RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 18

RSC Advances

Z

A motion transmission system made from coaxial carbon nanotubes is introduced. In the system, the
motor is built from a single-walled carbon nanotube and the converter is made from triple-walled
carbon nanotubes (TWCNTSs). The outer shell acts as a stator with two fixed tube ends. The inner
tube (rotor 1) and the middle tube (rotor 2) can move freely in the stator. When the axial gaps
between the motor and the TWCNTSs are small enough and the motor has a relatively high rotational
speed, the two rotors have either stable rotation or oscillation, which can be considered as output
signals.
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Abstract

A motion transmission system made from coaxial carbon nanotubes (CNTs) is introduced. In the system, the motor is
built from a single-walled carbon nanotube (SWCNT) and the converter is made from triple-walled carbon nanotubes
(TWCNTSs). The outer shell acts as a stator with two fixed tube ends. The inner tube (rotor 1) and the middle tube
(rotor 2) can move freely in the stator. When the axial gaps between the motor and the TWCNTSs are small enough
and the motor has a relatively high rotational speed, the two rotors have either stable rotation or oscillation, which can
be considered as output signals. To investigate the effects of such factors as the length of rotor 2, the rotational speed
of the motor, and the environmental temperature on the dynamic response of the two rotors, numerical simulations
using molecular dynamics (MD) are presented on a device model having a (5, 5) motor and (5, 5)/(10, 10)/(1, 15)
converters. Numerical results show that the two inner tubes can act as both rotor(s) and oscillator, simultaneously if
the middle tube is longer than the inner tube. In particular, we find a new phenomenon, mode conversion of the
rotation of rotor 1 by changing the environmental temperature. Briefly, rotor 1 rotates synchronously with the
high-speed motor at a higher temperature or with rotor 2 at a lower temperature. The effect of radii difference among
the three tubes in bearing are also discussed by replace the mid tube (10, 10) with different zigzag tubes.

Keywords: nano-transmission system; carbon nanotube; nano motor; oscillator; molecular dynamics

1. Introduction

CNTs have been shown to have an extraordinary interlayer lubricating feature and other excellent mechanical
properties in nanoscale . Thus, numerous studies over the past decade have focused on fabricating or designing

. . . 45 . 6 . 7,8 . 9,10 11-13
nanodevices from CNTs, such as gigahertz oscillators ™, switches °, strain sensors ~°, bearings ~ ', nanopumps R

1 122 In the internal layers of multi-walled carbon nanotubes (MWCNTSs)

curved nanotube devices , and motors
both rotational and translational motions may exist, features that suggest signal transmission in a nano-device. To
investigate interlayer motions in MWCNTs, Fennimore et al. > designed a rotational system using MWCNTS. In that
system, a metal plate was glued on the outer tube and driven to rotate by electricity. Investigating the characteristics
of the potential barrier of a DWCNT % Barreiro et al. ** observed the relative motion of the outer tube on the long
inner tube when a thermal gradient existed along the tube axis. Hamdi et al. 26 proposed a rotary nanomotor made
from two axially aligned MWCNTs with opposing chirality. They simulated the motions of the inner tubes when the
two segments of system had different charge and found that the motion could vary from pure translational motion to
pure rotation according to the combination of chirality of the tubes.

As a nanomotor made from pure carbon nanotubes is difficult to fabricate using the best available techniques >/,

MD simulation approaches are usually adopted to present preliminary research into prototypes of such nanodevices.
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For example, Kang and Hwang ' built a fluidic gas driven rotary motor with rotational frequency over 200 GHz
according to their simulation results. A gradientless temperature driven motor made from DWCNTs 2! can also attain
such a high rotational speed. It is expected that temperature-controlled nanodevices would have such advantages as
smaller and fewer accessories, easy operation, and good stability, compared to nanodevices driven by either

1. * studied the electronic transport properties of a silicon nanotube-based

electricity or fluidic gas. Shan et a
field-effect transistor.

