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Abstract

Buckling and post-buckling stability of elastic rods with discontinuities in bending
stiffness and curvature, as well as rods lying on an interactive surface is investigated
using the theory of conjugate points. Second order matching conditions at points of
discontinuity are formulated, which allow the classic Jacobi condition to be extended to
incorporate calculus of variations problems with discontinuous integrands.

Static equilibrium equations for intrinsically straight, inextensible and unshearable
discontinuous rods are formulated. Conjugate points are found by numerically solving
the Jacobi equation as an initial value problem. For the case of a rod interacting with a
surface, an external force potential is added to the energy functional, causing the Jacobi
operator to be an integrodifferential operator.

Morse index theory is used to find expressions for critical buckling values of load pa-
rameters with respect to parameters measuring jumps in bending stiffness, or parameters
measuring the strength of the rod-surface interaction. Bifurcation diagrams of buckled
rod solutions are presented, with the Morse stability index calculated for each solution
branch. These are found to be consistent with the theory of stability exchange at folds
for distinguished diagrams. The presence of a jump in bending stiffness is shown, in
some cases, to cause an extra stable solution branch. Numerical continuation of folds
in two parameters is used to find the parameter space for which these stable branches
exist. The rod equilibrium equations are solved numerically using parameter continua-
tion for a boundary value problem. Clamped boundary conditions are considered, as well
as pinned boundary conditions, which require a more robust adaptation of the classic
Jacobi condition.

The theory is applied to the modelling of carbon nanotube intramolecular junctions,
in which the bonding of two or more carbon nanotubes causes a jump in the diameter,
chirality or cross-section shape of the resulting tube, as well as a possible kink (jump
in the centreline curvature) in the tube. The effects of van der Waals forces between a

nanotube undergoing compression, and a substrate are modelled.
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Chapter 1

Introduction

In this thesis, we use the Cosserat theory of rods to model the deformation of car-
bon nanotubes with a finite number of jumps in the continuity of the bending stiffness
and/or curvature. The buckling and post-buckling behaviour of such physical systems
are studied, and stability analysis is performed. These points of discontinuity may rep-
resent nanotube junctions, in which the electronic properties along the nanotube change
due to a change in the tube’s chirality !, diameter, or cross-section shape. A potential
application of these junctions would be as transistors in nano-scale devices [5], [8], [45].
Since carbon nanotubes were first discovered by Lijima in 1991 [22], a large amount
of research has been performed on the electronic properties of carbon nanotubes and
nanotube junctions, e.g. [5], [8], [45], but there has been relatively little research on the
mechanical behaviour of nanotubes or nanotube junctions when subjected to an external
compressive force or end rotation. We justify using rod theory to model nanotubes by
assuming the tubes to have a high aspect ratio (length to diameter ratio), and model the
centreline of the tube as a rod, with any properties of the tube’s surface being accounted
for by the bending and torsional stiffnesses. Buehler et al. show in [4] that for appropri-
ately large aspect ratios, the buckling behaviour of a carbon nanotube is reminiscent of
the Euler buckling of a rod with clamped boundary conditions. As well as the effect of

discontinuities along a nanotube, we also look at how van der Waals forces between the

!Nanotubes are created by rolling up a hexagonal lattice of carbon (graphite). Rolling the lattice at
different angles creates a visible twist or spiral in the nanotube’s molecular structure, though the overall
shape remains cylindrical. This twist is called chirality.
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1. Introduction

tube and the surface it lies on, affects the spatial stability of the nanotube.

To study the stability of rod solutions, our main technique will be the calculus of
variations. In the classical theory of variational calculus, an extremal with a discontin-
uous derivative, i.e. a piecewise smooth (or broken) extremal requires the well known
Weierstrass-Erdmann corner conditions to be satisfied at a point of discontinuity [12].
For certain nanotube models in this thesis, we require extremals that are not only piece-
wise smooth but also piecewise continuous. Osmolovskii et al. [33], [34], [35] look into
finding second order conditions (extensions to the classic Jacobi condition) for broken
extremals of functionals with continuous integrands. Bliss and Mason [2], and Graves
[14] studied the variational principles of systems with discontinuous integrands, which
increases the number of variational problems that can be solved. Stability analysis of
discontinuous systems requires second order conditions at points of discontinuity. In this

case, we find the second order condition at a point of discontinuity s = ¢, to be
(Wq/q/h/ + Wq/qh) (C — 0) = (Wq/q/h/ + Wq/qh) (C + 0), cE (a, b), (1.1)

where h : [a,b] — RP is a variation of the extremal q : [a,b] — RP, and W(q,q’) is
the strain energy density function of the elastic rod. We describe an extremal as being
stable if the second variation of the energy functional F[q] is non-negative for all allowed
weak variations. This definition can be extended by defining the index as an integer I,
which is equal to the maximal dimension of the subspace of variations for which the
second variation 62FE[h] is negative. The index value I = 0, therefore, corresponds to a
stable extremal. The classic Jacobi condition states that an extremal is a local minimum
(stable) if there are no points in (a,b] that are conjugate to the point a. Morse [32]
extended this theory by equating the index I to the number of points in (a, b) conjugate
to a. Using the condition (1.1), we extend the definition of a conjugate point to find the
index of an extremal of a functional with a discontinuous integrand.

We also consider variational problems with isoperimetric constraints. These enter
the problem as a result of boundary conditions that fix both end positions of the rod.

The constrained variational problem is a classical one. To find critical points of an

11



1. Introduction

energy functional subject to isoperimetric constraints, extra terms are added to the
functional using the Lagrange multiplier rule. Bolza [3] extended the definition of conju-
gate points to account for isoperimetric problems, and showed that the absence of these
constrained conjugate points is equivalent to a stable extremal. Rogers [36] uses an al-
ternative method to derive a constrained conjugate point. By writing the unconstrained
Jacobi equation as an eigenvalue problem, and taking a suitable orthogonal projection,
the constrained index (the number of constrained conjugate points) is shown to be equal
to the number of negative eigenvalues of this projected eigenvalue problem. Bliss and
Mason [2], and Graves [14] extended the Jacobi condition to variational problems of
functionals with discontinuous integrands by adding suitable second order conditions,
while Cole [7] extended the definition of the index to include such problems. However,
none of these works consider isoperimetric constraints. For our problem, we find that
given the condition (1.1), the orthogonal projection of the unconstrained Jacobi operator
(used by Rogers [36]) still has the required properties to allow us to equate the num-
ber of negative eigenvalues to the constrained index for the isoperimetric discontinuous

problem.

We consider rods that are inextensible and unshearable, and with a strain energy
density function W, which is quadratic in the strains of the rod. Here, we study static
deformations of an elastic rod, therefore W is a function of space, but not time. If
the second variation is positive for all admissible variations, this corresponds to spatial

stability of the rod equilibrium.

We use index theory to find buckling loads of rods. A rod buckles from a trivial
straight solution to a buckled solution at a branch point. At such points there is a
change in stability, therefore points where the index changes along the trivial branch
correspond to buckling points of the straight rod with respect to an applied load. If we
find an expression for a critical buckling value of a loading parameter A, we can plot
critical values of A\ against a second parameter. Here, we plot critical values of A against
parameters measuring the jump in the bending stiffness, and parameters measuring the

strength of the rod-surface interaction.

12



1. Introduction

Post-buckling equilibria of the rod are computed numerically using parameter con-
tinuation? software AUTO97 [11]. Bifurcation diagrams are produced that label each
solution branch with an index value. We find that the index values change at folds (limit
points) in the solution branches. For distinguished bifurcation diagrams, the stability
index computed by counting the conjugate points, agrees with the theory of stability ex-
change at folds, studied by Maddocks [26], and generalised further by Rogers [36] to cases
where the bifurcation parameter enters the problem as a boundary condition. We solve
the rod equilibrium equations as a boundary value problem with either clamped (the
direction of the rod is fixed) or pinned (the end has zero moment) boundary conditions.
Boundary conditions that fix the centreline position of the rod at both ends correspond
to isoperimetric constraints in the variational problem. Numerically, we treat a discon-
tinuity in the rod by simply solving the system of rod equations on each side of the
discontinuity, and applying the appropriate matching conditions. Given the rod solu-
tions obtained by solving the boundary value problem, we find it computationally more
efficient to find the conjugate points by solving the Jacobi equation as an initial value

problem, using the initial data obtained from the rod solutions.

This thesis is structured as follows, chapter 2 gives an overview of the variational
principles that are required throughout the thesis. We find the necessary conditions for
an extremal to be a weak local minimum in both the unconstrained and constrained
calculus of variations problems. The problem is extended to the case of a functional
with a discontinuous integrand, and we find the second order conditions necessary for
the extended Jacobi condition. A new definition of conjugate points is defined, which
allows us to find the Morse stability index of an extremal with discontinuities. We briefly
discuss the variational problem with Neumann boundary conditions, and how the theory
of conjugate points is affected when the boundary conditions are no longer the standard

Dirichlet conditions, which are assumed in all standard textbooks on the calculus of

2Parameter continuation consists of finding an approximation to solutions of a differential or algebraic
equation, as a parameter is varied. AUTO performs numerical parameter continuation using the pseudo
arclength continuation method to compute solution curves with respect to a bifurcation parameter and
find branch points along these curves. For more information on this method see [11],[21].

13



1. Introduction

variations.

In chapter 3 we discuss the theory of elastic rods, which will be used in the subse-
quent chapters. We introduce Euler parameters, which relate the orientation of the rod
cross-section to the fixed frame. Different sets of boundary conditions are discussed in
terms of Euler parameters. Parametrising the three-dimensional space of the rod orien-
tation with four Euler parameters avoids any singularities that can occur when using
the more traditional method of Euler angles. However, this parametrisation can lead to
the strengthend Legendre condition not holding. To fix this problem, we follow Manning
[31] and others, and use a suitable orthogonal projection of the variations of the Euler

parameters.

In chapter 4 we perform stability analysis on an intrinsically straight elastic rod with
discontinuous bending stiffness. Critical buckling values of end force are calculated with
respect to certain bending stiffness parameters. Stability index is calculated for buckled
rod solutions with clamped boundary conditions. We look at a specific class of clamped
rods with discontinuous bending stiffness, where each section of the rod has an elliptical
cross section with the same circumference, but different eccentricity. The intention is
to model a carbon nanotube junction in which part of the nanotube has been axially
compressed in order to change the tube’s electrical properties. We study the bifurcation
diagrams of the rod solutions. We look at the case of hard loading, which specifies the
end displacement, as well as dead loading, in which an end force is specified, and study

the effects of both end force and end twisting moment.

In chapter 5 we discuss how the conjugate point theory changes when Neumann
boundary conditions are used, and calculate the stability index for solutions of rods
with pinned ends. In the Dirichlet case, it is shown that the number of conjugate points
is equal to the number of negative eigenvalues of the Jacobi operator at the boundary b.
However this is no longer true in the Neumann case, and further information about the

zero valued eigenvalues must be found in order to find the index.

In chapter 6 we study a planar model of rods with a kink (a single discontinuity

in the curvature). Equilibrium equations are formulated by solving the Euler-Lagrange

14



1. Introduction

equations, and stability analysis is performed on the rod equilibria.

In Chapter 7 we study the effect of the presence of a surface with an interactive
force potential. Equilibrium equations for the rod are formulated, now with an extra
potential term added to the energy functional, where the new term represents the in-
teractive force between the rod and the surface. The Jacobi operator is now found to
be an integrodifferential operator, as opposed to the standard second order differential
operator.

Finally, chapter 8 gives a discussion and summery of our results.

15



Chapter 2

Variational Principles

Jacobi’s strengthend condition states that a critical point of a functional E is stable
(a weak local minimum) if it has no conjugate points (see e.g. [12] or [37]). Morse [32]
extended the idea of stability to show that the number of conjugate points is equal to the
maximal dimension of the subspace of admissible weak variations for which the second
variation 6?F is negative. This integer I, is called the index. If I = 0, then the second
variation 02F > 0 for all admissible variations, and therefore the critical point is stable.

Jacobi’s strengthend condition can be extended to the isoperimetric problem by defin-
ing an isoperimetric conjugate point [3]. Manning, Rogers, and Maddocks [31] extend
the isoperimetric conjugate point theory by writing the Jacobi equation as an eigenvalue
problem and showing that the index is equal to the number of negative eigenvalues. Ex-
tension of the index theory from the case of a functional with a continuous integrand to
a functional with a discontinuous integrand is possible with the introduction of certain
matching conditions at any jumps in continuity.

In this chapter we will study the constrained calculus of variations problem, and then
show how by including these matching conditions, the stability index can be defined for

a functional with discontinuous integrands.

2.1 Continuous Integrand

We shall briefly look at the calculus of variations problem of minimising a functional

with a continuous integrand. We wish to minimise the following functional, subject to

16



2.1. Continuous Integrand 2. Variational Principles

m isoperimetric constraints.

b
/ W(q,q') ds, q(s) € RP, (2.1)
q(a) =fa, q(b) =f, (2.2)
b
/ gr(q) ds =0, k=1,...,m. (2.3)

Here, and throughout this thesis, the prime symbol () will denote differentiation with
respect to the independent variable s. In order to find critical points that minimise the

functional (2.1) subject to constraints (2.3), we seek critical points of a new functional

b
Elq] = / (W(a.d) + A gla) ds, (2.4)

where A := (A1 --- \,)T are Lagrange multipliers, and g := (g1 - - - gm)? . Critical points

are solutions of the Euler-Lagrange equations

Lq— %L’q/ =0,
where £L:=W 4+ AX-g.

We are interested in weak variations of q, which we shall define by letting q(s) =
q9 (s) + eh(s), where q(©(s) is a critical point. Then q — q© and ¢’ — q(©" as e — 0.
We call h the variation of q. The second variation of (2.4) is found by taking the second
order term of E[q(®) 4 ¢h]:

1 b
62E[h] = 2/ [h-Ph'+h'-C'h+h-Ch'+h-Qh] ds, (2.5)

where

P = ['q’q’v C= ,qu/, and Q = ,qu.
The variations h € RP must satisfy the linearised constraints
b
/ h-Tyds =0, k=1,...,m,
a
where

_ Ogx

T
E= g

17



2.1. Continuous Integrand 2. Variational Principles

Note that P, C, Q, and T}, are all functions of q, evaluated at a critical point.

Let us define the following spaces:

7 = span(Ty,...,Ty), (2.6)
H(e) = {he H*a,0) : h(a)=h(c) =0}, (2.7)
Hieon)(0) = {heH(o) : (h,Tg), =0, k=1,...,m}, (2.8)

where o € [a,b], and H? defines the Sobolev space of functions with integrable weak
second derivatives. Here, (-,-), denotes the standard L? inner product on [a,o]. We will
denote (-, -), as simply (-, ).

A necessary condition for an extremal to be a local minimum is that the second
variation be non-negative for all h in H .o (b).

The second variation §2E[h] can be written as
2 1
5?E[b] = 3 (Sh,h),
where S is the Jacobi operator
Sh=— (Ph +C"h) + Ch’ + Qh.

If the matrix P is positive definite, and the critical point q has no isoperimetric conjugate
point, then
5°E[h] >0, h € Hon)(b) (2.9)

where an isoperimetric conjugate point is defined as follows:

Definition 2.1.1. A point o, a < o < b, is an isoperimetric conjugate point to a with

respect to the functional §2E[h] if there is a nontrivial solution to

Sh = Zéka, (2.10)
k=1
h(a) = h(c) =0, (2.11)
/ h-Tp,ds=0, k=1,...,m, (2.12)

for some constants ¢, € R.

18



2.1. Continuous Integrand 2. Variational Principles

This condition is equivalent to Bolza’s condition for the second variation to be posi-
tive definite [3]. It is an extension to Jacobi’s necessary condition for an unconstrained
functional to have a weak minimum, which can be found in many standard books on the
calculus of variations, (e.g. [12] or [37]).

