NUMERICAL SOLUTION
OF A BENDING-TORSION MODEL
FOR ELASTIC RODS
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ABSTRACT. Aiming at simulating elastic rods, we discretize a rod model
based on a general theory of hyperelasticity for inextensible and unshear-
able rods.

After reviewing this model and discussing topological effects of peri-
odic rods, we prove convergence of the discretized functionals and sta-
bility of a corresponding discrete flow.

Our experiments numerically confirm thresholds e.g. for Michell’s in-
stability and indicate a complex energy landscape, in particular in the
presence of impermeability.
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1. INTRODUCTION

Long slender objects—such as springy wires made of plastic or metal—
can be approximated by curves. In many cases, equilibrium shapes are
characterized in terms of the bending energy, i.e., (half of) the total squared
curvature. The latter has a long history, dating back to Bernoulli, and can
be seen as the starting points of elasticity theory.

The bending energy depends just on the centerline of an object and does
not incorporate other physical effects such as twisting, friction, or shear.
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For instance, only relying on the bending energy one cannot explain why a
telephone cable tends to curl. It also does not preclude self-penetration.

In this paper we extend the study of inextensible elastic curves by the first
author [3] to inextensible and unshearable elastic rods. To this end we
discretize the minimization problem

L L
Minimize  Toaly,b] = % / e+ & / - (f xb)? da
0 0

(Proa) in the set A= {(y,b) € H> x H' : LI*4[y, b] = o9,
ly'| = 1ol = 1,5/ L b}.

and devise a numerical scheme in order to simulate a suitable H?-like gra-
dient flow.

Here cp, ¢y > 0 are bending and torsion rigidities that are determined by
the Lamé coeflicients of the material and geometrical properties of the rod.
Furthermore, Lrb%d : H?> x H' — Y encodes the boundary data Ef)ocd in
some finite-dimensional linear space Y. We assume that it only involves
linear combinations of boundary points of y, ¢/, and b. Therefore L{)"Cd is
continuous with respect to weak convergence in H? x H'. In particular L{D%d
can be used to incorporate periodicity in case of a closed curve .

For ease of readability, we will rescale I;,,q by 1/¢; from now on and abbre-
viate
7= cp/c.

We will always assume A to be nonempty which is guaranteed if the bound-
ary data Krb%d is compatible with the frame condition and implies that the
distance between the endpoints is strictly less than L. Any boundary data
on a frame F' can be matched by adjusting a reference frame Fj using a

suitable cumulative angle function ¢ (see Section 2.3 below).

Elastic rods. Based on the work of Mora and Miiller [49] for general rods,
the minimization problem (P,,q) can be rigorously derived from a general
three-dimensional hyperelastic model, see [4] for a short formal derivation.
In the situation of rods with circular cross-section, made of some isotropic
and homogeneous material, we find that ¢, > 2¢;. According to Coleman
and Swigon [15, p. 195] there is some indication that values less than s = 3

2
are appropriate for modeling DNA.

The study of elastic rods has a long history. It is closely related to elasticae,
i.e., stationary points of the bending energy, see Levien [41] and references
therein. A comprehensive presentation on the subject from the perspective
of elasticity theory is provided by Antman [1].

We find applications in different fields such as the modeling of coiling and
kinking of submarine cables (Zajac [71]; Goyal et al. [32, 31]), cell filaments
(Manhart et al. [44]), and computer graphics (Bergou et al. [7]; Spillmann
and Teschner [60]). Modeling in molecular biology has stimulated a lot of
activity in this field as well.
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A prototypical model for DNA supercoiling which has received considerable
attention is the twisted elastic ring investigated by Maddocks in various
collaborations [22, 37, 37, 43, 45, 46]. The solution of the corresponding
minimization problem leads to an intrinsically straight uniform rod with
equal bending stiffness. The analysis bases on Hamiltonian formulations of
rod mechanics. The general idea is to impose a twist rate 5 on a unit loop.

For small values of § the round circle (with a uniform twist) remains an
equilibrium. This phenomenon is known as Michell’s instability [47], see
Goriely [28] and references therein. Larger perturbations lead to instability
and bifurcation phenomena, cf. Goriely and Tabor [29, 30].

Ivey and Singer [36] reconsidered the problem from a variational point of
view, obtaining a complete description of the space of closed and quasiperi-
odic minimizers. Recently, a reformulation in terms of symplectic geometry
has been given by Needham [50]. Regarding the discretization of elasticae
we refer to Scholtes et al. [58].

Gradient flows. We aim at numerically detecting configurations of framed
curves with low bending and twisting energy. For this we consider the
gradient flow of the energy functional in (P..q), a weighted sum of an elastic
bending energy term and a functional that tracks the twisting of the frame
about its centerline.

Recently, gradient flows involving the bending energy have received much
attention, with respect to rigorous analysis, see Dziuk et al. [24] as well as
regarding discretization aspects, see Deckelnick and Dziuk [20], Barrett et
al. [2], Bartels [3], Dall’Acqua et al. [18], Pozzi and Stinner [54]. Lin and
Schwetlick [42] also include frames in their model.

We implement a constraint ensuring that the curves stay close to arclength
parametrization if the initial curve is arclength parametrized. Moreover the
bending energy can be replaced by the squared L? norm of the second deriv-
ative of the curve which is a crucial point in the analysis of the discretization.

Impermeability. Based on earlier work aiming at modeling DNA plas-
mids [14, 17, 66, 68], Coleman and Swigon [15] take self-contact phenomena
into account and discuss the interaction between certain topological quanti-
ties such as writhe, excess link, and the number of self-contact points. In [16]
they include the case of (two-bridge) torus knots. In contrast to a related
approach by Starostin [61] they impose a (small) positive thickness.

The corresponding case of open curves with appropriate boundary conditions
has also been studied by several authors. Van der Heijden et al. [69] pro-
vide a comprehensive study of jump phenomena in clamped rods with and
without self-contact. A more detailed classification of the respective equi-
librium configurations is given by Neukirch and Henderson [51]. Clauvelin,
Audoly, and Neukirch [13] modeled the situation of a small loosely knotted
arc with open end-points and studied the shape of the set of self-contact and
the influence of twist applied to the end-points as well. Starostin and van
der Heijden [62] model the situation of so-called two-braids, i.e., structures
formed by two elastic rods winding around each other, which also covers
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the case of (2, b)-torus knots [63, 64]. The dynamic evolution of intertwined
clamped loops subject to varying loads has been addressed by Goyal et
al. [31, 32).

Some of the above-mentioned models involve initial assumptions on the ge-
ometry, especially regarding the contact situation, focussing on explicit con-
structions for modeling and simulation. Our approach of treating (Pyoq)
does not rely on any precondition.

We will redefine (P.q) in Section 6.6 to incorporate impermeability. To this
end, we rely on the tangent-point energies whose impact on the evolution
of (unframed) curves has been discussed in [5]. We thereby extend a reg-
ularization ansatz due to von der Mosel [70] with O’Hara’s energies [52] in
place of the tangent-point functional. In fact, one might conjecture that any
self-avoiding functional will qualitatively produce the same results.

Computationally, this case is particularly challenging since strong forces re-
lated to bending effects have to by compensated by repulsive forces related to
the tangent-point functional to avoid self-intersections. Regularization ap-
proaches guaranteeing global injectivity have been successfully implemented
in different fields, see Kromer and Valdman [38] for an example in the con-
text of elasticity.

The existence of curves minimizing (P..q) follows via the direct method of
the calculus of variations or, equally, from the Gamma-convergence (Propo-
sition 4.1) together with the coercivity of the functionals. In the presence of
uniform thickness bounds, however, we cannot rely on these reasoning, see
Gonzalez et al. [27]. While (Py0q) covers the “uniform symmetric case” of
the Kirchhoff rod, which constitutes maybe the simplest model that involves
both bending and twisting, the setting discussed in [27] offers more flexibility
and especially also covers the cases of extensible shearable rods. Schuricht
and von der Mosel [59] derived the Euler-Lagrange equations for elastic
rods with self-contact. A similar approach has been followed by Hoffman
and Seidman [34, 33].

