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Abstract 
 

 

The main objective of the research is to study the potential application of carbon 

nanotubes and graphene sheets as nano-resonator sensors in the detection of atoms/molecules 

with vibration and wave propagation analyses. It is also aimed to develop and examine new 

methods in the design of nano-resonator sensors for differentiating distinct gas atoms and 

different macromolecules, such as DNA molecules. The hypothesis in the detection 

techniques is that atoms or molecules attached on the surface of the nano-resonator sensors 

would induce a recognizable shift in the resonant frequency of or wave velocity in the 

sensors. With this regard, a sensitivity index based on the shift in resonant frequency of the 

sensors in the vibration analysis and/or a shift in wave velocity in the sensors in the wave 

propagation analysis is defined and examined.  

In order to achieve the objective, the vibration characteristics of carbon nanotubes and 

graphenes are studied using molecular dynamics simulations to first propose nano-resonator 

sensors, which are able to differentiate distinct gas atoms with high enough resolutions even 

at low concentration. It is also indicated that the nano-resonator sensors are effective devices 

to identify different genes even with the same number of nucleobases in the structure of 

single-strand DNA macromolecules. The effect of various parameters such as size and 

restrained boundary conditions of the sensors, the position of attached atoms/molecules being 

detected, and environment temperature on the sensitivity of the sensors is investigated in 

detail.  
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Following the studies on vibration-based sensors, the wave propagation analysis in 

carbon nanotubes and graphene sheets is first investigated by using molecular dynamics 

simulations to design nano-resonator sensors. Moreover, a nonlocal finite element model is 

presented and calibrated for the first time to model propagation of mechanical waves in 

graphene sensors attached with atoms through a verification process with atomistic results. 

The simulation results reveal that the nano-resonator sensors are able to successfully detect 

distinct types of noble gases with the same mass density or at the same environmental 

condition of temperature and pressure. 
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  Chapter 1

Introduction 
 

 

1.1 Background 

Sensors continue to play significant roles in various aspects of technology and everyday 

life, such as environmental monitoring, chemical process control, biomedical applications, 

security, etc. The critical functions of sensors have raised demanding studies on developing 

new sensing materials and technologies to comply different requirements such as high 

sensitivity, fast response, low cost and high reliability. These requirements call for 

miniaturization of sensors since the reduction of the size enhances the performance and speed 

of sensitivity, boosts their robustness, and enables integrations of more functions in a small 

package. 

The serious need for miniaturized sensors has motivated scientists to develop new 

classes of sensors with higher efficiencies in nanoscale size, i.e., called nano-sensors. A 

nano-sensor is characterized by one of the following properties: (a) the size of the sensor is in 

nanoscale, (b) sensitivity of the sensor is in nanoscale, or (c) interaction distance between the 

sensor and the object being detected is in nanometer size. The main principle of a nano-

sensor is to obtain data from atomic scales and transfer them to the macroscopic world as 
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analyzable data. The detection mechanism revolves accurately identifying particular atoms or 

molecules by measuring changes in volume, concentration, displacement, velocity, electrical, 

magnetic forces, etc. 

The most common nano-sensors exist in the biological world as sense of smell, 

functioning as detectors that sense nanosized molecules. As other examples, certain plants 

use nano-sensors to detect sunlight; various fish species use nano-sensors to detect minuscule 

vibrations in the surrounding water; and many insects detect sex pheromones using nano-

sensors. One of the first studies on nano-sensors built by researchers involved attaching a 

single nanoparticle at the end of a carbon nanotube (CNT) and measuring a shift in the 

resonant frequency of the nanotube due to the mass-loading effect. The frequency shift 

allowed the researchers to measure the mass of the attached particle (Poncharal et al. 1999). 

Nano-sensors are of great potential in wide range of applications, including early disease 

detection, DNA sequencing, detection of gene mutations, gas detection, monitoring glucose 

levels for diabetic subjects, accurate monitors of material states, etc. (Kong et al. 2000, Modi 

et al. 2003, Arash, Wang, and Wu 2012). 

1.2 Classification of Nano-sensors 

Nano-sensors can be typically classified based on geometrical dimensions of the 

sensors to nanotubes, nanofilms, nanofibers, nanowires, nanoprobes, quantum dots, 

nanoparticles and nanopores (Khanna 2012) (Figure 1.1). 

Nanotubes (Iijima 1991) are hollow cylinders with only a few nanometers in diameter 

made of one element such as carbon, boron, nitrogen, etc. Nanofilms are sheets having 

thickness in nanometer range such as graphene sheets (GSs) (Novoselov et al. 2004). 

Nanofibers are defined as fibers with diameters less than 100 nm (Zhou and Gong 2008). 

Electrically conducting or semi-conducting nanofibres are called nanowires. Nanowires are 

wires of materials, such as metals (e.g., Ni, Pt, Au), semiconductors (e.g., Si, InP, GaN, etc.), 
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and insulators (e.g., SiO2, TiO2), with diameters of less than 100 nm. Nanoprobes are built by 

tapering an optical fiber to a tip measuring 100 nm wide. They are optical devices for 

viewing extremely small objects (Khanna 2012). Quantum dots are nanosized fluorescent 

semiconductors crystals (Ekimov and Onushchenko 1981). Nanoparticles are defined as 

nanosized particles sized between 1 and 100 nm. A nanopore is a very small hole that could 

be created by a pore-forming protein or as a hole in synthetic materials such as silicon or 

graphene. 

Further to the above-mentioned classification, regarding to the type of variable being 

detected by nano-sensors, they are typically classified into six groups: mechanical, electrical, 

optical, magnetic, chemical and thermal as listed in Table 1.1. For example, frequency, wave 

velocity, pressure and strain variable properties are of parameters intended to be detected in 

mechanical nano-sensors. 

 

 
 

Figure 1.1. Nano-sensors classified based on geometrical dimensions. 

Nano-
sensors 

Nanotubes 

Nanowires 

Nano-
particles 

Quantum 
Dots 

Nanofilms 

Nanopores 

Nanoprobes 

Nanofibers 



Ph.D. Thesis – Behrouz Arash Introduction 

 

4 

 

Table 1.1. Classification of nano-sensors based on the measurand being detected. 

Measurand Variable property 

Mechanical Frequency, Wave Velocity, Pressure, Strain 

Electrical Electrical Conductivity, Current 

Optical Fluorescence, Light Scattering 

Magnetic Magnetic Field, Flux 

Chemical 
Concentration, Presence of specific molecules, 

Molecular Composition  

Thermal Temperature, Thermal Conductivity 

 

1.3 Nano-resonator sensors 

The limitation of sensing methods based on electrical conductance changes of 

semiconducting nanotubes (Collins et al. 2000, Kong et al. 2000), such as the inability to 

detect gases with low adsorption energies and distinguish gases in different concentrations, 

and high sensitivity of nanotube conductivity to changes in environmental conditions, 

motivated scientists to build nanoscale gigahertz and terahertz devices, i.e., nano-resonators, 

for a more precise and robust detection of atoms or molecules (Jensen, Kim, and Zettl 2008, 

Naik et al. 2009). Nano-resonators have been shown to have an excellent capability in design 

of mass spectrometers that are able to fulfill a detection of atoms or molecules (Arash, Wang, 

and Duan 2011, Arash, Wang, and Varadan 2011, Chaste et al. 2012), owning to their 

unparalleled sensitivity resolution even at low concentrations, where classical sensors are 

unable to achieve such an accurate detection. Moreover, nano-resonators present a promising 

ability to provide detailed mechanisms of biochemical reactions (Campbell and Mutharasan 

2006, Kwon et al. 2008). The unique features enable nano-resonators to serve as nano-

sensors for many applications such as ultra-sensitive mass detection and early diagnosis of 

dangerous diseases (Chaste et al. 2012). 
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The detection principle of nano-resonator sensors is to detect recognizable shifts in 

resonant frequencies or wave velocities in the sensors induced by attachments of foreign 

atoms or molecules on surface of the nano-sensors. The key challenge in detections is thus to 

identify the shifts in resonant frequencies or wave velocities with a sufficiently high 

resolution through a vibration or wave propagation analysis. 

Among different nano-materials used for nano-resonators sensors, CNTs (Iijima 1991) 

and GSs (Novoselov et al. 2004) have been recently considered due to their superior 

mechanical, electrical properties (Geim 2009),  their ultrahigh resonant frequencies up to the 

terahertz order. 

1.4 Literature Review 

In this section, previous studies on nano-resonator sensors are reviewed and various 

approaches for modeling of nanomaterials used as nano-sensors are presented. Generally, 

different techniques proposed in literature to design nano-resonator sensors can be 

categorized into two groups: vibration based methods, and wave propagation based methods 

(Wang and Arash 2013).  

1.4.1. Vibration analysis 

The idea of using CNTs as nanobalances with a high sensitivity was first proposed by 

Poncharal et al. (Poncharal et al. 1999). Static and dynamic mechanical deflections 

electrically induced to cantilever multi-walled CNTs (MWCNTs) in a transmission electron 

microscope were developed to measure masses in the pictogram ( ) to femtogram (fg)          

( ) mass range (Mateiu et al. 2005). A doubly clamped CNT resonator with a 

diameter of 3.5 nm and a length of 300 nm was experimentally designed as a mass sensor to 

achieve a detection sensitivity in an order of attogram ( ) at room temperature (Peng 

et al. 2006). The experiment enabled a realization of resonance frequencies over 1.3 GHz 

10-12 g

1510 g

1810 g
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with nanotube resonators, and furthermore, extremely high resonance frequencies over 10 

GHz or even into the terahertz range were expected to be achieved by scaling down CNT-

based resonators and selecting suitable coating materials. Ultra-sensitive mass sensing with a 

resolution of 25 zeptogram ( ) was experimentally realized by employing a 

single-walled CNT (SWCNT) resonator with a diameter of 1 nm and a length of 900 nm at 

room temperature (Lassagne et al. 2008). By cooling the nanotube down to 5 K the resolution 

was improved to 1.4 zeptogram. The mass sensitivity of nano-resonator sensors 

was experimentally enhanced to 0.066 zeptogram using a doubly clamped SWCNT resonator 

with a diameter of ~1 nm and a length of 150 nm by which atomic species of Argon (Ar) 

were weighted (Chiu et al. 2008). Mass sensing experiments with a resolution of 1.7 

yoctograms ( ), which corresponds to the mass of one proton, were reported by 

using a bridge CNT resonator with a length of ~150 nm and a diameter of 1.7 nm as a nano-

sensor (Chaste et al. 2012). The nano-sensor enabled to successfully differentiate a Xenon 

(Xe) atom with an atomic mass of 131.29 Da from a naphthalene molecule (C10H8) with an 

atomic mass of 128 Da.  

The experiments assured ultra-sensitive nanotube sensors for detection of atoms and 

molecules with extremely high accuracy. Despite the high sensitivity resolution that has been 

achieved up to now, experimental studies are limited to detection of only one type of atoms 

or molecules. The potential of nano-resonator sensors in differentiation of distinct types of 

atoms/molecules with close densities at the same environmental conditions of temperature 

and pressure is still a challenge. In addition, the performance of nano-resonator sensors in 

experiments is very sensitive to environmental conditions such as temperature and 

environmental noises (Chaste et al. 2012). These drawbacks could hinder realizations of 

further potential applications of the sensors. 

2125 10 g

241.7 10 g
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In view of the developments and limitations of experimental works, molecular 

dynamics (MD) simulations (Allen and Tildesley 1989) have been used for modeling nano-

resonator sensors. MD simulations enable investigating dynamics of nano-materials with 

results comparable to experiments, and further provide detailed information on interatomic 

interactions of nano-materials and molecular complexes, which is essential for advancing 

experiments. Arash et al. (2011) investigated the potential of a graphene resonator as a nano-

sensor in detection of noble gases (i.e., Helium (He), Neon (Ne), Ar, Krypton (Kr), and Xe) 

randomly attached on the graphene by using MD simulations. The proposed technique based 

on nanomechanical resonators in design of nano-sensors was verified to be effective in 

differentiation of distinct gases. The potential of SWCNTs in detection of distinct noble gases 

with a vibration analysis was studied using MD simulations and a sensitivity index based on 

frequency shifts of the nanotubes surrounded by gas atoms was defined (Arash, Wang, and 

Varadan 2011). The applicability of SWCNT resonator sensors in detection of distinct genes 

was investigated through a transverse vibration analysis (Arash, Wang, and Wu 2012). In the 

detection process, a segment of gene consisting of a single-strand DNA (ssDNA) with a 

certain number of nucleobases is wrapped around the nanotube sensor. A double-walled CNT 

(DWCNT) oscillator as a nano-sensor in gene detection is investigated with MD simulations 

(Arash and Wang 2012a). In the proposed nano-sensor, the inner tube is fixed by applying 

restrains at both ends of the tube and the outer tube, which is wrapped with an ssDNA, is 

excited to have an oscillation in the axial direction. A sensitivity index is defined based on a 

shift in the oscillation frequency of the sensor induced by the wrapped ssDNA, and the 

number of nucleobases in the ssDNA is hence identified with detecting a differentiable shift 

in the oscillation frequency. The process is expected to provide a more accurate and effective 

technique for gene detection compared to other vibration relevant techniques since the 
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position of the wrapped genes along the outer tube has negligible effect on the sensitivity of 

the nano-sensor. 

Besides experiments and MD simulations, continuum mechanics approaches have been 

also considered for modeling nano-resonator sensors. Continuum models are less 

computationally expensive. They can provide relatively simple formulations, and give a 

general physical insight into a problem. However, the inherent restriction of these continuum 

models, where the structural discontinuities at the atomic scale are ignored, prevents them 

from estimating precise results. Mateiu et al. (2005) reported an approach for designing a 

mass sensor based on MWCNTs. The resonant frequencies and mode shapes of fixed-free 

SWCNTs based mass sensors were studied analytically with continuum mechanics-based 

finite element method (FEM) simulations by using a beam-bending model (Wu et al. 2006). 

Molecular structural mechanics was implemented by Sakhaee-Pour et al. (Sakhaee-Pour, 

Ahmadian, and Vafai 2008) to model the vibrational behavior of mass sensors and atomistic 

dust detectors made of defect-free single-layered GSs (SLGSs) . Chiu et al. (Chiu et al. 2008) 

realized an atomic scale mass sensing using doubly clamped suspended CNT nanomechanical 

resonators. They used the shifts in the fundamental resonance frequency of the nanotubes to 

sense and determine the inertial mass of atoms as well as the mass of the nanotube. Ying et 

al. (Ying et al. 2008) used a molecular structure mechanics method to investigate dynamic 

properties of CNT-based mass and strain sensors. The potential of SWCNTs as mass sensors 

was examined using a continuum mechanics based approach (Chowdhury, Adhikari, and 

Mitchell 2009). Georgantzinos and Anifantis (Georgantzinos and Anifantis 2010) utilized a 

spring–mass-based FEM formulation for predicting the vibrational behavior of SWCNTs and 

MWCNTs to investigate their sensing characteristics when a nanoparticle is attached to them. 

The mechanical responses of SWCNTs based nanomechanical sensors modeled as thin shells 

were studied using FEM (Joshi, Harsha, and Sharma 2010) and the resonant frequency shift 
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caused by the changes in sizes of CNT was investigated. The vibration response of single 

walled boron nitride nanotubes was studied using FEM and the analysis explores the resonant 

frequency variations caused by attached masses (Panchal, Upadhyay, and Harsha 2013).  

1.4.2. Wave propagation analysis 

Recently, interests have been arisen in the area of terahertz physics of nanoscale 

materials and devices (Sirtori 2002, He, et al. 2011, Wu, Wang, and Arash 2012), which open 

a new topic on nano-materials wave characteristics. Wu et al. (Wu, Wang, and Arash 2012) 

provided a potentially useful mechanism for using SWCNTs as vehicles to deliver large drug 

molecules such DNA molecules. Their simulations showed that the transport and ejection of 

molecules with SWCNTs can be achieved by mechanical wave propagation in nanotubes. 

The formation of ripples in a GS when it is stroked by a C60 molecule was recently 

investigated (He, et al. 2011). It was indicated that the ripple propagation in the graphene can 

be used to detect defects in the SLGS.  

Motivated by the studies, the mechanical wave propagation in CNTs and graphenes 

was investigated to evaluate the possibility of designing nano-resonator sensors based on a 

wave propagation analysis (Arash and Wang 2012c, Arash and Wang 2013, Arash, Wang, 

and Liew 2012). The hypothesis of the detection is that atoms or molecules surrounding a 

CNT or graphene sensor would induce a shift in the wave velocity. In this regard, a nonlocal 

elastic plate model that accounts for the scale effects was first developed for wave 

propagations in GSs using FEM to fulfill a comprehensive wave study in the sheets and 

realize an application of the sheets as gas sensors (Arash, Wang, and Liew 2012). The 

applicability of the FEM model was verified with MD simulations and the nonlocal 

parameter, a key parameter in the nonlocal model, was calibrated through a verification 

process. The study showed that the nonlocal model is indispensable in predicting graphene 

phonon dispersion relations, especially at wavelengths less than 1 nm, when the small-scale 
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effect becomes dominant. As an application of the investigation, the potential of GSs as 

nano-sensors for detection of noble gas atoms was explored by defining and examining a 

sensitivity index based on the phase velocity shifts in a graphene attached with gas atoms. 

Arash and Wang (2012) investigated the potential of SLGSs as nano-sensors in 

differentiation of distinct noble gases through a wave propagation analysis in a graphene 

subjected to an impact of noble gases from an exit aperture. The wave velocity shifts were 

measured by applying a sinusoidal signal to one end of the sheet and acquiring the induced 

wave signals at two locations on the sheet, i.e., acquiring locations. The simulation results 

indicate that the nano-sensor is able to differentiate noble gas atoms with a recognizable 

sensitivity. The simulation results revealed that the resolution of a sensor made of the GS 

with a size of nmnm 03.1562.3   could achieve an order of the impact rate of psfg /10 7 .  

In above vibration and wave propagation based sensor designs, applying or measuring a 

harmonic transverse deflection with a frequency in an order of terahertz on CNT or GS- 

sensors is necessary for detection. Although the above sensors have been shown to enable a 

successful detection, two kinds of limitations of the above-proposed sensors such as applying 

or measuring ultra-high frequencies hinder their applications. Moreover, the intrinsic ripples 

in GSs due to their negligible bending rigidity (Duan, Gong, and Wang 2011) affect the wave 

propagation in the sheets, which in turn has influence on accuracy of the detection.  

In view of the problems, a practical CNT sensor to achieve a detection of gases with 

higher efficiency was proposed by studying propagation of an impulse wave in nanotubes 

(Arash and Wang 2013). On one hand, the excitation of an impulse wave is simple and easy 

to achieve in practice and monitoring of wave propagation since the impulse wave is also 

achievable. Moreover, the higher bending rigidity of CNTs compared to graphenes (Wang 

and Liew 2008) could prevent any occurrence of ripples in the nanotube sensors to ensure a 

stable and reliable measurement process. Their simulation results indicated that the nano-
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sensor is able to differentiate distinct noble gases at the same environmental temperature and 

pressure. 

1.5 Objectives and Scopes of the Study 

The objectives of the research are threefold: (a) to study the potential application of 

CNTs and GSs as nano-sensors in detection of atoms/molecules with vibration and wave 

propagation analysis, (b) to provide accurate and effective techniques for detection of distinct 

gas atoms and biomolecules, and (c) to define a sensitivity index based on a shift in the 

natural frequencies of or wave velocities in the sensor induced by the atoms/molecules 

attached on the nano-sensor. 

To achieve the objectives, atomistic models based on MD simulations and continuum 

models based on the nonlocal continuum theory are developed. The scopes of the study are: 

(a) to investigate characteristics of vibration and wave propagation in CNTs and GSs-based 

nano-sensors, (b) to model the interaction between the nano-sensors and atoms/molecules, 

and (c) to evaluate the effect of parameters, such as size of the nano-materials, mass and 

position of atoms/molecules being detected, on the sensitivity of the nano-sensors. 

