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Abstract. The Kirchhoff equations provide a well-established framework to study the statics and dynamics of thin
elastic filaments. The study of static solutions to these equations has a long history and provides the basis for many
investigations, both past and present, of the configurations taken by filaments subject to various external forces
and boundary conditions. Here we review recently developed techniques involving linear and nonlinear analyses
that enable one to study, in some detail, the actual dynamics of filament instabilities and the localized structures
that can ensue. By introducing a novel arc-length preserving perturbation scheme a linear stability analysis can be
performed which, in turn, leads to dispersion relations that provide the selection mechanism for the shape of an
unstable filament. These dispersion relations provide the starting point for nonlinear analysis and the derivation
of new amplitude equations which describe the filament dynamics above the instability threshold. Here we will
mainly be concerned with the analysis of rods of circular cross-sections and survey the behavior of rings, rods,
helices and show how these results lead to a complete dynamical description of filament buckling.
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1. Introduction

The classic buckling instability of a thin elastic filament when it is subjected to the appropriate
amount of twist, lies at the heart of many important processes ranging from the kinking
of telephone cables when they are being laid [1, 2], to the super-coiling properties of long
molecular structures such as proteins, DNA and bacterial fibers [3-11]. In addition, long, thin,
twisted elastic structures play important paradigmatic roles in the theory of polymers and
liquid crystals [12, 13]; characterizing the motion of vortex tubes in hydrodynamics [14]; and
modeling the formation of sun spots and heating of the solar corona [15, 16]. These applic-
ations have spawned many theoretical and computational studies and have also prompted the
development of experimental investigations to help bench-mark the theoretical work. These
experimental studies range from the controlled buckling studies of macroscopic elastic rods
[17] to the ingenious manipulations of DNA strands [18].

A filament is defined, roughly speaking, to be a three dimensional body whose cross-
section is much smaller than its length. If, furthermore, the curvature of the filament is as-
sumed to be small relative to its length, it is possible to show that its dynamics is gov-
erned by the celebrated Kirchhoff equations. (An excellent historical study of these equations
is provided by Dill [19]). These equations describe the evolution of a filament in (three-
dimensional) space and consist of a system of six coupled, nonlinear PDEs of second-order in
time and arc-length; the latter variable providing the intrinsic coordinatization of the filament.

A considerable amount of work has been devoted to investigating the stability of given
stationary filament configurations [20—-22] through the study of the static Kirchhoff equations
—which form a much more tractable system of six coupled nonlinear ODEs. As is well known,
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these are exact analogues of the Euler equations for rigid-body motion and, accordingly, are
often cast in terms of the Euler angles to characterize the orientation of the local basis describ-
ing the twisting and bending of the rod (as a function of arc-length). This type of analysis has
yielded a very a rich variety of exact solutions from which conclusions about the stability are
often drawn.

Analytical study of the full dynamical equations is a very challenging problem and to date
has mainly been restricted to the study of traveling wave solutions [23]. An alternative ap-
proach has been to introduce a time-dependent Lagrangian to describe elementary vibrations
of the equilibrium solutions [24, 25]. However, these LagrangiansadrBocmodels which
are not related to the dynamical Kirchhoff equations and do not truly describe the dynamics
of real elastic filaments. An alternative to analytical work is provided by numerical simulation
— a non-trivial task in its own right — and this approach has been pursued with some success
by a number of groups [26-28].

In order to obtain a complete, dynamical, picture of filamentary instabilities we depart from
traditional approaches and consider the linear stability of static solutions to the full, three-
dimensional, dynamical Kirchhoff model: this is achieved through the development a new arc-
length preserving perturbation scheme. The dispersion relations that ensue from the associated
linear problem, then provide the starting point for a glolwabkly nonlinear analysig/hich
provides a description of the evolution of unstable structures beyond threshold.

The structure of this review paper is as follows. In Section 2, we briefly review the de-
rivation of the Kirchhoff equations in order to introduce the basic notation. In Section 3, we
introduce the perturbation scheme which is developed in terms of the so-called director basis.
The fundamental property of this perturbation expansion is that it preserves arc-length (and
hence total filament length) at each order of the perturbation. Applying this scheme to the
Kirchhoff equations yields variational equations governing the stability of stationary solutions.
This approach is illustrated in Section 4 with the examples of the twisted planar ring, the
twisted straight rod, and a helical rod. In Section 5 we describe our nonlinear analysis of
the Kirchhoff equations and illustrate the technique for the circular ring and the straight rod.
The nonlinear analysis of the ring is performed at the level of a single mode, which leads
to a nonlinear amplitude equation in the form of a single ordinary differential equation. In
the case of the twisted straight rod, which involves a continuum of modes, the analysis leads
to amplitude equations which take the form of a pair of coupled nonlinear Klein—Gordon
eqguations. The nonlinear analysis provides vital information about the amplitude of the struc-
tures that appear after bifurcation, and is essential for the description of the localization that
occurs after buckling. In the remaining three sections of this review we describe a variety of
applications of our approach to filament problems. In Section 6 we give a summary of our
dynamical model of buckling of a straight rod subjected to twisting forces; and in Section 7
we describe the fundamental role played by intrinsic curvature and twist in the morphogenesis
of naturally occurring filaments. Although the earlier parts of this review follow, fairly closely,
the presentations given in our recent series of papers [29-33], a variety of new, or previously
unpublished, results are sprinkled throughout, especially in the later sections.

2. The Kirchhoff Model

A fundamental idea in Kirchhoff's theory of thin filaments is to represent all the physically
relevant stresses, i.e., the forces and the moments, as cross-sectional averages at each point
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along the space curve representing the axis of the filament. It is this that enables one to write
down a spatially one-dimensional model for a filament.

Letx = x(s,7) : R x R — RS be the space curve, parameterized by the arc-length
representing the filament axis, whose position can also depend on the. firhe curve is
assumed to be at least three times differentiable with respectRor each value of and
t, a local, orthonormal coordinate system, calleddivector basis {d, d», d3} is associated
with the curve by identifying the vectak(s, ) = x'(s, t) as the tangent vector afats (the
prime denotes the-derivative), and taking the vectous, d, to span the plane normal tf,
such that{d,, do, d3} forms a right-handed triadi{ x d> = ds, d» x d3 = d,). In the case
whered, is alongds, the director basis specializes to the well-known Frenet triad wheise
the normal vector and, the bi-normal vector. The director basis is more general (and more
useful) than the Frenet basis since the vec{diss, ¢), d>(s, t)} can be chosen to coincide
with the principle axes of the rod cross-section and hence capture the actual twist of the rod
itself (rather than just the torsion of the axial space curve).

Given the director basigly, do, d3}, the filament geometry can be reconstructed at all times
by integrating the tangent vector, i.e.,

s

x(s, 1) = /dg(s, t) ds.