In the case of no constraints, the unconstrained index is equal to the number of
negative eigenvalues of

Sh=p(c)h, heH(o), (2.13)

for which the standard Jacobi condition states is equal to the number of conjugate points
(zero eigenvalues) in [a,b]. We now seek a suitable self-adjoint, orthogonal projection

Q: H? — T+(0), of the unconstrained eigenvalue problem (2.13), for which
§°E[h] > 0 Vh € H(b) <= 0°E[Qh] > 0 Vh € H(con)(b). (2.14)

Here, 7+ (o) denotes the orthogonal complement of 7 on the inner product (-, -) o

Let Q =T — P, where P : H2 — 7 has kernal 7+ (), Z is the identity operator, and
Q has kernal 7, then

OT = 0, VT €T, (2.15)

Qh = h, Vh € H (o) C T (o). (2.16)
For h € H(pn), we have 6°E[h] = 6°E[Qh], and as Q is self-adjoint we can write
(Sh,h) = (QSQh,h)  Vh € H(con) (D). (2.17)

The conjugate point definition (2.1.1) can be extended to an eigenvalue problem by
writing (2.10) as
m
Sh+> T = p(o)h, h € Hp)(o). (2.18)
k=1
Since (Sh — p(o)h) € T, we have
Q(Sh —p(o)h) =0. (2.19)
Therefore, using (2.15) and (2.16), we see that (2.18) is equivalent to

OSOh = p(U)h, h e H(con)(0>7 (2.20)

19



2.2. Neumann Boundary Conditions 2. Variational Principles

Rogers [36] showed that the conjugate points defined by (2.18) are equal to the zero
eigenvalues of (2.20) as long a the projection QSQ retains it’s spectral properties.

One such suitable projection Q is given by

m
Qh=h- Y Tix;(hT)),, (2.21)
ij=1
where the matrix x = {x;;} is defined by x ' = {(T;, T;)_}.

The isoperimetric index I is defined as the number of isoperimetric conjugate points
counted according to multiplicity. I is equal to the dimension of the subspace of con-
strained variations for which the second variation is negative, assuming both the con-
tinuity of p(o) with respect to o, and the isolation of conjugate points [36]. Therefore,
the definition of an isoperimetric index is analogous to that of an unconstrained index,
first introduced by Morse [32]. If I = 0 then the condition (2.9) holds and the critical
point q is stable. Central to showing this analogous extension from the unconstrained
to the constrained case to be true, is proving that the projected operator QSQ has the

following three properties:

1. For prescribed o, the operator QS Q has a countable infinity of isolated eigenvalues

p1(0) < pa(o) < ---, each with finite multiplicity.
2. Each eigenvalue p;j(o) is a monotonically decreasing function of o.
3. For o sufficiently close to a, pj(c) > 0, for all j.

The proofs of these properties can be found in Rogers [36] or Manning, Rogers and
Maddocks [31]. Given the properties 1 - 3, the number of conjugate points is equal to

the number of eigenvalues p;(b) that are negative.

2.2 Neumann Boundary Conditions

We shall briefly look at how changing the Dirichlet boundary conditions (2.2) to the

Neumann conditions

d'(a) =fa, d'(b) = £, (2.22)

20



2.2. Neumann Boundary Conditions 2. Variational Principles

affects the conjugate point theory discussed above.
Here, we assume that there exists a solution q(? (s), to the Euler-Lagrange equations,

and that

b
a

[Lq(5)] =0, and  [Lqq(s)]’ =0, (2.23)

which allows us to write the second variation in it’s inner product form. These conditions
will hold for the rod examples shown in this thesis with Neumann boundary conditions.

If properties 1 - 3 hold, then if there is a zero eigenvalue p;(o), it is becoming negative
and therefore, since there are no negative eigenvalues for o close to a, the number of
conjugate points is equal to the number of negative eigenvalues at b. However, properties
2 and 3 are only strictly true for Dirichlet boundary conditions [27]. In the case of
Neumann boundary conditions, there may be eigenvalues which are becoming positive.
There may also be negative eigenvalues for o close to a (we see an example of this in

chapter 5). Therefore we must use a revised expression for the index I.
I =N;+ N, — Np, (2.24)

where
N; = Hpj(a) : lim pj(0) < 0}

which we call the negative inborn eigenvalues, and

9

)

M= {{(@) < pitor=0. Lo <0, a <o <o}

0
Np:‘{ﬂj(a) : pj(o) =0, %Pj(0)>0> a<‘7<b}"

Therefore, N,, is the number of zero eigenvalues with negative velocity with respect to
o, and N, is the number of zero eigenvalues with positive velocity with respect to o.
This new index definition is required for Neumann problems because the Jacobi
operator (either the standard unconstrained operator or the orthogonal projection) no
longer strictly satisfy the properties 1 - 3, from section 2.1. In the case of a discontinuous
integrand, we can still use the index definition (in both Dirichlet and Neumann problems)
as long as the analogous second order operator keeps the same properties as in the

continuous case.
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2.8. Discontinuous Integrand 2. Variational Principles

2.3 Discontinuous Integrand

In this section, we shall look at the problem of a discontinuous integrand, first for
the unconstrained problem, and then for the constrained variational problem. Divide
the region [a,b] into n partitions so that a = sy < s1 < .-+ < s, = b, and consider the

discontinuous function

W (q,q) 50 <5< 81
W(q,q') = : : , q(s) € RP.
WM (q,q)  sp-1 <s< sy

We wish to minimise the functional

b n Si ‘
Eld = /W(q,q’) ds = Z/ w®(q,q’) ds, (2.25)
@ i=1 YSi-1
q b) = £y

(a) =fa, q (2.26)

Define E;[q] by

Ei[q] ;:/ w®(q,q') ds.
Si—1

k3

2.3.1 The First Variation

We seek critical points q, such that the first variation d E[h] vanishes for all h be-
longing to a set of continuous variations satisfying homogeneous Dirichlet boundary

conditions

Hq={h € H*(a,b) : h(a) =h(b) =0}. (2.27)

The first variation of the functional E[q] is

b
SE[h] = /[h~Wq+h'-Wq/] ds
- Z/ [h-wéfuh’-wcgf)} ds. (2.28)
i=1"%i-1
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2.8. Discontinuous Integrand 2. Variational Principles

By integrating by parts, and using the boundary conditions and the continuity of h, we

now require

_ ~ [ @ _ o
SE[h] = Z/ lh- [Wq —dSWq,] ds
i=1 "7 Si—
n—1 ) )
+ Zh(si).{Wé?(si—)—wéf“)(sﬁ)}:o, Vhe My  (2.29)
=1

One can construct a family of functions {flz(s)} € Hg, which are zero everywhere except
in the region (s;—1,s;). Then 0F |:fll:| = 0 only if Wéi) - %W((;) = 0. Therefore, for the

first variation to vanish for all h € H,4, we must have

n—1
S oh(s) - (W (si) = W (sit)] =0 Vh e M.
=1

Now, by constructing a family of functions {fll(s)} € Hg, which are zero everywhere

except in the neighbourhood of s;, ¢ =1,...,n — 1, we see that we must have
Wi = iW(i) for i=1 n, and (2.30)
q — ds q/ ) -_— g ey ) .
Wil si) = WitV (sit), for i=1,...n—1. (2.31)

These are the Euler-Lagrange equations for each E;, as well as the first Weierstrass-
Erdmann corner conditions for a fixed point variational problem with a broken extremal,
which is differentiable at all points of s in the neighbourhood of s;, but which is not
differentiable at s; itself. These results agree with the work of Cole [7], Bliss and Mason
[2], and Graves [14], in which the calculus of variations problem with a discontinuous
integrand is considered.

The second Weierstrass-Erdmann corner condition requires the continuity of the
expression q' - Wy — W (the Hamiltonian). However, since we are concerned with the
discontinuous function W, this is not a required condition for our problem. This is
also the case in [2],[7], and [14]. Indeed, in the case of elastic rods formulated in the
next chapter, for continuous q, the discontinuity of W implies the discontinuity of the

Hamiltonian.
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2.8. Discontinuous Integrand 2. Variational Principles

Note that if W( )/ > 0 for all s in (s;_1, 5;), then the function W is strictly convex

with respect to q’, and therefore does not have an extremal with corner points within

(Si—1,5i)-
2.3.2 The Second Variation
The second variation of E|q] is
6’E[h] = % /b [h-Ph'+h'-C'h+h-Ch'+h-Qh] ds, (2.32)
which we can write as

1 n Si
22/ [0 -PW +h'-CTh+h-Ch'+h-Qh] ds, (2.33)

Alternatively, we can write the second variation §? E[h] as
2 _ _
OE[b] = - (Sh,h) = Z; (Sh, h), (2.34)
where § is the Jacobi operator
Sh=— (Ph' +C"h)’ + Ch’ + Qh, (2.35)

and (-, -) denotes the standard L? inner product on [a,b], and (-, -), denotes the L? inner
product on [s;_1, s;].

Note that if the matrix P is positive definite and if v(s;—) = v(s;+) fori =1,...,n—
1, where

v(s) := Ph’ + CTh, (2.36)

then the Jacobi operator S is regular and self-adjoint, as in the case of W being a smooth

and continuous function. Now let us introduce a revised definition for a conjugate point.

Definition 2.3.1. A point o € [sy, se1+1] C [a,b], is conjugate to a with respect to the

functional §?E[h] if there is a nontrivial solution to

Sh = 0, (2.37)
h(a) = h(s) =0, (2.38)
v(si—) = v(si+), i=1,...,¢L (2.39)
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2.8. Discontinuous Integrand 2. Variational Principles

For a critical point q to be a local minimum of E[q], we must have 62E[h] > 0

Vh € Hy. Let us now assume that 62E[h] > 0, then we can reduce it to the form

6’E[h] = /b - @ ds, (2.40)

where ¢ is a function which cannot be identically zero unless h = 0. We attempt to
express 62F[h] in the form (2.40) by adding the quantity % (h - Uh) to the integrand,

where U is a real symmetric matrix. First observe that

b "_1
[ 5w ds = Y { - Ubl(si-) - (b UB () }.
a i=1

Therefore, adding the expression (h - Uh)’ to the integrand, will not change the value of

5%F as long as
[h-Uh](s;—) =[h-Uh](s;+), i=1,...,n—1. (2.41)
If (2.41) holds, then continuity of h means
U (s;—)h(s;—) =U (s;+) h(s;+), i=1,...,n—1. (2.42)
Now, after some trivial manipulation, it can be shown that
b
ﬁE:A(?V%erU%U+cﬂh)(PM%AJrU%U+Cﬂh)@.
This is only true if U is chosen to be a solution to the following differential equation
Q+U=(U+C)PH(U+CT). (2.43)

Therefore, if (2.43) has a solution which does not vanish in [a, b], which satisfies the

matching conditions (2.42), then §2E > 0. If we make the substitution
U+Cl=-PHH !,

where H := (hy,...,h,), and h; (j = 1,...,p), are linearly independent solutions to
(2.37)-(2.39), then equation (2.43) reduces to

~(PH'+ C"H)' + CH' + QH =0,
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2.8. Discontinuous Integrand 2. Variational Principles

which is the Jacobi equation, and (2.42) becomes
v(si—)=v(si+), i=1,...,n—1.

Therefore, if there are no points in [a,b] conjugate to a with respect to §?E[h], then
there exists a solution to (2.43) which does not vanish in [a,b]. Hence 62E[h] > 0. Thus

we have proved the following theorem:

Theorem 2.3.2. If P is positive definite, and the interval [a,b] contains no points
conjugate to a, then the functional 6*Eh] > 0 for all continuous h such that
h(a) =h(b) =0 and v(s;—) = v(s;+), fori=1,--- ,n—1.

The converse of theorem (2.3.2) can also be proved. First observe the following lemma:
Lemma 2.3.3. If the function h satisfies
— (Ph'+C"h) + Ch + Qh =0,

with the conditions

then
b
/ W -Ph'+h'-C"h+h-Ch'+h-Qh] ds=0

Proof. This is easily shown by integrating by parts and applying the boundary condi-

tions. 0
Theorem 2.3.4. If the functional
b
/ W -Ph'+h’'-C"h+h-Ch'+h-Qh] ds>0 (2.44)

for allh, such that h(a) =h(b) =0, v(s;—) = v(si+),i=1,...,n—1, and P is positive

definite, then the interval [a,b] contains no points conjugate to a, with respect to 6°E.
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2.8. Discontinuous Integrand 2. Variational Principles

Proof. Construct a family of positive definite functionals:
b
/ t[h-Ph'+h'-C'h+h-Ch'+h-Qh] + (1-t)[h-h'] ds (2.45)
dependent on a parameter t, which for ¢t = 1, gives the functional (2.44), and ¢t = 0 gives
b
/ h'-h' ds. (2.46)
The Jacobi equation for (2.45) is

t|(Ph' +C"h) + Ch' + Qb| + (1-1) W] = 0. (2.47)

For ¢ = 0, it is obvious that there is no conjugate point in [a, b].

To prove the theorem, we show that as ¢ is varied continuously from 0 to 1, no
conjugate points can appear in [a,b]. Let {h;(s,t), 7 =1,...,p} be the set of linearly
independent solutions of (2.47), such that

hj(a,t) = 0, Vt (2.48)
hi(a,t) = e;, Wt (2.49)
vihj(s;i—t)] = v[hi(si+,t)], i=1,...,n—1, Wt (2.50)

Now, suppose that [a, b] contains a point o conjugate to a. If ¢ = b then, from the lemma,
the functional (2.44) would be zero, which contradicts the original assumption of positive
definiteness of (2.44). Therefore we assume o € (a,b). Now, for a given solution h;(s, ),
consider the set of all points

{(s,t) : hy(s,t) = O} (2.51)

If this set is nonempty, it represents a continuous curve s = s(t). By hypothesis, the

point (o,1) lies on this curve. Thus starting from the point (o, 1), the curve

A. Cannot terminate inside the rectangle a < s < b, 0 < t < 1, since this would

contradict the continuous dependence of the solution h;(s,t) on the parameter ¢;

B. Cannot intersect the segment s = b, since on this line (2.45) is equal to zero for all

t;
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C. Cannot intersect the segment ¢ = 1, since then for some t we would have h;(s,t) =

h’;(s,t) = 0, which could only be true if hj(s, ) = 0 for all s;

D. Cannot intersect the segment ¢ = 0, since equation (2.47) would be hf = 0, whose

solution h; = (s — a)e; would only vanish for s = q;
E. Cannot intersect the segment s = a, since the limit of h;»(a +e,t)ase—0,is 0.

Therefore no such curve can exist and hence there can be no conjugate points. O

We have shown that a necessary condition for a critical point q to be stable is that
there is no conjugate point to a in the interval [a,b] with respect to 62F[h], where the
conjugate point definition (2.3.1) is the same as in the case of a continuous integrand

except for the following conditions at s = s;, where W has a jump in continuity:
v(si—) = v(s;i+). (2.52)

The proofs of theorems (2.3.2) and (2.3.4) are an adaptation of those found in [12],
where here we do not assume the continuity of W, nor the symmetry of the matrix C.
The conditions (2.52) agree with the work of Cole [7], in which an index is established for
the calculus of variations problem with a discontinuous integrand. Cole [7] shows that
the index of the Jacobi operator S, defined to be the maximal dimension of the subspace
of variations on which §2E[h] < 0, is equal to the sum of the orders of the conjugate

points defined in definition (2.3.1).

2.3.3 The Isoperimetric Problem

Since the linear operator S is regular and self-adjoint, the notion of an index can be
extended to isoperimetric problem by taking a suitable projection of the unconstrained
eigenvalue problem and showing that the properties 1 - 3 still hold.

