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Abstract 

As the need for efficient predictive investigation of the molecular trajectory, intermolecular force 

of attraction or repulsion in molecules relevant for drug designers, biochemist, and material 

scientist arises, molecular dynamics simulation has played a vital role in solving some of these 

problems.  In this report the fundamental process for molecular dynamics simulation will be 

examined and my future prospect in molecular dynamics will be presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

For efficient predictive investigation of the molecular trajectory, intermolecular force of 

attraction or repulsion in molecules relevant in drug design, biochemical samples, and material 

engineering, the need for structured calculating tools such as molecular dynamic simulating tool 

arise. Molecular dynamics simulation have been used to solve scientifically related problems 

which include proteins in different solvents, macro molecular complex compounds (ribosomes or 

nucleosomes), [1] and micro-/nano-scale heat transfer [2]–[4]. In recent times molecular 

dynamics simulation has become a multi-disciplinary tool used in chemistry-physics, biochemist, 

neuroscientist, optogenetics, drug-design, pharmacophore, engineers among others [2]–[5].   

Molecular dynamics is a process of numerically simulating the intricate time dependent kinetics, 

bonding and thermodynamic behavior of atoms and molecule. It involves computer modelling 

from atomic point of view to molecular level. In molecular dynamic (MD) conformational 

ensemble can be explored for any given molecule. Many studies have considered the 

conformational ensemble profile of large molecules like RNAs and proteins, their shapes and the 

X-ray structures’ refinement using molecular dynamics [6], [7]. Usually, MD is carried out by 

numerically solving the Newton’s equations of motion for the system of molecules considered 

[7]. MD simulation was first carried out in late 1970’s by Mc Cammon Andrew, Gelin Bruce and 

Martin Karplus in their ground breaking and Noble Prize winning studies on folded protein 

dynamics [1], [5], [8].   

Some common software used for molecular dynamics simulation are Amber (Assisted Model 

Building with Energy Refinement), DL_Poly, Desmond CHARMM (Chemistry at Harvard 

Macromolecular Mechanics), NAMD (Nano-scale Molecular Dynamics), OpenMM, 

GROMACS (Groningen Machine for Chemical Simulation), GROMOS (Groningen Molecular 

Simulation), AIMD (Ab Initio Molecular Dynamics), DFT (Density function Theory), Martini, 

WEIN2K, VASP (Vienna Ab Initio Simulation) and LAMMPS (Large-scale Atomic/Molecular 

Massively Parallel Simulator) [6], [9], [10]. Baretto et al. [10] summarized some molecular 

dynamics software or force field used for predicting G-protein coupled receptors in different 

literatures. Most frequent software package used for visualizing MD simulation results is VMD 

(Visual Molecular Dynamics). 



According to Hospital et al. [1] the solvent representation is a vital issue while defining systems 

in molecular dynamics. Implicit solvent model [11]–[13], generalized born model [14], and 

explicit solvent models [15]–[17] have been considered in previous studies. However, Hospital et 

al. concluded that the most accurate solvent representation approach is the simplest ones i.e., 

explicit representation of molecules of the solvent. The explicit solvent representation, accounts 

for the molecules of solvents in a more accurate but highly computational costly way, and it 

often involve assumption of periodic boundary condition. However, Implicit solvent approach 

approximates the average solvent effect using mathematical models, though faster but less 

accurate 

In this report, basic introduction to molecular dynamics simulation will be discussed. The 

fundamental equations, potentials and simulation techniques, numerical code for simulating of 

liquid model (Lenard-Jones potential), and the process for using general-purpose code for the 

simulation of ionic, polymeric and biochemical molecular systems.  

 

Project Goals 

The goal of this project is to briefly introduce MD research Simulation and design of physical 

and biochemical nanostructures, systems and compound. Also, computer molecular design of 

new structures with given (by experiment) parameters and conditions will be presented. 

 

Scope of Work 

The Scope of this study will be as follows. 

i. The fundamental equations, potentials fields and simulation techniques. 

ii. Numerical code explanation for simulation of liquid model (Lenard-Jones potential). 

iii. Introduction to the fundamental steps for simulating molecular dynamics in systems, 

atomic structures, ionic structures, macromolecules, polymers, and biological molecules 

such as Protein will be studied 



Methodology 

In this project basic steps for simulating molecular dynamics in systems, atomic structures, ionic 

structures, macromolecules, polymers, and biological molecules such as Protein will be studied.  

