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a b s t r a c t

Nano-pump is a breakthrough that allows a tiny pump to transfer mass inside the atomic

channels. These nanostructures can be used in various applications, such as drug delivery

systems in clinical cases. Carbon nanotube (CNT) performance as a nano-pump sample

was introduced here. For this purpose, Molecular Dynamics (MD) approach, and external

heat flux/electric field effect on nano-pump performance were reported. Hence, various

physical parameters, such as nano-pumping time, potential/kinetic energy, stress and

entropy were reported to describe the nano-pumping performance of CNT samples.

Technically, nano-pumping performance was detected by fullerene (C20) molecule

displacement inside the NT. The MD outputs indicated by the heat flux implemented inside

CNT, nano-pumping process effectively occur. The results show that by increasing the heat

flux amplitude ratio from 0.1 to 0.5 W/m2, the displacement time of C20 molecule decreased

from 7.49 to 6.96 ps. By amplitude enlarging, the kinetic energy of defined sample

converged to 5.70014 eV. This procedure caused more atomic collisions inside the NT, and

the nano-pumping process occurred in a smaller time. Furthermore, the electric field

caused the nano-pumping process to be delayed in modeled systems. Numerically, by

increasing the electric field, the nano-pumping process occurred after 7.85 ps. Increasing

the electric field decreased the mechanical wave produced via Cu tip oscillation. This

evolution caused the atomic force, and stress on the target particle converged to a lesser

value, and the lattice stress value of modeled sample reached 2.12662 � 106 bar.
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1. Introduction

Carbon has many derivatives with different applications in

different area [1e6]. One of the most important derivatives of

carbon, which has received a lot of attention in the economy

and technology, is carbon nanotubes (CNTs) which were used

in different applications [1e3]. These NT, hollow cylinders of

carbon atoms, were first produced in 1992 by two researchers

[7]. CNTs are carbon allotropes consisting of fullerene and

graphene, which are divided into single-walled CNTs

(SWCNTs) andmulti-walled CNTs (MWCNTs) categories based

on the number of their graphic shells. By increasing the sci-

ence and technology, carbon NTs were studied and usedmore

and more in the electrical, physical, chemical, etc., fields in

terms of their unique structure. These carbon NTs had high

tensile strength [8], acceptable electrical and thermal con-

ductivity [9e11], high corrosion resistance biocompatibility,

etc and used in different appliactions such as oxygen reduc-

tion reaction catalysts [12], batteries [13] and etc. Regarding

their low toxicity, it was used in the biological systems, drug

delivery, and cancer treatment. These NTs can minimize side

effects in the field of cancer treatment. These carbon NTs can

target specific cells without harming others and destroy them

using a lower dose of medicine [14e16]. These NTs have suc-

cessfully transformed nanotechnology, so that this NT is used

in the field of water and air purification [17].

Much research was done on CNTs, and their many ap-

plications, some of which are discussed below. For instance,

Talla et al. [18] investigated the effect of doping on the pris-

tine double-walled boron nitride NTs and evaluated them in

different situations. This study's results showed that in the

doped double-walled boron nitride NTs, the electronic prop-

erties depend on the doping location. Shao et al. [19] created

Naþ and Kþ hydration process using the molecular dynamics

(MD) simulation method. This process happened inside CNT

at a temperature of 298 K. The research's results on five CNT

structures made it clear that the narrow CNT structures with

the diameters of 0.60 and 0.73 nm were the most favourable

energy to confining a hydrated Kþ inside. While the situation

inside wide CNTs with the diameters of 0.87, 1.0 and 1.28 nm

showed the opposite results. MarinaIl'ina et al. [19] showed

that the concentration of pyrrolic nitrogen determined the

unusual piezoelectric properties of CNTs doped with nitrogen

using the MD method. This study showed that the increase in

the concentration of pyrrolic nitrogen had a direct relation-

ship with the magnitude of the piezoelectric strain coefficient

of CNTs, and the magnitude of current produced during the

deformation of CNTs. Rather et al. [20] studied the hydrogen

storage of purified MWCNTs and Ti-decorated MWCNTs. This

study shows that the storage improvement process in the

composite hydrogen was 13 and 15 times higher than in the

virgin sample. Eyvazian et al. [21] examined the effect of

geometrical parameters, such as diameter, length and
chirality on mechanical properties of CNT structure using a

