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For centuries, cutting and folding papers with special patterns have been used to build beautiful, flexible

and complex three-dimensional structures. Inspired by the old idea of kirigami (paper cutting), and the

outstanding properties of graphene, recently graphene kirigami structures were fabricated to enhance the

stretchability of graphene. However, the possibility of further tuning the electronic and thermal transport

along the 2D kirigami structures has remained original to investigate. We therefore performed extensive

atomistic simulations to explore the electronic, heat and load transfer along various graphene kirigami

structures. The mechanical response and thermal transport were explored using classical molecular

dynamics simulations. We then used a real-space Kubo–Greenwood formalism to investigate the charge

transport characteristics in graphene kirigami. Our results reveal that graphene kirigami structures present

highly anisotropic thermal and electrical transport. Interestingly, we show the possibility of tuning the

thermal conductivity of graphene by four orders of magnitude. Moreover, we discuss the engineering of

kirigami patterns to further enhance their stretchability by more than 10 times as compared with pristine

graphene. Our study not only provides a general understanding concerning the engineering of electronic,

thermal and mechanical response of graphene, but more importantly can also be useful to guide future

studies with respect to the synthesis of other 2D material kirigami structures, to reach highly flexible and

stretchable nanostructures with finely tunable electronic and thermal properties.

I. Introduction

The two-dimensional form of sp2 carbon atoms, so called
graphene,1–3 is widely considered as a wonder material owing
to its exceptional mechanical,4 thermal5 and electronic3 pro-
perties. Graphene in its single-layer and free-standing form
exhibits a unique combination of ultra-high mechanical and
thermal conduction properties, which include a Young’s
modulus of about 1000 GPa, an intrinsic strength of about 130
GPa4 and a thermal conductivity of around 4000 W m−1 K−1,6

outperforming all known materials. These unique properties

of graphene offer it as a promising candidate for a wide variety
of applications such as simultaneously enhancing the thermal,
electronic and mechanical properties of polymer nano-
composites, stretchable nanoelectronics, nanosensors, nano-
resonators and nanoelectromechanical systems (NEMS). The
great achievements of graphene promoted the successful syn-
thesis of other high-quality 2D materials like hexagonal boron
nitride,7 silicene,8,9 phosphorene,10,11 borophene,12 germa-
nene,13 and transition metal dichalcogenides (TMDs) like
MoS2.

14 An interesting fact about graphene lies in its unique
ability to present largely tunable15–17 and in some cases con-
trasting properties through mechanical straining,18–22 defect
engineering23–26 or chemical doping.27–32

Apart from the latest scientific advances during the past
decade, origami is an old Chinese and Japanese art with a
simple idea of transforming a flat paper into a complex and
elaborated three-dimensional structure through folding and
sculpting techniques. This idea is well-explained by the
Japanese word origami, where “ori” means “folding” and
“kami” means “paper”. Kirigami (“kiru” means cutting) is
another variation of origami which includes solely the cutting
of the paper, and therefore it is different from origami which
is achieved only by paper folding. As mentioned earlier, gra-
phene presents exceptionally high mechanical strength and

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr05231f
‡These three first co-authors contributed equally.

aInstitute of Structural Mechanics, Bauhaus-Universität Weimar, Marienstr. 15,

D-99423 Weimar, Germany. E-mail: bohayra.mortazavi@gmail.com
bUniversité catholique de Louvain, Institute of Condensed Matter and Nanosciences,

Chemin des étoiles 8, 1348 Louvain-la-Neuve, Belgium.

E-mail: aurelien.lherbier@uclouvain.be
cSchool of Mathematics and Physics, Bohai University, Jinzhou, China
dCOMP Centre of Excellence, Department of Applied Physics, Aalto University,

Helsinki, Finland. E-mail: zheyong.fan@aalto.fi
eCollege of Civil Engineering, Department of Geotechnical Engineering,

Tongji University, Shanghai, China

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 16329–16341 | 16329

www.rsc.li/nanoscale
http://orcid.org/0000-0003-3031-5057
http://orcid.org/0000-0002-0534-123X
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr05231f&domain=pdf&date_stamp=2017-10-26


stiffness, but the stretchability of graphene is limited because
of its brittle failure mechanism.4,33 For many applications
such as those related to flexible nanoelectronics, the building
blocks are requested to present a ductile mechanical
response and the brittle nature of graphene acts as a negative
factor. Therefore, engineering of the graphene structure to
enhance its ductility and more generally to provide a tunable
mechanical response can provide more opportunities for gra-
phene applications. To address this issue and inspired by the
ancient idea of kirigami, an exciting experimental advance
has been recently achieved with respect to the fabrication of
graphene kirigami, through employing the lithography tech-
nique.34,35 Experimental results confirmed the considerable
enhancement in the stretchability and bending stiffness of
graphene through applying the kirigami approach.34 This
experimental advance consequently raised the importance of
theoretical investigations to provide more in-depth physical
insight. Using classical molecular dynamics simulations,
both mechanical36,37 and thermal conductivities38 of gra-
phene kirigami were studied. In these investigations,36,38

similar to the experimental set-up,34 graphene films with
only few linear cuts were investigated. However, in another
amazing experimental study,39 the kirigami approach with
periodic and curved-cuts was employed for the engineering of
elasticity in polymer nanocomposites. This recent experi-
mental study on the polymer nanocomposite kirigami39 films
consequently highlights the possibility of the fabrication of
graphene kirigami structures with networks of curved cuts
rather than a few straight cuts (as was proposed in the earlier
investigation34). Because of the complexities of such experi-
mental set-ups, theoretical studies can be considered as
promising alternatives to shed light on the properties of
these structures. To the best of our knowledge, mechanical,
thermal and electronic transport properties of graphene kiri-
gami nanomembranes with periodic and curved cutting pat-
terns have not been studied. This study therefore aims to
explore the transport properties of the graphene kirigami
with different cutting patterns using large scale atomistic
simulations.