Generally, the steps involved in carrying out molecular dynamic simulation are; 

i. Selection of an interaction models (either pairs, triplet, or quadruplet of particles). 

ii. Selection of boundary conditions (configuration or position, forces, velocities). 

iii. Select the conformational ensemble (canonical ensemble (NPT), isothermal-isobaric 

ensemble or the microcanonical ensemble (NVE), NAMD, AMBER, …). 

iv. Select the target temperature, density or pressure. 

v. Select the integrator, thermostat, barostat to be utilized. 

vi. Perform the simulation. 

vii. Analyze the result using post-processing. 

Fundamental Equations and Simulation Techniques 

In molecular dynamics, the conventional Newton’s law of motion is used to study the energy 

surface of each atoms/molecule by resolving the interatomic motion of the systems.  

�⃗� = 𝑚�⃗� 

Where, m is the mass of the atom, �⃗� is the atomic force and �⃗�  acceleration of the atom. It is vital 

to recollect that atom are always in continuous motion and that this motion tends to affect their 

energy surface. The ordinary differential equation form of the Newton’s equation numerically 

solved in molecular dynamics simulation is as follows. 

𝑚𝑖

𝑑2𝑟𝑖 (𝑡)

𝑑𝑡2
=  𝐹𝑖(𝑟),   𝑖 − 1,2, … , 𝑛 

{𝑟𝑖, 𝑚𝑖,𝐹𝑖} 

𝑟 = {𝑟𝑖, 𝑟2,…,𝑟𝑛}; 𝑈(𝑟) 

𝐹𝑖(𝑟) =  −
𝜕𝑈(𝑟)

𝜕𝑟𝑖
} 

𝑚𝑖

𝑑2𝑟𝑖 (𝑡)

𝑑𝑡2
=  𝐹𝑖(𝑟𝑖(𝑡)) − 𝛾𝑖𝑚𝑖

𝑑𝑟𝑖 (𝑡)

𝑑𝑡
+ 𝑅𝑖(𝑡)  



Force Fields Potentials 

In molecular dynamics, atomic forces can either be bonded forces or non-bonded forces. 

Examples of the bonded force are bond angle bending, bond stretching, bond rotation/torsion 

(dihedral potential), while examples of the non-bonded forces are electrostatic potential, Van Der 

Waals interaction potential or Leonard-Jones potential. A typical illustration of the potential 

function and some of the bonding and non-bonding forces are shown in Figure 1. 

Generally, force field describes the mathematical models that relates the system energy to its 

particles’ coordinate during motion. The force field is the combination of atomic types, 

mathematical equations and related parameter.  Interatomic potential energy U (r1, r2, ..., rN) and 

a set of parameters analytically inputted into this form forms the force field. Parameters used for 

the force field is usually derived from empirical data, such as neutron scattering, neutron 

spectroscopy, X-ray diffraction, infrared etc. Also,  

 

Figure 1. Some Typical Force Field Potentials Energy function in Water (Source from 

Wikipedia [18]) 

parameters can be obtained from quantum mechanics correlation or Ab Initio. In recent times the 

existing and newly developed force field potentials have been optimized and adapted in several 



multi-purpose software like DL_POLY, CHARMM, AMBER, NAMD, etc.  Some of the 

common force field potential function are mathematically defined below. 

The valency length potential (𝑈𝑏) is calculated using; 

𝑈𝑏 =
1

2
∑ 𝐾𝑏(𝑟 − 𝑏𝑜)2

𝑏

 

 

 

The Valency bond angle potential (𝑈𝜃) can be obtained using  

𝑈𝜃 =
1

2
∑ 𝐾𝜃(𝜃 − 𝜃𝑜)2

𝜃

 

 

 

The torsional dihedral potential (𝑈𝜑) is calculated from’ 

𝑈𝜑 =
1

2
∑ 𝐾𝜑[𝑐𝑜𝑠(𝑛𝜑 − 𝛿) + 1]

𝜑

 



 

The Van Der Waals interaction potential or Leonard-Jones potential (𝑈𝐿𝐽) is obtained using the 

equation 

𝑈𝐿𝐽 = ∑ [
𝐴

𝑟𝑖𝑗
12 −

𝐵

𝑟𝑖𝑗
6]

𝑖,𝑗

 

 

The electrostatic potential (𝑈𝑒𝑙) is calculated using 

𝑈𝑒𝑙 = ∑ [
𝑞𝑖𝑞𝑗

휀𝑟𝑙𝑗
]

𝑖,𝑗

 

The hydrogen bonding potential (𝑈𝐻𝐵) is calculated by 

𝑈𝐻𝐵 = ∑ [
𝐴′

𝑟𝑖𝑗
12 −

𝐵′

𝑟𝑖𝑗
10]

𝑖,𝑗

 

Hence the total force field potential in the system is obtain from the sum of all bonding forces 

and non-bonding force as shown in equation below. Bunker et al.[19] summarized the force 

potential function and their diagram as shown in Figure 2.  



