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1. Introduction

Filamentary structures are found in many different systems
and diverse applications e.g. biological systems such as DNA,
proteins, bacterial fibers; engineering applications such as sub-
oceanic cables; theory of liquid crystals and polymers [1-3]. The
stability of filamentary structures is of intrinsic theoretical interest
and has important practical implications for the application areas
listed above. There are multiple approaches to stability analyses
e.g. static bifurcation analysis, dynamic approaches, conjugate
point methods, distinguished diagram methods etc. and the
interested reader is referred to [4-9] for further references.

We focus on the model problem of an intrinsically straight,
twisted elastic rod, subject to clamped boundary conditions and
a terminal end-load. We only consider a special class of Kirchhoff
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rods in this paper i.e. an inextensible, unshearable rod with circular
cross-section [2]. In our previous work [10], we study the static
stability of the natural straight state in terms of the second
variation of a general quadratic strain energy, in three dimensions.
We obtain explicit criteria for the static stability and the onset of
instability, in terms of the twist and the tension and our aim, in
this paper, is to quantify the dynamic implications of static stability
criteria for Kirchhoff rods. The intricate relationship between static
and dynamic stability is, in general, poorly understood (see [11]
for examples of counter-intuitive behavior) and it is, therefore,
of interest to study this relationship for these rods, where both
computations can be carried out explicitly.

Our work builds on results reported by Caflisch and Maddocks
in [12]. We work in a fully three-dimensional setting i.e. account
for both in-plane and out-of-plane configurations and consider two
different boundary-value problems: (i) clamped boundary con-
ditions and (ii) clamped boundary conditions with isoperimetric
constraints. Our first result is a novel characterization of static
equilibria, given by local minimizers of the quadratic strain energy,
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in a time-independent setting. We use the Euler angle representa-
tion and only consider equilibria that avoid the polar singularities.
This restriction excludes rod configurations which turn over them-
selves or rods with self-contact. Nevertheless, we can account for
all equilibria within a large neighborhood of the unbuckled state,
which comprises a large subset of physically admissible equilib-
ria. We analyze the second variation of the quadratic strain en-
ergy [13], without appealing to associated eigenvalue problems,
and obtain explicit stability criteria in terms of the Euler angles,
which in turn yield explicit bounds for the curvature and torsion
of the static equilibria. Our methods may be generalized to the
quaternion representation of the rod configuration, which does
not have any polar singularities but has an associated nonlinear
constraint of unit length [14]. The ensuing analysis of the second
variation of the strain energy would be more complicated in the
quaternion representation but would offer more detailed informa-
tion. The Euler angle representation suffices for the purposes of
this paper, since our aim, in the first instance, is to illustrate the
links between static and dynamic stability for a class of analytically
tractable problems with transparent computations.

The dynamic evolution of the rod is governed by the Kirchhoff
equations in three dimensions [2,5]: a six-dimensional system of
coupled nonlinear PDEs of second order in space and time, based on
linear constitutive relations between moments and Darboux cur-
vature. We do not address questions related to the existence and
regularity of solutions of the Kirchhoff equations subject to differ-
ent boundary conditions as we are mainly interested in the clas-
sification of static equilibria and the interplay between static and
dynamic stability. The total energy, which is the sum of the kinetic
and potential energy, is a conserved quantity [15,2] and follow-
ing the methods in [12], we establish the equivalence between the
energy and a suitably defined dynamic norm in three dimensions.
This equivalence allows us to prove the strong statement that lo-
cal minimizers of the quadratic strain energy (under explicit hy-
pothesis) are stable in the dynamic sense due to Liapounov. More
precisely, we use the direct method due to Liapounov to prove the
equivalence between static and dynamic stability (under explicit
hypothesis) in a three-dimensional framework. This is a significant
generalization of the powerful two-dimensional study carried out
in [12]. We further extend our results to damped systems with an
isotropic drag force proportional to the tangent-velocity; the re-
sulting equations of motion are different to the traditional Kirch-
hoff equations in [2] and have additional damping terms. However,
the total energy is a decreasing function of time and hence, can still
be used as a Liapounov function. As a consequence, local minimiz-
ers of the strain energy retain dynamic stability in the presence of
a suitably defined local drag force. These methods are generalized
to arbitrary functionals, that are quadratic and strictly convex with
respect to the derivatives of the model variables, wherein we de-
rive explicit criteria that guarantee the equivalence between static
and Liapounov stability.

We primarily focus on clamped boundary conditions in this
paper and address the question of isoperimetric constraints at the
end. In two dimensions, it is known that the classical buckling
force for the constrained problem with isoperimetric constraints
differs from the classical Euler buckling formula by a factor of
4 [16]. Previous work has demonstrated the onset of instability
for terminal loads greater than an explicit critical value. In two
dimensions, we use Wirtinger's inequality to prove stability in the
complementary regime. In three dimensions, we obtain explicit
bounds for a critical tension F. in the presence of isoperimetric
constraints, such that the unbuckled state is stable for all loads,
|F| < |F¢|.Ourapproachis novel and it is possible that such integral
inequalities can be exploited to study post-buckling behavior too.

The paper is organized as follows. In Section 2, we review the
general theory of Kirchhoff rods and elaborate on the concepts

of static and dynamic stability. In Section 3, we use Hamilton's
principle to derive the equations of motion in terms of the Euler
angle representation. In Section 4, we derive explicit static stability
criteria and examine the relationship between static and dynamic
stability for a clamped Kirchhoff rod and in Section 5, we generalize
these results to damped systems. Finally, in Section 6, we consider
the case of isoperimetric constraints and in Section 7, we present
our conclusions and directions for future work.

2. Preliminaries

In this section, we recall the model problem in [10] and the
concomitant concepts of static and dynamic Liapounov stability
from [12,7].

The Kirchhoff rod is initially aligned along the X-axis of a
Cartesian basis, {f( y, i}, and is subject to an external force, F, in
the x-direction along with a controlled end-rotation at a terminal
end [10]. The end-rotation is characterized by a non-zero twist
parameter, M, throughout the paper. We work in the thin filament
approximation and hence, all physically relevant quantities are
attached to the central rod-axis. The rod is, thus, parameterized by
its arc length, s, and since the rod is inextensible, we take s € [0, 1].
In a dynamic framework, all dependent variables are functions of
s and the time variable, t € [0, 0c0). Following the conventions
in[12,7], we describe the configuration of the rod by its axis, r(s, t),
and a triad of orthonormal directors, {d;, d,, d3}, with d; being
the tangent vector, d; = % The orientation of the basis {d;(s, t)}
changes smoothly relative to a fixed basis {e;} and this change is
described by

d=«xkxd i=123 (1
where d} = % and
K= (x1(s, ), x2(s, £), (s, 1))

is the strain vector. The first two components, x; and y», contain
information about the rod curvature and 7 is a measure of the
physical twist.

