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Auxetic materials (materials with negative Poisson’s ratio) and nanomaterials have independently

been, for many years, two of the most active research fields in material science. Recently, these

formerly independent fields have begun to intersect in new and interesting ways due to the recent

discovery of auxeticity in nanomaterials like graphene, metal nanoplates, black phosphorus, and

others. Here, we review the research emerging at the intersection of auxeticity and nanomaterials.

We first survey the atomistic mechanisms, both intrinsic and extrinsic, that have been found,

primarily through atomistic simulations, to cause auxeticity in nanomaterials. We then outline the

available experimental evidence for auxetic nanomaterials. In order to lay the groundwork for

future work in this exciting area, we close by discussing several future prospects as well as the

current challenges in this field. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964479]
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I. INTRODUCTION

The Poisson’s ratio, �xy ¼ � �y

�x
, characterizes the resul-

tant strain in the y-direction for a material under longitudi-

nal deformation in the x-direction. The Poisson’s ratio is

typically a positive number and has a value around 0.3 for

many engineering materials (e.g., steels). The value is pos-

itive when a material contracts in the transverse directions

when stretched uniaxially. In the uniconstant elasticity the-

ory,1 atoms are treated as point particles in a centrosym-

metric lattice with only longitudinal interactions. The

tensorial elastic constants of the anisotropic solid are

related by the Cauchy relations, while the Cauchy relations

yield a constant value of 1/4 for the Poisson’s ratio in iso-

tropic solids.

However, the uniconstant elasticity theory has not been

used for many decades; one reason being that it was subse-

quently found that the Poisson’s ratio is not a constant value

of 1/4 for all materials. Instead, classical elasticity theory,

which accounts for both longitudinal and transverse interac-

tions,2 was found to better represent the Poisson effect and

Poisson’s ratio in solids. There are two independent parame-

ters in the classical elasticity theory; i.e., the Lam�e coeffi-

cients k and l, or the bulk modulus K ¼ kþ 2l
3

and the

shear modulus l. Instead of a constant value, the Poisson’s

ratio in the classical elasticity theory depends on the ratio

between the bulk modulus and the shear modulus, e.g., � ¼ 1
2

ð1� 1=ðKl þ 1
3
ÞÞ for three-dimensional isotropic materials.

The Poisson’s ratio is limited to the range �1 < � < 0:5 for

three-dimensional isotropic materials within the classical

elasticity theory.

Within the classical elasticity theory, materials are thus

allowed to exhibit a negative Poisson’s ratio (NPR), whicha)Electronic addresses: jiangjinwu@shu.edu.cn and jwjiang5918@hotmail.com
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are also known as auxetic materials.3 One way in which

the impact of NPR can be gleaned is to note that there exist

certain physical properties that are inversely proportional to

1þ � or 1� �2, which implies that these properties become

infinitely large in the limit of the Poisson’s ratio � ! �1.

For example, the speed of sound is proportional to

ð1þ �Þ�1=2
, and the material hardness is related to

ð1� �2Þc, with c as a constant. Hence, materials with NPR

typically have novel properties such as enhanced toughness

and enhanced sound and vibration absorption.

In 1987, Lakes performed seminal experiments to

illustrate the NPR in a foam structure.4 Since then, many

researchers have demonstrated that the NPR phenomenon

is actually quite common both as an intrinsic material

property (i.e., NPR occurs without any external engineer-

ing of the material structure or composition) and also in

engineered structures.5–14 For example, the Poisson’s ratio

was found to be anisotropic in some cubic elemental met-

als. While the Poisson’s ratio is positive along the axial

directions in the cubic elemental metals, 69% of the cubic

elemental metals have intrinsic NPR along a non-axial

direction.15,16 A more recent work has found that the

Poisson’s ratio for FCC metals can be negative along

some principal directions by proper control over the trans-

verse loading.17

Concurrently, nanomaterials, encompassing such well-

known materials like buckyballs, carbon nanotubes, gra-

phene, nanowires, black phosphorus, MoS2, and others, have

drawn significant interest within the past two decades.

Within the last three years, the auxetic property has been

found in some of these nanomaterials, with the mechanisms

underlying the auxetic properties often being due to specific

nanoscale physical properties. Some of these new findings

were mentioned in a recent review on auxeticity by Huang

and Chen,18 but a comprehensive review on this emerging

field of auxetic nanomaterials is still lacking. Our objective

in this review is to survey the novel mechanisms underpin-

ning auxetic behavior in nanomaterials and to discuss chal-

lenges and opportunities for future work. We do not discuss

auxeticity in bulk materials, for which readers are referred to

previous review articles.6,8,9,18–25

II. AUXETIC MECHANISMS FOR NANOMATERIALS

We now discuss the mechanisms that enable the emer-

gence of auxeticity in nanomaterials. The mechanisms can

be delineated as intrinsic and extrinsic, with the intrinsic

mechanisms discussed first. Again, we emphasize that intrin-

sic mechanisms are those that cause NPR in the material

without any external engineering of the material structure or

composition.

A. Intrinsic

1. Puckered crystal structure

a. Black phosphorus. Black phosphorus is one of the

recent entries to the 2D materials canon, which has drawn

attention for its potential as an alternate electronic material

to graphene.27–29 It is characterized by its puckered atomic

structure, where Fig. 1 shows the smallest puckered cell.

There are two groups of atoms, with 4, 5, and 6 in the top

group and 1, 2, and 3 in the bottom group. This puckered

structure can be conceptually obtained geometrically as fol-

lows: assuming both top and bottom atoms are initially in a

planar honeycomb lattice in the xy plane, compression of the

planar lattice in the x-direction will result in puckering of the

structure into the top and bottom groups.

This puckered structure is highly anisotropic. More spe-

cifically, this puckered structure is elastically softer in the

x-direction, owing to the construction of inter-group angles

like h146, so the in-plane Poisson’s ratio �yx is large. As a

direct result of the anisotropic puckered structure, the

Poisson’s ratio in the z-direction is negative, i.e., the thick-

ness in the z-direction increases during the deformation of

the black phosphorus along the y-direction.26 This occurs

because when the structure is stretched in the y-direction, it

undergoes a large contraction along the x-direction due to

the large value of �yx, leading to the decrease of inter-group

angles like h146. That is, the inter-group bond 1–4 will be

aligned closer to the z-axis, which results in the expansion of

the thickness in the z-direction. Interestingly, the pucker can

also be regarded as two coupling hinges formed by the

angles h546 and h214, which leads to a nanoscale version of

the coupling hinge mechanism. The NPR is thus closely

FIG. 1. The evolution of local structure in single-layer black phosphorus during uniaxial tension in the y-direction. (a) Black phosphorus is stretched in the y-

direction, i.e., atoms are moved in the direction of the attached arrows (blue). (b) To accommodate the tension in the y-direction, black phosphorus contracts in

the x-direction, i.e., atoms 1 and 4 move inward along the attached arrows (red). The 1–4 bond thus becomes more closely aligned with the vertical (z)-direc-

tion. The green arrows display the movement of the four surrounding atoms following the movement of atoms 1 and 4. Reprinted with permission from J. W.

