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Carbon-nanotube Nanomotor Driven by Graphene Origami
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Experiments have shown that graphene origami (GORI) can be formed by compressing a folio graphene
ribbon. In this study, the GORI is introduced to a rotary nanomotor built from a double-walled carbon
nanotube. By placing several cantilevered GORI around the long inner tube (rotor) of the nanomotor with
their tips toward the rotor, the nonbonding interaction between the tips and the rotor becomes strong when
their distance is less than 1 nm. Rotationally symmetrical layout of the GORI tends to induce nonzero
unidirectional torque on the rotor. Thereout, the rotor is accelerated to rotate until a stable rotational
frequency (SRF) is reached on the condition that the stators (short outer tubes) applying equal but opposite
torque on the rotor. The molecular-dynamics simulation approach is adopted to verify the procedure of the
proposed rotary nanomotor. Conclusions are drawn for fabrication of the present rotary nanomotor.
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I. INTRODUCTION

Nanomotor, as an essential component of a nanoma-
chine, can be treated as a signal source or an output
power of a nanosystem to produce a motion [1]. Accord-
ing to the motion style, nanomotors can be classified as
translational or linear nanomotors and rotary nanomotors.
The sp2 carbon materials, i.e., graphene [2] and carbon
nanotubes (CNTs) [3], have extremely high in-plane and
in-shell stiffness and strength [4–7]. Moreover, the inter-
layer friction between the piled graphene sheets or the
multiwalled CNTs is ultralow [8–10]. Hence, graphene
and CNTs are useful candidate materials for fabricat-
ing dynamic nanodevices, such as nanobearings [8,11,12],
nanomotors [13–15], nanosensors [16], nanoresonators
[17,18], and nanosprings [19,20]. For example, Barreiro
et al. [14] built a linear nanomotor in which the short outer
tube moves along the negative direction of the tempera-
ture gradient on the long inner tube. They also observed
the rotation of the outer tube. Wang et al. [15] pro-
posed theoretically a CNT-based rotary nanomotor, on
which the charged blades are driven to rotate by an exter-
nal alternating current field. Besides, other methods for
actuating the rotation of the rotor in a nanomotor, e.g.,
laser [21–24] and nanofluid [25–27] were investigated.
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In 2014, Cai et al. [28] discovered a driving mechanism
for a CNT-based rotary nanomotor, which contains a rotor
and a stator. They found that if a part of the atoms on the
stator are fixed after a period of relaxation in a thermostat,
the inner tube will have a stable rotational frequency at the
100-gigahertz level. The mechanism reveals that the rota-
tion is actuated by the collision between the rotor and the
stator that have drastic thermal vibration at finite temper-
ature, the system transfers a part of thermal energy from
its environment into the rotational kinetic energy. Further,
systematic research on the dynamic properties of the rotor
in the thermally driven rotary nanomotor was implemented
[29,30] and the methods for observing the motion of the
rotor were also proposed [31].

Based on the same mechanism, several types of
rotary nanomotors were developed. For example, dia-
mond wedges were suggested to drive CNTs to rotate
[32]. Shi et al. [33] used wedged diamond needles to
drive a nanoflake to rotate. Lin and Han [34] suggested
a cracked edge in graphene for driving the rotation of a
CNT. These models make the thermally driven nanomotor
more feasible in experiments and potential application in
the future.

In this study, we introduce a graphene origami (GORI)
[35–37] to drive the CNT rotor to rotate. The molecular-
dynamics simulation approach is adopted to verify the
feasibility of the present model. Effects of essential fac-
tors, such as the geometry of the GORI and temperature,
on the rotation are discussed. Some concluding remarks
are drawn for potential application in the design of a rotary
nanomotor.

