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A B S T R A C T   

Nanomotors are essential in nanorobots and nanoenergy. The critical issues include stability and efficiency. Here, 
we have investigated the influence of hydroxyl groups on the transmission behavior of carbon nanotube based 
nanomotors using molecular dynamic simulations. The results showed that 100% transmission efficiency 
occurred in kinetic energy transmission, irrespective to the diameters and chiral angles of carbon nanotubes. 
Such stable and efficient transmission was attributed to the hydrogen bonds formed between hydroxyl groups on 
motor and rotor. The fastened responses were observed in the systems with zigzag and armchair carbon nanotube 
motor. Our results provide atomic insights into improving stability and efficiency in nanomotors.   

1. Introduction 

Nowadays nanodevices [1] play an inevitable role in everyday life. 
Whereas, the corresponding nanoscale power supplies are a grand 
challenge. Nanomotors [2–5] are essential in nanorobots [6], nano-
energy [3,5], targeted drug delivery [7–9], and Internet of Things. 
Carbon nanotube (CNT) has been widely used in 
nano-electromechanical systems and nano devices owing to its excellent 
mechanical, electronic properties and specific shape [10,11]. Super low 
friction was observed between walls in multi-walled carbon nanotube 
(MWCNT) [11–14]. Researchers designed many nano machines in ex-
periments and simulations, such as nano tweezers [15], nano gear [16], 
gigahertz oscillators [13,17,18], nano bearing [11,14,19,20] nano mo-
tors [21–24], nano bump and rotational system based on MWCNTs [25]. 
Researchers also tried to drive those nanoscale systems by various 
methods such as thermal energy [24,26–28], electric energy, electric 
field [29], and control nano rotary motor [30]. 

CNT-based transmission systems attracted extensive interest 
recently. A critical and challenging issue is the stability and efficiency of 
kinetics transmission. Cai et al. [31] firstly proposed the transmission 
nanosystem based carbon nanotubes. Yin et al. [32] simulated a rota-
tional transmission system based on coaxial carbon nanotubes, in which 
the transmission efficiency of the nanomotors was about 70%. Cai et al. 

[33] observed over-speeding phenomena in a rotational transmission 
system, and indicated how to adjust the transmission state of the rotor. 
Yin et al. [34] and Gao et al. [35] investigated the influence of C–H 
bonding layout on the output of rotor. Zhang et al. [36] studied a 
multi-stage transmission model based on multi-walled carbon nano-
tubes, and calculated the critical frequency for the escaping of rotor in 
the system. Qiu et al. [37] further studied a two-class rotation trans-
mission nanosystem, in which the transmission of the second rotor was 
discussed in detail. Song et al. [38] proposed a rotation-translation 
nano-converter based on carbon nanotube. Recently Shi et al. [39] 
studied the dynamic response of a nanogear drive system with inter-
secting axes. All these transmission systems have used the carbon 
nanotubes that are passivated with hydrogen atoms. Van der Waals force 
between interfaces drove the rotation of rotor, which was small and 
might cause the low efficiency of transmission of the system. The rota-
tion transmission systems based on other functionalized CNTs are still 
obscure. 

Functionalization of carbon nanotubes [40–44] were widely used in 
the application of carbon nanotubes. During the functionalization, many 
groups such as hydroxyl, carboxyl groups are grafted on carbon nano-
tubes, which influences the interface interaction between carbon 
nanotube and other materials. Hydrogen bonds formed between hy-
droxyl groups could enhance the interface interaction and friction [45, 
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46]. Based on the aforementioned research, we have hypothesized that 
the stronger interface interaction might lead to higher efficiency and 
stability of rotor. To validate the hypothesis, we designed the grafted 
hydroxyl groups to strengthen interface interaction in atomistic 
modeling. The transmission frequency, responding time of system were 
then calculated via molecular dynamics simulations to evaluate the in-
fluence of hydroxyl groups. Our results showed that grafted hydroxyl 
groups between interfaces could be an effective way to improve the 
stability and transmission efficiency. 