Now let us introduce a new definition for an isoperimetric conjugate point for a

discontinuous integrand.
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2.4. Numerical Implementation 2. Variational Principles

Definition 2.3.5. A point o € [sy, s¢11] C [a,b], is an isoperimetric conjugate point to
a with respect to the functional 6*E[h] if there is a nontrivial solution to

m

Sh=>"&Ty, (2.53)
h@):ﬁi&):o, (2.54)
v(si—) =v(si+), i=1,...,°, (2.55)
/HyTMB:Q k=1,...,m. (2.56)

2.4 Numerical Implementation

The stability index can be obtained by counting the conjugate points, which are

found by solving the initial value problem

Sh=>"&Ty, h(a)=0.
k=1

The number of conjugate points is then equal to the number of times h(c) = 0 for
a < o < b, subject to the constraints (2.56). Given the initial conditions, we seek the

solution h of the form
h=cih; 4 +chy +éhy + -+ Guhy,.

In order to find the individual linearly independent solutions, we solve the system of

initial value problems

Shj = 0, hj(a):O, h}(a):ej, jZl,...,p,

~ . ~ ~/

Shk = Cka, hk(a) :0, hk(a) :0, k= 1,...,m.
The boundary conditions h;-(a,) = e; ensures linearly independent solutions of the ho-
mogeneous equations. Note that we can write the eigenvalue boundary value problem
as an initial value problem as a standard consequence of the Jacobi condition, see e.g.

theorem 6.2(c) in Maddocks [24].
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2. Variational Principles

Conjugate points are then values of o € (a,b) for which

c1
A(@) | | =0,
Cm
where
hi(e) - hy(o) hy (o)
e fag h; - T; ds fag h, - T ds f: h; - T ds
[7hy Ty, ds [7h, Ty ds [Thy Ty, ds

Therefore if

then o is a conjugate point. Here, |-| denotes the matrix determinant.

To account for the matching conditions (2.55), we solve the initial value problem for

each subsection of the interval [a, b]:

0) _ (0) _ '(0) _ L.
Sh” =0, h;”(a) = 0, h;"(a) = e,
sh” = &1, () =o, by (a) = 0,

() _ O NEEN(E Y @D\ =
Sh] = 0, hj (Sz — h (S’L)7 V[h] (87/)] - V[h

Sfl](;):éka, k (Si = ng (Si), V[fl](;)

(s1)] = v|

(si)];
(si)];

fori=1,...,n—1, j=1,...,p, and k=1,...,m. Conjugate points are then values

of o for which

where
A0 g <o <

A= o <o <s,

and A9 for i =0,...,n— 1, is given by

i i ~ (1)
h’e) - hio) hy” (o)
I hﬁ” -Ty ds I7 hz(f) -Trds [7 ﬁgi) -Ty ds

70T, ds ), ds R, ds

(2.57)
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Chapter 3

Cosserat Theory of Elastic Rods

In this chapter we will determine the static equilibrium equations for an elastic rod
which is inextensible and unshearable. The Cosserat theory of elastic rods can be found
in many books and articles. A review of the theory of intrinsically straight, inextensible,
unshearable elastic rods undergoing bending and torsion can be found in [42]. A compre-
hensive overview of the dynamic rod equations can be found in Antman [1]. Although
here we look at static deformations of the rod, inextensibility lets us treat the arclength
s as an independent ‘time’ variable, and so the static rod equations lead to a dynamical

system in the mathematical sense.

3.1 Kinematic Equations
The rod is determined by a centreline
r(s) : [0,L] — R3, (3.1)
and
di(s):[0,L] — R3, (3.2)

which is a unit vector in the normal cross-section of the rod. The rod is parametrised by
s € [0, L]. Since the rod is inextensible, 7'(s) is a vector function describing the tangent
to the centreline at s. Inextensibility implies that s can be treated as the arclength of

the rod of length L. Unshearability implies that the tangent to the centreline 7/(s) be
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normal to d;. Let d3 describe the tangent vector, then by introducing ds := d3 x d1, we

get an orthonormal set of directors

{di(s),da(s),ds(s)} (3.3)

describing the orientation of the cross-section of the rod at s (see figure 3.1).

The function r(s) can be found by solving the differential equation
r'=ds, r(0)=0. (3.4)

Since the set of directors {d;} is orthonormal, there exists a vector u(s) such that

Figure 3.1: The centreline of the rod (green) with the directors. The vector ds points in the
same direction as 7', the tangent to the centreline. The directors d; and dy are normal to ds
and make up the orthonormal basis for the moving frame. The blue ribbon is in line with dq,
illustrating the twist of the rod along the arclength. Image taken from [30].

32



3.2. Balance Equations 3. Cosserat Theory of Elastic Rods

d,=uxd; for i=1,23. (3.5)
If we express u(s) as
u = uy(s)di(s) + uz(s)da(s) + us(s)ds(s), (3.6)

then we shall call (u1,ug,us) the strains. u; and uy are the strains with respect to
bending, and they represent the curvatures of the centreline on the planes (d2, ds) and

(d1,ds) respectively. us represents the rate of rotation about the body axis of the rod.

3.2 Balance Equations

In this section we introduce the static equilibrium balance equations for the rod. Let
n(s) be the contact force, and m(s) be the contact moment exerted by the material of

(s, L] on to that of [0, s]. The force and moment balance equations are

n = 0, (3.7)
m = nxr. (3.8)

Since m is an integral to equation (3.7), we choose the fixed orthonormal basis {e1, e2, e3}

such that the direction of es is the same as the direction of n. Therefore
n=Tes, T >0, (3.9)
where T is the magnitude of the force, and we can write (3.8) as
m’ =Tesz x ds. (3.10)

These co-ordinate free equations (3.9) and (3.10) can provide relationships between

boundary conditions at s = 0 and s = L. Integrating (3.10) and using (3.4), we get
m — Tes x r =m(0), (3.11)

and we can write
m(L)-n=m(0)- n. (3.12)

These relationships will be of importance when solving the rod equilibrium equations
numerically, since to avoid non isolated solutions, we must know which conditions have

been imposed, and which conditions are implied by the balance of external forces.
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3.3 Constitutive Relations

In order to complete the formulation of the elastic rod, we must introduce constitutive
relations between the strains u(s) and the moment m(s). If we make the assumption of
a hyperelastic rod, then we can introduce a strain energy density function
W (uy — @1, ug — Ug, us — Us3; ), where 4; are the intrinsic strains, i.e. the strains of the
rod in an unstressed state. The strains u; determine the local moment m,; acting on the

cross-section of the rod by the relation

ow .
o, =m;, 1=1,2,3, (3.13)
where
mi=m-d;, i=1,23. (3.14)
For a linearly elastic rod, we have
13
=1
where B; are the bending stiffnesses (i = 1,2), and the torsional stiffness (i = 3),

assumed to be constant. Here, B; = YI; and By = Y5, where Y is Young’s modulus
of the material and I; and I> are the moments of inertia about dy and dy. B3 = GlI3,

where I3 is the moment of inertia about the d3 axis, and

Y
G=5110) (3.16)

is the shear modulus, where v is the Poisson ratio of the material. For an intrinsically

straight rod with no intrinsic twist, the constitutive relations are then

If we introduce the components of the force with respect to the directors

n; :n-di, 1= 1,2,3, (3.18)
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and let
m = (my,mg,m3)’, (3.19)
u = (ur,ug,u3)?, (3.20)
n = (nl,ng,ng)T, (3.21)

then we can write the full rod equations as

r = ds, (3.22)
d, = uxd; i=1,23, (3.23)
m" = mxu+nxes, (3.24)
n = nxu. (3.25)

3.4 FEuler Parameters

We follow the approach of Dichmann, Li, and Maddocks [9] and parametrise the di-
rectors {d1, da, d3} relative to the fixed frame {e;, es, e3} by the use of Euler parameters
(or quaternions). These are a quadruple of real numbers q = (q1, g2, g3, 1) which satisfy
the condition

q-q=1 (3.26)
The use of Euler parameters avoids any singularities which can occur if we parametrise
with Euler angles. Also, the expressions for the strains u; and the directors d; in terms
of the Euler parameters are polynomial, which is computationally more efficient to deal
with than the trigonomic expressions derived from using Euler angles.

The directors can be written in terms of Euler parameters as follows:

, (BB -d+d

d = —5 2(q192 + q3q4) ; (3.27)
lal 2(q193 — q2q4)
1 2(q192 — q394)
dy = PE -G+ -ad+q |, (3.28)
d 2(q1q4 + q2q3)
1 2(q193 + q2q4)
d; = e 2(—q1qa + ¢243) : (3.29)
q

-d-B+@+4
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The strains of the rod in terms of Euler parameters are

2

u; = WDiq -q, for i=1,2,3, (3.30)
q

where the skew-symmetric rotation matrices D; are

0 0 0 1 0 0 -1 0 0 1 0 0
0 0 1 0 0 0 0 1 10 0 0
Di=1 o 100 =10 0ol =00 0 1
1 0 0 0 0 -1 0 0 0 0 -1 0

When analysing the stability of a static deformation of an elastic rod, it will be

convenient to express the energy functional in terms of q:

L
Elq] = /0 W ur(a, ), uala, ), us(q, q); 8] ds. (3.31)

By writing the energy in this form we adopt the methods used in [19], [28], [36], although
variational formulations for the rod equations as well as stability analysis has been

derived in [6] by taking variations of the rotation matrix R := (dy, d2, d3).

3.5 Boundary Conditions

Let us look at some of the various boundary conditions that can be imposed on an
elastic rod. For each set of boundary conditions, we will look at two distinct options -
unconstrained, or constrained. In the unconstrained case, the end at s = L is able to
move freely, whereas in the constrained case the end of the rod at s = L is forced to lie
on the ‘vertical’ axis es.

For constrained problems, we let
r(L) = (0,0,%), f=(xx*A). (3.32)
For unconstrained problems, we let
r(L) = (x,%,%), f=(0,0,}). (3.33)

For all boundary value problems, we take r(0) = 0. In either the constrained or
unconstrained case, we have specified 6 conditions, and therefore need to specify an

additional 7 conditions.

36



3.6. Matching Conditions 3. Cosserat Theory of Elastic Rods

3.5.1 Clamped-Sleeved

For the clamped-sleeved boundary value problem, the rod is taken to be in line with
the fixed frame at s = 0, i.e. d; = e; for i = 1,2,3. At the other end, the tangent of
the centreline remains in line with the vertical axis, i.e. d3 = e3. In terms of the Euler

parameters, we have

q(0) = (0,0,0,1), q(L) = (0,0,Sin (2) cos (g)) , (3.34)

where ¢ is the twist angle with respect to the plane (e1, e2). This gives us 14 boundary
conditions - one more than necessary. However, since the norm condition |q| =1is
satisfied through the boundary condition at s = 0, the condition g4(L) = cos( )

already implied. Thus, we have the 7 necessary boundary conditions. If ¢ = 0, then this

is reduced to a clamped-clamped boundary value problem.
3.5.2 Pinned

Pinned boundary conditions describe ends of the rod that have zero moment, so we
have
m(0) =0, m(L)=0. (3.35)
In addition to these conditions, the norm condition is specified at one end, |q|* (L) = 1.
This problem has non-isolated solutions, which prohibit numerical solutions via parame-
ter continuation methods. To avoid this, we impose the condition di, (L) := di-e2(L) = 0,
which selects a single family of possible values for the directors. In the constrained case,
both ends of the rod are in line with the vertical axis, thus the condition mg(L) = 0 is im-
plied though the moment balance equation (3.8). The additional 7 boundary conditions

required for a pinned boundary value problem are then

m(0) =0, m(L)=(0,0,%), (qig2+qsq)(L)=0, |q*(L)=1. (3.36)
3.6 Matching Conditions

At a point s = s., where W is discontinuous, the matching conditions
Wy (sc+) = Wy (sc—) =0,
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must be satisfied. This is a result from section 2.3.1, and must hold in order that the
first variation of the energy functional be zero for all allowed variations. For the strain

energy density function (3.15), the function Wy becomes

q4 —q3 q2

W — Biuy a3 Baous 2 Bsuz | —q1
o = ——-

a* | —@ lal? il la)? qa

—q1 —q2 —q3

If the directors q are continuous then this condition is the continuity of the local moment

components:
mi(sct+) = mi(se—), (3.37)
ma(sct) = ma(se—), (3.38)
ms(sc+) = ma(sc—). (3.39)
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Chapter 4

Stability Analysis of an Elastic
Strut

In this chapter we consider a rod of length L, with a discontinuity in the bending
or torsional stiffnesses at the point s = Ly, but on which the bending stiffnesses are
constant over the regions [0, L;) and (L1, L]. We consider an intrinsically straight rod
with clamped-clamped boundary conditions, undergoing a vertical compression Az in
the es direction, with the end at s = L constrained to lie on the ez-axis. We perform
bifurcation analysis on the simpler planar rod, as well as the three-dimensional elastic
strut. In section 4.6, we focus on a specific class of discontinuous rods in which the
cross-section of each partition is an ellipse with the same circumference, but different
eccentricity. The aim is to model a nanotube, in which part of the tube has been deformed
by axial compression, to create a nanotube junction. Also in this section, we will consider
the case where the load parameter A3 is replaced by an end displacement condition (hard

loading), and the end rotation of the rod is varied.

The post-buckling analysis of an elastic strut has been widely studied, e.g. by van
der Heijden and colleagues [39], [40], [43], and Hoffman, Manning and Paffenroth [20],
in which the stability index of solutions of the twisted elastic strut are computed using
conjugate point theory. Results in this chapter agree with those found in [20] for the case
of no discontinuities. For the hard loaded problem in section 4.6, our results agree with

van der Heijden, Neukirch and Thomson [40], in which stability analysis is performed
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on clamped anisotropic rods.

4.1 Second Variation
Consider a rod with clamped-clamped boundary conditions from chapter 3
q(0) = q(L) =(0,0,0,1),

which is subject to constraints

r(L) = (0,0, ).
We use the equation from chapter 3
r=ds, r(0)=0,
to write the constraints in isoperimetric form
L L
/ ds.(s) ds =0, / dsy(s) ds = 0. (4.1)
0 0

Here, and throughout this thesis, we define

di; = d;-ey,
diy = di + €9,
diz = di - e3.

The strain energy density function is chosen to be discontinuous

Wad) = { Loldd) TP sh
where
1 3 2
WW(q,q) = 2; Bj [uj(a,qd)]” + Asds=(q),
1 2 2
W®(q,q) = 52 Cj [uj(a,d)]” + Asdsz(a),

1

<
Il

and A3 is an external force pushing downward on the strut. B; and C; are the bending

(j = 1,2) and torsional (j = 3) stiffnesses of the rod for each partition. Adding the
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constraints to the energy functional by means of the multiplier rule, the elastic energy

is given by

L1 L

Elq] = i W (q,q') + X ds(q) ds + ’ W (q,q') + X ds(q) ds,
1

where A = (A1, A2, A3)7. The constants A\; and o are Lagrange multipliers from the
isoperimetric constraints (4.1). Let h € R?* be the variation of q. The second variation

of the energy functional is given by

2 I 1t
52Elhj== | h-Shds + - [ h-Shds,
2 Jo 2 )L,

where
Sh= (Ph' +C"h)’ + Ch' + Qh,
and
P=Lyqy C=Lgqy Q=Lqa;
where £ = W 4 X - ds. For a critical point to be stable, the second variation must be
non-negative,

62FE[h] > 0,
for all variations h satisfying h(0) = h(L) = 0, as well as the linearised constraints
L L
/ h - (dsz)q ds =0, and / h - (dsy)q ds = 0.
0 0

Assuming Legendre’s strengthend condition that P is positive definite, this is equivalent

to there being no isoperimetric conjugate points.

4.2 Projection of Variations

A simple calculation of the matrix P evaluated for the trivial unstressed rod gives
B 0 0 O

By 0<s<1I

Li<s<L

coolooco
coQooco

oog)ooogﬁo
coococooo
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which is not positive definite. Since Legendre’s strengthend condition does not hold
for the trivial rod configuration, we can not find the index by counting the number of
conjugate points.

This problem is a result of the use of q € R* to parametrise the three-dimensional
space of directors. To fix this problem, we follow the methods used in [20] and [28] by
only considering variations h that are orthogonal to q.

