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1. Introduction

One of the main tasks of the modern industrial revolution “Production 4.0” is the transla-

tion of all processes preceding the actual receipt of a new product in a digital representa-

tion. Forecasts for the development of this stage of production point to the ever-increasing 

value of computer modeling, the urgency of which will constantly increase. It is expected 

that computer modeling will be invested more financial and intellectual resources. This is 

especially relevant for one of the main tasks of the industrial revolution “Production 4,” called 

“designing materials with controlled properties,” which is the basis for the development of 

effective biotechnologies and nanotechnologies. A full and exact solution to this complex 
problem is impossible without considering the properties and processes of the formation of 

materials with controlled properties at the atomic and nanoscale of mathematical description 

and modeling.

However, specific feature of the physical processes in nanoscale systems is that the key phe-

nomena determining the behavior of a nanoscale system in real time at the macroscale take 

place at small space and time scales [1, 2]. Many experimental and theoretical studies have 

shown that the properties of a nanoscale system depend not only on the properties of its con-

stituent elements but also on the regularities of the spatial arrangement of the nanoelements 

in nanosystem and the parameters of the nanoelements interaction.

In this perspective, the molecular dynamics, which allows to describe the formation, evo-

lution, and properties of the above-mentioned nanosystems in a sufficiently complete and 
precise manner, should become one of the methods for calculating and modeling modern 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



engineers and technologists. This is explained by the fact that molecular dynamics, being a 

powerful tool of scientific research, is increasingly becoming a full-fledged stage in obtain-

ing new materials, creating a new technological process and designing a new product at the 

nanoscale level. This process was observed in the 1960–1980s of the last century with respect 

to the finite element method and led to the fact that this method is now being applied well 
and confidently by modern engineers and technologists in the creation of new materials and 
machines. We can expect that the process of industrial revolution “Production 4.0” method of 

molecular dynamics will be adopted as an instrument of engineers and technologists.

However, this will only be the beginning of a deeper penetration of modeling into digital pro-

duction. It should be noted that, at present, in modern scientific research methods of model-
ing, the molecular dynamics is usually the key element of a more complex and comprehensive 

multilevel mathematical modeling comprising multiple spatial and temporal scales [3–5]. The 

main stages of such a multi-level modeling of nanosystems are quantum modeling, molecular 

dynamics, mesomechanics and continuum mechanics.

The calculation of the configurations of a molecular formation, which are the constituents 
of a nanoparticle, is based on the quantum mechanics (“ab initio”) methods of modeling. 

These methods give the most complete and precise presentation of nano-objects and take 

into account quantum effects, but they are very intensive computationally. At present, the 
use of the quantum mechanics methods for the calculation of nanoscale systems is limited to 

1000–2000 atoms composing a nanoscale system.

The modeling of the coalescence of molecules into nanoelements can be performed by the 

molecular dynamics method. The method allows to consider systems containing up to 10 

million atoms and more than that, but it does not take into account quantum phenomena.

The calculation of the movement of nanoelements and their coalescence is the task for meso-

dynamics. The characteristic feature of mesodynamics is the simultaneous use of the methods 

of molecular and classical dynamics.

It should also be noted that a number of phenomena, in particular, the phenomena taking 

place at the final stages of the nanoscale system formation, can be considered within the 
framework of continuum mechanics.

Each of the above methods has its own advantages and limitations. The use of any of the above 

methods of modeling or their combination for specific nanotechnology problems depends on 
the calculation accuracy required.

One can point to a number of problems of such modeling listed below:

• multiscale nature and connectedness of problems,

• large number of variables,

• variation of scales both over space and in time,

• characteristic times of processes at different scales differ by orders of magnitude,

• variation of the problem variables at different scales of modeling,

Molecular Dynamics2



• matching of boundary conditions at the transition from one modeling scale to another 

when the problem variables are changed,

• stochastic behavior of nanoscale systems.