2. Model and method 

The simulation system was shown in Fig. 1, which included one 
single-walled carbon nanotube SWCNT(5, 5) and one double-walled 
carbon nanotube (DWCNT) that were composed of SWCNT(10, 10) 
and SWCNT(5, 5). SWCNT(5, 5) with length 1.69 nm on the left is the 
motor. The rotor was the inner tube with length 5.90 nm in the DWCNT, 
and the outer tube with length 4.91 nm was the stator. A rotational 
frequency was applied on the four layers fixed atoms on the left end of 
motor. The three layer atoms on both ends of stator were fixed to prevent 
the motion of stator. The remaining atoms in the simulation system 
thermally vibrated. Two kinds of cases were conducted in simulation: 
(1) grafted groups on the interface were hydrogen atoms (H-motor, 
Fig. 1(a)) and (2) hydroxyl groups (OH-motor, Fig. 1(b)). The gap be-
tween rotor and motor varied in a range with a typical initial value of 
0.34 nm. The gap was defined as the distance between the carbon atoms 
on the right end of motor and the carbon atoms on the left end of rotor. 
The diameter and chiral angle of rotor also might influence the trans-
mission efficiencies and we have explicitly assessed them in this study. 

The AIREBO was applied to describe the interaction among the C and 
H atoms in carbon nanotubes and grafted hydrogen atoms. Hughes [47] 
and Damm [48] pointed out that the C–O–H interaction could be 
described by OPLS_AA force, which existed at the ends of motor and 
rotor when carbon nanotube was grafted hydroxyl groups. The param-
eters were obtained from the literatures [48,49]. 12-6 Lennard-Jones 
potential was used to describe the van der Waals force [50] between 
carbon nanotubes. The hydrogen bond between interfaces was 

Fig. 1. The schematic of simulation model. The single-walled CNT on the left 
was the motor, and the inner CNT in double-walled CNT on the right was the 
rotor. (a) H-motor: Hydrogen atoms were grafted on the right end of motor and 
the left end of rotor. (b) OH-motor: Hydroxyl groups were grafted on the right 
end of motor and the left end of rotor. 

Fig. 2. (a) The rotation frequency of rotor in OH-motor and H-motor. (b) The interface force in OH-motor and H-motor. (c)–(e) showed the electrostatic potential 
colored van der Waals surfaces in the cases that both sides on interfaces were grafted with hydroxyl groups, one side of interface was grafted with hydroxyl groups, 
and both sides on interfaces were grafted with hydrogen groups, respectively. 
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calculated by DREIDING field [51]. The detailed information about 
potentials could be found in the supplementary material. All simulations 
were performed in the canonical ensemble (NVT) with temperature T =
300 K, which was controlled through the generalized Langevin. The time 
step was 0.001 ps. The MD simulations were carried out by the 
large-scale atomic/molecular massively parallel simulator [52]. 

The simulation process was as follows. First, the whole simulation 
system was relaxed for 100 ps to reach equilibrium. Then a rotational 
frequency was applied on the left end of motor to make it rotate in a 
constant speed. The rotor would also rotate owing to the interface 
interaction. 

3. Results and discussion 

3.1. The influence of hydroxyl groups on the frequency of rotor 

We compared the transmission efficiency of two cases: OH-motor vs 
H-motor (Fig. 1). The transmission efficiency was defined as the ratio of 
rotor’s frequency to motor’s frequency. The gap was set 0.34 nm, in 
which two simulation models both worked stably. The rotation fre-
quency of motor was 200 GHz. The rotation frequency of rotor in the two 
cases were shown in Fig. 2. The frequency of rotor was calculated ac-
cording to the formulaω1(t) = 1

2π
∫ s=t

s=0(MR1 /JR1)ds, where JR1 repre-
sented the moment of inertia of rotor, which was calculated by the 
formula JR1 =

