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Abstract

The purpose of this thesis is to use the classical technique known as calculus of variations to
investigate three problems in nanotechnology.

Curvature-dependent energies are used in modelling biological molecules including the shape
of red blood cells and protein backbone structures. In this thesis, we investigate another ap-
plication of such energies to model nanoantennas. Targeting mid-infrared rays, nanoantennas
(which are defined as tiny gold squares or spirals set in specially treated forms of polyethylene)
can convert energy into electricity giving rise to theoretical efficiency which is much higher than
current solar cell technology. Since shape and size are critical to the performance of nanoan-
tennas, here we investigate a certain type of nanoantenna which is a spherical helix or another
similar curve that winds around a sphere. Using the Euler-Lagrange equations for extremal
curves, we find classes of energies which permit curves on the sphere as extremizers.

The second problem is the joining between carbon nanostructures by using calculus of varia-
tions. Carbon nanostructures have received a lot of attention for their use in nanoscale devices.
Joining carbon nanostructures has been shown to enhance the property of the combined struc-
tures. In this thesis we model the join of carbon nanocones with fullerenes, two nanocones,
plane sheet of graphene with nanocones, fullerene with plane sheet of graphene and nanocone
with two parallel sheets of graphene. We illustrate that a perfect join configuration of absolute
minimum energy is possible in some circumstances. In general, we study two models, which are
based on the curvature of the join profile. Model I refers to the positive curvature only and
Model II refers to the positive and negative curvatures. In addition, we consider three cases of
joining nanocones with exactly half a sphere, more than half a sphere and less than half a sphere.

In joining two nanocones, we investigate the joining between two symmetric carbon nanocones,
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two different angles nanocones and two different angles nanocones for five possible angles of the
first nanocone. These combined structures may be useful for the design of scanning tunnelling
microscopy and other nanoscale devices.

Finally, this thesis compares two different energies used in modelling of the joining between
different carbon nanostructures. The first energy depends on the axial curvature only. As
carbon nanotubes deform according to perfect elasticity, the elastic energy is used to determine
the join region which contains a finite number of discrete bonds. Secondly, we consider the
Willmore energy that depends on the axial and rotational curvature. As a result we use a piece
of catenoid to join carbon nanostructures as it is an absolute minimizer of the Willmore energy.
In particular, we investigate using the two energies for joining carbon nanocones with carbon
nanotubes, two carbon nanocones and two fullerenes. We conclude that both of these energies
can be used for these two cases of joining as they are similar in the joining profile.

The major contribution of this thesis is the use of applied mathematical modelling to de-
termine optimal configurations of nanostructures. Three problems are investigated, based on
geometry of space curves on a sphere, geometry of joining to combine different nanostructures

and comparison of different energies for the same joining scenario.
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Chapter 1

Introduction

1.1 Background

Nanotechnology is one of the most active research areas within the scientific community today.
Nanotechnology is a multidisciplinary research field combining various disciplines, including
physics, chemistry, biology and engineering. Importantly, mathematical modelling can provide
insight into the behaviours of nanostructured materials under different conditions and enhance
our understanding through new applications within this arena. This thesis comprises three

topics, namely:
e Modelling curves on a sphere with an application to spherical nanoantennas,
e Modelling the joining of carbon nanostructures,

e Comparing different energies for modelling the joining of different nanostructures.

1.1.1 Modelling curves on the sphere

1.1.1.1 Antennas

An antenna is usually defined as a metallic device (as a rod or wire) for radiating or receiving
radio waves [9]. Research into antennas began with James Clerk Maxwell in 1873 when he
combined the theories of electricity and magnetism into a set of equations which are commonly
known as Maxwell’s equations. The Germany physicist Heinrich Rudolph Hertz developed the
first wireless electromagnetic system in 1886 [9]. During the Second World War researchers
worked to develop radar technology to see targets from hundreds of miles away, even at night.

This research resulted in the rapid development of high-frequency radar antennas [51]. More
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recently the principle aim of the research on antennas is how to create them for broadband
application with small sizes for communication systems [51].

There are many applications for antennas. It is an important element of the performance of
many systems such as communications, radar, radio astronomy, navigation and instrumentation
[94].

Measuring the performance of an antenna depends on many important properties, the study in

[8] has defined these properties as below.

1. Radiation pattern: The radiation pattern of an antenna can be defined as a mathematical
function or graphical representation of the radiation properties which include power flux

density, radiation intensity, field strength and polarization.

2. Directivity: The directivity of an antenna can be defined as the ratio of the radiation
intensity in a given direction from the antenna to the radiation intensity averaged over all
directions, and it is desirable to express directivity in decibels (dB). Thus the radiation

intensity is the power radiated from an antenna per unit solid angle.

3. Gain: The gain is an important measure that describes the performance of an antenna. It
is closely related to the directivity and it takes into account the efficiency of the antenna
and its directional capabilities. Thus the gain of an antenna might be defined as that the
ratio of the intensity, in a given direction, to the radiation intensity that would be obtained

if the power accepted by the antenna were radiated isotropically.

4. Efficiency: The total antenna efficiency is used to take into account losses at input termi-

nals and within the structure of the antenna.

5. Bandwidth: Bandwidth of an antenna is the range of frequencies within which the per-
formance of the antenna, with respect to some characteristics, conforms to a specified

standard.

6. Polarization: It is the polarization of the wave transmitted (radiated) by the antenna.
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7. Input impedance: Input impedance of an antenna is defined as the impedance presented
by an antenna at its terminals or the ratio of the voltage to current at a pair of terminals

or the ratio of the appropriate components of the electric to magnetic fields at a point.

The study in [51] determined some types of antennas such as wire type antennas which
include dipoles, monopoles, helices, Yagi-Uda and log-periodic antennas.

1.1.1.2 Helical antenna

A helical antenna is one type of antenna, that started with the invention of the cylindrical helical
antenna by Kraus [55]. Other shapes of this special type of antenna with different properties
were proposed by many researchers. In particular, a study by Virginia Polytechnic in [92] was
the first to present the spherical helix antenna and described its properties. In [21] the spherical
helix antenna was studied with circular polarization over a broad beam. This study indicated
that the spherical helix is a wire antenna in a helix shape that is wound over a spherical surface;
it is fed coaxially with the inner conductor of the coaxial cable becoming the helix and the
outer conductor forming the conducting ground plane. As a result of this study, the researchers
concluded that the spherical helix antenna has valuable applications in communication systems
with low channel capacity. Further research into this type of antenna was proposed in [22]. The
researchers studied the radiation characteristics of a spherical helical antenna and showed that
spherical helical antennas have different properties from cylindrical helical antennas. Specifically,
the spherical helix antenna has a narrower frequency range and exhibits circular polarization
over a major portion of the main beam. This leads to usage of this type of antenna in mobile
radio communications system.

Subsequently research into the input impedance and the gain of spherical helix antenna in [52]
showed that increasing the number of turns of the spherical helix antenna gives rise to adverse
effects on the input impedance and the antenna gain. This study compared the input impedances
of a 5-turn, 7-turn and 3-turn of the spherical helix antenna. It also showed that increasing the
number of turns gives rise to varying impedance with frequency. This means that it is unlikely to

obtain a constant impedance region and hence the useful bandwidth of the antenna is reduced.
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Thus, an increase in the number of turns of the helix does not favour the impedance bandwidth
for a spherical helical antenna [52]. Moreover the antenna gains for a 3-turn and a 7-turn
antennas have been compared to conclude that a relatively stable gain (within 1 dB) can be
obtained for the 3-turn antenna from C/y = 1.1 to C'//y = 1.3 where C is the circumference of
the sphere and ~ is the wavelength. On the other hand, the gain of the 7-turn antenna changes
more rapidly with frequency. The maximum gain of the 3-turn antenna is 11.1 dB measured at
C'/v = 1.28 and that of the 7-turn antenna is only 9.9dB at C'/y = 1.18. The generally smaller
gain of the 7-turn antenna is due to its deeper mismatched impedance when compared with that
of the 3-turn antenna [52].

In 2005 the study by Ding et al. [36] presented a new spherical helical antenna. This study
explained the structure, radiation characteristics and input impedance of the spherical helical
antenna. These researchers indicated that there are two radiation modes of the spherical helical
antenna which are axial mode which has complex impedance, and axial-null mode which has
stabilizes impedance.

In [104] a novel low-profile spherical helical antenna was proposed comprising of two wires
winded centrosymmetrically on the part surface of the sphere where the spaces between the
helices becoming broader from the top to the bottom. In particular they calculated the radiation
properties, the directivity and an axial ratio (ratio of maximum to minimum power contained
in the field components of the polarization ellipse [25]) of this antenna. This study concluded
that this antenna has a directivity of more than 6 dB and an axial ratio of smaller than 3
dB over 2 : 1 bandwidth and the radiation patterns have broad beam and 20 dB front-to-back
ratio. These properties show that this antenna is useful in microwave measurements and satellite
communication systems [104].

Many helical structures have been found in nature, for example circular, cylindrical, conical,
spherical and elliptical helices. The research in [42] has shown that the main property of the
spherical helix is the circular polarization over a very broad beam width which gives the spherical

helix importance in communications systems. Another advantage of the spherical helix rather
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than the cylindrical helix is the small electrical size which is useful in situations where size and
weight limitations require to be intensely observed [42], [28].

Increasing demand of electricity is leading to extensive pressure on renewable energy sources.
Scientists encounter enormous challenges to achieve methods that assist in producing large
amount of energy and power. One answer to this problem is the use of solar cell technology,
which is the most common converting sunlight into electricity. However, solar cells have a
limitation; their theoretical limit is only 30% conversion of the sunlight which is a small amount
compared to the huge amount of the sunlight available [86].

The abundance of energy from the sun gives rise to increasing research in this field. As a result,
researchers have created a new device for converting energy from the sun into electricity called
the nanoantenna. This device targets mid-infrared wavelength, where conventional photovoltaic
solar cells are inefficient and where there is plenty of solar energy [54].

In this thesis, modelling curves on a sphere with an application to nanoantenna is presented.
Using calculus of variations, the thesis aims to find the energy density functions that give

spherical helices as solutions for Euler-Lagrange equations.

1.1.2 Modelling the joining of carbon nanostructures

Many experimental and theoretical studies have investigated the nature of materials at the
nanoscale. Nanomaterials have size ranging between 1 to 100 nm in one or more dimensions
[87] [48]. Based on their special thermal, mechanical, electronic and biological properties which
are not found in conventional materials [91], [26], [27] [34], nanomaterials have been studied
for varied applications in physics, chemistry, biology, engineering and computer science [77].
Carbon nanostructures are examples of these nanomaterials, and they can be classified based
on their structures such as graphene, carbon nanotubes, fullerenes and carbon nanocones [10]
[11] [103].

Nanostructure materials are of interest to many research fields due to their physical, chem-
ical and electronic properties [10] [38] [79]. Owing to their unique properties, carbon nanos-

tructures have received much attention for the development of many nanoscale devices. Many
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researchers have explored the dynamics of carbon nanostructures such as graphene, carbon
nanotubes, fullerene and carbon nanocones due to their extraordinary properties which dis-
tinguish them in nanoscale devices development [17]. Fullerenes are important elements of
the carbon family in nanoscale. They have a similar structure to graphene, which is formed
by linking hexagonal rings, but fullerenes contain pentagonal rings that are required to close
the spherical shell [10]. On the other hand, there are many different types of fullerenes such
as Cho, C20, C30, C50, Ceo, C70, C119, C120, Ci95, and Cago [84]. Fullerenes have many interesting
chemical and physical properties, which have been exploited to develop biological and medical
applications, including drug delivery, osteoporosis therapy and x-ray contrast agents to reduce
toxicity [38, 32, 80, 19].

Carbon nanotubes have attracted scientists attention since their discovery due to their unique

graphene

Figure 1.1: Single and multi walled carbon nanotubes [76].

properties and potential applications [43]. The first observation of the tubular carbon structures
was in 1991 by Iijima [53]. Carbon nanotubes are effectively long, thin cylinders of graphite that
made up of layers of carbon atoms arranged in a hexagonal lattice. Two years after the discov-
ery of carbon nanotubes, scientists have proved that two different shapes of carbon nanotubes
are found in their fabrication, including single walled and multi-walled carbon nanotubes [53],
as shown in Figure 1.1. Experimentally, there are many ways to synthesize carbon nanotubes.
The commonly used methods are; arc discharge, laser ablation, chemical vapor deposition [79],

the sol-gel and gas phase metal catalyst [53]. Wide ranges of applications of carbon nanotubes
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include nanoelectronic devices, atomic probe, gas storage devices, actuators, high power elec-
trochemical capacitors, nanothermometers and Fe-filled nanotubes as magnetic storage devices
[53] [66] [43] [89].

Structurally, single-walled carbon nanotubes can be viewed as a single graphene layer rolled
up into a seamless cylinder, one atom thick, with a small number of carbon atoms around the
circumference and a great length along the cylindrical axis. Let C be the chiral vector indicating

the direction of the rolling as in Figure 1.2, C can be written as

0<6<30 =30
zigzag chiral armchair

Figure 1.2: The roll-up vector as linear combinations of base vectors a; and ao, single- and
multi-walled carbon nanotubes structures [40].

C = naj + mag,

where (n,m) are a pair of indices that denote the number of unit vectors na; and mas. A single
walled carbon nanotube of different atomic structure depends on various choices of n and m as
in Figure 1.2. If (m = 0) the nanotube is called zigzag nanotube which corresponds to 6 = 0°.
If (n = m) the nanotube is called armchair nanotube which corresponds to § = 30° and the

chiral nanotube is all other carbon nanotubes corresponds to 0 < 6 < 30°. The diameter d can
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be calculated from

d=|C|/7 = a\/(ng + nm + my),

where a = 2.49 A is the lattice constant of the graphene sheet [66].

Multi-walled carbon nanotubes can be considered as concentric cylindrical graphitic tubes which
are more complex structures than single-walled carbon nanotubes. Moreover, the single-walled
carbon nanotubes that extract from multi-walled carbon nanotubes may have quite different
structures for example, length and chirality. Although multi-walled carbon nanotubes are easier
to produce in significant quantities than single-walled carbon nanotubes, their structures are less
well understood than single-walled carbon nanotubes because of their complexity and variety
[73].

While fullerenes and carbon nanotubes are widely studied, little attention has been paid to car-
bon nanocones. Carbon nanocones might be defined as curved graphene sheet with the addition
of pentagons at the cone tips [93]. They are found on the caps of nanotubes as free-standing
structures that are generated in a carbon arc [5]. Accordingly, only a small amount of carbon
nanocones is produced [10, 11, 30]. Nevertheless carbon nanocones have potential applications
to be used as tips in atomic force microscopes and scanning tunneling microscopes. They also
have useful applications in deformation problems [16] [17] [97]. Moreover, carbon nanocones
might be possible candidates for hydrogen storage and field emission tips [93]. Further, the-
oretical studies suggest that the oscillation of nanocones inside carbon nanotubes can create
gigahertz frequency which can be used as ultra-sensitive nanoantenna and ultra-fast signalling
devices [11] [3]. Carbon nanocones also have good mechanical, electrical and thermal properties
[101]. In particular, they are useful for high resolution and high intensity applications because of
their small size [98]. Other researchers have found other useful applications of carbon nanocones
in different areas, for example in engineering applications [61], cold electron and field emitters
[101], adsorbent [65], mechanical sensors [50] and they can be useful as high sensitive resonators
[98].

Graphene, as one of carbon allotropes, and its composites has attracted considerable attention
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due to its exceptional physical and chemical properties such as excellent electron mobility, the-
oretically large surface area of ~ 2600 m? /g, high thermal conductivity of ~ 5000 W m~'K~!
and optical transparency [39] [18] [70] [83] [7] [59]. As a result of these properties, graphene
has promising applications in different aspects for example, in biosensors, nanoelectronics, in-
tercalation materials, drug delivery, catalysis, super capacitors, polymer composites [99], energy
storage, sensing, electrocatalysis [39].

The joining of carbon nanostructures can lead to more interesting structures and properties.
In this thesis, determination of join regions between carbon nanostructures is investigated. For
this purpose, calculus of variations is applied to determine the shape of the join region between

many different nanostructures.

1.1.3 Comparison of different energies for joining carbon nanostructures

Joining carbon nanostructures produces new nanostructures with better properties. In this case,
we consider two different energies to join carbon nanostructures. Firstly, using the elastic energy
which depends on the axial curvature only. The second energy is the Willmore energy which
also depends on the axial and rotational curvatures. Taking these two energies into account, we
investigate the difference of some carbon nanostructures joining profiles.

This comparison is important because the first energy is only based on the axial bond of the
curve. However, the second energy is based on both the axial and the rotational curvature.
After that, we identify if the rotational curvature makes any change into the joining structures.
The first energy has the advantage of solving the resulting equations quite easily. However, for
the second energy, when both of the curvatures are involved, the energy can be used for cell
membrane and other structures.

In this thesis, comparison between these two different energies for joining of carbon nanocones
and carbon nanotubes, two symmetric carbon nanocones, large and narrow carbon nanocone and
two fullerenes is studied. This thesis shows the appropriate energy for these different scenarios

of joining.
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1.2 Structure of the thesis

The remaining four chapters of this thesis are arranged as follows. Chapter 2 has two main
aims: first, to identify and review the research literature pertaining to modelling curves on a
sphere with an application to spherical nanoantennas and second, to adopt the approach of the
classical calculus of variations to model helices on sphere then concluding with the discussion
of the results. Chapter 3 also contains two major purposes; firstly, to review and show the
literature concerning the modelling of joining of carbon nanostructures. The second part of this
chapter is to adopt calculus of variations and determine new joining profiles for different carbon
nanostructures. Chapter 4 is divided into two parts. The first part is to review the literature of
comparing different energies for modelling the joining of different carbon nanostructures, and the
second part is to compare of different energies for same joining scenario of carbon nanostructures.
Chapter 5 contains some concluding remarks and discussion of this thesis. Finally, Maple codes

are given, with appendices and bibliography included.
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Chapter 2

Modelling curves on a sphere with
an application to nanoantennas

2.1 Introduction

Helical structures in nature have received considerable interest from engineers and scientists in
recent years. There are many shapes of helices in nature such as circular, cylindrical, conical,
spherical and elliptical. Studies such as [15] indicate the existence of helical structures in mi-
croscopic systems, such as biomolecules, bacterial fibers, nanosprings, protein chains and DNA.
In addition to biological systems, helical structures are useful as antennas for many systems
including communications, radar, radio astronomy, navigation and instrumentation [94]. Helical
antennas are of particular interest in communication systems because they can produce circular

polarization [21]. Polarization might be called wave polarization which defines as an expression

y‘ﬂ,f right-hand circular
f\ﬂyl harizontel polarization W polarization

g “, il —

vertical polarization

P

——

electric field

antenna

) Linear polarization. (b) Circular polarization.

Figure 2.1: Linear and circular polarization [37].

of the orientation of the lines of electric flux in an electromagnetic field. In particular, there
are two different types of antenna’s polarization as indicated in Figure 2.1 [37]. First is linear
polarization in which the electric field is oriented in a single direction (vertical or horizontal) as

shown in Figure 2.1a. Second is circular polarization, where the plane of polarization rotates in
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a corkscrew pattern making one complete revolution for every wavelength. It radiates energy
in horizontal, vertical planes and every plane in between. If the rotation is clockwise then it is
called right-hand circular, and if it is counterclockwise then it called left-hand circular as shown
in Figure 2.1b [74]. Using circular polarization for antennas removes the need to continuously
align the two antennas, maximizing received power and also avoiding the need of complex track-
ing system [105]. This chapter reviews the significant background and configurations of spherical

helix and nanoantennas, and includes mathematical models for curves on the sphere.

2.1.1 Spherical helix

Figure 2.2: Spherical helix.

A mathematical general helix is a curve in space such that there is a fixed vector V in the
direction of the axis of the helix, which makes a fixed angle with the tangent vector at each
point on the curve. As shown in Figure 2.2, spherical helix is a variation of the conventional
helix which holds the spacing S between turns constant and varies the diameter D and pitch
angle a. Spherical helix might be determined by the number of turns N and the radius r. By
using spherical coordinates (7,6, ¢), the geometry of spherical helix can be described such that
each turn sweeps 27 radius in ¢ coordinate with total of 2o N radius for the entire spherical

helix of N turns. As ¢ varies from 0 to 2r N we have



1, @
0 =cos (-2 —1
cos™ (7 — 1)

0< ¢ <27N.

Furthermore, spherical coordinates (r,0,¢) are used to derive the expression describing the

spherical helix. Specifically, the coordinates of the spherical helix are defined as
X =rcosfcos o,

Y = rsinfsin ¢,
Z =rcosb.

The studies in [28] and [92] have explained the radiation characteristics of the spherical helix. In
particular the performance of this type of helix is independent of the number of turns. However,
with a very small number of turns the helix loses its spherical shape and with a very large
number of turns it becomes a spherical cavity. Moreover spherical helix includes two different
modes of radiation in the overall axial regime; axial and axial-null modes. The axial mode is
analogous to the axial mode of the standard helix with a single main lobe along the axis of the
helix and it operates in a circumference range of approximately 0.75\ to 2.0\, where the axial-
null mode operates in a normalized circumference range of about 2\ to 2.8\ where A denotes

the wavelength [28].

2.1.2 Nanoantenna

The history of the nanoantenna dates back to Robert L. Bailey in 1972 who proposed the first
electromagnetic wave converter [75]. In 1984 Alvin M. Marks used sub-micron-sized antenna
in a device to create electricity [2]. In 1996 Guang H. Lin was the first researcher to show the
absorption of resonant light by fabrication of a nanostructure [44].

The most important feature for nanoantennas is the high theoretical efficiency which is 85%
compared to 25% of the solar cell. Also, nanoantennas receive higher frequencies and shorter
wavelengths. On the other hand, there is a restriction in using nanoantenna due to the produc-

tion process by electron beam (e-beam lithography). This process is slow and expensive because
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parallel processing is not possible with e-beam lithography. Also, operation frequency is one
of the main limitations of nanoantennas. However metal-insulator-metal tunneling diodes show
promising features for use in nanoantennas [1].

The study in [57] defines nanoantennas as tiny gold squares or spirals set in specially treated
form of polyethylene. This study showed that materials can change properties at high-frequency
wavelengths. Furthermore, computer modelling of nanoantennas concluded that these nanoan-
tennas can harvest up to 92% of the energy at infrared wavelength. The potential application of
these nanoantennas can be used as skins that can power everything including hybrid cars and
mobile technology with higher efficiency than solar cells. The ability of nanoantennas to absorb
infrared radiation lead to their usage in cooling devices. Nanoantennas can collect infrared rays
and re-emit the energy at harmless wavelengths, as a result, they may be used to cool down
buildings and computers without power sources like air conditioners and fans.

In this chapter, modelling curves on a sphere with an application to nanoantennas is investigated
by assuming that the energy density depends on the geometry of the curve which is controlled
by the curvature x and the torsion 7 of the curve. Note that up to rigid motions a smooth curve
in space is completely determined by its curvature and torsion functions. Supporting our as-
sumption above, here we use calculus of variations approach through Euler-Lagrange equations
which are derived in [85].

In [85] calculus of variations is used to investigate the protein structure when the energy func-
tional is dependent on the curvature, torsion and their derivatives. Certain forms of energy
are considered, which depending on the curvature and the torsion, results in Euler-Lagrange
constraints. In particular, conical helix is studied in detail and in [67] energies that give rise to
helices as solutions of the Euler-Lagrange equations are investigated. As a result, the classes
of energy for which all circular helices are solutions are found. More recently, the study in [68]
used the same procedure to investigate when the cylindrical helices are solutions to the Fuler-
Lagrange equations. From these studies, this chapter focuses on other types of curves which

are curves on the sphere, which may be useful to model the structures of nanoantennas. Since
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shape and size are critical to the performance of nanoantennas, here we investigate a particular
type of nanoantenna which is a spherical helix and revolutionary curves on a sphere. Spherical
helix antennas are not well studied compared to cylindrical helix antennas, but they have some
useful properties including circular polarisation over a wide beamwidth, leading to potential
applications in communication systems [22], [36]. Moreover, spherical helix nanoantennas have
been shown to exhibit similar properties to that of cylindrical helix antenna with high efficiency
for higher frequencies.

