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a b s t r a c t
Two-dimensional materials such as graphene and transition metal dichalcogenides have
been identiﬁed and drawn much attention over the last few years for their unique structural and electronic properties. However, their rise begins only after these materials are
successfully isolated from their layered assemblies or adhesive substrates into individual
monolayers. Mechanical exfoliation and transfer are the most successful techniques to obtain high-quality single- or few-layer nanocrystals from their native multi-layer structures
or their substrate for growth, which involves interfacial peeling and intralayer tearing processes that are controlled by material properties, geometry and the kinetics of exfoliation. This procedure is rationalized in this work through theoretical analysis and atomistic
simulations. We propose a criterion to assess the feasibility for the exfoliation of twodimensional sheets from an adhesive substrate without fracturing itself, and explore the
effects of material and interface properties, as well as the geometrical, kinetic factors on
the peeling behaviors and the torn morphology. This multi-scale approach elucidates the
microscopic mechanism of the mechanical processes, offering predictive models and tools
for the design of experimental procedures to obtain single- or few-layer two-dimensional
materials and structures.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Two-dimensional (2D) materials, including graphene and its derivatives, transition metal dichalcogenides (TMDs), phosphorene, 2D boron, silica mono- and bi-layers have drawn much attention because of their unique structural, mechanical
and optoelectronic properties that are uncovered recently (Butler et al., 2013). Promising applications such as the optoelectro-mechanical devices and functional nanostructured membranes have been fabricated and widely explored in practice
(Pumera et al., 2010; Shao et al., 2010; Wei et al., 2014). However, their rise begins only after being successfully cleaved from
their layered assemblies into high-quality monolayer samples. Mechanical exfoliation that was used in the original work to
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Fig. 1. (a) Schematic illustration of the mechanical exfoliation process, where a peeling force is applied by the adhesive substrate or tape, and the peeled
sheet detaches during the peeling process. (b) The optical image of exfoliated graphene monolayer and multilayers (the number of layers is denoted by the
numbers). (c) A 2D sheet peeled off from an adhesive substrate (top and side views). (d) Detailed views of the peeling front and edges, where the width
w changes with peeling. The results are obtained from our CGMD simulations.

isolate graphene is one of the most successful techniques for this aim (Novoselov et al., 2005; Novoselov et al., 2004). In
addition to preparing 2D materials in a monolayer or few-layer form (Allen et al., 2010; Varoon et al., 2011; Yi and Shen,
2015), their successful transfer (Kim et al., 2013) from the host substrate for growth to another one is also a key technology under development for the applications of 2D materials (Allen et al., 2009; Chen et al., 2013) and the construction of
van der Waals heterostructures where 2D sheets are stacked in a speciﬁed layered order (Geim and Grigorieva, 2013; Kotov
and Weiss, 2014). To successfully exfoliate or transfer atomic-thin membranes, theoretical models for the mechanical design
are desired. To be speciﬁc, as a peeling force is applied to the single- or few-atom-thick sheets through their attachment
to the stamp material such as a scotch tape, one could cleave the sheet from a substrate. Morphology of the exfoliated
samples shows that the sheets are usually torn in part during peeling, with cracks nucleation and propagation along the
sheet-substrate interface for successful exfoliation, and within the materials by fracturing the sheet into pieces (Fig. 1a),
which can be rationalized into a forced peeling process as illustrated in Fig. 1c, where the mode selection between peeling
and tearing is determined by the material properties, peeling geometry and kinetics.
The theory of mechanical peeling for linear elastic ﬁlms adhered to a rigid substrate was ﬁrstly formulated by
Rivlin (1944), and was later generalized to elastic-plastic materials by Aravas, Hutchinson and co-workers (Kim and Aravas,
1988; Tvergaard and Hutchinson, 1992; Wei and Hutchinson, 1998). Tearing of the ﬁlms was overlooked in these models,
however, by assuming that only peeling is activated in the process. It was reported that the ﬁlm adhered to the substrate
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could deform and fracture while being peeled off using adhesive tapes, leading to quasi-perfect triangular tears (Hamm et al.,
2008). Follow-up experimental studies extended the exploration to substrates with curved surfaces (Kruglova et al., 2011).
Due to their single- or few-atom-thick nature, the 2D sheets could be fragile under peeling, and the control of exfoliated
geometry is technically challenging considering the interplay between material properties and the peeling setup. Numerical
simulations have been carried out to elucidate microscopic mechanisms of the mechanical process. In earlier work some
authors of this paper studied the conditions for a tearing process to produce tapered graphene nanoribbons (Sen et al.,
2010). Qin et al. modeled the peeling of silicene sheets from a silver substrate and ﬁnd that the triangular geometry of torn
sheets is robust against change in the tearing angle (Qin et al., 2015). Despite these earlier results reported in the literature,
a predictive theory and model that can correlate the peeling and tearing behaviors to the material properties and peeling
setup (geometry, speed) is still lacking, which prevents from generalizing mechanical exfoliation techniques to the wide and
increasing spectrum of 2D materials.
Compared to their macroscopic counterparts, 2D materials feature many unique structural and mechanical properties
(Blees et al., 2015; Xu, 2016). Their single- or few-atom-layer structures leads to low out-of-plane bending stiffness, D, on
the order of 1 eV (Gao and Xu, 2015; Huang et al., 2006; Koskinen and Kit, 2010; Kudin et al., 2001; Zhang et al., 2011), and
high in-plane tensile stiffness K (on the order of 100 N/m) and 2D tensile strength σ s (on the order of 10 N/m) (Li, 2012;
Liu et al., 2007). As a result, the Föppl–von Karman number, deﬁned as FvK = KL2 (1 − υ 2 )/D, could be high, on the order
of 1010 –1011 for 2D sheets with lateral size of L = 10 μm, while the thin-shell thickness ts = [12(1 − υ 2 )D/K]1/2 is small, on
the order of 0.1–1 nm (Gao and Xu, 2015). The amplitudes of these two characteristic numbers demonstrate the superior
ﬂexibility of 2D materials under mechanical or thermal perturbation.
On the other hand, the interfaces between 2D materials and the substrate are usually mediated through a wide range of
interactions ranging from chemical bonds, van der Waals to electrostatic interactions, which could be tuned by the chemistry
of interfaces. The interfacial adhesive strength is usually in the range of 0.1–10 N/m, comparable with the in-plane tensile
strength which is 1–10 N/m (Table S1). This is in stark contrast with the adhesive interface of scotch tape, where in-plane
tensile strength of the ﬁlm, 103 –104 N/m, is signiﬁcantly higher than the interfacial strength 102 N/m (Table S2). Therefore, while being exfoliated from an adhesive substrate, fracture of the 2D sheets can be activated, and a predictive model
should be developed to devise the experimental procedures, towards high quality and yield control. To achieve this, the
key roles of material properties, peeling geometry, force amplitude and rate should be discussed for optimal design of the
process.
In this work, we address these issues by analyzing and simulating the mechanical exfoliation process of representative
2D materials from an adhesive substrate. The theoretical model is introduced in Section 2, followed by atomistic simulations based studies, with the detailed methodology described in Section 3. The results not only verify predictions from the
analytical model, but also yield a few key ﬁndings that complements the theory, as discussed in Section 4 with focus on
the impact in designing mechanical exfoliation and transfer processes for 2D materials. Section 5 concludes the current
work.
2. Theory for the peeling and tearing processes
Considering the mechanical exfoliation process of a 2D sheet from a ﬂat and rigid substrate, with a geometry illustrated
in Fig. 1c, the elastic energy of the sheet is

