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Wavelength selection in the twist buckling
of pre-strained elastic ribbons

ARUN KUMAR BASILE AUDOLY

Laboratoire de Mécanique des Solides, Laboratoire de Mécanique des Solides,
CNRS, Institut Polytechnique de Paris, France CNRS, Institut Polytechnique de Paris, France

A competition between short- and long-wavelength twist buckling instabilities has been reported in experi-
ments on thin elastic ribbons having pre-strain concentrated in a rectangular region surrounding the axis.
The wavelength of the twisting mode has been reported to either scale (i) as the width of the ribbon when
the pre-strain is large (short-wavelength case) or (i) as the length of the ribbon when the pre-strain is small
(large-wavelength case). Existing one-dimensional rod or ribbon models can only account for large-wave-
length buckling. We derive a novel one-dimensional model that accounts for short-wavelength buckling as
well. It is derived from non-linear shell theory by dimension reduction and captures in an asymptotically
correct way both the non-convex dependence of the strain energy on the twisting strain 7 (which causes
buckling in a first place) and its dependence on the strain gradient 7’. The competition between short- and
long-wavelength buckling is shown to be governed by the sign of the incremental elastic modulus B asso-
ciated with the twist gradient 7’. The one-dimensional model reproduces the main features of equilibrium
configurations generated in earlier work using 3D finite-element simulations. In passing, we introduce a
novel truncation strategy applicable to higher-order dimension reduction, that preserves positiveness of
the strain energy even when the gradient modulus is negative, By <O0.

1. INTRODUCTION

Short-wavelength buckling driven by spatially inhomogeneous pre-strain is ubiquitous in natural phenomena and
engineering applications. The edges of maize leaves undulate due to differential growth across their width [12]; gut
tube forms loops and perversions due to a difference in strain in the tube and in the mesenteric sheet attached to
it [22]; octopuses change their texture and color by tuning the difference in strain in the outer skin and in the under-
lying layers [5]; and the formulation of human fingerprints is driven by differential strain in the skin layers [26]. A
classical engineering example exhibiting short-wavelength buckling is the wrinkling of a pre-strained layer on an
elastic foundation, where the buckling wavelength scales with the thickness of the layer, rather than the size of the
structure [1]. There is a large body of work on this problem in the literature [6, 7, 21, 13].
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Figure 1.1. Summary of the experiments [11] on thin elastic ribbons with non-uniform pre-strain, exhibiting a competition
between short- and long-wavelength instabilities. (a) Preparation of the pre-strained ribbons (see also Figure 2.1 for details):
the main parameters are the amount p of extensional pre-strain in the central region (red) and the ratio r of the width of the
central region relative to the overall width. (b) Two kinds of instabilities can be observed when the end-to-end distance is
decreased: (b1) short-wavelength instability leading to a large number of perversions (star symbols) or (b2) long-wavelength
instability leading to a single perversion in the middle.
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In this paper, we are interested in structures that exhibit both short- and long-wavelength buckling. By tuning
the geometry and the level of pre-strain in a multilayer structure, one can indeed make the two types of modes
compete. This has been known for a long time in the context of structural sandwich panels, see the discussion in
Section 8.2 of the book by Allen [1]. By gluing together two elastomeric strips, one of which is pre-stretched, the
authors of [13, 21] have designed a bi-strip in which the competition between short- and long-wavelength instabili-
ties is particularly easy to demonstrate. The endpoints of the bi-strip are initially pulled apart and when the pulling
force is decreased, the bi-strip buckles into a curly pattern whose wavelength scales either as the ribbon length
(long-wavelength buckling) or as the ribbon width (short-wavelength case). The transition between long- and short-
wavelength is governed mainly by the amount p of the initial pre-stretch and has been characterized experimentally
and using finite-element simulations in [21].

Here, we analyze a variant of the bi-strip, shown in Figure 1.1, that has been introduced in a recent paper [11].
It is made up of three ribbons arranged symmetrically and glued together, see Figure 1.1(a). The initial pre-stretch
is limited to the central strip shown in red in the figure. The behavior of this symmetric strip is similar to that of the
original bi-strip and, in particular, it exhibits a competition between short- and long-wavelength buckling governed
by the magnitude p of pre-strain, see Figure 1.1(b). Yet, the symmetric ribbon is much easier to analyze as it buckles
into a pure-twist mode, see Figure 1.1(b).

In this paper, we derive a one-dimensional model for the twist-buckling of pre-strained ribbons which we use as
a basis to analyze both the wavelength selection problem and the nonlinear features of buckling. The wavelength
selection in the buckling of pre-strained ribbons has been approached in previous work [20] using both a rectangular-
shell model and a 3D finite-elasticity model for a rectangular block: a linear bifurcation analysis has been set up
assuming infinite length, and the long- to short-wavelength transition has been interpreted as a bifurcation on the
first critical wavenumber ¢., with g.=0 in the long-wavelength case and g, >0 in the short-wavelength case. The
one-dimensional model derived in the present paper generates this linear bifurcation analysis more easily and more
clearly, as we will see, and also exposes the non-linear features of buckling.

Deriving a one-dimensional model for pre-strained ribbons raises the following challenges:

¢ Dimension reduction for elastic rods or ribbons is most often approached using linear elasticity. In the linear
setting, the pre-strain enters in the one-dimensional model in the form of an effective natural curvature and
an effective natural helicity. Both of them happen to be zero for the symmetric distribution of pre-strain used
in Figure 1.1, showing that linear elasticity is inapplicable here.

e Non-linear dimension reduction has been used in recent work [11] to derive a one-dimensional energy func-
tional for a twisted ribbon of the form

* __ ‘1
@ _fo FAT(S)dS, (1.1)

where 7(S) is the local twisting strain and A(7) is a function generated by the dimension reduction pro-
cedure. The main result of the present paper is that the competition between short- and long-wavelength
buckling arises from the dependence of the energy on the gradient of twisting strain 7’ (S), which is neglected
in (1.1).

To tackle these difficulties, we carry out dimension reduction based on a method developed in our group [19], which
works in the framework of non-linear elasticity. It captures the effect of the strain gradient 7’ (S) by pushing dimen-
sion reduction to second-order in the small aspect-ratio parameter. The asymptotic dimension reduction method has
already been applied to thin elastic strips and tape springs [4, 16], and we extend it () by including pre-strain and
(ii) by proposing a novel truncation strategy for the gradient terms, described in Section 2.5 and 3.3.

The change in the truncation strategy was prompted by the fact that the one-dimensional energy functionals pro-
duced by the original version of our dimension reduction method [19, 4, 16] lack an essential smoothness property.
We realized this when we first tried generating the results shown in the present paper using the original version of
the method [19, 4, 16]: we never could reach convergence reliably in the calculation of the nonlinear equilibria. We
had never attempted to solve any equilibrium problem generated by the higher-order dimensional reduction method
before, and we believe that all the one-dimensional energies that it can generate suffer the same flaw. We expect
that the simple fix proposed in the present paper will be applicable to all of them.

In addition to non-trivial wavelength selection, an interesting feature of twist buckling in pre-strained rib-
bons is their tendency to form uniform helices separated by highly localized features called ‘perversions’ [9], where
helicity changes sign rapidly—perversions are marked using the star symbols in the post-buckled shapes sketched
in Figure 1.1(b). This localization phenomenon takes place in the post-buckled regime and is highly reminiscent
of interfaces between phases encountered in phase transformations. It has been characterized experimentally and
using finite-element simulations [13, 21, 11]. The analogy with phase transformations has been developed in [11],
where a one-dimensional model of the form (1.1) has been derived, including an explicit form of the non-convex
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potential A(7) that predicts the coexistence of helical domains with opposite chiralities. In this paper, we extend
this one-dimensional model to include the gradient effect. The gradient term regularizes the non-convex poten-
tial A(7) and makes it possible to predict the number of perversions, how they are arranged along the ribbon axis,
and to resolve their internal structure.

Our main contributions are as follows:

e In Section 2, we derive a one-dimensional ribbon model starting from a non-linear shell model. The model is
asymptotically exact to second order in the aspect-ratio parameter y « 1 introduced in (2.3), and captures the
dependence of the energy on the gradient of twisting strain (gradient effect).

¢ Using a linear bifurcation analysis, we show in Section 4 that the competition between short- and long-wave-
length instabilities is governed by the sign of the elastic gradient modulus By given in Equation (2.29). We
obtain a complete phase diagram for twist buckling in Figure 4.2, predicting the nature of first buckling mode
in terms of reduced parameters. The diagram is fully consistent with earlier experimental and finite-element
results.

e In Section 5, the post-buckling behavior is investigated. The one-dimensional model captures the fast local-
ization of the quasi-sinusoidal initial buckling mode into coexisting phases having almost uniform twist strain
7(S) each, with alternating signs. The gradient term also helps resolving the thin interfaces between these
phases, called perversions, where the twist strain varies quickly. The analysis of these interfaces uses a
non-convex functional regularized by the gradient effect, in close analogy with our earlier work on phase
separation in elasto-capillary rods [18] and on propagating instabilities in cylindrical balloons [17].

¢ The one-dimensional model is derived by dimension reduction with the help of the symbolic calculation lan-
guage Wolfram Mathematica [24]. All supporting files are publicly distributed [15] and could serve as a basis
for similar derivations in the future. We also distribute the source files that generate the equilibrium solu-
tions using the open-source solver for ordinary differential equations Auto-07p [15].

