
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 130.56.64.29

This content was downloaded on 09/11/2016 at 10:38

Please note that terms and conditions apply.

A nanoengine governor based on the end interfacial effect

View the table of contents for this issue, or go to the journal homepage for more

2016 Nanotechnology 27 495704

(http://iopscience.iop.org/0957-4484/27/49/495704)

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/27/49
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


A nanoengine governor based on the end
interfacial effect

Jiao Shi1, Kun Cai1,2,3 and Qing-Hua Qin2,3

1 College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling
712100, People’s Republic of China
2 Research School of Engineering, The Australian National University, ACT, 2601, Australia

E-mail: kuncai99@163.com and qinghua.qin@anu.edu.au

Received 1 August 2016, revised 22 September 2016
Accepted for publication 23 September 2016
Published 9 November 2016

Abstract
A conceptual design is presented for a nanoengine governor based on the end interfacial effect of
two rotary nanotubes. The governor contains a thermal-driven rotary nanomotor made from
double-walled carbon nanotubes (DWCNTs) and a coaxially laid out rotary nanotube near one end
of the nanomotor rotor. The rotation of the rotor in the nanomotor can be controlled by two
features. One is the stator (the outer tube of DWCNTs) which has some end atoms with inward
radial deviation (IRD) on the stator. The other is the relative rotation of the neighboring rotary tube
of the rotor. As the configuration of the stator is fixed, the end interfacial interaction between the
two rotors will govern the dynamic response of the rotor in the nanomotor system. The obtained
results demonstrate that the relative rotational speed between the two rotors provides friction on the
rotor in the nanomotor system. In particular, higher relative rotational speed will provide lower
friction on rotor 1, which is opposite to that between neighboring shells in DWCNTs.

S Online supplementary data available from stacks.iop.org/NANO/27/495704/mmedia
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1. Introduction

Carbon nanotubes (CNTs) were discovered by Iijima [1] in
TEM observations about a quarter of century ago. Due to their
excellent electrical and mechanical properties CNTs have
achieved wide application in various nanodevices such as
resonators [2–5], oscillators [6–10], nanosensors [11–13] and
motors/bearings [14–23]. It should be mentioned that the
physical properties of these structures are significantly
affected by the electron structure of honeycomb-like shells.
For example, the super high modulus/strength [24, 25] within
shells is caused by the strong sp2 carbon–carbon covalent
bonding, whilst the superlubrication between neighboring
shells in multiwalled CNTs (MWCNTs) [26] is caused by the
anti-bonding electrons. These two excellent mechanical
properties demonstrate that CNTs can be used to make the
components in a dynamic nanodevice with structural

robustness and lower energy dissipation. Besides the covalent
bonding interaction among atoms in CNTs, the van der Waals
(vdW) interaction plays a major role in their dynamic
response. For example, the CNT-based gigahertz oscillator
described by Zheng and Jiang [7] works under the control of
vdW between tube ends and between shells; specifically, the
vdW interaction between tube ends provides a potential bar-
rier which leads to the oscillation of inner tubes in the fixed
outer tubes; however, the intershell vdW interaction results in
a damping state during axial oscillation. This means that the
intershell vdW interaction can be considered as a kind of
generalized friction, which results in phonon scattering and
further generates energy dissipation (from translational kinetic
energy to thermal energy).

During the last decade, intershell friction has attracted
much attention from researchers [6, 7, 10, 27–31]. Zhu et al
[29] stated that the intershell friction depends not only on the
sizes of tubes but also their relative sliding speed. They found
that the relative sliding between tubes was caused by the
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rotation of the inner tube in a fixed outer tube. In such a
situation, the interaction between tube ends provides resist-
ance rather than power for the rotation of the inner tube. Guo
et al [30] presented an explanation of the end effect, which is
caused by the depth of the potential wall near the ends of the
shorter tube. They found that the interaction between end
atoms and inner atoms on neighboring tubes are around 20
times higher than that between inner atoms on different tubes.
Cai et al [32] built a rotation transmission system (figure 1(a),
when N=0) based on the strong vdW interaction at the
adjacent ends of two co-axial CNTs. Making use of the end
effect, a rotary CNT can rotate the other tube with either
synchronous or asynchronous rotational speeds. The trans-
mission effect depends on such factors as the configuration of
adjacent ends [33]. In the work of Cai et al [34], an over-
speeding rotation transmission system was proposed based on
the end interfacial effect.