Thinking of a spherical antenna as a rod wound around a sphere, by minimizing the energy of
the rod we may determine energies which give rise to stable helical structures. In this chapter,
the thin rod is assumed as a curve in three-dimensional space. As such we can adopt the cal-
culus of variations, applied to space curves, to determine energy density functions. In section
2.2 we adopt the approach of the classical calculus of variations to model helices on a sphere.
Mathematical results are presented together with a discussion of the outcome in section 2.3.

Finally, the conclusion of the chapter is given in section 2.4.

2.2 Model and mathematical background

2.2.1 Geometry of space curves

If C is a curve in three-dimensional Euclidean space R?, the position vector of points on C' may

be written as

A tangent vector to C' at r(t) is
d d d d
—r(t) = | —x(t), —=y(t), —=2(¢) | .
()= (0, 0, 520
The curve C' is regular if %r (t) # 0. Provided r is smooth enough, the curvature x and the

torsion 7 of C are given respectively by

K(t) = ‘r|:|3r (2.1)
and
(t) = de|z~(f><7 i’b}.) (2:2)
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where the dot denotes derivative with respect to ¢t. Let {T(¢),N(¢),B(t)} denote a moving
orthonormal frame along C, where T is the unit tangent vector, IN is normal vector and B is
the binormal vector at position r(t), if s denotes the arc length of C' and the parametrization
is of unit speed |f(s)| = 1. The usual three dimensional Frénet formulae relating derivatives of

the moving frame vectors are [85]:

above and from now on we will use the dot to donate derivative with respect to arc length.

2.2.2 Mathematical helix

In general, a curve is a mathematical helix if and only if the ratio of the torsion to the curvature
is constant,
-
— = constant. (2.4)
K

2.2.3 Curves on sphere

Theorem 1 A smooth regular space curve r : I —s R? is contained in a sphere of radius R, if

and only if [69]
(e g R? (2.5)
K2 ki) '

where k # 0 and 7 # 0. To prove this, we follow [62] as below.
Proof: For convenience we may assume the unit sphere is centred at the origin, then take

yo = 0. If a curve given by r(s) lies on this sphere then
r(s) - r(s) = R

By differentiating this we obtain:

2r - =0,

or



then by differentiating this again:

r-T+r-T=0,

or

kr-N+4+1=0,

noting that x # 0 and

r- N=—,
K

then by differentiating this again we get:

P N4r-N=2,
K

or

I"(HT—FTB):%.
K

Also, by using r - T = 0, where 7 # 0, we get
r-B = i/kT,
so the components of r, with respect to T, N, B are 0, —1/k, /x>7, so we obtain that
-1 K

r=-——N+ o
K ReT

-1 i —1 i 1\? £\,
rrr=(—N+—-—B|-[—N+-—-—B|=(—-] +(— ) =R~
K K2T K K2T K K2T

B,

and hence

2.2.4 Mathematical helices on a sphere

Solving equation (2.5), curve on the sphere of radius 1 with 7 = ck satisfies




Figure 2.3: Mathematical helix.

Where c¢ is a constant. By integrating bottom sides we obtain the curvature
(2.6)

and since T = ¢k we have

(s) = ﬁ (2.7)

As shown in [69], for parameter ¢ # 0, another curve on a sphere can be prescribed by the

position vector

V1 2 V1 2
r(t) = (costcos ( te t) + % intsin (it> ,
c c

— costsin 1+ C2t + ¢ sin t cos
c V1+ c? c

which may also be written in arc length parametrization as

2 c

r(s) = T 232 cos (\/ 1+4¢2 arcsin(cs)) N c*s sin (V 1+ c? arcsin(cs) ),
¢ vVi+e

. (V' 1+ c?arcsin(cs) s V1 + 2 arcsin(cs)
—\/1—6282SID< )+ cos( ),
c V14 c? c

\/ﬁ) (2.8)

In this case, the ratio of the torsion to the curvature is

G 1A=
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which means that it is a mathematical helix and for
1 £ \2
il A -1
K2 + </@27> ’

1262 4 cgs .,
(1 —c2s2)2 £

2

N

3
(1—c2s2)2

which means that it is a curve on the sphere, so it is clear to see that this curve is mathematical
helix on the sphere as shown in Figure 2.3.

2.2.5 Revolutionary curve on a sphere

Figure 2.4: Revolutionary curve on a sphere.

Here we describe a curve that is not a mathematical helix on the unit sphere, but there is

an axis about which the curve makes an entire rotation. It has position vector
r(s) = (sinf cos ¢, sin O sin ¢, cos §) , (2.9)

where, for a parameter vy # 0,

S 0
= ———, ¢=7log|tan—=]. 2.10
e 6= s (1n) 210

We note that the projection of T in the zy plane makes a complete revolution around the origin.
So this curve does wind all the way around the z-axis and it is parameterized by arc length. To

find the curvature, firstly we find

36 {_72 — 14 [cos @ (S)]Z}
$6 {—1 + [cosH(S)]Q}

)

i x i = (1+1?)
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and

2
]1"|3 _ 52 (1 +72)3/2 /5—25*2,

and by substituting this into (2.1) we get

_ ! .
m—m 1+sin2(9)’ (2.11)

and to find the torsion, first we find

By (14242 ++%)
56 (—1 + [cos (0 (3))]2) ’

det (¢, ¥, T') =

and

6 (—1 + [cos 0 (s)]* — 372 + 272 [cos B (s)]* — 3~4* 4+ 2 [cos 0 (s)]* — 76)
6 (—1 + [cos @ (s)]Q)

£ x 57 = ,

and by substituting this into (2.2) we get:

y

- 2.12
72 +sin?(6)’ (212)

T =

in this case © # constant which means that it is not mathematical helix, however, from the
expression for r(s) the curve is on the sphere. So we conclude that this curve is a curve on the

sphere but it is not a mathematical helix as shown in Figure 2.4.

2.2.6 Calculus of variations

Generally, the objective of calculus of variations is to find a function y(x) which will minimize

or maximize some integral or energy like

b
IMz/f@%ww

with conditions y(a) = A, y(b) = B for constants A and B. The integrand f is a suitably
smooth function of z, y and y'(x). By assuming that u(x) is a suitably smooth function which

minimizes I let:

y(z) = u(z) + ev(x),
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when ¢ is a parameter and v is a smooth function defined on [a, b] with compact support which
means v and all its derivatives go to zero at the endpoints of the interval a and b. Now we define

J as:

b
Ily+ev]=J(e) = / flz,u(z) + ev(x), o (z) + ev’(z))d.

Since u(z) is a minimizer of I (this is true for suitable smooth f), it should be that J/'(0) = 0

where dot denotes the derivative with respect to . We calculate

b
J'(e) = / [ggjj(w? w(z) + ev(z), v (x) + v’ (x))v(z)
+ gg‘j(az, u(z) + ev(x), v (z) + 61}/(1‘))’0,(x)} dzx,

therefore

b
7o - | [ay@,u(:c),u%m))v(x) n §;<x,u<x>,w<xw<x>} d,

which is called the first variation of I. When we integrate by parts for the second term of this
equation and use v has compact support (so there is no boundary term from integration by
parts), we get:

b
0=J'(0) = / [Zi (z,u(z),u(x)) — jgjngl(x,u(x),ul(@) v(x)dx.

So from the fundamental lemma of the calculus of variations we must have

0 (az,u(az),u’(:c)) - LZUS; (:U,u(x),u'(:v)) =0.

This is the Euler-Lagrange equation for u; critical functions in the energy functional I as shown
in [68].

2.2.6.1 Normal variations of space curve

In this subsection, we review the idea in [68] to find extremal curves in three-dimensional Eu-
clidean space by using calculus of variations. Assume that C is a curve in three-dimensional

space, represented by the position vector r(s) for s € [a,b] which minimizes some energy

Ifr] = / F(k,7)dl.

30



The energy is a line integral along the curve C' which has arc length element dl and energy
density f(k,7) which depends on curvature and torsion of the curve C. To obtain Euler-
Lagrange equations for minimizing I[r], first we observe that we parameterize the line integral

as

/f $)li(s)lds,

where the arc length element is dl = |f(s)|ds. Assuming r(s) is a suitably smooth curve mini-

mizing I[f]. Define a varied curve

=1}

(s) =7r(s) + e191(s)N(s) + e2902(s5)B(s),

where r has a Frénet frame {T(s),N(s),B(s)}, 11,2 are real-valued functions and £1,e2 are
parameters. This is called a normal variation of the curve given by r(s). If the curve C' with
position vector r(s) is a minimizer, the function J(e1,e2) = I[r] has a critical point at e1 = €9 = 0

which means

0

8751J(€1»€2)\s=0 =0, (2.13)
and

9 Jer,e9) oo = 0 (2.14)

5,7 (E1€2)le=0 = 0. :

These equations give the two Euler-Lagrange equations which should be satisfied by the curva-
ture and torsion of critical curve.

2.2.6.2 Euler-Lagrange equations

If the energy density has the form f(k,,%,7), which depends upon the curvature and tor-
sion functions and their first derivatives, the Euler-Lagrange equations corresponding equations

(2.13) and equation (2.14) are

d2 of _ 4 of o &2 [8f o)
[8/1_033<8/1] i ds? [8 ds 67]

7 2kT.d d (9f of d of
*% )[&_a] )bf@%A
+ 2KT [gi—i gi ] [ gl ar f] =0, (2.15)
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and

1 [af _ d(af)] T 2 [af - d(af)]

kdsd |0 ds OfF k2ds? |Or ds O
d [of d of 2k 2i2 d [of d of
Tl T R e o Lty
(of 4 of | . 19f d 9f\| _
T{aﬁ ds(afﬁ] “[87 ds(af)}_. (2.16)

The calculations to obtain these equations are shown in detail in Appendix A.

2.3 Mathematical results

To find the energy density f for which curves on a sphere solve the Euler-Lagrange equations, we
consider three special cases: firstly, the energy density depends on the curvature only f = f (k),
secondly, when the energy density depends on the curvature and its first derivative f = f(k, k)
and finally, when the energy density depends on the curvature and the torsion of the curve
f= ).

2.3.1 Energy densities of the form [ = f(k)

In this case the energy density depends only on the curvature of the curve. The Euler-Lagrange

equations (2.15) and (2.16) reduce to

d2

@f,—F(HQ—TQ)f,—Kf:O, (2.17)

and

d
P o2r—f =0 2.18
Tf 2 f =0, (2.18)

where we write f' = df /dk.
The study in [67] found all mathematical helix solutions of equations (2.17) and (2.18). Note

that (2.18) may be integrated to give
Cq
()"

for some constant C. For genuine space curves, this constant should not be equal to zero.

(2.19)

T =
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2.3.1.1 Mathematical spherical helix

Mathematical helices satisfy (2.4) and this leads from (2.19) to energy densities of the form
f(k) = %2 %H% + C5, where ¢ comes from the relation (2.4) and Cy is the constant of the
integration. It was then shown in [67] that for (2.17) to be satisfied, the mathematical helices
must lie on a catenary cylinder, so they do not lie on a sphere.

2.3.1.2 Revolutionary curves on a sphere

Here we would like to see if revolutionary curves on a sphere of the form (2.9), with curvature
and torsion given by (2.11) and (2.12) respectively, are solutions of (2.17) and (2.18) for any
energy density function f (k). First note that using (2.11) and (2.12) we may write 7 as a

function of k as

1 1

_ . 2.2
TR+ (2:20)

In view of (2.18) we must therefore have

f=v/—Cry (11 +7) i , (2.21)

(1+~?)K2—1
as we seek real valued solutions we must require

(1+9%)K%—1>0,

1
2
> —s. 2.22
We comment that the larger the parameter -y, the less restrictive this condition. Also the larger

~ gives more winds in view of definition of angle ¢ in equation (2.10). By integration, the energy

density must have the form

f(k)= —C1y VA +92) k2 =14 Cs. (2.23)

1++2

The condition (2.22) implies f(k) > Co, and the larger ~ the closer the energy may approach
the regular arc length. On the other hand, for fixed + provided we look only for curves on the
sphere with curvature satisfying (2.22), the energy density f in (2.23) satisfies the requirement.

From (2.21) we compute




and

== U (1) ]R3 ) (220)
[(1+92) K2 —1]2

Moreover, by differentiating (2.11) we have

2 01
=107 (2.25)
(1+~2)2 sin 0k
and
. v?  sin?0 +3cos?6 1 v cos?h 1 (2.26)
K= S SR '
(1+ 72)2 sin* @ ko (1+ 72)3 sin® @ K3
Using the formulas for
sin? g = 1l
0+ 1]
and
2
2 i
cos“f=1-— ,
A+ /=1
equation (2.25) becomes
2
) (R )] - 1) .
= 5 , )
2 (L4 2P
and (2.26) becomes
2 2\ (2
: v (1+7%) (v* = 1) 2y .2 2 2 2 =2 1
h= (1+'y2)n2—1+3 1172 R2— 1 [(1+%) " =17y (1497) 7
K2 —1) [(142) k2 —1]7
_ | l[( 223 I (2.28)
7 (1+7%)"k
Substituting theses two equations into (2.24), we have
2 3(14+9%) (k2 —1) 2y ,.2 2
&y VO 22y e + M| [0+ ) 1)
ds® [(14~2)s2 — 1]3 Y2(1+9%)%k

(k= D[ ++*)w* =12\ 3(s* = D[(L +*)s* - 1]?
V21 + 223 > - (147272 } (2:29)

By substituting equations (2.20), (2.21), (2.23) and (2.29) into (2.17) we obtain that —xCy = 0.

Therefore, if Cy = 0 then the curve does have an energy density f(x) of the form of the equation
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(2.23).

We comment that using (2.5) in (2.18) it is possible to transform (2.17) and (2.18) into a very
complicated single fourth order ordinary differential equation for k. Solving this would give
the curvature function « (s) for a space curve on the curve which was an extremal curve of the

energy whose density could be recovered via (2.18).

2.3.1.3 Another case of f = f(k)

From equations (2.5), (2.17) and (2.19), if we substitute equation (2.19) into equation (2.5) with

R =1 we obtain

(fyt = (2.30)

d d
iyt =agply
I =P g (5500 (2.31)

substituting these derivatives into equation (2.17) gives

d2 "4 3 d "4 ? 2 C’12 N4 AL
2= g (o) +a (2= S ) o0t - aetrs =o,
which can be written as
1 d? , 3 d, ., 2 /
f= FIOE [dsg(f )t - ) <ds(f )4> +4r?(f)* —4Ct |, (2.32)
then differentiate this with respect to s and write it into the form
. /4_1d3 N4 'L'idQ N4 9 d /4d2 N4 3K d /42
) = g U = U ot i 52U+ T (32 0)
3¢ d,, 21 d, o\ 1 d .u g RBC?
4,{(;/)4 %(f )+ 64r(f)® <ds(f )4> + 1”@(]0 Y+ R+ 7217
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which can be written as

0 (B o) s g (e + o () (i(f’ﬁ)z
(G o
multiply this by 4r gives
B (k9 d, N\ . 3 [k 7 d, N\ (d, )\
@(f) - <K+st(f) > disg(f) +W<%+Wcis(f) > <ds(f) )
+/<;<;(’J€124+n> (Z(f’)”‘ﬁicf:o. (2.33)

Now by computing the first, second and third derivatives of equation (2.30) one obtains
(2.34)

Lt =2 (R - 1w - ).

ds
Ll (K2 — 1)) . (2:35)

d? —3ik 322
()t =202 ( (267 = 1) b (87 = 1) 4 (657 — 1) =~

ds?
and
3 . o | 12k2%k 4 12632 3k o 9KkRZ
g3 ) =201 —5— (2" = 1) = —5— (8" = 1) = —(6x" — 1) (1)
5% K . E'R?
— 2k 1) + 126K — = (/12—1)}. (2.36)

Substituting equations (2.30), (2.34), (2.35) and (2.36) into equation (2.33) gives

i 4527 (3R2 (62 = 1) + (1= £9)) + 0% (k2(3 = 262) — 1)] + 34° [26%(342 = 7) + 5]
+4i' st 2622 + KY) — (5T + 1)] } =0. (2.37)

As there is no explicit s in equation (2.37), we can reduce the order by 1. By writing

K= p(3)7 (238)
now we find its derivatives as below
dp
k= — 2.39
R=—p, (2.39)



Lo d? dp\
PR e <p> ». (2.40)

and

... d 4 o ((d*p dp dp\*
= — 4 — — — . 2.41
Al (d/ﬁ;2 i) T\ax) P (241)

If we substitute equations (2.38)-(2.41) into equation (2.37) we obtain the following equation

d? d*p d dp\® d
[4n3p2: - 2p/137 i + K? (p) + 4/15p] [3k?(k* — 1) + (1 — &9)]

dr3 dr? dk dr dr
> dp\? d
+ [2n2p2d71§ — k2 cTi 1[K2(2 — k2) — 1] + 9/€p2£[/£2(3 — 9r2) — 1] + 3p°[262(8K2 — 7) + 5]

+ 42k (2 + K1) — (5T + 1)) = 0. (2.42)
If we write the following terms in the form below

3k2(K2 — 1) + (1 — k%) = (k% — 1)3
k22— K?) —1=—(k?—1)?
K23 —2k%) — 1= —(2r% = 1)(k* = 1)

26224+ k) — 51+ 1) = (k2 — 1)2(26% — 1),

equation (2.42) becomes

&3 d2p d dp\* d
- [4n3p2p 2K —— d + K3 <p> + 4ﬁ5p] (/12 — 1)3
K K
d
(k2 —1)% - 9/€p2%[(2 2 _1)(k% = 1)) + 3p%[2x%(8K% — 7) + 5]
+4r'p(s% = 1)2(28% = 1) =0, (2.43)

which is the third order nonlinear ODE. If we rewrite equation (2.43) as a system of three first

. 2 3
order ODEs for three dependent variables p, ¢ and r where ¢ = %, r= j—z = % and g—,: = 3773),

equation (2.43) becomes

d
—4/@3p2£ + 2pr3rq — K3¢® — 4k°q| (k% — 1)3
— [26%p°r — &2pg?)[(w? — 1)%] — 9kp®q[(26% — 1)(k? — 1)] + 3p°[2+° (8K% — 7) + 5]

+4rkMp[(k* — 1)%(26% = 1)] = 0. (2.44)
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Using numerical integration; we applied Runge-Kutta fourth order method to solve equation
(2.44) under initial condition of (p(2),q(2),7(2)) = (2,2,2), the range of x from 2 to 3 with step
size h = 0.001. We plot the curve that shows the relation between x and 1/p as shown in Figure

2.5. From the values of p as a function of k¥ we may reconstruct s as a function of x as follows.

0.5

0.45} i

0.35f b

0.3

1/p

0.25f i

0.2} i

0.15f i

0.1 b

0.05 | | | |
2 2.2 2.4 2.6 2.8 3

Figure 2.5: The relation curve between k and %.

We have p = ?T:v so L= %, then if we integrate this with respect to x we obtain

p
"1 d
/ Zdk = / 2 ik, (2.45)
ko P dk

which gives

/H Lk = s(x) — s(ro). (2.46)

o P
The left hand side of equation (2.46) corresponds to find the area under the curve in Figure 2.5
that shows the relation between s and %, where kg = 2 and s(kg) = 0. We approximate the
area under the curve in Figure 2.5 by using trapezoidal rule with step size h = 0.001 and obtain
Figure 2.6.
In view of the shape of the curve in Figure 2.6, we use least squares curve fitting with two

potential functional forms of s. First if s is a power function s(x) = ax® + ¢, when ¢ > 0 we
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0.18

0.16 b

0.14 b

0.12} b

0.1f i

Values

0.08 i

0.06 i

0.04 b

0.02 b

Figure 2.6: The relation curve between s and the area under the curve by using trapezoidal
rule.

obtain the curve in Figure 2.7 by least squares curve fitting where the values of the parameters

are a = —3.802,b = —4.182 and ¢ = 0.213. Then we may write

K(s) = (8 — c>i : (2.47)

therefore
1
(ﬂ) b
fi(s) =~ (2.48)

to find the torsion in terms of k, £ can be written in terms of x so from equation (2.47) we have

ak? = s — c. Substituting this into equation (2.48) gives

K

= —. 2.49
R (2:49)
From equation (2.5) we can write
PR L — (2.50)
kVK2 —1
where we assume
k2> 1, (2.51)
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Figure 2.7: Least squares curve fitting when s is a power function and Figure 2.6.

so that 7 is real valued (in theorem 1 we consider curves on the sphere whose curvature and
torsion are necessarily real valued). By substituting equations (2.47) and (2.49) into (2.50) gives

1
.
abrbvVKk?2 — 1

Now from equations (2.19) and (2.52) we have

(k) = (2.52)

f(k) = :i:C’lab/nb\/ k? — 1dk. (2.53)

In view of (2.51), f(k) > 0, but f may be arbitrarily small if x approaches to 1, in view of
(2.5) this means the energy is small where the curve is close to a great circle. When we restrict
to curves with x2 > 1 then (2.53) gives a valid energy density function. Secondly, if s is an

exponential function in the form
s(k) = —Ae®* + ¢, (2.54)

where A > 0 we obtain Figure 2.8 with parameters A = 14.32,b = —2.159 and ¢ = 0.1958. As a

result of equation (2.54)

) (2.55)



and

. 1
k(s) = By e (2.56)

To find the torsion in terms of k, we rewrite % in terms of k, thus, from equation (2.55) we can

write Ae"® = —s + ¢, which by substituting this into equation (2.56) we obtain

S (2.57)
== .
By substituting equations (2.55) and (2.57) into (2.5) gives
-1
(k) ==+ , (2.58)

Aebrrb(k2 — 1)%
where we assume that 2 > 1 so that 7 is real valued. Now from equations (2.19) and (2.58) we

have
ﬂ@:i@@ﬁm/éwm%ﬁﬁﬁ. (2.59)

As k? > 1, f(k) > 0, but f may be arbitrarily small if x approaches to 1 and based on (2.5)

0.16

0.14

0.12

0.1

0.08

0.06

0.04

e  Values vs. kappa

0.02

Curve fitting

0 1 1 1 1 H
2 2.2 2.4 2.6 2.8 3

Figure 2.8: Least squares curve fitting when s is an exponential function and Figure 2.6

this means that the energy is small where the curve is close to a great circle. When we restrict
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to curves with 2 > 1 then (2.59) gives a valid energy density function.

In summary, we have equation (2.37) that is a fourth order ODE. Firstly we reduce the order of
this equation and rewrite it as a system of three first order ODEs. Then we solve this system
numerically to find s(k), and apply curve fitting (we obtain two different functions) to find (s)
which can be used in the relation of the curve on the sphere (2.5) to find 7(k). After that, we
substitute 7(x) into equation (2.19) to find the energy density. As a results, two energy densities
are found based on the approximated solutions for equation (2.37) and curves on the sphere are

approximate extrema of these energies. The code of this section is provided in Appendix B.

