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Abstract. Various carbon nanostructures and their properties are of great interest nowadays. It 
is well known that graphene has unique mechanical properties among other carbon 
nanomaterials and at some conditions graphene can show auxetic behavior which means that it 
can have negative Poisson’s ratio. From the consideration of the mechanical properties of 
graphene and 3D carbon-based nanomaterials, several groups of promising candidates to be 
auxetics can be mentioned. In this study, mechanical properties of strained graphene and 
different diamond-like three-dimensional structures based on carbon nanotubes (tubulanes) are 
investigated by molecular dynamics method. It is shown that graphene has negative Poisson’s 
ratio under homogeneous tensile strain above 0.12. It is found that three of the studied tubulanes 
have negative Poisson’s ratio.  
Keywords: auxetics, graphene, tubulanes, carbon nanostructure, mechanical properties. 

1. Introduction
Materials with negative Poisson’s ratio, also termed auxetics, have been extensively studied for 
many years [1-10]. Auxetic materials present the possibility of manufacturing structures and 
composites with improved mechanical properties such as higher shear modulus or greater 
indentation resistance [11]. It is well known, that auxetic behaviour can lead to increased 
vibration and acoustic absorption properties [12]. When conventional materials are uniaxially 
stretched, they usually deform in such a way that their lateral dimensions decrease, which can 
be quantified by Poisson’s ratio defined by 

i

j
)ij( ε

ε
−=ν . (1) 

Here, εi is the applied uniaxial strain in i-direction and εj is the corresponding strain in an 
orthogonal j-direction. For auxetic materials, the value of Poisson’s ratio would be negative 
since applied strain is positive but thickness increases and thus εj is also positive. Auxetic 
behavior is generated by material’s internal structure and mechanism of deformation under 
external loading. Semi-auxetic (or partially auxetic) materials are defined as those that exhibit 
negative Poisson’s ratio in some Cartesian planes and positive in the others. 
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It has been shown that negative Poisson’s ratio can be found for tension along different 
directions for anisotropic materials [13-24]. Among materials with negative characteristics are 
metals with the cubic anisotropy (for example, Li, Na, Fe, K, Cu, Ag, Au, Ni, Cs, Ca), chain 
organic molecules, paper-type structures, folded sheet materials, foams, zeolites etc. Despite a 
large number of existing auxetics, the search of new auxetic materials is still of high importance. 
Graphene and other carbon nanostructures look very promising to exhibit auxetic behavior, 
which was previously confirmed. In Fig. 1, the auxetics among carbon nanostructures reported 
to date are shown. As it can be seen, several methods can be applied for Poisson’s ratio 
engineering: introduction of defects, application of a strain, corrugation, and fabrication of 
carbon nanostructures with complex architectures. 

 

 
Fig. 1. Auxetics among carbon nanostructures: (a) carbon nanotube with defects, (b) 

graphene, (c-e) 3D nanostructures: graphene nanotruss network [38], three-dimensional 
carbon foam [40], diamond-like phase A3, correspondingly. 

 
Despite recent successful attempts to discover auxeticity in graphene-based and related 

carbon-based materials, the routes to convert graphene to a material with significant auxetic 
characteristics at ambient conditions are still to be identified. To date, auxeticity was found 
mostly for carbon nanotubes [1, 2, 25-28] or graphene which is already known to have some 
negative parameters, for example, negative thermal expansion, potential auxeticity at various 
conditions, such as very high temperatures [29] or resonance under fully blocked boundary 
conditions [30]. Effect of different factors on auxeticity was studied for graphene [9, 31, 32]. 
For example, corrugation can effectively lead to auxeticity of graphene [9, 33]. The lowering 
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of Poisson’s ratio was found due to an introduction of low concentrations of vacancies. In recent 
years, graphene kirigami (Fig.1 b) has been investigated due to its specific properties under 
deformation [34] and unusual auxetic behaviour [35].  

