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ABSTRACT

The primary motivation of the current research g&=ion the ability to create simplified
models that can accurately predict the structural wibrational response of carbon
nanotube structures undergoing different typesatling conditions. We have created a
general process to make the carbon nanotube stesatudifferent simulation software to
do the finite element modeling and analysis. Is tlvay, the mechanical characteristics
regarding single-walled carbon nanotubes (SWCNmg)ugh Finite element modeling
are computed.

A simplified finite element model is created forffdrent types of SWCNTs &
MWCNTs with varying input parameters like Charitybe-length, tube-diameter and the
geometries of the nanotubes are also altered throwayious beam cross-section
employed for the construction of the C-C bonds. Theent work contributes to the
generation of different model responses to moritiervibration signatures employing a
wide range of parameter values and comparisoneofdlults with the existing research.
The ability to introduce variability in the pararaet and boundary conditions without
altering the capabilities and computational time tie model represents the main
contribution of the thesis from the mechanical comgnt.

ANSYS Software is used to do the finite elementlysig of carbon nanotubes and
PAYTHON language is used to generate the coordinael the bonds for the ANSYS
MECHANICAL APDL solver.

Findings explaining the output from the mechanisahulations are summarized.
Furthermore, conceptual contributions for futurerkvare listed to develop models

capable of physically interpreting the characterssof SWCNTs & MWCNTSs.
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CHAPTER 1
INTRODUCTION TO NANOTECNOLOGY

1.1Introduction To Nanotechnology

“A very succinct definition of nanotechnology is giyt‘engineering with atomic precision”.
Nanotechnology is the study and creation proce$snaitional and useful materials, devices,
and systems through control of matter at the natemseale, generally between 1 to 100
nanometers in at least one dimension. The studphgfsical properties of Nano scale
materials have led to numerous new applications. aim of nanotechnology is to make use
of these properties and efficiently manufacture agpeherate larger structures with
fundamentally new molecular organization.

Utilizing their properties at the nanoscale anafing these properties to the macroscale
are difficult tasks. For this reason, a new congaptframework for nanotechnology
development which takes into consideration the gmesscientific potential has been
envisioned. It proposes an interdisciplinary appho&panning across applied physics,
materials science, engineering, mechanics, eldacgonand biology. The framework
describes four generations of nanotechnology dewedmt. The first generation of
nanotechnology products incorporates passive namdstes and designed materials to
perform one task. The second phase introduceseacdrostructures for multitasking such as
actuators, drug delivery devices, and sensors. thingé generation features Nano systems
with thousands of interacting components built fritve bottom-up, rather than manufactured
using top-down fabrication methods. Such achievéshenuld lead to the fourth generation
which is expected to combine heterogeneous molesytiems. From this point of view, the
contemporary research performed in this area imaobtechnology in the original meaning
of the word. Realistically, the nanotechnology depment could be considered at the end of
the first generation. From this perspective, thetlsgsis of nanomaterial with controlled
structure plays a crucial role in nanotechnologgeaech towards the second generation of
nanotechnology development.[1]



1.2History

Carbon nanotubes had been discovered 30 yearsrehtlt had not been fully appreciated at
that time. In the late 1950s, Roger Bacon at U@anbide, found a strange new carbon fibre
while studying carbon under conditions near itgléripoint. He observed straight, hollow
tubes of carbon that appeared to consist in griagayers of carbon separated by the same
spacing as the planar layers of graphite. In the049Morinobu Endo observed these tubes
again, produced by a gas-phase process. Indeex),dmeobserved some tubes consisting in
only a single layer of rolled-up graphite.

In 1991, after the discovery and verification oé thullerenes, Sumio lijima[1] of NEC
observed multiwall nanotubes formed in a carbondescharge, and two years later, he and
Donald Bethune at IBM independently observed siwdd nanotubes — buckytubes. These
pure carbon polymers could now be understood inctmgext of fullerenes, changing the
perception of them to molecules, with all that spledesignation implies. Nanotubes had
been fullerenized.[1].

technolytics

The Evolution of NanoTechology
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Figure 1.1: The Evolution of Nanotechnology [2]
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A quite different approach to the nano scale stfaot® the microscopic world of precision
engineering, progressively scaling down to ultragsion engineering. The word
“nanotechnology” was coined by Norio Taniguchi B83 to describe the lower limit of this
process. Current ultrahigh-precision engineeringlite to achieve surface finishes with a
roughness of a few nanometers. This trend is maddyy relentless miniaturization in the
semiconductor processing industry. Ten years agdoitus was in the micrometer domain.
Smaller features were described as decimal fractidra micrometer. Now the description,
and the realization, is in terms of tens of nan@nset

A third approach to nanotechnology is based onasgembly. Interest in this arose because,
on the one hand, of the many difficulties in makiDgexler lan assemblers, which would
appear to preclude their realization in the ne&nre) and on the other hand, of the great
expense of the ultrahigh precision approach. Thpitiation for self-assembly seems to have
come from the work of virologists who noticed tipa¢-assembled components (head, neck,
legs) of bacteriophage viruses would further asserspontaneously into a functional virus
merely upon mixing and shaking in a test-tube.

1.3Carbon Nanomaterial

Nanomaterial cover various types of nanostructurederials which possess at least one
dimension in the nanometer range. While most mimoture materials have similar

properties to their bulk counterparts, the properof materials with nanometer dimensions
are significantly different from those of atoms abdlk materials. Carbon is a unique

element due to its ability to form a variety of namaterial ranging from zero-dimensional

(OD) fullerenes to one-dimensional (1D) conductamgl semiconducting carbon nanotubes,
and to two-dimensional (2D) semi metallic graphenidsese carbon based nanomaterial
have remarkable physical properties and have rededpecific attention for a variety of

applications. It clearly appears that carbon-basw®tterials constitute a topic of huge

scientific interest and great strategic importanoewhich an interdisciplinary approach is

necessary. Although the study of nanostructuredoramaterials has recently undergone a

steadily rapid development and keeps a fast momasgarch field, the investigation still



lacks in terms of fundamental understandings of ghmvth mechanisms and key factors

responsible for the synthesis of carbon nanomateria

Fig1.2(Decorated Carbon Nanotubes)[3]

Moreover, because the carbon phase diagram isdiar in-depth exploration, new forms of
carbon are expected to be discovered. Carbon-lmaseimaterials are currently considered a
milestone in nanotechnology because they providaamelerated scientific progress with
many industrial applications. Achieving an enhandegdree of controllability and tuning
capacity of material properties, would lead to #uoeomplishment of the ultimate Nano
technological goal: the capability to design andnuafacture various complex three-
dimensional hierarchical assembly nanostructures$ fabrication of self-assembly Nano

engineered systems.



1.4 Carbon Nanotubes
A Carbon Nanotube is a tube-shaped material, madarbon, having a diameter measuring
on the nanometer scale. The graphite layer apmesnewhat like a rolled-up chicken wire

with a continuous unbroken hexagonal mesh and narbolecules at the apexes of the
hexagons.

Carbon Nanotubes have many structures, differinigmmgth, thickness, and in the type of
helicity and number of layers. Although they arenfed from essentially the same graphite
sheet, their electrical characteristics differ dejieg on these variations, acting either as
metals or as semiconductors. [5]

Single-walled

|

Armchair (rn,m) The translation vector is bent, Graphene nanoribbon The chiral vector is bent, while the
while the chiral vector stays translation vector stays straight

Zigzag (n,0) Chiral (r7,m) n and m can be counted atthe Graphene nanoribbon
end of the tube

siraight

Figure 1.3: Different types of carbon Nanotubes [4]
As a group, Carbon Nanotubes typically have diammetanging from 1 nm up to 50 nm.
Their lengths are typically several microns, buterg advancements have made the
nanotubes much longer, and measured in centimeters.

1.4.1 Structures of Carbon Nano Tubes

There are two types of CNTs: Single walled carb@matube (SWCNT) and multiwall
carbon nanotube(MWCNT). MWCNTs are composed of xially situated SWCNTs of

different radii. There are several ways to vieWwdGNT. The most widely used is by rolling

up grapheme sheet to form a hollow cylinder withw@thout end caps. [6, 7]
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1.4.1.1 Structure of Single Wall Carbon Nanotube

Carbon nanotubes are viewed as hollow cylinderssisting of sp bonds. The curvature
presented in these structures causes rehybridization where the three bonds are
considerably out of plane causing therbital to be more delocalized outside the tubg.aA
result, carbon nanotubes are mechanically strongkrctrically and thermally more
conductive, and chemically and biologically moréwecthan graphite.

SWCNTs can be viewed as hollow cylinders composkda acarbon hexagon pattern
replicated throughout the entire structure. They emnaracterized by the chiral vectop C
defined by two integers (n, m) that are relategrphite vectors al and a2 as described by
Egn. 2.1: The atomic structure of carbon nanotutegsends on tube chirality[8]. The chiral

vector G, is defined as

Ch=na + ma = (n, m). (1.1

Figure 1.4: Unrolled lattice of a nanotube displaying the vestOA and OB, which define the chiral
vector G, and translational vector T. R denotes the symmedcior and rectangle OAB B represents

the unit cell of the nanotube.[6]



The structure of the carbon nanotube, as displayédg. 1.1, is determined by the equator
of the nanotube, that is, vector OA; which liesgsedicular to the tube axis. Conversely, the
vector OB lies in the direction of the nanotubesaBy rolling the equivalent sites O, A, B,
B* so that the points O and A as well as B and @haide allows the carbon nanotube
structure to be created.[6]

The carbon nanotube has a diameter specified by:

a(n?+nm+m?2)1/2
b

D=|Cpl/m= (1.2)

where a 9a, | = |a,| and refers to the lattice constant of graphite C®\Vs are classified in
three different types: (1) armchair (n, n), (2)zag (n, 0), and (3) chiral (n, m). Examples of
SWCNTSs types are presented in Fig. 2.2, which efmed distinctively by the chiral angles.

