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Abstract
A nano continuous variable transmission (nano-CVT) system is proposed by means of carbon
nanotubes (CNTs). The dynamic behavior of the CNT-based nanosystem is assessed using
molecular dynamics simulations. The system contains a rotary CNT-motor and a CNT-bearing.
The tube axes of the nanomotor and the rotor in the bearing are laid in parallel, and the distance
between them is known as the eccentricity of the rotor with a diameter of d. By changing
the eccentricity (e) of the rotor from 0 to d, some interesting rotation transmission phenomena are
discovered, whose procedures can be used to design various nanodevices. This might include
the failure of rotation transmission—i.e. the rotor has no rotation—when e�d at an extremely
low temperature, or when the edges of the two tubes are orthogonal at their intersections in any
condition. This hints that the state of the nanosystem can be used as an on/off switch or breaker.
For a system with e=d and a high temperature, the rotor rotates in the reverse direction of the
motor. This means that the output signal (rotation) is the reverse of the input signal. When
changing the eccentricity from 0 to d continuously, the output signal gradually decreases from a
positive value to a negative value; as a result a nano-CVT system is obtained.

Supplementary material for this article is available online
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1. Introduction

In a rotary nanodevice, such as a nanomotor or a nano-bearing
system, the friction between the shaft and the bearing should
be made as small as possible to reduce energy dissipation.
Meanwhile, the strength of the components in a nanodevice
should be strong enough for the the system to be stable. CNTs
can meet the requirements above due to the ultra-low friction
between two neighboring concentric tubes [1–4] and extre-
mely high in-shell strength [5–7]. Making use of this
advantage, Fennimore et al [8] and Bourlon et al [9] built a
rotary micromotor in which the CNTs acted as a shaft

attached blades, where the charged blade can be actuated to
rotate in an external electric field. Barreiro et al [10] found
that a cargo attached to the outer tube can be driven to move
on a long CNT which has an axial temperature gradient.
Obviously, the dimensions of the devices above are about
100 nm. Hence, CNT components must be available in
devices with sizes in the nanoscale. However, the fabrication
of nanodevices with sizes of about 10 nm is still challenging
in the laboratory. Molecular dynamics (MD) simulation
approaches thus need to be employed to predict or estimate
the dynamic response of the devices in the design process. For
instance, MD methods are widely used in the design of rotary
nanomotors [11]. Kang and Hwang [11] investigated a
nanoscale engine composed of a carbon nanotube oscillator,
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motor, channel, nozzle, etc. The nanomotor was driven to
rotate by nanofluid. Based on the Smoluchowski–Feynman
ratchet, Tu and Hu presented a rotary nanomotor from a long
inner CNT and a short outer CNT [12]. The chiral outer tube
can be actuated to rotate on the inner tube, which has a
varying electrical voltage along the tube axis. Wang et al [13]
proposed a rotary nanomotor, in which the blades are driven
to rotate in an external electric field when they periodically
charge and discharge. Cai et al [14–16] developed and
modified the thermally driven rotary nanomotor model from
concentric CNTs.

In a rotary nanomachine [17, 18], the rotation of the rotor
in the nanoengine may not be used directly. Similar to the
gear-box in a car, which transforms the input rotation from
the engine to the output rotation of the wheels, Cai et al [19]
presented a CNT rotation transmission nanosystem. They also
found that the over-speeding transmission of a curved nano-
bearing can be used as a nano universal joint [20, 21]. Via the
curved nano-bearing, both the direction and the magnitude of
the output rotation are different from those of the input
rotation. However, the curved angle of the nano-bearing is
limited to be far less than 180°, at which angle the rotor may
rotate in the opposite direction to the motor.

Like the continuous variable transmission (CVT) in a car,
which continuously adjusts the input rotation into different
output rotation, in the present study we proposed a nano-CVT
model with a CNT-based parallel-axis rotation transmission
system. In the model, the axes of the nanomotor and the rotor
in the nano-bearing are parallel, rather than always collinear.
Through the edge interaction at their adjacent ends, the input
rotation of the nanomotor will be transformed into a different

output rotation which depends on the distance between their
axes. MD simulations are carried out to show the detailed
response of the transmission effect in different conditions.

