18.
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lus which increases with increasing strain, the Young’s modulus of the

atter gradually decreases. Therefore, while in Architecture I, the in-

reasing stiffness on increasing strain results in deformation gradient

ince the more deformed parts of the system are stiffer than the less

eformed regions, the opposite occurs in Architecture VIII, since the

ost deformed parts are more amenable to deforming further than the
on-deformed parts. This results in a deformation behaviour which is

nalogous to material yielding where deformation is localized at a weak

oint upon increasing strain. However, unlike plastic or metallic yield,

his process is purely mechanical rather than of a material origin, i.e. it

s a result of the metamaterial geometry, and thus is entirely reversible.

oreover, despite the lack of deformation from the majority of the re-



L. Mizzi, E. Salvati and A. Spaggiari et al. International Journal of Mechanical Sciences 167 (2020) 105242

Fig. 6. Diagram showing the central regions of

the Set 3 (i) experimental and (iii) correspond-

ing Finite Element simulation and (iv) the full

periodic simulation for Architectures (a) VII, (b)

VII and (c) IX. The engineering Poisson’s ra-

tio, 𝜈yx, vs engineering strain, ey, plots for each

system up to 18% strain as measured from the

boundary and central regions of each sample are

presented in (ii). Architecture IX showed a non-

uniform deformation in the case of the experi-

mental sample and hence its deformation could

not be characterized by that of the central re-

peating unit (see Fig. 6). Videos of experimen-

tal tests and simulations for these systems are

presented in ANIM19-28.
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eating units within the system, the large auxetic behaviour imparted

y the few deforming repeating unit within the deformation ‘veins’ still

esults in an overall highly negative Poisson’s ratio. However, this effect

s expected to be heavily suppressed in the case of systems with a very

arge number of repeating units.
Architecture IX was also predicted by the FE simulations to deform in

similar manner to Architectures VII and VIII, as shown in Fig. 6c. How-

ver, unlike these structures, the deformation of this system is entirely

ominated by out-of-plane bending, rather than in-plane re-entrancy

s shown in Fig. 8, with the deformation occurring sequentially row
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Fig. 7. a) Figure showing the deformation path of Architecture VIII and b) plots showing the nominal stress, 𝜎y, vs engineering strain, ey, for the Architectures i) I

and ii) VIII as obtained from the periodic planar finite element simulations.
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y row. This is particularly visible from the side view image shown in

ig. 8b (the full video of the tensile test from this angle is provided in

NIM37). This deformation behaviour is the result of the inherent rel-

tively large in-plane effective Young’s modulus associated with quasi-

ully closed re-entrant honeycombs [52] and corresponding slit perfo-

ated systems [51]. Unlike the mechanisms attained by the architectures

n the previous sets, the other competing mechanisms with in-plane re-

ntrancy are not only material stretching in this case, but also out-of-

lane bending, which is particularly favoured in fully closed re-entrant

eometries with very thin ligaments. Because of this characteristic, un-

ess the system has a considerable out-of-plane thickness, it will deform

n the manner shown in the 3D periodic FE simulation in Fig. 8c (see

upplementary Information Section 4 for more details on this simula-

ion), where instead of opening up, the system undergoes asymmetric

ut-of-plane flexure of the inclined ‘ribs’. This deformation mechanism

s not conducive to generating a large in-plane negative Poisson’s ra-

io and therefore the resultant experimentally measured Poisson’s ra-

io was far lower in magnitude than that predicted by the simulations.

ut-of-plane deformation, however, may be restricted if a thicker sheet

s used to produce the perforated system or by designing the system

ith a thicker vertical set of ligaments (similar to Architectures VII and

III), since the effective stiffness of this mechanism is heavily influ-

nced by these parameters and therefore one should always be mindful

f this relationship when designing re-entrant systems from perforated

heets.

.4. Set 4

The final set of architectures comprised systems designed to mimic

he anti-tetrachiral mechanism. Architecture X, shown in Fig. 9a,
howed a regular anti-tetrachiral-like deformation profile in both ex-

erimental and simulation results. The experimental system showed a

onstant central Poisson’s ratio of ca. −0.85, which was slightly lower

n magnitude than the −1 value predicted by the numerical simulations.

This similarity between experiment and simulations was also ob-

erved for Architecture XI (see Fig. 9b). While, the simulations predicted

negative Poisson’s ratio of ca. −3.3 which gradually lowers to ca. −2.9

ver an 18% strain range, the experimental results showed a slightly

ess negative Poisson’s ratio of ca. −2.7 which was retained over the

ame level of tensile strain. This result is extremely significant since it

hows that it is possible to achieve giant auxetic behaviour [28] which

s retained over a high strain range through the introduction of this per-

oration pattern. The other architectures studied here with the potential

o exhibit Poisson’s ratios lower than −1 either possessed a low strain

hreshold (Architecture III) or else were significantly affected by bound-

ry effects (Architectures VI and VII) or out-of-plane (Architecture IX)

eformations. However, Architecture XI, does not appear to suffer from

ny of these drawbacks and was also observed to be relatively unaffected

y edge effects with both the finite simulation and experimental sample

howing a nearly identical central and overall Poisson’s ratio (see also

ig. 10a).

