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Abstract

Rotation of nano-components is necessary in nanoscale mechanical systems (NMS) to enable
various functions of nanomachines, however, the actuation and modulation of nanoscale rotation
have been poorly investigated up to now. In this paper, we conduct molecular dynamics
simulations to study the in-plane rotation of a graphene nanoflake hinged to a graphene substrate
by easily accessible nanoindentation techniques. The flake can be driven to rotate by strain
gradient fields (SGFs) induced by indenting the substrate locally. The effect of flake size,
indenting velocity and position on flake rotation are studied systematically. It is found that there
exists a critical range of flake size which is comparable to that of SGFs. The direction of flake
rotation, i.e. clockwise or counterclockwise, can be tuned effectively by indenting the substrate

asymmetrically with respect to the flake. Besides, the rotation can be speeded up by simply
indenting more quickly. Furthermore, the flake can be trapped in a desired region on the
substrate by adopting double SGFs. The continuous rotation of the flake can be realized by
intermittently indenting the substrate near the flake. These results may be useful for designing
the rotation of components in NMSs and nanoscale manipulation.

Supplementary material for this article is available online

Keywords: strain gradient field, graphene substrate, nano-rotation, nano-indenting, molecular

dynamic simulations

(Some figures may appear in colour only in the online journal)

1. Introduction

Motion (translation/rotation) regulation is a fundamental
requirement for the working of machinery. At the macro-
scopic level, components like gear pair, crank slider and cam
are used to regulate the mechanical motion to enable various
functions of machines in practical applications. With the
development of nanotechnology, the regulation of nanoscale
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motion has received increasing attention from both scientific
and engineering fields in recent years due to its scientific
richness and basic importance in vast applications of nanos-
cale mechanical systems (NMS). A series of manipulation
schemes have been proposed to actuate the motion of nano-
objects based on the gradient of curvature [1, 2], strain [3, 4],
stiffness [5], surface chemistry [6] and structural surface
design [7, 8] of the substrate as well as applied voltage
[9-11], electric current [12, 13], thermal energy [14-19],
asymmetrically chemical interactions [20-23]. These previous

© 2019 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0002-3234-6917
https://orcid.org/0000-0002-3234-6917
mailto:wangchao@lnm.imech.ac.cn
mailto:wangchao@lnm.imech.ac.cn
mailto:wangchao@lnm.imech.ac.cn
mailto:shchen@bit.edu.cn
https://doi.org/10.1088/1361-6528/ab4441
https://doi.org/10.1088/1361-6528/ab4441
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ab4441&domain=pdf&date_stamp=2019-10-09
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ab4441&domain=pdf&date_stamp=2019-10-09

Nanotechnology 31 (2020) 015303

M B Khan et al

I

’ i}
J ]
Indentation
X

Region

(a)

Attached

Fixed sides

(b)

Figure 1. The schematic model of a rectangle graphene nanoflake hinged on a square graphene substrate with H = 12nm, L = 5 nm and

d = 1.6 nm. (a) the top view; (b) the perspective view.

studies mainly focus on the actuating mechanisms of trans-
lational motion. Only a few of these studies [9, 10] address
the actuation of large rotational motion using the specific
superlubricity of multi-walled structure of CNT. For example,
Fennimore et al [9] reported a voltage-driven nanoscale
electromechanical actuator incorporating a rotatable metal
plate, with a multi-walled carbon nanotube serving as the key
motion-enabling element.

However, considering the diverse requirements in prac-
tical applications, more intensive research is still needed to
explore an effective way to manipulate nanoscale rotation. It
has been reported that a controllable strain gradient field can
be induced in the graphene substrate pressed by the tip of an
atomic force microscope (AFM) [24] or by the pillars of nano
structured surfaces [25, 26]. Meanwhile, it has been addressed
that nanoscale objects can be driven to move translationally
and/or rotationally by strain gradient fields in both theoretical
and experimental studies [3, 4, 27]. Based on the above
knowledge, we propose that it is possible to use nanoinden-
tation techniques to realize nanoscale rotation.