2.3.2 Energy densities of the form f = f(k, &)

In this case the energy densities depend on the curvature and its first derivative, so Euler-

Lagrange equations (2.15) and (2.16) reduce to

2 [9f d of of d of of ]
2 o aston) | 1= o - )] ee g -] =0 e

and

djof _dofy Lof d ofy
T ds [C'M ds(c'?/%)] T [8#@ ds(afi) =0 (261)
Integration of equation (2.61) gives

T= C1 (2.62)

[if _ i(ﬂ)} 2
Ok ds \ Ok
Notice that for non-planar curves we must have Cy # 0. Here, we use a procedure similar to

that of [67] to find a class of extremal curves. Substitution of (2.62) into (2.60) leaves

@ ¢ ) 2\/71 of B
72 74—(% —77) T:l:/f(/f%— )—0- (2.63)

Because f depends on k and £ we wish to express all the other terms in (2.63) in terms of these
‘independent variables’ so we can solve (2.63) as a first order partial differential equation for
f. A simple transformation allows us in this case to actually convert (2.63) into an ordinary

differential equation.
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2.3.2.1 Mathematical spherical helix

In this case we have 7 = ¢k and substitute this into (2.63) and differentiate, we have

d2 /CI 2 2 /C1 .0f _
@ a+(l€ *T) %:tK(I{&{f)—O

(2.64)

203

By finding the second derivative of « in terms of k and & using (2.6) and (2.7), where & = ¢*sk

then s = %=, we have
c4Kr°)

k= k3 + 3c%K%ks
k= k3 + 32Kk -3
C°K

SO we write K as

352
K =cK"+ —.
K

Now to calculate %w / %, first we find

idﬁ_l(ﬁ)*li(g)_}ﬂ
ds\V ck  2'ck’ 2ds‘ck’ 2 [c .o

2
o CH

therefore

ds?V'ew  ds \2 [o..o] 4 c.3
ECI’Q ECH

using equation (2.65) we obtain

? G d[1 —-Cik 1O (=3~ + 2kk)

d2 01 —%01(3,"62 + 202/434)
= = )
ds CK /%Cﬁg

2

Since (k? — 72) = (1 — ¢®)k?, equation (2.64) becomes

1 .2 2 2.4
_401(3/—@ + c/i)+(1_c2),i2 Clj:/i(/é?f—f) — 0,
c CK i
\/ Srewd
which is
2 2,4 2
_2Gien 3 G L g 2y, li/z.;<;r@af—f):0,
4,3 [Crc 4 3 [Crc K Ok
which can be simplified to give
- 0
am% + a2/%2/<75 +k (/@f — f) =0,
0k
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where

ar =4/ — (1 - 202> : (2.68)

and

N

Dividing (2.67) by 2, gives
0
a1t + agk® + /4;% (Kf — f> =0.
0k

Now, we try to find function g(x, ) such that g—i = kg—ﬁ - f

95 (5) = g = ),
noting that
20 fOf

by substituting (2.70) into (2.67) gives
4 -2 (.20 f
+ + —(5) | =0.
a1k” + agk” £ K2 </—£ aK(ﬁ))

Writing g(k, k) = @, this equation becomes

0
a1/<;4 + a2/%2 + /1%/2;2—? =0,
0k

which we may now integrate to find
. 11 =7,
g(k, k) = fa162— Fask2 £+ g1(K),
Ak

where g1 is an arbitrary function of k. As a result, we have a class of energy densities which

gives rise to extremal curves that are mathematical helices on the sphere, namely
f(r, k) = taik? + agk 2 /2 + kg1(K), (2.71)

where the nonzero constants a; and as are given by (2.68) and (2.69). In particular, the constants

C1 and ¢ can be chosen such that each of the terms in the energy density is positive. In the
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special case ¢? = %, we have a; = 0 with a corresponding simpler class of energy densities.

In summary, energy densities of this form give rise to extremal curves which are mathematical
helices on the sphere.

In this case, we consider that

1. From
1
K= ———
V1 — 252
we have
2
= (2.72)
(1—c2s2)2
and
1 1

by substituting (2.73) into (2.72) we get an expression for % in terms of &
k= +r%c\V/ K2 — 1. (2.74)

Now if we use (2.74) in (2.66) for the first term, we obtain the equation of form

dg

-2 =0
ok

91(K)

where g1 has precise form from (2.66) by using (2.74)

1 1
012 02:‘455 2 2 Cl
it Badbiil 1 _ et
1 (3(5 )+2)+(1 )k e
Jg
gi(k) = 5.
Thus, we have
g = kg1(k) + g2(k),
for an arbitrary function g(k). In terms of f we have
1 ) .
Ef(ﬁv ’i) = ﬁgl(/{') + g?(”)a
f(K‘: ’%) = ’2‘:291(”) + ’%92(’%)7 (275)

Using 7 = ¢k for mathematical helices and relation (2.5) for curves on the sphere, we see

that (2.75) and (2.71) are equivalent.
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2. If we solve k in terms of & from (2.74) we have

k=24 —F——. (2.76)
By substituting (2.76) into (2.66), we may obtain new ordinary differential equations which
can be solved to determine g and f. The resulting equations are more complicated than
the previous ordinary differential equations which we solved explicitly. Let us give another
procedure for producing more ordinary differential equations, again, in our setting the
resulting equations are quite complicated however we feel the technique is of interest given
that the coupled nonlinear ordinary differential equations we are working with are difficult

to analyze.

3. From (2.74) we have &% = c¢?x*(k? — 1) which can be written as

A — Pkt — k2 =0.

2

If we assume k* = y we obtain

I.€2

3,2
—y°—— =0.
VoY
As a cubic in y, this equation has at least one real solution. In fact, based on the Car-

dano’s formula [82], this equation has exactly one real solution (and two complex conjugate

solutions). The real solution is given by

1 1
TR R AR T S A 4 S SR B S DA A S
y=rn =127 22 c| 27 4c? 27 2c? c| 27 4c? '

That is
1
1 k2 K 1 &2\?
S A (S R Ry 51
<27 202> c< 27 4c2> "

and calculating the third root of each in polar form using de Moivre’s theorem. The sum
of these roots is then
2 5 cos L tan ! B
= K- = T: — n J— R
Y 3 A
which is real and positive where r = v/ A2 + B2. By writing « in terms of 4 and substituting
into (2.66), we can obtain a different ordinary differential equation which can be solved to

obtain another class of energy functionals.
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2.3.2.2 Revolutionary curves on sphere

Here, we know that not all spherical curves are mathematical helices [45], some are simply
curves on the sphere. Here we study another type of curves on the sphere that are revolutionary
curves which are not mathematical helix, given by (2.9). We note that the projection of ¥ in
the zy—plane makes a complete revolution around the origin. The curvature and the torsion of

these curves are given in (2.11) and (2.12) respectively. The first term of equation (2.63) is

2 |/ __\/C' 5

e\ = 1 T2 (277 — 377),

and equation (2.63) becomes

— —”407*%(27% —3#) + (k2 —72)\/Crr 2 £k <,<;af - f) = 0. (2.77)
K
Equation (2.77) may be written as

277 = 37 — 47 (R* = 7°) F =12k 7 = 0, (2.78)

where again

Using (2.20) where we write 7 as a function of x, we have

—2% 2 —3&%2 i
L T e A 2.79
R e R 7(1+72)< T ) (2.79)

Combining (2.5) and (2.20) gives rise to

: 1 1 1 2r2 2
K2 == - - + +r* = K?|, 2.80
e R (ee s e R e (250
which can be differentiated with respect to s to obtain
1 1 2K
k= E +2r% — K| . 2.81
e e | 281

Next, we substitute (2.20) and (2.79) into (2.78) and on using (2.80) and (2.81) we find

4 2 2 4 2\2 6 2 4 6
R [3r2(1+7%) =36 (1 + %) + k(1 + 37* + 37" +1°) — 1]
Ak [1— (142212 0
- K [ (+;Y);f] /%2—?:0.
VO | YL +9)k ol
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5
2\,.27 35
Dividing by —3& [M} ? we see that equation (2.77) can be written on the form

VC1 | 7(1+72)k2

gi(k) + £ 0 0, (2.82)

.2792
o

where

VG - (VR4 2 —1)° . (2.83)

3 1-(1+92)k2 | 2
< (1497 ? [

g1(k) ==+

Solving (2.82), we have

where go(k) is an arbitrary function of k. Since f(k, k) = kg(k, k), we finally obtain

f(k, k) = g1(K) + fga(K), (2.84)

where g2 (k) is arbitrary but g; (k) is given previously by (2.83). Using (2.80) to substitute £ in
terms of k, we may obtain a different ordinary differential equation. However, integration with
respect to £ introduces an arbitrary function of k; by rearrangement we can see that this does
not yield any other different solutions.
Some comments regarding (2.71) and (2.84) are in order. We observe that both the energy
densities (2.71) and (2.84) include a term of the form &g (k) for an arbitrary function g (). This
term arises as the arbitrary function of integration of the ordinary differential equation whose
independent variable is 4. The two classes of energy density (2.71) and (2.84) are, however,
fundamentally different, because their other terms are different, comprising functions of «, and
perhaps k, which are prescribed via the Euler-Lagrange equations. It is important to note
however that variations of these energy densities are also possible because using the individual
parametrization of the helices involved, there is more than one way to write £ and 7 in terms
of k and £. We have chosen as far as possible to write £ and 7 in terms of x and minimize the
% dependence, the latter leading to more complicated ordinary differential equations to solve.
Nevertheless, this would present an avenue for uncovering further energy densities with the given
curves as extremal curves.

Now, noting that for revolutionary curves on a sphere, from (2.5) we have
R2 — ( 2 _ 1):‘?27_2,
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and from (2.80) we can write

(1+2)26° = B+ )1+ )R + (277 +3) = V(1 +9°)%]k* — 1 =0.

If we assume k2

= y we can write this equation as

(L+9)%° — B+ A+)y? + (292 +3) =Y (1+9)%Ry — 1 =0,

which is a cubic equation, so we use Cardano’s formula to solve it for y,

ol
W=

y:ﬁ;2={a+(b—0)%} —1—[(1—(6—0)%] ’

where
1 72< — 81 — 972 + 273> + 9/%272 (472 + 74 + 3) — 54
"= (E=5E ’
2
1 [72< — 81— 9% + 273> + 9f242 <472 +94+ 3) - 54]
b=
2916 (14+~2)6 ’
and

3
1[0 = 343821+ 97)]
729 (14~2)8

C =

Again, we can substitute this expression of y into (2.63) to find a new ordinary differential
equation which may be solved to obtain more energies for which the curves of the form (2.9) are

extrema.
2.3.2.3 Case of f = f(k,k)

In [85] the transformations h = p — P and k = ¢ — Q where p = %, q= %, P = % and

Q= % are introduced. Here we use dots to denote differentiation with respect to the arc length

s. Based on these transformations, equations (2.15) and (2.16) reduce to
w=rh+71k+KP+7Q — f. (2.85)

If w = 0 then there is a solution for Euler-Lagrange equations and the energy density can be

written as

. [of d (of of d (of\] .of .of
f(K7T’H7T)_K|:6H_dS<(9I'£):|+T|:87'_ds(67">:|+K/8/‘§+T87'-' (2.86)
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Based on this conclusion in [85], here if we consider the energy density depending on k and &,

here 7 = 0, then k£ = 0 then equation (2.86) becomes

.~ |of d [of _Of
f(k, k) =k L% ~ s <8/€>} + Ros (2.87)

Thus, if f(k, %) is a homogeneous function of degree one, namely

of  of.
Pl + ek = fs (2.88)
based on this equation (2.87) becomes
d (Of
dSQ%)O, (2.89)
which gives
f=ck+g(k), (2.90)

for some function g(x). Using equation (2.88) we have

d
in-ﬁ- ck = ck + g(k),

so g must satisfy Z—Z/i = g and by solving this equation by gives g(k) = ¢k where ¢ is a constant.

Thus we obtain the energy density of the form

f(k, k) = ¢k + ck. (2.91)
2.3.2.4 Another case of f = f(k, k)
From equation (2.5) we have

K
S — 2.92
kVR2Kk2 — 1 ( )

and from equation (2.62), equation (2.92) becomes

R A U (2.93)



which is the first order partial differential equation for f(k, k). If we look for solutions of the

form

[, R) = h(r)g (%),

(2.94)
then we require
3.3 (p2.2 i.-1
hg — fkhg' = C¢ k2 (R K" — 1)4 K2,
so we conclude that
3.3 (p2,2 i
h(k) = CZr2 (R°k* —1)* . (2.95)
Now to determine function g we have, g — yg’' =y %, where y = £, so
/ 1 _3
g ——g9g=y 2,
Y
which can be written as
. d
I —Ig=—(
g —1g dy( 9);
I=—Iny,
_3
—[-Inyg] =y 2,
that gives
2 c
yzlny MY

where ¢ is the integration constant. As a result, substituting equations (2.95) and (2.96) into

equation (3.4.4) gives

flr i) = CEnt (R262 — 1) [ 2 c] . (2.97)
’ ' frlnk A
Then from equations (2.62) and (2.87) we obtain
of dof 1 .Of
e — k. 2.
Ok dsOk K [ H@R] (2:98)

To determine the right hand side of this equation, first we differentiate equation (2.97) for &,

gi(lnk) &

g/{:\/Cmg(R%Q—l)}l[ -1 2 + c .],
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then we substitute this into the right hand side of equation (2.98),

1
- [—3(111 k) + k%(ln k)e—2+ cii? C? m%(R2/§2 — 1)%

(2.99)
f2 (Ink)?
Next we substitute this into equation (2.62),
f(In )4
T = 5
KVRIRZ — 1 [—3(111 i)+ i3 (Ini)e — 2+ ckﬂ
then substituting this into equation (2.5) gives
2 2 . L1 L1\
L (R2R2-1) (—3(lnf<a)—|—/<c2(lnf<;)c—2+cm) )
— = R".
K2 + k2(In k)8
By writing £ = p we obtain
1 174 8
[—3(lnp) +pi(lnp)e—2+cpz| = (lnp)°,
and taking 1/4 power of both sides gives
~3(Inp) + p? (Inp)c — 2+ cp? = (Inp)>.
If we want £ = p to be 1 a solution, then ¢ = 2 and
k=s+d. (2.100)

Substituting equation (2.100) into equation (2.5) we have

1
T = .

R%2(s+d)? —1(s+d)

As a result we obtain the curve of this case as shown in Figure 2.9.
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Figure 2.9: The curve based on its curvature and torsion given by d = 2 and R = 1.
2.3.3 Energy densities of the form f = f(7)

In the case that the energy densities depend on the curvature and the torsion of the curve. Then

Euler-Lagrange equations (2.15) and (2.16) reduce to

d?> of 21 d* of <% 2m> d of

420k " mds2or \x k2 )dsor

and

1d®of 2k d*of d of 2k 2i2 dof .0f .0f
‘Hdssaﬁfmszaﬁ%safﬁ(ﬂmfﬂs—”)dsaf”aﬂ‘“afo'

(2.102)

Equations (2.101) and (2.102) are considerably more difficult to solve. If, for example, we
consider f = f (1) and we look only for mathematical helices (so k = C7), (2.101) and (2.102)

become

.9 2
#2f"(1) + (r - ;) F'(r)+ CPf! (1) — %f (1) =0 (2.103)

53



Where f" = df/dr. Clearly, if f(7) = 7 for some constant v > 0, then equation (2.103) has
no solution since we seek curves with nonzero torsion. If instead we take f (7) = 7 + =, for

constants v and (3, then equation (2.103) reduces to

C?*r
—5 (b =7)=0.
Now 7 cannot be equal to 7/f, since £ would be a constant and we then have a mathematical

helix on the cylinder not on the sphere. So again there are no solutions.

Since equations (2.103) and (2.104) have no explicit s terms, we may reduce the order by 1 by

considering,
dr
p(S) - %7
dy _dpds
dr  dsdr
&’ _dp
ds®>  drb
dr [ d?p dp\ >
—_— = | —= — . 2.105
ds? [dT2p+ (dr) b (2.105)
We obtain
dp P C?%r
2 pll " 2 2 ¢l
bl N S 2.1
p°f +p(dT 2T>f +Cf ===/ =0, (2.106)
and

dp 2 d’p dp 2 pdp 2p
Pt p <3d7' 7'> . [d’]’2 (v) <dT Cordr 2 (C*+1)r*
"+ C%*rf =o0. (2.107)

2.3.3.1 f(r)=ar?+B871+7

In this case if & = 0 then it corresponds to the above case. However, generally, if a # 0 there

is no mathematical helix at all as a solution. If we substitute this case into (2.103) and (2.104)

we obtain
.9 2
3 1 C
20 — a—:_ +5C%ar’ + OB — TVT =0, (2.108)
and
Pt daf? 2. 2.
207 —2a— — 2at°T + C7pTT = 0. (2.109)

T T2
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We reduce the order by 1 by using (2.105), and thus we get

@f 3023 L%Tz 0727 p

e 2 2.110
dr 4 pT 4o p 404pT+27'7 ( )
and
’p 1 dp.o  pdp 2 5 2 C?pr
ey (@t e -G, (1)
Now we may rewrite (2.110) as
d _ §0273 ch 2+7C2V7+i
dr 4 4 4o 27’
ld o 303 C°0 CZ’Y p°
2drt = 40 4o * 4aT+2 ’
d o 3 2 3 C*B 2 C*y P’
ar? = 20 4 200 + 200 T
d 2 2 4 C*s 3 C%y o
— (= ==-C — —
g TP = e - ST
which can be integrated to give
2 3 2 4 C*p 3 C?y » Gi

where C is the constant of integration. Now if we differentiate (2.112) twice we obtain the first

and the second derivatives of p as

2 2
dp_1<_1202 3_w72+m7+q>7
(0%

dr — 2p \ 10 T 8« 3 72
?p 1 dp\? 36 _, , 6C23 C*y 20,
ZE_— |9l ZXEX) - = — — . 2.113
dr? 2p< <d7> 077 " R T 3a (2.113)

Substituting these into (2.111) we find that solutions (2.112) of (2.110) do not satisfy (2.111),
so we conclude there are no energy densities of this case for which mathematical helices are

extremal. This suggests nontrivial density functions f are needed.
2.3.3.2 f(r)=+71

Here we consider the transformation in section 2.3.2.3 that comes from the reference [85] and
we are looking for curves on the sphere. Based on this transformation, this study obtains

Fuler-Lagrange equations as follows

1 /w E\'
= <w> + S+ <> tu=0, (2.114)
T K T K
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and

K’Z)l . U}/ = Tw, (2.115)

where v = Kk—7h, and w is as defined in (2.85). Here we use the primes to denote differentiation

with respect to the arc length s. If the energy density depends on 7 only, then (2.114) gives

2 F 2R
—Tq"—}— <7’_m> q +2k7q— Kkf =0,

K K K2

where ¢ = 0f/0r. This equation can be written as

(44 vt (£) =0 1

Now if f(7) = /7, then (2.116) gives

Vi G
Kq

- 2.11
3 (2.117)

where C is an arbitrary constant, ¢ = 1/2y/7 and ¢’ = —7"/(47'%). Thus from (2.114) we have
7 = C1k7 and for p = 0, (2.115) reduces to

2

AN/
q T
() +(kq) — —d =0.
K K

Next by using the expressions for ¢ and ¢’ above, we obtain

()%

which can be simplified to (a2 + 1) (n — ou<;2) + ar? = 0, where a = C;/2. This gives ik =

N|w

=0,

Q (52 - [37'2) where 8 = 1/(1+a?). Therefore, we need to solve 7 = 2ax7, and i = « (,%2 - ,87'2) ,

which after division becomes

dr 25T
de K2 — @72

Then by introducing V = 7/k and integrate this equation to obtain V = cak (1 + BVQ) , Where

co is further arbitrary constant. This gives an explicit relation between x and 7 as

T = co(k? + BT?) (2.118)
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If we substitute the relation of the mathematical helix x = Z into (2.118) then we solve for T to

get

1
T = m, (2.119)

and

1 1
e <M> . (2.120)

We note that the curvature and the torsion are both constants so this is a regular mathematical

helix on a cylinder and not on the sphere.

Now if we do not restrict to mathematical helices, but we take (2.118) and solve it for 7 we

get

1+ /1— 453R2
= Pege” (2.121)

2fBco

then we substitute (2.121) into (2.5) we have

k= 2510 k(k—1) <1+\/1—45031€2> , (2.122)
2

which is

dk 1

k(k —1)(1+ /1 — 4BcaK2) 206,

ds. (2.123)

If we use the substitution

cosf = 2c¢o \/BFJ,

o cos 6

2c0\/ B’

sin 6

drk = ———=db,
2c2/B
equation (2.123) becomes
. sin 0 b = ——ds. (2.124)
cos 0 (2‘2(2’5\/3 — 1) (sinf + 1) Bea
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Now we use the substitution, namely

tang =t
2 - 9

2t
= 2
sin el

2dt
do = ——
1+t2’
42
cosf = 71 t ,
1442

equation (2.124) becomes
1+ t2 1
—4/ tep/B(1 + 1) /dt. (2.125)
(I—2)(1+t2 (- -(1 +t2)cQ\F) 2Bcy

Using partial fractions and integrating the above equation, we have

1 1 1 1 1
—71 t+1 —-1) - 1-— —-In(t—1)+
nt+ (g V-Gt o5 iRt U iy
tan_l((1+202f) )
1 VAcZB—1 (L _4)+11n(2cQ\/B(1+t2)+t2—1)(1+2cz\/B) _ 5 LG
4 \/4a3p -1 c3p 4 c3B(1 + 2c2v/B) 28co ’
where C is the integration constant. Now we substitute tang =t and then k = 2‘;‘;% and
simplify to obtain
1 1 1 cos™H(2e2v/Br) (1 + 2cov/B)
1nA+1 -+ ———F———-In(4-1)— = - —4
( )( c3p ) coV/B(A+1) 4 ( ) 8 (428 —1) (026 )
1 s ~
— n(2 14+ A% + A% 1) = C
1t 125 zﬁ ca/B(1 + A?) + )= 355, 7
where A = 1=72VBr_ g equation gives implicitly the curvature as a function of s, 7 is

T
(1-4c3Bkr2)2

then given via (2.121). This is a parameterized curve on sphere, not a mathematical helix but
satisfying Euler Lagrange equations in the case of f(7) = /7. While it could be argued that
energy densities could not depend only on torsion the above case gives an example of the sort

of complexities that could arise when f does depend on torsion.
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2.3.3.3 Energy densities of the form f = f (f)

From the study in [85], equation (2.86) is in terms of x and 7 as

d df? df \ df 2
i +[<d§> + (e )

where £ = 7/k and C denotes an arbitrary constant. Observing that

= CK?, (2.126)

f(&) = Ag, (2.127)
ddf _

is a solution for (2.126) where C' = A? > 0 we can calculate that % = A, j5d = 0, and observe

that (2.126) is satisfies provided A% = C.

2.4 Conclusion

f Mathematical helices | Revolutionary curves on a sphere Other cases
f(K) None (2.23) (2.53) and (2.59)
f(k, k) (2.71) (2.84) (2.91) and (2.97)
f(7) None f(r)=+1 None
f(k,7) None None (2.127)

Table 2.1: Summary of energy density functionals for extremal helical curves on a sphere.

In summary, we adopt the calculus of variations to extremise mathematical curvature-
dependent energies for curves in three-dimensional space. Throughout this research, we in-
vestigate and determine the energy density functions that show spherical helices as solutions for
Euler-Lagrange equations. In particular, three special cases of the energy density are considered;
firstly, the energy depends on the curvature only. Secondly, the energy depends on the curvature
and its first derivative. Finally, the energy depends on the torsion only. Further, two types of
curves are studied in this research, mathematical helices on a sphere and revolutionary curve
on a sphere. As summarized in Table 2.1, we find classes of such energies for mathematical
spherical helices and the class of curves on the sphere which give rise to helices on the sphere as
extremal curves. Such curves are relevant in modelling spherical nanoantennas.

Furthermore, we comment that in this thesis we focus on geometrically inspired energy func-
tions. It is possible also to include an electrostatic term in the energy that measures interaction

between atoms, as for example in [29]. This is a potential avenue for future work.
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Chapter 3

Determination of join regions
between carbon nanostructures using
calculus of variations

3.1 Introduction

Joining between carbon nanostructures gives rise to new applications for the joined materials.
Importantly, carbon nanostructures offer the possibility of combining and joining other types of
nanomaterials for the purpose of obtaining different properties from the new structure [77]. Join-
ing between nanostructures can enhance the physicochemical and electrochemical performances
of the combined materials [64, 31, 100]. Much research has been conducted in nanomaterials
synthesis. This gives better prosperities and a wide range of useful applications. For example,
joining fullerenes and nanotubes can lead to nanobuds which is applicable for field-emission
devices [10]. Joining carbon nanotubes and graphene sheets can lead to useful applications
in communication systems like connecting to an electronic platform [30]. Also, joining between
two fullerenes can create more efficient storage devices [14]. Furthermore, a variational approach
such as that used in the joining of carbon nanostructures can also be used in partial differential
equation blending of surfaces [58].