2331-7019/21/15(5)/054017(8) 054017-1 © 2021 American Physical Society

https://orcid.org/0000-0002-8106-3489
https://orcid.org/0000-0003-0948-784X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.054017&domain=pdf&date_stamp=2021-05-11
http://dx.doi.org/10.1103/PhysRevApplied.15.054017


CAI, SUN, SHI, and QIN PHYS. REV. APPLIED 15, 054017 (2021)

II. MODELS AND METHODS

A. Models

By compressing a folio graphene ribbon, the folded
end forms phase transition, i.e., sp3 bonding appears [36].
After releasing the external load, some of the sp3 bonds
still exist. So, a graphene origami (GORI) can be obtained.
Bond topology at the tip of the GORI depends on the pres-
sure applied. For simplicity, here, we form GORI with
different initial folding angles (α). In Fig. 1(a), a graphene
ribbon with the size of 3.27 × 1.23 nm2 is folded symmet-
rically to form an origami with an angle of α [Fig. 1(b)].
After relaxation, the shape of the origami varies signifi-
cantly [Fig. 1(c)]. The shape of a relaxed GORI (RGORI)
depends on the value of α and becomes asymmetric due
to the random velocity field of the atoms in the nanosys-
tem in folding. Even in an experiment, it is impossible

to fabricate a graphene origami by compressing a folded
ribbon due to two reasons. One is that the small ribbon
is initially asymmetric because of the inner atoms (sat-
urated atoms) and edge atoms (saturated or unsaturated
atoms), forming a bond topology different from a stan-
dard hexagon or honeycomb. The other is that the atoms
have thermal vibration at a finite temperature. Unlike a
macroribbon, on the nanoscale the graphene ribbon keeps
vibrating in the experiment. Hence, the bond topology on
both edges of the folded ribbon must be different. In sum-
mary, an asymmetric origami is more in line with the actual
situation.

In the rotary nanomotor we consider in this work
[Fig. 1(d)], a long CNT rotor with a length of
approximately 10.08 nm is confined by two short CNT
stators with a length of approximately 0.49 nm and their
distance of approximately 8.36 nm, and is encircled by

(a) (c) (d)

(b)

(e)

GORI RGORI Rotary nanomotor with four RGORI drivers

FIG. 1. Rotary nanomotor from CNTs [e.g., with chiral index of (8, 8)/(13, 13)] and GORI. (a) Graphene ribbon with a size of
3.27 × 1.23 nm2. (b) Schematic of forming a GORI driver. (c) Configurations of the RGORI with different values of α. In relaxation,
the two legs (in the gray area) of each origami are fixed. (d) Perspective of nanomotor. (e) Views of nanomotor consisting of a long
CNT rotor, two short CNT stators, and four cantilevered RGORI drivers. “ω” is the rotational frequency of rotor with unit of 1 round/ns
(=1 GHz). “Gap” is the distance between the driver’s tip and the rotor.
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four cantilevered RGORI drivers in rotational symmetry.
The rotor shown in Fig. 1(e) has a rotational frequency
of ω. The distance between the origami drivers and the
rotor is defined as “gap,” which is commonly different
from 0.34 nm and can affect the rotor’s stable rotational
frequency (SRF).

B. Mechanism of the RGORI driver

In this study, we use the RGORI to actuate the rotation of
the rotor in Figs. 1(d)–1(e). Before verifying the feasibility
of the nanomotor, we demonstrate the driving mechanism
of the model. It is known that the atoms in both the rotor
and the drivers have thermal vibration at finite temperature.
When gap < 1.0 nm, the RGORI drivers and the rotor have
apparent nonbonding interaction, and thermal vibration
leads to a collision between the drivers and the rotor. Once
the drivers’ repulsive force causes unidirectional moment
to the rotor, the torque moment will accelerate the rotor
to rotate [29,38]. Further, it is necessary to show evidence
that indicates the rotationally symmetric layout of the four
drivers can provide unidirectional moment on the rotor.

In Fig. 2, six snapshots of the RGORI driver relaxing
indicate that the bond structure at the tip is asymmetric
(see the upper layer of Fig. 2), which is essential for the
unidirectional repulsion from the tip to the rotor. The tip
of origami mainly vibrates in the x direction. For showing
the dynamic properties of the origami, the curves of the
mass center of a tip versus time are plotted for tempera-
tures of 100 and 300 K, and the frequencies together with
the corresponding amplitudes are obtained via FFT [39]
(Fig. 3). At lower temperature, the tip has higher frequency
due to higher stiffness but a lower amplitude because of

weaker thermal vibration. The vibration amplitude of the
tip determines the magnitude of repulsive force to the rotor.

