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A theoretical study of wrinkle propagation in
graphene with flower-like grain boundaries†

Zihui Zhao,‡ab Yafei Wang‡ab and Changguo Wang *ab

This study investigated dynamic surface wrinkle propagation across a series of flower-like rotational

grain boundaries (GBs) in graphene using theoretical solutions and atomistic simulations. It was found

that there was significantly less out-of-plane displacement of dynamic wrinkles when curvature of

rotational GBs was reduced, which can be explained by a defect shielding effect of flower-like GBs.

Potential energy evolved via different modes for pristine graphene and graphene with various GBs. With

external excitation, the distinctly different patterns of wrinkle propagation in graphene with various GBs

demonstrated how dynamic wrinkling can reveal defects. These results can provide a theoretical basis

for guiding the design and implementation of graphene-based nano-mechanical devices such as

protectors and detectors.

1. Introduction

The ability to understand the underlying physics of graphene,
and its potential applications in novel devices, is a topic of
particular interest.1–5 Graphene monolayers have exceptional
mechanical properties, including spontaneous and controlled
wrinkling,6–8 which are expected to strongly influence
their electronic properties by introducing spatially varying
potentials9,10 or gauge fields,11–13 as reported for periodic
wrinkles with wavelengths of 2.4–3.0 nm and amplitudes of
0.02–0.05 nm.14–16 This allows electromechanical characteriza-
tion of graphene strain-based resonators with fundamental
frequencies of megahertz to terahertz.5,6,17,18 To that end, it is
essential to determine the mechanical properties of strain-
based graphene in the nanometer range, especially their
dynamic nature, and time dependence of graphene’s elastic
behavior.19–25

Generally speaking, the last decade has witnessed rapid
achievements in surface topographical modulation of strain-
based graphene,8,26,27 and recent experiments have inspired
several strategies for developing controlled wrinkles in gra-
phene monolayers.18,28–30 One strategy uses the finite
size effects of substrates, including lattice mismatch and sub-
strate corrugation and curvature,29,31–36 to produce spatially

nonuniform strain in graphene. When monolayer graphene
is grown on single-crystal metal surfaces19,37,38 (such as
Ru(0001)15), a regular lattice of periodic hills and valleys
spontaneously forms due to lattice mismatch between gra-
phene and the substrate.39,40 The static mechanical responses
of these graphene ‘‘nanodomes’’ (i.e., wrinkles) have been
characterized by atomic force microscopy,6 and by experimen-
tally varying substrate corrugation,41–43 the evolution of elastic
deformations and the magnitude of strain-induced wrinkling
in graphene can be demonstrated by quantitative Raman
analysis.29,40 A second strategy, chemical functionalization of
pristine graphene, introduces exotic atoms, molecules, and
functional groups onto its surface to control wrinkling.18,26,44

In particular, hydrogenation of graphene, i.e., adding hydrogen
to carbon atoms and therefore changing its hybridization from
sp2 to sp3, causes local lattice deformation and might help to
address the challenge of fabricating programmable graphene-
based metamaterials and nanodevices.17,26 Theoretically, static
mechanical analysis based on continuum mechanics45–47 and
molecular dynamics (MD) simulations8,20 can confirm the
microscopic structure and strain-dependence of the wrinkling
of graphene induced by chemical functionalization.

In addition to the two strategies described above, control of
graphene wrinkling by adding defects offers a promising strat-
egy for enabling novel devices.28,48 Specifically, topological
defects, such as dislocations25,49 and disclinations50,51 in crys-
tals, can break the translational invariance of lattice symmetry
and lead to warping and surface wrinkling with Gaussian
curvature. Such defects unavoidably arise during fabrication
of graphene, including by chemical vapor deposition (CVD)52,53

and scanning focused electron-beam irradiation.25 Actually,
defect-induced wrinkling represents a classic problem in thin
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film mechanics.52 Several theoretical and experimental studies
have reported on how the fundamental mechanics of graphene
wrinkling are affected by topological defects, including
point defects,54,55 inverse Stone Wales (SW) defects,48,56

dislocations,25,49 disclinations,50,51 and straight graphene grain
boundaries (GBs)57–59 in mono- and polycrystalline graphene. The
duality of defects in graphene suggests that wrinkling can be
controlled to produce delicate and desirable static and dynamic
surface morphologies at GBs of various curvatures.54,60 The
presence of defects, for example, graphene with curved GBs61

(see Fig. S1 (scanning tunnel microscope (STM) topographic
images) in ESI† Appendix for details), poses critical questions
about their effects on the dynamic mechanical behavior of
graphene monolayers, including dynamic morphology, time
dependence of out-of-plane displacement and energy, and
dynamic defect shielding. As far as we know, however, this issue
has yet to be adequately studied. The only closely related study
focused on graphene sheets in which point defects, inverse Stone
Wales defects, or line notches were introduced to guide the
propagation of wrinkles,56 and so did not address the dynamic
nature and time dependence of the effects of GB curvature.

