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Abstract

We analyze the dynamical stability of a naturally straight, inextensible and unshearable
elastic rod, under tension and controlled end rotation, within the Kirchhoff model in three
dimensions. The cases of clamped boundary conditions and isoperimetric constraints are
treated separately. We obtain explicit criteria for the static stability of arbitrary extrema of
a general quadratic strain energy. We exploit the equivalence between the total energy and
a suitably defined norm to prove that local minimizers of the strain energy, under explicit
hypotheses, are stable in the dynamic sense due to Liapounov. We also extend our analysis
to damped systems to show that static equilibria are dynamically stable in the Liapounov
sense, in the presence of a suitably defined local drag force.

Keywords: Elastic Rods; Static Stability; Dynamic Stability; Euler Buckling; Energy
Minimizers; Local Drag Models.

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 [11, 15, 22]. The stability of fila-
mentary 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 [10, 16, 19, 17, 21, 24| 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 rods in this paper i.e. an inextensible, unshearable rod with circular cross-section
[15]. In our previous work [18], we study the static stability of the undeformed 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
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of static stability criteria for Kirchhoff rods. The intricate relationship between static and
dynamic stability is, in general, poorly understood (see [2] for examples of counter-intuitive
behaviour) 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 [3]. 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 conditions 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.
This characterization follows from an explicit analysis of the integral representation of the
second variation of the quadratic strain energy [6]. In particular, our approach is direct
without the need to appeal to associated eigenvalue problems. We obtain explicit stability
criteria in the Euler angle representation, which in turn yield explicit bounds for the curvature
and torsion of the static physically observable equilibria.

The dynamic evolution of the rod is governed by the Kirchhoff equations in three dimen-
sions [15, 16]: a six-dimensional system of coupled nonlinear PDEs of second order in space
and time, based on linear constitutive relations between moments and Darboux curvature.
We do not address questions related to the existence and regularity of solutions of the Kirch-
hoff equations subject to different boundary conditions as we are mainly interested in the
classification 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, 5] and following the methods in [3], 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 local 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 (un-
der explicit hypothesis) in a three-dimensional framework. This is a significant generalization
of the powerful two-dimensional study carried out in [3]. We further extend our results to
damped systems with an isotropic drag force proportional to the tangent-velocity; the result-
ing equations of motion are different to the traditional Kirchhoff equations in [15] 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 minimizers of the
strain energy retain dynamic stability in the presence of a suitably defined local drag force.
A noteworthy generalization includes the study of arbitrary functionals, that are quadratic
and strictly convex with respect to the derivatives of the model variables, wherein we derive
explicit criteria that guarantee the equivalence between static and Liapounov stability.

We primarily focus on clamped boundary conditions in this paper and address the ques-
tion 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 clas-
sical Euler buckling formula by a factor of 4 [14]. Previous work has demonstrated the onset
of instability for terminal loads greater than an explicit critical value. We use Wirtinger’s
inequality to prove stability in the complementary regime, in two dimensions. In three di-
mensions, we obtain explicit bounds for the critical tension F, in the presence of isoperimetric



constraints, such that the unbuckled undistorted state is stable for all loads, |F'| < |F.|. Our
approach is novel and it is possible that such integral inequalities can be exploited to study
post-buckling behaviour 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 Hamil-
ton’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 [18] and the concomitant concepts of static
and dynamic Liapounov stability from [3, 17].

The Kirchhoff rod is initially aligned along the x-axis of a Cartesian basis, {X,y,z}, and
is subject to an external force, F, in the z-direction along with a controlled end-rotation at
a terminal end [18]. 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, ¢ € [0,00). Following the
conventions in [3] and [17], we describe the configuration of the rod by its awis, r(s,t), and a
triad of orthonormal directors {d;, ds,d3} with d3 being the tangent vector, dz = %. The
orientation of the basis {d;(s,t)} changes smoothly relative to a fixed basis {e;} and this
change is described by

d=rxd, i=1,23 (1)

od
ds

/ .
where d, = =+ and

k= (x1(s,1), x2(s,1),7(s,1))

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

We follow the Euler angle formulation [5, 17] and introduce a set of Euler angles, O(s,t) =
{0(s,t), d(s,t),1(s,t)}, to describe the orientation of the directors with respect to a fixed basis
{ei}. We work with sufficiently smooth rod configurations so that, {0(s,t), ¢(s,t),1(s,t)},
are at least twice continuously differentiable i.e. belong to C? ([0, 1] x [0,00);R). Explicit
expressions for the directors in the Euler angle representation can be found in [1, 12]. The
strain components are given by [17]

1= —¢ sinfcostp + 0 siny

Yo = ¢ sinfsiny + 6 cos
T=¢ cosf+1 (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 isoperi-
metric constraints. BVP I is a Dirichlet boundary-value problem for the Euler angles as stated
below:

BVPI  6(0)=06(1) = -,

¢(0) = ¢(1) =0,
0)=0 & (1) =2rM. (3)

BVP 1I is defined by the Dirichlet conditions above and two additional isoperimetric con-
straints

I
N |

1
BVP 11 / sinf(s,t)sin ¢(s,t) ds = 0,
0

/1 cosf(s,t)ds = 0. (4)