combined MD, and finite element method. The results

showed that in examining the structure due to the elasticity,

the diameter of NT had a greater effect on the structure than

the length of NT. Su et al. [22] examined the transportation of

different nanoparticles inside a nanochannel with a

hydrophobic-hydrophilic coating by the MD simulation. The

results show that the cationic nanoparticles had a higher

diffusion coefficient than the anionic nanoparticles. Su et al.

[23] examined the transportation of different nanoparticles

and ions inside a nanochannel by the MD simulation. The

results show that increasing the salt concentration could

affect the transportation of nanoparticles. As the external

field increased, the ion flux increased and the nanoparticles

flux decreased. Su et al. [24] examined the transportation of

nanoparticles inside a polymer nanochannel by the MD

simulation. The results show that the transfer time of

nanoparticles inside the nanochannel becomes longer by

increasing in the length of polymer. They showed that as the

amount of charge increased, the nanoparticles flux

increased.

In the previous articles, some of the numerous properties

of CNTs were stated. The present study investigated the effect

amplitude of heat flux and electric field on the nano-pumping

process in CNTs. To study the nano-pumping performance of

C20 molecules, the change in lattice stress, potential energy,

entropy, kinetic energy, and displacement time of C20 mole-

cules was studied. For this purpose, the amplitude of heat flux

was considered at 0.1,0. 2, 0.3, and 0.5 W/m2 magnitude.

Moreover, the external electric field was considered with 0.02,

0.04, 0.0.6, 0.08, and 0.10 V/�A magnitude.
2. Simulation and method

2.1. Molecular dynamics

The nature of a substance can be studied by searching the

structure, and movement of its components. On the other

hand, only stable compounds (structures) under present

conditions can be analyzed using the experimental tech-

niques. In contrast, computational methods go one step

further and can analyze unstable compounds and even com-

pounds that are still unknown. Therefore, the MD method is

used, a widely used computational analysis method in

chemistry, physics, biology and other experimental sciences

[25]. More precisely, the MDmethod is a computer-dependent

method that can analyze the physical movement of atoms

and molecules. In this method, a position can be created for

the atoms that make up a system so that these atoms can

interact with each other for a certain period. Hence,molecular

systems should generally consist of many particles. There-

fore, the characteristics of complex systems cannot be

analytically obtained. But, molecular dynamics simulation
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Table 1 e The values of εij and sij coefficients for all
present particles [32,33].

Particle's type ε (kcal/mol) s (�A)

C 0.105 3.851

Cu 0.005 3.495

Fig. 1 e Computational algorithm in current computational

research.
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has solved this problem using the computational method. MD

method performs the analysis process as a step-by-step nu-

merical solution of Newton's equation of motion in a molec-

ular system. It uses Newton's second law to find the path of

the movement of particles relative to real-time. Newton's
second law is explained below.

F¼ma ¼ m
dV
dt

¼ m
d2r
dt2

(1)

In Eq. (1), r, F a, and m shows the position of each atom, the

force acting on each atom, the acceleration of each atom, and

the mass, respectively. Moreover, the force used to the parti-

cles can be obtained via the potential function in the form of

Eq. (2).