The final architecture in this set is an extreme version of the previous

eometry where the resultant perforated system is made up of ligament-

ike rather than rectangular rotating units. Due to the large difference

etween the lengths of vertical and horizontal ligaments, this system

s expected to possess a highly negative Poisson’s ratio, however this

s not the case for the experimental sample. The reason for this is ap-

arent from Fig. 10b. The parameters chosen to design Architecture XII

ave resulted in not only the two pairs of ligaments having an extremely

arge difference in length, but also in the rotating ‘rectangle’ to which



L. Mizzi, E. Salvati and A. Spaggiari et al. International Journal of Mechanical Sciences 167 (2020) 105242

Fig. 8. Figures showing the a) front view and b) side view deformation (before and after) of Architecture IX and the circles indicate a row of repeating units deforming

out-of-plane. This deformation is explained in c) where the same behaviour observed from a 3D non-linear simulation on an in-plane periodic repeating unit made

from SOLID elements from different viewpoints is shown. Viewpoints c(i) and c(ii) correspond to the experimental (a) and (b).
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he main ligaments are attached being reduced to a ligament itself with a

hickness comparable to the proper ligaments. This results in a tendency

o undergo deformations similar to those observed for the Set 3 architec-

ures. As one may observe from Fig. 10c, the deformation seems to travel

n distinct veins similar to that shown in Fig. 7a for Architecture VIII, al-

hough in a less symmetrical manner. Moreover, certain repeating units

lso deformed out-of-plane in a fashion similar to that observed for Ar-

hitecture IX, but in a far less uniform order (see ANIM38). This finding

ighlights the delicate balance that one must keep in mind when de-

igning systems based on this perforation type – having ligaments with

arge differences in lengths will result in giant auxetic behaviour only if

he central rotating unit is structurally stiff enough to remain rigid and

ehave as a rotating unit rather than as a ligament itself.

. Discussion

.1. Mechanical properties

All of the twelve architectures covered in this study showed the

otential to exhibit auxetic behaviour, except Architecture V which

howed, as expected, a Poisson’s ratio of zero. The experimental Pois-

on’s ratios obtained ranged from 0 to ca. −3.5 and were in most cases

etained over a significantly high strain range (ca. 18%). The closest

imilarity between experimental and simulation results were observed

or systems possessing Poisson’s ratios between 0 and −1. This was to

e expected since in highly anisotropic systems with Poisson’s ratios less

han −1, any defect and/or boundary effect within the system, as well

s inaccuracies in the DIC evaluation, is expected to have a more am-

lified effect on the central and overall Poisson’s ratio of the system.

owever, as evident from the figures, the expected deformation mech-
nism was still attained in most cases despite the difference in Poisson’s

atio magnitude.

In terms of stress-strain behaviour, the systems in Set 1, showed the

ighest effective Young’s moduli while Architectures V and VI showed

he lowest (plots are presented in Supplementary Information Section

). This was to be expected since mechanical metamaterials made up

f only rotating units are typically much stiffer than systems with lig-

ments. In addition, as expected, regular geometries with Poisson’s ra-

ios close to −1 showed lower effective Young’s moduli when compared

ith their irregular counterparts with highly negative Poisson’s ratios,

.e. Architecture I vs II and III, and Architecture X vs XI.

.2. Boundary effects

The influence of edge effects on the deformation behaviour of these

ystems can be described in two parts. For the architectures in Set 1, 2

nd 4, the deformation occurs in the characteristic manner; the repeat-

ng units close to the clamped regions deform the least while those in

he centre of system deform the most. This results in a deformation gra-

ient which extends throughout the entire finite system and depending

n the type of mechanism by which the system deforms and the degrees

f freedom it possesses, the maximum deformation occurs either at the

entre of the system or at the central edges of the system.