In the present work, we systematically studied wrinkle
propagation in graphene with flower-like rotational GBs
induced by C60 molecules, and the potential roles of GBs with
various curvatures in the shielding and detection of defects.
The following sections are organized as follows. Section 2
provides the design strategy inspired by experimental studies
and illustrates the simulation methodology for the model.
Section 3 delineates wrinkle propagation in pristine graphene
and graphene sheets containing various flower-like GBs. For
pristine graphene modeled as a nonlocal continuum plate, a
contact law based on continuum mechanics was designated to
investigate the nanoscale interactions. For graphene GBs of

various curvatures undergoing internal and external excitation,
the out-of-plane displacement field, z-direction velocity, instan-
taneous atomic kinetic energy, and instantaneous atomic strain
energy were systematically studied. The results revealed the
regulation of directionality for dynamic wrinkles and their
dependence on curvature. Furthermore, defect shielding was
observed and a theoretical foundation for defect detection was
revealed. Finally, Section 4 provides some concluding remarks.

2. Model and methodology

Classical molecular dynamics simulations were implemented
through the large-scale atomic/molecular massively parallel
simulator (LAMMPS).62 The adaptive intermolecular reactive
empirical bond order (AIREBO) potential was executed in the
LAMMPS to describe the interatomic interaction among carbon
atoms (see Note 2 in the ESI† Appendix for details). For the
parameter of short-ranges REBO potential in AIREBO potential
functions, the cutoff distance is adjusted to 2.0 Å to avoid the
spurious strengthening effects far beyond the initial elastic
region63 as suggested by Shenderova et al.64 Additionally, it is
important to note that the Lennard-Jones term in AIREBO
should be turned on to describe the corresponding interatomic
van der Waals (vdW) interaction.

In our work, the model used to simulate pristine graphene
contained 9660 carbon atoms with a length of 177.535 Å (arm-
chair direction) and a width of 140.220 Å (zigzag direction), as
shown in Fig. 1. The thickness of monolayer graphene is con-
sidered to be 3.35 Å.65 The atoms at four edges were fixed with a
length of 5 Å. The interaction between a C60 molecule and the
graphene sheet was carried out in an NVE ensemble at a tem-
perature of 5 K for 10 ps. The time step for the MD simulations

Fig. 1 Schematic illustration of the MD models for the C60–C6(x) system, where x = 0, 3, 5, 7. The red solid circles highlight the flower-like rotational
GBs. A C60 molecule was placed 8 Å above the graphene sheet and the impact point was located in the center of the rotational GBs. Atoms are color
coded according to their potential energies.
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was chosen to be 1 fs. During the interaction phase, a Berendsen
thermostat was utilized to control the temperature of the gra-
phene sheet in the simulations. At the start of the simulation, a
C60 molecule located 8 Å above the graphene sheet moved toward
the sheet at an initial vertical velocity of 15 Å ps�1.

Graphene sheets with various flower-like grain boundaries (i.e.,
rotational GBs)61,65 were constructed to study their effects on
wrinkle propagation (Fig. 1). C6(m,n)|m=n describes a series of
flower-like rotational GBs containing pentagonal, hexagonal and
heptagonal carbon atom structures. The geometric parameters m
and n are radially related to the size of the rotated patch. The
central flower-like region rotated through an angle of np/(3m + 3n)
(i.e., 301). C6(2m � 1) is used to represent the flower-like curvature
GBs. Three types of flower-like rotational GBs, C6(3), C6(5), and
C6(7), are introduced along the central axes of the graphene sheets
in the armchair direction, as illustrated in Fig. 1. For C6(3), C6(5),
and C6(7) GBs, the diameters of the defects were 22 Å, 29 Å, and
39 Å, respectively. In addition, 9659, 9660, and 9636 carbon atoms
were contained within the graphene sheets with C6(3), C6(5), and
C6(7) GBs, respectively. Specially, C6(0) was utilized to describe
pristine graphene. The initial configurations used in the MD
simulation are shown in Fig. 1.