The isoperimetric constraints ensure that the end-point, s = 1, lies on the z-axis and we do
not consider the case of self-intersecting rods. The unbuckled state is defined by the triplet

©0 = (60, d0. %) = (5. 0, 2mMs), (5)

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

The Kirchhoff rod, under consideration, is assumed to be hyperelastic, to possess kinetic
symmetry and obey linear constitutive stress-strain relations. The potential energy of the rod
is then given by [17, 18]:

1
V00, ¢,9] = /0 g (¢2sin’6 + 67) + % (¢s cosO + 1) 4+ Fsinf 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 potential energy in a fully three-
dimensional framework, accounting for both planar and non-planar equilibria. Here, planar
implies that 6(s) = 5 for s € [0, 1] whereas non-planar can account for a non-uniform out-of-
plane angle such that, (s) # 7, for s in some interior interval. Let ©* = (6*(s), ¢*(s),¥*(s))
denote an arbitrary extremal of the potential energy in (6). We further assume that 0*(s) €
(0,m) for all s € [0, 1] i.e. * never encounters the polar singularities at § = 0 and § = 7. This
is crucial for the stability analysis since the strain energy density loses strict convexity with
respect to the gradient arguments at polar singularities and standard results in the calculus

of variations do not apply; see [17] and [18] for more details.



Definition 1. [3] 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{07 (s) + als), ™(s) + B(s),¥"(s) +7(s)] = V [6"(s), ¢"(s),¥*(s)] > 0 (7)
for admissible functions a, 3,7 : [0,1] = R satisfying
0< S la(s)], [B(s)]; [y(s)] <e. (8)

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

From standard results in the calculus of variations [9], we recall that for one-dimensional
variational problems as in (6), the positivity of the second variation of the potential energy
at an arbitrary extremal, ©, is sufficient to guarantee its static stability in the sense defined
above [3, 18]. More precisely, one needs to consider variations of the form

Oc(s) =0"(s) + ea(s)
Pe(s) = ¢"(s) + €f(s)
be(s) =" (s) + ex(s), (9)
where 0 < € < 1 and «, 3,7 are sufficiently smooth functions that vanish at the end-points.

For BVP II, the functions «, 3,y are additionally also constrained to satisfy the linearization
of the isoperimetric constraints (4) about the extremal, ©*, as shown below:

/0 a(s) cos 0% (s)sin ¢*(s) 4+ 5(s) sin0*(s) cos ¢*(s) ds = 0,

/0 a(s)sinf*(s)ds = 0. (10)

One can then explicitly compute the second variation as an integral expression involving
{6*, ¢*,¢*} and {a, 8,7} and deduce global conditions for its positivity. We will refer to the
positivity of the second variation of the potential energy 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 [6]:

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

/01 (%)2 ds > 7 /01u2 (5) ds. (11)

Proposition 2. (Wirtinger inequality) Let

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



Then

L du? !
/0 (E) d5247r2/0 u?(s) ds Vu € X. (12)

These inequalities are useful for the analysis of the second variation integral and are cited
throughout the text.

In [18], we study the second variation of the potential energy about the unbuckled state,
Oy, defined in (5), and obtain results on its stability and instability. In this paper, these
results are generalized to an arbitrary extremal point, ©*, to yield explicit stability criteria in
terms of 0%, ¢*,1*. 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 [3].

Definition 2. Let X denote a set of solutions. A solution O1(s,t) € X is said to be Lia-
pounov stable in X, if, for any § > 0, there exists € > 0 such that if Oy(s,t) € X satisfies

1©1(s,0) — O2(s,0)[| <, (13)
then ©9 also satisfies
|91(s,t) — Oa(s,t)|| <9, t>0 (14)
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 BVP I or BVP Il in (3) and (4). A suitable norm needs to be defined as stated
in (13)-(14); by analogy with the norm in [3], the norm used in this paper is defined to be

IO OI7 =110, 8), &, 1), v (., 1)) |I* =

1
= / 0%(s,t) + ¢*(s, 1) + ¥*(s,t) + 05(s, 8) + 6(s,1) + (s, 1) + 0 (5,8) + ¢ (s, 1) + (s, 1) ds.
0

Then a solution, ©; = (01,¢1,¢1) € X, is Liapounov stable in X, if any solution O, =
(02, o, 1) € X, which initiates within an e-neighbourhood of ©; (see (13)), remains within
a small ¢(e)-neighbourhood of ©; for all times (see (14)) and d(e) — 0T as e — 07,

3. Rod dynamics in Euler angles

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

1
T16,¢,v] ::/0 % (67 sin® 0 + 67) + K1 (¢ cos O +1,)° ds +

1
+/ g(mf +y; +2) ds (16)
0

(15)



where
2(5) = /0 " sin 0, £) cos p(u, £) du + 20, 1)
y(s,1) = /0 i B(u, ) sin é(u, £) du + y(0,4)
2(s,8) = /0 cos 0(u, 1) du+ (0, 1), (17)

K, > 01is a spin constant and p > 0 is the rod mass-density (mass per unit length) [3, 5]. For
simplicity and without loss of generality, we take x(0,t) = y(0,¢) = 2(0,t) = 0. Following the
methodology in [3] 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