The following literature review focusses on carbon nanostructures and gives a brief snapshot
for each type of carbon nanostructures, namely fullerene, carbon nanocones and graphene. In

particular, we summarise their structures, types, properties and potential applications.
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3.1.1 Fullerenes

Figure 3.1: Fullerene structure [90].

Since the discovery of their structures in 1980s, fullerenes have been attracting enormous
attention in the scientific community. As they have applications in many areas [79]. Fullerenes
are important forms of carbon nanomaterials that have special properties based on their shape
and size [90]. In particular, they were observed by a group of scientists including Richard Smal-
ley, Harry Kroto and Robert Curl who shared a Nobel prize in 1996 for their discovery [90].
There are three different basic forms of fullerenes which are spherical, elliptical and in the form
of tubes [90].

They have a similar structure to graphene, which is formed by linking hexagonal rings, but
fullerenes contain pentagonal rings that are required to close the spherical shell [10] as shown in
Figure 3.1. They contain 20 hexagonal and 12 pentagonal rings as the basis of an icosahedral
symmetry closed cage structure where each carbon atom is bonded to three others and is sp?
hybridized [95].

Fullerenes also have many interesting chemical, optical and physical properties, which have
been exploited to develop different important applications, including drug delivery such as
Prozac and steroid hormones [49], osteoporosis therapy, X-ray contrast agents to reduce toxicity
[32, 38, 80, 19], solar cells, hydrogen gas storage, optical and sensors applications [90]. Moreover,
they have electrical properties that show a great promise in electronics-related applications such

as data storage, fuel cells, memory devices and solar cells [49].
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In terms of health and personal applications they reinforce the controlling of the neurological
damage of some diseases for example Alzheimer’s disease and Lou Gehrig’s disease which are
caused by radical damage [95]. During the 1990s, scientists proved that fullerenes have biologi-
cal activities like therapeutic products in the treatment of many different diseases, for example
a private bio-pharmaceutical company ‘C sixty Inc’ created a new class of therapeutics that
depends on the fullerenes molecular for cancer treatment, AIDS and neurodegenerative diseases
[79].

The most popular type of fullerenes is called Buckyball Cgy which includes 60 carbon atoms.
This type of fullerenes is the easiest type in the production process and the cheapest comparing
to other larger fullerenes [90]. It has a diameter of only 0.7 nm and it is symmetrical and ap-
proximately spherical as a soccer ball [84]. Furthermore, a single Cgp molecule has an effective
bulk modulus of 668 GPa when compressed to 70% of its size, this feature makes this type of
fullerenes harder than a diamond with 442 GPa and steel with 160 GPa [90]. The structure of
the molecule is shown in Figure 3.1. Also the average C-C bond distance measured by using

nuclear magnetic resonance is 1.44 A[90].

3.1.2 Graphene

Figure 3.2: Structure of graphene [33].

Graphene is defined as allotropes of carbon that is a two-dimensional layer of carbon atoms

62



which are arranged as a honeycomb lattice with a carbon-carbon bond length of about 0.142
nm [46]. Graphene is a one atom thick carbon sheet composed of six member rings [77] as
seen in Figure 3.2. Since 2004, scientists have isolated graphene by the exfoliation of graphite,
and graphene has attracted considerable attention among the carbon family [6]. Based on its
unique structure, there are significant studies on its properties and applications [103]. The dis-
tinctive properties of graphene such as physical, optical high mechanical strength, stiffness, high
elasticity, high electrical and thermal conductivity promise numerous and broad applications in
aerospace, medicine, environmental, energy generation and storage, batteries, fuel cells, sensors
and metrology, bio-applications, engineering, mechanical, electronic, pollutant removal in envi-
ronmental remediation and food and beverage industries [71] [46] [6] [35] [78] [63].

Therefore, other important properties make it a more attractive member of carbon nanomateri-
als, for example it has high Young’s modulus which is about 1100 GPa. Also fracture strength
about 125 GPa, thermal conductivity about 5000 Wm~'K~!, mobility of charge carriers 200000
ecm?V~!s71 chemical stability and theoretical value of 2630 m? g=! [63]. In addition, graphene
may be used as a photo-detector because of the wide absorption range, high mobility of carriers,
thinness and low cost of the material and the ability to operate at ambient temperature [6].
Graphene has been synthesized by many methods. For example, micro-mechanical cleavage,
chemical vapor deposition, plasma discharge etching of graphite, chemical reduction of graphene
oxides, total organic synthesis, electrochemical synthesis, unzipping of carbon nanotubes, arc

discharge and epitaxial growth on silicon carbide [63].

3.1.3 Carbon nanocones

Due to the similar structures and properties of carbon nanotubes, much study has been made
by scientists, and [41] Ge et al. were the first who proved that carbon nanocones have five
possible types with different angles [5]. After that the studies in [60] [97] have discovered
the reality and existence of the five types of carbon nanocones based on the apex angles of

19.2°,38.9°,60°,83.60° and 112.9°. Carbon nanocones have been defined as curved graphene

63



Figure 3.3: Carbon nanocones structure [4].

sheets with the addition of pentagons at the cone-tips [93]. In particular, they might be found
on the caps of nanotubes like free-standing structures in a carbon arc [5].

Nanocones are conical graphitic structures with disclination number of pentagons N, = 1,2, 3,4
or 5. For a polyhedron consisting of only hexagons and pentagons, Fuler’s theorem of polyhe-
dron gives N, = 6 for any closed cap where N, = 0 for a graphene sheet. If «y is the cone vertex

angle, then Table 3.1 shows the values of v [11][97].

Table 3.1: Relation of number of pentagons N, and open angle « for carbon nanocones.

N,| 0 1 2 3 4 5 |6
~ | 180° | 112.90° | 83.60° | 60.00° | 38.90° | 19.2° | 0°

There are many different methods to synthesize carbon nanocones, for example, chemical vapor
and arc-discharge schemes [96]. In particular, they are useful for high resolution and/or high in-
tensity applications because of their small size. Moreover, highly sensitive and conical geometry
make them candidates for scanning probe tips (in atomic force microscope and scanning tun-
neling microscope probes), electron field emitters and in nanoindentation applications [17][97].
Some researchers have also found other useful applications of carbon nanocones in different areas,
for example, in engineering applications [61], cold electron and field emitter [101], adsorbent[65],
mechanical sensors [50] and they can be useful as high sensitive resonators [98]. They also have
useful applications in deformation problems [16]. Further, theoretical studies suggest that the
oscillation of nanocones inside carbon nanotubes can create gigahertz frequency which can be

used as ultra-sensitive nanoantennas and ultra-fast signalling devices [11] [3]. Other applications
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in the engineering field include carbon nanocones are important in nanoelectronics, bio-sensors
and composites [96].

The researchers in [77] [64] [31] [100] [10] [30] and [14] used a particular variational technique to
determine the join region between two different carbon nanostructures. As carbon nanotubes
deform according to perfect elasticity, the elastic energy is used to determine the join region
involving a finite number of discrete bonds [13] [102]. Based on that, they adopted calculus
of variations to minimize the elastic energy to obtain Euler-Lagrange equation that determines
the joining area between two carbon nanostructures. Moreover, they determined the values
of the geometric parameters for the connected structures. By noting that the defects on the
nanostructures have been assumed to be axially symmetric this gave rise to the problem in a
two-dimensional plane. Because the curvature of the joining area can be both positive or nega-
tive curvature, two different models need to be examined.

In this chapter we use the same procedure as above to join other different nanostructures. Fol-
lowing [10] [11] [14] [12], this chapter considers a mathematical model using the calculus of
variations to determine the shape of the join between nanostructures; a carbon nanocone with a
fullerene, two nanocones, a plane sheet of graphene with nanocones, a fullerene with plane sheet
of graphene and a nanocone with two parallel sheets of graphene.

In the following section, we give fundamental equations using calculus of variations to model
the joining between these particular nanostructures. Model I is studied where the curvature
is assumed to remain positive in the join region. When the curvature is assumed to have two
regions, positive and negative curvature, we refer to this case as Model II. In section 3.3, we
investigate the values of the characteristic parameter p. In section 3.4 we give the results of the
joining structures where in subsection 3.4.1 we consider the joining between a carbon nanocone
and a fullerene. In subsection 3.4.2 the joining between two carbon nanocones is examined.
Subsection 3.4.3 studies the joining between a carbon nanocone and a flat sheet of graphene.
Next, the case of a fullerene and a flat sheet of graphene is investigated in subsection 3.4.4. In

subsection 3.4.5.1 we join a carbon nanocone with two parallel sheets of graphene. In subsection
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3.4.5.2 we join fullerene with two parallel sheets of graphene. Finally, summary of the chapter

is presented in section 3.5.

3.2 Model and mathematical background

This section presents the method developed by Hill et al. [30] and Baowan et al. [13] to study
the join regions between carbon nanostructures. In the next subsection, calculus of variations
is used specifically to derive the appropriate Euler-Lagrange equation to determine the joining
curve between two carbon nanostructures. In subsection 3.2.2 the joining region between carbon
nanostructures is determined where the curvature of the joining region is studied which has two
different cases; in subsubsection 3.2.2.1 Model I is studied where the curvature is assumed to
remain positive however, in subsubsection 3.2.2.2 when there are two disjoint regions wherein

curvature has positive and negative sign we refer to this case as Model II.

3.2.1 Calculus of variations

We use calculus of variations to find the curve y(z), with an element of arc length ds, which

minimizes the energy functional I[y] that is given by

Iy = /Ol r2ds + )\/Ol ds, (3.1)

where k is the curvature and A is a Lagrange multiplier corresponding to the fixed length

constraint, [ is the length of the joining curve and the boundaries of the join region are xy and

x1 where at x = g we have s = 0 and at x = 1 we have s = [. For a curve in two-dimensions
. . .9\ 3/2 .o\ 1/2

described as a graph y = y(z), we have k = §/ (1+9*)”" and ds = (1+¢?) """ dz, so that

equation (3.1) becomes

1 QZ x1 90172
I[y] :/ A )\/ (1 + ¢ ?da, (3.2)
) (1 + 3]2)5/2 0

where throughout this chapter, dot denotes differentiation with respect to z. After integrating

by parts twice, we may derive the standard equation

d q0 e d d>

) 0
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where subscripts denote partial derivatives and here the function F' is given by

..2

Lo Yy .o\ 1/2
Fy,9)) = —5==+2(1 . 3.4
0:) =y gy + A (1 7) (3.4
The natural boundary condition is given by
d
Fy - %Fy |I=I1 = O’ (35)

which applies when the y-coordinate at the z = x; boundary is not prescribed [13].

3.2.1.1 The Euler-Lagrange equation
From equation (3.3) we have the usual Euler-Lagrange equation for F'(z,y, 7, ), which is given
by

d d?
By = bt g

Fy; = 0. (3.6)
Thus, integrating the above equation gives

d

where (' is an arbitrary constant of the integration. We note from (3.5) that at the boundary

r = x1, C1 = 0 and thus for the entire domain we have

d
Fy = - F. (3.7)

Using definition of the full derivative we have

d
TF = Fy +gFy, + i + T Fy.

Since F, = F,, = 0 and from (3.7) we obtain that
d ;

dx

which upon integrating this with respect to x we get

F —jjFj = —a, (3.8)
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where « is an arbitrary constant of the integration. Now we substitute (3.4) into (3.8) and
obtain
..2

(1+52)° (1+2)"/?

As a result, we can write the curvature x as

nzi(k—l—W). (3.9)

3.2.2 Curvature effects at the join region

\
y \  Carbon nanostructure

Carbon nanostructure

XpYo) S~ 8
(%0:%0) <% (070) N
~

Carbon nanostructure
Carbon nanostructure

(a) Model 1. (b) Model II.

Figure 3.4: Model I curvature positive; and Model 11, curvature both positive and negative [13].

In this subsection we investigate the general formulation for the join region which connects
the two carbon nanostructures. Considering Figure 3.4, the joining starts at a prescribed location
(20, yo) where the boundary makes an angle 6y with positive direction of x. The second boundary
point of the join region is at (z1,y1) where here the boundary makes the angle #; with the
positive z-direction. Note that x; and 6; are prescribed, whereas y; is obtained using the
natural boundary condition given in equation (3.5). Based on Figures 3.4 Model I and II can be
distinguished based on the sign of the curvature x. In Model I, the sign of the curvature does
not change during the joining and we assume that in this case the curvature always remains
positive. In Model II, the curvature of the join region changes the sign during the joining, and
as a result, we assume that the curvature is positive adjacent to (zg, ) and becomes negative

before reaching (x1,y1) [13].
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3.2.2.1 Model I: positive curvature

As shown in Figure 3.4(a), the curvature in Model I is positive along the entire arc of length .
Thus, we only consider the positive case in equation (3.9). By using ¢ = tan#f, equation (3.9)

becomes

K= (A+acos€)%. (3.10)

3
2

From the definition of the curvature x = 4/(1 + ¢?)2, and making the same substitution for ¢,

we may deduce

d in @
A L (3.11)
df (A4 acosf)?
Next, we now introduce a new parametric variable ¢ which is defined via
cos ) = 1 — 2k?sin? ¢, (3.12)
1
where k = [(A+ a)/2a]2, we obtain
d
d—Z = 28k sin ¢, (3.13)

where f§ = (2/@)%. Integrating equation (3.13) and using the boundary condition at the point

(w0, yo) we get
y(P) = yo + 28k (cos pg — cos @) , (3.14)

where

1
1-— 0y 2
Po = sin™! (22028 0) .

Similarly, we can show that

dx cosf

do ()\—l—ozcosﬁ)%7

and in terms of the variable ¢, we have

de _ (11— 2k sin? ¢)
dé (1 - k2sin®¢)2

= B |2(1 — K?sin® ¢)% — (1 — k?sin? qﬁ)—ﬂ .
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By integrating the above equation gives,

2(¢) = zo + B(2[E(9, k) — E(do, k)] — [F(9, k) — F(o, k)]), (3.15)
where F(¢,k) and E(¢, k) denote the usual Legendre incomplete elliptic integrals of the first
and second kinds, respectively as defined in [20]. Since ¢1 = sin™* [(1 — cos 61 /(2k?))] %, using
equations (3.14) and (3.15) we obtain

x1 =0 + B(2[E(¢1, k) — E(do, k)] — [F (o1, k) — F(¢o, k)])

Y1 = Yo + 2Bk (cos pg — cos ¢1) . (3.16)

From the definition of the arc length, we have

z:/:l(wy?)

0

=

dz.

Upon substituting § = tan#, changing the parameter to ¢ as in cosf = 1 — 2k?sin?(¢), and

integrating, we have

L= BF(¢1, k) — F(¢o, k)] (3.17)

Now, we define a dimensionless parameter y = (x1 — )/l which can be shown to be

2(B(é1,k) — B(éo,k)]
HE k) — Flon k) (3.8)

For prescribed values of ¢, 1 and [, equation (3.18) can be solved numerically to determine the
value of k. Then by substituting k into equation (3.17), the value of 8 can be determined and
therefore y; can be obtained from (3.16).

3.2.2.2 Model II: positive and negative curvature

For this model, the curvature is positive at the point (zg,yo) up until the point (z.,y.) where
the curvature changes to be negative until the point (x1,y1) is reached (see Figure 3.4(b)).
At (z¢,9c), £ = 0 and by solving equation (3.10) we obtain 6, = cos™*(—!). By making the
substitution used in equation (3.12) for ¢, we have ¢. = 5. By substituting ¢. into equations

(3.14) and (3.15) we can calculate x. and y. as below:
ze = x0 + B{2[E(k) — E(¢o, k)] — [K (k) — F(¢o, k)]},
Ye = Yo + 2Bk cos ¢y,
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noting that K (k) and E(k) are the complete elliptic integrals of the first and second kinds
respectively. In the joining region between (z.,y.) and (z1,y1), we take the negative sign of

equation (3.9), and through the same method used in Model I, we obtain

dv (12K sin? ¢)
do (1—k2sin¢)2
dy .

% = —2p0ksin ¢.

Thus, in this region z(¢) and y(¢) are given by

2(¢) = xo + B{2(E(k) — E(¢, k)] — [K (k) — F(¢, )]},

Y(¢) = ye + 2Bk cos ¢.

As a result, the second boundary (z1,y1) is given by
x1 = 20 + B{2[2E(k) — E(¢o, k) — E(¢1, k)] — 2K (k) — f(¢o, k) — F(¢1,k)]}, (3.19)
Y1 = Yo + 26k(cos ¢g + cos ¢1). (3.20)

In Model II, the arc length is determined in two parts, which is given by

Te Tl
zz/ (1+g2)éd:p+/ (1+¢2)2dz

) s

—5 [T Rsine) tap 1 [T K sin? ) Hdo
$o b1
= B[2K (k) — F(do, k) — F(¢1,k)]. (3.21)

As a result, we find a dimensionless parameter y = (z1 — x)/l, for Model II to be given by

h=2 (QE(k) — E(¢o, k) — E(¢1,k)) 1

2K (k) — F(¢o, k) — F(¢1, k) (3.22)

Again, for prescribed values of g, x; and [ we can solve equation (3.22) numerically to find the
value of k, and by substituting k into equation (3.21), we can determine the value of 5 so that

y1 can be determined from equation (3.19).

3.3 The characteristic parameter p

In this section we follow the study in [13]. The numerical solution for (3.18) and (3.22) is

obtained when they are characterized by the non-dimensional parameter y = (x1 — z¢) /I and
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Figure 3.5: The characteristic parameter u for various values of the elliptic parameter B for

fp = 0 and 6; as indicated in the legend.

subject to the constraint —1 < pu < 1. In Figure 3.5, the relation between the parameter pu

and B = 1/k? is shown, assuming the angle at the beginning of the join
values for #1. All curves have a critical value at u = pq1 except when 6;

when p > p1, and Model II applies when p < p;. For the special case 6;

Figure 3.6 shows the relation

is #p = 0 and varying
0. Model I applies

= 0, we have pu; = 1.

between p and B. In the figure, the angle at the end of the join

-0.4

-0.6 ‘
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Model 16, =0
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Figure 3.6: The characteristic parameter u for various values of the elliptic parameter B for

01 = /2 and 6y as indicated in the legend.
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region is fixed to be 6; = 7/2, while the angle 6 is varied. For this case, there are a number of
the critical values for u. In particular, there are py and po, where Model I applies in the range
11 < p < po and Model II applies when g < p; and @ > po. For all cases except the special
case 0y = 0, there is a discontinuity in the Model I for which the gradient of the graph jumps
from —oo to oo. This point of discontinuity occurs at p = pg. For all curves in Figure 3.6, when
w1 < @ < po, B must satisfy B < 2, and for pug < p < po the curves lie strictly in the range
B > 2. Finally, u = ps occurs at B = 0. In both Figures 3.5 and 3.6, we see that the crossing
of the p-axis only occurs for curves in Model 1. This is due to the fact that B = 0 is the special
case where the elliptic functions degenerate into the standard trigonometric functions and the
join region is a circular arc. As there is no change in the sign of the curvature in the circular

arc, pus3 must occur in Model I, and since it occurs in the range B < 2, y must be in the region

< pz < po [13].

3.4 Results

This thesis extends the investigation in [13] to consider the joining of various carbon nanostruc-

tures.

3.4.1 Joining carbon nanocones and fullerenes

x Fullerene Fullerene

Yol mrrry

y‘ Cone

(a) Model 1. (b) Model II.

Figure 3.7: Axially symmetric geometries for Model I and Model 1II.

Here we consider two different models, illustrated in Figure 3.7. The curvature in Model I is

assumed to be positive throughout the join, while in Model II the curvature contains two regions
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of positive and negative sign. We position the nanocone of radius r such that the cone vertex is
assumed to be located at the origin of the xz-plane. Moreover, the fullerene of radius a is located
with its center on the y-axis, starting from an unknown positive distance above zz-plane, denoted
by yo . In this case we note that the nanocone and the fullerene are rotationally symmetric about
the y-axis, which allow us to consider it as a two dimensional problem in (zy)-plane. The total
arc length [ is assumed to connect the cone at (r,h) = (bsin(vy/2),bcos(v/2)) and the fullerene
at (a,yo), where 7 is the cone angle and b = rcsc(y/2). Noting that (bsin(vy/2),bcos(v/2)) is
the nearest atomic position of the joined atoms on the cone and (a,yp) is the nearest atomic
position of the joined atoms on the fullerene. Moreover, we consider the five possibilities of the
cone angle v as shown in Table 3.1. In this case, the angles at the boundaries of the join region

are g = v/2 and 6; = 7/2 and the boundary conditions at z( are

g g g

y(bsin 5) = bcos BL y(bsin 5) = cot % (3.23)
At xq for Model I the boundary condition is
y(a) = oo, (3.24)
and for Model II at 1 we have
y(a) = —oo. (3.25)

We note that equation (3.18) coincides with equation (3.22) for two values of k, that are k = 1/+/2

and k= [(1 — sin(’y/2))/2]%. First, when k = 1//2, p can be written as 1 which is given by

- <E(1/\/§) — BE(sin~! (/1 —sin(7/2))), 1/\@) .

K(1/V2) - F(sin™"(\/T —sin(1/2))), 1/v2

Secondly, when k = [(1 — Sin(7/2))/2]%, i can be written as p2 which is given by

o o [ EW/IL=Sn0/21/2) ~ Blsin [t/ T = siny/2)). [T—sin/212) | _
K(y/[1 —sin(/2)]/2) = F(sin™'[1/y/1 — sin(y/2)}, \/[1 — sin(7/2)]/2)
The solution of this problem is characterised by the nondimensional parameter yu = [a —
bsin(y/2)]/l. Figure 3.8 shows the relation between u = a — bsin(v/2)/l where —1 < p < 1

and B = 1/k?. In particular, we have two regions, the first region is y < u which corresponds
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Figure 3.8: Relation between the parameters u = (a — bsin(y/2))/l and B = 1/k?.

to the value of B < 2 where pg is the asymptotic value for p when & tends to zero, which is

determined in the Appendix C, which can be written as

B V2(1 — V2 cosw)
Ho = I iV — 1) (tan(w/2)]

where w = (m — 7)/4. This region can be divided to three subregions; the first subregion is

when us < p < po where ps is the asymptotic value of u when k tends to co. As shown in the

Appendix C, us can be written as
2
p3 = 5(1 — cos(7/2)).

In this subregion the value of the parameter B is negative. The second subregion is pu1 < p < us
where the value of the parameter B corresponds to 0 < B < 2. The last subregionis —1 < p < 11

where the value of the parameter B is between 1 < B < 2.

The second region is when g > g which corresponds to the value of B > 2/1 — sin(y/2). This
region also contains two subregions, which are pg < p < po and ps < pu < 1 for Model T and

Model II, respectively. The values of the parameter B for two the subregions are positive values.
3.4.1.1 Joining carbon nanocones with half spherical fullerenes.

From the above results, the parameter B in Model I has negative value so we choose B = —4.
Here, we join fullerenes with five possible cases of carbon nanocones which have half angles
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112.9°,83.6°,60°,38.9° and 19.2°. In Figure 3.9, the arc length is assumed to be [ = 2 and the
fullerenes are centered at
(0,11.66), (0, 11.81), (0, 11.91), (0,11.97) and (0,11.99) with radii 10.04,9.67,6.3,3.88 and 1.86

A, respectively.

251
20 1
15 1

10 A

T T T T T T 1
0 2 4 6 8 10 12 14 16
X

Figure 3.9: Plot of joining y = y(z) for Model I for five possible carbon nanocones with | = 2 and
B = —4, and fullerenes are centered at (0,11.66), (0,11.81),(0,11.91),(0,11.97) and (0,11.99)
with radii 10.04,9.67,6.3,3.88 and 1.86 A, respectively

For Model II the parameter B has positive value and we choose B = 1.7. The five possible
cases of the nanocones are taken into account to join with fullerenes. In Figure 3.10 the arc
length of the joining curve again is assumed to be [ = 2 and the fullerenes are centered at
(0,11.66), (0,11.81), (0,11.91), (0,11.97) and (0,11.99) with radii 15.3,9.15,5.9,3.53 and 1.6 A

respectively.