𝑈 (𝑟) =  𝑈𝑏 + 𝑈𝜃 + 𝑈𝜑 + 𝑈𝑙𝑗 + 𝑈𝑒𝑙 + 𝑈𝐻𝐵 

Velocity Generation 

The actual molecular speed distribution of the atom/molecules is termed the maxwell-Boltzmann 

distribution. The maxwell-Boltzmann distribution is derived from statistical-mechanics domain. 

The velocity distribution is denoted by (𝑓(𝑣𝑥), 𝑣𝑝 is the most probable speed, 𝑣𝑚 is the mean 

speed and 𝑣𝑟𝑚𝑠 is the root mean squared speed. The mathematical expression forms the maxwell 

distribution is presented as follows.  

𝑇(𝑡) =
1

3𝑁𝑘𝐵
∑ 𝑚𝑖𝑣𝑖

2𝑛
𝑖=1 , 

 𝑣𝑖 =
𝑑𝑟𝑖

𝑑𝑡
 

𝑓(𝑣𝑥) = 4𝜋 [
𝑀

2𝜋𝑅𝑇
]

3
2

𝑣2𝑒
[
−𝑀𝑣2

2𝑅𝑇
]
 

𝑣𝑝 = √
2𝑅𝑇

𝑀
 

𝑣𝑚 = √
8𝑅𝑇

𝜋𝑀
 

𝑣𝑟𝑚𝑠 = √
3𝑅𝑇

𝑀
 



 

Figure 2. Force Field Potentials Functions and Schematics (sourced from Bunker et al. [19]) 

 

 

Figure 3. Maxwell-Boltzmann Distribution Function Plot 



Selection the Integrator, thermostat, Barostat 

In molecular dynamics simulation studies, thermostatting the particles implies controlling their 

temperature, while barostatting the particles implies controlling the pressure. There are different 

thermostat algorithms in literatures, namely; Andersen thermostat Algorithm, Nosé-Hoover 

thermostat Algorithm, Langevin thermostat Algorithm and the Berendsen thermostat Algorithm. 

While some of the thermostat algorithm follows the statistical approach others follows the 

deterministic approach. The Andersen thermostat Algorithm involves the simulation of some 

heat bath using the stochastic impulsive force that acts alternatingly on arbitrarily chosen 

particles. For the Nosé-Hoover thermostat algorithm, the equation of motion with a heat 

exchange (dissipation, friction) is solved and the numerical realization is a discrete finite-

difference algebraic equation.  

 A barostat can either change the volume considered isotropically or anisotopically.  The 

Anisotropic Barostat is common Barostat algorithm achieved using the Virial-theorem for non-

periodic boundary condition given as  

P = ρT + 
1

Vd
 [∑ ri

Tfi

N

i=1

] 

Ewald summation  

 According to Wells et al.[20]In order to calculate the electrostatic potential and forces  

numerically, the Cutoff-based approach have been utilized however it has several drawbacks, 

The Ewald summation for Coulomb interaction is a highly accurate approach taking into account 

periodicity. The Ewald summation approach utilizes a convergence function and a Fourier 

transform, converts the single conditional or slowly converging sum into two rapidly converging 

sums. Its, rapid convergence sums make the process highly accurate and avoids the computation 

requirement that occurs dues to cutoff-based method.  The ewald sums are usually realized under 

speacila-purpose architectures like MDGRAPE-2 & 3 as shown in Figure 4. While Figure 5. 

shows the typical computational cost for some common MD-simulation. 

 



Conclusion 

In conclusion the basic steps for simulating molecular dynamics in systems, atomic structures, 

ionic structures, macromolecules, polymers, and biological molecules such as Protein have been 

studied. 

 

Future Research Prospect 

I would like to study heat transfer performance in nanofluids using molecular dynamic 

simulation after my PhD. Research is concluded.  
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Figure 4. Structure of MDGRAPE-3 Accelerator (a) Memory-Chip and (b) Systems 



 

 

Figure 5. Typical Computational Cost for some common MD-Simulation 
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