Jiang and H. S. Park, Nat. Commun. 5, 4727 (2014). Copyright 2014 Macmillan Publishers Ltd.26
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related to the condition of h146 > 90� in black phosphorus. It

should be noted that the out-of-plane NPR exists concur-

rently with a large positive value of the in-plane Poisson’s

ratio �yx.

While the NPR in the z-direction of black phosphorus

was discussed in detail in Ref. 26 and 30, this effect has also

been mentioned in some other works, which applied mechan-

ical strains to black phosphorus. For example, the NPR was

also observed during the investigation of strain effects on the

electronic properties of single-layer black phosphorus31 or

the thermoelectric properties for bulk black phosphorus.32

b. Other puckered nanomaterials. Orthorhombic arsenic

shares the same puckered atomic configuration as black

phosphorus, and thus is expected to exhibit NPR. This was

confirmed in recent first principles calculations by Han et al.
for few-layer orthorhombic arsenic.33 The Poisson’s ratio

was found to be about �0.093 for single-layer orthorhombic

arsenic, while becoming increasing negative with increasing

number of layers. The saturation value for the NPR, about

�0.13, is reached for the few-layer orthorhombic arsenic

with layer number above four. We close this discussion

by noting that the unfolding of the puckered structure is a

mechanism that is operant at many length scales, from the

nanoscale as seen here to the macroscale, as shown

previously.4,34

2. Competition between deformation modes

While some nanomaterials like black phosphorus

exhibit NPR for all strains due to their crystal structure,

other nanomaterials exhibit intrinsic NPR due to other

mechanisms. One is related to the basic deformation mecha-

nisms that nanomaterials undergo, which make either a posi-

tive or negative contribution to the Poisson’s ratio. Due to

this balance, nanomaterials can exhibit intrinsic NPR when

the mechanisms leading to NPR dominate, as explained in

Subsections II A 2 a and II A 2 b.

a. Possible auxeticity in single-walled carbon

nanotubes. Analytic expressions for the Poisson’s ratio are

useful for studying mechanisms by which auxeticity can be

induced in nanomaterials. For achiral (armchair or zigzag)

single-walled carbon nanotubes, analytic expressions were

reported in several works. In 2003, Chang and Gao derived

the analytic formula for the Poisson’s ratio (and Young’s

modulus) for achiral single-walled carbon nanotubes, using

bond stretching and angle bending potentials.35 With a

similar molecular mechanics approach, Shen and Li also

obtained the analytic formula for the Poisson’s ratio (and

Young’s modulus) of achiral single-walled carbon nanotubes

in 2004.36 Chang et al. also derived the Poisson’s ratio (and

Young’s modulus) for single-walled carbon nanotubes of

arbitrary chirality in 2005.37 Wu et al. used the molecular

mechanics approach to derive the shear modulus, Poisson’s

ratio, and Young’s modulus for achiral single-walled carbon

nanotubes in 2006.38

In 2008, Yao et al. generalized the above analytic

expressions for the Poisson’s ratio to allow the difference

between two inequivalent C-C bond lengths in achiral

single-walled carbon nanotubes.39 The following generalized

expressions explicitly show the dependence of the Poisson’s

ratio on the structural parameters (bond length and angles),

and force constants for armchair and zigzag single-walled

carbon nanotubes

�arm ¼
cos

a
2

b2Cb

4 Ca þ DCbð Þ
� 1

" #

a

b
þ cos

a
2

� �
b2Cb

4 Ca þ dCbð Þ tan2
a
2

þ 1

2
4

3
5
; (1)

�zig ¼
cos b

a

b
� cos b

� �
1� b2Cb

2 4dCa þ Cbð Þ

" #

2Cb

Ca
þ cos2bþ b2Cb sin2b

2 4dCa þ Cbð Þ

" # ; (2)

where Ca and Cb are force constants for bonds a and b, while

Ca and Cb are force constants for angles a and b, respec-

tively. Based on these analytic expressions, they performed a

speculative examination on the evolution of the Poisson’s

ratio by varying a single parameter (or ratio of parameters)

while leaving other parameters unchanged. It was found that

auxeticity in single-walled carbon nanotubes is possible,

though under conditions that are physically difficult to real-

ize. For example, through the relation between the Poisson’s

ratio and the angle a, the appearance of auxeticity requires

the a to be larger than 200�, while the actual value of a
around 120�.

b. Monolayer graphene. Recently, two of the present

authors and their collaborators found that the Poisson’s

ratio in bulk monolayer graphene is strain dependent and

changes from positive to negative at the critical strain of

6%, indicating intrinsic auxeticity for monolayer gra-

phene.40 The auxeticity of graphene is intrinsic, because it

occurs in pristine graphene without any external modifica-

tions to the structure, shape, or composition of graphene.

However, the fact that the NPR occurs at a finite, non-zero

strain implies that this effect is a highly nonlinear one for

graphene.

The Poisson’s ratio for graphene has also been derived

analytically41 or can be obtained directly from the analytic

formula for the Poisson’s ratio of nanotubes35,36,38 in the

limit of large tube diameters. For example, from Chang and

Gao’s results, the Poisson’s ratio for graphene is35

� ¼ Kba2=Kh � 6

Kba2=Kh þ 18
; (3)

where a¼ 1.42 Å is the C-C bond length, Kb is the force con-

stant characterizing resistance to stretching, and Kh is the

force constant characterizing resistance to bond angle bend-

ing. Eq. (3) is applicable for both armchair and zigzag direc-

tions in graphene, because the Poisson’s ratio is isotropic in

graphene, as required by the three-fold rotational symmetry

in the honeycomb lattice structure.42
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There are two typical deformation pathways shown in

Fig. 2 according to Eq. (3). For the first deformation pathway

(PW-I), bonds are difficult to stretch but the bond angles can

readily be altered (i.e., Vb � Vh), so mechanical strains will

be accommodated by only varying angles during the defor-

mation process. For the second deformation pathway (PW-

II), the angles are difficult to change while bonds can more

readily be stretched (i.e., Vh � Vb), so bond lengths are

altered in response to the applied strain. The PW-I mode

leads to a positive Poisson’s ratio, while the PW-II mode

reduces the Poisson’s ratio. Hence, the actual Poisson’s ratio

for graphene depends on the competition between these two

deformation modes.