UE = UB + UT

(1)

where the two terms UB and UT arise from the bending deformation of the ridge and stretching deformation of the sheet
(Fig. 1c). In a displacement-controlled peeling experiment where the upper edge of the sheet is pulled upward, the ﬁrstorder variation of the total energy U is



F2
δU = (∂wUE )l δ w + (∂l UE )w δ l + 2γsts δ s + γi wδ l − F (1 − cosα ) +
δl
Kw

(2)

where sinθ = − δ w /2δ s and =cosθ = δ l/δ s. We here introduce γ s as the cleavage energy density of the 2D sheet which
corresponds to the cracking process leaving a pair of fresh edges, and γ i as the interfacial energy density between the 2D
sheet and the substrate. l is the distance that peeling front travels, s and w are the length and width of cracks created by
peeling, α and θ are the peeling and tearing angles, and F is the amplitude of peeling force (Fig. 1c). It should be noted
here that the thickness of 2D materials was deﬁned through thin-shell thickness ts (Gao and Xu, 2015; Huang et al., 2006;
Kudin et al., 2001). The in-plane tensile stiffness K = Yts , where Y is the Young’s modulus of 2D materials. The r.h.s. terms
of Eq. (2) include the variation of elastic strain energy, edge-cleavage energy, the sheet-substrate adhesion and work done
by the external peeling force. The last term includes F (1 − cosα )δ l resulted from the movement of loading point where the
F2
sheet is considered to be inextensible, and a nonlinear elastic term Kw
δ l for the stretched region AB (Fig. 1c).
The condition of mechanical equilibrium can then be derived from ∂ U/∂ s = 0 as



(∂l UE )w cosθ = 2(∂wUE )l sinθ − 2γsts − γi wcosθ +



F2
F (1 − cosα ) +
cosθ
Kw

and the criterion for the maximum energy release rate is ∂ θ (∂ U/∂ s) = 0, or

(3)
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(∂l UE )w sinθ = −2(∂wUE )l cosθ − γi wsinθ +
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F (1 − cosα ) +

F2
sinθ
Kw

(4)

Eqs. (3) and (4) can be further simpliﬁed into

F (1 − cosα ) +

F2
= (∂l UE )w + 2γs ts cosθ +
Kw

γi w

(5)

(∂wUE )l
γsts

sinθ =

(6)

which constitute the governing equations for the mechanical exfoliation of the 2D sheet. To solve Eqs. (5) and (6), one
should ﬁrst derive the analytical expressions for bending and stretching energy terms of the sheet.
2.1. Bending of the 2D sheet
We ﬁrst calculate the bending energy of a 2D sheet under the peeling force F by assuming that it can be described
mathematically using an inextensible planar curve. Here we use the curvilinear coordinates (s, β ) where s is the curvilinear
abscissa and β is the angle measuring the local tangent to the curve with respect to the peeling force direction (Fig. 1c).
Noting that the curvature κ (s) is the rate of change in β (s), we have κ (s) = dβ /ds. The bending momentum M(s) = Dwκ (s)
can then be written as