1.6 Organization of the Dissertation 

This dissertation is organized into five chapters. 

The first chapter introduces the background and indicates the significance of the present 

study. Literature review is conducted in two areas: classification of nano-sensors, and a 

survey on nano-resonator sensors. 

The second chapter studies different approaches for modeling nano-materials. The 

concepts, theories and formulations corresponding to molecular simulations and continuum 

models are presented. The chapter provides the background of simulations of nanostructures. 
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In the third chapter, the potential application of nanotubes and graphenes as nano-

sensors in detection of atoms/molecules with vibration analysis is investigated. An index 

based on frequency shifts in the nano-sensors induced by the atoms/molecules being detected 

is defined to measure and evaluate the sensitivity of the sensors. 

The potential of graphene- and CNT-based sensors in detection of gas atoms is studied 

with wave propagation analysis in fourth chapter. A sensitivity index based on the wave 

velocity shifts in graphenes induced by atoms attached on the nano-sensors is defined. Also, a 

nonlocal FEM model is developed for mechanical wave propagation in GSs and verified with 

MD simulations.  

The last chapter concludes with a summary of findings on the research and outlines 

some possible extensions for further studies. 
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  Chapter 2

Modeling of graphenes and carbon 
nanotubes  
 

 

Besides experimental efforts which may be formidable and expensive at the nanoscale, 

there are three main approaches for theoretical modeling of nanostructures: (a) atomistic 

modeling, (b) hybrid atomistic–continuum mechanics and (c) continuum mechanics. Atomic 

modeling includes techniques such as classical MD, tight-binding MD (TBMD) and the 

density functional theory (DFT) (Iijima et al. 1996, Hernández et al. 1998, Sánchez-Portal et 

al. 1999, Yakobson et al. 1997). Hybrid atomistic–continuum mechanics allows one to 

directly incorporate interatomic potential into the continuum analysis. This can be 

accomplished by equating the molecular potential energy of a nanostructured material with 

the mechanical strain energy of the representative volume element of a continuum model (Li 

and Chou 2003b, a). Continuum mechanics includes classical (or local) beam, plate and shell 

theories that are practical for analyzing nanostructures for large-scale systems (Yakobson, 

Brabec, and Bernholc 1996, Krishnan et al. 1998, Parnes and Chiskis 2002).  

Among different methods for modeling CNTs and GSs, MD simulations and continuum 

mechanics have been widely used. MD is one of the principal computational techniques in 
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theoretical studies of nano-materials, which enables investigations of dynamics of nano-

materials, and provides detailed information on interatomic interactions of nano-materials 

and molecular complexes, as well as the trajectories of a large number of atoms in the 

systems (Allen and Tildesley 1989). In contrast to time-consuming MD simulations, 

continuum mechanics approaches are less computationally expensive and their formulations 

are relatively simple. These advantages make continuum modeling as an alternative way to 

simulate some phenomena in nanostructures such as buckling (Wang, Yang, and Dong 2005, 

Duan et al. 2010), wave propagation (Wang and Varadan 2006b, Liew and Wang 2007) and 

free vibration (Arash and Ansari 2010, Arash and Wang 2011).  

To proceed with the discussion of the modeling of CNTs and GSs, we first briefly 

consider the geometry and structure of the nano-materials.  

2.1 Structure of Graphenes and Carbon Nanotubes  

A SLGS is a one-atom-thick planar sheet of sp
2
-bonded carbon atoms that are densely 

packed in a two-dimensional honeycomb crystal lattice (Novoselov et al. 2004). A multi-

layered GS (MLGS) is a stack of GSs with adjacent sheets separation of 0.34 nm (see Figure 

2.1). It is the basic structural element of some nanostructures such as CNTs (Iijima 1991).  

 

 

Figure 2.1. A double-layered GS with an interlayer spacing of 0.34 nm. 

 

http://en.wikipedia.org/wiki/Plane_(geometry)
http://en.wikipedia.org/wiki/Carbon_nanotubes
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Figure 2.2 shows a SLGS where the   - and   -axes are respectively parallel to a so-

called armchair direction and a zigzag direction of the sheet. The point O denotes the origin 

in the sheet. Any other equivalent point, such as A, can be reached by the use of the Bravais 

lattice vector    of the GS. The vectors    and    are the primitive vectors of the unit cell 

(Rafii-Tabar 2008). 

 
 

Figure 2.2. The two-dimensional GS, showing the vectors that characterize an SWCNT. 

 

The vector   is the other lattice vector, normal to the vector   , connecting the two 

equivalent points O and B. The vector    is referred to as the chiral vector and the angle   

that this vector makes with the zigzag axis of the GS passing through O is called the chiral 

angle. In the Cartesian coordinate system, the basis vectors are given by 

    (
√ 

 
 ̂  

 

 
 ̂  )   
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√ 

 
 ̂  
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where  ̂  and  ̂  are unit vectors along the   - and   -axes,     √     is the lattice constant 

of graphite and             is the carbon-carbon bond length. 

The chiral vector is obtained from the basis vectors as 

            (2.2) 

where (   ) are a pair of integers referred to the chiral indices. The length   of the chiral 

vector  and chiral angle can be obtained from Eqs. (2.1) and (2.2) as 

  |  |   √           (2.3) 

and 

     
√  

    
   (2.4) 

Rolling the sheet shown in Figure 2.2 so that the end of the chiral vector   , i.e. the 

lattice point A, coincides with the origin O leads to the formation of an (   ) nanotube 

whose circumference is the length of the chiral vector, and whose diameter    is therefore 

   
 

 
 
 √        

 
  (2.5) 

Since the zigzag axis of the sheet corresponds to     or    , rolling the chiral 

vector along the axis generates a zigzag SWCNT as shown in Figure 2.3(a), and hence a 

zigzag SWCNT is an (   ) nanotube. On the other hand, the armchair axis of the sheet is 

specified by       or    , therefore rolling chiral vector in the direction generates a 

(   ) armchair nanotube depicted in Figure 2.3(b). An SWCNT generated by any other value 

of   is referred to as a general chiral SWCNT. Figs. 2.3(a)-(c) illustrates the schematic 

representations of these three types of nanotube. 

The interwall spacing in an MWCNT is estimated to be approximately         (Saito 

et al. 1993), very close to the interlayer spacing in graphenes as shown in Figure 2.4. 
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Figure 2.3. Three types of nanotube: (a) a (10, 0) zigzag nanotube; (b) a (6, 6) armchair 

nanotube; (c) a (8, 4) general chiral nanotube. 

 

 

 

           (a)                                             (b)                                        (c)   
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Figure 2.4. A (5, 5) @ (10, 10) DWCNT with an interwall spacing of 0.34 nm. 

  

2.2 Molecular Dynamics Simulation Method 

The MD method was first introduced by Alder and Wainwright (Alder and Wainwright 

1957) to study the interactions of hard spheres. Many important insights concerning the 

behavior of simple liquids emerged from their studies. Afterwards, some major advances 

have been made in MD simulations to study liquids and proteins (Stillinger and Rahman 

1974, Karplus and Petsko 1990). Today in the literature, one routinely finds MD simulations 

of solvated proteins, protein-DNA complexes as well as lipid systems, addressing a variety of 

issues including the thermodynamics of ligand binding and the folding of small proteins. The 

number of simulation techniques has been greatly expanded, and specialized techniques have 

been developed for particular problems. 

In this thesis, classical MD simulations are used to study nano-materials properties, 

which enable studying large systems structures with comparable results to the experimental 

observations. The MD simulations are empirical methods that contain a wide set of 

parameterized classical force fields determined from either experiments or quantum 
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mechanical calculations. In general, a force field refers to a mathematical function used to 

describe the potential in a system of molecules and atoms.  

2.2.1 Basis of Molecular Dynamics Simulations 

The basic concept of classical MD simulation is to numerically solve the classical 

equations of motions of an atomic system in steps of a small time period   , where atoms are 

considered as point-like masses that interact with each other through a given potential energy. 

The system of interacting classical particles obeys Hamiltonian dynamics and consequently 

Newton’s equations of motions for a system of   particles may be written as 

     
    
   

     (          )  (2.6) 

where  (          ) is a potential energy,    (         ) represents a complete set of 

   atomic coordinates, and    is the mass of  th particle (Allen and Tildesley 1989). 

In order to solve the motion equation in Eq. (2.6), a velocity Verlet algorithm (Allen 

and Tildesley 1989) has been developed because of the simplicity and stability of the 

algorithm in comparison to other integration algorithms (Allen and Tildesley 1989). 

The integration equations of the velocity Verlet algorithm are 

{
 
 

 
   (    )    ( )      ( )  
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  (    )    (  
 

 
  )  

 

 
    (    )

 (2.7) 

where    is the integration time step. In order to obtain the new position and the new 

velocity,   (    ) and   (     ), one must know   ( ),   ( ), and   ( ).  

Note that the Hamiltonian equations of motion given by Eq. (2.6) are conservative. In a 

simulation of a system using these equations, the system would be isolated from changes in 

the number of atoms (N), the volume (V) and the total energy (E), so called NVE ensemble 
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or the microcanonical ensemble. However, many physical phenomena are studied by using 

other types of ensemble such as isothermal systems, wherein the number of atoms (N), the 

volume (V) and the preset temperature (T) of the systems are at constant values. The 

ensemble is called NVT or the canonical. Since temperature is associated to kinetic energy, a 

variety of thermostat methods have been suggested to control temperature by the velocity 

rescaling. The most popular techniques for generating NVT ensemble are Nose-Hoover 

(Hoover 1985) and Andersen thermostats (Andersen 1980). Although MD-based simulations 

can be performed in many other ensembles, NVE and NVT ensembles are mostly performed 

in nanoscience. 

Listed below presents the algorithm of a classical MD simulation using the velocity 

Verlet integration algorithm: 

1) Setting the initial position, velocity and acceleration distributions at the time     ; 

2) Calculating the velocities at the current time   
 

 
  ; 

3) Calculating the new velocities at the time     ; 

4) Calculating the new positions and update the positions at the time     ; 

5) Computing the relevant physical quantities; 

6) Rescaling the new velocities at the time      to generate an ensemble; 

7) Setting the current time to be       ; 

8) Going to the step 2 and continue looping as long as the simulation is run. 

The steps from 2 to 7 represent one MD step. The step is repeated to obtain the 

development and dynamics of a system. 

2.2.2 Force Fields 

Force fields used in classical MD to represent interactions between atoms are empirical 

potentials that consist of a summation of bonded forces, i.e., chemical bonds, bond angles, 
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and bond dihedrals, and non-bonded forces, i.e., van der Waals (vdW) forces, 

and electrostatic (El) charges. These potentials contain parameters such as equilibrium bond 

length, angle, dihedral atomic charge and vdW parameters obtained through a fitting process 

with quantum mechanical simulations or experiments. The specific decomposition of the 

terms depends on the force field, but a general form for the total energy can be written as 

(Rappe et al. 1992) 

                           (2.8) 

where the components of Eq. (2.8) are given by the following summations: 

                                

                                (2.9) 

In MD simulations performed in the study, the bonded terms are described by second 

generation reactive empirical bond order (REBO) potential (Donald et al. 2002) and universal 

force field (UFF) (Rappe et al. 1992) which has been proven to be applicable for describing 

the mechanical properties of carbon materials. 

The binding energy in the REBO potential energy model for all carbon atoms is given 

by a sum over the bonds: 

      ∑∑[  (   )   ̅    (   )]

    

  (2.10) 

where ijr is the distance between the pairs of adjacent atoms i and j, and ijb  is a many-bond 

empirical bond-order term. The empirical bond-order function is given by 

 ̅   
 

 
(       )  (2.11) 

and the attractive and the repulsive pair terms are given by 

  (   )     (   )
   
( )   
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and 
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  (   )     (   )
   
( )   

     
  √       (       

 )  (2.13) 

in which the function    (   ) is the cut-off function that restricts the pair interaction to the 

nearest neighbors and     is the interatomic distance of particles   and  .    
( )
        

  and     

are experimentally fitted parameters. 

In the UFF, the potential energy of an arbitrary geometry of a molecule is provided as a 

superposition of various two-body, three-body, and four-body interactions. The total potential 

energy   is expressed as follows: 

                            (2.14) 

where          and    are valence terms of bond stretching, bond angle bending, dihedral 

angle torsion, and inversion energies, respectively. 

     and     are nonbonding terms of vdW and El energies. The vdW term is 

computed with a Lennard-Jones potential as (Allen and Tildesley 1989) 

    (   )      [(
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]  (2.15) 

where   is the depth of the potential well,   is the finite distance at which the inter-particle 

potential is zero,     is the distance between the particles. The El term is computed 

with Coulomb's law as (Rappe et al. 1992) 

            
    

    
  (2.16) 

where    and    are charges in electron units,     is  the distance between the particles in 

angstroms, and   is the dielectric constant. The default dielectric constant is 1for UFF. 

2.3 Nonlocal Elastic Models 

In classical or local continuum mechanics, the stress at a point is defined as a function 

of the strain at the point. Based on the assumption, in classical continuum mechanics, nano-
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materials composed of covalent bonded atoms are modeled as continuous and homogenous 

macrostructures, and their microstructural discontinuities, such as the lattice spacing between 

individual atoms, are ignored. Since the lattice spacing between individual atoms becomes 

increasingly important at small sizes and the discrete structure of the materials can no longer 

be homogenized into a continuum, the applicability of local continuum models at very small 

scales is questionable. In other words, the material properties at the nanoscale are size 

dependent and thus the small length scale effects should be considered for a better prediction 

of the mechanical behavior of nano-materials. In this regard, cautious employment of 

classical continuum models has been proclaimed when directly applying to nano-material 

analysis (Peddieson, Buchanan, and McNitt 2003, Sudak 2003, Wang 2005). Therefore, the 

application of nonlocal continuum mechanics, allowing for the small-scale effects, to analysis 

of nano-materials has been initiated (Wang and Liew 2007, Ansari, Rajabiehfard, and Arash 

2010, Ansari, Arash, and Rouhi 2011). The essence of the nonlocal elasticity theory 

developed by Eringen (Eringen 1976, 1983, 2002) indicates that a stress state at a given 

reference point is a function of the strain field at every point in the body, and hence the 

theory could account for information about the long range forces between atoms and the scale 

effect. 

In the following section, we provide a general introduction of the elastic beam, shell, 

and plate models for analysis of CNTs and GSs (Arash and Wang 2012a). 

2.3.1 General Theory 

According to the nonlocal theory by Eringen (Eringen 2002), the stress at a reference 

point   in an elastic continuum not only depends on the strain at the point but also on strains 

at every point of the body. The basic equations for linear homogenous and isotropic elastic 

solids neglecting the body forces are  
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(         )   

where     and     are the stress and strain tensors, respectively;       is the elastic modulus 

tensor in classical isotropic elasticity; and    is the displacement vector. Eq. (2.17) shows that 

stress ( ) at a reference point depends on local strain at the source    induced by deformation 

within a finite volume,  , surrounding the material point, by means of a nonlocal kernel 

 (|    |  )  that weights the classical strains around point  .   is the nonlocal modulus or  

attenuation function which is a function of the distance in Euclidean form, |    |, and a 

material constant  . Material constant   defined as       depends on the internal 

characteristics lengths,   (lattice parameter, granular size, distance between C–C bonds), 

external characteristics lengths   (crack length, wave length) and    is a constant appropriate 

to each material. The parameter     is the small-scale parameter revealing the small-scale 

effect on the responses of structures of nano-size. Generally, a conservative estimate of the 

small-scale parameter is              for a SWCNT (Wang 2005) for wave propagation. 

Note that this value is both chirality and size dependent, as the material properties of CNTs 

are widely acknowledged to be chirality dependent. So far, there is no rigorous study made 

on estimating the scale coefficient. It is suggested that the coefficient be determined by 

conducting a comparison of dispersion curves from nonlocal continuum mechanics and 

lattice dynamics of nano-material crystal structure (Eringen 2002). 

The kernel function  (|    |  ) is given by Eringen as 

 (| |  )  (      )    (
√   

  
)  (2.18) 

where    is the modified Bessel function. By combination of Eqs. (2.17) and (2.18) the 

constitutive relation may be obtained as 
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(  (   )
   )       (2.19) 

where    is the Laplacian operator.  

2.3.2 Elastic Beam Model 

It is well known that CNTs are slender hollow tube with high aspect ratios. A slender 

CNT behaves like an elastic beam during motions, in which the central axis of the beam 

deforms sideways and the deformation pattern can thus be described as a single deflection. 

The simplest beam theory is the Euler–Bernoulli beam theory (Sudak 2003, Wang and Liew 

2007, Wang and Varadan 2006a, Wang, Zhou, and Lin 2006), in which Hook’s law for one-

dimensional stress state can be determined by 

 ( )  (   )
 
   ( )

   
   ( )  (2.20) 

where   is the Young’s modulus of the material. The resultant bending moment and the 

kinematics relation in a beam structure are given as: 

  ∫    

 

  (2.21a) 

    
   

   
  (2.21b) 

where   is the coordinate measured from the mid-plane in the height direction of the beam 

and  (   ) is the flexural deflection of the beam. The equilibrium equations of a vibrating 

beam structure subjected to an axial loading,  , and transverse loading,  , can be easily 

provided below: 

  

  
   

   

   
  ( )     (2.22a) 

  
  

  
  

  

  
    (2.22b) 
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where  (   ) and  (   ) are the resultant shear force and bending moment on the beam;   

is the mass density of the material, and   is the cross sectional area of the beam. Substituting 

Eq. (2.22b) into (2.22a) leads to the nonlocal Euler-Bernoulli beam model, 

  
   

   
  

  

   
(  (   )

  
  

   
)    

  

   
(  (   )

  
  

   
)  ( ( )  (   )

  
  ( )

   
)      

(2.23) 

where   is the second moment of area. From Eq. (2.23), it is easily seen that the local or 

classical Euler–Bernoulli beam model is recovered when the parameter    is identically zero.  

The Euler beam model is adequate for the static and dynamic analysis of CNTs of high 

aspect ratios. However, it is well known that the model neglects the transverse shear 

deformation. The nonlocal Timoshenko beam model was developed in analysis of static and 

analysis of CNTs by considering the effects of transverse shear deformation and rotary inertia 

(Wang and Liew 2007, Wang, Zhang, and He 2007, Murmu and Pradhan 2009a, Reddy 2007, 

Wang and Wang 2007).  

The Timoshenko beam equations based on the nonlocal continuum theory in terms of 

displacement,  , and rotation,  , is given as (Wang and Wang 2007)  

    
 

  
(  

  

  
)  (   )

 ( 
   

   
   

   

      
 
   ( )

   
)   

   

   

   
   

   
  ( )     

(2.24a) 

  
   

   
     (  

  

  
)    

   

   
 (   )

   
   

      
    (2.24b) 

where    is the shear coefficient, and   is the shear modulus. 

2.3.3 Elastic Shell Model 

In addition to the nonlocal beam models, CNTs with lower length-to-diameter ratios 

have been models with elastic shell models for their shell-like motions in which these CNTs 
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move sideways while maintaining their straight axes. Hence, nonlocal shell models become 

indispensable, especially when the length-to-radius ratio of CNTs decreases (Li and 

Kardomateas 2007, Wang and Varadan 2007, Hu et al. 2008). 

In the classical shell theory, the three-dimensional displacement components       and 

   in the     and   directions respectively are assumed to be 

  (       )   (     )   
  

  
(     )  

  (       )   (     )   
  

  
(     ) (2.25) 

  (       )   (     )   

where       are the reference surface displacements. Consider a CNT with a mid-plane 

radius  , length   and thickness  , as shown in Figure 2.5. 

