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Deformation response of highly stretchable and ductile graphene kirigami
under uniaxial and biaxial tension
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Kirigami, the ancient technique of paper cutting, has been successfully applied to enhance the stretchability
and ductility of nanoscale graphene. However, existing experimentally realized graphene kirigami (GK) are
created by introducing parallel cuts, exhibiting exceptional mechanical properties in the direction perpendicular
to the cuts but brittleness in the other direction. To overcome this limitation, we propose a fractal-cut GK with
rotating triangular units, enabling high stretchability and ductility in both planar directions. We investigate
the deformation response of this GK under uniaxial and biaxial tension using classic molecular dynamics
simulations. The results demonstrate significant improvements compared with pristine graphene, with yield and
fracture strains increased by more than 3 and 5 times, respectively, under uniaxial tension and by more than 3
and 4 times, respectively, under biaxial tension. Detailed analysis shows that high stretchability is attributed to
the deformation mechanism of incision rotation and flipping, while high ductility is due to the deformation
mechanism of incision rotation accompanied by ligament tearing. This configured GK is expected to open
avenues into the design of flexible electronic devices at the nanoscale.
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I. INTRODUCTION

Graphene, a two-dimensional (2D) material with a thick-
ness of only one atom, has attracted extensive interest among
scientists and engineers over the last decade [1-3]. Due to
extraordinary mechanical, thermal, and electronic properties
[4-6], graphene has found a variety of potential applica-
tions such as nanocomposites [7], flexible electronics [8,9],
nanomechanical resonators [10,11], DNA sequencing [12],
gas separation [13], and water desalination [14,15]. When
integrated into flexible and stretchable electronic devices,
graphene generally undergoes continuous mechanical defor-
mation, which may result in structural damage. Despite its
extremely high stiffness and strength of ~1 Tpa and 100 GPa
[4], graphene exhibits low ultimate strain and fractures imme-
diately after yielding when subjected to stretching [16-18].
This brittle nature has somewhat limited the applications of
graphene in flexible and stretchable electronic devices [19].

Kirigami, the ancient paper-cutting technique, has evolved
into a design framework to engineer materials with desir-
able mechanical characteristics [20-24]. This technique has
recently been experimentally demonstrated to dramatically
enhance the stretchability and ductility of nanoscale graphene
[25-27]. By introducing periodical parallel cuts, the yield
and fracture strains of nanoscale monolayer graphene can
be increased by more than a factor of three due to the
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rotation-flipping deformation mechanism of the cuts [28-30].
Notably, this deformation mechanism only occurs when the
edge cuts and interior cuts overlap [28]. Authors of further
studies have demonstrated that the mechanical properties of
graphene kirigami (GK) can be tailored controllably and
predictably by tuning the geometry of the cuts [28,31,32].
Extreme stretchability of GK with certain dimensions can be
achieved efficiently by utilizing machine learning and opti-
mization algorithms [33-35].

However, GK with parallel cuts exhibit high stretchability
and good ductility only in the direction normal to the cuts,
while remaining brittle in the other planar direction. When
subjected to combined loading conditions such as biaxial ten-
sion, this nanoarchitected kirigami metamaterial is prone to
damage. Fractal-cut kirigami patterns, featuring rotating units,
have been shown to impart high stretchability and ductility to
2D materials in both planar directions [36,37]. Using molec-
ular dynamics (MD) simulations, Cai and Akbarzadeh [38]
systematically investigated the thermomechanical properties
of GK with rotating rectangular units and demonstrated the
high stretchability of the investigated structure in both pla-
nar directions. They also realized the programmability of the
stress-strain response and thermal conductivity for the GK
by altering the incision geometry and introducing hierarchical
cuts.

Inspired by the above studies, we apply a fractal-cut
kirigami pattern with rotating triangular units [39], enabling
the stretchability and ductility of macroscopic 2D structures
in both planar directions, to nanoscale monolayer graphene.

©2023 American Physical Society
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FIG. 1. (a) Schematic of graphene kirigami (GK), with key geo-
metric parameters labeled. (b) Runtime-dependent potential energy
profile of the representative GK. (c) Out-of-plane displacement
nephogram of the representative GK after the thermal equilibration
stage. (d) Average out-of-plane displacement (AOD) of various GK
models. The model GK3 is the representative GK, and the incision
sizes of the models are ranked as follows: GK1 < GK2 < GK3 <
GK4 < GKS5 < GK6 < GK7.

