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Understanding the underlying mechanism in the tearing and peeling processes of graphene is crucial
for the further hierarchical design of origami-like folding and kirigami-like cutting of graphene. How-
ever, the complex effects among bending moduli, adhesion, interlayer interaction, and local crystal
structure during origami-like folding and kirigami-like cutting remain unclear, resulting in challenges
to the practical applications of existing theoretical and experimental findings as well as to potential
manipulations of graphene in metamaterials and nanodevices. Toward this end, classical molecular
dynamics (MD) simulations are performed with synergetic theoretical analysis to explore the tearing
and peeling of self-folded graphene from a substrate driven by external force and by thermal activation.
It is found that the elastic energy localized at the small folding ridge plays a significant role in the
crack trajectory. Due to the extremely small bending modulus of monolayer graphene, its taper angle
when pulled by an external force follows a scaling law distinct from that in case of bilayer graphene.
With the increase in the initial width of the folding ridge, the self-folded graphene, motivated by
thermal fluctuations, can be self-assembled by spontaneous self-tearing and peeling from a substrate.
Simultaneously, the scaling law between the taper angle and adhesive energy is independent of the
motivations for thermal activation-induced self-assembly and external force tearing, providing effective
insights into the underlying physics for graphene-based origami-like folding and kirigami-like cutting.
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1 Introduction

Graphene [1] is a multifunctional two-dimensional (2D)
material, which not only possesses extraordinary electri-
cal, thermal and mechanical properties with extensive
applications involving composites, nano-electronics, and
desalination [2–9], but also is often selected as a model
material for fundamental research [10–16]. Owing to its
atomic scale thickness and high Föppl–von Kármán num-
ber (the ratio between in-plane stiffness and out-of-plane
stiffness), graphene can be easily folded with an excep-
tionally small radius of curvature under external stimuli
such as capillary forces, residual stresses and active ma-
terials [7, 17–21]. Recently, it has been demonstrated
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that graphene with kirigami-inspired patterns can be as-
sembled into 3D configurations under in-plane or out-of-
plane loading [18, 22], which greatly expands the poten-
tial applications of graphene and related 2D materials, to
include the fabrication of environment-responsive meta-
materials and graphene quantum dots [18, 22, 23]. More
surprisingly, graphene can even self-assemble by sponta-
neous and self-driven sliding, tearing and peeling from a
substrate due to thermal activation, thereby facilitating
origami-like folding and kirigami-like cutting processes
[17]. Whether self-assembled or driven by external force,
graphene tearing is one of the most significant processes
during its origami-like folding and kirigami-like cutting.

Although specific effort has been devoted to the under-
standing of tearing fracture in an elastic thin sheet [24–
29], there is still a general lack of studies focused on the
tearing of graphene [30]. Moura et al. conducted theoret-
ical modeling and molecular dynamics (MD) simulations
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of the tearing of a clamped, free-standing graphene un-
der constant downward force, which suggested that it can
be applied to measure the fracture toughness of graphene
using tearing deformation [31]. To explore the mechan-
ics of exfoliation of 2D materials, Yang et al. studied
the edge orientation and distribution of 2D materials
obtained by mechanical exfoliation [32], demonstrating
that the fracture direction is determined synergistically
by the tearing direction and material anisotropy of frac-
ture energy [33]. Inspired by tapered graphene nanorib-
bons torn from an adhesive substrate, Sen et al. found
that the taper angle of the torn off graphene nanoribbon
depends on the competition between the elastic energy
in the graphene sheet and graphene-substrate adhesion
energy. For low adhesion energy, bending energy stored
in the graphene sheet is dominant, and the sine of the ta-
per angle scales as sin θ ∝ √

γ1, where γ1 is the adhesion
strength of graphene sheet to substrate, in agreement
with previous experimental observations and theoretical
modeling [24, 34]. As adhesion strength increases, the
stretching energy in the graphene sheet becomes signifi-
cant, and the sine of the taper angle scales as sin θ ∝ γ2

1

[34]. Annett et al. pointed out that graphene interfacial
healing tension overcomes the peeling and tearing resis-
tance respectively, and also reported that inward taper
occurs due to a tendency to reduce strain energy in the
fold [17]. While the self-assembly of graphene by spon-
taneous tearing and peeling from a substrate has been
investigated recently [17, 35], it remains unclear how the
bending moduli and adhesion of the graphene together
with local crystal structure impact the tearing process.
Besides, it is currently unknown how stimuli such as ex-
ternal force and thermal activation influence the mech-
anism of graphene tearing. Further clarification is thus
needed.

In this study, as an effort to explore the underly-
ing mechanism of the tearing and peeling process of
graphene, we carry out classical MD simulations and syn-
ergetic theoretical analysis to investigate the tearing and
peeling of self-folded graphene from a substrate driven by
external force and thermal activation. We firstly study
the graphene flap peeled from a substrate under exter-
nal force. It is found that the taper angle of monolayer
graphene follows a distinct scaling law differing from bi-
layer graphene, which is further discussed by invoking a
Griffith-style elastic fracture analysis. It is demonstrated
that the bending energy is the dominant contribution to
the elastic energy of the system for bilayer graphene,
while the elastic energy of monolayer graphene includes
bending and stretching energy, which together with the
adhesion effect act in a nontrivial way to produce a taper
angle following a different scaling law. Based on these
analyses, the self-tearing process of graphene driven by
thermal activation is subsequently investigated. Our MD

simulations and mechanical model reveal that the scal-
ing law between the taper angle and adhesive energy is
independent of the motivations for thermal activation-
induced self-assembly and external force tearing, thereby
providing more validation of and insights about the self-
assembly process of multilayered graphene from current
MD simulations.