In the present study, the temperature effects on the dynamic response of a nanoconverter (Fig. 1) with multiple
output signals ** are studied. In this converter, there is a nanomotor made from a SWCNT with a TWCNT as bearing.
The effects of the lengths of the two inner tubes in the bearing, the input speed of the motor, and the temperature on
the dynamic behavior of the nanotube system are also considered. The purpose of the present work is to explore a

way to design a controllable convertor with multiple output signals.

2. Models and method

Stator

Fig.1 Model of a transmission system made from a (5, 5) SWCNT motor and a (5, 5)/(10, 10)/(15, 15) TWCNT
bearing as a converter with rotor 1 ((5, 5) inner tube), rotor 2 ((10, 10) middle tube), and stator ((15, 15)
outer tube), respectively. Each carbon atom at the ends of the tubes is covalently bonded with a hydrogen
(small yellow) atom. wy, w;, and w, are the rotational frequencies of the motor, rotor 1, and rotor 2,

respectively. wy, is a specified constant as an input signal.

In the system shown in Fig.1 , the lengths of the motor, rotor 1, and the stator are fixed. For example, L1, the length
of rotor 1, is 4.18 nm, and Ls, the length of the stator, is 1.97 nm. The length of the motor, Lm, is 1.845nm. In the
present study, the length of rotor 2, L2, varies between 0.5L1 and 1.5L1, to establish the relationship between the
dynamic responses of the two rotors. Here we consider eight cases: L.2=2.46, 2.95, 3.44, 3.95 (<L1), 4.42 (>L1),4.91,
5.41 and 5.93 nm.

The initial values of gap1 and gap2 are 0.335 and 0.588 nm, respectively. The value of gap3 is 0.846 nm and remains

unchanged during simulation.

3. Numerical experiments

Before simulation, 100 ps of thermal bath at canonical (NVT) ensemble is applied on the system for relaxation. After
relaxation, the dynamic response of the system is simulated within 5 ns at canonical NVT ensemble. The time integral



RSC Advances

increment is 1 fs. In simulation, the AIREBO potential *° is used to instigate the interaction between the carbon and
carbon/hydrogen atoms in the system. To determine the effects of environmental temperature on the dynamic
response, three different temperatures, 150, 300, and 500 K, are considered. The simulation is carried out using
LAMMPS’".

3.1 Dynamic response of the two rotors at environmental temperature of 150K with fixed gap3

(a) When L2<LI

Fig.2 a demonstrates that rotor 1 rotates stably but more slowly than the motor. For example, ~80 GHz of rotor 1 is
far lower than the 200 GHz of the motor (wy, = 200 GHz) (setl in Table 1). Simultaneously, the rotational speed of
rotor 2 is very small, less than 10 GHz.

From Fig.2 b we find that the minimal variation of amplitude in gapl, i.e., the oscillation of the inner tube (rotor 1,
blue line), can be neglected. This phenomenon does not depend on either the length of rotor 2 (L2<L1) or the
rotational speed of the motor. The oscillation of rotor 2 is not stable when L.2=2.95 or 3.44 nm. The oscillation of
rotor 2 depends very little on the rotational speed of the motor.

Fig.2 ¢ and Fig.3 c show that rotor 1 rotates synchronously with the motor for any length of rotor 2. Hence, the
attraction of the motor to rotor 1 drives their synchronous rotation when w,, is low, e.g., <100 GHz. Synchronous
rotation between the motor and rotor 1 also occurs when w,, is 50 GHz (Fig.2 e and Fig.3 ¢). We conclude that
synchronous rotation occurs when w,, is lower than 100 GHz for this system.

(b) When L2>L1

Fig.3 a shows an interesting result, i.e., the two rotors rotating synchronously, with their rotational speed being far
lower than that of the motor. w; and w,, the rotational frequencies of the two rotors, are ~35 GHz (set4 in Table 1).
Clearly, the attraction of the motor on rotor 1 is not strong enough to induce a high rotational speed of rotor 1. The
speed is about 43% of that of rotor 1 as shown in Fig.2 a. The major reason is that the length of rotor 2 is greater than
that of rotor 1, i.e., L2>L1. Rotor 2 is excited to rotate at a higher speed due to the higher friction between rotor 1 and
rotor 2. Although friction exists between rotor 2 and the stator, the drag of the stator on the rotation of rotor 2 is
weaker than the friction between the two rotors. The value of gap2 becomes negative when L2>L1 (Fig.3 b),
demonstrating that the interaction between the motor and rotor 2 is also high.