C. Methodology

The molecular-dynamics simulation approach is adopted
to investigate the dynamic response of the rotor at
finite temperature. The molecular-dynamics simulations
are conducted on the open-source code LAMMPS [40]. The
interaction among atoms is evaluated by the adaptive inter-
molecular reactive empirical bond order (AIREBO) poten-
tial [41], which can describe both bonding and nonbonding
interactions [42].

For each simulation, the following essential steps are
required:

Step (1). Build a nanomotor model with specific geom-
etry factors such as α and ω.

Step (2). Reshape the geometry of the stator and rotors
by minimizing the potential energy of the system.

Step (3). Fix the atoms in the stators and fix the legs of
the drivers.

Step (4). Relax the system in a canonical ensemble with
a given temperature between 8 and 300 K. The temperature
is controlled by the Nosé-Hoover thermostat [43,44].

Step (5). Record ω of the rotor for 20 ns. The time step
is 0.001 ps.

The system’s state is monitored via the observation of the
variation of potential energy (VPE) of the system. The
value of VPE is the difference between the current and the
initial potential of the system, i.e.,

FIG. 2. Snapshots of the RGORI driver with α = 30° being relaxed at 300 K. Vibration of tip can be illustrated by variation of the
driver’s configuration.
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FIG. 3. Time history of thermal vibration of the mass center of the driver’s tip at different temperatures. The driver is made from the
RGORI with α = 30° in relaxation (a) at 100 K, (b) at 300 K. Insets are FFT results, with peak amplitude at 0.39 THz for 100 K, and
at 0.32 THz for 300 K.

VPE (t) = P(t) − P(t0), (1)

where P(t) and P(t0) are the total potential energy of
the system at time t and t0, respectively. They can be
determined by the AIREBO potential function.

D. Stable rotational frequency of the rotor

At finite temperature, the atoms that are not fixed have
thermal vibration, described as phonons propagating in the
system. When the RGORI drivers press the rotor, the ther-
mal vibration of atoms on the components will enhance
their interaction. Briefly, the collision between the rotor
and the drivers happens drastically. In collision, the repul-
sion from the drivers will drive the rotor to rotate in
unidirection and the frequency ω is given as

ω (t) =
∫ t

s=0
ε(s)ds =

∫ t

s=0

1
Jz

(Mdriver − Mstator)ds, (2)

where ε(t) is the rotor’s transiently angular acceleration
and Jz the mass inertia of the rotor about its rotational axis
(i.e., z axis). M driver is the driving moment from the origami
drivers, and M stator is the friction-induced resistant moment
from the two stators [45,46]. Since M stator increases with
the increase of ω, ω must converge to a maximal value,
with which the rotor is in a stable rotational state. The
maximal value of ω is known as SRF.

III. RESULTS AND DISCUSSION

A. Effect of origami angle (α)

From Fig. 1(a), we know that, even when relaxed at the
same temperature, the configuration of the origami’s tip is
different if the origami has a different angle. For showing
the feasibility that the tip can drive the rotor to rotate, here,
four angles in each type of driver are considered in the
nanomotor system. Figure 4 gives the historical curves of
the rotor’s rotational frequency (ω) corresponding to each
of the four origami angles. In the four cases, the values
of gap, i.e., the distance between the drivers’ tips and the
rotor, are identical to 0.34 nm. Meanwhile, the nanomotors
are relaxed at 100 K.