The evolution of impermeable rods preserves isotopy classes, so topology
aspects come into play. Here we will encounter a more involved picture
compared to the analysis of the twist-free setting, see Langer and Singer [39]
and Gerlach et al. [25]. A complete characterization of minimizers is wide
open.

Outline. We review the geometry of elastic rods in Section 2. In Section 3
we derive an approximation result (Lemma 3.1) that is used in Section 4
in order to prove Gamma-convergence of the discrete problem to the con-
tinuous one (Proposition 4.1). We prove stability of the numerical scheme
in Section 5 (Proposition 5.2). Several experiments discussed in Section 6
indicate a complex energy landscape.

Notation. The inner products corresponding to L?, H', H? are denoted by
(,4), () g, and (-, -) g2, respectively. The norms are written accordingly.
Constants may change from line to line.
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2. ELASTIC RODS

Here we provide a short presentation of the geometry of elastic rods which
is inspired by Langer, Singer and Ivey [40, 36]. It is not essential for the
analysis of the numerical scheme in the subsequent sections but sheds some
light on the interpretation of the experiments in the last section.

2.1. Framed curves. A rod is modeled by a curve y : [0, L] — R3 which
corresponds to its centerline and an orthonormal frame F : [0, L] — SO(3)
whose columns F' = [t, b, d] are called directors. Of course, d =t x b where
x denotes the vector cross product. In the following we consider y € H?
and F € H'.

We will assume that the first column of F' coincides with the unit tangent
t(x) = y'(z)/]y (x)|, € [0, L]. The idea is that the directors b and d track
the twisting of the material about the centerline.

The assumed energy regime for bending stiffness in (P,oq) imposes inex-
tensibility as a physical property. Therefore we can prescribe arclength
parametrization which leads to the unit tangent vector ¢ = ¢/ and the cur-
vature k = |t'| = |y”].

Our analysis also covers the case of closed rods where [0, L] is understood
to be the periodic interval R/LZ. We will realize the latter by imposing
suitable (periodic) boundary conditions at 0 and L. In general a twist-free
frame (see Section 2.3 below) of a closed curve will not close up, i.e., there
can be a discontinuity at one point of R/LZ. One has to take care of this
fact when defining boundary conditions.

An important frame that will always be well-defined and continuous for suffi-
ciently smooth (both open and closed) curves y with nonvanishing curvature
is the Frénet frame where bp =t'/ |t/|.

A rod is assumed to have some small diameter which can be considered
infinitesimal; however, self-penetrations are not excluded at this stage (see
Section 6.6 below for a discussion on modeling impermeability).

2.2. Twist rate. Using the orthonormality of the frame, we may express
the variation of the director b by

V=0 -t)t+ @ b)b+ O -dyd=—(b-y")t+ (b -d)d.

The first term tracks the change of b that is imposed by the spatial behavior
of the curve. It is just a component of the curvature vector as y” = (y” - b)b+
(y" - d)d. Only the second one actually provides information about the
twisting of the frame about the centerline. Therefore we will call ¥’ - d the
twist rate of the frame.

We may also characterize a frame by a 9 x 9 linear system, namely

/

t 0 kyl kgl t
d ka1 B1 0 ) \d
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for scalar coefficient functions ky, kg, and B where 0,1 € R3*3 denote the
zero and identity matrices. Here ky = y”-b and kg = y”-d are the components
of the curvature k of y and 3 = b’ - d is the twist rate. For instance, the
Frénet frame is characterized by kg = 0.

A more detailed discussion of the impact of the twist rate is given in Sec-
tion 2.4 below.

2.3. Reference frame. For any curve y, a point & € [0, L], and be S?,
b1 y'(£), we obtain by integration a unique frame Fy = [tg, b, do] for y
with Fy(&) = [y (& ),3, y'(€) x B] whose twist rate is constantly zero. We call
it synonymously a Bishop frame, natural frame, reference frame, or twist-
free frame for y as it is a frame in rest position subject to a fixed curve.
Therefore, up to a rotation of the initial vector b (which corresponds to an
element of S!) there is a unique twist-free frame for any given curve.

A twist-free frame Fy provides a useful reference configuration. Denoting
the (cumulative) angle between the director b of any other frame and by by
@, we arrive at b = (cos )by + (siny)dy and d = —(sin )by + (cos ¢)dp.
Consequently, the rate of change of ¢ is just the twist rate

(1) o' =0b-d=8.

Two frames that just differ by a constant angle ¢ may be considered equiva-
lent, in particular when modeling rods with a circular diameter where there
is no natural choice of a director. This is of course different for small ribbons
with lateral extension in a particular direction.

Note that even for closed curves with frames that close up, ¢(L)—¢(0) does
not need to be an integer multiple of 27, unless the twist-free reference frame
closes up. The latter applies in particular to rods with planar centerline
where the vector being perpendicular to the respective plane provides a
“canonical” twist-free frame.

In general, there is no direct correlation between ¢(L) — ¢(0) and the angle
enclosed by b(0) and b(L). One can think of a revolute joint that controls
the latter angle.

2.4. Total twist. An important quantity, in the literature often simply
referred to as “twist”, is the total twist (more precisely, total twist rate)

_ L L
Tw(y,b) = 790(11) #(0) = 1/0 90/(5) ds = 217r/0 B(s)ds

27 L
I L
=50 ), V) ) as = o [T aet (/90060 05) as

where s is an arclength parameter and the last expression is parametrization
invariant.

As the first identity suggests, the total twist can be interpreted as the num-
ber of rotations the director b (or, equivalently, d) performs about the curve,
i.e., the centerline of the rod.
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The total twist takes integer values on any closed curve for which both
frame and twist-free reference frame close up. In particular, this holds for
any planar closed curve with a closed frame.

2.5. Calugareanu’s identity. A given (sufficiently smooth) embedded closed
curve y together with a closed frame b (i.e., there are no discontinuities of
the frame) defines a link consisting of y and y + b for some small £ > 0.
For embedded closed curves, Calugareanu’s identity [11, 12]

Lk =Tw+ Wr

provides a decomposition of the Gauss linking number Lk (an integer topo-
logical invariant, a special case of the mapping degree) into the sum of two
geometric terms (that can take arbitrary real values each), namely the total
twist Tw and the writhe functional Wr. See Moffatt and Ricca [48] for an
account on the history of this result.

The Gauss linking number amounts to half of the sum of all signed crossings
of y and y + b with respect to a regular projection direction. The latter
guarantees that we can identify any crossing either as an over- or under-
crossing, respectively. To this end, the intersection of (the images of) y and
y + b must be empty. It was Gauss’ seminal discovery that this quantity
can also be expressed by a double integral over [0, L], see, e.g., the nice re-
view by Ricca and Nipoti [56]. For two curves y,y forming a link, such as
¥y =y + b, we have

det —y(7),y v (T
Lk(y,5) = L // et (y(x) y(ﬂﬁ):?i(fg),y @) 4 dz
0.L]? ly(z) — y(@)|
which is independent under reparametrization.

Any crossing of y(z) and y(z') +eb(z") where the preimages x, 2’ € [0, L] are
close will be called local and global otherwise. Given any regular projection
direction, we can distinguish between local and global contributions to the
linking number, see Figure 1. Note that, in contrast to the linking number,
its local and global contributions are not invariant for any regular projection
direction in general. By Sard’s theorem, almost every direction is regular,
so we can just compute the average of local and global contributions over
the sphere of all projection directions. The first one agrees with the total
twist, the second one is the writhe functional. For details we refer to Dennis
and Hannay [21] and references therein.

Writhe can equally be computed by summing up the signs of self-crossings
of any projection of the curve and averaging over all projection directions.
In particular, it only depends on the curve, not on the frame, but in contrast
to linking number and total twist it requires y to be embedded. It can also
be represented by the Gauss double integral via

Wr(y) = Lk(y,y).