2 Models and methods

In order to investigate the properties of graphene tear-
ing and folding on a substrate, the MD simulations were
performed using large-scale atomic/molecular massively
parallel simulator (LAMMPS) [36]. The interactions
among the carbon atoms in graphene sheet were de-
scribed by the adaptive intermolecular reactive empir-
ical bond order (AIREBO) potential [37]. To simulate
the brittle fracture of graphene, the AIREBO potential
was modified by using a cut-off distance rcc = 1.92 Å
in the switching function, beyond which the C-C bonds
break [12, 38]. This modification has been shown to cap-
ture well the stress-strain behavior of graphene obtained
by first-principles calculations. The interactions between
graphene and flat substrate were modeled by a Lennard-
Jones (LJ) potential with the cutoff distance of 10.0 Å,
LJ parameters σ = 3.0 Å and ε ranging from 0.0001 to
0.12 eV, corresponding to the adhesion strength (γ1) of
the substrate from 0.004 to 5 J/m2.

To construct the self-folded graphene, two initial par-
allel crack notches were created in a single layer graphene
sheet adhered to a flat substrate. The edge of the flap
was firstly lifted vertically along the z direction, bent
back, and displaced along the x direction. Then, the sys-
tem was relaxed using conjugate gradient energy mini-
mization to ensure that the mechanical folding process
reached its equilibrium configuration, resulting in the
self-folded graphene shown in Fig. 1(b) [20], which is col-
ored and visualized using the OVITO package [39]. Pre-
vious researches demonstrated that free graphene sheet
tends to fold along armchair and zigzag directions [40].
Therefore, both two configurations of graphene fold-
ing (armchair and zigzag) were chosen. For example, as
shown in Fig. 1(a), the graphene is folded aligning to the
zigzag (folding angle χ = 30◦) direction.

In this work, mechanical responses of graphene tear-
ing under external force were investigated by performing
MD simulations at 10 K using a Nosé–Hoover thermo-
stat with a damping time step of 0.1 ps. To reduce the
impact of boundaries, the graphene sheet had a width
a = 50 nm, length b = 80 nm, and the initial width
of flap W0 = 20 nm, as indicated in Fig. 1(a). Addi-
tionally, the boundaries of the graphene sheet were fixed
to prevent relative slip between the graphene sheet and
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Fig. 1 Schematics of the tearing of graphene. (a) Snapshot of tearing monolayer graphene by pulling the flap at a constant
velocity along armchair direction. (b) The side view of the self-folded monolayer graphene after the energy minimization in
MD simulation. (c, d) Schematic diagram showing the geometrical parameters involved to describe the tearing process of
graphene. The flap sliding direction is indicated by the black arrow. The side view is the cross-section of graphene folding
during it peeling and healing on a substrate [17].

substrate. The end of the flap was then moved along
the tearing direction at a constant velocity of 1 Å/ps un-
til the flap separated from the sheet. For the process of
graphene self-assembly on the substrate, larger graphene
sheets were created with initial widths of 160 and 256
nm, which contained 0.9 million and 1.7 million carbon
atoms respectively. Then, the folded graphene was re-
laxed within the canonical (NVT) ensemble at 10 and
300 K for 800 ps to let the system reach its equilibrium
configuration. During MD simulations, the models were
exposed to free boundary conditions in three dimensions,
and substrates were fixed to avoid the impact of sub-
strate deformation.

3 Results and discussion

3.1 Tearing graphene from a substrate

In the first series of MD simulations, self-folded graphene
torn from a substrate with the peeling angle equal to π
under external force was investigated. In the tearing pro-
cess, as shown in Fig. 1(a), two crack tips converged to
form a tapered tear morphology with the decrease of the
width of the folded ridge, which is similar to the tear
fracture on an elastic thin sheet in previous experiments
and simulations [24, 34]. In addition, there is significant
adhesion effect between the graphene sheet and the flap
due to the small curvature of the front folded edge. Be-
ing different from thin film tearing at macroscale, tearing
graphene from a substrate at nanoscale experiences a dy-
namic self-folded process; that is, schematically showing
in Fig. 1(d), the peeling from the substrate and the in-
terfacial healing between two stacked layers of graphene
and fracture propagation.

