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0  INTRODUCTION

Cellular materials have some advantageous 
mechanical and thermal properties in comparison 
to solid materials [1], for example: low density, 
high acoustic isolation and damping, better thermal 
management (for use in heat exchangers, flame 
arresters, heat shields), high energy absorption 
capabilities (for crash absorbers), durability at 
dynamic loadings and fatigue, filters etc. The 
production methods of cellular materials are described 
in [2] and [3]. Some cellular materials are being used 
in practical applications [4], but most of them were 
only investigated by experiments and simulations [5] 
to [8]. This is due to high production costs and a lack 
of mass production capabilities to control the shape, 
size and distribution of cellular pores during the 
production process which results in a certain scatter 
of mechanical properties. Novel uni-directional 
structures, such as  lotus-type [7] and UniPore [8] 
materials, hollow sphere structures [9] and [10] and 
APM elements [11] to [13] were introduced recently, 
and comprehensively  characterised. The new additive 
manufacturing technologies offer improvements in 
the production of cellular structures with constant or 
graded porosity.

The internal structure of cellular materials can 
also be designed so that its deformation results in a 
negative Poisson’s ratio behaviour. Poisson’s ratio 
(ν) is defined (in case of tension loading) as the ratio 
between the longitudinal expansion and the lateral 

contraction of material during the loading [14]. 
Materials that exhibit negative Poisson’s ratio become 
wider when stretched and thinner when compressed 
(Fig. 1), and are also called the auxetic materials [15].

         Tension              Compression

a.)

b.)

-Fx

-Fx

-Fx

-Fx

Fx

FxFx

Fx

x

y

Fig. 1.  Non-auxetic a) and auxetic b) behaviour during tensile and 
compressive loading (dashed lines – undeformed geometry)

This paper provides a short review of the 
development, geometries, manufacturing methods, 
mechanical properties and applications of cellular 
auxetic materials. Future prospects for further 
development and new applications of cellular auxetic 
materials are also discussed.

1  AUXETIC MATERIALS

The term “auxetic materials” was first introduced by 
Evans et al. in 1991 (from the Greek auxetos: that may 
be increased) [15]. The natural auxetic material can be 
found in α-cristobalite [16], biological tissues (skin) 
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[17] and pyrolytic graphite [18]. Man-made material 
structures with similar behaviour were first used in 
practical application as moderator core of a Magnox 
nuclear reactor [19], where auxetic behaviour occurs 
due to radial movement of the free-standing columns 
of graphite bricks via sliding of the loose keys. The 
structure was designed to withstand horizontal forces 
generated during earthquake, whilst also allowing 
free movement of the structure to accommodate 
thermal movements between the graphite core and 
steel supporting structures at the edges of the core. 
Development of this structure was conducted to solve 
a practical problem and auxetic behaviour was only a 
by-product of the design. 

Systematic research of auxetic materials first 
started in 1985 with analysis of a 2D re-entrant 
auxetic structure by Almgren [20] based on analytical 
expressions presented a few years earlier for 
conventional honeycombs [21]. In 1987 first auxetic 
material was manufactured by Lakes and co-workers 
with transformation of conventional open cell foam 
[22]. Auxetic structures from polymers were also 
fabricated later [23] to [25]. Further progress was 
made by introducing composite structures that exhibit 
negative Poisson’s ratio [26]. Next promising way to 
produce cheaper, more complex and larger auxetic 
structures is additive manufacturing.

It is not always necessary to have a porous 
microstructure (like in cellular materials) to induce 
the auxetic behaviour of the material structure [26]. 
The change in microstructure (molecular auxetic 
materials) or composite structures with rotating units 
can also exhibit the auxetic behaviour [27]. 

However, most of above mentioned auxetic 
structures are highly anisotropic and thus not well 
suited for the general structural applications in most 
cases. For this reason, a very exciting development 
of novel 3D cellular auxetic materials is being 
investigated at several research centres around the 
world and we can expect some promising auxetic 
materials to emerge soon.

Most of auxetic materials can be classified into 
three main groups: auxetic honeycombs, auxetic 
microporous polymers and auxetic composites. 
Auxetic materials which do not belong to any of these 
groups are also described in Section 1.4.

1.1  Auxetic Honeycombs

Conventional and auxetic honeycomb 2D structures 
are the most common types  which have been 
investigated widely over past few decades. These 2D 

structures can be extended in the normal direction to 
get a 3D unidirectional auxetic structure.