II. Models and methods
A. Graphene kirigami structural design

The graphene kirigami structures explored in this study were
constructed by considering periodic boundary conditions such
that they represent graphene films with repeating cuts.39 In
order to describe our modeling strategy, as shown in Fig. 1, a
sample of the constructed molecular model of graphene kiri-
gami is illustrated, along with the geometric parameters. The
length of the cuts (lc) is the first parameter that describes the
graphene kirigami. The width of the cuts is accordingly
changed to adjust the volume fraction of the materials
removed from the graphene. In this work, we considered
curved cuts which are defined by the curvature angle (θ in
Fig. 1). In this way, the curvature angles of 0 and 180 degrees

represent straight and half-circular cuts, respectively. The
longitudinal (ls in Fig. 1) and transverse (ts in Fig. 1) spacing
distances between two adjacent cuts are two other key para-
meters used to characterize the graphene kirigami structures.
In our modeling, the cut length was considered as the main
factor, which directly determines the system scale. By scaling
the cut length, other parameters were also scaled with exactly
the same ratio to keep the overall geometry of graphene kiri-
gami consistent.

B. Stretchability and thermal transport properties

We employed classical molecular dynamics (MD) simulations
to evaluate the mechanical and thermal transport properties
of graphene kirigami structures. The atomic interaction
between carbon atoms was modelled using the Tersoff poten-
tial,40,41 optimized by Lindsay and Broido.42 Among the
different possibilities for the modeling of graphene struc-
tures, the optimized Tersoff potential is highly efficient and
can be used to simulate large scale systems. More impor-
tantly, it gives reasonable predictions of both thermal con-
ductivity and mechanical properties of pristine graphene as
compared with experimental results.43–45 In our classical MD
simulations, we applied periodic boundary conditions along
the x–y planar directions. In the evaluation of the mechanical
response and thermal conductivity of graphene kirigami
nanomembranes, we assumed a thickness of 3.35 Å, the same
as that of pristine graphene. We employed the equilibrium
molecular dynamics (EMD) method to calculate the thermal
conductivity of the graphene kirigami structures, using
GPUMD,46 an efficient MD code fully implemented on
graphics processing units, to compute the thermal conduc-
tivity of large scale graphene kirigami structures. We calcu-
lated the heat flux vector with the appropriate form for many-
body potentials as described in ref. 45:

J ¼
X
i

X
j=i

ðrj � riÞ @Uj

@rji
� vi

� �
; ð1Þ

Fig. 1 Atomistic and periodic structure of graphene kirigami, to illus-
trate the key geometric parameters: the curvature angle (θ), and the
longitudinal and transverse spacing distances (ls and ts).
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where vi is the velocity of atom i, ri is the position vector of
atom i, rji is the position vector from atoms j to i, and Uj is the
potential energy associated with atom j. The thermal conduc-
tivity tensor can be acquired based on the Green–Kubo formula:

καβ ¼ 1
VkBT2

ð1
0
hJαð0ÞJβðtÞidt; ð2Þ

where kB is Boltzmann’s constant, T is the simulation tempera-
ture, and V is the total volume of the system. Thermal trans-
port in graphene kirigami nanomembranes is anisotropic, and
the thermal conductivities of a given sample were calculated in
both the longitudinal and transverse directions. We note that
when using the EMD method, accurately predicting the con-
verged thermal conductivity requires performing many inde-
pendent simulations and averaging them.47 We remind that
because of the use of an inaccurate heat-flux formula for
many-body interactions, the LAMMPS48 implementation of the
EMD method significantly underestimates the thermal con-
ductivity of graphene.45

Then, we evaluated the mechanical response of graphene
kirigami structures by performing uniaxial tensile tests at
room temperatures. In this case, we used LAMMPS,48 a free
and open-source package. As was discussed in a recent study,44

we modified the inner cutoff of the Tersoff potential from
0.18 nm to 0.20 nm, which was found to accurately reproduce
the experimental results for the mechanical properties of pris-
tine graphene. The time increment of these simulations was
set as 0.2 fs. Before applying the loading conditions, all struc-
tures were relaxed and equilibrated using the Nosé–Hoover
barostat and thermostat method (NPT ensemble). For the
loading condition, we increased the periodic size of the simu-
lation box along the loading direction at every time step and at
an engineering strain rate of 5 × 108 s−1. Simultaneously, in
order to ensure the uniaxial stress condition, the stress along
the transverse direction was controlled using the NPT ensem-
ble.44 To report the stress–strain relations, we calculated the
virial stresses every 2 fs and then averaged them over every
20 ps intervals.