In the studies mentioned above, the two tubes had the
same rotational direction in general, namely, either clockwise
or anti-clockwise along the cylindrical axis, simultaneously.
And the fixed outer tube in the rotational transmission system
was an ideal cylindrical shell. If the system shown in
figure 1(a), has no rotor 1 and N>0, the system is called a
thermally driven rotary nanomotor [22], in which a number of
end atoms on the stator have inward radial deviation (IRD).

The rotation of rotor 2 can be actuated if the IRD atoms are
laid out in chirality. However, the system shown in figure 1(a)
indicates that the rotation of rotor 2 will be governed by both
rotor 1 and the two stators. In the present study, we study the
end interfacial effect between two rotors by adjusting the
spatial positions of the IRD atoms on stator 2. Using mole-
cular dynamics simulations, the end interfacial effect on both
the rotational direction and the speed of the inner tube is
demonstrated. The results show that the system shown in
figure 1(a) can be considered as a nanoengine governor.

2. Models and methodology

Figure 1 lists the initial ideal configuration of the interaction
system. The major steps in our simulation are as follows. Step
(1): create a physical model as shown in figure 1 with
L=2.221 nm, gap 1=0.426 nm and gap 2=0.671 nm,
respectively. The axial linear motion of rotor 2 will be con-
fined to keep a strong interaction between the two rotors. Step
(2): reshape the positions of atoms in the system using energy
minimization by the steepest descent algorithm. The tolerance
of the algorithm for energy and force is set to be 10−8. After
minimization of potential energy, fix the degrees of freedom
of all atoms on stators and some atoms on two rotors. Step

Figure 1. The geometric model of a CNT-based nanoengine governor system in Cartesian coordinate system xyz. (a) The system contains
rotor 1 which has fixed rotation of ω1, and a thermally driven nanomotor which has two stators and a rotor (rotor 2). (b) Axial view of the
system from the right end of stator 2, which has N (N=0, 1, 2 or 4) end atoms with the same inward radial deviation (IRD) of
Δr=e×0.142 nm. ‘e’ is the relative radial deviation in [0.1, 0.4]. The end atoms are called IRD atoms. The two rotors are made from the
(9, 9) CNT, and the two stators from the (14, 14) tube.
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(3): put atoms in some initial velocities in a thermal bath in a
canonical NVT ensemble with temperature T=300 K. Step
(4): after 200 ps of relaxation, let rotor 1 rotate at a constant
rotational frequency, say 200 GHz, and release rotor 2 to
move freely in the same canonical NVT ensemble. Step (5):
run for 15 000 ps and save the data for post-processing. In our
simulation, the time step for the integral of the Newton’s
second law of motion is 0.001 ps.

The open-source code LAMMPS [35, 36] is used for the
present simulation, in which the interaction among carbon
and/or hydrogen atoms is described using the AIREBO
potential [37]. The potential function contains three major
terms:
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where PREBO is the second-generation REBO potential for
describing short-range interaction of atoms, in which Vij

R and
Vij

A represent repulsive and attractive pairwise potentials of
atoms i and j with/without the existence of other atoms. rij is
the distance between atoms i and j, and bij is the coefficient of
the many-body term. PTors is a term dependent on the dihedral
angle ωijkl, the bond weight wij is in [0, 1] and VTors is the
dihedral-angle potential. PL-J is the Lennard-Jones potential
[38] to describe the non-bonded intermolecular interactions,
in which balance distances are σC–C=0.34 nm, σH–

H=0.265 nm, σC–H=(σC–C+σH–H)/2, respectively.
Parameters εC–C=2.84 meV, εH–H=1.5 meV and εC–

H=1.376 meV. The cutoff is 1.02 nm.
The rotational frequency of rotor 2 can be calculated

using the following equation, i.e.
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where mi and ri are the mass of atom i and the distance
between the atom and the z-axis, respectively.