F¼ � dUðrÞ
dr

(2)

The difference between this equation, and previous equa-

tion is that in this equation, the force applied to the particles

depended on the position of atoms in each other in addition to

the potential energy. In Eq. (2), U(r) showed the force field of all

potential energy equations. In the previous part of this review,

it was found that the force applied to the particles caused them

to move from their initial position. The particle movement

pattern and displacement rate were studied in this part of MD

method. In the MD method, the analytical description of par-

ticle motion was not an impossible process, but a difficult

process. This process was done using the velocity-

Verlet algorithm, one of the most common integral methods of

Newton's equations of motion. This algorithm, an integral

method, calculated the displacement rate of particles in theMD

method using two Taylor series. The velocity-Verlet algorithm

is as follows [26e28]:

rðtþDtÞ¼ rðtÞþDt vðtÞ þ Dt2a ðtÞ
2

(3)

vðtþDtÞ¼ vðtÞþDt vðtÞ þ Dt ða ðtÞ þ aðtþ DtÞÞ
2

(4)

In the previous part of this issue, it was stated that the mo-

lecular structure consisted of an infinite number of particles

that exerted force on each other based on their position. In this

part of the MD method, which was the longest part of the MD

method due to calculation, the effect of the force of particles on

each otherwas studied. The calculation of interatomic forces is

often done using a mathematical function, and the results of

this study were compared with the experimental characteris-

tics. Lennard-Jones (LJ) potential and Tersoff studied the

interaction among the particles [29e31]. LJ potential function is

a simple mathematical model. This potential function

described the interaction between two particles (atoms or

molecules). This function is displayed below [31]:

ULJ ¼4ε

��s
r

�12
�
�s
r

�6
�

(5)

In Eq. (5), εij is the depth of potential, sij is the diameter of

particles above which the potential became zero, and r is the

distance of the particles from each other. The equations that

determined the values of εij and sij,respectively are given

below.
εij ¼ ffiffiffiffiffiffiffi
εiεj

p
(6)

sij ¼
si þ sj

2
(7)

The values of εij and sij coefficients for all present particles

are reported in Table 1.

In this part, we will examine Tersoff potential, which is the

most suitable for carbon and silica particles. The Tersoff po-

tential function is shown below [34]:

E¼ 1
2

X
i

X
jsi

Uij (8)

Uij ¼ fC
�
rij
�	
aijfR

�
rij
�þbijfA

�
rij
�


(9)

This potential consists of three terms: fA (repellent
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interaction), fR (absorbent interaction), and fc(r). In the

following, the overall shape of this structure was studied.

fRðrÞ¼A expð�l1rÞ (10)

fAðrÞ¼ � B expð�l2rÞ (11)

fCðrÞ¼

8>>><
>>>:

1

1
2
� 1
2
sin

�
p

2
r� R
D

�

0

r<R� D
R� D< r<Rþ D
r>Rþ D

(12)

where, A, B, l1, and l2 are the potential constants. Our used

algorithm in current research is depicted in Fig. 1.
Fig. 2 e A schematic of the nano-pumping
Computationally, our MD outputs are calculated 5 times by

this computational algorithm, and the average ratio of them is

reported. So, we can say the computational errors in current

simulations are excluded from our research.

2.2. Simulation details

In this part of the present study, the details of MD simulation

are discussed. These structures were modeled by various

software under initial hypothetical conditions, such as a time

step of 1 fs, simulation time of 8 ps and initial temperature of

300 K in a simulation box with the dimensions of

60 � 80 � 210 nm3. CNT was modeled with a zigzag edge, a

length of 134 nm, and a diameter of 10 nm using VMD
process at a) 0, b) 2.5, c) 5, d) 7.5 ps.

https://doi.org/10.1016/j.jmrt.2023.06.001
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Fig. 3 e The change in lattice stress of C20 molecule flux in

terms of a) simulation time and b) heat flux amplitude.
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software. In the next step, C20 molecule was modeled using

LAMMPS software. Furthermore, the simulated structures

were packed together using Packmol software. Finally, in the

last step of modeling the structure, two Tips with cooper type

and the dimensions of 8 � 8 � 20 nm3 were modeled on both

sides of the NT (Y-direction). The boundary conditions are

periodically considered in all directions, and the temperature

of simulated structure was controlled using NVT ensemble

and Nose-Hoover thermostat. A schematic of the nano-

pumping process is represented in Fig. 2.

