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Abstract 
 

Compactly, this thesis encompasses two major parts to examine mechanical 
responses of polymer compounds and two dimensional materials: 

1- Molecular dynamics approach is investigated to study transverse impact 
behavior of polymers, polymer compounds and two dimensional materials.   

2- Large deflection of circular and rectangular membranes is examined by 
employing continuum mechanics approach.  

Two dimensional materials (2D), including, Graphene and molybdenum disulfide 
(MoS2),  exhibited new and promising physical and chemical properties, opening 
new opportunities to be utilized alone or to enhance the performance of 
conventional materials. These 2D materials have attracted tremendous attention 
owing to their outstanding physical properties, especially concerning transverse 
impact loading. 

Polymers, with the backbone of carbon (organic polymers) or do not include 
carbon atoms in the backbone (inorganic polymers) like polydimethylsiloxane 
(PDMS), have extraordinary characteristics particularly their flexibility leads to 
various easy ways of forming and casting. These simple shape processing label 
polymers as an excellent material often used as a matrix in composites (polymer 
compounds).      

In this PhD work, Classical Molecular Dynamics (MD) is implemented to calculate 
transverse impact loading of 2D materials as well as polymer compounds 
reinforced with graphene sheets. In particular, MD was adopted to investigate 
perforation of the target and impact resistance force . By employing MD approach, 
the minimum velocity of the projectile that could create perforation and passes 
through the target is obtained. The largest investigation was focused on how 
graphene could enhance the impact properties of the compound. Also the purpose 
of this work was to discover the effect of the atomic arrangement of 2D materials 
on the impact problem. To this aim, the impact properties of two different 2D 
materials, graphene and MoS2, are studied. The simulation of chemical 



functionalization was carried out systematically, either with covalently bonded 
molecules or with non-bonded ones, focusing the following efforts on the 
covalently bounded species, revealed as the most efficient linkers.    

To study transverse impact behavior by using classical MD approach , Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software, that is well-
known among most researchers, is employed. The simulation is done through 
predefined commands in LAMMPS. Generally these commands (atom style, pair 
style, angle style, dihedral style, improper style, kspace style, read data, fix, run, 
compute and so on) are used to simulate and run the model for the desired outputs. 
Depends on the particles and model types, suitable inter-atomic potentials (force 
fields) are considered. The ensembles, constraints and boundary conditions are 
applied depends upon the problem definition. To do so, atomic creation is needed. 
Python codes are developed to generate particles which explain atomic 
arrangement of each model. Each atomic arrangement introduced separately to 
LAMMPS for simulation. After applying constraints and boundary conditions, 
LAMMPS also include integrators like velocity-Verlet integrator or Brownian 
dynamics or other types of integrator to run the simulation and finally the outputs 
are emerged. The outputs are inspected carefully to appreciate the natural behavior 
of the problem. Appreciation of natural properties of the materials assist us to 
design new applicable materials.  

In investigation on the large deflection of circular and rectangular membranes, 
which is related to the second part of this thesis, continuum mechanics approach is 
implemented. Nonlinear Föppl membrane theory, which carefully release nonlinear 
governing equations of motion, is considered to establish the non-linear partial 
differential equilibrium equations of the membranes under distributed and centric 
point loads. The Galerkin and energy methods are utilized to solve non-linear 
partial differential equilibrium equations of circular and rectangular plates 
respectively. Maximum deflection as well as stress through the film region, which 
are kinds of issue in many industrial applications, are obtained.  
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Chapter 1 

1. Introduction 
1.1 Motivation 

Two dimensional materials have been massively investigated in the last decade and 
are widely used in advanced applications such as composites, transistors and 
sensors, photodetectors and battery electrodes due to their elevated mechanical, 
electrical and optical properties. Outstanding structural qualities like high strength, 
fatigue resistance, light weight, erosion and corrosion resistance, a particular 
interest has been born not only in engineers for the use of 2D in advanced 
industrial applications, but also in researchers to develop and optimize their 
particular and useful characteristics.  

Nowadays, polymers usage is incredibly wide: a large amount of different 
polymers are employed in almost all the industrial fields, from packaging for 
electronics, clothing, aerospace, automotive, buildings, adhesives and coatings and 
more, making polymers an incredibly versatile class of materials, where almost all 
the component of a modern product benefits from polymer adoption. polymer 
manufacturing has evolved significantly over time. They were originally produced 
using a few natural materials but now there are thousands of plastics formulated 
from a wide range of natural and synthetic materials. One of the big changes over 
time in polymer formulations is the use of polymer additives. Additives are 
chemicals added to the base polymer to improve process ability, prolong the life 
span, and/or achieve the desired physical or chemical properties in the final 
product. While the content of additives is typically only a few percent, their impact 
on polymer performance and stability is significant. One of the combined agent to 
the polymers are fibers in order to reinforce polymers. The fibers enhance the 
strength and elasticity of the polymers. 

 
The present research aims to examine transverse impact action of a new polymer 
compound developed from combination of polymer, here polydimethylsiloxane 



(PDMS), and reinforcement fiber, here graphene sheets. Polymers are extensively 
used as adhesive in many applications including bulletproofing to make something 
capable of stopping a bullet or similar high velocity projectile. In order to study the 
transverse impact effect, first only the graphene sheet is subjected to high velocity 
projectile to understand the strength and energy absorption in impact loadings. 
Then the combination of graphene sheets and PDMS is put through the projectile 
and the satisfactory place where graphene sheets could be positioned in/on PDMS,  
in order to enhance the impact loading capability, is investigated. PDMS, also, 
individually is subjected to high velocity impact load in the interest of recognition 
the contribution of PDMS in the compound during impact. 

It has been proved through investigations of many researchers and experiments  
that strength and toughness are two important factor contribute to intensify 
material resistance in impact loading. In addition to strength and toughness of 2D 
materials, in the present study, also, the effect of atomic arrangement of the 2D 
materials on resistance to impact loading is verified. Graphene and molybdenum 
disulfide are two famous and applicable 2D materials with different strength and 
toughness as well as different atomic arrangement. These two materials are 
exposed to a high velocity projectile and the effect of atomic arrangement during 
collision is studied. 

 The second part of the present research studies the  applying of continuum theory 
on membranes with nano-scale thickness. Many researcher have been suggested 
that standard continuum theory fails to properly describe certain mechanical 
phenomena and how the description can be improved by enrichments that 
incorporate the influence of gradients or weighted spatial averages of strain or of 
an internal variable. This view which called nonlocal theories leads to addition of 
extra terms in plate theories in order to explain mechanical behavior of micro and 
nano-structures. These additional terms makes governing equations more difficult 
and more attempts and cost is required to obtain and solve the governing equations. 
Furthermore, the results of nonlocal theories hardly compatible with the 
experimental results. In the second part of the present study classical continuum 
theory applied to one and two layers MoS2 sheets and the results are approved 
with the experimental results.  

 



1.2 Literature Review 

Nano-materials is the field of material science devoted to the study of materials 
with at least one dimension in the nanometre scale [1]–[5]. At this scale properties 
of the materials considerably change. The advent of 2D materials, first graphene 
[1], and then more recent of 2D  layered materials [6]–[10], including MoS2 [11], 
[12], has opened new perspectives in electronics, optoelectronics, energy 
generation, and sensing application [13]–[18]. The mechanical [19]–[29], electrical 
[30]–[43], thermal conductivity [44]–[61], structure and interatomic potential [62]–
[76], and optical properties [77]–[92] for both graphene and SLMoS2 have been 
extensively investigated. Furthermore, presented 2D materials showing superior 
impact strength of few layers and could be used in armors applications [93]–[97]. 
Due to the high strength and toughness of graphene, attracted attention of many 
researchers to verify impact strength of graphene both analytically and 
experimentally [98]–[104]. However, impact strength of other 2D materials 
including MoS2 has been not studied comprehensively like graphene.  

Recently 2D materials as a fiber  added to polymers and other materials to enhance 
their mechanical and/or electrical properties [27], [105]–[117]. By spreading a 
small amount of graphene, a single-layer flat sheet of carbon atoms, throughout 
polymers, researchers have made tough, lightweight materials. The composites 
conduct electricity and can withstand much higher temperature than polymers 
alone [118]–[122]. A typical application of polymeric impact resistance is adding 
fibers like Kevlar to epoxy [123]. Kevlar is a strong synthetic fiber which is 
developed by Stephanie Kwolek [124]. Because of its high tensile strength-to-
weight ratio, five times stronger than steel, it is used as a many application such as 
armor and personal protections [125]–[132]. Exercises with epoxy and Kevlar 
encouraged us to study impact resistance of graphene and polymer compound due 
to the outstanding tensile strength-to-weight ratio of graphene in impact issues. 
Employing graphene in polymeric matrix, high impact resistance material could be 
emerged.  

Mechanical response of materials, which relates to the second part of this 
dissertation, is a major field in physics. Instrument indentation to probe the 
mechanical response of materials [133]–[139], molecular dynamics simulation 
[133], [140]–[148], and continuum mechanics [149]–[157] are examples of many 



sub-areas in material science and mechanics that deal with the mechanical behavior 
of the materials. Among these sub-areas in mechanics and material science, 
continuum mechanics is more perceptible and comprehensible to engineers who 
are engaged with the mechanical response of mechanical structures. However as 
length scales of a material are reduced, the experimental results are different than 
the theoretical results because the influences of intermolecular cohesive forces on 
the mechanical properties become important and cannot be neglected. In order to 
consider intermolecular forces, lots of theories [158]–[169], in which additional 
equilibrium relation added to governing equations, developed to study the behavior 
of mechanical structures. These additional terms lead to difficulties in solution of 
the governing equations of motion. This issue encouraged us to overcome the 
problem by using conventional theories to investigate mechanical response of 
rectangular and circular two dimensional materials under point and pressure loads.   

1.3 Objectives of the Dissertation 

In this research the target is to present simulation model of polymer compounds, 
here polydimethylsiloxane as polymer and graphene as reinforcement, subjected to 
transverse impact loading enabling us to verify the effect of both polymer and 
reinforced agent during impact. Furthermore, how atomic arrangement of 2D 
contributes to enhance the resistance during impact loading. Also, another goal of 
this research is presentation of classical continuum mechanics to examine response 
of mechanical structures in nanoscale without considering nonlocal theories.  

1.4  Innovations of the Dissertation        

In the present work, the creativity can be pointed out within three brackets: 1) 
Presenting in addition to strength and toughness, which are accepted as two 
important factors in impact analysis, how the atomic arrangement could, also, 
contributes in such problems. The present investigation gives notion of following 
desirable atomic arrangement during synthesis of materials; 2) Understanding the 
role of polymer characteristics during impact in polymer compound materials. Also 
it can be realized the contribution of 2D material position in polymer compound; 3) 
Considering the exact boundary conditions of membranes leads to not necessarily 
using nonlocal theories in analysis of mechanical response of membranes. 

 



 1.5  Outline         

This dissertation deals with the classical molecular dynamics simulation to analyze 
impact response of polymers compounds and two dimensional materials as well as 
employing continuum mechanics to examine elastic deformation of rectangular and 
circular two dimensional membranes under distributed and point loads. In the 
previous sections, the topic, objective, innovations, literature review and 
methodology of the thesis are introduced. The remainder of this dissertation is 
organized as follows:  
   
Chapter 2 introduces fundamentals of molecular dynamics simulation which are 
applied in the first part of this dissertation.    

Chapter 3 represents basic representations of polymers and polymers compounds. 
This chapter briefly explains why additive are needed to be added to the polymers 
and in fact this chapter contains the objectives for emerging the chapter 4.   

Chapter 4 contains the first application which molecular dynamic simulation is 
employed to study the transverse impact of polymer compounds. Polymers alone 
miss enough strength and mechanical characteristics to resist against impact 
loadings. To overcome this crucial issue, additives specially fibers are introduced 
to polymers during manufacturing process. Graphene which is known as the 
strongest material to exist, introduced as a sheet to highly sticky polymer, 
polydimethylsiloxane, in order to rise up new advance polymer compound for 
impact loading. Distribution manner of additives and orientation as well as the 
location where fibers and sheets are placed inside the polymers are another 
important issue during production. Grapgene sheets are fed in different locations 
on/inside the polydimethylsiloxane and results are compared to find out the 
greatest place for embedding the graphene sheets.  

Chapter 5 deals with the second application in which molecular dynamic 
simulation is used to examine the transverse impact of 2-D materials. Two 
dimensional materials are well-known among researchers due to their exceptional 
properties. Specially, they showed superior impact strength of few layers. In this 
chapter energy absorption and the bullet penetration as well as the resistance force 
for one layer graphene and molybdenum disulfide are investigated and the results 
are compared. This comparison allows us to verify the effect strength and 



toughness plus the other factors like topology and arrangement of the atoms on 
impact loadings. The simulations include one layer of graphene, one layer of 
MoS2-1T, and one layer of MoS2-2H which are exposed to high velocity projectile. 
The energy absorption, resistance force, and penetration are examined to 
investigate those material's characteristics playing important role on impact 
loading.    

Chapter 6 concerns approximation solution based on the continuum mechanics to 

obtain the mechanical response of freestanding single and two layers molybdenum 

disulfide (MoS2) films. Both circular and rectangular geometries as well as point 

load and uniform pressure are investigated. The partial differential equilibrium 

equations are established based on the non-linear Föppl membrane theory for both 

circular and rectangular films. The Galerkin method is then employed to solve the 

non-linear partial differential equilibrium equations in case of circular films. Also, 

the principle of virtual work affords another means of obtaining an approximate 

solution for rectangular film. Theoretical predictions for the width of membrane 

regions enable us to estimate the analytical deflection and stress distributions. 

Finally, the obtained results are compared to the available experimental and 

theoretical results. 

Chapter 7 summarizes the works and outlines the main contributions.  

 

 

 

 

 

  



Chapter 2 

2 Molecular Dynamics Simulation 

2. 1 Introduction 

The essence of molecular dynamics methods is simply stated: Numerically solve 
N-body problem of classical mechanics which is rooted in many-body problem 
was solved by Laplace. Although method was originally devised in the 1950s 
[170], [171], they could not receive widespread attention until the mid-1970s, 
when digital computers became powerful and affordable. At the present time, its 
importance stems from attempts to relate collective dynamics to single-particle 
dynamics, attempts motivated by the hope that the puzzling behavior of large 
collections of particles can be explained by examining the motion of individual 
particles.  

Molecular-scale computer simulation involves a three-step procedure: (a) model 
individual particles, (b) simulate the movements of a large number of the model 
particles, and (c) analyze the simulation data for the required collective 
phenomenon. Steps (a) and (c) depend on the problem to which the simulation is 
being applied. In fact we can say steps (a) and (c) are related to the applications, 
however, step (b) is related to the methodology. 

The key idea of molecular dynamics is motion. Motion describes how positions, 
velocities, and orientations change with time. It is a well-known old-fashioned idea 
in science which states: if we have for a system’s part a set of initial conditions 
plus forces of interactions, internal and external interactions, behavior of the 
system can be computed [172]. However, this idea, nearly most the times, is 
blocked by the complexities of the real system, and also sometimes the 
unpredictable environmental interactions. To overcome the complexity of the real 
system we replace reality with a simulation. That means, we perform a simulation 
of the model. In fact we substitute the real system with a model and then simulate 
that model instead of simulating the real system.   



2. 2 System and state in Molecular Dynamics Simulation 

The portion of the physical world on which we focus our attention is called the 
system which is a subset of the universe. The system is composed of many similar 
or dissimilar parts. The state of the system is defined as the condition of those 
parts. Then we need to analyze the behavior of the system. To do so, we assign 
numerical values to the state of the system or to functions of the state. Such 
numerical values are called observables. The interactions from the environment 
can manipulate and control the state of the system and the system is separated from 
the environment by boundaries. These environment interactions are allowed by the 
nature of boundaries. Various kinds of boundaries are possible, however, in this 
thesis our attention is to isolated system. The isolated systems are defined as the 
systems that exchange neither matter nor energy with the environment.  

2. 3 Modeling  

We all know, whether we study system theoretically or experimentally, the general 
procedure is the same: we manipulate and control certain observables (inputs), the 
system responds, and then we measure and compute the other observables 
(outputs). Theoretical analysis are now largely done via modeling or simulation or 
both. Therefore, we need to appreciate how modeling differs from simulation. For 
more complete and more discussion follow Casti [173].  

2. 3. 1 Modeling in Molecular Dynamics Simulation 

In molecular dynamics the model is composed of two parts. One part include a 
model for molecular interaction and another one include a model for environmental 
interactions. These two models are independent of each other like in continuum 
mechanics. For the molecular interaction the model is contained an intermolecular 
potential energy function. For the 𝑁 number of atoms, this potential energy 
function is represented by 𝑈(𝑟 ) in which 𝑟  represents the set of vectors that 
locate the atomic center of the mass, 𝑟 =  {𝑟 , 𝑟 , 𝑟 , … … . . 𝑟 }. The configuration 
of the system will be defined when the values for set 𝑟  are established. To 
establish the configuration of the system we use Newton second low based on 
forces exerted on the particle. Atoms basically interact with each other through 
Van Der Waals forces and electrostatic forces [174]. Also, atoms are covalently 



bonded together that is a strong force which hold atoms together as stable chemical 
groups. The Van Der Waals and electrostatic forces are called non-bonded forces, 
however, covalent bond constitute bonded forces.  

2. 4 Intermolecular Interactions 

As aforementioned, intermolecular interactions are modeled by a potential and this 
potential is a function of the positions of the nuclei. The potential energy due to 
non-bonded interactions between 𝑁 particles can be divided into terms that depend 
on individual atoms, pairs, triplets and so on:  

 
𝑈(𝑟 ) =  𝑉 (𝑟 ) + 𝑉 𝑟 , 𝑟 + 𝑉 𝑟 , 𝑟 , 𝑟

+ … … … …  
(2-1) 

Here, 𝑉  represents the effect of external field, 𝑉  represents two-body interactions, 
𝑉  three-body interaction, and so on. In practice, it is difficult to handle the n-body 
expansion in the calculations, on one hand, and it is not easy to define multi-body 
atomic interactions, on the other hand. For this reason the many-body expansion is 
usually truncated after the three-body term. The contribution of the truncated terms 
may be included by inserting various parameters (linear and/or non-linear 
parameters) to the remaining terms [175], [176].  

2. 4. 1 Two Body interactions 

Two-body potential depends only on the magnitude of pair separation.   

𝑉  (𝑟 , 𝑟 ) =  𝑉 (𝑟), where 𝑟 is the separation distance between particles 𝑖 and 𝑗. 𝑉 

is two-body additive interaction, and 𝑟  is a central force potential that is a 

function only of the scalar separation distance between the two particles. There are 
many two-body potential models which represent formulas to consider interaction 
between two non-bounded particles.  