2. DERIVATION OF THE ONE-DIMENSIONAL RIBBON MODEL

In this section, a one-dimensional energy functional describing a thin ribbon undergoing combined stretching and
twisting is derived in the form

®*iﬁﬂdnnarﬁxr%sx%%s»ds+[Wuan@%T%s»K. (2.1)

The following dimensionless quantities are used: ¢ is the ribbon length, p is the extensional pre-strain embedded
the central part of the ribbon, r is the ratio of the widths of this central part to the width of the full ribbon, ¢ is the
average longitudinal strain imposed by the clamps at both ends of the ribbon, S is the arc-length coordinate and 7 is
the twisting strain. In terms of these quantities, we derive a strain energy W per unit length and a boundary con-
tribution [Wb]gz Wo (£) - Wi, (0). The functions W(p,r,e;7,7’,7”’) and Wy (p,r;7,7’) are defined in Subsection 2.6.

The procedure for deriving the energy is adapted from our earlier work on higher-order dimension reduction for
non-linear elastic rods [19] and tape springs [16], see in particular Appendix B in [16]. The dimension reduction
procedure entails calculating the optimal values of the cross-sectional displacements in terms of the one-dimensional
twist strain 7(S) and its derivatives, by solving a hierarchy of elasticity problems in the cross-section. Details of the
dimension reduction procedure can be found in the Supplementary Material [15].

Central to the derivation procedure is the assumption of scale separation,

T® (8 =0@h), 2.2)
k,
which states that the successive derivatives of the twisting strain 7® =% scale as the k-th power, fyk, of the scale
separation parameter

y=f <L 2.3)

Here, a is the ribbon width and L is the ribbon length, in physical variables.

The dimension reduction is based on a shell model, and proceeds by identifying an order-y2 approximation of
the membrane and twisting strains in the shell model in terms of the one-dimensional twisting strain 7(S) and
its successive gradients, by inserting them into the strain energy of the shell model, and by carrying out a partial
integration with respect to the transverse coordinate. These steps are detailed in the upcoming subsections.
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2.1. Geometry

decrease
=7 end-to-end
distance

Figure 2.1. Configurations of the ribbon: starting from (a) the relaxed state, (b) the ribbon is fabricated by stretching the
central part (in red) and then gluing it to the two symmetric flanks (in green) in their relaxed state. Next, (c) the end-to-
end distance is decreased by A =—ZL, where ¢ is the average imposed strain along the axis. Due to the pre-strain, the planar
configuration (c) is not always stable and (d) the ribbon may undergo twist buckling.

We start by recalling the main steps of the experimental procedure used in [11]. The ribbon is fabricated by
assembling the three thin ribbons shown in their relaxed states in Figure 2.1a. The middle part is stretched with
extensional strain denoted as p>0. By Poisson's effect, it contracts transversally—note that the central region in red
initially overlaps the green flanks in Figure 2.1(a) and this overlap disappears after pre-stretching in Figure 2.1(b).
The resulting ribbon is then glued to the two green ribbons along their long edges. In this experiment, the gluing is
achieved by reticulating the green polymer in a mould containing the pre-strained central part, see [11] for details.
By design, the glued/molded green parts have the same thickness as the red middle part in the configuration shown
in Figure 2.1(b). We refer to the configuration Figure 2.1(b) as the reference configuration, and denote respectively
by Se(,L)and Te (-a/2,+a/2) the arc-length and the transverse coordinate in this reference configuration. The
pre-strain in this reference state is described by the function

— | p ifITI<E
7, (T) = w2 (2.4)
o {0 it 7 <ITI<5

where a is the width of the composite ribbon, ra is the width of the central part, and a is the width ratio.

Next, the terminal cross-sections of the ribbon at S=0 and S = L are clamped: both the displacement and rotation
of the terminal cross-sections are restrained. The clamps are next moved towards one another and we denote by A
the end-to-end shortening, see Figure 2.1(c). Depending on the end-to-end shortening A, on the amount of the pre-
strain p and on the geometrical and mechanical properties of the ribbon, the planar ribbon configuration may buckle
into the twisted configuration shown in Figure 2.1d.

2.2. Shell model

In the experiments, the thickness to width ratio is small, of the order ¢/a ~1/10. We will therefore use a thin
shell model as the the starting point of the dimension reduction method. The thin shell model is presented in the
remainder of this section.

2.2.1. Shell kinematics

In our previous work on thin ribbons [4, 16], we introduced a parameterization of the ribbon mid-surface (S, T) —
%(S,T) in the form

%S, T)=5®S) +w(S,T)d1(S) + (T+a(S,T)) d2(S) +5(S,T) d3(S). (2.5)

In the right-hand side, we use the centerline position ¥ (S), the orthonormal frame of directors (d1(S),d2(S),ds(S))
and the cross-sectional displacements (iv,0,%) along theses directors. The centerline position y (S) and the directors
d;(S) are functions of the longitudinal arc-length S only. By contrast, the cross-sectional displacement depend on
the transverse coordinate T as well. The parameterization in (2.5) uses two sets of unknowns that are well suited to
dimension reduction: on the one hand, the variables §(S) and d;(S) are defined at the centerline and will be retained
in the one-dimensional model; on the other hand, the cross-sectional displacements (@ (§, T, U(§, T, E(g, Ty) will
be eliminated.
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In classical rod theories, the centerline y (S) and the directors d;(S) are associated with the following one-dimen-
sional strain: axial strain £(S), bending strains &1 (S) and k2(S) and twisting strain 7(S). In the present work, we
limit attention to a typical ribbon configuration shown in Figure 2.1(d), such that:

1. the centerline remains straight,
2. and the axial strain £(S) is uniform.

The first assumption expresses the fact that we limit attention to twist buckling, largely ignoring the Euler buckling
modes that have been reported in [11] when the pre-strain is small, which involve bending (we will still be able to
discuss the onset of Euler buckling based on the sign of the internal force, see Equation (3.3) and Figure 4.2).

The second assumption is an approximation that cannot be justified rigorously. It simplifies the one-dimen-
sional model significantly by condensing out the unknown longitudinal displacement into a single, global degree of
freedom £. This simplification captures the nonlinear coupling at the heart of twist buckling, whereby axial strain
influences the twisting behavior, ignoring how twist buckling affects stretching in return.

Both these assumptions could be relaxed at the price of increased mathematical complexity, see the analysis in
our previous work [16].

These assumptions have the following consequences:

e The centerline is given by ¥ S=1+dS8 J3, where the uniform axial strain ¢ is defined as

A

2, (2.6)

F=
in terms of the end-to-end displacement A. When the ends are brought closer to one another, the end-to-end
displacement A >0 is counted positive and the imposed axial strain £< 0 is counted negative.

o At every point S along the centerline, the frame of directors rotates about the axis j3 of the ribbon. Denoting
the angle of rotation of the cross-sections as (S), we have

d1(5) = cos0(S)j1+sind(S)jq
dx(S) = -sin0(8)j1+cos(S) j2 2.7
d3(S) = js.

o The one-dimensional bending strains along length and width of the ribbon are identically zero: &1 (S) =72 (S) =
0. The one-dimensional model will therefore be a functional of the twisting strain distribution 7(S), depending
on the parameter ¢ (uniform axial strain) as well.

In view of this, the parameterization of the ribbon mid-surface in (2.5) can be simplified as
#S,T)=1+58js+w S, T)d1(S) + (T+z(S,T)) da(S) +5(8,T) js, (2.8)

where the first term on right-hand side in (2.8) is the centerline position and remaining terms capture the cross-
sectional deformation associated with twisting, including the classical warping effect at leading order.
To warrant uniqueness of the above parameterization, we enforce the kinematic constraints

[ @ED,5ET),06,D)aT=0 and [ TwE 1 aT=o, @9

as in our earlier work on dimension reduction for thin elastic rods [20] and tape springs [16]. The first equality
warrants that the centerline y(S) is the centr_oid of the cross-section labelled by S, ie., ¥(S) =%f:;;/22 xS, T)dT.
The second condition warrants that the angle 8(S) is the average rotation of the cross-section about js, as discussed
in Section-2(a) of [16].

We further assume that the relative rotation of any couple of tangent planes distant by at most the ribbon width
is moderate, so we can use locally the von Karman approximation in the local frame of directors. The von Karman
approximation yields weakly non-linear expressions for the membrane strains in terms of the cross-sectional dis-
placements (w,7,7),

Err (3, =@+ 5,(D) +Z75,T) +50%E, T, 2.10)
Esr(S,T) =% (7S) @S, T)-Tw 7S5, T)) +v75,T) +u5S,T) +wz S, Tw 8,T)).

The strain Ej(§, T) characterize the change in lengths measured along the mid-surface, between the undeformed
configuration in Figure 2.1(a) and the buckling configuration in Figure 2.1(d). In the right-hand side of (2.10),
commas in subscript denote a partial derivative with respect to the mid-surface coordinate listed next, and 7(S) is
the twist rate,

78 =0'(8). 2.11)
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Primes denote differentiation of the functions depending solely on the arc-length variable S, such as 0 S, ie., o' =
df/dS. The expressions of the membrane strain in (2.10) are similar to that obtained in [16], except for the presence
of the pre-strain z+ &, (T) that captures the transformation from the undeformed configuration in Figure 2.1(a) to
the planar solution in Figure 2.1(c). The strain expression in (2.10) can be justified by exactly the same argument
as in our previous work [16], which shows that they are asymptotically exact within the same scaling assumptions
as the von Karman approximation.