C. Electronic transport properties

The electronic and transport calculations, including electronic
densities of states (DOS) per unit of surface (ρ(E) = Tr[δ(E −
Ĥ)]/S) and Kubo–Greenwood conductivities (σ(E,L)), rely on a
well-established real-space Kubo–Greenwood method.24,49–55

The electronic framework is based on a tight-binding (TB)
Hamiltonian described by a π–π* TB orthogonal model (one
orbital per carbon atom) with interactions up to the third
nearest neighbors (hopping terms are obtained as

γðdÞ ¼ γ0 e
�3:37

�
d

dCC
�1
�
, with γ0 = −2.8 eV and dCC = 1.42 Å).56,57

The Kubo–Greenwood approach combines a Lanczos recursion
scheme to obtain spectral quantities such as the DOS58 and a
Chebyshev polynomial expansion method to compute the
time-dependent electronic diffusivity (D(t )) through the evalu-

ation of the time evolution operator ÛðtÞ ¼ QN�1

n¼0
expðiĤΔt=ℏÞ,

with Δt as the chosen time step. The total diffusivity is

expressed as D = Dx + Dy with DxðE; tÞ ¼ @ΔX2ðE; tÞ
@t

and

ΔX2ðE; tÞ ¼ Tr δðE � ĤÞjX̂ðtÞ � X̂ð0Þj2� �
=Tr δðE � ĤÞ� �

. Traces
are evaluated by averaging on eight random phase
wave packets (Nrpwp = 8) on large enough systems. More
explicitly, for a given operator Â, one has

Tr½Â� ¼
XNorb

i¼1

, ϕijÂjϕii ’
Norb

Nrpwp

XNrpwp

j¼1

, φj jÂjφji, where |ϕi〉 is the

ith orbital over Norb orbitals and jφji ¼
1ffiffiffiffiffiffiffiffiffi
Norb

p
XNorb

i¼1

jϕi > eiθi
r
is a

random phase wave packet (θi
r is a random angle). At short

time, Dx,y(t ) is linear in time with the slope being the average
square velocity v2x,y(t = 0). In the following, the considered gra-
phene kirigami structures are constructed by repeating period-
ically a rectangular unit cell whose dimensions increase with
the cut length (lc = 10, 20, 40, 80, and 160 nm). Because of this
perfect periodicity, i.e. without the introduction of any stochas-
tic disorder, the long time behavior of the diffusivity D(t )
should be in the ballistic regime, i.e. a linear increase in time
with the slope being v2x,y(t = ∞). These two ballistic regimes
and their associated velocities (v2(t = 0) and v2(t = ∞)) are in
principle different. The short time velocity corresponds to the
dynamics of charge at a small scale, i.e. a graphene honey-
comb lattice, while the long time velocity corresponds to the
propagation associated with the Bloch states of the periodic
kirigami structure. However, to observe this second ballistic
signature, the simulated time propagation has to be very long,
especially for the large cuts, such that the periodicity effects at
a large scale become sufficiently significant. Actually, because
of computing limitations, this second ballistic regime is not
always reached. In between these two ballistic regimes, an
intermediate regime should be observed and may include
(pseudo) diffusive and/or localization regimes, that is a (slow
increase) saturation of D(t ) and/or a decrease of D(t ), respect-
ively. These regimes correspond to the fact that at the inter-
mediate length scale, the electron wave propagation encoun-
ters scattering related to the presence of cuts and interferences
related to these multiple scattering events. A similar transient
phenomenon was observed in a previous study on carbon
nanotubes doped periodically with nitrogen atoms.59 The
determination of mean elastic scattering times and paths (τ
and le, respectively) is not easily practicable in systems contain-
ing two periodic patterns, which are in the present case the
honeycomb and the kirigami lattices, because of the complex
dynamics of charge carriers. Instead of characterizing the
systems with the evaluation of τ and le, it is preferable to
describe the transport with a well-defined quantity which is the
Kubo–Greenwood length-dependent conductivity (σ(E,L)). Since
the kirigami structures present anisotropy, it is also important
to consider independently the two longitudinal components of
the conductivity tensor (σxx(E,L) and σyy(E,L)). The former reads

σxxðE; LÞ ¼ 1
2
e2ρðEÞ @ΔX

2ðE; tÞ
@t

j
t¼tL with L¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔX2ðE;tLÞ

p .
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III. Results and discussion
A. Thermal transport

We first study heat transport along the graphene kirigami
films. Since in the EMD method periodic boundary conditions
are applied and the systems are at equilibrium (no external
heat-flux or temperature boundary conditions are applied),
this method is much less sensitive to the finite-size effects as
compared to the non-equilibrium molecular dynamics
(NEMD) method47 or the approach-to-equilibrium molecular
dynamics (AEMD) method.60 As discussed in a recent study,61

the EMD method predicts a thermal conductivity of 2900 ± 100
W m−1 K−1 for pristine graphene at room temperature. In this
case, a relatively small simulation cell size (with ∼104 atoms) is
sufficient to eliminate the finite-size effects.45 However, using
the NEMD or the AEMD method, the thermal conductivity of
graphene keeps increasing by increasing the sheet length and
the thermal conductivity was found to not fully converge even
up to 0.1 mm.62 Interestingly, for the graphene kirigami struc-
tures with periodic cutting patterns, the EMD method can be
used to evaluate the full thermal conductivity tensor by con-
structing a single sample of moderate size. However, using the
NEMD or AEMD method the length dependency of the pre-
dicted thermal conductivity values should be assessed, which
demands high computational costs associated with the model-
ing of several large samples, each with different lengths. In
Fig. 2, typical EMD results for the calculated thermal conduc-
tivity along the longitudinal and transverse directions are pre-
sented as a function of correlation time, for graphene kirigami
samples with cut lengths of 10 nm and 160 nm at room temp-
erature. In this case, the volume fraction of the cuts is 20%
and samples with curvature angles of 0°, 90° and 180° for the
cuts are considered. For samples with a larger cut length, the