The kinematicsof thin filament evolution can be easily written in term of the director
basis. Taking into account the orthonormality of this basis, one readily obtains its evolution
with respect to arc-length and time; namely

3

dl = Y Kyd;, i=123, (1a)

j=1

d; = Wid;, i=123, (1b)

M«

j=1

where() stands for the time derivativéV andK are the antisymmetric 3 by 3 matrices:

0 «3 —Ko 0 w3 —w2
K = —K3 0 K1 s W= —3 0 w1 . (2)
K2 —K1 0 w2 —wW1 0

The elements oK make up the components of theist vector namely

3
K = E Kid;;
i=1

and the elements d¥ define the components of tlspin vector namely

3
w = E a)idi.
i=1

The two linear system (1) must be compatible: thus by cross-differentiation one determines
that:

W — K =[W, K], (3)
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wherel., .] is the matrix commutatofW, K] = W.K — K.W

To go from the kinematics of the director basis to the aatyabmicsof an elastic rod, we
now consider the forces and moments acting in such a rod (here with a circular cross-section)
with the axial space curve = x(s, ). The main physical assumptions considered here are: no
shear deformation, no axial extensibility, linear constitutive relationships and circular cross-
sections (the case of non-circular cross-sections is considered in detail in [34]). As indicated
above, the stresses are averaged over the cross-sections along (and normal to) the central axis:
this enables the total forcE = F(s, ) and momeniM = M (s, t) to be expressed locally in
term of the director basis, i.e.,

3 3
F=>Y fd, M=) Md.
i=1 i=1

Conservation of linear and angular momentum then provides the fundamental equations of
motion [35]:
F" = pAds (4a)
M’+d3XF=,OI(d1XCY1+d2XC.i2) (4b)
wherel is the moment of inertia (about a radial cross-sectipri}, the density andi the area
of a (circular) cross-section.

The equations are completed by the constitutive relationshijmedr elasticity theory;
namely a relationship between the moment and the strains of the form:

M = EI[(k1 — k{)d1 + (k2 — k3)do] + 211 (k3 — k3)ds3, (5)

whereE is the Young modulus andthe shear modulus and tkg are the ‘intrinsic curvatures’
of the filament. For the meantime we will set these to zero (which implies that the rod is ‘nat-
urally’ straight and untwisted); but we will later discuss how they can provide the fundamental
‘driving force’ for certain types of spontaneous morphogenesis, e.g., supercoiling of bacterial
filaments [36] and the helix-hand reversal seen in the tendrils of climbing plants [37].

The standard scalings

t — t/Ip/AE, s— s\/I/A,

F — AEF, M — ME~NAI,
Kk — kAJI, o— oAE/Ip. (6)

reduce Equations (4) and (5), to the dimensionless form

F' = C.l.3, (73.)
M/+d3XF=d1XC.i1+d2XC.i2, (7b)
M = k1d1 + kodo + Tkads, (7c)

wherel’ = 2u/E = 1/(1 + o) characterizes the elastic property of the filament: varying
between 2/3 (incompressible case) and 1 (hyper-elastic case). We also note that in the chosen
scalings the characteristic length scale is set by the filament cross-section.
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By inserting the constitutive relationship féf Equation (7c¢) in Equation (7b) one obtains
explicit differential relationships between the lateral forces and the strains. The tangential
component of the force, i.ef3, corresponds to the tension (or compression) in the filament
and this must be obtained from the condition #amaintains its unit norm. Together with the
twist and spin equations (1), one obtains, overall, a system of nine equations (the Kirchhoff
eqguations) for nine unknowns, «, ®) = (f1, f2, f3, k1, k2, k3, @1, W2, w3) Which we write
in the shorthand form

E(f,k,w;s,t) =0. (8)

If one fixes a direction in space, the local vector&® can be expressed in terms of the Euler
angles and the system (8) can then be written as a set of 6 equations for 6 unknowns. However,
it was shown in [29] that the Euler angles are not always the best choice of variables for study-
ing the stability of stationary solutions. This was illustrated by an analysis of a twisted planar
ring: standard statics in the Euler basis yields the well-known result that the critical twist
density needed to induce buckling in a ring of radius y. = ~/3/rI"; but calculation of the
energy (to third-order) and the action (to fourth-order) did not reveal whether the buckled state
is, in fact, the preferred one relative to the initial state. Calculations such as these motivated
us to develop a perturbation scheme in terms of the director basis itself.

3. Perturbation Scheme

The basic idea is to expand the director basis associated with the deformed configuration of
the filament around the basis of the unperturbed stationary solution, and impose the condition
that it remains orthonormal at each order in the perturbation parameter. Namely,

di=d® +ed® +62d® +..., i=123 9)

Applying the orthonormality conditiow;.d; = §;; leads to an expression for the perturbed
basis in terms of the unperturbed basis

3

4V = Z Af,-l) d;0>, (10a)
=1
3

@ _ @, @) 50

;= = Z(Au + 5 )d; : (10b)
j=1
3

n _ M, omY ;0

i = Z(Ai/ + 5 )d./ ; (10c)
j=1

whereA® is theantisymmetrianatrix
(k) (k)
0 og —a,
P N S (1)

o a0
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andS® is asymmetrianatrix whose entries depend only fi’ with j < k. For example:

Once the vectowr® is known the configuration of the perturbed rod is easily reconstructed by
integrating the tangent vector:

X(s, 1) = / ds (@ + e(@Pd® — «Pd?)) + 0(e?). (13)

Since any local vector

3
V = Z U,'dl'
i=1

can be expanded in terms of the perturbed basis; namelyV @ +eV® 4 2y @ ... we
can write a perturbative expansion of the twist and spin matriceski.es,K© +sK® +. . .,
W=wWO 4 ew® ... where

ad
KO — gA(l)—i-[A(l),K(O)], (14a)
wo = %A(DJF[A(D’W(O)]' (14b)

If needed higher-order terms in the expansion can be generated and easily expressed in terms
of the lower-order terms.

Using these equations, one can write the first-order perturbation of the Kirchhoff equa-
tions (7a, 7b) in terms ofa™®, £V). This system will be referred to as tgnamical vari-
ational equationsits solutions control the stability, or lack thereof, of the stationary solutions
with respect to linear time-dependent modes. To emphasize the linear character of these
equations we rewrite them as a linear system of six equations for the six-dimensional vector

w® = (@D, £y
L@, fO).u® =0, (15)

whereL is a second-order differential operatorsimnds whose coefficients depends on
through the unperturbed solution®, £©).

4. Linear Stability Analysis

The linear system (15) can be used to determine stability in the standard way: for a given static
configuration (characterized by tie©@, £(©@)), stability to linear disturbances is determined
by setting the components pfto be of the form

pi = (Ax; €t 4 At ye™h), =16, (16)
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where ( )* stands for the complex conjugate,is the mode number, andL the filament
length. (For infinite rodsy /L is replaced by the continuous wave numhbgrAt the level of
the linear theory the amplitudd, is arbitrary; it can only be determined by proceeding to the
nonlinear analysis described in Section 5.

The values of the growth rates for which Equation (16) satisfies the variational equa-
tions (15), are the ones for which = det(L) = 0. A = 0 defines thalispersion relation
This fundamental expression relates the mode numberthe growth rater. The technic-
ally difficult part of this calculation is computational: the dispersion relations are high-order
polynomials inc andn and can involve many hundreds of terms (for the helix, it is over
500 terms!) and can really only be handled by substantial symbolic manipulation. We note
that in all the linear stability analyses we have studied to date, we only comrsideR. The
dispersion relation can have other solutions correspondingtation modegi.e.io € R)).
These modes are not spontaneously unstable, i.e. their amplitude is at most of the size of
the perturbation itself and they would have to be explicitly excited in order to be observed.
Although such oscillatory modes are apparently not relevant to basic stability considerations,
they may still play a subtle role in the nonlinear behavior beyond the threshold. This is an
interesting open question that we have not yet explored.

4.1. TwWISTED PLANAR RING

We now apply the linear analysis described above to the particular case of the twisted planar
ring. We address a classic problem: at what value of the twist, does the planar ring becomes
unstable and buckle out of the plane? As we mentioned in Section 2, an analysis based on
statics alone does not seem to be able to address this problem completely. The time dependent
approach answers this question unambiguously.