In the following, the nano-pumping process was studied in

the presence of external heat flux with different amplitudes
Table 2 e The change in lattice stress, potential energy,
and entropy of structures with increasing amplitude of
external heat flux.

Amplitude
(W/m2)

Lattice Stress
(106 bar)

Potential
energy (eV)

Entropy
(eV/K)

0.1 4.89643 �110.18001 412.27935

0.2 7.05342 �109.93102 411.42874

0.3 8.66073 �109.6423 405.82218

0.5 15.0492 �109.34472 401.87414
(with 0.1,0. 2, 0.3, and 0.5W/m2 magnitudes), and frequency of

10 ps�1. Technically, we used ‘fix heat’ command in the

LAMMPS package. This setting in all simulations added non-

translational kinetic energy (heat) to a group of atoms in a

manner that conserved their aggregate momentum [35].

Finally, the external electric fields with 0.02, 0.04, 0.0.6, 0.08,

and 0.10 V/�A magnitude were considered to study the nano-

pumping process.
3. Results and discussion

3.1. The effect of EHFF

This part studied the effect of variable heat flux amplitude on

the nano-pumping process of C20 molecule in the CNT. Cu tips

in this arrangement caused mechanical wave production in-

side the NT and C20 molecule as target mass displaced.

Moreover, external heat flux with various amplitudes was

inserted inside the MD box. The amplitude ratio of this

external parameter varied from 0.1 to 0.5W/m2, and the nano-

pumping performance of defined atom-base system was
Fig. 4 e The change in potential energy of C20 molecule in

terms of a) simulation time and b) heat flux amplitude.

https://doi.org/10.1016/j.jmrt.2023.06.001
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Fig. 5 e The change in entropy of the C20 molecule in terms

of a) simulation time and b) heat flux amplitude. Fig. 6 e The change in the kinetic energy of the C20

molecule in terms of a) simulation time and b) heat flux

amplitude.

Fig. 7 e The change in displacement time of C20 molecule

by increasing amplitude of external heat flux.
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described. Amplitude enlarging causedmore atomic collisions

inside the NT and the nano-pumping process occurred in a

smaller time. The MD outputs predicted atomic stress

increased by amplitude enlarging. Fig. 3 shows the change in

lattice stress of C20 molecule by increasing amplitude of

external heat flux. This evolution caused C20 molecule to be

effectively pushed inside atomic tube. Numerically, the lattice

stress parameter's maximum ratio reached 15.0492 � 106 bar

in the designed process. Our calculated results in this

computational step are reported in Table 2.

Potential energy changes ofmodeled samples as a function

of heat flux amplitude are reported in Fig. 4. As shown in this

figure, the potential energy converged to a negative ratio by

increasing the amplitude. This atomic performance arose

from the atomic fluctuation increasing of target molecule in-

side the MD box. Potential energy changes in the modeled

atomic systems can analyze this type of particle-base evolu-

tion. As shown in Fig. 4, external heat flux caused the potential

energy of simulated compounds to converge to a larger

negative ratio. This performance caused a larger interatomic

force to be inserted into particles and displaces of defined

fullerene molecule in a smaller time. Numericlly, the

maximum ratio of potential energy converged to �109.34 eV.

This described process caused the atomic mobility of samples

https://doi.org/10.1016/j.jmrt.2023.06.001
https://doi.org/10.1016/j.jmrt.2023.06.001


Table 3 e The change in kinetic energy and displacement
time of C20 molecule by increasing amplitude of external
heat flux.

Amplitude
(W/m2)

Kinetic
energy (eV)

Displacement
time (ps)

0.1 4.74984 7.49

0.2 5.01717 7.26

0.3 5.24852 7.11

0.5 5.70014 6.96
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increases. But, the physical stability of the CNT-C20 system

didn't decrease, and the introduced procedure could be

implemented in actual applications.