Dw

dβ
= F
ds



s
0

sin β ds

(7)

It should be noted that bending is localized at the ridge of peeling front that connects the ﬂap to the substrate. Accordingly, one could assume width of bent sheet is a constant in this ridge, while outside the ridge we have β ≈ 0 (Kruglova
et al., 2011; Hamm et al., 2008). Therefore, taking the derivation of both sides in Eq. (7), one arrives at

d2 β
F sinβ
=
Dw
ds2

(8)

Using κ (s) = dβ /ds, we have

κ (s )

dκ ( s )
F sinβ
=
dβ
Dw

(9)

Integrating Eq. (9) with the boundary condition p|β =0 = 0 leads to

2F (1 − cosβ )
Dw

κ 2 (s ) =

(10)

Thus the curvature is

dβ
=
ds



2F (1 − cosβ )
Dw

(11)

and the bending energy of a 2D sheet is

UB

1
=
2



s

0

Dwk(s ) ds =
2

√



√
sinα
2F Dw
2− √
1 − cosα


(12)

which does not depend on the torn sheet as bending is localized.
2.2. Stretching of the 2D sheet
By assuming that the material is isotropic and linearly elastic, which is reasonable for most 2D materials except for the
black phosphorus with non-hexagonal lattice structures (Table S1), the stretching energy of a 2D sheet is calculated by
integrating the strain energy density over the length l, that is


UT =

l
0

F2
f F 2l
dx =
2Kw(x )
Kw

(13)

A dimensionless shape factor f is introduced in Eq. (13) to measure the dependence of stretching energy of torn sheet on
the shape of torn sheet, which is 0.5 for a rectangular sheet.
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Fig. 2. The 2D peeling stress σ 2D predicted from Eq. (14) as a function of (1 – cosα )−1 or w. The results in panel (a) demonstrate signiﬁcance of the
nonlinear term of σ 2D at a small peeling angle and a high peeling stress, while data in panel (b) shows that the effect of the edge fracture term on σ 2D
stress is negligible for large w.

2.3. Governing equations for the torn geometry
With Eqs. (5), (12) and (13), the generalized governing equation can be derived as

F (1 − cosα ) +

(1 − f )F 2
Kw

γi w + 2γsts cosθ

=

(14)

where the linear and nonlinear terms of the peeling force F on the left balance the interfacial adhesion γ i w and
the edge cleavage energy 2γ s ts cosθ . It should be remarked here that the formula can be reduced to the equation
F(1 − cosα ) + F2 /2Kw = γ i w given by Kendall (1975) where edge cleavage is excluded in the peeling processes, and
F(1 − cosα ) = γ i w + 2γ s ts cosθ derived by Hamm et al. (2008) where the nonlinear term is not considered in studying tape
peeling, and F(1 − cosα ) = γ i w proposed by Rivlin (1944) if both the edge cleavage and the nonlinear term are neglected.
Moreover, as bending is localized at the ridge and the bending energy is independent on the distance l the peeling front
travels (Kruglova et al., 2011; Hamm et al., 2008), one can ﬁnd from Eqs. (5), (12) and (14) that UB has no contribution to F.
However, it should be noted that this conclusion is valid only for the steady-state stage of peeling, while the bending could
inﬂuence on the peeling force in the initial stage of peeling (Peng and Chen, 2015).
For mechanical exfoliation of 2D materials, considering the fact that the value of γ i w is much larger than γ s ts and the
high in-plane stiffness (typical values are γ i = ∼0.3 J/m2 , w = ∼1 − 10 μm, γ s ts = ∼2.2 eV/Å, and K = 345 N/m for graphene),
the contribution of the edge cleavage term for the peeling force can be neglected, and the nonlinear term is signiﬁcant only
in the condition when α is very small (Fig. 2). Hence the peeling force is mainly applied to balance the interfacial adhesion,
which can be approximated as F ≈ γ i w/(1 − cosα ), and with Eqs. (12) and (13), we have

UT =

UB =

f γi 2 wl

(15)

K (1 − cosα )2




γi Dw √

2
1 − cosα

√

−

2sinα
1 − cosα


=



γi Dwg(α )

(16)

Speciﬁcally, one can further expand g(α ) into the Taylor series as

√
√
√
2
2sinα
2
2 3
g( α ) = √
−
=
α+
α + O
1 − cosα
4
192
1 − cosα

α5

(17)

and the 1st- and 3rd-order approximations of the bending energy are



UB =

4


UB =

2γi Dw

2γi Dw
4

α

(18a)


α+

2γi Dw
192

α3

(18b)

respectively. Kruglova et al. (Kruglova et al., 2011) derived a linear relation between the bending energy and α for the
tearing process based on the assumption that the peeling force induces localized deformation at the ridge with an uniform
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curvature, connecting the ﬂap sheet and substrate. The form of bending energy derived by Kruglova is actually the 1storder approximation of Eq. (16). Compared to the exact solution obtained within the entire range of α in [0, π ], the errors
introduced are below 22% and 5% for the 1st- and 3rd-order approximations, with the maximum values at α = π .
Combining Eqs. (6), (15) and (16), we can describe the torn geometry of the 2D sheet as



f γi 2 l

sinθ =

K γs ts (1 − cosα )