3. Results and discussion
3.1. Wrinkle propagation in pristine graphene

To study wrinkle propagation in pristine graphene, the
dynamic evolution of the out-of-plane displacement field and

z-direction velocity were simulated as shown in Fig. 2a and b.
Atomic snapshots of the out-of-plane displacement field were
obtained from 250 fs to 2000 fs, with a time interval of 250 fs
(Fig. 2a). Compared with the start of the simulation, the
morphology of pristine graphene at 250 fs was almost
unchanged as an extremely weak interaction exists between
the C60 molecule and pristine graphene. At 500 fs, a buckling
bubble appeared and propagation of circular wrinkles
occurred. In Fig. 2a, white (see the region around the impact
point) represents the peak value of the out-of-plane displace-
ment field, indicating that the C60 molecule bounced off the
buckling graphene sheet prior to 1500 fs. Subsequently, the
circular wrinkles reflected off the fixed edge (see the black
dotted box at 2000 fs). Owing to this reflection, the out-of-plane
displacement field became irregularly distributed (see 2000 fs).
Fig. 2b illustrates the distribution of velocity in the z-direction
from 250 fs to 2000 fs, with a time interval of 250 fs. The
contours of the out-of-plane displacement field and z-direction
velocity were similar, as shown in Fig. 2a and b. Additionally,
the evolution of instantaneous atomic kinetic energy and strain
energy are shown in Fig. S2a and b (see Note 3 in the ESI†
Appendix for details).

To provide additional understanding of wrinkle propagation
in pristine graphene, the contact law46 based on continuum
mechanics was used to study the interaction between a hollow-
ball model of the C60 molecule and pristine graphene modeled
as a nonlocal continuum plate, as shown in Fig. S3a and b (see
Note 4 in the ESI† Appendix). In current research, the pristine

Fig. 2 Wrinkle propagation in pristine graphene induced by a C60 molecule. Atomic snapshots are from 250 fs to 2000 fs, with a time span of 250 fs. (a)
The distribution of the out-of-plane displacement field in Å units. Atoms are color coded with dark mapped to the lowest value. (b) The distribution of
z-direction velocity in units of Å ps�1. Atoms are color coded with white mapped to the highest value. (c) Comparison of the out-of-plane displacement
curves at the point of contact obtained from the current MD method (red line), the theoretical solution (bule line), and the former MD method (green line).
(d) Comparison of z-direction velocity curves at the point of contact obtained using the different approaches.
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graphene sheet was modeled by a plate with length, width, and
thickness represented by a, b, and h, respectively. Based on
nonlocal theory of elasticity and Kirchhoff’s assumptions,46,47,66

the motion equation for a nonlocal plate can be given (see Note 4
in the ESI† Appendix), therefore, the out-of-plane displacement of
the graphene,46 w, can be obtained as:

w x; y; tð Þ ¼
X1
i;j¼1

cij x; yð ÞZij tð Þ (1)

where, cij(x, y) are the mode shapes of vibrations and Zij(t) are
defined as the time-dependent coefficients for cij(x, y) (for details,
see Note 4 in the ESI† Appendix).

The out-of-plane displacements of the plate at the point of
contact (x0, y0) = (a/2, b/2) (i.e., the center of plate) obtained via
the MD method, the theoretical solution, and the former MD
method46 are compared in Fig. 2c. It can be seen that there was
general agreement among these approaches. According to the
approximate displacement amplitudes, this agreement
indicates a similar energy transformation using these different
approaches during the interaction phase, i.e., the kinetic energy
of the C60 molecule can be converted into a similar strain
energy in a pristine graphene sheet. Furthermore, the velocity
can be attained by the derivation of w in terms of time. Fig. 2d
illustrates the z-direction velocity at the point of contact
obtained in the same way. The agreement between the quan-
tities (see Fig. 2d) obtained by these different approaches is
acceptable, and demonstrates a similar rate of energy transfor-
mation using these different approaches.

3.2. Wrinkle propagation across the curvature boundaries by
internal excitation

To obtain physical insights into wrinkle propagation associated
with flower-like curvature boundaries and induced by internal
excitation (i.e., the impact point is the center of the GB), MD
simulations of graphene sheets with various rotational GBs
were performed. For defective graphene sheets (i.e., graphene
sheets with C6(3), C6(5), and C6(7) GBs), Fig. 3a–c reveal the
dynamic evolution of the out-of-plane displacement field, z-
direction velocity, and instantaneous atomic kinetic and strain
energies, respectively. Atomic snapshots ranged from 250 fs to
2000 fs, with a time span of 250 fs. Generally, the flower-like
GBs can have a significant effect on wrinkle propagation.
Specifically, the defective graphene sheets kept almost flat
due to the weak interaction between the C60 molecule and
defective graphene (see the distributions of out-of-plane dis-
placement field and z-direction velocity at 250 fs in Fig. 3a–c).
The distributions of instantaneous atomic kinetic energy and
strain energy presented hexagonal contours (see the distribu-
tions of instantaneous atomic kinetic and strain energies at 250
fs in Fig. 3a–c). The peak of instantaneous atomic strain energy
always occurred in the region around the impact point in the
whole simulations. The small bubble could be observed and the
propagation of wrinkles began at 500 fs in Fig. 3a–c. At 1500 fs,
the region around the impact point of defective graphene
bounced (see white part at 1500 fs in Fig. 3a–c). The hexagonal