One of the ways to achieve auxeticity and to tailor the anisotropy is the development of 
3D carbon-based network structures. Among 3D carbon nanostructures are diamond-like 
phases composed of fullerenes connected to each other by covalent bonds [36], pillared 
graphene which is the 3D combination of graphene sheets and carbon nanotubes [37], graphene 
nanotruss network with FCC geometry [38]. Several computational studies were carried out to 
explore the mechanical properties of such novel 3D nanostructures. Configurations with 
negative Poisson’s ratio were found for all the mentioned above structures, for example, pillared 
graphene and diamond-like phases based on the fullerene-like molecules [37, 39, 40], which 
opens new opportunities for designing nanostructures with a high bulk modulus. Also, for 
graphene and carbon nanotubes one of the possible ways to tune negative values of Poisson’s 
ratio is the application of a homogeneous strain [38, 41]. For example, an in-plane negative 
Poisson's ratio, intrinsically existing in the graphene-based 3D carbon foams, is found when 
they are compressed uniaxially [41]. In general, negative Poisson’s ratio in these structures is 
attributed to their unique molecular structures and it is triggered by the buckling of the structural 
elements.  

For better understanding of the auxeticity of carbon nanostructures, careful investigation 
of the mechanical properties of carbon nanopolymorphs and 3D carbon-based structures is 
required. This work presents the results on controlling graphene properties by elastic 
deformation to achieve negative Poisson’s ratio. Several auxetic structures are also found 
among diamond-like phases. All the results are obtained by molecular dynamics simulations. 

 
2. Simulation details 
Two types of structures are considered in the present work: plane graphene with the sp2-
hybridisation of atoms and diamond-like 3D phases (DLPs) with the sp3-hybridisation of atoms. 
To study mechanical properties of carbon structures, several approaches have been developed, 
for example, molecular dynamics models based on Brenner [42] or AIREBO [43] potentials. A 
description of existing models and their comparison with each other and experimental results 
is presented in [30, 44]. In the present work, the simulation of graphene is carried out using the 
standard set of interatomic potentials developed by Savin [45], while carbon diamond-like 
phases are simulated using the AIREBO potential. Both potentials were successfully used for 
investigation of various properties of carbon structures such as thermal conductivity [45, 46], 
nonlinear properties [47-50], vibrational modes localized at the graphene edges [51, 52], 
stability range of graphene [38-40] etc. All details of the standard set of potentials can be found 
in [45] and those of AIREBO potential in [43]. 

A pristine graphene sheet is constructed and positioned in the xy-plane with the zigzag 
direction being aligned parallel to the x-axis. The primitive cell of flat graphene defined by the 
translation vectors a1, a2 contains two carbon atoms, each having three degrees of freedom (Fig. 
2). Periodic boundary conditions are applied along x and y directions. 
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Fig. 2. Graphene structure with the numbering of atoms. Primitive translation cell of graphene 

is shown by the vectors a1, a2. 
 
To calculate elastic moduli, small elastic normal (ɛxx, ɛyy) and shear (ɛxy) strains are applied 

to the computational cell within the stability region of flat graphene and the resulting stress 
components σxx, σyy and σxy are calculated. Poisson’s ratio ν can be defined as the ratio between 
transverse and longitudinal strain components taken with the negative sign, as expressed by (1). 

Carbon DLPs are three-dimensional carbon structures, where each carbon atom is 
connected to four other atoms by covalent bond, similar to the diamond structure. DLPs that 
include structures based on polymerized fullerene-like molecules, graphene sheets, carbon 
nanotubes were theoretically predicted in [36]. The structural features depend on the unit cell 
and its anisotropy (cubic, tetragonal or orthorhombic). Examples of such bulk structures are 
shown in Fig. 3 in a perspective view. Methods of synthesis and production of such structures 
have been actively studied for the last few years, because such DLPs and diamond-like films 
are promising for the creation of protective coatings, transportation of pharmaceuticals, and the 
creation of "smart" organic filters. 

 

 
Fig. 3. Examples of 3D structures based on polymerized (a) a fullerene-like molecules, 

(b) graphene sheets, (c) carbon nanotubes. 
 
