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Abstract 

 
 The structure and properties of silica glass nanostructures are examined using 
computational methods in this work.  Standard synthesis methods of silica and its 
associated material properties are first discussed in brief.  A review of prior experiments 
on this amorphous material is also presented.  Background and methodology for the 
simulation of mechanical tests on amorphous bulk silica and nanostructures are later 
presented.  A new computational system for the accurate and fast simulation of silica 
glass is also presented, using an appropriate interatomic potential for this material within 
the open-source molecular dynamics computer program LAMMPS.  This alternative 
computational method uses modern graphics processors, Nvidia CUDA technology and 
specialized scientific codes to overcome processing speed barriers common to traditional 
computing methods.  In conjunction with a virtual reality system used to model select 
materials, this enhancement allows the addition of accelerated molecular dynamics 
simulation capability.  The motivation is to provide a novel research environment which 
simultaneously allows visualization, simulation, modeling and analysis.  The research 
goal of this project is to investigate the structure and size dependent mechanical 
properties of silica glass nanohelical structures under tensile MD conditions using the 
innovative computational system.  Specifically, silica nanoribbons and nanosprings are 
evaluated which revealed unique size dependent elastic moduli when compared to the 
bulk material.  For the nanoribbons, the tensile behavior differed widely between the 
models simulated, with distinct characteristic extended elastic regions.  In the case of the 
nanosprings simulated, more clear trends are observed.  In particular, larger nanospring 
wire cross-sectional radii (r) lead to larger Young’s moduli, while larger helical 
diameters (2R) resulted in smaller Young’s moduli.  Structural transformations and 
theoretical models are also analyzed to identify possible factors which might affect the 
mechanical response of silica nanostructures under tension.  The work presented outlines 
an innovative simulation methodology, and discusses how results can be validated against 
prior experimental and simulation findings.  The ultimate goal is to develop new 
computational methods for the study of nanostructures which will make the field of 
materials science more accessible, cost effective and efficient. 
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CHAPTER 1:  INTRODUCTION 
 
1.1 Motivations and Goals 
 
Silicon dioxide, commonly known as silica (SiO2), is a ubiquitous compound found in 
raw materials in the earth’s crust, and it represents a major constituent of ceramic 
materials.  Silica exists in different forms (polymorphs) in nature and in the laboratory, 
and its properties are desirable as they allow it to be used in high-temperature and 
corrosive conditions, as refractory materials, as fillers, and as a crystal quartz for optical 
instrumentation. 
 
Silica is one of the most extensively studied MX2 compounds, even including water [1].  
Silica has many polymorphs at different temperature and pressure conditions as shown in 
Figure 1.  The five stable polymorphs (quartz, coesite, stishovite, cristobalite, and 
tridymite) have been studied for decades, and there is a large and increasing number of 
metastable polymorphs which have been synthesized to date.  These include silica glass 
and related amorphous forms, and zeolites.  In general, these silica structures have been 
characterized mainly by X-ray diffraction techniques and supplemented by modern solid 
state NMR methods. 
 
The motivation for this work arises from the need to understand the nature of and the 
structural modifications in silica glass nanostructures.  Computer simulations have been 
used to evaluate the structure and behavior of this glass as bulk mostly, and to 
complement knowledge gained from experiments.  Recent developments in computing 
methods and improved interatomic potentials allow one to produce faster, more realistic 
silica glass models, which in turn can be used to more efficiently analyze the behavior of 
this glass under different conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Phase diagram of silica (SiO2) at various temperatures and pressures [1]. 
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1.2 Background 
 
Overview: production, structure and properties of silica glass 
 
Silica glass remains an important amorphous material in both research and industry due 
to its versatile properties suiting it to myriad applications.  Commonly, high-purity silica 
is manufactured in one of three ways: the Osram process, vapor phase hydrolysis, or the 
sol-gel technique [1]. 
 
When this oxide glass is manufactured using the Osram process, fragmented quartz is 
fed into a tubular furnace and melted at approximately 2000°C in the presence of an inert 
gas, and glass tubing is drawn from the bottom of the furnace [2].  Vapor phase 
hydrolysis is a process for producing glass whereby silicon tetrachloride is oxidized by 
flame or hydrolyzed by plasma.  The soot that remains after the principal reaction (SiCl4 
+ O2  SiO2 + 2Cl2) occurs is sintered to produce silica glass [1].  The sol-gel technique 
begins with the suspension of colloids in water by mechanical mixing [3].  It has been 
reported that Si-O-Si bonds form through a polycondensation reaction [3].  This solution 
becomes a viscous gel that is cast and dried, resulting in an aerogel (Figure 2).  The silica 
aerogel - a dry porous structure - is sintered to produce densification at temperatures 
ranging from 1000 °C - 1720 °C, depending on the density of the initial aerogel [3].  
Ultra-low density silica produced by the sol-gel technique has been shown to have 
superior purity and homogeneity. 
 
An ideal crystal exhibits long-range order, that is, it has a definite repeating unit cell [4].  
Amorphous (non-crystalline) solids do not exhibit long-range order, but retain short-
range order.  In this work, different length scales are defined to describe the structure of 
silica glass.  Short-range order (SRO) is the degree of ordering present in a structure due 
to each atom’s first order neighbors (length scale below 0.5 nm).  A silica tetrahedron is 
an example of the short-range structure of crystalline and non-crystalline silicates.  The 
short-range structure of silica glass has been studied via the structure factor and pair 
distribution functions using scattering experiments.  Medium-range order (MRO) is 
defined here as the length scale below 5 nm, which has been used to investigate structural 
variations in oxide glasses [5].  In silica glass, the MRO involves ring structures - closed 
loops of Si-O bonds - and the angles between tetrahedra which form the rings.  
Experimental techniques such as NMR (Si-O-Si bond angle distributions) and Raman 
spectroscopy (3- and 4-member ring structures) have been used to study the medium-
range structure of silica glass. 
 
Two notable theories concerning the structure of glass have been proposed and evaluated 
through x-ray diffraction studies [6-7].  The Russian School of Glass Science supported a 
theory of silica glass structure based on the coincidence of the broad x-ray diffraction 
peaks for this glass and the sharp peaks for cristobalite.  The theory was that silica glass 
consisted of an agglomeration of small units or crystallites of cristobalite randomly 
oriented in a way to describe the x-ray diffraction pattern.  However, the majority of 
experimental evidence shows that the structure of silica glass is better explained by the 



 3 

random network theory proposed by W. H. Zachariasen (1932).  The random network 
theory was experimentally verified by Warren et al. (1936), with the basic structural unit 
for silica glass identified to be the silica (SiO4)

-4 tetrahedron.  This theory describes the 
structure of oxide glasses as a continuous linkage of atoms in 3D, lacking long-range 
order [8].  Each silica tetrahedron contains a Si atom at the center, bonded to four O 
atoms at the corners.  Hence, the O atoms enclose a 4-fold coordinated Si atom, and each 
O atom is shared with another tetrahedron.  The resulting structure is a 3D amorphous 
network of corner-shared tetrahedra with the Si-O-Si bond angle ranging between 120º 
and 180º.  X-ray [8-9] and neutron scattering [10-11] studies have generally supported 
the Zachariasen model of silica glass.  Typical O-O, Si-O and Si-Si bond distances for 
bulk silica glass from experimental pair distribution functions are summarized in Table 1. 
 
As stated previously, silica glass is suitable for many applications due to its unique 
properties, such as its ability to transmit light, chemical inertness and low thermal 
expansion.  Silica glass transmits a wide spectrum of light, from infrared radiation to 
ultraviolet light [12]. Among the desirable properties of silica glass are its good dielectric 
[12] and high thermal shock resistance [12].  This oxide glass can also withstand high 
tensile and shear stresses due to its relatively high Young’s modulus (72 GPa) and shear 
modulus (31.5 GPa) [12]. 
 
The behavior of silica glass under different load conditions is important since these can 
affect the properties of the glass.  Understanding the structural modifications of silica 
glass due to high pressure has significant implications in geology, materials science, 
optics (Figure 3) and physics.  The effect of pressure on the structure of silica glass has 
been investigated widely via experimental and theoretical methods, including computer 
simulations, which in the last decades have provided key information at the nanometer 
scale [13].  Different loading senses have been investigated in bulk glass for several 
decades, but only recently have studies of the structural deformation of silica glass 
nanostructures been conducted. 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

Figure 2.  Low-density silica aerogels.  Figure 3.  Typical optical fibers used in 
 Courtesy of S. Bakrania.    modern communications for 
   (a) industrial and engineering, and  
   (b) consumer applications.  Courtesy of 
   Wikimedia commons: (a) http://goo.gl/P1von, 
   (b) http://goo.gl/tdVHc. 

(a) (b) 
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Table 1.  Measured bond lengths for silica glass at room conditions [1, 9-11, 14-16]. 

Atom Pair Experimental 
Bond length (Å) 

Si-O 1.59-1.62 
O-O 2.60-2.65 
Si-Si 3.05-3.22 

 

Relation of structure and mechanical properties of bulk silica 
 
Though amorphous silica is chemically similar to its crystalline polymorphs, it has 
significantly different atomic structure.  Pure silica glass consists of a random network of 
covalently bonded (SiO4)

-4 tetrahedra.  The Si-O bonds have relatively high bond 
dissociation energy at about 798 kJ/mol, which is over 20% higher than that of C-C 
bonds at 607 kJ/mol [17].  The theoretical cohesive strength of a material depends on the 
bonds present in that material.  Zarzycki suggests high bond strength in pure silica based 
on the potential (cohesive) energy of the material [18].  Specifically, glass will exhibit a 
theoretical maximum fracture stress estimated to be between (1.8*1010 and 2.2 * 1010) 
N/m2 [18]. 
 
Prior experiments on mechanical properties of silica glass 
 
High-pressure experimental studies have shown an anomalous equation of state 
(pressure-volume) of silica glass, with an initial increase in compressibility with pressure 
and permanent densification [13, 19].  Previous research on the mechanical properties of 
amorphous silica reported plastic deformation in the form of densification in excess of 
20% under high pressure conditions [10, 20].  Shock experiments measured similar 
values to a lesser extent, with densifications on the order of 10% observed in a study by 
Sugiura et al. [21].  Under hydrostatic loading tests at room temperature, however, the 
densification characteristics differed, with two separate investigations reporting the onset 
of permanent densification in the range of 8-10 GPa, with final densification as high as 
20% [22-23]. 
 
Although there is a wealth of research regarding the mechanical properties of densified 
silica glass dating from as early as 1938, beginning in the 1990s it was thought that the 
high density forms of silica were unique in their structure [1, 24].  Several 
characterization techniques have been used to show the densification of glass under 
compression.  In a study by Polian and Grimsditch [22], Brillouin scattering was used to 
show densification in silica glass samples under 10-25 GPa of pressure, above which no 
additional densification was observed.  In situ vibrational spectroscopy has been used to 
show structural change-related densification between 10-20 GPa [23], while high 
pressure X-ray diffraction has revealed structural change between 8-28 GPa [24].  Raman 
spectroscopy and neutron scattering have also been used to verify the presence of 
structural reordering during densification [10, 25]. 
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As medium-range order in a glass structure can be affected by densification, there is 
interest in the densified form of silica.  Recent studies [26-27] suggest that modification 
of medium-range order of silica glass allows some control over macroscopic properties. 
 
Development of silica glass nanostructures 
 
The synthesis and fabrication of nanostructures has enabled the comparison of their 
physical properties with those of the bulk materials.  Different morphologies including 
nanowires (NWs), nanoribbons (NRs), and nanosprings (NSs) have been studied in recent 
years due to their unique properties [28-29, 30-39] and promising applications in nano-
electromechanical devices, sensors, and catalysis [28-29] among others.  In particular, 
silica glass NWs have been found to have remarkable mechanical, optical and electronic 
properties [40-47] which make them suitable for wave guiding [48], photonic devices 
[49], and nanofoams [50]. 
 
Silica glass NRs and NSs have been described to have desirable mechanical properties 
for applications in scanning probe microscopy [35], and electrical properties for 
interconnects in nanoelectrical device applications [35].  Due to their high elastic 
behavior and anomalous electronic properties, silica nanosprings are well suited for 
nanomechanical and nanoelectromagnetic devices [36].  Recently, an interdisciplinary 
research team investigated the applicability of these oxide nanostructures within medical 
implants, with promising implications for future developments [32].  With such a variety 
of potential applications due to their atypical mechanical, electrical and biocompatible 
behavior, there is a great need to better understand these oxide nanostructure properties 
for future design and fabrication purposes.  To this end, this work aims to carry out MD 
simulations to examine the size effects on the stiffness of silica glass NRs and NSs. 
 