predicted thermal conductivity values are considerably higher
(see Fig. 2). As expected, along the longitudinal direction,
since the cut sections interfere directly with the phonon trans-
port, the thermal conductivity is much more suppressed as
compared with the transverse direction in which the cuts are
basically parallel to the heat transfer direction (see the ESI†).
Moreover, based on our results along the longitudinal direc-
tion of the sample with small cut lengths, the effects of cut
curvature angle on the thermal conductivity are small. The
running thermal conductivity in this direction also exhibits a
local peak at small correlation time, which is a sign of pseudo
diffusive transport and localization caused by the combined
honeycomb and kirigami lattices, as in the case of electron
transport (see the Models and method section). For heat trans-
fer along the transverse direction, by increasing the curvature
angle the thermal conductivity decreases significantly, which
can be related to the increased obstruction in the direction of
phonon transport.

In a recent investigation,61 a decomposition of the thermal
conductivity of 2D materials into contributions from in-plane
and out-of-plane phonons was introduced. For pristine gra-
phene, the out-of-plane and in-plane components of the
thermal conductivity were predicted to be 2050 W m−1 K−1 and
850 W m−1 K−1, respectively. To gain more insight concerning
the underlying mechanisms responsible for the suppression of
thermal conductivity along the graphene kirigami structures,
the calculated out-of-plane and in-plane thermal conductivity
components are compared in Fig. 3 along the transverse direc-
tion of graphene kirigami networks with a 20% concentration
of 160 nm long cuts. In contrast to the thermal transport in
the pristine graphene, the in-plane phonons contribute more
to the thermal conductivity than the out-of-plane phonons in
graphene kirigami structures. For example, in the case of 0
degree cuts, the in-plane and out-of-plane thermal conductivity
components are about 400 W m−1 K−1 and 300 W m−1 K−1,
respectively, which are about 1/2 and 1/7 of the corresponding
values in pristine graphene. This clearly demonstrates that the

Fig. 2 Thermal conductivities of graphene kirigami at room tempera-
ture along the longitudinal (a, c) and transverse (b, d) directions as a
function of correlation time, for samples with cut lengths of 10 nm (a, b)
and 160 nm (c, d) and curvature angles of 0, 90 and 180 degrees.

Fig. 3 Thermal conductivity components contributed by out-of-plane
(out) and in-plane (in) phonons in the transverse direction for graphene
kirigami structures with a 20% concentration of 160 nm long cuts.
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suppression of out-of-plane phonons plays the major role in
the decline of the thermal transport along graphene kirigami
films. This is similar to the case of supported graphene where
the out-of-plane phonons are strongly suppressed by a
substrate.63

For the kirigami systems, because of the cut patterns, the
heat flux flows through a complicated path which conse-
quently affects the thermal conductivity. For these systems at
the atomic scale, the thermal transport is however dominated
by the phonon-cut scattering effects. Nevertheless, by increas-
ing the cut length and approaching the mean-free-path of gra-
phene, the effect of phonon-cut scattering on the suppression
of thermal transport decreases and by further increasing of
the length scale this effect vanishes and the thermal conduc-
tivity converges. In this way, for the kirigami structures with
the large cuts at the microscale, the effective thermal conduc-
tivity approaches the diffusive heat transfer, which can be
studied on the basis of a continuum system that neglects the
phonon-cut scattering rates. Based on this preliminary discus-
sion, the main reason that contributes to the length effect in
the thermal transport of graphene kirigami structures is the
phonon-cut scattering. Nonetheless, from the continuum
point of view, the effective thermal conductivity along the kiri-
gami structures is not trivial and to the best of our knowledge
no analytical function exists to describe such a diffusive
process. We therefore employed finite element (FE) modeling
to evaluate the effective thermal conductivity of kirigami films
at the diffusive limit. In this study, the FE simulations were
carried out using the ABAQUS/Standard package. As for the
loading conditions, we applied positive (inward) and negative
(outward) heat-fluxes on the two opposite surfaces along the
direction in order to investigate the thermal conductivity.
Since the thermal transport is investigated along the periodic
structures, on the boundary edges perpendicular to the heat-
transfer direction, the temperatures of every two opposite
nodes should be equal which can be achieved by applying peri-
odic boundary conditions in the FE modeling. We calculated
the temperature gradient along the heat transfer direction
which was then accordingly used to compute the effective
thermal conductivity on the basis of Fourier’s law.64

To account for atomistic effects which are related to the
phonon-cut scattering rates, one can assume these cuts as
resistors that scatter the phonons. In such a way, the effective
thermal conductivity of kirigami films can be approximated by
considering a series of line conductors (representing the gra-
phene pristine lattices) that are connected by thermal resistors
(representing the cuts). As discussed in an earlier study for the
modeling of heat transfer in polycrystalline graphene,64 the
effective thermal conductivity of such a system can be rep-
resented based on the first order rational curve. In order to
simulate the effective thermal conductivity of graphene kiri-
gami structures with larger cut lengths, we therefore extrapo-
lated the EMD results for small cut lengths using the first
order rational curve. In these cases, we considered that the
thermal conductivity of the kirigami films with infinite cut
lengths is equal to that based on our FE diffusive modeling. In