In this paper, carbon DLPs based on carbon nanotubes (called tubulanes) are studied. To 

create a DLP, home-made program is used: known initial coordinates of atoms inside the 
primitive cells and translation vectors are used to construct 3D structures by simple translation 
of the cell (shown in Fig. 3) along three dimensions. To clarify some features of the structures, 
several important parameters of the stable DLP considered in the present work are presented in 
Table 1 (taken from [36]) where a, b, c are lattice parameters for hexagonal (TA7, TB) and 
tetragonal (TA1, TA3, TA5, TA6) lattice, ρ – density of the structure, N – number of atoms in 
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the primitive cell. Positions of each atom in the primitive cell and other structural characteristics 
(for example, valence angles, sublimation energies, etc.) can be found in [36].  
 
Table 1. Structural characteristics for tubulanes. 

Tubulanes a (Å) b (Å) c (Å) ρ (g/cm-3) N 
TA1 6.461 6.461 2.577 2.966 16 
TA3 3.558 3.558 4.314 2.921 8 
TA5 6.917 6.917 4.406 3.027 24 
TA6 7.007 7.007 4.165 3.122 32 
TA7 6.856 6.856 4.710 2.820 24 
TB 4.421 4.421 2.530 2.794 6 

 
 

 
Fig. 4. Primitive cells for the six studied tubulanes. 

 
To calculate stiffness and compliance constants for DPL, the following methodology is 

applied: small single-component tensile σxx, σyy or shear σxy stress is applied to the computational 
cell and the corresponding strain components ɛxx, ɛyy and ɛxy are calculated. All the structures 
are thermalized at the temperature close to 0 K with the Nose-Hoover thermostat. Compliance 
coefficients are found from the Hooke’s low taking into account symmetry of the structure. 
 
3. Simulation Results 

3.1. Graphene. Graphene, one-atom-thick layer of carbon atoms, shows unique 
mechanical, physical and electronic properties. Previously, Poisson’s ratio of graphene was 
found to be equal to 0.416 and 0.456 by molecular mechanics (MM) simulations with Tersoff-
Brenner [53] and COMPASS force field [54] potentials, respectively, to 0.398 by MD using 
REBO potential [55] and to 0.310 by tight-binding simulations [56]. In the present work, 
Poisson’s ratio of unstrained defect-free graphene calculated by MD with the standard set of 
interatomic potentials is equal to 0.52 and calculated by MD with AIREBO potential is equal 
to 0.474 that is close to known to date experimental results. It should be noted that different 
simulation methods and interatomic potentials give a variance of the magnitude of Poisson’s 
ratio and to date there is no method for an exact calculation of the elastic constants. 
Nevertheless, according to [57, 58], among various potentials for molecular dynamics AIREBO 
can describe mechanical properties quite well. 

Various conditions and external effects can lead to the achievement of a negative 
Poisson’s ratio and it is very important to find proper conditions to tailor graphene to the auxetic 
form. The well-known successful approach to improve properties of nanostructured materials 
is elastic strain engineering [59], which is a rapidly developing branch of materials science. It 
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was previously shown, that graphene can have negative Poisson’s ratio resulting from a de-
wrinkling mechanism [9], which mimics the behavior exhibited by a crumpled sheet of paper 
when it is stretched. As it was shown theoretically, any isotropic elastic body under hydrostatic 
pressure can have negative Poisson’s ratio within the region of its thermodynamic stability [60]. 
Negative Poisson's ratio is detected in graphite under negative pressure in [61]. Thus, in the 
present work, strain is also used to tune graphene properties. 

At first, graphene plane was stretched along x and y direction at different combinations 
of strain values to define the stability region. The stability analysis of infinite, flat graphene 
sheet under in-plane stain has been performed by calculating the frequencies of phonon modes, 
using the methodology presented in [37, 38]. The flat shape of infinite graphene sheet is stable 
if there are no negative eigenvalues in the phonon spectrum throughout the first Brillouin zone. 
When no imaginary frequencies in the phonon spectrum of strained graphene are found, it is 
stable, otherwise it is unstable. Stability region of graphene (at exy=0) [62-64] is shown in Fig. 
5 in the two-dimensional space of elastic strain components (exx, eyy) by solid black line. As it 
can be seen from Fig. 5, graphene can sustain quite high elastic strain level: about 0.37 tension 
along zigzag direction and about 0.27 tension along armchair direction. If the border of the 
stability region is crossed from inside on an increase of exx or/and eyy then fracture of graphene 
takes place.  