For the armchair and zigzag carbon nanotubes, Hiiral cangle® equals 3® and 0°,

respectively, where n m. For the chiral SWCN'® is defined by[8]
6 = tan=[(3/3 m/(m+2n)] (1.3

Figure 1.5: Classification of carbon nanotubes represent gigaanchair and chiral SWCNTSs.



The translation vector T is defined as the unitmeof a 1D carbon nanotube. T is Parallel to
the nanotube axis and perpendicular to the cheetor G, as specified in Fig. 1.3. T can be
expressed in terms of basis vectararad a as

T=ta +ha= (4 t) (1.4)
Where t and t are integers determined by complying to orthodgrralles between T and

C, that is from G. T = 0. These integers are defined as

¢ _2m+n = 2n+m (1 5)
1 dR y 2 dR .

where @ represents the greatest common divisor of (2m and)(2n + m). Additionally, the

length of the translational vector T is given by

V3L
T1=|T| = (1.6)
dr

When the area of the nanotube unit ¢€J] X T| is divided by the area of the hexagon

|la, X a,|, the number of hexagons per unit cell N is givenaafunction of n and m by

|CpxT| _ 2(m?+n?+nm) _ 212 2LT

lay xa,| dg " a’dp  V3a?

(1.7)

where L is the circumferential length of the carb@mnotube. The parameters L andaie
governed by solution[6]:

L=2nd, (1.8)

d if n — mis not a multiple of 3d}

3dif n — mis amultiple of 3d (1.9)

o

Where d is the nanotube diameter and d is the greatestmommdivisor. The symmetry
vector R (see Fig. 1.4) is another relevant compbfoe the coordinate generation of carbon
nanotube structures. Vector R is expressed in tafnss projections on the orthogonal
vectors G and T of the nanotube unit cell. It can also b#ned in terms of basis vectorg a
and a by

R=pa +ga = (p, q) (1.10)
Where p and q are the selected coefficient of gmensetry vector such that@-tbp = 1).
Other important parameters for the generation dbaananotubes are the lattice constant

and intertube spacing, which depend on the tubmetier or radial direction. Experimental



and theoretical measurements agree that for—& Gond length, €C = 0.142nm or a =
|a,|=]a,| =0.246nm[8].

1.4.1.2 Structure of M ulti Wall Car bon Nanotube

Multi-walled nanotubes (MWNT) consist of multiplelled layers (concentric tubes) of
graphite. There are two models that can be usatksaoribe the structures of multi-walled
nanotubes. In the Russian Doll model, sheets ghgimare arranged in concentric cylinders,
e.g., a (0,8) single-walled nanotube (SWNT) withiharger (0,17) single-walled nanotube.
In the Parchment model, a single sheet of graphitelled in around itself, resembling a
scroll of parchment or a rolled newspaper. Theriayer distance in multi-walled nanotubes
is close to the distance between graphene layemgraphite, approximately 3.4 A. The
Russian Doll structure is observed more commondyindividual shells can be described as
SWNTs, which can be metallic or semiconducting. @ese of statistical probability and
restrictions on the relative diameters of the imdiial tubes, one of the shells, and thus the
whole MWNT, is usually a zero-gap metal [4].

Double-walled carbon nanotubes (DWNT) form a spediss of nanotubes because their
morphology and properties are similar to those \WINS but their resistance to chemicals is
significantly improved. This is especially importamhen functionalization is required (this
means grafting of chemical functions at the surfaicthe nanotubes) to add new properties
to the CNT. In the case of SWNT, covalent functimasion will break some €C double
bonds, leaving "holes" in the structure on the ma@p® and, thus, modifying both its
mechanical and electrical properties. In the cd48VUNT, only the outer wall is modified.
DWNT synthesis on the gram-scale was first propas&03 by the CCVD technique, from
the selective reduction of oxide solutions in methand hydrogen [4].

The telescopic motion ability of inner shells ahéit unigue mechanical properties
permit to use multi-walled nanotubes as main mavams in coming Nano mechanical
devices. Retraction force that occurs to telescopation caused by the Lennard-Johnes
interaction between shells and its value is abobihN.



1.4.2 Growth and Synthesisof SWCNTs

SWCNTs are characterized by being sensitive toatians in the process parameters,
including light intensity, process temperature, rgety, carrier gas type, pressure and flow
conditions. Growth time for SWCNTs produced in faged arc processes is about 10 ms
under optimal conditions. Both arc ablation andeigsrocesses produce carbon in the form
of spallated graphitic particles and single-waltethohorn aggregates. These factors directly
affect the yield and properties of SWCNTs. The dglowf carbon nanotubes can be
accomplished through three methods: carbon vapoergéed by arc discharge of graphite,
carbon vapor generated by laser ablation of grephitd the vapor growth method. The arc
discharge method remains the easiest and mostensie method to obtain significant
guantities of SWCNTs; however, the nanotubes ase prire than those produced by the

laser ablation method.[9]

1.4.2.1 Arc Discharge M ethod for Producing SWCNTs

SWCNTSs are produced via the arc process using ocoiagion of graphite and metal in a
composite anode, commonly made by drilling an alxadé in the graphite rod and densely
packing it with a mixture of metal and graphite mens. Ni/Y and Co/Ni are the most
common catalysts utilized in SWCNT production. Thegravimetric analysis (TGA) and

near-infrared (NIR) spectroscopy are utilized tounately determine the metal and SWCNT
content in the arc material. These methods apmebe tthe most useful for analyzing arc-
product composition and structure.

SWCNTs are generally organized in bundles congjsifna few dozen tubes, tightly
compounded in a honeycomb lattice with an averaparsition between tube axes of ap-
proximately 1.7nm. Bundles are covered with an @hous carbon layer of approximately
2-5 nm thick, which contains embedded fullerendse ajority of tubes have diameters in
the range of 1.2-1.5 nm and lengths reaching tpuim in the Ni/Y system and 2@m in the
Co/Ni system. SWCNT diameters depend on the tenyreraf the catalytic site at which
growth occurs. This temperature is regulated by ymfactors, including heating of the
reaction zone with an externally controlled heatrse. The mean diameter of the SWCNTs

increases with the environment temperature [9].
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1.4.2.2 Laser Ablation M ethod of Carbon-M etal Target for Producing SWCNTs
Implementing laser techniques for the productiorS8CNTs can yield up to 70-90% by
conversion of graphite [6]. There are two methaxdsdale up the SWCNT production using
laser ablation: (1) the continuous wave laser-povmdethod of SWCNT synthesis, and (2)
the ultrafast pulses from a free electron laserLjRBethod. The SWCNT abundance in a
soot product is 20-40% while the tube diameter earfgom 1.2-1.3nm.

For the second method, light pulses at a repetitd® of 75 MHz are generated to vaporize
the graphite-metal target. The SWCNT soot is ctdléon a cold surface at a rate of 1500
mg/ h. As a result, SWCNT bundles are produced 8200 nm thick with diameter and
length ranging from 0.4-1 nm and 5-@f, respectively. Transmission electron microscope
(TEM) is employed to verify the presence of ropeSW CNTSs consisting of bundles aligned
along an axis. The SWCNTs are held in bundles bytin der Waals forces forming a 2D

triangular lattice with a lattice constant of 1.mnand an inter-tube separation of 0.315 nm

[6].

1.4.2.3Vapor Growth M ethod

The vapor growth method is beneficial since it iscantinuous production of carbon
nanotubes, which at optimal conditions can prodaigge quantities of these structures under
relatively controlled conditions. The equipment essary for the synthesis of carbon
nanotubes is analogous to that used for vapor-groamon fibers. Carbon nanotubes
generated by the vapor-growth method show poortaltysty, which is improved after a
heat treatment at 2500-30@in argon gas.

Other methods have been developed for the syntbkesabon nanotubes, including the use
of carbon ion bombardment to create carbon whislerd the use of solar energy to achieve
temperatures of 3000 K. Nevertheless, developmieoptimal and control synthesis process

is required for the higher production of purifiedENTs.
1.4.3 Purification of SWCNTs

Carbon nanotubes, produced by any method, comtgnrities. These impurities are mostly

catalyst metal particles and different forms of gamous carbon. There have been developed

11



several post processing purification methods with goal of removing the metal catalysts
and other impurities.

The major impurity in carbon nanotubes are irontiplass, which can be up to 30% by
weight. The most effective procedure has been tegday Cinke et al. [10] by applying the
high pressure CO disproportionation (HiPco) prodé$sThe (HiPco) process is based on
the decomposition of Fe(C©jo form iron clusters for the catalytic productohSWCNTs
from CO at about 100C. The procedure consists of an acid treatmentebyoving the
metal Filtration, washing with water, and dryingvacuum. It has been found that high
vacuum heat treatment of HiPco tubes reduces Féemrbio 2% while the diameter of
SWCNTs increases substantially. Cinke et al. [10ize a two-step purification process for
the HiPco SWCNTSs, which reduces the iron conteméss than 1%. Through this approach,
a high resolution transmission electron microscdpdRTEM) is implemented in the
purification process to monitor the quality of SWGN

Another technique to enhance the purification psec@ SWCNTs has been performed by
Laborde-Lahoz et al [11]. The authors execute adtep reflux process, which eliminates
the catalytic particles in the SWCNTSs, optimallggkrse the carbon nanotubes, and oxide
them through the addition of carboxylic functiomabups, which help the SWCNTs adhere
to the polymer matrix using covalent bonding.

Providing an overall explanation about the struetand formation of carbon nanotubes
enable the study of simulation methods that are &btesemble and quantify the properties
by these structures. As aresult, the two followsegtions provide a detailed overview of the
different atomistic simulations and Finite elememéthods employed for the study of the
SWCNT properties.

