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Abstract

CrossMark

Many factors can have a significant influence on the output power of a thermally driven rotary
nanomotor made of carbon nanotubes (CNTs). Making use of a computational molecular
dynamics approach, we evaluate for the first time the output power of a

nanomotor, considering some of the main factors including temperature, the diameter of the

rotor and the number of IRD atoms (N) on the stator. When applying extra-resistant torque to the
rotor to let the stable value of the rotational frequency of the rotor fluctuate near zero, the value
of the resistant torque can be considered as the output power of the rotor. The effects of these
factors on the output power of a motor are roughly predicted via a fitting approach. Using

stepwise regression analysis, we discover that N has the greatest influence on the output power.
The second and the third main factors that affect the output power of a nanomotor are the

diameter of the rotor, and the interaction between N and the diameter, respectively. To improve
the output power of a nanomotor, one can place more IRD atoms in the system and/or employ

CNTs with larger diameters.

Supplementary material for this article is available online

Keywords: nanomotor, nanotube, significance test, regression model, output power

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the fabrication of nanodevices [1-5] from low-
dimensional materials [6—10] has attracted more and more
attention from researchers. It should be mentioned that the
Nobel prize for chemistry in 2016 was issued to three scientists
for their contributions to molecular machines [11]. Carbon
nanotubes (CNTs), since being discovered by transmission
electron microscopy in the early 1990s [7], have been studied
widely for their physical properties. Due to their excellent high
modulus [12], high ductility [13] and ultra-low inter-tube fric-
tion [1, 14-16], CNTs are ideal candidate materials in fabri-
cating various nanomachines such as nanomotors [1, 2, 17-21],
nano strain sensors [22] and nano-oscillators [23-27]. In part-
icular, Cumings and Zettl [1] developed a nanomotor by using

3 Authors to whom any correspondence should be addressed.

0957-4484/17 /215705+-08$33.00

multi-walled CNTs for the shaft of the rotor. Fennimore et al
[2] used CNTs to support a plate which can be made to rotate
by applying direct current. Bourlon et al [17] arranged a plate
on the outer tube of multi-walled CNTs, whereby the plate can
be driven to rotate by an external electric field. In the work by
Barreiro et al [18], CNTs were employed as an axis through
which the motion of a cargo can be driven by a thermal gradient
along the tube axis. Besides experiments, a molecular dynamics
simulation approach is also a powerful tool for investigating
this category of nanodevices [19, 20, 27].

In 2014, the thermally-driven rotary nanomotor (TRnM)
was created using double-walled CNTs [28]. In the nanomotor,
the outer shell of the CNT is fixed as a stator after relaxation,
and the inner tube is actuated to rotate at ~100 GHz. The
mechanism involves the asymmetry of the stator leading to a
torque moment on the rotor during their thermal vibration-
induced collision. When the double-walled CNTs with a radii

© 2017 IOP Publishing Ltd  Printed in the UK
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difference of 0.335nm (the equilibrium distance between
neighboring tubes) are chosen to act as a TRnM, the rotational
frequency of the rotor is commonly lower than that of the
nanomotor with the same stator, but the radii difference
is near 0.335nm. The reason for this is that the collision
between the stator and the rotor is reduced when the radii
difference is much lower or higher than that at equilibrium. It
should be mentioned that the TRnM from the double-walled
CNTs with unsaturated ends may stop rotating suddenly, even
if it has a long stable rotation time [29]. From molecular
dynamics experiments, the reason was found that the drastic
vibration with high centrifugal force on the atoms attached
to the rotor may lead to the formation of new carbon-carbon
covalent bonds between the rotor and the stator. Under thi-
s extremely strong bonding interaction, the rotational speed of
the rotor drops to zero within a few picoseconds. In early 2016,
a model of the TRnM with a specified rotational direction was
presented [30]. In the model, one or more unsaturated atoms at
one end of the stator are initially set to have an inwardly radial
deviation (IRD). When the collision between the rotor and
stator happens, torque with a direction corresponding to the
type of IRD is generated to actuate the rotation of the rotor.
Due to the extremely small size of the nanomotor and ultra-
high speed of the rotor, observation of the rotation is highly
challenging. To deal with this difficulty, we suggested adding a
piece of graphene nanoribbon to the rotor [31]. When the
rotor is actuated, the nanoribbon will expand from the tube.
The size of the rotor is enlarged and the rotational speed of the
rotor reduced, simultaneously. This phenomenon is useful for
experimental observation of the rotation. Based on this idea,
we proposed a probe-based approach to measure the rotational
frequency of a nanomotor [32, 33].