Writhe measures non-planarity (and non-sphericity) of a curve; in particular,
it vanishes on planar (and spherical) embedded curves.

Consequently, the total twist will be close to the Gauss linking number for
embedded curves that are nearly planar (which occur at several stages of the
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FIGURE 1. A curve y and a director b produce a link con-
sisting of the curves y and y + b for some small € > 0. In
the projection shown here we see four mutual intersections of
the first with the second curve. On the left and right margin
we see a local crossing (overcrossing). This is a contribution
to the total twist which amounts to 1 in this case. At the
center there are two global crossings (undercrossing). These
count for the writhe functional. In this particular example
we have Lk = 0, Tw = — Wr ~ 0.95.

experiments in Section 6). So we can check the values of the total twist by
computing the Gauss linking number, i.e., counting signed crossings. We can
remove the claim of embeddedness of the centerline by relating crossings of
y and y + &b to the number of rotations of the director about the centerline.

Of course, there is no “writhe-free” frame, but, as suggested by Maddocks,
we can geometrically construct a “writhe frame” whose linking number is
zero, see [21].

Compared to the other two functionals in Calugareanu’s identity, which
can be evaluated using double integrals, the total twist is much easier to
compute. Furthermore it does not require embeddedness of the curve.

2.6. Energies. We assume that the behavior of the rod is driven by a linear
combination of the bending energy (half of the total squared curvature)
and the twisting energy (half of the total squared twist rate), cf. Mora and
Miiller [49]. More precisely we consider the functional

o [F 2 e [F 2
(2) (y,0) = — [ k(s)?ds+ = [ B(s)*ds

2 Jo 2 Jo
where s is an arclength parameter, k(s) denotes the curvature of y at y(s),
and ¢y, c; > 0 are material constants. Minimizers are called elastic rods.

As mentioned in the introduction, we rescale the energy functional by 1/¢;
and define » = ¢, /cy.

At the end of this section, we will briefly discuss two related minimization
issues.

2.7. Optimal frames. For a given curve y, we may consider the problem
to find a director b minimizing I,oq[y, | subject to the boundary condition
Lrod[ b] _ érod

be Y5 0] = £
In first place, if b is a stationary point of I;oq[y, ] for some fixed y then

(3) B=¢ =2 Tw(y,b)
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is constant due to du Bois-Reymond’s lemma. According to the Cauchy—

Schwarz inequality, the twisting energy is bounded below by % Tw(y,b)2.

This minimum is attained if and only if (3) holds such that the twisting
energy then amounts to % Tw(y,b)? = %62. In particular, we can check
whether a given rod has a uniform twist rate by computing the quotient of

total squared twist rate over squared total twist rate.

Note that for any global minimizer (y,b) of I;,q, the director b is a global
minimizer of Iq[y, -] as well.

In case L[y, b] does not affect both points 0 and L, minimizing Iyoaly, -]

is equivalent to constructing a twist-free frame.

Otherwise we face a clamped problem, i.e., b has to satisfy b(0) = b_ and
b(L) = by for b_,by € S% b_ L /(0), by L o/(L). (If the boundary
condition just forces the frame to close up, i.e., b(0) = b(L), we may just let
b_ = b, for an arbitrary vector perpendicular to y'(0) and ¢/ (L).) In this
case there is a global minimizer by, with constant twist rate (3). Using a
twist-free reference frame Fy = [y, bo, do] with by = b_ we have (0) = 0
and o(L) € (—m,7]. If ¢(L) # 7 there is a unique minimizer b with twist

rate ¢ = @. If ¢(L) = 7 there are precisely two minimizers with twist
rate ¢/ = 7.

Topological restrictions can enforce arbitrary angles ¢(L) € R, however,
this does not apply to (P;oq) which does not preserve this sort of condi-
tion throughout the evolution. Keeping track of topology enforces modeling
impermeability—quite a natural feature which we will address in Section 6.6.

2.8. Releasing total twist. In light of Section 2.7 we must have |Tw(y, b)| <
% for any global minimizer (y,b) of I,,q. In general, we have

2 L 1 L ! 2
Tw(y,0)|" < 55 -5 [ (B'(s)-d(s))"ds,
27T2 2 0
however, the absolute value of the total twist does not have to be decreasing
throughout the evolution.

At the final stage of an evolution of a closed curve (the frame does not have
to close up), all we can hope for, however, is |Tw(y,b)| < 1. We briefly
explain how this bound can be realized.

One can change the Gauss linking number of a given (embedded) rod by
+2 by locally forming a small loop, performing a suitable self-penetration
and moving the curve back to the original position. The value of the writhe
functional is not affected as it does not depend on the frame. So we have
changed the total twist by +2 as well according to the Calugareanu identity
(cf. Section 2.4).

A self-penetration of the curve will in general lead to a change in topology
resulting in a discontinuity of the linking number. While the total twist
is continuous throughout the evolution, the writhe functional is not well-
defined on non-embedded curves and thereby compensates the change of
the linking number.
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An evolution does not necessarily realize the bound |Tw| < 1. First of all, it
is in general unclear whether it will in fact converge to a (local) minimizer
at all. Another obstruction is discussed in the next section.

2.9. Michells instability. Among all closed curves, the round circle fra-
med by its normal vector is the unique global minimizer of I,,q (up to a
constant rotation of the frame).

It is a remarkable fact that the round circle remains a minimizer (at least a
local one, cf. Section 2.8) when we add some twist by increasing the (con-
stant) twist rate S (which results in a discontinuity of the frame at one
point). This phenomenon which is referred to as Michell’s instability has
been discovered 130 years ago [47] and then been rediscovered several times,
see Goriely [28] for more details.

Zajac [71] has found the threshold 3, = 2mv/3¢/L that separates the stable
and unstable regime. As before, L denotes the length of the curve. More
precisely, the circular rod is stable as long as || < [« and unstable if
|B] > B«. The dependency on 3 = ¢}, /¢y is quite intuitive: If s is very small,
the bending energy dominates which always prefers the circle. A proof of
Zajac’s result adapted to our setting can be found in Ivey and Singer [36,
Sect. 6].

Values of » < %\/g ~ 0.5774 lead to an initial twist 5, < 2% Starting an
evolution with Siy; € (B*, 2%), we have |Tw| = Tw < 1. Therefore the rod
cannot reduce twist by self-penetration, so we will merely face some buckling
of the rod—which is difficult to detect numerically. In Experiment 6.2 we
chose » = %, for which we measure a drastic change of the twisting energy
by self-penetration of the curve.

Interestingly, Michell’s instability does not occur for initially curved curves,
see Olsen et al. [67] and Hu [35].

3. DENSITY

We can smoothly approximate any framed curve in A, i.e., AN(C*® x C*°) is
dense in A with respect to the H? x H'-topology, preserving given boundary
conditions.

Lemma 3.1. For any frame (y,b) € A and € > 0 there is another frame
(Ye, be) € AN(C™ x C%) with [|ye — yllg> < € and ||be = b]j ;1 < e.

Proof. Our strategy is as follows. We first construct smooth approximizers
(ys,b5) € C° x C°. In a second step we correct the boundary values by
adding (smooth) functions vs and c¢5. The new curve ys + vs will not have
length L. We balance the length by adding another smooth function wg
compactly supported in (0, L) \ suppvs. Now we reparametrize the curve
ys +vs +ws to arclength and apply the same reparametrization to the vector
field bs + ¢5. Renormalizing it by the usual Gram—Schmidt scheme produces
the required director.
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To begin with, we perpare the length correction. If |y(L) — y(0)| = L, the
curve u just parametrizes the segment from y(0) to y(L), so y € C* and we
only have to treat the director b (which can be done similarly as outlined
below). If |y(L) — y(0)] < L we infer from H? C C' that y € A cannot
only move on a straight line. So we may assume that there is some constant
unit vector ¥ € S%, ¥ L (y(L) —y(0)) (this condition is empty for closed
curves), such that 3’ - @ > 0 on some interval I, C [0,L]. Due to the fact

that fOL y'(z) - vdz = (y(L) — y(0)) - ¥ = 0 there has to be another interval
I C [0,L] on which ¢ - ¥ < 0. Diminishing Iy if necessary, we may assume
that they are both contained in (u, L — p) for some p € (0, L/2). Moreover
we can assume that there is some A € (0, 3] such that £y’ -7 > 2X on .