2. Models and methodology

2.1. Models

Figure 1 displays the schematics of the two models for RTS.
The eccentricity of the rotor may not be zero during fabri-
cation. To show the effect of the eccentricity of the rotor on
its output rotation, eccentricities of 0, 0.1d, 0.5d and d are
considered. Besides the eccentricity, two other factors are also
studied in the simulation. One is the input rotational fre-
quency ωm of the motor; this is assumed to be 50, 100, 200
and 250 GHz, respectively. Another is the temperature of the
system in a canonical ensemble; in the simulation, the
temperature is set to be 8 K, 150 K, 300 K and 500 K,
respectively.

2.2. Methodology

The dynamics of the system is investigated using molecular
dynamics simulation via the open source code LAMMPS
[22]. The interactions between carbon and/or hydrogen atoms
are calculated using the AIREBO potential [23]. The time-
step in the time integral is set to be 0.001 ps. Each simulation
contains the following major steps:

(1) Build the model with specified parameters listed in
table 1;

Figure 1. Schematic models of the nano continuous variable transmission (nano-CVT) CNT systems. The nanosystem is made from (a)
armchair CNTs and (b) zigzag CNTs. In each nanosystem, there is a short red tube acting as a motor with a constant input rotational
frequency of ωm, and a long blue tube as a rotor with an output rotational frequency of ωr. The rotor with a diameter of d is constrained by
two short stators (gray tubes). The eccentricity of the rotor with respect to the motor is labeled as ‘e’. The axial distance between the right
edge of the motor and the left edge of stator is labeled as ‘c’. The value of c may change slightly during rotation transmission. All atoms on
the gray tubes are fixed during simulation. The neighboring edges of tubes are hydrogenated; more details of the models are listed in table 1.
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(2) Update the initial positions of atoms in the system by
minimizing its potential energy;

(3) Initiate the velocities of atoms with respect to the given
temperature by satisfying the Gaussian distribution;

(4) Relax the system for 100 ps. During relaxation, the
carbon atoms on the two rings at the right-hand edge of
the motor, the two rings at the left-hand edge of the
rotor, or the whole stator are fixed;

(5) Release the fixed atoms on the rotor and motor after
relaxation, and specify the input rotational frequency of
the motor instantaneously. Put the rotor in a canonical
(NVT) ensemble at a given temperature, using a Nosé–
Hoover thermostat [24, 25] to modify it;

(6) Run the system and record the data produced;
(7) Stop for post-processing.

For the convenience of comparison, we define the ratio of
rotation transmission (RRT) as

R . 1r mw w= ( )

When R is positive, the rotor has the same rotational direction
as that of the motor; otherwise, the two tubes will rotate in
reverse directions. In particular, when R=1, the rotor rotates
synchronously with the motor. If R=0, the rotor’s rotational
speed equals zero on time average.

It should be mentioned that the dynamic behavior of the
rotor depends on two interactions. One is the interaction
between the motor and the rotor via the vdW effect at the
adjacent edges [26]; for simplicity, we call it edge interaction.
The other is the interaction between the rotor and the stators,
which is called inter-shell interaction and is caused by
potential barriers on the tubes [27, 28]. The acceleration of a
rotor means that the edge interaction is stronger than the inter-
shell interaction. If the rotor is in a stable rotation, the two
interactions are in equilibrium.

3. Numerical simulation and discussion

3.1. Eccentricity effect

As the axes of the motor and the rotor of the RTS shown in
figure 1 are not collinear, the interaction between their adja-
cent edges is not as strong as that between the two co-axial
tubes. It is confirmed from figure 2 that the stable value of R
decreases with an increase in the eccentricity of the rotor in
the armchair model. The maximum of R is achieved when
there is no eccentricity, i.e. e=0d. If the rotor has a small
eccentricity, i.e. e=0.1d, the rotor rotates synchronously
with the motor within the first 5 ns; however, the rotation

transmission is not as stable as in the case of e=0d. For
example, between 7∼8 ns in the red curve in figure 2(a)
with respect to 50 GHz of rotational frequency input, the
value of R is less than 1.0. If the eccentricity of the rotor is
larger, e.g. e=0.5d, the stable value of R is ∼0.3.

