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A B S T R A C T   

This study focuses on the behavior of the Carbon Nanotube (CNT)-C20 system as a nano-pumping configuration 
for drug delivery processes. The system was modeled using a molecular dynamics (MD) method, and the effects 
of external heat flux and silicon doping were investigated. The predicted MD outputs showed high stability 
throughout the nanopumping process, even when different ratios of external heat flux were applied. The entropy 
value of the CNT-C20 system decreases from 412.91 to 403.394 eV/K as the heat flux increases to 0.03 W/m2. 
Also, the kinetic energy of the target atomic sample increased from 3.50 to 5.42 eV as heat flux increased. This 
kinetic energy enlarging occurred for the translational component of the target molecule’s kinetic energy, and 
the rotational component didn’t change effectively. Additionally, the results show that increasing atomic doping 
of silicon particles from 1 to 3 % decreased the displacement time of C20 molecule (7.22 ps for a 3 % doping 
ratio), indicating that atomic doping may also improve the nano-pumping process. By increasing Si doping to 3 
%, the potential energy decreased, and the stability of the defined compound was reduced. This procedure caused 
the target molecule to not stabilize inside the nanotube sample, and this molecule displaced inside the deliverer 
system in less time. However, the negative ratio of potential energy showed physical stability of the total system 
wasn’t disrupted. With further doping increase to 5 %, the defined compound’s potential energy increased and 
stability enlarged. This process can be delayed nano-pumping procedure. Overall, the outcomes of this simula
tion provide insights into the optimal method for pumping fluids at the nanoscale and for drug delivery systems. 
These findings have practical implications for developing more efficient and effective drug delivery technologies 
that can help improve patient outcomes.   

Introduction 

In 1992, two researchers in NEC’s basic research laboratory worked 
on the macroscopic production of carbon nanotubes (CNTs) [1,2]. In this 
production process, CNT is created by folding or rolling two- 

dimensional graphite into a hollow cylindrical structure with a nano
meter diameter [3,4]. CNT has unique properties that make them very 
important from an economic point of view. These structures are hard; 
they are as hard as a diamond (the hardest natural substance in nature). 
These structures have a low gravitational weight, and their density is a 
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quarter of steel’s, while CNTs are ten times stronger than steel [5]. CNT 
has a high heat capacity, which is generally 20 times stronger than steel. 
They have good thermal conductivity [6,7] and have good electrical 
conductivity [8,9]. On the other hand, these nanotubes are chemically 
neutral. Therefore, they are chemically stable, which makes CNT resis
tant to corrosion [10]. Today, CNTs can be used as a tissue scaffold for 
nerve cells. Moreover, in the medical field, it can treat brain injury, 
drugs delivered to damaged cells, destroy cancerous tumours, and gene 
therapy [11]. As drug carriers, these nanotubes can target certain cancer 
cells, destroy cancer cells using a lower dose of drugs, and avoid 
damaging healthy cells. 