2. 4. 1. 1 Lennard-Jones Potential 

In solids, there are attractive forces which representing the van der Waals energy, 
pulling the atoms together and also repulsive forces which represented the Pauli 
repulsion that prevent the atoms from getting too close. The Lennard-Jones 



potential provides a good description of van der Waals interaction in inert gases 
and molecular systems [177]–[179]. It is displayed with the following formula: 

 𝐸 = 4 𝜖 [(
𝜎

𝑟
)  − (

𝜎

𝑟
) ]      𝑟 <  𝑟  (2-2) 

This formula is known as 12/6 Lennard-Jones potential function. 𝑟 , represents 
cutoff, and 𝜎 and 𝜖 are collision diameter and depth of the well, as shown in the 
Fig. (2. 1), respectively.  

 

 

 

 

 

Figure 2. 1: The Lennard-Jones potential  

 

However this is not the only formula for the Lennard-Jones potential. Some terms 
could be added to it in order to represent better description of molecular interaction 
in matters. This additional terms depends on the characteristics of the material. For 
example, two of them are stated here, Coulombic pairwise interaction and 
Coulombic pairwise interaction with damping factor, which are demonstrated in 
the flowing formula, could be added to the Eq. (2-2).  

 𝐸 =  
𝐶

𝜖𝑟
          𝑟 <  𝑟  (2-3) 



 

Coulombic term added to Lennard-Jones potential 

 𝐸 =  
𝐶

𝜖𝑟
𝐸𝑥𝑝(− 𝜅 𝑟 )          𝑟 <  𝑟  (2-4) 

 

Coulombic term with damping factor added to Lennard-Jones potential 

 

Where in Eqs. (2-3) and (2-4), 𝐶 is energy-conversion constant, 𝑞  and 𝑞  are 

charges in the two atoms, 𝜖 is the dielectric constant, and finally 𝜅 is the inverse of 
the Debye length.  

2. 4. 1. 2 Morse potential 

Morse Potential is similar to Lennard-Jones and used as a potential for pairwise 
interaction, however, it also can be sued with another formula as a “bonding-type” 
potential when attractive interaction comes from the formation of a chemical bond 
[180]. Pairwise Morse potential for Van Der waals interaction is represented by the 
following form: 

 𝐸 =  𝐷  𝐸 ( ) −  2𝐸 ( )               𝑟 < 𝑟  (2-5) 
 

Where, 𝑟 is the distance between the atoms, 𝑟  is the equilibrium bond distance, 𝐷  
is the well depth, and 𝛼 represents the 'width' of the potential. 

When the two atoms are interact via covalent bond, the morse potential is 
presented by the following form to model the pairwise interaction.  

 𝐸 = 𝐷[1 − 𝐸 ( )]  (2-6) 
 

Where, 𝑟 is the distance between the atoms, 𝑟  is the equilibrium bond distance, 𝐷 
is the well depth, and 𝛼 represents the 'width' of the potential. 



2. 4. 2 Many-body interaction 

In practice, it is difficult to handle the n-body expansion in the calculations, on one 
hand, and it is not easy to define multi-body atomic interactions, on the other hand. 
For this reason the many-body expansion is usually truncated after the three-body 
term. The contribution of the truncated terms may be included by inserting various 
parameters (linear and/or non-linear parameters) to the remaining terms.  

2. 4-2. 1 Stillinger-Weber potential 

The Stillinger-Weber potential [181] computes 3-body potential for the energy of a 
system and it is represented as the following form: 

 𝐸 =  𝜙 𝑟 + 𝜙



𝑟 , 𝑟 , 𝑟  (2-7) 

 

 𝜙 𝑟 =  𝐴 𝜖 𝐵
𝜎

𝑟
− 

𝜎

𝑟
𝐸𝑥𝑝 (

𝜎

𝑟 − 𝑎 𝜎
) (2-8) 

 

 

𝜙 𝑟 , 𝑟 , 𝜃

=  𝜆 𝜖 [cos 𝜃

− cos 𝜃 ]  𝐸𝑥𝑝 
𝛾 𝜎

𝑟 − 𝑎 𝜎
𝐸𝑥𝑝 (

𝛾 𝜎

𝑟 − 𝑎 𝜎
) 

(2-9) 

 

Where, 𝜙  is a two body term 𝜙  is a three body term. The summation in the 
formula over all neighbors 𝑗 and 𝑘 of atom 𝑖 within a cutoff distance, 𝐴. 𝑟  is 

distance between atom 𝑖 and 𝑗, 𝜃  is angle between𝑟  and 𝑟  subtended at vertex 𝑖, 

𝐵, 𝑝 and 𝑞 are constant parameter of the Stillinger-Weber potential which are used 
only for two-body interactions. 𝜖, 𝜎 and 𝑎 are constant parameter of the Stillinger-
Weber potential which is used for both two-body and three body interactions, and 
𝛾 and 𝜆 are constant parameter of the Stillinger-Weber potential which are used 
only for three-body interactions.  



2. 4. 2. 2 Embedded Atom Method  

Embedded Atom Method (EAM) force field [182] based simulations provide a 
computationally efficient description of structural and mechanical properties of 
metallic systems.  As its name implies, the embedded atom method accounts for 
the behavior of an atom placed in a defined electron density [183], [184]. The total 
energy 𝐸  of an atom 𝑖 is given by: 

 𝐸 =  𝐹  𝜌 𝑟



 +  
1

2
 𝜙 (𝑟 )



 (2-10) 

 

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. The multi-body nature of the EAM potential is a result of the 
embedding energy term. Both summations in the formula are over all neighbors 𝑗 
of atom 𝑖 within the cutoff distance.  

2. 4. 3 Force field 

To describe the time evolution of bond length, bond angles and torsions, also the 
non-bonding van der waals and electrostatic interaction between atoms, on uses 
force field.  The force field is a collection of equations and associated constants 
designed to reproduce molecular geometry and selected properties of testes 
structures. Force field potential is used widely for modeling of polymer and bio 
materials. 

A force field has 2 parts: the formulas that define it and the coefficients used for a 
particular system. Different types of force fields are used in molecular dynamics 
and here we discus some of them. Chemistry at Harvard Macromolecular 
Mechanics (CHARMM), Assisted Model Building with Energy Refinement 
(AMBER), and Condensed-phase Optimized Molecular Potentials for Atomistic 
Simulation Studies (COMPASS).  



2. 4. 3. 1  CHARMM and AMBER force fields 

The following formulas are consistent with common options in CHARMM or 
AMBER force fields [185], [186]: 

 𝐸 = 𝐾 (𝑟 −  𝑟 )  (2-11) 
 

This harmonic bond style formula computes the tome evolution of bond length and 
usual 1/2 factor is included in 𝐾. In this formula 𝑟  is equilibrium bond distance 
and 𝐾 is a constant which represents the bond type.   

The following formula which is called angular style is used to track the time 
evolution of bond angels.  

 𝐸 = 𝐾 (𝜃 − 𝜃 ) + 𝐾  (𝑟 −  𝑟 )  (2-12) 
 

Where, 𝐾, 𝜃 , 𝐾 , and 𝑟  are the coefficients that are defined for each angel type 
and 𝑟 is the distance between the 1st and 3rd atom in the angle.  

Dihedral style which is specified to track the time evolution of torsion is 
demonstrated by the following formula. 

 𝐸 = 𝐾 [1 +  cos(𝑛𝜙 −  𝑑)] (2-13) 
 

Where 𝐾 is dihedral angle constant, 𝜙 is dihedral angle, 𝑑 is integer value of 
degrees, and 𝑛 is an integer, 𝑑 ≥ 0.  

The non-bonded interactions are modeled by implementing Lennard Jones and 
columbic interactions.  

2. 4. 3. 2  COMPASS force field  

COMPASS [187] is a general force field for atomistic simulation of common 
organic molecules, inorganic small molecules, and polymers which was developed 
using ab initio and empirical parameterization techniques. These interaction styles 
listed below compute force field formulas that are consistent with the COMPASS 
force field. 



The bond style uses following formula to compute time evolution of bond length 
during the simulation.  

 𝐸 =  𝐾 (𝑟 − 𝑟 ) + 𝐾 (𝑟 − 𝑟 ) +  𝐾 (𝑟 − 𝑟 )  (2-14) 
 

Where, 𝐾 , 𝐾 , and 𝐾  are coefficients for each bond type and 𝑟  represents the 
equilibrium bond distance. To show the time evolution of angles is defined by the 
following formula:  

 𝐸 =  𝐸 + 𝐸 + 𝐸  (2-15) 
 

 𝐸 =  𝐾 (𝑟 − 𝑟 ) +  𝐾 (𝑟 − 𝑟 ) + 𝐾 (𝑟 − 𝑟 )  (2-16) 
 

 𝐸 = 𝑀 𝑟 − 𝑟 (𝑟 − 𝑟 ) (2-17) 
 

 𝐸 = 𝑁 𝑟 −  𝑟 (𝜃 − 𝜃 ) + 𝑁 (𝑟 − 𝑟 )(𝜃 − 𝜃 ) (2-18) 
 

Where 𝐸  is the angle term, 𝐸  is a bond-bond term, and 𝐸  is a bond-angle 
term. 𝜃  is the equilibrium angle and 𝑟  and 𝑟  are the equilibrium bond lengths. 
Dihedral style describes the dihedral term 𝐸 , the middle-bond-torsion term 𝐸 , 
the end-bond-torsion term 𝐸 , the angle-torsion term 𝐸 , the angle-angle-torsion 
term 𝐸 , and the bond-bond-13 term 𝐸 . The dihedral potential is represented 
by the following formula: 

 𝐸 =  𝐾 [1 − cos(𝑛𝜙 − 𝜙 )] (2-19) 

 

 𝐸 =  𝐾 [1 − cos(𝑛𝜙 − 𝜙 )] (2-20) 

 

 𝐸 = 𝑟 −  𝑟 [𝐴  cos(𝜙) + 𝐴  cos(2𝜙) + 𝐴 cos(3𝜙) ] (2-21) 



 

 
𝐸 = 𝑟 − 𝑟 [𝐵  cos(𝜙) + 𝐵  cos(2𝜙) + 𝐵 cos(3𝜙) ]

+ (𝑟 − 𝑟 )[𝐶  cos(𝜙)
+ 𝐶  cos(2𝜙) + 𝐶 cos(3𝜙) ] 

(2-22) 

 

 
𝐸 = 𝜃 −  𝜃 [𝐷  cos(𝜙) +  𝐷  cos(2𝜙) + 𝐷 cos(3𝜙) ]

+ 𝜃 − 𝜃 [𝐸  cos(𝜙)

+ 𝐸  cos(2𝜙) + 𝐸 cos(3𝜙) ] 

(2-23) 

 

 𝐸 = 𝑀 𝜃 − 𝜃 𝜃 − 𝜃 cos(𝜙) (2-24) 
 

 𝐸 = 𝑛 𝑟 −  𝑟 (𝑟 − 𝑟 ) (2-25) 
 

Where 𝜃  and 𝜃  are equilibrium angles and 𝑟 , 𝑟 , and 𝑟  are equilibrium bond 
lengths. The other terms are coefficients, 𝐸  includes 6 coefficients represented 
by𝐾 , 𝐾 , 𝐾 ,  𝜙 , 𝜙 , and 𝜙 . 𝐸 , includes 4 coefficients represented by𝐴 , 𝐴 , 
𝐴 , and 𝑟 . 𝐸  term includes 8 coefficients which are represented by𝐵 , 𝐵 , 𝐵 , 
𝐶 , 𝐶 , 𝐶 , 𝑟 , and 𝑟 . 𝐸 includes 8 coefficients that they are shown by 𝐷 , 𝐷 , 𝐷 , 
𝐸 , 𝐸 , 𝐸 , 𝜃 , and 𝜃 . 𝐸  includes 3 coefficients represented by 𝑀, 𝜃 , and 𝜃 . 
And, finally 𝐸  includes 3 coefficients which are represented by 𝑛, 𝑟 , and 𝑟 . 
The potential called improper style, included in COMPASS force field, described 
by the following formula uses to compute improper interactions between 
quadruplets of atoms, which remain in force for the duration of the simulation. 

 𝐸 =  𝐸 + 𝐸  (2-26) 
 

 𝐸 = 𝐾 [
𝜒 + 𝜒 + 𝜒

3
− 𝜒 ]  (2-27) 

 

 
𝐸 =  𝑀 𝜃 − 𝜃 𝜃 − 𝜃 + 𝑀 𝜃 − 𝜃 𝜃 − 𝜃

+ 𝑀 𝜃 −  𝜃 𝜃 − 𝜃  
(2-28) 

 



Where 𝐸  is the improper term and 𝐸  is an angle-angle term. The 𝜒 terms in 𝐸  
are an average over 3 out-of-plane angles.The 4 atoms in an improper quadruplet 
are ordered 𝐼, 𝐽, 𝐾, 𝐿. 𝜒  refers to the angle between the plane of 𝐼, 𝐽, 𝐾 and the 
plane of 𝐽, 𝐾, 𝐿 and the bond 𝐽𝐾 lies in both planes. Similarly for 𝜒  and𝜒 . 

Note that atom 𝐽 appears in the common bonds ((𝐽𝐼, 𝐽𝐾, 𝐽𝐿) of all 𝜒 terms. Thus 𝐽 
(the 2nd atom in the quadruplet) is the atom of symmetry in the 𝜒 angles.The 
subscripts on the various 𝜃 refer to different combinations of 3 atoms (𝐼, 𝐽, 𝐾, 𝐿) 
used to form a particular angle. E.g. 𝜃  is the angle formed by atoms 𝐼, 𝐽, 𝐿 with 𝐽 

in the middle. 𝜃 , 𝜃 , 𝜃  are the equilibrium positions of those angles. Again, atom 
𝐽 (the 2nd atom in the quadruplet) is the atom of symmetry in the theta angles, 
since it is always the center atom. 

Since atom 𝐽 is the atom of symmetry, normally the bonds 𝐽 − 𝐼, 𝐽 − 𝐾, 𝐽 − 𝐿 
would exist for an improper to be defined between the 4 atoms, but this is not 
required. At the end it should be mention that COMPASS uses Lennard Jones 6/9 
to compute non-bonded interactions.  

2. 5 Simulation 

2. 5. 1 Equation of motion 

As aforementioned, after the construction of model the simulation will be 
performed. To perform the simulation, the molecular dynamics is utilized. In fact 
the phase trajectory serves as the common thread that binds diverse tools we call 
molecular dynamics. In molecular dynamics there are collection of atoms and we 
want to be able to simulate how these atoms will be moving according to time. 
These theory follow three steps: First we need to know the initial positions of 
atoms and also the initial velocity of those atoms. As the initial positions and 
velocities are specified, we need to know the interatomic energy between atoms 
that we discussed before these interatomic energy which is presented by potential 
functions. After the introducing interaction potential, the classical mechanics is 
implemented to predict how these atoms move. Each pair of atoms potentially will 
have a given energy. So, if we have a collection of 𝑛 atoms, every atom will apply 
a smooth forces on the other atoms. As an example the force applied by atom 1 on 
atom 2 and the force applied by atom 2 on atom 1 are demonstrated in Fig (2-2). 
These two forces have same magnitude but the opposite direction due to the action 



and reaction principle. but atom 3, also apply force on atom 1 and 2 and the other 
atoms and this is true for all atoms. To describe the motion of the atoms, we need 
to know what are those forces, and to know the forces we need to know the energy 
between each pair of atoms. This energy depends on the distance between two pair 
of atoms and completely described before. As we introduced the potential energy 
between two pair of atoms, the force between two atoms could be obtained by the 
gradient of the potential energy respect to the distance between the pair of atoms: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2: Atomic pair interaction between 𝑛 atoms 

 

 �⃗� =  −𝑔𝑟𝑎𝑑 (𝑈 ) =  − 
𝜕𝑈

𝜕𝑟
 𝑢  (2-29) 

 

where �⃗�  is the interaction force between atoms 𝑖 and 𝑗, 𝑈 is the interatomic 

energy between those two atoms and 𝑢  is the unit vector between two pair atoms. 



Then we need to know the initial position, 𝑟 (𝑡 = 0), and initial velocity, 𝑣 (𝑡 =

0), between two pair of atoms. With the initial position the distance between the 
pair of atoms is specified and as a consequence the potential energy between pair 
of atoms will be obtained. actually the potential energy of all pair of atoms then 
will be given by the following formula: 

 𝑈  =  𝑈  (2-30) 

 

Using the Eqs (2-29) and (2-30) the all forces applied on atom 𝑖 can be calculated 
by the following formula: 

 �⃗�  =  �⃗�



 (2-31) 

 

When we know the force applied on each atom, then the second Newton law could 
be applied: 

 �⃗�  =  
�⃗�

𝑚
 (2-32) 

 

Where 𝑚  refers to the mass of atom 𝑖. Having the initial position and velocity and 
applying Newton second law, now we can predict how atoms are moving after a 
small increment of times. In fact we can calculate the new velocity of each atom 
after a small increment of time and also we can calculate the new position of each 
atom. This relies on the numerical integration of the Eq. (2-32). After calculation 
the new position and velocity of each atom, the new potential energy of the system 
and also the new forces of each atom could be calculated. Then the new 
acceleration of each atom and the new position and velocity of each atom in the 
second time increment. Doing cycle and cycle in iterating fashion, the change of 
velocity of position according to time will be obtained.  



2. 5. 2  Numerical Integration Methods   

There are several methods [188]–[190] to integrate in the numerical fashion the 
acceleration in order to get the new velocity and position, but the idea is always to 
do the Tailor expansion of the function: 

 �⃗� (𝑡 + 𝑑𝑡 ) = �⃗�  (𝑡) + 
𝑑�⃗�

𝑑𝑡
 𝑑𝑡 (2-33) 

 

There are higher order of the terms that are ignored here in this expansion to the 
fact the time increment, 𝑑𝑡, is considered small enough.  The same expansion for 
the position we will have:  

 𝑟 (𝑡 + 𝑑𝑡 ) = 𝑟  (𝑡) + 
𝑑𝑟

𝑑𝑡
 𝑑𝑡 (2-34) 

 

Having: 

 
𝑑�⃗�

𝑑𝑡
=  �⃗�  (2-35) 

 

 
𝑑𝑟

𝑑𝑡
=  �⃗�  (2-36) 

 

We see the new position and velocity of the atoms could be obtained easily after a 
small time increment of 𝑑𝑡. It should be mention selecting the value of the time 
increment depends on the type of the system we simulate. If we have a system that 
atoms are moving very fast we need to chose a small 𝑑𝑡, but if the atoms are 
moving slower, the larger 𝑑𝑡 could be selected.   

2. 6 Periodic Boundary Conditions 

The virtual space where the simulation takes place is a three-dimensional finite 
size cube along the x, y and z Cartesian coordinates called simulation domain or 
simulation box. The borders of the simulation box actually represents an interface 
between the matter and the empty space. In this classical design, the atoms, which 



are allowed to move freely inside the box, can easy get lost by crossing the domain 
borders as results of the interaction with the empty space.  
Periodic Boundary Conditions (PBC), represents a method to remove the interface 
effect on the border of our system. Fig. (2. 3) depicts a hypothetical simulation box 
(in yellow) surrounded by identical replicas of it (in grey shade) along x and y 
Cartesian coordinates. When PBC are set, atoms and forces feels virtually no 
borders over the domain, meaning that an atom that crosses the border from a 
coordinate will appear on the opposite side of the domain without losing 
information about mass, charge and velocity. As well, the interatomic forces can 
cross the domain, feeling a virtual continuum condition. If PBC not correctly 
managed, unphysical results are generated, as the classical example of an atom that 
interacts with its own replica. The golden rule to avoid such self-interaction is by 
choosing simulation box size large enough to accommodate all the atoms and more 
than double the maximum cut-off distance. The cut-off distance is the threshold 
radius above which the interaction does not takes place and it is set arbitrary zero; 
in a three-dimensional system, it can be represented by a defined sphere 
surrounding every atom. The cut-off concept is an approximation developed to 
avoid to compute a large amount of infinitesimal forces, which scales with volume, 
bringing to the excess of computing demand. The application of cut-off concept is 
mostly related to the non-bonded interaction, but it is also used in internal potential 
formulation. 