In this paper, using full-atomic molecular dynamics
(FAMD) simulations, we study the in-plane rotation of a
nanoflake hinged on a graphene substrate under nanoscale
indentation. The effect of magnitude of indenting velocity,
maximum indenting displacement, the distance between the
indenting point and flake, and flake size on its rotation has
been investigated systematically. According to our results, we
further propose several methods to effectively control the
flake rotation on the substrate, including changing the rotation
direction, driving the flake to rotate constantly or stop at a
desired region by obstacles or making traps in substrate. The
results should be useful for the design of manipulation tech-
niques for nanoscale rotation in NMSs.

The rest of this paper is organized as follows: the num-
erical model of nanoscale rotational motion as well as the
methodology are given in section 2. The driving mechanisms
and main influencing factors are discussed in detail and some

controlling methods are addressed in section 3. The results are
concluded at the end of this paper.

2. Simulation Model

Considering that graphene is one of the most typical and well-
studied 2D material with a smooth surface, the force field
function for molecular dynamic simulations of which is
widely used and easily accessible, we chose it as the main part
of our numerical model. As shown in figure 1(a), the num-
erical model of the nanoscale rotation system is composed of
a square graphene sheet (12 x 12 nm) as the substrate and a
rectangle graphene flake (I x 5nm) as the rotating part
attaching itself tightly to the substrate with the equilibrated
distance of 0.34 nm. The graphene flake can only rotate
around the red dot, which is hinged to the center of substrate
like a mechanical bearing. The hinge can usually be realized
by using functional groups [28], doping [29, 30] or multi-
walled carbon nanotube as rotation-enabling element [9, 10]
experimentally. Other parts of the flake are set free and far
enough from the edge of the substrate to eliminate boundary
effects. The substrate is pre-tensioned to a strain of 0.02 and
remains in the tensioned state by fixing the two opposite sides
(black regions) in all simulations to avoid wrinkle effects
[31, 32]. The other part of the substrate is left free. Then, the
substrate is indented with a constant indenting velocity at the
black square spot labeled as ‘Indentation Region’ in
figure 1(a). The perspective view of numerical system is
given in figure 1(b). It is similar to the experimental scheme
[24] where a graphene membrane is suspended over open
holes and indented by an atomic force microscope (AFM) to
measure the mechanical properties of monolayer graphene
membranes.

All the simulations were carried out on open source
software large-scale atomic/molecular massively parallel
simulator (LAMMPS) [33]. The interlayer van der Waals
interaction between the flake and the substrate is modeled on
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Figure 2. The in-plane rotation of a nanoflake on a locally indented substrate with strain gradient field. (a) The typical snapshots of the
rotating flake on the substrate with non-uniform local strain indicated by color; (b) the angular velocity and rotating angle of the flake as the
elapsed time; (c) the variation of the potential energy of the flake as well as the driving force on the flake in rotation. The small square black

region is the indented point.

the Lennards-Jones 12-6 potential ¢(r) = 4e[(o/ r)u-(o—/r)é],
where ¢ is depth of potential well of 2.96 meV, ¢ is the zero
energy distance of 0.3407 nm and r is the distance between
two particles. The AIREBO force field was used to define the
covalent bond C—C interaction between the graphene layers
(substrate and flake). The time step was 1 fs. The system is
initially relaxed at 300 K using NVT ensemble and then NVE
(N is number of atoms, V is volume, T is temperature, E is the
total energy) ensemble is adopted to simulate the motion
behavior of the flake on the substrate. The temperature of the
substrate was kept at 300 K. The indentation is simulated by
the function F(r) = K(r-R)> where K is a specified force
constant indicating the stiffness of the indenter, R is the
position of the plane and r-R is the distance from the plane.
See the command ‘fix indent” in LAMMPS. The strain of the
substrate is defined as ¢ = ¢, + ¢, where ¢; = (I; — lip)/ L,
i =xory, and /; and [;y are the current and initial distance of
neighboring atoms in the substrate.