Many studies were conducted on various CNT applications [12]. 
Based on DFT theory, and using hydroxyl and carboxyl functionality, 
Karimzadeh et al. [13] studied the interaction and binding properties of 
anticancer drug doxorubicin (DOX) with single-walled carbon nano
tubes (SWCNT). This study showed that the adsorption energy between 
CNT and DOX in the gas phase was higher than in other phases and, the 
functionalization of SWCNT increased absorption power, and stability of 
DOX. Naderi et al. [14] studied the effect of adding CNT on change in 
temperature, total energy, atomic density, atomic velocity and atomic 
temperature of H2O (as base fluid) using molecular dynamics simulation 
(MDS). This study’s results indicate that by adding 4 % of CNT nano
particles to the base fluid, the atomic density, velocity, and temperature 
reached their maximum values of 0.058 atom/Å3, 0.067 Å/ps and 1205 
K, respectively. Vahedi et al. [15] created multi-scale modelling to study 
heat transfer along with CNT/epoxy nanocomposites using a combined 
finite element method (FEM) and MD. This study showed that increasing 
the diameter of CNT fillers caused an increase in the effect of surface 
thermal resistance, which increased thermal conductivity. Safaei et al. 
[16] examined the effect of the type of chirality, and the number of CNT 
walls on carbon NT mechanical properties. The results show that by 
changing the number of CNT, critical axial buckling strain significantly 
changed. Ranke et al. [17] examined the interactions of CNTs with 
different anticancer drugs using MDS. The results show that the diam
eter of CNTs had a significant effect on the movement and encapsulation 
of the drug. CNTs with a diameter of 20.3 Å had the most optimal state in 
this study. Karimzadeh et al. [18] examined ethanol molecules on the 
processes of the encapsulation of drug molecules in CNTs. The results 
show that the presence of ethanol molecules led to a reduction in the 
encapsulation of drug molecules. Pakdel et al. [19] investigated the 
interaction of the anticancer agent doxorubicin with SWCNT with 
different diameters using MDS. This study showed that targeted drug 
delivery of DOX using SWCNT failed in the presence of nicotine mole
cules. Because the presence of nicotine molecule caused more force to be 
needed to pull the drug out of CNT, this process took longer. Zhou et al. 
[20] examined the effect of electric field (EF) and vacancy defect on 
nano-pumping performance of boron-nitride nanotube (BNNT) using 
MDS. The results revealed that the EF implementation inside the MD box 
improves the nano-pumping performance of the BNNT structure. Xie 
et al. examined the [21] examined the performance of CNT as a nano- 
pump sample for drug delivery systems, using MDS and external heat 
flux/electric field effects. The results reveals that increasing the heat flux 
amplitude ratio, the displacement time of C20 molecule decreased, and 
the nano-pumping process to occur in a smaller time. Weidong et al. [22] 
examined the displacement of the C20 molecule in the presence of 
different EF and silicon (Si) doping on CNT using MDS. The results 
revales that increasing the EF causes translational displacement of the 
target molecule, and the nano-pumping process is done in a shorter MD 
time. However, Si doping increases the displacement time of C20 mole
cules. Sabetvand et al. [23] examined the BNNT performance for drug 
delivery applications using MD simulation. In the present study, the 
optimized for the nano-pumping time was 7.79 ps. This study showed 
that MDS the nanopumping process well. 

By combining three commonly used platforms, including hydrogels, 
liposomes and SWCNT, Madani et al. [24] developed an externally 
controllable drug delivery system. This new structure, called carbon 

nanotube-liposome (CLC), is loaded with a model drug (FITC-Dex). This 
study’s results show that Amdel drug (FITC-Dex) could be stored for 
several days. Also, the stimulation time can be changed to modify the 
amount of drugs released. For this purpose, a NIR laser was used in the 
hydrogel scaffold. 

Previous studies show that MDS can well calculate the atomic 
behavioral, mechanical and thermal properties of various nano
structures [25–27], including carbon nanostructures [28]. On the other 
hand, the present study focuses on developing a breakthrough nano- 
pumping technology for drug delivery systems using the Carbon Nano
tube (CNT)-C20 system as a nano-pumping configuration using MDS. 
Compared to other papers, this study specifically focuses on the 
behavior of the Carbon Nanotube (CNT)-C20 system as a nano-pumping 
configuration. This study’s unique aspect is utilizing an MD method to 
investigate the atomic development of the modeled samples in the 
presence of an external heat flux and silicon doping. On the other hand, 
recent study indicated that the MDS would be able to compute the nano- 
pump process in CNTs well, much as the experimental method [29]. By 
exploring the effects of external heat flux and atomic doping on the 
nano-pumping process, this research aims to enhance the understanding 
of fluid pumping at the nanoscale. Furthermore, present study empha
sizes the stability of the CNT-C20 system throughout the nanopumping 
process. The results demonstrate that the nano-pumping system remains 
intact even with varying ratios of external heat flux and different per
centages of silicon doping. For this purpose, an external heat flux’s effect 
with magnitude of 0.01, 0.02, 0 and 0.03 W/m2 and silicon doping with 
the percentages of 1, 2, 3, 4, and 5 % were added to the CNT. The 
motivation behind present manuscript is to provide valuable insights 
into optimizing fluid pumping at the nanoscale and improving drug 
delivery systems. By focusing on the specific nano-pumping configura
tion and exploring the effects of external heat flux and atomic doping, 
this research advances nanoscale pumping technologies and their ap
plications in drug delivery. 