Contemporary experimentation on the mechanical properties of these nanostructures is 
limited due to equipment and testing constraints, hence computer simulations and 
theoretical studies have been important means of advancing understanding in recent 
years. 
 
Reported structure and mechanical properties of silica glass nanostructures 
 
Silica nanostructures are created in several ways including laser ablation [46], the sol-gel 
technique using nanotemplates [51], and chemical vapor deposition (CVD) [52].  Such 
growth methods are examples of the vapor-liquid-solid phenomenon [30].  The 
fabrication of silica nanostructures followed the first attempts to create silica 
microspheres, resulting in what is now referred to as “Stöber synthesis” (Stöber 1968). 
 
There is great interest in oxide nanostructures, some of which have varied morphologies 
such as nanoflowers and nanowires, as shown in Figure 4 [52-53].  The characterization 
of these nanostructures reveals that they are primarily amorphous in structure, as 
confirmed by their X-ray diffraction pattern [52-53].   Si/SiO2 core-shell nanobelts in the 
40-800 nm size regime have been fabricated using the solid-vapor growth process (Figure 
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5), and the same investigators produced nanosprings of purely crystalline Si ranging from 
210-580 nm in diameter [39].  Recently, high-quality amorphous silica nanosprings 
showing high elasticity via TEM micrographs were generated in quantity using a VLS 
technique [38]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  SEM/TEM images of SiOx (a)-(b) nanowires, (c)-(d) nanosprings, and (e)-(f) 
nanoclusters [52]. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 5.  SEM images depicting different dimensions of nanosprings (a)-(c) and a nanobelt (d) 
[39]. 
 
Experiments and simulations must both be anchored in theoretical predictions of material 
behavior based on physical relationships at the atomic and molecular scales.  Studies by 
da Fonseca and co-workers devised a model to predict the Young’s modulus and 
Poisson's ratio of silica nanosprings [30, 54].  Ancker and Goodier have developed 
models in good agreement with experiments pertaining to the prediction of elastic 
behavior [54], which hold true from macro- through nano-scale structures. 
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Classical Molecular Dynamics (MD) simulations 
 
MD is a computer simulation technique used to understand the properties of assemblies 
of atoms in terms of their structure and the microscopic interaction between them.  MD 
simulations consist of the numerical solution of the classical equations of motion for a 
system containing a set of atoms, and a set of principles that describe the interaction 
between these atoms.  A material is therefore represented by a set of positions, velocities 
and accelerations of each atom in a 3D model.  Although approximations are inherent 
within MD simulations, robust software implementations are available for high precision 
atomistic calculations which have been validated against experimental measurements. 
 
Overview: interatomic potentials and integration of equations of motion 

 
An interatomic potential is a function that defines the potential energy of a system of 
atoms based on their spatial positions.  Thus, it represents an approximation of the 
binding energy of a material.  Interatomic potentials are generally expressed as a 
summation of terms, which simplify their use in materials simulation (Equation 1) [55].  
Interatomic potentials usually include a number of variable-body terms that account for 
the forces resulting from atoms interacting.  Here we discuss two- and three-body 
interatomic potential terms, where these terms account for ionic and covalent bonding 
respectively.  While two-body potentials are used for ionic materials, the combination of 
two- and three-body interatomic potential terms is more suitable for simulating silica 
glass since the atomic bonding in real glass has mixed ionic and covalent character. 
 

 (1) 
 
where V(r1, r2, r3,…, rN) is the potential function, with the first term v1 (one-body term) 
representing the effect of an external field or boundary conditions.  The higher-order 
terms describe atomic interactions.  The second term v2 (two-body term or pair potential) 
represents the interaction between any pair of atoms which depends only on their 
separation distance (e.g. rij = |ri-rj|). The third term v3 (three-body term) involves the 
interaction between any triplet of atoms.  The variables ri, rj, rk denote atom positions. 
 
Typical interatomic potentials for silica glass 

 
There are many interatomic potentials available for the silicates, but the most important 
are summarized as follows.  The interatomic potential reported by Feuston and Garofalini 
(FG) in 1988 contains both two- and three-body terms (Equation 1) [55].  Proper 
treatment of the covalent bonds in silica glass using the FG potential has provided 
improved MRO while maintaining overall short-range structure [55].  The second term in 
the FG potential accounts for the forces resulting from ionic bonding between pairs of 
atoms (Equation 2) [55].  The third term accounts for forces resulting from covalent 
bonding between triplets of atoms (Equation 3) [55]. 
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 (2) 
 
where v2(ri, rj) is the two-body term of the FG potential [55].  The variable rij is the 
separation distance, Zi and Zj are the formal ionic charges,  and  are adjustable 
parameters, and Aij is the coefficient of the short-range repulsive term.  The Aij term is 
fitted semi-empirically [55]. 
 

 (3) 
 
where v3 represents the three-body contribution as a function of separation distances and 
the angle between atoms, and where for instance the triplet with angle jik has atom i as 
its vertex. 
 
Vashista et al. [56] have used a two- and three-body interatomic potential to investigate 
different forms of silica (crystalline and amorphous) at various pressure and temperature 
conditions.  The Vashista potential is complex and computationally demanding, making it 
less suited for practical large-scale simulations.  Della Valle and Venuti developed a two-
body potential for silica that considers all binding energy ionic, and allows for long-range 
interactions [57].  However, the resultant discrepancies generated by the ionic treatment 
of bonding make the potential less suited for dynamic simulations [57]. 
 
The interatomic potential proposed by van Beest, Kramer and van Santen (BKS) is a 
classic two-body potential with two repulsive terms and one attractive term, as shown in 
Equation 4 [58].  In this equation, ij represents the total energy of the system, while qi 
and qj are particle charges, rij is the distance between atoms i and j, e is the electron 
charge, and A, b, and c are adjustable parameters. This potential has been used to study a 
variety of silica polymorphs (bulk and nanostructures), including crystalline and non-
crystalline forms [58].  An advantage of this potential is that it is relatively simple to 
implement, computationally inexpensive to run, and reasonably accurate [59-60] due to 
its relatively simple functional form. This study focuses on tensile mechanical 
simulations with BKS as the primary interatomic potential. 
 

 (4) 
 
where rij represents the separation distance, qi is the effective charge, and Aij, bij and cij 
are adjustable variables referred to as “cluster” parameters [58]. 
 
The Reactive Force Field (ReaxFF) interatomic potential is an enhancement on a class of 
potential functions known as Bond Order (BO) potentials [61-62].  The ReaxFF potential 
is based on the Tersoff [63] interatomic potential.  Bond Order potentials enhance the 
classic distance-dependent interatomic model by adding coordination-dependent terms to 
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describe the total system energy as shown in Equation 5.  While distance dependence 
remains important, the additional terms enhance the reactivity of the potential and allow 
it to accurately represent chemical bonds in a variety of materials [63].  This study used 
the ReaxFF potential for the tensile mechanical simulations of NRs in a specific size 
regime (diameters < 4 nm), while the BKS interatomic potential was used on NSs 
(diameters > 4 nm), as described in Chapter 2 and 3. 
 
 

  (5) 
 
where Esystem defines the total energy of a system as a summation of energy terms.  Ebond-

order describes the pair energy of the system in terms of interatomic separation distance.  
Eover-coordination and Eunder-coordination allow the penalization and enhancement of bond energy 
according to valence bond theory [61] with regard to the neighbors within the bonding 
range of the energies being calculated.  Evalence accounts for the energy of the valence 
angle as a function of bond-order, which couples with the Epenalty term to correct for 
under- and over-coordination of the central atom.  Etorsion accounts for the dependence of 
energy on the torsion of bonded atoms when coordination is greater than 1, else Etorsion is 
zero.  Evan der Waals enhances valence energy contributions with short range interactions, 
while ECoulomb supports close and long range electron interactions [61]. 
 
Classical vs. novel computing methods for accelerated MD simulations 

 
Classical parallel implementations of computer codes - for specialized high performance 
computing (HPC) systems - provide a means for distributing fast numerical calculations 
using several processors simultaneously.  Creating an MD code for a traditional HPC 
system is often a complex and lengthy process.  With the advent of general purpose 
graphical processors designed to provide high-performance computer game displays, 
scientific codes can be adapted to these relatively new systems to take advantage of the 
fast computing capabilities of graphics cards, allowing faster numerical calculations at a 
modest price. 
 
Structural analysis methods 

 
In order to investigate the structural modifications in silica glass structures under tensile 
conditions, macroscopic variables will be calculated and compared against their 
respective experimentally measurable analogues whenever possible.  Further analysis will 
be performed to establish the presence of local structural changes at the nanoscale.  
Various structural parameters will be calculated and evaluated including the pair 
distribution functions, bond angle distributions, and static structure factor, defined as 
follows.  Pair distribution functions show the atomic density as a function of distance 
with respect to a reference atom against all the other atoms within a material.  Bond 
angle distribution is a measure of the range of angles that exist between different sets of 
bonded atoms, allowing for the analysis of bond strains, and revealing conformations that 
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may occur because of changes in density.  The structure factor gives information about 
how the material in question is scattering incident radiation; it can be measured using x-
ray or neutron diffraction, providing useful information about medium- and short-range 
ordering [5]. 
 
Prior MD simulations on the mechanical properties of silica and glassy nanostructures 
 
MD simulation investigations have been conducted in the past decades as an aid to 
experiments, supplementing available data to either enhance or elucidate a particular 
phenomenon.  In the case of glass simulations, there have been many MD studies which 
have reported on the densification of amorphous silica, ranging from pressure-induced 
changes [5, 10, 13, 21-23] to laser-induced changes [20, 64].  Davila et al. [5] studied the 
structure and properties of amorphous silica models under shock and compressive loads 
via large-scale MD simulations.  This computational study reproduced the experimental 
equation of state (pressure-volume) of silica glass and explained its anomalous behavior 
in terms of ring size distributions [5].  A study of the tensile response of silica NWs via 
MD simulations for a select size range showed that their stiffness increased as nanowire 
diameter decreased [44].  More recently, an MD simulation study reported the 
mechanical response to uniaxial compression of silica NWs and compared this to the 
response in bulk silica, also finding that NW stiffness decreased as wire diameter 
decreased [65]. 
 
Several groups have taken interest in the study of the mechanical properties of NRs and 
NSs computationally [30-31, 66-67].  While the impact of these studies remains high, the 
range of the work is still limited, suggesting a need to produce more detailed research 
data in this field which could facilitate the study of other physical properties of helical 
nanostructures. 
 
In summary, Chapter 1 introduced key background elements relevant to this 
computational study.  In particular, this chapter introduced the standard synthesis and 
computational methods used to create silica glass structures, the relationship of structure 
and mechanical properties and prior experiments and simulations for bulk silica, the 
development of silica nanostructures with helical morphologies as well as available data 
to date, and an overview of classical MD simulations and previous simulations on the 
properties of bulk silica and silica nanostructures.  The goal is to identify fundamental 
concepts which will be key when describing the methodology used in this study (Chapter 
2), which consists of several parts including the novel computational system, critical 
parameters in the study of MD silica structures, procedures to create well-validated initial 
MD bulk silica structures along with silica nanoribbons and nanosprings, and the 
simulated tensile conditions description. 
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CHAPTER 2:  METHODOLOGY 
 
2.1 Development of a new system: Interactive Visualization and Accelerated MD 
 
Materials science and engineering often requires an understanding of the atomic structure 
of materials in order to relate structure to properties and processing.  Because of its 
interdisciplinary nature, materials science and engineering requires knowledge from 
chemistry, physics, applied mathematics and statistical mechanics. 
 
This study included an enhancement of a modern visualization system (Figure 6), which 
was established for educational purposes at UC Merced in the summer of 2009.  The 
implementation of the original visualization system in undergraduate student projects 
resulted in a peer-reviewed Materials Research Society publication [68] and several 
conference presentations.  The new system makes use of graphical processing units 
(GPUs) in commodity hardware to take advantage of the parallel computing capabilities 
of these advanced graphics devices.  The enhanced visualization system allows a user to 
perform speedy MD simulations in the laboratory, at a relatively low cost, for both 
research and educational purposes.  The system initially offered only a way to build and 
interact with molecules by adding or removing atoms.  The addition of MD simulations 
brings the ability to build or import virtual models, set parameters for mechanical 
simulations, and then view the results in the same interactive way.  The general procedure 
used in the development of the new interactive visualization and accelerated MD (IVA-
MD) system is shown via a flowchart in Figure 7.  The Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) open-source code [69], supported and available 
via the Sandia National Laboratory website (http://lammps.sandia.gov/), was 
implemented throughout this process to perform MD simulations in this new system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  3D visualization system and essential 
components (left), and visualization devices (right). 

