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Abstract

Interest in one-dimensional nanostructures (e.g., carbon nanotubes, DNA, nanorods etc.)

has surged dramatically due to their exceptional optical, thermal, electrical, magnetic

and mechanical properties. The deformations of these nanostructures have been studied

using both fully molecular approach as well as continuum formulations. These nanos-

tructures have been modeled using two-dimensional shell theory as well as several one-

dimensional theories such as Euler-Bernoulli and Timoshenko beam theories. However,

the one-dimensional theories fail to model large cross-sectional rotation in these nanos-

tructures. To overcome this limitation, this thesis focusses on modeling of elasticity of

such nanostructures using the one-dimensional continuum theory of Cosserat rods.

Broadly speaking, the present work proposes three different techniques to obtain

nonlinear elastic constitutive relations of these nanostructures: (1) a multiscale tech-

nique (Helical cauchy-Born rule) to obtain nonlinear elastic constitutive relations through

molecular statics of the smallest repeating cell of nanostructures (2) a fully continuum

approach to obtain extensional and twisting stiffnesses of circular nanorods incorporating

also the surface effects (3) use of phonon dispersion curves to obtain stiffnesses.

Using the Helical Cauchy-Born (HCB) rule, shearing stiffness and several other cou-

pling stiffnesses of nanorods (e.g., coupling between bending-shear, bending-stretching,

bending-twisting etc.) can now be obtained accurately when compared to existing tech-

niques. The stiffnesses so obtained do not obey the usual formulae for continuum beams

primarily due to surface stress effects inherent in nanobeams. To capture this effect in

a fully continuum-setting, explicit analytical formulae for extensional and twisting stiff-
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nesses of isotropic circular nanorods are also obtain in terms of their bulk and surface

material constants. The continuum formulae for stiffnesses of rectangular nanorods al-

ready exist in the literature. These formulae have however been incorrectly extended

by various researchers to circular nanorods. Our formulae suggest that these stiffnesses

not only depend upon surface and bulk elastic constants but also on surface residual

stress. Finally, we discuss about phonons in the context of chiral nanotubes and show

how phonon dispersion data can be used to obtain various stiffnesses of chiral nanotubes.

We also obtain analytical formulae to show the effect of coupling stiffnesses as well as

stretching and twisting of the nanotube on frequencies as well as mode shapes of longitu-

dinal, torsional, bending, shearing and radial breathing phonon modes. Existing works

in this regard are very limited.

These methods are used to obtain various stiffnesses of diamond nanorods, tung-

sten nanorods and single walled carbon nanotubes (SWCNTs) when modeled as a special

Cosserat rod. It is shown that the extensional and twisting stiffnesses of circular tungsten

nanorods obtained using the HCB rule follow our analytical formulae for stiffnesses accu-

rately. We also obtain interesting buckling results for diamond nanorods and SWCNTs

using fully atomistic simulations. These observations from fully atomistic simulations

are accurately replicated in the finite element special Cosserat rod simulation when the

material nonlinearity is also incorporated. However, the FEM results exhibit completely

different trend when only linear material laws are incorporated.
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सार 

एकविमीय अविसकू्ष्म संरचनाओ ं(जैसे, कार्बन की अविसकू्ष्म नविकाएं, डीएनए,  अविसकू्ष्म छड़ इत्यादि) में रुवच उनके 

असाधारण, प्रकाशीय, उष्ण, विद्यिु, चुंर्कीय और यांविक गणुों के कारण र्ढी ह।ै इन अविसकू्ष्म संरचनाओ ंके दिकृदियों 

का अध्ययन करने के विए आणदिक दृदिकोण के साथ-साथ संिात्यक सतू्रीकरण का उपयोग दकया गया ह।ै इन अविसकू्ष्म 

संरचनाओ ंको विविमीय खोल दसद्ांि के साथ-साथ कई एकविमीय जैसे  यिूर-बनौली और दिमोशेन्को र्ीम वसद्ांिों  