3.4.1.2 Join nanocones with fullerene caps

In the previous section we joined nanocones with exactly half of spherical fullerenes. In this
section, we join nanocones with more than half and less than half a spherical fullerene, for each
of Models I and II. We match the coordinates and the slope to have a continuous curve at the
join. Model I concerns joining the nanocone with more than a half of a spherical fullerene. We
consider two cases where the values of 6y = 112.2° and #; = —15° and —30°, and the boundary

conditions at x1 are §(x1) = 5 and y(x1) = 2 respectively. The joining profiles are shown in
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20
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10 A

Figure 3.10: Plot of joining y = y(x) for Model II for five possible carbon nanocones, | = 2 and
B = 1.7, fullerenes centered at (0,11.66), (0,11.81),(0,11.91), (0,11.97) and (0, 11.99) with radii
15.3,9.15,5.9,3.53 and 1.6 A respectively.

Figure 3.11. Model II concerns the joining of nanocones with less than a half of a spherical
fullerene. In this case we consider four values of 6; that are #; = 70°,75°,80° and 85°. The
corresponding boundary conditions are y(x;) = —2.7,—3.7, —5.6 and —11.4 respectively. The

join profiles are as shown in Figure 3.12.
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Figure 3.11: Plot of join curve y = y(z) for Model I with positive gradient; the first
fullerene is assumed to be centered at (0,15.75) with radius 17.2 A and the fullerene
is centered at (0,20.8) with radius 19.2 A respectively .

254

20

Figure 3.12: Plot of join y = y(z) for Model II with negative gradient and the
fullerenes are assumed to be centered at (0, 6.2), (0, 7.6), (0,8.9) and (10.1) with radii
16.25,15.8,15.6 and 15.4 A respectively.
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3.4.1.3 Perfect join of fullerene and nanocone

~ ~
7 N
7/ AN
/ \
// \\
| h . |
\ /
Y SN
O X 0

Figure 3.13: Perfect joining of nanocone and fullerene centered at (0, h) with radius 7.

Without using calculus of variations, here we show a special case of joining a fullerene with
a nanocone, where at the joining region the generating curve is continuous with the slopes
matching perfectly at the join (i.e. the first derivatives of the graph functions are equal). As
shown in Figure 3.13 we assume in this case that horizontally, the apex of the cone and the
center of fullerene are aligned. Furthermore, we assume that (0, h) is the center of the fullerene,
r is the radius of the fullerene and (xg, yo) is the coordinates of the cone. The circle with center

at (0,h) can be represented by
22+ (y — h)? =12, (3.26)

and the cone equation is y = k|x|, where k > 0. At (zo,yo), we have yo = kxo so that the

gradient k = yo/xo. Thus, the cone equation becomes

Yo
y="|z|
Z

Next, we need to show that the gradient (which is the ratio of the change on y over the change
on z) of the generating curve of the lower half of the circle is yo/xo at (xo,y0). This requires

suitable choices of r and h.
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3.4.1.4 Joining a fullerene with nanocone perfectly by specifying the center and
radius of the fullerene

If we substitute (xo,yo) into equation (3.26), we obtain an equation in terms of h and r, namely
224+ (yo — h)* =12 (3.27)

Then by differentiating equation (3.26) with respect of = we obtain

dy
—h)—= =0. 3.28
vty )2 (3.28)
since
dy _ %
der =z’
equation (3.28) at (zg, yo) becomes
Yo
zo+ (yo —h)=— =0. (3.29)
o

Now, we have two equations (3.27) and (3.29), solving them simultaneously we have
75 = —(yo — h)yo, (3.30)
and by substituting equation (3.30) into equation (3.27) we have
— (Yo = h)yo + (yo — h)? =12,
which is simplified to
Yo = —<*) +h. (3.31)

To find g, we substitute equation (3.31) into equation (3.30),

2 2

)]
which is simplified to
zo = - (7;:)2 +1?] J (3.32)

As a result, we obtain the cone coordinates (xg,yo) in terms of the radius of the fullerene r and

the fullerene’s center (0, h).
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As an example, if we suppose that, the center of the fullerene at (0,15) so h = 15 and the
radius of the fullerene is r = 6 then by using equations (3.31) and (3.32) we can determine
the coordinates of the (xo,yo) = (5.5,12.6). Clearly, the fullerene and the cone are connected

perfectly and matching exactly as shown in Figure 3.14.

(5.5,12.6)

0123456

Figure 3.14: Perfect joining of fullerene with center (0, 15) and radius 6 and cone with (zg,yo) =
(5.5,12.6) coordinates.

3.4.1.5 Joining a fullerene with nanocone perfectly by specifying the nanocone
coordinates

In this case we determine the center (0, ) and the radius r of the fullerene based on the cone’s
coordinates (x,yo). By using the cone’s coordinates equations in the previous section, equation

(3.31), we have

h% —yoh — 12 =0, (3.33)
SO
2
T
=h—-— 3.34
Yo h ) ( )
which is can be written as
ﬁ =h-— (3.35)
h = Yo. .
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Also from (3.32)

by using (3.34), we obtain

2
2 _ T
Ty = h Yo,
which gives
2 2
r %, (3.36)
h yo
From (3.35) and (3.36) we obtain
2
h="0 1y, (3.37)
Yo
and from (3.33) we have
r? = h(h — yo). (3.38)
Using equation (3.37) we get
r="00 a4+ 2. (3.39)
Yo

As aresult, we can determine the fullerene’s center (0, h) using equation (3.37) and the fullerene’s
radius 7 using equation (3.39). As shown in the previous subsubsection, if the coordinates of
the cone (zg, yo) = (5.5,12.6), by using equations (3.37) and (3.39) we obtain h = 15 and r = 6,
as expected.

For this method of joining, given more than half a sphere, and a point on the same vertical axis
as the center of the sphere, there is a cone which can be joined perfectly (ie the slopes match as
well as the position). To join a small piece of the cone to a sphere, the natural way would be to
extend the cone by a straight line. In this case, the integral curvature term in (3.1) is exactly
equal to zero, and we know that for all curves joining two points by a straight line has the
shortest length, so in this way we have found a global minimizer. It works only in this special

scenario where the cone is extended to match up exactly with the spherical part. Given a cone
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angle, there is a family of more-than-half sphere that can be joined in a similar way, depending
on how far we wish to extend the cone from its apex.

Finally, we note that the above results can also be derived from setting x = 0 at the join. Since
k=7/(1+ QQ)%, then we have §j(z) = 0 which gives rise to y(x) = Cox + C4, where Cjy and
(1 are arbitrary constants. Using the boundary conditions at the joining point xg, which are
y(xo) = yo and y(zo) = cot(y/2), we find Cy = cot(y/2) and Cy = yo — zo cot(y/2).

All Maple codes for this section are presented in Appendix D.1.

3.4.2 Joining two carbon nanocones

Second cone

Second cone

a h
1 :

First cone :

ol=

First cone

(a) Model 1. (b) Model II.

Figure 3.15: Axially symmetric geometries for Model I and Model II.

To study the joining area between two carbon nanocones we consider the same method as
shown in the subsection 3.4.1. The first nanocone is assumed to be located at the origin with
the radius r. The second nanocone has the radius a and is assumed to be located with its center
on the y-axis starting from yy which is unknown positive distance above zy-plane.

3.4.2.1 Joining two symmetric carbon nanocones

In this case, we join two symmetric nanocones. Here the curvature of the joining curve must
remain positive to connect the cones. This situation can be described as Model I in Figure

3.15(a). Also the parameter B in this region has negative value as in Figure 3.8. We specify

6o = 4 and 0; = —3 and the boundary conditions at xo,
.Y i
bsin X) = beos 2
y(bsin 2) cos o,
| Y
bsin 1) = cot 1
y(bsin 2) cot o,
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and at x1 the boundary condition is

y(a) = —o0.

In Figure 3.16, we plot the join for two symmetric nanocones where five possible nanocone’s

angles (112.9°,83.6°,60°,38.9° and 19.2°) are considered.

254

20 -,

0 2 4 6 8 10 12 14 16

Figure 3.16: Plot of joining y = y(x) for Mode I for five possible nanocones with B = —4 and
l=2.
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3.4.2.2 Joining two different angle nanocones

In this case, we consider two nanocones that have different angles. Here we assume the join
curve to have both positive and negative curvature to connect the cones. This case can be
described by Model II in Figure 3.15(b). The parameter B is positive for the two subregions
of Model II. In Figure 3.17 we show the joining curves which connect the nanocones for all five
possible cases for chosen different values of the parameter B (B = 1.0001,1.001,1.01,1.1,1.2,1.3

and 1.5) respectively.
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Figure 3.17: Joining curves for B = 1.0001,1.001,1.01,1.1,1.2,1.3 and 1.5 respectively for all
five angles of the nanocones.
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3.4.2.3 Joining two different nanocones

In this subsection we join nanocones of two different angles. The first nanocone has varied angles
as shown in Table 3.1, so 0y = 112.9°,83.6°,60°, 38.9°,19.2°. The second carbon nanocone has
a fixed angle, which is assumed to be 6; = 60° with gradient of y(a) = —1.7. Moreover, in
this case the parameter B is assumed to have three particular different values for the joining
where B = 1.0001,1.01 and 1.1. Based on that we obtain Figure 3.18 when 6y = 112.9°, Figure
3.19 is when 6y = 83.6°, Figure 3.20 when the angle 8y = 60°, Figure 3.21 shows the join when
0y = 38.9° and Figure 3.22 when the angle is 6y = 19.2°. Noting that, Appendix D.2 shows

Maple codes for these joinings.

30

Figure 3.18: Nanocone angle 112.9° with [ = 3 and B = 1.0001,1.01 and 1.1.
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Figure 3.19: Nanocone angle 83.6° with [ = 3 and B = 1.0001, 1.1 and 1.01.
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Figure 3.20: Nanocone angle 60° with [ = 3.
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Figure 3.21: Nanocone angle 38.9° with [ = 3.
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Figure 3.22: Nanocone angle 19.2° with [ = 2.
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3.4.3 Joining carbon nanocones and flat sheet of Graphene

carbon nanocone
carbon nanocone

0 \ graphene sheet

PR 7 S ,‘ x X

(a) Model 1. (b) Model II.

Figure 3.23: Geometries for Model I and Model II.

Here we join carbon nanocone with the flat sheet of graphene. Again we use the same
method as in subsection 3.2. In particular, ¢ is the graphene radius and a is the radius of the
nanocone. The attachment points are at (x¢,0) for the graphene and at (a, yo) for the nanocone,
as shown in Figure 3.23. The angle of graphene is assumed to be 6y = 0 and the angle of the
carbon nanocone 61 is one of the five possible angles as indicated in Table 3.1. As a result, the

boundary conditions at the graphene sheet are

y(zo) =0, gy(zo) =0.

For the boundary conditions at the carbon nanocone for Model I, the value of § ranges from
0 at x = zg to a negative value depending on the angle of the cone at © = a. In Model II the
value of g ranges from 0 at x = xg to oo, then it changes the sign from —oo to negative value

depending on the angle of the cone.
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3.4.3.1 The characteristic parameter u
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Figure 3.24: Relation between the parameters y = (r¢ — a)/l and B = 1/k>.

Based on Figure 3.24, three distinct regions are evident. The first region where the parameter
B is negative corresponds to Model I. The second region is 0 < B < 2 which also corresponds

to Model I, and the third region is 1 < B < 2 which corresponds to Model II [30].

For particular values of the parameter B, we join the graphene with nanocones for Model I

as in Figure 3.25 and Model II as in Figure 3.26. Appendix D.3 presents Maple codes of these

joining.
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Figure 3.25: Plot of joining y = y(x) for Model I for five possible nanocones
112.9°,83.6°,60°,38.9° and 19.2° with graphene where B = —4 and [ = 2.

20

y 1049

Figure 3.26: Plot of joining y = y(z) for Model II for five possible nanocones
112.9°,83.6°,60°,38.9° and 19.2° with graphene where B = 1.1 and [ = 3.
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3.4.4 Joining between fullerene and flat sheet of graphene

Fulleren

Fullerene

Graph
raphene Graphene

X
X

(a) Model 1. (b) Model 1II.

Figure 3.27: Geometries for Model I and Model II.

Again we use the same analysis mentioned in section 3.2. We assume that that xg is the
graphene radius and a is the fullerene radius. The attachment points of the two carbon nano-
materials are assumed to be at (z9,0) and (a,yp) for the graphene and fullerene respectively,
as shown in Figure 3.27. The angle of the graphene is chosen to be g = 0 and the angle of
the fullerene is assumed to be 01 = —F with gradient y(z1) = 0.5. Moreover, the boundary

conditions at the graphene sheet are

y(wo) = 0,

y(wo) = 0.

The range of the values of the parameter B is the same as that described in Figure 3.24.

In Model I, the value of the parameter B is valid for both positive and negative values as
investigated in Figure 3.24. As a result, there are two different joining structures corresponding
to positive and negative values of the parameter B. For the positive value of the parameter B,
here we assume B = 1 so we have the joining structure as shown in Figure 3.28. Furthermore
for the negative value of B, which is assumed to be B = —1, the join profile is given in Figure

3.29.
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Figure 3.28: Plot of the join curve y = y(x) of Mode I for joining fullerene with graphene when
l=3and B=1.

Figure 3.29: Plot of the join curve y = y(z) of Mode I for joining fullerene with graphene where
l=3and B=-1.
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For Model I1I, the parameter B is valid only for the positive value. As a result, we have the

join structure with positive value of B which is assumed to be B = 1.1, as shown in Figure 3.30.

Figure 3.30: Plot of the join curve y = y(x) of Mode II for joining fullerene with graphene where
B=11land!=3.

Maple codes corresponding to these joinings are given in Appendix D.4

3.4.5 Joining between two parallel sheets of graphene with nanocone and
fullerene

Here we join carbon nanocone and fullerene with two parallel sheets of graphene. By using both
of Model I and Model II we join other nanomaterials. Model I joins nanocone and fullerene with
the second graphene sheet and Model II joins nanocone and fullerene with the first graphene

sheet. The value of the parameter u is the same in Figure 3.8.

3.4.5.1 Joining between two parallel sheets of graphene with carbon nanocone

In this case we join two parallel sheets of graphene with carbon nanocone. Model I has 0y = 7/2
and ¢; = 0 with gradient y(x1) = 0. Model II has fp = g5 and ¢ = 577 with positive gradient.
The joining structure of this case is determined as in Figure 3.31. Appendix D.5 presents the

codes of this joining.
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10- 4

Figure 3.31: Plot of joining between nanocone and two parallel sheets of graphene.
3.4.5.2 Joining between two parallel sheets of graphene with part of fullerene

This case is joining two parallel sheets of graphene with part of fullerene. In Model I we consider
o = 5 and 01 = 0 and in Model IT we use 6y = § and ¢y = 5 with positive gradient. As a result,
the joining structure of these carbon nanomaterials is determined as in Figure 3.32. Maple codes

in Appendix D.6 are used to produce this joining profile.
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Figure 3.32: Plot of joining between fullerene centred at (—3.76,13.2) with radius 10 A and two
parallel sheets of graphene.
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3.5 Conclusion

This chapter gives an approximate analytical solution to a discrete problem for the determina-
tion of the surface which joins two carbon nanostructures. We use a variational approach that
depends on minimization of covalent bond energy. Two different models are assumed which
depend on the sign of the curvature. Model I refers to positive curvature only, and Model II
refers to both positive and negative curvatures. Based on that, we join various different nanos-
tructures to obtain new configurations which may enhance their intrinsic properties leading to
new applications. Specifically, we join carbon nanocones with fullerenes and nanocones and flat
sheets of graphene. We join fullerene with flat sheets of graphene and finally, joining nanocones
and part of fullerene with two parallel sheets of graphene. The new nanostructures may be

useful as a probe for scanning tunneling microscopy.
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Chapter 4

Comparison of two different energies
for modelling the joining between
carbon nanostructures

4.1 Introduction

The research in theory of minimal surfaces in R? is an important and active field. The investi-
gations of minimal surfaces in R? began with Lagrange in 1762 when he considered the problem
of determining a graph with least area over a domain in R? and taking prescribed values on
the boundary. As a result, he obtained the partial differential equation to be satisfied by the
solution. After that, in 1776 Meusnier recognized the geometric meaning of that equation by
specifying the mean curvature H = 0. Throughout the nineteenth century, research topics in-
volving minimal surfaces have attracted much attention. The physicist Plateau obtained that
minimal surfaces may be recognised as soap film. In 1930 the Plateau’s problem which deter-
mined a minimal disk bounded by a given Jordan curve was solved by Douglas and Rado [81].
Importantly, minimal surfaces have many applications in physical and biological sciences. In
particular, they have an important role to nanotechnology in molecular engineering and material
science. Minimal surfaces have least surface area which enables wide usage in large scale and
light roof constructions [72]. For example, minimal surfaces are used in architecture and art
such as the olympic stadium in Munich [106] [56].

There are many examples of minimal surfaces such as the plane, catenoids, helicoids, Schwarz,
Riemann’s, Enneper and Henneberg surfaces [56].

Now we have a generalization of minimal surfaces called Willmore surfaces. This energy func-
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tional is defined as

W = / H?du,
M

where H denotes the mean curvature of surface M and du is the area element. Willmore energy
has important applications in the fields of science and nanotechnology [47]. For example, in
biology Helfrich surface models the shape of the red blood cell [88]. It also appears as a surface
energy for lipid bilayers [88]. Willmore energy is another natural generalisation of elastic energy
used in mechanics [88]. This energy has useful applications in optical design [88]. Furthermore
minimal surfaces as catenoid has nanomagnetism applications [23] [24].

In this chapter, we compare the joining between carbon nanostructures based on two different
energies. First is the energy described by equation (3.1) which depends on the axial curvature
only. Secondly, we use Willmore energy that depends on the axial curvature and the rotational

curvature, which is given by

o) =[Gt w0+ 2 [ an (4.1)
we use the convention that the mean curvature is the sum of the principal curvatures. In the
next section, first and second energies are addressed in detail. The comparison and discussion
for the two energies is given in Section 4.3. Finally, the conclusion of this chapter is presented

in section 4.4.

4.2 Model and mathematical background

For the first energy we consider the same case as in section 3.2.2.1 with suitable boundary
conditions. For the second energy, if we have the surface z(r,0) = f(r,0), which the curve
depends on (r,0), we can describe surface parameterically by S = {(z,y,2) : © = rcosf,y =
rsinf, z = f(r,0)} with 0 < r < a where H is the mean curvature of surface which is H = kq+kr,
where k, is the axial curvature and k, is the rotational curvature. For cross section, the position
vector of point on curve is denoted by r(z) = (x, f(z)). If the curve revolves around the z—axis,

the position vector is
r(r,0) = (rcos@,rsind, f(r)). (4.2)
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First, we find the tangent vectors as T, = (cos#,sinf, f'(r)) and 9 = (—rsiné,rcosb,0).

Second, the unit normal is

(cosOf'(r)i+sin0f'(r)j — k)
f2(r) +1 '

<1+§%ﬂ g)j

and det(g;;) = r? (1 + f"*(r)). The inverse metric g/ = (g;;) ! is

1
wrrm V)
0 =

and the second fundamental form h;; is

Then, the metric g;; is

f2(r) 0
0 rf'(r) ’
fr(r)+1
then (gij)fl(hiﬂ is
_ ) 0
l—i—f’2 r)
()
fr2r)+1
; _ ") f'(r) f"(r) _ ')
Thus we obtain H = RETTIRN: + YT where rk, = RINCTE and k, = RO The
FEuler-Lagrange equation is
ApH+ | A° > H+\H =0, (4.3)
where
| A° =5 (50— hr)?
2
(e ) )
(L4 2y VP +1)
and
- { det(gi)g" }
det(gzj) O 9ij g B )
SO
1 OH
A H = __ 0 e ] (4.5)
Lt 2 O LV 120



Substituting (4.4) and (4.5) into (4.3) we obtain

2

1 o | r2H 1 P p
il r — - — + M| H=0, (4.6)
r/1+p20r | \/1+ p? 2 (14+p2)2  ry1+p?
which is
o | rZH r P pyV/1+p? ’ Niww=
— | —or | = - — + Arv1+p2)| H, 4.7
o | T 2( — - ) (V14 5) (47)

where p = f’(r). Now if A = 0 and we use the catenoid as shown in Figure 4.1 (as it is a minimal
surface and local minimizer of the area functional), that is H = 0, we obtain surface that is an
absolute minimizer of the Willmore energy. However, this result could be energy minimizing for
a whole class of energies not just the Willmore energy. These include the surface area (leading
to minimal surfaces) and energy of the form [ H kdu, for any constant k > 0. It makes sense
to consider joining different rotationally symmetric carbon nanostructures with pieces of the
catenoid. Thus in the following section we use a piece of catenoid for joining different carbon

nanostructures.

Figure 4.1: Catenoid
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4.3 Results

Here we compare the joining between carbon nanostructures considering two energies mentioned
in the previous section.

4.3.1 Modelling the joining between carbon nanocones and carbon nanotubes

» | Carbon nanotube

(e %)

X pein L
g [hcos 2Absm 2]

Carbon nanocone

N‘\’-"~<

X

Figure 4.2: Model I for joining between carbon nanotube and carbon nanocone (first energy).

For the first energy, we consider Model I as shown in Figure 4.2 to have the boundary

conditions at the carbon nanocone as follows:

y(bcosvy/2) = bsin~y/2,

y(bcosy/2) = — coty/2.

The value of § ranges from —cotvy/2 at x = bcosvy/2 to —oco at © = a, and therefore the
boundary condition at the carbon nanotube is y(a) = —oo.
For the second energy, catenoids are absolute minimisers and we may consider joining catenoids

of the form
y(x) = Acosh™ (z + 1) + h, (4.8)

where A and h are constants as shown in Figure 4.3. The codes for this join is given in Appendix
E.
Here we match the gradient and join carbon nanocones with carbon nanotubes for five cases

that are based on angles of carbon nanocones as identified in Table 3.1. Figure 4.4(a) is when
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Figure 4.3: Joining carbon nanocone and carbon nanotube with a piece of catenoid.

v = 112.9° and Figure 4.4(b) is when v = 83°. Figure 4.5(a) is when v = 60° and Figure 4.5(b) is
when v = 38°. Figure 4.6 corresponds to the case when v = 19°. In addition, by using numerical
integration, Simpson’s rule, the difference between the two energies is calculated for each angle
of the nanocone as shown in Appendix E. For the first angle 112.9° the relative error is 0.09%,
for the angle 83.6° is 0.15%, for the angle 60° is 0.18%, for the angle 38.9° is 0.5% and for the
angle 19.2° is 0.9%. As a result, the rotational curvature does not contribute much in the total
energy. In addition, because one of the joins is at the neck of the catenoid, we can get the same
results if we join to a half sphere of the appropriate size, or, if we join two pieces of cones in the

opposite orientation as in the following subsections.
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Figure 4.4: The joining based on first and second energies for nanocones with angles 112.9° and
83.6°.
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Figure 4.5: The joining based on first and second energies for nanocones angles 60° and 38.9°
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Figure 4.6: The joining based on first and second energies for nanocones angle 19.2°.
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4.3.2 Modelling the joining between two carbon nanocones

Second nanostructure
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o X
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£

X

Figure 4.7: Model I for joining between two carbon nanostructure.

Here we use the two energies to join two carbon nanocones. The first energy is Model I as

shown in Figure 4.7 with the boundary conditions at the first carbon nanostructure as follows:

y(bcos~y/2) = bsin~y/2,

y(bcosy/2) = —coty/2.