Figures 2(a)–(c) display detailed atomic morphologies
of crack edges in torn monolayer graphene for three dif-
ferent scenarios. At low adhesion strength (γ1 = 0.0043
J/m2, θ = 24.9◦), the narrowing of the torn graphene
ridge is achieved through small surface steps in an arm-
chair orientation that deviate from the tearing direction
by 30◦, and these alternate with portions of extended
propagation in the zigzag direction parallel to peeling
direction. Thus, it is the armchair steps that are respon-
sible for the narrowing of the tearing ridge, causing the
two crack tips to propagate inward when the taper an-
gle is smaller than 30◦, as shown in Fig. 2(a). With the
increase of adhesion strength, the lengths of zigzag edge
between the armchair steps decrease, resulting in a larger
taper angle. At high adhesion strength (γ1 = 1.25 J/m2,
θ = 46.5◦), the converging is accomplished through an-
other alternate deformation combination, which contains
armchair steps and a second zigzag edge orientated at 60◦
with respect to the peeling direction (first zigzag direc-
tion). As indicated in Fig. 2(b), the second zigzag edge
dominates the narrowing of the ridge when the taper
angle is higher than 30◦, and the length of the second
surface edge increases rapidly with increasing adhesion
strength until the taper angle becomes 60◦. For a peeling
direction aligned with the armchair direction, however,
the surfaces of the torn graphene edge are all along the
zigzag surface regardless of adhesion strength, which is
similar to self-redirection of tearing edges in graphene
[41]. Therefore, the taper angle of graphene torn par-
allel to the armchair direction is always around 30◦ as
shown in Fig. 2(c).

The crack trajectories and edge geometries of torn bi-
layer graphene in Figs. 2(d)–(f) show that the deforma-
tion and tearing are proceed by different mechanisms
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Fig. 2 The tearing shapes and their edge geometries for various adhesion strengths. The edge geometries of zoom areas
are signed by brown dashed box. (a–c) Tearing results of monolayer graphene for adhesion strength of (a) 4.0E-3, (b) 1.25
J/m2. (d–f) Tearing results of bilayer graphene for adhesion strength of (d) 1.25, (e) 4.18 J/m2. The upper and lower
graphene is colored by magenta and blue respectively. (c) and (f) Graphene torn along armchair direction.

compared with monolayer graphene. First, the tearing
edges of bilayer graphene are neither straight nor mir-
ror symmetric, and the upper and lower graphene un-
dergo different forms of deformation. As indicated in
Figs. 2(d) and (e), the narrowing of torn bilayer graphene
is achieved through big surface steps, which reach the
width of 2–3 hexagonal carbon rings and are almost per-
pendicular to the peeling direction (first zigzag direc-
tion). The transition between the two adjoining steps ac-
companies the formation of new C-C bonds between the
upper and lower graphene. At lower adhesion strength
(γ1 = 1.25 J/m2), the combination of long first zigzag
surface and the big steps dominates the converging of
lower graphene, and narrowing of lower graphene at
higher adhesion strength (γ1 = 4.18 J/m2) is accom-
plished through the transition from the long first zigzag
surfaces to the second ones, while upper graphene is nar-
rowed via edges similar to those in monolayer graphene
as described above. Additionally, comparing Figs. 2(a)–
(b) with Figs. 2(c)–(d), we find that the taper angles
of bilayer graphene are smaller than those of monolayer
graphene tearing, and not sensitive to adhesion strength.
These results are in agreement with previous contin-
uum theory, which demonstrates that the taper angle of
graphene tearing increases as the bending modulus or the
number of layers of graphene increases. The tearing sur-
faces of bilayer graphene with peeling orientation along
the armchair direction, similarly, are all along zigzag

surfaces under various adhesion strengths as shown in
Fig. 2(f).

To explain the above phenomenon, we focus on the
nontrivial tearing trajectories with peeling direction
along zigzag direction. Four representative trajectories
are presented in Fig. 3(a), in which the width of the tear
ridge, W , is plotted as a function of the length torn, l.
The sides of the flap torn from single-layer graphene are
straight and have the same taper angle θ, but the edges of
the flap torn from bilayer graphene are not straight and
have many big steps. Thus, an average angle of tearing is
utilized by fitting a linear relationship of W ∼ l [34]. The
results are depicted in Fig. 3(b), where bilayer graphene
seems to follow a similar scaling law, sin θ ∼ (γ1/γ2)

1/2,
where γ2 is the adhesion energy of the graphene to itself,
but monolayer graphene obeys a distinctly different scal-
ing law, sin θ ∼ (γ1/γ2)

0.1, which has not been reported
before. Following Griffith’s theory of fracture analysis,
introduced in Refs. [24, 42], we assume that the area of
graphene sheet is labeled as A0 and the area of flap as
Ar. The total energy of the system is given by

U = UE + 2

∫ s

0

Gctdζ + γ1(A0 −Ar) + γ2Ar, (1)

where the first, second, and last two terms are the elas-
tic, fracture and adhesion energies, respectively, t is the
graphene thickness, s is the crack length, and Gc is the
work of fracture of the graphene.
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Fig. 3 Deformation mechanisms of graphene tearing. (a) Shape of the flap quantized by the width of the ridge W as a
function the torn length l. (b) The sine of taper angle as a function of the ratio of adhesion strength between graphene to
substrate and graphene to itself. The scaling law and theoretical fitting are shown by dashed and solid lines respectively.
(c) Upper view showing the deformation of the ridge together with the deflection angle ϕ and the sag of the ridge δ. The
influence of ϕ is negligible [27]. Side view showing the cross sections of monolayer graphene folding at crack tip and middle
of the ridge indicated by orange dashed. (d) Cross sections of bilayer graphene folding at crack tip and middle of the ridge
indicated by orange dashed lines.