1.4.5 Propertiesof Carbon Nanotubes

1.45.1 Strength

Carbon nanotubes are the strongest and stiffegrialst yet discovered in terms of tensile
strength and elastic modulus respectively. Thisngjth results from the covalent sp2 bonds
formed between the individual carbon atoms. In 2@0Multi-walled carbon nanotube was
tested to have a tensile strength of 63 gigapa$GHs). (For illustration, this translates into

the ability to endure tension of a weight equivalen6422 kg on a cable with cross-section
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of 1 mm2.) Further studies, conducted in 2008, atack that individual CNT shells have
strengths of up to 100 GPa, which is in good agesgnwith quantum/atomistic models.
Since carbon nanotubes have a low density for @ sl 1.3 to 1.4 g/cm3, its specific
strength of up to 48,000 kN-m-kg—-1 is the bestnmivkn materials, compared to high-carbon
steel's 154 kN-m-kdg.

Under excessive tensile strain, the tubes will vgalglastic deformation, which means the
deformation is permanent. This deformation beginstrains of approximately 5% and can
increase the maximum strain the tubes undergo éé&facture by releasing strain energy.
Although the strength of individual CNT shells igtremely high, weak shear interactions
between adjacent shells and tubes leads to signifi@ductions in the effective strength of
multi-walled carbon nanotubes and carbon nanotubellbs down to only a few GPa’s. This
limitation has been recently addressed by applyigip-energy electron irradiation, which
crosslinks inner shells and tubes, and effectiwetyeases the strength of these materials to
60 GPa for multi-walled carbon nanotubes and 17 8Paouble-walled carbon nanotube

bundles.

1.4.5.2 Electrical Properties
Because of the symmetry and unique electronic tstreicof graphene, the structure of a
nanotube strongly affects its electrical propertiesr a given (n,m) nanotube, if n =m, the
nanotube is metallic; if n — m is a multiple oftBen the nanotube is semiconducting with a
very small band gap, otherwise the nanotube is @enade semiconductor. Thus all armchair
(n = m) nanotubes are metallic, and nanotubes, (@4), etc. are semiconducting.
However, this rule has exceptions, because cumatdifects in small diameter carbon
nanotubes can strongly influence electrical propertThus, a (5,0) SWCNT that should be
semiconducting in fact is metallic according to tiaéculations. Likewise, vice versa-- zigzag
and chiral SWCNTs with small diameters that shdagdmetallic have finite gap (armchair
nanotubes remain metallic). In theory, metallic atabes can carry an electric current
density of 4 x 109 A/lcm2, which is more than 1,@@0es greater than those of metals such
as copper, where for copper interconnects currensites are limited by electromigration.
Multiwalled carbon nanotubes with interconnectedeinshells show superconductivity with
a relatively high transition temperature Tc = 12IK.contrast, the Tc value is an order of
13



magnitude lower for ropes of single-walled carb@natubes or for MWNTs with usual,

non-interconnected shells[12].

1.45.3 Hardness

Standard single-walled carbon nanotubes can withs& pressure up to 24GPa without
deformation. They then undergo a transformatiosuper hard phase nanotubes. Maximum
pressures measured using current experimentalitesare around 55GPa. However, these
new super hard phase nanotubes collapse at an hagbar, albeit unknown, pressure.
The bulk modulus of superhard phase nanotubes2gsa1646 GPa, even higher than that of
diamond (420 GPa for single diamond crystal)[4].

1.4.5.4 Toxicity

The toxicity of carbon nanotubes has been an impomuestion in nanotechnology. Such
research has just begun. The data are still fragmmeand subject to criticism. Preliminary
results highlight the difficulties in evaluatingethoxicity of this heterogeneous material.
Parameters such as structure, size distributiofas area, surface chemistry, surface
charge, and agglomeration state as well as purityesosamples, have considerable impact on
the reactivity of carbon nanotubes. However, abddladata clearly show that, under some
conditions, nanotubes can cross membrane barvidrieh suggests that, if raw materials
reach the organs, they can induce harmful effeath sas inflammatory and fibrotic
reactions[4].

1.5 Finite Element Modeling of Carbon Nanotubes
The Finite element method provides an approximaltgtien to the equations of the theory of
elasticity. The main concept of this method is teide the body into small parts named
elements. The displacement field is then approxachat each element through interpolation
between the values of the displacement at spqoficts on the element called nodes. The
displacement field, which is assumed to be contisuds then substituted into the potential
energy expression. This condition generates afdétear algebraic equations for the nodal
displacements through the condition of minimum pb& energy. The elements are
numbered e = 1,2,3, ... M, and the unknown nodalaigments are n=1,2,3, ... N,

14



Consider one element and one displacement compoumenvithin an element. The
componentl; is dependent on the nodal displacementsfdd that element. However, the
dependency relies only on the displacements atsnéallng within the element or on its
boundary. The displacement component is descrivedigh the linear relation

Ui (x) = Zker,, Nix (x) Dy (1.11)

where |, refers to the set of nodal displacements for ti&atement, i = 1,2,3 for 3D
problems, and | are the shape functions for the element.

The shape functions must provide continuity to gemerated displacement field, and be
approximated to the true solution so that the ernds to zero as the element size tends to
zero. Therefore, these functions must comply withfollowing:

(1) element boundary continuity for arbitrary nodaplacements

(2) exact representation of constant strain ireflement.

Through the shape functions, the strains are detechby

€ij = 2Kel,, Aijk Dk (1.12)
Where Ak refers to
Aiix _2< ey axi) (1.13)

The calculated stress is given by

Tij = lij + Xker,, Bijg Dk (1.14)
where the cofficient f is described as

Bijk = CijkmAkmK (1.15)
where Gim and | are characteristic of the structure.

For each element a function &\(s defined as
A®® = Cijem + Ly (1.16)
= YKel,, ZMeIm%AinBijMDk Dm + Xker,, lijAijk Dk (1.17)
in which indices K and M range over the index setthe particular element.
Considering the potential energy, the elementgldithie regiornv into sub-regionsm.

Let Sm indicate the part of the boundary of theedionum position on the loaded

exterior surface. Then, the potential energy become
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P=yM_p =yM ( [, [A(®) = buuildv — f; TioUidA) (1.18)

m=1
where hrepresents the body forces per unit massTanid the stress tensor.
Replacing Egns. 1.11 and 1.17 in Eqn. 1.18, therpiatl energy for the element becomes
P =2 jer,, ; ki DDy — Xier,, i Dy (1.19)
Wherekj;' andfi™ are defined as

kyj = fvm BirAkijdV (1.20)

" =~ [, baAudV + [, bNgdV + [i TNgdA (1.21)

As a result, the potential energy of the body bex®ia summation as shown in Egn. 1.19 |
and J depends on the element m. To perform theosum, Eqn. 1.19 can be extended to all
displacement parameters by definlm}Q to be zero for all | and J not included in the lggt
Combining Eqn. 1.18 and Eqn. 1.19, the total paaéetjuation simplifies to

P =3N, 5 2Ky DDy — B, KDy (1.22)
Where K;; and F; represent the stiffness and force matrix for Nrdeg of freedom,
respectively. These are defined as

Ky = Zﬁ’{zlk{}‘ (1.23)

Fp=YM_,Fm (1.24)

The system equations are solved by minimizing tbtemtial energy, that is% = 0, by
I

applying this condition, a set of N equations isggated with N unknowns,
YN KD =F (1.25)
Eqgn. 1.25 is solved numerically for;DTherefore, displacement, strain, and stresd<itdr
an element are calculated using Egns. 1.11 and[13].4
Through the solution of this system of equatiorgban nanotube structures are modeled in
a continuum environment, which focuses on develp@nnanoscale continuum model to

simulate the mechanical behavior of these strusture
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The extraordinary characteristics of carbon naregulfCNTs) give them potential in
numerous applications and open an incredible ravigall kind of applications. The
combination of exceptional mechanical and physpralperties makes CNTs prospective
candidates for reinforcement of polymer matrix cosife systems. The fact that the
inclusion of even small amounts of nanomaterialpted with appropriate processing steps
appears to significantly improve mechanical prapsrhave catapulted carbon nanotube to
being one of the first practical application aressnanotechnology. The mechanical
properties of CNT depend on many factors. Sinces iifficult to control these factors

experimentally, modeling and simulations could pdevcrucial insight and design guidance.

2.2 LiteratureReview

Since the discovery of carbon nanotubd ipyna[l] , researchers put their utmost efforts to
find its property of the same. Carbon nanotubesvdtieds a wide range of applications in

Physics and engineering. However, understandingCIN€ is still a mystery because of its

Nano size which prevents from physical experimeResearchers tried to find the properties
of single walled and multiwall carbon nanotube pmies, this lead to many theories

regarding Carbon nanotubes and followed by the masults regarding the same parameter.

R. Saito et al.[6] has published introductory textbook for resbars from various fields of
science who wish to learn about carbon nanotubles.field is still at an early stage, and
progress continues at a rapid rate. This book fxus the basic principles behind the
physical properties and gives the background nacgsso understand the recent
developments. Some useful computational source scodech generate coordinates for
carbon nanotubes are also included in the appendix.
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K.lI. Tserpesand P. Papanikos [7] has generated FE model for armchair, zigzag cniral
SWCNTSs has been proposed. The model developmbasedd on the assumption that CNTs,
when subjected to loading, behave like space-fratmectures. As the FE model comprises
small number of elements, it performs under minirnaimputational time by requiring
minimal computational power. This advantage, in lsoration with the modeling abilities of
the FE method, extends the model applicabilityM@CINTs with very large number of atoms
as well as to MWCNTSs, other carbon-related Nanoetiires and moreover, to CNT-based
Nano-composites. The model has been used to igeéstithe effect of wall thickness,
diameter and chirality on the elastic moduli (Yolsnghodulus and shear modulus) of
SWCNTs. Armchair, zigzag and two series of chirtW@NTs have been included in the
investigation. For the values of wall thicknessdugethe literature, the obtained values of
Young's modulus agree very well with the correspogdtheoretical results and many
experimental measurements. The FE model resultgestigthat Young’s modulus is
inversely proportional to the wall thickness. Degamce of elastic moduli to diameter and
chirality of the nanotubes has been also foundhWitreasing tube diameter, the elastic
moduli of all SWCNTs increase. The Young's modubischiral SWCNTs is found to be
larger than that of armchair and zigzag SWCNTSs. gitesented results demonstrate that the
proposed FE model may provide a valuable tool fadywng the mechanical behavior of
CNTs and Nano composites.