Figure 4 indicates that the RGORI drivers correspond-
ing to α = 20° and 30° cannot drive the rotor to rotate since
the curves slightly fluctuate near zero, i.e., within the mean
value of SRF =−2.6 GHz and 0, respectively. It means
that the two types of drivers provide weak repulsion to the
rotor. According to the configurations of the two types of
drivers shown in Fig. 1(c), some of the tip atoms in the
RGORI driver corresponding to α = 20° do not connect the
rest tips’ atoms. Hence the tip atoms provide weak repul-
sion to the rotor. For the drivers corresponding to α = 30°,
it shrinks after relaxation [this can be verified by compar-
ing the sizes of the four relaxed drivers in Fig. 1(c).]. When
the distance between the rotor and the drivers’ fixed ends
is constant, the tips of the drivers corresponding to α = 30°
provide very weak repulsion to the rotor during the thermal
vibration-induced collision. In the two remaining models
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FIG. 4. Evolution history of the rotational frequency of the
rotor when driven by the origami with different initial angles.
Gap = 0.34 nm; T = 100 K.

with α = 15° and 40°, the rotor is successfully actuated to
rotate with SRF at the level between 100 and 1000 GHz.
Hence, we conclude that the graphene origami can act as a
driver in a nanomotor at certain values of angles α.

In Fig. 4, we also find that each of the two curves of
ω contain a stair before approaching SRF. They locate in
approximately 135.1 GHz at α = 15° and approximately
880.1 GHz at α = 40°. The stair duration could be over
2 ns (see the blue curve in Fig. 4). Actually, the plat-
form indicates that the rotor is in an equilibrium state
during rotation. The equilibrium state is determined by
the active force from the drivers and the frictional forces
from the stators. On the nanoscale, the intershell fric-
tion between neighboring carbon nanotubes is sensitive

to the relative sliding speed (or rotational frequency) and
their interface [45,46]. The stair in the ω curve indicates
that both the active force from the drivers and the fric-
tional force increase simultaneously [see Eq. (2)]. When
the driving force increases further while the frictional force
approaches the local maximum, the rotor is accelerated
again, e.g., the blue curve jumps after 4.43 ns, till ω

approaches SRF.

B. Effect of “gap”

In the above discussion, the values of gap in the four
models are equal to 0.34 nm. Gap is the other essential fac-
tor that influences the interaction between the drivers and
the rotor. For example, the repulsion on the rotor becomes
stronger when gap is lower. To evaluate the effect of gap on
the rotational frequency of the rotor, herein, the nanomotor
with the origami angle α = 15° at 100 K is involved in the
discussion.

Figure 5(a) provides curves of ω corresponding to five
different gaps. The maximal stable value of ω increases
mainly with decreasing of the gap. For example, SRF
will reach 365.8 GHz when gap decreases to 0.32 nm. At
gap = 0.28 nm, SRF is higher than 1000 GHz. However,
when gap decreases further, e.g., to 0.26 nm, the value
of SRF is only 377.6 GHz, which is much less than that
at gap = 0.28 nm. The reason is that the repulsive force
between the tips of drivers and the rotor becomes stronger
at a lower value of gap. When gap = 0.26 nm, the repulsion
is so strong that the drivers are forced to have large defor-
mation, which leads to displacement of the tips from their
original positions. Therefore, the tips can only provide
lower effective driving force to the rotor.

Meanwhile, in the black curve (gap = 0.26 nm), there
are several steps before ω approaches SRF. This phe-
nomenon reveals the interaction between the drivers and
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FIG. 5. Dynamic response of the rotor when driven at 100 K by the RGORI with α = 15° using different gaps. (a) Rotational
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the rotor changes gradually and reflects the gradual defor-
mation of drivers from another viewpoint. It can be verified
by the steep changes of the system’s potential energy
[Fig. 5(b)]. Considering the two facts, i.e., over 1000 GHz
at gap = 0.28 nm and strong repulsion at gap = 0.26 nm,
the value of gap is recommended to be between 0.30 and
0.34 nm in a rotary nanomotor with stable rotation.