3. Results and discussion

3.1. Flake motion and mechanism

Figure 2(a) shows typical snapshots in the period of actuation,
clockwise and anticlockwise rotation of the flake as the

substrate is indented constantly. At the initial time, although
the system is well equilibrated, the deformation of the four
areas separated by the two diagonal dotted lines in the sub-
strate is obviously non-uniform due to the restriction of the
two fixed sides, the strain in the top and bottom areas is
smaller while that in the left and right ones is larger as
indicated by color. The definition of the local strain in the
substrate is given in section 2. The flake stands still initially in
the bottom region in the substrate, then, the black square
region near the front edge of the substrate is indented along z-
axis (out-of-plane) with an indenting velocity of 0.1 ms ',
which induces an obvious SGF around the indenting point as
indicated by the color map in the snapshot at 0.15ns. The
strain magnitude of the SGF decreases as it is away from the
indenting point. The flake stays still before 0.15 ns due to a
weaker SGF that induces a negligible driving force on the
flake. As the substrate is further indented at 0.15 ns, both the
functional area and the strain magnitude of SGF increase, and
the flake gradually rotates away from the higher-strain region.
This can be explained according to previous studies [3, 4] on
the SGF of graphene: the flake on the graphene substrate with
larger tensile strain would have higher potential energy, so a
gradient of the potential energy, i.e. a force, would be induced
on the flake as it lies in a SGF, furthermore in this model, due
to the inner end of the flake being hinged to the substrate, a
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torque would be generated, which makes the flake rotate away
from the indenting region. The flake will continue to rotate to
the maximum angle as shown at 0.2, 0.25 and 0.3 ns. As the
flake enters into the SGF from the other side, the induced
force on the flake by the strain gradient acts as resistance
making the flake slow down and stop for some time. Then,
the flake is driven to rotate back anticlockwise at 0.35 ns.
Afterwards, the flake will continue to rotate clockwise and
counterclockwise between the initial and final region because
of the inertia and less friction, and eventually it will stop at
the low strain region ~180° away from the indenting point.
The whole rotation of flake can be seen in movie 1, available
online at stacks.iop.org/NANO/31/015303 /mmedia in sup-
porting materials. Figure 2(b) shows the angular velocity and
the rotating degree of the flake. The angular velocity fluc-
tuates around zero until ~0.13 ns when the strain gradient of
the SGF grows large enough, then it increases constantly to
the maximum at ~0.23 ns when the flake reaches to the low
strain region ~180° away from the starting point with the
maximum angular velocity of ~41rads™'. After that, it starts
decreasing gradually to zero as the flake again reaches the
SGF with the maximum rotating degree of 300°, and then it
starts increasing in a counterclockwise direction with a
negative value. We further calculate the driving force exerted
by the substrate on the flake as well as the interlayer potential
energy between them as shown in figure 2(c). The flake has a
minimum potential energy as it locates in the region of ~180°
away from the initial point due to the nearly zero strain gra-
dient there. The exerted force on the flake before this point is
nearly positive indicating the driving nature, and it becomes
negative after the point showing the resistance nature. In
addition, at the four positions with the angles about 60°, 125°,
240° and 300° away from the initial point, the potential
energy fluctuates drastically due to the obvious SGFs origi-
nated from the restriction of the two fixed boundaries.

Here, we noted that, for the candidate of graphene, other
kinds of 2D materials like hexagonal boron nitride [34] and
Boron carbon nitride [35], which have similar smooth struc-
ture to graphene, are more likely to be used as basic com-
ponents of the model system than other 2D materials like
chalcogenides (MoS,, WS, and MoSe,) [36] and metal oxi-
des (MoO3, WOj3; and TiO,) [37] with relatively rough and
complex in-plane structures.

3.2. Effect of flake size, indenting position, velocity and
magnitude

To investigate the effect of flake size on rotation, we tune the
length-to-width ratio of the flake in a wide range of 0.8—11 for
a given length of 5nm and keep all other settings constant.
We find that the continuous flake rotation can be realized only
when the ratio falls into the range of 0.8—11 and the minimum
strain gradient value needed to rotate the flake increases with
flake size as shown in figure S2, the larger flake can be driven
to rotate continuously with comparatively larger strain gra-
dient value. Figure 3 gives two extreme cases that the ratio is
out of the range, e.g., equal to 0.8 and 11. When the ratio is
0.8, as shown in figure 3(a) and movie 2 in the supporting

materials, the large flake only rearranges itself slightly (equal
to 6 in figure 3(a)) without continuous rotation as indenting
the substrate. This can be attributed to the larger friction
between a bigger flake and the substrate and remarkable
wrinkles forming in a big flake as shown in figure S3. Here
we noted that wrinkles, in either the substrate or the flake,
would have a big resistance to the rotation of the flake, that is
why we set a pre-tension strain of 0.02 in the substrate in all
our simulations. When the ratio equals 11, as shown in
figure 3(b) and movie 3, the flake is so narrow compared to
the width of the SGF activated in the substrate that it could
not feel the strain gradient, as a result, it behaves like a rope
due to the reduced bending stiffness and bends easily along
with the curvature of the indented substrate.