3D Sync    Wiimote         3D Goggles  
Device       w/Tracking    w/Tracking 
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Establishing the capability to perform MD simulations on the visualization system can be 
broken down into several steps as detailed in Figure 7.  These steps involved: 1) hardware 
requirements evaluation, 2) system preparation, 3) MD package selection, 4) 
investigation of CUDA (Compute Unified Device Architecture) integration feasibility of 
MDCASK (an MD open-source FORTRAN code), 5) examination of CUDA integration 
feasibility of LAMMPS (an MD open-source C++ code), 6) installation of LAMMPS for 
MD/CUDA and testing of LAMMPS parallel-mode binary using OpenMPI, 7) testing 
MD simulation functionality, 8) writing scripts and utilities for LAMMPS/NCK 
integration, and 9) recommendation for future developments. 
 
To evaluate hardware an assessment was made of potential computer hardware to add to 
the existing 3D modeling computer to allow MD simulation using CUDA.  Both 
consumer-grade hardware and commercial options were evaluated.  The system 
preparation entailed installing the hardware attained in step one (Figure 7), then 
downloading the CUDA drivers, toolkit, and standard developers kit (SDK).  Once the 
drivers and toolkit were installed, the SDK was un-archived, compiled and tested.  In 
order to choose an MD package two separate alternatives were investigated: 1) 
MDCASK and 2) LAMMPS.  This process involved evaluating the complete scope of 
integrating CUDA capability into either package.  While MDCASK had a rich history 
and many available MD usage scenarios, there were two major obstacles: 1) it was 
written in FORTRAN and would thus have to be rewritten in C++, and 2) it was built 
long before the advent of CUDA and would need to be rewritten to integrate the use of 
the CUDA libraries and architecture.  These two factors combined would have required a 
great amount of time and resource investment that was not feasible.  LAMMPS was 
found to have a very active scientific user community, which was also developing its 
GPU capability through the CUDA architecture, making it attractive for use in this 
project.  LAMMPS was then chosen for this study as the existing CUDA functionality 
was seen to be sufficient for the scope of this work.  LAMMPS was subsequently 
installed and tested.  Finally, BASH and Perl scripts were written to facilitate the 
intercommunication of information between LAMMPS and the Nanotech Construction 
Kit (NCK) software [70]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Procedure followed to add MD functionality to 
the visualization system. 
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Comparison of CPU vs. GPU performance in LAMMPS for MD simulations 
 
The use of GPUs in computational material studies has recently become increasingly 
important due to the possibility of effectively decreasing simulation times while 
investigating larger length-scales.  To confirm this, a series of benchmark tests on MD 
simulations were performed using a number of GPU cores as well as CPU cores with the 
BKS interatomic potential in LAMMPS (Figure 8).  As shown in this figure, using 2 
GPUs in addition to 4-CPU cores allows a significant reduction in simulation time as 
compared to an equivalent simulation using 4-CPU standard cores.  Another improved 
condition was achieved by reducing the number of CPUs used to 2, for a total of 2 GPUs 
+ 2 CPUs as illustrated in Figure 8.  It is important to note that a key goal of the 
enhancements to the 3D system was the reduction of simulation times to allow the 
modeling-simulation-analysis loop to be performed significantly faster.  In summary, this 
study produced fast MD simulations in the new IVA-MD system for larger-scaled models 
in shorter time-periods, thus allowing greater utilization of these novel systems.  Through 
different benchmark tests, the optimum condition was accomplished via the use of 2 
GPUS and 2 CPUs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Performance comparison benchmark results in the new IVA-MD system.  Throughput (top) shows best 
scaling with full GPU utilization and partial CPU utilization, indicating the GPUs resources are better utilized for 
larger models.  Simulation processing time/timestep (bottom) is lowest with full GPU utilization and partial CPU 
utilization, and scales best in this case as well.  Both charts indicate that GPU utilization allows faster simulation 
times for the model sizes included in this study. 
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In another study comparing GPU to CPU performance on a scale similar to the 3D/VR 
system, Winterfeld [71] showed that the GPU outperforms the CPU system favorably 
well, and tests in the 3D/VR system confirm this, with performance enhancements 
ranging from 30-40%.  Winterfeld [71] also reported that key macroscopic properties of 
small and large systems are well preserved when run on GPUs or CPUs, which indicates 
that mathematical precision [72-73] is maintained using a GPU-based or mixed 
computational system.  This is an important result as it supports the accurate 
representation of properties simulated on larger systems and mixed hardware. 
 
Enhanced system: interactive visualization environment with accelerated MD capability 
 
The enhanced system presents new opportunities for conducting materials science 
research studies.  As this immersive environment operates in real time, using 3D input 
devices and 3D TV display, a researcher can investigate silica structures (bulk and 
nanostructures) within a fully interactive bench-top in the 3D visualization system as 
shown in Figure 9.  The researcher shown in Figure 9(a) is measuring structural 
parameters within a crystalline model of silica (beta-cristobalite), which is often used to 
create silica glass models via MD simulations.  The researcher shown in Figure 9(b) is 
analyzing the 3D structure of a final silica glass model created in the enhanced system via 
the LAMMPS MD code.  By combining the real time interactivity and visual nature of 
the 3D visualization system with MD simulation capability, researchers can benefit from 
intuitive control and full-featured analysis. 
 

 
Figure 9.  Investigating silica structures using the new 3D visualization system via MD 
simulations.  (a) A researcher creates an initial cristobalite model (crystalline silica) before GPU-
based simulations. (b) Upon performing a simulated MD melt-quench procedure on the model 
shown in (a), another researcher obtains a realistic silica glass model (non-crystalline) which is 
subsequently validated against previous experimental and simulations data. 
 
An important aspect of this research is the use of CUDA-enabled accelerated MD 
computation.  The LAMMPS package selected for this study continues to improve in 
performance as GPU hardware development advances, and the 3D/VR system with 
integrated MD capability serves as an example of unique scientific instrumentation which 
is to date the first of its kind in the research community. 
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2.2 Classical MD and critical parameters for the study of silica structures 
 
The actual atomic interactions in real materials arise from quantum mechanics by solving 
the Schrödinger equation.  In classical MD, Newton’s equations of motion replace the 
Schrödinger equation to approximate such atomic interactions.  The simple classical 
forces in MD simulations are used to reproduce different features of solids because many 
properties of materials depend on the general characteristics of the interatomic forces 
(averaging effects) [16]. 
 
MD simulations have been useful for the study of equilibrium and non-equilibrium 
processes with atomic-scale detail.  Equilibrium MD is usually applied to an isolated 
system made of a defined number of atoms N in a fixed volume V as defined by Haile 
[74].  The total energy E is also constant for the isolated system and calculated from the 
sum of the kinetic and potential energies.  Thus, the variables N, V, and E define the 
thermodynamic state of the system [16].  Non-equilibrium MD is an alternative method 
to the equilibrium simulations for calculating transport coefficients, bulk viscosity, and 
thermal conductivity.  The work developed in this thesis applies equilibrium MD 
simulations only. 
 
Consider an ensemble of N atoms within a region in space or volume V, where all the 
atoms are assigned a set of initial positions.  The interaction between atoms is ruled by 
the selected interatomic potential whereas the evolution of their positions and energies is 
defined by constraints imposed during the simulation (e.g. constant temperature).  When 
coupled with computer power, MD simulations produce trajectories for all atoms which 
are monitored over many short time intervals until the system relaxes into an equilibrium 
state.  Hence, MD simulations typically run for several thousand steps and often use 
relatively high temperatures to ensure the evolving atomistic system reaches equilibrium 
[16].  In addition, MD simulations solve Newton’s equation of motions numerically for 
all the atoms in the ensemble.  Simulations usually involve several hundreds to thousands 
of atoms and reproduce the ensemble evolution for time durations in the picosecond (ps) 
to nanosecond (ns) range.  The resultant configurations represent the time evolution of 
the spatial position and momentum of each atom in the ensemble [16].  Therefore, an MD 
simulation holds a set of “snapshots” of the system of interest as it evolves with time. 
 
A classical MD simulation involves three basic elements: an interatomic potential, an 
algorithm to account for the integration of motion of all atoms in the ensemble, and 
specific periodic boundary conditions (PBC).  The interatomic potentials used in this 
thesis (previously implemented by other researchers for use within LAMMPS) for silica 
nanostructures are the ReaxFF and BKS potentials.  The method used to integrate the 
equations of motion in LAMMPS is the Verlet algorithm, which is based on the Trotter 
factorizations concept [75]. Periodic boundary conditions [76] are used to mimic an 
infinite solid through the minimum image conversion method [77]. 
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Interatomic potential 
 
The interatomic potential is the basic input of any MD simulation, and its selection 
influences the type of interactions between atoms in the ensemble, the kinds of collisions 
the atoms will undergo, and defines the effective ionic size of the atoms [16].  When 
selecting potentials, the accuracy (reproduction of properties of interest as realistically as 
possible), transferability (to investigate properties not used during the fitting of 
parameters), and computational speed are considered.  High accuracy is often required in 
computational chemistry, and computational speed is crucial in materials science where 
processes have a collective character, and large systems need to be simulated for long 
times [16]. 
 
The selection of an appropriate interatomic potential in classical MD leads to an accurate 
representation of the atomic bonding of a material [16].  Several studies with classical 
forces have reported accurate radial distribution functions [78], phonon vibration spectra 
[79], elastic constants and brittle fracture of silica [80], and the structure and behavior of 
solids at high pressure [5, 64, 81].  As stated before, the selected interatomic potential for 
silica NRs and NSs are the ReaxFF and BKS potentials respectively.  In brief, the BKS 
interatomic potential was used mostly in this thesis work while the ReaxFF interatomic 
potential served to validate previous independent nanoribbons simulations. 
 
Periodic boundary conditions 
 
The technique of applying periodic boundary conditions (PBC) is usually used in MD 
simulations, allowing the use of a finite-size model to study an infinite-size system.  A 
cubic box is often used to replicate a system infinitely in space in computer simulations 
because of its geometrical simplicity.  The benefits of using PBC are that surface effects 
are eliminated and that mass can be conserved in the system [16].  The disadvantages of 
using PBC are that density is constant when the volume of a simulation is fixed (not ideal 
for density variation calculations), and that a macroscopic property may not be well 
described if a small periodic box is used.  The application of PBC is useful in the study of 
perfect crystals.  The limitation of PBC in the study of non-crystalline solids is that they 
can impose strict conditions to the overall system by propagating an amorphous system 
indefinitely [16]. 
 
Integration of the equations of motion 
 
An MD simulation samples atomic configurations by propagating a system in time.  
Since the differential equations for the evolving ensemble of atoms cannot be solved in 
closed form, several numerical procedures are used to solve the problem using finite 
difference methods [16].  For practical reasons, only a small number of algorithms are 
selected due to calculation speed limitations.  The main procedures implemented within 
LAMMPS for integrating the equations of motion of all atoms in a MD simulation are the 
Verlet algorithm [82-83] and the Predictor-Corrector [84-85].  Both procedures calculate 
the positions and velocities for all atoms in the ensemble at fixed short time intervals 
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[16].  The Verlet algorithm is used in this thesis, which assumes all atoms move with a 
constant acceleration within fixed time intervals.  The Predictor-Corrector method uses a 
higher order derivative. 
 
Calculation of macroscopic properties 
 
A main strength of MD simulations is their ability to couple microscopic details (e.g. 
atom positions) to macroscopic properties (e.g. density).  An MD simulation propagates a 
system in time by repeatedly integrating the equations of motion for long finite times.  
The interatomic potential determines the forces by which atoms interact in an ensemble 
with specific PBC throughout their evolution via the equations of motion.  This results in 
atomic trajectories from which time averages can be calculated for macroscopic 
properties [16].  Thus, any measurable property of the system can be calculated as an 
average over time.  MD simulations are usually run for a limited time where the 
measured properties are averages over some sample space.  The assumption in MD 
simulations is that a macroscopic property can be calculated from the time average of the 
calculable property taken over a “long” period of time (often in the ps to ns time scales) 
[16].  The ensemble averages should be the same as the time averages according to the 
ergodic principle [74, 86], provided that sufficient time is allowed so that the average is 
independent of the averaging time.  Thus, in an MD simulation the system must reach an 
equilibrium state to generate statistical ensembles before suitable averages can be 
calculated.  From the statistics viewpoint, equilibrium is reached when the mean and the 
variance of a measureable variable are independent of time [16]. 
 