Simulation 

MDS 

MDS is a computational method that can analyze the atomic and 
molecular motions. During a specific time period, atoms and molecules 
have the opportunity to interact in this method. In addition, in this 
method, microscopic results determined the macroscopic properties of 
the system. In MDS, Newton’s equation of motion is numerically solved 
to determine the trajectories of atoms and molecules. Because the 
simulated molecular structure has an unlimited number of component 
particles, the numerical equation is applied. There is no other approach 
that can be used to examine such complex systems than numerical 
methods. The equation of Newton’s second law is as follows [30]: 

F = ma = m
dv
dt

= m
d2r
dt2 (1)  

In Eq. (1), F is the applied force to each atom, m is the mass, and a and r 
are the acceleration and position of each atom, respectively. The created 
movement in the particles has changed the position of the particles from 
their initial state, which will affect how the charge was applied to the 
particles. Finally, this particle displacement rate was determined in MDS 
using the velocity-Verlet algorithm, a common integral method. The 
velocity-Verlet algorithm is as follows [30–32]: 

r(t + Δt) = r(t)+Δt v(t)+
Δt2a (t)

2
(2)  

v(t + Δt) = v(t)+Δt v(t)+
Δt (a (t) + a(t + Δt) )

2
(3)  

On the other hand, the force can be obtained via the potential energy 
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gradient equation, except that in this equation, in addition to the posi
tion of each atom, potential energy is a determining factor. This equa
tion is given below: 

F = −
dU(r)

dr
(4)  

At this stage, the particles making up the structure are hit with a force 
that is directly related to their spatial relationship to one another. For 
some time, these particles will be affected by this force, which is 
considered to be constant. In most cases, defining a potential function or 
describing expressions that pertain to the interactions of system com
ponents is necessary for the MDS. In fact, the potential function defines 
the simulated system, and consequently, a complete description of 
interatomic interactions appears. To be more precise, the MD simulated 
structure consists of infinite particles, each of which exerts a force on 
each other, so determining the interatomic interactions requires a 
mathematical function. This study uses Tresoff and Lennard Jones (LJ) 
potentials to characterize the atomic development of modeled samples 
in the presence of an external heat flux. The Tersoff potential is 
commonly used to describe the bond formation and breaking in cova
lently bonded materials such as CNTs, while the LJ potential is used to 
describe the non-bonded interactions between atoms. [33–35]. Tersoff 
potential function is represented as follow as follows [36]: 

E =
1
2
∑

i

∑

j∕=i

Uij (5)  

Uij = fC
(
rij
)[

aijfR
(
rij
)
+ bijfA

(
rij
) ]

(6)  

which consists of three terms fR (absorbent interaction), fA (repellent 
interaction), and fc(r). The Tersoff potential is a multi-body potential 
that takes into account the coordination and angular dependence of 
bond formation and breaking. It has been widely used in molecular 
dynamics simulations of carbon nanotubes and other covalent materials 
due to its accuracy and ability to capture the complex bond formation 
and breaking processes. The LJ potential, on the other hand, is a pair
wise potential that describes the non-bonded interactions between 
atoms. It is commonly used to describe van der Waals interactions and 
short-range repulsive interactions between atoms. The LJ potential 
function is given below [35]: 

ULJ = 4ε
[(σ

r

)12
−
(σ

r

)6
]

(7)  

The values of σ and ε are calculated as follows [37,38]: 

εij =
̅̅̅̅̅̅̅εiεj

√ (8)  

σij =
σi + σj

2
(9)  

By using both Tersoff and LJ potentials in our simulations, we aimed to 
accurately capture the complex atomic interactions in the CNT-C20 
system and investigate the effects of external heat flux and silicon 
doping on the nano-pumping process. 

Simulation details 

At the most fundamental level of simulation systems, a structure was 
structurally modeled using a variety of software. The CNT with a 
diameter and length of 10 and 134 Å were modelled by VMD software, 
and packed with C20 molecule with Packmol software. Two copper Tips 
are produced in the Y direction to produce oscillation in the NT. The 
structure’s starting temperature was set at 300 K, and it was managed by 
a Nose-Hoover thermostat. All three directions had periodic boundary 
conditions. The number of simulated particles was 101,338 atoms. NVT 
ensemble was used in the present study. The simulation time was 9 ps. 
The simulated structure is schematically shown in Fig. 1. Our simulation 
details in current computational research listed in Table 1. 