J. Han. [8] has taken a comprehensive look at this divensg@ dynamic subject, Carbon
Nanotubes: Science and Applications describes thll'S various aspects, including
properties, growth, and processing techniques, ewvtidcusing on individual major
application areas. Well-known authors who practime craft of carbon nanotubes on a daily
basis present an overview on structures and pliepeend discuss modeling and simulation
efforts, growth by arc discharge, laser ablationg ehemical vapor deposition. Applications
become the focal point in chapters on scanningemlxroscopy, carbon nanotube-based
diodes and transistors, field emission, and theldgwment of chemical and physical sensors,

biosensors, and composites.
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A.P. Moravsky et al[9] discuss that SWCNTSs are generally organizeouimdles consisting
of a few dozen tubes, tightly compounded in a hoomp lattice with an average separation
between tube axes of approximately 1.7nm. Bundlesavered with an amorphous carbon
layer of approximately 2-5 nm thick, which contagrmbedded fullerenes. The majority of
tubes have diameters in the range of 1.2-1.5 nnlagths reaching up toBn in the Ni/Y
system and 20m in the Co/Ni system. SWCNT diameters depend ertémperature of the
catalytic site at which growth occurs. This tempe®@ is regulated by many factors,
including heating of the reaction zone with an exadly controlled heat source. The mean

diameter of the SWCNTSs increases with the envirartrntesnperature

M. Cinke et al[11] discuss that the (HiPco) process is basedhendiecomposition of
Fe(COJ to form iron clusters for the catalytic productioh SWCNTs from CO at about
1000C. The procedure consists of an acid treatmentdomyoving the metal Filtration,

washing with water, and drying in vacuum.

P. Laborde-Lahoz et al[ll] execute a two-step reflux process, which elmtés the
catalytic particles in the SWCNTs, optimally dispethe carbon nanotubes, and oxide them
through the addition of carboxylic functional greupvhich help the SWCNTs adhere to the
polymer matrix using covalent bonding.

C. Kittel et al[12] discuss that by exploring the electrical pmtigs of carbon nanotubes, it
is possible to explore the noticeable distinctioegarding conductivity between metals and
semiconductors presented in carbon nanotube stasctlt is possible to observe the band
gap differences between metals and semicondudtorsinstance, in metals, 10%-90% of
bands are partially filled. On the other hand femgconductors, one or two bands are slightly

filled (or empty)

E.H. Dill [13] described the direct stiffness method oftérelement analysis is by now well
established and widely used for the solution of Isnd@splacement, elastic structural
problems. Various types of element have been dpedicand general purpose computer

programs now exist which can be used with any efktnfi@ the solution of large-scale
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problems. Such general purpose programs have praatical advantages because of the
rapidity with which they can be applied to any parar problem. Since the establishment of
the method, there has been much interest in extemsior nonlinear analysis. The
nonlinearities arise from two distinct sources: stdntive nonlinearities and geometric
nonlinearities, the latter being due to large dispiments. The most commonly used
nonlinear material is the elastic-plastic materad for this material the linearity of the
incremental stress-strain law forms the basis ef équations, its most direct application
being in the incremental type solution, where thkitson is built up as a series of linear

increments.

R. Ansari et al]14] compared the results of molecular dynamics jMBd continuum shell
model and deduced that the continuum model pro\adesnarkably accurate “roadmap” of
nanotube behavior beyond Hooke’s law if model patans are properly chosen. classical
continuum shell model allowing for the van der a@dW) interlayer interactions to study
the buckling of single- and multi-walled carbon otbes under axial compression and
external pressure. By studying the torsional anadimg buckling of multi-walled carbon
nanotubes using solid shell elements we can emthileymolecular structural mechanics
approach to model the elastic buckling of singied anulti-walled carbon nanotubes under
axial compression and bending loading. Analyticdlisons can be obtained for the critical
buckling strain of single-walled carbon nanotubasdad on a molecular mechanics model.
They reported that zigzag tubes are more stable d@nachair tubes of the same diameter.
Deriving explicit formulas for the van der Waalsl() interaction between any two layers
of a multi-walled carbon nanotube (CNT), which amedeled by elastic shells. Based on
their results, vdW interaction will lead to a higheitical buckling load in multi-walled
CNTs.

Anand Y.Joshi et al[15] discuss principle of mass detection usingmasors is based on the

fact that the resonant frequency is sensitive @résonator mass, which includes the self-
mass of the resonator and the mass attached onesbeator. The change of the mass
attached on the resonator can cause a shift ae@ant frequency. The key issue of mass

detection is in quantifying the change in the resdnfrequency due to the added mass.
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Continuum mechanics method has been successfullliedpto analyze the dynamic
responses of individual CNTs.
Based on the Euler—Bernoulli beam model, the eguatf motion of a free vibration of a rod

in the limit of small amplitude is governed by tave equation

where E is the young’'s modulus, | the second moroéttie cross— sectional area A and r
the density of the beam material. The natural meicharesonant frequency is induced in a
bridged carbon nanotube when the applied frequapproaches the resonant frequency.
Theoretically, the resonant frequency depends ennémotube outer diameter, the inner
diameter, the length, the density and the bendiaduius of the nanotube, i.e.

_ B |(D§ +D)YE

fi 81 pL*

wherep1=4.7300412=7.853205,43=10.995608 an@4=14.137165 for the 1st, 2nd, 3rd
and 4th harmonics ,respectively. This study usesorginuum mechanics method with
commercial FEM software to conduct the vibratioalgeis of a SWCNT approximated by a

shell model with thickness. The resonant frequeary the mode shapes of the SWCNT are

simulated using a bending model.

Mira Mitraa et al[16] has studied the wave propagation in multi-ecltarbon nanotubes
using a continuum shell model based on Flugge thebne modeling is done using the
wavelet based spectral finite element which is lid@awave propagation analysis in finite
dimension waveguides of relatively high complestieHere, MWNT is modeled as
concentric cylinders coupled through interlayer dem walls interaction forces. The
formulated wavelet based numerical scheme allowts frequency and time domain analysis
unlike the existing Fourier transform based sotutwwhich are restricted to the study of
dispersion relation and wave amplitudes. Here, W&-Heveloped for a MWNT with
arbitrary number of walls. First, the method isduse obtain the spectrum relation i.e. the
wavenumber plots for a single, double and thrededatarbon nanotubes. Several wave
properties of MWNT can be extracted from this sfuahye being the cut-off frequency band
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exhibited by the circumferential wave mode. Thisais important observation as this
property may be utilized to design a band gaprfilgart from this, the wave speeds has
also be studied for a single walled carbon nanat@#nel the values have been validated with
the experimental and atomistic simulation reswisilable in literature. Finally, the model is
used to simulate the axial, circumferential andalagave responses in time domain which
include the natural frequencies, snapshots of waepagation in SWCNT and the time
history of the wave transmission in three walledoa nanotubes.

SK. Georgantzinos et al[l17] developed numerical tool capable of predictitige
mechanical behavior of SWCNT reinforced rubber Ib@sn developed. The formulation is
based in a micromechanical, non-linear, multi-sdalge element approach and utilizes a
Mooney-Rivlin material model for the rubber and eskinto account the atomistic
nanostructure of the nanotubes. The interfaciald Ideansfer characteristics were
parametrically approximated via the use of joiren@bnts of variable stiffness. The case of
rigid attachment between the two phases was alsesiigated. The computed composite
stress—strain behaviors under pure tension shownitdefadvantages that arise by the
SWCNT reinforcement addition. The SWCNTs improwgngicantly the composite strength
and toughness especially for higher volume frasti®@imultaneously, the absorption energy
characteristics of the rubber material are mairthim the composite. Having as a basis the
proposed method the mechanical response of rublgéerias filled with SWCNTs with
more complicated arrangement and nanostructuré&laro textiles and Nano cords may be
predicted in a future work.

S. Rajasekaran et al[18] developed finite element model is developeddiatic and free

vibration analysis of CNTs. The major advantagethefapproach are the simplicity of the
concept and the improved computational efficiermyanalyzing the mechanical properties.
The results obtained are compared with the existireghodologies and are found to be
satisfactory. Also the Differential Quadrature noettwas found to be simpler for carrying
out the analysis. The single beam model fails pregent the behavior of individual tubes
and the relative deformation between adjacent tubesthe multiple beam model, the

deflections of the adjacent tubes are coupled dutae presence of Van der Waals forces.
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Since the Nanotubes are treated individually innthudti-beam model, the end conditions can
therefore be described individually. Here the cpricd spring is introduced which actually
represents the Van der Waal forces. The finite efgnanalysis is performed using Matlab
and the results are verified to have a check omatloeiracy using the symbolic processing
tool Mathematica. The deformations, buckling angrational analysis were carried out for

single and Multi Walled Carbon Nanotubes.

Aleksander Muc [19] has interest in developing and modeling mamdes structures made
CNTs has lead to the use of identification techesjto model their effective mechanical
properties. For the identification purposes 3D sglaame finite element model is developed
based on the consistent molecular mechanics fotimutgand employing Eigen frequency
analysis for orthotropic thin shells. Two formstbg interatomic potentials are considered:
the modified Morse potential and REBO potential.e Throposed models are able to
investigate the longitudinal and circumferential udg’s moduli for various CNT
configurations. Comparison of our results with thod available references shows that the
present models are highly effective and capabl@roliding reasonable predictions for
Young's modulus. The detailed investigations shdlet the axial (longitudinal) Young's
modulus is CNT dominated, while all properties ag&sed with the transverse to CNT
directions are less significant but cannot be ragteor eliminated.