Parallel vs. serial implementation of the LAMMPS code 
 
The computer code LAMMPS used in this work was originally created to run in parallel 
systems by Steve Plimpton, Aidan Thompson and Paul Crozier at Sandia National 
Laboratory (SNL).  The code has a parallel and serial capability, and is versatile and 
transferable to different computational systems (e.g. from laptops to parallel 
supercomputers).  Over time, LAMMPS has been expanded to function reliably on a 
variety of hardware across many operating systems, and there is a growing scientific 
community which uses LAMMPS for MD simulations, and contributes to its 
development. 
 
This thesis describes how LAMMPS can run in the parallel and serial modes used in this 
work, namely the IVA-MD system (parallel) described in section 2.1, and the UCM 
Engineering system (engapps01.ucmerced.edu) which allowed serial runs. 
 
LAMMPS organization 

Control in the LAMMPS code is organized into three main parts: main.cpp, input.cpp and 
lammps.cpp.  Main.cpp loads one instance of LAMMPS (lammps.cpp) per CPU/GPU 
resource as specified in the calling command, then passes control over to input.cpp.  
Input.cpp parses through the instructions contained in the input file upon which 
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LAMMPS was invoked, loading the appropriate work-classes until all of the command 
instructions have been processed. 
 
LAMMPS runs 

A LAMMPS script is generally separated into environment setup, data extraction, and 
data processing commands, along with commands to define the particular character of a 
given simulation.  A sample script and the characteristic commands used to define a MD 
simulation, with descriptions, are shown in Appendix A. 
 
LAMMPS serial and parallel runs 

LAMMPS allows for both serial and parallel operation, with instructions for the creation 
of serial and parallel executables available 
(http://lammps.sandia.gov/doc/Section_start.html).  In serial mode, LAMMPS is typically 
invoked as “./lmp_serial -in script.in” where script.in represents the script containing the 
simulation instructions.  In parallel mode, LAMMPS is typically invoked as “mpiexec -n 
# ./lmp_openmpi -in script.in” where # represents the number of processors the user 
wishes to utilize and script.in represents the script containing the simulation instructions. 
 
LAMMPS output files 

Several output data types are produced by LAMMPS, however as this study is focused on 
macroscopic and microscopic thermodynamic data as well as local atomic data, 
discussion will be limited to these types.  Thermodynamic data can be output for 
individual identified atoms, or can be averaged for groups of atoms, typically all atoms in 
the simulation.  Examples of local atomic data used in this study include coordination 
number, radial distribution, and instantaneous energy.  The output data is column-
formatted with headers identifying the columns.  Time-coordinated data files typically 
map output for a timestep to a single line, allowing an output file to reflect the 
chronological progression of a simulation in a logical top-down fashion.  Output files for 
local atomic data consist of aggregations of data per timestep, with the leftmost column 
identifying the atom represented in a given row (see Appendix B). 
 
As noted in section 2.1, the IVA-MD system developed in this thesis uses a combination 
of GPU and CPU processors.  Submitting and running jobs in this system was achieved 
via batch runs.  This allows the user to submit multiple jobs on the host machine, with 
each job utilizing host resources effectively until completion.  Running a batch job 
requires individual scripts to control each job, and a separate batch script to run each job 
script.  Multiple jobs can then be run by launching the batch script, which runs the 
individual scripts in a controlled manner, reducing the complexity of management after 
job submission is complete. 
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2.3 MD simulations of bulk silica at ambient conditions 
 
Apart from the research previously described (Section 1.2), there is little currently being 
published on the nanomechanics of silica glass nanostructures with complex helical 
geometries (e.g. nanoribbons and nanosprings).  Current research efforts are primarily 
focused on bulk silica glass [5, 87] and related nanowires or nanopillars [40-47].  A 
thorough understanding of the structural transformations in such silica nanostructures due 
to mechanical deformation and size-dependent properties has not yet been achieved.  
Following is a description of the present computational study, which was pursued to 
create representative bulk silica glass structures in order to study silica glass NRs and 
NSs under tensile loads (described in section 2.4) using accelerated simulations with 
LAMMPS in the new IVA-MD system. 
 
Initial glass model 
 
Previous MD studies generated an initial glass model using various interatomic potentials 
through a simulated melt-quench procedure, and the resulting structures were validated 
against experimental data [5, 21-22, 64-65, 87].  The simulated melt-quench technique 
consists of two main parts.  The first part involves subjecting a beta-cristobalite 
(crystalline) model to a simulated annealing under specific conditions.  Subsequently, the 
resulting amorphous model is quenched down to room temperature following controlled 
computational procedures.  The selection of beta-cristobalite as the starting silica phase in 
the melt-quench process has advantages over other ordered phases of silica, as it is 
located closest to the liquid state in the silica phase diagram (Figure 1). 
 
In this study, the initial glass model was produced using a specific MD melt-quench 
procedure [5, 64-65] using the BKS interatomic potential [58] within LAMMPS [69].  
First, periodic cells of beta-cristobalite were melted at 7000 K using PBCs for 25 ps to 
facilitate the complete removal of long-range order.  Then, the molten silica was 
quenched down to room temperature as slowly as possible by a series of steps (in 1000 K 
decrements, each for 25ps of simulated time).  At 300 K, the glass structure was further 
relaxed for another 25 ps.  In each quenching step of the simulations, constant 
temperature was maintained by re-scaling the velocities of all the atoms in the system.  
The resulting structure had a density equivalent to the experimental value for silica (2.2 
g/cm3).  Figure 10 illustrates the melt-quench technique used in this thesis to generate the 
initial bulk silica glass structures.  A final step in the preparation of the initial bulk model 
involved an equilibration step ranging from 100-250 ps to minimize residual stresses 
within model. 
 
It is important to note that the rates at which models are often quenched in MD simulations are 
orders of magnitude faster than those accomplished in experiments.  This is because the MD 
time step is usually very small (~1 fs), requiring shorter (ps) simulation times for each quench 
step in order for the overall simulation to be completed in a practical amount of real time.  GPU 
methods used in this study can relieve the constraint of shorter simulation times by allowing 
calculations which are orders of magnitude faster than those available on classical platforms. 
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Figure 10.  Schematic of the MD melt-quench routine used to create bulk silica glass models. 
 
A key challenge in the computational investigation of silica nanostructures involves the 
generation of amorphous, stress-minimized bulk silica glass structures from which to 
carve the desired nanostructure models of interest.  Investigation of the initial bulk 
models which would be used for generation of nanostructure models revealed 
unacceptable levels of internal stress.  The original schema for developing the initial bulk 
model involved a purely volume-fixed simulation (NVT), therefore the effect of 
alternative pressure-fixed simulation (NPT) was also explored.  By introducing pressure-
fixed simulation in combination with volume-fixed simulation, tests on the final models 
indicated that the internal stresses were successfully minimized.  Appendix C shows a 
representative figure of the NVT and NPT sequence applied during the melt-quench 
procedure to minimize the residual stresses associated with the bulk models. 
 
After the initial glass model was obtained, validation of the simulated structure against 
previous experimental data was accomplished.  Various additional initial bulk silica glass 
models were produced using the refined MD melt-quench procedure in LAMMPS, to 
allow the creation of silica glass nanostructures with desired dimensions using the 
NanospringCarver program.  Table 2 summarizes the main characteristics of the 
simulated bulk silica structures of different sizes. 
 
Table 2.  Characteristics of the initial bulk silica glass structures produced for this study. 

Model Number of 
atoms 

Dimensions of Box  
(Å) 

Volume 
(Å3) 

Density 
(g/cm3) 

A 1,536 (4 x 4 x 4) x 7.16 Å =  
28.64 x 28.64 x 28.64 

23,491.95 2.244 

B 12,288 (8 x 8 x 8) x 7.16 Å =  
57.28 x 57.28 x 57.28 

187,935.59 2.221 

C 38,880 (9 x 9 x 20) x 7.16 Å =  
64.44 x 64.44 x 143.2 

594,639.95 2.218 
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As mentioned previously, several structural parameters were analyzed to characterize the 
initial bulk silica glass structures at room temperature, including pair distribution 
functions, bond angle distributions, and static structure factor calculations.  Comparison 
of these results with prior experimental findings (Table 1) were performed to validate the 
simulated structures. 
 
Structural analysis 
 
Various structural parameters were calculated and evaluated in order to describe the 
nature of the bulk silica glass, silica nanostructures and their modifications.  Several of 
these parameters are described as follows. 
 
Pair distribution functions 

 
The pair distribution functions (PDFs) will vary as the microstructural characteristics of a 
material changes since the average distance between atoms will be altered.  The total and 
partial pair distribution functions for a representative simulated bulk silica structure 
are calculated using a specialized scientific code and are shown in Figure 11.  The first 
three peaks of the total PDF correspond to the Si-O, O-O, and Si-Si bond lengths, 
respectively.  The PDFs in this study were found to be in good agreement with both 
experiments [1, 9, 11, 14-15] and previous MD simulations [56, 88], as shown below.  
Table 3 summarizes the bond lengths of the O-O, Si-Si and Si-O partial pair distribution 
functions in bulk silica glass structures.  It has been observed that the Si-O bond lengths 
remains unchanged under increasing structural deformation due to the high stability of 
the silica tetrahedron, while the Si-Si and O-O partial pair distributions tighten as the 
silica undergoes permanent densification [16]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Pair distribution functions calculated for silica glass (model C in Table 2) at 300 K 
showing the (a) total PDF, and partial PDFs (b) Si-O, (c) O-O, and (d) Si-Si respectively. 
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Table 3.  Calculated and measured bond lengths for the initial bulk silica structures in this study. 
Atom 
Pair 

Silica Glass 
Model A 

Bond Length 
(Å) 

Silica Glass 
Model B 

Bond Length 
(Å) 

Silica Glass 
Model C 

Bond Length 
(Å) 

Experiments 
 

Bond Length  
(Å) 

Si-O 1.61 + 0.03 1.62 + 0.02 1.62 + 0.02 1.59 – 1.62 
O-O 2.63 + 0.03 2.63 + 0.02 2.63 + 0.01 2.60 – 2.65 
Si-Si 3.18 + 0.03 3.18 + 0.03 3.18 + 0.02 3.05 – 3.22 

References [1, 9, 11, 14-15]. 
 

Bond angle distributions 

 
Bond angle distributions were used to analyze local structural changes occurring in the 
glass structures.  Two main angles are typically investigated in silica structures.  The 
tetrahedral bond angle (TBA) is the angle formed by three adjacent O-Si-O 
directionally bonded-atoms, which define a tetrahedron [16].  The ideal tetrahedral 
configuration has bond angles of 109.5˚, as observed in a typical C atom in diamond or a 
Si atom in a silicate tetrahedron (SiO4 

4-).  The bridging bond angle (BBA) is the angle 
formed by nearest Si-O-Si atoms (defined by two adjacent tetrahedra), which effectively 
involves neighboring Si atoms [16].  The structure of silica glass is known to 
accommodate continuous variations of the Si-O-Si angle ranging from 120 to 180 degrees 
within its random network, unlike crystalline silica structures [1].  Therefore, bond 
distortions sustained by the tetrahedral unit in a simulated glass can be estimated with the 
variations occurring in the tetrahedral bond angles.   Changes in the tetrahedral glass 
network can be determined by measuring precisely the variations in the bridging bond 
angles [16]. 
 
Figure 12 shows the typical calculated bond angle distributions for the simulated bulk 
silica glass structures at 300 K.  Figure 12(a) illustrates that the O-Si-O bond angles 
(TBA) are narrowly distributed about 109˚ with a full-width-half-maximum (FWHM) of 
about 15˚.  Figure 12(b) reveals the angles between tetrahedra, or bridging bond angles 
Si-O-Si (BBA), as broadly distributed, with a peak at about 151˚ and a FWHM of 36˚.  
These results are consistent with the values expected when using the BKS potential [58]. 
 