Having completed the measurement of the rotation, we
now focus on the output power of the TRnM from CNTs
when considering the function of the former in driving the
motion of other components in a nanomachine. In the
experiments above, the stable rotational frequency (SRF) of
the rotor still shows high dependence on factors such as the
geometry of the nanomotor and the temperature of the system.
In the present study, we investigate the effects of factors
including temperature, the diameter of the rotor and the
number of IRD atoms on the output power of the TRnM, as
shown in figure 1.

2. Models and methodology

2.1. Models of thermally driven nanomotor

See figure 1.

2.2. Qutline of numerical experiments

The rotational frequency w of the rotor in figure 1 is not equal
to zero on time average when no resistant torque is applied
to the left end of the rotor. The reason for this is that the
collision between the rotor and the stators can provide uni-
directional torque, which leads to the rotation of the rotor only

on the condition that the stators have lost geometric symmetry,
e.g., by setting IRD on some end carbon atoms on the stators
(e.g., figure 1(b)). If we apply a torsional moment on the left
end of the rotor and the directional sense of the moment is
opposite to that of the rotation, the value of w would change.
For example, if the value of M, is low, the value of w will -
reduce, but the directional sense remains unchanged. If we
provide a higher value of M, on the rotor, it may rotate in
the opposite way. Hence, we predict that there must exist a
value of M, which leads to w =0 on time average. Corre-
spondingly, the value of M, is called a critical value and is
labeled as M, .

In the present study, the major task is to find the sig-
nificance of one factor or multiple factors on the output power
(torque, reaction quantity of M) of the thermally driven
rotary nanomotor, as shown in figure 1. Hence, before con-
ducting a factor analysis, the critical value of the resistant
torque (M; ") should be obtained under specific conditions. In
a factor analysis, four major steps are required:

(a) Choose samples for analysis according to the factor to
be estimated. For instance, when the factor is temper-
ature, we need to obtain the critical values of torque of
the same system at a different temperature.

(b) Build the related models involved in the factor analysis.

(c) Obtain the critical value of resistant torque for each case
of simulation by a bi-section method.

(d) Collect the critical values of the resistant torque of the
system with respect to different values of the factor(s),
and carry out factor analysis using a software statistical
analysis system (SAS) [35].

2.3. Method for molecular dynamics simulation

The simulation is carried out in an open source code large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[36]. The interaction among the carbon and/or hydrogen atoms
is described by the AIREBO potential [37]. In each simulation,
the time step is 0.001 ps and there are five major steps required:

Step (1) Build the geometry model of the system, adjust
the positions of the IRD atoms at the external ends of the
stators.

Step (2) Reshape the nanosystem by minimizing the
potential energy of the system using the steepest decent
algorithm with a tolerance of 10~* and 10° units for energy
and force, respectively. The maximal iterations are 100 and
1000, respectively.

Step (3) Initiate the velocities of the atoms on the system
with a specified temperature, e.g., 300 K.

Step (4) Fix the carbon atoms on the stators, apply a
specified value of M, to the three rings at the left end of the
rotor, and place some free atoms on the rotor in a canonical
NVT ensemble with a specified temperature.