The stationary solution for a twisted planar ring is given by

k©Q = (ksin(ys), kcosys), y), (17a)
fO = (Tyksin(ys), T'ykcodys), 0), (17b)

0)

wherek is the inverse of ring radius (from the center to the central ring axisyaadcTw is,
effectively, the twist density (here Tw is the total twist in the ring). With this choice of vector
«, the director basigdy, d») rotates about the central axis with the twist of the rod.

In carrying out the linear analysis some care must be taken with the boundary conditions
due to the periodic structure of the ring: these issues are discussed in [30]. In developing the
linear variational equations one finds that thand f® are non-autonomous. This is readily
dealt with by introducing a linear transformation composed of a reflection about thé,axis
and a rotation of anglg aboutds

coqys) —sin(ys) O
R, = | —sin(ys) —cogys) 0 |. (18)
0 0 1

This transformation is applied to both the basis of the unperturbed syst€and the vari-
ableso and £, This yields the new variable$ = R,.« andg = R,.f, which together
make up the components of the vecto(16).

The net result of the stability analysis is a linear system of equations of thelform-
L*.x* = 0, where
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L= (19)
2ik3T y n o? KTy (1+n?) —k?(1+n%) 0 2ink?
—? 0 0 0 —n?k? 0
—k3Ty (1+n?) 0 2ikT y n —2ink? 0 —k?(1+n?
k3T +n%—1)—02 —iklyn iT k%n 0 1 0
ikT'yn —n?k? — o2 kT y -1 0 0
—iT k?n 0 —T'n?k? - 202 0 0 0

Written out explicitly the dispersion relation takes the form
A = —2k°(n*? — 2n%k® + n? + 14 kA (n%k?* + 1)o®
— K*n2Tk* + 2n%Tk? — 2k* + Tn? — 10n*k* + 3Tk? — 3Ck*n? — 4nk?
+ dnBk* + 8k*n? + T + Tnk? + n*k? + T + Tnk? + *k? + Tnbk*o?
— k8n*(n — (L + n) 2n*k? + 2n*Tk? + 2T'n? — 4n’k? — 2%y %n?
— I'nk? 4+ 2I'%y2 + 2k? — Tk?)o?
— kb — 121 + n)?(n%k2 — T'?y? — k?) (20)

This relationship, which is an even polynomial of degree 6 iand degree 12 in, captures
the essence of the linear stability problem. Solutions with real positidentify the unstable
modes which grow exponentially out of infinitesimal perturbations; whereas the other modes,
which are either oscillatory or exponentially damped, will be of the order of the perturbation
itself and, therefore, not observable. A typical ploteo¥ersusn is shown in Figure 1. For
largen all modes are seen to be oscillatory.

The dispersion relations determine the critical value of the twist=Twy for which the
stationary solution first becomes unstable: this is the valye @dr which A(c = 0) = 0. It

Tw, = +——". (21)

The first mode to become unstable is the mode 2 with twist Tw, > +/3/T". The evolution

of this mode is shown in Figure 2 for growing amplitude up to second-order@ur linear
analysis constitutes a direct proof of the twist instability of the ring. Although this condi-
tion (21) is well known on the basis of static arguments [1], these arguments cannot prove
the actual dynamical instability of the mode after bifurcation. The solution for a given mode
can be found by first finding the real positive valuecosuch that the:th mode is excited
(A(o) = 0) and second, by computing the null-spacd.aforresponding to that value of.
Having obtained a solution fdiB, g}, we can obtaine = R, "% and f® = R, 1.g. The
solutionX = X©@ + ¢X@ can then be reconstructed by the quadrature

X = / ds (@2d® — a1d?). 22)
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Figure 1. o2 as a function ofi. The total twist is Tw= 30 > Tw..
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Figure 2. Evolution of the mode: = 2 for growing amplitudeX = 1/16, T’ = 3/4).
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Figure 3. Linear fundamental unstable solution for the modes 3 andn =5 (k = 1/16, T' = 3/4).

The explicit form of XV is quite complicated so, instead, we show in Figure 3 the different
modes: = 3 andn = 5. These are the fundamental modes which can become unstable as
increases.

The dispersion relations can also help answer another important question: given that a
ring becomes unstable, what is the actual shape that one sees appear? Théelsctizn
problem Numerical simulations [27, 28] show that planar rings twisted well beyond the
buckling threshold appear to favor a given geometry as they evolve into the buckled state.
The shape selected by the ring at the onset of instability is determined by the unstable initial
modes. Since the instability grows exponentially in time, we expect to semdbeunstable
mode grow faster than the others and hence to be the first observed. This dominant mode is
simply read off the graph of the dispersion relations. By definition, this mode selection is a
dynamical process and cannot be determined from an analysis of the static problem.

We illustrate this by considering the particular case shown in Figure 1. We see that the
modesn = 2 ton = 7 are unstable; however, it is clear that the fastest growing unstable
mode is the mode = 4 (The maximum is reached at~ 3.855). We therefore expect the
moden = 4 to be the dominant mode in the dynamics and the ring to select the associated
shape. The time evolution of this mode is shown in Figure 4. Here, we are only showing
the evolution governed by the linear theory and one should not expect the actual longtime
behavior to follow these deformations. However, as mentioned earlier, numerical simulations
show that, typically, the growth is dominated by a single mode and that the early stages of
evolution are, in fact, rather well modeled by the linear theory.

4.2. TWISTED STRAIGHT ROD

One of the oldest, and simplest, cases of an elastic instability is that of the straight rod sub-
jected to twist and tension (or compression) [17, 20]. The classical studies are again based on
stationary perturbations of static solutions and can only address the most basic stability issues.
Here, the full three-dimensional dynamical problem is considered within the framework of
Kirchhoff theory.

We consider a straight infinite twisted rod along #haxis. The twist density in the rod is
y. The stationary solutions is then given by

k@ = (0,0,y), (23a)
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Figure 4. Evolution of the unstable solution for the modes- 4 fork = 1/16, ' = 3/4.

@ = (,0,P?. (23b)

where P? represents the tension/compression along the rod. The interplay between the para-
meters,P and y determine the stability characteristics of the rod. To begin with we only
consider a rod under tension, i.¢(,°) > 0; the same analysis applies to a rod under compres-
sion.

The linear solutions can be expressed as

o = &'(Ax; €™ + A'xTe™), j=123, (24a)
Y = &@(Axj 58" + A'xT g™, j=1,23 (24b)

whereoc = o(n) is a solution of the dispersion relatioh = A(o, n). The instability
threshold(s) is determined by theutral curvesthat is the values of the parameters for which
o = 0. These curves are given by the solutiom\ad, n) = 0

A0, n) = (y? = n?)[(y3([ — 1) — P2 —n®? — y*( — 2)%%] = 0.

The first instability of the rod can now be determined. The solution of the dispersion
relation is shown as a function af for a particular value ofP in Figure 5. The relation
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Figure 5. Dispersion relation foP = 3, the straight line corresponds to a trivial straight solution curve while the
parabola is the neutral curve defining the linearly unstable helical mode.

A(0O, n) = 0 identifies, to first-order, two different stationary solutions. The first one, corres-
ponding to the straight line on Figure 5, does not correspond to an actual solution (on this
curvexk? = »® = 0 identically). The second solution, corresponding to the parabolic curve
in Figure 5, is physically significant and corresponds toeetical mode For this curve the
critical values are

_P2-T)
T
These new solutions take the form (obtained by the integration of Equation 13)

P
. Ye=d2—. 25
Y. T (25)

c

A A
X = (s, 2—cossP,2— sinsP> . (26)
P P

Thus for fixedP, the straight rod becomes unstable at the critical tyistnd deforms into a
helix. Some examples of these helical modes are shown in Figure 6.