The entropy changes of samples are reported in Fig. 5.

From this calculation, we can say the entropy and disorder of

compounds did not effectively change by heat flux inserting

inside theMD box, and this parameter converged to 401.87 eV/

K numerical outputs in this section are reported in Table 1.

This calculation showed CNT-C20 samples promising perfor-

mance for the mass transfer process in actual cases.

The increasing atomic mobility can be described by nano-

pumping time and kinetic energy variation. Fig. 6 shows this
Fig. 8 e The change in lattice stress of the C20 molecule in

terms of a) simulation time and b) electric field.
parameter changes as a function of heat flux amplitude. The

defined sample's kinetic energy converged to 5.70014 eV by

enlarging amplitude to 0.5 W/m2. By this atomic evolution

occurred, mass transfer was effectively detected. Physically,

the kinetic energy of fullerene molecules arose from the

atomic collision between buck ball and CNT systems.

The time of nano-pumping clearly showed the heat flux

effect on the defined process. The displacement time of C20

molecule changes as a function of external heat flux and

simulation time depicted in Fig. 7. Our calculated ratios pre-

dicted C20molecule exited from ideal CNT after 6.96 ps by heat

flux amplitude increasing to 0.5 W/m2. This time ratio was

consistent with previous reports and validates our numerical

method settings in this research [36,37]. As shown in Fig. 7,

this timewas sufficient for the displacement of C20 molecules.

So, we can say that nano-pumping performance for indus-

trial/clinical purposes on a nano-scale can be improved by

heat flux inserted into a pristine system. Our numerical re-

sults for kinetic energy and nano-pumping time as a function

of heat flux are listed in Table 3.

3.2. The effect of increasing electric field

The results show that the nano-pumping process had the best

performance in variable heat flux with an amplitude of 0.5 W/
Fig. 9 e The atomic arrangement changes in defined

system a) before and b) after 3 ps in presence of 0.1 eV

electric field.

https://doi.org/10.1016/j.jmrt.2023.06.001
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Fig. 10 e The change in potential energy of the C20

molecule in terms of a) simulation time and b) electric field.

Table 4 e The change in lattice stress, potential energy,
and entropy of structures by increasing the electric field.

Electric
Filed (V/�A)

Stress
(106 bar)

Potential
energy (eV)

Entropy
(eV/K)

0.02 8.76038 �109.61191 405.48949

0.04 7.76756 �109.72249 406.32566

0.06 5.0713 �109.91133 407.26806

0.08 3.26794 �109.93534 408.26557

0.10 2.12662 �110.0974 409.88801

Fig. 11 e The change in entropy of the C20 molecule in

terms of a) simulation time and b) electric field.
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m2. In the following, the effect of electric field in the presence

of heat flux (with amplitude ¼ 0.5 W/m2) was studied. The

external electric field was used with 0.02, 0.04, 0.0.6, 0.08, and

0.10 V/�Amagnitude. Fig. 8 shows the change in lattice stress of

C20 molecule by increasing the electric field. Increasing the

electric field decreased the mechanical wave produced via Cu

Tips oscillation. This evolution caused the atomic force and

lattice stress on the target particle to converge to a lesser

value, and the stress value of modeled sample decreased to

2.12662 � 106 bar. Structurally, after 3 ps, electric field caused

atomic arrangement of modeld system changes effectively.

Our modeled sample change before/after 3 ps depicted in

Fig. 9. This atomic arrangement changes, caused energy of

atom-base structure converged to various ratio. So, this

described procedure caused net force which implemented to

target molecule from nanotube changed and nano-pumping

process occur in various intensity.

Furthermore, the physical stability of modeled samples

was described by potential energy estimation. Fig. 10 repre-

sents the change in the potential energy of C20 molecule by

increasing electric field. TheMD outputs showed the potential

energy of samples increased by the electric field increases.