Step (5) Run 20 million iterations and record data for
post-processing, simultaneously.
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(a)
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Rotor
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Figure 1. A schematic of a thermally driven rotary nanomotor made of armchair/armchair double-walled carbon nanotubes of (1;, 1;)/ (o, 1o)-
To keep both tubes in an equilibrium state, the chirality parameters satisfy n, = n; + 5. The inner tube acts as a rotor and the outer tubes

behave as stators (L-stator and R-stator). The internal ends of the stators are hydrogenated [34]. (a) A side-view of the system. The initial length
of the rotor is ~6.15 nm, and the axial distance (along the Z direction) between the rotor and the external end of the stator is ~0.246 nm. w is the
output rotational frequency of the rotor when the magnitude of the resistant torque M, = 0 is applied to the three rings at the left end of the rotor.
The output torque M, (i.e., the output power of the nanomotor) is equal but opposite to the resistant torque M. (b) An axial view of the system
along the negative Z direction. The red atoms at the external ends of the stators may have inward radial deviation (IRD) to actuate the rotation of
the rotor; N is the number of IRD atoms on each stator. The IRD atoms have the same value of IRD, i.e., dr = 0.41. with /.. = 0.142 nm [30].

2.4. Bi-section algorithm

The third step of the factor analysis aims to find out the critical
value of the resistant torque for each case. The bi-section
method is used in this analysis. The time-averaged rotational
frequency of the rotor subjected to resistant torque M, is labeled
as w (M,). The method contains the following six steps:

(1) Determine the initial interval of M,, e.g., (a, b) which
satisfies w(a) x w(b) < 0.

(i) Let ¢ = (a + b)/2, calculate w(c).

(i) If |w(c)] < min{|w(0) x 5%|, 5GHz}, go to (vi);
otherwise, go to (iv).

iv) If w(c) X w (@) > 0, let a = c; or w(c) x wd) > 0,
let b = c.

(v) Judge: if (b — a)/max{]al, |b|} < 0.1%, go to (vi);
otherwise, go to (ii).

(vi) Stop and write down M;*" = ¢ and w (M, “").

Generally, the critical value of M, can be obtained after
no more than ten iterations. The time-averaged value of w is
equal to the mean value of w within the latest 2 ns, i.e., the
time average is fulfilled in the time interval (18, 20) ns.

2.5. Description of factor analyses

To find the correlation between the major factors, e.g., the
temperature, the chirality of the rotor and the number of IRD

Table 1. The coding values of level of T, n; and N in an orthogonal
design. The O-level is ignored.

Level T n; N

-1 T, = 100K
1 T, = 500 K

Ylil:g N1:1
n12:20 N2:4

atoms, and the output torsional moment, we carry out both sin-
gle factor and multi-factor analysis. As multi-factor analysis is
based on single factor analysis, first, we begin by carrying out a
single factor analysis on the temperature, the chirality of the rotor
and the number of IRD atoms one by one; this is followed by the
multi-factor analysis. The whole process is listed as follows:

Scheme (1) The temperature is considered to be the first
factor to be evaluated. In this scheme, the nanomotor from (5,
5)/(10, 10), i.e., n; = 3, is employed, and the number of IRD
atoms N = 1. Both n; and N are unchanged in exploring the
temperature influence. Six samples are involved in the
simulation: T = 100, 200, 300, 400, 500 and 600 K. The
critical values of resistant torque M,, rather than M,, are
recorded for late factor analysis.

Scheme (2) The next factor is the diameter or chirality
parameter of the rotor (n;, n;). In this scheme, N = 2,
T = 300 K, and eight nanomotors are involved. The values of
n; related to the nanomotors are listed in table 1, i.e., n; = 5,
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Figure 2. The iteration history of the critical value of the resistant torque (M, ") on the rotor at different temperatures. Correspondingly, the

SRF of rotor (w) is given at each step of the bi-section algorithm.

7,9, 12, 14, 16, 18 and 20. The critical values of resistant
torque M, are again recorded for late factor analysis.

Scheme (3) The third factor is N—the number of IRD
atoms attached to the stator—and the influence of N is esti-
mated. The nanomotor from (9, 9)/(14, 14) at 300K is used,
i.e.,n; = 9and T = 300 K. N is assumed to be 1, 2, 3 and 4,
respectively. The critical values of resistant torque M, for the
factor N are recorded for late factor analysis.

Scheme (4) Multi-factor regression orthogonal analysis is
done in this scheme by considering three major factors
simultaneously. To reduce the computational time and to
maintain the reliability of estimation on the three factors, only
eight samples are calculated with consideration of the three
factors and the interaction between any two of them. The
eight samples are processed by the SAS software for ortho-
gonal experiments according to the results of a three-factor/
two-level orthogonal design with 7= 100K and 500K;
n; = 9 and 20; and N = 1 and 4. The details are described in
section 3 below.