We conclude by noting that the above discussion has been limited to infinite rods. The
bifurcation condition for rods of finite length exhibits a ‘delay’ inversely proportional to the
square of the rod length, i.e. the shorter the rod the sooner the bifurcation occurs. This will be
discussed in the context of the nonlinear analysis described in the next section.

4.3. HeLicAL RoD

One of the most fundamental, naturally occurring, filamentary structures is the helix — which
appears in fields ranging from molecular biology to magnetohydrodnamics. Furthermore,
helical rods are, subject to appropriate boundary conditions, stationary solutions to the Kirch-
hoff equations. However, despite their ubiquity, a rather basic question remains unanswered,;
namely are helical configurations stable to perturbation? In fact the results of the previous
section on straight rods makes this question particularly pertinent. If a twisted straight rod
bifurcates into a helix, is that mode itself stable, or will it undergo a secondary bifurcation
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Figure 7. A helical rod characterized by an applied twjsta radiusR, and a loop-to-loop distancer?.

into another configuration? The tools we have developed are able to answer this and other
guestions about the stability of helical configurations.

Here we consider a helical space cumg,parameterized by arc-length,turning around
a cylinder of radiusk whose central axis points along theaxis

x, = (P8s, Rcos(ss), R sin(ss)), 27)

where§ = +./1/(P? + R?). The choicet defines a right-handed helix fét > 0 (i.e. if you
point your right-hand thumb along theaxis, your hand will naturally rotate to the right as
you move along the helix). The height (along thaxis) per turn of the helix i8 = 27 P and
the length of the curve per turn is= 27 /8. Thus,for a helix ofN turns, the total height is
H = 27 PN and the total filament length & = 27 N /8. A sketch of a helical rod with an
applied axial twist is shown in Figure 7.

It is straightforward to construct the Frenet triad for this helix beginning with the tangent
vector T(s) = x,(s). One obtains

T(s) = (P38, —RéSsin(ds), RS cogds)), (28a)
N(s) = (0, —cogés), — sin(ds)), (28b)
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B(s) = (—RéS, —P3sin(ds), P§codds)). (28c)

The associated Frenet curvatueg, and torsiongg, are
R

— 2 _
Krp = Ré° = m, (293.)
P
= P8’°=——. 29b
TF P21 R2 (29b)

Since we are interested in actual helical rods with axial twist it is convenient to represent this
twist by aribbon attached tor, which twists around the space curve with a given rotation
angley (s). The ribbon construction naturally introduces the director basis

d\¥ = cosys)N — sin(ys)B, (30a)
d = —sin(ys)N — cogys)B, (30b)
a0 =T, (30c)

which is simply a rotation of the Frenet triad in the plane normal to T.
The twist vector may now be computed by substituting the new triad into the twist equa-
tion (1a) and solving for the unknowrs®. This yields

k© = (kp sin(ys), kp cOys), Tr + ¥), (31)

wherey is the twist density of the rod.

So far our discussion of the helix has been purely geometrical. To determine the physical
forces acting on our rod — assumed for now to be in a static configuration — we need to solve
the time independent Kirchhoff equations. Despite the relative simplicity of this calculation,
a number of interesting results follow. For greatest generality in the constitutive relations (5)
we choose the intrinsic curvature componentsto correspond to another helix, i.e.

k" = (kjsin(y"s), k. cosy"s), tp0 + ¥"), (32)

wherex}., t¢, R*, and P* are, respectively, the Frenet curvature, Frenet torsion, radius, and

pitch associated with this helix anet' is a specified twist density. Thus the ‘natural’ state

of our rod is a helix with the above specified parameters. Although we have specified an

additional twist density” it is easily demonstrated that static solutions for the helix only

exist when the stressed and unstressed twist densities are the same=.¢.”. However,

these need not be equal in the special limiting case of a helix of zero radius, i.e. a straight rod.
Givenk© and«* it is then straightforward to solve the Kirchhoff equations to determine

the force components. These are

o= (fo sin(ys), focodys), ;—Ffo) , (33)
F
where
fo=—trkr —k}) + Tkp(tp — 1% (34)

and we are assuming that # 0.
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To hold a helix in a given shape, it is usually necessary to apply a terminal force, i.e. a
force f,, pointing along ther-axis and applied at the ends of the rod. One may show that
fx = fosedw), whereq is the pitch angle defined as @ = R/P. It is clearly possible
to construct a ‘free standing’ helix, namely one for which no terminal forces are required,
corresponding to the conditiofy = 0. Thus, for example, if the unstressed configuration is a
naturally straight rod, (i.ecy. = 0), the free standing conditionjs= zx(1—-I")/ I". However,
it is important to note that even if terminal forces are not required, a terminal moment has to
be applied to maintain the helical structure.

A linear stability analysis of the stationary helix can now be performed exactly as before;
and as in the case of the ring an additional transformation of the form (18) is required to
make the linearized equations autonomous. The actual computations are very long and rely
heavily on symbolic manipulation. The dispersion relations are extremely complicated and
are generally not written out explicitly. However, given the growth rate for an unstable mode
with mode numben, the explicit form of the excited state takes the general form

2NKRE&; nés
xi(s,t) = Pés — ————=co0s ~ )

ntr
_ K (&-& . (n—-N E2+& . (n+N
x2(s,t) = R cogds) 5 |:n—N sm( N 8s> + At N SII’]( N 8s>:|,
x3(s,t) = RSin(ss) — LS [52_51 cos(n _N8s> _ St cos<n+N6s)],
§ | n—N N n+ N N

whereK = ¢C €' and¢&; andé&, are complicated functions ef, n, N, §, T, kg, k., Tp, Tf.
Their explicit form is given in [32].

Obviously in considering the stability of a helix there are many choices of parameters:
the geometric parameters, the intrinsic properties, and the elastic constant. For illustrative
purposes we summarize the results for the simplest case: namely a helix constructed from a
naturally straight and untwisted rod, i.e. one for which= (0, 0, 0) andy = 0. A detailed
discussion of this case as well as the behavior of intrinsically curved and twisted helices is
given in [32]. Analysis of the dispersion relation for our chosen problem reveals that there are
three neutral modes

) =0 ()= =
(%)2 = (T —2%2 +x2672> 1. (35b)

The behavior ofo around threshold can be estimated by a local expansion. Thus around
n/N = 1, an expansion in powers nfgives

o2 = (1—r)54(% —1)2+o<(% —1)4). (36)

Since there is no neutral mode betweetV = 0 andn/N = 1 and locallyoc > 0 around

n = 1, we conclude that, > O for all modes betweem = 1 andn = N — 1 and hence that

all these modes are unstable. A typical plot of the dispersion relation is shown in Figure 8.
We are now able to answer a basic selection problem: if a naturally straight rod is main-

tained in a helical shape and suddenly released, toward what shape will it evolve? Since all
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Figure 8. The growth rater2 solution of the dispersion relation for the (naturally straight) helical rod as a function
of the spatial mode. The maximum is obtained closeto= 2 (xr = 1/8, 7 = 1/8, N = 5).

the modes fromk = 1 to N — 1 are unstable and if the helix has more than one turn (i.e.