The governing equations of a nanotube subjected to axial load,  ̅  , torsional force, 

 ̅  , and external pressure,  ̅  , on the basis of Flugge's shell theory are given as (Hu et al. 

2008, Li and Kardomateas 2007, Wang and Varadan 2007) 
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Figure 2.5. Schematic of an SWCNT treated as an elastic shell. 

 

where  xxxxxx MMMNNN ,,;,,  are the components of internal force and the internal 

moments into which the small-scale effect has been incorporated (Wang and Varadan 2007), 

  and   denote the longitudinal and circumferential coordinates respectively, The nonlocal 

elastic shell model is hence provided as follows: 
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(2.27) 

where     (         ) are partial operators given as 
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2.3.4 Elastic Plate Model 

GSs have been modeled by nonlocal continuum theories as two-dimensional nano-

plates (Arash and Wang 2011, Pradhan and Phadikar 2009, Murmu and Pradhan 2009b). 

Based on the classical plate theory, the three-dimensional displacement components       

and    in the     and   directions respectively are assumed to be 

  (       )   (     )   
  

  
(     )  

  (       )   (     )   
  

  
(     ) (2.33) 

  (       )   (     )   

where     and   are the reference surface displacements. Consider a GS with a thickness  , 

as shown in Figure 2.6. 

The dynamic equilibrium equations of the stress and moment resultants are given as 

(Pradhan and Phadikar 2009, Arash and Wang 2011)  

     
   

  
     

    
 
     

   
   

   

   
   

   

      
  (2.34) 

where    and    are moments of inertia. The nonlocal plate model of a SLGS in terms of the 

displacements is given below when the rotary inertia is considered:  
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Figure 2.6. A continuum plate model of an SLGS. 
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  Chapter 3

Detection of Atoms/Molecules with 
Vibration Analysis 
 

 

In this chapter, the potential application of GSs and CNTs as nano-sensors in detection 

of noble gases as monatomic elements and ssDNA molecules as macro-molecular complexes 

with a vibration analysis is investigated. For this purpose, the applicability and efficiency of 

nano-sensors are evaluated through the following studies: (1) detection of gas atoms with 

graphenes (Arash, Wang, and Duan 2011), (2) detection of gas atoms with nanotubes (Arash, 

Wang, and Varadan 2011), (3) gene detection with SWCNTs (Arash, Wang, and Wu 2012), 

and gene detection with DWCNTs (Arash and Wang 2012b). An index representing the 

sensitivity of the sensors is defined for each nano-sensor based on a shift in the resonant 

frequency of the sensors. The simulation results indicate that the nano-sensors are able to 

successfully differentiate distinct atoms/molecules with a detectable sensitivity. 

3.1 Detection of Gas Atoms with Vibration of Graphenes  

As the first step, the application of SLGSs as mass sensors in detection of noble gases 

with a vibration analysis of graphenes is investigated using MD simulations (Arash, Wang, 

and Duan 2011). An index representing based on the frequency shifts of the graphene sensors 



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Vibration Analysis 

 

32 

 

attached with five noble gas atoms, i.e. Helium (He), Neon (Ne), Argon (Ar), Krypton (Kr) 

and Xeon (Xe), is defined and examined to measure the mass sensitivity of the sensor. The 

dependence of number and location of gas atoms, size of GSs, and type of restrained 

boundary of the sheets on the sensitivity is particularly studied. The resolution of a detection 

method of a sufficiently large number of distinct gas atoms randomly attached on the nano-

sensor is studied thoroughly. The simulation results indicate the resolution of a mass sensor 

made of a square GS with a size of 10nm can achieve an order of 610 fg and the mass 

sensitivity can be enhanced with a decrease in sizes of graphenes. 

3.1.1 Simulations and Results 

For the interaction potential, the REBO potential energy (Donald et al. 2002) presented 

in Eq. (2.10) is adopted to simulate SLGSs. A Velocity-Verlet algorithm (Allen and Tildesley 

1989) is used to integrate the equations of motion and an incremental time step of 1 fs is 

employed to guarantee good conservation of temperature. The Nose–Hoover feedback 

thermostat (Hoover 1985) is employed for system temperature conversion at 300 K. Four 

layers of carbon atoms are fixed to simulate a clamped boundary condition at graphene edges. 

The noble gases, i.e., He, Ne, Ar, Kr and Xe, with very low chemical reactivity, are 

considered as attached masses. As the resonant frequency of GSs is in an order of THz, it is 

naturally presumed that a vibration signal of the nanostructure of the GSs with the attached 

atoms contains enough spectrum information by considering the inertia effects of noble 

gases. A GS is initially deformed to a shape that is close to the mode shape of the resonant 

frequency, mostly the first mode shape, by manually manipulating the coordinates of carbon 

atoms of the sheets. After the atoms at all edges of a GS are fixed to simulate the appropriate 

boundary conditions, the GS is allowed to vibrate freely. The trajectories of an atoms at the 

center of the GS are recorded for a certain periods of the vibration signal (normally 5-30 ps 

depending on the size and the boundary conditions of the GS), and then the vibration 

http://en.wikipedia.org/wiki/Krypton
http://en.wikipedia.org/wiki/Chemical_reactivity
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frequencies are obtained by using the Fast Fourier Transform (FFT) method. The MD 

simulation method has been verified for free vibration of GSs in Ref. (Arash and Wang 

2011). 

To evaluate the effectiveness and efficiency of a graphene sensor, an index 

representing the mass sensitivity is defined to be 00 )(100 fff mass  using the calculations of 

the frequency shift in the graphene attached with gas atoms. In the definition, massf  and 0f  

are respectively resonant frequencies of a GS with and without attached masses. The index 

presents the percentage of the frequency shift caused by attached masses. In calculations, the 

atoms are located on GSs by a random way, as shown in Figure 3.1. Two types of boundary 

conditions, i.e., all edges clamped (CCCC) and two parallel edges clamped and the other two 

free (CFCF), are employed in simulations. 

 

 

 

Figure 3.1. A SLGS based mass sensor (Arash, Wang, and Duan 2011). 
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The resonant frequency of a SLGS with all edges simply-supported obtained by 

continuum plate model is given by (Arash, Wang, and Duan 2011) 
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(3.1) 

in which   is the bending stiffness,  is the mass density,   is the effective thickness. and   

and   are the half wave numbers in the    and    direction, respectively. The mass density 

of a pristine GS and GS attached with gas atoms is respectively assumed 3

0 /2250 mkg  

(Arash, Wang, and Duan 2011) and 
Ah

M atoms
mass  0 , where  atomsM  and   are total mass 

of gas atoms on the GS and area of the GS. Using Eq. (3.1), the mass sensitivity can be 

obtained as 















mass

01100  from which the mass sensitivity of a square SLGS with sizes of 

2.46 nm and simply supported boundary conditions attached with 20 and 30 Xe atoms is 

obtained %27 and 35%, respectively. The mass sensitivities of the SLGS attached with 20 

and 30 Xe atoms obtained by MD simulations are 20% and 31%, respectively. The 

continuum model overestimates the mass sensitivity as high as 7% for 20 attached Xe atoms. 

The explicit formula derived by the continuum plate model is also restricted to simply 

supported boundary condition and influence of location of atoms attached on GSs cannot be 

investigated by the continuum model. Furthermore, distribution of atoms cannot be 

investigated which leads not to detect distinct atoms and molecules with the same mass. 

A square GS with a length of 2.46 nm and the CCCC boundary condition is first 

investigated to study the mass sensitivity index. The time history of the vibration of an atom 

at the center of the GS with and without 20 attached Xe atoms is displayed in Figure 3.2. The 

figure shows that the period of the vibration of the GS with the attached atoms is longer than 

that of the virgin counterpart. The corresponding resonant frequencies of a GS with and 
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without the attached atoms calculated from Figure 3.1 are respectively 0.8510 and 1.1665 

THz showing a mass sensitivity to be as high as 27%. The simulations indicate that a 

graphene has potential to be used as a mass sensor. 

 

 

Figure 3.2. The vibration responses of a square GS, a size of 2.46 nm, with CCCC edges and 

the GS with the same size attached with 20 Xe atoms (Arash, Wang, and Duan 2011). 

 

To investigate the effect of boundary condition of graphenes on the efficiency of a 

sensor, the mass sensitivity index for the same GS in Figure 3.2 attached with 10-50 Xe 

atoms is obtained and shown in Figure 3.3. It is seen that the mass sensitivity increases with 

an increase in the number of Xe atoms, and the increase slows down at higher numbers of the 

attached atoms. The mass sensitivity indexes range from 22% to 40% for the sensor with 

CCCC boundary and attached with 10-50 Xe atoms. Furthermore, mass sensitivity of the 

graphene with the CCCC boundary condition is higher than that of the sheet with CFCF 

boundary condition. The difference of the sensitivity is as high as 14% when 10 Xe atoms are 

attached on the sheet, and decreases to 6% for the sheet attached with 50 Xe atoms. These 
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observations show that a stiffer boundary condition would induce a higher mass sensitivity of 

a sensor and the boundary condition used in the sensor becomes less influential when more 

gas atoms are attached.  

 

 

Figure 3.3. Effect of boundary condition on the mass sensitivity of a square graphene, a size 

of 2.46 nm, with CCCC and CFCF edges attached with Xe atoms (Arash, Wang, and Duan 

2011). 

 

Figure 3.4 indicates the influence of graphene size effect on the mass sensitivity of 

GSs attached with 10-50 Xe atoms with the CCCC boundary condition. As it is shown, 

smaller GSs induce higher sensitivity. The mass sensitivity of two square-shaped GSs with 

sizes of 2.46 nm and 4.97 nm sizes attached with 30 Xe atoms are 34% and 17 %. It is also 

observed that the mass sensitivity differences range from 18% to 14 % for the two square-

shaped GSs attached with 10-50 Xe atoms, respectively.  
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Figure 3.4. Size effect of a square GS on the mass sensitivity of the graphene with CCCC 

edges attached with Xe atoms (Arash, Wang, and Duan 2011). 

 

Figure 3.5 shows the applicability of graphenes as mass sensors to detect distinct 

atoms with the same mass. For this, the mass sensitivity of a GS with a size of 10 nm and 

CCCC boundary condition attached with 50 Xe, 75 Kr, 165 Ar and 365 Ne atoms with a mass 

of around 10-5
 fg for each type of atoms is shown in Figure 5. To consider the location 

effect, three sets of random positions for each type of atoms from Xe to Ne are presented in 

Figure 3.5. It is obvious that there is a distinct region of the mass sensitivity for each type of 

the attached atoms. The mass sensitivity indexes are found to be around 19, 15, 11 and 7 % 

for Xe, Kr, Ar and Ne atoms in simulations, respectively, and the variations range around 2 

% only for the three random locations. These findings reveal that distribution of atoms on a 

graphene has considerable influence on the mass sensitivity. The mass sensitivity decreases 

by increase in the distribution of atoms on graphenes. 
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Figure 3.5. The mass sensitivity of a square GS with a size of 10 nm and CCCC edges 

attached with a number of He, Ne, Ar, Kr and Xe atoms with a mass of around 10-5
 fg 

(Arash, Wang, and Duan 2011). 

 

After determining the potential of graphenes as mass sensors and identifying the 

effects of the size and boundary condition of the sheets, we will next apply the graphene 

sensor in detecting 5 types of noble gases, i.e. He, Ne, Ar, Kr and Xe. Two hundred He, Ne, 

Ar, Kr and Xe atoms, 200 for each, are considered as attached masses which are randomly 

placed on the surface of the GS. The mass sensitivity of a square-shaped GS with a size of 10 

nm and the CCCC boundary condition is demonstrated in Figure 3.6. Five sets of random 

positions for each type of atoms from He to Xe are presented in Figure 3.6 to consider the 

location effect in practical applications. As is seen in the figure, the mass sensitivity of a GS 

can reach 610

 fg. It is also observed that although the locations of the attached atoms induce 

a slight change in the mass sensitivity, there still is a distinct region of the mass sensitivity for 

each type of the attached atoms. The mass sensitivity indexes are found to be around 5, 10, 

17, 25 and 32% for He, Ne, Ar, Kr and Xe atoms in simulations, respectively, and the 

http://en.wikipedia.org/wiki/Krypton
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variations range from 2-4 % only for the five random locations. These findings confirm the 

applicability of the mass sensor in detecting distinct a large number of gases attached on the 

graphenes with a size of 10 nm. 

 

 

Figure 3.6. The mass sensitivity of a square GS with a size of 10 nm and CCCC edges 

attached with 200 He, Ne, Ar, Kr and Xe atoms (Arash, Wang, and Duan 2011). 

 

3.1.2 Concluding Remarks 

The potential of SLGSs as nano-sensors is explored. The vibration of GSs attached with 

various noble gas atoms is simulated with MD simulations for a gas detection purpose. 

SLGSs with CCCC and CFCF boundary conditions are investigated, and simulations show 

that the sensitivity is increased with stiffer conditions. In simulations about 200 atoms 

randomly placed on the surface of a square GS with a size of 10 nm and clamped edges, it is 

found that the resolution of GSs reach 610

 fg. Distinct noble gas atoms are successfully 

differentiated by identifying a recognizable sensitivity. The sensitivity is found to be 
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increased when more and heavier atoms are to be detected. The random locations of the 

attached atoms have less effect on the mass sensitivity. In addition, it is found that higher 

sensitivity is obtained with smaller GSs. 

3.2 Detection of Gas Atoms with Vibration of Nanotubes  

In the following study, the feasibility of applying SWCNTs as nano-sensors in 

detection of distinct noble gas atoms is evaluated by studying the vibrational properties of the 

sensors with MD simulations and the resolution of the detection method of the nanotube 

surrounded by gas atoms is investigated thoroughly (Arash, Wang, and Varadan 2011). An 

index representing the sensitivity based on frequency shifts of the nanotube sensors is defined 

and examined. The sensors are attempted to be applied to detect three types of noble gas 

atoms, i.e. He, Ne, Kr, that surround the CNTs. The interaction of the gas atoms and the 

CNTs is modeling with vdW effect in dynamic analysis. The effects of the diameter and 

length of tubes, their boundary conditions, and density of noble gas atoms on the surface of 

nanotubes on the sensitivity of the sensors are studied.  

3.2.1 Simulations and Results 

For the interaction potential, the REBO potential energy in Eq. (2.10) is used to 

simulate CNTs. The vdW interactions between a CNT and atoms surround the CNT are 

modeled by the Lennard-Jones potential (Allen and Tildesley 1989). For carbon atoms of a 

CNT and noble gas atoms surrounding the CNT, the coefficients can be approximated using 

the venerable Lorentz-Berthelot mixing rules as (Allen and Tildesley 1989) 

 

.

,
2

1

BBAAAB

BBAAAB








 (3.2) 

A Velocity-Verlet algorithm (Allen and Tildesley 1989) is used to integrate the 

equations of motion and an incremental time step of 1 fs is employed to guarantee good 

http://en.wikipedia.org/wiki/Helium
http://en.wikipedia.org/wiki/Neon
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conservation of temperature. The Nose–Hoover feedback thermostat (Hoover 1985) is 

employed for system temperature conversion at 300 K. Four layers of carbon atoms are fixed 

to simulate a clamped boundary condition at nanotube edges. The noble gases, i.e., Helium, 

Neon, Krypton, are considered as atoms in the environment surrounding a CNT which 

interact with the CNT through the vdW interactions. A CNT is initially deformed to a shape 

that is close to the mode shape of a flexural vibration mode of the tube, mostly the first mode 

shape, by manually manipulating the coordinates of carbon atoms of the nanotube. After the 

atoms at edges of the CNT are fixed to simulate the appropriate boundary conditions, the 

CNT is allowed to vibrate freely. The trajectories of an atoms at the middle section of the 

CNT are recorded as the vibration signal of a certain periods (normally 5-30 ps depending on 

the size and the boundary conditions of the CNT), and then the vibration frequencies are 

obtained by using the FFT method.  

To evaluate the effectiveness and efficiency of a nanotube sensor, an index representing 

the sensitivity is defined to be 00 )(100 fff atoms  using the calculations of the frequency 

shifts of the nanotube surrounded by gas atoms. In the definition, atomsf  and 0f  are 

respectively resonant frequencies of a CNT with and without atoms around it. The index 

presents the percentage of the frequency shift caused by atoms surrounding the tube. Figure 

3.7 presents shapes, before and during vibrations, of a (8, 8) SWCNT with a length of 4.92 

nm and clamped-clamped boundary condition surrounded by Kr atoms with a density of 10 

atoms per square nanometer, or 210 nmNatoms on the tube surface. The unit 2nmNatoms will 

be used in the following simulations to describe the density of foreign atoms on CNTs.  

Most previous works have considered predetermined locations of attached atoms or 

nanoparticles on the surface of a CNT, which is unpractical. In the present research, a 

minimization process of energy is conducted to model an equilibrium state of a CNT in an 

environment filled with noble gas atoms, as shown in Figure 3.7(a). After the minimization 

http://en.wikipedia.org/wiki/Neon
http://en.wikipedia.org/wiki/Krypton
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process of energy, noble gas atoms are found to be distributed around a CNT in a circle shape 

and their distribution in the longitudinal direction is found to be a random way. In 

calculations, two neighbor layers of noble gas atoms distributed inside and outside of a CNT 

at a distance of 0.3 nm from surface of the CNT are observed after the minimization process, 

as shown in Figure 3.7(a). Figure 3.7(b) shows a shape of the tube during the vibration. Two 

types of boundary conditions, i.e., clamped-clamped (CC) and clamped-free (CF), are 

employed in following simulations. 

 

 

(a) 

 

 

(b) 

Figure 3.7. Top and side views of a (8, 8) SWCNT with a length of 4.92 nm and clamped-

clamped boundary condition surrounded by Kr noble gas atoms with a density of 
210 nmNatoms   : (a) before vibrations, (b) during vibrations (Arash, Wang, and Varadan 

2011). 
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The coefficients of well-depth energy,  , and the equilibrium distance,  , used in Eq. 

(3.2) are given in Table 3.1 for each type of atoms. 

 

Table 3.1. Atomic mass, well-depth energy (  ) and the equilibrium distance ( ) of C, He, 

Ne, and Kr atoms (Arash, Wang, and Varadan 2011). 

Type of atom Atomic mass (amu) bK (K)
a   (nm) 

Carbon (C) 12.011 51.2 0.335 

Helium (He) 4.002 10.2 0.228 

Neon (Ne) 20.179 47 0.272 

Krypton (Kr) 83. 798 164 0.383 

a
bK is Boltzmann's constant. 

 

Table 3.2 presents the comparison of the fundamental resonant frequencies of a pristine 

(5, 5) SWCNT with the CC boundary condition obtained by the present MD simulations and 

those reported in Ref. (Arash and Wang 2011) for verification purpose. The resonant 

frequencies of the SWCNT with a length of 3.3 nm obtained by the present simulation and 

that reported in Ref. (Arash and Wang 2011) are respectively 1.0820 and 1.0681 THz, 

showing a difference of only 1.28%. The percentage difference decreases further to 0.87% by 

an increase in the length of the CNT to 9.45 nm. The simulation results indicate a reasonable 

agreement between the two results. Resonant frequencies of pristine (8, 8) and (10, 10) 

SWCNTs with the CC boundary condition are presented in Table 3.3 as the benchmark 

results. It is clear that resonant frequencies decrease by an increase in the length of 

nanotubes. Furthermore, the resonant frequencies are found to increase by an increase in the 

radius of a nanotube. 
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Table 3.2. Resonant frequency of pristine (5, 5) SWCNTs with CC boundary conditions 

(Arash, Wang, and Varadan 2011). 