To characterize the competition between these two defor-

mation modes, an energy criterion was proposed based on the

above two deformation pathways to determine the sign of the

Poisson’s ratio in bulk graphene. The criteria state that the

tensile deformation process for graphene is governed by the

deformation mode with lower pathway energy. The pathway

energy is computed based on the potential energy of the struc-

ture that is manually deformed according to the PW-I or PW-

II modes. Applying this energy criterion, Fig. 3 shows that the

PW-I mode will be the dominant deformation mode for gra-

phene for strain less than 6%, while the PW-II mode will

dominate the deformation of graphene for strain larger than

6%. As a result, the Poisson’s ratio in graphene will change

its sign at the critical strain around 6%, which explains the

numerical simulation results. The pathway energy criterion

can readily be extended to three-dimensional isotropic materi-

als, where stretching and shearing are two distinct deforma-

tion modes with opposite contribution to the Poisson’s ratio.

3. Surface and edge stress effects

One of the defining characteristics of nanomaterials is

their intrinsically large surface to volume ratio (for

nanowires, quantum dots, and nanoplates), or equivalently

their large edge to area ratio (for 2D materials). Specifically,

the surfaces and edges lead to surface, or edge stresses43,44

which result from the fact that surface and edge atoms have

a lower coordination number (number of bonding neighbors)

than atoms that lie within the bulk material, and which are

intrinsic to nanomaterials.

These surface and edge stresses can play a dominant

role on the mechanical behavior at the nanoscale, leading to

unique physical properties that are not seen in the corre-

sponding bulk material. For example, surface stress alone

can cause a phase transformation in a FCC nanowire with

initial cross-sectional area below 2 nm2,45 and also shape

memory and pseudoelasticity in FCC metal nanowires.46,47

The compression of nanowires owing to surface stress indu-

ces nonlinear elastic stiffening or softening, depending on

the axial loading direction.48 Edge stresses in graphene have

been shown to induce rippling and warping for the edges of

graphene ribbons.49 Furthermore, as we shall now discuss

the Poisson’s ratio of metals and graphene can be changed

significantly at nanoscale because of surface or edge effects.

a. Surface stress induced auxeticity for metal nanoplates. For

two-dimensional metal nanoplates, free surfaces can strongly

influence the mechanical properties, especially in thin nano-

plates with thickness of a few nanometers or less. If the sur-

face stress is tensile, as is typical for FCC metals,50 there are

induced compressive stresses along the in-plane directions

which balance the tensile surface stresses, where the induced

compressive stresses are inversely proportional to the nano-

plate thickness.51,52 One of the present authors and his col-

laborators found that the compressive induced stresses in

many metal nanoplates can lead to auxeticity, even though

these metals are not auxetic in their bulk form.51

For illustration, consider Al nanoplates with (100) surfa-

ces, where the Poisson’s ratio in the thickness direction

becomes strain dependent and can be negative in a particular

strain range as illustrated in Fig. 4, where we note that larger

FIG. 2. Two typical ideal deformation pathways during the tensile deformation

of graphene. The left atom cluster (black) is stretched along the horizontal

x-direction. The parallelogram gray area indicates the unit cell. PW-I (blue):

carbon-carbon bond lengths remain constant (Db ¼ 0), while angles are altered to

accommodate the external strain, which results in a Poisson’s ratio of �¼ 1. PW-

II (red): angles are unchanged and bond lengths are elongated to accommodate the

external tension, resulting in a NPR of � ¼ �1=3. The lighter shades show the

undeformed structure. Reproduced with permission from Jiang et al., Nano Lett.

16(8), 5286–5290 (2016). Copyright 2016 American Chemical Society.40

FIG. 3. Pathway energy curve for PW-I and PW-II deformation modes. The

curves show a crossover at �x ¼ 0:06, which predicts a transition from PW-I

mode (positive Poisson’s ratio) to PW-II mode (negative Poisson’s ratio)

during the tensile deformation of graphene. Left bottom inset (black) shows

the undeformed structure. Top inset (blue) displays the PW-I deformed

structure. Right inset (red) is the PW-II deformed structure. Reproduced

with permission from Jiang et al., Nano Lett. 16(8), 5286–5290 (2016).

Copyright 2016 American Chemical Society.40
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compressive stresses yield more auxetic behavior. The strain

dependence of the Poisson’s ratio demonstrates that the NPR

is a highly nonlinear effect in the nanoplates, which results

from the effect of surface stress as well as the loading

direction.

The auxeticity of the nanoplates can be increased in sev-

eral ways. For example, decreasing the thickness of the nano-

plate enhances the induced compressive stress. Alternatively,

increasing the temperature elastically softens the material, and

as a result, the effect of the induced compressive stress on the

auxeticity is stronger.52 The surface stress-induced auxeticity

was found to be common to FCC metals, as it was observed

in FCC(001) nanoplates of several metals including Al, Ni,

Cu, Pd, Ag, Pt, and Au. It is important to mention that surface

stresses only induced auxetic behavior for FCC (001) nano-

plates under loading along the [100]-direction. A similar phe-

nomenon was observed in BCC Fe(001) nanoplates under

uniaxial compression.

b. Synergetic effects of surface stress and cross-sectional

shape for auxetic nanowires. Inspired by the above works on

the NPR of metal nanoplates, Kim and collaborators found

that the Poisson’s ratios of several nanowires not only

depend on their sizes via surface stress but also depend on

their shape, i.e., the aspect ratio (width to thickness ratio) of

the cross-section.53 For square cross sections, the Poisson’s

ratios �xy and �xz have the same positive value. For rectangu-

lar cross sections with the aspect ratio above 1, both �xy and

�xz are dependent on the applied axial strain. The Poisson’s

ratio in the thickness direction (�xz) becomes negative for

strains above a critical value (typically between 3% and

6%). The Poisson’s ratio value is more negative for nano-

wires of larger width to thickness ratio, and with the aspect

ratio of 2.5, the Poisson’s ratio is relatively close to that of

the corresponding nanoplate with the same thickness.

The auxeticity for the metal nanowires was attributed

to the asymmetric surface induced stresses in the width and

the thickness directions. The magnitude of the surface

induced stress in the width direction is larger than that in the

thickness direction, which leads to the increase (decrease)

of the Poisson’s ratio in the width (thickness) direction.