 

 
Fig. 5. The stability region of flat graphene in the space of the in-plane strain components exx, 

eyy. In red region graphene has negative Poisson's ratio. 
 

Graphene subjected to an in-plane uniform strain (at each point of the stability region 
with the strain step 0.01) is then relaxed to find the minimum energy shape. If the flat structure 
of graphene is stable, the out-of-plane perturbations disappear as a result of relaxation. If it is 
unstable, the nanoribbon either fractures or evolves to a shape with out-of-plane displacements 
of atoms. The relaxation was carried out by means of MD with a viscosity term introduced into 
the equations of atomic motion. The value of the viscosity coefficient was optimized to speed 
up the relaxation process.  

Let us consider the calculation of Poisson’s ratio in the present model in details. The main 
strain components are written as exx and eyy while local strain components are written as εxx and 
εyy. Once an equilibrium strained configuration is obtained, a small (local) tensile loading is 
applied at each point of the stability region (for example, points A or B). Corresponding to the 
applied small single-component tension εxx = ε in the x direction, the resultant strain in the y 
direction is computed as 
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0

0
yy

l l
l

ε −
= ,   (2) 

where l is the length after stretching and l0 is the initial length. Then, the Poisson's ratio is 
calculated from Eq. (1). At the point A (exx = 0.1, eyy = 0.1) small strain 10.005 0.01xxε< <  is 
applied and local strain 1

yyε  is calculated the same as for point B. Obviously, if 0xxε >  and 

0yyε < , Poisson's ratio is positive and if 0xxε >  and 0yyε > , it is negative. Thus, for the strain 
inside the white region graphenes behave like a conventional material (where point A is 
located), but for the strain inside the red region it is auxetic (where point B is located). As it can 
be seen from Fig. 5, for tension higher than exx ∼ 0.2 along zigzag direction and eyy ∼ 0.25 along 
armchair direction graphene has a negative Poisson’s ratio. Negative Poisson’s ratio is found at 
the biaxial strain exx=eyy > 0.12. The region with negative Poisson’s ratio (red region in Fig. 5) 
is much wider along the zigzag direction (x axis) than along the armchair direction (y axis).  

3.2 Carbon diamond-like phases (tubulanes). Four of DLPs studied here (TA1, TA3, 
TA5, TA6) have tetragonal anisotropy and two DLPs (TA7, TB) have hexagonal anisotropy. 
Using Hooke’s law for anisotropic solids [67] the compliance coefficients for various choices 
of non-zero stress components xxσ , zzσ , xzσ  or xyσ  can be calculated from the following 
formulas for crystals with tetragonal anisotropy: 

xx

xxs
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ε
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Then, stiffness coefficients can be calculated from relations 
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where 02)ss(ss 2
13121133 >−+= s . 

As it was already mentioned, four tubulanes studied in this work have 6-constant 
tetragonal symmetry. Elastic properties of such structures are fully characterized by six 
independent compliance coefficients s11, s33, s44, s66, s12 and s13 on which thermodynamic 
constraints 0s11 > , ( ) 1ss/s2s/s1 1133

2
131112 −>> , 0s33 > , 0s44 > , 0s66 >  are imposed. The 

compliance and stiffness coefficients calculated with the help of (2) are given in Table 2. For 
tetragonal crystals Poisson’s ratio ν  and Young’s modulus E  can be expressed in terms of 
Euler’s angles as follows [23]: 

ψψθϕ+ψθϕ+ψθϕ=
ν

− cossin),(Dsin),(Bcos),(A
E
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2
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1 4
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,s5.0ss 6612111 −−≡∆  ,s5.0ss 4413112 −−≡∆  441333113 ss2ss −−+≡∆ .   (10) 
Here, Young’s modulus is a periodic function with periods 2/T π=ϕ , π=θT , and 