The circumferential torque moment on rotor 2 contains
three items and can be expressed as
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MR1, MIRD and MSta are the circumferential torque moment
occurring from rotor 1, IRD atoms and the other atoms on
stators, respectively. rR2 is the radius of rotor 2, r̄ is the
average value of the radii of rotor 2 and the stator. FR1 is the

circumferential force on rotor 2 provided by the rotor 1, i.e.
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where r0 is the unit vector of r with length rij between atom i
on rotor 2 and atom j on rotor 1. t is the unit vector of the
circumferential direction. P is the potential of the left end of
rotor 2 with a cutoff of 1.02 nm.

Owing to thermal vibration of the atoms on rotor 2, the
reaction force of IRD atoms on rotor 2, labeled as FIRD, can
be expressed as
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where (p0)i and (pt)i are, respectively, the initial and final
momentum vectors of atom i on rotor 2 in a collision with an
IRD atom on the stator. A collision between two atoms is
defined as starting from the appearance of a repulsive force
and ending with the appearance of an attractive force. Hence,
more IRD atoms on the stator will provide more opportunity
for collision, which means that the rotation of rotor 2 will
have a higher acceleration. The magnitudes of atomic velo-
cities, vt and v0, mainly depend on the temperature of the
system. Hence, at higher temperatures, rotor 2 will suffer
from higher repulsion during collision. This also leads to
higher acceleration of the rotation of rotor 2.

¯= MF rSta Sta is the consultant resistance on rotor 2
provided by the other atoms on the stators, which is always
against the relative sliding between rotor 2 and the stators.

It can be seen from the above results that the cir-
cumferential direction of torque moment depends on the
related force direction. In equation (5) and the text above,
vectors FR1 and FSta can be considered as friction forces. FIRD

can also be considered as a friction force if ω2(with rotor 1) is
higher than ω2(without rotor 1). For example, if vector fric-
tion force FSta is aligned with t , the direction of vector MSta

will align with that of tube axis z and the sign of scalarMSta is
positive, i.e. MSta>0. The rule applies also for MR1 and
MIRD. An easy way to determine the signs of the three torque
moments is given here: the direction of MSta is always
opposite to the rotational direction, the directions of MR1 and
MIRD are determined by comparing the magnitude of rota-
tional frequency of ω1 and ω2(with rotor 1) and ω2(without
rotor 1). Details are given in numerical tests.

3. Results and discussion

3.1. Without rotor 1

When the system has no rotor 1, it becomes a typical thermal-
driven rotary nanomotor [22], and MR2 can be expressed as

( )= +M M M . 7R2 IRD Sta

Without rotor 1, the rotation of the free rotor 2 is determined
by the value of MIRD and MSta. From equations (4) and (6),
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the value of MIRD depends on the three factors, i.e. the
temperature of system, the number of IRD atoms (N) and the
relative radial deviation (e). MSta is passively determined by
the relative velocity between rotor 2 and the stator and the
number of atoms in their area ofoverlap [29, 30]. When the N
IRD atoms are laid out chirally (see figure 1(b)), the final
stable rotational frequency of rotor 2 will be easilyobtained
(see movies 1 and 2 in the supporting information).
Figure 2(a) illustrates the histories of rotational frequency of
rotor 2 driven by stator 2 with different IRD schemes. When
MIRD and MSta reach atime average equilibrium state, the
stable value of ω2 is obtained. Briefly, the magnitude of ω2 is
higher when N is higher and/or e is higher. The details are
listed in table 1. Without rotor 1, the free rotor 2 can move

along the axis with a wider range. This also indicates that the
acceleration process could require a longer time.