2

+

γi Dg(α )
γsts

and the value averaged over the whole peeling process is

sinθ  =



f γi 2
K γs (1 − cosα )

2

l 





ts

+

γi D
g( α )
γsts

(19)

Here l is the averaged value of l (Sen et al., 2010). Eqs. (14) and (19) are thus the solutions for the peeling force and
the torn geometry, which will be used in the following discussion.
2.4. The peeling speed
In practice, the peeling kinetics plays an important role in the peeling process (Chen et al., 2013; Kovalchick et al., 2013).
To elucidate the relationship between the peeling force F and speed v, for the sake of briefness, we consider a peelingonly process where the static peeling force F0 can be written as F0 = γ i w/(1 − cosα ). The dynamical nature of the peeling
process introduces an additional kinetic peeling force F1 , which depends on the peeling speed v. According to the impulsemomentum theorem, we have F1 dt = mv. Here F1 is the additional kinetic peeling force driving the speed of peeling front to
change from 0 to v within dt, m = ρ wdl is the effective mass of peeling front, where ρ is the areal mass density of peeling
sheet, and wdl is the area. In addition, dl/dt = f1 v, where f1 is a dimensionless factor characterizing the effect of peeling
angle, we have F1 = mdv/dt = ρ wvdl/dt = f1 ρ wv2 , and thus

F = F0 + F1 =

γi w
+ f 1 ρ wv2
1 − cosα

(20a)

Eq. (20a) can be re-written in the form of the 2D peeling stress deﬁned as the peeling force per width, that is

σ2D =

F
γi
=
+ f1 ρv2
w
1 − cosα

(20b)

from which we ﬁnd that σ 2D includes a static adhesion term γ i /(1 − cosα ), and a kinetic, rate-dependent term f1 ρ v2 .
2.5. Surface roughness of the substrate
The peeling force can also be modulated by the surface roughness of substrate (Zhao et al., 2013; Chen and Chen, 2013).
We study this effect by considering a model substrate with continuously modulated proﬁle h(x) = h0 + Asin(kx) with k = 2π /L.
A characteristic factor of the roughness can be deﬁned from the mean deviation of the proﬁle from a ﬂat surface, that is



A
Rs = ∝
L

L
0

h (x )2 dx
L

(21)

To explore the effect of substrate roughness Rs on the peeling force, we consider the peeling process with an apparent
peeling angle β = 90° as shown in Fig. 3a, while the local peeling angle α relative to the substrate depends on the surface morphology of the substrate. The 2D peeling stress σ 2D = γ i /(1 − cosα ) is a function of α , and the peak value of 2D
peeling stress σ 2D p is reached at the maximum value of cosα , which plays an important role on the fracture of 2D sheets.
Speciﬁcally, the slope of the proﬁle is dh(x)/dx = Akcos(kx) = tan(β – α ) = cot(α ), the maximum value is

max(cotα ) = Ak = 2π Rs
and the maximum value of cosα is

max(cosα ) =



2π Rs

( 2 π R s )2 + 1

Consequently, the peak value of the 2D peeling stress σ 2D p is

σ2D =
p

γi

[1 − max (cosα )]



=



(2π Rs ) + 2π Rs (2π Rs ) + 1 + 1 γi
2

2

(22)

Eq. (22) thus demonstrates a quasi-quadratic dependence of σ 2D p on Rs , and practically, the effect of surface roughness
can be considered as a renormalized factor with additional interfacial adhesion.
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Fig. 3. (a) Schematic illustration of a 2D sheet peeled off from a rough substrate. (b) The CGMD simulation results show that the peak amplitudes of inplane stress (σ 2D p ) increases quadratically with the surface roughness, measured by the ratio A/L. Here the 2D stress is normalized by the tensile strength
of the sheet.