/t T8 6.0~ V[0.6,0] dt (13)

is stationary for all ¢y and ¢;. For BVP I, (18) is complemented by the following constitutive
relations for the resultant force vector, F = (F*, FY F?), where

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

tt

FY=p (/ sin 0(u, t) sin ¢(u, t) du) , FY(1,t) =0;
0 tt

oy (/0 cos 0(u, 1) du> =0 (19)

For BVP II, the Lagrangian in (18) is augmented by two additional Lagrange multipliers
accounting for the isoperimetric constraints in (4) as shown below :

/t 10, 6,0] — V[0, 6,00 + A1) + v(t)=(1,1) dt. (20)

Here A(t) and v(t) are time-dependent Lagrange multipliers accounting for the constraints in
(4) and can be interpreted as being the unknown reaction of the boundary support at s = 1
that maintains the constraints (4). Following the conventions in [3], the resultant force vector,
F = (F*, FY F*), is then given by

oy (/0 sin 0(u, £) cos ¢(u, ) du) P =F
FY—p (/0 sin O(u, £) sin ¢(u, du)tt, FY(1,1) = A(8);
o (/0 cos 0(u, 1) du)tt, FA (L) = u(t). (21)

7



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 [5, 15].
We skip the technical details and the equations of motion are given below.

C (¢scos O + 1), = 2K, (¢r cos 6 + ),

K10 + Klqbf sin @ cos 6 + 2K sin =
= Af,, — Ad? sinf cos § + Cg,sin 6 (¢pg cos O + 1) — F* cosf cos ¢ + F¥ cosfsin ¢ — F* sin

K1¢tt Sin@ — 2K19t¢t =

= A¢sssin b + 2A¢.0, cos 0 — CO, (¢scosf + 1)) + F¥ sin ¢ + FY cos ¢. (22)
The dynamical system (22) has been derived from Hamilton’s principle and hence, the total
energy, FE [0, ¢,¢] =T[0,0,7] + V[0, ¢,1], is a constant of motion. In what follows, we use

the total energy as a Liapounov function to investigate the relationship between static and
dynamic stability criteria.

4. Stability estimates for BVP 1

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 ©F = (0*(s), ¢*(s),v*(s)) be an arbitrary extremal of the potential energy
(6), subject to the clamped boundary conditions in (3). We assume that 6*(s) € (0,m) for
s €[0,1] i.e. 6* remains bounded away from the polar singularities. Then

@rcos O (s) + Ui = K (6%, 9", ¢%), (23)
where K (6%, ¢*,10*) is a constant that only depends on ©*. Define the quantities
'y = min (4 (¢7)? cos 20% — A|¢tsin 20| — C|¢* sin 8*| — CK ¢F cos 0" — CK sin §*)

s

s€[0,1]
[y = Hhi)rh (Asin® 0" — A|¢tsin20*| — C|cos 0*| — CK sin 6%)
se|0,
['3 = min (1 —|cos@| — |¢%sin6]). (24)
s€[0,1]
Let
Fg, I's >0
Ar*+ T > 0. (25)

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

|F| < min {7y, An*+T1}. (26)



Comment: Equation (23) is an immediate consequence of the equations of motion (22);
for a time-independent solution, we necessarily have % (¢s cos @ + 1s) = 0, which is equivalent
to (23).

Proof: We compute the second variation of the potential energy about the extremal, ©*,
by considering arbitrary three-dimensional perturbations of the form (9), where ¢ > 0 is a
small parameter and {«, 3,7} are continuously differentiable functions that vanish at the
end-points, s = 0 and s = 1. An explicit computation shows that the second variation of the
potential energy about ©* is given by

d2
14 [Qea gbe» ¢e] |e:0 =

de?

1 1
= / A [B2sin® 0" + 208,07 sin 20* + o (¢%)? cos 20%] ds + / Aa? ds +
0 0

5V (0%) =

1 1
+/ CA2 + C (B, cos 0* — aptsin0*)* ds + / 207585 cos 0 — 2C arys¢s sin 0" ds —
0 1 1 0
—QCK/ afssin 0 + §a2¢;‘ cosf* ds —
0
1
—F/ (a2 + ,6’2) sin 0" cos ¢* + 25 cos 0% sin ¢* ds. (27)
0

We repeatedly use Young’s inequality, ab <  (a? + b?), to compute a lower bound for 6>V (©*)
as shown below:

5V (0%) >
1
> / ABZsin® 0 — A|¢%sin20%| (o® + B7) + Ad? (¢7)? cos 20" + Aa? ds +
0
1
+/ CyZ = Cleos 0| (v2 + B2) — Clgisind*| (o® +7) ds —
0
1 1
—CK/ [0?¢% cos 0 +sin6* (o + B2)] ds — |F| / o? + B2 ds. (28)
0 0
Comment: An interesting application of Young’s inequality shows that
1
(a® 4 %) sin 0" cos ¢*+2a8 cos 0" sin ¢* < 5 [(042 + 82)(sin® 0" + cos® ¢*) + 2 |aB] (cos® 6* + sin’ ¢%)].
It then suffices to note that
(o 4 %) sin? 0% + 2 |af| cos? 0* < o® 4 52

to deduce that
(a? 4 %) sin 0 cos ¢* + 2aB cos % sin ¢* < (o + 7).