We choose ¢ € (0, ] for some dg € (0, 1] which will be fixed later on only
depending on (y,b) and . Using a standard mollifier, we obtain (ys,bs) €
COO((OaL)de) X COO((Oa L)7R3) with Hy5 - yHH2 < ¢ and Hb5 - bHHl <é.
We may assume that +yj§ -7 > X on I for all 6 € (0, do].

In order to match the boundary conditions, we subtract suitable functions.
More precisely, we let

s = ys +vs = ys — (ys(0) — y(0))¢o — (y5(0) —¢'(0))Cy
— (ys(L) — y(L))Co(L — ) + (y5(L) — y' (L)) G (L —-),
bs = bs + c5 = bs — (bs(0) — b(0))¢o — (bs(L) — b(L))Co(L — )

where (o,¢1 € C°([0, L]) fulfill (;(0) = dj0, ¢j(0) = b1, Gljpy = 0,
j =0,1. By construction we have LI°[ys, bs] = Li°d[y, b] = #°4 as well as

||3j5 - y<5||H2 < Cu H?/(S - y”cl < CMC(S»

195 = bs]| ;1 < Clu 15 = bll o < CC'

where C, only depends on 1 and C > 0 on the embedding H' — C°,

The length correction function will be defined by ws = ws@t for some ws € R
to be defined later and ¢ € C°([0, L]) is compactly supported in (0, L) with
+¢' > 0 on I+ and ¢' = 0 elsewhere, but ¢ # 0.

The idea is that by choosing ws accordingly, we can correct the length of (ys
and) gs by an amount between [—q, a] where a > 0 does not depend on ¢
(nor dp). As Z[ys] — L for § \, 0 we can perform the length correction if
do is small enough. Furthermore, ws — 0 as § \, 0.

To make this more precise, let w = wov for some w € R with

< —,
1= e
As yj - 79" is bounded below by A |¢'| on [0, L], we obtain
ly5 + ') — |yl
w
|95 + | + v5] < 2[w5] + [w'] <2 (1+ |v5 —]) + |l [¢/]

§2(1+650)+A§2(2+5),

=25 - 50’ +wd’” > 2\ |¢| — w] ¢° > Ao/

)
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95 + ' = lysl o AlS]

w T2 <2+(§)'
Therefore,
Ao .
‘ / /‘ = |y‘,5| = |l 2(2|fc|~*) fw=<0,
+ w /
% > gl + ol 2L i w > 0.

2(2+C)

Recalling that vs and w have disjoint support, we infer

NI .
<y + 05| — ol 55,55 ifw <0,

Ao .
> |ys + vs| + |w] 2(2|+é> if w >0,

‘yf;—i-vf;%-w"

which allows for the desired length correction depending on the sign of
w. More precisely, we can change the length of ys + vs by at least +«

A9l 1
2(240)1¢'ll o’ B
|-Z(ys +vs) — L| < a. So we can find w = ws such that the curve ys =
Ys + vs + ws has length L with LI°4[ys, bs] = £od.

where a = Diminishing Jq if necessary, we can ensure that

The embedding H 1y CY guarantees that the curve 5 is immersed and
min ’b5| > % if &g is small enough. So we may apply the reparametrization

operator from Lemma 3.2 and let J; = y5 o wisl and by = by o ¢§_51' We still

have min ‘Eg‘ > % Now

195 = yll 2 < Wlys = yllaz + lvsll gz + lwsll gz <0+ CuCo + ws [[9]] 2

and HB(S — bHH1 tend to zero as § N\, 0. Using the continuity of the repara-
metrization and |y/| = 1 we find that |75 — yHH2 tends to zero as well.
Choosing dg sufficiently small, we may assume that H% — yH g2 < € and
HE(; — bHHl < 7, and additionally HE; — l_)gHHl < § since 9z, — idg ) with
respect to HZ2-convergence. Note that (?5,\55) are still C*°-smooth with
L (75, bs) = G

It remains to correct the director. To this end, we let 55 = by — (E; . yg) ﬂg.
We have Hgg —\BgH < § and Hgg/‘g(s) —R;H < § if do is sufficiently

H! H!

small. Indeed, using Leibniz rule |[vw|| ;1 < [|v] 1 ||w]| ;1 and the fact that
both H\y’é — yH 2 and HE; — bHHl get arbitrarily small provided &g is chosen

accordingly, the same applies to
T Y (5. 5\ S SR A A R
s =y = || s 5) |, = || (B 5 = 0-w') 5,

< (s =l 6 100 [ =), ) [,

< (s ] Wl +9)+ Wl 55—, ) s )

~!

~! /
Ys — Y Ys

v
Ys
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and
5 1- b 1b] "5 ]
bs - ‘ 5‘ 5
%—bé = ||bs - —= SH (SHHl —
.. s |, bs| |l
<gg+b,gg —b> 1
< (HbHHl +€) = =
’ba‘ + [0 b(s‘
H1 HL
1 1
<GPl +22 || |l -t
‘ba‘ + 10| ‘ba
H1 HL

Arguing as above, we find that the term H 1 / )55‘ HHl is uniformly bounded.

bs| > L if gy is

= )Eg-?jﬁ;—b‘y" IO 0 we infer

bs - s

In fact, from

~ /
sufficiently small. This allows for bounding H (1 / )b(;D as well. In the

same way we prove boundedness of H 1 / (‘gg‘ + ]b|)

(5 o

Let H2((0,L),R3) denote the (open) subset of regular (i.e., non-vanishing
derivative) curves in H2((0, L), R3).

Lemma 3.2. The operator H2((0,L),R3) — HZ2((0, L), R3) defined by

HHl’ Letting (ye,be) =

€ AN (C* x C*°) finishes the proof. O

L
Yyr—yo ¢;1 where pr(l') = ?[y]g |:y|[07$]i|

that reparametrizes an immersed curve to constant speed is continuous with
respect to the H*-norm. Moreover, 1y o wy_l € C*® if u € C is immersed.

A proof can be found in [55, Appendix|; the argument applies without
rescaling and the additional requirement of embeddedness. It applies to
non-periodic intervals [0, L] as well. The last statement can be derived from
the formula.

4. DISCRETIZATION

Our discretization is based on cubic and linear finite element spaces. We
consider a partition of [0, L] by a set of nodes N}, that contains the endpoints
0 and L. We define nodal bases (¢:),cp;, and (¢z5),cp, -7 = 0,1 with the
following properties. If z. € A}, are neighboring nodes of z € N} then
¢, and 1), ; are supported in [z_,z;]. On the intervals [z_,z] and [z, 2]
the functions ¢, are (affine) linear with ¢.(z) = 1 while ¢, ; are cubic
polynomials satisfying 1. j(z) = d;0 and ¢, ;(z) = 051, j = 0,1. We define
nodal interpolation operators on C°([0, L]) and C'([0, L]) respectively by
letting

IflL’O’U = Z ’U(Z)(pz,

ZGNh
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THw=3" (w(2)so +w ().
2EN},

Furthermore, we will employ the averaging operator ()}, which is piecewise
defined on any element [z, 2'] (i.e., 2,2’ € N}, are neighboring) by

1
-z

’

Qo) = [ w©de e ()

We have [|v— Qpvll o < Ch®[v]goa for all v € C% a € (0,1] and
|Qnvnll oo < ||vnll ;o for all piecewise linear functions vy, subject to M.

Both for the discrete approximation result and the stability of our numerical
scheme presented in Section 5 below it is crucial to exploit the structure of
the dimensionally reduced functionals.