3. Computer simulations
3.1. First-principles calculations
The key parameters for the peeling process of 2D materials include the tensile stiffness K, the Poisson’s ratio υ for the
in-plane elasticity, and bending stiffness D for out-of-plane deformation. To quantify these material parameters, we perform density functional theory (DFT) calculations using the Vienna Ab-Initio Simulation Package (VASP) (Kresse and Furthmüller, 1996). Plane-wave basis sets with an energy cut-off of 600 eV are used. The density of k-point mesh used in the reciprocal space is > 40 Å. The projected augmented wave (PAW) potentials are used for the ion-electron interactions, and the
generalized gradient approximation (GGA) is used for the exchange-correlation functional in the Perdew-Burke-Ernzerhof
(PBE) parametrization (Blochl, 1994; Perdew et al., 1997). Structural relaxation is performed for the primitive cells of all
2D materials using the conjugated-gradient algorithm. These settings are veriﬁed by an energy convergence threshold of
1 meV/atom, as well as thresholds for the force on each atom and the stress on each cell of 0.01 eV/Å and 0.01 GPa, respectively.
To calculate the in-plane tensile properties, tensile tests are carried out on a rectangular supercell, by deforming the lattice in one direction while keeping the other lattice constant free to relax. Two methods were used to calculate the bending
stiffness D. In the ﬁrst one, a single-layer 2D sheet is rolled up into a cylindrical nanotube with a radius of R, and the value of
D is extracted by ﬁtting the strain energy density of the tubule E, i.e. the energy density difference between the tubule and
the sheet, as a function of R following the relation E = D/(2R2 ). Depending on the direction of rolling process in the hexagonal lattice, the bending stiffness is calculated along the armchair and zigzag directions. Twenty special k-points sampled
along the tube axis where the supercell is deﬁned. In the ﬁtting process, we use data for large-radius tubules to avoid the
nonlinearity occurring at high curvature, which yields an accuracy in estimating D below 0.01 eV. In the second approach,
we perform density functional perturbation theory (DFPT) based calculations using the VASP (Kresse and Furthmüller, 1996)
and PHONOPY (Togo et al., 2008) packages. From the phonon dispersions ω(q), we calculate the group velocities of acoustic phonons, which are subsequently used to quantify mechanical properties of the 2D materials. Speciﬁcally, the ﬂexural
phonon mode ZA shows a quadratic dispersion (Karssemeijer and Fasolino, 2011), that is ω2 = (D/ρ )q4 . Here ρ is the areal
density of mass. Fitting the dispersion ω(q) with this equation above yields the value of D. We apply these two approaches
to all 2D materials considered here except for MoS2 and the silica bilayer, resulting in consistent values of D. Speciﬁcally,
the difference in D values calculated for graphene is less than 0.1 eV. For MoS2 and the silica bilayer, the tubule approach
requires high computational costs and thus only DFPT calculations for D are performed.
3.2. Coarse-grained model
Although the elastic deformation of 2D sheets can be described as a continuum without speciﬁc length scales, the advance of peeling and tearing fronts involves atomic-scale details. With the in-plane and out-of-plane mechanical properties
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characterized by ﬁrst-principles calculations (Table S3), we construct a coarse-grained model to simulate the mechanical exfoliation of 2D sheets on an adhesive substrate. In the coarse-grained molecular dynamics (CGMD) simulations, we consider
potential energy contributions from the bond stretching, angle bending, and dihedrals terms, which are
2

Vb = kb (d − d0 )

(23a)

Va = ka (θ − θ0 )

(23b)

Vd = kd [1 − cos (2φ )]

(23c)

2

where d, θ and φ are the bond length, angle, and dihedral angle, respectively. The parameters with subscript ‘0 are their
values at equilibrium. kb , ka and kd are the spring constants for bonds, angles and dihedrals, which can be related to material
parameters in the thin-shell model as

kb =

√
3K
2 (1 − υ )

(24a)

√
2
3d 0 K
kθ =
12(1 + 3υ )

(24b)

and kd can be ﬁtted by bending tests from the value of D. The CG force ﬁeld parameters for graphene used in this work
are summarized in Table S4, and the model can be generalized for 2D materials with speciﬁc parameters ﬁtted to our DFT
calculation results. It should be noted that the harmonic description of Eq. (23a) cannot capture the nonlinear behavior and
bond breaking events as the graphene sheet is torn. To solve this problem, we use a Morse-form potential function for the
bond stretching energy, which captures the essential nonlinear behavior predicted by ﬁrst-principles calculations (Fig. S1),
that is

Vb = D0 1 − e−A(d−d0 )

2

( d < dc )

(25)

where D0 and A are the depth and width of potential well, and dc is the breaking bond length. In this force ﬁeld, the
anisotropy of edge energies (for armchair and zigzag) coincides with that predicted from the adaptive intermolecular reactive empirical bond-order (AIREBO) potential. This conclusion, however, conﬂicts with the result obtained from DFT calculations where the rearrangement of bond orders at the armchair edges is taken into account, which reduces the edge energy
density to a value lower than that for the zigzag edge (Fig. S2) (Liu et al., 2010). The anisotropy in our CG model can be
simply determined from the line density of sp2 bonds broken by cleaving cracks along the zigzag and armchair edges, which
is 31/2 :2. Detailed parameters can be seen in Table S4. The interfacial adhesion is modeled by the 12-6 Lennard–Jones (L-J)
potential

VLJ = 4ε

 12
σ
r

−

 σ 6 
r

(26)

where ε is the depth of the L-J potential well between the CG bead in 2D sheets and the substrate, and σ is the L-J
parameter associated with the equilibrium distance (21/6 σ ). These parameters are obtained by ﬁtting interfacial properties
(Fig. S3). This approach has been successfully applied to model the elastic responses of graphene sheets (Ruiz et al., 2015),
and their interfaces with substrates (Qin et al., 2015).
In the CGMD simulations of tearing, a 2D sheet is deposited on to a rigid surface (Fig. 1d). Two notches are created on
the edges and a rectangular ﬂap is pulled upwards at a constant speed v and angle α . The two crack tips at the ﬂap edges
are set in parallel initially, which subsequently propagate forwards or inwards as the sheet detaches from the substrate.
A strip is eventually separated from the mother sheet completely, leaving behind a triangular tearing of 2D sheet. Fig. 1d
illustrates the peeling processes for different interfacial adhesive strengths. Speciﬁcally, for the peeling of graphene, we
model a 6 × 6 μm sheet represented by 17,200 CG beads, as summarized in Table S4, and carried out a set of numerical
simulations to explore the interplay between deformation and geometry in the forced peeling process of 2D materials.