The Poisson’s ratio in the thickness direction can be driven

to be negative, when the difference between these two sur-

face induced stresses is sufficiently large. Here, asymmetric

stresses were used to imply the different magnitudes of the

two induced stresses along the lateral directions. This asym-

metric stress is induced by the free surface effect. One can

enhance the auxeticity by introducing a hole at the center of

the nanowire cross section, such that the nanowire becomes

a nanotube with increased surface area. It is noteworthy to

mention that in the case of the nanoplate, the induced com-

pressive stress along the in-plane lateral direction is non-zero

whereas that along the thickness direction is zero, so the

mechanism for auxeticity in the case of the nanoplate is a

special case of the rectangular nanowire.

The above work illustrates that auxeticity can be caused

by the surface induced asymmetric stresses in the two lateral

directions of metal nanowires. Following this discovery,

Kim et al. studied the Poisson’s ratio for bulk cubic materials

along principal directions with a proper lateral loading.17

Previous works have shown that most cubic materials are

auxetic in the non-principal directions,15,16 but the Poisson’s

ratio was reported to be positive along the principal direc-

tions. However, Kim’s group found that auxeticity can occur

along principal directions in cubic materials if stresses are

applied to two lateral directions with different magnitudes,

which essentially mimics the surface induced asymmetric

lateral stresses in metal nanowires.

c. Warping free edge induced auxeticity for graphene. As

previously discussed, there exist compressive edge stresses at

the free edges of graphene, due to the under-coordinated edge

atoms.49 Furthermore, graphene has a very large Young’s

modulus (E) but extremely small bending modulus (D), so it

can be easily buckled upon compression according to the for-

mula of the critical buckling strain,54 �c ¼ �4p2D=ðEL2Þ.
Consequently, graphene’s free edges are buckled into a three-

dimensional warping structure due to the compressive edge

stresses. The warping structure can be well described by the

surface function zðx; yÞ ¼ Ae�y=lc sinðpx=kÞ, with lc being the

penetration depth and k being the half wave length as shown

in Fig. 5.

Recently, two of the present authors showed that warp-

ing free edges can cause auxeticity for graphene ribbons

with width less than 10 nm.55 It was found that the Poisson’s

ratio depends on the width of the ribbon and the magnitude

of the applied strain. The Poisson’s ratio stays negative for

tensile strains smaller than about 0.5% and becomes positive

when the applied strain is larger than this critical value. The

critical strain corresponds to the structural transition of the

edge from the three-dimensional warping configuration into

the two-dimensional planar structure.

From an analytic point of view, each warping segment

along the edge can be represented by an inclined plate, which

falls down into the graphene plane during the stretching of

the structure in the x-direction, leading to the increase of the

projection of the inclined plate along the y-direction, which

results in a negative value for the in-plane Poisson’s ratio

FIG. 4. The Poisson’s ratio of an Al (001) nanoplate with a thickness of 5a0

(2.02 nm) under uniaxial tensile stress along the [100]-direction. Reprinted

with permission from Ho et al., Nat. Commun. 5, 3255 (2014). Copyright

2014 Macmillan Publishers Ltd.51
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�xy. Based on this inclined plate model, a general analytic

expression was obtained for the Poisson’s ratio in graphene

ribbons of arbitrary width

� ¼ �0 �
2

~W
�0 þ

1

�c

~A
2
C2

0

� �
; (4)

where C0 ¼ 2
p 1� 1

e

� �
is a constant and �0 ¼ 0:34 is the

Poisson’s ratio for bulk graphene. The critical strain is �c, at

which the warping structure becomes planar. The dimension-

less quantity ~W ¼ W=lc is the width with reference to the pen-

etration depth lc. The other dimensionless quantity ~A ¼ A=lc

is the warping amplitude with reference to the penetration

depth. Eq. (4) agrees quantitatively with the numerical simula-

tion results.

B. Extrinsic

In contrast to intrinsic mechanisms, many nanomaterials

exhibit NPR when their intrinsic structure and geometry,

i.e., the flatness of 2D materials, is altered in some fashion due

to external stimuli. For example, many of the examples of

extrinsic NPR discussed below originate due to structural mod-

ifications that result in in-plane compression and out-of-plane

deformation of the nanomaterials, particularly for 2D nanoma-

terials, such that when tensile strain is applied a flattening of

the sheet resulting in a relative in-plane area expansion, and

thus NPR, occurs. We now discuss these extrinsic mechanisms

that lead to NPR in nanomaterials. We note that these extrinsic

mechanisms have also been used to induce NPR for bulk, or

macroscale materials.

1. Patterning

Patterning is a change of the material’s structure, which

has been widely employed to induce NPR in bulk materi-

als.10,57–60 For example, the notion of rotating squares was

proposed to be a geometrical auxetic model by Grima and

Evan in 2000.57 Recently, one of the present authors and his

collaborators introduced periodic cuts in graphene to mimic

the rotating square model and obtained auxeticity in mono-

layer graphene for this particular structural pattern.56 Fig.

6(a) shows the unit cell of the patterned graphene in which

rectangular voids with the size a� b are perpendicularly dis-

tributed in graphene. The rotating units (in red rectangles)

rotate to accommodate the applied strain. Except for the

regions around the ends of the voids, the actual strain inside

the graphene sheet is negligible.

As a result of the rotating effect, graphene expands in

the lateral direction when it is stretched in one longitudinal

direction, so the patterned graphene structure is auxetic. The

ideal geometrical auxetic model has an isotropic Poisson’s

ratio of �1. Here, by changing the aspect ratio a/b of the

rectangular void, the Poisson’s ratio can be tailored, and it

approaches �1 as the void aspect ratio increases. However,

one problem of such patterned structures is failure at the two

ends of the voids due to stress concentration. The failure

might occur under large strains of 2% for the case of pat-

terned macroscopic metals.61 However, because graphene

can exhibit large elastic strains, the patterned graphene can

exhibit NPR even at a strain of 20%, and thus the rotating

unit can be used in applications that require large deforma-

tion during operation.

2. Buckling

a. Borophene. In 2015, crystalline two-dimensional and

atomically thin boron sheets (borophene) were grown on

FIG. 5. Inclined plate model for warped edge induced NPR. The warped

free edge is represented by the inclined plate (in gray). During the tensile

deformation of graphene, the inclined plate falls down, which leads to the

increase of its projection along the y-direction, resulting in the NPR effect.

Reproduced with permission from J. W. Jiang and H. S. Park, Nano Lett. 16,

2657–2662 (2016). Copyright 2016 American Chemical Society.55

FIG. 6. Patterned porous graphene

under uniaxial loading. Size¼ 24:6
�24:7 nm2. Configurations of the pat-

terned porous graphene at strain (a) �¼ 0

and (b) � ¼ 0:1 under uniaxial loading in

the zigzag direction. Reproduced with

permission from Ho et al., Phys. Status

Solidi B 253(7), 1303–1309 (2016).