The positions of the crack tips are defined as l and
the position of the flap head is denoted as x. The excess
of length λ = 2l − x is the length of the ridge shown
in Figs. 1(c) and (d). The elastic energy of the ridge
is a function of its width, W , and its length, λ. Thus,
the energy as a function of geometrical parameters is
expressed by UE = UE(λ = 2l − x,W ).

The crack tip moves to a position that minimizes the
total energy. In a displacement-controlled experiment,
the variation of energy is given by

dU = ∂lUEdl+∂WUEdW+2Gctds−(γ2−γ1)Wdl. (2)

The requirement yields for energy minimum, dU/ds = 0,
the condition given by

∂lUE cos θ−2∂WUE sin θ+2Gct−(γ2−γ1)W cos θ = 0,

(3)

where dl/ds = cos θ, dW/ds = − sin θ. Thus, the Grif-
fith’s criterion is expressed as

G=
1

2t
[2∂WUE sin θ−∂lUE cos θ+(γ2−γ1)W cos θ] = Gc.

(4)

The propagation of the cracks follows the angle θ at
which energy release rate is maximal, dG/dθ = 0. From
Eq. (5), this condition becomes

dG
dθ =

1

2t
[2∂WUE cos θ+∂lUE sin θ−(γ2−γ1)W sin θ] = 0.

(5)

In addition, the external force applied to the flap at po-
sition x is given by the work theorem as F = ∂xUE for a
quasi-static fracture propagation. Using the form of elas-
tic energy UE , the external force can also be formulated
as

F = ∂xUE = −∂λUE = −1

2
∂lUE . (6)

Combining Eqs. (4), (5), and (6), the equivalent equa-
tions for a finite transverse curvature of the ridge are
given as follows:

F +
1

2
(γ2 − γ1)W = Gct cos θ, (7)

∂WUE = Gct sin θ, (8)

which correspond to the projections of the forces along
the forward and sidewise directions, respectively. Eq. (7)
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shows that the external force applied on the end of
the flap is balanced by two forces: that of net inter-
face tension [second term of Eq. (7), difference of ad-
hesion strength between peeling and healing] and that
of fracture. Additionally, it predicts that the net inter-
face tension force can overcome the tearing resistance
when γ2 > γ1 and the width of ridge, W , is large
enough. Therefore, the interfacial healing, γ2W/2, be-
tween graphene sheet and flap can be also regarded as
the driving force, F . Equation (8) reveals that inward ta-
per occurs because of a tendency to reduce elastic energy
in the folded ridge, equivalent to a force at each crack
tip.

To solve Eqs. (7) and (8), it is important and funda-
mental to estimate the elastic energy, UE , of the system.
In general, it is difficult to completely understand the
elasticity in the tearing of a thin film because bending
and stretching effects should be considered together with
the geometrical non-linearity, but some special cases can
be described from an analytical point of view. In the
case of tearing of thin film from an adhesive substrate,
F ∼ γ1W ≫ Gct, the elastic energy of the system stored
in the ridge curvature, and is given by UE ∼ BWϕ2/λ,
where B is the bending modulus of the film, ϕ is the peel-
ing angle, and λ is the length of the ridge [26, 28]. Thus,
the taper angle varies linearly with peeling angle and
scales as sin θ ∼ √

γ1 [34]. In the case of strong adhesion
(γ1 > 8 J/m2), stretching energy stored ahead of the tear
ridge in the sheet and in the torn flap should be included,
and the stretching energy is estimated as US ∼ F 2/Et,
resulting in the scaling as sin θ ∼ γ2

1 [34]. These estima-
tions above accord well with the results from experiments
and MD simulations.

In our MD simulations, the adhesion strength, γ1, is
smaller than 5 J/m2 and Et/Gct ≫ 1 (inextensible), so
the stretching energy is insignificant and the elastic en-
ergy is mainly stored in the ridge. To explore the average
taper angle of the tearing of bilayer graphene, two layers
of graphene can be regarded as a thin film. As shown
in Fig. 3(d), the curvature at the crack tips and mid-
dle of the ridge is almost the same, so the folded ridge
can be regarded as deforming only along its longitudinal
direction. The deflection of the folded ridge can there-
fore be analyzed by the classical elasticity theory of Euler
[24], and the elastic energy of the folded bilayer graphene
yields UE ∼ BW/λ. Substituting this expression of elas-
tic energy, UE , into Eqs. (7) and (8) as well as using the
approximation cos  θ ≃ 1 for small angles, we obtain the
expression of taper angle

sin θ =
α

Gct

√
Bγ2

(
γ1
γ2

− 1 +
2Gct

γ2W

)
, (9)

where α is a dimensionless constant. For large flaps and
adhesion-dominated situations, γ1W ≫ Gct, Eq. (9) is

reduced to

sin θ =
α
√
Bγ1

Gct
. (10)

This result is similar to the one obtained in Ref. [24]. As
shown in Fig. 3(b), the sine of the taper angle is well de-
scribed by linear fit, sin θ ∼

√
γ1/γ2, in agreement with

the results of macroscopic continuum theory in previous
studies.