Experimentally, the Si-O-Si bond angle peak maximum in bulk silica has been reported 
between 144˚ and 156˚, with a FWHM of 38˚ [9, 11].  However, significant MD studies 
of silica glass have reported various Si-O-Si angles at room conditions, ranging from 
142˚-147˚ [57, 81, 88-89] to 150˚-158˚ [55, 64, 90-91].  These differences arise from the 
distinct methods and interatomic potentials used to create the simulated glass structures. 
 
Table 4 summarizes the calculated bond angles for representative silica glass structures 
(from Table 2) at room conditions which are in good agreement with experiments and 
previous MD simulations.  An evaluation of the bond angle distribution in bulk silica 
glass has been previously reported [5, 16, 81], which correlates well with the findings in 
this study. 
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Figure 12.  Bond angle distributions for bulk silica glass (model C from Table 2) at 300 K 
showing the (a) O-Si-O angles which are narrowly distributed around 109˚ (tetrahedral angle, 
inset), and (b) Si-O-Si angles (inset) are broadly distributed between 110˚ and 180˚.  The peak 
value is found to be approx. 151˚. 
 
Table 4.  MD results for bond angles and measured data for bulk silica structures in this study. 

Atom 
Triplet 

Silica Glass 
Model A 

 

Silica Glass 
Model C 

 

Experiments 
 

 Bond Angle 
(degrees) 

FWHM 
(degrees) 

Bond Angle 
(degrees) 

FWHM 
(degrees) 

Bond Angle 
(degrees) 

FWHM 
(degrees) 

O-Si-O 109 14 109 15 109.5 14 
Si-O-Si 

Peak  
Average 

 
147 

149.0 

 
34 

 

 
151 

150.0 

 
36 

 

 
144-156 

 

 
38 

References [9, 11]. 
 
 
Static structure factor calculations 

 
The static structure factor was calculated and analyzed to reveal the variation in the 
medium- and short-range ordering in silica glass models undergoing structural 
modifications [16].  Previous studies calculated the structure factor for MD silica models 
as pressure increased, and revealed that the first sharp diffraction peak diminished, 
indicating a decrease in medium range order, while the characteristic short-range order 
was retained [16]. 
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The structure factor (SF) results for bulk silica glass are shown in Figure 13 and the 
corresponding data summarized in Table 5.  Results in Figure 13 are consistent with 
neutron scattering measurements on this glass [14, 24, 92] and MD simulation studies 
[55-56, 88].  Data shown in Table 5 are also in good agreement with MD studies of large 
system sizes of silica glass (> 40,000 atoms) in regards to the first and second sharp 
diffraction peak locations [93-94]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Structure factor calculations for silica glass (model C in Table 2) at 300 K displaying 
the (a) total SF, and partial SFs (b) Si-O, (c) O-O, and (d) Si-Si respectively. 
 
 
Table 5.  Main peaks in SF profiles in simulated silica glass and experiments at room conditions. 

Characteristic 
Peak 

Silica Glass 
Model A 

 

Silica Glass 
Model C 

 

Experiments 
 

 Peak Position (Å-1) Peak Position (Å-1) Peak Position (Å-1) 
First sharp 

diffraction peak 
(FSDP) 

 
1.60 + 0.02 

 
1.60 + 0.03 

 
1.52 – 1.60 

Second sharp 
diffraction peak 

(SSDP) 

 
2.93 + 0.02 

 
2.92 + 0.02 

 
2.91 – 2.93 

 
References [10-11, 14, 93-94]. 
 
In summary, the structural data obtained for the initial silica glass structures at room 
conditions (Table 2) show a good overall agreement with results from previous 
experimental and MD investigations (Tables 3-5). 
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2.4 MD simulations of silica nanoribbons and nanosprings under tensile conditions 
 
The structural transformations in silica nanostructures due to mechanical deformations 
and size-dependent properties have not yet been reported.  Following is a description of 
this computational research, in which silica glass nanoribbons and nanosprings were 
created and then evaluated under tensile loads using the LAMMPS code and the 
accelerated simulations in the new IVA-MD system. 
 
Initial nanoribbon and nanospring models 
 
Spring-like nanostructures are increasingly important in nanotechnology for energy 
harvesting, biological sensing, hydrogen storage, and other small-scale applications.  A 
specialized computer code has been designed in this study to approximate the shape of 
silica nanoribbons and nanosprings.  This process involved creating a robust code to 
allow flexibility in the modeling of nanohelical structures.  An optimized C++ code, 
NanospringCarver (v. 0.5 beta), was created which implements the mathematical 
equations for the space curve of a helix.  NanospringCarver provided the capability to 
produce right-handed NR and NS models with high efficiency and accuracy for later use 
in MD simulations (e.g. via LAMMPS simulations or similar). 
 
Several nanoribbon and nanospring structures were obtained using the NanospringCarver 
program, with a variety of helical dimensions as shown in Figure 14. 
 

 
Figure 14.  General helical structure geometry showing characteristic dimensions, where r, R, 
and p represent the wire radius, radius of helix, and pitch respectively.  H is the total height of the 
structure. 
 
The resultant models and associated dimensions are listed in Tables 6-8, and selected 
structures are shown in Figure 15.  This method of creating silica helical structures offers 
a unique way to efficiently create atomistic models suitable for MD simulations.  Also, 
the NanospringCarver program is scalable and can be adapted, with some changes to the 
source code, to produce different helical structures independent of material, which makes 
this code useful and versatile. 
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The computational method described generated accurate nanoribbon and nanospring 
samples for a range of parameters most accurately when the pitch value was greater than 
7.16 nm and the radius of the spring wire was greater than 10% of the shortest dimension 
of the “bulk” silica glass structure.  This capability is important for conducting MD 
simulations where readily available accurate nanostructural models are needed to 
investigate different size conditions. 
 

 

 
Figure 15.  Snapshots of selected atomistic models of a silica glass: (top) nanoribbon with dimensions (r = 1.0 nm, 2R = 
4.0 nm, and p = 2.387 nm), and (bottom) nanospring with dimensions (r = 1.07 nm, 2R = 8.58 nm, and p = 4.29 nm). 
 

Table 6.  Geometry of the initial silica NRs simulated in this study.  Pitch: 42.96 and 57.28 Å. 
Model 

ID 
Number of 

atoms 
Dimensions  

2R (Å) 
Dimensions  

r (Å) 
Density 
(g/cm3) 

R40-r10 1,344 40.0 10.0 2.218 
R112-r28 38,746 111.89 27.97 2.221 

 

Table 7.  Geometry of the initial silica NSs investigated in this study.  Pitch: 57.28 Å. 
Model 

ID 
Number of 

atoms 
Dimensions  

Fixed 2R (Å) 
Dimensions  

Varying r (Å) 
Density 
(g/cm3) 

R60-r20 15,024 60.0 20.0 2.221 
R60-r22 17,981 60.0 22.0 2.221 
R60-r24 21,183 60.0 24.0 2.221 
R60-r26 24,689 60.0 26.0 2.221 
R60-r28 28,268 60.0 28.0 2.221 

 

Table 8.  Geometry of initial silica NSs investigated in this study.  Pitch is constant (57.28 Å). 
Model 

ID 
Number of 

atoms 
Dimensions  

Varying 2R (Å) 
Dimensions  
Fixed r (Å) 

Density 
(g/cm3) 

R60-r20 15,024 60.0 20.0 2.221 
R62-r20 15,465 62.0 20.0 2.221 
R64-r20 15,970 64.0 20.0 2.221 
R66-r20 16,367 66.0 20.0 2.221 
R68-r20 16,731 68.0 20.0 2.221 
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Simulated tensile conditions 
 
In order to pursue simulated tensile conditions in this study, the dimensions of an initial 
nanohelical model were first defined to determine the extents of the helix in the non-axial 
plane (i.e. x-axis and y-axis).  Once the minimum dimensions of a cuboid simulation box 
were determined, the initial glass model was prepared using the standard melt-quench 
method (section 2.3).  Various nanohelical models were then generated using appropriate 
parameters in the NanospringCarver program described before, with selected dimensions 
as shown in Tables 6-8. 
 
Once a given atomistic helical model was created, tensile conditions were simulated 
using LAMMPS with periodic boundary conditions as follows: 1) a box was created 
around the nanohelical model with PBC along its length, which allowed 2) stretching the 
simulation box axially using a constant strain rate (see Figure 16).  Uniaxial deformation 
was accomplished using the LAMMPS command “fix springDeform all deform 1 z erate 
5e-6 units box”, which is well documented elsewhere 
(http://lammps.sandia.gov/doc/fix_deform.html).  The strain rate in this study was the 
product of (5e-6) times the desired timestep, output at 1000 timestep intervals. This 
results in a constant effective strain rate of 0.1% per 0.5 ps.  Strain rate effects were not 
considered in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Visual representation of parameters for nanohelical tensile simulation, including 
loading sense and PBC usage. 
 
Uniaxial deformation was also simulated for silica nanowire models to validate the BKS 
interatomic potential within LAMMPS.  Tensile simulations on selected sizes (3.7-6.1 nm 
diameter) of silica nanowires were applied by performing instantaneous deformation in 
2% volume increments.  Deformation was followed by 75 ps periods of relaxation.  
Young’s moduli were calculated and compared against nanowire diameter in comparison 
with previous work by Silva et al. [44]. 
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Stress-strain behavior and calculated stiffness 
 
Stress was calculated by gathering per-atom stress values as reported by the LAMMPS 
command "compute stress/atom".  This value consists of the stress of all atoms in the 
simulation, hence it must be averaged into one value for a particular timestep before it 
can be used.  Furthermore, this command provides stress in a “stress * volume” 
formulation, thus it must be divided by an appropriate volume to be resolved into simple 
stress units.  In this study, it was observed that the shape of a simulated nanohelix was 
changing throughout the evolution of tensile simulations, thus the volume could not be 
directly calculated.  To overcome this problem, a normalization factor (NF, see Equation 
6) was calculated to represent an approximation of the spring volume, using the initial 
bulk volume, nanohelix atom count, and intitial bulk atom count.  Spring stress was then 
calculated as shown in Equation 7. 
 
 

bulk

nanohelix

bulk

atoms

atoms
volumeNF =  (6) 

 
 
where NF represents the normalization factor, volumebulk is the volume of the bulk solid 
from which the nanohelix is created, atomsnanohelix is the atom count of the nanohelix, and 
atomsbulk is the total atom count of the initial bulk. 
 
 

 (7) 

 
 
where stressspring represents the total axial stress of the nanospring, stressLAMMPS is the 
stress that is output by LAMMPS command “compute stress/atom,” NF is the 
normalization factor, stressatom represents axial stress values of every atom, and 
volumeatom is the volume of all atoms. 
 
 
Strain is calculated by dividing the difference between the instantaneous and original 
axial box lengths by the original box length.  Stress and strain are reported at 1000 
timestep intervals, to ensure meaningful results when plotting values against each another 
in an x-y line plot to create a stress-strain curve.  The Young’s modulus was measured 
from the linear region in the stress-strain curves as described in Chapter 3. 
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While nanohelical structures are of great research interest, there is very little 
experimental or simulation literature at present.  As this is the case, efforts at simulating 
tensile conditions in nanosprings were initiated by reproducing the tensile simulations 
reported by Mohedas et al. [66].  Two NR simulations were run for comparison with the 
Mohedas findings, and to establish the viability of using both the ReaxFF and the BKS 
interatomic potentials.  Stress-strain plots were produced on NRs of the sizes listed in 
Table 7, using the ReaxFF interatomic potential, and compared to the Mohedas work (see 
Figure 17). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.  Stress-strain plots comparing validation simulations using the ReaxFF interatomic 
potential (left) with previous work by Mohedas et al. (right) [66]. 
 
 
Structural analysis 
 
As stated in Chapter 1, simulated silica structures have been validated using macroscopic 
(e.g. energy) profiles to compare with prior experimental results.  Pair distribution 
functions, bond angle distributions, and structure factor calculations further validated the 
bulk silica models, and are useful for monitoring structural changes in the glass helical 
models, which have not been reported on experimentally to date. 
 