Having obtained the critical torque M, ", of the samples,
a significance analysis is carried out. In the present study, a
hypothesis testing approach is used in the analysis on the
effects of these factors on the output power of the rotor, which
is equal but opposite to M,". For the convenience of the
description, we consider M, " as M, directly. Generally, the
significance of the factor(s) is indirectly expressed by the
probability P, i.e., if P < 0.05, the samples are well selected
with no more than 5% probability of the difference of the
sample results being caused by the sample design. The factor
effect can be validly estimated. In single factor analysis, linear
regression is adopted to find the relationship between M,

Mr=32.5 meV

@ (GHz)

T
10
Time (ns)

Figure 3. The history curves of the rotational frequency of the rotor
(w) under different resistant torque (M,) at 400 K. The value of M, ¢
equals 32.5 meV.

and each factor, and the multivariable nonlinear regression
model is used in multi-factor analysis.

In a factor analysis at many levels, suppose the number
of levels is k, and the number of observations at each level is
r, Xj; is the jth observation at the ith level. The significant
difference of factor A with respect to the observations (i.e.,
critical resistant torque) can be estimated according to the

following equation:
) SS.
k(r— 1)

Fzgz( S5a
52 k—1

ey
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Figure 4. The linear fitting results of M, " with respect to different levels of the three factors, i.e., T, n; and N.

Table 2. Coding table for orthogonal regression experiment.

Sample No. x;~T xp~n x1 Xx x3~N x; Xx3 x Xx3 Vacancy
1 1 1 1 1 1 1 1
2 1 1 1 -1 -1 -1 -1
3 1 -1 -1 1 1 -1 -1
4 1 -1 -1 -1 -1 1 1
5 -1 1 -1 1 -1 1 -1
6 —1 1 -1 -1 1 -1 1
7 -1 -1 1 1 -1 -1 1
8 -1 -1 1 -1 1 1 -1

where SSA and SS. are the sums of the mean square of the
model (with respect to factor A) and the error, respectively,
and can be calculated using the following equations:

17 5 Tz k r 5 1 k 5
SSA = —ZTj - —; SSe= ZZXU — —ZT, , (2
T k-r T

i=1j=1

and

k k r

T=37=33%, 3)
i=1 i=1j=1

When F' > Fpcgos(k — 1, k(r — 1)), factor A is significant to

the observations (M, °").

3. Numerical tests and discussion

3.1. Single factor analyses

As mentioned above, three major factors—i.e., temperature,
the diameter of the rotor and the number of IRD atoms—are
analyzed to find their significance to the output torque. Using
a bi-section algorithm, we can obtain the critical value of the
resistant torque moment of a nanomotor at the level of each
individual factor. According to the results of the resistant
torque, the relationship between the output torque (minus the
resistant torque) and each factor is captured by a fitting

Table 3. Orthogonal regression designs and the output power of the
motor (obtained using a bi-section algorithm).

Sample No. T n; N M (meV)
1 500K (20,20)/(25,25) 4 525

2 500K (20,20)/(25,25) 1 125

3 500K (9,9)/(14,14) 4 279.8

4 500K (9,9)/(14,14) 1 62.5

5 100K (20,20)/(25,25) 4 450

6 100K (20,20)/(25,25) 1 110

7 100K  (9,9)/(14,14) 4 250

8 100K  (9,9)/(14,14) 1 52.5

approach. For example, to show the significance of temper-
ature on the output power of the thermal nanomotor from
CNTs (5,5)/(10,10), we firstly calculate the critical values of
resistant torque at six different temperatures through a bi-
section algorithm. Figure 2 illustrates the iteration histories of
the resistance at the six levels, i.e., from 100 K to 600 K with
increments of 100 K. For example, in the case of the rotor at
100 K, the rotational frequency of the rotor is ~—368.44 GHz
(clockwise) if there is no external resistance applied to it
(figure 3). When we apply a resistant torque of M, = 30 meV
(i.e., 0.03eV) to the rotor, the final SRF of the rotor is
~—75.22 GHz (clockwise), which implies that its rotational
direction is the same as that of the rotor without external
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Table 4. Results of the analysis of variance (ANOVA) of the regression model by SAS software; DOF for degrees of freedom, SS for square
summation, and MS for mean square. The F value can be obtained via equation (1).