Recalling the definitions of I'y, 'y, '3 from (24) and grouping together the coefficients of
{a, 5,7} and their first derivatives in (28), we obtain

1 1 1
52V (0*) > / Aa? 4+ a*(Iy — |F)|) ds +/ [,82 — |F|p* ds +/ CT'3v?2 ds. (29)
0 0 0

Let |F| < min{7?Ty, An*+T1}. We focus on the first term on the right-hand side of
(29) and compute conditions which guarantee the positivity of this integral. If T'; > |F|,
then the integral, fol Aa? + o*(T'y — |F|) ds, is necessarily positive and there is nothing to
prove. We assume that I'y < |F|. Then the first integral on the right-hand side of (29) can
be decomposed as

! ! I, —|F| o?
/ Aa? +a? (T — |F)) ds:/ <A+—2> a2+ (|F|-Ty) (—;—Ozz) ds. (30)
0 0 m m

Since I'; < |F| by assumption, we can use Wirtinger’s inequality (11) to note that

1 a2
(|F| — rl)/ (—2 — aQ) ds >0
0 ™

1 1 - —|F
/ Aa? 4+ a*(Ty — |F)) dsz/ (A+1—2||> a? ds,
0 0

™

and hence

where (A -+ Fl%f') > 0 from the hypothesis.
Using similar arguments as above, we recast the integral on the right-hand side of (29) as

Iy — |F]
2

F 1
§*V (©*) > min {min {A,A + } Iy — %,C’Fg} / aZ + B2+ 2 ds. (31)
0

Hence, if
ry—|F F
min{min{A,A—l—l—QH},Fg—‘ | CF3}>O

T 2
from the hypotheses (25) and (26), then
52V (0%) > 0, (32)

leading to the conclusion of Proposition 3. [J

Comment: We note that in general, ©* depends on A,C, M and the external load F.
An exception is the unbuckled state, Oy, which is an equilibrium for all F' > 0. Hence, the
criterion (26) specifies a self-consistent relation between these quantities that guarantees static
stability.

10



4.2. Interpretation of the static stability criterion

We give an interpretation of the bounds (25) in terms of the curvature and torsion of the
static equilibria. The strain components can be equivalently expressed as

X1 = ksin A
X2 = kcos A
T=n+ A (33)

where k is the curvature, 7 is the torsion and A is a register variable [4]. In terms of the
Euler angles, we compare (33) with (2) to find

0y = K cos
¢s8inf = Kk siny
s =1 — ¢scosb. (34)

We consider the bounds (25) for solutions with constant curvature, x, and torsion, 1 (setting
A(s) = 0), without paying attention to the boundary conditions. A qualitative analysis shows
that the bounds (25) require

<1 < A
K ; —
—_ ? 77 —_ O
C?n? C

: 2 % > _ * .
813(1]2]8111 0*(s) > {—A2 ,sltg[g’)l(] {A,Zli} | cos 6 \},
C 2
—<[|[—4+2k]).
1= (li + li) (35)

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 equilibrium remains sufficiently bounded away from the polar singularities i.e. sin®6* is
always bounded from below. Recalling the underlying assumptions of rod-theory [1, 12], the
curvature and torsion are always necessarily small compared to geometrical parameters and
% < % < 1 [15]. Hence, these bounds do not impose unrealistic restrictions on the curvature,
torsion and material-dependent parameters. Although, we need to perform a deeper analysis
to understand the implications of (25) for buckled equilibria, the bounds (25) and (26) provide
a set of explicit stability criteria relating the end-rotation, terminal load, material constants
and the equilibrium itself. In principle, one could numerically compute equilibria and easily
check their stability against these explicit criteria.

We can compute the quantities (24) for the unbuckled state, O, defined in (5). They are
K =27M,Ty=A—27MC and I'; = 1 from the definitions in (24). Then Oy is stable for
forces

|F| < min {n* (A —2rMC),Ar* — 2nMC'}

from the stability criteria in (26), which is in perfect agreement with the results in [18]. In
[18], we demonstrate that the undeformed straight state is stable for forces

|F| < min {x* (A —2rMC),Ar* — 2rMC'}

11



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

4.8. Dynamic Liapounov Stability

Proposition 4. The unbuckled equilibrium, Oy, defined in (5), is Liapounov stable in the set
of solutions, ©*(s,t) = (0*(s,t),¢*(s,t),v*(s,t)) € C*(]0,1] x [0,00);R), of the dynamical
system (22) subject to the boundary conditions (3), for forces

|F| < min {n* (A —2rMC),Ax* — 2nMC'} . (36)
Here, Liapounov stability is understood in terms of the norm defined in (15).

Proof: Let ©*(s,t) be an arbitrary solution of the dynamical system (22). One can readily
check that the unbuckled state, Oy, is a solution of the dynamical system (22) subject to the
boundary conditions (3). Define the difference, ©4(s,t) = ©*(s,t) — O(s) = (01, ¢1,11) i.e.

01(s,1) = 0°(s,1) — b (s)
$1(s,t) = ¢ (s,t) — do(s)
Ui(s,t) = ¥7(s, 1) — Yo(s); (37)

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-neighbourhood of © for which

101(, 0| < & (38)

recall the definition of the norm in (15). To demonstrate Liapounov stability, we need to
prove that the norm ||©;(.,)||* remains small for all subsequent times.