The value of ¢ ranges from —cotvy/2 at x = bcos~y/2 to coty/2 at * = a, and therefore
the boundary condition at the second carbon nanostructure is y(a) = co. The second energy

corresponds to the catenoid of the form

z(y) = cosh (; (y + C)> —d,

where B, ¢ and d are constants as shown in Figure 4.8.
Here we match the gradient and join carbon nanocones for five cases based on angles of carbon
nanocones as in Table 3.1. Figure 4.9(a) is when v = 112.9° and Figure 4.9(b) is when v = 83°.
Figure 4.10(a) corresponds the case when v = 60°. Figure 4.10(b) is when vy = 38.9°. Figure
4.11 is when v = 19°.

Furthermore, we use numerical integration, Simpson’s rule, to calculate the difference be-

tween the two energies. For the first angle 112.9° the relative error is 6%, for the angle 83.6° is
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Figure 4.8: Joining two carbon nanocones with piece of catenoid.
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Figure 4.9: The joining based on first and second energies for nanocones with angles 112.9° and
83.6°.

4%, for the angle 60° is 3%, for the angle 38.9° is 14% and for the angle 19.2° is 12%.
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Figure 4.10: The joining based on first and second energies for nanocones with angles 60° and
38.9°
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Figure 4.11: The joining based on first and second energies for nanocones with angle 19.2°.

109



4.3.2.1 Modelling the joining between large carbon nanocone and narrow carbon
nanocone

Figure 4.12: Joining of large carbon nanocone and narrow carbon nanocone with piece of
catenoid.

In this case the first and second energies are the same as in joining two carbon nanocones.
The second energy of this case is shown in Figure 4.12. In particular, in Figure 4.13 we join two
carbon nanocones where the angle of the first nanocone is 112.9° and the second angle of the

nanocone is 60°. Again here we use Simpson’s rule to calculate the difference between the two

energies, the relative error is 2%.

110



2 .
y
1 4
0 T T T 1
1 2 3 4
X
- 1 E
- 2 i
— Firstenergy - """ Second energy """ " First cone

Second cone

Figure 4.13: The joining based on first and second energies for nanocones with angles 112.9°
and 60°.
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4.3.2.2 Modelling the joining between two fullerenes
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Figure 4.14: Joining two fullerenes with piece of catenoid.

Again in this case the first and second energies are the same as in joining two carbon
nanocones. The second energy is shown in Figure 4.14 where in this Figure the scale in the
horizontal and vertical directions is not the same. In Figure 4.15 we join two symmetric fullerenes
with angle 112.9°. We also join two different fullerenes with angles 60° and 43°. Again here we
use Simpson’s rule to calculate the difference between the two energies, the relative error for the

symmetric case is 9% and the other case is 6%.
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Figure 4.15: The joining based on first and second energies.
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4.4 Conclusion

This chapter adopted calculus of variations to investigate and compare two different energies
that are used to join different carbon nanostructures; carbon nanocone and carbon nanotube,
two symmetric carbon nanocones, narrow carbon nanocones and large carbon nanocone and two
fullerenes. Furthermore, the join of carbon nanotubes and carbon nanocones is the best joining
case because of the small value of relative error. As a result of this comparison we conclude that
both of these energies are suitable for the joining between carbon nanostructures.

However, the rotational curvature does not contribute much in the total energy. Based on the
above joining cases we emphasise that using Willmore energy instead of the first energy makes
only a little difference. Future work could compare the two different energies in other joining

scenarios.
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Chapter 5

Summary

The purpose of this thesis is to use applied mathematical techniques to formulate models for

nanostructures. In this thesis three main topics were examined:
e Modelling curves on a sphere with an application to nanoantennas.
e Determination of join regions between carbon nanostructures using calculus of variations.

e Comparison of different energies for modelling the joining between different carbon nanos-

tructures.

In Chapter 2 we used calculus of variations and the geometry of space curves to model curves
on the sphere. Starting with the general form of the Euler-Lagrange equations for minimizing
an energy functional defined for a space curve that depends on its curvature, torsion and their
first derivatives, we examined the energy for curves on a sphere that gives rise to solutions for
Euler-Lagrange equations. In detail, we studied the solutions for mathematical spherical helix,
revolutionary curves on a sphere and other cases. In the case of an energy depending only on
the curvature, we obtained solutions for Euler-Lagrange equations based on the revolutionary
curves on a sphere with certain forms.

However, mathematical helices are not the solution. In the case of energy depending on the
curvature as well as its first derivative, we found solutions for Euler-Lagrange equations for all
the different cases of mathematical spherical helix, revolutionary curves on a sphere and other
cases. We further studied these cases when the energy depends on its torsion, that only gives a

solution for Euler-Lagrange equations for curves on a sphere but not a mathematical helix.
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In Chapter 3 we investigated the geometry of joining to combine two different nanostructures,
by adopting calculus of variations to minimize the elastic energy, leading to Euler-Lagrange
equations which determine the joining curve between two carbon nanostructures. The joining
curve depends on the sign of the curvature, Model I refers to positive curvature and Model II
refers to both positive and negative curvature. Based on these models we have two different
ways to join the nanostructures. As a result, we join various different types of nanostructures
including carbon nanocone and fullerene, two carbon nanocones, carbon nanocone and flat sheet
of graphene, fullerene and flat sheet of graphene, two parallel sheets of graphene with carbon
nanocone and fullerene.

In Chapter 4 we compared two different energies used in determining the region between carbon
nanostructures; carbon nanotube and carbon nanocone, narrow carbon nanocone and large
carbon nanocone, two symmetric carbon nanocones and two fullerenes. The first energy depends
on the axial curvature only whereas the second energy depends on both the axial curvature and
the rotational curvature. By analyzing the obtained results for each case we concluded that

both of these energies give similar results for joining of carbon nanostructures.
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Appendix A

Euler-Lagrange equations derivations

Firstly we derive the variational quantities which are used to determined Euler-Lagrange equa-

tions [85]. The variation of r(s) is given by
r=r(s) +e1¢1(s)T + e29)2(s)N + £31)3(s)B,

where ¢; are parameters and ;(s) are arbitrary functions with compact support on [a,b]. By

using Frénet equations in equation 2.3 and r = T we get
F= [1 + Elw'l — Eglﬂbg]T + [51/431/11 + ng‘g — EgTibg]N + [EQwQT + 831&3]B, (Al)

and

£ = [1+ 1)1 — eakpa]? + [e1mthy + e2tha — e3Tih3]? + [eatbaT + £3¢03)2. (A.2)
From (2.3) and (A.1) we have
I = [e1(d1 — Y1k?) — 22692 + fth2) + e3tb3rT|T

+ [k + e1(2631 + 1K) + e2(tho — ar? — Po1?) — £3(2¢37 + 37)|N (A.3)

+ [e1RTn + ea(20aT + Po7) + 3(dh3 — T743)]B,
then from (A.1) and (A.3) we have

F X T = [—r(exthor + e3¢3) + 0(e2)] T

— [e16TY1 + 2(2haT + Pat) + e3(¢P3 — Tb3) + o(e2)|N

+ [k + e1(3k11 + P1&) + ea(tha — 2620pg — T24hg) — 3(27¢3 + F1b3) + o(e7)]B.
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Therefore

It x T? = [—k(eathor + 31f3) + o(7)]?
— [e1hT1 + e2(2haT + Yot) + e3(th3 — T2P3) + 0(e})]? (A.4)

+ [k + e1(3r1 + P1k) + e2(the — 2620py — T2h2) — 3(2703 + T13) + o(e2)]?,

so from (A.2) and (A.4) we have the following relations

8|I‘|2 ‘6 0= le,
%';Lﬂ = =2k,
and
W’E 0 = 2k(3K%1 + 15)
(w’a 0 = 26(thy — 2671 — TP1hn)
W'EZO — —2n(274s + 7).

where £ = 0 means €; = g3 = 3 = 0. Further from |t|?|.—¢ = 1, |¥ x T|?|s=0 = #? and

8\1‘\ 1 6[ ]2
85i 2|I“ 851
we have that
ol O
96, le=0 = 1, B2 le=0 = 3rap1 + 1k
olr olr xr
LV —— O XH]) |y — 2y — 12y,
Oeo Oeo
off off x ¥ o
il NI -0 = —2T3 — . A.
9es le=0 =0, 92, B T3 — Y37 (A.5)

128



Next we calculate

T = [—k2 + e1(=3r%1 — 3kA1 + 1) — e2(3rth + Shthy + iby — K3 — TRin)
+ e3(hTe3 + 26703 + 3uTe3) T + [k + £1(3k¢01 + 3fnhy — 1> — P72 + Kdy)
+ (s — 3720y — Bkt — 3kihy — 3rTehs)
+ e3(—37¢3 — 374 + K T3 + T3hs — Ty3)|N
+ [K7 + e1(3rTehy + 26T + KTe1) + e2(3thaT — TRy — T30y + 379ha + Teho)

+ e3(ths — 37243 — 37713)]B. (A.6)

Now by using (A.1),(A.3) and (A.6) we can calculate det(F, T, T ) which given by

. .. e Mll M12 M13
det(r,r, T) = Mo My Mos
M3z Mz Mg

where M;;(i,j = 1,2,3) denote the coefficients of vectors T, N, B in I, T, T. We obtain that
det(¥, T, T) = [1 + e1t)1 — eartho] My — [e1m1)1 + eby — e3eh3] M

+[e2tpaT + e393] M.

where My = Moo M3z — Moz M3za, Mo = Moy M3z — Moz M3y and M3 = Moy M3za — Mg Msy. Then

we have that

ddet(¥ i, F 8M
((9 )|€=0 : |€ —0 + 1 My |z—o — K1p1 Ma|z—g
€1
ddet(r, T, T ) 8M1 :
T|§:O ? £=0 — "€¢2M1|§:0 - ¢2M2’§:0+w27M3|5=0
ddet(t,r, T OM
éeg ) |le=0 = 71|£ o + T3 Ma|s—g + Y3 M3]z—0,

so, as a result from (A.1), (A.3) and (A.6) we have that

ddet(r,r, 1
egrr)|5 0 = 6k271 + (27K 4 K27),
€1
8det((91{;, LE) om0 = 4kTi)g + (3K7 — 27y + (k7 — 26°T — 2673 — KT )abg,
2
é)(ietéz’nr)!éo = Kby — fiths + (k% — B2y + (A% — ARTT )13, (A7)
3
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Now we consider the more general case where the energy depends on the curvature, the

torsion and their derivatives. The first derivative conditions become
/fn 7, ke, ) |F|ds|e=0 = 0, (i = 1,2, 3).
Oe;

This can be expanded as

of Ok of or of Ok

(9/438 ’I‘|5 ods + a a | |5 ods + a a ‘I”E ods+

of 01 - |t B

ot L leods + [ £5 lecods =0, (45)

By using (2.1) and (2.2) to find the curvature x and the torsion 7, we have that

o _ 1 [| PO e 20 ‘]

0=~ Jil°
or 1 . wodet(f, T, T) 2w O|F X7
— = —_— =2 det
e Ex [|r><1"| Oz, It x | det(F, T, T )~ o |
where [F2|s—0 = 1, |F x T|2|c—p = #2 and det(F, T, T )|z—¢ = K27, sO
Ok o|r|
878’5:0 = e K e, |z=0, (A.9)
or 1 ddet(t,r, ) 27 O|F X T
e T
From (A.5), (A.7) and (A.9) we have that
0K . 0K - 9 9
87€1|a=0 = R, 92y |e=0 = 2 + (K™ — 7%)1a,
Ok . .
87;;'5_:0 = =273 — T3, (A.10)
and
or )
(“)751‘ =0 = 71,
or 3t 2Tk KT
8752‘7 *1/)2 (*—7)¢2+(2m+*—7)¢27
or 1. k 2 . —271  kT?
= S — — - —))3. A1l
653‘5_0 /<;¢ /<;2¢3+(H H)¢3+( T3 )3 (A.11)
By noting that
dk ds . dr ds

T dsds’ | dsds’
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where % is the intrinsic derivative of the varied curve, and § is the arc length of the varied curve

which related to s by § = [ [r(s)|ds, and = |F(15)‘ we have that
Ok _dr 0 (1 +ii @ __1a\f~ydj+
de;  dsde; \|F|)  [t]0=i \ds) |2 Os; ds
O _dro (1) 10 (dry__1O0fdr
0g; ~ds 0g; ‘f" ‘f“ Og; N |r|2 Oe; ds
and
Ok _O|r| Ok
£|§_0 = N le=0 + £|5=0
or _O|T| or
92,70 = T e, =0 e 0

Also, by noting that

o= 2 (22,
8& =0 — 861 e=0

ﬁ% B d 87’
0e; 0 " ds \ e, 0 )

1 0 [dk
o (@)
1 0 [dr
2

(A.12)

(A.13)

here, from (A.8), (A.10), (A.11), (A.12) and (A.13), the Variation% [ f(k, 7, s, 7)|F|ds|z=0 = 0

in the tangential direction which gives that

/g‘:k¢1ds+/gj_c7"¢1d8+/g'ék¢1d5+/g‘7{7:7/)1d5+/f7/;1d5:0'

(A.14)

By integrating by parts the last integral in (A.14) and assume f1); = 0 at the boundary, we note

the variation in the tangential direction is identically satisfied. By using (A.8), (A.10), (A.11),

(A.12) and (A.13), the variation 8%2 [ f(k,T,f,7)|F|ds|z=0 = 0 in the normal direction is

0

f |:1/}2—|—(I€ — T )’(/}2:|d8

B, 3F 2 /
b [ gy 4 (B 20 1 o T Ty s

T

of 1+ 2 2y : :
+ EAl o + (K* — 7°)1he + (35/1—277')1/}2}&9

af 12 57 ATk 47 6kT  2TE  ATR? .
+ 571 *1/12 + (; - 7)7#2 + (2k7 T T 2 ) 13 )2
(267 + 3tm+ — 2%7 -5+ 2m )2 ds—/szdS—O

K K K
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This may be written as

/¢2 8f 27’8f}

+/w2[w+%w+(w—m)af}ds

Ok K OT K or
—l—/%[(f—?)?i%—(ﬁ )gi
+(2m+ﬁ_ 6:: - 27f+4;§2)g£ | as
/11)2 K% — 72 —f+(2 —1—1—%)?; (3/@/@—277)g£
+(2/<;T+37/£+”—2:27——Z+2;§)g£ nf}ds:o.

Integrating by parts the terms involving v, ¥ and ¢2,

> (0f 270f 267 Of 37 O0f 9 9, Of
/bg(aﬁ naf>+d5 (am%m)”ﬁ ok

2wr 4 - )0 [3,4%_2”@_2([52 T]gQ
j; @f;) +[2m+3m+%_%_%+ 2;; ]g
- ([2m+ v ok, 4;,52}2@ X d; <[5T' _ 47“@{)

(A.15)

then applying fundamental theorem of calculus of variations, so equation (A.15) holds for arbi-

trary g if

> (0f 2r0f 2kt Of 37 0f of
(6m+/§87>+d3< >+[K2_72]

ds? k2 Or K OT oK
T k7| Of g_i 2 2 87f
[2/17' + — K',2:| o + [3kk — 277] 55 ds ([/1 7] 5
a3 [of , , TO2kF kT 27R%) Of
T (ag)*[%”?’mm‘,{z‘ﬁﬁ }af

d 5 +£_6/‘£7"_27’i€;+47n of +d2 57 Ari] of
" ds ~T K2 K2 or ds? K K2 | OT

d3 <27—8f>—/<;f:0

Cds3 \ K OF

By simplify (A.16) we obtain the first equation of the Euler-Lagrange equations
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a2 [of d . of] 2rd [of d of
s [am - ds(é)/s)] T [af ds aﬂ]
+ 2kt d [0f d Of of d of
”m‘ﬁuJ&‘@%J+“ Tﬂ%‘w%ﬂ
0 d 0
+2/€T[a£—ds(ai)]+ﬁ[af+ ai—f]—o (A.17)

After that, by finding the variation in the binormal direction ai ) [, Tk ,7)[F|ds|z=0 = 0,

by using (A.8), (A.10), (A.11), (A.12) and (A.13) gives that

ofr. - ) ofrl - 2 kT2 27T
%_271&3—1—71&3}0[34-/87_{&1/}3— — s+ (K — *)¢3+(?—7)¢3]
Ofr . .
O [rdis + 834+ #uia] ds
ok L
OFrleeee - 72 K 242 Ari  ART? .

+ %_;?bs—?%.—i-(ﬁ—;—# )¢3+(’f—7+ 2 )¥3
272 277 | ATtk | RT? 0 27%R?

T T T T T T =0,

which is
r1Of
/ s [ 7 )

- . 2 .
[ O k o,

k2 0T Ok w2 307
+/1/}3:—272£+(m—i)gi_3 g}i+(’.€_41lzr+4:§2)gﬂd
_%3{+(_f‘T+T+§— ) 45 =,

then by integrating by parts the terms involving v, ¥, ¢3 and 1/)3 obtain that:

2
/[ (o) - i2(:2§f)+(2 o)

8f [HT2_2T7T]8]£ LOf ( 6f) d? (2 6f)

"ot or Tos T as\ar) T a2\ 7ok
272 277 Arth | Rr? 272 0f  d .. ArT | 267 0f
e e e e a5

+C;l;([ﬂ_72 i%+2;-e]8f)_d3< %8f>+d54(16f

K K2 K3 1 OT ds3 K2 OT K OT

)]¢3ds —0, (A.18)

applying fundamental theorem of calculus of variations, so equation (A.18) holds for arbitrary
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s if

B (Lof\ & (Rof\ d(,0f For o of
K OT ds? \ k20t ds 8/4; Kk OT 87’ 87

ds?
2\ 0f 01 d 08y, 00)

Ok K2 k | OT 0k  ds Ok ds? Ok

(2 o e gt anRof g ([, are semony

K K K2 K2 k3 | O ds K 2 | o7

d? 2k 28] of d? 2k Of d* [(10f
+¢ﬁqm‘m‘ﬁ+mﬁaﬁ‘@§<Kw%>ﬂm(ﬁ&>:Q (A.19)

Simplifying equation (A.19) we obtain the second Euler-Lagrange equation as

1 d® [of d,0f] 2cd® [9f d Of
‘mwﬁ&‘@%ﬂ @@4& @%ﬂ

d [0f d of 2k 22 d [8f d of
+%@LM‘@%H%*K+@‘@"MJ&‘@%Q]

of d of of d of
{%‘@%ﬂ {m‘@%ﬁ 0. (4.20)
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Appendix B

Numerical integration in Matlab

function [t,y] = RK4_sys(f, tspan, y0, h)
% Rung-Kutta fourth order method file (RK4_sys.m)
%solve a system of ODEs using 4th-order RK method
Jinput: column vector t and row vector y

%return: column vector of values for y’

a = tspan(1); b=tspan(2); n=(b-a)/h;
t = (ath : h : b)’;

k1 = feval(f, a, y0)’;

k2 = feval(f, a + h/2, yO + k1/2xh)’;
k3 = feval(f, a + h/2, yO + k2/2%h)’;
k4 = feval(f, a + h, yO0+k3*h)’;

y(1,:) = yO + (k1+2%k2+2xk3+k4) /6*h;

for i=1 : n-1

k1 = feval(f, t(i), y(,:));
k2 = feval(f, t(i)+ h/2, y(i,:) + k1/2*h)’;
k3 = feval(f, t(i)+ h/2, y(i,:) + k2/2%h)’;
k4 = feval(f, t(i)+ h , y(i,:)+ k3*h)’;
y(i+l,:) = y(i,:) + (k1+2*%k2+2%k3+k4)/6%h;
end

t = [a; t]; y = [y0O;y]l; out = [t y]l;
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disp(’ t y1 y2 y3  ...7);
fprintf (’%8.3f %15.10f %15.10f \n’,out’)

function f = example6(t,y) ' the three first order ODEs file (example6.m)

% dyl/dt = f1 = y2
% dy2/dt = £2 = y3
% dy3/dt = £3 =

% (1/4%t"3%y1 2% (£"2-1)"3)
hlet y(1) = y1, y(2) = y2, y(3)=y3
% tspan = [2 3]

% initial conditiomns yO0 = [2, 2, 2]

f1 = y(2);
f2 = y(3);
£3 = -1/ (4%t~3%y (1) "2% (£72-1) “3) % ((2y (1) ¥t "3y (3) ¥y (2) -t~ 3%y (2) “3-4xt~5xy (2))

*(£°2-1) "3- (2%t~ 2%y (1) 2y (3) ~t 2%y (1) %y (2) “2) * (£°2-1) “2) ~9*t*y (1) “ 2y (2) * (2t ~2-1)
*(£72-1)+3%y (1) "3% (2%t " 2% (8%t "2-7) +5) +4*t ~4xy (1)

x((£72-1) "2%x (2%t"2-1)) ;

£ = [£1, £2, £3]°;

[t,y]=RK4_sys(’example6’, [2 3], [2, 2, 2], 0.001 );

k=t
p=y(:,1)
pl=1./p

plot(k,pl) % relation curve between k and 1/p
zl=cumtrapz(k,pl)

plot(k,z1) % trapezoidal rule curve

cftool % for curve fitting

Data, x data= k, y data=zl, create data set

s(k)=ak"b+c, c>0, a=-3.802, b=-4.182, ¢c=0.213 % for power function
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s(k)=-Ae"bk+c, A=14.32, b=-2.159, c=0.1958 % for exponential function.

Tooo oo oo oo o To T T To o o To To T T To o To T T oo oo o o o o o o o o o o o o o o o o o o o T o To o To T To T T T oo oo oo oo
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Appendix C

Derivation for pg and 3

Analytical derivations for pp and ps which are the critical values of the parameter p in chapter
3 are discussed in this appendix. Considering the usual Legendre incomplete elliptic integral of
the first kind F'(¢, k), as in Byrd and Friedman [20], for the value of ¢ when ¢ € (¢s, ¢o), we

have

®s d(z)

F((z)S?k) - F((b[)vk) = m7

1

where ¢, = sin~1(1/v/2k) and ¢g = sin~!([1 — sin(vy/2)]/2k?)2, ~ is the cone angle. By making

the substitution ksin ¢ = sin A we obtain that

w/4
F(6a,k) — F(do, k) = / L — (1)

Ja—~/4 \/ k2 — sin? \
applying the same considerations for the incomplete elliptic integral of the second kind E(¢, k)
for ¢ € (¢s, do), we obtain

w/4 2
B@uk)~En k)= [ S, (C2)

m/4—v/4 k2 — sin? \

Then substituting (C.1) and (C.2) into (3.18) we have

w/4 2 /4
=2/ _ofA L —
/A= /4 k2 — sin? \ w/4—y/4 \/ k2 — sin? \
w/4 d\
(1 c
n/4—~/4 \/ k% — sin® \

For po which is the asymptotic value as k tends to zero, using cos 20 = 2cos?f —1 = 1 —2sin? 6,

(C.3) po becomes

w/4 /4 1
u0=1—2/ sinAdA(/ dX ) , (C.4)

w w sinA

138



where w = (7 — ) /4. By evaluating equation (C.4) we have

V2(1 — V2 cosw)
In[(v2 — 1)/ tan(w/2)]

po =1+

For ps, when k tends to oo, from (C.3) we obtain

13 = (2 / KNI / i dA) ( / " d/\),

w

giving rise to
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Appendix D

Maple codes for joining profiles

D.1 Joining nanocones and fullerene

For this code we acknowledge the advise of the authors in [13].

