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Robust rotation of rotor in a
‘thermally driven nanomotor
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In the fabrication of a thermally driven rotary nanomotor with the dimension of a few nanometers,
. fabrication and control precision may have great influence on rotor’s stability of rotational frequency
Accepted: 09 March 2017 (SRF). To investigate effects of uncertainty of some major factors including temperature, tube length,
Published: 10 April 2017 : axial distance between tubes, diameter of tubes and the inward radial deviation (IRD) of atoms in
. stators on the frequency’s stability, theoretical analysis integrating with numerical experiments
are carried out. From the results obtained via molecular dynamics simulation, some key points are
illustrated for future fabrication of the thermal driven rotary nanomotor.
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In recent year, device/machine fabrication tends to be miniaturized along with the rapid development of nano-
technology. For example, the carbon nanotube (CNT) has been manufactured and fitted in a tip of atomic force
microscopy which can interact with and physically measure a sample surface with ultrahigh resolution® Due to
their ultrahigh in-shell stiffness®* and ultralow friction between neighbor tubes™¢, CNTs are now excellent can-
didate material for the fabrication of such nanodevices as strain sensors”~’, oscillator'®!!, nanomotors'*-'%, and
MEMS/NMES systems'®!”. Among these nanodevices, nanomotor is the simplest nanomachine, which can trans-
form chemical or physical energy into kinetic energy'>!3-2!. In particular, the CNT-based nanomotor attracted
much attention in the past two decades. For example, Fennimore et al.?> developed a nanomotor experimentally.
In the nanomotor, multi-walled carbon nanotubes (MWCNTSs) acted as a rotary axis on which a metal strip was
attached. The metal strip on the rotor can be actuated to rotate under the external periodic electric field. Soon
after, Bourlon et al.?® proposed a similar work in 2004. In 2008, Barreiro et al.* also built a nanomotor from
MWCNTs. In their work, the inner tubes acted as a stator, on which a short outer tube attached to a cargo can be
actuated to rotate and/or move along a stator when a thermal gradient exists along the axis of a stator. Frankly
speaking, a successful fabrication of such nanomotors is still difficult even full advantage of the state-of-the-art in
nanotechnology and advanced manufacturing technology is taken. Considering that most knowledge on nanode-
vices are expansive or difficult to achieve experimentally, many researchers use numerical experiments to estimate
the relationship between outer filed and the output motion of those nanomotors. Besides fabrication experiment,
Bourlon et al.” provided numerical simulations for investigating the performance of their nanomotor. By mimics
of hydroturbine, Kang and Hwang?® built a complicated model of nanomotor from nanotubes and nanofluid.
In their nanomotor, the rotor made from a nanotube bonded with several blades can be driven to rotate by the
collision from the nanofluid in the nano-volute. Within the framework of the Smoluchowski-Feynman ratchet,
Tu and Hu?® built a rotary nanomotor from double-walled carbon nanotubes (DWCNTs). The long inner tube
in the nanomotor is fixed as a stator, and the short outer tube as the rotor. When an axially varying electrical
voltage is applied on the inner tube, the unidirectional rotation of rotor was triggered. Wang et al.?’ proposed a
rotary nanomotor from nanotubes and fullerenes. Their numerical experiment showed that the blades bonded on
CNT-rotor have periodic charging and discharging, and the rotor can rotate in an external electric field. Recently,
Cai et al.”® built a new type of nanomotor from DWCNTTs, with the outer tube fixed as a stator and the inner tube
as the rotor (Fig. 1a). The mechanism of the rotary nanomotor is that the atoms on rotor have drastic thermal
vibration. Due to thermal vibration of the atoms, the rotor and the IRD atoms over stators collide. The rotation of
the rotor is actuated when the collision provides the rotor a stable axial torque.