In what follows, we study the second variation of the potential energy, V[0, ¢, ], around
Oy, exploit relations between the potential energy and its second variation and finally use the
conservation of energy

AE(t) = E[0" (,t)] — E[Oy] = AE(0) (39)

to establish Liapounov stability for forces |F| < min {7n? (A — 27 MC), Ar? — 2xrMC'}.
In [18], we compute the second variation of the potential energy, 52V [©g], around O to
be

1 1
V[0 = A / (63, + ¢3,) ds+ / CYi, — ATMCO1¢1s — |F| (67 + ¢7) ds. (40)
0 0

Since |F| < min {n? (A — 27 MC), Ar? — 2r M C'}, we decompose the second variation inte-
gral in (40) as follows:

! F|+2xMC F|+2rMC
52V (6] z/o [A—HJFW—;T] 02, + ("Z—I) (63, — 7262) ds +

|F|

' ||
+/ [A—QWMC——J @2, ds +
0 m

L@ - k) ds+

1
+ /O Ci, ds. (41)
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From Wirtinger’s inequality (11),
1
/ (6%, — 7°6) ds > 0
0

and from the hypotheses, min{A - |F|+72r—§MC,A —2TMC — ﬂ} > 0. Hence, §°V[0] is

T2

bounded from below by

F|+2rMC F 1
—||+—27T,A—27TMC—| | C}/ 07, + 7 + Vi, ds.  (42)
0

)
7'('2

62V [6p] > min {A

7r
We recall (11) and use the inequality

1 1 1
/ 62, ds > 3 / 07, + 07 ds (43)
0

0

for functions, 8; € C* ([0, 1];R), such that 6;(0) = 0;(1) = 0. Therefore,

1 F|+2rM F
52V[Op] > = min q FE2mMe o e el
2 2 T2
1
X / 0r, + 07, + i, + 05 + 07 + 47 ds. (44)
0

It is straightforward to verify that
1
FV[n) < max (A A+2mMC.C) [ 04 6+ 4 B4 i s (15)
0

From (44) and (45), we deduce the existence of two positive constants a; and ay, independent
of ©4, such that

1
& / B+ &2+ 004 ¢+ ds < SV[O] <
0

1
< ay / 02, + @7, + b2, + 07 + @7 + ¥? ds. (46)
0

From [18], it is known that © is a strong potential energy minimum under the hypothesis
(36). Following the methods in [3], the potential energy close to a local minimum can be
bounded by its second variation as follows:

az6°V (O] < AV =V [0*, ¢*, 4% — V[0, do, tho] < as6*V[Oy)] (47)

where ag, 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 kinetic energy difference

AT =T [6*7 (b*a w*] - T[907 (bU? ¢0] (48)
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where T' has been defined in (16). The kinetic energy of ©y vanishes since this is a time-
independent solution. Thus,

1
T 0%, 6", 0] :/ %(eft+¢§tsin2e*(s,t)+2(¢1tcos9*(s,t)+¢1t)2) ds +
0
1,0(8.**)2(3.*.*)2(8 *>2
- 0 d 6 d 0*), d d
+/02[/0(sm cos¢*), ds| + /0(sm sing*), ds | + /O(COS ), ds s
(49)

and 601, ¢; have been defined in (37). Since we are only considering solutions, ©*, in a neigh-
bourhood of Oy, the inequality, sin®@§* > % + cos? 0%, holds for all t > 0 and s € [0,1].
Thus,

K

5 (Qi + 5@% + g@b%t) < 71 (Q%t + Qﬁt sin” 0 (5,1) +2 (¢ cos (s, t) + %)2) <

K
< 71 (0%, + 503, + 497,) . (50)

Similarly, one can check that

g/ol [(/0 (sin 6" cos 6°), ds>2+ (/0 (sin 6 sin ¢%), ds)2+ (/0 (cos ), ds)2] ds <

1
<! / 02 + &3, ds. (51)
0

Combining (50) and (51), we deduce that there are two positive constants, as, ag, depending
only on K; and p, such that

1 1
GB/ 0%, + &%, + U7, ds < AT < aﬁ/ 0%, + &F, + U, ds. (52)
0 0
From (46), (47) and (52), the total energy difference satisfies the inequalities
az[|©1( )| < AE(t) = AV () + AT(t) < as||©:1 (., 1), (53)
az, ag are positive constants independent of ©1, and the norm || — ||* has been defined in (15).