D.1.1 Model I

> y1:= (r,alpha,B,phi,ell) -> 2*betal(alpha,B,ell)*(cos(phic(alpha,B))
-cos(phi))/sqrt(B)+r*cot(alpha/2);

> x1:= (r,alpha,B,phi,ell) -> r + betal(alpha,B,ell)*(

2% (E1llipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phic(alpha,B)),1/sqrt(B)) ) -
(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B))) );

> modell:=(r,alpha,B,ell)->[x1(r,alpha,B,phi,ell),yl(r,alpha,B,phi,ell),
phi=phic(alpha,B)..phit(B)];

> modelli:=(r,alpha,B,ell)->[Re(x1(r,alpha,B,I*phi,ell)),
Re(y1(r,alpha,B,I*phi,ell)),phi=evalf(-I*phic(alpha,B))..evalf(-I*phit(B))];
> plot([modelli(10*tan(112.9%Pi*(1/360)), 1.9705, -4, 3.2),
modelli(10*tan(83.6%Pi*(1/360)), 1.4591, -4, 3.2),
modelli(10*tan(60*Pi*(1/360)), 1.0472, -4, 3.2),
modelli(10*tan(38.9*%Pi*(1/360)), .6789, -4, 3.2),
modelli(10*tan(19.2*Pi*(1/360)), .3351, -4, 3),

[15.08%t, 10%t, t

0 .. 11,[8.938*t, 10*t, t = 0 .. 1],

[5.775%t, 10%t, t

n
o

. 11, [3.533%t, 10xt, t = 0 .. 1]

[1.691*t, 10*t, t

I
o

. 1], [16.6%*cos(t),12.66+16.6*sin(t),
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t =0 .. (1/2)*Pi], [10.1*cos(t), 12.81+10.1*sin(t)
, t =0 .. (1/2)*Pi], [6.6%cos(t),12.91+6.6%*sin(t), t = 0 .. (1/2)*Pi],

[4.1%cos(t), 12.97+4.1xsin(t), t

0 .. (1/2)xPi],

[1.9%cos(t),12.99+1.9*sin(t), t

0 .. (1/2)*Pil],

scaling = constrained, thickness 2);

D.1.2 Model II

> restart;

> with(plots):

> phic := (alpha,B)-> arcsin(sqrt(Bx(1-sin(alpha/2))/2));

> #phit := B -> O;

> phit := B -> arcsin(sqrt(B/2));

> betal := (alpha,B,ell) -> ell/(EllipticF(sin(phit(B)),1/sqrt(B))
-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));

> beta2 := (alpha,B,ell) -> ell/(2*EllipticK(1/sqrt(B))
-EllipticF(sin(phit(B)),1/sqrt(B))
-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));

> y21:= (r,alpha,B,phi,ell) -> 2*beta2(alpha,B,ell)*(cos(phic(alpha,B))
-cos(phi))/sqrt (B)+r*cot (alpha/2) ;

> x21:= (r,alpha,B,phi,ell) -> r + beta2(alpha,B,ell)x

( 2x(EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phic(alpha,B)),1/sqrt(B)) )
-(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B))) );
> y2:= (r,alpha,B,phi,ell) -> 2*beta2(alpha,B,ell)*(cos(phic(alpha,B))
+cos(phi))/sqrt(B) + r*cot(alpha/2);

> x2:= (r,alpha,B,phi,ell) -> r + beta2(alpha,B,ell)*(2x(2xE1llipticE(1/sqrt(B))
-EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phic(alpha,B)),1/sqrt(B)))-
(2%E1lipticK(1/sqrt(B))-EllipticF(sin(phi),1/sqrt(B))

-EllipticF(sin(phic(alpha,B)),1/sqrt(B))) );
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> modell2:=(r,alpha,B,ell)->[x21(r,alpha,B,phi,ell),y21(r,alpha,B,phi,ell),
phi=phic(alpha,B)..Pi/2];

> model22:=(r,alpha,B,ell)->[x2(r,alpha,B,phi,ell),y2(r,alpha,B,phi,ell),
phi=Pi/2..phit(B)];

> Pm2:= (r,alpha,B,ell) -> [modell2(r,alpha,B,ell),model22(r,alpha,B,ell)];
> plot([op(Pm2(3*cot(112.9%Pi/360),112.9%Pi/180,1.8,1)),
op(Pm2(3*cot(112.9%Pi/360),112.9%Pi/180,1.8,2))],scaling=constrained) ;

> plot([op(Pm2(10*tan(112.9*%Pi*(1/360)), 1.9705, 1.7, 3)),
op(Pm2(10*tan(83.6*Pi*(1/360)), 83.6%Pi*(1/180),

1.814060252, 3)), op(Pm2(10*tan(60*Pi*(1/360)), 60*Pi*(1/180), 1.814060252, 3)),
op(Pm2(10*tan(38.9%Pi*(1/360)),38.9*%Pi*x(1/180), 1.814060252, 3)),
op(Pm2(10%tan(19.2+Pi*(1/360)), 19.2+Pi*(1/180), 1.814060252, 3)),

[15.08*t,10%t, t= 0 .. 1],

I
o

[8.938%t, 10*t, t . 1], [5.775%t, 10xt, t =0 .. 1],

[
o

[3.533%t, 10%t, t = . 171,[1.691%t,10%t, t = 0 .. 1],
[15.4*%cos(t), 12.66+15.4*sin(t), t = 0 .. (1/2)*Pi],

[9.2*%cos(t), 12.81+9.2*%sin(t), t = 0 ..(1/2)%Pi],

[5.9%cos(t), 12.91+5.9*sin(t), t = 0 .. (1/2)*Pi],

[3.53%cos(t), 12.97+3.53*sin(t), t = 0 ..(1/2)*Pi],
[1.6%cos(t), 12.99+1.6%sin(t), t = 0 (1/2)*Pil],
scaling = constrained, thickness = 2);
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D.2 Codes for joining two nanocones

> restart;
> mul:=(a,b,gamma,l)->(a-b*sin(gamma/2))/1;
> sinphiO:=(gammal,k)->sqrt((1-sin(gammal/2))/2) /k;
> sinphil:=(gamma2,k)->sqrt((1-sin(gamma2/2))/2) /k;
> MyE:=(s1,s2,k)->EllipticE(sl,k)-EllipticE(s2,k);
> MyF:=(s1,s2,k)->EllipticF(sl,k)-EllipticF(s2,k);
> mu:=(gammal, gamma2,k)->2*MyE(sinphil (gamma2,k) ,sinphiO(gammal,k) ,k)
/MyF (sinphil (gamma2,k) ,sinphiO(gammal,k) ,k) -1;
> plot(mu(1.97,-1.97,1/sqrt(B)),B=-50..50);
> Re(evalf (mu(.3351,-.3351,1/sqrt(-4))));
> evalf (Im(2/MyF(sinphi0O(.3351,1/sqrt(-4)) ,sinphil(-.3351,1/sqrt(-4)),
1/sqrt(-4))));
> x:=(beta,k,s0,sinphi,b,gammal)->beta* (2*MyE(sinphi,s0,k)
-MyF (sinphi,s0,k))+b*sin(gammal/2) ;
> y:=(beta,k,s0,sinphi,b,gamma2)->2*beta*k* (cos(arcsin(s0))
-cos(arcsin(sinphi)))+b*cos(gamma2/2) ;
> plot(x(-2.8746*I,1/sqrt(-4),sinphi0(1.9705,1/sqrt(-4)),sinphi*I,18.09,1.9705),
sinphi=Im(sinphi0(1.9705,1/sqrt(-4)))..Im(sinphil(-1.9705,1/sqrt(-4))));
>plot(y(-2.8746%I,1/sqrt(-4),sinphi0(1.9705,1/sqrt(-4)),sinphi*I,18.09,1.9705),
sinphi=Im(sinphi0(1.9705,1/sqrt(-4)))..Im(sinphi1(-1.9705,1/sqrt(-4))));
> plot([[x(-2.8746%*I, 1/sqrt(-4), sinphi0(1.9705, 1/sqrt(-4)),
I*sinphi, 18.09, 1.9705),y(-2.8746*I, 1/sqrt(-4), sinphi0(1.9705, 1/sqrt(-4)),
I*sinphi, 18.09, 1.9705),sinphi = Im(sinphiO(1.9705, 1/sqrt(-4)))
. Im(sinphil1(-1.9705, 1/sqrt(-4)))], [x(-4.115%I, 1/sqrt(-4),
sinphi0(1.4591, 1/sqrt(-4)), I*sinphi, 13.41, 1.4591),

y(-4.115%I, 1/sqrt(-4), sinphi0(1.4591, 1/sqrt(-4)),
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I*sinphi, 13.41, 1.4591), sinphi = Im(sinphiO(1.4591, 1/sqrt(-4)))
. Im(sinphil(-1.9705, 1/sqrt(-4)))], [x(-5.994xI, 1/sqrt(-4),
sinphi0(1.0472, 1/sqrt(-4)), I*sinphi, 11.55, 1.0472),
y(=5.994*I, 1/sqrt(-4), sinphiO(1.0472, 1/sqrt(-4)),
I*sinphi, 11.55, 1.0472),sinphi = Im(sinphi0(1.0472, 1/sqrt(-4)))
. Im(sinphi1(-1.0472, 1/sqrt(-4)))]1, [x(-9.597*I, 1/sqrt(-4),
sinphi0(.6789, 1/sqrt(-4)), Ixsinphi, 10.61, .6789),
y(=9.597*I, 1/sqrt(-4), sinphiO(.6789, 1/sqrt(-4)),
I*sinphi, 10.61, .6789), sinphi = Im(sinphiO(.6789, 1/sqrt(-4)))
. Im(sinphil(-.6789, 1/sqrt(-4)))],
[x(-20.08*I, 1/sqrt(-4), sinphiO(.3351, 1/sqrt(-4)),
I*sinphi, 10.14, .3351),y(-20.08*I, 1/sqrt(-4),
sinphi0(.3351, 1/sqrt(-4)), I*sinphi, 10.14, .3351),
sinphi = Im(sinphiO(.3351, 1/sqrt(-4)))

Im(sinphil(-.3351, 1/sqrt(-4)))1,

[15.08*%t, 10*xt, t = 0 .. 1], [8.938*t, 10*xt, t = 0 .. 1],
[6.775%t, 10*xt, t = 0 .. 1],[3.533*t, 10*t, t =0 .. 1],
[1.691*%t, 10xt, t = 0 .. 1],[1.691xt, 10*t, t = 0 .. 1]

,[16.5-t, 11.8+t, t 1 .. 16.4], [10.1-t, 12.3+t, t =1 .. 10],

[6.85-t, 12.5+t, t 1 .. 6.85], [4.57-t, 12.7+t, t =1 .. 4.57],

[2.70-t, 12.8+t, t

1 .. 2.70]], scaling = constrained, thickness = 2);
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D.2.1 Code for joining two cones with first cone’s angle is 112°

A\

restart;

A\

with(plots):

> phic := (alpha,B)-> arcsin(sqrt(B*(1-sin(alpha/2))/2));

> #phit := B -> 0;
> phit := B -> arcsin(sqrt(B/2));
> betal := (alpha,B,ell) -> ell/(EllipticF(sin(phit(B)),1/sqrt(B))

-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));

> beta2 := (alpha,B,ell) -> ell/(2*EllipticK(1/sqrt(B))
-EllipticF(sin(phit(B)),1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));
> y21:= (r,alpha,B,phi,ell) -> 2xbeta2(alpha,B,ell)*(cos(phic(alpha,B))
-cos(phi))/sqrt (B)+r*cot(alpha/2);

> x21:= (r,alpha,B,phi,ell) -> r + beta2(alpha,B,ell)x*

(2% (EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phic(alpha,B)),1/sqrt(B)))-
(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B))) );

> y2:= (r,alpha,B,phi,ell) -> 2*beta2(alpha,B,ell)*(cos(phic(alpha,B))
+cos(phi))/sqrt(B) + r*cot(alpha/2);

> x2:= (r,alpha,B,phi,ell) -> r + beta2(alpha,B,ell)*

(2% (2*E1lipticE(1/sqrt(B))-EllipticE(sin(phi),1/sqrt(B))
-EllipticE(sin(phic(alpha,B)),1/sqrt(B)))-(2*E1llipticK(1/sqrt(B))-EllipticF(sin(phi)
,1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B))));

> modell2:=(r,alpha,B,ell)->[x21(r,alpha,B,phi,ell),y21(r,alpha,B,phi,ell),
phi=phic(alpha,B)..Pi/2];

> model22:=(r,alpha,B,ell)->[x2(r,alpha,B,phi,ell),y2(r,alpha,B,phi,ell),
phi=Pi/2..Pi/3];

> Pm2:= (r,alpha,B,ell) -> [modell2(r,alpha,B,ell),model22(r,alpha,B,ell)];

> plot([op(Pm2(10*tan(112.9*Pi*(1/360)), 1.9705, 1.1, 2)),
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op (Pm2(10*tan(112.9%Pi*(1/360)), 1.9705, 1.0001, 2)),
op(Pm2(10*tan(112.9%Pi*(1/360)), 1.9705, 1.3, 2)), op(Pm2(10*tan(112.9%Pi*(1/360)),
1.9705, 1.5, 2)), op(Pm2(10*tan(112.9*%Pi*(1/360)), 1.9705, 1.2, 2)),

op (Pm2(10*tan(112.9xPi*(1/360)), 1.9705, 1.001, 2)),

op (Pm2(10*tan(112.9*%Pi*(1/360)), 1.9705, 1.01, 2))],

scaling = constrained, thickness = 2);

> p11 := plot([op(Pm2(10*tan(112.9*Pi*(1/360)), 1.9705, 1.0001, 3))1);

> p22 := plot([op(Pm2(10*tan(112.9%Pi*(1/360)), 1.9705, 1.1, 3))1);

> p33 := plot([op(Pm2(10*tan(112.9*%Pi*(1/360)), 1.9705, 1.01, 3))1);

> p4d := plot([15.09*%t, 10*t, t = O .. 1], thickness = 2);

> p01 := plot([13.75-t, 8.7+2*%t, t = 1 .. 13.75]);
> p02 := plot([14.09-t, 9.4+2xt, t = 1 .. 14.09]);
> p03 := plot([14.8-t, 10.2+2*t, t = 1 .. 14.8]);

> display([pll, p22, p33, p44, pOl, p02, p03], thickness = 2); For the other angles

we follow this code with the following change
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D.2.2 Code for joining two cones with first cone’s angle is 83.6°

> plot([op(Pm2(10*tan(83.6%Pi*(1/360)), 1.9705, 1.1, 2)),
op (Pm2(10*tan(83.6%Pi*(1/360)), 1.9705, 1.0001, 2)),

op (Pm2(10*tan(83.6%Pix(1/360)), 1.9705, 1.3, 2)),

op (Pm2(10*tan(83.6%Pix(1/360)), 1.9705, 1.5, 2)),
op(Pm2(10*tan(83.6%Pi*(1/360)), 1.9705, 1.2, 2)),
op(Pm2(10*tan(83.6%Pi*(1/360)), 1.9705, 1.001, 2)),
op(Pm2(10*tan(83.6*Pi*(1/360)), 1.9705, 1.01, 2))],

scaling = constrained, thickness = 2);

pll := plot([op(Pm2(10*tan(83.6%Pi*(1/360)), 1.9705, 1.0001, 3))1):
p22 := plot([op(Pm2(10*tan(83.6*Pix(1/360)), 1.9705, 1.1, 3))1):
p33 := plot([op(Pm2(10xtan(83.6%Pi*(1/360)), 1.9705, 1.01, 3))1):
p44 := plot([9*t, 6*%t, t = 0 .. 1], thickness = 2):

pOl := plot([7.5-t, 4.7+2*t, t = 1 .. 7.5]):

p02 := plot([8-t, 5.3+2*t, t = 1 .. 8]):

p03 := plot([8.8-t, 5.8+2%t, t = 1 .. 8.8]):

display([p11l, p22, p33, p44, pOl, p02, p03], thickness = 2);

D.2.3 Code for joining two cones with first cone’s angle is 60°

> plot([op(Pm2(10*tan(60%Pi*(1/360)), 1.9705, 1.1, 2)),
op (Pm2 (10*tan (60%Pi*(1/360)), 1.9705, 1.0001, 2)),

op (Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.3, 2)),

op (Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.5, 2)),
op(Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.2, 2)),
op(Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.001, 2)),
op(Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.01, 2))1,
scaling = constrained, thickness = 2);

pll := plot([op(Pm2(10%tan(60*Pi*(1/360)), 1.9705, 1.0001, 3))1):
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p22 := plot([op(Pm2(10*tan(60*Pi*(1/360)), 1.9705, 1.1, 3))1):
p33 := plot([op(Pm2(10*tan(60%Pi*(1/360)), 1.9705, 1.01, 3))]1):
p44 := plot([56.8+t, 3.8%t, t = 0 .. 1], thickness = 2):

pOl := plot([4.35-t, 2.63+2xt, t = 1 .. 4.35]):

p02 := plot([4.89-t, 3.1+2*%t, t =1 .. 4.89]):

p03 := plot([5.55-t, 3.9+2%t, t = 1 .. 5.55]):

display([p11l, p22, p33, p44, pO1l, p02, p03], thickness = 2);

D.2.4 Code for joining two cones with first cone’s angle is 38.9°

plot ([op(Pm2(10*tan(38.9*%Pi*(1/360)), 1.9705, 1.1, 2)),
op (Pm2(10*tan(38.9*Pi*(1/360)), 1.9705, 1.0001, 2)),

op (Pm2(10*tan(38.9%Pi*(1/360)), 1.9705, 1.3, 2)),

op (Pm2(10*tan(38.9*Pi*(1/360)), 1.9705, 1.5, 2)),

op (Pm2(10*tan(38.9*%Pi*(1/360)), 1.9705, 1.2, 2)),
op(Pm2(10*tan(38.9*%Pi*(1/360)), 1.9705, 1.001, 2)),

op (Pm2(10*tan(38.9*Pi*(1/360)), 1.9705, 1.01, 2))],

scaling = constrained, thickness = 2);

pll := plot([op(Pm2(10*tan(38.9*Pi*(1/360)), 1.9705, 1.0001, 3))1):
p22 := plot([op(Pm2(10%tan(38.9*%Pi*(1/360)), 1.9705, 1.1, 3))1):
p33 := plot([op(Pm2(10*tan(38.9*Pi*(1/360)), 1.9705, 1.01, 3))1):
p44 := plot([3.6x*t, 2.4%t, t = 0 .. 1], thickness = 2):

pOl := plot([2.16-t, 1.1+2%t, t = 1 .. 2.15]):

p02 := plot([2.6-t, 1.7+2*t, t =1 .. 2.6]):

p03 := plot([3.3-t, 2.4+2%t, t =1 .. 3.3]):

> display([pll, p22, p33, p44, pOl, p02, p03], thickness = 2);

D.2.5 Code for joining two cones with first cone’s angle is 19.2°

plot([op(Pm2(10*tan(19.2xPi*(1/360)), 1.9705, 1.1, 2)),

op(Pm2(10*tan(19.2xPi*(1/360)), 1.9705, 1.0001, 2)),
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op (Pm2(10*tan(19.2%Pix(1/360)), 1.9705, 1.3, 2)),
op(Pm2(10*tan(19.2*Pi*(1/360)), 1.9705, 1.5, 2)),

op (Pm2(10*tan(19.2%Pix(1/360)), 1.9705, 1.2, 2)),
op(Pm2(10*tan(19.2+Pi*(1/360)), 1.9705, 1.001, 2)),
op(Pm2(10*tan(19.2%Pi*(1/360)), 1.9705, 1.01, 2))],

scaling = constrained, thickness = 2);
pli:=plot([op(Pm2(10*tan(19.2%Pi*(1/360)), 1.9705, 1.0001, 2))1);
p22:=plot ([op(Pm2(10*tan(19.2%Pix(1/360)), 1.9705, 1.1, 2))1);
p33:=plot ([op(Pm2(10*tan(19.2%Pi*(1/360)), 1.9705, 1.01, 2))1);
p44:=plot([1.7*t, 1.13*t, t = 0 .. 1], thickness = 2);
pOl:=plot([1.87-t, .B+2%t, t =1 .. 1.87]);
p02:=plot([1.4-t, 0.3e-1+2%t, t =1 .. 1.4]);
p03:=plot([1.09-t, -.35+2*t, t = 1 .. 1.09]);

display([pl1l, p22, p33, p44, pOl, p02, p03], thickness = 2);

D.3 Codes for joining nanocones and graphene

D.3.1 Model I

> restart;

> with(plots):

> phic := (alpha,B)-> -arcsin(sqrt(B*(1l-sin(alpha/2))/2));

> phit := B ->0;

> betal := (alpha,B,ell) -> ell/(EllipticF(sin(phit(B)),
1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));

> beta2 := (alpha,B,ell) -> ell/(2*EllipticK(1/sqrt(B))-EllipticF(sin(phit(B)),
1/sqrt(B))-EllipticF(sin(phic(alpha,B)),1/sqrt(B)));

For B<2

> y1:= (r,alpha,B,phi,ell)-> 2xbetal(alpha,B,ell)*(1-cos(phi))/sqrt(B);
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> x1:= (r,alpha,B,phi,ell)-> r + betal(alpha,B,ell)*(2*(EllipticE(sin(phi)
,1/sqrt(B)))-(EllipticF (sin(phi),1/sqrt(B))));

> modell:=(r,alpha,B,ell)->[x1(r,alpha,B,phi,ell),y1(r,alpha,B,phi,ell),
phi=phic(alpha,B)..phit(B)];

> modelli:=(r,alpha,B,ell)->[Re(x1(r,alpha,B,I*phi,ell)),

Re(y1(r,alpha,B,I*phi,ell)),phi=evalf (-I*phic(alpha,B))..evalf(-I*phit(B))];

> graph := [3*t, 0, t =1 .. 2];
> conel := [1.3-t, 2.75%t, t = .2 .. 1.3];
> cone2 := [1.4-t, 3.75%t, t = .2 1.4];

> cone3d := [1.5-t, 4.5%t, t = .2 .. 1.5];

> cone4 := [1.6-t, Bxt, t = .2 .. 1.6];

> coneb := [1.7-t, 5.5%t, t = .2 .. 1.7];

pO := plot([3*t, 0.1le-1, t = 1 .. 2], thickness = 3):

pl := plot([modell1i(3, 112.9*Pix(1/180), -4, 2), conell,

scaling = constrained, thickness = 2):

p2 := plot([modelli(3, 83.6xPi*(1/180), -4, 2), cone?2],
scaling = constrained, thickness = 2):

p3 := plot([modelli(3, 60*Pi*(1/180), -4, 2), cone3],
scaling = constrained, thickness = 2):

p4 := plot([modelli(3, 38.9%Pix(1/180), -4, 2), cone4],
scaling = constrained, thickness = 2):

p5 := plot([modelli(3, 19.2#Pix(1/180), -4, 2), coneb],
scaling = constrained, thickness = 2):

display([pO, pl, p2, p3, p4, p5l);

D.3.2 Model II

> restart;

> with(plots):
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> phil := (psi,B)-> 0;

> phi2 := (psi,B) -> arcsin(sqrt(B*(1l-sin(psi/2))/2));

> mul:= (psil,psi2,B) -> 2x( (EllipticE(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))/
(EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-
EllipticF(sin(phil(psil,B)),1/sqrt(B))) )-1;

> mu2:= (psil,psi2,B) -> 2*( (2*EllipticE(1/sqrt(B))-
EllipticE(sin(phi2(psi2,B)),1/sqrt(B))-EllipticE(sin(phil(psil,B))
,1/8qrt(B)))/(2*E1llipticK(1/sqrt(B))-EllipticF(sin(phi2(psi2,B))
,1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))) )-1;

betal:= (psil,psi2,B,ell) -> ell/(EllipticF(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticF(sin(phil(psil1,B)),1/sqrt(B)));

> beta2:= (psil,psi2,B,ell) -> ell/(2*EllipticK(1/sqrt(B))
-EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-EllipticF(sin(phil(psil,B)),
1/sqrt(B)));

> y2_1:= (a,psil,psi2,B,phi,ell) -> 2*beta2(psil,psi2,B,ell)*(cos(phil(psil,B))
-cos(phi))/sqrt(B)+a*sin(psil);

> x2_1:= (a,psil,psi2,B,phi,ell) -> a*cos(psil)-
beta2(psil,psi2,B,ell)*( 2x(EllipticE(sin(phi),1/sqrt(B))-
EllipticE(sin(phil(psil,B)),1/sqrt(B)))-
(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));
> y2_2:= (a,psil,psi2,B,phi,ell) -> 2%beta2(psil,psi2,B,ell)*(cos(phil(psil,B))
+cos(phi))/sqrt(B) + a*sin(psil);