We follow the Euler angle formulation [15,7] and introduce
a set of Euler angles, ©(s,t) = {0(s,t), ¢(s,t), ¥ (s, t)}, to de-
scribe the orientation of the directors with respect to a fixed ba-
sis {e;}. We work with sufficiently smooth rod configurations so
that, {6(s, t), ¢(s, t), ¥ (s, t)}, are at least twice continuously dif-
ferentiable i.e. belong to C? ([0, 1] x [0, oo); R). Explicit expres-
sions for the directors in the Euler angle representation can be
found in [17,18]. The strain components are given by Maddocks [7]

X1 = —¢ sin@ cosyr + 0 sinyr

X2 = ¢’ sin@ siny + 0 cos ¥

T=¢ cosh + . (2)
In what follows, we consider two separate boundary-value

problems: (i) BVP I with clamped boundary conditions and (ii) BVP

II with clamped boundary conditions and isoperimetric con-

straints. BVP I is a Dirichlet boundary-value problem for the Euler
angles as stated below:

BVPI 6(0) = 6(1) = %
¢(0) =¢(1) =0,
YO =0 & y(1)=27M. 3)

BVP Il is defined by the Dirichlet conditions above and two addi-
tional isoperimetric constraints

1
BVP Il / sinf(s, t) sin¢g(s,t)ds =0,
0

1
/ cosé(s, t)ds = 0. (4)
0
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The isoperimetric constraints ensure that the end-point, s = 1, lies
on the x-axis and we do not consider the case of self-intersecting
rods. The unbuckled state is defined by the triplet

©0 = (60, 9o, Vo) = (5. 0. 2Ms) (5)

that is a straight rod twisted with M-turns, aligned along the x-axis.
It is trivial to note that @, respects both the Dirichlet conditions
and the isoperimetric constraints above in (3)-(4).

The Kirchhoff rod, under consideration, is assumed to be hyper-
elastic, to possess kinetic symmetry and obey linear constitutive
stress—strain relations. The potential energy of the rod is then given
by Maddocks [7] and Majumdar et al. [10]:

1
Vo, ¢, ¥l ::/ g(¢stin29—I—@f)—l—%(qﬁscosG—i-%)z
0

+ F sinf cos ¢ ds (6)

where A,C > 0 are material-dependent elastic constants and
F > 0 is the external force. The first two terms in the integrand
represent the stored energy density of the rod and the last term is
the work done by the external force at the terminal end.

We want to characterize isolated, relative minima of the po-
tential energy in a fully three-dimensional framework, account-
ing for both planar and non-planar equilibria. Here, planar refers
to a constant #(s) = 7 fors € [0, 1] whereas non-planar can
include a non-uniform out-of-plane angle such that, 6(s) # %
for s in some interior interval. Let ®* = (6*(s), ¢*(s), ¥*(s)) de-
note an arbitrary extremal of the potential energy in (6), such that
0*(s) € (0, ) for all s € [0, 1] i.e. 6* never encounters the po-
lar singularities at 8 = 0 and & = . The energy density in (6)
is strictly convex with respect to the gradient arguments as long
as the equilibria stay away from the polar singularities [7,10] and
the strict convexity is a crucial pre-requisite for the application of
standard results in the calculus of variations.

Definition 1 ([12]). An extremal ®* is said to be an isolated strong
relative minimum of the potential V in the class of admissible
functions if there exists € > 0 such that

V[0*(s) + a(s), 6°(5) + B), ¥ () + 7(5)]
—V[0°6), %), ()] > 0 (7)

for admissible functions «, 8, y : [0, 1] — R satisfying

0< S[lépl] le@®)], 1B, [y ()] < e. (8)

We refer to isolated strong minima of the potential energy as static
equilibria in the rest of the text.

For one-dimensional variational problems as in (6), one can
fully characterize isolated strong minima in terms of the second
variation of the potential energy. More precisely, we consider
variations of the form

0c(s) = 07 (s) + ea(s)
Be(s) = @™ (s) +€B(s)
Ye(s) = Y™ (s) + €y (s), 9)

where 0 < € < 1and «, 8, y are sufficiently smooth functions
that vanish at the end-points. For BVP I, the functions «, 8, ¥
are additionally also constrained to satisfy the linearization of the
isoperimetric constraints (4) about the extremal, ®*, as shown
below:

1
/ a(s) cos 0*(s) sin@*(s) + B(s) sin0*(s) cos ¢*(s) ds = 0,
0

1
/ a(s) sin6*(s)ds = 0. (10)
0

One can then explicitly compute the second variation as an integral
expression involving {6*, ¢*, ¥*} and {«, B, ¥} and deduce global
conditions for its positivity in the sense of (11) below:

1
8V [0, ¢*, v*] 20/ a2 4 B2+ yE 4 a4 B2+ ytds, (11)
0

where as = % etc. and o > 0 is a positive constant independent
of ®*. From standard results in the calculus of variations, [19], the
inequality (11) is sufficient to guarantee static stability in the sense
of (7) above and we shall refer to (11) as the static stability criterion
in the subsequent sections.

Whilst studying static stability, we frequently use two versions
of Wirtinger’s integral inequality as given below [13]:

Proposition 1 (Poincare-Wirtinger Inequality). For every continu-
ously differentiable function u : [0, 1] — R with u(0) = u(1) = 0,
we have

1 2 1
/0 (%) dsznz/o u? (s) ds. (12)

Proposition 2 (Wirtinger Inequality). Let

1
X = {u e C' ([0, 11; R); u(0) = u(1) = 0; / u(s)ds = 0} .
0

Then

U rdu\? 1
/ (E) ds > 4712/ u? (s) ds Yu € X. (13)
0 0

In [10], we study the second variation of the potential energy
about the unbuckled state, @, defined in (5), and obtain results on
its stability and instability. In this paper, these results are gener-
alized to an arbitrary extremal point, ®*, to yield explicit stabil-
ity criteria in terms of 8*, ¢*, ¥*, provided 6* does not encounter
the polar singularities. Of great interest is the relationship between
this static stability criterion and dynamic stability in the Liapounov
sense, in a three-dimensional framework. We recall the definition
of Liapounov stability from [12].