Length of CNT (nm) Present simulation (THz) Ref. [30] (THz) 

3.30 1.0820 1.0681 

4.54 0.6540 0.6469 

5.76 0.4310 0.4333 

6.98 0.3020 0.3051 

9.45 0.1815 0.1831 

 

 

Table 3.3. Resonant frequency of pristine (8, 8) and (10, 10) SWCNTs with CC boundary 

conditions (Arash, Wang, and Varadan 2011). 

Length of CNT (nm) 
Resonant frequency (THz) 

 (8, 8) CNT  (10, 10) CNT 

4.92 0.7502 0.7616 

7.38 0.3768 0.3931 

9.84 0.1761 0.1968 

 

A (8, 8) SWCNT with a length of 4.92 nm and the CC boundary condition is first 

investigated to study the sensitivity index. The time histories of the vibration of an atom of 

the CNT at its middle section with and without Kr atoms around it are displayed in Figure 

3.8. The density of Kr atoms on the surface of the tube is 210 nmNatoms . From Figure 3.8, the 

corresponding fundamental resonant frequencies of the CNT with and without the atoms 

calculated using FFT method are respectively 0.7502 and 0.3986 THz, showing the 
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sensitivity to be as high as 46.86%. The simulations reveal that a CNT has potential to be 

used as a nano-sensor. 

 

 

Figure 3.8. The vibration responses of a pristine (8, 8) SWCNT with a length of 4.92 nm, 

restrained with a CC boundary condition, and the SWCNT surrounded by Kr atoms with a 

density of 210 nmNatoms  (Arash, Wang, and Varadan 2011). 

 

To investigate the effects of the boundary condition of a CNT and density of noble gas 

atoms on its surface on the efficiency, the sensitivity indexes for the same CNT in Figure 3.8 

surrounded by Kr atoms with densities ranging 2103 nmNatoms are obtained and shown in 

Figure 3.9. It is seen that the sensitivity increases with an increase in the density of Kr atoms, 

and the increase slows down at higher densities. The sensitivity indexes range from 10% to 

46% for the sensor with CC boundary with the density of Kr atoms of 2103 nmNatoms . 

Furthermore, the sensitivity of the CNT with the CC boundary condition is higher than that of 

the nanotube with the CF boundary condition. The difference of the sensitivity is as high as 

7% when the density of Kr atoms is 23 nmNatoms , and decreases to 2% at the density of 
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210 nmNatoms . These observations show that a stiffer boundary condition would induce a 

higher sensitivity of a sensor and the boundary condition used in the sensor becomes less 

influential at higher densities of noble gas atoms.  

 

 

Figure 3.9. Sensitivity of a (8, 8) SWCNT-based sensor with a length of 4.92 nm and CC and 

CF boundary condition surrounded by Kr atoms versus the density of the noble gas atoms 

(Arash, Wang, and Varadan 2011). 

 

Figure 3.10 indicates the influence of the length and radius of a CNT on the sensitivity 

of the sensor with a CC boundary condition surrounded by Kr atoms with a density of 

210 nmNatoms . As it is shown, shorter CNTs induce higher sensitivity. For example, the 

sensitivity of a (8, 8) SWCNT with lengths of 4.92 and 9.84 nm are 46.86% and 22.77%, 

respectively. On the other hand, it is also observed that the sensitivity decreases by an 

increase in the radius of the CNT. The sensitivity of (8, 8) and (10, 10) SWCNTs with a 

length of 4.92 nm are 46.86% and 43.15%, respectively. The difference of the sensitivity 
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reaches 3.7% for the CNT with a length of 4.92 nm, and decreases to 2% at a length of 9.84 

nm.  

 

 

Figure 3.10. Sensitivity of (8, 8) and (10, 10) SWCNTs with CC boundary conditions 

surrounded by Kr atoms with a density of  versus the length of the tubes 

(Arash, Wang, and Varadan 2011). 

 

After determining the potential of nanotubes as gas sensors and identifying the effects 

of the length, radius and boundary condition of the nanotubes, the nano-sensors will be next 

applied to detect three types of noble gases, i.e., He, Ne and Kr. The noble gas atoms, with 

densities ranging 2108 nmNatoms  in an environment, are considered. The sensitivity of a 

(8, 8) SWCNT with a length of 4.92 nm and the CC boundary condition is demonstrated in 

Figure 3.11. As is seen in the figure, the resolution of the CNT sensor can reach 610 fg. 

When the densities of noble gas atoms around the CNT are 2108 nmNatoms , the sensitivity 

indexes are found to be around 5%, 9% and 11 % for He; 27%, 29%, 32 % for Ne; and 42%, 

45%, 47 % for Kr atoms in simulations. It is thus concluded that although a slight change in 

the sensitivity induced by a certain type of foreign atoms with different densities is identified, 

210 nmNatoms

http://en.wikipedia.org/wiki/Neon
http://en.wikipedia.org/wiki/Krypton
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there still is a distinct region of the sensitivity for different types of the atoms. These findings 

guarantee an effective detection of various atoms and confirm the applicability of the sensors 

in detecting noble gases. 

 

Figure 3.11. Sensitivity of a (8, 8) SWCNT with a length of 4.92 nm and CC boundary 

conditions surrounded by three types of noble gas atoms versus the mass of the noble gas 

atoms (Arash, Wang, and Varadan 2011). 

 

3.2.2 Concluding Remarks 

The potential of a SWCNT as a nano-sensor is explored with MD simulations. 

Simulations show that the sensitivity is increased with stiffer boundary conditions of CNTs. 

In simulations of a (8, 8) SWCNT with a length of 4.92 nm surrounded by noble gas atoms 

with densities of 2108 nmNatoms , it is found that the resolution of the CNT can reach an 

order of 610 fg. Distinct noble gas atoms are successfully differentiated by detecting a 

recognizable sensitivity range. The sensitivity is found to be increased at higher densities of 
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noble gas atoms. In addition, higher sensitivity can be obtained with shorter CNTs with 

smaller radius. 

3.3 Gene Detection with Vibration of Nanotubes 

In the following study, the proposed vibration technique, which was verified in the 

section 3.2 to be effective in detection of gas atoms (Arash and Wang 2011), is extended to 

detect of macro-molecules. For this aim, the potential of a CNT resonator as nano-sensors in 

detection of genes, whose structures include a ssDNA with a number of nucleobases, i.e., 

adenine (A), cytosine (C), guanine (G) and thymine (T), is investigated with MD simulations 

(Arash, Wang, and Wu 2012). The CNT based nano-sensor under investigation is wrapped 

with a gene. Simulation results indicate that the nano-sensor is able to differentiate distinct 

genes, i.e. small proline-rich protein 2A (SPR-2A), small proline-rich protein 2B (SPR-2B), 

small proline-rich protein 2D (SPR-2D) and small proline-rich protein 2E (SPR-2E), with a 

recognizable sensitivity. The research provides a rapid, effective, and practical method for 

detection of genes. The effect of the number of nucleobase on the sensitivity of the sensor is 

also studied. 

The major challenges in achieving a more accurate and efficient detection with the 

previously suggested techniques based on nano-pores are how to control the translocation 

process of DNA molecules and how to enhance the sensitivity of the sensors. Since DNA 

molecules are soft and flexible, they deform to a complicated bending shape with large 

curvature. Such a folded shape leads to multiple contacts of a DNA molecule to a sensor 

resulting possible unreadable signals. Herein, we aim to present a fast, simple and accurate 

method for detection of distinct genes with a vibration analysis of CNTs. An index 

representing the sensitivity based on frequency shifts of the CNT sensors wrapped with an 

ssDNA is defined and examined. The feasibility of the method is verified by studying four 

genes, i.e. SPR-2A, SPR-2B, SPR-2D and SPR-2E.  
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3.3.1 Simulations and Results 

The interaction potential used in the current study is described by the UFF (Rappe et al. 

1992), which is a purely diagonal and harmonic force field. The simulation time step is 1 fs. 

The MD simulations have been performed with the Forcite module of Materials Studio 6.0.  

In simulations, an armchair (5, 5) SWCNT with a length of 15 nm and a restriction of 

the motion of atoms on three rows of each of the two ends of the tube is studied for the 

potential of a nano-sensor. The simulations are initialized as shown in Figure 3.12(a) by 

allowing an ssDNA with a certain number of nucleobases as a session of a gene on the CNT. 

In experiments, a certain number of nucleotide sequences can be cut by restriction enzyme or 

hybrid protein tools (Kessler and Manta 1990). The system is then allowed to equilibrate over 

the constant-volume and -temperature (NVT) ensemble at the room temperature of 298 K for 

10 ns. The Andersen feedback thermostat (Andersen 1980) is used for the system temperature 

conversion. After 10 ns of the simulation, the ssDNA is found to be wrapped around the CNT 

into a helical-stacked conformation (Johnson et al. 2009) as shown in Figure 3.12 (b). Figs. 

3.12 (a) and (b) illustrate the initial conformation and helical conformation after 10 ns of the 

first 10 bases (AAGAAAAAAT) of SPR-2A gene wrapped on the CNT. 

The idea of using the CNT as a nano-biosensor is to identify a recognizable frequency 

shift of the CNT owing to the interaction of an ssDNA. Thus, in simulations, vibration 

behavior of the system is investigated to obtain the frequency shift induced by the ssDNA. 

The constant-volume and -energy (NVE) ensemble is chosen and an initial speed of 0.5 

psnm /  in the transverse direction of all atoms except those fixed atoms on the two ends is 

applied to initiate a transverse vibration of the system. Figure 3.13 illustrates the snapshots of 

the vibration of the system. The trajectories of atoms at the middle section of the CNT are 

recorded as the vibration signal for a time period of 1 ns, and then the vibration frequencies 

from the vibration signal are obtained by using the FFT method. 
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(a) 

 

(b) 

Figure 3.12. An ssDNA of the first 10 bases of SPR-2A (AAGAAAAAAT) gene wrapped on 

a (5, 5) CNT with a length of 15 nm: (a) initial configuration; (b) helical-stacked 

conformation after 10 ns of the simulation (Arash, Wang, and Wu 2012). 

 

 

 

 

Figure 3.13. Snapshots of a (5, 5) CNT with a length of 15 nm wrapped with a 10-base 

ssDNA (AAGAAAAAAT) of the first 10 bases SPR-2A gene (Arash, Wang, and Wu 2012). 
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To evaluate the effectiveness and efficiency of a nanotube sensor, an index representing 

the sensitivity of the CNT sensor is defined to be 00 )(100 fff DNA . In the definition,  

and  are resonant frequencies of a pristine CNT and the CNT wrapped with an ssDNA. 

The index presents the frequency shift of the nanotube caused by the interaction from the 

ssDNA. 

 

 

(a) 

 

(b) 

Figure 3.14. Vibration of a (5, 5) CNT with a length of 15 nm: (a) pristine nanotube; (b) 

nanotube wrapped with a 10-base ssDNA (AAGAAAAAAT) of the first 10 bases of SPR-2A 

gene (Arash, Wang, and Wu 2012). 

 

In order to study the sensitivity of the nano-sensor, the resonant frequency of a pristine 

(5, 5) CNT with a length of 15 nm is first compared with that of the CNT wrapped with a 10-

base ssDNA (AAGAAAAAAT), i.e. the first 10 bases of the SPR-2A gene. The atomic mass 

of the ssDNA chain is 1348.40 Da. The time histories of the vibration of the pristine CNT 

0f

DNAf



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Vibration Analysis 

 

53 

 

and the same tube with the ssDNA are shown in Figs. 3.14 (a) and (b) for a time period of 1 

ns. From Figs. 3.14 (a) and (b), the corresponding frequency responses of the pristine CNT 

and the tube interacted with the ssDNA are calculated by FFT and presented in Figure 3.15, 

from which these fundamental resonant frequencies are read to be 0.116 THz and 0.074 THz, 

respectively. The values show sensitivity is as high as 36.31 % revealing the potential of a 

CNT based nano-sensor in detection of genes. 

 

 

Figure 3.15. Frequency response of a pristine (5, 5) CNT with a length of 15 nm versus 

resonant frequency of the CNT wrapped with a 10-base ssDNA (AAGAAAAAAT) of the 

first 10 bases of SPR-2A gene (Arash, Wang, and Wu 2012). 

 

After determining the potential of nanotubes as sensors for detection of ssDNA, the 

effect of number of nucleobases on the sensitivity is investigated. An ssDNA wrapped on an 

armchair (5, 5) CNT with a length of 15 nm with an ssDNA with 5, 10 and 12 nucleobases 

are considered to model the first bases of certain genes. The information of the genes 

considered in the following simulations including the nucleobase sequence and atomic mass 

are listed in Table 3.4.  
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Table 3.4. Information of genes (taken from http://www.genecards.org). 

Gene 
 Number of bases 

 5 10 12 

SPR-2A 
Sequences AAGAA AAGAAAAAAT AAGAAAAAATTT 

Atomic mass (Da) 686.70 1348.40 1598.64 

SPR-2B 
Sequences AAATA AAATAGCACA AAATAGCACAAT 

Atomic mass (Da) 661.68 1300.30 1559.56 

SPR-2D 
Sequences TTCTC TTCTCCTTTC TTCTCCTTTCTT 

Atomic mass (Da) 595.58 1191.20 1441.44 

SPR-2E 
Sequences ATGTG ATGTGTTCTC ATGTGTTCTCCT 

Atomic mass (Da) 684.66 1280.20 1515.43 

 

From Table 3.5, the resonant frequency of the CNT wrapped with an ssDNA with 5 and 

12 bases representing the SPR-2A gene are 0.085 THz and 0.067 THz, respectively. It reveals 

that the sensitivity corresponding to the SPR-2A gene arises from 26.86 % to 42.33 %, when 

the number of nucleobases increases from 5 (AAGAA) with an atomic mass of 686.70 Da to 

12 (AAGAAAAAATTT) with an atomic mass of 1598.64 Da. In addition, we find from 

simulations that the sensitivity of the nano-sensor increases from 25.13 % to 40.61 % with an 

increase in the number of nucleobases from 5 to 12 of the SPR-2B gene. The simulation 

results demonstrate that the sensitivity increases with an increase in the number of 

nucleobases of a distinct gene. 

 

Table 3.5. The resonant frequency of a (5, 5) CNT with a length of 15 nm wrapped with an 

ssDNA molecule (Arash, Wang, and Wu 2012). 

Number 

of bases 
5 10 12 

Gene 

Resonant 

Frequency 

(THz) 

Sensitivity 

(%) 

Resonant 

Frequency 

(THz) 

Sensitivity 

(%) 

Resonant 

Frequency 

(THz) 

Sensitivity 

(%) 

SPR-2A 0.085 26.86 0.074 36.31 0.067 42.33 

SPR-2B 0.087 25.13 0.076 34.59 0.069 40.61 

SPR-2D 0.090 22.55 0.081 30.29 0.072 38.03 

SPR-2E 0.085 26.86 0.079 32.00 0.070 39.75 
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The feasibility of the nano-biosensor is further evaluated to detect four distinct genes, 

i.e. SPR-2A, SPR-2B, SPR-2D and SPR-2E with same nucleobase numbers. From Table 3.5, 

the sensitivities are found to be around 36 % for SPR-2A, 34 % for SPR-2B, 30 % for SPR-

2D and 32 % for SPR-2E, when the number of nucleobases is chosen to be 10. And the 

sensitivities are around 42 % for SPR-2A, 40 % for SPR-2B, 38 % for SPR-2D and 39 % for 

SPR-2E, when the number of bases is 12. In summary, the sensitivity ranges from 30 % to 36 

% for 10-base ssDNA, while the index varies between 38 % and 42 % for 12-base ssDNA. 

From the simulation results, we find that there is a distinct region of the sensitivity of the 

sensor when detecting distinct genes with a certain number of nucleobases. The finding 

indicates that it is possible to find the number of nucleobases of an ssDNA from a database of 

the sensitivity index of the sensor. For instance, ssDNA chains with 5, 10 and 12 bases are 

distinguished by sensitivities in the range of 22-26 %, 30-36 % and 38-42 %, respectively. 

Second, the sensitivities of different genes with the same number of bases are differentiable 

and hence distinct genes can be detected with the technique. For example, the sensitivities 

corresponding to SPR-2A, SPR-2B, SPR-2D and SPR-2E genes with 10 bases are around 36 

%, 34 %, 30 % and 32 %, respectively. These initial findings guarantee an effective detection 

of various genes and confirm the applicability of the sensors in gene detection.  

3.3.2 Concluding Remarks 

The potential of SWCNTs as nano-biosensors in detection of ssDNA macromolecules 

as a session of genes through a vibration analysis is explored using MD simulations. A 

sensitivity index, representing the percentage of frequency shifts of the CNT sensor, is 

defined and examined. In simulations of an armchair (5, 5) SWCNT with a length of 15 nm 

wrapped with an ssDNA, it is found that the CNT sensor can provide information for the 

number of nucleobases of the ssDNA by providing a detectable range of the sensitivity. The 

simulation results also reveal that the method is an effective way to identify distinct genes 
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even with the same number of nucleobases in the structure of ssDNA. Distinct genes are 

successfully differentiated by identifying a recognizable sensitivity range. The research 

provides a rapid, effective, and practical method for detection of genes. 

3.4 Gene Detection with Oscillation of Double-Walled Carbon 
Nanotubes 

In the previous study, an SWCNT wrapped with an ssDNA as a nano-sensor was 

shown to be able to detect distinct genes through a transverse vibration analysis. However, 

the wrapping position of the ssDNA along the nanotube sensor would affect the frequency 

shifts in the nanotube, which in turn may prevent an accurate reading. In order to resolve the 

problem, a new mechanism based on axial oscillation in a DWCNT as a nano-sensor is 

presented in the following simulations (Arash and Wang 2012b). The method is expected to 

provide a more accurate and effective technique for gene detection compared to other 

vibration relevant techniques since the position of the wrapped genes along the outer tube has 

negligible effect on the sensitivity of the nano-sensor.  

 In the detection process by the nano-sensor, the inner tube is fixed by applying 

restrains at both ends of the tube and the outer tube, which is wrapped with a segment of gene 

consisting of an ssDNA with a certain number of nucleobases, is excited to have an 

oscillation in the axial direction. A sensitivity index is defined based on a shift in the 

oscillation frequency of the sensor induced by the wrapped ssDNA, and the number of 

nucleobases in the ssDNA is hence identified by detecting a differentiable shift in the 

oscillation frequency. The feasibility of the method is verified by studying a number of 

nucleobases corresponding to three genes, i.e., SPR-2A, SPR-2B, and SPR-2D.  

3.4.1 Simulations and Results 

The interaction potential used in the current study is described by the UFF force 

field. In simulations, an armchair (5, 5) @ (10, 10) DWCNT with a length of 10 nm is studied 
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to investigate the potential of a nano-sensor, where the outer tube of the DWCNT is free of 

motion and the inner tube is fixed by applying a restriction on the motion of three atomic 

rows at two ends of the tube. The simulations are initialized as shown in Figure 3.16 (a) with 

an ssDNA with a certain number of nucleobases as a segment of a gene initially separated 

from the DWCN by about 1 nm. In experiments, a certain number of 

nucleotide sequences can be cutted by restriction enzyme or hybrid protein tools (Kessler and 

Manta 1990, Li et al. 2011). The system is then allowed to equilibrate over the NVT 

ensemble at the room temperature of 298 K for 10 ns. The Andersen feedback thermostat 

(Andersen 1980) is used for the system temperature conversion. After 10 ns of the 

simulation, the ssDNA is found to wrap around the outer tube of the DWCNT into a helical-

stacked conformation (Johnson, Johnson, and Klein 2007, Johnson et al. 2009) as shown in 

Figure 3.16 (b). Figs. 3.16 (a) and (b) illustrate the initial conformation and helical 

conformation after 10 ns of the first 10 bases (AAGAAAAAAT) of SPR-2A gene wrapped 

around the DWCNT.  