In summary, Chapter 2 covered key aspects of the different computational tools used in 
this study.  This chapter included the development of the new computational system with 
interactive visualization and accelerated MD capabilities, critical parameters used in the 
classical MD study of silica structures, the creation of initial well-validated MD silica 
glass bulk structures, the subsequent modeling of the silica glass helical nanostructures, 
and the calculations used for the structural analysis of the glassy structures.  A variety of 
complementary techniques used in this study to conduct MD tensile simulations of silica 
NRs and NSs have now been described.  This will be important in establishing the 
validity and accuracy of the results presented in Chapter 3. 
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CHAPTER 3: STRUCTURE AND PROPERTIES OF NANOSTRUCTURES 
 
3.1 Silica glass nanoribbons: size effect on stiffness 
 
An MD tensile simulation technique described previously (section 2.4) was applied to the 
initial silica glass nanoribbons (Table 6) to produce the structural modifications that 
occur at a constant strain rate (2x109 s-1).  The ReaxFF interatomic potential [61] was 
used for the tensile simulations of the NRs in a specific size regime (diameters < 4 nm) to 
avoid surface effects that have recently being reported in similar nanostructure 
simulations [95].  The MD technique involved expanding the volume of the simulation 
box containing the silica nanoribbon model at a desired strain rate up to 3X its original 
length.  Figure 18 below shows a schematic of the associated dimensions of the silica 
NRs investigated in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18.  Helical geometry of silica NR models displaying top view of structure (left), 
characteristic dimensions, where r, R, and p are the wire radius, radius of helix and pitch 
respectively (middle), and the ribbon cross-sectional area with a spheroid ratio c/a > 1(right).  
PBCs are removed for illustration only. 
 
The stress and strain values for each NR were calculated (section 2.4).  The temperature 
of these simulations was maintained constant at 300 K. 
 
Stress-strain curves 
 
Since the NR models were pulled only along the longitudinal (z-) axis, the virial average 
stress was calculated as a function of the engineering strain.  Each stress-strain ( - ) 
curve was evaluated using the average stress and the relative strain along the longitudinal 
axis, based on the change in simulated box dimensions. 
 
Following Hooke’s law (E =  / ), the Young’s modulus was calculated from the slope 
in the initial linear region of each  -  curve by fitting a line between 0.0-0.75 and 2.0 
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R112-r28 R40-r10 

strain, depending on the model size.  Figure 19 illustrates the stress-strain curves for the 
nanoribbon structures under tensile conditions.  The stress-strain data for each NR model 
is noisy, but shows a linear relationship.  The NR models were proportionally similar in 
size (c/a ratio) and used to evaluate the effect of the helical model size.  Table 9 below 
summarizes the resultant elastic moduli and associated NR models. 
 
 
 
 
 
 
 
 
 
 
 

Figure 19.  Stress-strain curves for silica NRs under tension (initial dimensions r = 10.0 Å, 2R = 
40.0 Å H = 42.96 Å left-hand side, and r = 27.97 Å, 2R = 111.89 Å, H = 57.28 Å right-hand 
side).  Selected NR strain levels (arrows) are included above the stress-strain curves with strain 
levels analyzed further below. 
 
Table 9.  Elastic moduli of silica nanoribbons under tensile MD simulations. 

 
Model 

ID 

 
Number of 

atoms 

 
Dimensions 
r (Å) 

 
Dimensions 

2R (Å) 

 
Spheroid Ratio 

(c/a) 

Young’s 
Modulus  
E (GPa) 

R40-r10 1,344 10.0 40.0 2.5 1.42 
R112-r28 38,746 27.97 111.89 2.5 8.48 

 
Validation of stiffness-size correlation 
 
The described method of pulling the NRs was applied previously by Mohedas et al. [66] 
to compute the stress-strain relationship in a study of the mechanical properties of silica 
nanoribbons.  In this study, the volume of the simulation box containing each NR was 
expanded at an equivalent constant rate.  This validation procedure resulted in stress-
strain data which correlated well (section 2.4) with findings reported using the ReaxFF 
interatomic potential [61]. 
 
Mohedas et al. reported a Young's modulus of 0.07 GPa [66] for the NR case analogous 
to R40-r10 of Table 9.  This value is approximately 20X smaller than the values obtained 
in this study.  The Young's moduli reported by Mohedas et al., as in this study, were 
derived from noisy stress-strain plots (i.e. scattered data) due to the use of small-sized 
models, and are at least 50X smaller than that of bulk silica glass.  Furthermore, Mohedas 
et al. found a reduction in the Young's modulus in silica NRs when varying the coil 
diameter (2R) while maintaining a constant cross-sectional thickness (r), and similar 
findings for the silica NS models were found in this study (see structural analysis). 
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The NR tensile simulations in this study are in good agreement with equivalent results 
reported by Mohedas et al. [66].  The stress-strain curves have similar trends although 
some important factors should be noted.  First, this study included nanoribbon geometries 
similar in dimensions to those in the Mohedas publication [66]; however the exact 
method used by Mohedas and co-workers to create the NR models is not known.  This is 
important since an initial glass nanostructure can result in different mechanical responses.  
In addition, discrepancies in the stress values may have resulted from different stress 
calculation codes.  The Mohedas et al. [66] work used the ReaxFF/FORTRAN 
interatomic potential within LAMMPS, whereas this study involved the enhanced 
ReaxFF/C interatomic potential (with better memory management and a newer neighbor 
list building feature) in a newer version of LAMMPS. 
 
Structural analysis 
 
As mentioned before (section 2.3), structural changes in the NRs under tensile conditions 
were examined through bond angle distributions, pair distribution functions, and structure 
factor calculations (Figures 20-23). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Bond angle distributions for a simulated silica NR model (R40-r10) at zero strain (or 
before any tensile simulation).  The O-Si-O angles (top) are broadly distributed around 108 
degrees, which is approximately the tetrahedral angle (inset).  The Si-O-Si angles (bottom) are 
broadly distributed between ~120 and 180 degrees.  The peak value is estimated to be at about 
142 degrees.  A broad peak (shown with an arrow) to the right of the main peak appears in the O-
Si-O bond distribution (top). 
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Figure 21.  Bond angle distributions for a simulated silica NR model (R40-r10) at zero and 2.0 
strain (left) (before and after tensile simulation) in the elastic region of the stress-strain plot, and 
cumulative bond angle distributions up to 2.5 strain (right).  As expected, the O-Si-O angles (top) 
show limited changes whereas the Si-O-Si angles (bottom) reveal a slight shift to higher angles, 
consistent with structural rearrangements expected in response to tensile loadings.  The 
significance of these results relates to minor bond conformations as the nanostructure undergoes 
mainly reversible deformations.  The broad peak (shown with arrows) to the right of the main 
peak in the O-Si-O bond distributions (top) persists at the highest elastic strains. 
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Figure 22.  Pair distribution functions calculated for a simulated silica NR model (R40-r10) at 
zero strain (before any tensile simulation).  This plot contains the partial PDFs: (top) O-O, 
(middle) Si-O, and (bottom) Si-Si respectively.  A double-peak feature (shown with arrows) to 
the right of the main peak appears in the partial O-O and Si-O PDFs. 
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Figure 23.  Pair distribution functions for a simulated NR model (R40-r10) at zero and 2.0 strain 
(left) (before and after tensile simulation) in the elastic region of the stress-strain plot, and PDFs 
including up to 2.5 strains (right).  The O-O and Si-Si PDFs (top and bottom) change drastically 
in terms of bond distances and peak heights, whereas the Si-O PDF (middle) shows slight 
changes.  The significance of these results is that the PDFs show distinct bond distance 
modifications in the tetrahedron unit as the nanostructure undergoes elastic (reversible) 
deformations.  The main peak height in all partial PDFs shows an increase as strain increases.  
The double-peak feature (shown with arrows) to the right of the main peak (in the partial O-O and 
Si-O PDFs) is more pronounced as strain increases. 
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3.2 Silica glass nanosprings: size effect on stiffness 
 
As in the above section, an MD tensile simulation technique was applied to the initial 
silica glass nanosprings (Tables 7 and 8) to produce the structural modifications that 
occur at a constant strain rate (2x109 s-1).  The BKS interatomic potential [58] was used 
here for the tensile simulations of the NSs for selected sizes (diameters > 4 nm) to avoid 
surface effects that have recently being reported in similar nanostructure simulations [95].  
The MD technique involved expanding the volume of the simulation box containing the 
silica nanospring model at a desired strain rate up to 3X its original length.  Figure 24 
below shows a schematic of the associated dimensions of the silica NSs investigated in 
this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24.  Helical geometry of silica NS models displaying top view of structure (left), 
characteristic dimensions, where r, R, and p are the wire radius, radius of helix and pitch 
respectively (middle), and the wire cross-sectional area with the spheroid ratio c/a = 1 (right).  
PBCs are removed for illustration only. 
 
 
The stress and strain values for each NS were calculated (section 2.4).  The temperature 
of these simulations was maintained constant at 300 K as in previous nanostructures. 
 
Stress-strain curves 
 
Since the NS models were pulled along the longitudinal (z-) axis, the virial average stress 
was calculated as a function of the engineering strain.  Each stress-strain ( - ) curve was 
evaluated using the average stress and the relative strain along the longitudinal axis, 
based on the change in simulated box dimensions. 
 
Following Hooke’s law (E =  / ), the Young’s modulus was later calculated from the 
slope in the initial linear region of each  -  curve by fitting a line between 0.0 and 0.5 
strain.  Figures 25 and 26 show various stress-strain curves for representative nanosprings 
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under tensile conditions.  Tables 10 and 11 list the elastic moduli and dimensions 
associated with the different NS models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25.  Stress-strain curves for silica NSs under tension (fixed 2R = 60.0 Å).  Arrows (r = 
26.0 Å) depict anomaly observed in simulation associated with the detachment of vertically 
bonded atoms in this and larger wire r sizes (r = 28.0 Å, not shown in this figure). 
 
 
Table 10.  Elastic moduli of silica NSs under tensile MD simulations for fixed 2R, varying r. 

Model 
ID 

Number of 
atoms 

Dimensions  
2R (Å) 

Dimensions  
Varying r (Å) 

Young’s Modulus  
E (GPa) 

R60-r20 15,024 60.0 20.0 0.6567 
R60-r22 17,981 60.0 22.0 0.6889 
R60-r24 21,183 60.0 24.0 0.8485 
R60-r26 24,689 60.0 26.0 0.7602 
R60-r28 28,268 60.0 28.0 0.0451 
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Figure 26.  Stress-strain curves for silica NSs under tension (fixed r = 20.0 Å).  No anomalies 
were observed in this nanospring geometry for all sizes studied in this work. 
 
Table 11.  Elastic moduli of silica NSs under tensile MD simulations for fixed r, varying 2R. 

Model 
ID 

Number of 
atoms 

Dimensions  
r (Å) 

Dimensions  
Varying 2R (Å) 

Young’s Modulus  
E (GPa) 

R60-r20 15,024 20.0 60.0 0.6567 
R62-r20 15,465 20.0 62.0 0.6023 
R64-r20 15,970 20.0 64.0 0.5751 
R66-r20 16,367 20.0 66.0 0.5487 
R68-r20 16,731 20.0 68.0 0.3664 

 
Stiffness-size correlations 
 
This method of pulling the NSs was applied previously by Mohedas et al. [66] to 
compute the stress-strain relationship in a study of the mechanical properties of silica 
nanoribbons.  In the present study, the volume of the simulation box containing each 
nanostructure was expanded at an equivalent constant rate.  The BKS interatomic 
potential was initially selected due to its reasonable reproduction of bulk silica models, 
and also allows the use of GPU acceleration, so was applied in these tensile simulations.  
The ReaxFF interatomic potential used in the Mohedas study and in the NR section of 
this study provides a very accurate and highly dynamic representation of both crystalline 
and amorphous silica, but the lack of GPU acceleration precluded the use of ReaxFF in 
this study of NSs. 
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As mentioned previously, there is no data reported on the elastic modulus of silica NSs, 
thus no additional validation is possible.  However, the methodology and stress-strain 
results of similar helical structures (silica NRs) were verified in previous sections.  This 
same methodology is thus considered to produce reasonable stress-strain curves for the 
silica NSs under tensile conditions reported in this study. 
 