Definition 2. Let X denote a set of solutions. A solution @;(s, t) €
X is said to be Liapounov stable in X, if, for any § > 0, there exists
€ > Osuch thatif ®,(s, t) € X satisfies

©1(s,0) — Oa(s, 0)[| <€, (14)
then @, also satisfies

1©1(s, t) — Ox(s, | <8, t=0 (15)
where || — || is a suitably defined norm.

We take X to be the set of solutions of the equations of motion,
derived in Section 3, subject to BVPI or BVPII in (3) and (4).
A suitable norm needs to be defined as stated in (14)-(15); by
analogy with the norm in [12], we use the following norm

10C, DI = 1O, 1), (., 0), ¥ (-, D)
1
=/ 0%(s, t) + ¢*(s, t) + Y2(s, t) + 025, t)

0
+@Z(s, t) + Y2(s, 0) + 07 (s, )

+ @2 (s, ) + Y2(s, t) ds. (16)

Then a solution, ®; = (04, ¢1, Y1) € X, is Liapounov stable in
X, if any solution @, = (02, ¢2, ¥,) € X, which initiates
within an e-neighborhood of ®; (see (14)), remains within a small
8(¢)-neighborhood of ® for all times (see (15))and §(¢) — 0" as
€ — 0%,



94 A. Majumdar, A. Goriely / Physica D 253 (2013) 91-101

3. Rod dynamics in Euler angles

The rod energy is the sum of the potential energy (defined in
(6)) and the kinetic energy,

1
T[6, 0, ¥] = f %1 (¢7 sin*60 + 67)

0
1
+ K1 (¢ cos 0 + yr)’ ds+f g(x? +yi +2]) ds (17)
0
where

x(s,t) = /S sin 0 (u, t) cos ¢(u, t) du + x(0, t)
0

y(s, t) = /S sinf(u, t) sing(u, t) du + y(0, t)
0

z(s, t) =fsc059(u, t)du+z(0,t), (18)
0

K; > 0 is a spin constant and o > O is the rod mass-density
(mass per unit length) [12,15]. For simplicity and without loss of
generality, we take x(0,t) = y(0,t) = z(0,t) = 0. Following
the methodology in [ 12] where the authors compute the equations
of motion for planar equilibria in a two-dimensional framework,
we compute the equations of motion from Hamilton’s principle of
stationary action i.e. the integral

3]
/ T, 6. 9] — V6.6, ] dt (19)

to

is stationary for all ty and t;. For BVP, (19) is complemented by
the following constitutive relations for the resultant force vector,
F = (FX, FY, F*), where

Ff=-p (f sin O (u, t) cos ¢ (u, t) du) ,
0 tt
F*(1,t) =F > 0;

FF=p </0 sinf(u, t) sin ¢(u, t) du) , F¥(1,t) = 0;
tt

Fi=p </ cos O (u,t) du) , F?(1,t) = 0. (20)
0 tt

For BVP II, the Lagrangian in (19) is augmented by two addi-
tional Lagrange multipliers accounting for the isoperimetric con-
straints in (4) as shown below:

t
/ T[O,0,¥]—VI[0,0, Y]+ A({)y(1,t) +v(t)z(1,t)dt. (21)
to

Here A(t) and v(t) are time-dependent Lagrange multipliers as-
sociated with (4) and can be interpreted as being the unknown
reaction of the boundary support at s = 1 that maintains the
isoperimetric constraints. Following the conventions in [12], the
resultant force vector, F = (F*, F¥, F?), is then given by

Ff=—p (/ sinf(u, t) cos ¢ (u, t) du) , F*(1,t) =F;
0

tt

FF=p <fs sinf(u, t) sin ¢(u, t) du) , FY(1,t) = A(t);
0

tt

Fi=p </S cos(u, t) du) , F?(1,t) = v(t). (22)
0 tt

The variational derivation of the corresponding equations of
motion is technically difficult but standard. Detailed derivations of
the equations of motion can also be found in [15,2]. We skip the
technical details and the equations of motion are given below.

C (s cos 6 + ), = 2K7 (¢pr cos O + ),
K10y + K17 sin @ cos 6 + 2Ky, sin 0
= Abs; — Ap?Z sin @ cos 6 + Ces sin @ (¢s cos 6 + V)
— F*cos @ cos ¢ + F’ cos @ sin¢p — F* sinf
K1y Sin 0 — 2K16: Yy = Agpss sin O + 2A¢ps0; cos O
— CO; (¢ps cos O + ) + F*sing + F¥ cos ¢. (23)

The dynamical system (23) has been derived from Hamilton’s prin-
ciple and hence, the total energy, E[0, ¢, V] = T[0, ¢, ¥] +
V16, ¢, ¥],is a constant of motion. In what follows, we use the to-
tal energy as a Liapounov function to investigate the relationship
between static and dynamic stability criteria.

4. Stability estimates for BVP I

Consider the BVP I in (3) with clamped boundary conditions.
Our first result concerns the derivation of explicit stability criteria
for an arbitrary solution of this boundary-value problem.

4.1. Static stability

Proposition 3. Let ©@* = (6*(s), ¢*(s), ¥*(s)) be an arbitrary ex-
tremal of the potential energy (6), subject to the clamped boundary
conditions in (3). We assume that 6*(s) € (0, ) for s € [0, 1]i.e. 0*
remains bounded away from the polar singularities. Then

@F cos0*(s) + Y =K (0%, ¢*, v*), (24)

where K (6%, ¢*, ¥*) is a constant that only depends on @*. Define
the quantities

ri = min (A (¢7)” cos 20* — Alg? sin 26%| — C|¢? sin 6|
se|0,

— CK ¢ cos 6" — CK sin 9*)
I> = min (Asin® 0* — A|¢} sin26*| — C| cos 0*| — CK sin 6*)

s€[0,1]
Iy = min (1—|cosO*| — |¢] sin6*). (25)
Let
Fz, F3 >0
An? 4Ty > 0. (26)

Then ®* is stable in the static sense for sufficiently small forces

IF| < min{7°I3, An® + I} . (27)

Comment: Eq. (24) is an immediate consequence of the equations
of motion (23); for a time-independent solution, we necessarily have
% (¢ps cos 6 + 5) = 0, which is equivalent to (24).