To identify convex and concave terms, we observe that the orthonormality
of the frame F = [t,b,d] implies b’ - b =0 and b’ - t = —b - t/. Therefore the
integrand of the twisting functional becomes (¥ - d)2 = [V'|* — (b- /)2

To obtain a coercivity property (under the restriction ||by ||z~ < 1) we set
P

4 f = min|{—,1 € (0,1

(4) min {21} € (0,1]

which ensures > > 2. This will allow for controlling (part of) the second
term of I;oqy, b] by the first one even if 5 < 2. Now we decompose

x [t "2 1 [* / 2
Irod[yab]:2/0 |y | d$+2/(; (b d) dzx

L L L
0 0
—;/0 ]y”]de—i—2/0 ]b'de—z/O (b-y")?dz
1-¢ [t

+—— [ -y xb))?*da.
2 Jo

By V;ﬁd C H? x H' we denote the cross product of piecewise cubic and

piecewise linear functions subject to Aj,. With the product finite element
space Vr}éd and the operator Q) we consider the following discretization of the
minimization problem (P,,q) in which the pointwise orthogonality relation
y - b =0 is approximated via a penalty term:
L L
L » 0
Minimize Iﬁ;g[yh,bh] = 2/ lyi|> da + 2/ b} |? da
0 0

;

0 L 1\ 2 1 L 1,0 / 2
3 (Qnbr - yp)"dz + 2 " [(yp, - bp)"] dw
(Ph2) 1 2% "
rod —
t— (b, - (yh X Qnbp))* dz
0

in the set A = {(yn,bn) € Vrﬁd : L{ﬁ:d[yh, bp] = E{)?:d,
[y, (2)| = |ba(2)| =1 fa. 2 € N}

The operators (), and I}lb’o are included in a way that leads to a simple
assembly of the corresponding matrices and avoids quadrature.

Note that the constraints are imposed on particular degrees of freedom which
makes the method practical. In order to ensure A, # (), the distance between



NUMERICAL SOLUTION OF A BENDING-TORSION MODEL 15

the endpoints of y, must be less than L and the spatial mesh has to be chosen
sufficiently fine.

For establishing the Gamma-convergence result, it is useful to write

x—0

0
o I+ 5 I + *HPZJ”H SO ol

Irod[yab]:
Lsdlyns ba] = *H hlI” + *Hb I”+ HPthhy H

1-— 1 [E
2 < Qu + 5 [ 2l b o

where P, and Pp,;, denote the square roots of the positive semidefinite
matrices 1 — b ® b and 1 — Qrbp, ® Qpby, respectively.

The only difference to I.,q is the penalization term and the fact that b is
replaced by Qp,by in the third term and once in the fourth term.

Our first task is to show that minimizers of I” ro’ q within A, approximate
Iog-minimizers within A. In the following statement, we assume that I..q
and Ir’f)’j attain the value +oo outside of A and Ay, respectively.

Proposition 4.1. As e, h N\, 0, the functional I
Loq with respect to the weak H? x H'-topology.

rod Gamma-converges to

Note that there is no restriction on the ratio of € and h.

Proof. To establish the Lim-inf inequality, we consider an arbitrary sequence
((Yn,bn))pso C Ap and (y,b) € H? x H' with y,, — vy in H? and by, — b in
H' as h \, 0. In particular, we have yh — y in C! and by, — b in C°.

We have to show that if liminf(;, .\ o/, rod “[yn, bp] < oo then the limit point

(y,b) belongs to A (such that the formula for I,.q is applicable) and the
lim inf-inequality holds.

As the mesh size tends to zero as h Y\, 0, the condition |y/| = |b] =

is satisfied everywhere due to the uniform convergence y;, — ¥/, by, — b.
Furthermore Lf)ocd is continuous with respect to weak convergence. It remains
to verify that b is perpendicular to y’. By the interpolation estimate we have

k07 =322 6007 < )

< Ch{h = Wl [l Nl

As vy} by =y -bin C°, we infer

L 1,0 / 2 L / 2
o [ (w5 b)?] dz = 0’ an

As all terms of Iﬁ)’i are non-negative, the term ¢! fOL I}IL’O [(yfl : bh)Q} dz is

uniformly bounded which implies fOL (y' - b)*> dz = 0. This gives v/ L b, so
(y,0) € A.
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We use ||Qrbr + bl < 2 to derive

1Ph]|* = || Paubnit]|* = 1o~ wh]|* + [|@nbn - i ||
< || Pg,bn i, H + 2[|Qnbr — bl o ||y H

The second term on the right-hand side tends to zero as h ™\, 0 due to the
boundedness of weakly converging sequences and

(5)  [1Qnbr = bl e < 1Qnbr = bl e + [1br = bl e < OV +0(1).
This estimate also yields yj, x @by, — 3’ x b which implies b}, - (y;, X Qnbp) —
b - (y xb)as h\,0.

Now the lim inf-inequality follows from the lower semicontinuity of the L?-
norm and the fact that the penalization term is non-negative (since it is the
linear interpolation of a non-negative term).

We turn to the Lim-sup inequality. Let (y,b) € A and § € (0, 1]. Of course,
Liodly,b] < oco. We aim at constructing a recovery sequence. We apply
Lemma 3.1 to obtain (ys,bs) € AN (C* x C*°) with ||ys — y||2 < ¢ and

||55 — bl < 6. We let (yp, by) = (IZ 155,2 b5) Owing to the smoothness

of the regularized frame, we have ||y, — Us|| g2 < Csh and |[|by, — sl <

Csh. In particular, (ys,bn) € Ap. We have to bound Irod[yh, bl — Loaly, b]
above by an expression that tends to zero. For the first three terms of
ffi;i[yh, br], we obtain

//H

il = l"11° < Ml + " i, — v
< (2||y"|| + 6 + Csh) (6 + Csh),

lonll* = 1¥]1° < 2[]¥']] + 6 + Csh) (5 + Csh),

A

1Paumuill” = 12" 1* < lonll” = [l 11"+ 12 o [1” = [|@nbn -]
For the last two terms in the previous line, we infer
65" = [|Qnbn - w||” <Hthh yn + 0" || | Qubr -y, — b y"||

< @[]~ y"|| + (| @nbn - i = b " []) [|@ubn -y — b~ "]
and, recalling (5),
|Qnbr - yr, = b-y"|| < 1Qnbr — bll oo |wr || + [|wh — "
< (CVh+8+Csh) ([y"]| +6+ Csh) + 6+ Csh.

We treat the fourth term of I Y}LZ [yn, by] similarly as above. More precisely,
we infer

185, - wh < Qubn)||* = ¥ - (¢ > B
= |16, (Wh X Qubn) + 0 - (5 x B)|| |64 - (h % Qubn) =V - (& x B)|
< (9]l ]l oo Nnll e + (1)) -
(1105 = [9h ] oo Honll e + 116" 95— o' oo ol [[]] Q00K — 0I) -
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Finally we deal with the penalty term. Due to 75" L bs we find that y,(2) -
br(z) = 0 for all z € Nj. Therefore Ii’o [(y;l . bh)2] () =0forall x € I
which implies that the penalty term vanishes on the entire sequence. U

5. ITERATIVE MINIMIZATION

We linearize the pointwise constraints in our iterative algorithm for com-
puting minimizers of Iﬁ)’z. For a vector field y, € S*1(T;,)3 we set

Faln] = Twon € ST+ LIS fun] = 0, g4 (2) - wh(2) = 0 L. = € NG}
while for a vector field b, € S¥°(T;)? we define

Enlbr] = {vn € SYO(Th)? : Ly lon] = 0, vn(2) - bu(2) = 0 fa. z € N}

The functionals Lf)%"iy and Lﬁ%flb are the components of Lﬁ%d corresponding to
the variables y and b, respectively, assuming that the boundary conditions

can be appropriately separated.

In what follows we abbreviate the partial torsion term weighted by the factor
(1 — 0) by the nonlinear operator

1—-0 (&
Nilyn,bn] = —5 (0, - (yp, x Qnbr))* dz.
0

The nonlinear term N}, does not occur if 2 > 2. In this case the negative
contribution in the energy functional can be treated using its separate con-
cavity properties. Otherwise, an inductive argument is used in the stability
analysis which requires a different treatment. We therefore set

T k ifo=1,
S k-1 ifo<1.

