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Abstract 

In this study we use molecular dynamics (MD) simulations to describe the nanopumping process 

of Boron Nitride Nanotube (BNNT) with fullerene molecule displacement for the first time. 

Technically, for the simulation of BNNT and fullerene structures, we used Tersoff force-field. The 

result of the equilibrium process of these structures shows the excellent stability of them which 

this atomic behavior arises from the appropriate settings in our MD simulations. Further, to 

describe the BNNT nanopumping process, we calculate the velocity and translational/rotational 

kinetic energy of fullerene molecule. Numerically, by increasing of simulated structures 

temperature from 275 K to 350 K, the nanopumping time varies from 9.31 ps to 8.55 ps, 

respectively. Further, the atomic wave producing in BNNT is an important parameter for 

nanopumping process and we decrease the nanopumpint time to 7.79 ps by this atomic parameter 

optimization. 

Keywords: Nanopumping, Boron-Nitride Nanotube, Fullerene, Drug Delivery, Molecular Dynamics. 

 

Nomenclature 
Fij,        interatomic force between atoms i and j (eV/Å); 
Vij,        interatomic potential (eV); 
m,         atomic mass (u); 
rij,         atomic distance between atoms i and j (Å); 
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t,           simulation time (ps); 
v           atomic velocity (Å/ps); 
f,           frequency of atomic oscillation (1/ps); 
A0,        amplitude of atomic oscillation (Å); 
R,         distance parameter in Tersoff potential (Å); 
D,         distance parameter in Tersoff potential (Å); 
A,         energy parameter in Tersoff potential (eV); 
B,         energy parameter in Tersoff potential (eV); 
 
Greek symbols 
λ1,        distance parameter in Tersoff potential (1/Å); 
λ2,        distance parameter in Tersoff potential (1/Å); 
Δt,        molecular dynamics time step; 
 

1. Introduction 

Nanotechnology is the manipulation of structures on a nanometric scale. The first 

widespread definition of this technology referred to the particular practical goal of 

optimizing atoms for production of macro-scale applications [1-2]. Boron-Nitride 

Nanotube (BNNT) is one of the promising materials for various nanotechnology aims [3-

4]. These nanostructures are a polymorph of boron nitride mixture. Historically, BNNTs 

were introduced in 1994 and produced in 1995 for the first time [5]. Structurally, these 

nanostructures are similar to common carbon nanotubes (CNTs), which are atomic 

cylinders with nanometric size, except that C atoms are substituted by N and B atoms [6-

8]. However, the physical behavior of BN nanotubes are different. BNNTs have attractive 

properties, when compared to CNTs, providing an extensive range of scientific and 

industrial applications [9]. Mechanically, BNNTs and CNTs have similar strength 

properties of circa 100-times stronger than steel [10]. So this material can be used to 

transfer of nanostructures. Further, toxicological researches on BNNTs conducted in the 

recent years seem to show that the enhanced chemical inertia of BNNTs favors 

biocompatibility. As a result, their use in the medical aims [11-14]. For example, these 

nanostructures have been used as a nanometric apparatus for drug delivery process and 

formed the basis of the new branch in situ human organ pressure detection [15-16]. In 

previous researches, Xu et al. [17] reported that drug structures could bind to the BNNTs 

surface stably with atomic interactions. The drugs can then be delivered directly into the 
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cells for cancer treatment. Shayan et al. [18] described that the physical properties of the 

armchair BNNTs interacted with the 5-FU drug, as an anticancer drug, at the B3LYP/6-

31G(d,p) level of theory. The results of this study show that the encapsulation and 

adsorption of 5-FU molecule on the BNNTs surface are favorable processes. Khatti et al. 

[19] investigated a drug delivery system based on BNNTs, particularly the delivery of 

platinum-based anticancer drugs. For this propose, the behavior of carboplatin drugs 

inserted in BNNT as a carrier was studied. The results of this report show promising 

behavior of BNNT structure for delivery of platinum-based drugs. Technically, 

nanopumping process is one of the common ways to drug delivery procedure in various 

nanotubes. Atomic pumping process can be done effectively by BNNT structure because 

of the van der Waals interaction between external atoms and this structure. In this nanoscale 

mechanism, the inserted atoms to BNNT would prefer to stay inside this nanotube [20-23]. 