Proof. We compute the second variation of the potential en-
ergy about the extremal, ®*, by considering arbitrary three-
dimensional perturbations of the form (9), where € > 0is a small
parameter and {«, 8, y} are continuously differentiable functions
that vanish at the end-points, s = 0 and s = 1. An explicit com-
putation shows that the second variation of the potential energy
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about @* is given by

2

d
8V (@*) = PV [0c, Pe, Vel

e=0
1

- / A[,Bszsinze*—l—Zaﬁsqb:‘sinZQ*
0

1
+a? (¢;‘)2cosze*] ds+/ Ad? ds
0

1
+ / CyZ+¢C (Bscos 0" — ag? sin 9*)2 ds
0

1
+ / 2Cy,Bs cos 6™ — 2Cays¢py sin6* ds
0
! 1
- ZCK/ ofssinf* + 5a2¢5* cos 0™ ds
0

1
— Ff (o® + B?) sin6* cos ¢*
0
+2aB cosO* sin ¢* ds. (28)
We repeatedly use Young's inequality, ab < 2 (a* + b?), to com-

pute a lower bound for §2V (©*) as shown below:

1
8’V (0*%) = / ABZ sin® 0% — Alg sin 26*| (o« + BZ)
0

+Aa? (¢7)” cos 20 + Aa? ds
1
+ / Cyl — Clcos0*| (vi + B?)
0
—Clop¥ sin0*| (a® 4 y;) ds

1
- CK/ [0?p; cos6* + sin6* (o + BZ)] ds
0

1
— |F|/ o? + g ds. (29)
0

Comment: Note that
(a® + B%) sin6* cos p* + 2af cos 6* sin ¢*
< % [(@® + B*)(sin® 6% + cos® ¢*)
+ 2laB| (cos* 0% + sin® ¢*)].
The right-hand side can be further simplified by observing that
(o® + B?)sin® 0% + 2 |aB| cos® 0" < o + B2,
yielding the following inequality
(o + B*) sin0* cos ¢* + 2af cos 0* sing* < (o + B?).

Recalling the definitions of Iy, I;, I's from (25) and grouping
together the coefficients of {«, B, ¥} and their first derivatives in
(29), we obtain

1
8’V (%) z/ Aa? + a* (I — |F|) ds
0

1 1
+ / o2 — [FIB? ds + / Cryy? ds (30)
0 0

Let |[F| < min {2}, Am? 4 I }. We focus on the first term on
the right-hand side of (30) and compute conditions which guar-
antee the positivity of this integral. If Iy > |F|, then the integral,

fol Aa?+a? (I't — |F|) ds, is necessarily positive and there is noth-
ing to prove. We assume that Iy < |F|. Then the first integral on
the right-hand side of (30) can be decomposed as

! ! Iy —|F
/ Aa? + o (I — |F|) ds:/ (A—i—]izl')af
0 0 43

2

(%)
+ (Fl =) (=5 —«®) ds. (31)

T

Since Iy < |F| by assumption, we can use Wirtinger’s inequality
(12) to note that

1 2
o 2
(|F|—F1)/ (—z—a)dszo
0 v

and hence

1 1 I—v_F
/Aaf+a2(F1—|F|) dsz/ (A+17||>a§ds,
0 0

2

where (A + “”;Z‘F‘) > 0 from the hypothesis.

Using similar arguments as above, we recast the integral on the
right-hand side of (30) as

r—IF F
82V (0%) zmin{min{A,A+ ! 2' '},rz—%,cn}

T
1
x/ ol + B2+ y ds. (32)
0
Hence, if
. . It — |F| |F|
20 = min{minJA, A+ 3 ,Fz——z,Cl“g >0
T T

from the hypotheses (26) and (27), then

1
82V (@*) > O'/ o+ B2yl +at+ B+ ylds, (33)
0

which is precisely the static stability criterion (11), leading to the
conclusion of Proposition 3. O

Comment: We note that in general, ®* depends on A, C, M and the
external load F. An exception is the unbuckled state, ®q, which is an
equilibrium for all F > 0. Hence, the criterion (27) specifies a self-
consistent relation between these quantities that guarantees static
stability.

4.2. Interpretation of the static stability criterion

We give an interpretation of the bounds (26) in terms of the cur-
vature and torsion of the static equilibria. The strain components
can be equivalently expressed as

X1 =kKsin A
X2 = Kk COS A
T =0+ A4 (34)

where « is the curvature, 5 is the torsion and A is a register vari-
able [20]. In terms of the Euler angles, we compare (34) with (2) to
find

0s = Kk cos Y
¢ssinf = k sinyr
Ys =1 — Pscosb. (35)

We consider the bounds (26) for solutions with constant curva-
ture, «, and torsion, i (setting A(s) = 0), without paying attention
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to the boundary conditions. A qualitative analysis shows that the
bounds (26) require

A
C

C?*n? C
min sin® 8*(s) > —n, max { —, 2k { | cos6*| } ;
s€[0,1] A% Tsefo1] | A

E =< <7T2+2K> (36)
A7 \k '

These bounds are not rigorous and are meant to give general
insight in terms of geometric quantities. Loosely speaking, they
require that the curvature and torsion be small and that the equi-
librium remains sufficiently bounded away from the polar sin-
gularities i.e. sin? 0* is always bounded from below. Recalling
the underlying assumptions of rod-theory [17,18], the curvature
and torsion are always necessarily small compared to geometrical
parameters and % < % < 1[2]. Hence, these bounds do not im-
pose unrealistic restrictions on the curvature, torsion and material-
dependent parameters.

One can use similar methods to deduce that an arbitrary ex-

tremal, @* = (6%, ¢*, Y¥*), with 8* € (0, ), is unstable for

k<1 n =<

2 max {A, C}

- 2 fol sin (7r's) sin 8*(s) cos ¢*(s) ds’

|F| (37)

provided the denominator is non-zero. The derivation of (37) re-
quires us to identify conditions under which the second variation,
82V (6%, ¢*, ¥*), is negative. Collectively, the bounds (26), (27)
and (37) provide a set of explicit stability and instability criteria,
in terms of the end-rotation, terminal load, material constants and
the equilibrium itself. In principle, one could numerically compute
equilibria and check their stability against these bounds i.e. we can
deduce static stability if (26) and (27) are satisfied and instability
for loads satisfying (37). We cannot make any deductions about the
stability or instability when these bounds are not satisfied.