4. Simulation results and discussions
In this section, we present our CGMD simulation results for the peeling and tearing processes of 2D materials adhered to
the substrate, to probe the roles of controlling parameters. The results are discussed based on the theory we developed in
Section 2. We will focus on the key factors (the peeling angle, speed, and substrate roughness) that inﬂuence the amplitude
of peeling force F and the feasibility of mechanical exfoliation for speciﬁc sheet-substrate pairs ﬁrst, and then explore the
geometrical development of the torn sheets, and the way to control the dynamical process and the torn patterns.
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Fig. 4. (a) The 2D stress σ 2D obtained from CGMD simulations aligns with theoretical predictions with the no-extension approximation as the factor (1 –
cosα )−1 is small and approaches the extension-only extreme as the factor increases. (b) σ 2D in sheets obtained by CGMD simulations shows a quadratic
dependence on the peeling speed v and a linear dependence on the areal mass density ρ of the 2D sheet normalized by that of graphene.

4.1. Peeling force
From Eq. (14), we ﬁnd that the essential physics of the peeling and tearing process can be captured by inspecting the
edge cleavage term 2γ s ts cosθ and the nonlinear term (1 − f)F2 /Kw, in addition to the contribution from interfacial adhesion
term γ i w. For a typical sheet of 2D materials with lateral size of 1–10 μm, the value of γ s ts is 2–4 orders lower than that
of typical values of γ i w, and the edge cleavage term takes effect on the peeling force only as the width is reduced below a
critical value ∼ γ s ts /γ i (on the order of 10 nm for graphene) with the notches propagating forward and inward. To assess the
role of the nonlinear term in Eq. (14), a set of peeling simulations are conducted at different peeling angles. The results in
Fig. 4a clearly show that this nonlinear term is activated as α approaches 0°, where the dash lines indicate the limits without
extension or with extension only, which was previously discussed in macroscopic peeling experiments (Kendall, 1975), where
the force required to peel an elastic ﬁlm off from a rigid substrate depends not only on the adhesive surface energy but also
on an elastic deformation term. The nonlinear term in Eq. (14), which reduces the peeling force, becomes signiﬁcant only in
two speciﬁc instances – the material could sustain 2D stress σ 2D = F/w up to K/10 before breakage, or at very low peeling
angles.
As the kinetic effect is taken into account, we expect a distinct velocity-dependence of F from Eq. (20). CGMD simulations
at various peeling speeds and areal mass densities are performed for typical 2D materials at a constant peeling angle of
90°. The results are in consistency with our theoretical predictions (Eq. (20)), revealing that F has a linear and quadratic
dependence on areal mass density ρ and peeling velocity v, respectively (Fig. 4b). The effect of the peeling velocity on
F, as a measure of the kinetic effect, becomes apparent only as v exceeds ∼10 m/s, which is quite high compared to that
in the macroscopic peeling tests where the kinetic effect is signiﬁcant even at v = ∼10 μm/s (Kovalchick et al., 2013). This
discrepancy across the length scales originates from the competition between the rate-dependence of peeling and the static
adhesion that determine the peeling force in Eq. (20a), where the value of F is less sensitive to the peeling velocity for 2D
sheets due to the low areal mass density.
For rough surfaces, the 2D peeling stress σ 2D = γ i /(1 − cosα ) is not a constant as the peeling angle α depends on the local
morphology of the substrate, and is maximized at the highest value of cosα . Considering that the peak value of 2D peeling
stress σ 2D p controls the fracture of 2D sheets in the peeling process, the discussion is focused on σ 2D p . Eq. (21) predicts the
correlation between the peak value of F and the surface roughness Rs . It indicates that the peak amplitude of F increases as
a quasi-quadratic function of Rs , which matches our CGMD simulation results in Fig. 3b.
We now assess the feasibility of mechanical exfoliation or transfer for a speciﬁc 2D sheet-substrate pair. During the
γi
peeling process, the 2D stress in the sheet adhered to a ﬂat substrate can be explicitly expressed as σ2D = 1−cos
α if the
nonlinear force and edge cleavage terms in Eq. (14) as well as the kinetic effects in Eq. (20b) are neglected, which arise
only in extreme situations
as we discussed, and if the surface roughness is further considered, the peak stress is σ2D p =

[ ( 2π Rs ) + 2π Rs
2

(2π Rs )2 + 1 + 1]γi (Eq. (22)). Consequently, for a speciﬁc peeling setup, we can deﬁne a criterion

⎧
⎨

1

σs
σ2D
>C =
= 1 − cosα

γi
γi
⎩
(2π Rs )2 + 2π Rs (2π Rs )2 + 1 + 1

for ﬂat surfaces

(27)

for rough surfaces

2D sheet-substrate pairs with dimensionless factors of peeling feasibility σγs above C can be exfoliated or peeled off
i
without break the material integrity in the speciﬁc peeling setup. Based on our ﬁrst-principles calculation results and data
collected from literature, the dimensionless parameter σ s /γ i for typical pairs of 2D materials and substrates are evaluated
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Fig. 5. The feasibility factor σ s /γ i calculated for 2D sheets on the substrate. The dash line with value C = 15 deﬁnes the criterion above which successful
exfoliation was experimentally achieved, as reported in the references listed in the Supplementary Material (Table S1).