Let h = ¢ (0)q(o) + w(o), where w(o) is orthogonal to q(o). Then
Elq+e¢eh| =FE|[(1+e))q+ ew].

Since E[q] = F[cq] for any ¢ € R, the above expression is equal to

olar i)

Therefore

FElq+ch| < F|q < FElq+ ew] < E[q]

for € sufficiently small. If we define a projection matrix IT = (D1q, Da2q, D3q) € R*¥3,
then

3
q-(T¢) = > Gaq-Dig=0
=1

for any ¢ = (C1,¢2,¢3)T € R3. Therefore, we make the substitution q = II¢. For a

critical point q to be a local minimum, we now require
§2F[II¢] > 0,

for all ¢ satisfying the boundary conditions

TI¢(0) = TIC(L) = 0,
as well as the projected, linearised constraints

L L
/0 II¢ - (d3z)q ds =0, and /0 II¢ - (d3y), ds=0.

The second variation can be expressed as

0B II¢] = (8¢,<),
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where
S¢=- (Pg’ + CT¢>/ +C¢ +Q¢,
for
P = II'PII
C = n’cn+n’pm,
Q = nNcr+n’c'm+n’Qu+ o ’pIr.

A conjugate point is a value o € (0, L) for which

8¢ =Ty + 6Ty,
¢(0) =¢(0) =0,
P('(L1—) =P (L1+),
/OLC-Tk ds=0, k=12,
where
Ty =T (dzy)y, T2=T" (dgy),-

4.3 Stability of the Unbuckled Rod

For the purposes of numerical implementation, we define the functions

QD[O,Ll] - R?} and n[LbL] - RB by

p(s) = ((s), 0<s<Ly,
T[(S) = C(3)7 Ly <s<L,

n(L1) = lim¢(Lr +e);

Ty1[0, L1] — R? and Tyo[Lq, L] — R3 (k = 1,2) by

Tri(s) = Ti(s), 0<s< Ly,
TkQ(S) = Tk(S), L1 <s<L,
Tio(L1) = liII(l) Ty(L1 + €);

(4.2)
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151[0, Lﬂ — R3X3 and pQ[Ll,L] — R3X3 by

Pi(s) = P(s), 0<s<Ly,
Py(s) = P(s), Li<s<IL,

Py(L1) = lmP(Li+e),

and we define C1, Ca, Q;, Q, in the same way.

The second order Jacobi equation can now be written as

_ _ _ / _ _
Sip=—(Pip/ +Clp) +C1¢/ + Qo =T+ 6Ty, 0<s<Li,  (44)

_ _ N _ . .
Sm = — (P277/ + an) +Con' + Qon =diT1o+dy Ty, Ly <s<L, (45)

with boundary conditions

p(0) = 0, (4.6)
n(L) = 0, (4.7)
o(L1) = mn(L), (4.8)
Pi(L1)¢'(L1) = Pa(Li)n'(L1). (4.9)

If we express the general solution, which in this case, is the sum of the 6 linearly inde-

pendent homogeneous solutions and the 2 particular solutions as

p(s) = arp;+ -+ anp,,

n(s) = bin+--+bum,,

then we find branch points occur when

|A] =0,

where A is the 2n x 2n matrix, incorporating the boundary conditions and constraints,
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given by
e1(0) - (0 0 e 0
0 T 0 m(L) - mu(L)
er(L1) - ep(ln)  —mi(La) - (L)
Pip|(L1) - Pip,(L1) —Pomi(L1) -+ —Pomy(L1)
R B R RN S
SulLy) o fie(L1)  —gu(ly) - —gia(La)
fa1(0) o fan(0) —ga(L) - —gm(L)
fa(Ly) -+ fa(L1)  —gar(L1) o —gan(ln)
where

fls) = [T s
gij(s) = /Ti-nj ds,

fori=1,2,and j=1,...,n.

4.3.1 Pure Compression Buckling

For the trivial critical point q = (0,0,0,1), the Jacobi equation becomes
B 0 0 1 00 0 -2

4 0 B, 0 | —axs[ 010 |e=]2]+al o],
0 0 Bs 0 00 0 0

Ci 0 0 1
—4 0 02 0 n — 4)\3 0
0 0 G 0

Boundary conditions (4.6) - (4.9) lead to

o R O
o O O
~—
3

I

[SN
=
~
o N O
~—
+

SS9
[N}
Y

|
(Rl )
~—_

v3(s) =0, and mn3(s)=0.

Therefore we only consider the first two components of ¢ and 7. Let
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The general solution to the above equation is

_ ay cos(p18) + agsin(p1s) + 2¢2/ A3

Y = : - ’
as cos(p2s) + agsin(uas) — 2¢1 /A3

7 = ( by cos(uzs) + ba sin(uss) + 2c§2//\3 >
b3 cos(p48) + bysin(pgs) — 2d1 /A3 )’

where
p1 =\ A3/B1, p2=+/A3/B2, p3=+A3/C1, pa=+/A3/Ch.

We use parameter continuation to find solutions to algebraic problem
|~’4| (Bly B27 Cl7 027 )‘3) = 05

to find critical values of A3 as another parameter is varied. Figure 4.1 shows critical As
values (which we call \.) against C, where B, =Cy =1, L =2, L; = 1, and By = 0.5,
1, and 2. Note that the values of B3 and C'5 do not affect pure compression buckling. In
each subfigure, there is a critical value of A\3 = 72 representing the rod buckling into the
(e1,e3) plane. The other buckling point A, is the branch point connecting to solutions
in the (e, e3) plane, which varies as we vary Cy. If the value A\. < 72, it buckles into a
stable branch of solutions (at least locally), indicated by the red line. If A, > 72, then
it buckles into an unstable branch, indicated by the green line. Subfigure (a) shows that
for By = 0.5, if C1 < 4.172, then the branch of solutions in the (eg,e3) plane begin
stable. Subfigure (b) shows that for By = 1, if C1 < 1, then the branch of solutions in
the (eq, e3) plane begin stable. Subfigure (c) shows that for By = 2, if C7 < 0.688, then
the branch of solutions in the (e2, e3) plane begin stable. Subfigure (d) illustrates, for
the case of By = 2, the limit of the critical value A. as C is increased further. We see
that the limit is 872, which is equal to the critical buckling value for a continuous rod
of length 1 and bending stiffness 2.

In general, the limiting critical A, value, as one stiffness parameter is increased to-
wards infinity, is described as follows: Let )\((;1) be the first critical value of Az for the rod
buckling into the (e, e3) plane, and let )\EZ) be the first critical value of A3 for the rod

buckling into the (e, e3) plane. Through numerical observations, we find the limits of
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4. Stability Analysis of an Elastic Strut

the buckling values )\9) and /\9) to be

lim A )

Cp—o00

where Lo := L — Ly. This result is physically intuitive since, as the bending stiffness

on one side of the rod becomes very large, it acts like a clamped boundary condition

imposed on the other side of the rod (in the relevant plane).
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Figure 4.1: First critical buckling values of A3 against C1, for various values of B;. In each case

B2202:17L:2,andL1:1.
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4.4 Post-Buckling Stability

To find the index for post-buckled clamped rod configurations with z(0) = z(L) = 0,
y(0) = y(L) = 0, we solve the initial value problem

Sip; =0, j=1,2,3,
S1¢; = Tq, 1=1,2,

Som; =0, j=1,2,3,
Som); = Tia, i1 =1,2,

fij=¢; Ta, i=12,j=123,
fz'/k:‘zbk'Til; 1=1,2, k=1,2,
gij=m; Tio, i=12 j=1,23,

gk =1 Tin, =12, k=12,
with initial conditions

¢;(0)=0, ¢;(0)=¢e;, j=1,2,3,
®;(0)=0, @.(0)=0, i=1,2,
fij(0)=0, i=1,2,j=123,

fi(0)=0, i=1,2 k=1,2,
and matching conditions

n;(L1) = ¢;(L1), Pinj(L1) = Pagli(L1), j=1,2,3,
n;(L1) = @;(L1), Pimi(L1) = Pagi(L1), i=1,2,
9ij(L1) = fij(L1), i=1,2, j=1,2,3,
Gin(L1) = fae(L), i=1,2, k=1,2.
Let
p1(0) @a(o) 3(0) @1(0) Pa(0)

A= fulo) fiz(o) fis(o) fuilo) fie(o) |, (4.10)
fa1(0)  far(o) fas(o) falo) faa(o)

Q
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and
ni(0) ma(o) ms(o) 01(0)
B= g g12(0) g13(0) gui(o) Ggi2(o) |, (4.11)
g1 g22(0) g23(0) Goi(o) Go2(o)

then the index is the number of times the function

|Al(c) : 0<o<L
5(0):{ |B| (o) ngaglll (4.12)

crosses zero. Solutions for the rod equations were found in AUTO97 [11] using parameter
continuation for the boundary value problem. To find the index for each solution, we
solved the initial value problem constructed above, first over the region [0, L] using
the initial data obtained from the rod solutions, then over the region [L;, L] using the
matching conditions as the initial data. The function & is then monitored to find the
number of conjugate points. Note that we do not need to find the conjugate point values,

just the number of conjugate points, which we find by counting the roots of &.

4.5 Numerical Results

oo a0 A WO NN = O

Figure 4.2: Colour scheme for solution branches with different stability index.

In this section, we will use the methods described above to perform stability analysis

on rods with discontinuous bending stiffness. We will first look at the simplified case
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of planar rod solutions, which reduces the variation h € R?* to a function h € R, and
then study three-dimensional rod configurations. Here, and throughout this thesis, all
solution branches in bifurcation diagrams will be coloured according to the stability
index. Figure 4.2 shows the colour scheme for different values of the index. Note that
this colour scheme is for bifurcation diagrams only.

Plots of three-dimensional rod profiles were made using the tubeplot function in Maple
13, by plotting a tube with centreline r(s), and radius a. We also plot r(s) 4+ ad;(s) and
r(s) — adi(s) (in red) along the surface, to illustrate the twist of the tube. Note, the
Cosserat rod model deals only with the centreline and directors, therefore the value of

a is chosen arbitrarily, purely as a means of visualisation.
4.5.1 Planar Rod Solutions
For the case of planar rod solutions, we add the following restrictions:
r=(x,0,%7, dy=(0,1,0)T,
which reduces the rod equilibrium equations to
01(s) =uz, 0<s< Ly,
05(s) =uo, L1 <s<IL,
2'(s) = cosby, Z'(s)=sinb;, 0<s<Ly,
2'(s) = cosfy, Z'(s)=sinfy, L;<s<L,
Ba0](s) = Agsinfy — Ajcosby, 0<s<Ly,
Co04(s) = Agsinfy — A\jcosty, L3 <s<L,

Uy = ug = )\2 =0.
The Jacobi equation is reduced to

—Boh!{(s) — hq1(s) [A\1sinf; + A\gcos 1] = cicosfy, 0<s< Ly,

—Cghg(s) — hQ(S) [)\1 sin 05 + A3 cos 92] =cocosfy, L1 <s<L,
where h;(s) € R is the variation of 6;(s), for i = 1,2.
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Introduce the dimensionless parameters

and let A := A3. Therefore, D = 0 represents straight rod solutions and D = 1 represents
closed rod solutions.

Figure 4.3 shows bifurcation diagrams of A against the end shortening D. For g =1
there is a branch of closed rods at D = 1, connecting the first and second branches
buckling from the trivial branch at D = 0. As ( is increased from 1, this connecting
branch splits into two distinct solution branches. As 3 is increased further, a stable
branch of solutions appears between two limit points on one of the branches which had
split from the D = 1 branch. If we perform two-parameter fold-continuation on these
limit points, we can find the critical value of 8 for which this stable solution branch
occurs. Numerical continuation of folds is performed using the software AUTO97. Figure
4.5 illustrates the stable solution branch in question, and shows the limit point values
for the parameter space (A, ). We find that when v = 0.5, there exists an extra stable
branch for values of § > 2.23. The extra stable region represents rod configurations
of the first buckling mode, where the endpoint z(L) has passed through the point z(0).
Corresponding configurations in the case where there is no bending discontinuity (5 = 1)
have an index value of 1, and are therefore unstable. This is an example of how the
discontinuity can have a stabilising affect for certain rod shapes.

Figure 4.4 shows rod configurations from the three different stable solution branches
for 5 = 8 and v = 0.5. Profiles (1) and (3) represent first-mode solutions, and profile (2)
represents the second-mode solution. The difference in bending energy between the two
sides of the rod is clearly visible in each case.

Figure 4.6 shows bifurcation diagrams of A against D where 8 = 3, for various
values of v. We find that the extra stable region found when v = 0.5, gets smaller as y
decreases from 0.5, and an unstable region of index 2 is found, which increases in range
as v decreases. As 7 increases from 0.5, the range of the stable region also increases.

However, the stable branch is not shown in subfigures 4.6(e) and 4.6(f), since the values
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-100 0 100 200 300 400 -100 0 100 200 300 400

(d) B=6 (e) B=38

Figure 4.3: ) against D with v = 0.5 and various values of §.
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Figure 4.4: Rod profiles for v = 0.5 and 8 = 8 at the three points indicated in the bifurcation
diagram.

<— FoldB

05 [

I
600 1200

Figure 4.5: Two parameter continuation of the folds indicated in the bifurcation diagram on
the left. The values of A in which the folds A and B occur with respect to 5. Here, v = 0.5.
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of X\ are too large. Figure 4.7 shows the values of the limit points of the stable region in

the parameter space (A, ), for various values of (.
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Figure 4.6: )\ against D with § = 3 and various values of ~.
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Figure 4.7: Fold continuation of the limit points A and B given in figure 4.5. Values of the
folds are found in the parameter space (A,~), for 8 = 1.5, 2, 2.5, and 3.

4.5.2 Three-dimensional Rod Solutions

Figure 4.8 shows bifurcation diagrams of A against D, for various values of C, where
By =DBy,=Cy=1,B3=C3 =08, L =2 and L; = 1. All subfigures show the first
two branches buckling form the straight rod solution branch D = 0. In subfigure (a), for
C1 = 0.1, the first two branches represent the first and second buckling modes in the
(e1, e3) plane. In subfigure (b), for C; = 0.25, the first two branches also represent the
first and second buckling modes in the (ej, e3) plane, but the second branch bifurcates
into a branch of non-planar first-mode solutions, and a branch of planar second-mode
solutions. In subfigures (c), (e), and (f), the first two branches represent the first-modes
in the (e, e3) and (e2,e3) planes. Out-of-plane branches are shown bifurcating from
both planar branches. As C is increased, the out-of-plane branch points become more
frequent on the second branch. Figure 4.9 shows three-dimensional rod profiles from (a)
at D = 0.25. Figure 4.10 shows three-dimensional rod profiles from (b) at D = 0.5, of

the first and second planar buckling modes in the (e1, e3) plane, and of the out-of-plane
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branch.

1 1 1 1 L i 1 1 1 1 i
-80 -40 0 40 80 120 160 200 -80 -40 0 40 80 120 160 200

() Ci = 1.5 (f) Cr = 3

Figure 4.8: Bifurcation diagrams of A against D. All subfigures show the first two branches
buckling from the straight rod solutions (D = 0). In each case By = By = Cy =1, B3 = C3 = 0.8,
L=2 and L, = 1.
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(a) 1st branch (b) 2nd branch

Figure 4.9: Rod profiles at D = 0.25, for By = B = (Cy =1, B3 = C3 = 0.8, and C; = 0.1.
Both the first and second branches from the trivial branch buckle into the (ey, e3) plane.