We can compute the quantities (25) for the unbuckled state, ©g,
defined in (5). They are K = 27M, I, = A—2aMCand I3 = 1
from the definitions in (25). Then ©y is stable for forces

|F| < 7% (A — 2w MC)

from the stability criteria in (27), which is in perfect agreement
with the results in [10], where we demonstrate that ® is stable
for forces

IF| < 7% (A — 27 MC)

and is unstable for forces |F| > Am2. Our next propositions concern
the equivalence between static and dynamic Liapounov stability
for static equilibria.

4.3. Dynamic Liapounov stability

Proposition 4. The unbuckled equilibrium, ©,, defined in (5), is
Liapounov stable in the set of solutions, ®*(s, t) = (0*(s, t), ¢*(s, t),
Y*(s, £)) € C%([0, 1] x [0, 0o); R), of the dynamical system (23)
subject to the boundary conditions (3), for forces

|F| < w2 (A =27 MC). (38)

Here, Liapounov stability is understood in terms of the norm defined
in (16).

Proof. Let ®*(s,t) be an arbitrary solution of the dynamical
system (23). One can readily check that the unbuckled state, ®,
is a solution of the dynamical system (23) subject to the boundary
conditions (3). Define the difference, @(s, t) = @*(s, t)—Oy(s) =
(01, @1, Y1) e

O1(s. ) = 0%(s, 1) — Oo(s)
P1(s. 1) = @™ (s, 1) — Po(5)
Yi(s, 1) = Y7 (s. ) — Yo (s); (39)

the clamped boundary conditions in (3) necessarily imply that the
triplet ®; vanishes at the end-points. We consider solutions that
initiate in a small e-neighborhood of ®, for which

101¢,0)|1% < € (40)

recall the definition of the norm in (16). To demonstrate Liapounov
stability, we need to prove that the norm || ® (-, t)||? remains small
for all subsequent times.

In what follows, we study the second variation of the poten-
tial energy, V[0, ¢, ¥], around ®g, exploit relations between the
potential energy and its second variation and finally use the con-
servation of energy

AE(t) = E[0* (-, )] — E[©g] = AE(0) (41)

to establish Liapounov stability for forces |F| < 72 (A — 2w MC).
In [10], we compute the second variation of the potential en-
ergy, 82V[©y], around @ to be

1
52V[@g] = A / (03, + ¢3,) ds
0

1
+ / CYi, — 4mMCi1s — |F| (07 + ¢7) ds.  (42)
0

Since |F| < w2 (A — 2w MC), we decompose the second variation
integral in (42) as follows:

1 F| + 2nMC
8*V[©0] z/ [A—7| -+ = ]9125
0 T

F| 4+ 2 MC
+ <||7> (9]25 _

72

1
IFI 5
+ A —2mrMC — @1 ds
0

7%07) ds

n?
|F|

T

1
(¢, — m°¢7) ds + / Cy2, ds. (43)
0
From Wirtinger’s inequality (12),
1
/ (63, — 7%67) ds > 0
0

and from the hypotheses, A — 27 MC — ,‘% > 0. Hence, §°V[©,] is
bounded from below by

F
52V[6®y] > min [A —27MC — Lzl c}
T

1
x / 02 + 2. + Yl ds. (44)
0

We recall (12) and use the inequality

1 1 1
/ 62 ds > f/ 0% + 0% ds (45)
0 2 .Jo
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for functions, #; € C' ([0, 1]; R), such that 6;(0) = 6;(1) = 0.
Therefore,

2071 6 1 . |F|
§“V[®g] = —min{A —27MC — —,C
2 2

1
x/ 05 + %+ Vi, + 07 + ¢F + v ds. (46)
0

It is straightforward to verify that

52V[@] < max {A, A+ 27 MC, C}
1
x f 0% + ¢%s + Uiy + 07 + b + i ds. (47)
0

From (46) and (47), we deduce the existence of two positive con-
stants a; and a,, independent of ®, such that

1
a / 0% + @2 + Yi + 0 + ¢ + i ds < 8*V[6y]
0

1
< azf 02 + ¢ 4 i + 02 + ¢ 4 i ds. (48)
0

Thus @y is a strong potential energy minimum under the hypoth-
esis (38). Following the methods in [12], the potential energy close
to a local minimum can be bounded by its second variation as fol-
lows:

38V [6y]

IA

AV =V [9*, o, Iﬁ*] — V[6o, o, Vol
a48%V[6p] (49)

A

where a3, a4 are positive constants that only depend on A, C, |F|
and the twist parameter M > 0.

The next step is to compute lower and upper bounds for the ki-
netic energy difference

AT =T [6*, ¢*. ¥*] — T[60. do. Vo] (50)

where T has been defined in (17). The kinetic energy of ®, vanishes
since this is a time-independent solution. Thus,

Tk
T[6%, ¢*, v*] :/ 7](912[+¢ftsin29*(s, t)
0

+2 (g1 cos0* (s, 0) + V)" ds

1,0 s i . 2
—l—/(; 2|:</0 (sin6* cos ¢*), ds)
s 2 s 2
+ (/ (sinf*sing*), ds) + (f (cos6%), ds) j| ds (51)
0 0

and 61, ¢ have been defined in (39). Since we are only considering
solutions, @*, in a neighborhood of @y, the inequality, sin® §* >
% + cos? 6%, holds for all t > 0 and s € [0, 1]. Thus,

K
2
+2 (p1c cos O™ (s, 1) + w)z)

K
< 5 @+l +avl). 62

Ky 1 2 .
5 (ler + 5¢%t + g%i) < (let + @2, sin” 0% (s, t)

Similarly, one can check that

-
) (/OS (sin6* sing*), ds>2 i </os (cos6*), ds>2] ds

1
< g/ 02 + 2, ds. (53)
0

Combining (52) and (53), we deduce that there are two positive
constants, as, dg, depending only on K; and p, such that

1 1
as f 07 + ¢3 + Vi ds < AT < ae/ 0 + @7 + Vi ds. (54)
0 0

From (48), (49) and (54), the total energy difference satisfies the
inequalities

ar]|O1(, DI* < AE(t) = AV(t) + AT(t) < ag|l©1(, O]>,  (55)

a;, ag are positive constants independent of ®;, and the norm
|| = |I? has been defined in (16). However, AE(t) = AE(0) (from
conservation of energy) and from the inequalities in (55),

AE(0) < agl|©1(-, 0)|* < age
as a consequence of the imposed initial condition (see (40)). Thus,

as
IO1¢, D] < —e (56)
az
for all t > 0. Hence, the norm || — ||> remains small for all sub-
sequent times and we conclude that ® is Liapounov stable under
the hypothesis (38). O

Following the characterization of static equilibria in Proposi-
tion 3, we next address the question of their dynamic stability.

