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Tearing problem

- Quelle force? 
- Quelle trajectoire?
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Figure 4 The angle of tearing for experiments with three different materials.
In our experiments, we used M50 (B= (3.0±0.1)⇥10�5 Nm, � t= 0.6±0.1N),
M70 (B= (5.5±0.1)⇥10�5 Nm, � t= 1.5±0.1N) and M90
(B= (1.5±0.1)⇥10�4 Nm, � t= 1.9±0.1N). a, The angle of tearing versus
4B/� th. The variation of the angle and average distance h is produced by changing
the substrate and varying the pulling speed. The red line shows the theoretical
prediction. The error bars show the uncertainty obtained from the estimated error of
each parameter. b, The angle of tearing versus (2B⇤ )1/2/⇥� t.

elastic energy available for fracture can be easily obtained. It yields
UE = 4BW/h, where B is the bending sti�ness and h is the distance
of the flap from the solid wall (Fig. 2a). Equation (5) is now

sin⇤ = 4B

� th
. (6)

Figure 4a shows that our experiments confirm this relation.
Furthermore, because we find the tear angle to be constant in our
experiments (triangular tear shapes), this relation implies that h is
a constant, throughout the tearing process. This prediction can be
confirmed in Fig. 5, inset where the distance h is shown for two
tears made at di�erent speeds for the same material. It can also be
directly observed in the Supplementary Information video.

So far, we have shown that relations (4) and (5) are satisfied by
our experiments. It remains to be explained why these equations
imply that the fracture trajectories are straight lines. Relations
(4) and (5) are a closed system of equations for the fracture
trajectory because the force is given by the constitutive relation
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Figure 5 Value of the parameter ⌘ extracted from the experiments. The
combination (F/4BW )1/2 as a function of the inverse of the distance h (both in
mm�1). The experiments were carried out for M50, M70 and M90 by using the same
speeds and substrates as the experiments in Fig. 3. The straight solid line with a
slope ⇥ ⌅ 0.55 is the best fit for all of the experimental points and the dashed lines
show the error bounds of our estimate (see the Methods section for details). The
inset gives the distance h as a function of width W for two representative
experiments with M70 adhered to the same substrate, but at the speeds
⌅ = 0.28mms�1 (rectangles) and ⌅ = 4.48mms�1 (stars). The distance h is
approximately a constant for each experimental run. Thus, the variation in the
distance h in the main figure is obtained from using different substrates and
pulling speeds.

F = (⌃x UE)W ,⌥ = 4⇥2BW/h2 where ⇥2 = �⌃x h. This relation is
consistent with the force measurements shown in Fig. 5, but with a
lower value of ⇥ than the value ⇥ = 1 expected for a perfectly elastic
strip (see the Methods section for details). Equation (4) is now

4⇥2 BW

h2
= ⌅

W

2
+� t cos⇤. (7)

Assuming that ⇥ is a constant parameter, equations (6) and (7) can
be combined into a first-order di�erential equation for W (⌥) that
determines the fracture trajectory. Instead of solving this equation,
we observe that for large values of W , the last term in equation (7)
is negligible. Hence, the distance h must have the constant value
h = 2⇥(2B/⌅)1/2. It shows that a larger pulling speed increases
the adhesion energy, makes the fold joining the crack tips smaller
(h decreases, see Fig. 5, inset), and, following equation (6), the tears
shorter. This relation in equation (6) yields

sin⇤ = (2B⌅)1/2

⇥� t
. (8)

Thus, the trajectories are straight lines with a tear angle determined
by three material constants. With the value of the parameter
⇥ = 0.55 ± 0.15 extracted from Fig. 5 and the measured values
of the material constants B, ⌅ and � t , we plot all of our data
in Fig. 4b using equation (8). Note that the larger error bars of
Fig. 4b compared with the ones in Fig. 4a are due mainly to our
conservative estimate for the error of ⇥ (for details, see the Methods
section). We finally comment that equation (8) is no longer valid
when the flap width is so small that adhesion energy is comparable
to the fracture force. The conditions for this to happen are given in
the Supplementary Information.

We close by pointing out that the formalism we have developed
can be used to investigate the mechanical properties of thin
adhesive films. As thickness is reduced owing to new technologies,
traditional methods used to measure mechanical properties of a
material in bulk form are not applicable. For instance, a simple
uniaxial test applied to a specimen to study its elastic and fracture
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to the way we prepare it. However, after some distance of pulling, the skin thickness decreases
and reaches a constant value of t ⇤ 80µm. Once the skin reaches this constant thickness, we
deduced the e�ective adhesion from direct measurement of the pulling force. Our experiments
gave ⌃ ⇤ 80 N/m when the flap was pulled at a speed v ⇤ 5 mm/s.