Using the proposed model it is possible to expthm influence of the CNTs geometry and
structure on Young’s moduli. In this way it giveis apportunity for the optimal design of
carbon nanostructures exploiting the knowledgéheir ttransversely isotropic or orthotropic
mechanical properties. It is worth to note agaiat tthe proposed description of carbon
nanotubes as orthotropic bodies is completely etersi with micromechanical
homogenization theory of composite materials osladletal or space-frame shell structures
constituting (or being) in fact the structure ohotubes. The identical identification method
may be successfully used in the prediction of tiffeceve mechanical properties for

multiwall carbon nanotubes or for Nano composieasforced with CNTSs.

P. Zhang et al.[20] & [21] described that a nanotube can be matlekea continuum solid

beam tension, bending, or torsional forces, ieaspnable to model the nanotube as a frame
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or shell-like structure, then the mechanical préperof such a structure can be obtained by
classical continuum mechanics or finite elementhoeét Thanks to the uncertainty of the
CNT wall thickness Which again lead to many thepaad in turn paved for many results,
ranged from about 1.0 to 5.5 TPa a modulus valanebeafound from the researchers work.
We have developed a finite element model of SWNid eonsequently estimated their

mechanical property namely Young's modulus.

N. Khandoker et al[22] has discussed that individual multi walled Cardéanotubes
(CNTs) exhibit exceptional strength and stiffnddswever, large scale constructs of directly
spinnable CNTs (such as yarns) has reached oy aércent of their potential. To improve
their performances in such scale, it is importaniriderstand the stress-strain characteristics
and failure modes of individual CNTs. This papgrares the experimental tensile strength of
spinnable multiwall carbon nanotubes (MWCNT). Thegperiments were conducted using
a Nano tensile testing stage inside Scanning BlecMicroscope (SEM) chamber. An
Atomic Force Microscope (AFM) tip with known forceonstant was used as a Nano
manipulator and as s force transducer to measugedtsired mechanical properties.
Transmission Electron Microscope (TEM) images wesed to accurately measure the
diameter of CNT samples. The fracture strength eedsulated using the determined applied
force and the diameter of the CNT. Fracture sttemgtrelations to number of failed walls,
pullout (sword/sheath) behavior and angle of steeesstudied. It was found that the tensile
strength of the tested spinnable CNTs were at [2ddb 90 Gpa with a mean value of 48

Gpa considering a solid cross sectional area.

R. Chowdhury & al.[23] discuss that the potential of SWCNT as a ns&ssor is explored.
CNTs are modeled by continuum based approach. &witilevered and bridged CNTs are
investigated. The relationship between the resofi@guency and the attached mass is
established using the Euler—Bernoulli beam thebismg this relationship, a general closed-
form nonlinear sensor-equation has been derivedhfodetection of the mass of biological
objects attached to the CNT. The physical baste@kensor is that the attached mass causes

a frequency-shift. A simple linear approximationtbé nonlinear sensor-equation has been
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given. The accuracy of both the exact and the liaparoximation has been verified using a
detailed hi-fidelity finite-element simulation. It wabserved that the proposed sensor-
equations work reasonably well when the lengthhef ldacteria is more than 1 nm for both

cantilevered and bridged configurations.

B. Liu et al.[24] have developed an accurate atomic-scale felgment method AFEM that
has exactly the same formal structure as continfinite element methods, and therefore can
seamlessly be combined with them in multiscale astafpons. The AFEM uses both first
and second derivatives of system energy in theggmainimization computation. It is faster
than the standard conjugate gradient method whsgs wnly the first order derivative of
system energy, and can thus significantly save caatpn time especially in studying large
scale problems. Woven nanostructures of carbontnbas are proposed and studied via this
new method, and strong defect insensitivity in sa@hostructures is revealed. The AFEM is

also readily applicable for solving many physidaterl optimization problems.

23 LITERATURE GAP
After doing detailed study of Literature on Vibats of carbon nanotubes using Finite
Element Method it is observed that:

e It's is very difficult to draw the exact shape dadribon nanotube in any simulation
software.

e There is no single simulation software in which ga&& do straightway do analyses.
Many authors have generated their own code for tnieamodeling which have been
kept secret for reader. So we have created a dereerarocess to create any carbon
nanotube structure and a vibration analysis of daasdeen done.

e It's has also been observed that lots of analyses deen done by taking tube
diameter, tube length and chirality as parametembtimuch work has been done by
taking element type and element shape as varyingnpder. Carbon-Carbon bond

can be represented by rectangular, circular aedutar sections.
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CHAPTER 3
METHODOLOGY

After doing detailed study of Literature on meclzahiproperties of carbon nanotubes, it is
summarized that many experiments and analysis beee done to represent the vibration
signature of carbon nanotubes, by varying tubecttre, tube diameter, tube length, and
loading conditions. Ansys Mechanical APDL 13.0 w@ite will be used to simulate and
analyze the vibrational behavior of carbon nanatubg varying tube structure, tube
diameter, tube length, and loading conditions. Nap@ Modeler 1.6.3 is used to draw the
basic geometry of carbon nanotube and Wing IDEssduto execute the Python Script to

convert .pdb file into ansys pre- processor script.

3.1 FiniteElement Analysis

CNTs carbon atoms are bonded together with covalends forming an hexagonal lattice.
These bonds have a characteristic bond length @d bond angle in the 3D space. The
displacement of individual atoms under an exteffioate is constrained by the bonds.
Therefore, the total deformation of the nanotubthésresult of the interactions between the
bonds. By considering the bonds as connecting @aadsing elements, and the atoms as
joints of the connecting elements i.e.nodes, CNTay rbe simulated as space-frame

structures.

Figure 3.1 Representation of Carbon Nanotube in wireframe fnailb nodes and elements
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By treating CNTs as space-frame structures, thechanical behavior can be analyzed using
classical structural mechanics methods. In thiskwar 3D FE model able to assess the

mechanical properties of SWCNTSs is proposed.

3.1.1 M odeling of Car bon Nanotube
Our main aim is to create the wireframe structdreasbon nanotube in ansys software with
accuracy. Ansys Mechanical APDL 13.0 can read oIS format for external geometry
importation and its very lengthy process to creat@notube in any modeling software.
So we generalized the process of making structireadbon nanotubes in ansys which
contains following steps:

a) Creating desired model in Nanotube modeler.

b) Conversion of pdb file to Ansys pre-processoips.

c) Drawing model into Ansys .

3.1.1.1 Creating M odel in Nanotube M odeler

Nanotube Modeler is a professional application glesi to enable you to generate
coordinates for nanotubes. Generated geometriesbmajewed using the integrated viewer
or by calling a viewer program of your choice.

Input Parameters requires to draw a nontube are:

Table 1. Input Parameters of Carbon Nanotube

Serial No. Parameter Symbol Units
1 Chirality (n,m) No units
2 Tube Length I armstrrong
3 Tube Diameter D armstrrong
4 Tube Distortion LT, T.© | Armstrrong,radians

Nanotube Modeler can export the geometry in diffetgpe of geometries.
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Basic Input Parameters
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Number of atoms and bonds

Figure 3.2: General Windows Layout for Nanotube Modeler

3.1.2 Generation of Compatible Model

The model which is generated by Nanotube Modelaen@abe imported to Ansys by any

means so we have to generate the new model in Arsgg X-Y-Z coordinates and bond

information. All the desired information about tharbon nanotube generated in Nanotube

modeler can be saved as .pdb format.
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3.1.2.1 PDB Format Description

The Protein Data Bank (pdb) file formatis a tektfile format describing the three
dimensional structures of molecules held in thed#tno Data Bank. The pdb format
accordingly provides for description and annotatadnprotein and nucleic acid structures
including atomic coordinates, observed side chatiamers, secondary structure assignments,
as well as atomic connectivity. Structures arerofteposited with other molecules such as
water, ions, nucleic acids, ligands and so on, Wwitian be described in the pdb format as
well.

File ] m Special Took Help Right Mouse Button Drag for <Rotate>
Export Structure v EpotMOL 0% v || [¢Bongs |S0% w| Nano- Tuse
Impart Structure

Save Image
Save XVZ Table
Copy Image
Copy XYZ Table

View Export Folder
View Import Folder

MW-dstortion 1
Twist [degia] ]
Bend [

<< Atom Coordinates

67323 0.0000 219780
68954 07007 232000
67323 00000 24421t

L A
87323 00000 17095 JL{_}?{\\.{ \.V Jhi'zjgt"

67323 00000 18537
64028 20804 20758

./ \‘i"\_x -“'{ o
Sy "' > »*

S ./s.f ‘ol-ﬁ' s
10 64028 20804 232008 - J., é rd
11 54465 IBSTI 2441 \ P » !‘
12612 273 24421 = e ‘L‘v"
13 67323 00000 12211 ek, y
14 6685 070% 1343 '
15 OATIE 00000 1465N
16 BA0ZE 20804 1SN
17 6634 07037 15574
18 G502 2733 17088

BESS 07007 20758

1
2
3
4
5 66954 Q7037 18316
&
7
B
§ G152 27383 e

L
L

‘ Bl "

(10,10 Tube Diameber 13485 A Afom Radius 50% | 420 Atoms 10 Bonds

Figure 3.3: Exporting PDB file from Nanotube Modeler
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Nanotube Modeler pPpB file (ICrystalsoft)

1.000

WL L WY LY L LY W WD W) W) W W W W W W W W W

.