Proposition 5. Let @* = (6*(s), ¢*(s), ¥™*(s)) be an arbitrary ex-
tremal of the potential energy (6), subject to the clamped boundary
conditions in (3), such that 6* € (0, ) for s € [0, 1]. Then ®* is Lia-
pounov stable in the set of C2-solutions of the dynamical system (23),
with respect to the norm defined in (16), if
> = min (Asin®0* — A¢; sin 20"

s€l0,1]

—C|cos0*| — CK sin6*) > 0

I3 = min (1— 0*| — |pF sin0* 0
3 5161[1521( | cos 0*| — | sin6*|) >

Iy = min (A (¢7)’ cos 20" — Alg? sin 260%| — C|¢? sin 6|

S

s€(0,1]

— CK ¢ cos 6" — CK sin 9*) > —Ar? (57)
and for applied forces
IF| < min {7°I3, An® + I} (58)

Proof. In Proposition 3, we show that under the hypotheses (57)
and (58), the second variation of the potential energy about ®* is
bounded from below by

2 0% . . Fl_|F| _ﬂ
8%V (©*) = min {min {A, A+ 5 D 5. CI5
b T

1
x / ol + B2+ yl ds. (59)
0
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Equivalently, from (12) (using arguments similar to (45)),

It —|F| |F|
o ,Fz—;,cra

8’V (0*) = ;min{min {A,A—t—

1
x/ a2+ By ol B4 ylds (60)
0

for arbitrary C'-functions, ®; = («, 8, y), that vanish at the
terminal points. Similarly, there exists a positive constant, ag,
independent of @1, such that (see (47) for analogous arguments
in the case of @)

1
8*V (%) < agf o+ Byt + B+ ylds. (61)
0

From (60) and (61), there exist two positive constants ag and ajq
(independent of ®;) such that

1
amf al + B2+ yl +a’+ B2+ ytds < 8°V (0F)
0

1
gagf ol +BE+yi+at+ pE+yids. (62)
0

This is analogous to the inequality (48) in Proposition 4, with &,
being identified with ® in (39).
The rest of the proof parallels that of Proposition 4. Let

O*(s, t) = O*(s) + O1(s, t)

denote an arbitrary solution of the dynamical system (23) subject
to the boundary conditions (3), confined to a small neighborhood
of ®*, such that

161C, 0> < €
and || — ||? has been defined in (16). There are two key inequalities:
a8’V (%) < AV = V (6*(s, 1)) — V (0*(s))

< (11282‘/ (@*)

1
an al + B +ylds < AT =T (0*(s, 1))
0

IA

1
a4 / af + BE+ v/ ds, (63)
0

the derivation of the second inequality (involving the kinetic
energy)isidentical to (54) and all constants a1 - - - a14 are indepen-
dent of ®(s, t). Proposition 5 follows from combining the inequal-
ities, (62) and (63), above with the conservation of energy. O

4.4. Generalizations

We conclude this section by generalizing our methods to an
energy functional with n dependent variables, y; - - - y,, and all n
dependent variables are assumed to be smooth on the real interval,
s € [0, 1]. We take

1
E[y1~-yn]:=/ VIyicoyn vy ¥, +&yi---yal ds,  (64)
0

Vi = %, the potential energy V is quadratic in the gradient argu-
ments and is strictly convex with respect to the gradient arguments

in the sense that
n
dn
>y =0 2 (%) @
ij=1

where {n;...n,} € C* ([0, 1]; R) and @ > 0is a positive constant
independent of the n;’s [21].

Let {y,*} denote an arbitrary extremal of the functional in
(64), subject to Dirichlet boundary conditions. Since this is a one-
dimensional variational problem, we are guaranteed the static
stability of {y;} under the positivity of the second variation of

Ely:---yal around {y}}, in the sense of (11). As in Proposition 3,
we consider perturbations of the form

Yei(s) = yi (s) +eni(s) i=1---n, (66)
where € > 0 is a small parameter and the functions, 7;, vanish at
the end-points. The second variation, §2E ({y}}), can be explicitly
computed as a Taylor expansion as shown below:

9%V 0%g ]
nin + l{yxy ds
Z/ "[ay oy, ayiay; | V1)

i,j=1
/ Ul dal l{y=y ds. (67)
& 'h’ba /a / 771’71' ayiay{ {}’:k} N

Alower bound for (67) can be obtamed from the following inequal-

ities:
n 82‘/ n dn; 2
Y a2 2 (%)
i=1 ViV l{yr) i=1 \ S
sy *
nin;j
A= Loyioy; oy, )
n
z Z niz |:Vym + 8y — Z |VYin| + |gJ/in|:|
i=1 i

Z Gy 8y1 8y

ij=1

_Z |:| Vi lyr (’71 (77,/)2>
T3 ZI Vyw vy (n, (n})z)] (68)

J#l
Define the following functions:

Iy ({yl*}) = 52[132] |:a Vywily

§:|ywb}

J#i

() = Sgllgf}] (vini + &y — IV lyr

1
= 2 [Vl + gy 1], zlvyiy;iy;). (69)
J#

Substituting (68) and (69) into (67) shows that
S2E ({y*}) > i/l Iy @ 2 N I"2"7'2(5) ds (70)
1 —_ — o 1 dS il .

One can immediately deduce that §2E > 0 if
F1i>0 fori=1---

niMi+ >0 fori=1---n. (71)
The inequality w2 I';; + Iy > 0 follows from Wirtinger’s inequality

1 dn; 2 1
/ (ﬁﬂ znlf n2(s) ds,
0 0

since 7;(0) = n;(1) = 0 by virtue of the clamped boundary condi-
tions.

The constraints (71) are a set of explicit stability criteria for ex-
trema of the energy functional (64). The equivalence between the
stability criteria in (71) and dynamic Liapounov stability with re-
spect to a suitably defined norm, follows by our previous method-

ology.

n and
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5. Damped systems

In this section, we consider a local drag force, Fp, acting on the
elastic rod, given by

Fp o —£(s) ([sin 6 cos @], , [sin @ sin @], , [cos O],) (72)

where £(s) > 0 is an inhomogeneous, positive damping coeffi-
cient. As a consequence,

d; - Fp = (sin# cos ¢, sinf sin¢, cosd) - Fp, =0

since d3 - d3 = 1 i.e. the drag force is acting normal to the tangent
vector of the rod. Our aim is to study dynamic stability of local min-
imizers of the potential energy in (6), in the presence of such local
damping.