The overall results for the Young’s modulus as a function of NS dimension are shown in 
Figures 27 and 28. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27.  Elastic modulus E of silica NSs as a function of wire cross-sectional radius r.  Arrows 
indicate artifacts were detected in specific NS geometries (detachment of bonded atoms). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  Elastic modulus E of silica nanosprings as a function of helical diameter 2R.  No 
artifacts were detected in the tensile simulations of any of these NS geometries. 
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Structural analysis 
 
As mentioned before (section 2.3), structural changes were examined through bond angle 
distributions, pair distribution functions, and structure factor calculations (Figures 29-32). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Bond angle distributions for a simulated silica NS model (R68-r20) at zero strain (or 
before any tensile simulation).  The O-Si-O angles (top) are narrowly distributed around 109 
degrees, which is approximately the tetrahedral angle (inset).  The Si-O-Si angles (bottom) are 
broadly distributed between ~120 and 180 degrees.  The peak value is estimated to be at about 
143 degrees.  A secondary peak (shown with arrows) to the left of the main peak appears in both 
distributions, revealing surface effects. 
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Figure 30.  Bond angle distributions for the largest simulated silica NS model (R68-r20) at zero 
strain and 0.5 strain (left) (before and after tensile simulation) in the elastic region of the stress-
strain plot, and cumulative bond angle distributions up to 2.0 strain (right).  As expected, the O-
Si-O angles (top) show slight changes whereas the Si-O-Si angles (bottom) reveal no detectable 
change upon tension.  A secondary peak (shown with arrows) to the left of the main peak appears 
in both distributions, revealing surface effects. 
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Figure 31.  Pair distribution functions calculated for a simulated silica NS model (R68-r20) at 
zero strain (before any tensile simulation).  This plot contains the partial PDFs: (top) O-O, 
(middle) Si-O, and (bottom) Si-Si respectively.  A peak shoulder (shown with arrows) to the left 
of the main peak appears in the partial O-O and Si-Si (top and bottom) PDFs. 
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Figure 32.  Pair distribution functions for a simulated silica NS model (R68-r20) at zero and 2.0 
strain in the elastic region (left) of the stress-strain plot (before and after tensile simulation), and 
PDFs including elastic region at 0.5 strain (right).  The O-O and Si-Si PDFs (top and bottom) 
change largely in peak height, whereas the Si-O PDF (middle) shows relatively small changes.  
The significance of these results is that the PDFs show different bond distance modifications 
compared to the NRs, as the nanostructure undergoes elastic deformation.  The main peak height 
in all partial PDFs increases as strain increases.  The peak shoulder feature (shown with arrows) 
to the left of the main peak (in the partial O-O and Si-Si PDFs) becomes more pronounced as 
strain increases. 
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
4.1  Discussion 
 
Bulk Models 
Different sizes of bulk silica structures were obtained in this study using the melt-quench 
procedure to account for possible size effects and to create various nanohelical models.  
In all cases, the initial bulk silica glass structures had densities (see Table 2), which are 
equivalent to the experimental values of 2.20-2.21 g/cm3 reported for silica glass [1], 
depending on the thermal history  and manufacturing utilized for the glass material. 
 
The simulated silica glasses were created at quenching rates of 3.8 x 1013 K/s, similar to 
those reported previously by other investigators [5, 55, 64].  Generally, MD studies 
utilize higher quenching rates (orders of magnitude) than those achieved in experiments.  
This difference arises from the characteristic timestep characteristic of MD studies (i.e. ~ 
1 fs) which limits simulation times to ps or ns in practicality, hence preventing realistic 
quenching rates.  In general, slower quench rates (< 1013 K/s) are preferred to get realistic 
glass structures which can then be compared with experimental measurements. 
 
The quench rate can have profound effects on both the final density and the intermediate 
structures of the glassy model during the quench [96].  This is important as accurately 
reproducing fused silica depends on many structural parameters in addition to the density.  
Vollmayr and colleagues surveyed the accuracy and range of structures produced by a 
variety of interatomic potentials, and found the BKS interatomic potential to be a suitable 
choice for its acceptable dynamics and the final structures produced during a standard 
melt-quench [96]. 
 
The MD simulations in this study have taken into account such measures (e.g. larger 
model sizes and similar quench rates) to further validate structural analysis results.  
Therefore, the structural data obtained for the initial bulk silica glass structures at 300 K 
show a good overall agreement with results from prior experimental and MD simulations. 
 
Nanohelical Models 
Nanoribbon and nanospring atomistic models were created efficiently using the 
NanospringCarver program designed for this study.  Determination of appropriate model 
dimensions and geometrical constraints is critical particularly with helical glass models.  
The sluggish nature of silica glass generally requires long simulations to obtain well-
equilibrated structures. 
 
Two NR models were simulated, a very small model with ~1350 atoms (R40-r10), and a 
larger model with ~38,000 atoms (R112-r28).  The tensile behavior differed widely 
between the two models.  The small NR (R40-r10) exhibited a long elastic region 
followed by a plastic region characterized by rapid fracture.  The simulations thus far 
showed that for R112-r28, a different characteristic tensile behavior with an extended 
elastic region (Figure 19). 
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In the case of the NS models, the study sample of ten simulations seems to indicate some 
possible trends.  In specific, larger wire cross-sectional radii (r) lead to steeper slopes in 
the elastic region, while larger helical diameters (2R) lead to lower slopes and thus 
smaller Young's moduli. 
 
Interatomic Potentials and Methodology (Tensile Simulations) 
 
The ReaxFF interatomic potential was favored when simulating NRs to remain consistent 
with the methodologies used in current literature [61, 66].  The advantages of using the 
ReaxFF interatomic potential include: dynamic bonding and high accuracy of structural 
parameters.  Some disadvantages include: poor size and scaling, lack of GPU-
acceleration support, and limited interfacial modeling capabilities. 
 
The BKS interatomic potential has been primarily used within this study, as it has 
widespread support, can be used to model a growing range of silicates [44, 59-60], and 
can accurately reproduce tensile conditions in glassy SiO2 systems [44].  The BKS 
interatomic potential also has GPU-acceleration support within LAMMPS, which was of 
critical interest in this study. 
 
In order to proceed with a sound methodology for simulating tensile conditions in this 
study, a two part validation against previous work was conducted.  First, tensile 
conditions as presented by Silva et al. were pursued and found to be achievable in close 
agreement with the published results [44].  As a segue into nanohelical morphologies, the 
work by Mohedas et al. was examined and reproduced in a similar fashion.  While the 
complete details of the research group's original methodology were not available, a 
carefully considered best-approximation yielded results comparable to the stress-strain 
trends originally reported by Mohedas et al. [66].  While the trends are in general 
agreement, it should be noted that differences in the LAMMPS code versions used to 
generate interatomic forces (ReaxFF/FORTRAN vs. ReaxFF/C) may have resulted in 
differing stress values. 
 
The method for reproducing tensile conditions has strengths and weaknesses.  A constant 
strain or continuous deformation was used in place of instantaneous deformation which 
requires additional relaxation time per deformation interval.  An important consideration 
is the chosen approach is that due to the slow-moving nature of glassy systems, a poorly 
chosen strain-rate would have lead to unreliable data. 
 
A constant strain or continuous deformation was used in place of instantaneous 
deformation cycles followed by relaxation cycles.  The need to carefully define relaxation 
intervals to control the effective strain-rate leads to increased intrinsic complexity 
associated with non-constant strain-rates.  A weakness of this approach is that due to the 
sluggish nature of glassy systems a poorly chosen constant strain-rate (e.g. too large) may 
lead to unrepresentative dynamics.  Care was taken to thoughtfully model the chosen 
strain-rate after previous work with well-validated results. 
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A constant strain rate was chosen to follow the methodology used by Mohedas et al. [66] 
to produce tensile conditions.  A faster or slower strain rate can significantly alter failure 
modes by changing the action of deformation in the plastic regime.  An optimal strain-
rate can be selected based on theory or a library of simulations conducted to determine 
such an optimal strain-rate. 
 
Mechanical Property: Elastic Modulus vs. Nanostructure Dimensions 
 
Figure 27 showed a E-r plot for nanosprings with varying r ranging from 20-28 Å, with 
an overall trend displaying an increase of stiffness E as NS wire cross-sectional radius (r) 
increases up to ~24 Å, after which the plot displays anomalous behavior explained below. 
 
NS wire cross-sectional radius (r) varying condition showed anomalies at model sizes 26 
Å and 28 Å.  Larger (2R) spring models need to be evaluated in the future to avoid 
artifacts due to model helical geometries.  Anomalies due to insufficient initial box-sizes 
lead to artifacts detected during tension simulations. 
 
Figure 28 showed a E-2R plot for nanosprings with varying R ranging from 60-68 Å, 
which revealed that the stiffness decreases linearly as NS helical diameter (2R) increases.  
The largest NS showed the lowest E value (hence that NS size is least stiff).  Future 
studies could focus on evaluating larger NS models and pitch values. 
 
For NS of varying helical diameter (2R), inspection of the evolution of the tensile 
simulations and the trends for E-2R (Figure 28) indicate no observable anomalies which 
could affect the interpretation of the results. 
 
In brief, the results from this study (Chapter 3) showed that silica NSs exhibited an 
increase in stiffness with a decrease in helical diameter (2R) under tensile simulations.  
This correlates well with the theoretical predictions reported previously by Chen et al. 
[97], which show that in the elastic regime, nanospring stiffness is inversely related to the 
helical radius.  This relationship in the Chen et al. study [100] was compared with the 
results shown in Figure 28 and found to be in good agreement (Appendix D).  Further 
investigation is possible to corroborate other nanospring sizes. 
 
In contrast, the results for selected silica NSs with varying wire-cross sectional radius (r) 
in Figure 27 showed a decrease in stiffness with decreasing wire radius under similar 
tensile simulations.  While the work by Chen et al. [97] relates nanospring wire radius to 
stiffness, the shear modulus also changes and thus their equation would need to be 
parameterized with specific shear moduli for different nanosprings with different r 
dimensions.  In principle the relationship between stiffness and wire radius is expected to 
apply to the results presented in Figure 27, but additional evaluation will be pursued to 
verify this aspect. 
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Structural Analysis Results: Small Nanoribbon (R40-r10) 
 
The stress-strain curves produced for two NR models generally agree with the trends 
represented in the work by Mohedas and colleagues [66].  Aside from discrepancies in 
the actual codes used (ReaxFF/C vs. ReaxFF/FORTRAN) it is possible that the initial 
glass models used differ significantly enough to account for some of the discrepancy.  
The density and structural parameters of an initial glass model are of key importance in 
reliably reproducing the mechanical behavior from a published material.  The Young's 
modulus for the smaller of the two NR models reproduced was 1.42 GPa in this study as 
opposed to 0.07 GPa in the Mohedas study.  Though different by a factor of 20, both 
values are 50x lower the Young's modulus of bulk fused silica, and only 1 order of 
magnitude apart, indicating a good agreement. 
 
The stress-strain behavior of selected silica glass NRs under tension revealed unique 
results.  Figure 19 showed size effects on the stress-strain plots of the NRs, with similar 
overall linear behavior (small vs. large NR models).  A distinct feature is an initial 
"delay" (or "lagging") in the strain of each stress-strain plot, likely associated with the 
time needed for a given coiled nanostructure to begin stretching upon tension.  This 
“lagging” is larger for the smallest NR (see arrows, Figure 19 left-hand side). 
 
In addition, the oscillations in the early stages of deformation in the stress-strain plots are 
an evidence of MD force-integration, which will increase or decrease as a model is more 
or less constrained in space.  These oscillations decrease as the NR is stretched due to the 
continuous tension constraining the model, and thus allowing less movement along the 
axis of tension.  The helical geometries (NRs) will subsequently stretch or uncoil, 
approaching the shape of planar or flat ribbons. 
 
This study also found that the initial NR models have bond angle distributions (Figure 
20) which correlate generally well with those of the initial bulk silica model (Figure 12), 
with distinct differences.  A broad peak in the O-Si-O bond angle distribution positioned 
between 120-180 degrees (Figure 20) was detected in all initial pre-strained NRs, which 
persisted at high strains.  Further analysis would be needed to identify the origin of these 
apparent anomalies.  The Si-O-Si bond angle distribution (Figure 20) for the initial NRs 
showed similar behavior as that in the initial bulk glass model, with scattered data in the 
small NR case due to the small model size. 
 
Figure 20 showed the typical (but noisy) calculated bond angle distributions for the 
simulated small silica NR structure (R40-r10) at 300 K and zero strain.  The scattered 
data in these distributions is related to the small model size. 
 
Figure 20 (top) indicated that the O-Si-O bond angles are broadly distributed, with the 
main peak at 108 degrees (e.g. the tetrahedral angle).  A broad peak (located at high 
angles, between 120-180 degrees, with an average of 150 degrees) is reported but its 
origin needs to be investigated further.  This broad peak is only observed for the small 
NR size (not for the initial bulk silica or the NSs studied, or within recent NW studies 
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[95]).  This may be associated with artifacts due to the small model sizes. 
 