However, the sine of the taper angle follows a distinct
scaling for the tearing of monolayer graphene. As ex-
hibited in Fig. 3(b), the exponent of scaling of the ta-
per angle for monolayer graphene is about 0.1, obvi-
ously smaller than 1/2. Furthermore, the taper angle
θ ≈ 18.4◦, even if the adhesion strength is reduced to
zero (see supplementary material Fig. S2), which im-
plies that the elastic energy focused in the ridge is larger
than was previously supposed. As indicated in Fig. 3(c),
the folded ridge of monolayer graphene deforms not only
in the longitudinal direction along its length, but also
in the transverse direction along its width. Besides, the
curvature at the crack tips is larger than that at the
middle of the ridge and almost approaches the limit of
graphene bending, which leads to high stress concentra-
tion at crack tips, as indicated in Figs. 4(a) and (b). Brau
et al. [27] supposed that this type of folded ridge pos-
sesses the characteristics of a Lobkovsky–Witten ridge,
and assumed that the elastic energy of the ridge essen-
tially includes a bending energy, UB , in the longitudinal
direction and a stretching energy, US , in the transverse
direction in the situation where adhesion is negligible.
The bending energy scales as UB ∼ Bϕ2W/λ, and the
stretching energy US ∼ Etϕ4λ5/W 3. Upon minimiza-
tion of the total energy UE = UB + US with respect

Fig. 4 Virial stress distribution in the graphene sheet for
adhesion strength of 0.84 J/m2. (a, b) Tensile stress of mono-
layer graphene. (c–f) Tensile stress of bilayer graphene. (c)
and (d) show the stress distribution of the upper graphene.
(e) and (f) show the stress distribution of the lower graphene.
Compared with bilayer graphene, the stress field of monolayer
graphene is symmetric.
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Table 1 Structural and mechanical parameters of mono-
layer and bilayer graphene. The Young’s modulus E the
thickness t and interfacial adhesion strength γ2 is calcu-
lated by AIREBO potential. Fracture resistances Gc of bi-
layer graphene are simply set two times that of monolayer
graphene.

Gc (J/m2)
E (TPa) T (Å) B (eV) γ2 (J/m2)

χ=0◦ χ=30◦

Monolayer 1.0 [44] 3.4 [37] 1.4 [48] 0.255 11.7 [12] 11 [12]

Bilayer 1.0 [44] 6.8 35.5 [48] 0.255 23.4 22

to λ (∂UE/∂λ = 0), we obtain the expression of the
elastic energy; UE ∼ B2W 5/(Etλ7), where E is the in-
plane Young’s modulus of graphene [27]. In this research,
the in-plane Young’s modulus for graphene calculated by
AIREBO potential is about 1.0 TPa, and the thickness
of monolayer graphene is 3.4 Å (see Table 1).

Up to this point, we have not considered the adhesion
effect of the substrate on the elastic energy of folded
monolayer graphene. As exhibited in Fig. S1, the rela-
tionship between the height (h) of the folded ridge and
the elastic energy is a function of the adhesion strength
of the substrate, and decreases with the increase of adhe-
sion strength. For monolayer graphene, the height and
length of the ridge scales h ∼ λ [27]. Therefore, the elas-
tic energy of monolayer graphene is also a function of
adhesion strength, width and length of the ridge, all of
which are coupled nonlinearly, so that it is impossible
to describe the energy with an analytical formula. To
simplify the analysis of elastic energy, we assume that
the elastic energy including the adhesion effect can be
expressed as UE = UE(λ,W, γ̄), where the dimension-
less variable γ̄ = γ1/γ2. The elastic energy UE can be
expanded as a Taylor series with respect to

UE(λ,W, γ̄) = U0
E(λ,W ) +

∂U0
E

∂γ̄
γ̄ +

1

2

∂2U0
E

∂γ̄2
γ̄2 + · · · ,

(11)

where U0
E ∼ B2W 5/Etλ7. Since the height of the ridge

can be given by h = h(γ̄) by fitting Fig. S1, the first
derivative of U0

E on γ̄ can be expressed as

∂U0
E

∂γ̄
=

∂U0
E

∂λ

dλ
dγ̄ =

∂U0
E

∂λ

dh
dγ̄ . (12)

Neglecting higher order terms, we have

UE(λ,W, γ̄) ≈ U0
E(λ,W )

(
1− 7

γ̄

h

dh
dγ̄

)
. (13)

It is clear that dh/dγ̄ < 0, which implies that accounting
for the adhesion effect will always increase UE(λ,W, γ̄).

By solving Eqs. (7), (8), and (13) numerically with free
parameters of order 1, we find that it predicts the ten-
dency of the taper angle of monolayer graphene indicated
in Fig. 3(b) well. This indicates a significant difference
between tearing of bilayer graphene and that of single-
layer graphene with a peeling angle of π.