Molecular dynamics allows us to proceed correctly from the study of atomic and molecular 

processes by methods of quantum mechanics to the study of processes at the macrolevel by 

the methods of continuous medium mechanics. The main problem here is the matching of the 

boundary conditions of the modeling problems at each space-time scale.

Thus, we can distinguish two main functions of molecular dynamics:

• the method of modeling the processes of nanosystem formation and theoretical analysis of 

their properties

• the bridge connecting the various stages of multilevel modeling of nanosystems.

Based on the foregoing, the purpose of this book is to describe a number of problems in the 

modeling of nanosystems and a detailed exposition of the application of molecular dynamics 

methods to problems from various fields of technology: material science, the formation of 
composite molecular complexes, transport of nanosystems, etc. The book summarizes the 

research results of the authors in the field of modeling of various nanosystems: soft supra-

molecular nanostructures, nano-sized beams of single-crystal Cu, metallic nanosized crystals, 

drug delivery systems, and systems stabilized by hydrogen bonds.

The study of the materials of this book can be the beginning of the reader’s study of the whole 

complex of modeling based on the concept of molecular dynamics modeling.

In addition, it should be noted that the research materials dynamics methods presented in the 

book can be the basis for the development of artificial intelligence methods in relation to the 
problem “designing materials with controlled properties.”

To get more complete information about the methods of molecular dynamics and its signifi-

cance in the overall complex multilevel task of modeling nanosystems and nanomaterials, the 

novice reader can get additional information from the list of literature. In this list of papers 

and books, the works [6–23] to modeling by methods of quantum mechanics, works [24–31] 

to molecular dynamics, and works [32, 33] to mesodynamics are devoted.

Author details

Alexander V. Vakhrushev1,2*

*Address all correspondence to: vakhrushev-a@yandex.ru

1 Department of Mechanics of Nanostructure, Institute of Mechanics, Udmurt Federal 

Research Center, Ural Branch of the Russian Academy of Science, Izhevsk, Russia

2 Department of Nanotechnology and Microsystems, Kalashnikov Izhevsk State Technical 
University, Izhevsk, Russia

Introductory Chapter: Molecular Dynamics: Basic Tool of Nanotechnology Simulations…
http://dx.doi.org/10.5772/intechopen.79045

3



References

[1] Drexler E, Peterson C, Pergamit G. Unbounding the Future: The Nanotechnology Revolu-

tion. New York: William M. and Company, Inc; 1991. 158p

[2] Imry Y. Introduction to Mesoscopic Physics. Oxford: University Press; 2002. 304p

[3] Martin Steinhauser O. Computational Multiscale Modelling of Fluids and Solids. Theory 
and Application. Berlin–Heidelberg: Springer-Verlag; 2008. 427p

[4] Weinan E. Principles of Multiscale Modeling. Cambridge: Cambridge University Press; 

2011. 466p

[5] Vakhrushev AV. Computational Multiscale Modeling of Multiphase Nanosystems. Theory 
and Applications. Waretown, New Jersey, USA: Apple Academic Press; 2017. 402p

[6] Bader RFW. Atoms in Molecules. A Quantum Theory. Oxford: Clarendon Press; 1990. 434p

[7] Bischof C, Bucker M. Computing derivatives of computer programs. In: Grotendorst J, 
editor. Modern Methods and Algorithms of Quantum Chemistry. Vol. 1. Julich: John 
von Neumann Institute for Computing; 2000. pp. 287-299. NIC Series

[8] Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S, Karplus M. CHARMM: 
A program for macromolecular energy minimization, and dynamics calculations. 
Journal of Computational Chemistry. 1983;2:187-217

[9] Cagın T, Che J, Qi Y, Zhou Y, Demiralp E, Gao G, Goddard W III. Computational materi-
als chemistry at the nanoscale. Journal of Nanoparticle Research. 1999;1:51-69