Copyright 2016 Wiley-VCH.56
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silver surfaces under ultrahigh-vacuum conditions.62 The

low-energy borophene has the Pmmn space group symmetry

with a rectangular unit cell of lattice constants a ¼ 5:160:2
Å and b ¼ 2:960:2 Å. A distinct feature for the borophene

is the out-of-plane buckling along the b direction, in which

the buckling height is about 0.8 Å. The buckling configura-

tion leads to strong anisotropic physical properties for the

borophene. First-principles calculations predict that both in-

plane Poisson’s ratios are negative (�0.04 along a and

�0.02 along b) due to the out-of-plane buckling.

A more recent first-principles calculation showed that

borophene is also auxetic in the out-of-plane direction during

stretching along the b direction.63 The out-of-plane auxetic-

ity is mainly due to the weakening of the out-of-plane B-B

bonding in stretched borophene, which is caused by flatten-

ing of the buckling height due to strong r bonds along the a

direction.

b. Penta-graphene. Penta-graphene is a quasi-two-

dimensional metastable carbon allotrope recently proposed

by Zhang et al.64 There are sp2 and sp3 hybridized carbon

atoms in penta-graphene, resulting in a buckling height of

0.6 Å in the out-of-plane direction. It was found that the in-

plane Poisson’s ratio is �0.068 for penta-graphene.64

Although not elucidated in the original work of Zhang et al.,
this auxetic phenomenon is closely related to the finite buck-

ling height in the out-of-plane direction.

c. Graphane. There have also been some first-principles

calculations on the Poisson’s ratio of fully hydrogenated gra-

phene (graphane).65–68 A finite buckling height of 0.65 Å

was obtained in the out-of-plane direction in the anisotropic

boat-like fully hydrogenated graphene,65 and first-principles

calculations found that the Poisson’s ratio can be negative in

boat-like fully hydrogenated graphene.65,69

3. Rippling

Atomically thick 2D nanomaterials like graphene cannot

exist as strictly planar crystals, because the Peierls transition

will lead to considerable out-of-plane rippling at any finite

temperature.70–72 Furthermore, the bending moduli for 2D

nanomaterials like graphene73,74 or MoS2
75 are very small

compared to the in-plane stiffness, so ripples can also be eas-

ily generated by external disturbance other than thermal

fluctuations.

When a rippled structure is stretched, de-wrinkling and

unfolding occur, causing the flattening of the rippled confor-

mation, and resulting in an expansion of the in-plane dimen-

sions. Hence, the rippled structure exhibits auxeticity.

Below, we discuss methods by which ripples in graphene

have been generated.

a. Thermally induced ripples. Monte Carlo simulations

show that the Poisson’s ratio of graphene decreases with an

increase in temperature, because the thermally induced

ripple amplitude is larger at higher temperature.76 The

Poisson’s ratio can be negative at high temperatures, e.g.,

�0:0760:18 at 1700 K, and �0:0760:21 at 2100 K, and the

reduction of the Poisson’s ratio by increasing temperature

was discussed from an entropic point of view. The structure

tries to expand in the unstretched direction, so that the entro-

pic energy can be minimized, resulting in the reduction of

the Poisson’s ratio.

However, it appears as though thermal vibrations are not

an efficient approach to manipulate the Poisson’s ratio, as

very high temperature is needed to drive the Poisson’s ratio

into the negative regime. The amplitude of the thermal fluc-

tuations depends on the bending modulus of graphene, so the

temperature effect on the Poisson’s ratio can be modified

through changing the bending modulus value. Using the tri-

angular mesh model, it was shown that increasing the bend-

ing modulus suppresses the thermal-induced ripples, leading

to the weakening of the auxeticity.77

b. Vacancy induced ripples. We have discussed above

that thermally induced ripples are not an optimally efficient

mechanism for tuning the auxeticity in graphene. In contrast,

topological defects, which induce substantial local curvature,

can cause significant amounts of rippling which is critical for

manipulation of the Poisson’s ratio in graphene.78

It was found that the 5-8-5 double vacancy defect is

effective in inducing rippling (as compared with the ther-

mally induced ripples for pure graphene), with an increase in

the number of ripples with increasing double vacancy defect

density. Grima et al. found that the Poisson’s ratio can be

negative (with �0.3 as the most negative value) for the gra-

phene containing specific densities of 5-8-5 double vacancies

at room temperature for strains less than a critical value.78

The critical strain becomes larger for graphene with more

defects.

c. Hydrogenation induced ripples. One of the present

authors and collaborators found that hydrogenation-induced

ripples can effectively tune the Poisson’s ratio from posi-

tive to negative for graphene.79 Fig. 7 shows obvious rip-

ples in the randomly hydrogenated graphene. The ripples

have the largest amplitude for hydrogenated graphene with

hydrogenation percentage around 50%; i.e., the ripple

amplitude becomes larger with increasing hydrogenation

percentage below 50%, and will become weaker with fur-

ther increasing hydrogenation percentage. This is because

both pure graphene and the fully hydrogenated graphene

are perfect periodic crystals, which should not have the

doping (hydrogenation) induced ripples. It is thus reason-

able to have the largest amplitude for ripples in the partially

hydrogenated graphene with some moderate hydrogenation

percentages.

The Poisson’s ratio for the hydrogenated graphene was

found to be dependent on the hydrogenation percentage, as

shown in Fig. 8. In particular, by increasing hydrogenation

percentage, the Poisson’s ratio reaches a minimum and nega-

tive value for half-hydrogenated graphene, which possesses

the ripples with the largest amplitude. The ripples are weak

in the hydrogenated graphene with hydrogenation percen-

tages around 0% and 100%, so the Poisson’s ratio changes as

a linear function of the hydrogenation percentage. However,

the change of the Poisson’s ratio becomes nonlinear in the
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highly rippled graphene with hydrogenation percentage

around 50%, because of correlations between neighboring

ripples with large amplitude.

d. Junction induced ripples. In addition to the techniques

discussed above for generating ripples in 2D materials,

ripples can also be obtained in 3D porous structures. For

example, in 2014, Sakhavand and Shahsavari introduced 3D

boron nitride, namely, pillared boron nitride nanostructures

in which parallel monolayers of h-boron nitride are con-

nected by vertical single-walled boron nitride nanotubes

(Fig. 9).80 The combination of the nanotubes and the mono-

layers causes large ripples at the junctions as well as in the

sheets. As a result, the pillared boron nitride nanostructures

can exhibit an in-plane NPR of �0.24–�0.28. Similarly, pil-

lared graphene nanostructures with the similar geometry can

also exhibit a NPR of �0.10–�0.14.81

4. Other mechanisms

a. Cubic crystals. Some crystals exhibit NPR if they are

loaded in a particular direction at both nano and macro

length scales.11,15,16 As mentioned above, 69% of the cubic

elemental metals show NPR if stretched along the [110]-

direction.16 Fig. 10 provides simple geometrical arguments

based on the pairwise central force assumption to explain the

auxetic mechanism for a BCC crystal. Under tensile loading

along the [110]-direction (marked by the white arrows),

decreasing the angle 143 is the only way to maintain the

length of the bonds, resulting in the decrease of the distance

FIG. 7. Structure for hydrogenated

graphene of size 200� 200 Å at room

temperature. The left top panel shows

the pure graphene (i.e., percentage of

hydrogenation p¼ 0.0). The other

three panels show the hydrogenated

graphene with p¼ 0.05, 0.3, and 1.0.