Figure 2. 3: A representation of PBC: the simulation box (highlighted in yellow) among its 
replicas. A green arrow points out the motion mechanism of an escaping molecule out of the top 

of the domain readmitted from the bottom of it. 

 

 
 



 
Other different boundary conditions can be used in molecular dynamics simulation.  
In the boundary conditions like fixed, and shrink-wrapping, the simulation box is 
non-periodic, so that particles do not interact across the boundary and do not move 
from one side of the box to the other. 

For fixed boundary condition , the position of the face is fixed. If an atom moves 
outside the face it will be deleted on the next time step that reneighboring occurs. 
This will typically generate an error during simulation, however an option should 
be to allow for lost atoms. 

For shrink-wrapping boundary condition, the position of the face is set so as to 
encompass the atoms in that dimension (shrink-wrapping), no matter how far they 
move. Note that when the difference between the current box dimensions and the 
shrink-wrap box dimensions is large, this can lead to lost atoms at the beginning of 
the simulation. This is due to the large change in the (global) box dimensions also 
causing significant changes in the individual sub-domain sizes. If these changes are 
farther than the communication cutoff, atoms will be lost. This is best addressed by 
setting initial box dimensions to match the shrink-wrapped dimensions more 
closely, by using another kind of boundary condition. In this boundary condition 
also shirink-wraoing occurs,  but is bounded by the specified initial values. For 
example, if the upper z face has a value of 50.0 in the data file, the face will always 
be positioned at 50.0 or above, even if the maximum z-extent of all the atoms 
becomes less than 50.0. This can be useful if you start a simulation with an empty 
box or if you wish to leave room on one side of the box, e.g. for atoms to evaporate 
from a surface. 

2. 7 Introduction to LAMMPS  

The MD simulations presented in this dissertation were performed with the 
Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [191]. 
The LAMMPS package allows classical molecular dynamics with a focus on 
materials modeling. It works with all the potentials presented in paragraph 1.3 for 
solid matter (as metals and semiconductors) and soft matter (polymers and large 
molecules). LAMMPS is released under General Public License and is distributed 
by Sandia National Laboratories and Temple University from Albuquerque, NM. 
This form of licensing allowed LAMMPS to gain a continuous development and 
expansion of functionalities from a wide scientific community, making of 
LAMMPS a big player among the computational materials scholars. LAMMPS 
works in parallel using message-passing interface such as MPI/OpenMPI by 
spatial-decomposition of the simulation domain [168]. This parallelization solution 



makes LAMMPS a scalable code, capable of running from a cheap PC to the 
powerful cluster for high performance computing (HPC). Moreover, thanks to the 
contributions from the community, LAMMPS supports the edge technology in 
terms of accelerated computing performance from GPUs [170], and Intel Xeon 
Phis cards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 3 

3. polymers and polymer compounds 

3. 1 Introduction 

The word ‘polymer’ is coined from two Greek words: poly means many and mer 
means unit or part. The term polymer is defined as very large molecules having 
high molecular mass (103-107u). These are also referred to as macromolecules, 
which are formed by joining of repeating structural units on a large scale. The 
repeating structural units are derived from some simple and reactive molecules 
known as monomers and are linked to each other by covalent bonds. This process 
of formation of polymers from respective monomers is called polymerisation. The 
transformation of ethene to polythene and interaction of hexamethylene diamine 
and adipic acid leading to the formation of Nylon 6, 6 are examples of two 
different types of polymerization reactions. 
Although polymers are employed in many applications due to their features, in 
presence of hard conditions problems will come up if they be used without 
additives or in uncompounded model. Additives are added to polymers to improve 
their characteristics when they are exposed to extreme mechanical forces or 
thermal and optical effects.      

3. 2 Classification of polymers 

There are several ways of classification of polymers based on some special 
considerations. They are classified based on sources, structure, mode of 
polymerization, and molecular forces. However, polymer structure and molecular 
forces are those features that have more contribution to the mechanical properties.       

3. 2. 1 Classification based on structure of the polymers 

There are three different types based on the structure of the polymers: linear, 
branched, and cross linked which are shown in Fig. (3. 1).  

 



 
 

Figure 3. 1: Different type of the polymers based on the structure. (a) Linear (b) Branched (c) 
cross linked  

3. 2. 2 Classification based on molecular forces 

A large number of polymer applications in different fields depend on their unique 
mechanical properties like tensile strength, elasticity, toughness, etc. These 
mechanical properties are governed by intermolecular forces, e.g., van der Waals 
forces and hydrogen bonds, present in the polymer. These forces also bind the 
polymer chains. Under this category, the polymers are classified into the following 
four sub groups on the basis of magnitude of intermolecular forces present in them. 

3. 2. 2.1  Elastomers 

These are rubber – like solids with elastic properties. In these elastomeric 
polymers, the polymer chains are held together by the weakest intermolecular 
forces. These weak binding forces permit the polymer to be stretched. A few 
‘crosslinks’ are introduced in between the chains, which help the polymer to retract 



to its original position after the force is released as in vulcanised rubber. The 
examples are buna-S, buna-N, neoprene, etc. 

3. 2. 2.2  Fibers 

Fibres are the thread forming solids which possess high tensile strength and high 
modulus. These characteristics can be attributed to the strong intermolecular forces 
like hydrogen bonding. These strong forces also lead to close packing of chains 
and thus impart crystalline nature. The examples are polyamides (nylon 6, 6), 
polyesters (terylene), etc. 

3. 2. 2.3  Thermoplastic polymers 

These are the linear or slightly branched long chain molecules capable of 
repeatedly softening on heating and hardening on cooling. These polymers possess 
intermolecular forces of attraction intermediate between elastomers and fibers. 
Some common thermoplastics are polythene, polystyrene, polyvinyl, etc. 

3. 2. 2.4  Thermosetting polymers 

These polymers are cross linked or heavily branched molecules, which on heating 
undergo extensive cross linking in molds and again become infusible. These 
cannot be reused. Some common examples are Bakelite, urea-formaldehyde resins, 
etc. 

3. 3 Polymer Compounds 

Additives are one of the most components of the polymeric products. They have 
played a very crucial role in the growth of plastic industry. A typical polymer 
product contains several types of additives like filler, plasticizer, colorant, 
stabilizers and so on.  
As aforementioned polymers are formed by joining several monomers like, 
ethylene, propylene, styrene etc. The monomer in the polymers are mainly 
connected by carbon-carbon, amide or ester bonds. These bonds are not enough 
strong and in presence of extreme conditions like high temperature, UV lights, 
oxygen or moisture these can easily break. Also except thermo-set and rubber, 
majority of polymers are used in uncross-linked from so they can be recycled and 
processed multiple times. Therefore majority of polymers are very weak which 
makes them susceptible to degradation under extreme conditions. The first step 
where polymers experience extreme conditions is during extrusion process. 
Extrusion is performed well above melting temperature of polymer, at a very high 
pressure and in air which contains oxidizing agent like oxygen and metal. At such 



high temperature and pressure the bond connecting the monomers are highly 
susceptible to oxidation by oxygen and metal. And if it is not controlled, polymer 
can degrade severally which will make final product very weak and brittle.  
Polymeric products also could go through rough conditions even when they are 
being used for different applications. When products are used for outdoor 
applications, the product can be in direct sunlight which contains UV radiation and 
also generate high amount of heat. Since both UV and heat can cause degradation 
of polymer chain, both of these two factors must be taken into account.  
Furthermore, polymers are expected to survive several years in different 
applications like in automotive application. In this case polymeric material is 
expected to retain its mechanical property and its appearance for more than 15 
years, whereas when polymeric materials is used in building, it is expected to 
survive for more than 50 years. The following table (3. 1) shows the life time 
requirement for several application areas. 
  

Table 3. 1: Life time requirement for several application areas 

 
Application Area Life Time Requirement 

Packaging 1 year 

Automotive 15 -20 years 

Building 50 years 

Civil Engineering > 200 years 

 
 
In addition, as a certain level of strength and flexibility are required in the final 
product, appropriate additives are used to improve strength and flexibility of the 
products. In the case of impact strength an instantaneous load is applying on the 
materials or in general on mechanical structures. Now they need to have good 
strength impact. Impact modifier are added to achieve desire impact strength. 
Second property is tensile strength or in general strength of the materials. When a 
constant load is applied to a mechanical structure, in absence of the sufficient 
strength the mechanical structure will break, therefore reinforcing fillers are added 
to achieve desire strength. Since the strength requirements of some stuff like 
households will be less compared to polymer composites used in car or airplane 
application, so reinforcing agents are also different for these products. When high 



strength is required glass fibers, carbon fibers or Kevlar fibers are used as 
reinforcing fillers.  
 
Next property is flexibility that is highly needed in mechanical structures specially 
in case of impact, otherwise they will crack easily, like glass,  at slight bending and 
in many cases they are not comfortable to use.  

3. 4 Summary 

Polymers are very versatile in household and industrial applications due to their 
characteristics. However, they can not to be used alone in harsh mechanical 
conditions due to the weak bonding. Therefore, additives are added to polymers in 
order to enhance strength requirements. In some cases flexibility and impact 
strength are two important factors when materials are exposed to impact loading. 
This issue can be resolved by reinforcing flexible polymers like PDMS with   
fibers like graphene sheets leads to a new highly flexible material and being strong 
enough during impact.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Application 1: A Systematic Molecular 
Dynamics Investigation on the Graphene 
Polymer Nanocomposites for 
Bulletproofing 
 

4. 1 Introduction 
 
Synthesis and control of size and geometry of nanopores in materials are critical 
aspects for various applications, like in DNA sequencing [192], ballistic protection 
materials to spread the impact of projectiles [127], [193]–[195], particle therapy in 
cancer treatment [196], and surface coating [197]. In some applications, the 
attempt is to determine the initial velocity and energy of the projectile to penetrate 
a target to make a hole or destroy it, and in some other cases, it is very important to 
control the hole's radius. Around 20 years after the idea of DNA sequencing was 
first proposed by [198], [199] Oxford Nanopore Technologies offered a 
commercial nanopore sequencer in which protein nanopores is used to control the 
rate at which the DNA travels through the pores. To improve the performance of 
solid-state nanopore sensors, trigged scientists to make them thinner. In particular, 
graphene with atomic thick structure has recently gained remarkable application 
for DNA sequencing [200]. Thereafter, many researchers investigated different 
experimental and numerical approaches to investigate how to drill nanopores in 
two dimensional materials like graphene by using electron beam [201] or through 
molecular dynamics (MD) simulations [202]–[204]. In medical applications like 
cancer treatment based on particle therapy, recognition of the initial velocity and 
energy of the projectile are substantial. In cancer treatment, particles like protons 
are used instead of X-ray in order to decrease the hazardous damages to the healthy 
tissue surrounding the target [205]. Beams of protons with specific energy 
penetrate human tissues, reach the target and deliver maximum radiation dose near 
the tumor, minimizing damage to the surrounding normal tissues. 
In some other applications, however, scientists try to develop new materials and 
composites that could reduce the penetration of the projectile into the target. In 
these cases, designers have no control over the velocity of the projectile, and 
therefore need to design a material that can minimize or prevents the hazardous 
effects of high velocity impact. Soldiers, police, and others who put themselves in 



harm conditions, needed bulletproof cloths that could protect their vital organs and 
could perform their jobs in relative safety. Kevlar and presumably other fabrics are 
used to spread the impact of caliber ammunition thus allow them to perform their 
jobs safely [206]. Experimental and analytical researches [100], [207] performed 
studies on  the behavior of graphene sheet under extreme dynamic conditions.  Lee 
et al.  [100] have found that the specific penetration energy for multilayer graphene 
is virtually 10 times more than the literature values for macroscopic steel sheets at 
600 meters per second. In their study, they realized combination of strength and 
toughness of material is needed to stop the speeding projectile as well as 
dissipating the absorbed kinetic energy. 
Composite materials are currently considered as a reliable substitution to 
conventional materials for bulletproofing because of their improved characteristics 
such as light weight, high energy dissipation, and enhanced resistance against 
impact loadings. Graphene, the most prominent member of two dimensional 
materials presents ultrahigh tensile strength and stiffness. Moreover, 
polydimethylsiloxane (PDMS) is one of the most important elastomeric materials 
with high sticky feature and extensive application areas, ranging from medical, 
fabric, and interface material. In this work, we propose the graphene/PDMS 
composite structures for the bulletproofing application. We expect that due to the 
ultrahigh strength and stiffness of graphene, high viscous characteristic of PDMS, 
along with strong adhesion between graphene and PDMS, the resulting composite 
structures provide enhanced bulletproofing response. In order to examine the 
bulletproofing response of graphene/PDMS composite structures, for the first time 
we conducted extensive classical molecular dynamics simulations. In our 
modeling, we elaborately discuss the effects of different structural factors on the 
bulletproofing response. 
The objective of this paper is to employ classical molecular dynamics simulations 
to systematically analyze how polymer base nanocomposites made of graphene 
resists high velocity projectiles. Worthy to note other methods like high order 
continuum mechanics theory can be employed to establish the results of bullet 
penetration in a media. Nonetheless for the considered problem in this work, 
molecular dynamics simulation is a more viable choice. Normally, the simulation 
of the penetration and rupture is challenging in the continuum modeling. 
Moreover, single or bi-layers graphene are in nanoscale that makes it difficult to 
model the adhesion section by a continuum mechanics approach. These effects are 
very difficult to be captured accurately in the continuum models, but are physically 
incorporated in the molecular dynamics simulations. 
Recently, researches propose different fiber-reinforced polymer composites to 
enhance mechanical and electrical properties of materials that could not be found 
in conventional materials [208]–[215]. Most of the bulletproofing structures are 



made of strong synthetic fibers like kevlar [216]. Kevlar is fabricated to strings or 
sheets which joined together by using adhesives like epoxy resins. The epoxy 
resins become brittle after curing, with poor resistance to crack initiation and 
growth [217]. Although Kevlar improves the resistance against the penetration of 
bullet, presence of brittle compound like epoxy resin causes failure at the resin 
between piles when the compression in the top layer and tension in the bottom 
layer happens due to the projectile impact and also the hardness of resin creates 
bruising in sensitive organs. In addition, quickly absorb of moisture and very poor 
resistance to UV makes Kevlar very sensitive to the environment [218], [219]. 
Therefore, due to these disadvantages and on the side ultrahigh tensile strength and 
stiffness of graphene, researcher’s attention have moved towards using this novel 
material to be employed in bullet resistant structures with high strength to weight 
ratio [100], [220], [221]. To practically use graphene sheets, they are embedded in 
the polymers to fill the disconnectivities between separate graphene nano 
membranes. Worthy to remind that polydimethylsiloxane (PDMS) with high 
versatile applications [222]–[225] can be used to create lightweight and flexible 
graphene nanocomposites [222], which can be used against bullet damages.  

4. 2 Modeling  
MD simulations are carried out by using large-scale atomic/molecular massively 
parallel simulator (LAMMPS) [191], and the atomic results are visualized by 
OVITO [226] package. Different models are subjected to a high velocity projectile, 
and then the results are analyzed and compared. These different models are as 
follows: single- and bi-layers graphene sheets, graphene/PDMS composite with 
different thicknesses and dimensions, and finally pure PDMS. In the case of 
graphene/PDMS composite, single- and bi-layers graphene are located on top or in 
between PDMS models. The process is as follow: First, the modified Markov 
scheme [227] is used to construct the amorphous PDMS with the density of 0.92 
𝑔𝑟/𝑐𝑚 . Then the constructed model is introduced in LAMMPS for further 
analysis. After the relaxation the model is compressed in x-direction in order to 
obtain PDMSs with different thicknesses and dimensions. Then the constructions 
with different thicknesses and dimensions are replicated in x-direction with a gap 
between replicated models. In this case the size of the gap depends on the number 
of graphene layers which are supposed to be located on top of the model or in 
between. Afterwards, graphene layers and the bullet are constructed by developing 
python programming language code and then they are introduced to each model 



and whole the structure is introduced in LAMMPS. All the edges are fixed and 
different initial velocities are applied to bullet as an impact load to different models 
and the obtained results are discussed and compared. In the case of analysis of the 
one and 2-layers pure graphene, the planar size of graphene sheets was assumed to 
be 114.5 and 124.5 Å in y and z-directions, respectively. The diamond projectile 
with a diameter of 20 Å was made from 207 carbon atoms in all cases. In case of 
only graphene the distance between graphene layers for bi-layers graphene was 
considered to be 3.4 Å. An initial gap of 3.8 Å between projectile and graphene 
layers exists. The projectile moves along negative x-direction as a rigid object to 
avoid disintegration during the impact. All the graphene edges were fully clamped 
and AIREBO force field [228], [229] is utilized to describe all the intra and inter-
molecular interactions, and 0.1 fs time step is considered. The AIREBO potential is 
used for a system of carbon and/or hydrogen atoms. The formula for this potential 
consists of three terms: The first potential called EREBO that has the same 
functional form as the hydrocarbon REBO potential developed in [230]. The 
coefficients for EREBO essentially the same as coefficients are used in [230]. The 
second potential is ELJ that adds longer-ranged interactions using a form similar to 
Lennard-Jones potential [191]. The third potential is called ETORSiON which is 
an explicit four-body potential that describes various dihedral angle preferences in 
hydrocarbon configurations [229]. The complete and detailed formula for AIREBO 
force field are given in [229]. In the case of graphene/PDMS composite or pure 
PDMS, a small time step of 0.25 fs is used due to the existence of fast vibration of 
hydrogen atoms. The condensed-phase optimized molecular potentials for 
atomistic simulation studies (COMPASS) potential was used, which has been 
optimized for PDMS by fitting to ab initio calculations [187], [231], [232]. 
COMPASS force field, like the others force field, has two parts: The formulas that 
define it and the coefficients used for a particular system. In COMPASS force filed 
there are collection of formulas [191] that describe the time evolution of bond 
length, bond angels and torsions, and also non-bonding Van der Waals and 
electrostatic interaction between atoms. For the PDMS, COMPASS force field 
coefficients are completely stablished by [187], [231], [232].  In the composite 
form of PDMS and graphene, also, hybrid pair style introduced to enable the use of 
multiple pair styles in the simulation and the assignment of pair styles to type pairs 
is made via the pair_coeff command in LAMMPS [191]. 