Fig. 4, the calculated effective thermal conductivities of gra-
phene kirigami structures by the EMD method as a function of
cut length along the longitudinal and transverse directions are
illustrated. Interestingly, the devised extrapolation technique
can reproduce fairly well the trends acquired by the fully ato-
mistic EMD modeling. This result suggests that the combi-
nation of EMD and FE modeling can be used as an efficient
approach to estimate and engineer the effective thermal con-
ductivity of graphene kirigami structures for different cut
lengths and curvature angles as well. We should also note that
the thermal conductivity of graphene can be engineered by at
least three orders of magnitude based on the kirigami
approach. We remind that the thermal conductivity of highly
defective graphene, so called amorphized graphene, was found
to be around two orders of magnitude smaller than that of
pristine graphene.44 Moreover, chemical doping was predicted
to reduce the thermal conductivity of graphene by around an
order of magnitude.65 This short comparison clearly highlights
the fact that the fabrication of graphene kirigami networks
can be considered as a very effective method to tune the
thermal transport properties in graphene-based nano-

Fig. 4 Effective thermal conductivities of graphene kirigami structures
at the room temperature as a function of cut length along (a) the longi-
tudinal and (b) transverse directions. The points and dashed lines rep-
resent the EMD results and extrapolation curves, respectively. The insets
illustrate the finite element modeling results for the temperature distri-
butions of systems in the diffusive regime.
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structures. It should be noted that in this study we did not
consider the effect of loading strain on the thermal transport
of kirigami structures. Nonetheless, recent theoretical
studies66–69 have confirmed that by applying the strain the
thermal conductivity of pristine 2D materials may increase
substantially. Therefore, exploring the strain-tunability of
thermal transport in the kirigami structures can be an attrac-
tive topic for future studies.

B. Stretchability

According to our acquired stress–strain curve for pristine gra-
phene at room temperature (Fig. 5 inset), the elastic modulus
and tensile strength are predicted to be 960 ± 10 GPa and
132 ± 2 GPa, respectively. These predictions are in excellent
agreement with the experimental results of 1000 ± 100 GPa
and 130 ± 10 GPa for the elastic modulus and tensile strength
of pristine graphene, respectively, reported by Lee et al.4 We
next shift our attention to explore the mechanical response and
stretchability of the graphene kirigami structures. As observed
for thermal transport, due to the phonon-cut scattering effects
the cut length plays the major role. In contrast, for the stretch-
ability of the graphene kirigami, the deflection of the sheets
and stress-concentration originated from the cuts are the main
factors that should be taken into account. To investigate the
effect of cut length on the stress–strain response, we considered
different structures with linear cuts and with different cut
lengths and the acquired results are shown in Fig. 5. As com-
pared with pristine graphene (Fig. 5 inset), the stress–strain
responses of graphene kirigami present different patterns. In
pristine graphene, the applied strain directly results in increas-
ing of the carbon atom bond length and therefore the stress
value increases considerably by increasing the strain. In con-
trast, for the considered graphene kirigami structures, up to
high strain levels of ∼1, the stress value increases only slightly
and remains very low which indicates that the structure

elongates by deflection rather than the stretching of the carbon
bonds. After the strain level of ∼1, the stress values start to
increase but in a smooth manner, which implies that the defor-
mation is yet achieved by the deflection but bond elongation is
also happening. The remarkable deflection of graphene kiri-
gami upon stretching can be partially explained by the standard
deviation of the z-coordinates (Sz).

70 Sz was calculated using

Sz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

ðzi � z0Þ2=N
s

, where zi is the z-coordinate of the i-th

atom, z0 is the averaged z-coordinate of all atoms and N is the
total number of atoms. In Fig. 5, we also plotted the computed
Sz for a graphene kirigami with a cut length of 40 nm. As is
clear, up to the strain level of ∼1, the Sz keeps increasing, which
further confirms the considerable out-of-plane deflection of the
structure. However, after the strain level of ∼1, a plateau is
observable which means that the out-of-plane deflection of the
structure becomes substantially limited.

For the considered structures, at strain levels higher than
∼1.6, the stress values sharply increase which reveals that the
deflection of the sheets contributes less to the stretching and
that the stretching is achieved more by the bond elongation.
Because of the limited stretchability of the carbon atom bond,
this step is limited and shortly after the structure reaches its
failure point. At this stage, the stress concentration existing
around the cut corners results in the local and instantaneous
bond breakages, thus causing instabilities and accordingly
variations in the stress values. Around the cut corners, the
bond breakages extend gradually and the rupture finally
occurs when the two parts of the kirigami become completely
detached by the crack coalescence. Since we considered the
thermal effects by conducting the simulation at room tempera-
ture, the bond breakages present a stochastic nature and there-
fore a sample presents different stress–strain relations around
the failure point by performing independent simulations with
different initial velocities. In accordance with earlier obser-
vations,36 our results shown in Fig. 5 also confirm that the
stretchability of the graphene kirigami is convincingly inde-
pendent of the cut length. This in an important finding and
illustrates that the classical MD simulations can be considered
as a promising approach for the design of graphene kirigami
structures with optimized performance. It is worth noting that
in this case, the finite element modeling is highly complicated
mainly because of the existing severe out-of plane deflections
and also stress-concentrations (that may cause singularity in
the stress field). As is clear for different samples, the variations
for the maximum tensile strength are more considerable than
the rupture strain of the graphene kirigami films. From an
engineering point of view, the main goal to fabricate the gra-
phene kirigami is to enhance the stretchability such that the
values of the tensile strength are not critical. For the rest of
our investigation, we considered the cut length of 40 nm and
for each case we performed 4 independent simulations to
provide the error-bars in our results.