∑i=N1
i=1 mi⋅ri

2, where mi and ri were the mass of C atom and 
the distance between the C atom and the axes. The stable rotation fre-
quency of rotor was 200 and 30 GHz for OH- and H-motor, respectively, 
as shown as in Fig. 2(a). The dynamics of the movement of rotors in the 

two cases were illustrated in the movies in Supplementary Information. 
The transmission efficiency of OH-motor was obviously much higher, 
and more stable. The difference in transmission efficiency could be 
attributed to the interface interaction. As shown as Fig. 2(a), hydrogen 
bonds form between the hydroxyl groups on interfaces. The force be-
tween interfaces in OH-motor was shown in Fig. 2(b) compared with H- 
motor. For the former system, force between interfaces was between 1.5 
nN and 3.0 nN. However, for H-motor, van der Waals force between 
interfaces was below 0.25 nN. The stronger interface interaction might 
lead to higher transmission efficiency. 

Next, we investigated the mechanism. The electrostatic potential 
colored van der Waals surfaces was calculated using Multiwfn compu-
tational chemistry package developed by Lu [53,54], as shown as Fig. 2 
(c)–(e), which represented the cases with hydroxyl groups grafted on (1) 
both ends, (2) on one end of the surface, and (3) hydrogen atoms grafted 
between interfaces, respectively. As shown in Fig. 2(c), the potential 
energy fields were overlapped obviously, and a strong electrostatic 
attraction between the hydroxyl groups was formed, indicating the 
formation of hydrogen bonds. Because of the strong interaction between 
hydroxyl groups, the rotor obtained larger momentum and higher speed. 
As a result, it quickly reached stable state. However, for the case with 
grafted hydrogen atoms between interfaces, as shown as in Fig. 2(e), 
both sides on interfaces were positively charged. Therefore, the over-
lapped van der Waals surface was significantly weaker than that with 
grafted hydroxyl groups. Accordingly, for H-motor, as shown in Fig. 2 
(d), the interaction between motor and rotor was also much weaker than 
that of OH-motor, which leaded to lower speed of rotor and less stable. 

Fig. 3. (a) The rotation frequency of rotor during the first 400 ps when carbon nanotube motors were with the same diameter, but different chiral angles. (b) The 
rotation frequency of rotor when carbon nanotube motors were with the same chiral angle, but different diameters. (c) The force between interfaces when the motors 
were with different chiral angles. Letters d-h in Fig. 3(c) referred to five kinds of carbon nanotube that were shown in (d)–(h). (d)–(h) showed the structure of motor 
with different chiral angle. 
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3.2. The influence of parameters of SWCNT 

Interface interaction depended on the geometry of interface, and 
further influenced transmission efficiency of system. Therefore, the in-
fluence of chiral angles and diameters of SWCNT was investigated in this 
section. We focused on the case of OH-motor, as the influence to the 
other case was similar. First, SWCNT (5, 5), (9, 0), (4, 6), (2, 8) and (3, 7) 
were selected as motors, which had almost the same diameter, but 
different chiral angles. The lengths of SWCNTs were also kept the same, 
and the gaps were all 0.34 nm. The results showed that all the rotors 
reached the stable state with 200 GHz after a period time, as shown as 
Fig. S1 in Supplementary Information. However, the responding time of 
rotor was different in several cases. Fig. 3(a) showed the rotation fre-
quencies of rotors during the first 400 ps. The responding time of rotor 
was about 10, 10, 30, 70, 80 ps, respectively for SWCNT(5, 5), (9, 0), (2, 
8), (4, 6) and (3, 7) motor. The results implied that the system could 
achieve stable 100% transmission in a wide range of chiral angles. 
However, the response was the fastest when the SWCNT motor was 
zigzag and armchair owing to larger force between interfaces, as shown 
as Fig. 3(c). The reason caused this phenomenon was the interface 
structure. Fig. 3(d)–(h) showed the structures of an armchair, several 
chiral, and a zigzag type carbon nanotube motors. The carbon atoms of 
the armchair and the zigzag carbon nanotubes were on a plane at the 
end, and so were the grafted hydroxyl groups. However, for the chiral 
carbon nanotube, some grafted hydroxyl groups were away from the 
interface because carbon atoms on the end of carbon nanotube were not 
on a plane. As a consequence, it formed weaker hydrogen bond between 
interfaces, leading to a slower response. 