N > 1), the helix will be unstable. The evolution will be dominated by the fastest growing
mode which, for the parameters considered here, can be read off Figure 8; namely the mode
n = 2. The evolving state (at the level of the linear analysis) is shown in Figure 9. What is
quite striking is that instability tends to localize the deformation at two points in a way that is
characteristic of buckling behavior.

In addition to the case just described we have also studied the behavior of helical filaments
with non-zero intrinsic curvature and find that they are typically dynamically stable. Another
situation of interest is to consider the case of free standing helices subject to pulling or push-
ing. Typically when such a helix is pushed, the resulting instability correspond to a bending
of the entire helix, much like the bending of a straight rod. The unstable modes are located
around the principal neutral mode= N, so that the instability occurs at the scale of the
helix itself. By contrast when the helix is pulled and twistedhigher moden. is excited and
the helix deforms throughout the rod by creating> N loops along the helix. This latter
case should be contrasted with the case where the external parameters are held fixed but the
intrinsic curvature is changed. Then, the helix undergoes unstable deformations by exciting
lowermodes:. < N. This leads to the possibility of buckle formation as shown in Figure 9. It
is this observation that provides the motivation for the dynamical model of buckling described
in Section 6.

5. Nonlinear Analysis

Although the linear analysis identifies the initial instabilities as a function of the parameters
and gives the growth rate of the new solutions, it is limited in many respects. Most importantly,
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Figure 9. The time evolution of an unstable (naturally straight) helix. The linear mode2 creates two loops
(kFp =1/8,7p =1/8, N =5andK/1000= 0, 2, 4, 6, 8, 10, 12). This linear mode might not represent the true
evolution of the nonlinear equations andaigriori only valid for small values oK (see Section 5).

it is only valid for short times: the exponential growth of the linearized solutions leads to a
breakdown of the assumption that these solutions are of @rgerand, furthermore, violates
our assumption that the system, which is conservative, is bounded in space and time. Thus as
the linear solution grows, the nonlinear terms, neglected in the linear approximation, have to
be taken into account.

The main idea behind the nonlinear analysis is to develop an asymptotic expansion of the
solution amplitudes, as a function of longer space and time scales, close to the bifurcation
point [38]. In this regime, the distance from the bifurcation point is of the order of the perturb-
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ation itself. This relationship can then be used to introduce new scales on which the arbitrary
linear amplitudes can vary. Here we consider the case of a twisted ring, and then the straight
twisted rod. In both cases, we take the twjstas the control (or ‘stress’) parameter.

5.1. NONLINEAR ANALYSIS OF THERING

The unstable modes of the ring are discretized due to the boundary conditions and the shape
of the neutral dispersion curves around the origin. Therefore, a nonlinear analysis can only
take into account the temporal evolution of discrete modes. For twist value greater but close
to the critical twist, there is only one unstable mode, nameblt 2 (see Figures 1 and 2).

Thus, we seek to derive an equation describing the temporal evolution of its amplitude

and drop all possible dependence on longer space scales. If the system is close enough to the
bifurcation, the difference between the twist density and the critical twiist proportional to

the perturbation parameter itself, namely

=y —y. (37)

The new, longer, time scale is = ¢t. The choice of this new scale can be justified by
expanding the dispersion relation in poweregsee [31]). Taking into account the possibility

of the solutions varying on this new (independent) scale, one can now solve the hierarchy of
systems obtained by expanding all dependent variables in terms of

0% :  Eu®;s0.t0) =0, (38a)
oY) :  Le(u?;s0,10).u® =0, (38b)
0?) :  Le(u?;s0,10).u® = Hy(u'?), (38¢)
0% Lp(u®;so0,10).u® = Hy(u®, n®), (38d)

whereH; is polynomial in its arguments and derivativesinzg, t;.
To first-order one obtains the linear solution

n® = Cofo + A(ty) £€®/0 tcc., (39)

where c.c. stands for the complex conjugate of the previous expressidn, € C° are
specified such thal.& = &,.£&, = 1 andCy is set such that the ring remains closed when it
deforms.

The second-order solution can be found in the same way by solving (38c)

1? = xo+ x2€®'0 + x4 @0 1 cc (40)

In order to find a condition on the amplitudé(;) we demand that the solutions to the
third-order system (38d) remain bounded. Thus, we apply the Fredholm alternative to the
system (38d): here this consists of integratifig against all neutral solutions of the adjoint
operatorL,

L
/ o Ha(n@, u®, n@) ds = 0, (41)
0
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wherez,is the adjoint solution tqu(ll) (i.e. L}.gl = 0). This compatibility condition gives rise
to a differential equation foA as a function of,, which can be written in terms of

A A
92 27k +8
This equation describes the time evolution of the mmde 2 after bifurcation. An interesting
and important consequence that can be read off directly from the equation is that supercritical

solutions ¢ > y,) arealwaysunstable unlesk > 11/8. In such case, there exist a stationary
solutions with amplitude

(24v/3¢%Kk° — 6(80 — 11)|AP?). (42)

A2 = ——. (43)

Two comments are in order here, first this result is consistent with a result previously obtained
by Maddocks and Rogers [39] on the basis of the static Kirchhoff equations. Second, this
result does not seem very useful since the derivation of the Kirchhoff equations from three-
dimensional elasticity implies that3 < I < 1 < 11/8. However, an argument can be made

to show that rods with non-circular cross-sections with high intrinsic twist may actually obey
the Kirchhoff equations for circular rods but wikh> 1 [40]. Such systems could then exhibit
behavior like the one outlined here. Moreover, it seems that the experimental measurements
of the ratio between bending and twist coefficients for biological molecules such as DNA
strands) are also such tha?0< I < 1.5 [18]. Such high values df might, on the one hand,
justify the applicability of the calculations performed here but, on the other hand, may raise
doubts on the general applicability of the Kirchhoff equations to model biological fibers. We
believe that this issue is of fundamental importance and should be further studied.

5.2. THE TWISTED STRAIGHT ROD UNDER TENSION

We now perform the nonlinear analysis on the twisted straight rod. The main difference here is
that the amplitudes of the nonlinear modes can now vary on losgme scaledHere again,
we can set

e = Y = Ve (44)
and introduce the stretched time and space scales

=1, 1 =E¢&t, (45)

So =158, S§1=E€S. (46)

Taking into account the expansion in the bifurcation parameter and the new scales, we now
look for solutions of the full system order by orderan

0% E(u;s0,10) =0, (47a)
0eh :  Lgu®;so, t0).uY =0, (47b)
0?) :  Lp(u@;so,10).u® = Ho(u'Y), (47c)

0% Le(un@;so,10).0® = Ha(u®, u@), (47d)
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where nowH; is polynomial in its arguments and derivativesénsy, o, 1.
To order (Q¢), the (linear) solution is given by a superposition of the neutral modes; namely

u® = Xo(s1, t1)o + X (s1, 11)E, €D + X(sq, 11)& €1 W0/D), (48)

where Xo(s1, 1) and X, (s1, t,) represent, respectively, the slowly varying amplitudes of the
axial twist and the unstable helical mode= n.; and

&% = (0,0,0,0,0,1),
Sn = (17 _ia OaiPZ, Pz, 0) (49)

At this order ofe the functionsXy and X,, are arbitrary and are constant on the scédeso)
but may vary on the longer scalés, ;).