The bending strains is obtained similarly and the result is exactly identical to that obtained in [16],

Bss(8,T) = 7S T + wzs(S, D),
Brr(S,T) = w 77(S,T), (2.12)
Bsr(8,T) = -7(8) + wgrS, D).

The bending strain is linear.

2.2.2. Nondimensionalization

To simplify the forthcoming calculations, we use the following set of non-dimensional variables, which bear no over-
bars in our notation:

§ u 49_ Eaﬂ
S == = — 0 = — E , = %
2’ u a(ak)2’ ak’ (zﬂ @k)27
T T 7 _ By
= Ta@wnr TTE Bag = - @13
_ 1t - o N - P _
k= J12(1-27%) a* YT e £ T @h? P = an”

where ¢ is the ribbon thickness. The twisting strain 7 has been rescaled using a typical inverse length % ~ ¢/a?
relevant to thin ribbons, which has been shown in previous work [4] to govern the transition from a Kirchhoff-rod-
like linear response (T< %k, 7 < 1) to an inextensible, essentially nonlinear response (7> %, 7>> 1). When expressed
in terms of the dimensionless variables, the energy will no longer explicitly depend on the width a or thickness ¢ of
the ribbon.

In terms of the scaled rotation #(S), the twisting strain in (2.11) takes the form

T(8)=0"(S), (2.14)
where, in our notation, primes (') applied to dimensionless functions denote differentiation with respect to the dimen-
sionless coordinate S: in the expression above, 8’ =df/dS.

The shell strain take exactly the same form as earlier in (2.10) and (2.12) when expressed in terms of the dimen-
sionless variables,
Ess(S,T) = e+ep(D) +05(8,T) 45 (-T7(S) +ws(S,T))?

(2.15)
-'(S) T+ w ss(S,T)

Bgs(S,T)

In (2.15), we have introduced the dimensionless pre-strain ¢, profile, see Equation (5), as

p ifIT] Sé
ep(T) = . 1 (2.16)
0 if§ <ITI< 5

We assume that the non-scaled strain Z and pre-strain p remain small in the experiments, implying that we can use
a linearly elastic constitutive law in the shell model. By our scaling conventions in (2.13), we rescale them using a

typical strain (ak)?~ (¢t/a)? < 1 which is small: as a result, the rescaled strains ¢ and p are not necessarily small,
see the numerical values used in Section 5.

2.2.3. Shell energy

We consider ribbons made up of a linear elastic material and write the non-dimensional strain energy of shell ® as

1pep+3( 1
o=1] f—g (T (v (Ba)+ (1-0) EygBop) + v (Bow)® + (1=1) BygB,5) dSAT, 2.17)
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where we use Einstein's convention on implicit summation over repeated indices, and ¢ = L_ 771> 1 denotes the
length-to-width ratio, v is Poisson's ratio of the material. With Y as the Young modulus and ¢ as the thickness, non-
dimensional strain energy ® =®/[Y#?/(12a (1-2?))?] derives from the (dimensional) shell strain energy ® used
in the classical Kirchhoff plate theory, see for instance the strain energy used in equations [2.15-2.16] of [14].

2.3. Solution for the cross-sectional displacements

The cross-sectional displacements (u(S,T),v(S,T),w(S,T)) enter the shell energy (2.17) via the expressions (2.15)
of the membrane and bending strains E,g and B,g. As they are functions of both mid-surface coordinates S and T,
we aim to eliminate them to arrive at the one-dimensional model. Following our previous line of work on variational
higher-order dimension reduction [2, 19, 3, 16], we do this by optimizing the shell energy (2.17) with respect to the
unknowns (u(S,T),v(S,T),w(S,T))being subjected to the kinematic conditions (2.9).

This optimization problem is intractable in general but can be solved in a perturbative way, thanks to the pres-
ence of the small scale separation parameter v « 1, see Equation (2.2). The higher-order dimension reduction method
does precisely this, by identifying series solutions for each one of the three unknown cross-sectional displacements
(S, T),v(S,T),w(S,T)) in powers of y < 1. The method is exactly similar to what the authors have previously
done in [16, 19], see Section-2 of [16] in particular. The optimization is carried out in symbolic form in the companion
Wolfram Mathematica notebook, available from the public repository [15] . Up to an error of order 72, the result is

u(S,T) = —%IJT3’7'2(S),

v(S,T) = 1—127(3) 7/ (S) [T2(1+v) -T*(3-v) +§T6(1-y) -%

1 1 1 23
2 _ - m4_ > 6, -+ m8_
+7S) (1920T 500 L *560 6451200)

1 3(8r2,, 5,3 15 6. 1 4 9
+Ep[r [WT—ZT ~ g T+ IO+ 5 (9r4 +4272-16)

+(r-3)* (T2+2rT+%r2) o(r-%)- (T+%)4(T2—2rT+%r2) @(T+%)”, (2.18)
7 (S) [5—350(11—251/)T—%(l—2y)T3+%(1—y) 5
41 1

1 1
2 3_ 5 7
+7°S) ( 2838400 . T 11520 L ~ 4800 L T 5040 L )

L o138 pot_14,2 09 B2 B, s T2
+120p[r (llzT(r 14r=-22) 2T 2T +T 3

+ (T—%)4(T+2r) ®(T—%) - (T+%)4(T—2r) ®(T+%)”,

w(S,T)

where 0 is the Heaviside function defined by ® (Ty=1if f’; 0 and © (T) =0 otherwise.
In view of the fundamental assumption (2.2) of scale separation, the scaled one-dimensional twisting strain 7(S)
and its derivatives are respectively of order

TS) =0, TES)=0hH, S=0@n?», .. (2.19)

These scaling assumptions are implicit in our notation: each differentiation, denoted by a prime, counts as v as far as
scaling analysis is concerned. The solution « (S,T') in (2.18); therefore starts at order fyO and has a vanishing term
of order fyl, while the solutions v(S,T) and w(S,T) in (2.18)g 3 start at order fyl.

2.4. Second-order approximation of the strain

Next, we insert the solution (2.18) for the cross-sectional displacement into the expressions (2.15) of the membrane
and bending strains E, g and B, 3. This yields new expressions for the strain, in the form

O (y°) O (yhH O (y%)
ess(S,T) = e+ep(T) +5T27(S) tus—3 TS ws
err(S,T) = -v(e+ep(T)) +ur +éw?T

(2.20)
1

est(S,T) = E(T(S) w-Twr)+vr+ug)
bss(S,T) = -T7'(S)
brr(S,T) = w, T
bst(S,T) = -7(S) +w sT.

The strain e, 3 and b, in equation above have been obtained by inserting the order-y solution for the displacement
in (2.18) into the original strain Eaﬂ and Baﬂ in (2.15) and by truncating the result beyond order 72. In Equa-
tion (2.20), the contributions have been sorted in columns by decreasing order of magnitude. In the interest of
legibility, we have omitted the arguments S, T of the functions u (S,T), v(S,T) and w(S,T) in the right-hand sides.
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It is remarkable that the error of order 'yQ in the displacements (2.18) allows the strain in (2.20) to be resolved
with a smaller error, of order 3. Take the v s term appearing in egg, for instance: v is is given by (2.18) as a quantity
proportional to 7’ (hence of order ) plus an error term of order 2. Differentiating one more time with respect to the
slow variable S entails multiplying by < 1, so that v g is proportional to 7"* and 7’ % (hence of order 92, as indicated
by the column heading) plus an error term of order rya. A similar argument holds for all the contributions to e, 8 and
b, and we conclude that the truncation error in (2.20) is

e.5 + O,
by + O?).

E.z

(2.21)
B.s

2.5. Ensuring positiveness of the energy

Next, we calculate the strain energy density defined in (2.17) based on the truncated version of the strains e,g and
b, obtained in (2.20). Denoting the result as ®*, we have

106 (+3
q>*=§f0 f: (1_1,,2 (v (eaa)®+ (1=v) eyge,p) + (v (baa)*+ (1-2) bygb,p) )deT. (2.22)

In view of (2.21), this approximation ®* of the shell energy ® is exact up to an error of order 73,

D =D +0(v3). (2.23)

The energy being quadratic in the strain e,g and b,p, it contains not only terms of order 7%, y1 and 2 but also
terms of order ® and v*, such as for instance a v?s = O (y*) term coming from the expansion of the v g term in the
trace square term (eqq)2= (ess+---)2=(... + vs+ - -)2. In all our previous work on dimensional reduction [2, 19,
3, 16], we truncated the energy ®* beyond order ryQ, the motivation being that terms of order fy3 are comparable to
the approximation error in (2.23). Here, by contrast, we refrain from truncating the energy ®* in (2.22), and retain
the negligible terms of order y® and vy*. As we will show, this is a critically important point ensuring that the one-
dimensional model is useable in numerical simulations. Truncating the energy ®* as we did in previous work raises
severe mathematical difficulties that had escaped to us so far.

For the moment, it will suffice to note that the strain energy density ®* in (2.22) is positive,
d* >0, (2.24)
as its integrand is a sum of squares. This positiveness property would break if we were to truncate ®*, by dropping

terms at order ¢y and beyond.

These higher-order terms are not asymptotically correct: to determine their actual value, one would need to push
the dimension reduction procedure to higher-order. That does not mean they are useless.