Observation Source DOF ANOVA SS MS F value P value
M.« Model 6 0.223 063 0.037177 184.04  0.0564
Error 1 0.000 202 0.000 202
Sum 7 0.223 265 R? = 0.999 095

resistance (M, = OmeV). The value of w is ~232.56 GHz
when the resistant torque is of 40meV. The rotational
direction of the rotor is anticlockwise; this means that the
resistance is too large to drive the rotor rotating in the
opposite direction. Hence, the critical value of the resistant
torque on the rotor at 100 K must be between 30 and 40 meV.
After two iterations, the value of M, is found, i.e., c = 0.5
(@2 + b2) = 0.5(a2 + b1) = 32.5meV, at which the rota-
tional frequency of the rotor is ~—0.37 GHz , i.e., ~0.1% of
—368.44 GHz when M, = O meV.

After obtaining the critical values of the resistant torque on
the thermally driven nanomotor at different temperatures from
100 K-600 K, we establish the relationship between M, " and T
in the interval, as shown in figure 4(a). With the coefficient of
determination of R* = 0.957 36, M,*" is proportional to T with
a slope of 0.01073 meV K. Corresponding to the intercept of
28.057 33, the slope is too small, which indicates that the
temperature in the interval of (100, 600) K has a slight influ-
ence on the output torque of the thermally driven nanomotor.
Similarly, the relationship between M; " and #; (the chirality of
the rotor in the nanomotor) or the number of IRD atoms on the
stator can also be built. For instance, the relationship between
M," (see supporting materials stacks.iop.org/NANO/28/
215705/mmedia) and n; shown in figure 4(b) indicates that
the slope is of 11.61 meV. This demonstrates that the output
torque of the motor is obviously enhanced when we choose a
nanomotor from DWNTs with larger diameters. In figure 4(c),
the relationship between M, " and N is given. Clearly, the slope
of 69.64 meV demonstrates that the output torque can be
improved by placing more IRD atoms in the system. From the
single factor analyses, a conclusion can be drawn that the
output torque of a thermally driven nanomotor depends ser-
iously on the diameters of the rotor and the number of IRD
atoms, but only slightly on the variation of temperature in the
interval (100, 600) K.

3.2. Multiple regression analysis

If we need a thermally driven nanomotor with adjustable
output power, the interaction effects on the factors, e.g., the
temperature, the diameter of the rotor and the IRD atoms on
the output, have to be considered simultaneously. To estimate
the interaction effect, orthogonal regression design/experi-
ments for multi-factor analysis are employed. From the
results of single factor analyses, and considering the com-
putational costs, we know that the temperature has a weak
influence, while n; and N has a significant influence on the
output torque of the motor. Hence, we conclude that the
interaction effect must exist between n; and N. Accordingly,

Table 5. The results of ANOVA of each factor or interaction of two
factors.

Observation  Source DOF MS F value P value
M, ©* T 1 0.002 106 10.43 0.1912
n; 1 0.039 931 197.68 0.0452

N 1 0.166 695  825.20 0.0222

T X n 1 0.000 315 1.56 0.4299

T x N 1 0.013219 65.44 0.0783

ny X N 1 0.000 796 3.94 0.2971

the orthogonal design table is established by considering all
three factors (7, n; and N) and the interaction effects among
any two of the three. Mathematically, the multiple polynomial
regression model reads

y = Bix + Baxa + B3x3 + Braxixs + Baxaxs

+ Bizxixs + € €]

where x, x, and x5 are the coding values of the level of 7, n;
and N, respectively (table 1). 8, 5, and (3; are the main
coefficient effects, and [i,, Bi3 and [,3 are inter-
action coefficient effects; ¢ is the random error. The detai-
led design of the orthogonal regression experiments are given
in table 2, and the critical values of the output power of the
motor are listed in table 3 with respect to the eight samples.
According to the values listed in table 1, the relationships
between the coding values and the values of the factors can
expressed as