The resultant force vector, F = (F*, FY, F#), is given by the fol-
lowing constitutive relations that include the additional damping
terms as shown below:

Ff=—p (/OS sin 6 cos qbdu) — [&(s) sin 6 cos @],
13

Fl=p (/s sin @ sin ¢du> + [£(s) sin O sin @],
0 tt

N
Fi=p </ cos 9du> + [E(s) cos O], , (73)
0 tt
coupled with the boundary conditions
F*(1,t) =F > 0; F(1,t) = F?(1,t) = 0. (74)
The clamped boundary conditions in (3) necessarily imply that
[sinf cos ¢], = [sinf sing], = [cosf], =0 (75)

at the terminal points,s = 0and s = 1.
The corresponding equations of motion for the Euler angles are:

C (s cos O + Yr5)s = 2K (¢ cOs O + ),
Ky 5in @ — 2K10,9 + £(s)¢p; sin® 6
= Ags; Sin 6 + 2A¢p;6; cos 0
— COs (¢ps cos O + ) + F¥sing + F cos ¢
K10y + 2K1¢p; sin 6 + K12 sin cos 0 + £(s)6;
= Afs — Ap? sin 6 cos @ + Ceps sin O (s cos 6 + V)
— F?sin® — F*cos 6 cos ¢ + F’ cos 6 sin ¢, (76)

where £(s)¢; sin’ 0 and £(s)6; are interpreted as being damping
terms. One can then check that the total energy is decreasing with
time i.e.

1
%E(@, ¢, 9) < —0/ E(s) (pZsin*0 +67) ds < 0 (77)
0

where 0 > 0 is a positive coefficient that can be computed ex-
plicitly. In particular, this implies that the total energy can still be
used as a suitable Liapounov function whilst studying dynamic sta-
bility [12]. We note that it is possible to obtain stronger stability
results (asymptotic stability/exponential stability) with a strictly
decreasing energy functional but we restrict ourselves to Lia-
pounov stability throughout this paper [11,9], for consistency with
previous sections.

Proposition 6. The unbuckled equilibrium ©, defined in (5) is Lia-
pounov stable in the set of twice-differentiable solutions, ®*(s, t), of
the dynamical system (76) subject to the boundary conditions (3), for
forces

|F| < w2 (A—27MC). (78)

Here, Liapounov stability is defined with respect to the norm defined
in (16).

Comment: The condition (78) is valid only for rods with A >
2w MC in the presence of an external load |F| > 0.

Proof. The proof is a minor modification of the proof of Proposi-
tion 4. The inequalities (48), (49) and (54) remain unchanged. Since
the total energy is a decreasing function of time, the inequality (55)
is modified to

bil|©1(, D* < AE(t) = AV(t) + AT(t)

< AE(0) < by|O1(-, 0)|1? (79)
where b1, b, are positive constants that only depend on A, C, Ky, p,
|F| and M. However, ||@;(-, 0)||> < € by assumption and hence,

b
101C, 02 < Ze
by

for all t > 0, thus establishing the claimed Liapounov stability for
forces

IF| < 2 (A—27MC). O

A similar result concerns the Liapounov stability of arbitrary
minima of the potential energy V, in connection to the damped dy-
namical system (76).

Proposition 7. Let @* = (6*(s), ¢*(s), ¥*(s)) be an arbitrary ex-
tremal of the potential energy (6), subject to the clamped boundary
conditions in (3), such that 6* € (0, «) for s € [0, 1]. Then ®* is Lia-
pounov stable in the set of C2-solutions of the dynamical system (76),
with respect to the norm defined in (16), if
> = min (Asin® 0* — A|¢ sin 20"

s€l0,1]

—C|cos§*| — CK sin6*) > 0

I3 = min (1— |cos@*| — |¢p)sin6*|) >0
5 = min (1| cos”| ¢! sin"])

I = min (A (¢7) cos 20" — Alg? sin 20%| — C|? sin 6|

s€[0,1]

— CK cos 6" — CK sin 9*) > —Ar? (80)
and for applied forces
IF| < min{7°03, An® + I} . (81)

Proof. The proof of Proposition 7 parallels that of Proposition 6
above and the details are skipped for brevity. O

Propositions 6 and 7 illustrate that stability results for con-
servative dynamical systems of the form (23) can be extended to
damped systems of the form (76), provided we can construct a
Liapounov function that is non-increasing with time [11]. In the
examples above, the total energy plays the role of a suitable Lia-
pounov function and we use the equivalence between the total en-
ergy and the norm, defined in (16), to establish Liapounov stability.

6. Stability estimates for BVP II

The clamped boundary conditions in BVP I are the simplest
choice of boundary conditions. Nevertheless, the boundary con-
ditions and the isoperimetric constraints in BVP II are of practi-
cal interest since they naturally arise in classical experiments with
controlled end-displacements. BVP II is technically harder than
BVP I and the key difference arises from the inequalities, (12) and
(13) which, in turn, affects the corresponding stability estimates as
shown below. Our first result reproduces a well-known result for
the stability of the trivial equilibrium state in two dimensions [7].
We obtain this result by a direct application of Wirtinger’s inequal-
ity (see (13))and present it here since it does not seem to have been
previously reported in the literature.
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6.1. Static stability in two dimensions

Proposition 8. Define the potential energy
1B (dg\?
Vig, Al = —|— ) +Xicos¢ds (82)
o 2\ ds

where ¢(s) denotes the angle between the tangent vector, ry =
(xs, ¥s), and the x-axis, B > 0 is the bending stiffness of the rod and A
is the external load. The boundary conditions are

#(0) =¢(1) =0 (83)

accompanied by the fixed-end constraint

1
/ sing(s) ds = 0. (84)
0

Then the trivial equilibrium, ¢(s) = O for s € [0, 1], is stable in the
static sense for loads

) < 4B (85)

and unstable for loads

A > 4Br?. (86)

Proof. To demonstrate stability, it suffices to show that the second
variation of V [¢, A] about ¢ = 0 is strictly positive for loads
A < 4Bm?, for admissible perturbations [22,7]. We consider
perturbations of the form

Pe(s) = €n(s)

where

n0) =n(1)=0

and

1
f n(s)ds = 0.
0

The integral constraint above is a linearization of the nonlinear
constraint, (84), about ¢ = 0. From [7], it suffices to consider the
linearization of nonlinear constraints whilst computing the second
variation; nonlinear terms can be absorbed into the dominant
linear term for small perturbations.