wrinkles reflected off the fixed edge (see 2000 fs in Fig. 3a–c).
Unlike the circular wrinkles observed in pristine graphene (see
Fig. 2a and b), hexagonal contours of wrinkle propagation were
observed in the defective graphene sheets (see Fig. 3). Specifi-
cally, ‘‘flower-like’’ contours could be observed to evolve in
graphene sheets with C6(5) and C6(7) GBs (see 1000–2000 fs in
Fig. 3b and c). It is worth noting that, for the distributions of
instantaneous atomic strain energy in Fig. 3a–c, atomic fluctua-
tion around flower-like GBs can be responsible for the distinct
differences compared with the distributions of the instanta-
neous atomic strain energy in pristine graphene (see Fig. S2b in
the ESI† Appendix for details). Interestingly, an obvious dis-
continuous wrinkling configuration can be observed in Fig. 3c
(see 2000 fs). This indicates a defect-shielding effect of flower-
like rotational GBs on wrinkle propagation. Based on this
effect, the graphene sheets with flower-like GBs might be useful
in designs of graphene-based nanodevices such as protectors
and shock absorbers.18,56,67,68

To investigate the in-plane evolution of wrinkle propagation
for graphene sheets with various flower-like GBs, the time
dependence of the variations for specific atomic x- and y-
coordinates are shown in Fig. 4 (and Fig. S5 in the ESI†
Appendix). Here, a polar coordinate system (see the r–y coordi-
nate system and atomic positions in Fig. S4 in the ESI†
Appendix for details) was constructed to illustrate the evolution
of specific atomic positions (i.e., atom-a to atom-f). Generally, a
significant curvature dependence of wrinkle propagation in the
graphene sheets was observed, as shown in Fig. 4a–h (green,
light green, light red, and red lines represent the four types of
graphene sheets). Specifically, Fig. 4a–d depict changes in
specific atomic x-coordinates with time. For the (r,0) axis in
the graphene sheets, moderate atomic fluctuations occur (see
Fig. 4a: atom-a with (r,y) = (30,0), and see Fig. 4b: atom-b with
(r, y) = (45, 0)). For the (r, p/2) axis in graphene sheets with
flower-like GBs, atomic fluctuation in Fig. 4c and d was
magnified significantly as GB curvature decreased (from C6(3)
to C6(7)). For pristine graphene, the atomic fluctuation was
observed over a smaller range. For example, as shown in Fig. 4c,
|xmax � xmin| in the graphene sheet with C6(7) GBs is 22 times
larger than that of pristine graphene. Fig. 4a–d indicate that the
in-plane propagation of wrinkles is dependent on curvature,
i.e., the regulation of directionality of wrinkle propagation can
be achieved by changing the curvature of rotational GBs.

Moreover, Fig. 4e–h reveal the evolution of specific atomic
y-coordinates for defective graphene sheets. Specifically, as
shown in Fig. 4e–f, only a small atomic fluctuation occurs in
pristine graphene. The atomic fluctuation of y-coordinates
increases with increasing m in C6(2m � 1) (i.e., with a decrease
in GB curvature). For instance, |ymax � ymin| in the graphene
sheet with C6(7) GBs is 1.6 times larger than that of pristine
graphene in Fig. 4f. Similarly, Fig. 4g and h show a moderate
atomic fluctuation over time. The obtained results in Fig. 4 can
imply that the moderate atomic fluctuations occur in radial
direction in polar coordinate, while the markedly atomic fluc-
tuations can be observed in circumferential direction in polar
coordinate. This can also indicate the flower-like GBs’ ability of
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directionality regulation for wrinkle propagation. To further
illustrate the directionality of wrinkle propagation, the in-plane
variations of x- and y-coordinates for the (r, p/4) axis are
provided in Fig. S5a–d (see Note 6 in the ESI† Appendix).