We employ classic MD simulations to systematically inves-
tigate the deformation response of the resulting GK under
uniaxial and biaxial tension, which reveals the tensile defor-
mation mechanism and the impact of incision geometry on the
mechanical properties. We also introduce two dimensionless
design parameters that can be utilized to controllably tailor
the mechanical properties of GK. We expect that this config-
ured kirigami can be applied to improve the stretchability and
ductility of nanoscale graphene.

II. MODELS AND METHODS

The geometric configuration of GK with rotating trian-
gular units is depicted in Fig. 1(a). Periodic radial incisions
with an intersection angle of 120 ° are created in a graphene
nanoribbon with dimensions of L x W. The incision ge-
ometry is determined by three key parameters: the incision
length a, the incision width b, and the ligament length c.
Hydrogen atoms are added to form bonds with carbon atoms
around the crack boundary to stabilize the incisions [38]. It
should be noted that, in this paper, we only consider the case
that incisions are parallel to the armchair (AC; y) direction.
While the size of the GK changes according to the para-
metric analysis, a representative GK has 17 120 atoms, with
L=221.56A, W = 191.88A, a = 42.61 A, b = 2.46 A, and
¢ =9.94A. Our subsequent discussion on the deformation
response of the kirigami structure under uniaxial and biaxial

tension is based on this specific geometry, and we then assess
the relationship between mechanical properties and geometric
parameters.

Our MD simulations are performed with the open-source
code LAMMPS [40], and the software OVITO [41] is utilized to
visualize the evolution of atomic structures. The AIREBO po-
tential [42] is chosen to describe the C-C and C-H interatomic
interactions, as this potential can accurately describe the bond
breaking and reforming. In addition to the default potential
parameters [42], the cutoff radius for the C-C bond is set as
2.0 A to avoid the spurious strengthening effect [43], and the
cutoff radius for the Lennard-Jones term is set to 6.8 A [28].
Periodic boundary conditions are applied in the x and y direc-
tions to eliminate possible edge effects, while a nonperiodic
and fixed boundary condition is adopted in the z direction. To
adequately capture the out-of-plane deformation of GK during
tension, the z-direction dimension of the simulation box is set
to be much larger than the graphene thickness of 3.35 A [44].

In our MD simulations, the canonical NVT (constant atom
number, volume, and temperature) ensemble [45,46] and the
Verlet integrator [47] with a timestep of 1 fs are chosen.
Initially, the GK is relaxed by conjugate gradient energy
minimization with a tolerance of 107'°. Subsequently, the
system is relaxed at 4.2 K for 100 ps. This runtime is suf-
ficient for the system to reach equilibrium, as demonstrated
by the converged potential energy in Fig. 1(b). During the
thermal equilibration stage, we observe the atomistic structure
of GK rippling out-of-plane [Fig. 1(c)], with the ripple am-
plitude [i.e., average out-of-plane displacements (AODs) of
all C atoms with respect to their respective initial positions]
increasing in correlation with the incision size [Fig. 1(d)].
This ripple phenomenon stems from the local buckling of
the structure triggered by the incision defects, which has
also been observed in MD simulations of GK with different
cutting patterns [31,38,43,48,49]. Finally, the deformation-
control method [50,51] is adopted to perform the uniaxial and
biaxial tensile tests of the GK. To save computational time, we
choose a particular strain rate of 0.01 ps~', as strain rate exerts
a limited impact on the fracture strain and fracture strength
of graphene at low temperatures [44]. The tensile stress is
calculated as the stress parallel to the loading direction times
the z-direction dimension of the simulation box and divided by
the graphene effective thickness [33]. The calculated tensile
stress is averaged every 100 timesteps to obtain a relationship
between stress and strain. Additionally, atomic trajectories are
recorded at the same intervals to visualize the transformations
of atomic structures.