2.6. One-dimensional energy obtained by integrating along the width

On inserting the displacements in (2.18) and strains in (2.20), we can obtain an explicit expression for the strain
energy density appearing in the integrand of (2.22). Integrating it along the width, we obtain the one-dimensional
energy ®*[7] in the form announced earlier in (2.1),

O*[7] = J:W(p,r,E;T(S),T'(S),T”(S)) dS+ [Wy (p,r57(S), 7 (SN ]E, (2.25)

where W is the one-dimensional strain energy density and Wj, is the strain energy contribution from boundaries at
ribbon ends S=0 and S = ¢. The explicit forms for W and W;, are given below.

The boundary term [Wb]g are produced by an additional integration by parts with respect to the arc-length S, as
we briefly explain now. Integrating (2.22) along the width first yields a one-dimensional strain energy density that
includes term of the form

12
on ( A C(p,r;78))TS) T (S) +83H (p,r;7(S)) T(S) 72(8) 77 (S) + .. ) ds. (2.26)
To remove the 7’/ terms, we integrate these term by part with respect to the S-coordinate. This produces a boundary

term of the form [C(p, rm)T7 +H(p,r;7) 77’3]3 which is nothing but W}, see (2.30). The detailed calculations can
be found in the companion notebook [15].
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The one-dimensional strain energy density W is obtained in the form

W(p,r,e;7,7",7"") -1 (A(p,r &7)+B(p,r;7) T +F(p,r 7 +G(p,r;7') 7"4) 2.27)
N

0

2 4

7 Y 7

where the horizontal braces are used to group the contributions by order of magnitude, see (2.19). The energy density
A at order fyo and the coefficients B, F' and G associated with the gradient effect are all polynomials in 7 containing
only even powers of 7,

Ao+ AT+ Ayr? F(p,r;7) = Fo+Far?+Fym*+ Fgr8
Bo+By72+ Byt G(p,r;7) Go+ G+ G4+ G0 + Gg78.

A(p,r,&7)

B(p.ri7) (2.28)

The coefficients A;, B;, F; and G; are known functions of the pre-strain p, Poisson's ratio » and of the aspect-ratio
r—the quantities Ay and Az have an additional dependence on the applied strain ¢. The expressions of the following
set of coefficients is crucial for the rest of the analysis:

Ao(p,r,e) = e2+pr(2e+p)
As(p.r,e) = 15 24 (1-1) +c4pr¥)

Aq(p,r) = 390

Bo(p,r) = Elo[—71112+441/+27+%pr3(1—r2) (-25v-3(1-v)r?+11)
1 96 (2.29)
64p rA-r2@2+2r- 11)]

Fo(p,r) = 441 102 [3651/ —268+50
ﬂa-r?) (2267v—35 (1-v) rt+ (316 -694v) r2—881)

— 6 _ —
18432 (81r 476r%-12258 % + 44800 % - 41580 r2 +9433)]
The other coefficients Fy, ..., Fg, Gy, ..., Gg are given in Appendix B and can also be found in the companion

notebook [15]. This completes the definition of the integral term W in (2.25).
The boundary term in (2.25) has been obtained in the form

W (p,r;7,7)1§

4 N 73\ 7
on ((C(p,r;T)TT ) +(H(p,r;7’)7’7‘ ) )dS
N N (2.30)
[C(p,r;T)77'+H(p,r;7)77'3]§,

where

C(p,r;7) = Co+Car2+Cy7t

2.31
H(p,r;7) = Ho+Ho7m?+Hyr*+ Hg 7. ( )

The expressions of the coefficients C; =C;(p,r,v) and H;=H;(p,r,v) can be found in Appendix B and in the com-
panion notebook [15].

3. MAIN FEATURES OF THE ONE-DIMENSIONAL MODEL

This section discusses the qualitative features of the one-dimensional energy derived in (2.27). The energy is com-
posed of terms of order ryO, fy2 and ry4: the leading-order terms, the second-order terms capturing the gradient effect
and the fourth-order terms are discussed in Sections 3.1, 3.2 and 3.3, respectively. Further, Section 3.4 presents the
variational derivation of the equilibrium boundary-value problem.

3.1. Leading-order energy is non-convex

The strain energy density at order ¥° has been obtained in recent work [11]. It is given by (2.27) and (2.29); as

0

. ‘1
Ol = [ 5AP7ET(S))dS

3.1)

4
[ 2 (A0(p.re) + As(p,r,e) THS) + As(p,r) T(S)) dS.

In the remainder of this section, we briefly recall the main mathematical features of the function A (p,r,¢;7) reported
in [11] and their connection with twist buckling.



10 WAVELENGTH SELECTION IN PRE-STRAINED RIBBONS

A necessary condition for ®*|,0 to be a convex functional of 7 is that its second derivative is positive at the
particular point 7=0:
A (p,r,e;T
SABLED) = Aspre)
T =0 (3.2)

3
_ e+r’p
2(1-v)+ o

When the imposed average strain ¢ is compressive enough, £ <— (3 p +24 (1-v)), the necessary condition d?A /972 >
0 is not satisfied, implying that ®*|,0 is not convex with respect to 7. At the critical point when ¢ =0, the planar
configuration 7 =0 becomes unstable with respect to twist perturbations and twist buckling takes place.

The the right-hand side of (3.2) is the tangent twist modulus, and has three contributions:

e The term 2 (1-v) is the non-dimensional twist stiffness for a thin ribbon, akin to the twist stiffness of a
Kirchhoff rod. It is always positive, hence stabilizing with respect to twist perturbations.

e The term /12 captures the coupling between longitudinal applied strain and twisting. It is destabilizing
when ¢ is more and more compressive (i.e., negative).

o The term 2 p/12 captures the effect of inhomogeneous pre-stress across the width. This term is positive
(since p >0 in the central region) and enhances the stability of the ribbon. A key feature of this term is that
for large enough values of the pre-strain p, the twist instability may take place before Euler buckling as the
ribbon's end-to-end distance decreases (that is, when ¢ decreases): although the r3 p /12 term stabilizes the
ribbon for fixed end-to-end distance (i.e., fixed ¢), it is instrumental for the twist instability to win over the
Euler instability in at least some range of values of ¢.

The competition between twist and Euler buckling is discussed in detail [11]. With N = %—v:( p,r,e;7=0)=c+rp as
the internal longitudinal force in the ribbon, the critical load for Euler buckling is given in an infinitely long ribbon
by the condition N =0, thus giving the critical strain for Euler buckling as

€huler =—DT- (3.3)

In the present work, we limit attention to twisted configurations arising before Euler buckling sets in, for £ > egyler-

(a) Ae,p,rs) MO
Ag(e,p,7) 1.06
1.03
‘ ‘ T . .
-20 -10 0 10 20
twist T
(b) (©)
-\ prestrain p
100 00 300
-0.1¢
By
-0.2¢
-0.3¢1

0 5.0 10.0 150  x1073

Figure 3.1. Plots of important the energy terms appearing in (2.27-2.29), for Poisson's ratio »=1/2. (a) Scaled energy per unit
length A(p,r,e;7) /2 at leading order versus 7 for width ratio r =2/3 and scaled pre-strain p=-145.58: the profile is convex
for moderate end-to-end shortening (scaled axial strain e=-50, blue curve) and becomes non-convex for more severe end-to-
end shortening (¢ =-70, red curve); the loss of convexity (onset of twist buckling) takes place at ¢ =-55.1348. (b) Incremental
gradient modulus By=B(p,r=2/3;7=0) evaluated in the planar configuration (7= 0) as a function of pre-strain p. Later in
this paper, we will connect the change of sign in By to the transition from long- to short-wavelength buckling. (c) Fourth-order
term Fy(p,r) >0 is always positive. This warrants that the overall energy remains positive against very short-wavelength
perturbations (g — o0), even when the second-order gradient modulus By is negative.
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As shown in Figure 3.1(a), for given values of ¢, p and r, the quadratic potential in (3.1) has a single minimum
7=0in the convex case Aa(p,r,c) = 0. In the non-convex case, Aa(p,r, ) <0, a pitchfork bifurcation takes place and
the central equilibrium 7= 0 becomes a local maximum (unstable equilibrium) with two symmetric minima 7= +7*
(stable equilibria), where

* __ (_AZ)

By Equation (2.29)3, the coefficient A4 (and, thus, the argument of the square root) is always positive.

The analysis of twist buckling proposed in [11] is based on the leading-order energy ®*|,0 and bears the same
limitations as highlighted in the classical analysis of a non-convex elastic bars by Ericksen [10]. It accounts for a
bifurcation on the unsigned value 7* of the order parameter, see (3.4), but cannot predict (i) how the sign of 7(S)
is distributed in space (local handedness of the helical buckling pattern), nor (ii) the existence of smooth transition
regions, known as perversions [9], that connect ‘phases’ having opposite signs of 7. In the leading-order model, these
perversions are rendered as points of discontinuity where 7(S) flips sign (see §3.7 in [11]), and there is no control on
the number of such discontinuities nor on their distribution in space.