Considering the two rotors as a whole component in the system, we find that the stator and the 200 GHz motor can
only drive a ~35 GHz coaxial double-rotor component. We therefore conclude that a high-speed (e.g., >200 GHz)
rotary motor will drive synchronous rotors in such a system as in Fig.1 .

In Fig.3 d, as comparing with the results in Fig.2 d, f, we find that the oscillation of rotor 2 is very stable when
L2=4.91 nm and when rotor 2 is driven by the 100 GHz motor, i.e., both the amplitude and the period of the
oscillation vary only slightly during the whole simulation except in the period of [2500, 3500] ps. The frequency of
oscillation is ~19.5 GHz during [500, 1500] ps. The amplitude is ~0.675 nm. From Fig.3 ¢ (L2=4.91 nm) we find that
rotor 1 rotates synchronously with the motor, w, is ~29 GHz, and the rotation is very stable. This observation
suggests a way to design rotor 2 with a “rotation+oscillation” mode (Cai et al’ ). This mode also exists when L2=5.41
nm (Fig.3 ¢, d). When driven by the 50 GHz motor (Fig.3 f), the mode also exists. This observation implies that it is
possible to find a stable oscillator when L2 is within [4.91, 5.41] nm.

Comparing the rotational behavior of rotor 1 shown in Fig.2 e and Fig.3 e, we find that greater fluctuation of the
rotational frequency of rotor 1 occurs when the length of rotor 2 is greater than that of rotor 1, i.e., L2>L1.

Page 4 of 18
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Fig.2 At canonical NVT ensemble with T=150 K, the dynamic response of two rotors (when the length of rotor 2
is less than that of rotor 1, i.e., L2<L1, and driven by the (5, 5) motor at different rotational frequencies).
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Fig.3

At canonical NVT ensemble with T=150 K, the dynamic response of two rotors when L2>L1, and driven

by the (5, 5) motor at different rotational frequencies.
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Table 1 Dynamic response of rotors when driven by the (5, 5) motor with different rotational speeds at 150K

Setl: Driven by 200 GHz motor and L2<L1 (Fig.2 a, b)

L2/nm | Rotor | Rotation of rotors Oscillation of rotors
2.46 Rotorl | In [0, 210] ps, w, increases to 81.6 GHz<200 GHz, and | Gaplvaries very slightly near
rotates stably later (VVSN) 0.430nm

Rotor2 | In [0, 5000] ps, w, is near 6.3GHz<<200 GHz Gap2 VVSN 0.840nm

2.95 Rotorl | In [0, 210] ps, w; increases to 79.1 GHz and remains stable | Gapl VVSN 0.431 nm except
in [211, 1640] and [2501, 5000] ps, but a peak value of 172.9 | in [1880, 2290] ps with great
GHz occurs in [1641, 2080] ps fluctuation between 0.376 and

0.903 nm.

Rotor2 | In [0,5000] ps, w, is near 9.9 GHz Gaps2 VVSN 0.762nm,
especially in [1900, 2780] ps
varying in [0.396, 1.000] nm

44 Rotorl irtlalg(l)é 210] ps, w; increases to 80.5GHz and then remains Gapl VVSN 0.429nm

Rotor2 | In [0, 5000] ps, w, isnear 5.1 GHz Gap2 VVSN 0.742nm

395 Rotorl i?aL(l)é 1000] ps, w; fluctuates to 82.5 GHz and then remains Gapl VVSN 0.431nm
Rotor2 | In [0, 5000] ps, w, isnear 12.2 GHz Gap2 VVSN 0.549nm
Set2: Driven by 100 GHz motor and L2<L1 (Fig.2 c, d)
L2/nm | Rotor | Rotation of rotors Oscillation of rotors
2.46 Rotorl | In [0, 500] ps, w; fluctuates to 99.6GHz and then stays
syn[chronojs I\::vith nllotor (SSWM) Y Gapl VVSN 0.424nm
Rotor2 | In [0, 5000] ps, w, is near 8.1 GHz Gap2 VVSN 0.840nm
2.95 Rotorl | In [0, 350] ps, w; increases to 99.9 GHz and then SSWM Gapl VVSN 0.419nm