As can be seen from the discussion above, the motors involved in the numerical experiments are extremely
small in size, which brings challenge in fabrication. If the fabrication precision is too low, the dynamic response
of the motors may have obvious variation. To guarantee the precision required, numerical test together with theo-
retical analysis is necessary before the feasible motor models in practice being verified. As the simplest among the
four models, the thermal driven rotary nanomotor with the axial length of the rotor less than 10 nm and the diam-
eter of stators less than 2 nm, are adopted in the present investigation. In the case using the lithography method by
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Figure 1. Schematic of symmetrically geometric model of a thermal driven rotary nanomotor ((ng, mg)/
(ng, mg)) formed by two stators (L- and R-Stator with the same chirality) and a rotor. All tubes are carbon
nanotubes. (a) The initial distance between neighbor ends of L-Stator and rotor is a, whose value is ~0.248 nm
in this model. The length of each stator is b, which is ~0.495 nm. G is the gap between two stators. Ly is the axial
length of rotor, which could be different in different models. (b) To drive the rotation of rotor, we adjust

the positions of some end carbon atoms on R-stator with “A-type” inward radial deviation?®, which satisfies
Ad=2ex I _.=0.284e (nm). Dimensionless parameter “e” is called relative radial deviation of IRD atom. All
IRD atoms have the same value of e in (0, 0.6) in simulations. Ar is the radii difference between rotor and stator.
N is the number of IRD atoms on each stator.

energetic electron beam, ion beam or light**-** to fabricate the motor from longer DWCNTS, the fabrication pre-
cision, say 1.0 nm, may have great influence on its size. To estimate the influence of geometry uncertainty®**’ of
the thermal driven rotary nanomotor on the rotation of rotor, in the present study, systematic theoretical analysis
and numerical experiments are carried out. Meanwhile, since the variation of temperature of the system caused
by low precision of thermostat may have influence on the rotation of the rotor. The robustness of rotation of rotor

with respect to temperature uncertainty is also investigated numerically in this work.

Models and Methodology

Basic models. Consider the schematic of a thermally driven rotary nanomotor made from CNTs as illus-
trated in Fig. 1. Only four types of IRD schemes are involved (see Fig. 1b). Unless indication otherwise, the default
value of Nis 1 in our simulation. In some cases, though, N could be higher than 4. Besides, in Fig. 1 the CNTs of
the rotor and stators are (9, 9) and (14, 14), respectively. For simplicity, we label the nanomotor as (9, 9)/(14, 14).
In simulation, both rotor and stators may have a chirality which may be different from the present one. Further,
the stators are featured in three aspects: (i) they are made from the same CNT; (ii) they are armchair CNTs and
(iii) the axial length of each stator is ~0.495 nm. The remaining parameters, including 4, G, Ly, chirality, e, tem-
perature (NVT ensemble) and hydrogenation scheme at the ends of rotor, are changeable. The major reason for us
to use the same stator with the same IRD scheme is to make the results comparable. In the simulation, we assume
the stator to be formed with 5 rings, i.e., the width of a stator being ~0.495 nm. The reason is that the potential
barriers of the two ends of every stator are very close to each other, and the potential barrier at the ends of a stator
prevents the linear motion of the associated rotor?®.

Simulation methods. To investigate interactions among carbon and/or hydrogen atoms, the AIREBO
potential® is employed in the open source code LAMMPS which is documented in refs 40 and 41. There are 6
steps in our simulation:

(1) Create a geometric model of the nanomotor with specified parameters;

(2) Adjust the positions of N IRD atoms at outer ends of stators with specified relative radial deviation after ener-
gy minimization of the whole system;

(3) Fix all atoms on the stators and put the rotor in a canonical NVT ensemble with specified temperature. All
three items of AIREBO potential, i.e., REBO, torsion and Lennard-Jones, are chosen to describe the interac-
tion among atoms.

(4) Start simulation and control the temperature of system using Nosé-Hoover thermostat*

(5) Record the obtained results including temperature, oscillation and rotational frequency of the rotor, potential
energy of system, for further analysis;

(6) Stop running when the results meet our requirements.
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Figure 2. Dynamic response of motor (9, 9)/(14, 14) with Ly =8.1164 nm, a = ~0.248 nm, Gy = Ly-2a-2b,
N=1and e=0.4 at different temperature. (a) History curves of rotational frequency of rotor at temperature
below 475 K. (b) Stable rotational frequency v.s. temperature. (c) History curves of rotational frequency of rotor
at temperature above 475 K. (d) Configurations before and after collapse of the motor at 500K (blue line in (c),
see Movie 1).

The time-step for integration is set to be 0.001 ps. No more time is set for relaxing the system at a canonical
NVT ensemble with specified value of temperature. The maximal iteration time is 100 ns. Within each picosec-
ond, a time averaged value of rotational frequency of the rotor is recorded. In controlling temperature, the rigid
rotational kinetic energy is removed.