3.2. With 0 GHz rotor 1

As rotor 1 is laid out statically beside rotor 2, as shown in
figure 1(a), the interaction between the two rotors has an
obvious influences on the rotation of rotor 2. Figure 2(b)
shows the history of ω2 when rotor 1 has no rotation. Only
when stator 2 has four IRD atoms (N=4) and the relative
radial deviation is 0.4 (e=0.4), is rotor 2 is actuated to stable
rotation, e.g. ω2=57.6 GHz. In movie 3, the left end of rotor
2 is attracted by the right end of rotor 1. This means that the
axial oscillation of rotor 2 due to thermal vibration is limited
and rotor 1 provides heavy resistance to the motion of rotor 2.

Figure 2. Rotational frequency of rotor 2 driven by stator 2 with different IRD schemes. (a) Without rotor 1 or gap 1 is much greater than
1 nm. (b) Rotor 1 has no rotation, i.e. ω1=0. ω2<0 if rotor 2 has clockwise rotation.

Table 1. The values of sliding time, acceleration time and the stable value of rotational frequency of rotor 2. The stable value is the mean
value of the ω2 in the interval [14, 15] ns. The value of sliding time is the duration from the start to the moment after which ω2 is stably higher
than 5% of the stable value of ω2. The acceleration time is the time between the end of sliding time to the moment when ω2 achieves its stable
value.

Sliding time (ns)

Without rotor 1 When ω1=0 GHz

e=0.1 0.2 0.3 0.4 e=0.1 0.2 0.3 0.4

N=1 0 0 5.51 0 15 15 15 15
N=2 0 0 0.68 0 15 15 15 15
N=4 0 3.60 0 0 15 15 15 4.82

Acceleration time (ns)

N=1 6.87 13.73 4.29 13.06 0 0 0 0
N=2 5.57 14.28 14.32 11.32 0 0 0 0
N=4 8.91 11.40 10.78 15 0 0 0 2.78

Stable value of ω2 (GHz)

N=1 12.8 23.3 13.4 19.7 0 0 0 0
N=2 20.6 82.2 74.6 82.9 0 0 0 0
N=4 70.5 98.6 122.1 123.8 0 0 0 57.6

4
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Hence, in this condition, MIRD must be higher than a
threshold if the free rotor 2 can be driven to rotate.

As labeled in figure 2(b), sliding time, tSli, is the time
from the start to the moment after which the rotational
direction of rotor 2 remains unchanged. Acceleration time,
tAcc, is the time from tSli to the moment after which the
rotational frequency of rotor 2 is stable. w ,2

Stable the stable
rotational frequency of rotor 2, occurs when the circumfer-
ential torque achieves a time average of zero. Theoretically, it
can be expressed as:

( ) ( ) ( )
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3.3. With 50 GHz rotor 1

When ω1=50 GHz, i.e. the rotational frequency of rotor 1 is
50 GHz, as shown in figure 3(a) and table 2, the final stable

value of ω2 is nearly 50 GHz, i.e. ω1≈ω2(with rotor 1),
whatever the number of IRD atoms and the relative radial
deviation of the atoms. This phenomenon indicates that the
interaction between the two rotors determines the rotational
state of rotor 2. Comparing the values of rotational frequency
of the two rotors in the present model and the free rotor 2 (i.e.
without rotor 1 standing beside it), we find that the rotational
frequency of ω2 in figure 1(a) is lower than 50 GHz, i.e.
ω2(without rotor 1)<ω2(with rotor 1), when N=1 or N=2
with e=0.1. This indicates that the rotation of rotor 2 is
improved by the rotation of rotor 1 due to interaction between
the two rotors. In this case, the value of MR1 is positive and
the value of MIRD is negative. From the rotational direction,
the value ofMSta is negative, too. However, when N�2 with
e>0.1, the rotational frequency of the free rotor 2 is higher
than 50 GHz, i.e. ω2(without rotor 1)>ω2(with rotor 1),
which indicates that the value of MR1 is negative, MIRD is
positive and MSta is still negative (table 3). This means the

Figure 3. Rotational frequency of rotor 2 driven by stator 2 with different IRD schemes when rotor 1 has different rotational frequency.
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Table 2. The stable values of rotational frequency of rotor 2 in different cases (in GHz).