If the eccentricity of the rotor reaches 1.0d, i.e. the two
tubes are externally tangential, the value of R is ∼−0.6. The
negative value of R represents the rotor rotating in the reverse
direction of the motor. Compared to a macro gear train in
which R=−1.0 due to the same radii of the two externally
tangential gears, the rotation transmission of the two nano-
tubes via the interaction of their adjacent edges is weaker. The
reason for this is that the inter-shell friction increases with
the relative sliding speed [4, 29, 30]. When ωr=−0.6ωm, the
inter-shell friction balances the edge interaction. If ωr grows
larger, the friction will be greater than the edge interaction
causing the negative acceleration of the rotor, and further
leading to a decrease of ωr.

From the stable values of R shown in figure 2, we know
that the rotational direction of the rotor varies with the value
of its eccentricity. For example, the rotor has the same rota-
tional direction as the motor when e�0.5d and ωm=
100 GHz (movie 1 is available online at stacks.iop.org/
NANO/29/075707/mmedia ). If e=1.0d, the rotor rotates
in a reverse direction to the motor (movie 2). This means that
the rotational direction of the rotor can be adjusted to meet the
practical needs by changing the eccentricity of the rotor.

When the input rotational frequency becomes higher, the
stable R values of the rotors vary with the eccentricity as well.
For instance, the value of R is about 0.8 when ωm=100 GHz
and e=0.1d (figure 2(b)), or ∼0.76 when ωm=250 GHz.
When driven by a high-speed motor, e.g. ωm=200 or 250 GHz
(figures 2(c) and (d)), the R value of the rotor becomes less than
1.0 relative to the system without eccentricity. This is due to the
larger amount of friction between the rotor and stators when the
input rotational frequency is larger [19, 31].

Comparing the R values of the rotor with e=0.5d and
1.0d when driven by the motor with different values of ωm,
the absolute value of R corresponding to ωm=200 GHz is
maximum among the four cases. This implies that the vdW
interaction between the adjacent edges of the motor and rotor
has a maximum value when the relative sliding speed
increases continuously.

In the analysis above, the nanosystem is formed with
armchair CNTs. As we know, a potential barrier on the sur-
face of an armchair CNT goes along the generatrix [27]. Inter-
shell friction is mainly caused by the interaction of the
potential barriers. Hence, the rotation of the rotor can only be
successfully excited when the edge interaction is greater than

Table 1. The parameters of the tubes in the RTS shown in figure 1. The eccentricity (e) is a variable in the simulation.

Chirality of tubes Carbon and hydrogen atoms in tubes Initial geometry/nm

Model Motor Rotor Stators Motor Rotor Stators c d

Armchair (9, 9) (9, 9) (14, 14) 324C + 18H 1152C + 18H 448C + 56H 0.6 1.22
Zigzag (13, 0) (13, 0) (22, 0) 286C + 13H 962C + 13H 396C + 44H 0.6 1.018
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the inter-shell friction. Unlike the armchair tube, a zigzag
CNT has potential barriers located in the cross-sections of the
tube. Hence, the inter-shell friction between the two con-
centric zigzag CNTs should be smaller than that between two
armchair tubes if they have the same geometry and the same
environment. Hence, the rotor should behave differently.

Figure 3 gives the histories of the RRT of the zigzag
rotors during simulation in different conditions. For instance,
when ωm=50 GHz, the rotor is actuated to rotate synchro-
nously with the motor, i.e. R=1.0, within 0.5 ns, rather than
5 ns for the armchair rotor. Hence, the edge interaction mainly
determines the acceleration of the rotor due to the slight inter-
shell friction. If the rotor has any eccentricity, the rotor does
not rotate synchronously with the motor. In particular, when
e=1.0d, the rotor is not able to drive to rotation within
10 ns, which is considered as a failure of rotation transmis-
sion. This means that the edge interaction is even weaker than
the inter-shell friction when the zigzag motor is externally
tangential to the zigzag rotor.