3.2. Gradient effect is captured by second-order terms

Our main contribution is to account for this gradient effect by including the higher-order terms in the one-dimen-
sional model (2.27), in line with previous work analyzing localized deformations in slender structures such as the
necking of elastic bars [2] or elasto-capillary cylinders [18] and propagating bulges in cylindrical balloons [17, 25].
The gradient effect appears at order 2 in the one-dimensional energy, see (2.27) and (2.30),

“ ¢1 , ,
D2 = jo EB(p,T‘;’T)’T2dS+[C(p,r;’T)’T’T ]g (3.5)

Taking this regularization into account will enable us to resolve the inner structure of perversions and to predict
their distribution along ribbon length, see Section 5. The gradient effect in ®*|, has been derived in Section 2. Even
though the dimension reduction procedure which we have used warrants asymptotic correctness in principle, we
have introduced two simplifying approximations along the way that break asymptotic correctness at order 2:

o we have neglected the longitudinal variations of the axial strain #(S) in Section 2.2,

e the cross-sectional displacements produced by dimension reduction satisfy the clamping conditions (u,v,w) =
0 in an average sense only, but not for all values of the transverse coordinate 7'. This incompatibility between
the boundary conditions applicable to the shell model which we started from, and those which the dimension
reduction procedure can ultimately handle point to the presence of boundary layers forming near the clamps.
Accounting for boundary layers through effective boundary conditions is an active topic of research, both in
the context of higher-order dimension reduction and homogenization [23], and we will ignore this difficulty.

We assume that these approximations do not significantly affect the analysis of twist buckling. The influence of
boundary layers, in particular, can be expected to be limited to vicinity of the clamps.

In the unbuckled configuration, the gradient modulus (i.e., the coefficient in factor or 7' /2 in the energy) is given
by B(p,r;7=0) = By. This quantity is plotted in Figure 3.1(b) and appears to change sign depending on the amount
of pre-strain p. Negative gradient moduli By <0 are commonly encountered in higher-order dimension reduction,
including in the linear setting—see the illustration examples in [19, 16] for instance: they are considered inconsis-
tent as they make any equilibrium solution unstable with respect to infinitesimal, short-wavelength oscillations.
In Appendix A, we indeed calculate the energy <I>*|,yo + <I>*|,y2, truncated at order fyz, of a solution having a harmonic
twist angle distribution 8(S) =sin (¢ S) /q and show that (CD*l,yo + <ID*|,yz) — —oco when the modulation becomes very
short-wavelength (g — o), whenever By < 0. This is contradictory, since the strain energy cannot be less than its
value (0) in the relaxed configuration shown in Figure 2.1(a).

We show that this is a truncation issue, and fix it by including non-asymptotic terms of order y* in the energy,
as discussed in Section 3.3 below.

We will also show that the sign of By governs the competition between short- and long-wavelength buckling, see
Section 4. To the best of our knowledge, this is the first time that negative values of the tangent gradient modulus
By are connected to a real phenomenon and not just viewed as an undesirable outcome of higher-order dimension
reduction or homogenization.

3.3. Non-asymptotic fourth-order terms ensure positiveness

The fourth-order terms in the energy (2.27) take the form

(I)*lh/4= f;% (F(p,r; T) 2 +G(p,r;7) 7'4)dS+ [H(p,r; T) 77"3]5. (3.6)
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They are not asymptotically exact, as noted as the end of Section 2.5. They ensure positiveness of the energy,
see (2.24). In particular, it is shown in Figure 3.1(c) that the coefficient Fo=F (p,r;7=0) is positive for the range
of parameter values considered in this paper, r € [0,1], v€[0,1/2] and p € [0,1]. The minimum value of Fj is
calculated in the Supplementary material [15] and it is found positive.

The positiveness brought about by the ®*|,+ terms is instrumental in making the one-dimensional model usable
in numerical simulations. It comes with a price, however, which is to increase the maximum order of differentiation
in the energy, from 1 (7’ term present in the expression @*I,,/z) to 2 (7" term in the expression of (I>*|,),4). In terms of
the primary kinematic variable #, the order of differentiation is 3 ("' =6"’’), implying that the equilibrium problem
will be of order 6, and not just 4 as as for the truncated (but dysfunctional) energy <I>*|,yo + <I>*|n/z).

3.4. Variational derivation of equilibrium equations

In the next sections, we predict equilibrium configurations of the ribbon based on the one-dimensional model for
same clamped boundary conditions as in the experiments [11],

#0)=0, 0 =0. 3.7

The longitudinal displacement imposed by the clamps is taken into account via the mean axial strain ¢, see (2.6).

The equilibrium equations for the ribbon are now derived by deriving the Euler—Lagrange stationarity condi-
tion of the one-dimensional energy ®* in (2.25). For any configuration &(S) satisfying the kinematical boundary
conditions (3.7), we consider a kinematically admissible perturbation 66(S), such that 86(0) = 80(¢) =0. The first
variation of the strain energy ®* in (2.25) takes the form

b= [ (GLbr+3

E?VY, 37")dS+ —_

0

4
oW, 87'] , 3.8)
oT 0

where 87 = 80’ denotes the increment of twisting strain, see (2.14). After two integrations by parts, we get

(2 () () e (B 222 (2], o

We identify the internal twisting moment M (S) as the quantity in factor of 67(S) in the integral term,

oW d oW 42 ow
M_F_ds a7’ +@B’T"' @10

Using 67 = 80’ and integrating by parts one more time, one can rewrite 5® as

so=—[ 89dS+[M8€+(aWb L d(gTW))a +(%V"b a,,)av]o. 3.11)

This first variation has to be zero for any perturbation 60 satisfying 60(0) = 80 (¢) =0. This leads to the balance of
twisting moments in the interior

dM

LL) (3.12)

and the two boundary conditions, applicable at both S=0 and S=¢,

ar "o "as\ a7
oWy, . oW
ot 97"’ ls=0,¢

Wy AW d (W ~
: ( )]s 0.6 (3.13)

Along with the kinematic boundary conditions (3.7), the differential equation (3.12), the constitutive law (3.10) and
the static boundary conditions (3.13) make up a well-posed boundary-value problem: the differential equation for
0(S) is of order 6 and there are 3 boundary conditions at each end. The balance of twisting moments in (3.12) takes
the same form as in the twisting of classical bars. The constitutive relation (3.10), however, corrects the constitutive
relation M = dW /d7 applicable to classical bars with higher-order corrections. The boundary conditions (3.13) are
not present in the twisting of classical bars, and arise because the order of the equilibrium equation has increased
from 2 (classical bars) to 6 here. As discussed in Section 3.3, the order 6 breaks down into 2 + 2+ 2, where the first 2
is the order of the classical bar model, the second 2 comes from the fact that we include the gradient effect, and the
final 2 is an additional fee for retaining the terms of order fy4 ensuring positiveness. As discussed in Section 3.2, the
boundary conditions (3.13) are not asymptotically exact as we ignore the boundary layers forming near the clamp.
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Yet, these boundary-value problem are derived variationally, which makes them mathematically consistent.

The boundary-value problem derived above is used in Section 4 to set up a linear bifurcation analysis addressing
the wavelength selection, and in Section 5 to analyze the post-buckled solutions numerically.

4. ONSET OF BUCKLING IN AN INFINITELY LONG RIBBON

This section addresses the competition of short- and long-wavelength buckling sketched in Figure 1.1. We carry
out a linear bifurcation analysis of the one-dimensional model. Considering an infinitely long ribbon, and thus
ignoring the boundary conditions (3.7) and (3.13), we identify the bifurcation points at which new solution branches
emerge from the planar configuration 7= 0, and compute the associated critical end-to-end distance ¢ and critical
wavenumber g. In this infinite-length setting, we postulate that the long-wavelength case corresponds to a van-
ishing first critical wavenumber q =0, and the short-wavelength case to a non-vanishing first critical wavenumber
g >0. This postulate will be confirmed in Section 5 by numerical simulations of finite-length ribbons.

4.1. Linearized equilibrium about a planar configuration

For given applied strain ¢, we consider the planar configuration of ribbon shown in Figure 2.1(c), whose twisting
strain is identically zero, 7=0. We denote as 7(S) the perturbation to the twist about the planar state and derive
an expansion of the strain energy density to order |7|2. In view of (2.25-2.27), the quadratic terms in the expansion
are given by

W=%(A0+A2’T2+B()’7'/2+F07'N2). 4.1)
The constitutive relation (3.10) then yields a linear approximation of the internal moment M as

M=As7-By7"’ +For®, 4.2)
and the equilibrium (3.12) is linearized as

dér d3r dr
FO__BO_+A2E—

58 0. 4.3)

4.2. Long- versus short-wavelength instabilities

The bifurcation equation (4.3) has constant coefficients and we can limit attention to modes that depend harmoni-
cally on the arc-length S: using complex notations, we set the mode as 0(S) =0y €S, hence 7(S) =0’ (S) =iq 0ye'dS,
where ¢ is the wavenumber and &y the amplitude of the mode. Inserting into (4.3), we get

q?0o (Fo(p,r) ¢*+Bo(p,r) ¢* + Az(p,r,€)) =0. (4.4)

The factor g2 yields a double root g =0 which corresponds to (i) a uniform rigid-body rotation about the axis (constant
#(S)), and (ii) a uniform twist (helical) mode (linear &(S), constant 7(S)). Both these modes are prevented by the
clamps at long ribbon ends, so we discard the overall g2 factor in (4.4). We also discard the 6, factor, whose vanishing
yields to modes that are identically zero.