4. 3 Results and discussions  
4. 3. 1 Pure graphene 
The impact simulation is conducted with NVE (micro-canonical) ensemble. The 
projectile starts to move toward the graphene as shown in Fig. (4. 1), and the time 
history for the projectile's displacement and its kinetic energy for one layer 
graphene are plotted in Fig. (4. 2). Before the contact, projectile moves through the 
gap, the kinetic energy remains constant. As the impact happens, the kinetic energy 
starts to decrease. Depending on the bullet’s initial velocities, 3 different cases 
happen: Case (1), the projectile's initial velocities are lower than 5200 m/s and 
there is no enough kinetic energy to breaks bonds of the graphene layer. The 
projectile hits the graphene, pushes the graphene and reaches maximum 
displacement, stops for an instant that at this time it has zero kinetic energy. The 
stretched graphene causes the bullet bounces back with lower kinetic energy than 
its initial kinetic energy. Figs.  (4. 2a) and (4. 2b) show this case. Case (2), as is 
shown in Figs. (4. 2c) and (4. 2d), the projectile's initial velocities are between 
5500 m/s and 10000 m/s. In these range of speeds, the projectile starts to break 
some graphene's bonds but the complete perforation does not happen. After 
breaking some bonds, the projectile sticks to graphene layer and all system vibrates 
together. Case (3), as represented by Figs. (4. 2e) and (4. 2f), the projectile's initial 
velocities are more than 10500 m/s. In this case the projectile completely passes 
through the graphene layer and complete perforation happens. The projectile loses 
some of its kinetic energy, passes through the graphene, and with constant kinetic 
energy continues to move in the negative x-direction. In the case of 2-L graphene 
similar scenario happens, however, with different higher initial velocities compare 
to one layer. For the 2-L graphene for velocities up to 6000 m/s the bullet bounces 
back, however, initial velocities more than 16000 m/s the complete perforation 
could happen. For the velocities between 6000 m/s and 16000 m/s some bonds 
break and the bullet sticks to graphene layers and whole the system vibrates.  

 

 

 



Figure 4. 1: One and 2-L graphene subjected to high velocity projectile and complete perforation 
happens. 

 

 

Figure 4. 2: Projectile's time history when impacts one layer graphene. Change of kinetic energy 
versus time and displacement time history for different projectile's initial velocities are plotted.  
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It should be mentioned that our predicted velocities are relatively high compared to 
those numerical results in [98] in which complete perforation happens from 4500 
to 8000 m/s for single- and bi-layer graphene. In the study by [98] mass of the 
projectile consists of 180 which is lower than the present study in which 
projectile's mass consists of 207 carbon atoms. This should result in that in present 
study perforation has to happen in lower velocities than those obtained by [98]. 
However, as the projectile's diameter was 12 Å in the study by [98], which is 
nearly two times lower than the projectile's diameter of 20 Å, in the present study. 
As the projectile diameter increases, the contact surface increases, therefore more 
initial velocity is needed for the complete perforation. This is the reason why in the 
present study perforation happens in such velocities so higher than the velocities in 
[98].  

In order to conduct a numerical validation, a model similar to that was conducted 
by [98], (single-layer graphene with the dimensions of 200 × 200 Å and a 
projectile with a radius of 12 Å) is constructed. The complete perforation happens 
for the initial velocities higher than 5000 m/s, which is in a close agreement with 
the results in the work by [98], that suggests the perforation happens for the initial 
velocities higher than 4500 m/s. Also a model constructed similar to that 
experimented by [100], (projectile with the mass m = 3.61 × 10-24 kg) and 
complete perforation happened at the minimum velocity equal to 630 m/s which is 
in a good agreement by 600 m/s obtained by [100].  



Worthy to note that the velocity of conventional bullets is in the range of 1000-
2000 m/s. In our theoretical analysis, we found the higher velocities that the 
projectile’s impact can result in the rupture of the graphene. Nonetheless, if we 
have used larger diameters for the diamond particle, the mass would increase and 
the rupture would occur at lower velocities. This way, our results like other 
theoretical simulations can be useful to comparatively study the composite designs, 
rather than concentrating on the absolute values of the projectile’s velocity. 

4. 3 .2 PDMS and graphene nanocomposites 
A bulk PDMS was constructed with a dimension of 79.1 × 54.13 × 57.97 Å in x, y, 
and z directions respectively. Then the construction compressed in the x-direction 
and 3 models with different dimensions are obtained: 16 × 94.94 × 102.34 Å, 21 × 
87.5 × 90.63 Å and 26 × 78.3 × 87.52 Å which here are called as model 1, 2, and 
model 3 respectively. Then these three models are replicated in the x-direction and 
one and 2-L graphene sheets, which are introduced in between and surface of each 
model. Distances between graphene layers, and graphene and PDMS were 
considered 3.4 Å, and the distance between PDMS bulks during replication is 
considered 4.5 Å. The diameter of the diamond bullet was the same as before, 20 
Å. The graphical views of different models for each case are shown in Fig. (4. 3). 
In Fig. (4. 3), Figs. (4. 3a), (4. 3b) and (4. 3c) represent one layer graphene is 
located on top of models 1, 2 and 3, respectively. Figs. (4. 3d), (4. 3e) and (4. 3f) 
show 2-L graphene are located on top of models 1, 2 and 3, respectively. Figs. (4. 
3g), (4. 3h) and (4. 3i) express one layer graphene is located in between of models 
1, 2 and 3, respectively. And finally, Figs. (4. 3j), (4. 3k) and (4. 3l) represent 2- L 
graphene are located in between of model 1, 2 and 3, respectively. All models are 
completely clamped at edges and are exposed to the diamond bullet which remains 
rigid through all simulation time and impacts the targets at the center. In all 
simulations time step is considered as 0.25 fs. The impact simulation is conducted 
with NVE (micro-canonical) ensemble. First we try to observe minimum velocity 
that results in the first bond of graphene on top and in between for each model 
breaks and the results are tabulated in Tab. (4. 1) and the graphical pictures are 
shown in Fig. (4. 4) for two sample models to demonstrate what here means by 
breaking the first bond. The first breaking bonds are shown by arrows. In these 
three models it could be seen that when one layer graphene is located on the top, 
the first bond-breaking happens virtually at the same impact velocities. For one 



layer on top, the breaking happens at 6200 m/s, 6200 m/s, and 6100 m/s for models 
1, 2, and 3 respectively. This means the thickness of the PDMS on the behind of 
the graphene does not contribute to strengthening the graphene. For 2-L graphene 
on top, the first bond breaks in lower velocities compare to one layer and the 
reason for this is that as the number of layers increases, in fact moving from nano-
scale to micro- scale, the material properties such as elasticity modulus and 
breaking strength decrease and as a result the first bond breaks in lower energy. 
However, if just consider the 2-L graphene on top, the first bond breaks nearly at 
the same velocities, 5500, 4500, 5000 m/s for model 1, 2, and 3 respectively that 
similarly again states that the Thickness of the PDMS behind of the graphene 
layers does not contribute significantly to improve composite impact loading.  

Figure 4. 3: Different molecular models considered in this work. One and 2-L graphens are located on 
top or between for different PDMS models.  
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Table 4. 1: The minimum projectile's velocity that could breaks a first bond. Here B and T stand 
for the location of graphene in between and top, respectively. 

 

The scenario is completely different when the graphene layers are located in 
between the PDMS. When one layer graphene is located in between, the first bond 
breaks at initial velocities, 12500, 16500, and 19500 m/s for model 1, 2 and 3 
respectively which these velocities are not only considerably higher than the case 
of one layer graphene located on the top, but also they increase significantly from 
models 1 to 3 in which the thickness of the PDMS increases. In the case of 
graphene layers in between, at first, projectile enters the PDMS, unlike the case of 
graphene layers on top that the projectile at first impacts the graphene. When the 
Projectile enters the PDMS, a resistance force applies to the projectile due to the 
stickiness of the PDMS. This resistance force decreases the velocity of the 
projectile before reach to the graphene and this resistance force increases with the 
thickness of the PDMS. Therefore, in the case of graphene layers in between, more 
initial velocity is needed to break the first bond compare to the case in which 
graphene layer located on top. Also, the higher PDMS thickness, the projectile 
needs higher initial velocity to pass through the PDMS and impacts the graphene 
and because of that the initial velocity increases from model 1 to model 3. In the 
case of 2-L graphene located in between, the first bond breaks at initial velocities, 
16500, 19500, and 22500 m/s for models 1, 2, and 3 respectively. These initial 
velocities increase from model 1 to model 3 because of the PDMS thickness 
increases. However, compare to layers on top, in which the first bond of 2-L 
graphene breaks easily than one layer on top, where it can be seen that 2-L 
graphene in between needs higher initial velocity to break the first bond compare 
to one layer in between and this seems the 2-L in between causes the PDMS be 



more coherent than one layer. In fact as the number of graphene layers in between 
increases, the PDMS seems more coherent and as a result stickier.  

Table 4. 2: The minimum projectile’s velocity could make dynamical perforation for each model. 
Here B and T stand for the location of graphene in between and top, respectively. 

 

Figure 4. 4: The minimum velocity that breaks the first bond in PDMS-graphene composite. (a): 
One graphene layer settled on top of the PDMS, model 1. (b): 2-L graphene located on top of the 

PDMS, model 2.  
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In all models and each case that the initial velocities are higher than the minimum 
velocities in which first bond breaks, two different outlines happen. If the initial 
velocities are high enough to pass through the whole composite, called complete 
perforation happens. The minimum complete perforation velocities for all models 
and all cases are listed in Tab. (4. 2), and graphical views are depicted in Fig. (4. 5) 
for some typical cases and models to demonstrate the complete perforation. For the 
velocities between minimum velocities that first bond breaks, velocities in Tab. (4. 



1), and minimum velocities that complete perforation happens, velocities in Tab. 
(4. 2), the projectile impact graphene layers, break more than one bond but does 
not pass through the whole composite. The number of broken bonds strongly 
depends on the initial velocity.  

Figure 4. 5: Perforation in different models.(a): One graphene layer on top of the PDMS in 
model 1. (b): 2-L graphene embedded in between PDMS in model 1. (c): 2-L graphene on top of 

the PDMS in model 3. (d): One graphene layer embedded in between PDMS in model 2. 
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Now we try to follow the bullet's excursion and change of its kinetic energy and 
displacement versus time. In the manifestation of graphene layers on the top three 
different cases happen: Case (1), the bullet moves with an initial velocity, but not 
enough to breaks any bonds. In this case, the bullet moves with constant velocity 
or kinetic energy to pass through the gap between bullet and graphene layers, then 
impacts graphene layers and pushes it in negative x-direction, reaches the 
maximum displacement and transfers all of its kinetic energy as potential energy to 
the composite or here is called target, graphene and PDMS. Then some potential 



energy of the target transferees to the bullet as kinetic energy and causes the bullet 
bounces back and continues to move along positive x-direction with constant 
kinetic energy. The amount of converted potential energy to kinetic energy is very 
low compare to the initial kinetic energy of the bullet. Case (2): the initial kinetic 
energy of the system is higher than case (1), but not enough to create complete 
perforation. The bullet hits the target, pushes the target and breaks some bonds of 
the graphene layers, and then bounces back similar to case (1). Case (3), bullet's 
initial kinetic energy is big enough to create complete perforation in graphene 
layers and enters the PDMS. Depending on the initial kinetic energy and the 
thickness of the PDMS, the bullets may trap inside the PDMS or passes through it. 
Whether the bullets trap inside the PDMS or pass through, depends on the 
thickness of the PDMS as well as the velocity that bullet enters the PDMS after 
complete perforation in graphene layers. The movement of the projectile inside the 
PDMS will be discussed in more detail in section (4. 4). To plot the time history, 
we consider Tab. (4. 1) and Tab. (4. 2), to select the initial velocity of the projectile 
for each case and different models. As an example, to demonstrate time history in 
case (1), for one layer graphene located on top of the model one, three initial 
velocities are considered, 3000, 4500, and 6000 m/s, which all are lower than the 
velocity, 6200 m/s, that projectile is able to break the first bond in this case. The 
results for the graphene layer located on top are plotted in Fig. (4. 6). As we 
discussed before, all graphs in Fig. (4. 6) show the kinetic energy is constant while 
the projectile passes through the initial gap between the projectile and the target. 
The kinetic energy decreases sharply until it becomes zero, and then increases 
slightly but not considerably. Finally, the projectile continues to moves with 
constant kinetic energy. The displacement time history shows, in this case for all 
models, The projectile starts to move in the negative x-direction, reaches the 
maximum displacement, and then bounces back, continuous to move in opposite x-
direction. 

 

 

 

 



Figure 4. 6: Projectile's kinetic energy and displacement time history for one and 2-L graphene 
are located on top of models 1, 2 and 3. 

 

 

 

 



 

 

 

It can be seen that for all models the thickness of the PDMS does not affect the 
maximum displacement of the projectile, but the number of the graphene layers 
does. For example, for one layer graphene over PDMS surface, just the thickness 
of PDMS changes, for the equal initial velocity of 3000 m/s the maximum 
displacements are around 7.5 Å, however, for the same velocity for the case 2-L 
graphene on top in all models the maximum displacements are around 6.0 Å. This 



means as long as the graphene layers are located on the top, PDMS does not 
contribute significantly to improve the composite characteristics, however, the 
number of graphene layers does. The manifestation of graphene layers located in 
between, the scenario is different. As the bullet moves toward the composite, at 
first it contacts the PDMS. Depends on its initial velocity, it could have the 
opportunity to reach the graphene or not. The movement of the projectile in PDMS 
will be discussed in section (4. 4). Similar to the graphene layers on top, depends 
on the initial velocity of the projectile, three different cases happen, but in detail 
not exactly same as what happens in graphene layers on top: The bullet trapped 
inside the PDMS and does not reach to the graphene or impact graphene and 
bounces back without any bond breaking in graphene, called case (1). When the 
bullet bounces back, depend on the initial velocity and the PDMS thickness, maybe 
it could completely exit the PDMS or tarps inside the PDMS on its way back. This 
case, case (1), happens when all initial velocities are smaller than the velocities that 
could break the first bond. Case (2), bullet impacts graphene breaks some bonds 
and bounces back again. Similar to the case (1), on its way back maybe completely 
be able to exit PDMS or traps inside the PDMS, depend on the PDMS thickness 
and initial velocity of the projectile. Case (3), the bullet impacts graphene, makes 
complete perforation in graphene and enters the PDMS behind the graphene. The 
projectile time histories for graphene layers are located in between for case (1) in 
all models are plotted in Fig. (4. 7). 

Figure 4. 7: Projectile's kinetic energy and displacement time history for one and 2-L graphene 
are located in between for models 1, 2 and 3. 

 



 

 

 



 

 

As it could be seen, Fig. (4. 7) reveals that at some velocities the bullet could not 
impact the graphene layers and trapped inside the PDMS, as stated before. For 
example for model 2 in the case one graphene layer in between, the initial velocity 
equal to 8000 m/s is not big enough to provide contact between bullet and 
graphene. It can be seen the bullet approximately stops and there is not a big 
change in displacement as time goes on and its kinetic energy approaches to zero. 
Also, in some initial velocities the projectile may impact the graphene, but trap 
inside the PDMS when it bounces back, as an example one and 2-L graphene in 
between of model, 1 and model 2 respectively, where the velocities are 8000 m/s. 
For the case (2) in which the projectile breaks some bonds and bounces back and 
case (3) that the projectile creates complete perforation, the graphs are included in 
Figs. (4. 8) to (4. 11) for all models. In a case which complete perforation happens, 
case (3), for all models it could be seen that as the perforation in graphene happens, 
the steep of projectile displacement is constant, means after complete perforation 
of graphene projectile moves with a constant velocity, no matter the graphene 



layers are located on top or in between. That seems when the projectile impacts 
graphene makes the PDMS behind it disintegrated as if the PDMS behind the 
graphene exploded. It means PDMS behind the graphene does not contribute to 
improving the composite features exposed to the bullet, however, if the bullet first 
enters the PDMS, the PDMS forwarded the graphene, the composite features 
improve enormously. A graphical view of PDMS disintegration when it is located 
behind the graphene layers are shown in Fig. (4. 12). From the above discussion it 
could be concluded that introducing two extra layers graphene at the end of each 
model prevents the dissociation of PDMS behind the graphene which results in a 
composite with high resistance to the high-velocity projectiles.  

Figure 4. 8:  Kinetic energy and displacement time history of the projectile for model 1, 2, and 
3. The graphene layers are located on top some graphene bonds break.   

 

 

 



 

 

 



 

Fig. S1 

Figure 4. 9: Kinetic energy and displacement time history of the projectile for model 1, 2, and 
3. The graphene layers are located in between and some graphene bonds break.   

 

 

 

 



 

 

 



 

Fig. S2 

Figure 4. 10: Kinetic energy and displacement time history of the projectile for model 1, 2, 
and 3. The graphene layers are located on top and complete perforation happens.    

 

 



 

 

 



 

Fig. S3 

Figure 4. 11: Kinetic energy and displacement time history of the projectile for model 1, 2, 
and 3. The graphene layers are located in between and complete perforation happens.  

 

 



 

 

 



 

Figure 4. 12: Graphical demonstration of disintegration of PDMS behind the graphene when 
subjected to high velocity projectile.  

    

 

4. 4 Thick PDMS 
In the former section it was seen that the thickness of the PDMS and number of 
graphene layers improve bullet resistance of the graphene-polydimethylsiloxane 
composite. This improvement is significant when graphene layers are embedded 
inside the PDMS rather than located on the top and that triggers off to trace the 
movement of the projectile inside the PDMS more in-depth. In most of the 
polymers their backbone is primarily carbon-based, and they are called organic 
polymers. However, some polymers have inorganic backbones and PDMS is one 



of those that its backbone constitutes of alternating silicon (Si) and oxygen (O). 
Silicon like carbon has four free electrons and could form four chemical bonds. In 
PDMS's monomer, silicon is bonded to oxygen and two methyl groups, Fig. (4. 
13). It is a highly applicable material in conditions like sealing application, medical 
plants, lubricating, and so on. When it could not be cross-linked, it is a highly 
viscous liquid. When it is cross-linked is called silicon rubber or just silicon. 
Generally, PDMS has a glass transition below than room temperature (Tg<25) and 
as it has elastomeric features, it could be used at room temperature. In this paper 
the model is not considered cross-linked, however, it has a very high viscosity and 
could remain virtually solid in ambient conditions. 

Figure 4. 13: Polydimethylsiloxane chemistry. 