(b)(a)

Supplementary Fig. 2: Tears in tomato skin a, A 1 cm wide rectangular flap made along the equator of a

tomato skin and pulled leaves triangular tears. Here the tomato was painted white before cutting the flap to better show the

tear shape. b, The figure shows a tomato after a rectangular strip 1 cm wide was peeled from the equator. The narrowing

process is avoided by cutting two parallel lines before pulling the flap. The strip of tomato skin is displayed beside it.

It is also easy to obtain the fracture force of the tomato skin by using the same rectangular
strips detached from the fruit. We hung a strip vertically and cut a smaller flap of 5 mm that
was pulled downwards by increasing weights until the tearing process started. This experiment
gave a lower bound for the fracture force due to the deviation of the crack trajectories from their
initial parallel directions (see equation (4)). It yielded a value �t ⇤ 8⇥ 10�2 N. Thus, the work
of fracture is � ⇤ 102 N/m. This value can be compared with the experimental value reported
in ref. 20 for tomato skin that is ten times smaller. This di�erence is not unusual in fracture
mechanics when two tests use di�erent modes of crack displacement. Reference 20 uses a tensile
mode test while our method uses a tearing mode to fracture the surface.

It is much more di⇤cult to measure bending sti�ness. A strip of tomato skin has some
natural curvature and must be hydrated while testing it. The setup described in the Methods
section is di⇤cult to implement in this case. On the other hand, our formula predicts a bending
sti�ness B = (⇥�t sin ⇤)2/2⌃ ⇤ 4⇥ 10�6 J. Assuming that tomato skin is nearly isotropic22 and
has a Poisson ratio ⇧ = 1/2, we conclude that the Young modulus is given by the formula B =
Et3/12(1� ⇧2) (see ref. 13). It gives E ⇤ 70 MPa. The reported values for the Young modulus
of tomato skin ranging from 5 MPa to 50 MPa in ref. 20 are consistent with our estimation.
However, the comparison should be taken with some caution since there are variations in the
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presence of a substrate, have not been investigated.
Furthermore, little is known about the loading conditions that
lead to specific edge types produced by tearing and fracture of
graphene. Understanding these issues is, however, critical for
the development of manufacturing approaches to produce
functional graphene nanostructures with defined geometries
and edge characteristics. A bottom-up atomistic approach is
crucial if the experimental observations shown in Figure 1b–d
are to be explained as it can provide a fundamental perspective
of the material properties of graphene that incorporates
chemical effects associated with bond stretching and breaking,
as well as the capacity to reveal the tearing mechanisms of
materials at much larger scales of tens of nanometers.[24–29] In
this Full Paper, we report a systematic atomistic simulation
study using the first-principles-based reactive force field
ReaxFF[30] to elucidate the fundamental fracture mechanical
properties of graphene under tearing loading, as shown in
Figure 1a, mimicking the loading conditions used in our
experiments (Figure 1b–d). The first-principles-based ReaxFF
force fieldhas been shown toprovide an accurate account of the
chemical and mechanical behavior of hydrocarbons, graphite,
diamond, carbon nanotubes, and other carbon nanostruc-
tures,[31–33] while it is capable of treating
hundreds of thousands of atoms with near-
quantum-chemical accuracy.

In our simulations, two parallel crack
notcheswere initially created ina single large
graphene sheet (witha sizeof 200 Å! 175 Å)
adhered to a substrate and the edge of the
flap connecting the tears was lifted, bent
back, andpulledataconstantvelocity in they
direction to mimic the experimental tearing
load. We focused our study on the depen-
dence of the tearing process on, firstly, the
adhesion strength between graphene and a
substrate and, secondly, on the number of
layers torn. These layers are arranged in the
graphite Bernal A–B stacking. For all
conditions considered here, we present a
detailed analysis of the atomistic-level
mechanisms and their respective relation-
ship to the macroscopically observed tear
angle. Further details of the experimental
and computational protocols are provided in
the Experimental Section.

2. Results and Discussion

We begin our analysis by focusing on the
shape of the tearing path under varying
adhesion strength by carrying out a series of
computational experiments. Generally, we
find that thewidthof the ridge joining the two
crack tips at either end of the tear narrows as
tearing progresses through the material for
all adhesive strengths considered. As shown
in Figure 2, the narrowing of the torn-
graphene ridge leads to the formation of

tapered tears, in direct agreement with the findings revealed in
our experiments (Figure 1b–d). We find that the shape of the
resulting tear is a function of the strength of adhesion.
Figure 2a–c shows snapshots of the tearing geometry for
increasing adhesion strength. We find that the tear edges are
composed of a combination of armchair and zigzag edges,
reflecting the discrete nature of the underlying 2D atomic
lattice. An average angle of tearing (marked as u in Figure 1a)
can bemeasured by plotting the width of the tear ridge,W, as a
function of the length torn, L, and by fitting a linear
relationship, as presented in Figure 2d.