का उपयोग करके प्रविरूपण वकया ह।ै हािांवक, एकविमीय दसद्ांि इन अविसकू्ष्म संरचनाओ ंमें बडे पार अनभुागीय वनयवमि 

आििबन का प्रविरूप करने में असफल हो जािे हैं। इस कमी को िरू करने के दलए, यह शोध-प्रर्न्ध एकविमीय कोसराट छड़ 

दसद्ांि के माध्यम से अविसकू्ष्म संरचनाओ ंकी प्रत्यास्थिा के प्रविरूपण पर कें दिि ह ै। 

िितमान लेखन इन अविसकू्ष्म संरचनाओ ंके अरेखीय प्रविर्ि - विकृवि सम्र्न्ध में िीन िकनीके  प्रस्ििु करिा 

हैं: (१) एक र्हुपैमानीय िकनीक (हवेिकि कौची-बोनत दनयम) के माध्यम से  अविसकू्ष्म संरचना के सबसे छोटे िोहराने 

िाले कक्ष की आणदिक स्थैदिक के िारा अरेखीय प्रविर्ि - विकृवि सम्र्न्ध प्राप्त करना (२) संिात्यक दृविकोण के माध्यम  

से दखंचाि और मरोड़ दनुबम्यिा प्राप्त करना वजसमें सिह प्रभाि भी शादमल हैं (३) फोनन फैलाि िक्र के माध्यम से दनुबम्यिा 

प्राप्त करना । 

मौजिूा िकनीकों की िलुना में हदेलकल कौची-बोनत (एच.सी.बी.) दनयम का उपयोग करिे हुए,  अब अपरूपण 

दनुबम्यिा एि ंअन्य यगु्मन दनुबम्यिा (उिाहरण के दलए, र्ंकन - अपरूपण, र्ंकन -दखंचाि,  र्ंकन -मरोड़ आदि के बीच 

यगु्मन) सटीक रूप से प्राप्त वकये जा सकिे हैं । प्राप्त की गई दनुबम्यिा अविसकू्ष्म छड़ में अिंदनतदहि पषृ्ठ प्रविर्ि के कारण 

संिात्यक छड़ के सामान्य सतू्रों का पालन नहीं करिी ह ै । इस प्रभाि को संिात्यक स्थापना में शावमि करने के विए, 

समदवैशक ितृ्तीय अविसकू्ष्म छड़ के दखंचाि और मरोड़ वस्िफनेस के दलए दिशे्लषणात्मक सतू्र भी प्राप्त वकये गए हैं । 

आयिाकार अविसकू्ष्म छड़ की दनुबम्यिा के सांित्यक सिू पहि े से ही सादहत्य में मौजदू हैं । परन्ि ुयह सांित्यक सिू 

शोधकिातओ ंने गिि रूप से ितृ्तीय अविसकू्ष्म छड़ के विए भी दिस्ििृ वकया हैं । हमारे िारा प्राप्त वकये गए सिू न केिि 

र्ल्क और पषृ्ठ प्रत्यास्थिा पर वनभबर करिे हैं र्वल्क पषृ्ठ अिदशि प्रविर्ि पर भी वनभबर करिे हैं । अिं में, हम काइरि 

अविसकू्ष्म नविकाओ ंके संिभत में फोनन के बारे में चचात करिे हैं वजसमें  काइरि अविसकू्ष्म नविकाओ ंकी दिदभन्न दनुबम्यिा 

प्राप्त करने के दलए फोनन फैलाि िक्र का उपयोग दकया जा सकिा ह।ै यगु्मन दनुबम्यिा के साथ-साथ अविसकू्ष्म नविका के 

दखंचाि और मरोड़ का प्रभाि आिवृत्त पर एिं अनदुरै्घयब, मरोड, र्ंकन, किबन और अरीय श्वास फोनोन मोड पर दिशे्लषणात्मक 