On the other hand, in the architectures in Set 3, the deformation

s not distributed throughout the system but, rather, concentrated along

ines of repeating units with the other cells remaining almost completely

ndeformed, as shown in Fig. 7a. This behaviour was extremely surpris-

ng and is probably the result of the decreasing Young’s modulus of

his geometry upon increasing strain (see Fig. 7b(ii) and Supplementary

nformation Section 6). This deformation pattern also suggests that sim-
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Fig. 9. Diagram showing the central regions of

the Set 4 (i) experimental and (iii) correspond-

ing Finite Element simulation and (iv) the full

periodic simulation for Architectures (a) X, (b)

XI and (c) XII. The engineering Poisson’s ra-

tio, 𝜈yx, vs engineering strain, ey, plots for each

system up to 18% strain as measured from the

boundary and central regions of each sample are

presented in (ii). Architecture X also showed a

non-uniform deformation for the experimental

sample as shown in Fig. 9c. Videos of experi-

mental tests and simulations for these systems

are presented in ANIM29-36.
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lating such systems in the form of periodic unit cells will only give

n indication of the localized deformation of the repeating unit within

he deformation ‘vein’ rather than a mean picture of the overall defor-

ation. These results indicate that by analysing the stress-strain plots

btained from simulations using periodic boundary conditions one may
ossibly be able to predict whether a finite system behaves in this man-

er or else in the ‘normal’ form such as that shown for the other archi-

ectures, where the Young’s modulus increases upon increasing strain.

The localized propagation of deformation in Set 3 systems also opens

p a number of exciting possibilities. The deformation pathway shown
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Fig. 10. (a) Architecture XI and (c) Architecture XII at ey (overall) = 0.18. (b) Figure showing the re-entrant-like geometric configuration of Architecture XII (at

ey = 0) as a result of the extremely thin ‘rotating units’ which appear as ligaments.
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n Fig. 7a assumes a criss-cross pattern primarily due to the clamping

ethod used. However, it is envisaged that by using strategically placed

tiff regions within the system or applying a point strain on the boundary

f the system rather than on the entire edge, one may be able to control

he propagation of deformation throughout the system, although further

tudies are required to fully understand this phenomenon and how to

ontrol it effectively.

.3. Out-of-plane deformation

All of the architectures presented here were cut from a 1 mm thick

ubber sheet. Given that the thickness of the joints/ligaments was de-

ned by the perforation separation parameter, s, which was set to

.4 mm, all systems had a joint/ligament out-of-plane to in-plane thick-

ess ratio of at least 2.5. This should ensure that in-plane deformation is

avoured over out-of-plane, as was found out to be the case for the ma-

ority of systems studied here. In fact, except for Architectures IX and

II, all systems were characterised by predominantly in-plane deforma-

ion modes. Even, in the cases of Architectures II and III, where a small

egree of out-of-plane deformation was observed at higher strains, this

nly occurred once the in-plane rotating unit mechanism had reached

ts fully-opened form and could not function any longer on increasing

train, thereby justifying the use of FE simulations under plane-stress

onditions to analyse these systems. On the other hand, despite the

arger relative out-of-plane thickness in comparison to in-plane ligament

hickness, the out-of-plane deformations still dominated Architecture IX,

nd to a lesser extent, Architecture XII. This behaviour may be attributed

o the propensity of quasi-fully-closed re-entrant systems to deform in

he manner shown in Fig. 8c. This indicates that when working with

rchitectures similar to these, it is necessary to use a thicker material in

rder to ensure that in-plane re-entrancy is the predominant deforma-

ion mode.

.4. Defects

The fabrication method chosen to produce these architectures in gen-

ral produced the desired architectures to a high degree of accuracy

espite the relatively small sizes of the perforation patterns. Although

here were some minute variations in the perforation thicknesses (see

ig. 2b), in all cases the overall desired geometry was attained and in

one of the experimental samples studied here can the observed de-

ormation be described primarily in terms of a disordered geometry or

ocalized defect effects. Despite this, in some cases, even presence of a

mall number of defects may be responsible for certain differences found

etween the finite simulations and experimental tests. For example, pre-

ious studies on disorder auxetic systems have shown that mechanisms
ith limited degrees of freedom such as rotating unit modes [29] and

exachiral honeycombs [59], a small increase in the in-plane thickness

f even one joint or ligament as a result of an imperfection during the

roduction method, can lead to a slight, but noticeable, reduction in aux-

ticity similar to what was observed for Architectures I-IV. Moreover, as

ne may observe from Fig. 9a(i), architectures with more complex per-

oration patterns such as Architectures X-XII, possessed a larger percent-

ge of unequally thick ligaments than the other architectures, quite pos-

ibly due to the complicated laser pathway which must be undertaken

endering the architecture more susceptible to manufacturing problems

uch as residual stress effects. However, despite this increased number

f imperfections, the deformation of these systems was not observed

o be significantly affected by this factor, indicating that an extremely

igh-resolution fabrication method is not necessarily required in order

o obtain the desired deformation in these metamaterial systems.