III. RESULTS AND DISCUSSIONS
A. Deformation response under uniaxial and biaxial tension

We first investigate the deformation response of the rep-
resentative GK under uniaxial tension in the AC direction.
To illustrate the deformation response, we show the tensile
stress-strain curve in Fig. 2(a) along with a series of atomic
snapshots in Fig. 2(c). Additionally, the AOD and the number
of C-C bonds vs strain are plotted in Fig. 2(b). The AOD is
calculated by averaging the z-direction displacements of all
C atoms with respect to their positions prior to loading. We
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FIG. 2. (a) Stress-strain curve of the representative graphene kirigami (GK) under uniaxial tension in the armchair direction. Green, yellow,
orange, blue, and gray regions correspond to five stages of deformation. A stress-strain curve of a pristine armchair graphene nanoribbon with
the same size is depicted in the inset for comparison. (b) Average out-of-plane displacement (AOD) and number of C-C bonds as functions
of strain. (c) Von Mises stress distribution of the representative GK at different deformation stages. The displacement of carbon atoms shown
by vector arrows on each atom indicates the rotation of the domains during the initial tensile process. 6 is the in-plane rotation angle of the

incisions.

take a cutoff radius of 2 A to determine the formation of C-C
bonds.

Figure 2(a) shows that the deformation response of GK
is divided into five distinct stages. Before tensile strain is
applied, as shown in Fig. 2(c)(i), a certain degree of resid-
ual stress is produced around the crack boundary due to the
use of the NVT ensemble [28,52]. Once the atomic struc-
ture is stretched, the interior incisions simultaneously rotate
in-plane and flip out-of-plane, as indicated by the vector ar-
rows in Fig. 2(c) and the AOD in Fig. 2(b), respectively.
In the initial loading stage (green region), the tensile stress
increases sharply until the atoms around the crack tips yield
[Fig. 2(c)(ii)]. After that, in-plane rotation and out-of-plane
flipping continue, whereas atomic yielding does not develop,
as shown in Fig. 2(c)(iii). As a result, the stress-strain curve
exhibits a long plateau that sustains up to a strain of ~0.25
(yellow region). During these two stages, the structure is de-
formed without significantly stretching carbon bonds.

However, when the incisions are rotated at a certain angle,
the carbon bonds begin to be stretched, accompanied by the
yielding of the atoms around the crack tips. As such, local
high-stress regions are induced around the crack tips and
gradually progress toward the internal structure, as shown
in Fig. 2(c)(iv). This leads to a rapid increase in structural

stress until a strain of 0.40 is reached (orange region). This
strain indicates the global yielding of the atomic structure.
We observe from Fig. 2(b) that, at this yield strain, the out-
of-plane flipping has reached its limit, and the carbon bonds
begin to break. Therefore, incision rotation and flipping are
the main deformation behavior prior to the global yielding of
the structure.

After global yielding, the ligaments are progressively torn
because of structure elongation accompanied by incision rota-
tion. The C-C bonds around the crack tips experience severe
disruption, which occurs in stages, as manifested by the zigzag
download dashed line in Fig. 2(b). The bond breakage results
in a drop in stress, after which the stress increases again
due to the stretching of the C-C bonds around the newly
created crack tips. Consequently, the tensile stress exhibits
fluctuations, as illustrated by the orange region in Fig. 2(a).
At this stage, as shown in Fig. 2(c)(v), high-stress regions
between neighboring triangular units are connected to form
narrow bands. Once the ligaments are ruptured, the stresses
within them are released. The increasing rotation angle 6
demonstrates that incision rotation and ligament tearing are
the primary deformation behavior at this stage. The ligament
tearing causes the narrow stress bands to disappear, signifying
complete fracture of the GK structure [Fig. 2(c)(vi)].
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FIG. 3. Armchair tension stress-strain curves for graphene
kirigami with the same triangular unit and different sample size.

We note that the yield stress of the GK is reduced by an
order of magnitude compared with pristine graphene, while
the yield and fracture strains are increased by more than
factors of two (from 0.17 to 0.40) and five (from 0.17 to
0.98), respectively. The substantial increase in fracture strain
suggests extremely enhanced stretchability of GK, while the
postyielding elongation of >50% demonstrates good ductility
of the kirigami structure. The high stretchability is attributed
to the deformation mechanism of incision rotation and flip-
ping, while the high ductility results from the deformation
mechanism of incision rotation accompanied by ligament
tearing. As discussed in the introduction, GK with rotating
rectangular units is also highly stretchable. Nevertheless, MD
simulations by Cai and Akbarzadeh [38] demonstrate an AC
fracture strain of ~0.4 for this GK, which is less than half of
our simulations. This indicates that rotating triangle kirigami
can endow nanoscale graphene with superior stretchability
compared with rotating rectangle kirigami.