However, AE(t) = AE(0) (from conservation of energy) and from the inequalities in (53),
AE(O) < a8’|@1(.,0)H2 < age

as a consequence of the imposed initial condition (see (38)). Thus,

a
101 (., B)|* < e (54)

ar
for all t > 0. Hence, the norm || — ||? remains small for all subsequent times and we conclude

that O is Liapounov stable under the hypothesis (36). O
Following the characterization of static equilibria in Proposition 3, we next address the
question of their dynamic stability.
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Proposition 5. Let ©F = (0*(s), ¢*(s),v*(s)) be an arbitrary extremal of the potential energy
(6), subject to the clamped boundary conditions in (3), such that 0* € (0,7) for s € [0,1].
Then ©* is Liapounov stable in the set of C*-solutions of the dynamical system (22), with
respect to the norm defined in (15), if

Iy = min (Asin® 6" — A|¢} sin26%| — C|cos§*| — CK sinf*) > 0

s€[0,1]
['s = min (1 —|cos@| — |¢:sind*]) >0
s€[0,1]
I = m[in] (A (47)? cos 20" — A|¢:sin 20%| — C|¢%sin 6| — CK ¢ cos§* — CK sin %) > —An®
s€(0,1
(55)
and for applied forces
|[F| <min {7°Ty, Ax>+T1}. (56)

Proof: In Proposition 3, we show that under the hypotheses (55) and (56), the second
variation of the potential energy about ©* is bounded from below by

I, —|F F !
(52V(@*)2min{min{A,A+lT||}’ 2_%, Crg}/ o+ B2+72ds. (57
0

Equivalently, from (11) (using arguments similar to (43)),
1 ry —|F F
62V (©*) > = min { min A,A+1—H , Fg—u, CTy ¢ %
2 w2 2
1
< [a2eBantaate B as? ds (59)
0

for arbitrary C*-functions, ©; = (a, 3,7), that vanish at the terminal points. Similarly, there
exists a positive constant, ag, independent of ©1, such that (see (45) for analogous arguments
in the case of O))

1

FV(©) Zar [ al4plastvate st ds (59)
0

From (58) and (59), there exist two positive constants ag and a;o (independent of ©;) such
that

1
a10/ 2+ B0’ B+ ds < 82V (07) <
0
1
gag/ 024 B2t a® 4 B AR ds. (60)
0

This is analogous to the inequality (46) in Proposition 4, with ©; being identified with ©; in
(37).
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The rest of the proof parallels that of Proposition 4. Let
O*(s,t) = ©*(s) + O4(s,t)

denote an arbitrary solution of the dynamical system (22) subject to the boundary conditions
(3), confined to a small neighborhood of ©*, such that

101, 0)]* < e

and || — ||* has been defined in (15). There are two key inequalities:

a116°V (0%) S AV =V (0%(s,t)) = V (07(s)) < a126*V ()
1 1
a13/ &} + B +7; ds < AT =T (6%(s,t)) < a14/ of + B+ 7 ds, (61)
0 0

the derivation of the second inequality (involving the kinetic energy) is identical to (52) and
all constants aq;...a14 are independent of ©1(s,t). Proposition 5 follows from combining the
inequalities, (60) and (61), above with the conservation of energy. [J

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
Elyr---yn] = / |4 [yl--‘yn,ylmyn] +glyr--yal ds, (62)
0
y; = dyz , the potential energy V' is quadratic in the gradient arguments and is strictly convex
with respect to the gradient arguments in the sense that

nnVy, = a Z <d’71> (63)

where {1 ...n,} € C*(]0,1];R) and a > 0 is a positive constant independent of the n;’s [7].

Let {y;} denote an arbitrary extremal of the functional in (62), subject to Dirichlet bound-
ary conditions. Since this is a one-dimensional variational problem, Weierstrass’s theory guar-
antees the static stability of {y} under the positivity of the second variation of E [y; - - - y,]
around {y;}. As in Proposition 3, we consider perturbations of the form

Yei(s) = yi(s) +eni(s) 1=1---n, (64)

where € > 0 is a small parameter and the functions, 7;, vanish at the end-points. The second
variation, 0*E ({y;}), can be explicitly computed as a Taylor expansion as shown below:

n

3,j=1

E 0%g ]
vit ‘ ds +
{ i,j=1 / il |:aylay] 33/18% |{yl}
§ P ad , PV
+ 2,j=1 / [77277] ay;ayj + 77 77] 3%5% ’{yl } 5 ( )
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A lower bound for (65) can be obtained from the following inequalities:
", 0%V " (dn\?
7717738 ol |{yz ZaZ(dS)
,J =1

82
Z il {3%3% 5%3%} (o} Zm

i,7=1
.,V
;1"”71@ EAGE Z

Define the following functions:

‘/yzyz + gyzyz Z |%zy]| + |gyzy] ’]

i < (n})2> J66)

o (2 () ) + 5 S Mol

| yzy

6[01] __Z’ yy]

* . 1
Iy ({yz }) = min (‘/yzyz + Gyiyi — |‘/yly iYj iYi 1] gy ) (67)
J#i

I'i ({%7}) = min [a — IV ]
J#i

s€[0,1] ui Z U‘/;Jzyg| + |gy1y]|:| : + 2“/yzy

Substituting (66) and (67) into (65) shows that

*E ({y}) > zil/ol Iy (%)2 + Do (5) ds. (68)

One can immediately deduce that 62E > 0 if

', >0 for 2=1...nand
7y 4+ 19 >0 for i=1...n. (69)

The inequality m2I'y; + ['y; > 0 follows from Wirtinger’s inequality

1 d’l’/>2 1
‘ 27?2/ n?(s) ds,
/0 <d5 0 (5)

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

The constraints (69) are a set of explicit stability criteria for extrema of the energy func-
tional (62). The equivalence between the stability criteria in (69) and dynamic Liapounov
stability with respect to a suitably defined norm, follows by our previous methodology.