When ω1=50 GHz When ω1=−50 GHz When ω1=200 GHz When ω1=−200 GHz

e=0.1 0.2 0.3 0.4 e=0.1 0.2 0.3 0.4 e=0.1 0.2 0.3 0.4 e=0.1 0.2 0.3 0.4

N=0 47.0 −45.0 36.8 −37.4
N=1 44.5 48.8 48.3 53.0 −52.7 −49.5 −52.7 −2.6 46.9 65.8 40.7 77.2 −24.2 0 0 0
N=2 51.4 47.9 44.2 49.5 14.6 21.9 18.8 24.3 54.3 79.9 77.5 56.5 6.8 16.3 21.3 47.2
N=4 53.0 47.5 51.5 51.2 18.5 57.5 57.8 58.4 78.5 70.1 73.4 66.9 11.4 48.7 56.2 58.0
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interaction between the two rotors holds back the rotational
acceleration of rotor 2.

If rotor 1 rotates clockwise, with a rotational frequency of
50 GHz (when ω1=−50 GHz), from figure 3(b) rotor 2
behaves differently from the situation shown in figure 3(a).
For example, when N=0, rotor 2 rotates synchronously with
rotor 1. The rotational direction of rotor 2 is different from
that of rotor 1 when N�2. In particular, when N=1, the
rotational state of rotor 2 depends on the value of relative
deviation (e). For instance, when e=0.1, after ∼5 ns of
sliding time, the rotation of rotor 2 is actuated successfully.
The two rotors rotate synchronously. If e=0.2, the rotation
of rotor 2 needs a long acceleration time to approach the
stable value. If e=0.3, the sliding time becomes longer, e.g.
∼14.4 ns. If e=0.4, the rotation of rotor 2 is not actuated
within 15 ns. Clearly, for a model with the same value of N, a

higher value of e (in the interval [0.1, 0.4]) means that a
higher value of MIRD is applied on rotor 2, and clockwise
rotation of rotor 2 will be hold back more strongly. Until
N=2, and e>=0.1, rotor 2 rotates inversely to rotor 1.
These results also suggest a way to find the threshold of MIRD.

3.4. With 200 GHz rotor 1

To gain a deep understanding of the influence of the relative
velocity between the two rotors on the dynamic response of
rotor 2, we also provide the histories of ω2 when the 200 GHz
rotor 1 rotates either anti-clockwise (figure 3(c)) or clockwise
(figure 3(d)).

For ω2=200 GHz, when N=0, the stable value of
rotational frequency of rotor 2 driven by rotor 1 is
∼36.8 GHz. This is because rotor 2 can oscillate along its axis
freely during rotation if there is no IRD atom at the end of

Table 3. The roles of rotor 1, IRD atoms and stators in the rotational acceleration of rotor 2. (Note that if ω2 is near 0, the influence ofMSta on
rotational acceleration is neglected. When w2 is near w1, the influence of MR1 depends on MIRD.)
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stator 2. The interaction between the two rotors is reduced,
which means that a lower stable rotational frequency can be
actuated. When N=1, without disturbance from rotor 1, the
rotational frequency of rotor 2, i.e. ω2(without rotor 1), will be
in the interval [10, 25] GHz as e ä [0.1, 0.4] (figure 2(a)).
With a 200 GHz rotor 1, ω2(with rotor 1) will be in the
interval [40, 80] GHz (figure 3(c)). Hence, the stable value of
ω2 is improved by adding rotor 1 when N>0. In this con-
dition, MIRD and MSta provide negative acceleration on the
rotation of rotor 2 (table 3). When N=2 and e=0.1, ω2 is
∼20.6 GHz (without rotor 1) or ∼54.3 GHz (with 200 GHz
rotor 1). MIRD and MSta provide negative acceleration on the
rotation of rotor 2, too. When N=2 and e=0.2 or 0.3, the
stable value of ω2 (without rotor 1) will be very close to that
of rotor 2 driven by rotor 1 at 200 GHz. In these cases, MIRD