(a) 1st branch (b) 2nd branch (c) Out of plane branch

Figure 4.10: Rod profiles at D = 0.5, for By = By = Cy =1, B3 = C3 = 0.8, and C; = 0.25.
The first and second branches from the trivial branch buckle into the (e;, es) plane.
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4.6 Nanotube Junction

Carbon nanotubes can potentially be used as intramolecular junctions by axially
compressing part of the tube, creating a metal to semi-conductor transition [23]. The
tubes can be permanently deformed by applying a radial strain, which distorts the
circular cross-section into an elliptic cross-section [15], and it has also been shown that
nanotube cross-sections can deform into ellipses from the effects of van der Waals forces
[17].

In this section, we study the buckling and post-buckling stability of a specific class
of rods with a single discontinuity in the bending stiffness, such that for each partition

of the rod, the pair of bending stiffnesses (B1,B3) are in the set
{(Bl,Bg) . C(By, By) = 27r} ,

where C(By, By) = 4aE(k), and E(k) is the complete elliptic integral of the second kind,

given by the infinite sum

. T — on)l 1% k2"
Blk) =32, [22(71(73!)2] 1—2n

n=0
where

b 2
k= 1—<a>, a=max{Bi,By}, and b=min{B;,Bs}.

In other words, each cross-section of the rod is an ellipse with circumference 2.
Given that By = Y11 and By = Y1, and B = GlI3, for an elliptic cross section we

have (see, e.g. [41])
ARl
B+ 13

I3

Therefore, using (3.16) we get

2By

Bs =g asoy

where
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and v is Poisson’s ratio. Throughout this section, we will choose v = 0.25 for both parts
of the rod. Therefore, for each partition of the rod, values of all three stiffness parameters
will be implied by imposing the bending stiffness in just one direction. Figure 4.11 plots

values of By and B3 against values of Bj.

By. B,

Figure 4.11: B; against Bs (red) and Bj (blue), for a circumference of 27, and Poisson’s ratio
v =0.25.

4.6.1 Dead Loading

Dead loading of an elastic strut refers to specifying the value of the end force As.
Figure 4.12 shows critical buckling values of A3 against B; for different values of Cf.
We see that for all values of (C1,C2), A\ — 0 as (B, B2) — (3,0). Figure 4.13 shows
the first buckling branches from the trivial solution branch, for various values of By, all
with (C1,C%) = (1,1). Branches bifurcate from the trivial branch at D = 0. Buckling
A values tend to zero as (Bjp, Bz) tends to (7/2,0). Each branch represents solutions
that have buckled into the (ej, e3) plane. The change in stability index from 0 to 1
(red to green) represents a branch point connecting the branch of planar solutions to a
branch of out-of-plane solutions. In the two leftmost branches (representing the highest
values of Bj) we see that the planar solutions become unstable at a limit point (a local

maximum), and then stable again at a second limit point (a local minimum). Under a
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Figure 4.12: First critical buckling values of A3 as Bj is varied. Red: C; =1, 1.1, 1.2, 1.3, 1.4,
1.5. Blue: C; = By (no jump in bending stiffness). Length L = 1, and v = 0.5.

controlled increase of the load parameter A, these solutions would become unstable at
the first limit point and then jump to a remote stable solution (see, e.g. [13] and [40]).
This process is called snap buckling. A rod profile at the first limit point is given in
figure 4.14(a). Figure 4.14(b) shows a rod profile from the second point indicated by a
solid black dot in figure 4.13, which is a likely stable rod configuration that the solution
at the first limit point would jump to. Note that during this jump, a plastic deformation
could occur, resulting in a permanently damaged kinked nanotube [13]. We will look
into the stability of these kinked deformations further in chapter 6. Figure 4.15 shows
bifurcation diagrams of the first two branches bifurcating from the trivial branch as A
is increased, as well as the out-of-plane solution branches bifurcating from the first two
planar solution branches. Three-dimensional rod profiles for points on the out-of-plane

branches are shown in figures 4.16 and 4.17.
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Figure 4.13: First buckling branches from the trivial solution branch, for various values of By,
with Cy =1. By =1, 1.1, 1.2, 1.3, 1.4, 1.45, 1.5, 1.525, 1.535, 1.545, 1.55, and 1.55125. Rod

profiles are plotted in figure 4.14 at the points indicated by the solid black dots.
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Figure 4.14: Rod profiles at the points indicated in figure 4.13. Subfigure (a) is from the limit
point and subfigure (b) is of the point shown above the limit point on the stable solution branch.

Here, L =2 and L, = 1.

4.6.2 Hard Loading

If we wish to specify the end position of the rod, instead of specifying a force at the

end, then there is a third isoperimetric constraint
L
| dselae) ds=a. (413)
0
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Figure 4.15: Bifurcation diagrams of A against D for B; = 1.

where d = z(L), the imposed distance between the end points. The third projected,

linearised constraint

Ty =" (ds.), (4.14)

must now be added to the constrained Jacobi equation (4.3). The constant A3, now
becomes a Lagrange multiplier in the variational problem, and the constrained stability
matrices (4.10) and (4.11) become 6 x 6 matrices, incorporating the extra constraint.

We will now consider clamped-sleeved boundary conditions with fixed end points:

r(0) =0, r(L)=(0,0,d), q(0)=(0,0,0,1), q(L):<0,0,Sin<(§>,cos<(§>>.

Figure 4.18 shows bifurcation diagrams of end rotation R against end moment M,
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(a) Cl =1.2 (b) Ol =14

Figure 4.16: Stable rod profiles from the out-of-plane solution branch in figures 4.15(a) and
4.15(b). D =1.25, By = 1.

(a) C1 =14 (b) C1 =1.55

Figure 4.17: Unstable rod profiles from the out-of-plane solution branch in figures 4.15(b) and
4.15(d). D =0.5, By = 1.
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4.6. Nanotube Junction 4. Stability Analysis of an Elastic Strut

for various fixed values of D. Parameters M and R are given by

¢

M :=mgs(L), =g
The point (R, M) = (1,0) corresponds to self-intersecting planar looped solutions (see
figure 4.19). This point is unstable for D =0.25, 0.375, and 0.5 (see figure 4.18(a)), and
is stable for D =0.625, 0.75, and 0.875 (see figure 4.18(b)). In the case of anisotropic
rods with no discontinuities (By = C), the stable solution branches found are consistent
with those found in van der Heijden, Neukirch and Thompson [40], in which stability
properties of the solution branches were predicted using the rule of stability exchange at

a fold in a distinguished bifurcation diagram (see, e.g. [26]). Figures 4.20, 4.21 and 4.22

show rod profiles at the points indicated on the bifurcation diagrams in figure 4.18.
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R
(b) D = 0.625, 0.75, 0.875.

Figure 4.18: Bifurcation diagrams of R against M, where B; = 1.4, and C; = 1.
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Figure 4.19: Self intersecting planar rod solution at (R, M) = (1,0), for D = 0.5, B; = 1.4,
and C7 = 1.0.

(b) M = —0.89 (¢) M = —1.93

Figure 4.20: Rod profiles for hard loaded rods with D = 0.75, corresponding to the black solid
circles in figure 4.18(b). In each case, R = 0.5, By = 1.4, and C; = 1. Subfigures (a) and (c) are
stable configurations, and subfigure (b) is a critical point of index I = 1.
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(b) M = —0.65 (¢) M =—1.09

Figure 4.21: Rod profiles for hard loaded rods with D = 0.5, corresponding to the yellow solid
circles in figure 4.18(a). In each case, R = 0.5, B; = 1.4, and C; = 1. Subfigures (a) and (c) are
stable configurations, and subfigure (b) is a critical point of index I = 1.

(b) M =1.71

Figure 4.22: Rod profiles for hard loaded rods with D = 0.25, corresponding to the light blue
solid circles in figure 4.18(a). In each case, By = 1.4, and C; = 1. In subfigure (a), R = 2.25
(fold). In (b), R = 1.5 (index=1).
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Chapter 5

Pinned Boundary Conditions

Here, we study the effects of changing the boundary conditions on q from the stan-
dard Dirichlet conditions to Neumann conditions. The homogeneous Neumann condi-

tions

These are equivalent to the boundary conditions discussed in section (3.5.2), and rep-
resent a rod with zero moment at the end points. The revised conjugate point theory

discussed in section (2.2), gives a new definition for the index:
I =N;+ N, —N,,

where

N; = the number of negative inborn eigenvalues;
N, = the number of zero eigenvalues with negative velocity;
N, = the number of zero eigenvalues with positive velocity.

The linearised and projected boundary conditions are
II¢'(0) + II'¢(0) = 0, TIC'(L) +II'¢(L) = 0.
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5.1. Inborn Figenvalues of the Jacobi Operator 5. Pinned Boundary Conditions

Using (D1q, D2q, D3q) as our choice for I, we obtain the homogeneous Neumann bound-

ary conditions for the projected variation (,

5.1 Inborn Eigenvalues of the Jacobi Operator

We now attempt to find the eigenvalues of the projected Jacobi operator S (defined

in (4.2)), for o close to zero, which we call the inborn eigenvalues of S.
S¢=p¢, ¢(0)=0, (' (0)=0. (5.1)

Expanding P(¢),C(c) and Q(o) about s = 0 gives

P(o) = P(0)+aP'(0)+ O(c?), (5.2)
Qo) = Q(0)+0Q/(0) +O(c?), (5.3)
C(o) = C(0)+0C'(0) + O(c?). (5.4)

By 0 0 0 0O
P=4| 0 B, 0 |4+0@)? C=[00 0 |+0()%
0 0 Bs 000
and
B Qs 0
Q = 0 Q3 QQ + 0(0)27
Q1 Q2 0
where
Q1 = 2[Mdi1(0) + Aadi2(0) + A3d13(0)] (5.5)
Q2 = 2[Md21(0) + Xad22(0) + A3d23(0)] (5.6)
Q3 = —4 [)\1d31 (O) + )\2d32(0) + >\3d33(0)] . (5.7)

This simplifies the eigenvalue problem (5.1) to

~P¢" +Q¢ =, (5.8)
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5.1. Inborn Figenvalues of the Jacobi Operator 5. Pinned Boundary Conditions

which we will write as the following system:
C = -P v, (59)
v = (pI Q)¢ (5.10)

If we express the solution v(s) as

6
v = Zcivi, (5.11)
i=1

and let
A:(”I(O) v2(0) w3(0) v4(0) v5(0) U6(0)>

vi(o) v2(0) w3(o) wva(o) vs(o) wve(o)

then the inborn eigenvalues p can be found by finding

{limp((f) : \A(p)|:o}. (5.12)

o—0

Now let us look individually at the special cases of a straight rod, and a planar rod.

5.1.1 Straight Anisotropic Rod

Constrained

For the special case of a constrained straight anisotropic rod, (5.8) becomes

Bi 0 0 100 0 —2
4|l 0 By 0 |¢" —=4axs| 0 10 |¢c+al| 2 |+a| 0o |=pc
0 0 B 000 0 0

Let ¢ = (C1, (2, ¢3)T. We are interested in finding the number of negative eigenvalues p. If
p < 0 then (3 has no non-trivial solution satisfying the boundary conditions. If 4A3+p < 0
then (3 and (o have no non-trivial solutions satisfying the boundary conditions and
integral constraints. Therefore, we will look at the case of 4\3 + p > 0. The solution to

the above equation is

COS W1 S sinwy s 0 0
¢ = cl 0 + co 0 +c3 | coswass | +c4| sinwss
0 0 0 0
0 0 0 —1/2w2 By
+ o 0 + cg 0 +é1 | 1/2w3By | + ¢ 0 :
COS W3S sinwss 0 0
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5.1. Inborn Figenvalues of the Jacobi Operator 5. Pinned Boundary Conditions

where w; = ‘1)‘43% fori=1,2, and w3 = ﬁ.
The eigenvalues p are found by solving
|A| = —wiwsw? sin(w; o) sin(weo) sin(wso) = 0. (5.13)

Since wy # 0, we # 0, and w3 # 0, we find that |A| = 0 when

sin(wio) =0 = p, = —4\3+4Bn*1?/o?, n=1,2,..
sin(weo) =0 = p, = —4\3 +4Bon?*n?/o?, n=1,2, ..
sin(wzo) =0 = p, =4Bn’*n*/o®, n=1,2,..

Therefore, for small o, there are no negative inborn eigenvalues for the constrained,

straight, anisotropic rod.

Unconstrained

In the case of an unconstrained straight anisotropic rod, non-trivial solutions of (3
and (o exist for the case of 4\3 + p = 0. Therefore there is an inborn eigenvalue (of
multiplicity 2) that is negative for positive A3. If 4\3 + p < 0 then there are no non-

trivial solutions. If 43 4+ p > 0, eigenvalues are found by solving
|A| = —wiwdw? sin(w0) sin(wyo) sin(wso) = 0. (5.14)

Therefore, as in the constrained case, all other inborn eigenvalues are positive.

This jump by two in the index is due to the unconstrained pinned boundary condi-
tions allowing families of solutions rotating about the e; and es axes when A3 = 0. As a
result, the straight rod is only stable (I = 0) when A3 < 0, i.e. the rod is being ‘pulled’.
The constrained case however, does not allow these families of rotations at A3 = 0, and

all inborn eigenvalues remain positive as A3 passes through zero.
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5.1.2 Planar Anisotropic Rod

We shall look at solutions which are restricted to the plane dy = (0,1,0)7.

Equation (5.8) becomes

B 0 0 . Qs 0
—4 0 By 0 ¢ + 0 Qs 0 ¢ =pC.
0 0 By O, 0 0

First look at solutions for (2(c).

If p < @3, then there is no non-trivial solution of (2(c) satisfying the boundary
conditions. If p = @3, then the solution (s = C', where C' is a constant, satisfies the
boundary conditions (but would not satisfy the linearised isoperimetric constraints). If
p > Q3 then (3(0) satisfies the boundary conditions (and isoperimetric constraints) only
if

p=Qs3+4Bon*n?/0? n=1,2,..

Now look at solutions for ¢;(o) and (3(0). Let

w12 =

)

Qs3B3 — p(Bl + Bg) + R
8B1 B3 ’

If w1 and w9 are real then

R ), ewts O e—w1s o ew2s Qoe—w2s
= (8) = (2 oo Yo (B o7
where

Q3Bs +p(B1 — B3) £ R
Do = , and
b2 201 By

R =/[p(B1 - Bs) + QuBs)” + 4B1 Q2.

Eigenvalues are found by solving

g(o) ‘ = —4wiw? sinh(w o) sinh(wea) = 0. (5.15)

Therefore there are no non-trivial solutions satisfying the boundary conditions.
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If wy and wo are imaginary then

(&)= (Tt Joes (i oo (s o (i)

where
_ | _@3B3—p(B1+B3)+ R
1,2 8B1 B3 .
If
g(O) = —wiwj sin(wy o) sin(wpo) = 0,
¢(o)
then

sin(wjo) =0 = p,=Qs3+ 4Bln27r2/02, n=12,..

sin(weo) =0 =  pp = Q3 +4Byn’*n? /o, n=1,2, ...

Therefore p, > 0, for small o.

If wi = w9y = 0 then

< é“; > e ( P/lQl >+CQ ( pS/sQl >+63< —BgQigg(sU(Zi)/Blp >+C4<

where

B1p2 + B3Q?
y— Bt By
4B Bsp

Applying the boundary conditions gives

p = 4B, By(nm)? + \/[4By Ba(nm)?] — 4B, BsQ2o™

Therefore

p>0 for o>0.

(5.16)

—B3Q1 sin(vs)/Bip
sin(vs)

In the unconstrained planar problem, if Q2 = 0 there is one negative inborn eigenvalue

when Q3 < 0. It can easily be shown that the same is true for the case @1 = 0 (when

the rod lies in the (eg, e3) plane). If Q1 = Q2 = 0 (when the rod is straight) then there

is an inborn eigenvalue of multiplicity 2 when Q3 < 0.
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5.2 Velocity of the Zero Eigenvalue

To determine whether the zero eigenvalue p(o) is becoming negative or becoming
positive with respect to o we need to determine the sign of p(c — €). To do this we
construct the function

£(0) =¢(0) + As?,

where A is chosen, such that & belongs to the space
Hn(0,0 —€) = {h € H*(0,0 —¢€) : h'(0) =h'(c —¢) = 0}.