In order to derive an amplitude equation describing the evolution of the amplitudes on
these new scales we consider the higher-order equations in (47) and look for conditions on
the amplitude to ensure that the solution remains bounded. This condition is again found
at 0(¢®) by applying the Fredholm alternative. This calculation shows that the amplitudes
Xo =7, X, = X, must satisfy the following system of equations

P24+ 1\ 32X 092X Y
( hi ) > — — =PTX (1—2P|X|2——), (50a)
P2 ors as3 951
29%y 9%y J|X|?
=5 o = 2P Al (50b)
T a2 9s? ds1

These equations, which are of the form of a system of two coupled nonlinear Klein—-Gordon
equations, couple the local deformation of the podvith the twist densityY. We note the
central role played by the twist density in these equation: if w&'setO, it is easy to see that
the stationary solutions may blow up.

The space curve can be reconstructed by integrating the tangent vector up to second-order
in the perturbation parameter

S —1X1? dx
x(s.1) = | [[coXPx)(Re(X)Y — 24m(X)) — Sin(Px)(dm(X) Y +2Re(X))] dx |. (51)
[IsiN(Px)(Re(X) Y — 24m(X)) — COSPx)(Am(X) Y + 2 Re(X))] dx

The amplitude equations (50) derive from a Hamiltonian [41]
P2
= | {m
+ —FPZ (l — 8—Y)2 + —P2 (8—Y>2:| ds;
A(P2 + 1) ds1 2(P2+1) \ 91y
such that

92X SH  9%Y SH
N2 T T se a2 T v (52)
312 8X ot sY

X 2

ds1

2+ FP4| 4 FP3| 2 (Y X
P2+l P2+l 1—8s1 o
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wheres refers to the Fréchet derivative.
However, Equations (50) are probably non-integrable (they fail the Painlevé test [42] for
partial differential equations). Nevertheless, they admit some interesting special solutions
e Homogeneous solution$he spatially independent form of (50) is simply
9°X  P°r
a2 P2+1

where the twist density decouples from the deformation and is set equal to a constant.
After integration, the filament solution is found to correspond to a helix

2¢ X (st 2¢ X (st
X = (s, _Z P(g ) sins P, ¢ P(g ) COSSP) . (54)

e Periodic solutionsThese solutions are remarkably simple

K . nisy
X = /—sm( )

P L

kL .(anr )
Y = —siIn —3S1 ),

wherex = 1 — (n?7?)/(PTL?). If we hold the extremities of a finite rod of lengih
fixed, the constantX; are determined and we find an envelope solution for the rod:

) VAL2e2PT — 1
x(s) = |5, ————
2PL\Ta,a_

X (1-2P|X[), (53)

a_ COSa.s — a, COSa_s,
+ +

AL%°PT — l( sin sina_s)
— (a_ ars —a a_s) ),
2PL\Ta a_ i i
wherea. = P + 1/2L. This solution is shown in Figure 10 for a particular set of

parameters.
This solution shows a delay in the bifurcation as a function of the rod length: the bifurc-
ation now occurs at
1
et ZpriZ
A gratifying connection between this result and a classical result is worthy of mention.
The stability of a finite straight rod subject to twist and tension or compression was
studied long ago at the level of statics [20]. For constant twisthe static equations are
linear and it is possible to show that the bifurcation threshold is given by
, 4P? 1
14 ZF(W"F].). (55)
(Here our rod length is scaled by a factor 2ompared to the formula given in [20].)

Taking the square root of both sides and expanding the square root on the right-hand side
to first-order, gives

2P 1
V=T Tarrp

)/:

(56)
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Figure 10. The stationary solution fork = 5, = 3/4).

This is exactly our ‘delay of bifurcation’ result deduced from the weakly nonlinear
analysis.

e Traveling pulsesThese solutions can be obtained from the reducon= wu(s; —
cty) éetl, Y =v(sy — cty)

X = P2+1sech p Ft e ( Ft @ Ft
~Tgrpz SN T\ |FP T\ Ty ) T TV |
_a® P41 B /T

Y = 52— 1) 2LP? tanh[z (sl—c Etl ,

wherew andc are two free parameters and

2(c?—1) w(c? — c2) — w?c?
2 2 2 2.2 2 0 0
ot = ——(u(c® —cf) —wcy), Pp°= ,
c2(c? — cd) 0 0 (c2 — c)?
, 2 P? 2pP3L2 cw
CO = =——, n=—-—-—-7, = —
rr2+1 P2+1 2—c}

which corresponds to pulse-likesolitary wave solutions traveling along the rod with
constant speed. The possible speed intervals for which a traveling pulse exists are
given by the conditionr, 8 € R. For instance, in the cage = 0, we remark that the
minimum speed of these traveling wavesis= I'/2. This is the speed of the torsional
waves obtained from elementary linear elastic theory [21]. We believe that the solu-
tions obtained here are the nonlinear version of torsional waves that takes into account
the three-dimensional structure of the system and allow propagation of waves between
regions with different twist densities.

e Front. The simplest from of the front can be obtained by setting 0 in the previous
reduction and considering the case wherg (P2 + 1) > ¢ > I'/2. One can then find
a heteroclinic connection of the form

X (z) = atanh(Bz), (57)

with o2 = 1/(2P) andB? = c?P3I'/((P?c? — P? 4 ¢?)(I" — 2c¢?)), which describes
a front-like solitary waves connecting two different asymptotic states. The two different
solutions (pulses and front) are shown on Figure 11.

The amplitude equations (50) are of interest in their own right and have recently been
the subject of more theoretical and numerical study [41]. In particular, the stability of the
particular solutions has been investigated and a whole new 2-parameter family of particular
closed-form solutions has been discovered. This family contains among other, homogeneous
solutions, traveling pulses, fronts and traveling holes (also called gray solitons).
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(b)

Figure 11. Traveling waves solutions: (a) the pulse=£ 4, P = 7 andw = 0) and (b) front solutions¢(= 0.7,
P =1).T = 3/4inboth cases.

6. Dynamical Model of Buckling

It is easily demonstrated that as a small amount of twist is injected into a straight rod, it
deforms into a helical form (with very small radius) which, as the twist is further increased,
tends to localize in the middle of the rod and eventually forms a loop. Experimental studies of
filament twisting [17] have shown that this sequence of bifurcations is qualitatively correct.
Here we draw together the results of the previous sections to develgpaanicalmodel of
buckling in which this process is characterized as a sequence of bifurcations of the solutions
to the Kirchhoff equations in which the twist density is taken as a control parameter. The
sequence of bifurcations that constitutes our model of spontaneous looping can be summarized
as follows.

6.1. ARRIMARY BIFURCATION

(a) A straight rod, with arbitrary twistyg, and tensionP?, is shown to become linearly
unstable at a critical twist valugs = y, (for a given P) and then bifurcate into a helix.
The description at this stage of the process involves a direct application of the linear
stability analysis of the straight rod given in Section 4.

(b) The geometry of the helical solution, i.e. its pitch and radius, is completely specified by
using nonlinear analysis to determine its amplitude. Here we are able to use the results
of the nonlinear analysis in Section 6 and the properties of the amplitude equation (50).

(c) The redistribution of the original straight rod twisf, into the twist,yy, and torsion,
7, Of the new helix is determined using energy considerations. The helix can now be
specified by its curvaturer, tr, andyy.
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6.2. SECONDARY BIFURCATION

(a) Since the helix itself is an exact solution of the Kirchhoff equations, its linear stability
can also be analyzed (again by direct application of the results in Section 4) and the
critical twist value,yy = y», at which it becomes unstable is determined.

(b) The (linear) post-bifurcation solutions are constructed and a solution with one loop (such
as the one shown on Figure 12d), of arbitrary amplituglgs identified.