To examine the effect of carbon nanotube diameter on the trans-
mission behavior, SWCNT (3, 3), (5, 5), (7, 7) and (9, 9) were chosen as 

the motors. Their diameters were 0.20, 0.33, 0.47 and 0.60 nm, 
respectively. The rotor was SWCNT (5, 5), and the interface space was 
0.34 nm. Fig. 3(b) showed the rotation frequency of rotor during the first 
400 ps when the motors with different diameters were applied, which 
indicated that the diameter had little effect on the transmission 
behavior. In a long run, the rotation frequency of motor had little 
variation, as shown in Fig. S1(b) in Supplementary Information. 

3.3. Conditions of 100% transmission efficiency 

The gap significantly influenced the transmission behavior of system, 
as hydrogen bond was sensitive to interface space. The transmission 
system worked well when the initial gap was in certain range. The gap of 
the transmission system stabilized at about 0.4 nm during the trans-
mission process. For the system with SWCNT (5, 5) motor and grafted 
hydroxyl group, the maximum initial gap that 100% transmission effi-
ciency happened was determined by using bisection method. As shown 
in Fig. 4(a), when the gap was 0.44 nm, the motion of rotor went 
through three phases. The first phase was the oscillation phase, in which 
the rotation frequency of rotor reached about 90 GHz and then 
decreased. The second phase was the oscillation phase, where the rotor 
accelerated rapidly and finally reached 200 GHz at about 600 ps. At last 
in the third phase, the rotor rotated steadily at 200 GHz, which indicated 
the rotor still could achieve 100% transmission efficiency. However, the 
stable rotation frequency of rotor drastically decreased when the gap 
was 0.45 nm. Therefore, the maximum distance for 100% transmission 
efficiency was between 0.44 nm and 0.45 nm. The interface structures in 
two cases during 1580–1630 ps were shown in the inner figures in Fig. 4 
(a), in which two cases were both in stable motion state. The hydroxyl 
groups were close to each other at the case with gap 0.44 nm. However, 

Fig. 4. (a) The rotation frequency of rotor and corresponding interface structure in cases with the initial gap 0.44 and 0.45 nm, respectively. (b) Number of hydrogen 
bonds in two cases. (c) The transmission efficiency of two kinds of simulation system. The left and right figures indicated H-motor and OH-motor, respectively. 
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the hydroxyl groups were relatively far away when the gap was 0.45 nm. 
This implied that hydrogen bonds did not form between interfaces. The 
number of hydrogen bonds in two cases was shown in Fig. 4(b). 
Hydrogen bonds hardly formed in the case with gap 0.45 nm, which 
confirmed the speculation. As a consequence, poor transmission effi-
ciency occurred. 

To determine the range of initial gap in which the efficient trans-
mission could happen, the transmission efficiency was calculated in two 
kinds of systems considering the gap and the diameter of rotor. The 
transmission efficiency was calculated according to the ratio of the 
rotation frequency of motor and rotor. Armchair SWCNT (3, 3), (5, 5), 
(7, 7) and (9, 9) were applied due to the fastest response. Fig. 4(c) 

Fig. 5. The PDOS of rotor during the transmission process. Peak 1–9 was at 6, 9, 12, 18, 24, 42, 46, 54 and 86 THz respectively. (a) The relaxation phase. (b) The 
oscillation phase. (c) The acceleration phase. (d) The stable transmission phase. 
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showed the transmission efficiencies of systems with grafted hydroxyl 
groups and hydrogen atoms. For OH-motors, the transmission effi-
ciencies were all 100% when the gap was between 0.29 nm and 0.44 nm. 
The efficiencies decreased considerably when the initial gap was larger 
than 0.44 nm. However, for H-motors, the transmission occurs when the 
gap was between 0.32 and 0.42 nm. The range was narrower than the 
case with hydroxyl groups. The transmission efficiency was below 32%. 
Besides, unlike OH-motors, the diameter of motor undeniably influ-
enced the transmission behavior. When the motor was SWCNT (3, 3) and 
(7, 7), the transmission efficiency was lower. 