It can be shown (e.g. in [27] and [19]) that (£, S€) has the same sign as p(o — €),
for sufficiently small e. Therefore, we aim to find the leading order term of <£ ,S¢ > Let
€= (£,8,6)T and A = (Ay, Ay, A3)T. The function € satisfies the boundary conditions

§0) = o,
goc—-¢ = 0.

The value of A is determined so that boundary conditions at s = o — € are satisfied,
therefore

¢'(0—€)+2A(0—¢)=0.
Taylor expanding about s = ¢ and using the boundary conditions for ¢ at s = o gives

0
A= 2(0 —¢€)

Since removing the e terms from the denominators would change A by only O(e?), we

write

Now,

5e = 8¢ + 5(s2A),
so given that P is constant, we have
S¢ = [_2p +2(C—CNs+(Q-C7T)s2| A,
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and

<Sg§y_Am%{ (2P 2(C - C)s + (@~ CT)s?] 4 ¢
CT

+ s [—2? +2(C-C")s+(Q— C/T)SQ} A- A} ds.

Changing the upper limit of the integral to o changes the integral by O(e), and since
A A= 0O(e?), we write

(SE.£) = /a (2P +2(C - C)s +(Q - CT)?] A - ¢ ds +O().
0

Using the boundary condition for ¢ at s = o, and since S¢ = 0, A becomes

P'(Q-C")¢(o)
A=c¢ .
20
For the special case of a straight rod, we have

Ci(0)/B1
EA
A=—2| G0)/B: |
o
0
where
1 cos(w1s)
_ _ P
¢=| cocos(was) |, wia= :
’ 4B1 2
C3 ?
Therefore

(5¢.¢) = /0 [A1G1(2B1 + Ass?) + AsGa(2Bs + Ngs?)] ds + O(€?).

If the eigenvalue p is zero, then

Al = ‘ —w sin(w0) 0 o,

0 —wsy sin(wq0)
Zero eigenvalues occur when wio = nm, or weo = nmw, forn =1,2, ...

If wio = nm then the kernel of A is {(¢1,0,0)} and ¢ = ¢1(1, thus

(8€,6) = —eAgé.

If woo = nm then the kernel of A is {(0,¢2,0)} and ¢ = co(2, thus

(S€,&) = —eXsc3.

Therefore, for the straight rod, if A3 > 0, all zero eigenvalues have negative velocity, with
respect to o.
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25 ;

(1,1)

0.5

(0,0 2’(0,2) (1 ,é) , (2:2) 0 (3,2)
(a) B1201:1,BQZCQZ]..5

25 T T T

0.5

A
(b) Bi=By=Cy =1, Cy = 0.25

Figure 5.1: Bifurcation diagrams of A against D, for unconstrained rods with pinned boundary
conditions. The solid circles indicate the points where @3 = 0 and the number of negative inborn
eigenvalues change from 1 to 0 (for increasing A). The index doesn’t change at these points
however, since the number of conjugate points decreases by 1 at the same points at which Q3
changes sign. Subfigure (a) shows the values of the pairs (N,,, N;) for each segment of the diagram.
In both diagrams, N,, = 0 for all solutions calculated. In subfigure (b), the red crosses correspond
to the rod profiles in figure 5.2.
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5. Pinned Boundary Conditions

(b)

Figure 5.2: Profiles of a rod with pinned ends, corresponding to points (a) and (b) in figure
5.1(b). In the left subfigure, the influence of the discontinuity in bending stiffness is clearly visible
as the rod buckles into the (eq, e3) plane. In the right subfigure, the buckling into the (es, es)

plane is symmetrical, since By = C}.

Remark. Given that we can find the unconstrained stability index for straight and planar

rod configurations, the constrained index could be found by using a correction method

(used in [29]), which makes use of the following formula of Maddocks [25]:

I=1,+dW),

where I, is the unconstrained index, and d(W) is the number of non-positive eigenvalues

of the matrix W, defined by

where
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Chapter 6

Rods with Kinks

In this chapter we model a planar elastic rod that has a single kink at some point
along the arclength s € [0, L].

The production of carbon nanotubes and carbon nanotube intramolecular junctions
can cause the tube to form topological defects [5], [8], [45]. Figure 6.2, parts (a) and (b)
show images from an atomic force microscope of nanotubes with kinks. Part (c) illustrates
how the bonding of two carbon nanotubes of different diameters and chiralities can cause
a kink in the topography of the resulting tube. Assuming the nanotubes to have a high
aspect ratio, we model the kinked carbon nanotube by a rod with a piecewise smooth
centreline.

Here, we will look at planar rod configurations in the (z,y) plane, with the rod

centreline described by

2'(s) = sinf(s),

y(s) = cosf(s),

where 6(s) is the angle from the y-axis to the rod’s tangent vector. The kink will be
described by a discontinuity in 6(s) at the point s = Ly. The kink angle «, will therefore
be given by

a= [9(8)} e (6.1)

as illustrated in figure 6.1.
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6. Rods with Kinks

An alternative way to model a kink would be to express the intrinsic curvature as
an approximation to the Dirac delta function, e.g. for an intrinsic curvature g’ (s), let
é’(s) = %6_(S_L1)2/“2, for a small valued parameter a. However, we find the kink angle

a to be a more measurable and numerically stable parameter.

AN

Ly

Figure 6.1: Discontinuity in 6 at the point s = L. a = 6(L1+) — 6(L1—).

Classical calculus of variations theory consists of finding critical points q(®)(s) such
that a functional F[q] is stationary relative to all weak variations of q(s). In the standard
theory, the function q(s) is continuous, and q'(s) is continuous except at a finite number
of points, where the well known Weierstrass-Erdmann corner conditions must be satisfied
[12]. Such extremals in which q’(s) has a finite number of discontinuities are called broken
extremals.

In chapter 4, we looked at rods with discontinuities in the bending stiffness, which
corresponded to discontinuous q’(s). In this chapter we look for extremals of a functional
E[6], which allows discontinuities in both (s) and #'(s). The discontinuous variational
problem discussed in chapter 2 allows for discontinuous 6(s), so in this chapter we will
use the continuity conditions formulated previously, which are the continuity of Wy and
the continuity of Wyqh'. Figure 6.3 gives an example of a discontinuous extremal and

a weak variation.
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Figure 6.2: Parts a and b are images from an atomic force microscope of nanotubes which
contain kinks of 36° and 41° respectively. Part c illustrates how the bonding of two carbon
nanotubes of different diameters and chiralities can cause a kink in the topography of the resulting
tube. Image taken from [45].

6.1 Variational Formulation

The total energy of the system is described by

Ly L
B [ 5B 0G) + xeost(s) ds + [ B [0/(9)]+ Acast(s) ds,
0 Ly

where ) is the force exerted on the rod at the end (s = L), and By, By are the constant

bending stiffnesses for each section of the rod.

If we add a constraint to the rod, which fixes the end at s = L to lie on the vertical

y-axis, then (L) = x(0) = 0, which can be written in isoperimetric form:

L
/ sinf(s) ds = 0.
0
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Figure 6.3: Variation of a discontinuous extremal. In this example, the second order matching

condition is h'(L1—) = h'(L1+).

Adding the isoperimetric constraint to the energy functional, the first variation is

Ly
SE = / h[B10" — Asin6 + picos ] ds
0

L
+ / h[Bgel/—)\Sine—f—/LCOSg] ds
Ly

+ Bth/(Ll—) — th@’(L1+),

where p is a Lagrange multiplier.
For continuous h, equation (6.2) is zero for any h, only if
B10" = \sinf —pcosf, 0<s< Ly,
By = Xsinf — pcosf, L;<s<L,

B10’(L1—) = BQQI(L1+).

Let
hi(s) = h(s), 0<s< Ly,
hi(L1) = lim h(Ly — e),
ho(s) = h(s), L1 <s<L,
ha(L1) = limh(Li +e€),

(6.2)
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6.1. Variational Formulation 6. Rods with Kinks

and

01(s) = 0(s), 0<s<Ly,
Ou(L1) = lmb(Ly o),

O2(s) = 6(s), Li<s<IL,
02(Ly) = y_I)I(I)H(Ll +€).

Conjugate points can be found by solving the initial value problems

Sithy = &aTy, 0<s< L,
f{(s) = hiTy, 0<s<Ly,
Sohy = &, L1 <s< L,

f3(s) = holy, L1 <s<L,
with initial conditions

h1(0) =0, hy(0)=1, f1(0)=0,

ha(L1) = hi(L1), Bahy(L1) = Bihi(L1),  fa(L1) = fi(L1)
where the operators S; are defined by
Sih = —B;h" — h(\cosb; + psinb;), i=1,2,

and

T; =cosb;, i=1,2.

If we write h; and f; in the form

hi = e;hi™ +epP) i =1,2,

% [

fi = cifi(h) + élfz(p)7 l = ]-7 27

then Jacobi’s condition for a minimum extremal is that

AV © 0<s< I
Al = #0 Vse(0,L),
‘«4(2)‘ : L1 <s<L
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where

ns) m(s)
1) 1)
Note that if h(s) is a solution to S1hy = ¢1T1, Sahe = ¢é1T1, h1(0) = 0, ha(o) = 0,

. i=1,2.

then Ch(s) is also a solution, and we can choose C' such that h}(0) = 1.

6.2 Numerical Results

Using the dimensionless parameters

we will use parameter continuation to create bifurcation diagrams, and investigate the
stability of kinked planar rod solutions. Using AUTO, we vary the kink parameter «
from zero to a desired value, then increase A from zero to compute a solution branch of
kinked rods. Since the rod is no longer straight for any non-zero value of «, there is no
trivial branch at D = 0. As A is increased, solution branches follow the path of either
the first-mode solutions (for rods with no kink) or the second-mode solutions, depending
on whether the rod is constrained or unconstrained. We will now look at the results of

both cases separately.

6.2.1 Unconstrained

Figure 6.4 shows bifurcation diagrams of A against D. Each subfigure shows solution
curves for a = 0,0.2,0.4,...,2.2. In (a), v = 0.5 and § = 1. We see that for a > 0, as
A is increased the stable branches become unstable (with index 1) at a (supercritical)
pitchfork bifurcation point, then increasing A further, become stable again at a sec-
ond (subcritical) pitchfork bifurcation point. The unstable region between these branch
points becomes smaller as the branch points get closer together with increasing . For
o = 2.2, we see that the stable branch no longer contains any bifurcation points. Subfig-
ures (b), (¢) and (d) show that a break in symmetry of the kink position, or a jump in the

bending stiffness, causes the solution curves from A = 0 to follow the branch representing
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the first-mode of buckling. There are no longer any pitchfork bifurcation points on the
stable solution curves. When symmetry is broken, the first-mode solution branches split
into two distinct sets of branches. Solutions that bend in the same direction as the kink
follow the path of the first buckling mode and remain stable. Solutions that bend in the
opposite direction to the kink connect to the unstable branch of second-mode solutions
via a limit point.

Figure 6.5 shows bifurcation diagrams of A against (L) for 5 =1 and v = 0.5. The
three branches from the pitchfork bifurcations are all distinctly visible in the (A, z(L))
diagram. Rod profiles at the points indicated are given in figure 6.7

Figure 6.6 shows fold continuation in the (), «) parameter space of the limit points
indicated in figure 6.5. From the curve of limit points in figure 6.6, we find critical values
of a, called a1 and «g, which dictate the type of bifurcation that occurs locally. We find
a1 ~ 1.89 and ag = 2.07. This is summarised by table 6.1.

Figures 6.8 and 6.9 show A against x(L) for various values of ~.

A supercritical bp fol- | First bp splits into 3 | No bifurcation points
lowed by a subcritical | unstable branches (lo- | along the stable branch.
bp. cally), followed by a
subcritical bp.

Table 6.1: Types of bifurcation from the stable solution branch.

6.2.2 Constrained

Figure 6.10 plots A against D for v = 0.5, § =1, and a = 0,0.2,0.4,...,2. As « is
increased from zero, the branch of first buckling modes splits into two distinct branches.

The branches to the left represent rod configurations buckling in the negative x direction
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Figure 6.4: Bifurcation diagrams of A against D, for « = 0,0.2,0.4, ..., 2.2.

(in the same direction as the kink), and the branches to the right represent rods buckling
in the positive x direction (in the opposite direction of the kink). These stable branches
connect to unstable branches corresponding to the third-mode of buckling via a limit
point. There is a subcritical bifurcation point connecting the third-mode branch to the
second-mode branch for certain values of «, which vanishes as « is increased beyond a

critical value.

Figure 6.11 shows the bifurcation diagram for o = 1.2, with rod profiles plotted at
D = 0.2 for solutions representing the first-, second-, and third-modes. The presence of
a kink causes odd-mode buckling branches to split and connect to the next odd branch,

i.e. the second of the (2n—1)-th pair of branches connects with the first of the (2n+1)-th
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(a) « ~ 1.5

25 30 35

A
(b) a = 2.09

Figure 6.5: Bifurcation diagrams of A against (L), where § =1 and v = 0.5. Points A and B
are pitchfork bifurcation points, which are followed in two parameters in figure 6.6. Rod profiles
at the points (1), (2) and (3) are given in figure 6.7.

a4

A
(b)

Figure 6.6: Fold continuation of the points given in figure 6.5. Values of the folds A (red), B
(green) and C (blue) are plotted in the parameter space (A,q).

pair of branches, for n =1,2, ...

If we break symmetry further by having 8 # 1 or v # 0.5, then the second-mode

branch will split into two distinct solution branches. Figure 6.12 shows for a = 0.8 and

~ = 0.6, the second-mode branch splits, with one (closed) branch connecting to the stable

first-mode solutions, and the other (open) branch connecting to the unstable third-mode

solutions.
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second and third buckling branches of a rod without a kink (a = 0).
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Chapter 7

Interactions Between a Rod and a
Surface

In the previous chapters we have studied the buckling and post-buckling behaviour
of a rod in free space, i.e. the rod was not influenced by any external forces (other than
end compression or end rotation). However, since many potential applications of carbon
nanotubes involve the tube resting on a substrate, (usually a hydrogenerated silicon
surface [16]), the effect of this substrate should be taken into account. In this chapter,
we introduce a potential to the total energy occurring from van der Waals forces between

the silicon surface and the carbon nanotube.

Hertel et al. [17] study the effects of surface van der Waals forces on the cross-section
shape of nanotubes. Sear and Batra [38] look at axial compressive buckling of rod and
shell models using molecular mechanics simulations. Buehler et al. [4] study the com-
pressive loading of nanotubes as shells and rods using molecular dynamics simulations,
and showed that a nanotube buckles like a rod (Euler buckling) when the tube has an
appropriately high aspect ratio. However, we are unaware of any work that studies the
buckling of a nanotube using a continuum model, which takes into account the effects

of surface van der Waals forces.

In [28] and [39] a repulsive potential is used to model an elastic rod buckling into
a soft wall. Here, we use an attractive-repulsive Morse potential. We are interested in

the post-buckling solutions in which the rod breaks away from the surface, therefore we
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will use a planar rod model with a compressive force A exerted in the y direction and an

interactive surface force in the = direction, as illustrated by figure 7.1.

L.
Z

o

Figure 7.1: A rod, fixed at one end, lying on a surface with a compressive force A in the y
direction.

7.1 Variational Formulation

As in the previous chapter, we use assume the total energy of the rod depends
quadratically on the curvature #'(s), and we add the force term as well as a potential
energy term V' (x), describing the surface interaction with respect to z(s), the distance

from the surface at s.
L 1 , 9
E = §B [0'(s)]” + AcosO(s) + V (z(s)) ds.
0

Equilibrium Equations
The first variation is given by
L
SE - / [h(s) (—BO"(s) — Asin6(s)) + 6aVy(s)] ds, (7.1)
0

where

and
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Substituting these expressions into (7.1), we get

OF = / —B0"(s) — Asinf(s ds+/ /COSG Vi (s) dr ds.