Poisson’s ratio has periods 2/T π=ϕ , π=θ 2T , π=ψT .  
Table 3 shows the extreme values of Poisson’s ratio for tubulanes calculated with the help 

of Eqs. (3)-(8). From these results, it can be seen that one of considered DLP is auxetic. 
Negative values of Poisson’s ratio are observed for TA6 ( 03.0min −=ν ). In Fig. 6 the auxeticity 
surface ( 0=ν ) is shown for the structure TA6 in the space of Euler’s angles ϕ , θ , ψ . 
Auxeticity zone is inside these surfaces. With the help of this zone it is possible to determine 
the direction of extension (unit vector n ) and transverse deformation (unit vector m ) at which 
negative Poisson’s ratio will be observed. The connection between vectors n  and m  with 
Euler’s angles ϕ , θ , ψ  has the form  
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sin sin
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Table 2. Values of the compliance coefficients ijs  and stiffness coefficients ijc  for tubulanes. 

Tubulanes s11, 
TPa-1 

s12, 
TPa-1 

s13, 
TPa-1 

s33, 
TPa-1 

s44, 
TPa-1 

s66, 
TPa-1 

TA1 2.15 -0.88 -0.52 2.63 7.90 5.51 
TA3 1.90 -0.71 -0.53 2.59 7.76 4.96 
TA5 1.55 -0.49 -0.30 1.14 5.60 2.16 
TA6 1.47 -0.01 -0.13 0.82 4.73 2.77 
 
Tubulanes c11, 

GPa 
c12, 
GPa 

c13, 
GPa 

c33, 
GPa 

c44, 
GPa 

c66, 
GPa 

TA1 652 318 196 461 130 182 
TA3 707 294 165 464 129 201 
TA5 820 350 226 989 179 463 
TA6 690 13.8 109 1255 212 361 

 
Table 3. Minimum (νmin) and maximum (νmax) values of Poisson’s ratio for tubulanes. 

Tubulanes Result νmin νmax 
TA1 non-auxetic 0.20 0.41 
TA3 non-auxetic 0.20 0.40 
TA5 non-auxetic 0.01 0.55 
TA6 auxetic -0.03 0.41 
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Fig. 6. Auxeticity surface ( 0=ν ) for tubulan TA6. 

 
4. Conclusions 
Results presented in this paper show that two- and three-dimensional carbon nanostructures can 
have an auxetic behavior. Three-dimensional assembly of graphene, carbon nanotubes or 
fullerenes can lead to the production of porous structures with novel properties, including 
auxetic behavior. The possible application of such auxetic carbon nanomaterials includes the 
design of nanocomposites, nanooscillators, membrane structures having multifunctional 
characteristics, etc.  

What is more important, carbon nanostructures with negative Poisson’s ratio can be 
designed in a controllable way. Elastic strain engineering (change of physical and mechanical 
properties by application of elastic strain), defect introduction, or change of the structural 
parameters of 3D carbon materials are the promising approaches to tune mechanical properties 
of graphene and tubulanes. As it was shown in the present work, graphene becomes auxetic 
under biaxial tension above 12%. For tension along the zigzag direction, graphene has negative 
Poisson’s ratio within the strain range 20.5%-37%, and for tension along the armchair direction 
within the range 25%-27%, where 37% and 27% are the largest values of the uniaxial strain 
that graphene can sustain being stretched along the zigzag and the armchair directions, 
respectively. As it was shown in [9], crumpling can also be used for tailoring of graphene 
properties. One of the possible ways to achieve crumpled configuration of graphene in a 
controllable manner and possibly design crumpled graphene sheet with the negative 
characteristics is, again, application of a strain [62-64]. Thus, it looks very promising to use 
strain engendering to achieve auxetic properties of graphene.  

Several intriguing results and remarkable trends reported in the present work can be 
considered as the basis for the future studies. The core issues, which are the tuning of auxetic 
properties by application of strain or introduction of defects, still require additional studies. 
Another unresolved issue is the investigation of negative characteristic of the other diamond-
like structures. Diamond-like structures presented in [39] are based only on the fullerene-like 
molecules, while the structures composed of carbon nanotubes or graphene sheet, connected by 
the covalent bonds were not studied yet. It should also be noted, that the results for graphene 
can be used for understanding of some other membrane-like materials.  
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