1.1.1  Re-entrant Structures

Development of 2D re-entrant honeycombs 
(Fig. 2) started with analytical calculations of 
various  deformation mechanisms caused by flexing 
the cell walls [20] or more realistic behaviour when 
honeycombs undergo flexure, stretching and hinging 
deflections when subjected to external loadings [28]. 

a)   b) 
Fig. 2.  a) Undeformed and b) deformed re-entrant structure

1.1.2  Rotating Units

Auxetic structures with rotating units were presented 
by Grima and Evans [27], where rigid rectangular 
and triangular cells are connected together at selected 
vertices by hinges (Fig. 3). These kinds of structures 
result in analytical value of minus one for the Poisson’s 
ratio. The auxetic behaviour of the rotating units was 
analysed with analytical expressions for the rotating 
rectangles [29] and [30] and the triangles [27]. Semi-
rigid rotating units were also developed [31]. Real 
structures with similar behaviour as the rotating units 
(square array with elliptical voids) were analysed with 
experimental testing and numerical simulations [32].

a)  b)
Fig. 3.  a) Undeformed and b) deformed rotating rectangles

1.1.3  Missing Rib

Missing rib structure is derived from conventional 
honeycomb (intact) where cutting of some ribs (Fig. 
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4) leads to the auxetic behaviour [33]. Experimental 
testing of two different missing rib structures and two 
conventional structures was done by Gaspar et. al [34].

a)   b) 
Fig. 4.  a) Undeformed and b) deformed missing rib structure 

(dashed lines-intact conventional structure)

1.1.4  Chiral Structures

Chiral structures are formed by connecting straight 
ligaments (ribs) to central nodes which may be circles 
or other geometrical forms (Fig. 5). The auxetic effects 
are achieved through wrapping or unwrapping of the 
ligaments around the nodes in response to the applied 
force. Poisson’s ratio of chiral structures is –1, based 
on theoretical and experimental investigation [35].

a)   b) 
Fig. 5. a) Undeformed and b) deformed chiral structure

1.1.5 Other Honeycomb Geometries

Many other auxetic geometries were also developed in 
the past: antichiral structures with different strategies 
of connecting central nodes [36], star [37] and double 
arrowhead [38] structures, 2D planar structures using 
Kagome patterns [39] and [40]. Geometry of auxetic 
honeycombs was also developed with numerical 
analysis of eigenvalues and natural frequencies of 
different non-auxetic honeycombs [41].

1.2  Auxetic Microporous and Molecular Polymers

After successful production of auxetic material from 
conventional polymer foam [22] researchers were 
looking for procedure with which they can fabricate 

stiffer materials for wider engineering applications. 
Structure from expanded polytetrafluoroethylene 
(PTFE)  was produced and evaluated by tensile 
testing methods [23] and [24]. Extremely low negative 
Poisson’s ratio values up to minus 12 in one direction 
were achieved and explained by the anisotropic foam 
structure. A simple concept to explain the complex 
microstructure deformation behaviour found in auxetic 
PTFE is shown in Fig. 6, where hatched regions are 
nodules. Further experimental testing and deformation 
mechanism analysis was done by Alderson and Evans 
[42] and Alderson et al. [43].

a)    b) 
Fig. 6.  a) Undeformed and b) deformed nodule-fibril model 

network

Similar microporous polymer microstructures 
can be produced using the ultra high molecular 
weight polyethylene (UHMWPE), with some distinct 
differences: nodules in UHMWPE are nearly spherical 
and the structure is more isotropic. These differences 
also influence the Poisson’s ratio which for UHMWPE 
is no lower than minus 1.24 [25]. 

Researchers have also observed that the auxetic 
behavior of some of the polymer structures is not 
depend on the scale of the material [44], which is 
convenient for production of  larger specimens and 
components.

Microporous auxetic polymers possess auxetic 
properties because their porous structures allows 
sufficient space for the nodules to spread apart. But 
this porosity leads to lower density and stiffness values 
resulting in their unsuitability in many structural 
applications. 

One approach to overcome the problem with 
material porosity is to develop molecular auxetic 
material, where the molecular structure is tailored to 
exhibit negative Poisson’s ratio [45] and [46]. Tailoring 
is done by inserting molecular elements which causes 
the auxetic behaviour in the molecular structure. 
However, many problems in synthesizing and testing 
these materials still need to be overcome [15]. In the 
future, when synthesizing methods improve and allow 
for the development of anisotropic molecular auxetic 
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materials, these kinds of materials could well turn out 
to be the best auxetic materials for use in structural 
applications.

1.3  Auxetic Composites

Composite materials are made of two or more 
different components with different material 
properties. Composite rod and hinge structures were 
first analytically investigated by Milton [26]. The 
model is shown in Fig. 7, where under infinitesimal 
deformations in the increase in the width AB causes 
an increase in the length CD. If a series of these 
models are stacked together vertically in a matrix, a 
composite laminate with negative Poisson’s ratio is 
obtained.