The idea of using the DWCNT as a nano-biosensor is to identify a recognizable 

frequency shift in axial oscillation of the DWCNT induced by an ssDNA wrapped around the 

outer tube of the nanotube. To simulate the axial oscillation in the system, the NVE ensemble 

is chosen and an initial velocity of 0.5  in the axial direction is applied to the outer 

tube of the DWCNT. Subsequently, the outer tube is to coaxially oscillate relative to the fixed 

inner tube. The forces driving the oscillation are vdW interactions between the inner and 

outer tubes (Cumings and Zettl 2000). 

The advantage of the present mechanism, compared to the previous study based on 

transverse vibration of SWCNTs (Arash, Wang, and Wu 2012), is that the wrapping position 

of the ssDNA along the outer tube of the DWCNT has negligible effect on the oscillation 

frequency of the nanotube, which enables a more accurate and reliable detection. Figure 3.17 

psnm /
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illustrates the snapshots of the oscillation behavior of the system. The trajectories of atoms at 

the middle section of the outer tube are recorded as the oscillation signal for a time period of 

1 ns, and then the oscillation frequencies from the signal are obtained by using the FFT 

method. 

 

 

(a) 

 

(b) 

Figure 3.16. An ssDNA of the first 10 bases of SPR-2A (AAGAAAAAAT) gene wrapped on 

a (5, 5) @ (10, 10) DWCNT with a length of 10 nm: (a) initial configuration; (b) helical-

stacked conformation after 10 ns of the simulation (Arash and Wang 2012b). 
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Figure 3.17. Snapshots of oscillation of a (5, 5) @ (10, 10) DWCNT with a length of 10 nm 

wrapped with a 10-base ssDNA (AAGAAAAAAT) of the first 10 bases SPR-2A gene (Arash 

and Wang 2012b). 

 

To evaluate the competence and efficiency of the DWCNT sensor, an index 

representing the sensitivity of the sensor is defined to be 00 )(100 fff DNA . In the 

definition, 0f  and DNAf  are oscillation frequencies of a pristine DWCNT and the DWCNT 

wrapped with an ssDNA. The index presents the frequency shift of the nanotube induced by 

the wrapped ssDNA. 

To study the sensitivity of the nano-sensor, the resonant frequency of a pristine (5, 5) @ 

(10, 10) DWCNT with a length of 10 nm is first compared with that of the DWCNT wrapped 
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with a 10-base ssDNA (AAGAAAAAAT), i.e., the first 10 bases of the SPR-2A gene. The 

atomic mass of the ssDNA chain is 1348.40 Da. The time histories of the oscillation of the 

pristine DWCNT and the same nanotube wrapped with the ssDNA are shown in Figs. 3.18 

(a) and (b) for a time period of 1 ns. From the time responses illustrated in Figs. 3.18 (a) and 

(b), the corresponding frequency responses of the pristine CNT and the tube interacted with 

the ssDNA presented in Figure 3.19 are calculated by FFT method, from which the 

oscillation frequencies are read to be 0.0597 THz and 0.0529 THz, respectively. The values 

show a sensitivity index of 11.39 % revealing the potential of a DWCNT based nano-sensor 

in detection of genes. Simulation results also show that the oscillation frequency of the 

DWCNT slightly ranges between 0.0529 THz and 0.0531 representing a negligible change in 

the sensitivity of nano-sensor up to 0.3 %, when the position of the wrapped ssDNA changes 

along the outer tube of the DWCNT. 

 

 

(a) 

 

(b) 

Figure 3.18. Oscillation signal of a (5, 5) @ (10, 10) DWCNT with a length of 10 nm: (a) 

pristine nanotube; (b) nanotube wrapped with a 10-base ssDNA (AAGAAAAAAT) of the 

first 10 bases of SPR-2A gene (Arash and Wang 2012b). 
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Figure 3.19. Oscillation frequency of a pristine (5, 5) @ (10, 10) DWCNT with a length of 10 

nm versus the oscillation frequency of the DWCNT wrapped with a 10-base ssDNA 

(AAGAAAAAAT) of the first 10 bases of SPR-2A gene (Arash and Wang 2012b). 

 

After determining the potential of DWCNTs as sensors for detection of ssDNA, the 

effect of the number of nucleobases in an ssDNA on the sensitivity of the sensor is 

investigated. To do this, the outer tube of a (5, 5) @ (10, 10) DWCNT with a length of 10 nm 

wrapped with an ssDNA with 5, 10 and 12 nucleobases corresponding to the first bases of 

three distinct genes, i.e., SPR-2A, SPR-2B, and SPR-2D, are considered in the model. The 

information of the genes considered in the following simulations including the nucleobase 

sequence and atomic mass are listed in Table 3.6. From Table 3.7, the resonant frequency of 

the CNT wrapped with an ssDNA with 5 (AAGAA) and 12 (AAGAAAAAATTT) bases of 

the SPR-2A gene are 0.0562 THz and 0.0508 THz, respectively. It reveals that the sensitivity 

corresponding to the SPR-2A gene are from 6.02 % to 14.91 %, when the number of 

nucleobases increases from 5 with an atomic mass of 686.70 Da to 12 with an atomic mass of 

1598.64 Da. In addition, it is found from simulations that the sensitivity of the nano-sensor 

increases from 5.18 % to 10.38 % and 13.90 % by respectively increasing the number of 
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nucleobases of the SPR-2B gene strand from 5 bases to 10 and 12 bases. The simulation 

results demonstrate that the sensitivity increases apparently with an increase in the number of 

nucleobases of a gene strand.  

 

Table 3.6. Information of genes (taken from http://www.genecards.org). 

Gene 
 Number of bases 

 5 10 12 

SPR-2A 
Sequences AAGAA AAGAAAAAAT AAGAAAAAATTT 

Atomic mass (Da) 686.70 1348.40 1598.64 

SPR-2B 
Sequences AAATA AAATAGCACA AAATAGCACAAT 

Atomic mass (Da) 661.68 1300.30 1559.56 

SPR-2D 
Sequences TTCTC TTCTCCTTTC TTCTCCTTTCTT 

Atomic mass (Da) 595.58 1191.20 1441.44 

 

 

Table 3.7. Oscillation frequency of a (5, 5) @ (10, 10) DWCNT with a length of 10 nm 

wrapped with an ssDNA molecule (Arash and Wang 2012b). 

Gene 

5 bases  10 bases 12 bases 

Oscillation 

frequency 

(THz) 

Sensitivity 

(%) 

Oscillation 

Frequency 

(THz) 

Sensitivity 

(%) 

Oscillation 

Frequency 

(THz) 

Sensitivity 

(%) 

SPR-2A 0.0562 6.02 0.0529 11.39 0.0508 14.91 

SPR-2B 0.0567 5.18 0.0535 10.38 0.0514 13.90 

SPR-2D 0.0571 4.52 0.0543 9.20 0.0519 13.06 

 

The feasibility of the nano-biosensor is further evaluated to differentiate distinct 

ssDNA strand with a certain number. From Table 3.7, the sensitivities are found to be around 

11 % for SPR-2A, 10 % for SPR-2B and 9 % for SPR-2D, when the number of nucleobases 

is chosen to be 10. And the sensitivities are around 14.9 % for SPR-2A, 13.9 % for SPR-2B 
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and 13 % for SPR-2D, when the number of bases is 12. From the simulation results, it is 

found that there is a distinct region of the sensitivity of the sensor when detecting distinct 

genes with a certain number of nucleobases. The finding reveals that the sensor is able to 

identify the number of nucleobases of an ssDNA from a database of the sensitivity index of 

the sensor. Furthermore, the sensitivities of different genes with the same number of bases 

are differentiable; hence distinct genes can be detected with the technique. For example, the 

sensitivities corresponding to SPR-2A, SPR-2B and SPR-2D genes with 10 bases are around 

11 %, 10 % and 9 %, respectively. These initial findings guarantee an effective detection of 

various genes and confirm the applicability of the sensors in gene detection. 

3.4.2 Concluding Remarks 

The potential of oscillator DWCNTs as nano-biosensors in detection of ssDNA 

macromolecules as a session of genes through a vibration analysis is explored using MD 

simulations. The inner tube of the nano-sensor is fixed and the outer tube is excited with an 

initial velocity of psnm5.0  in axial direction to initiate an axial oscillation in the system. A 

sensitivity index, representing the percentage of oscillation frequency shifts of the DWCNT 

sensor, is defined and examined. In simulations of an armchair (5, 5) @ (10, 10) DWCNT 

with a length of 10 nm wrapped with an ssDNA, it is found that the CNT sensor can identify 

the number of nucleobases of the ssDNA by providing a detectable sensitivity index. The 

simulation results also reveal that the method is able to successfully differentiate distinct 

genes with the same number of bases. The effect of position of the ssDNA on the nano-sensor 

is found to be negligible by exciting an axial oscillation of the sensor, and hence the accuracy 

and reliability of detection of genes are enhanced. 
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  Chapter 4

Detection of Atoms/Molecules with 
Wave Propagation Analysis 
 

 

In vibration based sensor designs presented in chapter 3, measuring a harmonic 

deflection with a frequency in an order of terahertz on CNT or GS sensors is indispensible. 

Although the sensors have been shown to enable a successful detection, recoding trajectories 

of atoms in a relatively long period of time may be affected by environmental noise signals. 

The limitation of measuring ultra-high frequencies may restrict wide applications of 

vibration-based nano-sensors. In addition, the large energy dissipation of vibration based 

nano-sensors in aqueous environments due to the viscous damping and hydrodynamic effects 

of the environments cause that the vibrational motion of the nano-resonators are damped 

quickly. The problem disables vibration based sensors to fulfill a successful detection of 

atoms/molecules in aqueous environments such as Ca
2+

, Cr
2+

, and Cs
+
 in water (Eom et al. 

2011).  

In order to resolve the drawbacks, in this chapter, the characteristics of propagation of 

mechanical waves in graphenes and CNTs are taken advantage to propose nano-resonator 

sensors based on a wave propagation analysis. In the method based on wave propagation 
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analysis, a relatively short time history is adequate to detect atom/molecules, which reduces 

the effect of environmental noises on the detection accuracy, and  periodical excitations are 

applied to the sensors, which decreases the energy dissipation by increasing the kinetic 

energy of the resonators. The following studies are conducted to assess the feasibility and 

effectiveness of the mechanism to design a nano-sensor that is able to fulfill a detection of 

atoms/molecules: (1) simulating wave propagation in graphenes with MD simulations and 

developing a nonlocal plate model for the phenomenon (Arash, Wang, and Liew 2012), and 

(2) detection of gas atoms with GSs with a wave propagation analysis (Arash and Wang 

2012c). In the following simulations, the applicability of the finite element model based on 

the nonlocal continuum theory in modeling the wave propagation in graphenes is verified by 

MD simulations and a sensitivity index based on wave velocity shifts in a graphene induced 

by gas atoms on the sheet is defined. The simulation results indicate that the nano-sensor is 

able to differentiate noble gas atoms with a recognizable sensitivity. 

4.1 Wave Propagation in Graphene Sheets with Nonlocal Elastic 
Theory 

In the study, a nonlocal elastic plate model that accounts for the scale effects is first 

developed for wave propagations in GSs using FEM (Arash, Wang, and Liew 2012). The 

applicability of the FEM model is verified with MD simulations. The studies show that the 

nonlocal finite element plate model is indispensable in predicting graphene phonon 

dispersion relations, especially at wavelengths less than 1 nm, when the small-scale effect 

becomes dominant. Moreover, the nonlocal parameter ae0 , a key parameter in the nonlocal 

model, is calibrated through the verification process. The dependence of the dispersion 

relation on the small-scale effect and the width of sheets is also investigated, and simulation 

results show that the phase velocity decreases to an asymptotic value with the width of sheets 

reaches a sufficiently large size. As an application of the investigation, the potential of GSs as 
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nano-sensors for noble gas atoms is explored with defining and examining an index based on 

the phase velocity shifts in a GS attached with gas atoms.  

4.1.1 Nonlocal Finite Element Plate Model 

As it is presented in Eq. (2.35), the dynamic equilibrium equation of a nano-plate in 

terms of the displacements is given as 
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where D  is the bending rigidity; hI 0  and 
3

2
12

1
hI   are respectively the first and 

second mass moments of inertia;   is the mass density. It is noted that the local field 

equations are recovered when the nonlocal parameter ( ae0 ) is set to zero.  

The wave propagation solution for GSs can be expressed as (Arash, Wang, and Liew 

2012) 

 tkylxiWetyxw ),,( ,
 (4.2) 

where W  denotes the transverse displacement amplitude of sheets; l  and k  are respectively 

the wavenumber in x- and y-directions;   is the frequency of the wave motion. For waves in 

y-direction the wavenumber in y-direction, 0l  is set. Substituting Eq. (4.2) into Eq. (4.1) 

gives the phase velocity  
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(4.3) 

Eq. (4.3) indicates that the small-scale effect on wave propagation in a GS decreases 

the phase velocity. For example, the phase velocity in the GS decreases from sm /1076.2 3  

for 00 ae  to sm /1035.2 3  for nmae 18.00   at a harmonic deflection of period 

fsT 500  (or an angular frequency of srad
T

/1026.1
2 13


 ). 
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In the research, a GS is approximated to be a plate structure using the classic plate 

theory in cooperation with the nonlocal continuum theory. Due to the fact that many intrinsic 

ripples are observed in a GS (Duan, Gong, and Wang 2011), fixed boundary conditions are 

considered at edges of the GS in its width direction to stiffen the sheet to ensure propagation 

of waves in the graphene. 

Although Eq. (4.3) is obtained to provide an explicit wave dispersion relation between 

the phase velocity and wavenumber of a GS, two limitations come from the theoretical elastic 

plate model: (1) the effects of the width length of the sheet and fixed edges in its width 

direction to stiffen the sheet to ensure propagation of waves in the GS may not be considered 

in the theoretical model, and (2) potential applications of GSs as nano-sensors in detection of 

gas atoms on their surfaces with a wave propagation analysis cannot be conducted by the 

simple theoretical model as some physical complexities cannot be interpreted or described 

with the simple model, such as the distribution of external gases on sheet surfaces. To 

compromise the limitations of the theoretical model, a nonlocal FEM plate model is 

developed in the study. By this FEM model, the effects of the width length and fixed 

boundary conditions of GSs can all be accounted. Furthermore, a GS as nano-sensors with 

gas atoms on its surface can be modeled as a plate structure with nonuniform mass density by 

the nonlocal finite element plate model. It should be noted that since the shear effect and 

rotary inertia are not considered in the classical model, the wave solution for higher 

wavenumbers could not be predicted efficiently by the model. 

To develop the FEM model, a weak form of Eq. (4.1) is first provided by multiplying 

by a weight function u  and integrating the equation over the element domain e  (Wang, 

Li, and Kishimoto 2010), 
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To reduce the differentiability of the interpolation functions used in the FEM 

approximation of w , differentiations on Eq. (4.4) are integrated by part as 
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 ,        (4.5) 

where yx,  and t  in subscripts denote derivatives respect to yx,  and t . xn  and yn  are the 

direction cosines of the unit normal on the boundary e  of the element domain e . The 

approximation displacement  j jj yxXw ),(  ( 161j ) is applied over an element by 

Hermite interpolation functions, j , where jX  denotes nodal values of w  and its derivatives. 

The Hermite cubic interpolation of ,,,
y

w

x

w
w








and 

yx

w



2

 using four-node rectangular 

elements plotted in Figure 4.1 is provided as follows (Ochoa 1992), 
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(4.6) 

where  and   denote natural coordinates of the Hermit cubic element shown in Figure 4.1.  
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The finite expression of the nonlocal FEM model based on the weak form of Eq. (4.5) 

and the Hermite cubic interpolation shown in Eq. (4.6) can be expressed in a matrix form for 

an element as 

,                                                                                                     (4.7) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Schematic of a Hermit cubic element (Arash, Wang, and Liew 2012). 
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and  
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where, 
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and, 
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(4.13) 

Assembling the element matrices into the global matrix gives the nonlocal FEM model, 

      0 XKXM  ,                                                                                                         (4.14) 

The Houbolt integration scheme (Bathe 1996) is used to solve the dynamic equation 

(4.14). The Houbolt integration scheme is a step-by-step solution scheme based on standard 

finite difference expressions to approximate the acceleration components in terms of the 

displacement components.  

Modeling of an application of GSs as nano-sensors can be realized from the above 

nonlocal FEM modeling. In the application, gas atoms attached on the sheet surfaces can be 

treated with a non-uniform mass density in the mass matrix with the nonlocal FEM plate 

model. The mass density of a mesh without and with a gas atom on its surface is respectively 

assumed to be   and 
ee

atom
mass

hA

m
   where atomm , eA  and eh  are mass of the gas atom on 

the mesh, area of the mesh, and thickness of the mesh, respectively. The locations of atoms 

are randomly located on graphenes in the FEM model. 
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4.1.2 Molecular Dynamics simulations 

For the interaction potential, the REBO potential energy (Donald et al. 2002) is adopted 

to simulation wave propagations in GSs. The vdW interactions between a GS and external 

atoms attached on the GS are modeled by the Lennard-Jones potential (Allen and Tildesley 

1989). For carbon atoms in a GS and the attached noble gas atoms, the coefficients can be 

approximated using the venerable Lorentz-Berthelot mixing rules (Allen and Tildesley 1989) 

as presented in Eq. (3.2). 

 The coefficients of well-depth energy,  , and the equilibrium distance,  , used are 

also provided in Table 3.1 for each type of atoms. An energy minimization process of energy 

is first conducted to model an equilibrium state of the GS with noble gas atoms on its surface. 

After the minimization process of energy, noble gas atoms are found to distribute on the GS 

and their distribution is found to be in a random way on the GS in equilibrium distance. A 

Velocity-Verlet algorithm is used to integrate the equations of motion and an incremental 

time step is set to be 1 fs. The Nose–Hoover feedback thermostat (Hoover 1985) is employed 

for system temperature conversion at 300 K. The histories of the geometric centric atoms of 

two arbitrary sections of a GS are recorded for a certain duration (5-10 ps depending on the 

harmonic deflection of period), and then the wavenumber and the phase velocity are 

computed. 

4.1.3 Results and Discussions 

The material parameters of GSs used in the following simulations are taken from Ref. 

(Hu et al. 2008) and the in-plane stiffness 
2/360 mJEh   , the mass density 

327.2 cmg  and the effective thickness nmh 34.0 are set. The bending rigidity 

evD 78.1  proposed by Wang and Liew (Wang and Liew 2008) for relatively large nano-

tubes and GSs is employed in this study. 
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The convergence and accuracy of the FEM solutions are assessed first. The wave 

dispersion relations of a square SLGS with a size of 15nm and the nonlocal parameter of 

 subjected to harmonic deflection of 200 fs at  are listed in Table 4.1. 

Table 4.1 shows quite clearly the converging trend of the present numerical solution with 

increasing number of element. 

 

Table 4.1. Convergence study of the phase velocities obtained by the nonlocal FEM model 

with a nonlocal parameter of  
 
in a SLGS with the size of  

(Arash, Wang, and Liew 2012). 

Number of mesh 

Harmonic deflection of period (fs)
 

Wavenumber  

( ) 

Phase velocity  

( ) 

6×30 10.415 3.226 

6×35 10.303 3.122 

6×40 10.116 3.106 

6×45 10.064 2.992 

6×48 10.055 2.989 

6×50 10.052 2.986 

 

Then, to investigate the applicability of the nonlocal FEM model in predicting the 

wavenumber and the phase velocity of GSs, the wave dispersion relations of a square SLGS 

with a size of 15nm and the nonlocal parameter of nmae 18.00   based on the nonlocal FEM 

model with a number of elements of 506  are compared with those based on the theoretical 

elastic plate model presented in Eq. (4.3), and the results are shown in Table 4.2. In the 

comparison, the GS is subjected to harmonic deflection of period ranging from 200 fs to 1000 

fs at 0y  as shown in Figure 4.2. The numerical results obtained are found to be in great 

agreement with ones from the theoretical elastic plate model with a percentage difference 

only about 0.1 % and the convergence of the nonlocal FEM model is satisfied with the 

element mesh.  

nmae 18.00  0y

nmae 18.00  nmnm 1515 

m/109 sm /103
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A snapshot of wave propagating in y direction of an armchair GS with a width of 3.62 

nm and a length of 15.03 nm subjected to a harmonic deflection of period fsT 500  at 

0y  by both the continuum model and MD simulations is presented in Figs. 4.2 (a) and (b). 