90.00 90.00
.887 0.000
.697 1.201
.887 0.000
.697 1.201
.887 0.000
.697 1.201
.887 0.000
.697 1.201
.887 0.000
.697 1.201
.887 0.000

697 1.201
.887 0.000

697 1.201
.887 0.000
.697 1.201
.887 0.000
.697 1.201
.887 0.000
.697 1.201

REMARK
REMARK Created:02-07-2012 17:22:46
CRYST1 1.000 1.000
ATOM : s ca I
ATOM 2 € c A X
ATOM 3 C cC.A 1
ATOM 4 C cA X
ATOM 5 € c.A F
ATOM 6 C c A X
ATOM 7 € C.A 1
ATOM 8 C c:A X
ATOM 9 C c.a I
ATOM 10 © cA 1
ATOM 11 € cCA X
ATOM 12 ¢ c.A E
ATOM 13 C ch: T
ATOM 14 € CA I
ATOM 15 € ca& I
ATOM 16 C cA 1
ATOM 17 € cA X
ATOM 18 € c A A
ATOM 19 ¢ cA 1
ATOM 20 ¢ cCA 1
(TO BE CONTINUED FOR 240 ATOMS)
TER

CONECT : | 3

CONECT 2 3 4 27
CONECT 3 3 2 218
CONECT 4 2 5 29
CONECT 5 4 7 220
CONECT 6 7 g8 31
CONECT 7 5 6 222
CONECT 8 6 9 33
CONECT 9 8 11 224
CONECT 10 11 12 35
CONECT 11 9 10 226
CONECT 12 10 13 37
CONECT 13 12 15 228
CONECT 14 15 16 39
CONECT 15 13 14 230
CONECT 16 14 17 41
CONECT 17 16 19 232
CONECT 18 19 20 43
CONECT 19 17 18 234
CONECT 20 18 21 45
CONECT 21 20 23 236
CONECT 22 23 24 47
CONECT 23 21 22 238
(TO BE CONTINUIED FOR ALL 240 ATOMS)
MASTER 0 0 0 0 0
END

A typical pdb file describing a protein consistshohdreds to thousands of lines of carbon
nanotube. Now we want to copy the coordinates df @om and its connectivity. To do it
manually it takes very long time so we have writégmython script which will change the

pdb file to ansys pre-processor file.

Figure 3.4:Representation of information saved in pdb file

30

0

90.00 P1

0.000
.115
.410
» 325
.230
. 345
. 640
.755
.460
- 575
. 870
. 985
. 690
. 805
.100
. 215
. 920
.035
.330
.445

[ury
WO~V AWHEN

=
oOb BN

N = =
OO

0 240

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

240

0



3.1.2.2 Generation of Ansys Pre Processor Script

We have generated a code which to convert pdb foinmtaansys pre-processor script. To

execute the ansys script we use Wing IDE softwérielwworks as a compiler for python.

Main Menu

y Wm.w.@s;hgﬁ@puﬂﬁnawl@lﬁﬂ 10

Debug Tab

N

Code Area

7. 7 B Bt Souce Rfcor Pt Debay Tesing Toos Window Hel oo
0oE@ &4 ¢ 8-----" - 8¢

Createanenfile [{hi-?d]in'.-’.“"f-ﬂ'

L

e e e e e e =

$## gev avoms cordinaces from PDS file and wrice chem as
$HEA05YS keypoints

line value =0
keypoint_value = 0
file = open('C:\\xyz\\1.pdb’, 'r')

wrice('/PREPT'+*\n®) #$open pre-processing menu
for line in igot:
if line,find ("ATOM") » -1:
keypoint value = keypoint value + 1
kv o= str[ke;mmt_:ralue]
Xyz = line.split()
sprine kv, ™", xyz[6); ™" xyz[7]; " xyz[8]
Unei="F"+'; "+ kvt ', ' +aypz[8] +',
o _
@ rite(line 1)

connect

€ m

= open('C:\\xyz\\avom. tat®, "a") § needs inpot for distinet file

!4 oaye(7] 4 "4 oayz[8l+ Mot

i
=
g
o
i
-5
=
bl

Source Browser |

i
L
s

+ Opions

—
.

" gl Dt Mesages o S Conmants Phonstel W

—

Lookin: Project Fles
Search:

1 revious

v Filter: A8 Source Files b

 Ned * Ogtions

Ui Pagse

bess

m

T e T B———

1W

Python 2.7.3 (default, Apr 10 2012, 23:31:26) [MSC v.1 »
Type "help®, "copyright®, "credita” or "licenss® for m|

| Source Assistant lmum:nrjun I Call Stack |

Symbel: None
Nosymbol ot curser

# Line 23 Col0* User]

Figure 3.5: General layout of wing IDE software
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Pre Processor command

- - o

/PREP7
K, t;-6:732, 0.000, 46.402
K, 2, 6.695, 0.704, 47.623

K, 3, 6.732, 0.000, 48. 844

K, 4, 6.403, 2.080, 50.065

K B gggg, g.?Od, so.gg?

K, 6’___ - kBl el '—-Al-_ = 1
,’K:_f' 6. 695 0.000'?04’ 42 738 - K7 stands for key pointno. 7
“K,_8, 6.732, 0.000, 43.959 ! 2| followed by coordinate
K, 9, 6:403,- 2. 080,--45-181" positions

K, 10, 6.695, 0.704, 45.181

K, 11, 6.150, 2.738, 46.402

K, 12, 6.403, 2.080, 47.623

K, 13, 5.447, 3.957, 48.844

K, 14, 6.150, 2.738, 48.844

K, 15, 5.003, 4.505, 50.065

K, 16, 6.732, 0.000, 36.633

K, 17, 6.695, 0.704, 37.854

K, 18, 6.732, 0.000, 39.075

K, 19, 6.403, 2.080, 40.296

K, 20, 6.695, 0.704, 40.296

K, 21, 6.150, 2.738, 41.517

K, 22, 6.403, 2.080, 42.738

K, 23, 5.447, 3.957, 43.959

K, 24, 6.150, 2.738, 43.959

K, 25, 5.003, 4.505, 45.181

(To BeZCOntinued For all the atoms or Keypoints)
[

L, 1, 20

L, 1, 618

| T =

E; 2 3

iy 24 32

L; 35 2

L, ,3'5’_5‘\\

L,’3, 566 .

'7‘,’ 4, 5 \\

L, 4, 14 v

L, 5, 3 ‘,\) L stands forline followed by two key point as
:\_‘\ : g : ‘—j- / its two vertexes.

Ly 6, 20 %

L, 6, 664.-

L &067

| TN R

s g 22

L, 8, 7

L; 8, 10

i, 8., 636

L., 9, 10

(To Be continued For all the 1lines)

Figure 3.6: Representation of information saved in Ansys Scrip

By running this script in ansys Mechanical APDL c¢oand window we can draw the

Nanotube in Ansys.
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3.1.3Wireframe M odel of Carbon Nanotube in Ansys
By using the above explained method we have crehtee model of carbon nanotube of
specification

1. n=10,m=0,lendth=5nm

2. n=10,m=8,length=5nm

3. n=10,m=10,length=5nm

Figure 3.7 Ansys generated wireframe model of Nanotube(18n@)5 nm length

Figure 3.8 Ansys generated wireframe model of Nanotube(18n8)5 nm length
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Figure 3.9 Ansys generated wireframe model of Nanotube(18n8)5 nm length

3.1.4 Selection of Type of Element

The C-C bond elements are modeled using BEAM4 alenBEAMA4 is a uniaxial element

with tension, compression, torsion, and bendingwall as stress stiffening and large

deflection capabilities. The element has six degyafefreedom at each node y, znodal

translational directions and rotations about théah®, y, zaxis . The specifics of BEAM4

are displayed in Fig. 3.10. In the analysis, thdasobecome the carbon atoms while the

elements represent the bonds. For this reasoreléneents are meshed with zero divisions.

Moreover we can divide the elements into no ofat want so as to accurate our results.

molecular
simulation

C

q

finite element

node representation ode
o =
element BEAM4
¢ )

element BEAM4
geometry

Figure 3.10: Representation of C-C bond in a molecular simuteéie well as finite element

modeling.
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3.1.4.1 Basic Geometry and Input Parametersof Element
The geometry, node locations, and coordinate systenthis element are shown in fig 3.11.

The element is defined by two or three nodes, thesesectional area, two area moments of
inertia (Lz and ky), two thicknesses (TKY and TKZ), an angle of otigion ©) about the
element x-axis, the torsional moment of inertig )| and the material properties. Jlis not
specified or is equal to 0.0, it is assumed equdlhé polar moment of inertiay{d+l zz). Ixx
should be positive and is usually less than tharpmloment of inertia. The element torsional

stiffness decreases with decreasing valuegyof |

° K (optional)

i
!
i
i .
I
I
f
I

vi J
J
' 2 . N
N7 LA
%/,
I _
el ] )//
a e ] " @y
2
D T ® e ¢
14_\‘»_'-
A y @ T:zz
%) Jrs TS\ T4.T8
TS5 2 T @
o | @ |
@ T6XC TKZ .
W ooy vy
X l ®

T2.76 |a— TKy—-l 13,77

Figure 3.11: Geometric characteristics presented in eleme®NBEemployed in ANSYS
to construct the space-frame model of carbon néeotu
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Table2: Input Values for BEAM 4 Element

Author Tkz=Tky| Area(R) Ixx (A% lyy (A% 122(A%
P;;grnrisgs%ﬂ 1.470 1.6972 2292 2292 4584
Kudin et al[25] .890 6221 .3080 3080 .0616
Pantano et al.[27] 750 4418 .01554 .01554 .03106
Chen & Cao[26] .500 1963 .003068 .0030668 .006136€

3.1.5 Nodesand Elements Calculation

We have to define single nodes at each key poetsause in our model the atoms are at the

place of nodes and we have created key pointeatabrdinates of each atom. So we pick all

points to create nodes.