5. Damped systems

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

Fp oc —&(s) ([sinf cos @], , [sin @ sin @], , [cos b],) (70)
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where £(s) > 0 is an inhomogeneous, positive damping coefficient. As a consequence,
ds - Fp = (sinf cos ¢,sinfsin ¢, cosd) - Fp =0

since ds - 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 minimizers 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 following constitutive relations
that include the additional damping terms as shown below:

Ff=—p (/S sin 6 cos ¢du) — [&(s) sinf cos @),
0 tt
FY=p (/S sin 0 sin (bdu) + [£(s) sin @ sin @],
0 tt

F— ) < /0 " cos 0du> RCCLEU (71)

coupled with the boundary conditions
F*(1,t)=F >0; FY(1,t) = F*(1,t) = 0. (72)
The clamped boundary conditions in (3) necessarily imply that
[sin @ cos ¢, = [sinfsin @], = [cos ], = 0 (73)

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

C (¢pscosl + 1)), = 2K5 (¢ cos b + ),

K¢y sin 0 — 2K,0,2), + £(5)dy sin? 0 =
= A¢gssinh + 2A¢.0, cos @ — CO, (¢scos 6 + 1)) + Fsin ¢ + FY cos ¢

K10y + 2K 160y sin 0 + K, ¢? sinf cos 0 + £(s)0;

= Al — Ap?sin 6 cos 0 + Cgssin b (¢s cosf + 1) — F*sin@ — F* cos ) cos ¢ + FY cos 0 sin ¢,
(74)

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

d

EE@@WQg—iA¥QNﬁ$EG+ﬁ)@<O (75)

where o > 0 is a positive coefficient that can be computed explicitly. In particular, this implies
that the total energy can still be used as a suitable Liapounov function whilst studying dy-
namic stability [3]. We note that it is possible to obtain stronger stability results (asymptotic
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stability /exponential stability) with a strictly decreasing energy functional but we restrict
ourselves to Liapounov stability throughout this paper [2, 24], for consistency with previous
sections.

Proposition 6. The unbuckled equilibrium ©¢ defined in (5) is Liapounov stable in the set of
twice-differentiable solutions, ©*(s,t), of the dynamical system (74) subject to the boundary
conditions (3), for forces

|F| < min {7* (A —27MC),Ax* — 2 MC'} . (76)
Here, Liapounov stability is defined with respect to the norm defined in (15).

Comment: The condition (76) necessarily implies that A > 2 MC' in the presence of an
external load |F| > 0.

Proof: The proof is a minor modification of the proof of Proposition 4. The inequalities
(46), (47) and (52) remain unchanged. Since the total energy is a decreasing function of time,
the inequality (53) is modified to

bil|©:(, 1) < AE(t) = AV (t) + AT(t) < AE(0) < by|©1(.,0)]? (77)
where by, by are positive constants that only depend on A, C, Ky, p,|F| and M. However,
|©1(.,0)]]* < € by assumption and hence,

b
1, 1) < Pe
1

for all ¢ > 0, thus establishing the claimed Liapounov stability for forces
|F| < min {7* (A —27MC),Ax® — 2rMC'} .

OJ

A similar result concerns the Liapounov stability of arbitrary minima of the potential
energy V', in connection to the damped dynamical system (74).

Proposition 7. Let ©* = (0*(s), ¢*(s),v¥*(s)) be an arbitrary extremal of the potential energy
(6), subject to the clamped boundary conditions in (3), such that 6* € (0,7) for s € [0,1].
Then ©* is Liapounov stable in the set of C?-solutions of the dynamical system (74), with
respect to the norm defined in (15), if

Iy = min (Asin® 0" — A|¢?sin26%| — C|cos§*| — CK sinf*) > 0

s€[0,1]
'3 = min (1 —|cos@| — |¢pisinf*]) >0

s€[0,1]
I, = rrhi)rh (A (47)? cos 20" — A|¢:sin20"| — C|¢%sin 6| — CK ¢ cosf* — CKsinf*) > —An®

se|0,

(78)
and for applied forces
|F| < min {7y, An*+T1}. (79)

19



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

Propositions 6 and 7 illustrate that stability results for conservative dynamical systems of
the form (22) can be extended to damped systems of the form (74), provided we can construct
a Liapounov function that is non-increasing with time [2]. In the examples above, the total
energy plays the role of a suitable Liapounov function and we use the equivalence between
the total energy and the norm, defined in (15), to establish Liapounov stability.

6. Stability estimates for BVP II

The clamped boundary conditions in BVP I are the simplest choice of boundary condi-
tions. Nevertheless, the boundary conditions and the isoperimetric constraints in BVP II are
of practical 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, (11) and (12) which, in turn, affects the corresponding stability estimates
as shown below. Our first result reproduces a well-known result for the stability of the triv-
ial equilibrium state in two dimensions [17]. We obtain this result by a direct application
of Wirtinger’s inequality (see (12)) and present it here since it does not seem to have been
previously reported in the literature.