In Fig. 6, the deformation process of two different graphene
kirigami structures is depicted. The deformation is highly sym-

Fig. 5 Stress–strain responses of the graphene kirigami structures with
linear cuts and with different lengths (ranging from 30 nm to 60 nm).
The inset (a) illustrates the stress–strain relation of pristine graphene.
The inset (b) shows the computed standard deviation of the z-coordi-
nates (Sz) for a graphene kirigami with a cut length of 40 nm.
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metrical which verifies the accuracy of our applied loading
condition and also confirms that the our modeling results are
representative of graphene kirigami structures with a periodic
pattern of cuts. Moreover, up to high strain levels the stretch-
ing is achieved by the out-of plane deflections of the sheets
and transverse shrinkage and the stress values throughout the
sample are negligible, though in the cut corners due to stress
concentration they may instantaneously reach high values
(Fig. 6(b) and (f)). At the higher strain levels around the
failure, the stress concentration increases around the cut
corners which initiate spontaneous bond breakage (Fig. 6(b)
and (f)), finally leading to sample rupture (Fig. 6(d) and (h)).
As is clear, to design highly stretchable graphene kirigami, the
solution is to enhance the deflection limit of the structures. In
this regard, linear cuts are more favorable since they can
deflect more than curved cuts. In addition, a simple compari-
son based on Fig. 6 results reveals that upon the stretching,
the kirigami structure with linear cuts shrinks more along the
transverse direction in comparison with the curved cuts.

To provide a general viewpoint concerning the engineering
of the graphene kirigami mechanical response, we studied the
effects of various design parameters. To this aim, we compared
the rupture strain and tensile strength for different kirigami
structures. The rupture strain is the key parameter which is
representative of the stretchability of the graphene nanomem-
branes. The stress field in linear elastic fracture mechanics
(LEFM)72 in a two dimensional solid for a straight crack can be
described in terms of mode I (opening mode by tensile stress)
and II (sliding mode caused by shear stress) stress intensity
factors. We should however emphasise that although our study
is categorized as a large deformation problem, the insight pro-

vided by the LEFM for small strain theory can be helpful in
understanding the underlying mechanism. The stress intensity
factor for the arrangement of cracks in the transverse direction
can be computed using the standard fracture mechanics tech-
niques, as follows:72

KI ¼ σ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2hÞ tan πa

2h

	 
r
ð3Þ

Here a is the cut length, h is the sum of the cut length and
transverse spacing distance, and σ∞ is the applied uniform
stress. As shown in Fig. 7(a), by increasing the transverse
spacing ratio, both the rupture strain and the tensile strength
increase. The increase in the maximum tensile strength is
more considerable than the increase in the stretchability. The
value of the stress near the cut tip decreases with increasing
the transverse distance. Therefore, the larger the transverse
spacing between the cracks, the less is the influence from the
interaction of the near tip stress fields. According to eqn (3),
the stress-intensity factor decreases by increasing the trans-
verse spacing distance due to the suppression of the inter-
action of the stress fields of adjacent cuts. Consequently, by
increasing the transverse spacing ratio, the stress-concen-
tration decreases such that the tensile strength increases. Note
that for a very high transverse spacing the graphene kirigami
approaches the graphene structure with few cracks inside,
which yields a failure strain lower than that of the pristine gra-
phene. For the graphene kirigami accordingly there should be
an optimum transverse spacing distance that maximizes the
stretchability. The situation is opposite for the increase of the
longitudinal spacing ratio. Indeed, by increasing the longitudi-

Fig. 6 Top and side views of the deformation process and stress distribution (in GPa) of graphene kirigami with periodic (a–d) linear and (e–h) 90
degree, 40 nm long cuts. The strain levels for different snapshots are as follows: (a and e) 0.0, (b) 1.2, (c) 1.6, (d) 1.8, (f ) 1.0, (g) 1.45 and (h) 1.6. The
OVITO package71 has been used to illustrate these deformed structures.
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nal spacing, the stretchability decreases significantly. This is
an expected trend because the stretchability of the kirigami
structures is basically originated from the longitudinal
spacing. By increasing the longitudinal spacing, the out-of-
plane deflection decreases and the structure approaches that
of the graphene film with cracks.