Physically, there is an energy barrier preventing an encapsulated inserted atoms inside an 

atomic structure from coming out of the nanotube [24]. Today, researchers need to 

introduce an effective actuation mechanism to eject the atoms out of the BNNT for various 

aims such as biomedicine applications. Molecular Dynamics (MD) method is one of the 

important methods in the study of various nanostructures behavior [25-28]. Theoretically, 

nanostructures consist of a vast number of atoms, and it is impossible to estimate the 

properties of such computationally large structures, analytically. Computational methods 

such as MD simulations used for this purpose. In other researches, this computational 

method used for study of CNTs nanopumping process [29-30]. However, BNNTs 

nanopumping behavior don’t reported in previous MD reports. In this work, we used this 

computational approach to study of nanopumping process of BNNT structure. For this, we 

propose to actuate wave propagation in a BNNT by Cu (Copper) oscillating tips and 

demonstrate the nanopumping process of a C20 molecule (fullerene) via an ideal BNNT. 

 

2. Computational Method 

In this computational work, we used Large Scale Atomic/Molecular Passively Simulator 

(LAMMPS) to demonstrate the BNNT performance as nanopumping structure [31-32]. In 
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other words, by using this MD simulation package, BNNT and C20 atomic structures 

simulated as figure 1. Computationally, in depicted structure, periodic boundary conditions 

implemented in x-direction and fix one used for y and z directions [33]. Next, Nose-Hoover 

thermostat used to temperature equilibrates of the simulated system [34-35]. This 

computational thermostat equilibrates the BNNT and C20 temperature at 300 K with 0.1 

damping rate. 

 

Figure. 1. Schematic of BNNT, C20 and Cu tips arrangement in MD simulation box. 

 

Interatomic force-field is a significant parameter in MD simulations. To simulate the 

atomic structures in our computational study, we use Tersoff force-field [36-37]. 

Theoretically, this computational function defined as below [37]: 𝐸 = 12 ∑ ∑ 𝑉𝑖𝑗𝑗≠𝑖𝑖                                                                                                                 (1) 𝑉𝑖𝑗 = 𝑓𝐶(𝑟𝑖𝑗)[𝑓𝑅(𝑟𝑖𝑗) + 𝑏𝑖𝑗𝑓𝐴(𝑟𝑖𝑗)]                                                                                     (2) 

Where, fR is a two-body term and fA includes three-body interactions. The summations in 

the equation (2) are over all neighbors j and k of an atom i within a cutoff distance. 

Computationally, fC, fR, and fA constants can be expressed as below equations: 𝑓𝐶(𝑟) = 12 − 12 sin(𝜋2 𝑟−𝑅𝐷 )                                                                                                               (3) 
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𝑓𝑅(𝑟) = 𝐴𝑒𝑥𝑝(−𝜆1𝑟)                                                                                                                   (4) 𝑓𝐴(𝑟) = −𝐵𝑒𝑥𝑝(−𝜆2𝑟)                                                                                                                (5) 

in these equations, R and D have the distance dimension, A and B have the energy 

dimension, and λ1 and λ2 have the 
1distance dimension. These constants value in our MD 

simulations reported in Table 1. 

 

Table. 1. The Tersoff potential parameters in our MD simulations [37]. 