Figures 4(a), (b) shows that the rotating direction of the
flake can be tuned effectively clockwise or counterclockwise
by applying an asymmetric indentation, i.e., as the right area
of the substrate is indented, as the black square shows in
figure 4(a), the flake rotates clockwise, while the flake rotates
counterclockwise as the left area of the substrate is indented.
If we indent the substrate symmetrically from the point
aligned to the center axis of the flake, it is unpredictable
because the flake may rotate clockwise or counterclockwise
or may not rotate due to a symmetric force induced by the
strain gradient in the substrate. Besides, the distance between
the indenting point and the flake should also be chosen
carefully. We gradually move the indenting point away from
the flake edge and find the critical distance is ~2.5 nm,
beyond which the flake cannot be driven to rotate. This is
because the strain gradient field induced by the indentation
decays gradually to zero as it is ~2.5nm away from the
indentation point as shown in figure S4. As shown in
figure 4(c), if the indenting point is 3.2 nm away from the
flake, it cannot feel the strain gradient induced by continuous
indentation and keeps still even the substrate is indented to be
broken (see movie 4 in the supporting materials for the vivid
process).

We also study the effect of indenting velocity on flake
rotation. As shown in figure 5(a), we find that if the indenting
point is ~1 nm away from the flake, the maximal angular
velocity of the flake would increase as the substrate is
indented more quickly from ~0.01-0.25ms ™" and less time
will be used for the flake to reach the maximum angle of
300°; but if the indenting point is close to the flake, e.g.
0.3 nm, the flake cannot rotate as a smaller indenting velocity
of 0.05ms ™" is applied as shown in movie 5, because in this
case, the flake has more time to adjust itself to become
symmetric with the point of indentation, which results in a
negligible moment of force on the flake and leads to its failure
of rotation. The indenter velocity should not be larger than
03ms~ l, otherwise the substrate would be indented to break.
We also study the effect of the indenting distance varying
from ~0.5-3.0nm on the flake rotation with a constant
indenting velocity of 0.1 ms™" as shown in figure 5(b). The
flake cannot rotate when the substrate is indented a distance
smaller than 0.9 nm due to a minor SGF induced in the
substrate as expected. The increase of indenting distance from
0.9-2.0 nm will increase the angular velocity of the flake with
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Figure 3. The effect of the flake size on its rotation. The length-to-width ratio is (a) 0.8 and (b) 11.
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Figure 4. The effect of indenting position on flake rotation. The indenting point is on the (a) right and (b) left of the flake; (c) the indenting
point is 3.2 nm away from flake.

the decreased time to reach the maximum angle of 300° due substrate would be indented to break if the indenting distance
to the enhanced SGF in the substrate; for larger indented 1is larger than 2.5nm. It is found that a suitable indenting
distance, it will not have any effect on angular velocity of distance is in the range of 0.9-2.4nm to ensure a smooth
flake and time to reach the maximum angular distance. The rotation of the flake by a series of simulations. In addition, we
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also examine the effect of the area of indentation from
1-9 nm? and find that the flake rotation is independent of the
indenting area as long as the conditions mentioned above are
satisfied as shown in figure S5.

The effect of thermal fluctuation on flake rotation has
also been investigated by setting a variable simulation
temperature from 100 and 500 K. Different from the con-
tinuous rotation of flake as shown in figure 2, both the flake
and substrate fluctuate drastically if a higher temperature, e.g.,
400 or 500K is adopted. During indentation, the flake just
deviates from the initial position and then keeps fluctuating
there as shown in movie 7 in the supporting information. This
is easily understood: from figure 2(c), the maximum direc-
tional driving force of flake rotation at 300 K can be obtained
~4.2 pN/atom, i.e., 1 nN divided by the number of atoms in
the flake, 240 here. As the temperature increases the direc-
tional driving force should be disturbed by the thermal fluc-
tuations of both the flake and the substrate due to the random
nature of thermal fluctuations.