 

Aforementioned we recognized that the PDMS thickness plays an important role in 
bulletproofing especially when the graphene layers are embedded in between bulk 
of PDMS. However, looking more precisely on the kinetic energy time history it 
could be seen not only the thickness of PDMS contributes to the resistance of 
composite subjected to bullet, but also the initial velocity that bullet inters the 
PDMS plays an important role. To simulate the movement of the projectile inside 
the PDMS, a thick bulk PDMS model (79.13 × 54.13 × 58 A in x, y, and z 
directions respectively) has been constructed. Then it is replicated in the x-
direction with a 4.5 A distance between bulks models during replication. A python 
code has been developed to build a bullet with 20 A diameter, the same as before, 
and whole the construction is introduced in LAMMPS for further analysis. The 
bullets with different initial velocities start to move in the negative direction of the 
x-axis toward the PDMS and then hits it at the center. The kinetic energy and 
displacement time history are plotted in Fig. (4. 14). It could be seen for the two 
initial velocities, 15000 and 25000 m/s, the bullet enters PDMS, get to a maximum 
displacement where the kinetic energy becomes zero, then the PDMS pushes it 
back and it moves backward some distance and traps inside the PDMS. When the 
initial velocity is around 35000 m/s the bullet reaches maximum displacement and 
kinetic energy become zero but does not move back and remains there. For the 



higher velocities, 45000 and 55000 m/s, the bullet moves through PDMS and 
complete perforation happens. Although, in this case, the difference between initial 
velocities are high, 10000 m/s, the bullet exits PDMS with the nearly same kinetic 
energy. It states a decrease in kinetic energy during impact strongly depends on the 
value of initial velocity. The higher initial velocity, the kinetic energy fells down 
more sharply.   

Figure 4. 14: Projectile's kinetic energy and displacement time history for thick PDMS subjected 
to a projectile with different initial velocities. 

 

To appreciate the relation between a decrease in kinetic energy and initial velocity 
let consider a moving object inside a gas or a fluid media. When a moving object 
(diamond ball) passes through a viscous media (PDMS), it experiences resistive 
forces via the media. In general, the resistive force could be written as follows: 

 𝐹 =  −(𝑘 𝑣 + 𝑘  𝜈 )�̂� (4 – 1) 
 

In Eq. (4 - 1) the first term in the right-hand side is called viscous term and the 
second one is called pressure term. ν is unite vector and the minus sign states the 
resistive force is in the opposite direction of the speed. Furthermore, the resistive 
force applied on the bullet is represented by 𝑘 , and 𝑘  which are depend on the 
kind of medium that the bullet passes through. Generally, the resistive force 
depends on the shape of the object, the size of the object, the medium that objects 
moving through, and the speed of the object. In this paper the object is considered 
to be a sphere and consequently the magnitude of the resistance force in the Eq. (4 
- 1) can be written as: 



 |𝐹 | =  (𝐶 𝑟 𝑣 + 𝐶 𝑟  𝜈 ) (4 – 2) 
 

Where 𝐶  and 𝐶  are constant with the dimensions of . 𝑠 and 𝑘𝑔/𝑚 , 

respectively and 𝑟 is the radius of the object.  The viscous term is because of the 
stickiness of the medium that it is referred to as viscosity. If the medium is very 
sticky or has a high viscosity, the constant 𝐶  is too high.  By looking at Eq. (4 - 2) 
it is seen that the pressure term is a function of the square radius 𝑟 and bullet's 
velocity, 𝜈. Since the radius is very small and the maximum velocity which is 
considered here is high, makes the pressure term is considerably lower than 
viscous term. Therefore, the pressure could be ignored compared to the viscous 
term, and as a result, the magnitude of resistive force could be written just in terms 
of the viscous term as follows: 

 |𝐹 | =  𝐶  𝑟 𝜈 (4 – 3) 
 

From Eq. (4 – 3), it could be seen the resistance force depends on the stickiness of 
the media, radius of the projectile, and the value of the initial velocity of the 
projectile. The resistance force of bullet passing through PDMS versus time for 
different initial velocities is plotted in Fig. 10. From the graphs in Fig. (4. 15) it 
could be concluded that PDMS, with a low density of 0.92 𝑔𝑟/𝑐𝑚  is a very high 
sticky material and its combination as an interface material l for graphene, a high 
bullet resistance composite could be produced.    



Figure 4. 15: Resistance force applied by the PDMS to the projectile with different initial 
velocities 

 

4. 5 Concluding remarks 
In this work we conducted extensive molecular dynamics simulations to explore 
the design of bulletproofing materials made of graphene and polydimethylsiloxane 
(PDMS). In order to comparatively explore different nanocomposite structures, 
PDMS polymers with three different thicknesses were constructed. In addition, 
single- or bi-layer graphene nanosheets were positioned either on the surface or in 
the middle of PDMS polymers. The constructed samples were then subjected to the 
impact by a spherical bullet made of diamond, with different initial velocities. The 
kinetic energy and displacement time history of the projectile for all models and 
different cases are plotted and compared accordingly. The results show as long as 
the graphene layers are embedded inside the PDMS, the composite resistance 
against bullet's penetration increases. Generally, it is shown that the thickness of 
PDMS, the number of graphene layers, and their position inside the PDMS 
contribute strongly to the bulletproofing response.  

 

 
 

  



Chapter 5 

Application 2: Atomic arrangement effect 
of two dimensional materials on transvers 
impact loading using molecular dynamics 
simulation 
 

5. 1 Introduction: 

Two-dimensional (2D) materials, sometimes referred to as single-layer materials, 
are crystalline materials consisting of a single layer of atoms. These materials have 
found use in applications such as photovoltaic and photo-catalysts [233]–[235], 
semiconductors [236]–[238], electrodes [239], [240] and water purification [241], 
[242]. The extraordinary physical properties of 2D materials have the potential to 
both enhance existing technologies and also create a range of new applications. 
These materials have an exceptionally wide range of mechanical [243], [244], 
thermal [245], [246] and electrical [247], [248] as well as optical [249], [250] 
properties. These properties give them the ability to improve the performance of 
many products and materials. The ‘enabling’ characteristics of 2D materials allow 
them to either replace existing materials used in the manufacture of products or, in 
some cases, create completely new applications. One of the popular and very well-
known 2D materials is graphene. Due to the extraordinary characteristics of 
graphene, drawn attention of many scientists to it. Increased strength resulting 
from strong covalent carbon-to-carbon bonds, allows it to be used in a host of 
mechanical applications. Graphene can, also, greatly improve the thermal 
conductivity of a material improving heat dissipation [251]. It  is, also, very 
impermeable to both gasses and liquids [252]–[254]. This property allows it to be 
exploited for a wide range of barrier applications. In applications which require 
very high electrical conductivity graphene can either be used by itself or as an 
additive to other materials [255], [256]. Even in very low concentrations graphene 
can greatly enhance the ability of electrical charge to flow in a material [257]. 



Recently lots of researches have been studied transverse impact behavior of 
graphene [98], [100]. They demonstrated graphen sheets could be used as 
bulletproofing in many application due to its high strength.  

Another applicable and popular 2D material is molybdenum disulfide (MoS2). This 
material is classified as a transition metal dichacogenide and is relatively 
nonreactive. This 2D material consisting of semiconducting (2H), and metalic (1T) 
phases as are shown in figure (5. 1). It is similar to graphene and widely used as a 
dry lubricant [258], [259] for several centuries because of its low friction and 
robustness, and these days addressed among scientists for its appropriate 
properties. Single-layer of molybdenum disulfide (SLMoS2) that can be 
mechanically exfoliated easily from its bulk module [260], is a semiconducting 
analogue to graphene [261], presents extraordinary properties similar to graphene, 
in combination to a large intrinsic band gap. It offers unique and hitherto 
unavailable opportunities to tailor mechanical [262], [263], thermal [264], 
electrical [265] and optical [266] properties as well as osmotic power generation 
[267]. A MoS2 sheet consists of Stop-Mo-Sbot triple atomic planes, as shown in Fig. 
(5. 1), with strong in-plane bonding. Interestingly depending on the arrangement of 
S atoms. SLMoS2 of MoS2 can exhibit contrasting electronic properties of 
semiconducting (2H) and metallic (1T) phases. Experimental achievements 
confirm the possibility of fabrication of MoS2 hetero-structures made of 
semiconducting and metallic in a single-layer form. Due to experimental and 
theoretical estimations, MoS2 is a material with a bright prospect for a wide variety 
of applications. Mechanical properties and behavior of semiconducting MoS2 films 
have been studied both experimentally and theoretically [262], [263]. 



Figure 5. 1: Structure of MoS2-2H and MoS2-1T 

 

The responses of the materials in high rate loading or impact loadings are quite a 
kind of issue these days. Numerous experimental and theoretical simulation have 
been done to study the response of conventional and composite materials due to 
impact loading [268]–[271]. In addition, many studies [272]–[274] are performed 
to analyze the impact behavior of nano-materials especially graphene sheets (GSs). 
These studies imply graphene, as the perfect two dimensional lattice of SP2-
bonded carbon atoms, demonstrates excellent energy dissipation during impact due 
to special characteristics it has. Bazle Z. (Gama) Haqueet et al. [98] studied 
transverse impact behavior of graphene sheet (GS) using molecular dynamics 
(MD) simulations. In their study, one, two and three layers of GS with the in-plane 
dimensions L = W = 20 nm × 20 nm have been impacted with a fullerene rigid 
projectile in the impact velocity range: 3-8 km/s. The mass of the projectile was 
considered 3.61 × 10(-24) Kg. The complete perforation happened at the velocities 
or higher than 4.50 Km/s, 5.0 Km/s, and 7.0 Km/s for 1L-GS, 2L-Gs and 3L-Gs, 
respectively. In addition, Lee et al. [100] conducted 90 experiments to study the 
behavior of multilayer graphene membrane with the in-plane dimensions L = W = 
85 µm  and average thickness of 10-100 nm subjected to a  spherical silica bullet 
with the mass of m = 5.0 ± 0.1 × 10(-14) Kg. In their study at 600 m/s and 900 m/s 
impact velocities, post-impact have identified three to six radial cracks initiating 
from the impact site with equal numbers of triangular-shaped petals creasing and 
folding at the base of the transverse cone which show graphene has extraordinary 



bullet resistance feature and excels in energy dissipation. Also, Avila et al. [274] 
have reported that addition of graphene sheets in the conventional composite 
materials increases their impact resistance. It has been suggested that graphene 
sheets have advantages over carbon nano-tubes (CNTs) since these are much easier 
to produce at relatively lower cost. 

The investigations on 2D materials are extensive but not exhaustive. Researches 
show studies on one 2D material provide helpful understanding for the other 
family of 2D materials because many of the experimental set ups (initially for one 
2D) can be used to perform measurements on other materials in this family. For 
example, the mechanical properties of single-layer MoS2 (SLMoS2) were 
successfully measured using the same nano-indentation platform as graphene 
[275], [276]. In the theoretical community, many theorems or approaches, which 
were initially developed to study graphene, are applicable to other Quasi-two-
dimensional (Q2D) materials. The interactions between the carbon atoms in 
graphene can be calculated using different computation levels: Ab-initio 
Simulation Package (VASP) [277], Spanish Initiative for Electronic Simulations 
with Thousands of Atoms (SIESTA) package[278], Brenner potential [230], 
valence force field models (VFFMs) [279]. The potentials of these four 
computation techniques, also, used for SLMoS2. Liang et al [279]  parameterized a 
bond-order potential for SLMoS2, which was based on the bond-order concept 
underlying the Brenner potential [230]. Study the nano-indentations in SLMoS2 
thin films using a molecular statics approach [64], employing VFFM to calculate 
the phonon spectrum in bulk MoS2 [280]. There are numerous theories and 
approaches are used to study graphene [281]–[289], and later on these approaches 
were considered to study MoS2 [290]–[295]. In these investigations graphene and 
MoS2 are compared and the results reveal in some applications graphene is more 
useful, however, there are some other applications that MoS2 seems more 
competitive. 

Many studies have been carried out to survey behavior of SLG and MLG impacted 
by high velocity projectile [272]–[274] and the results reveal graphene could be 
used as a high performance bulletproofing material. Researches on graphene versus 
MoS2 have encouraged us to conduct transverse impact on three membranes, SLG, 
SLMoS2-1T and SLMoS2-2H, using the same method considered by [98] and then 
compare the results. In the present study, molecular dynamic simulation is 



performed to study transverse impact acting of SLG, SLMoS2-1T and SLMoS2-2H 
through investigation of perforation, energy dissipation and impact trajectory and 
the results are compared. To execute a worthy comparison, the same conditions 
considered for the three membranes. All the simulated membrane have the same 
dimensions with fixed boundary conditions on the edges. Then they are subjected 
to high velocity rigid projectile that impacts the membranes at the center. Three 
different velocity zones for each membrane are examined. In the first zone 
projectile impacts the membrane and bounces back without breaking any bonds. In 
the second zone projectile impacts the membrane and some bonds are breaking, but 
the projectile does not passes through the membrane or generally speaking the 
target. Projectile bounces back or sticks to the target and whole the system, 
membrane and projectile, vibrates. And finally in the last zone the minimum 
velocity that complete perforation happens is identified. All the velocity larger than 
this velocity could break target bonds and passes through the target. Perforation, 
energy dissipation, and bullet trajectory are studied to identify the resistance of 
these three materials against high velocity impact. The results are compared and 
discussed how the strength and atomic arrangement of the materials contribute to 
the impact behavior of materials.  

5. 2 Modeling 

In the present study Large-Scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) [191] is used to carry out MD simulation of SLG, SLMoS2-1T and 
SLMoS2-2H exposed to high velocity projectile and the results visualized making 
use of Open Visualization Tool (OVITO) [226]. The following process is 
employed SLG, SLMoS2-1T, and SLMoS2-2H sheets with the dimensions 200 × 
200 nm as well as carbon sphere projectile with 20 nm diameter which all are 
constructed by developing python programming language code. The projectile 
coordinates introduced separately in each membrane file so that it hits the center of 
the target when it is allowed to move. An initial 6 Å distance is considered 
between the projectile and the target. Then the three files separately introduced in 
LAMMPS as input file for the simulation. All the membrane’s edges, which are 
laid along x and y coordinate system directions, are fixed. The periodic boundary 
condition (p) is considered in x and y directions, whereas along the z direction non-
periodic and shrink-wrapped (s) boundary condition is considered. In the case of 



graphene sheet all the intra- and inter-molecular interactions is modeled by the 
AIREBO force field [229]. The time step is used as 0.1 fs and the temperature is 
considered as 1 K to avoid thermal effect [98]. However,  in the case of MoS2 
phases the intra- and inter-molecular interactions is modeled by the ReaxFF [296] 
force field. The time step is used as 0.1 fs and the temperature is considered as 1 K 
to avoid thermal effect [98] like in case of graphene. Moreover, for all three sheets 
the Nosé-Hoover barostat and thermostat method was used to relax the structures 
at zero stress. Once the system was free of residual stresses, the structures were 
further equilibrated at 1 K temperature using Berendsen thermostat. Then the 
simulations are ran by giving different initial velocities to the projectile ranging 
from 2000 m/s to 15000 m/s, 2000 m/s to 17000 m/s, and 2000 m/s to 23000 m/s 
for graphene, MoS2-1T and MoS2-2H respectively. Three different velocity 
domains are identified to understand what happens to the target. With the lower 
velocities projectiles moves toward the target, hits it, pushes the target in the same 
direction of velocity and then bounces back due to the elastic force of the stretched 
target. In these domain of velocities no bonds are broken. In the second domain of 
velocities the projectile moves toward the target, breaks some bonds and again 
bounces back or sticks to the target and vibrates with the target. In these velocities 
range the number of breaking bonds depends on the values of initial velocity of the 
projectile, in fact larger initial velocity leads to more breaking bonds. And finally 
the third domain is the range of velocities that complete perforation happens. In 
these range of velocities the projectile passed through the target after impact and a 
hole and cracks are created in the center of the target. 

5. 3 Results and discussions 

5.  3. 1 One layer graphene 

A file includes atomic arrangement of a graphene sheet and a 20 nm carbon 
projectile distanced 6 Å from the graphene sheet in z-direction used as an input file 
in LAMMPS to use classical MD for the simulation. The Fig. (5. 2) shows the 
graphene and projectile structure before and during impact for different range of 
velocities. All the Graphene edges are fixed and different initial velocities are 
applied to the projectile which moves toward the target along negative z-direction 
and impacts the target. To examine the perforation, eight different velocities 



include 2000, 4000, 7000, 10000, 11000, 13000, 14000, and 15000 m/s, are 
applied to the projectile.  

Figure 5. 2: (a): SLG and projectile structure before impact. (b): Projectile with initial velocity 
2000 m/s impacts SLG and bounces back. (c): Projectile with initial velocity 7000 m/s impacts 

SLG and sticks to the target. (d): Projectile with initial velocity 11000 m/s impacts SLG and 
complete perforation happens.  

 
 
Fig. (5. 2) shows the target before and during impact. Figs. (5. 2a) and (5. 2b) show 
the target before and after impact respectively with the projectile's velocity equal to 
2000 m/s. In this velocity the projectile impacts the target and bounces back as 
could be seen in Fig (5. 2b). Figs.  (5. 2c) and (5. 2d) show the projectile impacts 
the target for initial velocities equal to 7000 m/s and 11000 m/s respectively. When 
the velocity is 7000 m/s, some bonds are broken and projectile adheres to the target 
and the whole system vibrates, however in the case of projectile's velocity equal to 
11000 m/s the complete perforation happens and then projectile continues to 
moves in negative z-direction. Generally, three cases happen and change in 
projectile's kinetic energy and displacement versus time are plotted in Fig. (5. 3). 
Case (1), the projectile's initial velocities are lower than 5000 m/s and there is no 
enough kinetic energy to break bonds of the graphene layer. As shown in Fig (2b), 
for example when the initial velocity equal to 2000 m/s, the projectile hits the 
graphene, pushes the graphene and reaches maximum displacement in the negative 
z-direction, stops for an instant that at this time it has zero kinetic energy. The 



stretched graphene causes the bullet bounces back with lower kinetic energy than 
its initial kinetic energy and a harmonic circular wave is created, similar a wave 
appears by throwing a stone inside immovable and stationary water, and 
propagates through the target. The wave starts from the center, travels through the 
target and transmits energy, reaches the boundaries and finally the wave and its 
energy reflected back. Also, by considering Fig. (5. 3) it can be seen that  the 
change of kinetic energy and displacement versus time for initial velocity equal to 
2000 m/s. Kinetic energy is constant as the bullet travels through the initial gap and 
then decreases during impact, gets to zero when reaches the maximum 
displacement. Then, the bullet bounces back due to the elastic force of the 
stretched target and the kinetic energy starts to increases but not considerably and 
finally remains constant. The displacement of the projectile versus time for initial 
velocity equal to 2000 m/s is shown in Fig (5. 3). It can be seen the projectile 
travels toward the target and pushes it in the negative z-direction and reaches the 
maximum displacement. Then bounces back due to the elastic force of the target 
and continues to travel in positive z-direction. For the velocities between 4000 to 
5000 m/s, as can be seen in Fig. (5. 3) where initial velocity equal to 4000 m/s, the 
projectile impacts the graphene, no breaking bonds happen, but does not bounces 
back similar to that happened when the initial velocity is equal to 2000 m/s. In this 
range of velocities the projectile impacts the target, pushes it back in the negative 
z-direction, sticks to the target and for a moment the projectile's velocity becomes 
zero. The stretched graphene pushes the projectile back and all the system vibrates 
together. Similar to that happened for the velocity equal to 2000 m/s a harmonic 
circular wave is created in the center of graphene, moves to the boundaries and 
reflected back. Case (2), the projectile's initial velocities are between 5500 m/s and 
10000 m/s. In these range of speeds, the projectile starts to break some graphene's 
bonds but the complete perforation does not happen. After breaking some bonds, 
the projectile sticks to the graphene layer and all the system vibrates together. The 
number of breaking bonds depend on the initial velocity of the projectile. Higher 
initial velocities break more bonds. Similar to the case (1) the wave is created in 
the center of target and propagates through the target, transmits energy, reaches the 
boundaries and finally the wave and its energy reflected back. Case (3), the 
projectile's initial velocities are more than 10500 m/s. In this case the projectile 
completely passes through the graphene layer and complete perforation happens. 
The projectile loses some of its kinetic energy, passes through the graphene, and 



with constant kinetic energy continues to move in the negative z-direction. Similar 
to case (1) and (2) the wave and its energy moves through the target and reflected 
back as reaches the boundaries. The amount of projectile's kinetic energy after 
complete perforation depends on the value of the initial velocity as it could be seen 
in Fig. (5. 3). For initial velocity equal to 13000 m/s, the projectile leaves the target 
with the kinetic energy equal to nearly 250 ev, however, for the initial velocity 
equal to 15000 m/s the kinetic energy is nearly equal to 1300 ev after perforation. 
It should be mentioned that our predicted velocities are relatively high compared to 
those numerical results [98] in which complete perforation happens at 4500 m/s for 
single layer graphene. In the study by [98] mass of the projectile consists of 180 
carbon atoms which is lower than the present study in which projectile's mass 
consists of 207 carbon atoms. This should results in the present study perforation 
has to take place in lower velocities than those obtained by [98]. However, the 
mass is not the only factor that contributes to the impact problems. The size of the 
projectile is also has a significant effect on the impact loading problems. In the 
study by [98], the projectile's diameter is 12 Å which is nearly two times smaller 
than the projectile's diameter in the present study which the projectile's diameter is 
20 Å. As the projectile's diameter increases, the contact surface increases, therefore 
more initial velocity is needed for the complete perforation. This could be 
approved by the following formulation that demonstrates the movements of a 
projectile through a media. When a moving object passes through a media, it 
experiences resistive forces via the media. In general, the resistive force could be 
written as follows:  

 𝐹 =  −(𝑘  𝜈 + 𝑘  𝜈 )�̂� (1) 
                                                                     
In Eq. (5 - 1) the first term in the right-hand side is called viscous term and the 
second one is called pressure term. ν is unite vector and the minus sign states the 
resistive force is in the opposite direction of the speed. Furthermore, the resistive 
force applied on the bullet is represented by k , and k  which are depend on the 
kind of medium that the bullet passes through. Generally, the resistive force 
depends on the shape of the object, the size of the object, the medium that objects 
moving through, and the speed of the object. In this paper the object is considered 
to be a sphere and consequently the magnitude of the resistance force in the Eq. (5 
- 1) can be written as: 
 



 
 

Figure 5. 3: Change of projectile's kinetic energy and displacement versus time for different 
range of velocities, SLG.  