The central inset shows the chairlike

hydrogenation pattern for the fully

hydrogenated graphene with p¼ 1.0,

where hydrogen atoms are bonded to

carbon atoms on both sides of the

plane in an alternating manner. The

colorbar is with respect to the z-

coordinate of each atom. Reproduced

with permission from Jiang et al.,
Nanoscale 8, 15948 (2016). Copyright

2016 The Royal Society of

Chemistry.79

FIG. 8. The Poisson’s ratio versus the percentage of hydrogenation for gra-

phene of size 200� 200 Å at room temperature. Reproduced with permis-

sion from Jiang et al., Nanoscale 8, 15948 (2016). Copyright 2016 The

Royal Society of Chemistry.79

FIG. 9. Schematic picture of pillared

boron nitride made of 1D boron nitride

nanotube and 2D monolayer h-boron

nitride sheets. Reproduced with per-

mission from N. Sakhavand and R.

Shahsavari, J. Phys. Chem. C 118(39),

22730 (2014). Copyright 2014

American Chemical Society.80
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between atoms 1 and 3 along the [100]-direction. The move-

ment of atoms 1 and 3 causes atoms 5 and 6 to move apart

along the [1�10]-direction, providing a negative Poisson’s

ratio.16 Based on this simple analysis, the atoms move rig-

idly and the value of the NPR is �1.

Wu et al. proposed a 3D nano-truss matrix in which

(6,6) carbon nanotubes with length N are connected by coa-

lescence of fullerenes, where the similarity of the truss struc-

ture to a BCC unit cell (Fig. 11) explains the resulting

auxeticity.82 The Poisson’s ratio � is strongly dependent on

the length of the carbon nanotube. As the length increases,

the rigid movement mechanism of the fullerenes is more sig-

nificant and thus the auxeticity is higher.

b. Saint-Venant effects. As mentioned above, a pristine

single-walled carbon nanotube might theoretically exhibit

auxeticity, although it is difficult to realize in practice.

However, the Poisson’s ratio of single-walled carbon nano-

tubes with non-reconstructed vacancies (i.e., ideal vacancy

defects at 0 K) shows large variation and is dependent on

the tube geometry, the percentage, and location of vacan-

cies.83 When the defects are close to the end of the nano-

tube, the Saint-Venant effects on the loading condition, i.e.,

the non-uniform distribution of the applied axial forces

around the vacancies, are significant. We note that the Saint

Venant’s principle refers to the notion that stress from self-

equilibrated load distributions tend to decay much more

rapidly with distance than stress or strain from distributions

equivalent to a net force or moment. As a result, there is

out-of-plane rotation of C-C bonds that is connected to the

vacancies and local radial expansion of the nanotube under

tension. Hence, locally NPR can be obtained in the

nanotube.

III. EXPERIMENTAL STUDIES ON NANOMATERIAL
NPR

A. Auxeticity for pure nanomaterials

1. Black phosphorus

For bulk materials, the Poisson’s ratio can be measured

directly by recording the position of location markers during

the loading process, while the out-of-plane Poisson’s ratio

can be obtained with the thickness determined by scanning

electron microscopy (SEM).59 In contrast, very few experi-

mental studies of the auxetic behavior of nanomaterials have

been performed. However, for nanoscale 2D black phospho-

rous, a recent experiment provided indirect evidence for the

auxeticity of black phosphorus by measuring the strain-

induced frequency shift of the A1
g phonon mode displayed in

Fig. 12.84

The vibrational frequency for the A1
g phonon mode is

shifted by uniaxial in-plane strains for black phosphorus.

The frequency is reduced when black phosphorus is stretched

along the armchair or zigzag in-plane direction. This fre-

quency shift has also been measured in previous experi-

ments.85,86 From the vibration morphology of the A1
g mode,

the frequency of this phonon mode is related to the inter-

FIG. 10. The structural origin of a negative Poisson’s ratio along the [1�10]-

direction as stretched along [110]-direction for the case of a rigid-sphere

BCC crystal. The white arrows indicate the loading direction. Reprinted

with permission from Baughman et al., Nature 392, 362–365 (1998).

Copyright 1998 Macmillan Publishers Ltd.16

FIG. 11. Schematic illustration for the

3D carbon nanotube-fullerene nano-

truss. A fullerene (left); a unit cell of

BCC-lattice (middle); one representa-

tive unit cell of 3D nano-truss matrix

(right), similar to a BCC unit cell.

Reproduced with permission from Wu

et al., Comput. Mater. Sci. 80, 15–26

(2013). Copyright 2013 Elsevier.82

FIG. 12. Vibration morphology for the A1
g phonon mode in black

phosphorus.
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group bond in the out-of-plane direction. For few-layer

(or bulk) black phosphorus, its frequency is also related to

the space between adjacent black phosphorus layers. The

experimentally observed reduction of the frequency for this

phonon mode indicates that either the inter-group bond

length or the inter-layer space has been enlarged, as a larger

inter-atomic distance leads to a weaker atomic interaction

for the P-P bonds.84 Hence, the stretching induced reduction

of the frequency for the phonon mode provides evidence for

the auxeticity of black phosphorous that has been obtained

theoretically.26,31,32

B. Auxeticity for nanomaterial composites

While experiments for auxetic behavior in individual

nanomaterials have been rare, there have been some experi-

ments demonstrating auxeticity for composites containing

nanomaterials. These composites are typically on the macro-

scopic size scale, enabling the Poisson’s ratio to be measured

using the standard photograph technique or by recording the

loading induced structural deformation with the help of loca-

tion markers.

