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a b s t r a c t
Wrinkled graphene has been emerging as a hot topic of interest due to its easily induced physical changes
accompanied by changes in its material behavior. However, the wrinkling pattern of graphene and its
relevant properties remain poorly understood. Here we employ molecular dynamics simulations to model
the behavior of graphene under periodic, torsional wrinkling and elucidate the effect of torsion pattern,
torsion velocity, and hole size on the wrinkling characteristics of a large graphene sheet. Simulation results
show that gross control over the wrinkling pattern is feasible via manipulation of torsion direction and
relative hole size, with ﬁne-tuning of the wrinkle formation possible by control of the relative torsion
speed of each hole.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
For the past decade, graphene has been the subject of intensive study and research. Due to the many exemplary properties
exhibited by this material graphene has demonstrated countless
potential applications in electronics [1–4], energy storage [5,6],
composites [7–9] and biomedicine [10–12] due to its outstanding
thermal [13–15], mechanical [16], and electronic [17,18] properties. In these studies and applications, due to its ﬂexible and
2D nature, graphene ﬁlms are generally wrinkled or rippled with
smooth undulations, and/or crumpled with sharp ridges, folds and
vertices [19–22].
Many of the useful characteristics of graphene come from its
extreme thinness and anisotropic morphology, such that investigations into both graphene and other 2D materials necessitate a
certain focus on the material’s associated geometry [23–25]. The
nature of the unique functional abilities of graphene such as its
electronic, magnetic, mechanical, and chemical properties is to a
large extent determined by the morphology of the graphene sheet.
Wrinkling of a 2-dimensional material induces multiple changes
in its structure, and these changes can in turn affect the properties of the material [26–28]. As the deformation of graphene
can strongly affect properties such as diffusion [29] and electrical
conductivity [12,30], and thus has a notable effect on the performance of graphene-based devices and materials, the potentiality
of wrinkling as a method to tailor the properties of graphene while

maintaining ﬁlm integrity is a topic of much interest [31–37]. It is
anticipated that controllably tailoring the physical and electronic
properties of 2D materials such as graphene using wrinkle patterns
will better allow for multiple control methods in the development
of novel or improved devices [38,39]. Thus it is necessary to properly investigate the patterns of wrinkles formed by deformation of
graphene. In this work we investigate the effects of deliberate and
methodical torsional straining on the wrinkle formation and patterns of a single crystal graphene sheet with periodic holes using
nonequilibrium molecular dynamics.

2. Model and computational methods
Molecular dynamics simulations in this work are based on the
open source code LAMMPS [40]. Periodic boundary conditions are
employed to set up a pseudo-inﬁnite simulation system, in order
to mimic a large sheet. To better capture the behavior of the carbon
surfaces we utilize the adaptive intermolecular reactive empirical bond order (AIREBO) potential for intra-graphene carbons as
described by Stuart et al. [41] as

E=

1 
2

⎡
⎣EijREBO + ELJ +

 

ij

i

j=
/ i

⎤
TORSION ⎦
Ekijl

(1)

k=
/ i,jl =
/ i,j,k

where the EijREBO term is the REBO potential published by Brenner
et al. [42], shown as
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EijREBO = VijR (rij ) + bij VijA (rij )
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Fig. 1. The setup is shown in (a); the red regions are ﬁxed and a ﬁxed-period rotation is applied to them in either a clockwise or anticlockwise direction (scale bar is 10 nm).
The initiation of wrinkling at 2.7◦ is shown in (b), and the second-stage wrinkle pattern at 9.5◦ is shown in (c). The upper and lower bounds for the z-displacement are shown
in (d). For (b) and (d), the scale bar is shown to the right. For subsequent ﬁgures, z-displacement is scaled to this same bar. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of the article.)