 

 

 |𝐹 | =  𝑐  𝑟 𝜈 + 𝑐  𝑟  𝜈  (2) 
                                                              

Where, 𝑐  and 𝑐  are constant with the dimensions of 
.

 and  respectively. Eq. 

(5 - 2) shows the resistance force which results in how the target can resists against 
the projectile strongly depends on the radius of the projectile. This is the reason 
why in the present study perforation happens in such velocities so higher than the 
velocities in [98] as in the present study the projectile's diameter is nearly two time 
bigger that the projectile's diameter in the study by [98]. In order to conduct a 
numerical validation, a model similar to that was conducted by [98], (single-layer 
graphene with the dimensions of 200 × 200 Å and a projectile with a radius of 12 
Å and a similar mass) is constructed. The complete perforation happens for the 
initial velocities higher than 5000 m/s, which is in a close agreement with the 
results in the work by [98], that suggests the perforation happens for the initial 
velocities higher than 4500 m/s. Also a model constructed similar to that 
experimented by [100], (projectile with the mass m = 3.61 × 10-24 kg) and complete 
perforation happened at the minimum velocity equal to 630 m/s which is in a good 
agreement by 600 m/s obtained by [100].  It should be mention that the velocity of 
conventional bullets is in the range of 1000-2000 m/s. In our theoretical analysis, 
we found the velocities that the projectile’s impact can result in the rupture of the 
graphene are very high. Nonetheless, if we have used bullet with bigger mass, the 
rupture would occur at lower velocities. This way, our results like other theoretical 
simulations can be useful to comparatively study the impact problems, rather than 
concentrating on the absolute values of the projectile’s velocity. 
 

5. 3. 2 One layer MoS2-1T 

Like graphene impact issue as discussed above, a MoS2-1T sheet with 200 × 200 
nm along x and y-directions subjected to a 20 nm carbon projectile that initially 
distanced 6 Å from the target's center in z-direction. All the edges along x and y-
directions are fully clamped. Periodic boundary condition is applied along x and y-
directions whereas non-periodic and shrink-wrapped is applied in z-direction. The 
graphical view of MoS2-1T and projectile before and after impact is shown in 



Figure (5. 4). Fig. (5. 4a) shows the whole structure, including projectile and target, 
before impact. Figs. (5. 4b) and (5. 4c) show the impact for the initial velocities 
equal to 2000 and 7000 m/s respectively. For the velocity equal to 2000 m/s the 
bullet impacts the target, press the sulfide bonds and then bounces back. The 
compression of sulfide bonds which are bonded to molybdenum atoms in the 
middle leads to distortion in the target. Unlike the case of graphene a circular wave 
is not created. The distortion is like the higher modes of vibration happen. As the 
projectile reaches maximum distance, bounces back due to the force of compressed 
bonds connected to the sulfide atoms and also due to the stretched middle layer. 
When the velocity is equal to 7000 m/s as shown in Fig. (5. 4c), the projectile hits 
the target, but does not bounces back. In this velocity the projectile sticks to the 
target and vibrates with the target. Like the previous impact, the target distorted as  

Figure 5. 4: SLMoS2-1T and projectile's structure before impact. (b): Projectile with initial 
velocity 2000 m/s impacts SLMoS2-1T and bounces back. (c): Projectile with initial velocity 

7000 m/s impacts SLMoS2-1T and sticks to the target. (d): Projectile with initial velocity 17000 
m/s impacts SLMoS2-1T and complete perforation happens. 

 



if higher vibration modes are created. Higher velocities lead to more distortion and 
creation of higher vibration modes. The Fig. (5. 4d) shows the complete 
perforation for the initial velocity equal to 17000 m/s. In this velocity the projectile 
hits the target and passes through the target. The higher velocities lead to higher  
modes of vibration and more distortion. To examine the perforation, different 
initial velocities equal to 2000, 7000, 10000, 13000, 14000, 15000, 17000 m/s are 
applied to the projectile. The change of projectile's kinetic energy and 
displacement versus time are plotted in figure (5. 5) for different initial velocities. 
Three different cases happen: Case (1) the initial velocity is lower than 3000 m/s. 
In these range of velocities there are no braking bonds. The projectile impacts the 
MoS2-1T sheet, presses the sulfide connected bounds to molybdenum and creates 
some distortion in the target like standing waves and finally bounces back due to 
the elastic force of the connected bonds and stretched middle plane. When the 
projectile hits the target loses most of its kinetic energy and bounces back with a 
small amount of kinetic energy. The converted energy turns into potential energy 
in the target, heat, and other form of energy. Unlike the graphene it seems the 
waves does not move, just distortion happens in the target like higher modes of 
vibration. In case (2) the applied initial velocities are between 3000 - 13000 m/s. In 
this extension of velocities the projectile impacts the target, breaks some bonds and 
adheres to the target. The projectile loses all of its kinetic energy which converted 
to the potential energy in the target, heat, and other form of energy. The number of 
breaking bonds depends on the initial velocity of the projectile, it means bigger 
initial velocities lead to more breaking bonds. Also higher velocity results in higher 
vibration modes happen in the target. This happening higher modes and distortion 
leads to not only the breaking bonds happen in the area of impact but also some 
bonds far from the impact area will break. Case (3) the velocities are more than 
14000 m/s. In this case the projectile hits the target and passes through the target 
and complete perforation happens. After perforation the projectile continues to 
move with a constant velocity which is much less than initial velocity due to the 
loss of kinetic energy. Like case (2) higher vibration modes created in the target 
and distort the target. 

 

 



Figure 5. 5: Change of projectile's kinetic energy and displacement versus time for different 
range of velocities, SLMoS2-1T. 

 



As mentioned braking bonds are not just in the impact area but also in the other 
parts of the target. As the initial velocity increases and are too much higher, the 
distortion increases and the breaking bonds happen at most area of the target.  

 5. 3. 3 One layer MoS2-2H 

A MoS2-2H sheet as a target along with a 20 nm rigid carbon projectile which is 
distanced 6 Å in z-direction from target are introduced in LAMMPS [191]. All 
edges of the MoS2-2H sheet is fixed and the periodic, and non-periodic and shrink-
wrapped boundary condition are imposed along x, y, and z directions respectively. 
Different initial velocities equal to 2000, 4000, 10000, 13000, 17000, 19000, 
23000 m/s are given to the projectile. The pictorial appreciation of the impact is 
shown in figure (5. 6). Figure (5. 6a) shows the whole system before impact where 
the target is completely flat and the projectile distanced 6 Å from the target. Figure 
(5. 6b) represents the impact with initial velocity equal to 2000 m/s. With this 
initial velocity projectile impacts the target and creates a circular wave in the 
center which propagates through the target. The wave transmits the energy and 
reaches the boundaries and then reflected back.  

Figure 5. 6: SLMoS2-2H and projectile's structure before impact. (b): Projectile with initial velocity 2000 
m/s impacts SLMoS2-2H and bounces back. (c): Projectile with initial velocity 7000 m/s impacts SLMoS2-
2H and sticks to the target. (d): Projectile with initial velocity 23000 m/s impacts SLMoS2-1T and 
complete perforation happens.  

 



The wave's velocity is considerably less than in the case of graphene. The 
projectile compresses the sulfide bonds that are bonded to the molybdenum atoms 
in the middle plane and then pushes the target. As the projectile reaches the 
maximum displacement, bounces back due to the elastic force of the stretched 
middle plane and the compression force of the sulfide-molybdenum bonds. Fig. (5. 
6c) represents pictorial view of the impact when the initial velocity is equal to 
7000 m/s. In this velocity the projectile impacts the target and compress the sulfide 
bonds which are connected to the molybdenum atoms and pushes the target in the 
negative z-direction. The projectile breaks some bonds and adheres to the target. A 
circular wave creates in the center of the target and propagates through the target, 
reaches the boundaries and reflected back. The reflected wave transmits the energy 
and causes the vibration of the target and the projectile. Figure (5. 6d) shows the 
impact when the initial velocity is equal to 23000 m/s. In this velocity the 
projectile hits the target and passes through the target and complete perforation 
happens. A circular wave created in the center of the target and propagates through 
the target and reflected back as reaches the boundaries. Similar to that happens to 
graphene and MoS2-1T, three different cases occur and graphical view of changing 
in projectile's displacement and kinetic energy versus time is presented in Fig (5. 7) 
for different initial velocity of the projectile. In case (1) velocities are less than 
4000 m/s that leads to no breaking bond. The projectile impacts the target, 
compress the connected bonds of sulfide to molybdenum and pushes the target, 
loses all of its kinetic energy and stops for a moment at maximum displacement, 
and finally bounces back due to the elastic force of the stretched target and 
compressed bonds with much less kinetic energy than initial kinetic energy. As 
aforementioned, projectile's kinetic energy converts to potential energy of the 
target, heat, and other form of energy. Case (2) is related to velocities between 
4000 - 19000 m/s. In this case some bonds are broken and the projectile adheres to 
the target. Perforation does not happen and the projectile and the target vibrate due 
to the transmitted and reflected wave. The number of breaking bonds depend on 
the values of the initial velocity. Bigger initial velocity, more bonds will be broken. 
Case (3), in which complete perforation happens, velocities are bigger than 19000 
m/s. The projectile impacts the target, breaks bonds and passes through the target. 
Most of projectile's kinetic energy converts to the other form of energy and as the 
projectile passes through the target, continues to move with constant kinetic 
energy. 



Figure 5. 7: Change of projectile's kinetic energy and displacement versus time for different range of 
velocities, SLMoS2-2H.   

5. 4 Resistance force 

Fig. (5. 8) shows the time history of the perforation resistance force for SLG. 
Initially, as long as the projectile travels freely, resistance force is zero. When the 



projectile starts to contact with the target, resistance force starts to increase. After 
reaching a maximum value, force starts to decreases with time. Peak value of the 
resistance force increases with the impact velocity. These perforation resistance 
force are higher than the perforation resistance force those are presented by [98] 
for SLG for the same initial velocity. In their study it is stated that the resistance 
force increases with the impact velocity and number of graphene sheets. In our 
study for the initial velocity equal to 7000 m/s the maximum value of the 
resistance force  is virtually 230 nN for SLG which is nearly same as the value 
presented by [98] for two layers graphene sheet (2L-GS). The reason for higher 
resistance force compare to [98] is that in the present study the diameter of the 
projectile is nearly two times bigger than the projectile's diameter in the work done 
by [98]. As stated before and theoretically shown by the Eqs. (5 - 1) and (5 – 2), 
the increase in projectile's diameter leads to increase in contact surface during 
impact and results in higher resistance force.  

Figure 5. 8: Perforation resistance force for SLG with time  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The 

time history of the perforation resistance force for SLMoS2-1T is presented in 



figure (5. 9). As long as the projectile travels through the distance between the 
projectile and the target, 6 Å, the resistance force is zero. However the resistance 
force starts to increase when the impact happens. Resistance force increases during 
impact and reaching a maximum value and then begins to decrease. Peak of the 
resistance force increases with the impact velocity. Also figure (5. 10) presents the 
impact resistance force for SLMoS2-2H. similar to SLG and SLMoS2-1T,  
resistance force is zero long as the projectile travels freely and then increases to a 
maximum value when contact happens between projectile and the target. After 
reaching the maximum value, the resistance force starts to decrease. The maximum 
value of the resistance force depends on the impact velocity.   

Figure 5. 9: Perforation resistance force for SLMoS2-1T with time  

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure 5. 10: Perforation resistance force for SLMoS2-2H  with time  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

5. 5 Compare the result 

Table (5. 1) is prepared to compare the perforation impact results for SLG, 
SLMoS2-1T, and SLMoS2-2H. The × sign presents no perforation. As stated before 
in the previous sections and could be derived from Tab. (5. 1), for the SLG 
perforation happens for the initial velocities more than 10000 m/s. For the 
SLMoS2-1T and SLMoS2-2H the perforation happens for the velocities more than 
14000 m/s and 19000 m/s respectively. Lee et al. [100] realized combination of 
strength and toughness of a material are two important factors that contribute to 
stop speeding projectile as well as dissipating the absorbed kinetic energy. In their 
study they found specific penetration energy for multilayer graphene is virtually 10 
times more than the literature value for macroscopic steel sheet at 600 m/s. 



Although the breaking strength and young's modules of SLG is nearly 5 times 
more than the SLMoS2 [262], the penetration happens with smaller kinetic energy 
for graphene compare to SLMoS2 phases as it could be seen from Tab. (5. 1). In 
the present study we realized in addition to the strength and toughness there are 
other factors contribute to improve bulletproofing application. In this MD 
simulation we realized arrangement of the atoms are very important factors in 
bulletproofing problems. From a mechanical perspective, graphene is an allotrope 
of carbon which carbon atoms are packed in a planar honeycomb network with a 
unit cell consists of two carbon atoms separated by 1.42 Å.  

Table 5. 1: Perforation impact results for SLG, SLMoS2-1T, and SLMoS2-2H. 

Initial velocity of the 
projectile (m/s) 

SLG SLMoS2-1T SLMoS2-2H 

2000 × × × 

4000 × × × 

5000 × × × 

7000 × × × 

10000 
Perforation 

happens 
× × 

13000 
Perforation 

happens 
× × 

14000 
Perforation 

happens 
Perforation 

happens 
× 

17000 
Perforation 

happens 
Perforation 

happens 
× 



19000 
Perforation 

happens 
Perforation 

happens 
Perforation 

happens 

 

However, SLMoS2 has a layered structure, in which a plane of molybdenum atoms 
is sandwiched by planes of sulfide atoms (Stop-Mo-SBot) as shown in Fig. (5. 1) and 
strong in-plane bonding formed between Mo and S planes. In this simulation we 
understood that topology and atomic configuration of the material plays important 
role in impact problems. From table (5. 1) ,also, it could be seen that perforation 
happens at initial velocity equal to 19000 m/s for MoS2-2H, whereas for MoS2-2T 
the perforation happens at initial velocity equal to 14000 m/s. The 2H phase is the 
original structure of MoS2 which shows a hexagonal lattice with the atomic 
stacking sequence of (Stop–Mo–SBot) ABA Fig. (5. 1). On the other hand, 1T phase 
represents an atomic stacking sequence of (Stop–Mo–SBot) ABC, in which the S 
atoms on the bottom are placed in the hollow center of the hexagonal lattice. This 
presents the different arrangement of sulfide atoms in two phases also contributes 
to amplify the perforation resistance and energy absorption during impact. 

Today looking for manipulation of conventional materials during synthesis is an 
important issue due to the lack of mechanical, optical, and electrical characteristics 
of conventional materials. Composite materials, alloy making, synthesis methods 
of polymers, polymer compounding, surface coating are few examples of many 
techniques used to improve material properties. As an instance, Luo et al. [297] 
used the same technique as they used for polyethylene [298] to enhance the heat 
conduction in polydimethylsiloxane. The results of the present study and the 
investigation of [297], [298] encouraged us to suggest that by looking on the 
structure of MoS2, some polymer compounds maybe synthesized in a way that 
could be resulted in high performance perforation results.  

    

5. 6 Conclusion 

Classical MD simulation has been performed to estimate resistance of one layer of 
MoS2-1T and MoS2-2H in impact loading and the results are compared to the SLG 



sheet. The results show despite the higher strength and toughness of graphene 
compare to MoS2 phases, MoS2 resists much more to impact loading compare to 
the graphene. Topology and atomic arrangement of MoS2 phases is completely 
different from graphene. In graphene all atoms lay in one plane and bonded 
through single and double covalent bonds and this makes graphene the strongest 
material ever discovered with an ultimate strength of 130 Gp which is near five 
time stronger than steel and aramid materials like Kevlar. However, the different 
atomic arrangement of MoS2 phases, as discussed earlier compare to graphene, 
reveals that atomic arrangement contributes significantly in impact loading. 
Therefore, it could be recognized that in addition to strength and toughness, atomic 
arrangement is crucial factor to rise up the resistance of materials in impact 
problems. Outcomes of this simulation suggest that by manipulating the structure 
of conventional materials, in particular polymers during synthesis, impact 
resistance of the materials could be enhanced significantly.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

6 Elastic deformation behavior of free 
standing molybdenum disulfide (MoS2) 
films using a continuum approach 
6. 1 Introduction 
Membrane technology is of major importance in large number of applications 
including: medical, micro-fluidics, drug delivery, artificial organs, tissue 
regeneration, diagnostic devices, as coatings for medical devices,  bio separation, 
filtration, and so on [299]–[303]. Because of these enormous applications, 
mechanical properties as well as mechanical behavior of membranes under 
pressure and point loads presents a significant matter of issue.  