Fig. S5 (ESI†) indicates that both x- and y-coordinates exhibit
moderate atomic fluctuation, which is slightly different
between atom-a and atom-b (see Fig. 4a–d and e–h). These
results suggest an approach to regulation of wrinkle

Fig. 3 MD simulation results of defective graphene sheets induced by a C60 molecule. The distributions of the out-of-plane displacement field,
z-direction velocity, instantaneous atomic kinetic energy, and instantaneous atomic strain energy in graphene sheets with (a) C6(3), (b) C6(5), and (c) C6(7)
GBs are shown. Atomic snapshots are from 250–2000 fs, with a time span of 250 fs. The units of displacement, velocity, and energy are Å, Å ps�1, and eV,
respectively. According to their energies, atoms are color coded with blue mapped to the lowest value and red to the highest value.
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propagation in graphene sheets, including those with Stone
Wales (SW) defects and vacancies,56 and at graphene–boron
nitride superlattice interfaces.31

To investigate the dynamic influence of flower-like curva-
ture GBs on the out-of-plane displacement field and their

defect shielding effect, the evolution of z-direction fluctua-
tions over time was studied. Out-of-plane deformations at the
micro- and nano-scales are partially described by root mean
square (RMS) displacement69 in the z-direction in polar
coordinates. Typical RMS displacements can be calculated

Fig. 5 The distributions of RMS displacement in the z direction over time (from 0 fs to 3000 fs) and r-coordinate (from 25 Å to 50 Å) in the r–y polar
coordinate. (a) and (b) show the evolution of RMS displacement values over time for r = 30 Å and r = 45 Å, respectively. (c) to (f) show the RMS
displacement distributions for pristine graphene and the graphene sheets with C6(3), C6(5), and C6(7) GBs, respectively. The unit of RMS displacement is Å.
RMS displacement is color coded with yellow representing the lowest value and red the highest value.

Fig. 4 Variations in specific atomic positions for the (r, 0) and (r, p/2) axes. The polar coordinate system (r, y) is constructed. x-coordinate variations of (a)
atom-a (r, y) = (30, 0), (b) atom-b (r, y) = (45, 0), (c) atom-e (r, y) = (30, p/2), and (d) atom-f (r, y) = (45, p/2). y-Coordinate variations of (e) atom-a (r, y) =
(30, 0), (f) atom-b (r, y) = (45, 0), (g) atom-e (r, y) = (30, p/2), and (h) atom-f (r, y) = (45, p/2).
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using the following relationship:

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn
i¼1

Dzi2

n

vuuut
(2)

where Dzi and n represent the atomic z-direction displace-
ment and the number of the atoms, respectively. In MD
simulations, the sampling time was 3000 fs and the
r-coordinate ranged from 25 Å to 50 Å. According to
eqn (2), the evolution of RMS displacement with respect to
time and r-coordinate is illustrated in Fig. 5c–f (the color bar
is a scale of RMS displacement). In general, Fig. 5 demon-
strates the directionality of wrinkle propagation and the
significant defect-shielding effect of flower-like curvature
GBs. Fig. 5a and b show RMS displacement values for r =
30 Å and r = 45 Å. The amplitudes of RMS displacement for
defective graphene sheets were less than those of pristine
graphene. In addition, maximum RMS displacement (0.9850
Å) occurred at (25, y) for pristine graphene (see 1500 fs in
Fig. 5c). For the defective graphene sheets in Fig. 5d–f, the
RMS displacement values were 0.588 Å, 0.694 Å, and 0.466 Å,
respectively. Compared with pristine graphene, the RMS
displacement values for the graphene sheets with C6(3),
C6(5), and C6(7) GBs decreased 40.3%, 29.5%, and 52.7%,
respectively. This strongly implies a duality of annular
defects and demonstrates an obvious decrease in out-of-
plane deformation. These results suggest an approach to
defect shielding, and might also be useful for tuning thermal
transport.44,60,70

To further understand wrinkle fluctuation and gain physical
insight into defect shielding, we investigated atomic strain

energies for specific atoms and total potential energy of the
graphene sheets. Fig. 6a–d describe the evolution of atomic
strain energies for specific atoms (see atom-a, atom-b, atom-e,
and atom-f in Fig. 6a–d, and atom-c and atom-d in Fig. S6a–d in
the ESI† Appendix). Gradient lines are colored as shown in the
insert. The increments of total potential energy for the gra-
phene sheets are plotted in Fig. 6e–h. Specifically, for the
defective graphene sheets, their specific atomic strain energies
increased significantly, as shown in Fig. 6a–d. This indicates
that the carbon–carbon bond length increased significantly and
the bond angle rotated markedly. This might also imply that
the specific atomic strain energies are magnified significantly
by GB curvature. Out-of-plane deformations can be partially
transformed into in-plane fluctuations through local deforma-
tion and rotation of curved GBs.