Regarding the cut curvature angle, we found that the linear
cuts present the highest stretchability as shown in Fig. 7(c).
For the linear cuts, the rupture strain is higher than the one
for curved cracks due to the fact that the effective distance
between two curved cuts becomes much smaller. Hence, for
the curved cuts, the film deflection decreases and additionally
the crack path until coalescence is shorter and therefore the
stretchability is not as high as for the linear cuts. Nonetheless,
it has been shown by Karihaloo73 that the stress intensity
factor for a curved crack is lower compared to that of the
straight crack of the same length being positioned at the same
location and subjected to far field stress. Therefore, by increas-
ing the cut curvature angle, the stress concentration decreases
such that the tensile strength increases. Interestingly, for the
cut volume fraction, we found that it does not yield consider-
able effects either on the stretchability or on the tensile
strength (see Fig. 7(d)). Based on our brief parametric investi-
gation, the transverse and longitudinal spacing ratios can be
considered as the two main factors that could be optimized to
increase both stretchability and tensile strength. Our results
also clearly confirm that the graphene kirigami structures can
be stretchable by more than 10 times as compared with pris-
tine graphene.

C. Electronic structures

After having explored their thermal and mechanical properties,
we now focus on the electronic structure properties of the gra-
phene kirigami. First, the density of states (DOS) of various gra-
phene kirigami structures are shown in Fig. 8. The total widths/
lengths of the large systems vary between 320 and 390 nm and

are obtained by repeating the unit cells as shown in Fig. 8 (left
panels). The total size of the system is large enough to ensure
an accurate energy resolution within the Lanczos technique and
also a rapid convergence of the average on random phase wave
packets. Note that three different angles were considered for the
cuts, θc = 0, 90, and 180°. For θc = 0°, the cuts are actually
straight (Fig. 8(a–d)), while for 90 and 180°, the cuts are curved
(Fig. 8(f–i, k–n)). For each θc, five different cut lengths are con-
sidered, lc = 10, 20, 40, 80, and 160 nm (the unit cells of the lc =
160 nm systems are not shown in Fig. 8).

The DOS of the case θc = 0° for different cut lengths lc are
shown in Fig. 8(e), while the DOS corresponding to θc = 90 and
180° are shown in Fig. 8( j) and (o), respectively. One recog-
nizes easily the global shape of the graphene DOS corres-
ponding to the π and π* bands, i.e. a Heaviside function at the
band edges (Γ point in the graphene Brillouin zone (BZ)), two
van Hove singularities (M point in the BZ), and a V-shape, i.e.
a linear increase as a function of energy around the Dirac
point (K point in the BZ). However, one also obviously notices
the presence of many DOS sub-peaks which can be attributed
to van Hove singularities typical of 1D systems, which appear
because of the formation of connected nanoribbons generated
by the cuts in graphene. The energy spacing between these 1D
van Hove singularities is inversely proportional to the ribbon’s
width. For very thin ribbons (lc = 10 nm cases, see for instance
Fig. 8(a)), the DOS is quite spiky and deviates considerably
from the pristine graphene DOS, in particular close to the
Fermi energy (Dirac point in graphene) where the DOS sub-
structure is complex (see the insets in Fig. 8(e, j and o)). In par-
ticular, small energy gaps can appear as observed, for instance,
for (θc, lc) = (90°, 10 nm) and (180°, 10 nm), while a more sig-
nificant gap is observed for (θc, lc) = (0°, 20 nm) in the energy
range [−0.2, +0.2] eV with a peak centered on the zero energy.
However, when increasing lc the DOS recovers progressively
the shape of pristine graphene DOS although residual oscil-
lations coming from the 1D van Hove singularities are still

Fig. 7 Effect of various design parameters such as (a) the transverse and (b) longitudinal spacing ratio, (c) curvature angle and (d) cut volume ratio
on the rupture strain (stretchability) and tensile strength of graphene kirigami structures.
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present. Note that for θc = 90 and 180°, although the DOS
become similar to graphene DOS, a non-negligible peak
remains present around the Fermi energy (see for instance lc =
80, 160 nm curves in the insets of Fig. 8( j and o)). These per-
sistent peaks are originating from strongly localized states,
most probably located close to the cut edges, similar to what
was observed for vacancies in graphene.74 Such localized states
can affect the electronic transport and can possibly induce a
transport gap in the corresponding energy window.

D. Electronic transport

Recently, Bahamon et al. discussed the electronic transport in
34 nm long and 10 nm wide 1D graphene kirigami structures
with straight cuts using the Landauer–Büttiker formalism.75

They observed that at this nanoscale size the 1D electronic
transport is governed by resonant tunneling through coupled
localized states acting as quantum dots. Upon moderate
elongation (15%), the conductance profile is first degraded
because of the decoupling of the states but it can revive at a

larger elongation (30%). Similar to graphene kirigami struc-
tures, graphene nanomeshes and antidot lattices can also be
highly stretchable in certain circumstances.76 Electronic and
thermal transport in such graphene nanomeshes have been
intensively studied, showing interesting thermoelectric
properties.77–80

Here, the electronic transport properties of unstretched 2D
periodic graphene kirigami are investigated using the real-
space Kubo–Greenwood method. As discussed in the Models
and method section, the Kubo–Greenwood formalism allow us
to describe the electronic diffusion and the associated conduc-
tivity. The diffusivity curves are shown in the ESI.† They illus-
trate the discussion conducted in the Models and method
section regarding the presence of the two-scale periodicity and
its impact on the ballistic and intermediate diffusive/localized
transport regimes. However, in order to gain more insight and
obtain a more concrete picture of the electronic transport pro-
perties in these systems, it is preferable to characterize them
through the energy- and length-dependent Kubo–Greenwood