Adirect computation shows that the second variation of V[¢, A]
about ¢ = 0 is given by

1 dn 2
§2V [0, 7] = f B (—) — An?(s) ds. (87)
0 ds
Recalling (13), we have that
1
82V [0, A] 3/ (4Br* — 1) n*(s) ds, (88)
0
and hence,
8?V[0,A] > 0
for
A < 4Br?

as stated in (85).

To demonstrate instability, it suffices to construct a n* € C!
([0, 1]; R), subject to the constraints above, for which §2V [0, A]
< 0. We take

n* (s) = sin27s. (89)

N\ 2
One can readily check that fol (%) ds = 4r? fol (n*(s))? ds. We
substitute (89) into (87) to find that

52V[0,A] <O
for A > 4Bm?, as stated in (86). O

Comment: The classical buckling load is, .. = Br?, without fixed-
end constraints as in (84).

6.2. Static stability in three dimensions

Proposition 9. Consider the potential energy defined in (6)

1
V[9,¢>,¢]:/ g(qbszsinZ@ +93)+g(¢scose+ws)2
0
+ F sinf cos ¢ ds (90)

subject to the clamped boundary conditions in (3) and the fixed-end
constraints in (4). Then the unbuckled state ®,, defined in (5), is stable
in the static sense if A > 2w MC,

|F| < 4An? — 873MC (91)
and M > 0 is the twist parameter defined in (3).

Proof. To demonstrate stability of the trivial equilibrium, we com-
pute the second variation of the potential energy in (90). We con-
sider arbitrary three-dimensional perturbations of the form

T
Oe(s) = 77t ea(s)
Pe(s) = €B(s)
Ve(s) = 2nMs + €y (s) (92)

where the C'-functions, («, 8, y), vanish at the end-points. Fur-
ther, the functions « and $ are required to satisfy the linearization
of the constraints (4) about ®g, as shown below:

1
/ a(s)ds = 0; f B(s)ds =0. (93)
0

As in [10], we compute the second variation of the potential en-
ergy about ®, to obtain:

, ¢
82V (00) = —5 V16, ¢c, Vel
de

€=0

U rda\?  [dB\?
=A/o (ds) *(E)
Yy dp
—I—C/O ((ds) —4nMoeds> ds

1
—|F|/ o + g2 ds
0

1 da\? 2
> Al — ) — (F|+2aMC)a“ds
0 ds

1 (dﬁ 2 5
+f (A — 27 MC) —) — |F|B% ds, (94)
0 ds

where « and § are constrained as in (93). Applying (13) to the in-
tegrals involving o, 8 above, we deduce that §2V (©y) > 0 for
|F| < 4Am? — 873MC as stated above. The positivity of the sec-
ond variation for linearly admissible perturbations is sufficient to
guarantee static stability [12,7]. O
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In [10], we demonstrate that @y is stable in the static sense for
forces

IF| < 7% (A =27 MC),

for BVP L. As in Proposition 8 for two dimensions, there are differ-
ences in the estimates for the buckling load in three dimensions,
for BVP I and BVP Il respectively.

6.3. Dynamic stability for BVP Il

Proposition 10. The trivial equilibrium ©,, defined in (5), is Lia-
pounov stable in the set of C2-solutions, @*(s, t), of the dynami-
cal system (23) subject to the boundary conditions (3) and (4), if
A > 27 MC and for forces

|F| < 4An? — 873MC. (95)
Here, Liapounov stability is defined in terms of the norm (16).

Proof. The proof of Proposition 10 parallels that of Proposition 4
and is an immediate consequence of Proposition 9, the conserva-
tion of energy and the equivalence between the total energy and
the norm defined in (16). O

In[12], the authors address questions related to the equivalence
between static and Liapounov stability for arbitrary planar equilib-
ria, for boundary-value problems with integral constraints of the
form (84). Here, we analyze the stability, both static and dynamic,
of only the trivial equilibrium for BVP II, in a three-dimensional
context. This is because we cannot apply simple integral inequal-
ities of the form (13) to the linearized integral constraints around
arbitrary equilibria and further extensions need to be considered.

7. Conclusions

We study the static and dynamic stability of arbitrary extremals
of the general quadratic strain energy in (6), in a three-dimensional
framework. In particular, we establish the equivalence between
static stability and Liapounov stability under explicit conditions
in Proposition 5. Our work heavily builds on the mathematical
machinery in [12] and we generalize (to some extent) the two-
dimensional results in [12] to three dimensions. As in [12], we use
the direct method due to Liapounov, with the total energy as a
suitable Liapounov function.

The main novelty of our work lies in the derivation of explicit
stability criteria for arbitrary extrema, in Propositions 3 and 5. In
the absence of body forces and couples, there are explicit formulae
for the stationary equilibria in terms of elliptic functions; see [23].
The stability criteria in (26)-(27) can be explicitly computed for
these elliptic functions and the bounds, (26)-(27), can be used to
quantify the stability regimes of nearby equilibria, in the presence
of a terminal load.

We introduce local damping forces in Section 5, analogous to
local drag forces studied in the context of cellular biophysics, in-
cluding bacterial flagellar motion and DNA transcription and repli-
cation [24,25]. The drag force in (72) is proportional to the local
velocity of the tangent vector at each point of the Kirchhoff rod. It is
useful to know that stability results for conservative systems hold
for systems with such drag forces. The natural next step would be
to consider non-local drag forces and study the dynamic evolution
of local energy minimizers i.e. do the solutions remain confined to
a small neighborhood of the local energy minimizer for all times or
can the dynamics drive the system out of equilibrium altogether.

In Section 6, we set up the mathematical machinery for sta-
bility analysis of constrained boundary-value problems in three
dimensions. Our results are clearly only a first step and there
are alternative, very successful approaches to stability analysis in

the literature [4,6,8]. However, our methods are direct and sim-
ple to use and there is scope for a successful generalization to a
larger class of boundary conditions, a larger class of integral con-
straints (e.g. topological constraints as in [26]) and analysis of post-
buckling behavior in Kirchhoff rods.
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