Increments in total potential energy of the graphene sheets
demonstrated two different evolution modes: (i) For the pris-
tine graphene in Fig. 6e, the potential energy increment was
unchanged from the start of the simulation to 175 fs. Then, a
slight fluctuation occurred (see phase I in the figure). At 375 fs,
the curve rose markedly (see phase II). Subsequently, a slight
decrease occurred at 875 fs. Finally, moderate fluctuation was
observed (see phase III). (ii) For defective graphene sheets (see
Fig. 6f–h), in phase I, the potential energy increments increased
rapidly owing to the fixed boundary condition during relaxa-
tion. Then a significant decrease occurred in phase II. The
minimum value occurred at about 650 fs (see Fig. 6f, for
example). After a moderate rise, a steady fluctuation was
observed (see phase III in the figures). Actually, the conversion
of energies (including the kinetic and potential energies of
the C60 molecule and graphene sheet, as well as the van der
Waals (vdW) potential energy between them) can explain the

Fig. 6 Evolution of increments in specific atomic strain energy and total potential energy. Specific atomic strain energies are plotted for (a) atom-a
(r, y) = (30, 0), (b) atom-b (r, y) = (45, 0), (c) atom-e (r, y) = (30, p/2), and (d) atom-f (r, y) = (45, p/2) in the graphene sheets. Evolution of total potential
energy increments are plotted for (e) pristine graphene, (f) graphene with C6(3) GBs, (g) graphene with C6(5) GBs, and (h) graphene with C6(7) GBs. Energy
is in units of eV.
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two different evolution modes. For example, the kinetic energy
of the C60 molecule decreased after 175 fs in pristine graphene.
At the same time, the C60 molecule interacted with the gra-
phene sheet. Then most of the kinetic energy of the C60
molecule was converted into kinetic and potential energies of
pristine graphene. This led to a significant increase in the
potential energy of the C60 molecule and graphene sheet and
the vdW potential energy between them (see Fig. S7a in the ESI†
Appendix) at 400 fs. Subsequently, when the C60 molecule
bounced, the vdW potential energy decreased. Then the pris-
tine graphene potential energy was continuously converted into
kinetic energy and propagated in the form of fluctuating
wrinkles. Finally, the total potential energy increment became
relatively stable. However, for the defective graphene sheets,
the initial out-of-plane perturbation increased with a decrease
in curvature (i.e., an increase in defect density). For example,
the initial potential energy increment (B9.6 eV) in Fig. 6h
approximated the kinetic energy of the C60 molecule. This
led to a significant decrease in the total potential energy
increment. In other words, wrinkling fluctuation is partially
shielded/offset by the initial perturbation of flower-like GBs.
The potential energy of graphene sheets is converted into
kinetic energy over time. Moreover, with interference and
diffraction, the potential energy of the graphene sheet remains
at a lower level. It is worth noting that the deformation of the
C60 molecule is very small, and the vdW potential energy can
play an important role only during the interaction phase, as
seen in Fig. S7a–d (see Note 8 in the ESI† Appendix). According
to these results, two distinctly different modes of changes in
energy can be used to explain defect shielding and defect

detection. To provide a more comprehensive understanding
of these modes, snapshots of the out-of-plane displacement
field, z-direction velocity, instantaneous atomic kinetic, and
strain energies for point defects (single vacancy) and single SW
defects (see Fig. S9 in the ESI† Appendix), as well as wrinkle
propagation in the defective graphene sheets induced by exter-
nal excitation (i.e., the impact point outside the GBs, see Fig. 8),
are provided in Section 3.3.

Finally, to obtain a full understanding of wrinkle propaga-
tion induced by internal excitation, we investigate the effects of
initial velocity and temperature on out-of-plane displacement
along the (r, 0) and (r, p/2) axes in polar coordinates. Fig. 7
shows the effects of different initial velocities (a–d: 15 Å ps�1,
30 Å ps�1, 45 Å ps�1, and 60 Å ps�1) and temperatures (e–h: 5 K,
25 K, 50 K, 75 K, and 100 K) on out-of-plane displacements for
graphene sheets with C6(3) and C6(5) GBs at 1000 fs (see also
the results in the ESI† Appendix for pristine and C6(7) GB
graphene sheets in Fig. S8a–d (velocity) and e–h (temperature),
ESI†). In general, Dz (out-of-plane displacement) increases with
increasing initial velocity and temperature, although there were
a few exceptions (see 45 Å ps�1 and 60 Å ps�1 in Fig. 7b, and
30 Å ps�1, 45 Å ps�1, and 60 Å ps�1 in Fig. S8a and c, ESI†).
Specifically, with increasing initial velocity, the out-of-plane
displacement exhibited two modes: (i) at a low velocity (such
as 15 Å ps�1), a ‘‘V’’ shape was observed (Fig. 7b), and (ii) when
velocity was equal to or greater than 30 Å ps�1 (such as 30 Å
ps�1, 45 Å ps�1, and 60 Å ps�1), a ‘‘W’’ shape was observed.
These results imply that, at higher velocity, the potential energy
of the graphene sheet is transformed into kinetic energy more
quickly, propagating in the form of the wrinkles. Moreover, the