Materials with high strength to weight, suitable mechanical, electrical and thermal 
conductivity and significant flexibility, have triggered scientist to search and study 
in field of nano structures, structures which are sufficiently small and their physical 
and chemical properties are different to their bulk model. These days a wide 
variety of few-atomic layer thick, including graphene [148], [304], hexagonal 
boron-nitride (h-BN) [305], [306], graphitic carbon nitride [307], [308], silicone 
[309], [310], Phosphorene [311], [312], Borophene [313], Germanene [314], 
Stanene [315] and transition metal dichalcogenides (TMDs) like MoS2, WS2, 
MoSe2 and Wse2 [316], [317] which are experimentally achieved during the last 
decade are available. The first one was Graphene, mechanically exfoliated from 
three-dimensional (3D) graphite in 2004 [315]. Many spotlighted characteristics, 
such as its high thermal conductivity [318], [319], electrical conductivity [320]–
[324], extraordinary mechanical characteristics [276] and optical properties [78] 
have been identified in monolayer graphene. Nevertheless, the lack of band gap in 
graphene limited its usefulness in certain applications requiring a semiconducting 
material. Molybdenum disulfide (MoS2), that has been widely used as a lubricant 
[325] for several centuries, is one that these days addressed among scientists for its 
appropriate properties. Single-layer of molybdenum disulfide (SLMoS2) that can 
be mechanically exfoliated easily from bulk module, is a semiconducting analogue 



to graphene, presents extraordinary properties similar to graphene, in combination 
to a large intrinsic bandgap [326]. It offers unique and hitherto unavailable 
opportunities to tailor mechanical [262], [327], thermal [328], electrical and optical 
properties [265], [266] as well as osmotic power generation [267]. A MoS2 sheet 
consists of Stop -Mo-Sbot triple atomic planes, as shown in Fig. (6 – 1), with strong 
in-plane bonding [329], [330]. Interestingly depending on the arrangement of S 
atoms, single layer of MoS2 can exhibit contrasting electronic properties of 
semiconducting (2H) and metallic (1T) phases [331]. Experimental achievements 
[330] confirm the possibility of fabrication of MoS2 hetero-structures made of 
semiconducting and metallic in a single-layer form. Due to experimental and 
theoretical estimations, MoS2 is a material with a bright prospect for a wide variety 
of applications. Mechanical properties of semiconducting MoS2 films have been 
studied both experimentally [262] and theoretically [21], [332]–[334]. Although 
many works have been carried out to define the mechanical response of SLMoS2 
[23], [292], [335], there is not a straight forward method based on the continuum 
mechanics for defining the mechanical behavior of this applicable material. 
 
In this chapter, which is related to the second part of the present dissertation, MoS2 
structure is considered as a film and then a continuum model is performed to 
predict the mechanical response of single and two-layers circular and rectangular 
MoS2 films under both point load and uniform pressure. In order to obtain the 
accurate solution for large deformation, the strain-displacement relations are 
considered to be non-linear. The results are compared with experimental results in 
literature and a good agreement is seen. The suggested continuum method for 
defining the mechanical behavior of MoS2 is less time consuming and a low cost 
approach with respect to the other methods. 
 

Figure 6. 1: A single-layered MoS2 film 

 
 



 

6. 2 Nonlocal theories versus classical continuum mechanics 
In standard continuum mechanics, a solid body is decomposed into a set of 
idealized, infinitesimal material volumes, each of which can be described 
independently as far as the constitutive behavior is concerned. Of course, this does 
not mean that the individual material points are completely isolated, but their 
interaction can take place only on the level of balance equations, through the 
exchange of mass, momentum, energy and entropy. 
 
However, multiple recent experimental results have shown a significant size effect 
in mechanical properties when the dimensions of the specimen or the probed 
material volume become small. The classical continuum theories, on the other 
hand, lack the capability of representing such effects since they do not include any 
internal length scale. Consequently, these theories are expected to fail when the 
specimen size becomes comparable with the internal length scale(s) of the 
material. The common feature of all nonlocal formulations is the elimination of 
stress field singularities. The gradient elasticity solution shows no singularity in 
both stress and strain fields at the core of dislocations. Furthermore, the strain 
energy is finite at sites where local elasticity predicts stress singularities and 
infinite strain energy density. The scale effects are accounted by considering the 
internal size as a material parameter. The most general form of the constitutive 
relation for nonlocal elasticity involves an integral over the whole body and 
therefore the governing equations become integro-differential equations [336], 
[337]. Eringen [338] showed that it is possible to represent the integral constitutive 
relations of nano-structures in an equivalent differential form. Eringen presented a 
nonlocal elasticity theory to account the small scale effect by specifying the stress 
at a reference point is a functional of the strain field at every point in the body. 
Since then, many studies have been carried out for bending, buckling and vibration 
analyses of nano-structures based on the gradient elasticity.  

6. 2. 1 Field Equations of Nonlocal Elasticity 

Several modifications of the classical elasticity formulation have been proposed to 
address the small scale effect. They are of integral non-local or gradient type and, 
as a common feature, include one or several intrinsic length scales. Their 



predictions reduce to those of local continuum theories when the specimen size is 
much larger than the internal length scale. In the integral formulation of non-local 
elasticity due to Eringen and Edelen [336] the constitutive equation is expressed in 
terms of a non-local kernel introduced to account for the effect of long-range 
interatomic forces. The stress at point 𝑋 is a function of the strain at all points 𝑋  
in the body, through a weighting kernel specifically, for homogeneous and 
isotropic elastic solids, the linear theory is expressed by the set of equations as 
 
 𝑡 , +  𝜌(𝑓 − �̈�  ) =  0 (6 – 1) 
 
 

𝜎 (𝑥) =   𝛼( 𝑋 ′ −  𝑋 , 𝜏) 𝑡 (𝑋 ′)𝑑𝑥 𝑑𝑦 𝑑𝑧 (6 – 2) 

 
 
 𝜎 (𝑋 ′) =  𝜆 𝜀 (𝑋′)𝛿 +  2 𝜇𝜀  (𝑋 ′) (6 – 3) 
 
 

𝜀  (𝑋 ′) =  
1

2
 

𝜕𝑢

𝜕𝑥 ′ + 
𝜕𝑢

𝜕𝑥 ′  (6 – 4) 

 
where 𝑡 , 𝜌, 𝑓 , and 𝑢  are, respectively, the nonlocal stress tensor, mass density, 
body force density and the displacement vector at a reference point 𝑋 in the body 
at time 𝑡. Also, dot above each parameter denotes differentiating with respect to 

time. 𝜎 (𝑋 ′) is the usual local (classical) stress tensor at  𝑋 ′. 𝜆 and µ are the 
Lame’s coefficients which are related to the Young’s modulus 𝐸 and Poisson ratio 
𝜈 as 

 𝜆 =  
𝐸𝜈

(1 +  𝜈)(1 − 2𝜈)
 (6 – 5) 

 
 

𝜇 =  
𝐸

2 (1 +  𝜈)
 (6 – 6) 

 
 
It can be seen that there is a difference between the nonlocal equations and the 
classical elasticity equations that is emerged in Eq. (6 – 2). This extra equation 
terms in Eq. (6 – 2) causes difficulties in solving governing equation of motions 



and shape the solution more expensive. Furthermore, results of nonlocal theories 
are too far from the experimental results. To tackle these issues in the present 
dissertation classical continuum mechanics is employed to examine the mechanical 
behavior of 2D materials, specially MoS2, by applying right boundary conditions 
instead of considering size effect terms. In this new approach, that classical 
continuum mechanics is used to obtain governing equation of motions, presents 
easy solution to the problem and, also, the results are extremely close to those 
exploited by experimental results.       
 

6. 3 Circular film 

Consider an isotropic circular elastic film fixed to a rigid wall at its outer radius, 𝑎, 
and subjected to transverse point/pressure loads.  Based on the large deformation 
theory, the strains 𝜀  and 𝜀  in radial and tangential directions are [339] 

 𝜀 =  
𝑑𝑢

𝑑𝑟
+ 

1

2
 

𝑑𝑤

𝑑𝑟
 (6 – 7) 

 

 𝜀 =  
𝑢

𝑟
 (6 – 8) 

 

Where, 𝑟 is the film radius direction, u  and w  are the radial and transverse 
displacements, respectively.   

Based on the Hook’s law, the corresponding tensile forces per unit length (𝑁  and 
𝑁 ) are defined by  

 
𝑁 =

𝐸ℎ

1 − 𝜈
 (𝜀 +  𝜈𝜀 )

=  
𝐸ℎ

1 − 𝜈
 

𝑑𝑢

𝑑𝑟
+ 

1

2
 

𝑑𝑤

𝑑𝑟
+  𝜈 

𝑢

𝑟
 

(6 – 9) 

 



 
𝑁 =

𝐸ℎ

1 − 𝜈
 (𝜀 +  𝜈𝜀 )

=  
𝐸ℎ

1 − 𝜈
 

𝑢

𝑟
+  𝜈 

𝑑𝑢

𝑑𝑟
+ 

𝜈

2
 

𝑑𝑤

𝑑𝑟
 

(6 – 10) 

 

Where, 𝐸, ℎ and 𝜈  are elastic modules, film thickness and Poison’s ratio, 
respectively. 

Using Eqs. (6 – 7) to (6 – 10), the non-linear governing equilibrium equations for 
an axisymmetric circular film can be written in the following form [339]: 

 𝑑 𝑢

𝑑𝑟
+ 

1

𝑟

𝑑𝑢

𝑑𝑟
− 

𝑢

𝑟
=  − 

1 − 𝜈

2𝑟
 

𝑑𝑤

𝑑𝑟
− 

𝑑𝑤

𝑑𝑟
 
𝑑 𝑤

𝑑𝑟
 (6 – 11) 

 

 

𝑑 𝑤

𝑑𝑟
+ 

1

𝑟

𝑑 𝑤

𝑑𝑟
− 

1

𝑟

𝑑𝑤

𝑑𝑟

=  
12

ℎ

𝑑𝑤

𝑑𝑟
 

𝑑𝑢

𝑑𝑟
+  𝜈 

𝑢

𝑟
+  

1

2
 

𝑑𝑤

𝑑𝑟

+ 
1

𝐷𝑟
 𝑝𝑟𝑑𝑟 

(6 – 12) 

                                         

Where the parameter 𝑝 is point or pressure applied load. In order to solve these two 
nonlinear equations, the Galerkin method is utilized. For a film under a uniform 
pressure, the transverse deflection is considered as 

 𝑤 =  𝑤  1 − 
𝑟

𝑎
 (6 – 13) 

                                               

Where, 𝑤  is the central transverse displacement of the film at the center. This 
consideration satisfies the zero transverse deflection at the edges, but the first 
derivative is not zero and it is in contrast with what usually is consider for the 
clamped edges. This consideration is based on the experimental results observation 
that it has been seen that as a fully clamped MoS2 film deflects, it adheres to the 



sidewalls of the hole at the edges over a distance on the order of 5 𝑛𝑚 and 
therefore the slope of deflection is not vanished [262]. Substituting Eq. (6 – 13) 
into Eq. (6 – 11) and solving it for 𝑢 yields 

 

 𝑢 =  𝐶 𝑟 +
𝐶

𝑟
+ 

𝑤  (𝜈 − 3) 𝑟

4𝑎
 (6 – 14) 

                                                                    
By applying the clamp boundary conditions as: 
 

 𝑢 =  0     𝑎𝑡   𝑟 = 𝑎       𝑎𝑛𝑑   𝑢 = 𝑓𝑖𝑛𝑖𝑡𝑒        𝑎𝑡     𝑟 = 0 (6 – 15) 
 
 It can be easily obtained that 
 

 𝐶 =  
𝑤  (𝜈 − 3)

4𝑎
                 𝑎𝑛𝑑              𝐶 = 0 (6 – 16) 

                                                  
Now, substituting Eqs. (6 – 13) and (6 – 14) into Eq. (6 – 12), the error function 
can be obtained. Based on the Galerkin method, the integral of this error function 
is set to zero through the film region by considering Eq. (6 – 13) as the weight 
function. Then, the relationship between the maximum transverse deflection and 
the applied pressure load obtained as 
 

 𝑤 =  𝛾 
𝑝𝑎

𝐸ℎ
 (6 – 17) 

                                                                                              
Where 

 
𝛾 =  

1

2 (𝜈 − 2)
3 (𝜈 − 1)

 
(6 – 18) 

                                                                                           
The results of this formulation are in a good agreement with the results of Ref. 
[292] in which the circular membrane under uniform load was studied and a 
numerical method was utilized to obtain the results.  



In the case of the film under the point load at the film center, the transverse 
deflection is considered as 
 

 𝑤 =  𝑤  1 − 
𝑟

𝑎
−  𝑟 ln

𝑟

𝑎
 (6 – 19) 

 

Eq. (6 – 19) is an initial guess for transverse deflection of the system and it 
satisfies the initial boundary conditions. Based on what observed by Ref. [39] 

about the adherence of MoS2 film to the sidewall, it is considered zero transverse 
deflection at the edges, but the first derivative is not zero and it is in contrast with 
what usually is consider for the clamped edges. As the same aforementioned 
procedure for the pressure load, in the case of point load the following relationship 
between central concentrated load and film center deflection will be obtained 

 𝑤 =  𝜒 
𝑝  𝑎

𝐸ℎ
 (6 – 20) 

                                                                 
In this case 
 

 
𝜒 =  

1

0.8366 + 0.627 𝜈 − 0.2083 𝜈
1 − 𝜈

 
(6 – 21) 

 
 
The parameter 𝜒 is related to Poissons ratio in which 𝜈 = 0.27 is Poisson ratio of 
bulk MoS2 [262], and 𝑝  is the applied point load at the center. It should be 
mentioned that in this case it is considered that the load is distributed in a region of 
the radius, 𝑟 , equal to five hundredth of the film radius [262]. Since the radius of 

distributed load is very smaller the film radius, = 0.05, it can be considered as 

point load [262].    
 



6. 4 Rectangular film 
 
Let us consider a free standing rectangular film in Cartesian coordinate system 
with the length, 2a, and width, 2𝑏, fixed on all sides is considered as shown in Fig. 
(6. 2). In this case the strain displacement relationships are defined as follow [339]   
 

 𝜀 =  
𝜕𝑢

𝜕𝑥
+ 

1

2
 

𝜕𝑤

𝜕𝑥
 (6 – 22) 

 
 

 𝜀 =  
𝜕𝑣

𝜕𝑦
+ 

1

2
 

𝜕𝑤

𝜕𝑦
 (6 – 23) 

 
 

 𝛾 =  
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
+ 

𝜕𝑤

𝜕𝑥
 
𝜕𝑤

𝜕𝑦
  (6 – 24) 

                                                                                                                                                                        
Where, 𝜀 , 𝜀   and 𝛾  are strain components and 𝑢, 𝑣, and 𝑤 are the 

corresponding in-plane and out of plane displacements in 𝑥, 𝑦, and 𝑧 directions , 
respectively. The strain components can be written as   
 

 𝜀 =  
1

𝐸ℎ
 𝑁 −  𝜈 𝑁  (6 – 25) 

  
 

 𝜀 =  
1

𝐸ℎ
 𝑁 −  𝜈 𝑁  (6 – 26) 

  
 

 𝛾 =  
2 (1 +  𝜈)

𝐸ℎ
  𝑁  (6 – 27) 

                                                                                                                                                                                                                                                          
Where, 𝑁 , 𝑁  and 𝑁  are the normal and shear resultant forces. Here, the energy 



method is used to obtain an approximate solution for deflection of the film. The 
strain energy of a film is given by  
 
 

 𝑉 =  
1

2
 𝑁 𝜀 + 𝑁 𝜀 + 𝑁 𝛾  𝑑𝑥𝑑𝑦 (6 – 28) 

 
Substituting Eqs. (6 – 22) to (6 – 27) into Eq. (6 – 28), yields 
 

 

𝑉 =  
𝐸ℎ

2(1 − 𝜈 )
 

𝜕𝑢

𝜕𝑥
+ 

𝜕𝑢

𝜕𝑥
 

𝜕𝑤

𝜕𝑥
+ 

𝜕𝑣

𝜕𝑦

+   
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𝜕𝑦
 

𝜕𝑤

𝜕𝑦
+

1

4
 

𝜕𝑤

𝜕𝑥
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𝜕𝑤

𝜕𝑦
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𝜕𝑢

𝜕𝑥
 

𝜕𝑣

𝜕𝑦
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1

2
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𝜕𝑦
 

𝜕𝑤

𝜕𝑥
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1

2
 
𝜕𝑢
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𝜕𝑥
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(6 – 29) 

 
 

Figure 6. 2: A schematic of a continuum model of MoS2 film 
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By applying the energy method it should be assumed a suitable expressions for the 
displacement components. These expressions must, of course, satisfy the boundary 
conditions and will contain several arbitrary parameters in which the magnitudes 
are determined by the use of the principle of virtual displacements. Here, for a 
fully clamped rectangular film, the in-plane displacement and transverse deflection 
are zero at edges, however, the first derivative of transverse deflection is not zero. 
This non-zero first derivative is in contrast to the clamped boundary condition, but 
it is compatible with observations of the adherence of the film to the hole’s 
sidewall through the experiments [262]. By taking the following expressions for 
the displacement components, all of the above requirements are satisfied 
 

 𝑤 =  𝑤  cos
𝜋𝑥

2𝑎
 cos

𝜋𝑦

2𝑏
  (6 – 30) 

 

 
𝑢 =  (𝑎 − 𝑥 ) (𝑏 − 𝑦 ) 𝑥 (𝐵 +  𝐵  𝑦 +  𝐵  𝑥

+  𝐵  𝑥 𝑦 ) 
(6 – 31) 

 

 
𝑣 =  (𝑏 − 𝑦 ) (𝑎 − 𝑥 ) 𝑦 (𝐶 + 𝐶  𝑦 +  𝐶  𝑥

+  𝐶  𝑥 𝑦 ) 
(6 – 32) 

                                                                                              
These expressions contain nine parameters 𝑤 ,  𝐵 , 𝐵 , 𝐵 , 𝐵 , 𝐶 , 𝐶 , 𝐶 , 
and 𝐶 . Substituting the Eqs. (6 – 30) to (6 – 32) into Eq. (6 – 29), the constants in 
Eqs. (6 – 31) and (6 – 32) are now determined from the condition that the total 
energy is minimum at the equilibrium position, hence  
 

 
𝜕𝑉

𝜕𝐵
=  0        

𝜕𝑉

𝜕𝐵
=  0          

𝜕𝑉

𝜕𝐵
=  0          

𝜕𝑉

𝜕𝐵
= 0    (6 – 33) 

 
 

 
𝜕𝑉

𝜕𝐶
=  0        

𝜕𝑉

𝜕𝐶
=  0            

𝜕𝑉

𝜕𝐶
=  0       

𝜕𝑉

𝜕𝐶
= 0      (6 – 34) 

 