The observed narrowing of the torn section at all adhesive
strengths is also predicted by continuum theory, where it has
been developed for and applied to tearing of macroscopic
adhesive films.[21] This existing model is based on considering
anenergybalancebetween thereleaseofbendingelasticenergy
(due to the advancement of the crack tips) and the narrowing
of the tear ridge. By formalizing this energy balance, this
macroscale continuum theory predicts that

sin
u

2
/ Dtð Þ1=2

gt
(1)

full papers M. J. Buehler et al.

Figure 2. Molecular dynamics simulation results of graphene tearing. a–c) Structure of torn
nanoribbonsatdifferentadhesionstrengths(substratenotshownforclarity).d)Variationof the
widthof the ridge(W)with the lengthof theflapfromthe initialposition (L) fordifferentadhesion
strengths (see legend). Linear fits aremade to all curves to obtain the average rate of changeof
the width with respect to height and thus the average angle of tearing.
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applied to conventional materials. On the other hand, the
elucidation of the mechanical properties of graphene presents
an exciting opportunity that could have a profound impact
in advancing our fundamental understanding of 2D atomic
crystals. For example,many conventionalmethods of graphene
manufacture involve mechanical processes that induce large
deformations or breaking of covalent bonds. For example, a
widely used technique for exfoliation of few- and mono-layer
graphene is based on tearing off graphene layers using adhesive
tape.[1,2] Another technique is based on epitaxial deposition of
graphene on a crystal, followed by removal of the underlying
substrate.[14,15] In both approaches, the tearing of graphene
sheets from graphite or other substrates is used to obtain free-
standing sheets or narrow ribbons through the application of
mechanical loading, as shown schematically in Figure 1a.Other
methods to manufacture graphene nanoribbons[9,10,16–19] and
graphene oxide nanoribbons[20] also involve large deforma-
tions and fracture in graphene sheets. Despite the broad
application of these graphene manufacturing approaches, the
fundamental mechanisms of large deformation and tearing
mechanisms of graphene remain unknown.

To provide insight into the mechanisms of graphene under
tear loading, we carried out a series of experiments that

reveal that ribbon-like structures are formed, as displayed in
Figures 1b–d. Notably, the graphene ribbons produced using
this technique consistently result in a tapered geometry, where
the angles of tear are found to depend on the substrate used as
well as on the number of layers torn.While the tapered ribbons
observed in our tearing experiments are reminiscent of
macroscopic triangular tears obtained during peeling of
adhesive films (such as Scotch tape) from substrates,[21] the
formation of tapered graphene ribbons remains unexplained as
of today. Specifically, the dimensions and adhesion strengths in
graphene are greatly different from the conditions described in
macroscale tearing experiments and associatedmodels.[21]As a
result, conventional continuum theory cannot be applied to
explain the tearing phenomena in graphene. The mechanisms
behind the formation of tapered nanostructures, the specific
angles observed, the effect of the underlying discrete atomic
lattice, the influence of the 2D nature of the graphene sheet, as
well as the influence of geometric parameters such as the
number of graphene layers torn remain unknown.

Earlier studies on graphenemechanics have focused on the
absence of extensive plastic deformation under loading.[8,22,23]

However, the generation and role of defects on the fracture
mechanism of this 2D material, as well as the effect of the

Tearing Graphene Sheets From Adhesive Substrates

Figure 1. Overall geometry of the tearing setup and experimental results of peeling. a) Schematic diagram of the setup for the tearing studies of
graphene: side and top views; the inset shows the sheet orientation. An initial flap of 80 Å in width is cut in the sheet, folded back, and moved at a
constant speed. Typical graphene flakes obtained by micromechanical cleavage:[9,10] b) monolayer graphene on SiO2 (total width of the panel:
150mm); c) bilayer graphene on SiO2 (total width of the panel: 150mm); d) monolayer graphene on PMMA (total width of the panel: 20mm). Circled
numbers:1¼monolayergraphene,2¼ bilayergraphene,3¼SiO2,4¼ foldedbilayergraphene(2þ 2layers),5¼PMMA. In theexperimentalstudies,
a thick (1–100nm)flakewasdepositedfirst,whichwas then tornoff, leavingmonolayer or bilayer graphenewith characteristicwedge-like tears.Note
that, although it is difficult to obtain proper statistics of the tearing angle (due to low reproducibility of the experiments, which depend on many
parameters, likecleannessof thesubstrate, tearingdirection,etc.), thegeneral trendisrepresentedwell inthefigure.Specifically, thetearinganglesfor
bilayergraphenearegenerally largerthanformonolayers–comparetheangles inpanels(b)and(c)–andalsolarger forgraphenetornoff fromrelatively
highly adhesive substrates (such as PMMA) compared with low-adhesion substrates (such as SiO2) – compare the angles in panel (d) with those in
panels (b) and (c).
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