The potential energy converged to �110.0974 eV in an electric

field with a 0.1 V/�A magnitude. This process arose from the
interaction ratio decreasing by an atommissing from the ideal

NT. Our simulations in this step indicated electric field caused

the nano-pumping process to occur with lesser efficiency. The

numerical results are reported in Table 4.

The entropy of defined samples was calculated for more

physical analysis of CNT-C20 system in current computational

research. Fig. 11 represents the change in entropy of C20

molecule by increasing the electric field. By the electric field

increasing to 0.1 V/�A, the system's entropy converged to

409.88801 eV/K. As shown in this figure, the electric field didn't
change the entropy of the sample appreciably, and the

destruction of atomic arrangement didn't occur.

https://doi.org/10.1016/j.jmrt.2023.06.001
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Fig. 12 e The change in the kinetic energy of the C20 molecule in terms of a) simulation time and b) electric field.
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To analyze the nano-pumping process of CNT-C20 system

in the presence of an external electric field, the sample's
kinetic energy was calculated. Kinetic energy outputs are

depicted in Fig. 12. As shown in this figure, by external fields

enlarging, the kinetic energy of C20 molecule decreased and

reached 3.09 eV. Physically, this numerical decrease arose
from atomic collision decreasing inside the NT structure.

So, we concluded lesser mechanical energy was inserted

into the C20 molecule by external field enlarging. Finally,

this procedure caused fullerene molecules exiting from

the pristine NT to be delayed and occurred in more MD

time.
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Fig. 13 e The change in displacement time of the C20

molecule by increasing the electric field.

Table 5 e The change in kinetic energy and displacement
time of C20 molecule by increasing the electric field.

Electric Field
(V/�A)

Kinetic energy (eV) Displacement
time (ps)

0.02 4.47017 7.16

0.04 4.32837 7.29

0.06 4.22064 7.44

0.08 3.92505 7.55

0.10 3.08631 7.85
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As reported in Fig. 13 and Table 5, the nano-pumping

process was detected after 7.85 ps in the presence of electric

field. Technically, MD results in current computational

research declared nano-pumping performance manipulated

by the external heat flux and electric field changes. So, for

actual applications of this system in various fields, one can

use external heat flux and electric field to decrease or enlarge

the mass transfer process in nano-scales.
4. Conclusion

In this study, the nano-pumping process in CNT structure

used the computational simulations as described. Techni-

cally, the MD approach was used in the defined initial condi-

tion. Cu tips oscillated with finite amplitude to produce nano-

pumping evolution to defined CNT. Furthermore, the nano-

pumping process was detected by C20 molecule displace-

ment inside the computational box. TheMD outputs indicated

nano-pumping process could be detected in the CNT-C20

system. Our main results in this research are listed below.

A. The potential energy of modeled CNT-C20 system

converged to a finite value. This physical convergence

showed the atomic stability of defined compounds. The

potential energy of modeled samples converged to
�109.34472 and �110.0974 eV by inserting heat flux and

electric field inside the MD box.

B. The entropy convergence of various CNT-C20 samples

showed their physical stability for actual applications.

C. The kinetic energy changes in defined samples caused

the nano-pumping process to occur at various times.

Physically, this process arose from atomic stress

changes by implementing external heat flux and elec-

tric field.

D. External heat flux implemented to the samples

improved the nano-pumping process. Numerically, the

nano-pumping process time decreased to 6.96 ps.

E. Using an electric field with 0.1 V/�Amagnitude to NT, the

nano-pumping time of CNT increased to 7.85 ps.

These MD outputs showed that external parameters, such

as heat flux and electric field are essential to control the CNT

nano-pumping process. Therefore, optimizing the nano-

pumping process of CNT can be considerably improved for

various aims, such as drug delivery procedures in clinical

cases.
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