> x2_2:= (a,psil,psi2,B,phi,ell)-> a*cos(psil)-beta2(psil,psi2,B,ell)*
(2% (2%E11lipticE(1/sqrt(B))-EllipticE(sin(phi),1/sqrt(B))
-EllipticE(sin(phil(psil,B)),1/sqrt(B)))-(2+E1lipticK(1/sqrt(B))

-EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));
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> model2_1:=(a,psil,psi2,B,phi,ell)->[x2_1(a,psil,psi2,B,phi,ell),
y2_1(a,psil,psi2,B,phi,ell) ,phi=phil(psil1,B)..Pi/2];

> model2_2:=(a,psil,psi2,B,phi,ell)->[x2_2(a,psil,psi2,B,phi,ell),
y2_2(a,psil,psi2,B,phi,ell),phi=Pi/2..phi2(psi2,B)];

> Pm2:= (a,psil,psi2,B,ell) -> [model2_1(a,psil,psi2,B,phi,ell),
model2_2(a,psil,psi2,B,phi,ell)];

> endpoint2:= (a,psil,psi2,B,ell) -> [x2_2(a,psil,psi2,B,phi2(psi2,B),ell),
y2_2(a,psil,psi2,B,phi2(psi2,B),ell)];

> b2:=(a,psil,psi2,B,ell)-> x2_2(a,psil,psi2,B,phi2(psi2,B),ell)/cos(psi2);
> L2:=(a,psil,psi2,B,ell)-> y2_2(a,psil,psi2,B,phi2(psi2,B),ell)
-b2(a,psil,psi2,B,ell)*sin(psi2);

> cone4:=[6.85-t,1.25+t,t=1..6.85];

> ball21l:=[5%t,0.01,t=1..2];

> ball22:= [4.5-t,6.5%t,t=1..3.5];

> conel:=[7-t,0.2+2%t,t=1..7];

> cone2:=[6.8-t,1.2+t,t=1..6.8];

> cone3:=[6.6-t,1.2+t,t=1..6.6];

> coneb := [6.93-t, -.7+3*%t, t =1 .. 6.93];
pl := plot([op(Pm2(5, 0, -112.9, 1.1, 3)), ball2i, comnel],

scaling = constrained, thickness = 2, colour = blue);

p2 = plOt([Op(Pm2(5’ O, _83'6’ 11, 3)): ballQl]’

scaling = constrained, thickness = 1, colour = green);

p3 := plot([op(Pm2(5, 0, -60, 1.1, 3))],

scaling = constrained, thickness = 1, colour = red);
p4 := plot([op(Pm2(5, 0, 38.9, 1.1, 3))],
scaling = constrained, thickness = 1, colour = black);

p5 := plot([op(Pm2(5, 0, -19.2, 1.1, 3))],
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scaling = constrained, thickness = 1, colour = purple);

p6 := plot([7-t, .2+2*t, t = 1 .. 7], thickness = 2, colour = blue);

p7 := plot([6.8-t, 1.2+t, t =1 .. 6.8], thickness = 1, colour = green);

p8 := plot([6.6-t, 1.2+t, t =1 .. 6.6], thickness = 2, colour = red);

p9 := plot([6.85-t, 1.25+t, t = 1 .. 6.85], thickness = 1, colour = black);
pl0 := plot([6.93-t, -.7+3*t, t = 1 .. 6.93], thickness = 2, colour = purple);
pll := plot([56*t, O0.1le-1, t = 1 .. 2], thickness = 3);

display([pl, p2, p3, p4, p5, p6, pP7, P8, P9, pl0, pill);

D.4 Codes for joining fullerene and graphene

D.4.1 Model I

> y1l:= (a,psil,psi2,B,phi,ell) -> 2%betal(psil,psi2,B,ell)*(cos(phil(psil,B))
-cos(phi))/sqrt(B)+a*sin(psil);

> x1:= (a,psil,psi2,B,phi,ell) -> a*cos(psil)-betal(psil,psi2,B,ell)*

(2% (EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))-
(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> modell:=(a,psil,psi2,B,ell)->[x1(a,psil,psi2,B,phi,ell),yl(a,psil,psi2,
B,phi,ell),phi=phil(psil,B)..phi2(psi2,B)];

> modelli:=(a,psil,psi2,B,ell)->[Re(x1(a,psil,psi2,B,I*phi,ell)),
Re(yi(a,psil,psi2,B,I*phi,ell)),phi=evalf (-I*phil(psil,B))

..evalf (-I*phi2(psi2,B))];

> endpoint:= (a,psil,psi2,B,ell)->[x1(a,psil,psi2,B,phi2(psi2,B),ell),
yil(a,psil,psi2,B,phi2(psi2,B),ell)];

> b:

(a,psil,psi2,B,ell) -> x1(a,psil,psi2,B,phi2(psi2,B),ell)/cos(psi2);

> L:

(a,psil,psi2,B,ell) -> yi(a,psil,psi2,B,phi2(psi2,B),ell)
-b(a,psil,psi2,B,ell)*sin(psi2);

> ballil:

[5%t,0.01,t=1..2];

> ball2:

(a,psil,psi2,B,ell)-> [b(a,psil,psi2,B,ell)*cos(x),
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L(a,psil,psi2,B,ell)+b(a,psil,psi2,B,ell)*sin(x) ,x=Pi/2..psi2];
> plot([model1(5,0,-Pi/6,1,3),balll,ball2(5,0,-Pi/6,1,3)],
scaling=constrained,thickness=2);

> ball:=[5*t,0.001,t=1..2];

> plot([modelli(5,0,-Pi/6,-1,3),ball,ball2(5,0,-Pi/6,-1,3)],
scaling=constrained,thickness=2);

D.4.2 Model II

> y2_1:= (a,psil,psi2,B,phi,ell) -> 2*beta2(psil,psi2,B,ell)
*(cos(phil(psil,B))-cos(phi))/sqrt(B)+a*sin(psil);

> x2_1:= (a,psil,psi2,B,phi,ell) -> axcos(psil)-beta2(psil,psi2,B,ell)

* (2% (E1lipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))-
(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> y2_2:= (a,psil,psi2,B,phi,ell) -> 2%beta2(psil,psi2,B,ell)
*(cos(phil(psil,B))+cos(phi))/sqrt(B) + a*sin(psil);

> x2_2:= (a,psil,psi2,B,phi,ell) -> a*cos(psil)-beta2(psil,psi2,B,ell)

* (2% (2%E11lipticE(1/sqrt(B))-EllipticE(sin(phi),1/sqrt(B))
-EllipticE(sin(phil(psil1,B)),1/sqrt(B)))-(2*E1lipticK(1/sqrt(B))-EllipticF(sin(phi)
,1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> model2_1:=(a,psil,psi2,B,phi,ell)->[x2_1(a,psil,psi2,B,phi,ell)
,y2_1(a,psil,psi2,B,phi,ell) ,phi=phil(psil,B)..Pi/2];

> model2_2:=(a,psil,psi2,B,phi,ell)->[x2_2(a,psil,psi2,B,phi,ell),
y2_2(a,psil,psi2,B,phi,ell),phi=Pi/2..phi2(psi2,B)];

> Pm2:= (a,psil,psi2,B,ell) -> [model2_1(a,psil,psi2,B,phi,ell),
model2_2(a,psil,psi2,B,phi,ell)];

> endpoint2:= (a,psil,psi2,B,ell) ->[x2_2(a,psil,psi2,B,phi2(psi2,B),ell),
y2_2(a,psil,psi2,B,phi2(psi2,B),ell)];

> b2:= (a,psil,psi2,B,ell) -> x2_2(a,psil,psi2,B,phi2(psi2,B),ell)/cos(psi2);
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> L2:= (a,psil,psi2,B,ell) -> y2_2(a,psil,psi2,B,phi2(psi2,B),ell)
-b2(a,psil,psi2,B,ell)*sin(psi2);

> ball2_1:=[5%t,0.01,t=1..2];

> ball2_2:= (a,psil,psi2,B,ell) -> [b2(a,psil,psi2,B,ell)*cos(x),
L2(a,psil,psi2,B,ell)+b2(a,psil,psi2,B,ell)*sin(x) ,x=Pi/2..psi2];

> plot([op(Pm2(5,0,-Pi/6,1.1,3)),ball2_1,ball2_2(5,0,-Pi/6,1.1,3)],

scaling=constrained,thickness=2);

D.5 Joining between two parallel sheets of graphene with nanocone

> restart;

> with(plots):

> phil := (psi,B)-> 0;

> phi2 :

(psi,B) -> arcsin(sqrt(B*(1-sin(psi/2))/2));

> mul:= (psil,psi2,B) -> 2x( (EllipticE(sin(phi2(psi2,B)),1/sqrt(B))
-EllipticE(sin(phil(psi1,B)),1/sqrt(B)))/ (EllipticF(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))) )-1;

> mu2:= (psil,psi2,B) -> 2x( (2*EllipticE(1/sqrt(B))-EllipticE(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))/(2*E1lipticK(1/sqrt(B))
-EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))))-1;
> betal:= (psil,psi2,B,ell) -> ell/(EllipticF(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B)));

> beta2:= (psil,psi2,B,ell) -> ell/(2*EllipticK(1/sqrt(B))-EllipticF(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B)));

> y2_1:= (a,psil,psi2,B,phi,ell) -> 2xbeta2(psil,psi2,B,ell)
*(cos(phil(psil,B))-cos(phi))/sqrt(B)+a*sin(psil);

> x2_1:= (a,psil,psi2,B,phi,ell) -> a*cos(psil) - beta2(psil,psi2,B,ell)

*( 2x(EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))-

(EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));
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> y2_2:= (a,psil,psi2,B,phi,ell) -> 2xbeta2(psil,psi2,B,ell)*(cos(phil(psil,B))
+cos(phi))/sqrt(B) + a*sin(psil);

> x2_2:= (a,psil,psi2,B,phi,ell) -> axcos(psil)-beta2(psil,psi2,B,ell)

*x( 2% (2+E1lipticE(1/sqrt(B))-EllipticE(sin(phi),1/sqrt(B))
-EllipticE(sin(phil(psil,B)),1/sqrt(B)))-(2*EllipticK(1/sqrt(B))
-EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> model2_1:=(a,psil,psi2,B,phi,ell)->[x2_1(a,psil,psi2,B,phi,ell),
y2_1(a,psil,psi2,B,phi,ell),phi=Pi/18..Pi/2];

> model2_2:=(a,psil,psi2,B,phi,ell)->[x2_2(a,psil,psi2,B,phi,ell),
y2_2(a,psil,psi2,B,phi,ell) ,phi=Pi/2..Pi/2.4];

> Pm2:= (a,psil,psi2,B,ell) -> [model2_1(a,psil,psi2,B,phi,ell),
model2_2(a,psil,psi2,B,phi,ell)];

> endpoint2:= (a,psil,psi2,B,ell) -> [x2_2(a,psil,psi2,B,phi2(psi2,B),ell),

y2_2(a,psil,psi2,B,phi2(psi2,B),ell)];

> b2:= (a,psil,psi2,B,ell) -> x2_2(a,psil,psi2,B,phi2(psi2,B),ell)/cos(psi2);

> L2:= (a,psil,psi2,B,ell) -> y2_2(a,psil,psi2,B,phi2(psi2,B),ell)
-b2(a,psil,psi2,B,ell)*sin(psi2);

> model2_11:=(a,psil,psi2,B,phi,ell)->[x2_1(a,psil,psi2,B,phi,ell),
y2_1(a,psil,psi2,B,phi,ell),phi=Pi/90..Pi/2];

> model2_21:=(a,psil,psi2,B,phi,ell)->[x2_2(a,psil,psi2,B,phi,ell),
y2_2(a,psil,psi2,B,phi,ell),phi=Pi/2..Pi/2.11];

> Pm21:= (a,psil,psi2,B,ell) -> [model2_11(a,psil,psi2,B,phi,ell),
model2_21(a,psil,psi2,B,phi,ell)];

> mul:=(a,b,gamma,l)->(a-b*sin(gamma/2))/1;

> sinphiO:=(gamma,k)->sqrt((1-sin(gamma/2))/2) /k;

> sinphil:=k->0;

> MyE:=(s1,s2,k)->EllipticE(sl,k)-EllipticE(s2,k);
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> MyF:=(s1,s2,k)->E1llipticF(s1,k)-EllipticF(s2,k);

> mu:=(gamma,k)->2*MyE (sinphil (k) ,sinphiO(gamma,k) ,k)/MyF (sinphil (k)
,sinphiO(gamma,k) ,k) -1;

Re(evalf (mu(.3351,1/sqrt(-4))));

evalf (Im(2/MyF (sinphiO(.3351,1/sqrt(-4)),sinphil(1/sqrt(-4)),1/sqrt(-4))));

> x:=(beta,k,s0,sinphi,b,gamma)->beta* (2+«MyE (sinphi,s0,k)-MyF(sinphi,s0,k))
+b*sin(gamma/2) ;

> y:=(beta,k,s0,sinphi,b,gamma)->2*beta*k* (cos(arcsin(s0))-cos(arcsin(sinphi)))
+b*xcos (gamma/2) ;

> with(plottools) with(plots);

> pl:=plot([op(Pm21(1, (1/3)*Pi, -112.9, 1.1, 3))],

scaling = constrained, thickness = 2):

> p2 := plot([[x(4.115%I, 1/sqrt(-4), sinphi0(1.4591, 1/sqrt(-4)),

T*sinphi, 13.41, 1.4591), y(4.115%I, 1/sqrt(-4), sinphiO(1.4591, 1/sqrt(-4)),
I*sinphi, 13.41, 1.4591), sinphi = Im(sinphiO(1.4591, 1/sqrt(-4)))

. Im(sinphil(1/sqrt(-4)))]], scaling = constrained, thickness = 2);

> p3 := display(line([.94, 2.28], [8.95, 10.04], color = black, thickness = 2));
> p4 := display(line([.47, .85], [14, .85], color = blue, thickness = 2));
> p5 := display(line([11.62, 11.19], [15, 11.19], color = blue, thickness = 2));

> display([pl, p2, p3, p4, p51);

D.6 Joining between two parallel sheets of graphene with fullerene

> restart;

> with(plots):

> phil := (psi,B)-> 0;

> phi2 := (psi,B) -> arcsin(sqrt(B*(1-sin(psi/2))/2));
> mul:= (psil,psi2,B) -> 2%( (EllipticE(sin(phi2(psi2,B)),1/sqrt(B))-

EllipticE(sin(phil(psil,B)),1/sqrt(B))) / (EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-
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EllipticF(sin(phil(psil,B)),1/sqrt(B))) )-1;

> mu2:= (psil,psi2,B) -> 2x( (2*EllipticE(1/sqrt(B))-EllipticE(sin(phi2(psi2,B)),
1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))/(2*E1lipticK(1/sqrt(B))-
EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))))-1;
> betal:= (psil,psi2,B,ell) -> ell/(EllipticF(sin(phi2(psi2,B)),1/sqrt(B))-
EllipticF(sin(phil(psil,B)),1/sqrt(B)));

> beta2:= (psil,psi2,B,ell) —-> ell/(2*EllipticK(1/sqrt(B))-
EllipticF(sin(phi2(psi2,B)),

1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B)));

> y2_1:= (a,psil,psi2,B,phi,ell) -> 2xbeta2(psil,psi2,B,ell)
*(cos(phil(psil,B))-cos(phi))/sqrt(B)+a*sin(psil);

> x2_1:= (a,psil,psi2,B,phi,ell) -> a*cos(psil) - beta2(psil,psi2,B,ell)

*( 2% (EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phil(psil,B)),1/sqrt(B)))

- (EllipticF(sin(phi),1/sqrt(B))-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> y2_2:= (a,psil,psi2,B,phi,ell) -> 2xbeta2(psil,psi2,B,ell)*(cos(phil(psil,B))+
cos(phi))/sqrt(B) + a*sin(psil);

> x2_2:= (a,psil,psi2,B,phi,ell) -> a*cos(psil) - beta2(psil,psi2,B,ell)

*( 2% (2*E11ipticE(1/sqrt(B))-EllipticE(sin(phi),1/sqrt(B))-EllipticE(sin(phil(psil,B))
,1/sqrt(B))) - (2*EllipticK(1/sqrt(B))-EllipticF(sin(phi),1/sqrt(B))
-EllipticF(sin(phil(psil,B)),1/sqrt(B))));

> model2_1:=(a,psil,psi2,B,phi,ell)->[x2_1(a,psil,psi2,B,phi,ell),
y2_1(a,psil,psi2,B,phi,ell),phi=Pi/18..Pi/2];

> model2_2:=(a,psil,psi2,B,phi,ell)->[x2_2(a,psil,psi2,B,phi,ell),
y2_2(a,psil,psi2,B,phi,ell) ,phi=Pi/2..Pi/2];

> Pm2:= (a,psil,psi2,B,ell) -> [model2_1(a,psil,psi2,B,phi,ell),
model2_2(a,psil,psi2,B,phi,ell)];

> endpoint2:= (a,psil,psi2,B,ell) -> [x2_2(a,psil,psi2,B,phi2(psi2,B),ell),
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y2_2(a,psil,psi2,B,phi2(psi2,B),ell)];

> b2:

(a,psil,psi2,B,ell) -> x2_2(a,psil,psi2,B,phi2(psi2,B),ell)/cos(psi2)

> L2:

(a,psil,psi2,B,ell) -> y2_2(a,psil,psi2,B,phi2(psi2,B),ell)
-b2(a,psil,psi2,B,ell)*sin(psi2);
> mul:=(a,b,gamma,1l)->(a-b*sin(gamma/2))/1;
> sinphiO:=(gamma,k)->sqrt ((1-sin(gamma/2))/2) /k;
> sinphil:=k->0;
> MyE:=(s1,s2,k)->EllipticE(sl,k)-EllipticE(s2,k);
> MyF:=(s1,s2,k)->EllipticF(s1,k)-EllipticF(s2,k);
> mu:=(gamma,k)->2+MyE (sinphil (k) ,sinphiO(gamma,k) ,k)/
MyF (sinphil(k),sinphiO(gamma,k) ,k) -1;
> Re(evalf (mu(.3351,1/sqrt(-4))));
> evalf (Im(2/MyF (sinphiO(.3351,1/sqrt(-4)),sinphil(1/sqrt(-4)),1/sqrt(-4))));
> x:=(beta,k,s0,sinphi,b,gamma)->beta* (2*MyE (sinphi,s0,k)-MyF (sinphi,s0,k))+
b*sin(gamma/2) ;
> y:=(beta,k,s0,sinphi,b,gamma)->2*beta*k* (cos(arcsin(s0))-
cos(arcsin(sinphi)))+b*cos(gamma/2) ;
> with(plottools);
> with(plots);
> pl:=plot([[x(5.994%*I, 1/sqrt(-4), sinphiO(1.0472, 1/sqrt(-4)),
I*sinphi, 11.55, 1.0472), y(5.994xI, 1/sqrt(-4), sinphiO(1.0472, 1/sqrt(-4)),
I*sinphi, 11.55, 1.0472), sinphi = Im(sinphiO(1.0472, 1/sqrt(-4)))
. Im(sinphil(1/sqrt(-4)))]], scaling = constrained):
> p2 := plot([op(Pm2(5, (1/3)*Pi, -112.9, 1.1, 3))],

scaling = constrained, thickness = 2):

> p3 := display(line([15, 4.31], [2.45, 4.31],

color = blue, thickness = 2)):
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> p4 := display(line([10.3, 12.47], [15, 12.47],
color = blue, thickness = 2)):
> cl := circle([-3.76, 13.2], 10, color = blue);

> display([pl, p2, p3, p4, ci1l);
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Appendix E

Codes for the comparison between
the two energies in chapter 4

E.1 Numerical integration Maple

restrat;

with(plots):

sinphiO:=(gamma, k) ->sqrt((1-sin(gamma/2))/2) /k;

sinphil:=k->1/(sqrt(2)*k);

MyE:=(s1,s82,k)->EllipticE(s1,k)-EllipticE(s2,k);
MyF:=(s1,s82,k)->EllipticF(s1,k)-EllipticF(s2,k);
x:=(beta,k,s0,sinphi,b,gamma)->-beta* (2*MyE(sinphi,s0,k)-MyF (sinphi,s0,k))
+b*cos (gamma/2) ;

y:=(beta,k,s0,sinphi,b,gamma)->2*beta*k* (cos(arcsin(s0))-cos(arcsin(sinphi)))
+b*sin(gamma/2) ; al:=evalf (x(-2.8746*I,1/sqrt(-4),sinphi0O(Pi/1.59,1/sqrt(-4)),
sinphi*I,1.77,Pi/1.59));
a2:=evalf(y(-2.8746%*I,1/sqrt(-4),sinphiO(Pi/1.59,1/sqrt(-4)),
sinphi*I,18.09,Pi/1.59));

h:=abs(al-a2);

cl:=Student [Calculusl] [ApproximateInt] (h, Im(sinphiO(Pi/(1.59),

1/sqrt(-4))) .. Im(sinphil(1/sqrt(-4))), ’partition’ = 100,

’method’ = trapezoid, ’partitiontype’ = normal, ’output’ = ’plot’);

c2:= Student[Calculusi] [ApproximateInt] (al, Im(sinphiO(Pi/(1.59),
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1/sqrt(-4))) .. Im(sinphil(1/sqrt(-4))), ’partition’ = 100,
’method’ = trapezoid, ’partitiontype’ = normal, ’output’ = ’plot’);

c3:=c1/c2 *100;

E.2 Codes for various configurations

E.2.1 Catenoid with cone and tube

restart;

with(plots);

pl := implicitplot3d({x"2+y"2 = sqrt(x"2+y~2)/(1.141)}, x = -Pi .. Pi,
y =-Pi .. Pi,z = 0 .. 4, color = green);

p2 := implicitplot3d({x"2+y~2 = -z}, x = -Pi .. Pi,

y=-Pi .. Pi,z = -4 .. -1.63, color = blue);
p3 := implicitplot3d({x"2+y~2 = cosh((z+0.6e-1)/(1.22))-.36}, x = -Pi .. Pi,
y=-Pi .. Pi, z=-1.63 .. 0);

display([p2, pl, p31);

E.2.2 Catenoid with two cones

with(plots):

pl:=implicitplot3d({x~2+y~2=z},x =-Pi..Pi,y =-Pi..Pi,z =1.24..2.5,color=red);
p2:=implicitplot3d({x~2+y~2=-z},x =-Pi..Pi,y =-Pi..Pi,z =-2.9..-1.63,color = blue);
p3:=implicitplot3d({x"2+y~2 =cosh((z+0.6e-1)/(1.22))-.36},x =-Pi..Pi,y =-Pi..Pi,

z =-1.63..1.24);

display([p2, pl, p31);

E.2.3 Catenoid with large and narrow cones

with(plots);
pl:=implicitplot3d({x~2+y~2=z},x=-Pi..Pi,y=-Pi..Pi,z=.5..2.5,color=red);
p2:=implicitplot3d({x~2+y~2=-z},x=-Pi..Pi,y=-Pi..Pi,z=-2.9..-1.63,color=blue);

p3:=implicitplot3d({x~2+y~2=cosh((z+0.6e-1)/(1.1))-.59},x=-Pi..Pi,y=-Pi..Pi,
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z=-1.63...5);
display([p2, pl, p31);

E.2.4 Catenoid with two fullerens

with(plots); pl:=implicitplot3d({x"2+y~2+(z+1)"2=1},x=-1..1,y= -

z=-2 .. 0, color = red);

p2:=implicitplot3d({x"2+y~2+(z-1.1)"2=1}, x = -1 .. 1, y = -1 ..

z =0 .. 2, color = blue);

p3:=implicitplot3d({x~2+y~2=cosh(z+0.1e-1)-.5}, x = -Pi .. Pi, y

z =-.23 .. .4);

display([pl, p2, p3]1);
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