Observing that the only dependence of the remaining factor on the imposed strain ¢ takes place through the Ay
term, we insert the expression (2.29) of Ay into the linear bifurcation condition (4.4) and get

e(@) =—(pr3+12(2(1-») +Bo(p,r) ¢*>+ Fo(p,r) ¢%)). (4.5)

This dispersion relation connects the critical stretch €(q) and the wavenumber . It is plotted in the form of a
parametric curve in the plane (¢,—¢(q)) in Figure 4.1(a,b). In the experiments, the imposed strain ¢ is progressively
decreased, i.e., the quantity (—¢) increases. The instability that appears first therefore corresponds to the minimum
of —e(gq) with respect to g, i.e., to the left-most point on the dispersion curve shown by a green star in the figures.

The sign of the incremental gradient modulus By sets the concavity of the curve at the intersection ¢ =0 with the
horizontal axis, and two scenarios are possible depending on the sign of Bj:

¢  When the incremental gradient modulus is positive, By > 0, as illustrated in Figure 4.1(a), the left-most point
on the bifurcation curve (red curve) is the ‘tip’, having ¢* = 0 (green star). The planar configuration is then

*

expected to be stable for —¢ < —¢* and becomes unstable with respect to a long-wavelength mode at —e =—¢*.
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Indeed, we postulate that the critical wavelength ¢* =0 found in this infinite-length setting will give rise
to a critical wavelength comparable to the ribbon length in a finite-length setting. This will be confirmed
numerically in Section 5.

¢  When the incremental gradient modulus is negative, Bp <0, as illustrated in Figure 4.1(b), the left-most point
on the bifurcation curve (red curve) lies on the ‘hump’ overhanging the horizontal axis and having ¢* >0
(green star). The planar configuration is then expected to be stable for —¢ <—-¢* and to become unstable with
respect to a short-wavelength mode at —e = —¢*. In our scaled units, ¢* = © (1), corresponds to wavenumber
g*=0(1/a), i.e., to a wavelength comparable to the width of the ribbon. In this short-wavelength case, the
critical strain * (green star) differs from the critical strain £(0) associated with slowly-varying perturbations.

The wavelength selection is discussed above based on the one-dimensional model. It is mathematically similar to the
wavelength selection proposed in [20] based on a two-dimensional plate model and a three-dimensional rectangular
block. The one-dimensional model delivers a simpler picture which highlights the key role played by the incremental
gradient modulus By.

(a) 4t
3 L
—— 1D model
1 5} — full plate
1F = 95
iy ) ‘
I 4032 45 50
| —&
——% — — — — — — — — >
stable unstable stable unstable

(©)

*
L LI B B S B S S B B B A

- 100 200 300 400 500 600
p

Figure 4.1. Wavelength selection in the linear bifurcation analysis of an infinitely long ribbon using the one-dimensional
model (2.25), for a width ratio »=2/3 and Poisson's ratio »=0.5. (a) Curve of marginal stability predicted by Equation (4.5)
in a case of moderate pre-strain, p =95: the incremental gradient modulus is positive, Byo> 0, and the first unstable mode is
long-wavelength (q* =0, green star). (b) Case of larger pre-strain, p = 145.58: the incremental gradient modulus is negative,
By <0, and the first unstable mode is short-wavelength (g* = O (1), green star). The predictions of a plate model adapted from
Section 4 in [20] are included (black curves) and agree closely with the predictions of the one-dimensional model, especially
in the limit ¢ — 0 of slowly varying twist. (¢) Wavenumber at instability as a function of pre-strain p, as given by (4.6);: the
critical modes at particular values p =95, p =145.58 and p =500 are plotted using an arbitrary amplitude; the first two plots
for p =95, p=145.58 correspond to the modes identified in parts (a) and (b) of this figure.

An analytical prediction for the first critical wavelength ¢* and applied axial strain £* can be obtained by solving
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the extremality condition £’ (¢*) =0. Using the expression of £(q) in (4.5) and recalling Fy> 0, see Figure 3.1c, we get

0 if Bo> 0 (long-wavelength)

7 = ;—]‘;“ if Bo< 0 (short-wavelength)
d 0 (4.6)

5 0 if Bp>0

e = —(pr°+24(1-v)) + 3%3 if By<0.

These expressions have been used to position the green stars in Figure 4.1(a,b) and to generate the green curve in
Figure 4.1(c).

Figure 4.1(c) echoes experimental results from prior work, see for instance Figure 5a in [13]: as we increase pre-
strain p in the ribbon, the first unstable wavenumber g increases, meaning that the wavelength of the first unstable
mode decreases. The dependence of wavelength on the width and thickness of the ribbon discussed in [13, 21] can
be accounted for by reverting to the unscaled set of variables using (2.13).

4.3. Buckling diagram
The phase diagram in Figure 4.2 summarizes the results of the linear bifurcation analysis and shows the nature of

the first critical mode as a function of the width-ratio parameter r and of the scaled pre-strain p, for a given Poisson's
ratio » =0.5. Different values of Poisson's ratio in the range 0 <»<0.5 lead to a similar diagram (data not shown).

600

500

400 $
p > >
&
300 Q@ &
A
200 - A short wavelength twisting
e long wavelength
___________________ - Euler
100

0.2 0.4 0.6 0.8 1.0
r

Figure 4.2. Phase diagram of an infinitely long ribbon having Poisson's ratio » = 0.5, as predicted by a linear bifurcation
analysis of the one-dimensional model (background colors and black curves) and comparison to the 3D finite-element sim-
ulations reported in [11] (symbols): the buckling pattern is shown in terms of the width ratio r and the scaled pre-strain
p. The boundary between Euler (red) and long-wavelength twist buckling (white) is known from previous work [11], see
Equation (4.7). The boundary between long-wavelength (white) and short-wavelength (green) is novel and corresponds to a
change of sign in the incremental gradient modulus By. The ribbons with parameters corresponding to points f; and f; are
investigated in Section 5.

The boundary between the red domain (Euler buckling) and the white domain (long-wavelength twist buckling)
has been identified in previous work [11] based on the leading-order energy <I>*|,yo. It can be found by equating the
critical strain for Euler buckling, given by (3.3) as ¢fuer = —p 7, and the critical strain for long-wavelength twist
buckling, given by (4.6) as efwist=—(pr> +24 (1-v)). This yields

pr(1-r%) =24 (1-v). 4.7

Euler buckling occurs first if efy1er > fwist, that is if pr(1-r2) <24(1-v) (red region in the phase diagram).

By taking into account the gradient effect, the higher-order one-dimensional model proposed in this paper can
also predict the transition from long- to short-wavelength twist buckling. Specifically, the analysis in Section 4.2
shows that the transition takes place along the curve with equation Bgy(p,r) =0, with Bo(p,r) given in (2.29).
This curve is included in the phase diagram in Figure 4.2 (upper solid curve). Short-wavelength twist buckling is
expected to take place above this curve, something which we will confirm using a numerical post-buckling analysis
of the one-dimensional model later in Section 5. The position of the boundary By =0 in the phase diagram agrees
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well with the 3D finite-element simulations reported in [11] for r=1/3 and r =2/3 (symbols): in the finite-element
simulations, a single perversion has been obtained whenever the condition By > 0 holds (dark disks), whereas mul-
tiple perversions have been obtained whenever By <0 (red triangles).

In the phase diagram in Figure 4.2, the boundaries separating the orange, white, and green regions have a min-
imum each, implying that there exists two minimum pre-strain, denoted as p, and p; for long- and short wavelength
instabilities, respectively, below which the ribbon cannot buckle to a long- or short-wavelength mode, irrespective
of the value of the width ratio r € [0,1]. The minimum pre-strain for long-wavelength buckling can be calculated as
p=36+3 (1-») and occurs for r=1//3 =0.578. There is no simple closed-form expression of the coordinates of the
minimum on the upper curve, but they can be found numerically as p =125.49 and r=0.75 for »=0.5.

In the next section, we complement the above linear bifurcation analysis of an infinitely long ribbon by post-
buckling simulations of a finite-length ribbon.

5. SIMULATIONS OF FINITE-LENGTH RIBBONS IN THE POST-BUCKLING REGIME

This section presents numerical results for finite-length ribbons, both near the onset of buckling and far in the post-
buckling regime. The simulations are based on the non-linear one-dimensional model (2.25). Specifically, we solve
the boundary-value problem made up of the equilibrium equation (3.12), the higher-order constitutive law (3.10)
and the boundary conditions (3.7) and (3.13), using the arc-length continuation method implemented in the Auto-07p
library. The Auto-07p command files are distributed in the repository [15].

The analysis of finite-length ribbons in the post-buckled regime carried out in the present section complements
the analysis of the infinite-length ribbon at the onset of instability from the previous section.

All post-buckling simulations use Poisson's ratio »=1/2. The non-dimensional variables in (2.13) are calculated
with the physical dimensions of ribbon @ = 18 mm and ¢ =2mm. The other parameters vary and are specified later.
In Subsection 5.1, the case of preferred long-wavelength buckling is considered (in the sense of the linear bifurcation
analysis from Section 4, i.e., with parameters such that By > 0) and in Subsection 5.2 the case of preferred short-
wavelength buckling is considered (for By < 0). In both cases, we compare a nonlinear solution having a single
perversion to one having 12-perversions (these 12 perversions corresponds to the first critical wavenumber in the
short-wavelength case, for the particular ribbon properties used in the simulations). When By >0 (Subsection 5.1),
we find that 1-perversion solutions are energetically favorable, while when By <0 (Subsection 5.2) 12-perversion
solutions are favored at least at the onset of buckling.