सतू्र के माध्यम से प्रदवशबि वकया ह।ै इस संबंध में मौजिूा काम बहुि सीदमि हैं । 



x 
  

जब िवशेष कोसराट छड़ के �प म� हीरा, टंग�टन के अितस�ूम छड़ और काब!न क" अितस�ूम निलका 

(एसड&'यसूीएनटी) का +ित�पण िकया तब इन तरीक/ से इनक" िविभ1न दनु!4यता +ा5 क" गई ह7 । हमारे 9ारा +ा5 िखंचाव 

और मरोड़ दनु!4यता के िव<ेषणा=मक स>ू व@ृीय टंग�टन अितस�ूम छड़ के िलए एच.सी.बी. िनयम से मेल खाते ह7 । 

परमाणवीय िसमलुेशन का उपयोग करते हCए हीरा अितस�ूम छड़ और एसड&'यसूीएनटी के िलए िदलच�प वय्ाकंुचन 

पEरणाम भी +ा5 िकये गए ह ै । जब असमानपुाितक +ितबल – िवकृित स4ब1ध पEरिमत अवयव �पेशल कोसराट छड़ 

िसमलुेशन म� सि4मिलत िकये जाते ह7 तब वह परमाणवीय िसमलुेशन के 9ारा +ा5 िकये गए पEरणाम से मेल खाते ह7 । 

हालांिक, पEरिमत अवयव पEरणाम परूी तरह अलग +दिश!त होते ह7 जब सामा1य +ितबल – िवकृित स4ब1ध शािमल िकया 

जाता ह7 । 
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containing 185 atoms (a) cross-sectional view (b) transverse view . . . . . 72

4.3 (a) Normalized extensional stiffness
(
D(0)
πR2

oE

)
of tungsten nanorod (b) Nor-

malized twisting stiffness
(

2B(0)
πR4

oµ

)
of tungsten nanorod . . . . . . . . . . . 74

4.4 (a) Normalized extensional stiffness
(
D(0)
πR2

oE

)
of aluminium nanorod (b)

Normalized twisting stiffness
(

2B(0)
πR4

oµ

)
of aluminium nanorod . . . . . . . . 74

4.5 (a) Normalized extensional and twisting stiffnesses for a hypothetical ma-

terial (λ = 1.0, µ = 5.8, λs = -135.0, µs = 27.0, KΘ = KZ = 85.0) . . . 76

4.6 (a) Axial force (N ) in tungsten nanorods of different radii (b) Normalized

axial force
(
N
R2
o

)
in tungsten nanorods of different radii . . . . . . . . . . 77

4.7 (a)
M(κ3)

R4
o

in tungsten nanorods of different radii (b) M(κ3) in tungsten

nanorods of different radii . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.8 Relaxation strain vs radius for tungsten nanorods . . . . . . . . . . . . . 79

4.9 (a) Normalized extensional stiffness
(
D(0)
πR2

oE

)
of tungsten nanorod (b) Nor-

malized twisting stiffness
(

2B(0)
πR4

oµ

)
of tungsten nanorod . . . . . . . . . . . 80

xix



5.1 Radial breathing mode frequency vs radius: continuum data is obtained

from analytical formula whereas the atomistic data is obtained from phonon

dispersion curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2 Phonon dispersion curves of a (10,10) stress-free SWCNT depicting (a)longitudinal,

torsional and radial breathing modes (b) shearing and bending modes. . . 96

5.3 (a) Bending mode observed in the lowest branch of Figure 5.2b at k1τ0/π →

0.1. (b) Shearing mode observed in the second lowest branch of Figure 5.2b

at k1τ0/π = 0.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4 (a) Normalized shearing stiffness vs radius. (b) Square of bending fre-

quency vs normalized wavenumber for a compressed (10,10) nanotube in

the bending mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.5 (a) Out-of-plane bending mode (b) Shearing mode in a twisted (10,10)