1. Carbon nanotube sheets and films

While the Poisson’s ratio for both single-walled and

multi-walled carbon nanotubes is positive, it was found that

the Poisson’s ratio for carbon nanotube sheets containing

fiber networks (buckypaper) can be reduced by increasing

the weight percentage of multi-walled carbon nanotubes in

the composites.87,88 The in-plane Poisson’s ratio for the

nanotube sheets becomes negative if the weight percentage

of multi-walled carbon nanotube exceeds about 73%, where

a limiting NPR value of �0.2 can be achieved in nanotube

sheets with 100 wt. % of multi-walled carbon nanotubes.

Considering that both single- and multi-walled carbon nano-

tubes have positive Poisson’s ratio, the auxeticity for nano-

tube sheets should result from the assembly of nanotubes in

the complex sheet network shown in Fig. 13.

In the measurement of the in-plane Poisson’s ratio,

nanotube sheets were coated with trace amounts of TiO2 par-

ticles for position marking. Digital images captured for the

nanotube sheets were analyzed using an image correlation

software to determine the variation of the distance between

TiO2, giving the lateral strains during the deformation pro-

cess. To measure the out-of-plane Poisson’s ratio, the change

of the thickness was obtained by SEM during the deforma-

tion process.

While nanotubes in this experiment are randomly

assembled, another experiment demonstrated that the in-

plane Poisson’s ratio can be decreased to �0.5 for sheets

with highly oriented carbon nanotubes.89 The auxetic prop-

erty can be maintained (with value �0.53) by embedding

carbon nanotubes in the polymer matrix. Their theoretical

model indicates that the auxeticity can be attributed to the

realignment of curved nanotubes during stretching.

In another experiment, it was reported that the sign of

the Poisson’s ratio for the carbon nanotube film depends on

the strain during stretching.90 The Poisson’s ratio changes

from negative to positive when the applied tensile strain is

larger than a critical value. The critical strain value is larger

in the nanotube film constructed by thinner carbon nano-

tubes, which is explained using the theoretical model shown

in Fig. 14. Carbon nanotubes are rippled in the films. For

smaller strain, the deformation of the nanotube film can be

modeled in Figs. 14(a) and 14(c), where curved carbon nano-

tubes are straightened, resulting in the expansion of the

film during stretching, and thus a NPR. When most carbon

nanotubes have been straightened, a further stretching of the

nanotube film can be simulated in Figs. 14(b) and 14(d),

which yields a positive value for the Poisson’s ratio. For

films with thinner nanotubes, the critical strain is larger,

because more strain is needed to straighten all carbon nano-

tubes, considering that thinner nanotubes undergo more

bending in Fig. 14(a).

2. Graphene metamaterials

Recently, Zhang et al. observed auxeticity in a three-

dimensional graphene metamaterial with an ordered hyper-

bolic pattern and hierarchical honeycomb-like scaffold of

the microstructure.91 A Poisson’s ratio value of �0.38 was

observed in a properly designed sample with local oriented

“buckling” of multilayer graphene cellular walls as the

microstructure. The evolution of the microscopic structure

during compression was monitored using SEM.

The auxeticity was attributed to the microstructure of

the orthogonal-hyperbolic pattern, which is realized by a

proper freeze-casting orientation and a macroscopic aspect

FIG. 13. SEM images of the surfaces of buckypaper containing (a) 0 wt. %,

(b) 47.1 wt. %, (c) 72.7 wt. %, and (d) 100 wt. % multi-walled carbon nano-

tube content. Different magnifications are shown in top and bottom parts of

each image. The scale bars for the upper and lower images in (a)–(d) corre-

spond to 2 lm and 200 nm, respectively. Reprinted with permission from

Coluci et al., Phys. Rev. B 78, 115408 (2008). Copyright 2008 American

Physical Society.87
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ratio. In this pattern, graphene based cellular walls will pre-

sent oriented buckling-induced ripples during compression,

which provides the fundamental mechanism for the auxetic-

ity of the graphene metamaterial. We note that this experi-

ment sheds light on the ripple-induced auxeticity mechanism

in graphene as discussed in Section II B 3, as the subsequent

freezing process (closely related to ripples) plays an impor-

tant role in manipulating the Poisson’s ratio in this

experiment.

IV. FUTURE PROSPECTS AND SUMMARY

A. More experimental studies needed

From the above, it is clear that more experiments are

needed for the field of auxeticity in nanomaterials. The

Poisson’s ratio for bulk materials can be measured by

directly recording the structural evolution during deforma-

tion such as taking photographs at the macroscale or using

the SEM at the microscale.4,34,87,89,92 The lateral resultant

strain and the applied strain can be measured simultaneously

by analyzing the photographs or the SEM pictures using a

digital correlation analysis software. For example, in carbon

nanotube sheets, the in-plane Poisson’s ratio is measured by

taking photographs while the out-of-plane Poisson’s ratio is

obtained from the SEM images.87 Sometimes, markers will

be introduced to facilitate a more accurate recording for the

structural deformation of the specimen during loading

test.87,92

For low-dimensional nanomaterials, we are only aware

of one indirect detection of the auxetic phenomenon in black

phosphorus,84 while direct experiments are still lacking.

However, it may be possible to use direct imaging techni-

ques such as the SEM to measure the Poisson’s ratio

considering recent demonstrations of experimental capability

in manipulating and deforming graphene to very large

(>200%) uniaxial strains. Specifically, Blees et al. were able

to capture the structure change during the stretching of the

graphene kirigami (“kiru,” cut; “kami,” paper) using the

SEM technique,93 which was also predicted through MD

simulations.94 Within this experimental setup, it may be pos-

sible to directly measure the Poisson’s ratio for pure gra-

phene or specifically engineered graphene, for which the

auxeticity has been theoretically predicted.

In addition, many of the specifically engineered struc-

tures are also realizable in current experiments. The hydro-

genation process can be realized experimentally, and the

process is reversible.95,96 Experiments have demonstrated a

fairly good degree of control over the vacancy defects in gra-

phene.97,98 The thermally induced ripples can be manipu-

lated utilizing the difference in the thermal expansion

coefficient of graphene and substrate.99 According to very

recent experiments,91 the thermally induced ripple is a possi-

ble mechanism for the auxeticity observed in graphene meta-

materials. Furthermore, nanomaterials can usually sustain

large mechanical strain, and the strain can be engineered

over a wide range in these nanomaterials, which eases the

measurement of the Poisson’s ratio.100–102

B. More auxetic nanomaterials

1. Search for auxetic nanomaterials

There are several directions that can be pursued for

exploring the mechanisms underpinning auxeticity, or appli-

cations exploiting the newly uncovered property of auxetic-

ity in nanomaterials.

a. New auxetic mechanisms. Nanomaterials have some

novel features as compared with bulk materials, and some of

these novel features can induce considerable auxeticity. For

example, surface and edge effects can dominate mechanical

properties in nanomaterials, due to their large surface to vol-

ume ratios. The out-of-plane ripples in two-dimensional

atomic-thick nanomaterials can induce strong effects on vari-

ous physical properties. Therefore, it is important to examine

additional out-of-plane deformation mechanisms similar to

edge or rippling effects that are unique to nanomaterials. For

example, besides the common Poisson’s ratio related to ten-

sion, it may be also interesting to search for possible auxetic-

ity in the bending Poisson’s ratio.103

b. More auxetic nanomaterials. Auxeticity has been

shown to be intrinsic for black phosphorus, graphene, and

borophene. A natural question arises: will the auxeticity be

an intrinsic property for other nanomaterials? Hence, it is

necessary to examine possible auxetic phenomenon for h-

BN, MoS2, etc. In particular, the thermal or defect induced

rippling is a characteristic feature for all two-dimensional

nanomaterials, so the ripple-induced auxeticity may occur

in other two-dimensional nanomaterials beyond graphene.