Fig. 1. A view of the nano-pumping process in CNT at: a) 0, b) 2.5, c) 4.5, d) 6.5, and e) 8.5 ps.  

Table 1 
The simulation settings in current computational work.  

Simulation Parameter Parameter Setting 

Computational Box Length 60 × 80 × 210 Å3 

Boundary Condition Periodic Boundary Condition 
Thermostat Nose-Hoover 
Initial Temperature 300 K 
Ensembles NVT/NVE 
Time Step 0.001 ps 
Damping Ratio for Temperature 0.001 
Simulation Time 9 ps  
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Results and discussion 

In general, drug delivery is a process for managing pharmaceutical 
compounds to achieve therapeutic effects in the human or animal body. 
Targeted drug delivery system by nano method includes delivering the 
drug at a certain time and with a controlled dose to achieve specific drug 
goals. It is significantly safer and more effective than the classical drug 
delivery methods. Therefore, this paper studied the displacement time of 
C20 molecule, kinetic energy, stress on the structure, potential energy 
and entropy in the simulated CNT. 

Magnitude of external heat flux 

To begin, it was noted that the external heat flow had an effect on the 
nano-pumping process. To apply an external heat flux, a heat source and 
a heat sink were each specified on both sides of the CNT. MD outputs are 
predicted by external heat flux increasing, the nano-pumping time 
decreasing. This procedure shows nano-pumping process effectively 
occurs in larger heat fluxes. This atomistic evolution arose from me
chanical wave enlarging inside NT by heat flux increasing. The 
displacement time of C20 molecule was estimated to check the optimum 

state for the nano-pumping process. Physically, described improvement 
arose from effective collision number increasing among NT particles by 
implementing external heat flux to them. Furthermore, these effective 
collision didn’t distrupt the stability of deliverer system and designed 
system can be used in actual cases. The kinetic energy of C20 molecule 
was another parameter described in this improvement procedure. As 
shown in Fig. 2, the kinetic energy of target atomic sample increased as 
heat flux increasing. This kinetic energy enlarging occurred for trans
lational component of target molecule’s kinetic energy and rotational 
component of them didn’t changes effectively. So, it was concluded that 
C20 molecule mobility enlarged in the nano-pumping mechanism by 
defining external heat flux. Previous studies also show that increasing 
the heat flux leads to an increase in the kinetic energy of the target 
molecule in the nanotube [21]. Also, this effective molecular displace
ment arose from lattice stress implemented to fullerene samples in our 
simulations. Physically, by increasing the stress ratio inside the NT, 
more lattice force in the displacement direction was implemented in C20 
molecule (See Fig. 3 and Table 2). 

The potential energy variation can show more details about heat 
flux’s effect on CNT-based samples’ nano-pumping performance. 
Simulation outputs indicated potential energy ratio decreases as heat 
flux increases. So, we concluded that the atomic attraction force be
tween CNT and C20 samples decreased and the displacing of target 
molecules was effectively occurred. Furthermore, negative ratio of 
atomic systems potential energy showed physical stability of them in the 
presence of external heat flux. So, we expected mean distance among 
various particles in NT didn’t diverge by simulation time passing and 
inappropriate phenomena, such as twisting of the deliverer system did 
not occur in defined condition (See Fig. 4). 

In the modeled nano-pump system, the entropy parameter analysis of 
specified molecules may be thought of as physical stability. To calculate 
the entropy using LAMMPS, it can use the compute enthalpy/entropy 
command [39]. This command computes the enthalpy and entropy of a 
group of atoms based on their positions and velocities. This parameter 
for atom i is computed using the following formula in LAMMPS: 

Fig. 2. The kinetic energy changes at different external heat fluxes.  

Fig. 3. The stress changes at different external heat fluxes.  

Table 2 
The change in kinetic energy and stress of structures at different external heat 
fluxes.  