SWCNT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

C.1 Phonon dispersion curves of a (10,10) SWCNT with (a) 40 atoms in the

periodic unit cell (b) 2 atoms in the helically repeating unit cell: k1 and

k2 have been scaled by the group parameter τ0 and nanotube’s perimeter

P respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

xx



List of Tables

2.1 Lattice constant and material parameters for diamond. . . . . . . . . . . 28

2.2 Stiffnesses of an isotropic circular rod obtained using various techniques:

entries in red are less accurate. The meaning of other symbols are as

follows. “×”: cannot be derived, “−”: gives less accurate result, “−−”:

no technique exists, “X”: exact estimate can be deduced. . . . . . . . . . 31

2.3 Stiffnesses of a (10,10) SWCNT in its relaxed state obtained using various

techniques: entries in red are less accurate. The symbol “×” implies the

particular stiffness cannot be derived. . . . . . . . . . . . . . . . . . . . . 33

3.1 Material parameters of graphene obtained using the standard Cauchy-Born

rule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1 Formulae in the large radius limit of the nanorod . . . . . . . . . . . . . 65

4.2 Formulae in the small radius limit of the nanorod . . . . . . . . . . . . . 66

5.1 (I): Stiffnesses of a stress-free (10,10) SWCNT obtained from phonon data

and HCB rule. (II): Stiffnesses from phonon data and the scheme of Singh

et al. (2017). “×” indicates that K̃0 cannot be obtained using the technique

of Singh et al. (2017). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

xxi



5.2 (I): Stiffnesses and induced axial force in compressed (10,10) SWCNT ob-

tained from phonon data and HCB rule at ν3 = 0.95. (II): Stiffnesses from

phonon data and the scheme of Singh et al. (2017). “×” indicates that K̃

cannot be obtained using the technique of Singh et al. (2017). . . . . . . 99

5.3 (I): Stiffnesses, axial force and twisting moment of a twisted (10,10) SWCNT

obtained from phonon data and HCB rule at κ3 = 0.2. (II): Stiffnesses from

phonon data and the scheme of Singh et al. (2017). “×” indicates that K̃

cannot be obtained using the technique of Singh et al. (2017). . . . . . . 100

xxii


	prakhar_thesis.pdf
	Certificate
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Elastic constitutive relations for one-dimensional nanostructures
	Buckling of nanorods and nanotubes
	Objectives and Organization of the thesis

	A helical Cauchy-Born rule for special Cosserat rod modeling of nano and continuum rods
	Introduction
	Brief description of kinematics and elastodynamic equations of special Cosserat rods
	Configuration of a rod strained uniformly along its arc-length
	Cauchy-Born rule for bulk crystals

	Nanorods uniformly strained along their arc-length
	Expressions for forces, moments and the elasticity tensor

	Relation with the theory of Objective structures and the role of constraints
	Uniform bending-stretching of a nanorod

	Passage from nano to continuum scale
	Deducing constitutive relations of a diamond wire
	Convergence of stiffnesses to their continuum limits

	Comparison of HCB formulation with existing techniques
	Continuum rods
	Nanorods

	Summary

	Effect of Material Nonlinearity on Spatial Buckling of Nanorods and Nanotubes
	Introduction
	Euler Buckling of diamond nanorods
	Effect of surface stress on stiffnesses of the nanorod
	Effect of surface stress on Euler buckling
	Effect of material nonlinearity on Euler buckling

	Spatial buckling of arm-chair SWCNTs
	Buckling of (10,10) SWCNTs based on various rod models
	Effect of twist on buckling
	Postbuckling analysis

	Summary

	Effect of surface elasticity on extensional and twisting stiffnesses of isotropic circular nanorods
	Introduction
	Kinematics of deformation, cross-sectional strain energy and the governing equation for radial displacement
	Kinematics
	Cross-sectional strain energy and its first variation

	Radial displacement in the nanorod due to surface residual stress alone
	Expressions of axial force and extensional stiffness in finitely stretched nanorods
	Extensional stiffness in the nanorod's relaxed state
	The large and small radii asymptotic limits
	Discussion on existing formulae for extensional stiffness