Owing to its atomic-scale thickness and small bend-
ing modulus, monolayer graphene can be easily folded
into extremely small radii of curvature under external
stimuli. As shown in Fig. S2, the ridge height of mono-
layer graphene is smaller than 1 nm, less than the cut-
off radius of the adhesion effect, while that of bilayer
graphene is greater than 1.4 nm, so the self-folding of
single-layer graphene is more influenced by the adhesion
strength of the substrate than is bilayer graphene. This
also explains why the taper angle of monolayer graphene
is extremely sensitive to the adhesion strength of the
substrate. Besides, if the bending force, B/h, is low
or rupture resistance force Gct is large, the ridge could
bend significantly when it is pulled. In this study, the
characteristics of bilayer graphene B/(Gcth) ≈ 1, while
the ratio of monolayer graphene B/(Gcth) ≪ 1, so the
folding ridge of monolayer graphene possesses the char-
acteristics of a Lobkovsky–Witten ridge but this effect
can be neglected for the bilayer ridge.

While we have shown the impact of adhesion strength
of substrate and thickness of graphene (number of
graphene layers) in Fig. 2, several interesting observa-
tions deserve further analyses combining the above the-
oretical analyses. In contrast to monolayer graphene, the
two crack trajectories of bilayer graphene appear asym-
metric and not straight, and are narrowed through big
surface steps and long zigzag edges with large disconti-
nuities. Furthermore, the edges of the upper graphene
also differ from those of the lower layer, as exhibited
in Figs. 2(d) and (e). To shed light on the trajectory
differences between monolayer and bilayer graphene, we
will explore the crack path at the atomic scale. For
a thin film, the crack path is independent of its past
trajectory, for the reason that the elastic energy is lo-
calized in a small ridge, so that all the quantities of
the crack are functions of inter-crack distance W and
dW/ds [28]. As shown in Fig. 1(c), since taper angle θ is
the local angle between the tangent to the crack trajec-
tory and the x axis, the trajectory can be determined by
equation dW/dl = − tan θ(W ) with the initial condition
W (0) = W0, demonstrating that the variation in width of
the two crack tips only depends on its current value, not
on its past [27, 28]. Because it is a case of brittle fracture,
crack propagation in monolayer graphene only involves
the fracture of C-C bonds, while Sen et al. found that at
high adhesion strength the transition from the first arm-
chair sections to the second ones is always accompanied
by the stress-driven formation of 5–7-defect clusters [34].
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Thus, the crack paths of tearing monolayer graphene are
similar to those of macroscopic thin film, symmetrical
and continuous, but tear edges in Ref. [34] are neither
straight nor mirror symmetric at high adhesion strength
because of stretching energy ahead of the tear ridge.

However, in the case of tearing of bilayer graphene,
there are several differences compared with tearing of
monolayer graphene. As indicated in Figs. 2(d) and (e),
the upper and lower graphene are AB stacked in the re-
gion far away from the crack, while the stacking around
the crack deviates from AB stacking, which reveals that
there exists evident relative displacement between the
two layers of graphene around the crack paths, and that
the region around the crack paths also stores elastic
energy. Additionally, there are carbons with dangling
bonds that form new C-C bonds between the two lay-
ers of graphene at big surface steps, leading to stress-
activated sheet fracture in these regions exhibited in
Figs. 4(c)–(f). These two effects render the crack tra-
jectories of bilayer graphene dependent on their past so
that a small disturbance can cause trajectories to become
asymmetrical.

A more detailed understanding of the mechanisms can
be obtained by considering the deformation difference
between the upper and lower graphene layers. As shown
in Fig. 3(d), the curvature of the upper graphene layer
is much higher than that of the lower, so that the ta-
per angle of the upper layer is larger than that of the
lower layer. In other words, the ridge width of the up-
per graphene diminishes faster than that of the lower.
According to the discussion of Figs. 2(a) and (b), the
cracks in the upper graphene tend to converge through
first armchair and second zigzag edges, while those in
the lower graphene are inclined to converge through first
zigzag and first armchair edges. Meanwhile, the ridge
width of the lower graphene is constrained by that of the
upper graphene sheet shown in Fig. 2(d), leading to the
formation of C-C bonds during the interaction between
the two layers of graphene. The competition of these two
effects between upper and lower graphene causes the phe-
nomena shown in Figs. 2(d)–(f). Therefore, interlayer
interaction plays an important role in the crack trajec-
tories in bilayer graphene.

3.2 Self-assembly of graphene

As discussed above, the net interface tension force de-
riving from the difference in the energy release rates of
peeling and healing can motivate graphene self-tearing
and peeling from a substrate even without external force
as (γ2 − γ1)W/2 > Gct. This phenomenon has been
studied by Annett et al. through theoretical analysis
and experiment on a silica substrate, and they showed
that thermal activation leads to spontaneous and self-
driven sliding, tearing and peeling from a substrate [17].

Neglecting the external force and friction, Eq. (7) can be
reduced to [17]
1

2
∆γW = Gct cos θ, (14)

where ∆γ = γ2 − γ1, is the net interface tension of unit
length. Combining Eqs. (8) and (14), it can be seen that
the flap growth terminates at a finite width due to its
tapering, and flaps with different initial widths should
taper and stop with the same final width under similar
conditions of temperature, adhesion strength and so on
[17].