3.4. Energy dissipation and PDOS analysis 

To gain more insights in to the influence of hydroxyl groups on the 
transmission dynamic process, the phonon density of states (PDOS) was 
examined. We focused on the case with the gap 0.44 nm because it was 
close to the point that 100% transmission efficiency broke. The PDOS of 
rotor during the relaxation, oscillation, acceleration, and stable phases 
in this case was analyzed, as shown as Fig. 5. Nine peaks at about 6, 9, 
12, 18, 24, 42, 46, 54 and 86 THz could be observed in Fig. 5(a), (b) and 
5(c). The typical phonon vibration modes are radial breathing mode 
(RBM), D band and G band Raman spectra [55–57], which were 150 
cm− 1(outer tube), 300 cm− 1(inner tube),1350 cm− 1 and 1582 cm− 1, 
respectively. According to the formula k = f/c, where c is the speed of 
light, and f is the frequency, the corresponding frequencies were 4.50, 
9.0, 40.50 and 47.46 THz in CNT. 

Owing to the hydroxyl groups grafted on CNTs, the frequencies were 
slightly shifted in this study. Peaks at about 6 and 9 THz were the RBM of 
outer tube and inner tube. Peaks at about 12 and 18 THz were the 2RBM 
of outer tube and inner tube. Peaks at about 46 and 54 THz were the D 
and G band. Because the carbon nanotubes applied were ideal, the 
amplitude of D band was low. Other peaks were caused by the intro-
duction of hydroxyl groups, in which the peaks at 86 and 42 THz rep-
resented the vibration of O–H and C–O bonds. The peak at 24 THz 
represented out-of-plane bending vibration of O–H bonds. 

In Fig. 5(b), during the oscillation phase, the PDOS of rotor changed 
slightly compared with the relaxation phase. The reason was that the 
situation at this stage was similar. No stable hydrogen bond formed. 
However, when the acceleration phase started, as shown as Fig. 5(c), the 
peaks at about 40 and 86 THz increased obviously, which implied that 
the vibration of C–O and O–H increased, and more energy dissipated 
from the vibration of hydroxyl groups. In the stable transmission phase, 
the rotor rotated at the same frequency as motor. The vibration of atoms 
could be ignored during the constant rotation. 

4. Conclusions 

The influence of hydroxyl groups and hydrogen atoms on the 
transmission efficiency and the response of rotor has been investigated 
by molecular dynamics simulations. The transmission efficiency reached 
100% in the system grafted with hydroxyl groups, which was much 
more efficient than the systems with hydrogen atoms on both ends of 
motor and rotor. Moreover, the response was faster and more stable. The 
better performance might be attributed to the stronger interactions on 
the interface. Owing to the electrostatic interaction between hydroxyl 
groups on motor and rotor, hydrogen bonds were formed between in-
terfaces, which was much stronger than van der Waals forces. 

For OH-motors, 100% transmission occurred in a large of range of 
carbon nanotubes with different chiral angles with the best performance 
at zero (zigzag) and 30◦ (armchair). The diameter of motor had small 
influence on the dynamic behavior of rotor. The initial gap considerably 
influenced the transmission process. For OH-motors, 100% transmission 
occurred when the gap was between 0.29 and 0.44 nm, and the 
conclusion was valid for the motor with diameters in a large range. As a 
comparison, for the system with hydrogen atoms, the stable trans-
mission happened when the initial gap was between 0.32 and 0.42 nm 

with a transmission efficiency below 32%, much smaller than that of 
hydroxyl groups. The phonon density of state analysis for the rotor with 
the initial gap of 0.44 nm illustrated the existence of strong C–O and 
O–H vibration, indicating that hydrogen bonds were formed between 
interfaces. The energy dissipated and transmitted through the vibration 
of hydroxyl groups. Our results showed that grafted hydroxyl groups 
could be an effective way to improve transmission efficiency. 
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