Interaction Type R(Å) D(Å) A(eV) B(eV) λ1(1/ Å) λ2(1/ Å) 

B-N-C 1.95 0.05 1380.0 340.00 3.568 2.199 

 

Further, Cu atoms interaction described by Embedded Atom Model (EAM) which defined 

as below [38-39]: 

 𝐸𝑖 = 𝐹𝛼(∑ 𝜌𝛽(𝑟𝑖𝑗)𝑖≠𝑗 ) + 12 ∑ 𝜑𝛼𝛽(𝑟𝑖𝑗)𝑗≠𝑖                                                                           (6) 

Where, F is the embedding energy which is a function of the atomic electron density ρ, φ 

is a pair potential interaction, and α and β are the element types of atoms i and j. Finally, 

the atomic interaction between defined structures described with Lennard Jones function 

by using DREIDING information for various elements [40]. After determining interatomic 

force-fields to various structures, MD simulation process was fulfilled. Theoretically, to 

describe the atoms time evolution in the simulation box, Newton’s law is used as the 

gradient of force-field function [41]: 

 
2

2
i i

i ij i i

i j

d r dv
F F m m

dt dt

= = =                                                                                                         (7) 

  
ij ij

F grad V= −                                                                                                                                                                                            (8) 

In equations (7) and (8), integrate of the Newton law is done by the Velocity-Verlet 

algorithm as below [42-43]: 

( ) ( ) ( ) ( ) ( )2 41
2

r t t r t v t t a t t O t+  = +  +  +                                                                                 (9) 
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( ) ( ) ( ) ( ) ( )2

2

a t a t t
v t t v t t O t

+ + 
+ = +  +                                                                             (10) 

Where r(t+Δt) and v(t+Δt) is the atomic position and velocity in t+Δt, respectively. Finally, 

according to the reported descriptions, MD simulations in this computational study carried 

out in below main steps:  

Step A: Initial BNNT/C20 and Cu tips simulated with Tersoff and EAM interatomic force-

fields, respectively. After this simulation process, atomic structures equilibrated by Nose-

Hoover thermostat for 10 ns. For this purpose, MD simulation temperature set at 300 K 

and the atomic behavior of atomic mixtures reported by the temperature and potential 

energy of them. 

Step B: Next, BNNT nanopumping process simulated by Cu tips oscillation. For 

nanopumping process study, physical parameters such as velocity, transitional/rotational 

component of kinetic energy for C20 molecule reported. In this step of our computational 

study, the effect of: a) MD simulation temperature and b) amplitude/frequency variation of 

Cu tips oscillations on BNNT nanopumping process reported. 

 

3. Results and Discussion 

3.1. Equilibration Process of Atomic Structures 

In the first step, the equilibrium process of simulated structures including BNNT, C20 and 

Cu tips studied at initial temperatures (T=275 K, 300 K, 325 K, and 350 K). Our MD results 

show that, the atoms arrangement in the simulated system adopted with defined force-

fields. This physical phase of structures reported by the temperature and potential energy 

calculation. From figure 2, we can say the simulated structures temperature changes as a 

function of simulation time and converged to initial temperature after 1 ns. Physically, this 

physical equilibrium arises from atomic oscillation reducing over MD simulation time. 

Furthermore, figure 3 shows the potential energy of atomic structures as a function of MD 

simulation time. From this figure, the potential energy converged to -9224 eV after 

10000000-time steps at T=275 K. By temperature increasing, the atomic structures don’t 
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disrupt and equilibration phase can be detected after 10 ns. By further analyzing, we 

conclude the atomic stability of simulated structures decreases by temperature changes 

from T=300 K to T=350 K. Numerically, by temperature increasing, the potential energy 

decreases to -9218 eV, -9213 eV and -9208 eV which this atomic behavior arises from 

atomic fluctuations in MD simulation box. Physically, by atomic fluctuation increasing, 

the mean distance between various atoms increases and by this phenomenon occur, 

potential energy/atomic stability decreases. 

 

Figure 2. Temperature variation of BNNT, C20 and Cu tips as a function of MD simulation time. 
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Figure 3. Potential energy variation of BNNT, C20 and Cu tips as a function of MD simulation time. 