Fig. 8 Atomic structures of graphene kirigami obtained with various cut angles (θc) and cut lengths (lc) and their associated DOS. Top panels (a–e):
Unit cells of graphene kirigami corresponding to θc = 0° and lc = 10, 20, 40, and 80 nm (a, b, c and d), respectively, and the associated DOS (e).
Middle panels (f–j): Unit cells of graphene kirigami corresponding to θc = 90° and lc = 10, 20, 40, and 80 nm (f, g, h and i), respectively, and the
associated DOS ( j). Bottom panels (k–o): Unit cells of graphene kirigami corresponding to θc = 180° and lc = 10, 20, 40, and 80 nm (k, l, m and n),
respectively, and the associated DOS (o).
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conductivity σ(E,L). The longitudinal components of the con-
ductivity tensor σxx(E,L) and σyy(E,L) have been calculated for
three specific propagation lengths L = 20, 60 and 100 nm and
are shown in Fig. 9. One can immediately notice three points.
First, it is clear that the conductivities along the Y direction
(gray, orange and cyan curves) are much lower than the con-
ductivities along the X direction (black, red and blue curves).
Second, the increase of the cut angle from θc = 0° to θc = 180°
(i.e. from left to right panels) decreases the overall conductivity
profile in absolute values. Finally, the transition from a 1D
nanoribbon-like to a 2D graphene-like electronic transport is

clearly visible when going from small to large cut lengths lc
(i.e. from top to bottom panels) as the 1D subband structure is
progressively smoothened out. The conductivities σxx(E,L) and
σyy(E,L) are found to globally increase with the propagation
length although the increase is not really significant for σyy(E,L)
which is maintained to low values. Actually, for high cut
angle and long cut lengths, σyy(E,L) displays a decreasing be-
havior synonym of localization effects. Note also that for σyy
the propagation length L = 100 nm is not reached at all ener-
gies E because of the slow propagation velocities in this direc-
tion. As for thermal transport, these results demonstrate a

Fig. 9 Electronic conductivity (σ(E,L)) in units of G0 = 2e2/h for various kirigami structures with (from left to right) cut angles θc = 0, 90, and 180°,
and (from top to bottom) cut lengths lc = 10, 20, 40, 80, and 160 nm.
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strong anisotropy between the two principal electronic trans-
port directions. Then, as noticed in the DOS, the presence of a
bandgap is clearly observed in the system (θc, lc) = (0°, 20 nm).
Interestingly, the general shape of σxx for curved cuts is
different from the θc = 0° case. Indeed, the electron/hole
regions (positive/negative charge carrier energies) exhibit two
main peaks instead of only one. There are no particular fea-
tures in the DOS that would help to explain this double peak
structure. Actually, it is interesting to note that for (θc, lc) =
(180°, 160 nm) the conductivity curve exhibits a single peak
structure at small propagation length (L = 20 nm) before
showing a double peak structure at longer propagation length

(L = 100 nm). Overall, a conductivity ratio
σxx
σyy

� 10� 20 can be

estimated.

IV. Concluding remarks

Extensive atomistic simulations were conducted to explore the
electronic and thermal transport as well as the stretchability of
graphene kirigami structures. The properties of graphene kiri-
gami structures were investigated using periodic patterns of
linear and curved cuts. The equilibrium molecular dynamics
(EMD) method was used to calculate the effective thermal con-
ductivity of graphene kirigami structures at the atomic scale.
The thermal transport is found to be highly anisotropic and
the phonon-cut scattering effect plays the major role in the
heat transport. The effective thermal conductivity of graphene
kirigami structures as a function of cut lengths was estab-
lished by extrapolating the EMD results for small cut lengths
to the estimation based on the finite element (FE) diffusive
modeling. It was confirmed that the proposed combination of
EMD and FE modeling can be accurately used to evaluate the
effective thermal conductivity of graphene kirigami structures
from the nano- to the macroscale. Notably, our results suggest
that the thermal conductivity of graphene can be engineered
by more than three orders of magnitude based on the kirigami
approach. Then, the mechanical responses of graphene kiri-
gami structures were investigated by performing uniaxial
tensile molecular dynamics simulations. Up to high strain
levels, the kirigami structure elongates by out-of-plane deflec-
tion rather than bond stretching and thus the stress values
remain negligible. The stress values later start to increase
smoothly, implying that bond elongation also occurs. Before
the failure point, the stress values increase sharply and the
existing stress concentrations around the cut corners result in
bond breakages and finally lead to the sample rupture.
Consequently, the stretchability of the graphene kirigami was
suggested to directly correlate to the out-of-plane deflection
limit of the structure which can be improved by using the
straight cuts with optimized transverse and longitudinal
spacing ratios. Finally, electronic transport was investigated.
The electronic density of states displayed a series of van Hove
peaks which are the signature of a one-dimensional confine-
ment in the case of graphene kirigami at the nanoscale.

Bandgaps can even occur in some cases, as well as transport
gaps caused by strongly localized states especially in curved
cuts. Finally, electronic conductivities are found to be highly
anisotropic with a ratio of ∼10–20. Unfortunately, this elec-
tronic anisotropy is analogous to the thermal anisotropy which
is in principle not in favor of thermoelectric applications.
However, as discussed, the tunability of graphene kirigami
properties is very large and therefore may open routes towards
thermoelectric engineering and new kinds of ultra-thin NEMS
with superior properties.
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