A

B

A

C

B

C D

D
Fig. 7.  Rod and hinge model

Auxetic composites can also be prepared by 
laminating unidirectional pre-preg tapes of epoxy 
resin reinforced with carbon fibers [47], or using fibre-
reinforced Poly-Ether-Ether-Ketone (PEEK), which 
are then bonded together in the triangular auxetic core  
[48]. 

Composite sandwich panels which employ 
cellular auxetic material as a core can also be useful 
for applications in the aerospace industry [49].

1.4  Other Auxetic Geometries

Many other 2D auxetic geometries were developed 
and analysed in the past, but only a few 3D structures 
were investigated. Analytical formulas to calculate 
mechanical behaviour for 3D re-entrant structures 
were introduced by Choi and Lakes [50]. 3D 
structures of the rotating units [51] and nodule-fibril 
model [52] were also developed. Introduction of 
additive manufacturing techniques enables  different 
and new 3D auxetic structures to be fabricated [53] 
and [54]. Interlocking hexagon models [55] are 
low porosity structures, which also exhibit auxetic 
behaviour. Auxetic yarns can find useful applications 
in  composites and textiles [56].

2  FABRICATION

Structural auxetic materials can be made from 
a variety of metals or polymers using different 
manufacturing procedures. First manufactured 
auxetic material was re-entrant structure produced 
by Lakes in 1987 from conventional polymer foam 
[22]. This procedure is based on triaxial compression 
and heat treatment of the polymer foam, and was 
further developed for producing bigger specimens 
[57]. Similar procedures using solvent instead of heat 
treatment were also developed [58] with the added 
advantage that the auxetic foams can be transformed 
back to the conventional form.

Fabrication of the UHMWPE microporous 
polymers is done in the following steps: powder 
compaction, sintering and extrusion. The process is 
similar in case of the PTFE microporous polymers 
where the sintered part is rapidly stretched in the axial 
direction instead of being extruded [25].

Two different molecular design approaches are 
used to produce organic (molecular) auxetic materials:  
liquid crystal polymers (LCP) [30], [31] and [59], and 
three-dimensional tessellated polymer networks [15].

Large auxetic re-entrant honeycomb specimens 
can be produced with Kevlar fabric and epoxy using 
the Kirigami manufacturing process [60].

Additive manufacturing technologies offer new 
manufacturing procedure to make large parts and 
structures with complex geometries from various 
metals and plastics [53] and [61], which can be 
optimised using modern computational tools [41] and 
[62].

3  MECHANICAL PROPERTIES

The effect of Poisson’s ratio on mechanical behaviour 
of an isotropic material can be derived from Eq. (1), 
with the Young’s modulus assumed to be constant 
[63]:

 G K=
−( )
+( )

3 1 2

2 1

ν
ν
,  (1) 

where G is the shear modulus (material response to 
shear stress), K is bulk modulus (material response to 
volumetric stress) and ν is Poisson’s ratio.

From Eq. (1) it can be seen that materials with 
a Poisson’s ratio approaching 0.5 (i.e. rubber) readily 
undergo shear deflections  but resist volumetric 
deformations. When Poisson’s ratio approaches the 
negative limit of  –1 for isotropic materials, the shear 
modulus approaches infinite value and the material 
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preserves the shape during loading – material is strong 
in shear but easy to deform. At this point it must be 
pointed out that these relationships are valid only for 
isotropic materials, since in the case of anisotropic 
materials the bounds on Poisson’s ratio are larger, 
theoretically  –∞ < ν < ∞ [63]. 

During elastic deformations auxetic materials 
do not preserve the volume: in the case of tensile 
deformations the volume of the material increases 
and vice-versa. This applies to the deformation 
behaviour before the material reaches yield stress and 
thereafter the material preserves the volume reached 
at yield, since the Poisson’s ratio does not affect the 
deformation behaviour during material yielding.

Auxetic materials with Poisson’s ratio near minus 
1 resist indentation better than conventional materials, 
because the indentation resistance is inversely 
proportional to (1 – ν2). Enhanced indentation 
resistance has been proven through investigation of 
polymeric [64], metallic [65] foams and microporous 
polymers [66]. In case of impact, non-auxetic 
materials “flow” away from the impact area, while 
they “flow” towards the impact zone in case of auxetic 
materials. This makes the auxetic materials more 
dense at the impact zone and therefore more resistant 
to indentation [67].

The characterisation of the mechanical behaviour 
different auxetic structures has so far been carried out 
mainly using analytical methods and compressive or 
tensile testing to determine Poisson’s ratio, Young’s 
modulus and energy absorption capabilities [68]. 
Three-point bending tests were also performed 
on different structures manufactured by the rapid 
prototyping [69], electron beam melting (EBM) [70] 
and  Directionally Reinforced Integrated Single-
yarn (DIRIS) concept [48].  Dynamic tests of auxetic 
materials were performed using indentation of the 
cylinder and ball [64], and, ballistic tests [71].