I\ ANSYS Multphysacs Uity Menu

File Select List Piot PlotChls WorkPlane Paramelers Maoo MenuCiils Help

METEIC - |
ANSYS Tooter

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

ANSYS Main Menu
1 Preferences
3 Preprocessor
& Element Type
& Real Constants
& Material Props
& Sections
B Modeling
g Create
8 Keypoints
@ Lines
@ Areas
@ Volumes
2 Nodes
#0n Working Plane
Bin Active CS
A At Curvature Ctr
o Keypoind
AFill between Nds
A Quadratic Fill
& Rotate Node CS
& Write Node File
B Read Node File
@ Elements
& Contact Pair
S

|<n !alfz &

weospopazlalale|a|lee

|

[NKPT] Pick o enter keypoint at which to locate node

[mat=1 B type=1

| reai=

csys=0

| secn=1

Figure 3.12 Representation of creation of nodes on keypoinfnsys

After selecting pick all point sfrom the menu thaft@&are will automatically generate

nodes at the place of keypoints as shown in fiGut8.
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J\ ANSYS Multiphysics Utility Menu

|
J\ NUST Command

File

LIST ALL SELECTED NODES. Ds¥s=

SORT TABLE ON

NODE NODE NODE

NODE 2 ¥
1 6.7320 0.06000
2 6.6958 0.70400
3 6.6950 0.70400
4 6.5858 -1.40800
5 6.7328 0.06000
6 6.40308 2.0800
? 6.6958 8.70400
8 6.5850 -1.4000
? 6.4030 2.0800
18 6.1500 2.7388
11 6.7328 0.08600
12 6.6958 0.70400
13 6.6950 8.78408
14 6.5858 -1.40800
15 6.7320 0.0060
16 6.4038 2.0800
1?7 6.5858 -1.4000
18 6.4830 2.8860
19 6.1500 2.7388
20 6.1560 2.7380

NODE b ¥
5.4478 3.9578
22 5.4478 3.9578
23 5.00368 4.5858
24 5.80838 4.5850
25 3.9578 5.4478
26 6.7320 8.0686008
27 6.6950 0.70400
28 6.6950 8.70400
29 6.5858 —-1.4000
38 6.7320 0.08060
31 6.40838 2.08080
32 6.5850 -1.4000
33 6.4030 2.0800
34 6.1500 2.7388
35 6.1500 2.7380
36 5.4470 3.9578
37 5.4470 3.9570
38 5.80838 4.5858
39 5.88360 4.5850
48 3.9578 5.4478

¥

z
46 .4082
48.844

THXY THYZ
8.08 0.00
8.08 8.00

8.60

"
]

L)
[oloholoho o ho oo b ool ofo f o)
QQ&GS@SQSSBEOSEQES

]
]

L]
QGQSSSG&S&SEQESQ&
Qe

X
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e ®

L]
OSSR ee®
S0 RRERE®

.

ESB@SSSBQG SSESQQ%&QS

oEeeee®

-t
=
12X 9000000003800 88083X 00D
L)

=
=
1 S@&&ﬁ&@&@&&ﬁ&ﬁ&&&&?&-ﬁ SOOI EO®

™~

m

THZX
8.68
6.68
0.688
a.88 '
0.68
0.60
0.08
0.608
a.08
6.09
a.08
6.08

Figure 3.13 : Text file containing all nodes information genecdhbs ansys

Table 3: Calculation of Nodes and Elements

Structure of

Nanotube(n,m)

(10,0)

Length(nm)

10

No of

Nodes

950

No of Elements (if
elements is divided

in single part)

1410

No of Elements
(if elements is
divided in two
part)
2820
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(10.5) 10 1255 1865 3730
(10,10) 10 1659 2468 4936
(8,0) 8 608 896 1792
(8,5) 8 883 1280 2560
(8,8) 8 1056 1568 3136
(5,0) 5 240 350 700
(5.3) 5 334 492 984
(5,5) 5 420 620 1240

3.1.6 M aterial Propertiesof Carbon Nanotube in Ansys

We have input material properties to begin our sygalWe consider carbon nanotube as
linear elastic material. Material properties froifiedtent literature have been investigated
and finally we have decided to input following vedu

Table 4 : Material Properties of Carbon Nanotube

Serial No Property Symbol in Value Units
Ansys
1 Young/s EX 88.76 Kg A's*®
Modulus
2 Density DENS 2.68 x 10727 Kg/A®
3 Poisson’s Ratio PRXY .19 No units
A_ Density for Material Number 1 ] _ﬁ (VA Dinear Etropec Propertics for Maferial Number 1 =)
Density for Material Number 1 Linear Isotropic Material Properties for Material Number 1
T1 S
Temperakies ,7 I;‘;'(‘"EF-"‘-‘-":'-'“"@ 88.76
DENS

PRXY [T —

Add Temperature| Delete Temperature‘ Graph| Add Ternperaturel Delete Temperature[ Graph | |
oK I Cance! | Help | oK | Cancsl | Help I

Figure 3.14 : Material Properties input window in Ansys
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3.1.7 M eshing of Wireframe M odel
Basically there are four ways by which we can dshireg:
1. Point Meshing
2. Line Meshing
3. Area Meshing
4. Volume Meshing

Since we have wireframe model so we have chosemiieshing .We have divided each line

into one and two no of elements consecutively.
Type 2 if we want to divideit into

two parts
I\ ANSYS Muttiphysics Utility Mess
Eile Select List Plot PiotChis WorkPlane Pamameters Maoo MepuCiris Hedp
B R o & N &

ANSYS Toobar
SAVE_DB| RF_SUM_DHj aur F’z’.}\'\‘RGRPH:

@

_ANSYS Main Manu
E Preferences
@ Preprocessor
i Elemant Type
@ Real Constants
= Material Props
@ Sections
2 Modeling 18 J
& Meshing i i R Mo of element divisions
= Mesh Attributes . "
B MeshTool
= Size Cntrls
2 SmartSize
2 ManualSize
& Global
i Areas
B Lines
C Al Lines|

# Picked Lines

ement edge length

ancel |

M Copy Divs
#Flip Bias
A Cir Size
@ Keypoints
B Layers
& Concentrat KPs
- i bn Pt

[Pick a menu item or erter an ANSYS Command (PREPT) [mat=1 type=1 [reai=1 [csys=0 [sern=1

Figure 3.15: Representation of meshing attributes in Ansys
3.1.8 Loading Conditions and Boundary Constraints in Carbon Nanotube
There are basically two type of boundary constsaint
1. Fixed-Fixed (Both the ends of carbon nanotube iaeelf)
2. Fixed-Free(One end of nanotube is fixed while otbdree)
Load can be applied to any nodes in one ofxtigezdirection. A load of 10-27 Kg have been
applied at all the nodes in between the centdreohanotube in downward direction i.e.
negative Y direction.
To define a modal analsys we have to define thefmeodes for frequencWe have chosen
five modes of vibration. Either the software itsglfl decide the frequency or we can also

input.
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A ANSYS Multiphysics |

Eile  Select

Dleas s & ¢ - =
ANSYS Toobar

List Plot PlotCiis WorkPlane Papameters Macro MepuCiiis Help

SAVE_DB| RESUM_DB| QUIT| POWRGRPH| | A Mod Anstyss L

[MODOPT] Mode mtraction method

ANSYS Main Menu
El Preferences
©= Preprocessor
2 Solution
&= Analysis Type
B New Analysis
= IExpansionPass

AN, optl
@ Define Loads
# Load Step Opts
= SE Management (CMS)
& Results Tracking
& Solve
& Manual Rezoning
B Muiti-field Set Up
@ Diagnostics
B Unabridged Menu
@ General Postproc
= TimeHist Postpro
@ Topological Opt
= ROM Tool
@ DesignXplorer
= Design Opt
= Prob Design
# Radiation Opt
£l Session Editor

=i

=
)

= Block Lancros

™ PG Lancros

" Reduced

Unsymmetric

 Damped

QR Damped

" Supemcde

Mo, of modes to etract 5

[must be specified for sl methods evcept the Reduced method)

[MXPAND] —
Expand mode thapes

NMODE No. of mades to expand

Eicalc Calcalate elem results?

UIMPM) Use bumped mass sppres?

[PSTRES] bncl prestress effects?

oK

Pick a menu item or enter an ANSYS Command (SOLUTION)

| mat=1 | type=1 (real=1 csys=0 secn=1

Figure 3.16: Basics input parameters for modal analyses
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CHAPTER 4

RESULTSAND DISCUSSIONS

4.1 NORMAL SIMULATION

Initially Simulation has to run in Ansys 13.0 . Theare total six simulations has to run by

changing geometric and process parameters froni jmbjob 8 explained in table. For all

these simulation, the same material properties aseazkplained in table.

Table 5: Nanotube Structures and plans for Simulation

Job Boundary - No of elements
(n, m) Length(nm N Load Conditionsg _
Number Conditions per line
Fixed-Fixed At center
1 (10,10) 5 i 1
Fixed- Free At free end
Fixed-Fixed At center
2 (10,0) 5 i 1
Fixed- Free At free end
Fixed-Fixed At center
3 (10,10) 5 2
Fixed- Free At free end
Fixed-Fixed At center
4 (10,0) 5 i 2
Fixed- Free At free end
Fixed-Fixed At center
5 (5,5) 5 : 1
Fixed- Free At free end
Fixed-Fixed At center
6 (5,0) 5 . 1
Fixed- Free At free end
Fixed-Fixed At center
7 (5,5) 5 i 2
Fixed- Free At free end
Fixed-Fixed At center
8 (5,0 5 2
Fixed- Free At free end

41



4.1.1 Job 1: Simulation of carbon nanotube(10,10) and length 5nm
A carbon nanotube is modeled in Ansys 13.0 withy+#1=10 and length 5nm. BEAM 4

type element is used ang, E Ty, = 1.470 Aas showed in table 2. Material properties are

used from table 4. A load of TOKg is applied in two ways showed in table 5. T@&alatural

frequencies are found and 6 mode shapes are drawn.