where VijR (rij ) is a repulsive term, VijA (rij ) is an attractive term, and bij
is the environmental-dependent bond order term between atoms
which activates the attractive term only for bonded atoms. The
AIREBO potential is best suited for systems of hydrogen and carbon, rendering the all-carbon system presented here well deﬁned
[37]. As the REBO potential only accounts for interactions of atoms
within two Angstroms of one another, the AIREBO potential also
LJ
includes the Eij term, which is a standard 12-6 Lennard–Jones
potential for distances past a 2 Å limit. The cutoff for the LJ term is
set here to be 10.2 Å as a good balance between computation speed
TORSION term,
and accuracy. The AIREBO potential also includes the Ekijl
which is a four-body potential describing hydrocarbon dihedral
angle preference. The AIREBO potential has previously been used
successfully in studying the properties of various carbon allotropes,
especially including graphene [43–48].
As seen in Fig. 1(a), the system is a sheet of graphene concurrent with the x–y plane of size 50 nm in both the x and y directions.
The entire system is periodic in the x and y directions, and is minimized before being controlled at 1 K with NVT ensemble. While the
system is kept at 1 K to demonstrate the patterns more clearly, the
patterns are also observable at higher temperatures, as can be seen
from Fig. S1 of the Supplementary Material. Four holes are created
at equally spaced intervals of radius 5 nm, unless otherwise speciﬁed. The atoms of the hole are removed, except for the 0.5 nm
outer strip, through which a ﬁxed-period rotation is applied. The

atoms adjacent to the hole are ﬁxed, so that there is no effect on
the remainder of the sheet from the ‘dangling bonds’ at the edges
of the holes. These ‘holes’ are created to provide an easy visualization of the torqued areas, and to show that these patterns can be
created by twisting attached CNTs or other objects embedded in a
graphene sheet.
A rotation is applied in either the clockwise (here denoted as 1)
or anticlockwise (here denoted as 2) direction, with the pattern of
twisting labeled clockwise from the bottom-left hole (1111, 1112,
1122, and 1212). It is assumed in this work that the direction of
rotation is only remarkable in relation to nearby rotations, as symmetry is assumed in the case of the graphene sheet. Thus the four
rotational patterns are chosen to be distinct from each other while
taking symmetry into account. In order to maintain a slow and stable rotation, the rotation velocity of any hole is chosen as 1◦ /ns,
unless otherwise mentioned. For determining the effects of torsion velocity, the ‘1’ holes in pattern 1122 are kept at a constant
speed while the ‘2’ holes are rotated at a speed relatively slower
or faster. For determining the effects of hole size, the ‘1’ holes in
pattern 1212 are increased in 5 Angstrom increments while the ‘2’
holes are diminished by an amount which keeps the total hole area
the same. The total hole area is kept constant in order to keep the
area of the free graphene sheet constant, so that each pattern has
the same number of atoms in the wrinkling area. To show comparisons, Fig. S2 of the Supplementary Material shows some wrinkling
patterns for two patterns of double total hole area.
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Fig. 2. Potential energy versus time for chosen atoms ‘A’, ‘B’, and ‘C’ during the wrinkling process for (a) Pattern 1111, (b) Pattern 1112, (c) Pattern 1122, and (d) Pattern 1212.

3. Results and discussion
3.1. Wrinkling evolutions and features
First we investigate the wrinkle patterns in a graphene sheet
with four rotating holes under torsion, as described in the previous
section. The periodic nature of the graphene sheet allows interaction between the wrinkles formed by a rotating hole and the
four holes next to it. In this manner the self-interaction between
the holes in the sheet creates wrinkling interplay which allows for
unique patterns to emerge by controlling the direction of rotation
of the holes. The simplest pattern, which consists of all of the holes
twisting in the same direction (pattern 1111), exhibits a regular pattern wherein eleven wrinkles (each composed of an upwards and
downwards bend) are formed around each hole as seen in Fig. 1(b).
The shift from a ﬂat sheet to a wrinkled and curved sheet is abrupt,
as evidenced by the sudden formation of wrinkles seen at 2.3◦ in the
graph of Fig. 1(d), which shows the deviation of wrinkles furthest
from the plane in the positive (maximum) and negative (minimum)
z-directions. After forming, these wrinkles both widen and expand
radially as the twisting angle becomes more pronounced, fully connecting with wrinkles formed by adjacent holes prior to failure at
10.6◦ , as seen in Fig. 1(c). After connecting, the wrinkles gently and
constantly ﬂuctuate in size, as seen by the increase in disorder after
8◦ on the graph in Fig. 1(d). This mono-directional method of torsion creates a near-grid pattern on the surface of the graphene,