Using the identity

/ab/:H(T) ) dr ds—/ / H(s)G(r) dr ds, (7.2)

which can be verified directly using integration by parts, it can be easily shown that

SE = /0 ' h(s) (Be"(s) — Asin6(s) + cos0(s) / ! Vo(7) d7> ds.

The condition x(0) = x(L) = 0, gives us the isoperimetric constraint

L
/ sinf(s) ds = 0.
0

The linearised isoperimetric constraint is

L
/ cosf(s)h(s) ds = 0.
0
If 6F = 0 for all A then, adding the Lagrange multiplier term, we must have

L
—B0O"(s) — Asinf(s) — pcosO(s) + cos 9(5)/ V(1) dr = 0.

() () (7)o

then the equilibrium equations become

If we define

B0"(s) = ny cos0(s) — nysind(s).
Stability Equations

The second variation is given by

1

L
/0 [h(s) (—=Bih"(s) — AcosO(s)h(s) + psinO(s)h(s)) + 6% Vi(s) + (62)*Vau(s)] ds,

2
E =
0 2

which we will write as

L
1/0 h(s) (—Bh"(s) — Acos01(s)h(s) + psinb(s)h(s)) ds+ Ri[h] + Ra[h]

2
E =
0 2
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where

- % /OL /Os—hﬁ)%in@(f)vm(s) dar ds,
/ / / k) cos 0(k)h(T) cos 0(7)Vae(s) dk dr ds.

Using (7.2), it can be easily shown that

/ / 2sin 0(s)Vy(7) dr ds,

and

and

Rolh] = % /0 " his) [cos@( ) / " ) dm} ds,
where

P(R) = Vi) [ h(r) cost(r) dr = Ve ()2
and

Z'(s) = hcosf(s), z(0)=0.
We can now write the second variation as
1 (L L
8’F = 2/ h(s) [—Blh"(s) — h(s)sinf(s) </ V() dr — ,u) — Ah(s) cosO(s) + cosO(s)y(s)| ds,
0 s

where
Y'(s) = —F(s) = —Vaa(s)z(s), (L) =0.

From the definition of n in (7.3) we get

1 L

8’E = 5 / h[=Bh" — h(nisin6 + ng cos0) + ¢ cosd] ds.
0
Finally, second variation can be expressed as
2 1
6B = 3 (Sh.h),

where the operator S is defined by

Sh = —Bh' — h(nysin@ + ng cos ) + 1 cos b,
and (-,-) denotes the standard L? inner product over [0, L].
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Bullman and Manning [28] show that the operator S, with the extra integrodiffer-
ential term, is self-adjoint and has the properties 1, 2 and 3 from section 2.1, and as
such, the constrained stability index can be defined by the number of conjugate points
o € (0,L), such that

Sh+¢T' =0, h(0)=h(oc)=0,

has a non-trivial solution, where T" = cos .

The full system of equations for the rod equilibrium and the stability index is

(s) = sinf (
(s) = cosf (
(s) = mnicosf—nysind (
(s) = Vi (7.7
(s) = 0 (
(s) = —h(nysinf+ngcosf)+1pcoshd —T (
(s) = yh (7.10
()

= V2 (7.11

To model the interactive force between the substrate and the rod, we will use the

Morse potential given by

‘/;C(.T) — —12a 6712x/w _ 676"17/(4.1 ’ ‘/:ca:(m) — 12a

w w?

[126*1296/“ —6e~0T/] | (7.12)

where a is the depth of the potential well, and w is the distance at which the inter-particle
potential is zero. Figure 7.2 plots the Morse energy potential against z. For negative x
values, V,(z) is highly negative, representing a repulsive force away from the surface.

For positive z, the function V,,(z) is positive, becoming smaller with increasing x (as the
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rod gets further from the surface). For x = 0, V;(z) = 0 and there is no force between

the rod and the surface.

-w/2 0 w2 W

Figure 7.2: The Morse potential V(z) against x.

Since we are concerned with the centreline (x(s),y(s)), the parameter w will be
proportional to the equilibrium distance between tube surface and the substrate surface,
plus the radius of the nanotube.

Experimental results and molecular mechanics simulations (e.g. [16] and [17]) show
that the binding force a is related to the diameter, thus, a is related to the parameters w
and B. We will take into account these relationships, but treat a, w, and B as independent
parameters. Hertel et al. [17] gives a = 1.6nN for a tube diameter of 6nm, and gives

a = 4nN for a tube diameter of 10nm.

7.2 Numerical Results

Using parameter continuation, we vary a from zero to a desired value, then increase
A to find branch points along the trivial branch of straight solutions. Due to the effects
of the potential, the force component of the buckled solution branches vary rapidly with
respect to A for small values of the solution measure D. Therefore, we will define the
branches of buckled solutions in two regions: inner, for small D, and outer, for D = O(1).

This rapid variation of the solution causes standard numerical methods to be numerically
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unstable, i.e., the problem is stiff.

We find the index of the solution branches in the same way as before, using parameter
continuation to find the rod solutions and initial values for the stability equations, then
solving the stability equations as an initial value problem. However, we must now use a
stiff IVP solver. Here, we use the stiff IVP solver DLSODE [18].

For the following numerical results we will use the dimensionless variables defined by

making the following transformations:

)\—>)\—LQ, a—>a1€2, and w—>%. (7.13)

If the tube-surface binding force is 4nN, then for a nanotube of length 100nm, radius
6nm, and Young’s modulus 1000 nN/nm?, we get a = 0.031 and w = 0.06. These values
of a and w are used to generate the results given in figure 7.6(a), and represent typical
realistic parameter values for the nanotube and the surface interaction. Increasing a is
equivalent to increasing the tube length or decreasing the Young’s modulus. Increasing
w is equivalent to decreasing the tube length.

Figure 7.3 shows the bifurcating branches from the straight rod for a = 0.5 and a = 1.
When a = 0.5, the first branch bifurcating from the trivial branch actually represents
the second buckling mode. However, due to the effects of the surface interaction, this
configuration doesn’t last long as D is increased, and the branch connects to the branch of
the first-mode solutions. The second branch bifurcating from the trivial branch represents
the first and third buckling modes. This branch is split into two curves: the left branch
of solutions buckling away from the surface, and the right branch of solutions buckling
towards the surface. When a = 1, the order in which the two branch points appear (with
respect to \) has changed. The first branch now represents the first- and third-mode
solutions, and the second branch represents the second-mode solutions.

Figure 7.4 shows the first and second outer region solution branches for a = 0.5 and
w = 0.1. The first solution branch is unaffected by the surface interactions in the outer
region. However, the second branch is significantly affected by the surface interactions,

and we see that three separate stable branches occur for values of D greater than 1.
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Figure 7.3: Bifurcation diagrams of A against D for small values of D, where w = 0.1. Rod
profiles at the crosses in subfigure (a) are given in subfigures (¢) and (d). The dashed line indicates
the surface.

Figure 7.5 shows rod shapes at points along these three stable regions, which represent
third-mode rod solutions.

Figure 7.6 shows inner region solution branches for various values of a, when w = 0.06.
We see that as a tends to zero, the first buckling point gets closer to 472, and the stable

region on the branches (representing third-mode solutions) get bigger.

7.3 Buckling Loads of Rods on an Interactive Surface

In this section, we obtain expressions for the critical buckling values of A with respect

to the Morse potential parameters a and w. To find critical buckling values of A\, we
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Figure 7.4: Bifurcation diagrams of A against D, where a = 0.5 and w = 0.1.
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Figure 7.5: Rod shapes from stable solution branches at the points indicated in figure 7.4.
Subfigure (a) corresponds to the purple solid circle, subfigure (b) corresponds to the light blue
solid circle, and subfigure (c) corresponds to the yellow solid circle.

linearise about the straight rod solution,

20(s) + €i(s) + O (€2) = 0+ei(s)+ O (e?),

)+ O
y0(s) +ei(s) + O (&) = s+ei(s) + O (%),

0°(s) + ep(s) + O (€2) = 0+ ep(s) + O ().
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(a) a = 0.031. (b) @ = 0.0005, 0.001, ..., 0.004.
Figure 7.6: Bifurcation diagrams of A against D, where w = 0.06.
Substituting these into (7.4), (7.5) and (7.6), we obtain
ei'(s) = ep(s)+ 0 (), (7.14)
eff'(s) = 0+0(e?), (7.15)
eBY"(s) = mi(s) — ena(s)p(s) + O (). (7.16)

Differentiating (7.16), and using (7.14), we get the fourth order differential equation

eBi" (s) + Vy (e2(s)) + eXz”(s) = 0. (7.17)
Now,
A\ ﬂ —12ei/w —6et/w 72ea 2
Ve(ex) = " (e e > == O(e%),

therefore (7.17) becomes

720
2

B (s) + \&"(s) + = 0. (7.18)

7.3.1 Constrained Buckling of a Clamped-Clamped Rod

We wish to solve (7.18) with clamped boundary conditions, and the constraint of

x(0) = (L) = 0, which is equivalent to the conditions
#(0) = 2(1) = 2/(0) = 2/(1) = 0. (7.19)
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If Z(s) has the general solution

then we require

" #1(0) - 4(0) q

Y e D RO I () S,
' £9(0) - 24(0) ' ’
“ (L) - #(L) =

which can only be true if |A| = 0.
Let

o _ —AE VA2 288aB/uw?
K12 °B )

then depending on the sign of u?, the expression for determinant of A takes the following

forms:

Case 1: pu; and po are real

Then
1 1 1 1
A . el"‘l e_/'l'l 6“2 6_1"/2
M1 —1 2 ) ’
preft —ppem o pgel? —ppem
and

|A| = 8uqp2 (cosh pg cosh g — 1) — 4 (,u% + ,u%) sinh y1 sinh pe = 0.

Case 2: u; and po are imaginary

Then
1 0 1 0
cos Vy sin v CoS /9 sin v
A= ,
0 141 0 1]
—v1sinyy vycosv; —UssSinvs Vo COS o
and

|A| = v1ve (cos vy — cos V2)2 + (11 sinvy — v sinwy) (e sinyy — vy sinvy) = 0,

where

2 AF /A2 —288aB/w?
V172 - QB .

(7.20)

(7.21)
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Case 3: u; is real and uo is imaginary

Then
1 1 1 0
_ et e M COS Iy sin vy
i1 —n 0 V2 ’
preft  —pie™  —pesinyy U9 cos vy
and
|A| = 4p1vs (1 — cosh iy cos o) + 2 (pf — v3) sinh g sinvy = 0. (7.22)
Case 4: \? < 288aB/w?
Let p112 = u & dv, then
0 0 1 1
e¥sinv e Ysinv e cosv e Ycosv
v v U —u

e“(usinv +vcosv) e “(—usinv+wvcosv) e*(ucosv—vsinv) e ¥(—ucosv —vsinv)

and

600
500

400

200

100 [

|A| = 20* (cosh 2u — 1) + 4u? (cos® v — 1) = 0. (7.23)
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Figure 7.7: First and second buckling points of A\ with respect to a, where w = 0.1 and B = 1.
The red curve represents values of A when the straight rod buckles into the first buckling mode.
The green curve represents values of A when the straight rod buckles into the second buckling

mode.

Figure 7.7 shows the first two critical buckling values of A as a is varied and w = 0.1.

As we would expect, the stability of the unbuckled rod is proportional to the strength of
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the surface interaction. By that we mean that the two buckling values both increase as
a is increased. However, these two curves representing the first two branch points along
the trivial solution branch, intersect and cross paths at various values of a, as \ is varied.
The left subfigure shows that for 0.122 < a < 0.865, as A is increased, the rod buckles
first into the branch of second-mode solutions, and secondly into the branch of first-mode
solutions. This was observed in the previous section, in figure 7.3. This kind of buckling
behaviour is also observed in [20], in which branch points along the trivial branch (for
the case of three-dimensional rods) are followed with respect to the parameters A and
the end rotation ¢.

Using the results from figure 7.7, we find critical buckling values of the end force
for various values of the Young’s modulus of the nanotube. Table 7.1 shows critical
buckling values for a nanotube of length of 30nm and radius of 3nm, and table 7.2 shows
critical buckling values for a nanotube of length of 50nm and radius of 5nm. In each
table, the values of the binding force between the surface and the nanotube are based
on results given in [17], with values of the Young’s modulus ranging from 100nN/nm?

to 1000nN/nm?.

Young’s Modulus | First Critical \ | Second Critical A
1000 nN/nm? 4430 nN 7511 nN
500 nN/nm? 2641 nN 3875 nN
250 nN /nm? 1714 nN 2055 nN
100 nN /nm? 1075 nN 965 nN

Table 7.1: Critical buckling values of A, for a nanotube of length 30nm and radius 3nm. The
tube-surface interaction force is 1.6nN. The bending stiffness is given by B=Yr*, where Y is the
Young’s modulus and r is the radius, and w is given by r/L.

7.3.2 Unconstrained Buckling of a Clamped-Clamped Rod

In the unconstrained case, we replace the boundary condition z(L) = 0, with the
condition n;(L) = 0. To find buckling values for A, solve (7.18) with the boundary
conditions

#(0) = 2/(0) = 2(L) = 2""(L) = 0. (7.24)
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Young’s Modulus | First Critical A | Second Critical A
1000 nN/nm? 12048 nN 20788 nN
500 nN/nm? 7074 nN 10687 nN
250 nN /nm? 4549 nN 5641 nN
100 nN/nm? 2410 nN 2607 nN

Table 7.2: Critical buckling values of A, for a nanotube of length 50nm and radius 5nm. The
tube-surface interaction force is 4nN. The bending stiffness is given by B=Yr?, where Y is the
Young’s modulus and r is the radius, and w is given by r/L.

We now find the determinant of the matrix B to be zero, where

ANE R AT
B = A}l(o) f,i(o) =0. (7.25)
“ #I) ) )\

The general solution of Z(s) has been found in the previous section, so we are able to find

the critical buckling values of A\ with respect to a, by numerical parameter continuation.

Figure 7.8: First and second buckling points of A with respect to a, for an unconstrained,
clamped-clamped rod, where w = 0.1 and B = 1.

7.3.3 Unconstrained Buckling of a Clamped-Free Rod

In the case of an unconstrained rod, which is clamped at one end and able to move

freely at the other end, we replace the condition (L) = 0, with the condition §'(L) = 0.
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To find buckling values for A, solve (7.18) with the boundary conditions

#(0) = #(0) = 2"(L) =0, Bi#"(L)+ \'(L) = 0. (7.26)

2y (L) 2y (L) )
C = " 4 : =0. (7.27
- (0) 1(0) ~ (7.27)

C4 B! (L) + \&4 (L) --- Ba{(L) + \iy(L) C4

Figures 7.8 and 7.9 show the first and second critical values of A with respect to a, for

600 80
70
500 |- 1

400 E

£ 300 E <L 40

200 - B

100 |

0 I I

Figure 7.9: First and second buckling points of A with respect to a, for an unconstrained,
clamped-free rod, where w = 0.1 and B = 1.

an unconstrained clamped-clamped rod, and an unconstrained clamped-free rod respec-
tively. In both cases, critical buckling values of X\ increase as a is increased. However,
unlike in the constrained case, the curves of the first and second branch points along the

trivial branch do not intersect and cross paths as a is varied.

7.4 Discontinuous Bending Stiffness

In this section, we extend the model to incorporate a discontinuity in the bending
stiffness B. Consider an elastic rod of length L, with a discontinuity in the bending
stiffness at s = L, and let L = Lj + Ly. Let 67 : [0,L;] — R and 69 : [L1,L] — R

describe the angle that the tangent to the centreline makes with the vertical y-axis on
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cach partition of the rod, and let z/(s) = sin6;, and y.(s) = cos0;, for i = 1,2. We seek
solutions of continuous #, so impose the condition 61 (L) = 02(L1).