To explore how much the size of the models can influence
the results, we construct two other GK models with the same
triangular unit and different sample dimensions. As shown in
Fig. 3, the preyielding curves for the three models almost
coincide. Although the fluctuation stages are different, the
yield strain, yield stress, fracture strain, and fracture stress of
the three models are basically the same. Therefore, the size
of 222 x 192 A can provide accurate and reliable simulation
results.

The stress-strain curves for the AC and ZZ GK are shown
in Fig. 4. These curves exhibit a similar trend, with the defor-
mation response divided into five distinct stages. The initial
two stages largely overlap, suggesting the same deformation
mechanism in both directions. However, in comparison with
the AC graphene, the ZZ graphene enters yielding later and
experiences earlier fracture, indicating that the AC graphene
has higher stretchability and ductility than the ZZ graphene.
That is, the mechanical properties of GK are sensitive to
the loading direction. Generally, this configured kirigami pat-
tern considerably enhances the stretchability and ductility of
graphene in the planar directions.

Having demonstrated the high stretchability and ductility
of GK, we further investigate its deformation response under
biaxial tension. Similarly, as shown in Fig. 5(a), the stretch-
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FIG. 4. Stress-strain curves of the representative graphene
kirigami under uniaxial tension along the armchair (AC) and zigzag
(ZZ) directions.

ability and ductility of graphene are significantly enhanced
under biaxial tension. The yield and fracture strains are in-
creased by more than twice and four times, respectively, and
the GK can sustain >40% elongation after yield. However, the
deformation behavior of GK slightly differs from that under
uniaxial tension. As shown in Fig. 5(b), the AOD increases
sharply in the first two stages and decreases afterward, which
diverges from the curve trend in Fig. 2(b). We observe an
abrupt change in the decline rate at the yield point, ascribed
to the newly created crack surfaces triggered by ligament
tearing. Interestingly, as depicted in Fig. 5(b)(i), the atoms
around the ligament are folded to form a tetrahedron, while
the internal atoms remain in a plane parallel to the z direction.
This deformation behavior resembles that of macroscopic
kirigami structures under uniaxial tension [53]. Additionally,
the high-stress regions are concentrated around the ligaments,
consistent with finite element results of macroscopic kirigami
[39,53,54].

B. Influence of incision geometry on mechanical properties

Having demonstrated that the proposed kirigami pattern
can significantly enhance the stretchability and ductility of
graphene in both planar directions, we further systematically
investigate the effect of the incision geometry in Fig. 1(a) on
the mechanical properties of GK. Understanding this effect
can enable the design of GK with desirable mechanical prop-
erties. To this end, an additional six models with the same
sample size (L and W) and different incision geometries (a,
b, and c) are constructed, as listed in Table I. Among these
models, GK3 is the representative GK; GK1, GK2, GK3, and

TABLE 1. Incision geometry parameters for the studied GK
models.

GKI GK2 GK3 GK4 GK5 GK6 GK7

a(A) 3409 3835 4261 4687 42.61 4261 4261
b(A) 2.46 2.46 2.46 2.46 4.92 7.38 9.64
cA) 1846 1420 9.94 5.68 8.52 8.52 5.68
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FIG. 5. (a) Armchair (AC) and zigzag (ZZ) stress-strain curves of the representative graphene kirigami under biaxial tension. A stress-strain
curve of a pristine graphene nanoribbon with the same size is depicted in the inset for comparison. (b) Average out-of-plane displacement
(AOD) as a function of strain. (i) Out-of-plane displacement nephogram and (ii) von Mises stress distribution at a strain of 0.5 are depicted in

the inset.

GK4 have an identical incision width with varying ligament
length; GK3, GKS5, GK6, and GK7 have an equal incision
length with varying incision width. To characterize the im-
pact of incision geometry on the mechanical properties, we
introduce two dimensionless parameters: « = a/(a + ¢) and
B = bl(a+c).