forming continuous wrinkle patterns at right angles to each other.
It can be seen that the potential energy of individual atoms can be
inﬂuenced by the severity of wrinkles. Fig. 2 shows three selected
points, A, B, and C, and plots the change in the potential energy of
an atom at each of those points. We can clearly see that in areas
with wrinkles the potential energy of the atoms changes based on
the severity of the wrinkles, while much less change happens in
the area with no wrinkles. From this we can see that it is feasible
to use torsion-induced wrinkling to directly inﬂuence the potential energy of speciﬁc areas, which can be very useful in precision
doping of atoms. In order to draw more conclusions about wrinkling behavior, however, rotational patterns other than the basic
pattern 1111 are tested as well.
3.2. Effects of rotation direction on wrinkling patterns
To illustrate the effect of rotation direction on wrinkle pattern,
three other rotation patterns are tested, labeled patterns 1112,
1122, and 1212. Taking symmetry into account, together these four
patterns represent all the permutations of rotation direction for this
4-hole, periodic system.
When one of the holes is twisted in the opposite direction from
the other three (pattern 1112), a curious pattern is formed wherein
the aforementioned wrinkles from the three co-directional holes
connect while the oppositely spiraling wrinkles from the antitwisted hole only manage to connect with the rest just before
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Fig. 3. Characteristic wrinkling emerging as the holes are rotated in Patterns 1111, 1112, 1122, and 1212. The rotation angles are (a)  = 2.5◦ , (b)  = 6.5◦ , and (c)  = 9.5◦ . Red
is positive z displacement and blue is negative z displacement. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)
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Fig. 4. (a) Normalized area change of the graphene sheet versus torsion angle, (b) evolution of potential energy of the graphene sheet versus torsion angle, and (c) evolution
of the maximum wrinkle height of the graphene during the torsional process for the various torsion patterns.

M. Becton, X. Wang / Applied Surface Science 363 (2016) 13–20

17

Fig. 5. In-plane xy shear stress patterns for (from left to right) 3.24◦ , 5.4◦ , 8.64◦ , and 10.5◦ rotation for (a) 1:0, (b) 3:1, and (c) 1:1 rotation velocity ratios. Red indicates positive
stress, blue indicates negative stress. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

failure, as seen in Fig. 3. This pattern also fails at 9.5◦ , much earlier than the 10.6◦ + of the other patterns, demonstrating that the
singular hole rotating in the opposite direction is a point of high
stress in the sheet, causing failure due to the interaction of forces
caused by this wrinkling pattern. When the number of holes twisted
each way is equal, there is a large difference in wrinkle formation
dependent on the pattern chosen for the twisting. When adjacent
holes are twisted in the same direction (pattern 1122), the wrinkles
form corridors wherein co-directionally twisted holes form wrinkles which quickly connect with each other, as seen in Fig. 3. It is
interesting to note that these ‘corridors’ keep distinct from each
other for the majority of the run, only forming connecting wrinkles
just prior to sheet failure, which itself occurs at 10.7◦ . When the
number of holes twisted each way is equal and no adjacent holes
are twisted in the same direction (pattern 1212), a very interesting
pattern emerges wherein wrinkles extending from alternate sides
of each hole are formed. This creates a tessellation-like regularity
with alternating up and down interior wrinkles each surrounding
discrete, regular wrinkle-free zones where the sheet is extremely
ﬂat. From Fig. 2, it can be inferred that the severity and pattern of
the wrinkles have a direct impact on the potential energy of atoms
in selected areas. Comparing the results from Fig. 2(a)–(d), it is evident that controlling the wrinkling pattern using different rotation
directions of the holes is able to methodically control the potential energy of atoms based on time and rotation setup. Three of
the four patterns display constant increase in potential energy as
straining happens to the atoms, with the most notable increase
happening where wrinkles form. However, pattern 1212 (Fig. 2(d))
once again shows its uniqueness, as the relative torsion of adjacent
holes causes the potential energy of point A to decrease slightly
before increasing as the strain increases. From this we can see that