 

3.2 Nanopumping Process in BNNT Structure 

In this step, pristine atomic arrangement improved by two Cu tips (up and down) oscillation 

for nanopumping process simulation. Computationally, for BNNT nanopumping process 

describing, velocity and kinetic energy of C20 molecule reported. Figure 4 shows the time 

evolution of simulated structure after 10 ps. This atomic behavior arises from Cu tips 

oscillation with 1.75 Å magnitude and 0.50 THz frequency in the below equations: 

Ytop = A0sin(2πft)                                                                                                                  (11) 

Ydown = -A0 sin(2πft)                                                                                                            (12) 

As shown in figure 4, the fullerene molecule is inserted inside next to the atomic tips at the 

end of the nanotube. As the Cu tips oscillate, these structures actuated wave push the 

fullerene molecule to move in z-direction due to the repulsive interaction between the C20 

molecule and the BNNT atoms. Numerically, the position of C20 molecule varies from 0 Å 

to 100 Å in z-direction after 8.99 ps. This atomic behavior comparable with previous 

theoretical works and show the correctness of our MD simulation method [44-45]. 
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Figure 4. Time evolution of nanopumping process in BNNT at a) t=1 ps, b) t=4 ps, c) t=6 ps, and d) t=10 

ps. 

Theoretically, from the time evolution of C20 molecule inside BNNT, we conclude the MD 

simulation time is long enough to the nanopumping process occur. After this atomic 

procedure, the velocity and kinetic energy of fullerene reported in figures 5 and 7, 

respectively. The atomic velocity of fullerene shows that, the atomic waves are increased 

by simulation time passing, and push fullerene in the direction of the wave propagation. 

Numerically, the C20 molecules reach to the right end of BNNT after 8.99 ps. Finally, the 

carbon structure ejected out of the BNNT and nanopumping process completed after 0.32 

ps later (9.31 ps). Physically, nanopumping process consists of 2 main steps to push the 

fullerene inside the BNNT. These steps can be described by calculating the C20 molecule 

velocity as a function of MD simulation time and temperature, as depicted in figure 5. From 

our calculations at T=275 K, we conclude the maximum value of C20 acceleration occurs 

in the 0 to 734-time steps, and this molecule velocity reaches to 1211 m/s. After this atomic 

phase, the C20 molecule continues to accelerate at a lower value for the 4200-time steps 

and velocity value of fullerene reach to 1682 m/s. In the next phase, fullerene velocity 

gradually reduced to 1375 m/s upon to right end of the BNNT before being ejected out of 

the nanotube. So in nanopumping process, the fullerene velocity first increases and then 

decreases which this atomic behavior arises from interatomic bonds between C20 molecule 

and BNNT. Despite the C20 velocity decreasing, this structure has sufficient value of kinetic 

energy to overcome the energy barrier of the atomic nanotube end. Numerically, the 

fullerene molecule speed after the ejection process is 448 m/s which this atomic value can 

be important for biomedical applications such as drug delivery process. 
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Figure 5. Velocity of C20 molecule during the nanopumping process as a function of simulation time 

steps in various initial temperature. 

Further, our MD simulation results showed the C20 molecules has a rotational motion in 

nanopumping process, and this atomic structure simultaneously rotates as it translates in 

the z-direction. To observe the rotational motion of fullerene inside the BNNT structure, 

images of C20 displacement depicted in figure 6. So, through the interaction between carbon 

atoms and BNNT, the nanotube wave transfers the energy into the fullerene in 

translational/rotational components as depicted in figure 7 (T = 275 K). We conclude, when 

the fullerene rotates with high velocity, the translational motion along the z-direction 

disrupted which this atomic behavior arises from translational velocity decreasing. Thus, 

in biomedicine applications such as drug delivery, it is crucial to minimize the rotational 

energy (rotational velocity) of target material in order to increase translational energy and 

to increase the nanopumping efficiency. 
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Figure 6. Evolution of C20 molecule in BNNT as a function of simulation time in successful 

nanopumping process (side view). 
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Figure 7. Comparison of a) translational and b) rotational component of C20 kinetic energy in successful 

pumping process for various initial temperatures. 