Figure 6 depicts the stress-strain curves for various GK
models subjected to uniaxial tension. It can be observed that
the incision geometry significantly impacts the mechanical re-
sponse of GK. In Figs. 6(a) and 6(c), an increase in « results in
weaker mechanical responses in the initial two stages, a longer
curve plateau, and a larger yield strain. This is attributed to the
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FIG. 6. Stress-strain curves for different graphene kirigami (GK)
models under uniaxial tension. (a) and (b) armchair direction; (c) and
(d) zigzag direction. GK1, GK2, GK3, and GK4 have an identical
incision width with increasing o, while GK3, GK5, GK6, and GK7
have an equal incision length with increasing 8.

enhanced incision rotation-flip mechanism caused by more
linear defects. In addition, we observe that decreasing o leads
to a higher ductility, which is because new crack surfaces
created by the ligament tearing can rotate and flip. Despite
this superior performance, the ligament tearing means that the
structure begins to break down, which hampers its practical
application. In Figs. 6(b) and 6(d), increasing § yields sim-
ilar results to increasing «. However, the initial peak almost
disappears with increasing 8, indicating that a wider incision
can weaken the stress concentration around the crack tip. Note
that the stress-strain curves in both directions are qualitatively
similar but quantitatively different. This discrepancy primarily
arises from the sensitivity of the deformation response to the
loading direction, which is caused by the incision geometry.

The advantages of GK over pristine graphene lie in its
high stretchability and ductility. To quantitatively assess how
the incision geometry impacts these two characteristics, we
extract the yield strain and the fracture strain from the stress-
strain curves, as shown in Fig. 7. Additionally, we calculate
the Young’s modulus of GK, as listed in Table II. According to
the nature of the stress-strain curve in Fig. 2(a), we determine
two Young’s moduli £ and E; by linearly fitting the curves in
the first and third stages.

As shown in Fig. 7, the yield strain increases by a max-
imum of 3.6 times, while the fracture strain increases by a
maximum of 5.7 times. Both yield and fracture strains show a
linear increase with o, while increasing 8 leading to a linear
increase in yield strain but a decrease in fracture strain. To
ensure that the structure does not suffer local damage (i.e.,
torn ligaments) under tension, GK should have as high a yield
strain as possible. This means that « and S should take on

TABLE II. Young’s modulus (E) for different GK models.

E(GPa) GK1 GK2 GK3 GK4 GK5 GK6 GK7
E, (AC) 677 332 20.1 8.3 2.6 1.08 0.9
E, (AC) 354 286 27.1 263 284 29.4 313
E (ZZ) 632 3524 147 6.1 3.82 3.1 0.8
E,(zZZ) 329 243 163 150 199 22.3 26.0
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FIG. 7. Influence of (a) « and (b) 8 on the yield strain and
the fracture strain of graphene kirigami under uniaxial and biaxial
tension (BT). Data are normalized by simulation results of a pristine
graphene nanoribbon with the same size.

larger values. However, our MD simulations indicate that GK
with extremely large o or § may curl during the thermal
equilibrium stage. Therefore, rational design of the incision
geometry is essential to achieve GK with high stretchability
and ductility.

Table II lists the Young’s moduli for both AC and ZZ GK.
The Young’s modulus of GK is significantly lower than that
of pristine graphene (~900 GPa). Additionally, increasing o
weakens the Young’s moduli of both stages, while increasing
B reduces the first-stage Young’s modulus (£;) but enhances
the second-stage modulus (E).

IV. CONCLUSIONS

We have utilized MD simulations to systematically in-
vestigate the deformation responses of nanoscale GK with
rotating triangular units under uniaxial and biaxial tension.
The proposed GK have been demonstrated to possess high
stretchability and ductility in both planar directions. Espe-
cially under biaxial tension, the GK can possess a yield strain
of more than twice that of pristine graphene, along with a
fracture strain of more than four times. The high stretchability
arises from the deformation mechanism of incision rotation
and flipping, while the high ductility is attributed to the de-
formation mechanism of incision rotation accompanied by
ligament tearing.

Furthermore, we have examined the impact of the incision
geometry on the mechanical properties of GK. Two key geo-
metric parameters (« and 8) have been identified to tailor the
mechanical properties of GK controllably. It is found that an
increase in « or 8 enhances stretchability but reduces ductility.
To further establish the nonlinear relationship between the
identified geometric parameters and the target properties, it
is necessary to increase the model size and enrich the cut-
ting patterns (e.g., nonperiodic patterns). However, this will
significantly increase the computational cost. Based on the
established relationship, the inverse design of GK with de-
sirable mechanical properties can be realized with the help of
analytical and numerical algorithms [33-35,55].

Overall, we expect that this configured kirigami pattern can
effectively mitigate the brittle nature of nanoscale graphene
and other 2D nanomaterials. Additionally, this kirigami pat-
tern can be extended to tune the thermal [38,56] and electronic
[29,49] properties of graphene, further expanding its potential
applications.
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