The magnitude of external heat flux Kinetic energy (eV) Stress (106 bar) 

0.01 (W/m2) 3.5079 (±0.677) 3.8065 (±1.243) 
0.02 (W/m2) 4.5799 (±0.207) 5.5565 (±2.492) 
0.03 (W/m2) 5.4247 (±0.473) 11.457 (±2.556)  

Fig. 4. The potential energy changes at different external heat fluxes.  
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S = − 2πρkB

∫ rm

0
[g(r)lng(r) − g(r) + 1]r2dr (10)  

where r is a distance, g(r) is the radial distribution function of atom i, 
and ρ is the density of the system. 

Therefore, this parameter ratio determined in this research part as a 
function of external heat flux. Numerically, this parameter value 
reached 403.3944 (±1.729) eV/K by implementing heat flux with 0.03 
W/m2 magnitude (see Fig. 5). Our results in this section showed the 

entropy of CNT-C20 system decreased by heat flux increasing. So, we 
may conclude that changing the heat flux setting in different ratios had 
no effect on the nanopumping system. However, the nano-pumping 
mechanism only appears in a few heat fluxes, and this behavior 
should be anticipated for actual applications. The numerical results are 
reported in Table 3. 

The effect of Si doping percentage in optimized heat flux 

Next, the effect of Si doping on atoms’ evolution in the nano- 
pumping process was reported. MD method introduced atomic doping 
as an effective parameter for target molecule displacement inside CNT. 
For this purpose, silicon particles with the percentages of 1, 2, 3, 4, and 
5 % were doped to CNT. Fig. 6 represents a schematic of simulated 
nanostructures. Furthermore, by increasing doping up to 4 and 5 %, the 
duration of nanostructure displacement increased. Numerically, by 

Fig. 5. The entropy changes at different external heat fluxes.  

Table 3 
The change in potential energy and entropy at different external heat fluxes.  

The magnitude of external heat flux Potential energy (eV) Entropy (eV/K) 

0.01 W/m2 − 110.66 (±0.352) 412.9166 (±5.514) 
0.02 W/m2 − 109.551 (±0.404) 405.8290 (±3.481) 
0.03 W/m2 − 109.025 (±0.165) 403.3944 (±1.729)  

Fig. 6. A view of CNT in the presence of a) 1%, b) 2%, c) 3%, d) 4%, and e) 5% Si doping.  

Fig. 7. The kinetic energy changes at different doping percentages.  
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increasing doping to 4 and 5 %, the duration of C20 molecule displace
ment increased to 8.53 and 8.88 ps. With a further increase in doping 6 
% and above), nano-pumping process was disrupted, and C20 molecule 
did not exit from the CNT. But, by increasing doping up to 5 %, Si 
particles disturb the pumping process and prolong its time. Also, pre
vious studies show that that this range time (7 to 12 ps) is enough for the 
target molecule displacement from the nanostructure [21,22]. 

The kinetic energy of defined compounds is reported in Fig. 7 for this 
purpose. Computationally, Si doping (up to 3 %) in the pristine sample 
caused nano-pumping time to decrease, and C20 molecule exit from 
improved NT in a shorter time (7.22 ps for a 3 % doping ratio). This 

process arose from kinetic energy increasing inside the MD box. As 
shown in Fig. 7, kinetic parameter reached 3.9730 (±0.541) eV by a 3 % 
doping ratio inserting to pristine CNT. But, with the further increase of 
doping up to 5 %, silica particles led to disturbance in pumping process 
and kinetic energy decreased to 3.0492 (±0.778) eV. So, we expect 
needed energy to produce effective displacement in target sample 
decreased by doping process implementing to pristine atomic NT. This 
improvement maximized using 3 % doping in modeled sample. Gener
ally, an excessive increase in doping can disrupt the nanopumping process 
inside the nanotube [40]. 

This part calculated the change in the stress parameters as a function 
of time. Fig. 8 shows that the stress parameter decreased by atomic 
doping implementation (to 3 %), and this process caused the C20 
molecule to be pushed with a lesser atomic force. Finally, by increasing 
doping up to 5 %, the stress on the lattice increased. Numerically, the 
stress of CNT-C20 system converged to 5.9034 (±4.697) × 106 bar (with 
5 % doping). The results are listed in Table 4. 