The total energy is given by
L1 1 9
El61,0:] = / §Bl (01(s))” + Acosb(s) + V (z1(s)) ds
0

L 1B 0, 2 A 0 1% d

Equilibrium Equations

The first variation of E[f;,6s] is given by

Ly
SE[hy, hy] = /O [ha(s) (—B160!(s) — Asin 01 (s)) + 621V (s)] ds
L
+ /L [ha(s) (= BaBl(s) — AsinO(s)) + 6asViy(s)] ds
+ Bim (Ll) 0/1 (Ll) — Byhoy (Ll) 0’2 (Ll) , (7.28)
where
z1(s) = /0 sinf1(7) dr, xa(s) = /L sin fa(7) dr,
and

51,1:/ cos 0y (T)hy (1) dr, 5332:/ cos () ha(7) dr.
0 L

Substituting these expressions into (7.28), and using the boundary conditions
hi(L1) = ha(L1), Bi6y(L1) = Baby(Ly),

the first variation becomes

Ly Ly
OF :/ hi(s) (—B167(s) — Asinb(s)) ds +/ / cos 01(1)h1 (1) Vg, (s) d7 ds
0 o Jo
L L
+/ ha(s) (—Bab(s) — Asin fa(s d5+/ / cos 0o (T)ho(T)Vy,(s) dr ds
Ll L1 L

Using (7.2), it can be shown that

Ly

Ly
0B = /0 h(s) (—Bﬁ&’(s)—Asin01<s>+cos01<s) Ve (7) dT) ds

S

+ /LL ha(s) (—329/2/(3) — Asinfy(s) + cos ba(s) /SLI Vo (T) dT) ds.

1
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The constraint, z1(0) = x2(L) = 0, and continuity condition z1(L;) = z2(L;) implies

the isoperimetric constraint

Ly L
/ sin 0 (s) ds + / sinfa(s) ds = 0.
0 Ly

The linearised isoperimetric constraint is

L1 L
/ cosB1(s)hi(s) ds +/ cos B2(s)ha(s) ds = 0.
0 L

1

If E = 0 for all hy and ho then, adding the Lagrange multiplier term, we get

Ly
—B10](s) — Asin 01 (s) — pcosy(s) + cos 01(s) Va(7) dr =0,

Ly
—B205(s) — Asinfa(s) — pcosfa(s) + cos 92(5)/ Va(r) dT = 0.
If we define

n; == < Z; ) = ( I Vwé(f) dr ) + < _A“ > . i=1,2, (7.29)

then the equilibrium equations are
B0 (s) = ny;cos0;(s) — ng;sinb;(s), i=1,2.
Stability Equations

The second variation is given by

L1
62E[h1, ho] = ;/0 hi(s) (—B1h{(s) — Acosb(s)hi(s) + psin @ (s)hi(s)) ds
L
+ ;/ ha(s) (—Bahj(s) — Acosba(s)ha(s) + psinba(s)ha(s)) ds
L
+ Rifh] + Rolh],
where

[ [ e sin oo i o
/LL / " hy(r)?sinba(r)Vas) dr ds,
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and

1 Ly s s
Rylhy, he] = 2/ / / hi(k) cos 01(k)h1(7) cos 01(7)Vyz(s) dk dr ds
o Jo Jo
!
2

/LL /L /L ha(#) cos (k) ha(7) cos B2(T) Vi (s) dr dr ds.

Again, using (7.2), we can express R and Ry as follows:

Ry = % /0 " / () sin 0y (5)Va(r) dr ds
+ % /L L / ()2 sinfa(s)Vi () dr ds, (7.30)
and
Ry — % /0 s [00891(3) SLI Fu(r) dn} ds
4 % /L L ho(s) [cosez(s) / " ) dn] ds, (7.31)
where
R = Varl) [ h()costi(r) dr = Viol)as (),
Fa) = Vasl) [ hir)costa(r) dr = Vaa(r)za(s),
and where

21(s) = hi(s)cosBi(s), 2(0)=0,

25(s) = ha(s)cosb(s), zo(L)=0.

The second variation now becomes

1 L1 Ll
E = . / h1 [—Blh'{ — hqsin 64 (/ V(1) dr — ,u> — Ahq cos By + 1 cos 01} ds
0 s

1 (L L1
+ 5 / ha [—thé’ — hosin 6 </ Vo(r) dr — ,u) — Aho cos O + 15 cos 02] ds,
L1 S

where

Pi(s) = —Fi(s) = —Vax(s)21(s), ¢1(L1) =0,
Ph(s) = —Fa(s) = —Viu(s)za(s), (L) = 0.
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From the definition of ny and ne we get

1 [
5’E = 5 / h1 [—Blh/ll — hy (n11sin 6y 4 ngj cos By) + 11 cos 91] ds
0

1 L
+ 5 / ho [—thg — ho (n12 sin #5 + n99 cos 02) + 19 cos 92] ds.
Ly

The second variation can be written as
oo 1 1
°FE = 3 (Sihi,h1), + 3 (S2ha, ha),y,
where
Si;h = —B;h" — h (ny;sin 0; + na; cos ;) + 1p;cosb;, i=1---2,
and (-, ), denotes the standard L? inner product in the region [0, L1], and (-, ), denotes

the standard L? inner product in the region [Ly, L].

The full system of equations for the rod equilibrium and rod stability is therefore

ri(s) = sind;
yi(s) = cosb;
Bi0!(s) = mny;cos; —no;sinb;
ny(s) = —Va(wi)
n(s) = 0
B;h}(s) = —h;(ny;isin6; + ng; cosb;) + 1; cos; — T,
z(s) = yih
Pi(s) = —Via(ai)z

for i = 1,2, where T; = cos 0;, with boundary conditions
21(0) =0, 91(0)=0, 61(0)=0, hi(0)=0, 2(0)=0,
x2(L) =0, mnaa(L) =X, 02(L)=0, ho(L)=0, =(L)=0,
and matching conditions
w1(L1) = x2(L1),  y1(L) =w2(La), 61(L1) = 02(L1), Bi0y(L1) = Bab(La),
n11(L1) = ni2(L1), na1(L1) = n2a(L1), hi(L1) = ha(L1), Bihy(L1) = Bahy(L1),

Y1(L1) =0, o(Ly) = 0.
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Recall from chapter 4, the dimensionless parameters

€y Yi 2 w
X, =2 Y, = Z;i=2 Q==
K L) 3 L7 7 L? L?
L%y, L?n;; L%a L2\
U; = Ny = 1, A=—, A=—"".
t B’ Y By’ B’ B;

Now we can write down the dimensionless system of rod and stability equations.

For 0 <t<1:

) = ~sinb;
) = ~cosb
) = ~? [N11 cos 01 — Naq sin 6]
) =0

) = ~*[¥1cosf; — hy (Nypsin6y + Naj cos b))
) = Yil

)

124

—’y—QZ 12e12%1/92 _ ge=6X1/9 Z.
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For 1 <t<2:

Xo(t) = (1—7)sinb,
Yo(t) = (1—7)cosby

5é2(t) = (1- 7)2 [N12 cos B2 — Nag sin 6]

Nia(t) = (1—7) % —12X2/Q _ —6X2/0

Nyo(t) = 0

Bha(t) = (1 —~)*[Wycosby — hy (Nigsinfy + No cos 6y)]
Z2(t) = Yzh2

Uy(t) = —(1—17) 124715 125000 _ g —6x2/0]

and matching conditions

Xi(1) = X2(1), Yi())=Ya(1), 61(1) =62(1), 6i(1) = 12586(1),
N (1) = Nia(1),  Noi(1) = Nao(1),  hi(1) = ha(1), hi(1) = 1 Bha(1),

Ui (1) =0, Wa(l)=0.

Alternative dimensionless variables could occur from scaling s by L instead of Lj
and Ls. This would give a simpler expression for the equations and matching conditions.
However, we will solve the rod equilibrium equations as a boundary value problem nu-
merically in AUTO97 [11], which solves over a fixed interval of length 1, therefore the
dimensionless variables used here are computationally more convenient.

We find that it is computationally more effective to solve the stability equations as
an initial value problem. Therefore we will replace the boundary conditions at s = L,
with equivalent conditions at s = Ly, then to find the conjugate points, solve two IVPs

- the first over [0, L1], and the second over [Ly, L].
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Using the isoperimetric constraint
L Iy L
/ hcosf(s) ds = / hicosfi(s) ds + / ha cosba(s) ds = 0,
0 0 Iy

we can rewrite equation (7.31) as

Rolh] = % /O " ha(s) cos b (s) [ /0 k) dﬁ] ds

+ ;/L hi(5) cos Oa (s) [/OLl _Fy(x) dn+/LS —Fy(x) dm] ds,

L1 1

and therefore use initial conditions for v (s) and s (s),

¥1(0) =0, 2(L1) = Y1(L1).

We can also write an alternative form for dza(s) as
L1 S
dxa(s) = / hicosf(s) ds + / ha cos 62(s) ds,
0 Ly
which we can use to replace the boundary condition for zo at L with the matching
condition

ZQ(Ll) = Zl(Ll).
7.5 Numerical Results

The presence of a discontinuity in the bending stiffness causes the branch of second-
mode solutions to split into two distinct branches, which connect to the branches of the
first- and third-mode solution branches. Subfigure (b) shows that for § = 2, a stable
region of the second-mode solution branch exists, which is not the case when g = 1,
shown in subfigure (a). This stable region is not a solely consequence of increasing [
from 1 however. It also is due to the property discussed in section 7.3, that the order
of buckling (with respect to A) between the first- and second-mode solution branches,

continuously interchanges as A is increased.
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Figure 7.10: Bifurcation diagrams of A against D, with Q = 0.06.

Figure 7.11: Rod shapes at the points indicated in figure 7.10.
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Chapter 8

Conclusion

We have used the calculus of variations to analyse the stability of elastic rods. The
classic Jacobi condition was extended to account for functionals with discontinuous in-
tegrands. It was shown that given the continuity of Wy qh'(s) + Wyqh(s), along with
the strenthened Legendre condition holding in each interval, the Jacobi condition still
holds. This result agrees with Cole [7], who also showed that the stability index for
discontinuous systems can be found by counting the conjugate points, as long as this
second order continuity condition still holds. We note that since the Jacobi operator for
the discontinuous system has the same spectral properties as in the continuous system
(e.g. it is regular and self-adjoint), we were able to follow Rogers [36] and extend the
definition of an index to cases with isoperimetric constraints.

The extended conjugate point theory was used to analyse the stability of novel rod
configurations. Cosserat rod theory has been applied to model carbon nanotubes with
three distinct characteristics, those which have a jump in the cross-section shape (mod-
elled by a jump in bending stiffness); those which have a kink (modelled by a jump in
curvature), and rods lying on a surface that are influenced by surface van der Waals
forces (modelled by adding a potential energy field to the total energy functional).

For the kinked and surface nanotube models, extensions to three-dimensional rod
solutions would be relatively straightforward, where the applications to the modelling
of kinked DNA helices or kinked submarine cables, would benifit (see, e.g. [44],[10]).

Another characteristic of nanotubes not considered in this thesis, is the self-interaction
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of the tube caused by van der Waals forces. Hoffman and Manning [19] study the stability
of a planar rod with a repulsive self-potential. The stability theory established in [19]
could potentially be used with the kinked or surface nanotube models here, to create a
more robust nanotube model. A further extension would be to model chiral nanotubes
as elastic rods with an intrinsic twist. A nanotube is called chiral if its atoms lie on
helices along the tube surface. More specifically, one could model a nanotube junction
where two tubes of different chiralities are bound together, by an elastic rod with a

discontinuous intrinsic twist.

For rods with discontinuous bending stiffness, expressions for the critical buckling
load were found in terms of the load parameter and the bending stiffnesses, for the case of
a rod buckling under pure end compression. When the problem was reduced to the case
of continuous bending stiffness, our results agreed with critical buckling values found
in [39] and [40]. When one stiffness parameter (acting on the partition [0, Li] C [0, L])
was increased towards infinity, numerical observations confirmed the intuitive result,
that the critical buckling value tends to the critical value for a rod of length L — L;. In
other words, the partition [0, L] acts like a clamped boundary condition to the partition
[L1, L].

Bifurcation diagrams of post-buckled rod solutions were computed for planar and
three-dimensional rod configurations. In the planar case, we found that a jump in the
bending stiffness can actually have a stabilising influence on the class of looped (D > 1)
first-mode rod solutions, which are otherwise unstable (with index 1) when the bending
stiffness is continuous. The critical value of the bending stiffness ratio (3, for which
this stable region exists, was found by numerically following the limit points (the local
maximum and local minimum of \), for varying values of 3 (see figure 4.5). For a rod
with v = 0.5, this critical value was found to be 8 = 2.23. Equivalent critical values of

~ were also found for various fixed values of .

The extension of conjugate point theory to incorporate Neumann boundary condi-
tions is a relatively recent one. Manning, in [27] constructs an extended definition of the

stability index, and applies the theory to a planar rod with pinned boundary conditions.
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In this thesis, we made the extension to three-dimensional rod solutions. Sign properties
of the inborn eigenvalues were found analytically, for solutions of unbuckled and buckled
pinned end rods. Velocities of the zero eigenvalues were found by extending the method
used in [27] for planar rods, giving us all the information necessary to find the index for
three-dimensional rods with pinned ends. Post-buckling stability analysis was performed
for pinned end rods. However, there still remains room for the study of more complex

and realistic rod configurations in this class of Neumann boundary value problems.

Kinked rod solutions were computed for both unconstrained and constrained clamped
end problems. In the unconstrained case, the presence of a kink causes a breaking of sym-
metry of even-mode solutions, so the solution branches split into two distinct branches.
The odd-mode solution branches are still double covered, and bifurcate from the even-
mode branches at branch points, causing the stability index to decrease by one. If there is
a jump in the bending stiffness, or the kink is no longer exactly in the middle of the rod,
then the symmetry of all solution branches is broken, and branches of different buckling
modes connect at folds, where there is an exchange in the index value. In the constrained
case, symmetry is broken in the odd-mode solutions. Even-mode branches bifurcate from
the odd-mode branches at branch points. Symmetry of even-mode branches is broken by
a jump in bending stiffness, or by altering the kink position. The branch of second-mode
solutions split into two branches, one closed branch which is connected to the first-mode
solutions by a limit point, and one open branch which is connected to the third-mode

solutions by a limit point.

For a rod lying on an interactive surface, stability analysis of unbuckled solutions
gives a surprising result in the case of a clamped and constrained rod. As the rod-surface
interaction strength a increases, the order of the first and second critical buckling values
of the end force A, continuously changes (see figure 7.7). This kind of buckling behaviour
is also seen in [20], where curves representing branch points along the trivial branch are
plotted with respect to the twist angle ¢, and like the case here, these curves are found
to intersect and cross paths. In [20], this stability exchange occurs between two branches

of the same buckling mode, as an increase in the end rotation effectively transfers the
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bending stiffness from one plane to the other. And, at the points of intersection, as one
branch is becoming more stable, the other branch is becoming less stable. Here however,
the stability exchange occurs between branches of different buckling modes, and both
branches are becoming more stable with increasing a. In [20], the index is found on the
whole (¢, \) plane of unbuckled equilibria. A nice extension to the stability analysis in
chapter 7 would be to find the index on the (a,\) plane for the unbuckled equilibria.
Solutions of first-mode buckling and third-mode buckling bifurcate from the same point,
and second-mode solutions bifurcate from either the first- or third-mode solutions, de-
pending on the value of a. The connection between first- and third-mode solutions is
not surprising, since as a first-mode solution buckles towards the surface, it naturally
deforms into a third-mode solution. As in the kinked model, the second-mode solution
branch remains double covered, since the presence of an interactive surface doesn’t break
the symmetry of the even-mode solutions. Bifurcation diagrams of post-buckled solutions
also turn out to have very interesting behaviour. We find stable branches occurring for
third-mode rod solutions, in which the end z(L) has passed through z(0) (see figure
7.4(b)).
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