and summarized in Fig. 5. By noting that 2D materials such as graphene, MoS2 , h-BN and black phosphorus can be exfoliated as suspended monolayers from layered assemblies or selected substrates (Castellanos-Gomez et al., 2014; Geim and
Novoselov, 2007; Gorbachev et al., 2011; Li et al., 2014), while monolayer silicene and germanene have not yet been exfoliated successfully yet, we conclude that value of C is about 15, which is accessible in typical peeling setups according to
the deﬁnition in Eq. (27). For comparison, the value of σ s /γ i is ∼9-24 for macroscopic scotch-tape tests (Table S2 and Fig.
S4), where the tape adhered to typical surfaces can be successfully peeled off with a peeling angle except for those with
extremely values of α (Coleman et al., 2011).
4.2. Torn geometry
Tearing a sheet from a substrate is the key process for mechanical exfoliation and transfer. The torn part of materials not
only determines the area of 2D sheets that can be obtained, but also can be tuned to produce samples with speciﬁc geometries that could be important for speciﬁc optical-electronic applications (Sen et al., 2010). With the deﬁnition of bending
and tensile stiffness D = Yts 3 /[12(1 – υ 2 )] and tensile stiffness K = Yts , one can rewrite the value of sinθ in Eq. (19) averaged
over the peeling process as < sinθ > = fγ i 2 < l > /[Yγ s ts 2 (1-cosα )2 ] + (γ i Yts /[12(1 – υ 2 )])1/2 g(α )/γ s , where l is the averaged
value of l. Then the control of torn geometry of 2D sheets can be discussed in two regimes. Firstly, as the stretching term
dominates, we have

sinθs  =



f γi 2
Y ts γs (1 − cosα )2

l 
ts



(28a)

while as the bending term dominates,



sinθb  =

Y ts γi
12 1 − υ 2

γs 2

g( α )

(28b)

It can be seen clearly from Eqs. (28a) and (28b) that the tearing angle decreases with ts if stretching-dominates, while increases with ts in the bending-dominated regime. For example, with a typical set of parameters γ s ts = 2.2 eV/Å, γ i = 0.5 J/m2 ,
K = 345 N/m, f = 0.5, l = 2 μm for graphene (Sen et al., 2010), the values of sinθ s and sinθ b can be plotted as a function of
ts (Fig. 6). There is a distinct transition from the stretching- to bending-dominated regimes as indicated by the value of
sinθ , and the critical value of ts is 0.336 nm. For a monolayer graphene, the thin-shell thickness is 0.089 nm < 0.336 nm
(Gao and Xu, 2015), and thus the torn geometry is controlled by the stretching term, as shown in Fig. 6. In addition, from
Eqs. (28a) and (28b), we ﬁnd that if the stretching term dominates, the tearing angle θ decreases with the peeling angle α . While if the bending term dominates, the trend is reversed. In our CGMD simulations for graphene peeled at angle
α = 30°−150°, the value of θ decreases with α as the sheet is peeled from either the zigzag or armchair directions (Fig. 7),
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Fig. 6. The torn geometry of 2D sheets measured in < sinθ >, which is controlled by stretching for sheets with small values of ts (sinθ s ), and bending for
those with large values of ts (sinθ b ).

Fig. 7. (a, b) Geometrical evolution of 2D sheets torn at different peeling angles α from 30° to 150°. (c, d) The tearing angle θ decreases with α . The
development of crack prefers to proceed along the zigzag direction, as the fracture at peeling front is controlled by the local strength of atomic bonds
(Yin et al., 2015). The peeling direction is aligned to the zigzag and armchair directions for panels a,c and b,d, respectively.

which veriﬁes the fact that the shape of torn pattern is determined by the stretching term. In contrast, in macro-scale tearing experiments, the torn shape is controlled by the bending term considering the much larger sheet thickness, resulting in
totally different tearing behaviors (Kruglova et al., 2011).
We also conclude from the CGMD simulations that crack advancing along the zigzag direction is preferred in the process. These results may be related to the orientation dependence of the edge energy, which is the lowest for the zigzag
edge while the highest for the armchair edge, as predicted by the potential used in our CGMD simulations as well as fullatom MD simulations using the AIREBO potential. This result is contrary to that obtained from DFT and reactive force ﬁeld
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Fig. 8. (a, b) Geometrical evolution of torn 2D sheets at different interfacial adhesive strength γ i from 0.1 to 2.0 J/m2 . (c, d) The tearing angle θ increases
with γ i , and the development of crack prefers to proceed along the zigzag direction. The peeling direction is aligned to the zigzag and armchair directions
for panels a, c and b, d, respectively.

Fig. 9. The relation between the torn geometry, deﬁned through the value of sinθ averaged over the peeling process, < sinθ >, decreases with the tensile
stiffness K, while increases with the bending stiffness D of the 2D sheets, as demonstrated by the CGMD simulation results that align well with theoretical
predictions from Eq. (19). By increasing the value of K, the torn sheet becomes wider as the peeling process proceeds, while as D increases, the torn sheet
becomes narrower.