Two layers of carbon atoms are fixed at graphene edges to decrease the influence of the 

intrinsic ripples to ensure propagation of waves in the sheet. In the following simulations, 

sheets with the same sizes in Figs. 4.2 are considered, otherwise is mentioned. 

 

Table 4.2. Comparison the wavenumber and the phase velocity obtained by the nonlocal 

FEM model with the nonlocal theoretical elastic model with a nonlocal parameter of  

nmae 18.00 
 
for a SLGS with the size of nmnm 1515   (Arash, Wang, and Liew 2012). 

Harmonic deflection 

of period (fs) 

Theoretical elastic plate 

model 
FEM model

a 

Wavenumber  

( m/109 ) 

Phase 

velocity  

( sm /103 ) 

Wavenumber  

( m/109 ) 

Phase velocity  

( sm /103 ) 

200 10.052 2.986 1.051 2.989 

400 6.232 2.521 6.228 2.522 

600 4.764 2.198 4.762 2.199 

800 3.988 1.969 3.985 1.971 

1000 3.494 1.797 3.493 1.799 
a
Number of elements taken is 506  

 

 

 

Figure 4.2. Snapshots of wave propagation in a GS with a width of 3.62 nm and a length of 

15.03 nm subjected to a harmonic deflection of period fsT 500   at 0y  with (a) the 

nonlocal FEM model; (b) MD simulations (Arash, Wang, and Liew 2012). 
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The phase velocity and wave number can be determined from the signals of the 

transverse vibrations of atoms in two arbitrary sections of the GS. In simulations, one atomic 

layer located in section 0 at 0y  of the GS shown in Figure 4.2 is subjected to a harmonic 

deflection of period fsT 500  and is shown in Figure 4.3(a). Figs. 4.3(b) and (c) provide 

the transverse vibrations of the centric atoms in Section 1 at nmy 1.1  and section 2 at 

nmy 33.2 , respectively. The transient deflections of the first two periods are neglected to 

remove the effect of initial uncertainties on the velocity measurements, and the propagation 

duration t  of the wave from section 1 to section 2 can be estimated as (Wang and Hu 2005)
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,                                                                           (4.9)      

where subscripts i and j in ijt  represent the number of the sections and the number of the 

wave peaks, respectively. The phase velocity and wavenumber are thus respectively obtained 

to be,  
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where   is the wavelength. From Eq. (4.10) the phase velocity, c , and the wavenumber, k , 

of the GS in Figs. 4.2 and 4.3 are respectively obtained to be sm /1042.2 3  and 

m/1019.5 9  by MD simulations. We also did simulations to see the effect of chirality on 

the wave solution. The simulation results show the phase velocity, c , and the wavenumber, 

k , of a zigzag GS with a size of  nmnm 12.1569.3  , that is similar to the size studied in 

Figs. 4.2 and 4.3, are sm /1039.2 3  and m/1022.5 9 , respectively. The finding reveals 

that chirality of GSs has very small effect on the dispersion relations. The observation also 

reported in Ref. (Kim and Park 2011). 

Figure 4.4 illustrates the dispersion relations of the transverse wave (i.e., the relation 

between the phase velocity and the wavenumber) in the GS from MD simulations, and local 
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and nonlocal FEM plate models. The value of the nonlocal parameter  has been 

calibrated based on a nonlinear least-square fitting procedure by minimizing the Euclidean 

norm of the difference between the phase velocities obtained directly from the MD 

simulations and the ones calculated by the nonlocal elastic plate model. It is recommended a 

calibrated nonlocal parameter  is adopted for wave propagation in the GS with 

the nonlocal elastic plate model for wavenumber ranging from  to 

. 

 

 
Figure 4.3. Time histories of the deflections of centric atoms at different sections of (a) 

section 0 at 0y ; (b) section 1 at nmy 1.1 ; and (c) section 2 at nmy 33.2  in a GS with 

a size   subjected to a harmonic deflection of period fsT 500  at 0y  (Arash, Wang, and 

Liew 2012). 

 

From Figure 4.4, it is found that as wavenumber increases from m/11055.2 9  to 

m/11017.9 9 , the phase velocity tends to increase from sm /1032.1 3 to sm /1044.3 3  

and the small length scale effects become dominant indicating a high scale effect in wave 

propagation in the GS. The amounts of overestimation of the phase velocity predicted by the 

local plate model, compared to MD simulations and the nonlocal theory, are almost 30% at 

ae0

nmae 18.00 

m/11055.2 9

m/11017.9 9
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the wavenumber of m/11083.5 9  or the wavelength of 1.08 nm, and 37% at the 

wavenumber of m/11017.9 9  or the wavelength of 0.68 nm. It is concluded that the 

nonlocal FEM model is indispensable for an accurate estimate of the wave dispersion 

relations when the wavelength is approximately less than 1 nm. On the other hand, the 

maximum percentage difference between the phase velocity obtained from MD simulation 

and the nonlocal FEM plate model with a nonlocal parameter of nmae 18.00   is only 6% at 

wave number of m/11071.3 9  shown by the phase velocity obtained from MD simulation 

and the nonlocal being respectively sm /1069.1 3  and sm /1081.1 3 . The percentage 

difference decreases to up to 3% and 1.3% at wave number of m/11019.5 9  and 

m/11085.6 9 . The simulation results show that an unique calibrated value of the nonlocal 

parameter, nmae 18.00  , can be used for a relatively wide range of wave number ranging 

from m/11055.2 9  to m/11017.9 9 . 

 

 

Figure 4.4. Dispersion relations of a GS with a size of nmnm 03.1562.3   obtained from MD 

simulations, the local FEM plate model, and the nonlocal FEM model (Arash, Wang, and 

Liew 2012). 
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Figure 4.4 also shows that the overestimation of the phase velocity predicted by the 

local plate model, compared to MD simulations and the nonlocal theory, decreases to only 

3% at the wavenumber of  or the wavelength of 3.09 nm. It can thus be 

concluded that the small-scale effect is almost negligible at wavelength of 3 nm, above which 

the wave solution predicted by the local plate model converge to that by the nonlocal 

continuum model. 

 

 
Figure 4.5. Variation of the phase velocity versus the width of a GS with a length of 15.03 

nm subjected to a harmonic deflection of period  at  (Arash, Wang, and 

Liew 2012). 

 

To decrease the ripple effect on wave propagation, the two edges of the GS are fixed in 

the width direction. To investigate the size effect of the width of a GS on wave dispersion in 

the GS, the variation of the phase velocity in a GS with a length of 15.03 nm subjected to a 

harmonic deflection of period fsT 500  versus its width ranging from 2.34 nm to 12.14 nm 

is plotted in Figure 4.5. The results based on the nonlocal model with the calibrated nonlocal 

parameter of 0.18 nm are in very good agreement with those obtained by MD simulations. 

m/11003.2 9

fsT 500 0y



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Wave Propagation Analysis 

 

78 

 

The comparison of MD simulations and the nonlcoal FEM model results also shows that the 

nonlocal parameter is insensitive to the size of GSs. It is seen that the phase velocity obtained 

by MD simulations and nonlocal FEM model decreases from sm31046.2   to sm31035.2   

with an increase in the width of the GS from 2.34 nm to 12.14 nm, and the decrease slows 

down at widths larger than 9 nm to an asymptotic phase velocity of sm31035.2  . The 

asymptotic value obtained by nonlocal analytical model is exactly in agreement with that 

obtained from the theoretical elastic plate model presented in Eq. (4.3). It also reveals that the 

effect of boundary conditions of GSs decreases with an increase in the width size of GSs.  

In the following simulations, the potential of GSs as nano-sensors in detection of 

distinct gas atoms on its surface is examined with a wave propagation analysis. The sensor 

takes advantage of the phase velocity shift in a GS by gas atoms on its surface and an index 

representing the sensitivity of the possible graphene sensor is defined to be 
0

0100
c

cc atom
. In 

the definition, atomsc  and 0c  are respectively the phase velocity in the GS with and without 

gas atoms on its surface. The advantage of the present method is that only wave peaks of two 

arbitrary sections of the GS are recorded to calculate wave velocity, while in previous studies 

based on the vibration analysis, trajectories of atoms in a period of time are required to 

estimate resonant frequency by using the fast Fourier transform. Thus, less sensor 

information is necessary in present the method which may enhance the applicability of GSs 

as nano-sensors in experiments.  

Figure 4.6 presents a snapshot of the GS studied in Figs. 4.2-4.4 attached with 30 Xe 

atoms on its surface during wave propagation subjected to a harmonic deflection of period 

 at . Time history of centric atoms in section 0 at , section 1 at 

 and section 2 at  of the GS is provided in Figure 4.7. From Figure 4.7, 

the phase velocity in the GS is obtained to be  by MD simulations revealing a 

fsT 500 0y 0y

nmy 1.1 nmy 33.2

sm /10941.1 3
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decrease of 19.82% in the phase velocity compared to that of a pristine GS shown in Figure 

4.3. 

 

 

Figure 4.6. Snapshot of wave propagation in a GS with a size of  nmnm 03.1562.3   and 

attached with 30 Xe atoms on its surface subjected to a harmonic deflection of period  

fsT 500  at 0y  (Arash, Wang, and Liew 2012). 

 

 

Figure 4.7. Time histories of the deflection of centric atoms at section 0 at 0y , section 1 at 

nmy 1.1 , and section 2 at nmy 33.2  respectively in a GS with a size of 

nmnm 03.1562.3    subjected to a harmonic deflection of period fsT 500  at 0y  and 

attached with 30 Xe atoms on its surface (Arash, Wang, and Liew 2012). 
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Figure 4.8 shows the applicability of graphenes as nano-sensors in detecting distinct 

gas atoms. In the following simulations, the sensitivity index is employed to differentiate 

distinct gases with the same mass. The sensitivity of the GS sensor illustrated in Figs. 4.6 and 

4.7 attached with 30 Xe, 48 Kr, 100 Ar and 200 Ne atoms with a mass of around 

fg6107.6  , for each type of atoms, on its surface is shown in Figure 8. It is obvious that 

there is a distinct region of the mass sensitivity for each type of the attached atoms. The mass 

sensitivity indexes are found to be around 20, 16, 12 and 8 % for Xe, Kr, Ar and Ne atoms in 

MD simulations, respectively. Moreover, the nonlocal FE plate model provides an accurate 

estimation compared to MD simulations with a variation less than 1%. For example, the 

sensitivity of the GS attached with 30 Xe atoms predicted by MD simulations and the 

nonlocal FE model are 19.82% and 20.59%, respectively.  

 

 

Figure 4.8. The sensitivity of a GS with a size of nmnm 03.1562.3   subjected to a harmonic 

deflection of period   and attached with 30 Xe, 48 Kr, 100 Ar and 200 Ne atoms respectively 

(around fg6107.6   for each type of atoms) on its surface (Arash, Wang, and Liew 2012). 
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The sensitivity is found to be decreased when lighter atoms that are distributed more 

uniformly is to be detected. These findings confirm the applicability of the GS-based sensors 

in detecting distinct of gases on the graphenes with the model proposed in the current study 

on wave propagations in GSs. 

Although wave propagation based sensors decrease the energy dissipation by applying 

periodical excitations to the sensors, and reduce the time history required for detection 

process, large sizes of nano-resonators are needed to induce mechanical waves and measure 

wave velocity shifts in the sensors. The application of large sizes nano-sensors decreases the 

sensitivity of wave propagation based sensors compared to vibration based sensors. 

4.1.4 Concluding Remarks 

A study of the transverse wave propagation in GSs is presented by use of the nonlocal 

FEM plate model and MD simulations. The results based on the nonlocal model are in good 

agreement with those obtained by MD simulations. The classical continuum model tends to 

overestimate the wave dispersion relations of a GS, especially for small wavelengths. It is 

found that the nonlocal FEM model is indispensable in analysis of GSs when the wavelength 

is approximately less than 1 nm. The effect of the GS width size on the wave dispersion is 

studied and the simulation results indicate that the phase velocity leads to an asymptotic 

value with an increase in sheet width. The value of the nonlocal parameter ae0  is calibrated 

based on the MD results. 

The potential of a GS as a nano-sensor is explored. The wave propagation in a GS with 

various noble gas atoms on its surface is simulated with MD simulations and the nonlocal FE 

model for a mass detection purpose. In simulations of a GS with a size of  

nmnm 03.1562.3   attached with gas atoms about fg6107.6   randomly placed on the 
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sensor, it is found that distinct noble gas atoms are successfully differentiated by identifying a 

recognizable sensitivity.  

4.2 Detection of Gas Atoms with Graphenes 

After investigating wave propagation in graphenes and proposing the idea of taking 

advantage of wave propagation in graphenes to design nano-sensors, in the following 

simulations, the proposed idea is extended to build more practical nano-sensors exposed to 

gas atoms exiting from an aperture (Arash and Wang 2012c). An index based on wave 

velocity shifts in a graphene subjected to an impact of noble gases, i.e., Ne, Ar, Kr and Xe, 

from the exit aperture is defined to measure the sensitivity of the graphene sensor. The wave 

velocity shifts are measured by applying a sinusoidal signal to one end of the sheet and 

acquiring the induced wave signals at two locations on the sheet, i.e. acquiring locations. The 

simulation results indicate that the nano-sensor is able to differentiate noble gas atoms with a 

recognizable sensitivity. The dependence of the mass flow rate of gases from the aperture, 

environmental temperature, and the relative location of the gas exit aperture with respect to 

the acquiring locations on the sensitivity is studied. The simulation results also show that the 

resolution of a sensor made of the GS with a size of nmnm 03.1562.3   can achieve an order 

of the impact rate of 710

 fg/ps. 

In most previous research works, atoms or molecules, which are intended to be detected 

by CNT- and GS-based sensors, are assumed to be initially attached on surface of the sensors. 

In addition, the density of atoms or molecules on sensors should be much higher than their 

density in standard conditions to ensure a detectable sensitivity (Arash, Wang, and Duan 

2011, Arash and Wang 2012c). Therefore, the current research is to build up a more practical 

study on potential of graphene sensors by studying the following problem: gases flowing 

from an aperture with a mass flow rate to a GS are to be detected instead of gas atoms 

initially attached on the GS. In solving the problem, a wave propagation analysis on the nano-

http://en.wikipedia.org/wiki/Neon
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Krypton
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system is used. Since the wave velocity can be altered by a locally induced impact of gases 

on the sheet, the resolution of the potential sensor is expected to be enhanced by detecting 

foreign gases even with lower density.  

4.2.1 Simulations and Results 

For the interaction potential, the REBO potential energy (Donald et al. 2002) is adopted 

to simulate wave propagations in GSs. The vdW interactions between a GS and gas atoms are 

modeled by the Lennard-Jones potential (Allen and Tildesley 1989). The coefficients can be 

approximated using the venerable Lorentz-Berthelot mixing rules (Allen and Tildesley 1989) 

presented in Eq. (3.2) and the coefficients of the well-depth energy,  , and the equilibrium 

distance,  , are provided in Table 3.1 for each type of atoms. 

The noble gases investigated in the research are to be detected by a process of 

supplying them from an aperture with different mass flow rates (the mass of gases which 

passes through the aperture per unit time). A Velocity-Verlet algorithm is used to integrate 

the equations of motion and an incremental time step is set to be 1 fs. The Nose–Hoover 

feedback thermostat (Hoover 1985) is used for system temperature conversion. 

The detection of gas atoms is studied with a wave propagation analysis. In simulations, 

a GS with a size of nmnm 03.1562.3   excited by a harmonic deflection with a period of 

fsT 800  on one shorter side is studied. The principle of using the sheet as a gas sensor is 

to identify a recognizable phase velocity shift in the GS when gas atoms with a certain mass 

flow rate from an aperture are supplied to the sheet. The GS is subjected to an impact of 

noble gases with a mass flow rate to the sheet from an aperture with a diameter of an order of 

nano-meter (Moseler and Landman 2000) at nmz 6.0  on top of the GS as shown in Figures 

4.9 (a) and (b).  
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The corresponding velocity of the mass flow rate is set to be . Gas atoms from 

the aperture arrive on the GS first. Then some of them leave the surface of the sheet, while 

other distributing on the surface. Such an impact process affects the velocity of the wave 

propagating in the graphene. An index representing the sensitivity of the possible graphene 

sensor is defined to be . In the definition,  and  are phase velocities in a 

pristine GS and a GS subjected to an impact of noble gases respectively.  

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 4.9. Schematic graph of the GS subjected to an impact of gas atoms: (a) perspective 

view; and (b) side view (Arash and Wang 2012c). 
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As GSs have been acknowledged to be a membrane structure among researches in 

nano-community with negligible bending rigidity (Gao and Hao 2009), two layers of carbon 

atoms are fixed at the graphene edges at 0y  and nmy 03.15  and an initial tensile strain of 

4% is applied in y-direction to make the GS stiffer and ensure a complete wave propagation 

in the sheet. To apply the tensile strain, two fixed ends of the graphene are strained along y-

direction by an amount of 0.01 nm in each step and the whole structure is fully relaxed for 

0.2 ps to reach the new equilibrium state at environment temperature. Figure 4.10 illustrates a 

snapshot of wave propagation in the pristine GS. To obtain the sensitivity, the histories of 

center atoms of two sections of the GS defined by acquiring locations in Figure 4.9(b) are 

recorded for a period of 8 ps for deriving the phase velocity of the wave. 

 

 

Figure 4.10. A snapshot of wave propagation in a nmnm 03.1562.3   GS with two fixed and 

two free edges and an initial strain of 4% in y-direction subjected to a harmonic deflection of 

period fsT 800  at 0y  (Arash and Wang 2012c). 

 

 

The phase velocity can be determined from the signals of the transverse vibrations of 

atoms at the acquiring locations. Figure 4.11 presents the calculation process of the phase 

velocity in the pristine GS illustrated in Figure 4.9. One atomic layer located in section 0 at 

 is subjected to a harmonic deflection of period , as shown in Figure 4.11(a), 
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and an environmental temperature of 300 K. Figs. 4.11(b) and (c) provide the transverse 

vibrations of the centric atoms in the acquiring locations in section 1 at  and in 

section 2 at , respectively. The transient deflections of the first two periods are 

neglected to remove the effect of initial uncertainties on velocity measurements. The 

propagation duration  of the wave from section 1 to section 2 can be estimated by Eq. (4.9) 

and the phase velocity and wavenumber are obtained from Eq. (4.10). We follow the process 

to calculate the phase velocity of the sheet with impacts of noble gases in simulations.  

 

 

Figure 4.11. Time histories of centric atoms of the GS in: (a) section 0 at  0y ; (b) section 1 

at  nmy 22.6 ; and (c) section 2 at nmy 89.8 . Environmental temperature is 300 K 

(Arash and Wang 2012c). 