the potential energy of selected atoms can be either increased or
decreased, depending on the pattern of rotation.
Having looked at each pattern individually, it is also of beneﬁt
to compare the four chosen torsion patterns with each other. As
we can see from the area change graph in Fig. 4(a), patterns 1111,
1112, and 1122 all begin to change area at approximately the same
pace, while pattern 1212 alone exhibits minimal area change until
rotation of almost 3◦ . This is due to the complimentary interactions
between torsional strains in the sheet, creating wrinkles and severe
stretching at more severe degree of torsion than for the contrasting
patterns. Around 8◦ the patterns all exhibit a similar change in area
until failure. As noted previously, pattern 1112 fails at the relatively early 9.5◦ , whereas the remaining patterns all fail between
10.6◦ and 10.8◦ . In order to get a clear picture of the change of each
structure, the potential energy is a useful tool. In this controlled
simulation the change in potential energy, as illustrated in Fig. 4(b),
is directly correlated with the bond stretching resulting from interatomic stress and the nonequilibrium bond angles created via sheet
wrinkling. In this case, the relatively larger increase in potential
energy in pattern 1111 as the rotation angle increases indicates that
the total bond and angle strain for this pattern rises more quickly
than for the other patterns, indicating that unidirectional torsion of
holes applies a more widespread strain to the system as compared
to the individually high areas of strain seen in the pattern 1112,
which lead to early failure. Pattern 1122 shows the slowest rise in
potential energy, as between the aforementioned ‘corridors’ there
is a fairly large area of minimal effect where wrinkling is nonexistent. To compare the area change and strain with the formation
of wrinkles, Fig. 4(c) shows the evolution of the maximum wrinkle
height as a factor of torsion angle. The maximum wrinkle height
is a useful parameter which helps to indicate the out-of-plane
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Fig. 6. (a) Normalized area change of the graphene sheet versus torsion angle, (b) evolution of potential energy of the graphene sheet versus torsion angle, and (c) evolution
of the maximum wrinkle height of the graphene during the torsional process for the low speed trials. The legend denotes the relative speed of the counterclockwise holes to
that of the clockwise holes.