6.1. Static stability in two dimensions

Proposition 8. Define the potential energy

1 2
V[gb,A]:/o g(%) + Acos o ds (80)

where ¢(s) denotes the angle between the tangent vector, rs = (xs,ys), and the z-axis, B > 0
is the bending stiffness of the rod and X\ is the external load. The boundary conditions are

$(0) = ¢(1) =0 (81)
accompanied by the fixed-end constraint
1
/ sin¢(s) ds = 0. (82)
0
Then the trivial equilibrium, ¢(s) =0 for s € [0,1], is stable in the static sense for loads

\ < ABr? (83)

and unstable for loads

A > 4B7*. (84)
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Proof: To demonstrate stability, it suffices to show that the second variation of V' [¢, A]
about ¢ = 0 is strictly positive for loads A\ < 4B7?, for admissible perturbations [9, 17]. We
consider perturbations of the form

where

and

The integral constraint above is a linearization of the nonlinear constraint, (82), about ¢ = 0.
From [17], it suffices to consider the linearization of nonlinear constraints whilst computing
the second variation; non-linear terms can be absorbed into the dominant linear term for
small perturbations.

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

#V@JLZLfB(%DQ—AM@)w. (85)

Recalling (12), we have that

1
ﬁvmﬁkz/)@Bﬁ—Aﬁﬂgd& (86)
0
and hence,
52V [0,A] >0
for
A\ < 4Br?

as stated in (83).
To demonstrate instability, it suffices to construct a n* € C' ([0, 1];R), subject to the
constraints above, for which 62V [0, A\] < 0. We take

n* (s) = sin 2ws. (87)

One can readily check that fol (%)2 ds = 4m* fol (n*(s))* ds. We substitute (87) into (85)
to find that
62V [0,A] <0

for A > 4B7?, as stated in (84). O
Comment: The classical buckling load is, A\ = Bm?, without fized-end constraints as in

(82).
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6.2. Static stability in three dimensions
Proposition 9. Consider the potential energy defined in (6)

1
V10, ¢, = /0 é (¢2sin* 6 + 62) + % (¢ cos O + 1b,)* + F'sinf cos ¢ ds (88)

subject to the clamped boundary conditions in (3) and the fived-end constraints in (4). Then
the unbuckled state O, defined in (5), is stable in the static sense if A > 2rMC'

|F| < min {4A7r* — 2r M C,4Ax* — 87°MC'} (89)
and M > 0 is the twist parameter defined in (3).

Proof: To demonstrate stability of the trivial equilibrium, we compute the second variation
of the potential energy in (88). We consider arbitrary three-dimensional perturbations of the
form

O.(s) = T4 ea(s)

2
Pe(s) = €B(s)
e(s) =2 Ms + ey(s) (90)

where the C!-functions, a, 3,7, vanish at the end-points. Further, the functions o and 3 are
required to satisfy the linearization of the constraints (4) about Oy, as shown below :

/0 1 / B(s (91)

As in [18], we compute the second variation of the potential energy about 6, to obtain:

d2
de ) [eea qbea,@be] |e:0 =

H(da\, (dBY LA\ a3 !
:A/O (E) —I—(%) dS—i—C/O ((%) —47TMad— d3_|F|/O OéQ—Fﬁstz

L lda\? ! g
2/0 A(E) — (|F| +27MC) o? ds+/0 (A—27rMC’)< S) — |F|B? ds, (92)

62V (0g) =

where « and  are constrained as in (91). Applying (12) to the integrals involving «,
above, we deduce that 6%V (©g) > 0 for |F| < min{4A7r? — 2rMC,4A7r? — 873 MC} as
stated above. The positivity of the second variation for linearly admissible perturbations is
sufficient to guarantee static stability [3, 17]. O

In [18], we demonstrate that O is stable in the static sense for forces

|F| < min {r* (A —2rMC),Ar* — 27 MC'},

for BVP 1. As in Proposition 8, there are differences in the estimates for the buckling load
in three dimensions, for BVP I and BVP II respectively.

22



6.3. Dynamic stability for BVP II

Proposition 10. The trivial equilibrium Oy, defined in (5), is Liapounov stable in the set
of C*-solutions, ©*(s,t), of the dynamical system (22) subject to the boundary conditions (3)
and (4), if A > 27 MC and for forces

|F| < min {4A7* — 27 M C,4Ax* — 87°MC'} . (93)
Here, Liapounov stability is defined in terms of the norm (15).

Proof: The proof of Proposition 10 parallels that of Proposition 4 and is an immediate
consequence of Proposition 9, the conservation of energy and the equivalence between the
total energy and the norm defined in (15). O

In [3], the authors address questions related to the equivalence between static and Lia-
pounov stability for arbitrary planar equilibria, for boundary-value problems with integral
constraints of the form (82). 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 inequalities of the form (12) 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 equiv-
alence between static stability and Liapounov stability under explicit conditions in Proposi-
tion 5. Our work heavily builds on the mathematical machinery in [3] and we generalize (to
some extent) the two-dimensional results in [3] to three dimensions. As in [3], 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 [20]. The stability
criteria in (25)-(26) can be explicitly computed for these elliptic functions and the bounds,
(25)-(26), 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, including bacterial flagellar motion and DNA transcription
and replication [13, 23]. The drag force in (70) 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 neighbourhood 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 stability 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 [10, 19,
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21]. However, our methods are direct and simple to use and there is scope for a successful
generalization to a larger class of boundary conditions, a larger class of integral constraints
(e.g. topological constraints as in [8]) and analysis of post-buckling behaviour in Kirchhoff
rods.
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