Experimentally determined values of Poisson’s 
ratio and Young’s modulus for different auxetic 
materials are shown in Table 1. The listed values are 
the maximum values measured in specimens with 
different porosities and at different strains [23] and 
[53].

From Table 1 it can be seen that almost all of the 
experimentally determined values for the Poisson’s 
ratios in different materials and structures  lie in the 
range from minus 0.6 to minus 1.2. In only a few cases 
are values smaller than minus 1.2, because of material 
anisotropy. Values of the Young’s modulus are given 
in lesser number of  sources than Poisson’s ratio, but 
it can be seen that structures produced with electron 
beam melting (EBM) methods from Ti6Al4V alloy 

are very stiff in comparison with  any other material, 
but they are also very brittle because of the production 
method [75].

Table 1.  Mechanical properties of different auxetic materials

Material
Poisson’s 
ratio [-]

Young’s 
modulus 
[MPa]

Transform. conventional  
open-cell foam

[22] –0.7 0.072
[50] –0.8 -
[57] –0.82 -

Re-entrant copper foam     [72] and [73] –0.39 30
Re-entrant silicon rubber foam [73] –0.25 26
PTFE [23] –12 0.15
UHMWPE [25] –1.24 -

6-chiral 
[35] ~–1 -
[36] –0.81 19.46

Anti 
[36]

–0.98 3.11
4-chiral –0.26 7.08
Anti 4-chiral [69] –1.831 5.374
Missing rib                        [33] and [34] –0.6 -
Polypropylene film [74] –1.12 340

Structures produced with EBM 
[53] –0.4 ~8000
[75] –1,899 5085.3

3D printed re-entrant lattice [54] –1.18 -
Square array with voids [32] –0.73 -
Hierarchical honeycomb [76] –0.5 -
Rotating squares film [77] –0.963 -

4  APPLICATIONS

The auxetic materials have improved the shear 
performance (increased shear modulus) [78], damping, 
sound [79] (also with control of bands [80]) and energy 
absorption [64] and [71] of structural components, 
which makes them particularly useful for many 
special applications.

They are being increasingly used in body and 
vehicle armour applications in sandwich plates 
for ballistic protection in combination with other 
materials [81] and [82] fiber composites for greater 
pull-out resistance (applied tension pull-out force 
causes increase of cross section area), increased 
sensitivity piezoelectric composites, new kinds of 
fasteners, which transversally contract when pushed 
into a socket (compression load) and expand when 
attempted to be removed (tension load) [72], flexible 
pads to reduce impact forces upon small (elbow) 
and large objects (leg, human torso) [63] which 
can also be used for sports applications [83], more 
comfortable textiles with reduced clothing pressure, 
medical devices  (especially bandages) and fashion 
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applications [84] and [85], promising and interesting 
medical application of auxetic materials such as  in 
stents [77]. Very interesting applications in automotive 
and aerospace engineering are also in double curved 
sandwich structures, where the advantage of some 
auxetic material plates to deform in a convex shape 
(synclastic curvature) is exploited [22] and [86]. Also 
the out-of-plane strength and stiffness of the auxetic 
core materials are maximized, since the ribs are always 
aligned normal to the curved surface [49]. Another 
interesting application in aerospace engineering 
shows morphing wings using auxetic structures [87].

There are some examples where auxetic 
materials are used for thermal protection in aerospace 
applications (pyrolytic graphite) and vanes for aircraft 
turbine engines (large single crystals of Ni3Al) [88]. 

5  CONCLUSIONS

The paper gives an overview of fabrication, 
characterisation, properties and current applications 
of existing auxetic cellular materials with monotonous 
internal cellular structure. The response of auxetic 
materials to dynamic impact loading conditions 
at different strain rates is not yet sufficiently 
characterised and needs to be further investigated.

New advanced additive manufacturing techniques 
provide means to fabricate the next generation of 
auxetic materials with functionally graded porosity, 
which can be adapted to the requirements of a 
particular engineering application by computational 
simulations and optimization techniques. Such 
specifically designed internal cellular structure 
of auxetic materials provides the best desired 
mechanical response to particular loading conditions. 
This response can for example result in constant 
deceleration of impacting projectile or constant 
reaction force on structures, which is very useful for 
different applications in defence engineering and 
crashworthiness.

The auxetic cellular materials and structures 
show huge potential to become important light-
weight structural materials of the future with further 
development of additive manufacturing technologies 
or with introduction of some new, more cost effective 
manufacturing techniques.
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