 

To examine the potential of GSs as gas sensors, wave propagation in the GS shown in 

Figure 4.9 subjected to an impact of Ar atoms is investigated in Figure 4.12. In the following 

simulations, otherwise stated, the environmental temperature is set to be 300 K.  First, from 

nmy 22.6

nmy 89.8

t
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Eq. (4.10) the phase velocity of the pristine GS in Figs. 4.10 and 4.11 is obtained to be 

smc /1006.3 3

0  . Figure 4.12 provides the time history of centric atoms at 0y  and the 

acquiring locations at nmy 22.6  and nmy 89.8  of the GS subjected to an impact of Ar 

atoms with a mass flow rate of psfg /107.2 7 . The mass flow rate can be practically 

achieved by applying a pressure of MPa6.3  in a gas container at a room temperature of 300 

K. The aperture is located at nmy 5.7  and nmz 6.0 , as described in Figure 4.9.  

From Figure 4.12, the phase velocity in the GS is obtained to be 

revealing the sensitivity of 9.48%. The observation shows that supplying gas atoms to the 

surface of the GS locally increases a resistance of wave propagation on the sheet and hence 

induces a decrease in the phase velocity. 

 

 

Figure 4.12. Time histories of centric atoms of the GS in; (a) section 0; (b) section 1 at  

nmy 22.6 ; and (c) section 2 at nmy 89.8 . The GS is subjected to an impact of Ar atoms 

with a mass flow rate of psfg7107.2   and a velocity of sm500 , the aperture is located 

at nmy 5.7 ; and environmental temperature is 300 K (Arash and Wang 2012c). 

 

To study the effect of the mass flow rate of the gases on the sensitivity, Table 4.2 

provides the results of the sensitivity of the GS subjected to an impact of Ar gases with 

different mass flow rates. The location of the aperture and the acquiring locations remain the 

smcg /1077.2 3
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same. The phase velocity in the GS subjected to an impact of Ar atoms with mass flow rates 

of psfg /108.1 7  and psfg /105.4 7  are respectively to be sm /1087.2 3  and 

sm /1063.2 3  showing an increase in the sensitivity from 6.54% to 14.05%. It reveals that 

the sensitivity is increased by an increase in the mass flow rate of gases. 

 

Table 4.3. The sensitivity of a nmnm 03.1562.3   GS with two fixed and two free edges and 

an initial strain of 4% in y-direction subjected to a harmonic deflection of period fsT 800  

at 0y   and an impact of Ar atoms with a velocity of sm500 . The aperture is located at 

nmy 5.7  , and the acquiring locations are respectively at nmy 22.6  and nmy 89.8 . 

The environmental temperature is 300 K (Arash and Wang 2012c). 

Mass flow rate of Ar atoms 

( psfg710
) 

Phase velocity ( sm310 ) Sensitivity (%) 

0 3.0587 0 

1.8 2.8616 6.54 

2.7 2.7739 9.48 

4.5 2.6306 14.05 

 

Table 4.3 indicates the effect of relative location of the gas exit aperture with respect to 

the acquiring locations on the sensitivity of the GS subjected to an impact of Ar atoms with a 

mass flow rate of psfg7107.2  . The acquiring locations remain the same with the above 

simulations, i.e. nmy 22.6  and nmy 89.8 . The sensitivities decrease from 9.48% to 

5.69% and 5.23% when the aperture is located from the position nmy 5.7 , which is closer 

the acquiring locations, to other two locations nmy 5.3  and nmy 5.11 , which are 4 nm 

far from the center the acquiring locations, respectively. It can be concluded that the 

sensitivities are higher when the aperture is located closer to the acquiring locations. These 

findings are owing to the fact that gas atoms have considerable local influence on wave 

propagation in the graphene.  
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Table 4.4. Effect of relative location of the aperture with respect to acquiring locations on the 

sensitivity of the GS subjected to an impact of Ar atoms with a mass flow rate of 

psfg7107.2    and a velocity of sm500 . The acquiring locations are respectively at 

nmy 22.6  and nmy 89.8  and the environmental temperature is 300 K (Arash and Wang 

2012c). 

Location of the aperture in y-direction (nm) Phase velocity ( sm310 ) Sensitivity (%) 

3.5 2.5791 5.69 

7.5 2.7739 9.48 

11.5 2.9032 5.23 

 

To show tenperature effect on the sensitivity, we calculate the sensitivity at 

temperatures of 300 K, 2000 K and 3000 K in Table 4.4. In the calculations, the location of 

the aperture and the acquiring locations remain the same with those considered in Table 4.2 

or Figure 4.12. The sensitivity of the GS subjected to an impact Ar with a mass flow rate of 

psfg7107.2   is increased from 9.48% to 10.75 % and 12.42% with increases in the 

environmental temperature from 300 K to 2000 K and 3000 K, respectively. It demontrates 

that environmental temperature has relatively less effect on the sensitivity of the GS. 

 

Table 4.5. Thermal effect on the sensitivity of the GS subjected to an impact of Ar atoms 

with a mass flow rate of psfg7107.2   and a velocity of sm500 . The aperture is located 

at nmy 5.7 , and the acquiring locations  are respectively at  nmy 22.6 and nmy 89.8  
(Arash and Wang 2012c). 

Temperature (K) Phase velocity ( sm310 ) Sensitivity (%) 

300 2.7739 9.48 

2000 2.7380 10.75 

3000 2.6847 12.42 

 

To explore the applicability of the graphene sensor to differentiate distinct gases, the 

sensitivities of the GS subjected to an impact of individual Ne, Ar, Kr and Xe gases with a 

mass flow rate of psfg7107.2   are presented in Table 4.5. In the calculations, the 

location of aperture, the acquiring locations, and environmental temperature remain the same 
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with those considered in Table 4.2. The phase velocities in the GS subjected to an impact of 

Ne and Xe gas atoms are sm31086.2   and sm31061.2   respectively showing a finding of 

a decrease in the phase velocity with an increase in atomic mass of gas atoms. The sensitivity 

indexes are respectively found to be 6.59, 9.48, 13.15 and 14.83 % for Ne, Ar, Kr and Xe 

atoms in simulations which justify the potential of the graphene sensor in detection of 

different gases with the same mass flow rate. These findings can be interpreted below. The 

impact process of gas atoms and the graphene has considerable influence on the sensitivity. 

In simulations, it is found that most of lighter atoms leave the surface of the GS after the 

impact, because of higher restitution coefficient, while most of heavier atoms staying on the 

surface of the GS after the impact. Thus, heavier atoms have more significant effect on wave 

propagation in the graphene and lead to higher sensitivities during their impact with the GS. 

 

Table 4.6. The sensitivities of the GS subjected to impacts of respective four noble atoms 

with a mass flow rate of psfg7107.2   and a velocity of sm500 . The aperture is located 

at nmy 5.7 , and the acquiring locations are respectively at nmy 22.6  and nmy 89.8 . 

The environmental temperature is 300 (Arash and Wang 2012c). 

Type of gas atoms Phase velocity ( sm310 ) Sensitivity (%) 

- 3.0587 0 

Ne 2.8569 6.59 

Ar 2.7739 9.48 

Kr 2.6566 13.15 

Xe 2.6051 14.83 

 

4.2.2 Concluding Remarks 

The potential of GSs as nano-sensors is explored. The wave propagation of a GS 

subjected to an impact of different noble gas atoms with different mass flow rates from an 

aperture on top of the GS is simulated with MD simulations. In simulations of the GS with a 

width of 3.62 nm and a length of 15.03 nm, an initial strain is applied to ensure complete 
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wave propagation in the sheet. It is found that the resolution of the mass flow rate can reach 

an order of psfg710
. Distinct noble gas atoms with the same mass flow rate are 

successfully differentiated by identifying detectable sensitivities. The sensitivity is increased 

with an increase in the mass flow rate of gas atoms. In addition, it is found that a higher 

sensitivity is obtained when the aperture and the acquiring locations are located closer. It is 

found that temperature has less effect on the sensitivity. The study provides a comprehensive 

investigation on GS-based nano-sensors, which may open a new way for detection of noble 

gases with graphenes.   

4.3 Detection of Gas Atoms with Carbon Nanotube 

In the vibration and wave propagation based sensors proposed in former studies, 

applying or measuring a harmonic transverse deflection with a frequency in terahertz range is 

necessary for detection. Although successful implementation of the sensors in detection was 

shown, two kinds of limitations of the suggested sensors may restrict their applications. First, 

applying or measuring such a high-frequency harmonic mechanical excitation on the nano-

sensors is not technically sound in practice. For example, applying a high-frequency 

mechanical vibration in an order of gigahertz or terahertz may be affected by environmental 

noise signals, which in turn disturb an accurate measurement of frequency shifts in the nano-

sensors. On the other hand, the intrinsic ripples in GSs due to their negligible bending rigidity 

(Duan, Gong, and Wang 2011) affect the wave propagation in the sheets, which in turn has 

influence on accuracy of the detection.  

This work aims to investigate the characteristics of impulse wave propagation in CNT-

based sensors using MD simulations to provide more practical nano-sensors, which enable 

more efficient and reliable detection of gases (Arash and Wang 2013). On one hand, the 

excitation of an impulse wave is simple and easy to achieve in practice and monitoring of 

wave propagation due to the impulse wave is also attainable. Hence, the method is 



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Wave Propagation Analysis 

 

92 

 

technically sound. Moreover, the higher bending rigidity of CNTs compared to graphenes 

(Wang and Liew 2008) could prevent any occurrence of ripples in the nanotube sensors to 

ensure a stable and reliable measurement process.  

In order to design the CNT sensors, a sensitivity index based on wave velocity shifts in 

an SWCNT, induced by surrounding gas atoms, is defined and examined to explore the 

efficiency of the nano-sensor. The inertia and the strengthening effects by the gases on wave 

characteristics of CNTs are particularly discussed, and a continuum mechanics shell model is 

developed to interpret the effects. The simulation results indicate that the nano-sensor is able 

to differentiate distinct noble gases at the same environmental temperature and pressure. 

4.3.1 Simulations and Results 

The interaction potential is modeled by the UFF (Rappe et al. 1992), which is a purely 

diagonal and harmonic force field.   In the UFF, The potential energy of an arbitrary 

geometry of a molecule is provided as a superposition of various two-body, three-body, and 

four-body interactions. The total potential energy, E, is expressed as follows (Rappe et al. 

1992): 

,vdWR EEEEEE                                                                                    (4.11) 

where  EEER ,,  and E  are valence terms of bond stretching, bond angle bending, dihedral 

angle torsion, and inversion energies, respectively. vdWE  is the vdW energy represented by a 

sum of repulsive and attractive Lennard-Jones terms (Jones 1924). 

Molecular dynamics simulations are initialized with a geometry optimization process to 

minimize the total energy of the system by using the conjugate-gradient method (Polyak 

1969). Once the minimization process is completed, the system is then allowed to equilibrate 

over the NVT ensemble at the room temperature of 298 K for 0.5 ns. The simulation time 

step is set to be 1 fs in the NVT simulation, and the Andersen feedback thermostat (Andersen 



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Wave Propagation Analysis 

 

93 

 

1980) is used for the system temperature conversion. A NVE simulation process of 25 ps is 

then followed to model the propagation of an impulse wave in the CNT. The wave is induced 

by applying an impact loading at the top and bottom of the impacted portion of the CNT as 

shown in red in Figure 1 (a). The Verlet velocity algorithm is adopted in the NVE simulation 

to integrate the motion of equations for the whole system, and the time step in the NVE 

simulation is chosen to be 0.05 fs. The trajectories of atoms at the acquiring location of the 

CNT, shown in Figure 1(c), are recorded to detect reaching the wave to the acquiring 

location. The MD simulations have been performed with the Forcite module of Materials 

Studio software package.  

The principle of the detection method on the basis of a wave propagation analysis in a 

CNT-based gas sensor is to identify a recognizable wave velocity shift in the CNT when it is 

surrounded with gas atoms with a certain mass density. In order to examine the feasibility of 

the method, the impulse wave propagation in a pristine (22, 22) CNT with a length of ~100 

nm and fixed on both ends is first investigated. Then the result is compared to that of the 

same CNT surrounded with Ar gas atoms with a mass density of 1.6 g/cc at 298 K. 

In simulations, five layers of carbon atoms at two ends, shown as E1 and E2 in Figure 

4.13 (a), are fixed by applying restraints to their degrees of freedom. In experiments, the 

restraints at E1 and E2 can be imposed by techniques of fixing a CNT as an AFM tip and/or 

forming an intramolecular junction as a restraint point (Wei and Liu 2008, Wilson and 

Macpherson 2009). The environmental temperature is set to be 298 K. The CNT is then 

subjected to an impact loading at the top and bottom of a portion of the CNT shown in red in 

Figure 4.13 (a), comprising thirteen layers of carbon atoms indicated as the impacted portion 

in Figure 4.13 (a). The impact is assumed to induce an initial velocity of 10 nm/ps in the 

positive and negative directions of the y-axis to carbon atoms at the bottom and top of the 

impacted portion, respectively. As a result, the impact generates an impulse wave along the 
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x-axis in the nanotube, which propagates from nmx 97.10   as shown in Figure 4.13 (b) and 

reaches the acquiring location at nmxac 11.70  at pstac 46.19  as illustrated in Figure 4.13 

(c).  

 
Figure 4.13. Propagation of an impulse wave in a (22, 22) CNT with a length of ~100 nm. 

Two end of the CNT, i.e., B1 (orange) and B2 (orange), are fixed and the impacted portion 

(yellow) is subjected to an impact loading as shown in (a) snapshot of the left and right ends 

of the nanotube at 0.05t ps . The impact results of an impulse wave in the tube, which 

propagates from 0 1.97x nm as shown in (b) snapshot at 0.05t ps . The wave reaches the 

acquiring location (pink) at 70.11acx nm as illustrated in (c) snapshot at 19.46act ps
 

(Arash and Wang 2013). 

 

The arrival of the impulse wave at the acquiring location can be detected by means of 

the transverse deformation of top and bottom atoms, illustrated as T and B in Figure 4.14, in 

the direction of the y-axis at the acquiring location. In experiments, the motion of the 

nanotube can be detected using the frequency modulation (FM) mixing technique, which 

allows transduction of the nanotube motion to a low-noise electrical signal (Weg et al. 2009, 

Gouttenoire et al. 2010, Song et al. 2010). A photonic technique based on the FM method 
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was introduced (Song et al. 2010), which provided wide and high operating frequencies of up 

to 1 THz. Figure 4.14 provides a time history of resultant deformations of T and B in the 

direction of the y-axis at the acquiring location of nmxac 11.70  at pstac 46.19 , pristine 

(22, 22) CNT subjected to the impulse loading is subsequently determined by calculating the 

ratio of   acac txx 0  that is obtained to be smc /95.35000  . 

 

 
Figure 4.14. Calculation of the wave velocity in the (22, 22) CNT: (a) carbon atoms at the top 

(T (red)) and bottom (B (red)) of the CNT at the acquiring location, and (b) time history of 

the impulse wave in the CNT at the acquiring location at 70.11acx nm
 (Arash and Wang 

2013). 
Following the procedure aforementioned, the impulse wave propagation in the (22, 22) 

CNT surrounded with Ar gas atoms with a mass density of 1.6 g/cc is studied. The 

corresponding atmospheric pressure for the mass density at the room temperature is 102.3 

KPa. In the simulation, the CNT is assumed to be immersed in a periodic box of 130 Ar 

atoms with a size of nmnmnm 0.680.680.102   as illustrated in Figures. 4.15 (a) and (b). 

The wave velocity in the (22, 22) CNT surrounded with Ar atoms with the mass density of 
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1.6 g/cc is obtained to be smcg /41.3482 . The process of impulse wave propagation in the 

(22, 22) CNT surrounded with Ar gas atoms with a mass density of 1.6 g/cc can be seen in 

the video attached as Additional Information. 

 

 

Figure 4.15. A (22, 22) CNT with a length of ~100 nm and both fixed ends in a periodic box,  

filled with 130 Ar atoms, with a size of 102.0 68.0 68.0nm nm nm  (i.e., the mass density of 

1.6 g/cc): (a) at 0.05t ps , (b) the impulse wave reaches acquiring location at 19.56t ps
 

(Arash and Wang 2013). 

 

To evaluate the sensitivity of the potential CNT-based sensors, a sensitivity index based 

on the wave velocity shift in the CNT, which is induced by gas atoms, is defined to be 

0

0
100

c

cc g
, where 0c  and gc  are respectively wave velocities in a pristine CNT and the 

CNT surrounded with gas atoms. Therefore, the sensitivity of the (22, 22) CNT surrounded 

with Ar gas atoms with the mass density of 1.6 g/cc is obtained to be 0.53%. The simulation 

results show that gas atoms around the CNT induce a decrease in the wave velocity. In 

addition, the propagation of the impulse wave in the nanotube sensor in absence of any 

ripples promises a more accurate detection method of gas atoms.  
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To further explore the applicability of the nanotube sensor subjected to an impact to 

differentiate distinct gases, the sensitivities of the (22, 22) CNT surrounded with distinct 

noble gases of Ar, Kr and Xe with various mass densities at the room temperature of 298 K 

and pressures ranging from 101.32 KPa to 506.62 KPa are presented in Table 4.6. The atomic 

mass of Ar, Kr and Xe are respectively 39.95 g/mol, 83.8 g/mol and 131.29 g/mol. Thus, at a 

constant temperature and pressure, the magnitude of the mass density of the three atoms is in 

the order of Ar, Kr, and Xe. For example, at the room temperature of 298 K and the pressure 

of 101.32 KPa, the mass densities of Ar, Kr and Xe are 1.6 g/cc, 3.7 g/cc and 5.9 g/cc, 

respectively. 

 

Table 4.7. Wave propagation in a (22, 22) CNT-based sensor with a length of 100 nm 

surrounded by noble gas atoms at temperature of 298 K (Wave velocity in the pristine 

counterpart of the nanotube sensor is 3500.95 m/s) (Arash and Wang 2013). 

Type of gas  

(atomic mass) 
Pressure (KPa) Density (g/cc) Wave velocity (m/s) Sensitivity (%) 

Ar (39.948) 

101.32 1.6 3482.43 0.53 

202.65 3.3 3464.11 1.05 

303.97 4.9 3445.97 1.57 

405.30 6.6 3438.02 1.80 

506.62 8.2 3419.12 2.34 

Kr (83.798) 

101.32 3.4 3460.01 1.17 

202.65 6.9 3434.97 1.88 

303.97 10.3 3410.26 2.59 

405.30 13.9 3353.96 4.21 

506.62 17.2 3308.06 5.51 

Xe (131.293) 

101.32 5.3 3440.17 1.74 

202.65 10.9 3392.68 3.19 

303.97 16.2 3375.28 3.59 

405.30 21.8 3309.52 5.46 

506.62 27.1 3265.77 6.72 
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First, the sensitivity of the nanotube sensor in detection of a distinct gas at different 

densities is studied. From Table 4.6, the impulse wave velocities in the (22, 22) CNT-based 

sensor surrounded with Ar gases with the mass densities of 3.3 g/cc, 4.9 g/cc and 6.6 g/cc are 

respectively 3464.11 m/s, 3445.97 m/s and 3428.02 m/s, revealing the sensitivity indexes of 

1.05, 1.57 and 2.08%. As another example, the impulse wave velocities in the nanotube 

sensor surrounded with Kr atoms with mass densities of 6.9 g/cc, 10.3 g/cc and 13.9 g/cc are 

respectively 3434.97 m/s, 3410.26 m/s and 3353.96 m/s, showing that the sensitivities 

increase from 1.88% to 2.59 and 4.21%, respectively. It is observed that the sensitivity 

increases monotonically with an increase in the mass density of gas atoms; hence the sensor 

could successfully estimate mass densities of a distinct gas.  