Numerical Results and Discussion

Effect of temperature variation on rotation of the rotor. Thermal vibration of atoms in a rotor provides
major contribution to the rotation of the rotor in a thermally driven rotary nanomotor. In practical engineering,
thermostat works with certain accuracy and has limited speed of feedback. Hence, it is important to assess the
robustness of rotation of rotary nanomotor on the variation of temperature. Here, a motor defined by (9, 9)/(14, 14),
which is shown in Fig. 1, is adopted. The temperature of system is chosen to be between 8 K and 800 K.

Figure 2 Illustrates the history of rotation of the rotor at different temperature. It can be seen that the rotor has
no obvious rotation when temperature is less than 66.5 K (Fig 2b). When the temperature reaches 66.6 K, the rota-
tion of the rotor tends to be stable after about 4 ns. The rotation of the rotor is accelerated by the collision between
atoms on the rotor and IRD atoms on the stator. The other atoms on the stator will resist the rotation. Hence, the
rotational frequency of the rotor increases from zero to a stable value and does not increase further. The stable
rotational frequency (SRF) of the rotor at 66.6 K is ~165.26 GHz. Hence, 66.6 K can be considered as the lower
boundary of temperature interval of thermal driven rotation. When the temperature becomes higher, the SRF of
the rotor increases slightly. For example, at 70K, the SRF is ~165.51 GHz. SRF of the rotor is ~167.2 GHz at 300K,
~168.46 GHz at 450K, and ~168.66 GHz at 475 K. It indicates that the difference of SRF of the rotor is ~3.40 GHz
when the temperature varies from 66.6 K to 475 K. The relative difference is only ~2.06%. The ratio of frequency
difference over temperature difference is only 0.00833 GHz/K. When the temperature of system varies within a
narrow interval, the fluctuation of rotational frequency of the rotor can, therefore, be considered as a constant.

Within 50 ns, the rotor rotates steadily at temperature lower than 450 K. However, the rotor cannot work in a
stable state at temperature higher than 450K (Fig. 2c). This is due to following three reasons. The first one is the
drastic thermal vibration for those unsaturated carbon atoms at the ends, which can be bonded with an IRD atom
on stator. The second reason is the length of stator (b) is smaller in comparison with that of the rotor. The rotor
can, then, easily escape from stators. The final one is that the ratio between the diameter of the rotor and Gg is too
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Figure 3. Comparison between rotation of motor (9, 9)/(14, 14) with the same stators but different-length
of rotors. (a) Initial models of motor. (b) Rotational frequency history of rotors. (c) Configurations of rotor
with A = 1.8 during rotating (see Movie 2, Movie 3).

large. For the sudden increase of rotational frequency of the rotor in Fig. 2¢, it is due to the rotor being further
accelerated by the collision with the IRD atoms. When the rotational frequency of the rotor is relatively high, the
random vibration of atoms on rotor can lead to eccentric rotation (10.66 ~ 10.998 ns of rotor at 500K in Fig. 2d).
The mid part of the rotor is curved due to strong centrifugal force. If the curvature of a rotor increases continu-
ously, the rotor will subject to higher centrifugal force, and finally the rotor is glued by a stator due to new C-C
bond generated between rotor and the stator (11.059 ns of rotor at 500 K in Fig. 2d). It is the reason for the sudden
stoppage® of rotation of rotor (Fig. 2c). To avoid the collapse of motor, one can increase the value of b, diameter
of the rotor or reduce the distance between two stators. If possible, the ends on rotor should be hydrogenated***
to avoid the generation of new bond between rotor and stator.

From the results mentioned above, the rotation of the rotor has high robustness in response to the uncertainty
of environmental temperature.

Effect of rotor length. In fabricating the motor using high energy electron beam, both motion of electron
beam and width of beam may influence the cutting accuracy of two tubes. Hence, estimating the effects of the
length of rotor and the gap between two stators on the rotation of the rotor becomes necessary.

Figure 3a Presents seven models of the motor (9, 9)/(14, 14) with same stators. In the models, Ly=8.1164nm,
a=~0.248nm, Gg= AL(-2a-2b, N=1 and e=0.4. The temperature is 300K. A=0.5, 0.8, 1.0, 1.5, 1.8, 2.5 and 3.0,
respectively. The history curves of rotational frequency for the seven motors are shown in Fig. 3b. It can be seen
from the results that the SRF of the rotor approaches ~168 GHz after about 2 ns when A is less than or equal to 1.0.
If, for example, A = 0.8 is specified for the design of a rotor, the final rotor obtained may have obvious deviation,
leading A=0.5 or 1.0 due to coarse cutting accuracy, which costs the rotor only a very small deviation of the SRE.
e.g., less than 0.6% of relative error. We conclude that, uncertainty of the rotor length may lead to a slight differ-
ence on the value of SRF only on the condition that the rotor has no eccentric rotation (which requires higher
ratio between diameter of rotor and Gg).