We abbreviate

L
(v,w), :/ I,t’o[v-w] dz.
0

We generate a sequence (yﬁ, bfl) k=0,1,.. that approximates a stationary con-

figuration for Irho’g with the following algorithm. It approximates a gradient
flow that is determined by the metrics (-,-), and (-,-);. These can be cho-
sen quite general, however, our stability result relies on certain embeddings,
see (6) below.

Algorithm 5.1 (Gradient descent for elastic rods). Choose an initial pair
(y),09) € Ay, and a step size T > 0, set k= 1.
(1) Compute dyy¥ € fh[yifl] such that for all wy, € fh[y,’ffl} we have
(deyhs wn)e + <[yl i)+ (Rl - b wh - by
= 0((Qnb ") [y~ [@nby "] - [wn]”)
- ayNh[?/’;i_la bi_1§ wp].
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(2) Compute dibk € 5h[b271] such that for all ry, € Eh[bifl] we have
(debly, ) + O([BR)" i)+ ([l - O, [wk) - radn
= 0(1Qnby, ™ k)" Qurn - [wh)")
— O N[yt by -

(8) Stop the iteration if

Hdtylli”* + ”dtbﬁ”’r < Estop;
otherwise, increase k — k + 1 and continue with (1).
Note that the Np-terms on the right-hand sides vanish in case § = 1 which

corresponds to » > 2.

It is useful to view dyyf and dibf as the unknowns in Steps (1) and (2) in-
stead of yﬁ = yfjl + Tdty,]f and bﬁ = bzfl + Tdtbﬁ. The algorithm exploits
the fact that the penalty term is separately convex while the nonquadratic
contribution to the torsion term is separately concave. Therefore, the decou-
pled semi-implicit treatment of these terms is natural and unconditionally
energy stable if # = 1, i.e., in the bending-dominated case.

Proposition 5.2 (Convergent iteration). Assume that we have
lwill < cllwnlle,  lIrhll < etllralls,
lwhllzee < exllwnlls, lIrallzee < eillralls

for all (wp, 1) € Vrhd with Lrb%d[wh,rh] = 0. Algorithm 5.1 is well defined

(0]
and produces a sequence (y,’_f, bfl)k:071,,.. such that for a constant co > 0 and

all L > 0 we have

(6)

L
her L 3L k2 k2 her 0 10
Loalyy' s byl +7(1 = coT) Z (Ideyill? + NldbpllF) < Loqlyn, bl
k=1
If cor < 1/2 then the iteration is energy decreasing, convergent, and the
unit-length violation is controlled via

cmax (P = Tl + B2 = 1) < 7engeon,

where eq j, = Iﬁ)’z[yg, bg] < 0o and ¢,y > 0 only depends on the metrics.

If 0 = 1 then we may choose ¢y = 0, i.e., stability and convergence hold
unconditionally.

Remark 5.3. In case 0 = 1, i.e., in case of low torsion rigidity, we actually
only require the second line of (6). Moreover, if we even replace it by |Jwy || <
cellwpllx and ||rn|| < ct||rall+ the estimates for the constraint violation still
hold in L' instead of L.

In general, the condition (6) can be satisfied if [|-[|, and [|-[|; are H?- and H!-
seminorms and if L{)%d imposes suitable Dirichlet conditions on one endpoint
of the interval. An L?-gradient flow, however, requires stronger assumptions
on the step size.
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Proof of Proposition 5.2. (a) We first consider the case § = 1 for which

k = k and the nonlinearities related to the operator IV, disappear and the
asserted estimate holds with ¢y = 0. For this we note that the functional

0 L
Galun ) = 5 | (@ubn- 37 do
0

is separately convex, i.e., convex in y;, and in by,. Therefore, we have that
0yGalyy by =y ']+ Galyn 05 < Galyn, b,
OGnlyr, 0"k — by ']+ Glyr, 0 '] < Galyp, b,
which by summation leads to the inequality
0,Gilyp " byt deyh] + AuGilyh, byt debl] < diGily, bi)-

Similarly, the functional

L /L
P clyn, b = 25/0 Z°[(y}, - bn)?) da

is separately convex and we have
Oy Puc[yr, b5 deyh] + BoPaclyh, Oy diby] > dyPhelyh, b).
We choose wy, = dyy¥ and 1, = d;bf in the equations of Steps (1) and (2) of
Algorithm 5.1 and find that
» 0
ldeyillZ + lldbliF + de (S 1 lya]" 1 + S 10RYI%) + dePh e[y 0h]
» 0
e (Zdhl P+ L)1)
< 9yGulyp " 0t deyl] + OuGalyh, b dibh] < diGiuly, bR)-

Since for § = 1 we have that

h, Ve 1
Loalun, b = gH[y’ﬁ]”H2 + §H[b’i]’H2 — Gulyh, bh] + Paelyh, b7,

rod

we deduce the asserted estimate. The nodal orthogonality conditions en-
coded in the spaces Fj, [y,]f_l] and &, [bz_l] lead to the relations

3] ()12 = llwn 1 ()17 + 72 [deyi] (2) %,
bk ()2 = (b5 (2) 7 + 72| dibf (2) .
Repeated application leads to

k
AV )2 = 1] o+ R =1 e = 72D (lldebfy () + et 1 ).
(=1

Using (6) and the previously established bound for the discrete time deriva-
tives proves the estimate for the constraint violation if § = 1.

(b) We next turn to the case # < 1 and argue by induction over L > 0.
Assume that the estimates have been established for some L = L — 1 >0
with cg > ¢, €0, (independent of L); the estimate trivially holds for L = 0.
Let 0 < k < L and choose wy, = dtyﬁ and rp = dtbz in Algorithm 5.1. From
coT < 1/2 we infer

(7) Iy VlIZ < 3/2, 1bf |2 < 3/2.
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Arguing as above we find that

0
I deyp 12 + lldeb |1 + dt{*“[yh}"HQ H[bfL]IHQ + P clyr, bﬁ]}
< Gulyy ' 0y de, dibl] — N;’Z[yZ*I, bt dyyy, dibf]

< %[CG/(H[ h I DI A e (0 + 1011

(||dtth* + || deby|I7)

where we used (6) and (7) as well as ||Qprp|| < ||ry]| in the last step. Due
to (4), the bounds at level &k — 1 imply that the first term on the right-
hand side is bounded by a constant Dy, ,. We consider the reduced energy
functional 7

~h, Ve 0
Irofi[yﬁv b];;l,] = EH[Q}IHHHQ + 5”[%]’”2 + Ph,s[yllia bm
and note that according to (7) we have
IS [yR =t i) < arls et b,
We thus deduce from the estimate

(||dtth* +[|debE13) + de IS wE, bE] < Dy,

that, imposing the condition TDO n < €0,h,
T
§(Hdty;’2||i + [|debE|3) + ISk, bf) < 7Dy, + 4eon < Seon =: Do

This estimate and the (unrestricted) coercivity of frho’z imply that
(8) i)l + 51| < D pe

To obtain the asserted full energy law we again choose wy = dtyﬁ and
rh = dtbf in Algorithm 5.1 and note that as in (a) we find

Hdty}]f”z + ”dtb ”T + dt rod[yh7bk]
< diNylyr, 0F] — Nyl =t b5~ deyr, diby]
— diGrlyp, b + Ghlyy ™", b s deyy, diby).

By the mean value theorem the terms on the right-hand side are equal to

FNJIED gD dpk dbks dyyl, dibk] — 7GLIED 0 dyyk, dib; duf, dibf).
()

Here, §h and 7,7, £ = 1,2, are convex combinations of yk !

and yﬁ and

bk ! and bf, respectively, and using their uniform bounds (7) and (8) as well
as (6) we find that

NYED s deyk, diblf deyl, dibE) < e Doy (I deyf 1 + (1 debE13),

G”[&h s dyyk, dbls duyf, didf] < Tegn Do (|dif 12 + ldibf|F).