By substituting constants obtained from Eqs. (6 – 33) and (6 – 34) into the strain 
energy and applying the principle of virtual displacement for the pressure load, the 
force-deflection relationship can be defined as 
 

 
𝜕𝑉

𝜕𝑤
 𝛿𝑤 =  𝑝 𝛿 𝑤  cos

𝜋𝑥

2𝑎
 cos

𝜋𝑦

2𝑏
 𝑑𝑥𝑑𝑦 (6 – 35) 

 
Where, 𝑝 is the intensity of the applied uniform pressure. From Eq. (6 – 35) the 

maximum deflection, 𝑤 , can be obtained as 
 

 𝑤 =  𝜉
𝑝 𝑎

𝐸ℎ
 (6 – 36) 

 
Where, 𝜉 is a function of Poisson’s ratio. It should be mention that in the case of 
the point load, the expression (6 – 35) can be written as 
 

 
𝜕𝑉

𝜕𝑤
 𝛿𝑤 =  𝑝  𝛿𝑤  (6 – 37) 

  In this case, the maximum deflection, 𝑤 , can be obtained     
 

 𝑤 =  𝜅
𝑝 𝑎

𝐸ℎ
 (6 – 38) 

                                                                         
Where, 𝑝 , is the point load applied at the film center and 𝜅 is a function of 
Poisson’s ratio. The values of 𝜉 and 𝜅 are presented in term of 𝜈 with the following 

equations, Eqs. (A. 1) to (A. 10) , for the different aspect ratio . 
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6. 5 Numerical results and discussion  

   In order to verify the accuracy of the formulations, a comparison has been carried 
out with the experimental results. In the experimental test [262], single- and two-
layer MoS2 were extracted from bulk crystals of naturally MoS2 by using the 
micro mechanical cleavage technique. The films were suspended over a circular 



hole with radius of 𝑟 =  25  5 𝑛𝑚  and deformed in the middle by an AFM tip 

with a radius = 0.05. Their observation showed that mono- and two-layers 

MoS2 is an isotropic material with linear stress-strain relationship up to their 
failure. In addition, they observed that at the edges, the MoS2 films adhered to the 
sidewall of the hole. The force-deflection diagram characterized for both mono- 
and two-layer MoS2. A comparison for force-deflection of a mono- and two-layers 
of circular MoS2 is depicted in Fig. (6. 3) with above mentioned experiment results 
and it can be seen that the results have a good agreement with the experimental 
results. 
The material characteristics, elasticity module 𝐸 = 270 𝑀𝑝𝑎, Poisson’s ratio 𝜈 =

0.27, radius 𝑟 = 250 𝑛𝑚, and the thickness ℎ = 0.65 𝑛𝑚 for mono-layer, ℎ =

1.3 𝑛𝑚 for two-layers of MoS2, and they are considered in Ref. [262]. It should be 
noted that for film under point load, the load is distributed over a radius equal to 
five hundredths of the film radius at the center as considered in [262], 𝑟 =

0.05 𝑟. The film is considered as a fully clamped in the edges, with no in-plane 
displacement in the edges, as well as transverse deflection. However, it is in 
contrast to the clamp boundary condition in which the first derivative of transverse 
deflection is not zero at edges due to the adherence of MoS2 film to the sidewall 
[262]. It can be seen from Fig. (6. 3) that there is a cubic relationship between load 
and center deflection, 𝑝  𝛼 𝑤 . In the experimental test [262] it was observed that 
the fracture happens as the maximum applied force is 𝐹 = 200 𝑛𝑁. Due to this 
maximum applied force, the center of circular mono-layer deflects up to 𝑤 =

50 𝑛𝑚 and then the breaking happens.  
 
 
 
 
 
 
 
 
 
 
 
 



Figure 6. 3: center force-deflection for 1 and 2 layers circular MoS2 film under point load at the 
center 

 
 
The in-plane stresses through the film region under point load for circular MoS2 is 
depicted in Fig. (6. 4). It is considered that the MoS2 film is subjected to a point 
load, 𝑝 = 400 𝑛𝑁. It can be seen that the maximum stress happens in the film 
center and then reduces to the minimum value at the boundaries. 

Figure 6. 4: Redial and tangential stresses through the film region under point load, 𝑝 =
400 𝑛𝑁, at the center. 

 



 
 
    For a circular film under uniform pressure, the obtained parameters are 
compared to Ref. [152] in which the deflection at the center of a membrane under 
pressure load was formulated by employing the numerical method and a good 
agreement is reached. In this case the force-deflection is depicted in Fig. (6. 5) for 
both mono- and bilayer MoS2 Film. It can be seen that in the case of uniform 
pressure, a cubic relationship, 𝑝  𝛼 𝑤 , between force and center deflection is 
governed. To have center deflection equal to 𝑤 = 50 𝑛𝑚 at the center a high 
uniform pressure load intensity, 𝑝 = 1.9 ×  10  𝑝𝑎/𝑚 , is needed. This shows, 
how nano-films are highly resistant to the pressure loads. In addition, radial and 
tangential stresses through the film region under uniform pressure is depicted in 
Fig. (6. 6). Experimental results shows that the breaking strength of a mono-layer 

MoS2 is, 𝜎 = 16 − 30 𝑀𝑝𝑎 [262]. It can be seen from Fig. (6) that with 
pressure load of constant intensity, 𝑝 =  4 ×  10  𝑁/𝑚 , the stress at the center of 
the film exceeds 16 𝑀𝑝𝑎, which shows the MoS2 nano-films can tolerate high 
pressure uniform loads.   
 

Figure 6. 5: center force-deflection for 1 and 2 layers circular MoS2 film under uniform pressure. 

 



Figure 6. 6: Redial and tangential stresses through the film region under uniform constant 
pressure load 𝑝 =  4 ×  10  𝑁/𝑚  

 
 

 
For the rectangular MoS2 films with all sides clamped, deflection at the film center, 
and stresses trough the film region under both pressure and point loads are studied. 
First, in order to show the accuracy of the formulation, the Poisson’s ratio is 
considered, 𝜈 = 0.25, for the film under uniform pressure, the values of 𝜉  are 

compared to Ref. [340]. This comparison performed for different aspect ratio, ,   

and the results are tabulated in Tab. (6. 1). A good agreement for the formulation is 
reached. 

Table 6. 1: the values of 𝜉 by considering 𝜈 = 0.25 and different aspect ratio, , for a film under 

uniform pressure load. 

 

 𝑎

𝑏
 1.0 1.5 2.0 3.0 4.0 

 

ξ 

Reference [50] 0.818 0.569 0.411 0.248 0.171 

Present 0.833 0.583 0.419 0.260 0.172 

 



To study the behavior of MoS2 film under point and pressure load, the constant 
values for in-plane displacements, 𝐵 , 𝐵 , 𝐵 , 𝐵 , 𝐶 , 𝐶 , 𝐶 , and 𝐶 , are 

presented in table (6. 2) for different aspect ratio, , and for Poisson’s ratio, 𝜈 =

0.27.  
 

Table 6. 2: The constant values of displacements 𝑢 and 𝑣 constants by considering 𝜈 = 0.27 and 
different aspect ratios . 
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w
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w
  

20C  
8

2
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8

2
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w
  

8

2
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w
  

8

2
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w
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2
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a

w
  

22C  
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2
03815.0

a

w  
10

2
03734.4

a

w  
10

2
05601.24

a

w  
10

2
01465.278

a

w  
10

2
08910.1554

a

w  

 

Then, the values of 𝜉 and 𝜅 are tabulated in Table (6. 3) for different aspect ratio . 



For the rectangular film, the maximum stress happens at the middle point of the 

edges. The maximum stress, for different aspect ratio, , is plotted in Fig.(7) and 

Fig (8) for point and uniform pressure load, respectively. 
 

Table 6. 3: the values of 𝜉 and κ for MoS2 film, 𝜈 = 0.27, and different aspect ratio, . 

𝑎

𝑏
 1.0 1.5 2.0 3.0 4.0 

ξ 0.8276 0.5794 0.4168 0.2499 0.1716 

κ 0.7045 0.5646 0.4470 0.3068 0.2318 

 

Figure 6. 7: Maximum stresses through the film region under point load with different aspect 
ratio, . 

 

 



Figure 6. 8: Maximum stresses through the film region under uniform pressure with different 
aspect ratio  

 
For a film under point load, the film will break at, 𝑝 = 2700 𝑛𝑁, however, under 
uniform pressure load, at load intensity, 𝑝 = 13 𝑀𝑁/𝑚 , the breaking strength 
appears. In addition, for the film under pressure load, the maximum stress increase, 

as the aspect ratio, , decreases, however, for the film under point load by 

increasing the aspect ratio, the maximum stress increases. The force-deflection of 
the film center for both point and pressure loads for different film aspect ratio are 
obtained, and the results are plotted in Figs. (6. 9) to (6. 12) for both mono- and 
two-layer MoS2 film. Here, the film length, 𝑎 = 500 𝑛𝑚, is considered. For all 
cases, there is a cubic relationship between force and maximum deflection.  
 

Figure 6. 9: Force-deflection of a rectangular 1-L MoS2 film under point load with different 
aspect ratio . 

 



 
Figure 6. 10: Force-deflection of a rectangular 2-L MoS2 film under point load with different 

aspect ratio   . 

 
 

 



 

Figure 6. 11: Force-deflection of a rectangular 1-L MoS2 film under uniform pressure with 
different aspect ratio  . 

 
 

Figure 6. 12: Force-deflection of a rectangular 2-L MoS2 film under uniform pressure with 

different aspect ration . 

 

 
 



 

6. 6 Conclusion 
   A continuum approach has been considered to investigate the mechanical 
response of freestanding single- and two-layers MoS2 films for both circular and 
rectangular geometries. The Föppl membrane theory has been utilized to obtain the 
non-linear partial differential equilibrium equations. In order to solve the non-
linear partial differential equilibrium equations, the Galerkin method has been 
employed for circular film. For rectangular film, the energy method has been 
considered in order to obtain the solution. The boundary conditions have been 
considered as whatever observed by the experimental result in the literature. 
Deflection and stress of structure have been calculated through the films region 
and the results are compared to available experimental and theoretical results. The 
comparison has been shown that using the continuum approach to study the 
mechanical behaviour of MoS2 films can have accurate results. 



Chapter 7 

7. Conclusions 
 

7. 1: Problem and objective of the work 
1- Mechanical behavior of 2-D materials under impact loading as well as their 
behavior under static pressure and point loads play a crucial role in the design and 
manufacture of durable products. 

2- experimental measurements of materials on the nano-scale become complicated 
and time-consuming when accurate evaluation of the mechanical and properties 
behavior are required.  

3- Nanostructures possess unique mechanical properties due to their high surface 
area and nanoscale size. Their toughness and other properties are dependent on 
their unique size, shape and structure. 

4- People like police who put themselves in harm's way depend on fabrics to 
spread the impact of projectiles and allow them to perform their jobs in relative 
safety. As a result bulletproof materials need to be continually tested and 
improved. Graphene is one of the strongest material ever tested, with an 
intrinsic tensile strength of 130 GPa with representative engineering tensile 
strength ~50-60 GPa for stretching large-area freestanding graphene, and a Young's 
modulus (stiffness) close to 1 TPa. Layers of carbon one-atom thick can absorb 
blows that would punch through steel. Recent tests suggest that pure 
graphene performs twice as well as the fabric currently used in bulletproof vests, 
making it an ideal armour for soldiers and police. Therefore, research into new 
bulletproofing materials is necessary to improve energy absorption capacity during 
impact. Embedded graphene into polymers could increase the energy absorption 
and create new advanced bulletproofing materials during impact. In addition, 
atomic arrangement structure of 2D MoS2 proves not only the strength properties 
of materials improves impact properties but also arrangement of atoms contributes 
to enhance impact properties.  



 

5- The main objectives of the current dissertation are divided into two categories: 
firstly, the impact resistance of 2D materials and also combination of these 
materials with polymers to develop new advanced bulletproofing fabrics and, 
secondly examine deflection of thin atomic layer membranes under static pressure 
and point loads using continuum mechanics approach without considering length 
scale effects.  

6- In the present work, the creativity can be pointed out within three brackets: 1) 
Presenting in addition to strength and toughness, which are accepted as two 
important factors in impact analysis, how the atomic structure could, also, 
contributes in such problems to enhance their impact properties. The present 
investigation gives notion of following desirable atomic structure during synthesis 
of materials. 2) Understanding the role of polymer characteristics during impact in 
polymer compound materials. Also it can be realized the contribution of 2D 
material position in polymer compound; 3) Considering the exact boundary 
conditions of membranes leads to not necessarily using nonlocal theories in 
analysis of mechanical response of membranes. 

7. 2: State of scientific knowledge 
7- Molecular dynamics (MD) is a computer simulation technique that allows one to 
predict the time evolution of a system of interacting particles (atoms, molecules, 
granules, etc.) In order to simulate the nature of the chemical bond as a continuum 
element, the total potential energies of the bound chemicals, which include bound 
and unbound energy terms, were considered to be equivalent to the strain energies 
of the continuum element. To create a realistic model of materials, both bound and 
unbound energy terms were taken into account as a polymer compound in this 
study for the first time. 

8- Bulletproofing is the process of making something capable of stopping a 
bullet or similar high velocity projectiles e.g. shrapnel. The term bullet resistance is 
often preferred because few, if any, practical materials provide complete protection 
against all types of bullets, or multiple hits in the same location, or simply 
sufficient kinetic (movement) energy to overcome it. The ballistic impact 
resistance of polymer compounds was evaluated in relation to application in high-



performance and lightweight bulletproof materials by using a strengthened 
graphene layers inside polydimethylsiloxane. 

Most anti-ballistic materials used in bullet-proof jackets or explosion-proof 
blankets are made of Kevlar, Twaron or Dyneema fibers, which stop bullets from 
penetrating the surface by spreading and absorbing the impact of the bullet's force. 
These products were a significant step forward, but often still result in the target 
suffering from blunt force trauma, severe bruising or damage to vital organs. This 
is because the force from the bullet reaches the wearer even when the bullet itself 
is stopped. Recently researchers by using high-speed cameras demonstrated that 
graphene acts like a stretchy membrane, distributing the bullets energy over a large 
area. These results come from the fact that Graphene is the strongest material ever 
tested. Howevever, the contribution of atomic structure and atomic arrangement of 
materials on bullet resistanve never tested before. In this research the effect of 
atomic arrangement on stopping high velocity bullet on 2D materials by 
considering MoSs sheet.   

9- Applications of membrane technology in water desalination and wastewater 
treatment  have increased significantly in the past few decades due to its many 
advantages over other water treatment technologies. Membranes are not only used 
for filtration, extraction, and distillation, they can also be applied for gas storage in 
biogas plants or act as catalysts in syntheses. Thus, deflection behavior of 
membranes under point and pressure loads is kind of issue. As the thickness of 
membranes approaches to one or few atom thick, size effect has significant effect 
on the mechanical behavior. Nonlocal theories are used to add some extra terms to 
the governing equations of motion in order to improve the results. These extra 
terms not only leads to difficulties of solution of the governing equation of 
motions, but also the results are far from the experimental results. Here we used 
classical continuum approach to solve the governing equations without considering 
the nonlocal terms just appling correct boundary conditions based on the 
experimental observations.    

7. 3: The methods used 
10- The Molecular Dynamics (MD) method is used for simulation at the molecular 
level. MD is a computation tool for treating large atomic / molecular systems. MD 
simulations were performed using the Large-scale Atomic / Molecular Massively 



Parallel Simulator (LAMMPS). The results were visualized with the open source 
software from OVITO and VMD. 

11- Extension of the molecular dynamics force field, which describes the 
interactions between constituent atoms - to the continuum level was carried out 
with a new modeling approach. 

12- For the purpose of molecular dynamics simulations of large polymers 
molecules, Velret algorithm is used to integrate in the numerical fashion the 
acceleration in order to get the new velocity and position of atoms during time 
evolution. 

13- Continuum mechanics approach is used to find out the deflection behavior of 
atomic scale thin membranes under pressure and point load. By applying the right 
boundary conditions, it is not necessary to employ non-local theories which are 
used in order to take into acount the size effects. The partial differential 
equilibrium equations are established based on the non-linear Föppl membrane 
theory and the Galerkin method is employed to solve the non-linear partial 
differential. 
  

7. 4: The main results achievements 
14- Extensive molecular dynamics simulations is conducted to explore the design 
of bulletproofing materials made of graphene and polydimethylsiloxane (PDMS). 
In order to comparatively explore different nanocomposite structures, PDMS 
polymers with three different thicknesses were constructed. In addition, single- or 
bi-layer graphene nanosheets were positioned either on the surface or in the middle 
of PDMS polymers. The constructed samples were then subjected to the impact by 
a spherical bullet made of diamond, with different initial velocities. The kinetic 
energy and displacement time history of the projectile for all models and different 
cases are plotted and compared accordingly. The results show as long as the 
graphene layers are embedded inside the PDMS, the composite resistance against 
bullet's penetration increases. Generally, it is shown that the thickness of PDMS, 
the number of graphene layers, and their position inside the PDMS contribute 
strongly to the bulletproofing response. 
 



15- Also, molecular dynamics simulation is conducted to analyze the transverse 
impact behavior of one layer rectangular 1T and 2H molybdenum disulfide (MoS2) 
phases and graphene sheets. All sheets with fixed boundary condition along all 
edges are exposed to a rigid carbon projectile with the high initial velocities ranged 
from 2000 m/s to 23000 m/s. The results for three different simulations are 
compared to recognize which factors are kind of issue in the perforation and 
resistance properties of the materials during impact. Concerning to the appreciation 
of the perforation and impact resistance, kinetic energy and displacement time 
history of the projectile as well as perforation resistance force of the projectile have 
been investigated. Although the elasticity module and tensile strength of the 
graphene is nearly 5 time bigger than the MoS2 elasticity module and stiffness, the 
results demonstrate 1T and 2H of MoS2 phases are more resistance to the impact 
loading and perforation happens in higher projectile's initial velocities. The 
simulations reveal that high perforation resistance of MoS2 phases compare to 
graphene is due to the topology and atomic structure of the MoS2 phases. In 
addition, just in case of MoS2 we realized 2H phase of MoS2 is more resistant to 
impact loading than 1T phase. This shows ,also, perforation is strictly depends on 
the atomic arrangements of two dimensional (2D) materials. Also, results disclose 
that different atomic structure brings about different wave propagation during 
impact and as a consequence causes in different amount of energy absorption 
which is a significant factor in impact analysis. 
 
16- Continuum approach has been considered to verify the mechanical response of 
freestanding single- and two-layers MoS2 films for both circular and rectangular 
geometries. The Föppl membrane theory has been utilized to obtain the non-linear 
partial differential equilibrium equations. In order to solve the non-linear partial 
differential equilibrium equations, the Galerkin method has been employed for 
circular film. For rectangular film, the energy method has been considered in order 
to obtain the solution. The boundary conditions have been considered as those 
observed by the experimental results in the literature. Deflection and stress of 
structure have been calculated through the films region and the results are 
compared to available experimental and theoretical results. The results are very 
close to the experimental results and reveal that by applying correct boundary 
conditions excellent results could be obtained even without considering nonlocal 
theories.  
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