Rotor2 | w, is between [12.4,23.1] GHz In [0, 3200] ps, gap2 varies
between [0.954, 0.503] nm; in
[3210, 5000] ps, VVSN 0.768 nm

344 Rotorl | In [0, 165], w; increases to 99.9 GHz and then SSWM Gapl VVSN 0.417nm

Rotor2 | w, is between [19.7,27.1] GHz In [0, 5000] ps, gap2 varies

between 0.931 and 0.513 nm
395 Rotorl | In [0, 590] ps, w; increases to 99.6 GHz and then SSWM Gapl VVSN 0.423nm
Rotor2 | w, is between [18.5,23.7] GHz In [541, 5000] ps, gap2 VVSN
0.526 nm
Set3: Driven by 50 GHz motor and L.2<L.1 (Fig.2 e, f)
L2/nm | Rotor | Rotation of rotors Oscillation of rotors
2.46 Rotorl | w; fluctuates but time averagely SSWM Gapl VVSN 0.423nm
Rotor2 | In [0, 5000] ps, the average of w, is 2.7 GHz Gap2 VVSN 0.840nm
2.95 Rotorl | w; fluctuates but time averagely SSWM Gapl VVSN 0.422nm

Rotor2 | In [0, 5000] ps, the average of w, is 3.3 GHz Gap?2 varies dramatically, but no

stable oscillation
344 Rotorl | w; fluctuates but time averagely SSWM Gapl VVSN 0.424nm

Rotor2 | In [0, 5000] ps, the average of w, is 3.3 GHz Gap2 dramatically varies; in [0,
1780] and [2011, 3910] ps
between 0.448 and 0.857

395 Rotor]l | w, fluctuates but time averagely SSWM Gapl VVSN 0.419nm

Rotor2 | In [0, 5000] ps, the average of w, is 1.5 GHz Gap2 VVSN 0.534nm

Set4: Driven by 200 GHz motor and L2>L1 (Fig.3 a, b)
L2/nm | Rotor | Rotation of rotors Oscillation of rotors
4.42 Rotorl | In [0, 490] ps, w; increases to 33.0 GHz and then remains | Gapl VVSN 0.418nm