With ¢o > envDa N + cgr Do, we deduce the asserted estimate after multi-
plication by 7 and summation over £k = 1,2,..., L. The second estimate is
established as in (a), provided the step size 7 is bounded accordingly. O
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Section L N  x  [Bini hmax € bc o

6.1 2r 100 2 * 0.0628 0.0628 ¢ —
6.2 2r 400 3/2 % 0.0157 107° p —
6.3 27 400 2 5 0.0157 0.0010 p —
6.4 4K(m) 400 % 0 0.0232 0.0232 p —
6.5 * 400 2 4 0.0351 0.0010 ¢ —
6.6 (a) 27 800 2 5 0.0079 0.0079 p 0.1
6.6 (b) * 400 2 4 0.0351 0.0010 c¢ 0.1

TABLE 1. Modeling and discretization parameters for the
experiments presented in Section 6. An asterisk refers to
details given in the corresponding text.

6. EXPERIMENTS

Here we report on some numerical experiments. The parameters that have
been used are shown in Table 1. The length of the curve is denoted by L,
the number of nodes by N, the maximum step size hmax is normally close
to L/N where L is the length of the curve. Except for Experiment 6.1, the
initial curve has constant twist rate SBin;. While the director b will always
be clamped on both ends of the rod, the boundary conditions (bc) for the
curve are either periodic (p) or clamped on both ends (c¢). Unless otherwise
stated the penalization parameter has been chosen to be ¢ = %’r We always

use the time step size 7 = %hmax. In some cases we also added some small
perturbation to the initial curve which is specified in the text.

We briefly comment on the legend of the corresponding energy plots where
the horizontal axis shows the iteration steps of the evolution. Of course,
“bending” refers to the scaled bending energy ¥ HyZHiQ, “twisting” to the
scaled twisting energy 2 185,11* — Ny - bu | + 0016, - (v, % Qnbp)|* while
“total twist” means the functional Tw defined in Section 2.4, “potential” to
the tangent-point energy (see Section 6.6), “penalizing” to P} ., and “total”

. h,e
is Irod'

In general the total twist is scaled differently, i.e., there is a second axis on
the right margin of the energy plots while all other values refer to the axis
on the left margin of the coordinate system. A coloring of a curve represents
curvature values.

For typical discretizations with 400 nodes the overall runtime of our imple-
mentation in Matlab on a server (3.1 GHz) took about 3 minutes per 10,000
iteration steps. An impermeable rod with 800 nodes in Experiment 6.6 (b),
with an assembly of the self-avoidance potential in C, requires about 15
minutes per 10,000 iteration steps.

We would like to stress that we observe energy monotonicity for all our
experiments, confirming the stability features discussed in Proposition 5.2.
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F1GURE 2. (Experiment 6.1)

Left: States of the evolution at several iteration steps. The
initial rod consists of a straight line, framed with a non-
uniform twist rate.

Right: The twisting energy exhibits the dissipation of the
twist rate after about 4,000 iteration steps while the total
twist is constant.

6.1. Uniform twist rate. According to Section 2.7, stationary frames have
constant twist rate. We expect that a non-uniform twist configuration will
become constant within the evolution.

We start with a straight line curve of length 27 with uniform twist rate 4
on [0, 7] and 0 on [, 27]. No perturbation of the initial rod was used.

Initial stage and some intermediate steps from the evolution are visualized
in Figure 2. After 4,000 steps the twist rate is nearly constant and amounts

to 1.

All energy values are neglectable except for the twisting energy which vir-
tually coincides with the total energy. Furthermore, at initial and final
ste% the twisting energy data matchs quite closely the expected values of
2Jo
Looking at the following experiments whose initial configurations all have
a uniform twist rate, we find this property being violated in the course of
the iteration. In first place, this is due to the spatial behavior of the curve
which does not seems to allow for an simultaneous reaction by the director.
Eventually, uniform twist rate is restored, at least when the evolution has
reached a stationary configuration, cf. Section 2.7.

B(s)? ds which amount to 47 and 7.

We can test for uniform twist rate by computing the quotient of % Tw?
over the twisting energy. As to Experiments 6.2 to 6.4, throughout the
evolutions this number stays close to 1 for most of the time where we detect
a relative deviation below ﬁ. The twist rate for Experiment 6.3 is plotted
in Figure 6 (right). In Experiment 6.4 we ignore the initial steps where the
twist is zero. In the other cases, we also see that the twist rate eventually
dissipates but it can last a relatively long time.
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FiGURE 3. In Experiment 6.2 we start the evolution with a
round circle, framed with uniform twist rate S = 4.2 > B..
The total twist is reduced by self-penetration in the course
of the evolution around iteration step k& = 112,500. It ends
with another round circle, situated in a different plane.
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FIGURE 4. (Experiment 6.2)

Left: In order to experimentally confirm Zajacs threshold,
we repeat the evolution depicted in Figure 3 above for differ-
ent twist rates Sini > B«. The evolutions turn out to be very
similar; essentially they only differ in speed. The (logarith-
mically scaled) twisting profiles reveal a drastic reduction of
the twisting energy (due to the self-penetration of the curve).
The smallest iteration step at which the twisting energy is
below %7‘(‘ serves as a threshold for the speed of the evolu-
tion.

Right: The energy plot for the evolution from Figure 3 where
Bini = 4.2. Here the twisting energy decay occurs around it-
eration step 114,200.

0
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x10%
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6.2. Michells instability. We aim at experimentally confirming Zajac’s
threshold . = 27v/33/L, see Section 2.9.

We consider the initial curve y(s) = (cos s, sin s,0)' with the frame
—COos s 0

b(s) =cos(Binis) | —sins | + sin(Bis) | 0|, s € [0, 2m].
0 1

In order to break symmetry which seems to prevent rod configurations from
leaving even energetically unfavorable states, a slight perturbation has been
applied to the initial curve, namely

(9) S ﬁ sin(7s)

perpendicularly to the plane (i.e., in z-direction); the frame is corrected
accordingly.

In order to quantitatively verify Zajac’s threshold, we had to choose a rather
high penalty coefficient, namely ¢ = 10~°. For » = 3/2, we obtain

B = 3V/3 ~ 2.5981.

In Figure 4 (left) we plot the twisting energy of several evolutions using
logarithmic scales on both axes. From top to bottom, the profiles correspond
to initial values of By = Bx + % for £ = —1,0,1,2,3,4. More precisely, we
plot the twisting energy of the evolutions corresponding to different values of
Bini minus the twisting energy of the configuration at j,, i.e., % 027r B(s)? ds—
%77, which seems to be stationary. Of course, values less than %77 ~ 21.2058
are ignored.

Experimentally we find that evolutions for different initial values of Bin; seem
to be very similar and essentially only vary in speed. The region of iteration
steps where the twisting energy drastically falls is a good indication for the
latter. There is one caveat—probably due to symmetry it turned out that
the evolution corresponding to the initial values Sin; = 3 is remarkably slower
than expected. Therefore we chose Biy; = 2.98 instead.

The plot in Figure 4 (left) indicates a reciprocal dependence of the evolution
speed on i, — B«. For values Bin; < s the initial configuration remained
unchanged (at least until step k = 5-10°). This confirms Zajac’s threshold
as desired.

We show a typical full energy profile in Figure 4 (right) for the initial value
Bini = 4.2. Some iteration steps are visualized in Figure 3. The correspond-
ing plots for the other initial values of Bi,; essentially differ by the scaling
of the horizontal axis and the simulations looks very similar. Initial and fi-
nal stage are round circles which correspond to the (unique) global bending
energy minimum of L = 27 among all closed curves.