	Expressions of twisting moment and twisting stiffness for circular nanorods
	Evaluation of bulk and surface elastic constants as well as surface residual stress components
	Numerical results for the tungsten nanorod
	Comparison of extensional and twisting stiffnesses obtained using various approaches
	Comparison of axial force and twisting moment data
	Relaxation strain

	Summary

	Using phonon dispersion data to obtain stiffnesses of nanotubes modeled as Cosserat rods
	Introduction
	Continuum wave solutions in special Cosserat rods
	Longitudinal and torsional mode frequencies
	Bending and shearing mode frequencies

	Continuum wave solution for the radial breathing mode
	Comparison of results from our formulation with existing techniques
	Deducing stiffnesses of chiral nanotubes using phonon dispersion data from molecular simulation
	Deducing stiffnesses using both frequency and mode shape info
	
	

	Numerical examples of stretched and twisted (10,10) SWCNTs
	Stiffnesses in the stress-free configuration
	Stiffnesses in the compressed configuration
	Stiffnesses in the uniformly twisted configuration

	Summary

	Conclusions and Future Work
	Appendices
	Atomistic calculation for obtaining energy of the fundamental domain and its derivatives
	Computing inter-atomic energy of the fundamental domain (E_FD) and its derivatives
	Derivative of atomic positions with respect to strains
	Derivative of atomic positions and Lagrange multipliers with respect to strains

	Equations to obtain the functions (g_1,g_2) for the case of twisting
	Generating dispersion curves for SWCNTs
	Derivation of the dynamic equation corresponding to inflation
	Kinematics of deformation
	Equation of equilibrium corresponding to inflation strain

	Bibliography
	prakhar_thesis.pdf
	Certificate
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Elastic constitutive relations for one-dimensional nanostructures
	Buckling of nanorods and nanotubes
	Objectives and Organization of the thesis

	A helical Cauchy-Born rule for special Cosserat rod modeling of nano and continuum rods
	Introduction
	Brief description of kinematics and elastodynamic equations of special Cosserat rods
	Configuration of a rod strained uniformly along its arc-length
	Cauchy-Born rule for bulk crystals

	Nanorods uniformly strained along their arc-length
	Expressions for forces, moments and the elasticity tensor

	Relation with the theory of Objective structures and the role of constraints
	Uniform bending-stretching of a nanorod

	Passage from nano to continuum scale
	Deducing constitutive relations of a diamond wire
	Convergence of stiffnesses to their continuum limits

	Comparison of HCB formulation with existing techniques
	Continuum rods
	Nanorods

	Summary

	Effect of Material Nonlinearity on Spatial Buckling of Nanorods and Nanotubes
	Introduction
	Euler Buckling of diamond nanorods
	Effect of surface stress on stiffnesses of the nanorod
	Effect of surface stress on Euler buckling
	Effect of material nonlinearity on Euler buckling

	Spatial buckling of arm-chair SWCNTs
	Buckling of (10,10) SWCNTs based on various rod models
	Effect of twist on buckling
	Postbuckling analysis

	Summary

	Effect of surface elasticity on extensional and twisting stiffnesses of isotropic circular nanorods
	Introduction
	Kinematics of deformation, cross-sectional strain energy and the governing equation for radial displacement
	Kinematics
	Cross-sectional strain energy and its first variation

	Radial displacement in the nanorod due to surface residual stress alone
	Expressions of axial force and extensional stiffness in finitely stretched nanorods
	Extensional stiffness in the nanorod's relaxed state
	The large and small radii asymptotic limits
	Discussion on existing formulae for extensional stiffness

	Expressions of twisting moment and twisting stiffness for circular nanorods
	Evaluation of bulk and surface elastic constants as well as surface residual stress components
	Numerical results for the tungsten nanorod
	Comparison of extensional and twisting stiffnesses obtained using various approaches
	Comparison of axial force and twisting moment data
	Relaxation strain

	Summary

	Using phonon dispersion data to obtain stiffnesses of nanotubes modeled as Cosserat rods
	Introduction
	Continuum wave solutions in special Cosserat rods
	Longitudinal and torsional mode frequencies
	Bending and shearing mode frequencies