(ReaxFF) calculations where the environment dependence of bond orders is considered (Fig. S2). On the other hand, Yin et
al. show that crack extension in graphene prefers to proceed along the zigzag edge, based on their AIREBO and DFT calculations, and conclude that the determination of crack advancing direction is controlled by the local strength-based failure
criterion (Yin et al., 2015) rather than the edge-energy-based criterion (Kim et al., 2011), where the fracture of lattice is determined by the elongation of sp2 bonds locally (Xu, 2009). Both armchair and zigzag edges were characterized in graphene
cut mechanically (Mohanty et al., 2012). Yang et al. found that there is a speciﬁc preference of the direction of the cleaved
edges in the exfoliated samples of graphene. However, the armchair and zigzag nature of graphene edges was not directly
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characterized in this study, leaving the determination of brittle fracture mechanisms an open issue, from the experimental
perspective (Yang et al., 2017). It should also be noted that, although our theoretical predictions here, in general, agree with
the CGMD simulation result, the anisotropic nature of the edge energy density for graphene has not been considered in our
continuum mechanics theory (Fig. S2), which may further validate the local-strength argument for the failure criterion. In
presence of defects, the peeling and tearing processes can be modiﬁed. Firstly, material and interfacial properties will be
revised, which can be discussed based on our model. Secondly, the defects may deviate the pathway of crack propagation
in the 2D materials and thus change the morphology of torn sheets. In the continuum model, the effects of detailed atomic
structures can be taken into account for through the parameters, which could inﬂuence the peeling force and tearing morphology. We believe that the multilayered or buckled structures of 2D materials other than graphene and h-BN will result
in richer fracture behaviors that remain to be explored in future studies. Moreover, for anisotropic materials such as phosphorene (Sorkin and Zhang, 2015), the chirality-dependent elastic responses and edge cleavage energies have to be included
according to the orientation of lattice as well as the peeling setup, which will modify the peeling and tearing processes
according to Eq. (27), where the feasibility can be assessed.
In addition to the peeling angle, the adhesive strength between 2D sheets and the substrate is another key factor for
mechanical exfoliation. To explore the effect of substrate adhesion on the tearing angle θ , we performed CGMD simulations
with γ i = 0.1-2.0 J/m2 . The results indicate that no matter when graphene is peeled along the zigzag or the armchair directions, the value of θ increases with γ i (Fig. 8), and the crack advancing prefers to be along zigzag edges following the
local-strength criterion of fracture. Additional CGMD simulations at angle α = 90° are conducted to probe the effects of tensile and bending stiffness for various 2D materials. These results show that the area of the torn sheet increases with K, but
decreases with D (Fig. 9), in consistency with the predictions from Eqs. (28a) and (28b). These results indicate that the torn
geometry of 2D sheets from mechanical exfoliation could be ﬁnely tuned through the interfacial and material properties.
5. Conclusions
In this work, we have presented both theoretical analysis and computational simulation results to explore the peeling
and tearing behaviors of 2D materials from a solid substrate, which is of critical importance to control the process of mechanical exfoliation or transfer. We propose a criterion to measure the feasibility of peeling off 2D sheets from the adhesive
substrates, by comparing the dimensionless factor σ s /γ i with a parameter C that is determined by the peeling setup. The
material properties, geometrical and kinetic factors in the peeling setup that modulate the peeling behaviors of sheets and
their torn morphology are discussed, offering guidelines to optimize the process for high eﬃciency and yield. We validated
our theoretical models by comparing the model predictions and CGMD simulation results. We ﬁnd that from practical consideration, one could conclude from the results presented here that the peeling angle and adhesive strength are the most
effective factors to control the peeling process, and could be feasibly tuned in experiments. The theoretical model and simulation tools proposed here could help optimize the exfoliation or transfer processes. In addition, recently high-throughput
computation and data mining were applied to assess the exfoliation feasibility of 2D materials through the atomic structures
and interlayer binding energy of their bulk compounds (Lebeg̀ue et al., 2013; Mounet et al., 2018), which could be further
improved by incorporating the key parameters identiﬁed in our conclusion.
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Appendix 1
List of key variables used in the text.
Symbols

Variables

F

Peeling force
2D peeling stress
2D strength of 2D sheets
Peeling angle
Peeling speed
Tearing angle
Initial width of the peeled sheet
The width of the peeling front
The adhesive energy per unit area of interface
Work of fracture per unit area of the 2D sheet
Thickness of the 2D sheet
Crack length
The distance that the peeling front travels
The value of l averaged over the peeling process
Total energy of the 2D sheet-substrate system
Stretching energy of the 2D sheet
Bending energy of the 2D sheet
Elastic deformation energy of the 2D sheet
Bending stiffness of the 2D sheet
Tensile stiffness of the 2D sheet
In-plane Poisson’s ratio of the 2D sheet
Surface roughness of the substrate

σ 2D
σs
α
v

θ

w0
w

γi
γs

ts
s
l
l
U
UT
UB
UE
D
K

ν

Rs
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