Note that the total twist is reduced by precisely 2 from Fiy; = 4.2 to 8 = 2.2.
In light of Section 2.8 a second reduction would be possible as well. However,
in contrast to Experiment 6.3 below, the gradient of the energy does not seem
to be steep enough to invest the amount of additional bending required for
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760000

F1cURE 5. Evolution of a round circle twisted by five full
rotations in Experiment 6.3. Twist is reduced due to self-
penetrations of the rod around iteration steps k = 46,400
and k = 48,800. Initial and final curves are round circles
which appear to lie in the same plane. Plots of energy profile
and twist rate are shown in Figure 6 below.

another self-penetration. As 2.2 < (3, the evolution becomes stationary due
to Michell’s instability.

6.3. Reducing twist by self-penetration. We repeat the experiment
from Section 6.2 with » = 2 and By = b, i.e., for a continuous frame.
Here we have 8, ~ 3.4641. The same slight perturbation has been added to
the initial curve as before in (9).

In this case we observe twist reduction by two consecutive self-penetrations
although the evolution could possibly stop after the first one since the twist
value is then already below the threshold g.. Obviously, the gradient of the
energy of the noncircular configuration around iteration step k = 48,000 is
so steep that Michell’s instability does not play any role here.

The evolution is visualized in Figure 5 and the energy values are plotted
in Figure 6 (left). As the initial and final configurations are circular and
the frame closes up (because of Sini € Z), the total twist is integer at the
beginning and end of the evolution (cf. Section 2.5).
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FIGURE 6. (Experiment 6.3)

Left: The energy plot reveals two peaks of the bending pro-
file corresponding to the two self-penetrations. The energy
profile is virtually constant for the iteration steps outside the

range shown here.

Right: Plot of the twist rate § for the iteration steps vi-
sualized in Figure 5. Apart from the initial configuration,
the twist rate is non-uniform throughout the evolution. It
eventually dissipates around iteration step 100,000.
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FiGUurRE 7. Evolution of a twist-free planar elastic figure
eight from Experiment 6.4 with > = 0.7. The initial curve
is (almost) planar and evolves to a circle in a plane which
seems to be perpendicular to the initial configuration. The
corresponding frame performs one full rotation. Obviously
the bending forces dominate in this case. The energy plot is

shown in Figure 8 (right).

The twist rate, however, does not stay uniform throughout the evolution as
can be seen from Figure 6 (right). Eventually the twist will be balanced
similarly to Experiment 6.1.

6.4. Planar figure eight. Any closed planar elastica (i.e., a critical point
of the bending energy) is either a circle or a planar figure-eight curve, pos-
sibly several times covered, cf. Sachkov [57].

Explicit formulae for elastica based on special functions have been computed
in the 19th century, see the references in Levien [41]. Here we make use of an
arclength parametrization given by Dall’Acqua and Pluda [19] which relies
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F1cURE 8. (Experiment 6.4)

Left: Aiming at experimentally confirming the threshold » =
%, we study (semi-logarithmically scaled) profiles of twisting
energy and total twist for several evolutions of the figure-
eight curve. The smallest iteration step at which the total
twist is above % serves as a threshold for the speed of the
evolution.

Right: Energy plot for the evolution in Figure 7 where » = 0.7.

on earlier work by Djondjorov et al. [23], namely

_ (2E(am(s,m),m) —

y(s) = ( 2/m en(s, m)

Here E denotes the incomplete elliptic integral of the second kind and K the
complete elliptic integral of the first kind while am is the Jacobi amplitude
function and cn the elliptic cosine function, cf. [19]. The (signed) curvature
amounts to s — —2y/mecn(s,m). The figure-eight curve corresponds to
m ~ 0.82611 which is the uniquely defined number in (0, 1) with 2E(5,m) =
K (m) ~ 2.321.

In order to break the symmetry which may result in an unstably stationary
configuration, a slight perturbation similarly to (9) has been added to the

initial curve, namely s +— ﬁ sin (7 . ﬁfm)s), perpendicularly to the plane

(i.e., in z-direction); the frame is corrected accordingly.

5) . seR/AK(m)Z.

According to Ivey and Singer [36, Sect. 7] the twist-free planar figure-eight
is stable if 2 = ¢, /¢y < % and unstable if » > %

We performed several evolutions whose energy plots are depicted in Figure 8
(left). As in Experiment 6.2, the evolutions are very similar and essentially
only differ in speed. In each case the total twist is raised from zero to
one which is still in accordance with the bound |Tw| < 1 in Section 2.8.
Mind the semi-logarithmic scaling of the horizontal axis. Negative values of
the twisting energy are due to discretization errors and tend to zero when
choosing a larger number of nodes.
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Snapshots of the evolution for ¢ = 0.7 can be found in Figure 7. We observe
an evolution to a round circle with one full twist. For the same reason as
in Experiment 6.3 we face integer values of Tw at beginning and end of the
evolution. The full energy plot is depicted in Figure 8 (right).

The parameters s of the profiles shown in Figure 8 (left) amount to » = %—k
% for £ = —2,-1,0,1,2,3,4. The red solid line corresponding to » = 0.52
is just about to lift at the right margin. The speed of the evolution seems to
reciprocally depend on s — %, suggesting that the evolutions for » < % will
be stationary. This confirms the threshold by Ivey and Singer as desired.

6.5. Open clamped rods. We can also simulate the evolution of open
rods. Our initial curve is planar, namely

y(8)==< 29 >, s € [0, 4n).

coss — 1

This curve is not parametrized by arclength, with the notation of elliptic
integrals introduced in Experiment 6.4 we have L = 4\/§E(§, —2) ~ 12.357.
No perturbation of the initial rod was used.

Choosing Bin; = 4 gives an initial total twist of 8 according to Section 2.4.

The evolution is depicted in Figure 9, the corresponding energy plot can
be found in Figure 10. It seems to become stationary after 30,000 steps
although the total twist could be further reduced, see Section 2.8.

6.6. Implementing impermeability. In order to preclude rods from self-
penetrations we consider the modified total energy I,,q + 0TP where ¢ > 0
and TP denote the tangent-point functional

1 (L oL dsd3
(10) “quq/o /0 R ENO) A

Here s, § denotes arclength parameters, and r(y(S),y(s)) is the radius of the
circle that is tangent to y at the point y(§) and that intersects with y in y(s).

As many so-called knot energies [53], the tangent-point energies provide a
monotonic uniform bound on the bi-Lipschitz constant. This implies in par-
ticular that the energy values of a sequence of embedded curves converging
to a curve with a self-intersection will necessarily blow up.

The tangent-point energies have been proposed by Gonzalez and Maddocks [26];
the scale invariant case ¢ = 2 has already been introduced by Buck and
Orloff [10]. They are defined on (smooth) embedded curves y : [0, L] — R"
and take values in [0, 4o00], see Strzelecki and von der Mosel [65] and ref-
erences therein. Blatt [8] has characterized the energy spaces in terms of
Sobolev—Slobodeckii spaces; regularity aspects are discussed in [9].

More information on the discretization of the tangent-point functional can
be found in [5, 6]. We cut out a strip of radius 2hpyax off the diagonal in
[0, L)%
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FiGUrE 9. Evolution of an open clamped rod from Exper-
iment 6.5. The total twist amounts to 8 initially and is
then reduced to about 2 by two self-penetrations which occur
around iteration steps 6,000 and 16,500. The energy plot is
shown in Figure 10 below.

We repeat Experiments 6.3 and 6.5 in the presence of self-avoidance. No
perturbation was added to the initial curves. The parameters are chosen
similarly, see Table 1.

Note that for closed curves with a closed frame the linking number is pre-
served throughout the evolution. Changes of the total twist will be entirely
compensated by the writhe functional.
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FiGureE 10. Energy plot for the evolution from Experi-
ment 6.5. Reduction of twist occurs following the self-
penetrations of the curve. Total twist attains the values of 5
and 3 around iteration steps 7,200 and 18,800 respectively.
The energy profile is virtually constant for the iteration steps
> 30,000.
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FiGURE 11. In the first part of Experiment 6.6 we repeat
Experiment 6.3 in the presence of impermeability. As self-
penetrations are excluded, we observe the formation of coil-
ings. The energy plot is shown in Figure 13 (left).
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