	Continuum wave solution for the radial breathing mode
	Comparison of results from our formulation with existing techniques
	Deducing stiffnesses of chiral nanotubes using phonon dispersion data from molecular simulation
	Deducing stiffnesses using both frequency and mode shape info
	
	

	Numerical examples of stretched and twisted (10,10) SWCNTs
	Stiffnesses in the stress-free configuration
	Stiffnesses in the compressed configuration
	Stiffnesses in the uniformly twisted configuration

	Summary

	Conclusions and Future Work
	Appendices
	Atomistic calculation for obtaining energy of the fundamental domain and its derivatives
	Computing inter-atomic energy of the fundamental domain (E_FD) and its derivatives
	Derivative of atomic positions with respect to strains
	Derivative of atomic positions and Lagrange multipliers with respect to strains

	Equations to obtain the functions (g_1,g_2) for the case of twisting
	Generating dispersion curves for SWCNTs
	Derivation of the dynamic equation corresponding to inflation
	Kinematics of deformation
	Equation of equilibrium corresponding to inflation strain

	Bibliography

	prakhar_thesis.pdf
	Certificate
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Elastic constitutive relations for one-dimensional nanostructures
	Buckling of nanorods and nanotubes
	Objectives and Organization of the thesis

	A helical Cauchy-Born rule for special Cosserat rod modeling of nano and continuum rods
	Introduction
	Brief description of kinematics and elastodynamic equations of special Cosserat rods
	Configuration of a rod strained uniformly along its arc-length
	Cauchy-Born rule for bulk crystals

	Nanorods uniformly strained along their arc-length
	Expressions for forces, moments and the elasticity tensor

	Relation with the theory of Objective structures and the role of constraints
	Uniform bending-stretching of a nanorod

	Passage from nano to continuum scale
	Deducing constitutive relations of a diamond wire
	Convergence of stiffnesses to their continuum limits

	Comparison of HCB formulation with existing techniques
	Continuum rods
	Nanorods

	Summary

	Effect of Material Nonlinearity on Spatial Buckling of Nanorods and Nanotubes
	Introduction
	Euler Buckling of diamond nanorods
	Effect of surface stress on stiffnesses of the nanorod
	Effect of surface stress on Euler buckling
	Effect of material nonlinearity on Euler buckling

	Spatial buckling of arm-chair SWCNTs
	Buckling of (10,10) SWCNTs based on various rod models
	Effect of twist on buckling
	Postbuckling analysis

	Summary

	Effect of surface elasticity on extensional and twisting stiffnesses of isotropic circular nanorods
	Introduction
	Kinematics of deformation, cross-sectional strain energy and the governing equation for radial displacement
	Kinematics
	Cross-sectional strain energy and its first variation

	Radial displacement in the nanorod due to surface residual stress alone
	Expressions of axial force and extensional stiffness in finitely stretched nanorods
	Extensional stiffness in the nanorod's relaxed state
	The large and small radii asymptotic limits
	Discussion on existing formulae for extensional stiffness

	Expressions of twisting moment and twisting stiffness for circular nanorods
	Evaluation of bulk and surface elastic constants as well as surface residual stress components
	Numerical results for the tungsten nanorod
	Comparison of extensional and twisting stiffnesses obtained using various approaches
	Comparison of axial force and twisting moment data
	Relaxation strain

	Summary

	Using phonon dispersion data to obtain stiffnesses of nanotubes modeled as Cosserat rods
	Introduction
	Continuum wave solutions in special Cosserat rods
	Longitudinal and torsional mode frequencies
	Bending and shearing mode frequencies

	Continuum wave solution for the radial breathing mode
	Comparison of results from our formulation with existing techniques
	Deducing stiffnesses of chiral nanotubes using phonon dispersion data from molecular simulation
	Deducing stiffnesses using both frequency and mode shape info
	
	