However, it is unclear how bending moduli, adhesion
and local crystal structure impact the tearing process.
We now focus on monolayer graphene self-assembly from
substrates at various adhesion strengths in the absence
of external force by MD simulations. The process of
self-assembly involves competition among elastic energy
of the folded graphene, the adhesion energy between
graphene and substrate, and the graphene-graphene in-
terlayer interaction energy. The graphene flap is first
folded by external force, which increases the bending en-
ergy of the graphene. After the folded flap is formed, the
flap, stimulated by thermal fluctuation, starts to slide
on the graphene sheet, and the folding ridge exhibits
buckling and gradually produces obvious transverse de-
formation, as in Fig. 5(a). Then the curved ridge is
straightened and shortened because of the crack prop-
agation at its two edges. As the flap and ridge repeat
the above movement, the self-assembly of the graphene
flap by self-tearing and peeling from a substrate proceeds
spontaneously. While the self-assembly occurs at 10 K,
it is enhanced by thermal fluctuations at a high temper-
ature (T = 300 K), which reduces the strength [43, 44]
and accelerates the sliding velocity of the graphene flap
(see Movies S1 and S2 in Supplementary material). As
shown in Fig. 5(e), the self-assembly processes tend to
decrease the energy of graphene, and to stop in a state
of energy stability. Varying the adhesion strength of the
substrate, we find that the stable energy rises with the
increase of adhesion strength, which implies that self-
assembly occurs more easily at lower values. Figure 5(f)
is the stable state of graphene self-assembly, and shows
that the flap is mainly narrowed via first armchair and
then zigzag edges, which is similar to the edge tearing
of monolayer graphene from a low adherent substrate.
In addition, the flap and sheet spontaneously choose AB
stacking at the end of the flap, leading to a lower energy
state [40].

We detail the evolution of graphene self-assembly at
a crack tip in Figs. 5(b)–(d), where the atoms are high-
lighted by their z coordinate. Because the end of the flap
is not subject to an external force and not constrained,
there is an obvious stack angle between flap and sheet,
which results in Moiré images at overlapping regions [see
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Fig. 5 Formation mechanisms of self-assembly of monolayer graphene. (a–d) The evolution of monolayer graphene self-
tearing and peeling from a substrate for T = 10 K. The crack propagation of zoom area is signed by brown dashed box in
(a). (e) The change in per-carbon energy during the self-assembly of graphene for T = 10 K. (f) Upper view and the close
up of the final status of graphene after the energy stable for adhesion strength of 0.042 J/m2. (g) Schematic diagram of the
balance of forces at the folding ridge.

Figs. 5(b) and (d)]. As the crack propagates, the stack
angle becomes small, and the period of the Moiré pat-
tern gradually enlarges until it disappears. When the
flap stops sliding, the deflection angle of the ridge at
the crack tip becomes constant, as was also observed in
Ref. [35]. Therefore, the deflection angle φ plays a signif-
icant role during graphene flap self-tearing and peeling
from a substrate. This is because in contrast to the tear-
ing of graphene from a substrate with a constant speed
as discussed in Section 3.1 (displacement-controlled ex-
periment), the end of the graphene flap here is not con-
strained, and can freely move along the longitudinal (y
axis) or transverse (x axis) direction (see Movie S1 in
Supplementary material), which probably causes crack
paths to be neither uniform nor symmetrical. Besides,
due to thermal disturbance and extremely small bending
modulus, the long ridge easily deforms along the trans-
verse direction (x axis). Both of the above reasons lead to
the obvious transverse displacement at the middle of the
ridge and non-negligible deflection angle at crack tips.

To explain this phenomenon, as shown in Fig. 5(g),
the folded ridge can be regarded as a beam, where the
sum of fracture resistance Gct and the derivative ∂WUE

are the concentrated load at both ends of beam, and the
net interface tension ∆γW is a uniform load on the beam
to motivate the ridge deformation and movement. From
Fig. 5(a), it is obvious that δ/W ≪ 1, so we can estimate
cosφ ≃ 1 and φ ≃ 4δ/W . The sag of the ridge because

of the net interfacial tension induces an increase in its
length with extensional strain on the order of (δ/W )2

on an area of size S ∼ λW , so that the strain energy
would yield US ∼ Et(δ/W )4S = Etλδ4/W 3 [27], while
the work done by the net interfacial tension would follow
the scaling law ω ∼ β∆γWδ. At equilibrium status, the
strain energy is equal to the work, ω = US . Thus, the
deflection angle is given by

sinφ ∼
(
β∆γW

Etλ

)1/3

, (15)

where β is a dimensionless parameter related to the
topology of the folded region shown in Fig. 1(d). Equa-
tion (15) implies that the deflection angle φ decreases
as the ridge is narrowed, which well explains the reduc-
tion of φ in Figs. 5(b)–(d). By considering the balance
of forces at the crack tip [45], Eqs. (8) and (14) can be
modified as

∂WUE sinφ+
1

2
β∆γW = Gct cos θ, (16)

∂WUE cosφ = Gct sin θ. (17)

In this way, Eqs. (16) and (17) are coupled together.
Analogously, the elastic energy stored in the ridge can
be released in two ways: by decreasing its longitudinal
curvature or by simply reducing the width of the ridge,
which drives the inward tapering of the flap. In the ab-
sence of friction, Eqs. (16) and (17) reveal that the flap
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growth terminates at a finite width due to its tapering,
and its final width and net interfacial tension should be
inversely related. Figure 6(a) shows the final width of
monolayer graphene self-tearing on a substrate over the
adhesion strength range of 0.04–0.17 J/m2. It demon-
strates that the final width is evidently raised with the in-
crease of adhesion strength (decreasing the net interfacial
tension), and the final width and adhesion strength are
approximately inversely proportional. As the tempera-
ture increases (T = 300 K), the final widths are reduced
as compared to those at lower temperature (T = 10
K), because high temperature will accelerate the tearing
speed, so that graphene is more easily torn [17]. More-
over, the final width in our MD simulations ranges from
116 nm to 243 nm, while that of monolayer graphene
on silica substrate is around 150–230 nm in Ref. [17].
Substituting this value into the fitting curve gives then
the adhesion strength of the silica substrate of 0.11–0.2
J/m2, which is close to previous calculation and experi-
mental results [46, 47].