should fluctuate around zero. When N=2 and e=0.4, the
stable value of ω2 (without rotor 1) is ∼82.9 GHz
(figure 2(a)). However, the stable value is only ∼56.5 GHz
when rotor 2 is driven by rotor 1 at 200 GHz. This means that
the rotational frequency of rotor 2 is reduced rather than
improved by the interaction between the two rotors. Similarly,
we also find this phenomenon when N=4 and e>0.1. The
mechanism can be revealed easily, namely, rotor 2 is attracted
by rotor 1 at its left end, whilst it is driven by the IRD atoms
at its right end. The axial oscillation of rotor 2 is limited by
the existence of both IRD atoms and rotor 1(figure 4). And
the collision between the atoms on rotor 2 and the IRD atoms
on stator 2 is reduced along the circumferential direction.
Meanwhile, the IRD atoms provide positive acceleration for
rotation of rotor 2. Hence, the final stable rotational frequency
of rotor 2 driven by a high-speed rotor 1 may be lower than
that of a free rotor 2.

When ω1=−200 GHz, i.e. rotor 1 rotates clockwise
with a frequency of 200 GHz, rotor 2 rotates differently from
rotor 1. For example, from figure 3(d), no stable value of ω2

in any case is near −200 GHz. Briefly, the rotational direc-
tions of the two rotors are the same if N=0 or N=1 with
e=0.1. As a time average, the value of ω2 is near zero if
N=1 with e>0.1. If N=2 or 4 and e is in the interval
[0.1, 0.4], rotor 2 rotates anti-clockwise, and the rotational
frequency is in the interval [0, 60] GHz (table 2). This range
is identical to that of rotor 2 driven by a −50 GHz rotor 1.

4. Conclusions

In nanodevices with rotary components, the rotational state of
the components may need adjustment to meet the particular
requirements. In nanoscale, the interaction between two items
will be strong enough to influence their dynamic response
when the distance between them is less than 1 nm. In inves-
tigating the end interfacial interaction between two rotary
nanotubes with the same chirality, some typical numerical
examples are tested, and the following conclusions can be
drawn.

(1) Without rotor 1, the free rotor 2 can be actuated to
rotate easily if the stators have one or more IRD atoms
at the end. If rotor 1 stands statically beside rotor 2,
rotor 2 can be driven to rotate only when the
circumferential torque moment provided by the IRD
atoms is higher than a threshold. Increasing the number
of IRD atoms and the relative radial deviation can
improve the torque moment to exceed the threshold.
This also suggests potential application of a nanoengine
governor/brake in such rotary system.

(2) When the two rotors have the same rotational direction,
rotor 2 will rotate synchronously with rotor 1 which has
lower rotational frequency, e.g. 50 GHz in present
model, than the stable rotational frequency of the free
rotor 2.

(3) If the stator has no IRD atom, and the two rotors have
the same rotational direction, rotor 2 driven by the high-
speed rotor 1 rotates more slowly than the free rotor 2.
The reason is that without the IRD atoms, rotor 2 can
oscillate freely along its axis, which leads to a
decreasing interaction between the two rotors.

(4) When the stator has higher number of IRD atoms with
higher relative radial deviation, and the two rotors rotate
along the same direction, the stable rotational frequency
of rotor 2 will be reduced to a lower value than that of
the system with a free rotor 2. The reason is that the
axial oscillation of rotor 2 is confined by the IRD atoms
during rotation.

(5) Comparing the difference in rotation of rotor 2 driven
by rotor 1 with different speeds of rotation, a higher
relative rotational speed between the two rotors will
provide lower friction on rotor 1, which is opposite to

Figure 4. Mass center history of rotor 2 in a motor with N=2,
e=0.4. When the system does not have a rotor 1, the equivalent
value of gap 1 varies around 0.504 nm and the history curve is
approximately symmetric along the green line. If the system has a
200 GHz rotor 1, gap 1 fluctuates around 0.417 nm. The curve below
the green line has smaller amplitude than that above the green line,
which indicates that rotor 2 is subjected to stronger repulsion from
rotor 1 and weaker repulsion from stator 1.
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that between neighboring shells in MWCNTs. This will
be useful for designing a nanoengine governor.
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