.5. Stretchability and surface coverage

In the previous sections, the results were presented up to a tensile

train of 18%, which roughly corresponds to the allowed 10 mm exten-

ion by the micro tensile loader. All systems reached this strain threshold

ithout undergoing any irreversible deformations, however, this was by

o means the maximum permissible strain level which these systems can

olerate. Although Architectures I-IV are expected to have a relatively

mall strain threshold due to geometric limitations of the mechanisms

hrough which they deform, the other architectures possess the ability to

olerate far higher tensile strain thresholds whilst retaining their auxetic

roperties as shown in Fig. 11a. In fact, Architectures VI and XI could

e reversibly stretched as much as 140% and 60% strain respectively.

As typical of auxetic systems, these architectures have the ability to

ndergo synclastic curvature (see Fig. 11b). This property makes them

deal for surface coverage of curved and/or irregular surfaces, while

heir high stretchability coupled with large auxetic behaviour also en-

ures that the final surface area covered by the stretched systems is much

arger than that initially covered by the undeformed perforated archi-

ecture.

The significance of this study extends beyond the twelve architec-

ures investigated here. In this work, we have shown that it is possible

o design with a high degree of accuracy, a range of micro-structured

echanical metamaterial architectures with tailor made auxetic charac-

eristics using direct laser cutting. Some of these architectures have also

een experimentally shown to possess the ability to exhibit Poisson’s ra-

ios with negative values lower than −3 over a considerable strain range

hich is extremely significant since achieving such low values is gener-

lly considered to be extremely difficult in thin 2D systems due to the
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Fig. 11. a) Diagrams showing i) Architecture VI and ii) Architecture X stretched up to 140% and 60% respectively and b) Architecture X stretched over a large rough

spherical surface.
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ropensity of highly anisotropic geometries to undergo out-of-plane de-

ormations which limit the effectiveness of their in-plane deformations.

owever, in this study we have shown that these difficulties are not

nsurmountable and, provided that the right balance is struck between

he out-of-plane thickness of the sheet and in-plane dimensions of the

erforation pattern, one may still obtain a thin 2D metamaterial which

licits a desired mechanical response to tensile loading.

Finally, it is important to mention that the geometries tested here

epresent merely the tip of the iceberg in terms of possible metamate-

ial geometries which may be produced using this method. As amply

hown in previous theoretical and numerical studies on 2D auxetic sys-

ems, rotating quadrilateral systems such as Architectures I-III could be

esigned in a myriad of forms and sizes, specifically made to exhibit a

esired Poisson’s ratio ranging from highly positive values to giant aux-

tic behaviour. Moreover, Architectures IV-VI represent only the regu-

ar versions of chiral metamaterials, other systems possessing unequally

ized pairs ligaments with the potential to exhibit highly anisotropic

ehaviour could also be constructed using a similar methodology. Fur-

hermore, besides the rotating quadrilateral, chiral, re-entrant and anti-

hiral systems investigated here, other 2D metamaterial mechanisms

uch as rotating triangle and mixed shape rotating systems could also be

otentially designed through this method, as well as hybrid geometries

ade from a combination of two or more of the designs studied here.

he surprising properties observed for the re-entrant-like architectures

Architectures VII-IX) also open up new avenues for exploitation of these

ystems since it suggests the possibility of directing deformation paths

long specific pathways in a uniform repeating geometry. This finding

otentially opens up a wide range of novel potential applications, par-

icularly for deployment of these systems in the field of sensors since

he deformation pathway appears to be heavily influenced by the type

nd position of loading. In addition, the high stretchability and surface

overage of these systems coupled with the inherent scalability char-
cteristic of all auxetic geometries, makes them particularly ideal for

mplementation in applications where these properties are especially

esired such as flexible circuits [60] and skin grafts [28]. Overall, the

pplication of direct laser cutting opens up a nearly endless list of possi-

ilities to facilely fabricate thin 2D mechanical metamaterials exhibiting

wide range of deformation and mechanical responses, both rapidly and

ccurately.

. Conclusion

In conclusion, in this work twelve perforated architectures made

rom microstructural cuts based on six distinct types of auxetic meta-

aterial geometries were designed and tested using a laser cutter and

micro-tensile loading device. The deformation behaviour and Pois-

on’s ratios of these systems were evaluated using DIC and Finite El-

ment simulations which showed that these systems have the ability

o exhibit highly tuneable Poisson’s ratios ranging from zero to highly

egative values lower than −3. These versatile perforated systems have

lso been shown to be extremely stretchable, with many architectures

etaining their auxeticity over a very large strain range, which could

ake these systems particularly useful for implementation in applica-

ions in the biomedical, sensing and electronics fields. It is hoped that

his work will also inspire further studies in the field of two-dimensional

etamaterial sheets, particularly for the design of bespoke micro and

ano-structured systems.
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