[10] Frenkel D, Smit B. Understanding Molecular Simulation: From Algorithms to Applica-
tions. New York: Academic Press; 2002. 638p

[11] Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al. 
Gaussian 98 (Revision A.1). Pittsburgh, PA: Gaussian Inc; 1998

[12] Gauss J. Molecular properties. In: Grotendorst J, editor. Modern methods and algorithms 
of quantum chemistry, proceedings. 2nd ed. Vol. 3. Julich: John von Neumann Institute 
for Computing; 2000. pp. 541-592. NIC Series

[13] Gramer CJ. Essentials of Computational Chemistry. Theories and Models. Second ed. 
New Jersey: Wiley; 2009. 596p

[14] Lipkowitz KB, Boyd DB, editors. Reviews in Computational Chemistry. Vol. 16. 
New York: Wiley-VCH; 2000. 210p

[15] Lindahl E, Hess B, van der Spoel D. Gromacs 3.0: A package for molecular simulation 
and trajectory analysis. Journal of Molecular Modeling. 2001;7:306-317

[16] Marx D, Hutter J. Ab Initio Molecular Dynamics: Theory and Advanced Methods. 
New York: Cambridge University Press; 2009. 567p

Molecular Dynamics4



[17] MacKerell AD Jr, Banavali N, Foloppe N. Development and current status of the 
CHARMM force field for nucleic acids. Biopolymers. 2001;56:257-265

[18] Mercle CR. Computational nanotechnology. Nanotechnology. 1991;2:134-141

[19] Merkle СR. It's a small, small, small, small world. MIT Technology Review. 1997;100:25-32

[20] Parr RG, Yang W. Density-Functional Theory of Atoms and Molecules. Oxford: Oxford 
University Press; 1989. 331pp

[21] Ramachandran KI, Deepa G, Namboori K. Computational Chemistry and Molecular 

Modelling. Berlin Heidelberg: Springer-Verlag; 2010. 397p

[22] Sholl DS, Stecker JA. Density Functional Theory. A Practical Introduction. New Jersey: 
Wiley; 2009. 328p

[23] McWeeny R. Methods of Molecular Quantum Mechanics. Second ed. London: Academic 
Press; 1996. 591p

[24] Anderson HS. Molecular dynamics simulation at constant pressure and/or temperature. 
The Journal of Chemical Physics. 1980;72:2384-2396

[25] Allen MP, Tildesley DJ. Computer Simulation of Liquids. New York, Oxford: Science 
Publications; 1987. 400p

[26] Burkert U, Allinger NL. Molecular Mechanics. Washington, D.C.: American Chemical 
Society; 1982

[27] Haile MJ. Molecular Dynamics Simulation–Elementary Methods. New York: Wiley 
Interscience; 1992. 386p

[28] Heerman WD. Computer Simulation Methods in Theoretical Physics. Berlin: Springer-
Verlag; 1986. 145p

[29] Leach AR. Molecular Modelling. Principles and Applications. Edinburgh: Pearson Educa-
tion Limited; 2001. 773p

[30] Phillips JC et al. Scalable molecular dynamics with NAMD. Computational Chemistry. 
2005;26:1781-1802

[31] Plimpton SJ. Fast parallel algorithms for short-range molecular dynamics. Journal of 
Computational Physics. 1995;117:1-19

[32] Holian BL. Formulating mesodynamics for polycrystalline materials. Europhysics 

Letters. 2003;64:330-336

[33] Vakhrouchev AV. Simulation of nano-elements interactions and self-assembling. 
Modelling and Simulation in Materials Science and Engineering. 2006;14:975-991

Introductory Chapter: Molecular Dynamics: Basic Tool of Nanotechnology Simulations…
http://dx.doi.org/10.5772/intechopen.79045

5




	Chapter 1
Introductory Chapter: Molecular Dynamics: Basic Tool of Nanotechnology Simulations for “Production 4.0” Revolution