stable
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Rotor2 | Stays synchronous with rotor 1 Gap2 VVSN 0.118nm
491 Rotorl | In [0, 590] ps, w; increases to 35.8 GHz and then remains | Gapl VVSN 0.413nm
stable
Rotor2 | Stays synchronous with rotor 1 In [0, 780] ps, varies between
[-1.746, 0.017] nm, and VVSN
-1.012 nm later
541 Rotorl | In [0, 410] ps, w; increases to 35.4 GHz and then remains | Gapl VVSN 0.414nm
stable
Rotor2 | Stays synchronous with rotor 1 In [0, 740] ps, varies between
-2.224 and 0.069 nm
5.93 Rotorl | In [0, 550] ps, w, increases to 35.5 GHz and then remains | Gapl VVSN 0.417nm
stable
Rotor2 | Stays synchronous with rotor 1 In [0, 620] ps, varies in [-2.624,
0.084] nm, and VVSN -1.495
nm later
Set5: Driven by 100 GHz motor and L2>L1 (Fig.3 c, d)
L2/nm | Rotor | Rotation of rotors Oscillation of rotors
4.42 Rotorl | In [0, 65] ps, w, increases to 100.2GHz and SSWM Gapl VVSN 0.405nm
Rotor2 | In [0, 2100], w, increases to 22.6GHz and then remains | In [0, 450] ps, varies in [-1.256,
stable 0.879] nm, and varies near
-0.768 nm later
491 Rotorl | In [0, 100] ps, w; fluctuates to 100.2 GHzand SSWM Gapl VVSN 0.405nm
Rotor2 | In [0, 2750] ps, w, increases to 29.4 GHz and then remains | In [0, 2200] ps, varies
stable harmoniously in [-1.740, 0.893]
nm
541 Rotorl | In[0,410] ps, w; fluctuates to 100.1 GHz and SSWM Gapl VVSN 0.407nm
Rotor2 | In [0, 2650] ps, w, increases to 29.4 GHz and then remains | Shows slow damping in [-2.120,
stable -0.076] nm
5.93 Rotorl | In[0,410] ps, w; fluctuates to 100.0 GHz and SSWM Gapl VVSN 0.409nm
Rotor2 | In [0, 2020] ps, w, increases to 29.0GHz and then remains | In [200, 1600] ps, varies
stable harmoniously in [-1.964, -1.081]
nm
Set6: Driven by 50 GHz motor and L.2>L1 (Fig.3 e, f)
L2/nm | Rotor | Rotation of rotors Oscillation of rotors
442 Rotorl | w; fluctuates but time averagely SSWM Gapl VVSN 0.405nm
Rotor2 | In [0, 1000] ps, w, increase to 39.2 GHz and then remains | Beyond [450, 5000] ps, gap2
stable VVSN 0.117 nm
491 Rotorl | w, fluctuates but time averagely SSWM Gapl VVSN 0.405nm
Rotor2 | Almost no rotation in [0, 5000] ps In [0, 1100] and [1600, 3000]
ps, harmoniously varies in
[-1.679, -0.359] nm
541 Rotorl | w; fluctuates but time averagely SSWM Gapl VVSN 0.407nm
Rotor2 | In [0, 1050] w, increases to 33.8 GHz and then remains | Shows damping in [0, 5000] ps
stable
593 Rotor]l | w, fluctuates but time averagely SSWM Gapl VVSN 0.409nm
Rotor2 | In [0, 3140] ps, w, increases to 39.2 GHz and then remains | Shows quick damping in [0,

stable

600] ps, and varies nearby
-1.527 nm latter

3.2 Dynamic response of the two rotors at 300K

At 300 K (higher than the 150 K mentioned above), the rotation and oscillation of the two rotors are shown in Fig.4
and Fig.5 when they are driven by the (5, 5) motor with different speeds. Comparison of the results in Fig.2 and Fig.3

at 150 K demonstrates some peculiar characteristics.
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(a) When L2<L1

First, w; and w, vary between [82, 85] GHz and [10, 20] GHz respectively, when driven by the 200 GHz motor.
The oscillation of the two rotors is poor, as is the case for the two rotors at 150 K.

Second, rotor 1 rotates synchronously with the motor as long as the rotational frequency of the motor is no higher
than 100 GHz. Gapl1 varies slightly near 0.43 nm and gap2 varies obviously for [0, 5000] ps.

Third, w, is very stable when L2=3.95 nm (very close to L1), e.g., ~22 GHz driven by the 200 GHz motor, ~26
GHz by the 100 GHz motor and ~27 GHz by the 50 GHz motor, when the difference between L1 and L2 is very small.
This finding implies that w, depends slightly on the rotational speed of the motor. It is significant knowledge for
designing a rotor with stable rotational speed in a NEMS.

(b) When L2>L1

Fourth, the two rotors rotate synchronously only when wy, is 200 GHz and L2=4.42 nm. If L2>4.42nm, rotor 1
rotates synchronously with the motor rather than with rotor 2. At the same time, rotor 2 rotates stably with ~60 GHz
of rotational frequency, which is independent of L2(>4.42 nm).

Fifth, when w,, is no higher than 100 GHz, rotor 1 rotates synchronously with the motor and rotor 2 rotates very
stably and the rotational speed is ~38 GHz. In particular, w, is independent of L2(>L1), which is significant for
designing a stable nanorotor.