(c) A nonlinear analysis of the unstable helical mode found in step (b) is used to determine
the amplitude, B, of the loop. Here a one mode amplitude equation (analogous to the one
determined for the ring) is obtained of the form

2
a—f = B(c1 — c3|B|?), (58)
a5
wherec; andc;z are extremely complicated algebraic functions of the system parameters
whose explicit form is given in [33]. Since all the parameters involved in the coefficients
of the amplitude equation depend on the control parametethe stationary solution
of (58), i.e.B2,, = c1/c3, gives an explicit relationship between the amplitude and the
initial twist density.

6.3. TERTIARY BIFURCATION

(a) A simple criterion to determine the critic® value, B.., at which the loop will flip is
developed following the work of Coyne [2].

(b) The twist valueys, at which the loop amplitude equals is found using the properties
of the solution to Equation (58).

The various special values of the twigt;, v, v3, can all be related back to the initial twist
density, ys, injected into the straight rod. Thus, in the entire sequence of eygrtan be
considered as the ‘control’ parameter and its critical values at each stage determined explicitly.
A sequence of rod configurations as a function of increaginglues is shown in Figure 12.
Overall, this multistep dynamical model appears to be consistent with experimental obser-
vations, with the possible exception of the very first step. Here we note that in the experimental
work of Champneys and Thompson [17], the initial helical solution just described (corres-
ponding, in their terminology, to the classify solution), is not actually observed. They find
that under rigid loading conditions a helical deformation consisting of one twist per wave
(the stateH;) can often appear as a result of continuous deformation i.e. as a pre-bifurcation
phenomenon. Rather than observe the three twists per wave helical soltiothey see
a localized helical structuré; (which also has approximately three twists per wave). It is
this state that then undergoes a writhing instability into the looped state. The main difference
between their experimental observations and our theoretical model is that we do not observe
the H, state. However, this is not too surprising since subsequent studies by Champneys et
al. [43] show that the appearance of this solution results from the influence of a small initial
curvature in the rod — an effect not included in our model. Beyond this, their observations and
the rest of our model are consistent with each other.
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Y increases

Figure 12. A sequence of helical filaments for varying valuesygf (a) ys < y1, (b) y1 < ys < y2, (€)
y2 < ys > y3, (d) ys = y3, (€) ys > y3. The parameters afé = 3/4, P = 1/10, N = 5, y; = 0.2667,
y2 = 0.2684,y3 = 0.27376, and/s = y 4+ p with u x 10° = 0.1, 1.5, 3, 4.9, 5.36, 5.4.

7. Morphogenesis Driven by Intrinsic Properties

The most general form of the constitutive relationship (5) includes the presence of intrinsic
curvatures,c*’ and x5, and intrinsic twist,cS” which determine the ‘natural’ state of a
filament. We now turn to a discussion of the special, if not remarkalglgamicaleffects that

these terms can have in certain biological contexts. The first of these concerns the growth and
handedness reversal of tendrils in climbing plants, and the second concerns the self-assembly
of certain bacterial filaments.
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7.1. TENDRIL PERVERSION INCLIMBING PLANTS

Tendrils are the tender and flexible side branches of climbing plants, such as the grape-vine,
whose circular meanderings (circumnutation) allows the plant to find a support. On contact
with, say, a trellis, the tendril's tissues develop in such a way that it starts to curl and tighten
up, and acquire a more robust texture. This curling provides the plant with an elastic springlike
connection to the support that enables it to withstand high winds and loads. Once the tendril
has ‘locked’ onto the trellis its total twist content cannot change, since neither the main stem or
support can rotate. Thus in order to create a (helical) spring out of a filament with essentially
zero total twist, the coils of the spiral have to reverse at some point so that the tendril goes
from a left-handed helix to a right-handed one, the two being separated by a small segment.
This handedness reversal is termed ‘perversion’ and is Nature's way of creating a ‘twistless
spring’. The topic of tendril perversion fascinated Charles Darwin who discussed it at length
in his charming monographhe Movements and Habits of Climbing Plaptd]. In fact, the

topic of perversion in plants has a long history and was noted by many eminent botanists.
Indeed Linné himself has drawings (Tabula V) of tendrils exhibiting spiral inversion as early
as 1751 in highilosophia Botannica

Tendril perversion is not restricted to plants and is also found to occur in a variety of
contexts including the false-twist technique in the textile industry [45]; the microscopic prop-
erties of vegetal fibers such as cotton; the formation of bacterial macro-fibers [46]; and in the
macrophage scavenger protein, a triple helix with reversed handedness [47]. However, its most
familiar — and easily demonstrated — occurrence is in telephone cords: as a coiled telephone
cord is first extended and untwisted and then slowly released, a spiral inversion will usually
appear in the form of annoying snarls.

A mathematical description of tendril perversion can be provided through a dynamical
analysis of the Kirchhoff equations for thin elastic rods in whiigtiinsic curvatureplays a
special role. The starting point for the analysis is, again, the linear stability of a straight rod:
this time the rod is ascribed an intrinsic curvatut€ and a tensiorP2. The linear stability
analysis yields the dispersion relations

A = —n®n®+ PH( (1 + P?) — K?) — n*n® + P?)((n° + D(2I — K?) + 2)o?
—n2(n® + D((n? + DT + 4(n® + P?))o* — 2(n? + 1)%05, (59)

where for notational simplicity we have s;elT‘) = K. The neutral curves, determined from
the conditionA (o = 0, n) = 0, take the rather simple form

(K? —Tn? = P7T. (60)

Thus for an infinite rod we see that there exists a critical tengigr; K /+/T, such that the
rod is unstable for alP < Py. For a finite rod of lengtfiL, the first unstable mode is= 1/L
and the corresponding critical tensionfi$ = (L2K2 —T")/(L°T"). We note that?; < P, and
that there are a series of decreasing critical tensions associated with the series of (discrete)
modes ending with the last possible state which corresponds to the largest integer less than or
equal toK L/+/T.

To second-order in the perturbation expansion (see Section 3) the solution corresponding
to thenth mode takes the form
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Figure 13. The optimal solution curves in ther — kp plane together with the two optimal helices (circles)
obtained forK = 1/4,T = 3/4n = 1/8 andP = P> ~ 0.286. The inside curve is the one obtained by the
nonlinear analysis for the central piece.

x(s,t) =

. Xssin(Zns) + 2ns’ oKX PI%2 - K2(1-T) Cosz(ns)’ _ox, sin(ns)
2n 3PT2 — 7TK2I' P2 4 4K*

whereX, = Re(A,). At the level of the linear analysis the amplitudg is still, of course,

arbitrary and can only be determined by a nonlinear analysis. Carrying this through at the level

of a single mode analysis (cf. the discussion of the ring in Section 5) one can determine that

the amplitude is
o Ar¥2(P — P,)(K?+3I'n?)(K? — Tn?)'/?
T (12—=TD)K4 4+ 2n2T2(1 — 2I)K2 — 3n4T3’
The solution (61) represents the central, perverted, piece of the problem. We argue that this
periodic solution is close to the heteroclinic solution that asymptotically connects helices of
opposite handedness, and using the above results and the standard properties of helices (see

Section 4) we can show that these helices have a Frenet taisien P%cr) /(K +ikp(I' —1)),
and a Frenet curvaturey, satisfying the condition

2N — Dk — 2K(T — 2)k2 — 2«pK? + T't2K = 0.