5.1. Case of preferred long-wavelength deformations

In Figure 5.1, we simulate a finite-length ribbon having aspect-ratio ¢ =L /a =300/ 18, pre-strain p =459.27 and
width-ratio r = 1/3: the linear bifurcation analysis from Section 4, applicable to the infinite-length case, predicts
long-wavelength buckling as By (p,r) =0.018 > 0 (given that the aspect-ratio £=300/18 ~ 15 is quite large, one can
expect that this prediction still holds).
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Figure 5.1. Bifurcation diagram: twist buckling of a finite-length ribbon whose short edges are progressively brought closer
to one another (the quantity —¢ on the horizontal axis increases), as predicted by the one-dimensional model (black curve).
Ribbon parameters are aspect-ratio ¢ =L /a =300/18, scaled pre-strain p =459.27, and width ratio r =1/3, corresponding
to Bp=0.018 >0 (preferred long-wavelength case, symbol f; in Figure 4.2). The prediction (3.4) ignoring the gradient effect
is included for comparison (red dotted curve). We use the mean-square twist ||7|.ms as a measure of the buckling amplitude
on the vertical axis, see (5.1). Three-dimensional views of the equilibrium configurations are included for specific values
of the imposed axial strain: —e =20 (unbuckled), —¢ = (20, 30,50, 80, 110). The onset of instability is at —e =29.043. In the
buckling mode, the twist strain 7 changes sign once in the middle of the ribbon, and this smooth feature evolves into a localized
perversion in the post-buckled regime (star symbols)

Lo — e=-110
[ e =-80
0.5
r e=-29.15 — e =-50

7(S)
7*(¢)

S

|
I
3

-1.0—

Figure 5.2. Formation of phases having uniform twisting strain 7(S) = £7*(¢) in the post-buckled regime (plateaus in super-
imposed red, yellow and blue curves) by progressive localization from the initial sinus-like buckling mode (black and green
curves). The plot shows the distribution of scaled twisting strain 7(S) /7*(¢) along the centerline for applied strains e=-29.1,
—50,-80 and —110 corresponding to the 3D plots shown in Figure 5.1 using the same parameters as in Figure 5.1. The twisting
strain 7(S) is scaled by the optimum value 7*(¢) predicted by the leading-order model in (3.4). Note that the various curves
are rescaled using increasing values 7* (¢) as we go deeper into the post-buckling regime: unlike in Figure 3.1(a), the ampli-
tudes in this plot do not convey the real buckling amplitude. By the clamping conditions in (3.7), the average of 7(S) =6'(S)
over the length of the ribbon is always zero.

We use the root mean square twist ||7|:ms to measure of the amplitude of buckling in the bifurcation diagram,

Il = (3 J; 7S) ds)%. 5.1)

This buckling amplitude is plotted in Figure 5.1 versus the scaled end-to-end shortening (—¢). The instability sets
in at —=29.043 in the simulations and the solution bifurcates into a solution that is invariant by mirror symmetry
about the plane perpendicular to the axis passing through the midpoint S = ¢/2. The invariance by translation is
lost, however. For all buckled solutions, starting with the small-amplitudes ones, the twisting strain 7(S) changes
sign once at the midpoint S = ¢/2 (star symbol for —e =30 in Figure 5.1; curves in Figure 5.2).
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Figure 5.3. Comparison of the solution branches having a single perversion (n, = 1) and 12 perversions (n, = 12) in the
preferred long-wavelength case. (a) Prediction of the critical scaled end-to-end shortening —¢* (n,,) as a function of n, predicted
by the dispersion relation —¢*(q) for an infinite ribbon with ¢ = (n, + 1) / £, see Equations (4.5) and (5.2). (b) Bifurcation
diagram showing the branches with n, =1 and n, = 12 perversion(s). On the vertical axis, we show the difference in the energy
®* of the computed solution, as given by (2.25), and of the planar solution ®pjanar =%(e2 +rp (2e+p)) £. For each branch, the
mid-surface is plotted in 3D for e=-110, and colored in red for 7 <0, in white for 7~ 0 and in blue for 7> 0.

As we progress along the bifurcated branch by reducing the end-to-end distance further, the twisting rate 7(S)
tends to become uniform in both halves of the ribbon (helices having opposite chiralities in the 3D plots in Figure 5.1
for —e > 50; plateaus in the red, yellow and blue overlapping curves in Figure 5.2) and a single perversion emerges
as the gradient of twist localizes at the midpoint (star symbol in Figure 5.1; region of large gradient 7’(S) near
S=/¢/2in Figure 5.2). Deeper in the post-buckled regime (—¢ >50), the uniform value of the unsigned twisting strain
|7| in each one of the phases is close to the optimum one, 7, predicted by the leading-order model in Equation (3.4)
(horizontal dashed lines in Figure 5.2). The phenomenon is highly reminiscent of phase separation [8].

The small residual discrepancy on the value of ||7|ms (from numerical simulations of the full one-dimensional
model, black curve in Figure 5.1) and 7* (from leading-order model, red dotted curve) can be attributed to the finite
size of the boundary layers near the endpoints and at the perversion (steep regions in Figure 5.2).

The bifurcation diagram in Figure 5.1 shows the first bifurcated branch only, but there are others, corresponding
to larger wavenumbers at the onset of buckling. They give rise to a larger number of perversions. With n, as number
of perversions, the n, =12 branch is included in the buckling diagram in Figure 5.3(b). The branch bifurcates from
the planar configuration at a slightly larger value —e* (n, = 12) = 31.148 of the scaled end-to-end shortening than
the single perversion, which has —e*(n, =1) =29.043. This suggests that the solution with a single perversion (first
buckling mode) is the only one that connects with a stable section of the fundamental branch. This is consistent with
the fact that the branch having a single perversion has everywhere lower energy than that having 12 perversions,
see Figure 5.3(b). All these results point to the fact that the single-perversion solution is preferred. For a definitive
statement, one could characterize the stability of the branches corresponding different number of perversions, some-
thing we have not undertaken.

Based on the the infinitely-long ribbon calculations in Subsection 4.2, an accurate estimate of the critical end-to-
end distance —e*(np) as a function of the number of perversions n, can be obtained by setting the wavenumber of
the mode as

q(np) =wn1’;1 (5.2)

in the dispersion relation (4.5) derived in Section 4. This yields the estimates —¢* (n,=1) ~29.04 and —¢* (n, =12) ~
31.02 obtained graphically in Figure 5.3(a), which provide accurate approximations to the critical loads —*(n, =
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1) =29.04 and —*(np =12) =31.14 found in the nonlinear simulation in Figure 5.3(b). The approximation in (5.2)
captures in a reasonably way the buckling modes produced by the simulations, which are approximately sinusoidal,
see the case n, =1 in Figure 5.2 (black curve).

Remark 5.1. An additional complication arises with the sine-like approximation 7= 7gsin (g (n,) S) underlying (5.2)
when n,, is even, as the average of 7 is then non-zero, in contradiction with the clamped boundary conditions (3.7).
The numerical simulations suggest that for even values of n, the incipient buckling mode is then a sine function
having a modulated amplitude, whose wavenumber is still reasonably well approximated by (5.2). For more details
on modulated amplitude 7(S), see supplementary material [15].

To sum up, the post-buckling analysis shows that the solution having a single perversion (n, =1) is favored for a
scaled pre-strain p =459.27 and with ratio r =1/3. This is consistent with the results of the linearized bifurcation
analysis of an infinitely long ribbon in Section 4 (point f; in Figure 4.2).

5.2. Case of preferred short-wavelength deformations

In this section, we repeat the post-buckling analysis using this time a width ratior=2/3 and a pre-strain p =145.58,
corresponding to the symbol f; in Figure 4.2. For these parameter values, the linear bifurcation analysis in Section 4
predicts short-wavelength buckling as By=-1.19x 1072 <0. In the simulations, we switch to a larger aspect-ratio £=
L/a=500/18 to ensure that a significant number of perversions are included. The results are shown in Figure 5.4.
The first bifurcation from the fundamental branch takes place at —¢ =54.98 and produces a solution having n, =12
perversions.

20
151
[[7lems [
10;
5:- e o o T* fromeq. 3.4
L |17/ rms
0;, ﬁ é 1 1 1

54.98 60 70 85

applied strain (—¢)
decreasing end separation —>

Figure 5.4. Bifurcation diagram showing the solution branch having n, =12 perversions that first bifurcates from the planar
solution in the short-wavelength case. Simulation parameters are ¢ =500/18, r=2/3 and p = 145.58, corresponding to the
symbol f; in Figure 4.2 (short-wavelength case). Same plot as in Figure 5.1, the 3D plots are produced for —¢ =50 (unbuckled)
and —¢ = (60,70,85).

In Figure 5.4, the discrepancy between the root-mean-square value of the twist ||7|lyms from the nonlinear sim-
ulations (black curve) and the optimum value 7* that ignores the gradient effect (dotted red curve) is significantly
worse than in the long-wavelength case (Figure 5.1). Indeed, in the short-wavelength case, the perversions end up
covering a significant fraction of the ribbon length. The plateaus in 7(S), which were visible earlier in Figure 5.2,
no longer form clearly, even deep in the post-buckled regime (data not shown). For —e =60, the twist-gradient terms
amount to as much as 22.9% of the energy ®* — ®pjanar that is released by buckling, and to an even larger fraction
near the onset of buckling. This, together with the discrepancy seen in Figure 5.4, points to the fact that the size
effects ignored by the leading-order model are no longer negligible.