The auxeticity resulting from the competition between

multiple deformation modes40 may also be found in these

two-dimensional nanomaterials, which exhibit similar

FIG. 14. Deformation mechanisms [(a) and (b)] of carbon nanotube films for

negative and positive Poisson’s ratios. [(c) and (d)] The evolutions of the

basic unit structure for negative and positive Poisson’s ratio. Reproduced

with permission from Appl. Phys. Lett. 97, 061909 (2010). Copyright 2010

AIP Publishing LLC.90
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competition between the bond stretching and angle bending

interactions.

c. Geometrically patterned auxetic nanomaterials. Graphene

can be cut into specific geometric patterns, which can be

regarded as nanoscale counterparts for previous geometrical

auxetic models that were applied to bulk materials and struc-

tures. It will be of practical significance to examine possible

auxeticity in graphene and other two-dimensional nanomate-

rials that are cut following specific auxetic geometries. For

example, the rotating squares model was proposed by Grima

and Evans as an auxetic mechanism,57 and this geometrical

model is realized by Kim’s group using patterned gra-

phene.56 As another example, some periodic pleated origami

geometries are predicted to be auxetic,104 which should be

able to be realized in the experiment using the present

graphene-based kirigami technique.93 Finally, it will also be

important to determine if new patterns may emerge at the

nanoscale by exploiting certain physics, i.e., edge and sur-

face effects, ultralow bending moduli, etc., that are only

observed in nanomaterials.

d. Auxetic nanomaterial composites. While it is certainly

more challenging to measure the Poisson’s ratio at the nano-

scale, the assembly of nanomaterials can result in macroscale

structures, where the experimental equipment needed to mea-

sure the Poisson’s ratio is well established. This may have

important practical consequences, as many of the most inter-

esting applications of nanomaterials occur at the macroscale.

For example, silicon nanowires are usually assembled into

silicon nanowire networks for specific applications as electric

devices105–108 or solar cells.109 Furthermore, the assembly of

nanomaterials will result in many new mechanisms for gener-

ating auxeticity due to the complex interactions between nano-

materials. Researchers interested in this direction may draw

initial inspiration from early successes such as auxetic carbon

nanotube fibers87–90 and auxetic graphene metamaterials.91

2. Design of auxetic nanomaterials and
nanostructures

Besides searching for auxeticity in existing nanomateri-

als, it is also important to develop proper optimization

approaches for the design of auxetic nanomaterials. Such

studies have to-date been done on an ad hoc basis for nano-

materials, as a systematic approach for the design and opti-

mization of auxetic nanomaterials has not been developed,

which is in contrast to the large literature that has emerged

regarding the design and optimization of bulk auxetic materi-

als.110–116 In a similar way, it may be possible to design aux-

etic structures on the nanoscale level with some specifically

chosen basic nanoscale elements such as nanoscale defects

and edge/surface effects.117,118

C. Applications of auxetic nanomaterials

1. Novel applications

While the search for more auxetic mechanisms and

nanomaterials is essential, it is also important to begin

investigating possible applications for auxetic nanomateri-

als. Besides the applications commonly proposed for bulk

auxetic materials, i.e., tougher materials,119 national secu-

rity and defense, sound and vibration absorption,120,121 it is

likely that new, unexpected applications may emerge for

nanoscale auxetics due to their unique, nanoscale dimen-

sionality and properties. For example, the lattice constants

of some graphene allotropes are tunable, which enables the

hollow lattice structure to be used as a filter.122 As one pos-

sible application, auxeticity can be exploited in cleaning fil-

ters by stretching, as the pore size will increase due to the

NPR.

Graphene with nanopores can be used to determine the

sequence of DNA molecules with high resolution, which

takes advantage of its high stiffness and high in-plane elec-

trical conductivity.123–128 Theoretical studies have shown

that these free edges can induce auxeticity in graphene for

strain less than 1%.55 Using the abnormal geometrical

response (expand upon stretching) of the auxetic graphene

hole, it may be possible to tune the contact between the gra-

phene hole and the DNA molecules, so that the DNA

sequencing process can be finely tuned through mechanical

strain. These are two speculative applications of auxetic

nanomaterials, though we expect that many more will

emerge through the ingenious nature of the scientific

community.

2. Auxetic effects on physical properties

A final, and likely intellectually rich area for future

investigation from both the fundamental scientific point of

view as well as the practical application point of view, is the

consideration of the coupling of auxetic mechanical proper-

ties on other physical properties in nanomaterials.

For bulk materials, the auxetic effects on various physi-

cal properties have been widely examined.119,120,129–149 The

auxetic effects can be obtained directly from the analytic for-

mulas for isotropic materials within the classical elasticity

theory. For example, in three-dimensional isotropic materi-

als, the speed of sound is proportional to ð1þ �Þ�1=2
, and

the hardness is related to ð1� �2Þc with c as a constant.

Hence, auxeticity with � ! �1 leads to the enhanced speed

of sound and enhanced toughness.

However, for nanomaterials, very few studies have

examined the connection between the Poisson’s ratio and

other physical properties.150 Furthermore, according to Eq.

(3), the Poisson’s ratio for graphene is in the range

�1=3 < � < 1. In particular, the most negative value for

the Poisson’s ratio (�1/3 for graphene) is different from the

lower bound of �1 for two or three-dimensional isotropic

materials. Furthermore, the lower bound value of �1/3 pre-

viously reported for graphene35 may be different for other

atomically thin 2D materials. This implies that traditional

bulk auxetic applications, such as enhanced speeds of sound

or toughness, may need to be re-examined for graphene and

probably other nanomaterials. Thus, it is necessary to

develop an analytical and mechanistic understanding of

how auxeticity impacts the other physical properties in

nanomaterials.
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