, (61)

(62)

From these calculations a rather nice picture tendril perversion emerges. As the tension de-
creases for a given intrinsic curvature (or equivalently for an increasing intrinsic curvature
and given tension), the tendril reaches a critical state where it looses stability and bifurcates
into a solution exhibiting perversion. Beyond threshold this solution asymptotically connects
to helical solutions of opposite handedness and specific geometry. As shown in Figure 13 this
family of helices forms a closed curve passing through the p@ht®) (straight line) and

(K, 0) (rings). Each point on the curve represents a helix for gifelk, I'. The perverted
filament asymptotically connects two optimal helices: a right-handedgne-(0) to a left-
handed onerr < 0)). This figure suggests that the perverted filament is, in fact, a heteroclinic
orbit in the curvature-torsion plane joining two asymptotic fixed points (corresponding to the
two helices).
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Spiral perversion

Figure 14. Sketch of a helix hand reversal.

7.2. FLF-ASSEMBLY OFBacillus subtilis

The individual cells of the bacterial straBacillus subtilisare rod-shaped and typically of
length 3—4um and diameter 0.3m. Under certain circumstances they are found to grow
into filaments consisting of the cells linked in tandem due to the failure of daughter cells,
produced by growth and septation, to separate [5]. As they elongate these filaments, which
are immersed in a liquid environment (whose temperature and viscosity can be controlled),
are observed to twist at uniform rate. The degree of twist and handedness can, in fact, be
controlled experimentally and a wide range of states from left-handed to right-handed forms,
can be produced. The actual twist state of the cells seems to be related to properties of the
polymers which are inserted into the cell wall during growth. As they elongate the filaments
are observed to whirl and writhe and eventually deform into double-helical structures. These
continue to grow and periodic repetition of this process results in macroscopic fibers (termed
‘macro-fibers’) with a specific twist state and handedness. (A schematic representation of this
dynamics is given in Figure 15.) A striking feature of this iterated process is that at every
stage of the self-assembly, the handedness of the helical structures that are creatshigthe
(e.g. a right-handed double helix gives rise to a right-handed four-strand helix and so on).
The nature of the environment does, however, influence certain aspects of the self-assembly.
In a viscous environment the basic writhing instability leads to something of a ‘buckling’ at
the middle of the filament with the formation of a tight central loop; this is followed by a
helical wind-up which starts at the base of this loop. By contrast, in a non-viscous medium,
the instability causes the filament to fold over into a large loop closed by contact between
the ends of the filament. This closure is then followed by a helical wind-up starting at that
point. In both cases this self-assembly conserves handedness and usually continues over long
periods until macro-fibers, several millimeters long, are formed.
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Figure 15. An elementary twist to writhe conversion in growiBacillus subtilis

Due its structural complexity, the fact that it grows, and the presence of a fluid environ-
ment, mathematical modeling Bhcillus subtilisdynamics presents many challenges (see, for
instance, [48]). Nonetheless, some progress can be made using many of the ideas described
above. One fundamental clue to developing a model lies in the observed, handedness pre-
serving, twist-to-writhe conversion. Since the dynamics of this conversion is so fundamental
we begin our discussion by first considering the following elementary demonstration involving
the twisting of an elastic rubber tube with circular cross-section. Held out straight the tube can
be said to be a ‘naturally’ straight rod, i.e. its relaxed lowest energy state is that of a straight
rod without any twist or curvature. The tube is held in both hands and twisted, say, with
right-handed twist. The straight line markers can be seen to take on a left-handed helical path
showing that the total twist of the rod is now greater than zero. To return to its natural state the
excess twist must be removed. One way to do this is simply to let go of one end, which allows
the tube to relax by unwinding in the counter-clockwise sense. This unwinding takes the form
of atwist wavepropagating along the tube from the free end towards the fixed end. It should
be noted that these twist waves correspond to fairly large-scale ‘whirling’ or ‘crankshatft’ like
motions in which the tube undergoes quite substantial lateral deformations as it turns. Relief
of twist can also be achieved without allowing either end to rotate freely; namely by letting
the restrained ends approach each other and a supercoil form in the counter-clockwise (left-
handed) sense. This is the most elementary form of twist-to-writhe conversion. Despite its
convoluted structure the total twist of the tube when supercoiled is returned almost to zero
which corresponds to the equilibrium energy state. However, for a fundamental reason, this
example differs from the situation iBacillus subtilis and DNA, where an initial form of
a given handedness gives rise to a supercoiled structure that is sdrniehandedness. This
fundamental difference in behavior is due to the presence of an ‘intrinsic’ twist in the filament.
To illustrate this consider a rubber tube with left-handed intrinsic twist (see Figures 16 and
17). The straightened tube is then twisted at one end in the opposite direction until the markers
are approximately straightened out. The current twist density of the filament in this state
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Start with a twisted straight rod with zero intrinsic twist density
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Figure 16. Twist to writhe conversion with no intrinsic twist.

would appear to be zero but its natural state is one of non-zero twist density as indicated
by the original helical marker lines. To achieve its natural state the tube must make up for the
(apparent) ‘twist deficit’. If one end is freed the tube winds in a clockwise sense (the same as
the helical marker lines) again sending a twist wave down the rod. If the ends are not freed
but brought towards each other, the tube will supercoil to relax. In this case the supercoiling
is with thesamehandedness as the intrinsic twist.

For the purpose of modeling the bacterial strands we assume that each individual bacterial
cell is a segment of an elastic filament and that it possess an ‘intrinsic’d{vi§rowth of all
the cells in a filament uniformly results in an exponential growth accompanied by a gradual
reduction of the local twist density. Returning to the rubber tube model described earlier, the
intrinsic twist is represented by a helical marker line on the surface of the filament. As the
filament grows exponentially the marker line constantly changes pitch as if straightening out
along the filament length. Changing pitch in this direction away from the initial twist,
results in a filament that can be considered undertwisted. The greatest twist deficit, measured
by k3 — «% (i.e. the difference between the local twist density and the intrinsic twist), will
be found in the central portion of the filament whereas the twist deficit will be smallest at
the filament ends. This results in a large twist gradient at the center of the filament which
therefore produces an axial torque. This creates a whirling instability at each of the free ends
— in principle these whirling motions propagate twist back to the center of the filament until
the twist deficit has been eliminated. However, two competing processes come into play:

1. the continuous growth of the filament provides an ongoing source of torque at the filament
center;

2. due to the growth, the whirling portions of the filament increase in length and experience
an ever increasing drag exerted by the fluid medium.
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Start with a straight rod with intrinsic twist but zero twist
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Figure 17. Twist to writhe conversion with intrinsic twist.

At a certain point the central, growth produced, torque (one can think of the central portion
of the filament as a ‘torque engine’ fueled by the growth) cannot overcome the viscous drag.
The whirling motions are effectively blocked and the sort instability scenarios for twisted
straight rods that we have discussed take over. Now, as the rod continues to grow, the twist
deficit builds up and, without the possibility of relief from whirling motions at the ends,
undergoes a supercoilingjth the same handedneds eliminate the twist deficit.

A more quantitative picture has proved to be rather difficult to develop. However, some
simple scaling arguments can be proposed. For example, based on crude estimates of balance
between the torque generated by filament growth and the drag experienced by the whirling
portions, suggests that the critical buckling length might behave as

Jick 1/3
I~ (“ KS) , (63)
Cnr

wheren is the dynamic viscosity of the fluid mediumthe filament growth ratey the shear
modulus and/ the axial moment of the filament, aidtlan unknown coefficient related to the
drag. The scaling, ~ n~%/2 is not intuitively obvious.
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