 

As shown in figure 8, the temperature of simulated structures is an important parameter in 

nanopumping process. For describe of this parameter effects on BNNT nanopumping 

process, the initial temperature of structures set to T=275 K, T=300 K, T=325 K, and 

T=350 K. Physically, by temperature increasing the translational velocity and so, 

nanopumping efficiency decreased. This atomic behavior arises from atomic fluctuations 

increasing by temperature changes from 275 K to 350 K. Numerically, the temperature 

increases to 350 K  the nanopumping process occur after 9.31 ps. By more temperature 

increasing and reach to 400 K, the nanopumping process disrupted and this atomic process 

get unsuccessful (see figure 8). Thus we conclude, the nanopumping process delayed with 

temperature increasing. The numerical results of MD simulations in this step of our study 

reported in Table 2. 

Table 2. The maximum value of translational/rotational kinetic energy and translational velocity of 

fullerene as a function of MD simulation temperature. 

Temperature(K) Transitional Energy 

Maximum(eV) 

Rotational Energy 

Maximum(eV) 

Translational Velocity 

Maximum(m/s) 
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275 3.65 0.222 1871 

300 3.41 0.190 1708 

325 3.02 0.185 1431 

350 3.94 0.181 1202 

 

 

 

Figure 8. BNNT and fullerene atomic positions in a) t=2 ps and b) t=10 ps (final step) of unsuccessful 

nanopumping process at T=400 K. 

Because the efficiency of nanopumping can be manipulated with Cu tips oscillation,  

amplitude and frequency of up and down tips optimized in the final step of this work. We 

simulate the nanopumping process for various Cu tips amplitude and frequencies which 

some of the MD simulation results reported in figure 9. Our MD simulations show the 1.75 
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Å amplitude of oscillation for BNNT is appropriate value in nanopumping process. 

Physically, if the Cu atoms oscillation amplitude get too large (A>2.75 Å), it causes the 

upper and lower regions of the BNNT to form bond and the Cu tips oscillation leading to 

breakdown of actuation. Further, the optimized value for Cu tips oscillation frequency is 

0.75 THz. Our results show that, if the Cu tips oscillation frequency get lower than 0.50 

THz, C20 molecule exhibits large rotational energy and nanopumping process get 

unsuccessful. If the frequency get higher than 2.25 THz, no effective atomic wave can be 

detected in the BNNT, and it takes a long time to complete the nanopumping process. 

Finally, our MD results show the Cu tips oscillation with A=1.75 Å amplitude and f=0.75 

THz frequency is optimized values for nonpumping process in BNNT as depicted in figure 

10. 

 

Figure 9. Successful and unsuccessful nanopumping process for the various value of atomic tips 

amplitude and frequency. 
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Figure 10. Comparison of the a) translational and b) rotational components of C20 molecule kinetic 

energy in optimum condition for BNNT nanopumping process. 

 

4. Conclusion 

In this study, we use molecular dynamics (MD) method to describe the nanopumping 

process in Boron-Nitride nanotube (BNNT) structure. Technically, this atomic process 

detected by C20 molecule time evolution in various temperature. Our computational results 

from MD simulations are as following: 
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A. Embedded Atom Model (EAM) and Tersoff interatomic force-fields are the 

appropriate functions to MD simulation of BNNT nanopumping process. 

B. By increasing the temperature of simulated structures from 275 K to 350 K, the 

nanopumping process occurs in larger simulation time. 

C. Temperature variation is an important parameter in nanopumping process and this 

atomic procedure can be disrupted by a large increase in initial temperature. 

D. Numerically, the CNT nanopumping process optimized by using 1.75 Å and 0.75 

THz values for amplitude and frequency of atomic tips oscillation. 

E. Atomic tips frequency changes can be disrupted of nanopumping process. 

Numerically, this atomic process failed for f>2.25 THz.  

F. Atomic tips amplitude changes can be disrupted of nanopumping process. 

Numerically, this atomic process failed for A>2.75 Å.  

These MD simulation results were shown the physical parameters such as: atomic 

temperature and amplitude/frequency of Cu tips oscillation are essential in BNNT 

nanopumping process and by these parameters optimization, nanopumping process of 

BNNT can be enhanced considerably. 
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