3.3. Further control of flake rotation

Based on the understanding of underlying mechanisms and
basic tuning skills discussed above, further manipulating
techniques are proposed in the following part to facilitate
potential applications. As shown in figure 6(a), two local
regions indicated by black and green are indented to produce
two SGFs on the substrate to restrain flake rotation in an
assigned narrow region. As discussed above, the flake is
activated at the first indenting region (black) to rotate forward
at O ns, as it enters into the second indenting region at 0.18 ns,
it does not move forward and stops for a fraction of time and
returns back to the initial indentation point at 0.35 ns and then
continues to rotate between the initial and desired point, see
movie 6 in the supporting materials. By making the two
indenting points closer, the flake can be trapped and stopped
there precisely as shown in figure S6. The flake can also be
pinned at a desired position by setting a small piece of gra-
phene sheet, or other nanoparticles fixed in the path on the
substrate, as a nanoscale obstacle. As shown in figure 6(b),
the flake starts to rotate and strikes the obstacle, but different
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and indenting distance (b) on flake rotation.

from its behavior near a SGF, it rebounds back and forth near
the obstacle at ~0.28-0.30 ns, and eventually it stops nearby,
see movie 8 in the supporting materials. In experiments, we
can use a technique such as AFM probe lingering at any point
on the substrate as an obstacle to stop the rotating flake
without indentation. The continuous rotation of the flake on
the substrate in a clockwise or counterclockwise can be
achieved by indenting the region near the free end of the flake
constantly as shown in figure 6(c). After initial indentation
when the flake starts rotating, we remove the initial indenter
and let the flake rotate continuously in a circular motion with
inertia, when its angular velocity gradually decreases to zero,
we can again use the indenter to start its rotation, and by this
method, the flake will rotate continuously in circular motion.
This method can be used experimentally by nano indenter
[38—40] or similar mechanisms to AFM probe.

4. Conclusion

We study the in-plane rotation of a graphene nanoflake hin-
ged to the center of a graphene substrate using the full-atom
molecular dynamics simulations. The pre-tensioned substrate
with 0.02 strain is indented locally by a virtual indenter to
deform out-of-plane, which induces a SGF in the substrate.
The hinged flake is driven to rotate by the gradient of
potential energy in SGF. The rotation of the flake is affected
by the size, indenting velocity, indenting position and the
distance to which the substrate is pulled down. The flake
would not be driven to rotate if it is too wide (L/W > 11) or
too narrow (L/W < 0.8). The maximal angular velocity of
the flake would increase as the substrate is indented more
quickly from ~0.01-0.25ms ' when the indenting point is
~1 nm away from the flake and less time will be used for the
flake to reach the maximum angle of 300°; the substrate
would break when the indenting velocity is as high as
0.3ms '. The flake would not rotate if the substrate is
indented slightly, e.g. 0.5 nm. The maximum angular velocity
of the flake increases as the time needed to achieve the
maximum angle of 300° decreases. When the indenting depth
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Figure 6. Further control of flake rotation. (a) The flake rotation is restrained in a tunable region by two indenting points labeled black and
green; (b) the flake is stopped by a graphene sheet as an obstacle; (c) the flake is driven to rotate continuously by intermittently indenting the

region near the free end of the flake.

increases from ~0.9-2 nm, it will not have any effect on the
flake rotation as the substrate is further indented. The sub-
strate breaks when the indented distance is greater than
2.5 nm. The area of indentation does not affect the rotation of
the flake. The clockwise or counterclockwise rotation of the
flake can be tuned effectively by the indenting position with
respect to the flake. The motion of the flake can be restricted
to the desired point or region on the substrate by using two
SGFs or nano-obstacles. The continuous rotation of the flake
can be realized by constantly indenting the substrate near the
flake. These results may be useful for the design of the
rotation in NMSs and nanoscale manipulation.
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