Sixth, the oscillation of rotor 2 performs better when driven by the 100 GHz motor with L2=4.91 nm or when driven
by the 50 GHz motor with L2=5.41 nm.
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At canonical NVT ensemble with T=300 K, the dynamic response of two rotors when L2<L1, and driven

by the (5, 5) motor at different rotational frequencies.
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3.3 Dynamic response of the two rotors at 500K

(a) When L2<L1

When driven by the 200 GHz motor (Fig.6 a, b), the rotation of the rotor 1 is unstable and rotor 2 has almost no
rotation or oscillation. Particularly when L.2=3.44nm, the two rotors have no speed of either rotation or oscillation.
Gap] varies from 0.443 nm to 0.425 nm and gap 2 varies from 0.835 nm to 0.596 nm as L2 changes from 2.46 nm to
3.95 nm. This effect occurs because the attraction of the motor to rotor 1 is strong and the right end of rotor 2 is
between the right ends of rotor 1 and the stator. Hence, the gaps decrease with the increase of L2.

When driven by the 100 GHz motor (Fig.6 c, d), rotor 1 maintains synchronous rotation with the motor after a period
of acceleration. Rotor 2 has a very low rotational frequency. When L2=3.44 nm, the two rotors have no rotation. The
oscillation of the two rotors is similar to that when they are driven by the 200 GHz motor (Fig.6 f).

When driven by the 50 GHz motor (Fig.6 e, f), rotor 1 generally rotates synchronously with the motor. When
L2=3.44 nm, the two rotors have no oscillation or rotation.

From the above, we find that the dynamic response of the two rotors is peculiar when L.2=3.44 nm. For instance, the
rotors may have no rotation when the rotational speed of the motor is greater than 100 GHz or have no oscillation
when the motor has a low rotational speed.

(b) When L2>L1

When driven by the 200 GHz motor (Fig.7 a, b), the dynamic response of the two rotors is very similar to that at 300
K. For instance, the two rotors rotate synchronously with a rotational speed of ~47GHz when L2=4.42 nm. If
L2>4.42 nm, rotor 1 rotates synchronously with the motor, and the rotational frequency of rotor 2 is ~67 GHz and w,
varies very slightly during [1000, 5000] ps.

When driven by the 100 GHz motor (Fig.7 c, d), rotor 1 has no oscillation and the rotational frequency is time
averagely identical to that of the motor. Rotor 2 has both perfect oscillation and very stable rotation when L2=4.91
nm.

When driven by the 50 GHz motor, the two rotors rotate almost synchronously when L2=4.42 nm. When L2>4.42 nm,
the rotation of rotor 2 is stable. Notably, the oscillation of rotor 2 is also perfect when L2 varies within [4.91, 5.41]
nm.

From the data in Figures (2-7), we conclude that the oscillation of the rotors is very poor when L2<L1 at any
environmental temperature and driven by the motor with any rotational frequency. When L2>L1, the value of gap2
becomes negative, which means that the joint between the motor and rotor 1 enters into the shell of rotor 2, resulting
in a better dynamic response of rotor 2.

In particular, rotor 2 has very stable rotational speed and oscillation when L2=4.91 nm or 5.41 nm. The major reason
is that the right end of rotor 2 is locked between the right ends of the stator and rotor 1 which has no oscillation, and
the interaction between the left ends of rotor 2 and the stator is strong. Therefore, we suggest a potential design of a
device that has simultaneous stable oscillation and rotation from such a system with L2>L1.

If L2=5.93, we can obtain a pure double-rotor system with no oscillation when driven by a 200GHz motor at any
temperature. This effect occurs mainly because the total length of the motor connecting with rotor 1 is nearly equal to
L2. Hence, rotor 2 has no obvious amplitude when oscillating. On the other hand, we can also design a device in
which rotor 2 acts as a pure rotator when the right (or left) end of rotor 2 is fixed within a small gap between the
corresponding ends of the motor and the stator.