If the ratio of the diameter of a rotor over G decreases, e.g., A is larger than 1.5, the rotor rotates at increasing
frequency at the first stage, and further rotates eccentrically. During eccentric rotation, the rotor becomes an arch
which has higher moment of inertia along rotating axis. If the torque applied to the stators during collision with
the rotor does not increase, the rotational frequency of the rotor should be decreased soon after the rotor becomes
an arch (Fig. 3¢). Subsequently, the centrifugal force on the arched rotor reduces due to the drop of rotational
frequency of the rotor. When the moment of inertia does not change, the rotational frequency of the rotor reaches
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Figure 4. Dynamic response of Motor (9, 9)/(14, 14) with Ly =8.1164nm, Gg= Ly-2a-2b, N=1and e=0.4
at 300 K. (a) Initial models of motor. (b) Rotational frequency histories of rotors.

steady-state. Figure 3b indicates that SRF of the rotor decreases with the increase of length of rotor (or A). This
is mainly because of the variation of the end interaction between the rotor and stator when the curvature of the
rotor is high whilst longer curved rotor has higher moment of inertia. Anyhow, the rotation of a curved rotor is
not an ideal state, which may change suddenly. For example, the rotor with A=1.5 is bonded with a stator after
25.95ns and stops rotating.

Effect of axial distances between rotor and stators. In fabricating the motor, the value of axial dis-
tance between adjacent ends of rotor and stators (i.e., a) or between two stators (i.e., Gs) of a system may not
be well controlled. To reveal their uncertainty on the SRF of rotor, we consider three models (Fig. 4a), with,
a=0.248 nm, 1.486 nm and 2.353 nm, respectively. In each case, the rotor has two states: with or without hydro-
genated ends.

Figure 4b Gives the history of the rotational frequency of rotor at 300 K. When the rotor whose ends are not
hydrogenated is 0.248 nm away from the stator initially, the SRF of rotor reaches ~167 GHz within 1.5ns. When
the rotor is hydrogenated at ends, the SRF of the rotor is ~224 GHz, which is around 34% higher than that of the
rotor without hydrogenation. It demonstrates that the unsaturated atoms on the rotor have stronger attraction to
the IRD atoms on stators than the saturated carbon atoms on the rotor. This phenomenon may imply a method
to reduce SRF of rotor.

When a is greater than the cutoff distance of AIREBO potential, 1.02 nm in our analysis, hydrogenation of
the rotor has slight effect on SRF of the rotor. For example, SRF of the rotor is nearby 224 GHz (Fig. 4b) when
a=1.486nm or 2.353 nm. In this case, hydrogenation only has small influence on the SRF of hydrogenated rotor.

Eccentric rotation of a rotor is induced by two aspects. One is the centrifugal force on the rotor with high
speed rotation. The other is the bending stiffness of the rotor. When the radius of a rotor is specified, eccentric
rotation is mainly caused by high speed rotation. For the atom-based system, tube axis is not its symmetric axis.
Especially at high temperature, say 300 K, the thermal vibration of atoms amplifies the asymmetry. Under high
centrifugal force, part of the rotor may be leave its original position, then, eccentric rotation appears. Hence, when
a is small, eccentric rotation is mainly caused by the bending deformation of the mid part of the rotor. If a is too
large, or the two stators are very close, the two ends of the rotor may be bended, and further leads to eccentric
rotation. To avoid eccentric rotation, one can add more stators to constrain the rotor, choose the rotors with large
radius, or reduce the rotational frequency of the rotor.