To further investigate the influence of adhesion, we
have measured the taper angle of the above flap after
self-assembly stops. As depicted in Fig. 6(b), the taper
angle at low temperature (T = 10 K) is smaller than that
at high temperature. Equation (17) reveals that the ta-
per angle is negatively related to the fracture strength, so
that higher temperature increases the taper angle. A fur-
ther refinement in analysis reveals that the taper angles
θ here regardless of temperature exhibit a similar scaling
law, close to that of tearing of monolayer graphene under
similar conditions as discussed in Section 3.1. This is an
interesting and remarkable result, which demonstrates
that regardless of external stimuli, such as temperature
and external force, as well as size scale (20 nm and hun-
dreds of nanometers), the two dimensionless parameters,

sin θ and γ1/γ2, are consistent characteristics to describe
the tendency for convergence of crack trajectories, and
their functional relationship mainly depends on the ge-
ometry of the folding ridge, as implied by Eqs. (8) and
(17). Consequently, although it is unrealistic to perform
a full MD simulation of the self-assembly of multilay-
ered graphene, it is possible to predict the tendency for
convergence and edges characteristics of crack paths by
simulating a small model motivated by external force.
Thus, our MD simulations and analysis in Section 3.1 on
the crack path can by analogy describe the self-assembly
process. As shown in Fig. 3(b), the taper angle of bilayer
graphene is 6.3◦–9.2◦ for adhesion strengths of 0.11–0.2
J/m2, which is consistent with the taper angle θ ≈ 6◦ in
Ref. [17]. This is a good proof of above assumption.

Overall, our MD simulations and analysis provide
insights into the underlying physics of the process of
self-assembly depicted in Fig. 5. They suggest that
the small net interfacial tension can motivate the long
folded ridge to move forward with flap self-assembly
by self-tearing, self-folding and peeling from a sub-
strate, and the graphene flap could in principle extend to
very large scales. Comparing the taper angles in single-
layer graphene generated by external force and by self-
assembly, we find a consistent characteristic behavior
of the sine of the taper angle as a function of the ra-
tio of adhesion strength. This scaling law offers more
understanding of the self-assembly process of multilay-
ered graphene from current MD simulations. Further-
more, our MD simulation results exhibited in Fig. 6 also
indicate that the self-assembly process could be accom-
modated via varying the substrate adhesion, number of
graphene layers and temperature, in order to achieve
controllable origami-like folding and kirigami-like cutting
in two-dimensional sheets on a substrate [18].

Fig. 6 Geometry of self-assembly graphene. (a) Final width of the ridge as a function of interface tension of unit length.
The two solid lines are fitting curves by using the functional form W = A/∆γ +B, we obtain A = 20.44 J/m, B = 37.3 nm
for T = 10 K, and A = 12.0 J/m, B = 66.9 nm for T = 300 K. (b) Comparison of taper angle in self-assembly graphene
driven by external force and self-assembled. The scaling law is exhibited by solid line.
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4 Conclusion

In summary, we perform MD simulations in conjunc-
tion with an analytic model to investigate graphene torn
from a substrate through external force and thermal ac-
tivation. From MD simulations, we find that the tearing
of graphene sheets leads to tapered flaps and taper an-
gles are strongly linked to the adhesion strength of the
substrate. For bilayer graphene, the taper angle scales
as sin θ ∼ (γ1/γ2)

1/2, while the monolayer follows a dif-
ferent scaling law, yielding sin θ ∼ (γ1/γ2)

0.1. Analytic
models reveal that the elastic energy localized over a
small region plays a major role in the crack trajectory.
The bending energy is the dominant contribution to the
elastic energy of the system for bilayer graphene, while
the elastic energy of monolayer graphene includes bend-
ing and stretching energy, which act together with the
adhesion effect in a nontrivial way to produce a taper
angle following a different scaling law. In addition, the
analytic model indicates that the folded graphene can be
torn by self-assembly without external force as long as
the net interfacial tension is large enough [see Eq. (14)].
More interestingly, the sine of the taper angle as a func-
tion of the adhesion strength is a consistent characteristic
regardless of external stimuli and size scale, which pro-
vides more validation and insight into the self-assembly
process of multilayered graphene from current MD simu-
lations. Nevertheless, MD simulations also demonstrate
that the process of self-assembly by self-tearing, self-
folding and peeling from a substrate can be controlled
by varying the adhesion strength of the substrate, en-
vironment temperature and number of graphene layers,
giving it potential to be used in origami-like folding and
kirigami-like folding of two-dimensional materials.
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