_T-(M+%h/2 T-300

s

(h, —Ty/2 200
O (nip + n)/2  ny — 145
)= = ,
(nip — nyp) /2 55
N — (N, +Ny) /2 N-—-25
Y= M+ N)/2 . )
N> — N) /2 1.5

From table 4, we know that the difference between the
coefficient of determination and 1.0 is no more than 0.1%.
However, the P value is 0.0564—i.e., more than 0.05—which
indicates that the significance of the regression equation (4) is
weak, owing to the consideration of some insignificant fac-
tors. To overcome this problem, we calculate the F and P
values of each factor in ANOVA as shown in table 5. It can
be found that the P values with respect to factors 7, T X n;,
T x N and n; x N are higher than 0.05. According to the rule
of the stepwise regression approach [38], we firstly remove
the factor T x n;, because the related P value is the maximum
among the four cases. The major reason for this is that the
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Table 6. Results of ANOVA of the modified regression model.

Observation Source DOF ANOVA SS MS F value P value
M. Model 5 0.222 748 0.044549  172.34  0.0058
Error 2 0.000 517 0.000 258
Sum 7 0.223 265 R? = 0.997 684

Table 7. The results of the ANOVA of single factors in the modified
regression model.

Observation  Source  DOF MS F value P value
M, " T 1 0.002 106 8.15  0.1040
n; 1 0.039931 15447  0.0064

N 1 0.166 695 644.84  0.0015

TxN 1 0.000 796 3.08 0.2214

n X N 1 0.013 219 51.14  0.0190

length of the stator is short and all the atoms on the stators are
fixed during simulation, which results in the collision between
the rotor and stator, and has no obvious improvement at
higher temperatures. In this case, the modified regression
model becomes

M = Bixi + Baxas + B3xs + Posxaxs + Bisxixs + €. (6)

The ANOVA results are listed in table 6. Now the P value is
far less than 0.05, and the F values are even higher than 100,
with the coefficient of determination higher than 0.9997.
Hence, the proposed regression model in equation (6) is
reasonable, and the coefficients are given in the following
equation:

M =0.016 23x; + 0.070 65x; + 0.144 35x3
=+ 0.040 65x2x3 + 0.009 98x1x3 4+ 0.231 85 eV.
@)

To show the significance of each factor in the modified
regression model, the F and P values of ANOVA are listed in
table 7. From table 7, the significance of the factors in the
model are sorted, i.e., F(N) > F(n;)) > F(n; x N) > F(T) > F
(T x N). This demonstrates that the number of IRD atoms
N makes the highest contribution to the output power of the
thermally driven nanomotor. The second major contribution to
the output power should be the diameter of the rotor. However,
the output power depends slightly on 7 or the interaction
between T and N. Hence, the output power shows robustness
with respect to temperature [39]. From the above analysis,
the conclusion can be made that the output power of a motor
can be improved significantly by adjusting the value of N or n;,
or both of them. This is helpful for the design of the thermal-
ly driven nanomotor from CNTs.

Substituting equation (5) into equation (6), we obtain the
relationship between the output power and the factors as
follows:

M =-0.002 x T+ 0.5268 x n; + 14.805 x N
+ 49273 x ny x N+ 0.0333 x T X N
— 15.76 meV 8)

4. Conclusions

Multi-factor significance analysis of the output power of a
thermally driven rotary nanomotor from CNTs is carried out
by numerical experiments. In particular, the effects of temp-
erature, the diameter of the rotor, and the number of IRD
atoms (V) on a stator on the output power of the nano-system
are investigated. Using stepwise regression analysis, the sig-
nificance of each factor and the interaction effect between any
two of the three are obtained. According to the ANOVA
results, we discover that the value of N has the greatest
influence on the output power (torque moment). The second
and the third main factors that affect the output power are the
diameter of the rotor and the interaction between N and the
diameter. The temperature between 100 K and 500 K has a
slight influence on the output power of the present nanomotor.
The interaction between the temperature and N or the dia-
meter is also relatively weak. The conclusion can be taken as
guidance for the design of a rotary nanomotor whose output
power can be controlled by adjusting the number of IRD
atoms on the stator or the diameter of the CNTs.
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