Effect of diameter difference between rotors and the same stators. In fabricating the double
walled carbon nanotube based motors with specified stators, the diameter difference of two tubes may not exactly
equal to ~0.67 nm. For example, when the motors are made from multi-walled CNTs by cutting some outer
shells or pulling out some inner shells, the diameter difference may change as the neighbor tubes are removed.
Considering such situation, the estimation of the effect of uncertainty of diameter difference on the SRF of the
rotor should be fulfilled. Ten specimens (Fig. 5a) are adopted here for the estimation. In the motors, the stators are
identical, i.e., (14, 14). Here we set a to be lower than cutoff (1.02 nm). The reason is to confine the linear motion
of the rotor along axis. It is known that the potential barriers exist at the two ends of the stator. If a is larger than
the cutoff, the interaction among the atoms at the adjacent ends of a rotor and a stator will be negligible. The axial
translational motion of the rotor is not confined by the end potential barrier of the stator. If a is very small, e.g.,
a=~0.248 nm in the present study, the rotor has no obvious axial linear motion. The rotation of the rotor will be
its major motion in analysis.

Among the ten motors, the rotor (11, 6) with the lowest diameter has the highest value of SRE. It is about
216 GHz (Fig. 5b). The SRF of the rotor (9, 9) has the second largest value. When ny and m vary slightly from 9,
e.g., to form rotor (10, 8) or (10, 9), SRF of the rotor drops about 10 GHz, which is about 6% of 167.2 GHz. If ny
and my, are different significantly from 9, the SRF of the rotor drops heavily. For instance, for the rotors of (13,
5) and (13, 4), the SRF are ~87.8 GHz and ~62.2 GHz, respectively. It means that the rotors have SRF only half or
even less than that of the rotor (9, 9). Hence, the SRF of the rotor is more sensitive to the chirality of the rotor than
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from ~0.73nm of (11, 6) to ~0.61 nm of (10, 9), monotonously. (b) Rotational frequency histories of rotors. The
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Gs=Ly-2a-2b; N=1; e=0.4; at 300 K and the rotor without hydrogenation.(a) Initial models of the motor.
(b) History of rotational frequency of rotors. (c) Fitting function between SRF of the rotor and the chirality
parameter of stator, Ng.

to the diameter difference. In fabricating a group of motor from the same MWCNTSs will decrease both uncertain-
ties of diameter difference and chirality of rotor.

Effect of diameter of stator. Above discussion indicates that the diameter difference between rotor and
the stator have obvious influence on SRE. It is, therefore, important to study effects of the motors (with the same
diameter differences between rotor and stator when both tubes are armchair types) on SRE Seven cases are
involved in the study (Fig. 6a). Figure 6b shows that SRF of rotor is also sensitive to the diameter of the rotor
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or stator. For example, when the rotor (9, 9) rotates in the stator (14, 14), the SRF is ~167.2 GHz. However, SRF
decreases sharply when the diameter of the rotor increases. When the rotor (50, 50) is driven by stator (55, 55),
SRF is only ~11.8 GHz. The major reason is that the friction between rotor and stator becomes higher when their
diameters are larger. At the same time, the motors have the same IRD schemes, i.e., N=1 and e= 0.4. Hence,
the rotor with larger diameter approaches stable rotation with lower frequency. During thermal vibration of the
atoms on rotor, the chance of collision between the rotor and stators is reduced when the rotor has larger diame-
ter. This causes longer rotational acceleration time of the rotor as can be seen from Fig. 6b.

If CNT (5, 5) acts as a rotor, its rotational state is not stable. It, for example, needs longer time to be driven to
rotate although its rotational frequency requires the shortest time from zero to 167 GHz. After ~3.5 ns of rotation
at the frequency of 167 GHz, the frequency fluctuates sharply. Finally, the rotor stops rotating due to bonding with
stator. By fitting the relation between the value of SRF and the chirality parameter of the stator, namely, g (Fig. 6¢)
excluding the case of n5= 10, we find that the SRF is approximately inversely proportional to the square of ng. The
square relation is owing to two factors. One is that the contact area between rotor and stator is proportional to n.
Another is that the ratio of IRD atoms and end atoms of stator is inversely proportional to ng. Together with the
results with respect to diameter differences between rotors and the stator, it can be concluded that the uncertainty
of the chirality of tubes in motor have significant effect on the SRF of the rotor.