Next, the applicability of the nanotube sensor in detection of distinct gases at the same 

environmental conditions of temperature and pressure is evaluated. At the room temperature 

of 298 K and the pressure of 101.32 KPa, the impulse wave velocities in the CNT sensor 

surrounded with Ar, Kr and Xe gases are respectively 3482.43 m/s, 3464.11 m/s and 3445.97 

m/s as highlighted in Table 4.6 in blue, showing a decrease in the wave velocity with an 

increase in the atomic mass of gas atoms. Considering the impulse wave velocity in the 

pristine (22, 22) CNT of 3500.95 m/s, the sensitivity indexes are respectively found to be 

0.53, 1.05 and 1.57 % for Ar, Kr and Xe atoms. As another example, at the same temperate 

and the pressure of 506.62 KPa, where the mass densities of Ar, Kr and Xe are respectively 

8.2 g/cc, 17.2 g/cc and 27.1 g/cc, the sensitivities respectively increases to 2.34, 5.51 and 

6.72% as highlighted in Table 4.6 in green. The simulation results justify the potential of the 

nanotube sensor in detection of distinct gases at the same temperature and pressure even at 

low concentrations.  

After determining the ability of the sensor design in differentiation of distinct gases at 

the same environmental conditions, the potential of the sensor in detection of gases with close 
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densities is considered. From the simulation results presented in Table 4.6, the impulse wave 

velocities in the (22, 22) CNT-based sensor surrounded with Kr and Xe gas atoms with the 

mass densities of 10.3 g/cc and 10.9 g/cc are respectively 3410.26 m/s and 3392.68 m/s as 

highlighted in Table 4.6 in yellow, showing the sensitivity of 2.59 and 3.09%. Therefore, the 

sensor enables differentiation distinct gases with very close mass densities. In addition, we 

conduct a robust analysis of the sensors by changing the requiring locations. The results show 

that the sensitivities of the (22, 22) CNT sensor surrounded with Kr atoms and Xe atoms with 

same densities in Table 4.6 are calculated to be 2.5 % ± 0.1 % and 3.1 % ± 0.1 %, when the 

acquiring location, xac , shifts from 70.11 nm to 80.06 nm. The simulation results reveal the 

robustness and reliability of the nanotube sensor. 

The efficiency of the CNT-based sensor is studied by investigating effect of the 

diameter of CNT sensors. The impulse wave propagation in (15, 15) and (22, 22) CNTs with 

lengths of ~100 nm and both fixed ends surrounded with Ar gas atoms with mass densities 

ranging from 0 (i.e., the pristine CNT) to 18.3 g/cc at 298 K is conducted to study the effect. 

The corresponding atmospheric pressure corresponding to the range of mass density varies 

from 0 (i.e., the pristine CNT) to 1158.90 KPa.  

Figure 4.16 provides the results of the wave velocity in the CNTs surrounded with Ar 

atoms with different mass densities. It is observed in Figure 4.16 that the wave velocity in the 

pristine (15, 15) CNT with a diameter of ~2 nm is found to be 3761 m/s. The wave velocity 

in the (15, 15) CNT surrounded with Ar atoms with a mass density of 3.3 g/cc to 6.6 g/cc 

decreases to 3729.06 m/s to 3708.05 m/s. However, additional increase in the mass density of 

Ar atoms is unexpectedly found to result in an increase in the wave velocity of the nanotube. 

The results show that the wave velocity goes up to 3793.52 m/s by increasing the mass 

density of Ar atoms to 18.3 g/cc.  
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Figure 4.16. Wave velocity in (15, 15) and (22, 22) CNTs with lengths of ~100 nm 

surrounded by Ar atoms versus the mass density of the gas atoms. Before the mass density of 

6.6 g/cc, the wave velocity in the (15, 15) CNT decreases since the inertia effect of gas atoms 

on the nanotube is dominant, while after that the mass density the strengthening effect is 

governing and the wave velocity increases. In contrast, the wave velocity in the (22, 22) CNT 

is monotonically decreasing versus the mass density of gas atoms. The wave velocity in the 

(15, 15) CNT is monotonically decreasing when the mass density of gas atoms is lower than 

6.6 g/cc since two opposite effects of the inertia and the strengthening effects (Arash and 

Wang 2013). 

 

The observations demonstrate that there is a turning point at the mass density of 6.6 

g/cc. Before the density, the wave velocity decreases with an increase in the mass density of 

gas atoms, while after the mass density the wave velocity increases in contrast. The non-

monotonic behavior of the wave velocity versus the mass density of surrounding gas atoms 

found in the (15, 15) nanotube, which is not desirable in design of a nano-sensor, needs to be 

prevented in real applications. A remedy for the non-monotonic wave solution in CNTs is to 

increase the diameter of the CNT-sensor. Now, the effect of diameter of CNTs on the wave 

velocity is investigated. Figure 4 indicates that the wave velocity in the (22, 22) CNT with a 
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diameter of ~3 nm surrounded with Ar atoms with a mass density ranging from 0 to 18.3 

g/cc. From Figure 4.16, the wave velocity in the pristine (22, 22) CNT is 3500.95 m/s that 

respectively decreases to 3464.08 m/s, 3428.02 m/s and 3392.68 m/s when the tube is 

surrounded with Ar atoms with mass densities of 3.3 g/cc, 6.6 g/cc and 18.3 g/cc. Hence, the 

wave velocity becomes a monotonically decreasing variation versus the mass density of gas 

atoms surrounding the nanotubes with a larger diameter. The monotonic behavior of the wave 

velocity versus the mass density of surrounding gas atoms, attained by increasing the 

diameter of a nanotube from 2 nm to 3 nm, guarantees the effectiveness and reliability of the 

nano-sensor. 

From the simulations, we find that the propagation of an impulse wave in a CNT is 

affected by two opposite phenomena: (1) the inertia effect, and (2) the strengthening effect. 

The inertia effect, caused by the vdW interactions between carbon atoms of the CNT and 

surrounding gas atoms, dissipates the energy of the impulse wave. The effect causes a 

resistance to the motion of the wave in the CNT and induces a reduction in the wave velocity. 

Unlike the inertia effect that reduces the wave velocity, gas atoms around the nanotube at the 

mass densities greater than 6.6 g/cc play a role of a surface constrainer on the tube. The 

surface constrainer on the nanotube makes the tube stiffer, and hence speeds up the wave in 

longitudinal direction of the nanotube. Herein, the effect is called the strengthening effect. 

For nanotubes with a diameter of 2 nm such as the (15, 15) CNT, two regions can be 

recognized: (1) for the mass densities of gas atoms smaller than 6.6 g/cc, the inertia effect is 

dominant, and hence the wave velocity displays a decreasing variation versus the mass 

density of surrounding gas atoms; (2) for mass densities greater than 6.6 g/cc the 

strengthening effect against is dominant, and hence the wave velocity is found to increase 

with an increase in the mass densities of gas atoms. Therefore, a turning point is detectable 

for the wave velocity in the (15, 15) CNT at the mass density of Ar atoms of 6.6 g/cc in 



Ph.D. Thesis – Behrouz Arash Detection of Atoms/Molecules with Wave Propagation Analysis 

 

102 

 

Figure 4.16.  However, for nanotubes with a diameter of 3 nm or larger such as the (22, 22) 

CNT, the inertia effect is always dominant so that the wave velocity would be a 

monotonically decreasing function of the mass density of surrounding gas atoms. 

The complicated phenomena of the CNT diameter effect on the wave propagation can 

be interpreted by using a continuum mechanics model. In the continuum model, the CNT is 

modeled with a cylindrical elastic shell and the interactions between the nanotube and gas 

atoms are also simulated with surface stress effects (Gurtin and Ian Murdoch 1978) as shown 

in Figures 4.17 (a) and (b). Consider a cylindrical elastic shell of radius r, thickness h, 

bending rigidity D, Young’s modulus E and density   that are used to model a CNT. If x 

and   respectively represent the longitudinal and circumferential coordinates the governing 

equation based on the Donnell shell theory including surface stress (Gurtin and Ian Murdoch 

1978) and the small-scale (Eringen 2002) effects in term of the radial displacement ),( xW  

is given as 
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                                                 (4.11) 

where sD  and 
s  are respectively the bending rigidity and the mass density of the surface, 

s  is the residual surface stress under unstrained conditions, and   is the small-scale 

parameter.  

Surface effects become prominent when the surface-to-bulk ratio of nanostructures 

increases (Lei et al. 2012). The reason is that the nature of atoms on the surface is different 

from that in the interior (bulk). Thus, the surface effects are considerable in determining the 

physical properties of CNTs, when gas atoms adhere to their surface. 
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Figure 4.17. Modeling a CNT surrounded with gas atoms using an elastic shell model. The 

CNT is illustrated in blue and surrounding atoms inside and outside of the tube are shown in 

violet: (a) top view of a (15, 15) CNT surrounded with Ar atoms with a mass density of 6.6 

g/cc, and (b) the equivalent shell model from top view (Arash and Wang 2013). 

 

The wave propagation solution for CNTs can be expressed as 

 
,

i kx mθ ωt
W We

 
                                                                                                      (4.12) 

where W  is amplitude of the wave motion, 2k  is the wavenumber in the longitudinal 

direction, m is the wavenumber in the circumferential direction,  c2  is the frequency 

of the wave motion, c is the wave velocity, and   is the wave length. 

Assuming 0s , substituting Eq. (4.12) into Eq. (4.11) gives the wave velocity as 
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                                                              (4.13) 

From Figures 4.18 (a) and (b), the wavelength and the circumferential wavenumber are 

measured to be nm4  and 4m  for a (15, 15) CNT, respectively. 
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Figure 4.18. Snapshots of propagation of the wave from: (a) side view for measuring the 

wave length ( nm4 ), (b) cross section of the wave for obtaining the circumferential 

wavenumber ( 4m ) (Arash and Wang 2013). 

 

The following properties are taken for CNTs and the surface of gas atoms around 

nanotubes.  
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where g  is the mass density of surrounding gas atoms. From MD simulations presented in 

Figure 4.16, the strengthening effect of gas atoms on nanotubes is negligible for 

ccgg /6.6 , hence sD  is set to be zero for this region. Also, evD g

s 0017.0  is taken 

to be a linear function of the mass density of gas atoms for ccgg /6.6  to include the 

strengthening effect. The value is obtained through a fitting process with results of MD 

simulations. In addition, the small-scale parameter is respectively set to be
2044.0 nm  and 

2002.0 nm  for the (15, 15) and (22, 22) CNTs through a verification process with results 

obtained from MD simulations. 

Finally, results obtained from the continuum shell model presented in Eq. (4.13) 

obviously confirm that there is a turning point for the wave velocity in the (15, 15) CNT with 
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a diameter of 2 nm at the mass density of Ar atoms of 6.6 g/cc as shown in Figure 4.16. For 

example, the wave velocity in the (15, 15) CNT decreases from 3760.53 m/s to 3701.57 m/s 

with an increase in the mass density of surrounding Ar atoms from 0 to 6.6 g/cc. Also, results 

obtained from the shell model show that the wave velocity would be a monotonically 

decreasing function of the mass density of surrounding Ar atoms by increasing the diameter 

of the nanotube to 3 nm. For instance, the wave velocity in the (22, 22) CNT predicted with 

Eq. (4.13) decreases from 3507.81 m/s to 3394.64 m/s with an increase in the mass density of 

surrounding Ar atoms from 0 to 18.3 g/cc. 

4.3.2 Concluding Remarks 

In this work, the characteristics of impulse wave propagation in carbon nanotube-based 

sensors are investigated using molecular dynamics simulations to provide a new method for 

detection of noble gases. A sensitivity index based on wave velocity shifts in a single-walled 

carbon nanotube, induced by surrounding gas atoms, is defined to explore the efficiency of 

the nano-sensor. The simulation results indicate that the nano-sensor is able to successfully 

differentiate distinct noble gases, i.e., of Ar, Ne, and Xe, at the same environmental 

conditions of temperature and pressure. In addition, the nano-sensor enables detection of 

different types of noble gases with close mass densities. The inertia and the strengthening 

effects by the gases on wave characteristics of carbon nanotubes are particularly discussed, 

and a continuum mechanics shell model is developed to interpret the effects. 
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  Chapter 5

Conclusions and Recommendations 
 

 

The objective of the research is to study the potential application of CNT- and GS-

based sensors by studying the dynamic behavior of the sensors with MD simulations. The 

study has been organized into three parts: (1) the first part (chapter 2) is to investigate 

modeling of nano-materials, (2) the second part is to evaluate the applicability of the nano-

sensors based on the vibration analysis, and (3) the last part is dedicated to take advantage of 

the wave propagation analysis in the nano-materials to design nano-resonator sensors. 

5.1 Conclusions 

The significant findings of the research can be summarized as follows: 

1. The beam, shell and plate models based on the nonlocal continuum theory are developed 

and evaluated in analysis of CNTs and GSs. The small-scale parameter is calibrated 

through a validation process with MD simulations. 

2. The potential of SLGSs as nano-resonator sensors based on the vibration analysis is 

explored with MD simulations for a gas detection purpose. The simulation results show 

that the mass sensitivity is increased with stiffer conditions. In simulations about 200 gas 

atoms randomly placed on a square GS with a size of 10 nm and clamped edges, it is 
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found that the resolution of graphene resonator sensors can reach 610 fg. Distinct noble 

gas atoms are successfully differentiated by identifying a recognizable mass sensitivity. 

The sensitivity is found to be increased when more and heavier atoms are to be detected. 

The random locations of the attached atoms have less effect on the mass sensitivity. In 

addition, the intrinsic ripples in GSs due to their negligible bending rigidity affect the 

vibration motion in the sheets, which affect the detection accuracy, especially in case of 

detection of heavy atoms/molecules. 

3. The potential of SWCNTs with CC and CF boundary conditions as nano-resonator 

sensors based on the vibration analysis is explored with MD simulations. Simulations 

indicate that the sensitivity of the sensors is increased with stiffer boundary conditions of 

CNTs, i.e., CC. In simulations of a (8, 8) SWCNT with a length of 4.92 nm surrounded 

with noble gas atoms with densities of 2108 nmNatoms , it is realized that the resolution 

of the CNT can reach an order of 610 fg. Distinct noble gas atoms are successfully 

differentiated by identifying a recognizable sensitivity range. The sensitivity is found to 

be increased at higher densities of noble gas atoms. Moreover, higher sensitivities can be 

obtained with shorter CNTs with smaller radius.  

4. The potential of SWCNTs and DWCNTs as nano-biosensors in detection of ssDNA 

macromolecules as a session of genes is explored with the vibration analysis. A 

sensitivity index representing the percentage of frequency shifts of the CNT sensors is 

defined and examined. Simulations of SWCNT and DWCNT sensors wrapped with an 

ssDNA demonstrate that the sensors can determine the number of nucleobases of the 

ssDNA by providing a detectable range of the sensitivity. The simulation results also 

reveal that the method is an effective way to identify distinct genes even with the same 

number of nucleobases in the structure of ssDNAs. The research provides a rapid, 

effective, and practical method for detection of genes. 
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5. A study of the transverse wave propagation in GSs is presented by use of the nonlocal 

FEM plate model and MD simulations. The results based on the nonlocal model are in 

good agreement with those obtained by MD simulations. While the classical continuum 

model tends to overestimate the wave dispersion relations of GSs, especially for small 

wavelengths. From the simulation results, the nonlocal FEM model is indispensable in 

analysis of GSs when the wavelength is approximately less than 1 nm. The wave 

propagation in GSs with various noble gas atoms on their surface is also studied to 

evaluate the applicability of design of wave propagation-based sensors built of graphenes. 

For this aim, a sensitivity index representing the percentage of wave velocity shifts in the 

graphene sensors is defined. In simulations of a GS sensor with a size of  

nmnm 03.1562.3   attached with gas atoms with a mass of about 
6107.6   fg randomly 

placed on the sensor, it is shown that distinct noble gases could be successfully 

differentiated by detecting a recognizable sensitivity. 

6. The potential of GSs as nano-sensors subjected to an impact of different noble gas atoms 

with different mass flow rates from an aperture on top of the sheets is explored on the 

basis of the wave propagation analysis by using MD simulations. The performance of the 

graphene sensors is examined by defining a sensitivity index representing the percentage 

of wave velocity shifts in the sensors. In simulations of a GS sensor with a width of 3.62 

nm and a length of 15.03 nm, it is realized that the sensitivity resolution of the sensor can 

reach an order of psfg710
. Distinct noble gases with the same mass flow rate are 

successfully differentiated by identifying detectable sensitivities. The sensitivity is 

increased with an increase in the mass flow rate of gas atoms. In addition, it is found that 

a higher sensitivity is obtained when the aperture and the acquiring locations are located 

closer. It is found that temperature has less effect on the sensitivity. The study provides a 
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comprehensive investigation on GS-based nano-sensors, which may open a new way for 

detection of noble gases with graphenes. 

7. The potential of CNTs as nano-sensors in detection of noble gases is explored with the 

impulse wave propagation analysis. The wave propagation in the nanotube sensors 

surrounded with different noble gas atoms is simulated by MD simulations. It was 

demonstrated that a (22, 22) CNT with a diameter of 3 nm and a length of 100 nm as a 

nano-sensor could successfully differentiate distinct noble gases, i.e., of Ar, Ne and Xe, at 

the same environmental conditions of temperature and pressure. The sensitivity of the 

nano-sensor increases with an increase in the mass density of gas atoms. In addition, the 

nano-sensor enables detection of different types of noble gases with close mass densities. 

The inertia and the strengthening effects of gases on the characteristics of impulse wave 

propagation in nanotubes are studied, and a continuum mechanics shell model is 

presented to physically describe the effects. The effect of size of nanotubes surrounded 

with gas atoms on the impulse wave propagation is investigated as well. The sensitivity 

analysis in the research shows the great potential of the method for design of nano-

sensors. 

5.2 Recommendations 

In the next decade, significant efforts are anticipated to be devoted to experiments, 

theories and computational simulations, which make further progress in the development of 

nano-resonator sensors. In the following list, some recommendations for future works based 

on breakthroughs that may be possible by exploiting this interplay between theories, 

computational simulations and experiments are suggested: 

1. The present nano-sensors are unable to capture a specific species of molecules among 

several species of chemical/biological molecules; therefore, the nano-sensors are 

inappropriate for chip sensing applications. In future endeavors, the nano-sensors 
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should be able to selectively detect a specific species among different species in a 

sample.  

2. Another limitation of the current design is that they encounter difficulties to fulfill a 

successful detection of atoms/molecules in aqueous environments, such as Ca
2+

, Cr
2+

, 

and Cs
+
 in water because of large energy dissipation of nano-resonators in aqueous 

environments, which is rooted in the viscosity and hydrodynamic loading effects of 

the environments. Still, it is challenging to improve the Q-factors of NEMS resonators 

operated in fluidic environments. The Q-factor is the ratio of the energy stored in the 

resonator to the energy dissipated per cycle, which qualitatively determines the 

damping behavior of an oscillator. Moreover, the large energy dissipation (i.e., low Q-

factor of nano-resonator sensors) is currently preventing scientists from gaining 

detailed information from the binding/unbinding kinetics of various biomolecular 

interactions such as protein-protein interactions, protein-DNA interactions, DNA 

hybridization, and protein-enzyme interactions. The information could be of great 

importance in novel drug design and drug screening. It implies that the future studies 

should focus on improvement of the Q-factor of nano-resonators sensors for being 

used as detectors in aqueous environments.  

3. According to the unparalleled properties of graphenes, future potential studies on 

nano-sensor resonators can involve detection of macromulecules such as DNA 

molecules with the vibration and wave propagation analyses of graphenes. 

4. Modeling nano-resonator CNT and GS sensors with beam, plate and shell continuum 

models attached with nanoparticles, regardless the size or mass of the particles, may 

only lead to unrealistic results without physical insights or real applications. 

Furthermore, some assumptions, such as artificial values of the mechanical and 

geometrical parameters for the purpose of matching results with experiments, and 
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considering predetermined location of masses on the surface of the sensors, is 

physically unrealistic. Future studies may focus on development and calibration of the 

nonlocal continuum models through verification processes with molecular simulations 

or experimental efforts. 
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