Figure 20 (bottom) depicted the angles between corner sharing tetrahedra, broadly 
distributed with a peak at ~143 degrees, which is comparable to the bulk silica results 
obtained from experiments and simulations.  The disparity between different MD studies 
which reported Si-O-Si distributions arises from the distinct methods and interatomic 
potentials used to create the simulated glass. 
 
Figure 21 showed that O-Si-O (tetrahedral) angles do not change effectively as strain 
increases, whereas the Si-O-Si angles shift slightly to higher angles, consistent with 
structural rearrangements expected as tensile strains increase.  Overall NR structural 
conformation is preserved at large strains during tension.  The broad peak (at high 
angles) remains basically unchanged at large strains. 
 
Figure 22 showed the partial PDFs for the simulated small silica NR structure (R40-
r10.0) at 300 K and zero strain.  The first three peaks of the Si-O, O-O and Si-Si bond 
distances in this study are found to be in good agreement with both experiments [1, 9, 11, 
14-15] and previous MD simulations reported elsewhere [16, 56]. 
 
The overall data is a bit noisy, but the partial PDFs for the O-O and Si-O bond 
distances unveiled a double-shoulder feature (at large distances than main peaks, see 
arrows) in each case.  The Si-Si bond distances for this NR are broader than the bulk but 
still reasonable in shape and key features. Further investigation is needed to determine the 
origin and implication of the double-shoulder feature, to correlate it to other structural 
parameters commonly analyzed and/or compare it with experimental or theoretical data 
available. 
  
Figure 23 revealed double shoulders in the PDFs for the O-O and Si-O bond 
distances which remain unchanged at large strains upon tension of the NR.  (The 
sharp peak that prevails as tension increases describes the first Si-O neighbor distance.  
The O-O partial PDF upon tension showed that the first peak shifts very slightly.  The Si-
Si partial PDF revealed a negligible peak shift as tension increases.)  The appearance of 
“shoulders” in the PDFs for O-O and Si-O at high deformations (e.g. compression) has 
been reported before in MD studies [16]. 
 
In brief, the bond angle distributions and PDFs change slightly with tension in the region 
analyzed (mostly elastic).  This differs from the structural parameters in bulk silica glass 
which change continuously with high deformations [16].  Most significantly, structural 
analysis of the small NR resulted in distinct features not observed or reported before for 
silica (bulk or nanostructures).  That is, the presence of a broad peak in the O-Si-O bond 
angle distribution and double shoulders in the PDFs of O-O and Si-O bond distances, as 
shown in Figures 20 and 22.  Additionally, the stress-strain behavior of the small NR has 
been validated against prior MD simulations, and larger NR models are being 
investigated regarding their size dependent elastic modulus. 
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Structural Analysis Results: Large Nanospring (R68-r20) 
 
The stress-strain behavior of selected silica glass NSs under tension revealed size 
dependent effects.  Figures 25 and 26 showed the stress-strain plots for selected NSs, 
with similar linear behaviors.  No initial "delay" (or "lagging") was observed in general in 
these stress-strain plots, as was observed with the NR models. 
 
In addition, there are fewer oscillations in the stress-strain plots (as in the NR case) as 
strain increases due to sufficient time allowed for the helical geometries (NSs) to stretch 
or uncoil, approaching the shape of flat wavy structure. 
 
For the initial and strained NS models, the bond angle distributions (Figure 29) correlated 
very well with those of the initial bulk silica model (Figure 12).  The secondary peaks 
shown with arrows (Figure 29) have recently been attributed to surface effects for silica 
nanowires under tensile simulations [98], which are expected to be relevant as the size 
regime and surface morphologies remain similar to those reported for the silica NSs in 
this thesis. 
 
Figure 29 showed smooth calculated bond angle distributions for the largest NS (R68-
r20) at 300 K and zero strain. 
 
Figure 29 (top) indicated that the O-Si-O bond angles are narrowly distributed (as in the 
bulk), with the main peak at 108 degrees (e.g. the tetrahedral angle).  A small secondary 
peak (smaller angles, averaging 80 degrees) is reported, and its origin is uncertain, 
requiring additional investigation.  This small secondary peak is only observed in the 
large NS case (not the bulk silica or the small NR).  This small secondary peak is 
attributed to surface effects [95] which may depend on model size. 
 
Figure 29 (bottom) depicted the angles between corner sharing tetrahedra, and is broadly 
distributed with a peak at ~143 degrees, comparable to the bulk silica values obtained 
from experiments and simulations.  The disparity in such results between MD studies 
which reported Si-O-Si bond angle distributions arises from the distinct methods and 
interatomic potentials used to create the simulated glass.  Another small secondary 
peak (smaller angles, averaging 96 degrees) was observed, and its origin is uncertain, 
requiring further investigation. 
  
Figure 30 revealed bond angle distributions that do not change significantly, and small 
secondary peaks (at smaller angles) that remain unchanged at large strains.  More 
study is required on how these results change at even larger deformations and in the 
plastic region. 
  
Figure 31 showed that the small shoulder features (small bond distances) in the O-O 
and Si-Si PDFs for this NS.  The main three PDF peaks are in good agreement with 
results for the bulk silica case, as was discussed previously for Figure 22.  Smoother 
plots were obtained from the larger model sizes. 
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Figure 32 indicated the small shoulder features (small bond distances) in the O-O and 
Si-Si PDFs for this NS remain unchanged at large strains. 
  
In brief, the bond angle distributions and PDFs change slightly with tension in the region 
analyzed (elastic).  This differs from the structural parameters in bulk silica glass which 
change continuously with high deformations [16].  Most significantly, structural analysis 
of the largest NS resulted in distinct features not observed or reported before for silica 
(bulk or nanostructures).  That is, the presence of a small secondary peak in the bond 
angle distributions and a small shoulder in the PDFs of O-O and Si-Si bond distances, as 
shown in Figures 29 and 31.  Additionally, the stress-strain behavior of larger NS models 
are being investigated in terms of their size dependent elastic modulus. 
 
4.2  Conclusions 
 
The MD tensile simulations used in this study reproduce well the conditions observed in 
silica glass nanoribbons [66].  This methodology was also applied to silica glass 
nanosprings which reveal unique size dependent elastic moduli when compared to the 
glass nanoribbon case.  Preliminary results from this study indicate that E increases as a 
function of helical wire radius (r), and reduces as a function of helical diameter (2R).  
This leads to the possibility of investigating other materials with specific requirements for 
their application in various nanoscience fields.  Structural analysis was performed and 
particular peaks or shoulder features were identified in both silica nanohelical structure 
types (NR and NS models), but further tests are needed to determine their origin or effect 
on the mechanical properties of these systems.  The evidence further indicates that the 
structural modifications in these nanostructures upon tension are small but measurable, 
and implies that these glass helical models are resilient under large strains.  An efficient 
method of creating helical nanostructures for MD simulations has been presented in this 
work, and also a satisfactory method to induce tensile conditions at relative slow strain 
rates.  The benefits of this technique in creating tensile loading is the ability to perform 
relatively simple simulations in novel systems that require shorter computing times than 
those used in conventional MD simulations of silica, as discussed in Chapters 1 and 2. 
 
The MD simulations presented in this work reproduced the mechanical behavior of some 
silica glass nanostructures (e.g. nanoribbons) at elevated tensile levels, and explored new 
helical structures (i.e. nanosprings) under the same conditions, and the size dependency 
of the NS elastic modulus was evaluated.  By combining the appropriate model 
dimensions and tensile conditions, future MD simulations can be pursued in order to map 
out a large set of elastic moduli for different helical geometries. 
 
As a result of this work, the author has started additional MD simulations of more silica 
nanoribbons and nanosprings to better understand the role of model size, strain rates and 
surface effects on these nanostructures.  Further analysis of key structural parameters, 
similar to those presented in this thesis, and comparison of the results with other available 
data (e.g. theoretical and experimental) will be necessary to validate the simulated 
predictions. 
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Regarding the limitations of the MD simulations, the interatomic potential used in this 
work was selected due to its appropriateness to study amorphous silica.  The ReaxFF and 
BKS interatomic potentials can successfully simulate a variety of nanoscaled silicates.  
Care must be taken when the geometry of the structure allows contact between disparate 
surfaces to occur during simulation.  In specific, MD simulations model structural 
dynamics including interatomic distance, in the case that two distinct surfaces come in 
contact, bonding may occur that does not represent realistic behavior.  This was observed 
for cases R60-r26 and R60-r28, leading to spontaneous bonding along the axis of the 
nanohelix, between what were once separated coils of the nanohelix, drastically affecting 
the stress-strain behavior.  Other computational methods can be considered to study 
additional properties of these nanostructures, but a careful analysis is needed as often 
such methods demand extensive computing time for potentially demanding numerical 
methods, such as density functional theory for electronic structure and optical properties. 
 
My overall contribution through this thesis consisted in performing classical MD 
simulations in a novel computational system (Figure 2) to investigate the structure and 
size dependent mechanical properties of silica glass nanostructures under tensile 
conditions.  These helical structures have not fully been investigated in the laboratory due 
to challenges related to typical experimentation setup and methods.  An important aspect 
of this research is the use of modern accelerated MD computation with a robust code 
such as the LAMMPS package, which offers continually improving performance as GPU 
hardware development advances.  Additionally, the 3D/VR system with integrated MD 
capability used in this work represents a unique scientific instrumentation through which 
research and interactive learning can be pursued, and which remains to date the first of its 
kind in the research community. 
 
4.3  Recommendations for future work 
 
Recent MD simulations of the mechanical properties of silica NWs under tension 
revealed that the quench rates do not affect the stiffness of these nanostructures [95].  
Additional tensile MD simulations are currently being performed to verify whether the 
nanohelical structures reveal similar results to those found with the nanowires [98]. 
 
Future work may involve additional structural analysis (e.g. ring size distributions) of the 
E-r and E-2R relationships, as well as the effect of strain to assess structural changes and 
correlate with current findings. 
 
In addition, comparing the mechanical response of silica glass in the bulk, NW, NR and 
NS morphologies can be pursued in the future. 
 
Finally, newer technologies and methods can be investigated to take full advantage of the 
visualization component of the novel computational system used in this thesis.  This will 
facilitate the ability of a researcher to model, visualize, simulate, and analyze a material 
structure in an optimum and integrated environment for innovation purposes. 
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APPENDIX A – Sample input script file for a MD simulation using LAMMPS. 
 

An example of the LAMMPS melt-quench procedure input file mq.in 
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An example of the LAMMPS melt-quench procedure include file mq.segment 
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LAMMPS commands used in this study, with parameters and a brief summary.   
Options marked [/gpu] allow specific use of GPU acceleration if available. 
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APPENDIX B – Sample output file from a MD simulation using LAMMPS. 
 
An example of the thermodynamic output file thermo.csv (see command in Appendix A) 

 
 

An example of the per-atom energy-dump output file e.out (see command in Appendix A) 
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APPENDIX C – Characteristic NVT-NPT method applied to  
the bulk silica models to minimize residual stresses. 

 

 
 

Figure C1.  LAMMPS NVT/NPT melt-quench simulation sequence used in bulk silica models in 
this study.  Light blue area (left) labeled “NVT” indicates the NVT steps taken during the melt-
quench, while the pink area (right) labeled “NPT” shows the NPT relaxation time used to allow  
for the reduction of internal stresses.  In the work produced for this thesis, a system composed of 
N atoms, occupying a fixed volume V with a fixed temperature T, is referred to as an NVT 
ensemble [77].  When the system is composed of N atoms, with fixed pressure P and fixed 
temperature T, it is referred to as an NPT ensemble [74]. 
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APPENDIX D – Comparison between nanospring results from  
theory and MD simulations from this thesis.  

 

 
 
Figure D1.  Predicted elastic moduli as a function of helical diameter for a nanospring from a 
theoretical study by Chen et al. [97] as compared to stiffness measured in this MD study.  The 
analytical model used in that study [97] takes into account the torsion generated from the 
extension of a spring and hence it is accurate only in the low-strain (elastic) regime.  In particular, 
Chen and co-investigators calculated the spring constant k via the analytical model for a spring 
under tension, which is proportional to the elastic modulus as E = (k/A)*L, where A and L are the 
cross-sectional area on which force is applied and the original length of the spring, respectively. 