	Numerical examples of stretched and twisted (10,10) SWCNTs
	Stiffnesses in the stress-free configuration
	Stiffnesses in the compressed configuration
	Stiffnesses in the uniformly twisted configuration

	Summary

	Conclusions and Future Work
	Appendices
	Atomistic calculation for obtaining energy of the fundamental domain and its derivatives
	Computing inter-atomic energy of the fundamental domain (E_FD) and its derivatives
	Derivative of atomic positions with respect to strains
	Derivative of atomic positions and Lagrange multipliers with respect to strains

	Equations to obtain the functions (g_1,g_2) for the case of twisting
	Generating dispersion curves for SWCNTs
	Derivation of the dynamic equation corresponding to inflation
	Kinematics of deformation
	Equation of equilibrium corresponding to inflation strain

	Bibliography

	prakhar_thesis.pdf
	Certificate
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Elastic constitutive relations for one-dimensional nanostructures
	Buckling of nanorods and nanotubes
	Objectives and Organization of the thesis

	A helical Cauchy-Born rule for special Cosserat rod modeling of nano and continuum rods
	Introduction
	Brief description of kinematics and elastodynamic equations of special Cosserat rods
	Configuration of a rod strained uniformly along its arc-length
	Cauchy-Born rule for bulk crystals

	Nanorods uniformly strained along their arc-length
	Expressions for forces, moments and the elasticity tensor

	Relation with the theory of Objective structures and the role of constraints
	Uniform bending-stretching of a nanorod

	Passage from nano to continuum scale
	Deducing constitutive relations of a diamond wire
	Convergence of stiffnesses to their continuum limits

	Comparison of HCB formulation with existing techniques
	Continuum rods
	Nanorods

	Summary

	Effect of Material Nonlinearity on Spatial Buckling of Nanorods and Nanotubes
	Introduction
	Euler Buckling of diamond nanorods
	Effect of surface stress on stiffnesses of the nanorod
	Effect of surface stress on Euler buckling
	Effect of material nonlinearity on Euler buckling

	Spatial buckling of arm-chair SWCNTs
	Buckling of (10,10) SWCNTs based on various rod models
	Effect of twist on buckling
	Postbuckling analysis

	Summary

	Effect of surface elasticity on extensional and twisting stiffnesses of isotropic circular nanorods
	Introduction
	Kinematics of deformation, cross-sectional strain energy and the governing equation for radial displacement
	Kinematics
	Cross-sectional strain energy and its first variation

	Radial displacement in the nanorod due to surface residual stress alone
	Expressions of axial force and extensional stiffness in finitely stretched nanorods
	Extensional stiffness in the nanorod's relaxed state
	The large and small radii asymptotic limits
	Discussion on existing formulae for extensional stiffness

	Expressions of twisting moment and twisting stiffness for circular nanorods
	Evaluation of bulk and surface elastic constants as well as surface residual stress components
	Numerical results for the tungsten nanorod
	Comparison of extensional and twisting stiffnesses obtained using various approaches
	Comparison of axial force and twisting moment data
	Relaxation strain

	Summary

	Using phonon dispersion data to obtain stiffnesses of nanotubes modeled as Cosserat rods
	Introduction
	Continuum wave solutions in special Cosserat rods
	Longitudinal and torsional mode frequencies
	Bending and shearing mode frequencies

	Continuum wave solution for the radial breathing mode
	Comparison of results from our formulation with existing techniques
	Deducing stiffnesses of chiral nanotubes using phonon dispersion data from molecular simulation
	Deducing stiffnesses using both frequency and mode shape info
	
	

	Numerical examples of stretched and twisted (10,10) SWCNTs
	Stiffnesses in the stress-free configuration
	Stiffnesses in the compressed configuration
	Stiffnesses in the uniformly twisted configuration

	Summary

	Conclusions and Future Work
	Appendices
	Atomistic calculation for obtaining energy of the fundamental domain and its derivatives
	Computing inter-atomic energy of the fundamental domain (E_FD) and its derivatives
	Derivative of atomic positions with respect to strains
	Derivative of atomic positions and Lagrange multipliers with respect to strains