Table 6: Index of data sets on Nanotube (10, 10) and Iehgth Fixed-Fixed without load

Set

Frequency(Hz)

Load set

Sub set

Cumulative

0.40020E+12

1

1

1

0.40020E+12

0.54306E+12

0.54306E+12

0.65668E+12

o O | W N

0.73474E+12

1
1
1
1
1

o g B~ W N

o g | W N

Figure 4.1 : Modes shapes of Nanotube (10, 10) and length SredfFixed without load
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Table 7: Index of data sets on Nanotube (10, 0) and Iebgth Fixed-Free without load

Set

Frequency(Hz)

Load set

Sub set

Cumulativ

0.10058E+12

1

1

1

0.10058E+12

0.32409E+12

0.43008E+12

0.43008E+12

> O B W N P

0.49131E+12

1
1
1
1
1

| O ” W DN

| O ” W DN

Figure 4.2 : Modes shapes of Nanotube (10, 10) and length Sredf-ree without load

4.1.2 Job 2: Simulation of carbon nanotube(10,0) and length 5nm
A carbon nanotube is modeled in Ansys 13.0 withdy:1=0 and length 5nm. BEAM 4 type
element is used and;T= Tky = 1.470 Aas showed in table 2. Material properties are used

from table 4. A load of 18 Kg is applied in two ways showed in table 5. T&alatural

frequencies are found and 6 mode shapes are drawn.
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Table 8: Index of data sets on Nanotube (10, 0) and Iehgth Fixed-Fixed without load

Set

Frequency(Hz)

Load set

Sub set

Cumulative

0.32256E+12

1

1

1

0.32256E+12

0.66040E+12

0.72525E+12

> O B W N P

0.72525E+12

1
1
1
1
1

0.10620E+13

| O ” W DN

| O ” W DN

Figure 4.3 : Modes shapes of Nanotube (10, 0) and length 5medFtixed without load

Table 9: Index of data sets on Nanotube (10, 0) and Iebgth Fixed-Free without load

Set Frequency(Hz) Load set Sub set Cumulative
1 0.64172E+11 1 1 1
2 0.64172E+11 1 2 2
3 0.33130E+12 1 3 3
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4 0.33641E+12 1 4 4

5 0.33641E+12 1 5 5

6 0.53261E+12 1 6 6

Figure 4.4 : Modes shapes of Nanotube (10, 0) and length 5medFree without load

4.1.3 Job 3: Simulation of carbon nanotube(5,5) and length 5nm
A carbon nanotube is modeled in Ansys 13.0 with,m85 and length 5nm. BEAM 4 type
element is used and,I= Ty, = 1.470 Aas showed in table 2. Material properties are used
from table 4. A load of 1& Kg is applied in two ways showed in table 5. T@taiatural
frequencies are found and 6 mode shapes are drawn.

Table 10: Index of data sets on Nanotube (5,5) and length Bixed-Fixed without load

Set Frequency(Hz) Load set Sub set Cumulative

1 0.29363E+12 1 1 1
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0.29363E+12

0.65861E+12

0.67793E+12

0.67793E+12
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Figure4.5: Modes shapes of Nanotube (5,5) and length 5nimdHrkeed without load

Table1l: Index of data sets on Nanotube (5,5) and length Bixed-Free without load

Set Frequency(Hz) Load set Sub set Cumulativ
1 0.55257E+11 1 1 1
2 0.55257E+11 1 2 2
3 0.29946E+12 1 3 3
4 0.29946E+12 1 4 4
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5 0.32509E+12 1

6 0.52685E+12 1 6 6

Figure 4.6 : Modes shapes of Nanotube (5,5) and length 5nndHikee without load

4.1.4 Job 4: Simulation of carbon nanotube(5,0) and length 5nm

A carbon nanotube is modeled in Ansys 13.0 with,ms80 and length 5nm. BEAM 4 type
element is used andsT= Tky = 1.470 Aas showed in table 2. Material properties are used
from table 4. A load of 18 Kg is applied in two ways showed in table 5. T@&alatural
frequencies are found and 6 mode shapes are drawn.
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Table 12: Index of data sets on Nanotube (5,0) and lengbh Bixed-Fixed without load

Cumulative

Sub set

Load set

Frequency(Hz)

0.32597E+11

0.33395E+11

0.19985E+12

0.19989E+12

0.34493E+12

0.52607E+12

Set

Figure 4.7 : Modes shapes of Nanotube (5,5) and length 5nimdHrkeed without load
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Table 13: Index of data sets on Nanotube (5,0) and lengih Bixed-Free without load

Set

Frequency(Hz)

Load set

Sub set

Cumulativ

0.33388E+11

1

1

1

0.33395E+11

0.19985E+12

0.19985E+12

0.34493E+12

> O B W N P

0.52607E+12

1
1
1
1
1

| O ” W DN

| O ” W DN

Figure 4.8 : Modes shapes of Nanotube (5,0) and length 5SnndHixee without load

4.2 Sudy the Changein Frequency by Appling Load on Carbon Nanotube

All the modes obtained in section 4.1 are withbetapplication of any load if we apply load

to any carbon nanotube, a significant change inrabfrequency of the carbon nanotube has
been observed. We can detect the mass by calgithgnnatural frequency of

nanotube(10,10) as fixed-fixed condition.
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Table 14 : Natural frequency with change in length and mass

Natural Frequency(HZ)
Serial N Attached
erial No Length = Length = Length = Length =
Mass(Kg) g g g g
6nm 8nm 10nm 12nm
1 10°° 9.89E+10 7.31E+10 5.89 E+1( 4.17 E+10
2 10%° 9.62 E+10 7.06 E+10 5.56 E+1( 3.96 E+10
2 10 6.42 E+10 5.36 E+10 4.46 E+10 2.76 E+10
2 10 2.35 E+10 2.15 E+10 1.84 E+10 1.35 E+10
5 10% 3.59 E+09 2.75 E+09 2.56 E+09 2.02 E+09
6 1041 2.45 E+08 2.23 E+08 1.93 E+08 9.96 E+(Q7
7 10%° 5.99 E+07 4.16 E+07 3.32 E+07 1.3 E+07
Length = 6nm Length = 8nm
é' DOE-O- EE DOE-D4
1 F:equem:_\' in I:Z * 1040 ; | ’ } F:eqnenq' in HZ * 1010 J 5
Length = 10nm Length =12nm
é- DOE-D: g 1 00DE-Ox

3 5 ’ g -1 1 3 5 7 El

Frequency in HZ = 10'® Frequency in HZ = 101°

Figure 4.9 : Graphical Representation of Natural Frequencydring tube length

By ploting all the data on single graph we can mheiee the freuency shift of carbon nano
tube by chaning the value of attached mass taibysobserving this signature we can find

the amount of mass attached to nanotube.
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Attached Mass in Kg x 1020

Length = 6nm

Figure 4.10 : Graphical Representation of Shift in Natural Fiegy

Chart Title

3

5

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

[l Frequency shift l]

1.00E-06

Natural Frequency in Hz X 1010

= Length = 8nm

Length = 10nm

1.00E-07

e Length = 12nm

4.3 Sudy the Changein Frequency by Aspect Ratio of Carbon Nanotube

We have observed the natural frequency of carbaotnbe by changing its length to
diameter ratio.

Table 15 : Natural frequency with change in length to diamedtio

) Natural
Serial .
(n,m) Length(nm) Diameter(nm I/D Frequency
Number
(Hz)
1 (10,10) 10 1.34 7.46 4.2E10
2 (10,0) 10 g7 12.98 3.5E10
3 (10,5) 10 1.02 9.80 3.88E10
4 (10,10) 20 1.34 14.92 2.8E10
5 (10,0 20 T7 25.97 1.1E10
6 (10,5) 20 1.02 19.60 1.3E10
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Figure 4.11 : Graphical Representation of Natural Frequencydring aspect ratio
As clearly shown by graph it is observed that tatiral frequency of carbon nanotube

decreases with increase in I/D ratio. Smaller naimet can be used for obtaining high
resonant frequency and vice versa.
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CHAPTER 5
CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

The main properties that make carbon nanotubes §LBTpromising technology for many
future applications are: extremely high strengtlw imass density, linear elastic behavior,
almost perfect geometrical structure, and nanonset@e structure. Also, CNTs can conduct
electricity better than copper and transmit hedtebeghan diamonds. Therefore, they are
bound to find a wide and possibly revolutionary imsell fields of engineering.

The present work analyzes the natural frequencgaohon nanotubes with and without
loadings under fixed-fixed and fixed-free condisorWe have observed that there is
significant change in the natural frequency aftgsli@ation of load on carbon nanotubes. So
by observing the natural frequency of any nanotwubean find the force applied to it. Hence
we can use carbon nanotube as a mass detector.

The results indicate that the mass sensitivity abon nanotube based mass detectors can
reach 16 Kg and abovdt has been observed that CNT with attached ma4§&fto 107

Kg, the clear peak of excitation appears at nafueguency and other peaks are at multiples
of natural frequency.

With the help of this model we can draw the vilmatsignature of specific nanotube and find
the peaks to identify which type of carbon nanotigeest for detecting specific amount of
mass.

The accuracy of the model has been verified wighrésearch work done by other authors.

5.1 Future Scope

The carbon nanotube resonates at 2 GHz. It caruokded that when the heavier masses
with lower resonant frequency land on the carbomofube it lower its natural frequency,
with heavier particles lowering it more than lightmes. The shift in resonant frequency can
be monitored and so be used to calculate the nfigdke particle.
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Such high frequency mechanical Nano devices wdlilifate the development of the fastest

scanning probe microscopes, magnetic resonant fimiceoscopes, and even mechanical

super-computers.

Since the carbon nanotube can detect very smak s@m¢his carbon nanotube mass detector
has wide application in biotechnology so as to meathe bacteria mass and many other
parameters.

Present method of drawing model can also be usedrdaw the DNA structures and

nanotubes of other material than carbon on anylsiion software.
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