In Figure 5.5(a), we repeat the argument from Section 5.1 that predicts the critical end-to-end shortening based
on the dispersion relation (4.5). The critical strain from dispersion relations turns to be —e =54.98, which very close
to the critical value —¢ =54.98 observed in the non-linear simulations, see Figure 5.5(c,d). The dispersion relation
can predict the number of perversions as well: equating ¢* from (4.6) with the wavenumber g (n,) from (5.2), we
calculate n, ~ 12, in agreement with the non-linear simulations.
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Figure 5.5. Comparison of the solution branches having a single perversion (n, = 1) and 12 perversions (n, = 12) in the pre-
ferred short-wavelength case. (a,b) Same plots as in Figure 5.3. (c) Close-up view near the onset of buckling. The energy of the
solution is lower with n, =12 perversions (red curves) than with a single perversion (n, =1, black) immediately after buckling,
up to —e <55.7, in agreement with the linear bifurcation analysis. Deeper in the post-buckled regime, the configuration with a
single perversion becomes energetically favorable. (d) Breaking up the energy release associated with buckling into a leading-
order contribution % fOIA(T) dS — ®pjanar (dotted lines) and a contribution %foz B(7) dS coming from the gradient 7’ (dashed
lines) reveals that the lower energy of the solution having n, = 12 perversions, immediately above the buckling threshold,
can be attributed to the gradient term, which is significantly more negative (red dashed curve). The leading-order terms, by
contrast, remain comparable (dotted curves).

The competition between the solutions having n, =1 or n, = 12 perversions is illustrated in Figure 5.5(b—d).
Immediately above the buckling threshold, the solution with n, =12 is energetically favorable, as could be antici-
pated from the linear bifurcation analysis. In Figure 5.5(c), the difference is attributed to the energy contribution
coming from the strain gradient: with By < 0 (for the set of parameters chosen here), the more perversions there are,
the more negative the twist-gradient contribution % i O[B (7) 72dS ~ % I, O[Bo 7248 is.

On further decreasing the separation ends, the energy of the 1-perversion solution becomes lowers than that of
the 12-perversions solution, see Figure 5.5(d). The figure only shows the data for n, =1 and n, =12 and a similar
cross-over is expected to take place with different numbers of perversions. In such conditions, we expect that there
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exist multiple stable equilibria in competition. Which one is obtained in experiments depends on multiple factors,
including the details of the loading history.

To sum up, for r =2/3 the short-wavelength twist buckling predicted in the phase diagram in Figure 4.2 has been
confirmed in post-buckling simulations of ribbons having finite length. In this short-wavelength regime, the ribbon
state with wavelength predicted by the linear bifurcation analysis has lowest energy early in the early post-buckled
regime. Soon after, there are multiple equilibria in competition.

6. CONCLUSION

We have presented in Section 2.6 a one-dimensional energy ®*[7] which captures the linear and non-linear features
of twist buckling in pre-strained ribbons. The competition between short-wavelength and long-wavelength buckling
has been shown to be governed by the sign of the gradient modulus By(p,r), given in closed analytical form in
Equation (2.29). This provides a simple answer to the question of wavelength selection and rationalizes the depen-
dence of the buckling mode on experimental parameters (cross-section geometry, pre-strain level) reported in earlier
work [21, 13, 20]. It is not surprising that shorter wavelengths are favored when B(< 0, as the energy cost associated
with rapid variations of 7 at perversions (gradient term %fBo 72dS) becomes negative. It is still surprising that
the gradient term, which has been treated as a small correction in the dimension reduction procedure, plays a key
role in the wavelength selection—upon reflection, this has to do with the fact that the leading-order model obtained
in Equation (1.1) and in the previous work [11] is degenerate—it cannot select a wavelength—, so that wavelength
selection relies entirely on how the leading-order model is regularized.

To the best of our knowledge, this is the first time in the context of both higher-order homogenization and dimen-
sion reduction that a negative gradient modulus By is connected to an observable behavior (namely, short-wavelength
buckling) and not discarded as an undesirable mathematical oddity. This has been made possible by a novel trun-
cation strategy, presented in Section 2.5, that keeps the dimensionally-reduced energy smooth, even when By <
0—see the positivity property discussed in Section 2.5, which in more accurate but technical terms is known as
lower semicontinuity. Together, an improper truncation strategy used in earlier work (including ours) and a neg-
ative gradient modulus By < 0 conspire to break this essential smoothness property and to make higher-order one-
dimensional energies useless. We hope that our work clarifies the following important point: it is not necessarily
the negative gradient modulus By <0 that must be blamed for the deficiencies of the dimensionally reduced/homog-
enized model, but the underlying truncation procedure.

Concretely, the boundary-value equilibrium problem derived variationally from the one-dimensional energy
rarely converged when we used the naive truncation approach from earlier work. These difficulties disappeared
immediately when we switched to the truncation procedure introduced in Section 2.5. In the future, it will be inter-
esting to try to adapt this truncation procedure to other higher-order models produced by dimension reduction,
as they display the same deficiencies. The new truncation procedure comes with a fee: as discussed in Sections 3.2
and 3.3, the highest-order terms in the energy are not the asymptotically correct ones, of the form fO[%B 7’7 dS,
but non-asymptotic ones, of the form fo"ﬂ% (F’ %4 GT'4) dS, which are required to preserve positiveness. As a
result, the equilibrium equation (3.12), when expressed in terms of the kinematic variable £(S), is not just of order
4 but 6, see (2.14) and (4.2), which makes it more difficult to solve numerically—this issue is not really signif-
icant, however, in one-dimensional setting studied here.

We proceed to briefly discuss two additional limitations of our approach. First, the reduction approach assumes
that the twisting strain 7(S) evolves on a longitudinal length-scale much larger than the width a. This separation-
of-scale assumption is not satisfied around perversions, where 7(S) varies quickly, especially in the deep post-
buckled regime: perversions may not be captured accurately by the one-dimensional model. We note that in the
related problem of bulges propagating in cylindrical balloons [17], the same limitations applies in principle but
the predictions of the dimensionally reduced model were actually found to be highly accurate. Second, the one-
dimensional model involves cumbersome mathematical expressions, see Appendix B. In future work, we will explore
variants of the truncation methods that preserve asymptotic correctness and positiveness of the energy while making
the algebra simpler.

Although the one-dimensional model allows in principle the ribbon ends to rotate about the ribbon axis, we have
not explored this possibility. We leave it to future work to investigate the new solutions and instabilities that result
from the interplay between rotation and translations of the ends. By rotating the ends, it is in particular possible to
create and remove perversions.
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APPENDIX A. DEFICIENCIES OF THE PREVIOUS TRUNCATION METHOD

In Section 2.5, we proposed a novel truncation method, in which a second-order expansion of the optimal strain
determined by dimension reduction is inserted into the shell energy, after which no additional truncation of the
energy takes place. The energy produced by this procedure contains non-asymptotic fourth-order terms that warrant
positiveness. In previous work, these fourth-order terms were discarded and we highlight in this Appendix the
severe drawbacks associated with this truncation.

We work with the energy truncated beyond order ¢2 and consider loading conditions corresponding to a short-
wavelength instability (Bp < 0, green region in the phase diagram in Figure 4.2). We show that the truncated
energy can be made infinitely large and negative when small-amplitude, short-wavelength twisting perturbations
are included on top of the planar configuration. This shows that the energy functional is unbounded from below,
in a small ‘neighborhood’ around the planar configuration.

By way of illustration, we use the loading and material parameters p =400, v=1/2, r=2/3 and ¢=-10. The
parameters fall inside the green region in phase diagram in Figure 4.2 and give Bo=-0.50. For a given ribbon length
¢, we pick a large integer n > ¢ > 1 and consider the following configuration

0(S) —Lein q9), (A.1)
q
where 9
q :_’;", (A.2)

For n > q > 1, this is a small-amplitude, short-wavelength perturbation on top of the planar configuration, as
announced. The kinematic boundary conditions (3.7) are satisfied, so it makes sense to evaluate the energy of this
configuration. The twisting strain is given by 7(S) =cos (¢ S).
e The boundary contributions to the energy can be written as
[Wo(p,r;7,7) 6= [C(p,r;7) T7']E (A3)

They vanish, as 7/ (S) =¢ Sin(gS) =0 at both S=0and S=¢=27n/q.
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e The truncated strain energy per unit length is given, on average, as
1 q (=1
- * * = q —_ . .
7 (Dl @) = 5 [T (A7) + B(p,rsT) ) dS s

_ 21034257523 31657868810803 q°
- 414720 251418359808000

This average strain energy decreases without limit when the wavenumber q increases. As a result, small amplitude,
short-wavelength ribbon configurations can have a negative energy. This is contradictory as the completely relaxed,
ribbon state shown in Figure 2.1(a) has zero energy.

APPENDIX B. DETAILED EXPRESSIONS OF THE HOMOGENIZED CONSTANTS

In this Appendix, we provide the detailed expressions of the second and fourth order terms entering into the one-
dimensional strain energy density, as obtained in the companion Mathematica notebook. We note that the some-
what cumbersome fourth-order terms are not asymptotically exact. The coefficients are listed below and can also be
output from the supplementary Mathematica file when required.

The coefficients entering the strain energy terms at second-order are

The coefficients at fourth order are
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