On another aspect of the acceleration of the rotor,
ε(t) needs to be described as well. The slope of the ω

curve can illustrate the acceleration of the rotor. Figure 5
shows that the slopes of the curves at the jump stages
are higher at a lower value of gap. For example, when
gap = 0.34 nm, ω increases from zero to SRF (i.e., with
increment of 135.1 GHz) during approximately 5 ns, with a
slope of approximately 27.2 GHz/ns. When gap = 0.28 nm,
ω jumps up from approximately 400 GHz at 6.63 ns to
approximately 1150 GHz at 8.04 ns, and the slope is
approximately 531.9 GHz/ns. According to the formula

that ε(t) = (M driver− M stator)/Jz, we know that the drivers
must provide a stronger moment onto the rotor if the
rotor has higher acceleration and constant moment inertia.
Hence, a lower distance between the rotor and the drivers
will introduce both higher acceleration and higher SRF of
the rotor.

C. Effect of temperature

Since the drivers are working at finite temperature, their
tips’ thermal vibration induces a driving force that can
actuate the rotor to rotate. Hence, the temperature of the
system must affect the rotation of the rotor. Figure 6 shows
that the rotational frequencies of the rotor excited by the
drivers with α = 15° and gap = 0.32 nm are collected at a
temperature between 8 and 300 K.

When observing the curve relating to 200 K in
Fig. 6, one can find that ω fluctuates drastically after
approximately 4 ns of acceleration. We pick up five
representative snapshots of the system at a different time
between 11 and 20 ns (Fig. 7). At each snapshot, the
rotor has large transversal deformation during rotating. As
we know, rotating at too high speed, e.g., approximately
800 GHz (pink line), the deformed rotor is under strong
eccentric force. In rotating, the distance between the rotor
and the drivers changes periodically. Hence, the drivers
irregularly vibrate when impacted by the rotor periodically
besides thermal vibration. It means that the interaction
between the rotor and the drivers is not stable, which leads
to fluctuation of ω. After 19 ns, ω becomes stable and
approaches SRF, i.e., 957.8 GHz.

IV. CONCLUSIONS

In this study, to drive a CNT to rotate, we intro-
duce GORI into the nanomotor model as drivers. For
verifying the feasibility of the nanomotor model, the
driving mechanism of the GORI drivers is revealed, and
the molecular-dynamics simulations are used to show the
effects of geometry and temperature on the rotation of

FIG. 7. Five snapshots of the system with α = 15° and gap = 0.32 nm at 200 K.
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rotor. Conclusions are drawn for manufacturing a rotary
nanomotor based on the present model.

First, for a cantilevered GORI, the unfixed atoms have
thermal vibration, e.g., excited by a laser, which leads to
vibration of the GORIs tip. When several drivers from
RGORI are laid in rotational symmetry around a CNT
rotor, their tips will induce torque moment and be applied
to the CNT rotor. Accelerated by the torque moment, the
rotor has a SRF when the resistant torque moment from
stators can balance the driving moment.

Second, the atoms in both the rotor and the drivers have
thermal vibration at finite temperature. When gap, the dis-
tance between the rotor and the tips of RGORI, is less
than 1.0 nm, the RGORI drivers and the rotor have obvi-
ous nonbonding interaction. At a lower temperature, the
tips have higher frequency due to higher stiffness, but have
lower amplitudes because of weaker thermal vibration.
The vibration amplitude of the tip determines the magni-
tude of repulsive force to the rotor. Hence, the value of SRF
of CNT rotor mainly increases with decreasing of gap. An
interval of [0.3 nm, 0.34 nm] is recommended for gap in
the design of the nanomotor.

Third, the temperature is another factor affecting SRF,
i.e., stronger thermal vibration of the tips will produce
larger driving forces onto the rotor and leads to a higher
value of SRF.

In the present study, the proposed model for rotary
nanomotor is verified by molecular-dynamics simulations
only. Experimental implementation is expected in the near
future. A challenge is the assembly of the RGORI drivers
around the CNT rotor because the extremely high precision
of their locations is required at such a strong nonbonding
interaction environment.

The potential application of the nanomotor is as an
engine in a nanomachine. For the simplest nanomachine,
it should contain three components, e.g., a nanomotor,
a frame, and a functional component. Both nanomotor
and the functional component should be assembled on the
frame. The present intricate nanosystem will be studied in
the future.
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