Fig. 7 Out-of-plane displacements along the (r, 0) and (r, p/2) axes in polar coordinates with different initial velocities (15 Å ps�1, 30 Å ps�1, 45 Å ps�1,
and 60 Å ps�1) and temperature variations (5 K, 25 K, 50 K, 75 K, and 100 K) at 1000 fs. (a)–(d) show the out-of-plane displacement (Dz) along the (r, 0) and
(r, p/2) axes for graphene sheets with C6(3) and C6(5) GBs at different initial velocities. (e)–(h) show the out-of-plane displacement (Dz) along the (r, 0) and
(r, p/2) axes for graphene sheets with C6(3) and C6(5) GBs at different temperatures. Displacement is in Å units.
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Fig. 8 Wrinkle propagation through flower-like rotational GBs with external excitation. The distributions of (a) the out-of-plane displacement field,
(b) z-direction velocity, (c) instantaneous atomic kinetic energy and (d) instantaneous atomic strain energy for pristine graphene and defective graphene
sheets. Displacement, velocity and energy are in units of Å, Å ps�1, and eV, respectively.
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system temperature was accurately controlled at 5 K in the
current research, which is important for studying the tempera-
ture on wrinkle propagation. As shown in Fig. 7e–h, conversion
between potential and kinetic energy can be accelerated at
temperatures higher than 5 K (such as 75 K and 100 K). Owing
to this conversion, a ‘‘W’’ shape can be observed in the figures.
In practice, these results indicate that different initial velocities
and temperatures could contribute to dynamic surface regula-
tion of related nanodevices, for example, in strain-based elec-
tronic devices,18,33,70 high frequency nanoelectromechanical
systems,71 and nano-protector.56

3.3. Wrinkle propagation through flower-like rotational GBs:
toward detection of defects

In graphene-based nanodevices, topological defects (point
defects,54,55 SW defects,48,56 dislocations,25,49 disclinations,50,51

linear,57–59 and curved GBs54,60,61,65) inevitably exist. Topological
defects are generated during CVD growth,52,60 ion beam
irradiation25,68 and by lattice mismatch,50,51,68 which can be
verified using a large number of experimental approaches. The
results presented here allow for creation of a database for detec-
tion of defects based on the mechanism of wrinkle propagation
(see flower-like rotational GBs in Fig. 8, and point and SW defects
in Fig. S9 in the ESI† Appendix). Wrinkle propagation through
flower-like rotational GBs was investigated via the distribution of
out-of-plane displacement fields (see Fig. 8a), z-direction velocity

fields (see Fig. 8b), and instantaneous atomic kinetic (see Fig. 8c)
and strain energies (see Fig. 8d). These observations provide
physical insights into defect detection for two dimensional mate-
rials with the curved defects.

Fig. 8 shows an impact point of (40,p) in polar coordinates.
The colored bars in the first column (Fig. 8a–d) represent the
out-of-plane displacement field, z-direction velocity, instanta-
neous atomic kinetic and strain energies, respectively. Gen-
erally, rotational GBs curvature will have a significant effect on
the propagation of wrinkles across defects. Specifically,
when the curvatures of wrinkles and flower-like GBs are
mismatched (e.g., the curvature of wrinkles is larger than that
of the rotational GBs), the distributions of the out-of-plane
displacement field, z-direction velocity field, and instanta-
neous atomic kinetic energy hinder wrinkling (see the black
dotted box in Fig. 8a–c). However, when the curvatures of the
wrinkles and rotational GBs are similar, dynamic wrinkles can
cross the rotational GBs with unaltered morphology, as shown
in Fig. 8a–d. In addition, wrinkle propagation in graphene
sheets with point and SW defects helps to provide a fuller
understanding of defect detection (see Fig. S9 in the ESI†
Appendix for details). As can be seen in Fig. S9a and b (see
Note 9 in the ESI† Appendix), distinctly different morpholo-
gies were observed at 1250 fs, which further suggests that
dynamic wrinkling signals56,72 can be used to detect defects in
graphene.