Effect of IRD. The value of IRD of an end carbon atom on stators equals 0.5Ad=¢ x [_.= ~0.142¢ nm
(Fig. 1b). In most previous discussion, the value of e is set to be 0.4, i.e., IRD is ~0.0568 nm. Frankly speaking, this
value is not easily controlled during fabrication, namely, the atom is covalently bonded with other atoms which
are fixed physically. The position of an IRD atom may change obviously due to its thermal vibration. Hence,
it is necessary to estimate the influence of the uncertainty of the positions of IRD atoms (or e) on the SRF of
rotor. To reveal the influence, we adopt 10 specimens, e.g., with e varying between 0.02 (slightly higher than the
amplitude of thermal vibration of an end carbon atom on stator) to 0.56, motor (9, 9)/(14, 14) of Ly =8.1164nm,
a =~0.248nm, Gg= Ly-2a-2b, N=1. And the rotor without hydrogenation at 300K, is used in numerical tests.
Figure 7a and b Show the history of rotational frequency of the rotor driven by the stators with different values
of e. As e is within [0.15, 0.54] (Fig. 7a), the rotational frequency of the rotor tends to be stable within 10ns and
the SRF of the rotor is between 159 and 169 GHz. In each case, the average fluctuation of SRF (standard deviation
between [8, 10] ns) is less than 1.1 GHz (Fig. 7¢). It indicates that the uncertainty of IRD has small influence on
the SRF of the rotor as e is within [0.15, 0.54]. When e is larger than 0.54, we find that the rotor rotates unstably.
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For example, after about 5 ns of rotational acceleration of the rotor, the motor collapses when e = 0.55 whereas the
motor collapses after ~6.4 ns when e = 0.56. According to the discussion on temperature and relative positions
between rotor and stators, the collapse can be avoided if, we, for example, reduce the temperature or increase the
value of a. It also implies that the rotor may have a larger value of SRF when e > 0.54 as the collapse of system
can be avoid. Hence, the uncertainty of e has piece-wise effect on SRF of the rotor. This is also verified by the data
shown in Fig. 7b, i.e., where e is less than 0.12. Due to the smaller value of e, the rotational frequency of the rotor
is also lower. Especially, when e is less than 0.07, the SRF of the rotor is less than 30 GHz and the fluctuation of
rotational frequency is also much higher than that when e is larger than 0.15. Therefore, controlling the SRF of
the rotor by adjusting the value of e is theoretically feasible but infeasible in practice due to the piece-wise effect.

Conclusions

By considering uncertainty in fabrication and control of a thermally driven rotary nanomotor from double walled
carbon nanotubes, the effects of six major factors on the stable rotation of a rotor are analyzed using numerical
experiments. Through the experiments, some conclusions on the robust rotation of the rotor for future fabrication
of such nanomotor are presented as follows for the guidance of nanomotor fabrication,

(1) Temperature: If the temperature is higher than a threshold (66.6 K in this study), the SRF of the rotor has
good robustness with respect to the uncertainty of temperature between 66.6 K and 475 K. It indicates that the
accuracy of thermostat is not the essential in controlling the stable rotation of a rotor;

(2) Rotor length: As the rotor and stators have the same axial distances, uncertainty of rotor length leads to slight

difference on SRF of rotor without eccentric rotation. If eccentric rotation of a rotor is avoided, the length of

the rotor only influences the duration of rotational acceleration;

Axial distance between tubes: When the neighbor ends of a rotor and stators are too close, say axial distance

is less than 1.02 nm, the SRF of the rotor, which is lower than that of the rotor with higher axial distance from

the stator, is sensitive to the axial distance. If axial distance is higher than 1.02 nm, the rotor has robust rota-
tion with respect to axial distance. Hence, the relative positions between two stators are not essential to the
stable rotation of the rotor if they are 1.02 nm or higher far away from the rotor ends. When the ends of the
rotor are hydrogenated, axial distance between the rotor and stators has slight influence on the SRF of rotor;

(4) Different rotors in the same stators: As the diameter difference between the rotor and stators is in [0.305,
0.365] nm, the rotor CNT may have variation of chirality. Driven by the same stators, SRF of a rotor is sensi-
tive to the chirality difference from the armchair tube, i.e., higher difference between ny and my may leads to
lower value of SRF than that of the armchair rotor;

(5) Diameter of stator: When diameter difference between rotor and stator are twice of 0.335nm, the SRF of arm-
chair rotor in the armchair stator is approximately inversely proportional to the square of n5. Hence, a rotor
with lower SRF should be chosen from tubes with higher diameter;

(6) Inward Radial Deviation: The SRF of a rotor is sensitive to the value of IRD of atoms on stator. But the sen-
sitivity shows piecewise, i.e., in some region of e, the SRF of rotor has slight variation. Hence, controlling the
SRF of rotor by adjusting the value of e is infeasible in practice in consideration of fabrication precision.

@3
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