	Equations to obtain the functions (g_1,g_2) for the case of twisting
	Generating dispersion curves for SWCNTs
	Derivation of the dynamic equation corresponding to inflation
	Kinematics of deformation
	Equation of equilibrium corresponding to inflation strain

	Bibliography

	prakhar_thesis.pdf
	Certificate
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Elastic constitutive relations for one-dimensional nanostructures
	Buckling of nanorods and nanotubes
	Objectives and Organization of the thesis

	A helical Cauchy-Born rule for special Cosserat rod modeling of nano and continuum rods
	Introduction
	Brief description of kinematics and elastodynamic equations of special Cosserat rods
	Configuration of a rod strained uniformly along its arc-length
	Cauchy-Born rule for bulk crystals

	Nanorods uniformly strained along their arc-length
	Expressions for forces, moments and the elasticity tensor

	Relation with the theory of Objective structures and the role of constraints
	Uniform bending-stretching of a nanorod

	Passage from nano to continuum scale
	Deducing constitutive relations of a diamond wire
	Convergence of stiffnesses to their continuum limits

	Comparison of HCB formulation with existing techniques
	Continuum rods
	Nanorods

	Summary

	Effect of Material Nonlinearity on Spatial Buckling of Nanorods and Nanotubes
	Introduction
	Euler Buckling of diamond nanorods
	Effect of surface stress on stiffnesses of the nanorod
	Effect of surface stress on Euler buckling
	Effect of material nonlinearity on Euler buckling

	Spatial buckling of arm-chair SWCNTs
	Buckling of (10,10) SWCNTs based on various rod models
	Effect of twist on buckling
	Postbuckling analysis

	Summary

	Effect of surface elasticity on extensional and twisting stiffnesses of isotropic circular nanorods
	Introduction
	Kinematics of deformation, cross-sectional strain energy and the governing equation for radial displacement
	Kinematics
	Cross-sectional strain energy and its first variation

	Radial displacement in the nanorod due to surface residual stress alone
	Expressions of axial force and extensional stiffness in finitely stretched nanorods
	Extensional stiffness in the nanorod's relaxed state
	The large and small radii asymptotic limits
	Discussion on existing formulae for extensional stiffness

	Expressions of twisting moment and twisting stiffness for circular nanorods
	Evaluation of bulk and surface elastic constants as well as surface residual stress components
	Numerical results for the tungsten nanorod
	Comparison of extensional and twisting stiffnesses obtained using various approaches
	Comparison of axial force and twisting moment data
	Relaxation strain

	Summary

	Using phonon dispersion data to obtain stiffnesses of nanotubes modeled as Cosserat rods
	Introduction
	Continuum wave solutions in special Cosserat rods
	Longitudinal and torsional mode frequencies
	Bending and shearing mode frequencies

	Continuum wave solution for the radial breathing mode
	Comparison of results from our formulation with existing techniques
	Deducing stiffnesses of chiral nanotubes using phonon dispersion data from molecular simulation
	Deducing stiffnesses using both frequency and mode shape info
	
	

	Numerical examples of stretched and twisted (10,10) SWCNTs
	Stiffnesses in the stress-free configuration
	Stiffnesses in the compressed configuration
	Stiffnesses in the uniformly twisted configuration

	Summary

	Conclusions and Future Work
	Appendices
	Atomistic calculation for obtaining energy of the fundamental domain and its derivatives
	Computing inter-atomic energy of the fundamental domain (E_FD) and its derivatives
	Derivative of atomic positions with respect to strains
	Derivative of atomic positions and Lagrange multipliers with respect to strains

	Equations to obtain the functions (g_1,g_2) for the case of twisting
	Generating dispersion curves for SWCNTs
	Derivation of the dynamic equation corresponding to inflation
	Kinematics of deformation
	Equation of equilibrium corresponding to inflation strain

	Bibliography