Fig. 9 Displacements in the x-, y- and z-directions for specific atoms. (a)–(c) show the x-direction (Dx), y-direction (Dy), and z-direction (Dz)
displacements for atom-a, while (d)–(f) show the same for atom-b. The unit of displacement is Å. Snapshots corresponding to the maximum amplitudes
of out-of-plane displacements in the graphene sheets are shown in (c) and (f).
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To obtain a full understanding of the mechanism of wrinkle
propagation through flower-like rotational GBs for purposes
of defect detection requires knowledge of the evolution of
x-direction (Dx), y-direction (Dy), z-direction (Dz) displacements
for atom-a and atom-b (see Fig. 9a–f), as well as specific atomic
strain energy, total potential energy increment, and vdW
potential energy (see Fig. S10a–j in the ESI† Appendix for
details). Specifically, for Dx of atom-a in Fig. 9a, similar max-
imum amplitudes of the four graphene sheets were observed.
Similar results are shown in Fig. 9b and d, e. In addition, Fig. 9c
and f show the less significant out-of-plane wrinkle fluctuations
for graphene sheets with GBs. This provides evidence for defect
shielding by flower-like GBs. Fig. S10a, b (see Note 11 in the
ESI† Appendix) show that the lowest atomic strain energy
increment is observed for pristine graphene. The atomic strain
energies of atom-a and atom-b in defective graphene sheets
increase over time. That is, the smaller the curvature of rota-
tional GBs, the greater the change in bond length and angle.
Moreover, two modes of temporal evolution of total potential
energy increment are shown in Fig. S10c–f (see Note 11 in the
ESI† Appendix), which are the same modes as in Fig. 6e–h. For
defective graphene sheets, total potential energy decreased
significantly owing to the conversion of potential energy into
atomic kinetic energy. During interactions between the C60
molecule and graphene sheet, the vdW potential energy
decreased and then increased (see Fig. S10g–j in the ESI†
Appendix for details).

Furthermore, out-of-plane displacements along the (r,0) axis
at different times (1200 fs, 1800 fs, 2400 fs, 3000 fs, and 3300 fs)
are shown in Fig. S11a–d (see Note 12 in the ESI† Appendix).
The amplitude of dynamic wrinkles generally decreased with
time in the same graphene sheet. This indicates that out-of-
plane deformation energy can be converted into in-plane
perturbations. Specifically, as illustrated in Fig. S11a–d (see
Note 12 in the ESI† Appendix), the minimum amplitudes were
0.581 Å, 0.308 Å, 0.447 Å and 0.164 Å at 3300 fs, respectively.
The defect shielding effect should be further verified.

Although a comprehensive demonstration of wrinkle propa-
gation has been provided here (internal excitation in Section
3.2, and external excitation in Section 3.3), there is still much
room for improvement in studies of the propagation of wrin-
kles in polycrystalline graphene with rotational GBs. The
author hopes to further pursue this question in the future.

4. Conclusions

In summary, we systematically developed an experimentally-
based strategy to regulate wrinkle propagation by using flower-
like rotational grain boundaries (GBs). We investigated wrinkle
morphology during propagation in four types of graphene sheet
(pristine, and with C6(3), C6(5), and C6(7) GBs). These results
were used to construct a database of wrinkle propagation in
defective graphene sheets with GBs of different rotational
curvature. Five significant conclusions can be drawn:

(i) For pristine graphene, the MD simulation phase dia-
grams for the distributions of the out-of-plane displacement
field, z-direction velocity, instantaneous atomic kinetic energy,
and instantaneous atomic strain energy, and the corresponding
contact law based on continuum mechanics, can form a
theoretical basis for graphene-based nanodevices.

(ii) For wrinkle propagation across curved GBs using inter-
nal excitation (i.e., the point of impact is at the center of flower-
like GBs), curvature affects the phase diagrams for specific
atomic x- and y-coordinate variations, out-of-plane displace-
ment fields, z-direction velocities, and instantaneous kinetic
and strain energies. For example, the maximum RMS displace-
ments of out-of-plane displacement vary as C6(0) 4 C6(5) 4
C6(3) 4 C6(7).

(iii) For wrinkle propagation across curved GBs using exter-
nal excitation (i.e., the point of impact is outside the flower-like
GBs), mismatch of the curvatures of the wrinkles and flower-
like rotational GBs leads to a significant defect shielding/off-
setting effect. Specifically, when their curvatures are similar,
dynamic wrinkles can cross the flower-like rotational GBs
without being shielded.

(iv) Characterizing energy transformation and dissipation
can be vital for a full understanding of wrinkle propagation,
and especially the defect-shielding effect.

(v) The insights gained from our observations of wrinkle
propagation across flower-like rotational GBs using internal
and external excitation raise the possibility of regulating
both the direction of propagation and its dependence on
GB curvature. This interaction between propagating wrinkles
and GBs could provide a theoretical basis for construction
of nanodevices in which defects can both be detected and
shielded.
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24 G. López Polı́n, M. Jaafar, F. Guinea, R. Roldán, C. Gómez
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45 L. Tapasztó, T. Dumitrică, S. J. Kim, P. Nemes Incze,
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