However, if the input rotation frequency is larger, e.g.
ωm�100 GHz, the rotor will be driven to rotate quickly. For

example, the rotor rotates synchronously with the motor
within 2 ns on the condition that ωm�200 GHz and the rotor
has no eccentricity. If the rotor has small eccentricity, e.g.
e=0.1d, the stable value of R is smaller than 1.0. In part-
icular, when ωm=250 GHz and e=0.1d, the stable value of
R is identical to that with respect to e=0d. The reason for
this is that the edge atoms on the motor move closer to the
rotor’s edge but away from the motor’s tube axis under a
larger centrifugal force, which is generated by the higher
rotational frequency of the motor. Furthermore, the small
eccentricity is made up by the enlargement of the motor’s
edge at a very high rotational speed. When e=0.5d, the
stable R value of the zigzag rotor decreases from 0.5 to 0.34
with the increase of ωm. The value of R is lower compared to
the values of the armchair rotor shown in figure 2. Hence,
edge interaction in the zigzag model is far less than that in the
armchair model. If the rotor and the motor are externally
tangential, i.e. e=1.0d, the absolute value of R is larger than
that of the rotor in the armchair model. This tells us that the
edge interaction becomes stronger when the motor has a

Figure 2. The RRT histories of the rotors with different eccentricities driven by the motor with different input rotation in the armchair model
at 300 K. The inset in (c) shows the configurations of the system with different eccentricities in the xy plane. The black curves correspond to
the ‘e=0d’ case, the red curves to the ‘e=0.1d’ case, the blue curves to the ‘e=0.5d’ case and the light gray curves to the ‘e=1.0d’
case. The same behind.
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larger rotational frequency, which results in the enlargement
of the tube’s edge at a higher centrifugal force.

3.2. Temperature effect

To show the effect of the thermal vibration of the atoms on
the edge interaction, we choose a rotor with e=1.0d and a

motor with 50 GHz or 200 GHz as the input rotational fre-
quency, and expose the system to four different temperatures,
i.e. 8 K (extremely low), 150 K (low), 300 K (common) and
500 K (high), respectively.

In figure 4, the rotor cannot be driven to rotate at
extremely low temperatures. Both the radial and axial vibra-
tion of the edge atoms on both the motor and the rotor are

Figure 3. The RRT histories of the rotors with different eccentricities driven by the different input rotation of the motor in the zigzag model
at 300 K.

Figure 4. Histories of the R of the rotor in the armchair model with e=1.0d.
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significant for rotation transmission/coupling. The reason for
this is that the axial vibration provides stronger interaction
between the motor and the rotor at the adjacent edges,
the radial vibration leads to nonuniform interaction between
the adjacent edges and the circumferential component of the
impulsion from the motor provides torque. Hence, at very low
temperatures, a slight thermal vibration leads to failure of the
rotational coupling.

However, the rotor can be driven to rotate successfully at
temperatures higher than 150 K. In addition, the values of R at
different temperatures have nearly the same stable value when
ωm=50 GHz (see figure 4(a)). For example, the stable
values of R tend to be 0.3 when ωm=50 GHz (figure 4(a)). If
ωm=200 GHz (figure 4(b)), the stable R values are between
0.5 and 0.63.

We also investigate the temperature effect in a zigzag model.
For example, in figure 5(a), the rotor fails to rotate at any
temperature when ωm=50GHz. However, if ωm=200GHz
(figure 5(b)), the rotor is unable to rotate at 8 K only. If the
temperature is higher than 150K, the values of R are between 0.6
and 0.7.

From the results in figures 4 and 5, one conclusion can be
made: the rotor cannot be driven to rotate at extremely low
temperatures. The reason for this is that the thermal vibration
amplitudes of the edge atoms on the tubes are negligible at
extremely low temperatures. Hence, the edge interaction and
the inter-shell friction are too weak, and the rotor cannot be
driven to rotate. Actually, this implies that the rotation
transmission can be controlled by regulating the temperature.

3.3. Mechanism for rotation transmission between motor and
rotor

From the numerical assessment above, in general, the rotor can be
driven to rotate via a period of acceleration. The acceleration
process of the rotor is determined by the difference between the
edge interaction and the inter-shell friction. Successful rotation
transmission only happens when the edge interaction is stronger
than the static friction between the rotor and the stators. Figure 6
gives the interaction between the adjacent edges of the motor and

the rotor. In figure 6, Fm1 and Fm2 are the friction applied to the
rotor by the motor at the contact points P1 and P2. Each force
vector can be decomposed into two components, i.e. Frn being
along the normal of the edge of the rotor, and Frτ along the
tangent of the edge of the rotor. The normal component, Frn,
causes the vibration of the edges within the local cross-section
and contributes nothing to the rotation transmission. However, the
tangential component, Frτ, will generate a moment about the tube
axis, therefore leading to the angular acceleration of the rotor if
the moment is larger than the resistant moment by the inter-shell
friction from the stators.