Fig. 7. Final wrinkle patterns before failure (∼10.6◦ ) for (a) r-50 (b) r-60 (c) r-65 and (d) r-75.
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displacement of the sheet due to the torsional deformation. Once
again it is seen that pattern 1212 takes the largest rotation before
any noticeable distortion happens to the graphene. Interesting to
note is the behavior near failure of patterns 1112 and 1212, wherein
prior to failure the maximum wrinkle height oscillates greatly,
showing instability in the wrinkle patterns as the rotation progresses.
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Using pattern 1122, the ‘2’ directional holes are applied a variant rotational velocity, while the ‘1’ directional holes are kept at
the same velocity as in the previous trials. For the low-speed trials,
the ratios of rotational velocities (˚v ) tested were 9:10, 3:4, 2:3,
1:2, 1:3, 1:5, 1:10, and 0:1 (no rotation of the ‘2’ holes). For the
high-speed trials the ratios of velocities tested are 10:1, 4:1, 2:1,
5:4, and 11:10. Trials using various hole-speed ratios are compared
with the trial for pattern 1122, which can be considered to be a
1:1 speed ratio. Fig. 5 shows a comparison of the in-plane xy shear
stress for three different velocity ratios at the same angles of torsion, while the wrinkles formed by the stress are still barely visible
even without coloration of the z-displacement.
As can be seen in Fig. 6(a), lesser velocity ratios necessitate a
slower increase in the change in area of the graphene. This area
change is directly linked to the stretching and wrinkling of the
graphene, and as such the lesser velocity ratios create fewer wrinkles and stresses, leading to a lesser change in area. The area change
shown here is very similar to the maximal area change observed
for graphene in the previous work of Qin et al. [38] The potential
energy of the system changes as expected, with slower rotational
velocities increasing the potential energy at a slower rate as seen
in Fig. 6(b). The velocity of 0.0 indicates that the secondary set of
holes is not rotating at all, making this a baseline for the potential energy increase caused by the normally rotating ‘1’ holes alone.
Fig. 6(c) shows the evolution of the maximum wrinkle height as a
function of the angle of torsion. As can be seen, there are two behaviors dependent on rotation; all speed ratios besides 1:1 increase
more slowly around 5◦ , but speed ratios slower than 2:3 undergo
a secondary sharp increase around 8◦ . This is caused by the lack of
competition for sheet area by separate wrinkle corridors. At speed
ratios lower than 2:3, the wrinkles forming around the ‘1’ holes
are able to increase height rapidly due to the excess of material
when compared to the relatively more equivalent corridors of the
higher speed ratios. This tendency has a limit, however, as can be
seen from the fact that there is almost no difference in the wrinkle
height of the velocity ratios which exhibit this tendency, even at a
1:0 velocity ratio.
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In addition to torsion pattern and velocity, we also investigate
the effect of relative hole size on the wrinkling pattern. For the study
of the effects of hole size on wrinkling pattern, the pattern 1212 is
chosen and the sizes of the 1 and 2 directional holes are varied in
such a way that the total area of all holes (and thus the remaining
free area of the sheet) remains the same. As can be seen in Fig. 7, the
changing of the hole size leads to a gradual shift in wrinkle pattern,
as the wrinkles from the small holes show less and less effect as
their radius decreases, until the ﬁnal pattern where the radius of
the smaller holes are zero. As the hole sizes change, the larger holes
accumulate larger wrinkles and thus contribute the most to the
deformation of the sheet. The hole sizes are labeled by the radius,
in Angstroms, of the larger pair of holes as follows: R = 50, R = 60,
R = 65, R = 70, and R = 75, with R = 75 also having a radius of 0 for the
smaller holes.
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Fig. 8. (a) Evolution of potential energy of the graphene sheet versus torsion angle
and (b) evolution of the maximum wrinkle height of the graphene during the torsional process for each tested hole size.

Hole size affects the total potential energy, and has a much lesser
impact on the change in potential energy due to bond stretching
or wrinkle formation as is seen in Fig. 8(a). The number of carbon
atoms is the same, so the difference in total potential energy at the
starting (equilibrated) position arises from the difference in number of edge atoms around the holes. Although larger hole sizes fail
sooner, as seen at the end of the lines for R = 70 and R = 75, the fact
that the potential energy curves show little difference is a testament to the small impact of wrinkle pattern on potential energy
change. Similar behavior is illustrated by Fig. 8(b); R = 50 exhibits
the smallest wrinkles of the samples tested here, and begins to ﬂuctuate around 8.5◦ until failure. As R increases the maximum wrinkle
height also is on average larger, and wrinkles also begin to form at
a smaller . It is interesting to note that although R = 50 exhibits
wrinkles which ﬂuctuate to a large degree well before failure, the
same behavior is not exhibited by the patterns with differently
sized holes until just before failure. From these results we can see
the clear effect of hole size and rotation direction when compared
with the lesser effect of torsion speed.
4. Concluding remarks
In this work we have applied molecular dynamics simulations to
study the wrinkling of torsion-based periodic patterns in graphene.
In particular, we have investigated the effects of torsion pattern,
speed, and hole size on the wrinkling patterns created by such
torsion. Simulation results have demonstrated that torsion pattern
directly inﬂuences not only wrinkle pattern, but also the amount
of torsion able to be applied before failure. More concretely, it is
shown that different wrinkling patterns can be used to directly
manipulate the potential energy of selected atoms. With the models presented in this work we hope to prove the feasibility of ﬁne
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wrinkle formation control through the adjustment of relatively
simple parameters as well as tools for designing next generation
graphene-enabled nanodevices.
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