This part calculated potential energy as a function of time. Fig. 9 
shows potential energy changes in this step. By increasing Si doping to 3 
%, the potential energy decreased and the stability of defined compound 
reduced. This procedure caused target molecule didn’t stabilize inside 
NT sample, and this molecule displaced inside deliverer system in lesser 
time. But, negative ratio of potential energy showed physical stability of 
total system didn’t disrupt. With further doping increase to 5 %, the 
defined compound’s potential energy increased and stability enlarged. 
This process can be delayed nano-pumping procedure. Potential energy 
converged to − 110.8627 (±0.928) eV with 5 % Si doping (Table 5). We 
concluded that the modification procedure enhances the stability of the 
nano-pump system (CNT-C20 system). To enhance the efficacy of CNT- 
C20 nano-pumping for medical applications, we introduced this mech
anism by introducing external heat flux. 

In the final section of our computational research, the entropy of 

Fig. 8. The stress changes at different doping percentages.  

Table 4 
The change in kinetic energy and stress of structures at different doping 
percentages.  

Doping percentages (%) Kinetic energy (eV) Stress (106 bar) 

1 2.4614 (±0.522) 9.867 (±4.912) 
2 3.8776 (±0.214) 2.794 (±4.646) 
3 3.9730 (±0.541) 3.224 (±3.216) 
4 3.2888 (±0.322) 4.329 (±2.085) 
5 3.0492 (±0.778) 5.9034 (±4.697)  

Fig. 9. The potential energy changes at different doping percentages.  

Table 5 
The change in potential energy and entropy of structures at different doping 
percentages.  

Doping percentages (%) Potential energy 
(eV) 

Entropy 
(eV/K) 

1 − 111.0633 (±0.873) 408.032 (±3.586) 
2 − 110.1961 (±0.782) 400.077 (±2.832) 
3 − 110.0331 (±0.727) 395.439 (±2.454) 
4 − 110.7678 (±0.531) 406.377 (±3.847) 
5 − 110.8627 (±0.928) 408.983 (±3.536)  

Fig. 10. The entropy changes at different doping percentages.  
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defined compounds is reported in Fig. 10 for this purpose. Structurally, 
this atomic evolution (doping up to 3 %) decreased the entropy of 
defined sample. With a further increase in doping to 5 %, the entropy of 
defined sample increased. Numerically, entropy decreased to 395.439 
(±2.454) eV/K by implementing 3 % doping to the modelled NT and 
increased to 408.983 (±3.536) eV/K by a further increase of Si doping. 
The entropy decreasing in the presence of 3 % doping in modeled NT 
indicated the optimum movement of deliverer system to transfer the 
target molecule. Structurally, we can say the effective displacement of 
NT occurred in Z direction and atomic fluctuations in Y and Z directions 
minimized in presence of 3 % atomic doping. 

Conclusion 

In our most recent computational study, we discussed the effects of Si 
doping and external heat flux on the nano-pumping of the Carbon 
Nanotube (CNT) sample. Molecular Dynamics (MD) method was used 
for this. Technically, the displacement of C20 molecule within the NT 
was recorded for the study of nanopumping process. Important outputs 
from our MD simulations can be reported as below items:  

• CNT-C20 system has physical stability. This behavior arose from 
appropriate MD settings in our simulations.  

• Nanopumping process time decreased to 6.96 ps by increasing heat 
flux to 0.03 W/m2. Moreover, nano-pumping process time increased 
to 8.88 ps, increasing Si doping to 5 %.  

• By increasing external heat flux, the nano-pumping process 
improvement arose from C20 molecule’s kinetic energy increasing 
and more mobility of this target sample inside the MD box, which 
arose from more lattice stress on C20 molecule.  

• The potential energy converged to − 110.8627 (±0.928) eV with 5 % 
Si. So, doping process improved the stability of nano- pumping sys
tem (CNT-C20 system). 

From these outputs, we concluded Si doping with an optimized ratio 
could be introduced as an effective mechanism to improve the nano- 
pumping stability of CNT sample. Also, using external heat flux can be 
improved nano-pumping mechanism time. It was expected that our 
designed system (CNT-C20 system) could be used in actual mass transfer 
applications. 
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