When L2 is no less than 4.91 nm and the rotors are driven by a high-speed (e.g., 200 GHz) motor, the resultant effect
suggests a way to convert the rotational modes of the two rotors by changing the environmental temperature. For
instance, rotor 1 rotates synchronously with the motor at a lower temperature (e.g., 150 K in Fig.3 a) or with rotor 2 at
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a higher temperature (300K in Fig.5 or 500 K in Fig.7 ). The reason is that the thermal vibration of atoms on tubes
increases the interaction among them, and the interaction between the motor and rotor 1 is stronger than that between
the two rotors.
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At canonical NVT ensemble with T=500 K, the dynamic response of two rotors when L2<L1, and driven

by the (5, 5) motor at different rotational frequencies.
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Fig.7 At canonical NVT ensemble with T=500 K, the dynamic response of two rotors when L2>L1, and driven
by the (5, 5) motor at different rotational frequencies.
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3.4 Effects of radii difference between the two rotors

(a) Rotor 2 is (16, 0) tube (b) Rotor 2 is (16, 0) tube
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Fig.8 Dynamic response of two rotors driven by the 200GHz motor and at different temperature. In the system,
the length of zigzag rotor 2 is 5.112 nm. The mean value and standard deviation (SD) are counted during [4001,
5000] ps.

To investigate the effect of radii difference between two rotors on the dynamic response of the system, the original
(10, 10) rotor 2 is replaced with zigzag tube, e.g., (16, 0) with diameter of 1.253 nm<1.356 nm of (10, 10) tube or (19,
0) with diameter of 1.487 nm>1.356nm. Hence, the radii difference between (16, 0) rotor 2 and (5, 5) rotor 1 is
smaller than 0.334 nm, and the radii difference between (19, 0) rotor 2 and (5, 5) rotor 1 is greater than 0.334 nm.
Due to the smaller inter tube distance between (16, 0) rotor 2 and rotor 1, the friction between two tubes is greater
than that between (10, 10) rotor 2 and rotor 1. Therefore, the rotational frequency of rotor 1 is far less than motor’s
speed, i.e., 200 GHz. And the rotational frequency of (16, 0) rotor 2 is no less than that of (10, 10) rotor 2. The
oscillation of the rotor 1 can be neglected. The oscillation of (16, 0) rotor 2 is not stable at higher temperature, e.g.,

Page 16 of 18

300 K or 500 K. And the value of gap2 is always positive due to the smaller radii difference between (16, 0) and (5, 5)

tubes.
For the similar reason of friction between two rotors, the rotor 1 rotates synchronously with the motor and the (19,
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0) rotor 2 has very small rotational frequency than the (10, 10) rotor 2. The oscillation of either rotor 1 or rotor 2 can
be neglected. The value of gap2 is negative because of the higher radii difference between (19, 0) and (5, 5) than that
between (10, 10) and (5, 5) tubes.

From the statistical results, one can also find that the two rotors rotate with higher speed at higher temperature. The
major reason is that the interaction between two rotors increases with an increase in the temperature.

4. Conclusions

From the simulation results for the dynamic responses of the rotors in a complex transmission system, some

remarkable conclusions are drawn for the design of a controllable convertor.

(1) The oscillation of the rotors is very poor when L2 <L1 at any environmental temperature and when they are
driven by a motor with any rotational frequency.

(2) When L2>L1, rotor 2 has a very stable rotational speed and oscillation when L2=4.91 nm or 5.41 nm. This
finding suggests the development of a nano-device with co-existence of oscillation and rotation.

(3) When L2 is slightly greater than L1, the two rotors rotate synchronously when driven by a high-speed motor.

(4) Rotor 2 has no oscillation if L2 is close to the sum of Lm and L1 or if there is a small axial gap between the right
or left ends of rotor 1 (together with the motor) and the stator.

(5) When L2 is no less than 4.91 nm and the rotors are driven by a high-speed (e.g., 200 GHz) motor, it is possible to
adjust the synchronous rotation mode of rotor 1 (with either the motor at a lower temperature or with rotor 2 at a
higher temperature) by changing the environmental temperature.

(6) Using different zigzag tube to act as rotor 2, the radii difference between two rotors leads to different output of the
rotational frequency and oscillation of the two rotors. At higher temperature, the same rotor 2 has different output
rotational speed.
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