On the other hand, as we consider Fm to be the velocity
of the contact point on the edge of the motor, the component
Frτ is the velocity of the rotor at the contact point, corre-
spondingly. Due to the identical radius of the two tubes, the
following relation reads

F F d d R0.5 0.5 , 2r m r r m mw w= ´ ´ =t ( ) ( ) ( )

where Dr and dm are the diameters of the rotor and the motor,
respectively. If the two tubes have no relative sliding at their
contact points, i.e. the ideal rotation transmission, the value of
R can be mathematically expressed as

R e d1 2 . 32= - ( ) ( )/

Figure 5. Histories of R of the rotor in the zigzag model with e=1.0d.

Figure 6. The ideal edge interaction between the motor and the rotor.
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So, we have the following results: (1) synchronous
rotation happens when e=0d. (2) The rotational frequency
of the rotor is half that of the motor when e=0.5d. (3)
R=−1 when e=1.0d, i.e. the rotor rotates in the reverse
direction of the motor when e=d. Hence, if e=0.1d, i.e.
slight eccentricity, the value of R equals 0.98, which is
slightly less than 1.0. From the numerical results presented
above, we find that, on time average, the ideal rotation
transmission depends on several parameters. For example, the
ideal rotation transmission is achieved when e=0d and
ωm�100 GHz at 300 K, and e=0d and ωm=200 GHz at
300 K for the zigzag model. If e=0.5d, the ideal rotation
transmission only happens (R=0.5) when ωm=250 GHz in
the armchair model or ωm=100 GHz in the zigzag model. If
e=1.0d, the ideal rotation transmission cannot happen at all.

From equation (3), we can also predict the failure of
rotation transmission when the edges of the two tubes are
orthogonal at their intersections, i.e. e≈0.707d. In general,
the rotation transmission state occurs between the failed
rotation transmission and ideal transmission—i.e. the absolute
value of R should be less than or equal to that of R from
equation (3). However, there is an exception. When
ωm=200 GHz and e=0.5d in the armchair model at 300 K
(the blue line in figure 2(c)), the stable value of R is near 0.6,
which is larger than the ideal value, i.e. 0.5. This means that
the rotor is in an over-speeding state [21]. The reason for this
could be the enlargement of the edge of the motor at high
rotational frequency speed. As the diameter of the motor is
larger, the value of R becomes larger according to
equation (2).

4. Conclusions

A nano-CVT system has been developed by integrating a
CNT-based nanomotor and a nano-bearing. In this system, the
output rotation of the rotor may be different from that of the
motor. This phenomenon is investigated using a molecular
dynamics simulation. Based on the results obtained, some
conclusions are drawn for the potential application of such a
nanosystem.

(1) At 300 K, the ideal rotation transmission—in which the
adjacent edges of the motor and the rotor have no
relative sliding—happens when the input rotational
frequency of the motor is smaller than 100 GHz and the
rotor has no eccentricity.

(2) Failed rotation transmission—i.e. the rotor does not
rotate—happens at extremely low temperatures or when
the edges of the two tubes are orthogonal at their
intersections according to the theoretical prediction. The
state can be used as an on/off switch in a nanodevice.

(3) If the eccentricity of the rotor reaches 1.0d, i.e. the two
tubes are externally tangential, the value of R is
negative, which means that the rotational direction of
the rotor is the reverse of the motor. This means one can

adjust the output rotational direction by changing the
eccentricity of the rotor with respect to the motor.

(4) The rotor with an eccentricity of 1.0d cannot be driven
to rotate at extremely low temperatures, because the
slight thermal vibration of the edge atoms on the tubes
produces negligible edge interaction as compared to the
inter-shell static friction. This implies that the rotor can
be ‘frozen’ at extremely low temperatures if rotation
transmission is not required.
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