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We derive a one-dimensional model for tape springs. The derivation starts from nonlinear
thin-shell theory and uses a dimension reduction technique that combines a centerline-based
parameterization of the tape-spring mid-surface with the assumption that the strain varies
slowly along the length of the tape spring. The one-dimensional model is effectively a higher-
order rod model: at leading order, the strain energy depends on the extensional, bending and
twisting strains and is consistent with classical results from the literature; the two following
orders are novel and capture the dependence of the strain energy on the strain gradients. The
cross-sectional displacements are solved as part of the dimension reduction process, making
the one-dimensional model asymptotically exact. We expect that the model will accurately
and efficiently capture the deformations and instabilities in tape springs, including those
involving highly localized deformations.

1. INTRODUCTION

A tape spring (or “carpenter’s tape”) is a thin elastic strip endowed with a non-zero natural curvature
c across its width. Its dimensions, namely length ¢, width a, and thickness t, are very different from
one another, with £> a > t. They can bend and twist easily, and exhibit a rich, severely nonlinear
response. When subjected to opposite-sense bending, for instance, (the applied longitudinal curvature and
the natural transverse curvature are in opposite directions), they undergo a snapping instability which
leads to localization and to propagating instabilities involving the coexistence of two ‘phases’ having very
different curvature [1]. On the other hand, equal-sense bending (the applied longitudinal curvature and
the natural curvature are in the same direction) leads to a lateral-torsional buckling instability. These
instabilities lead to large, repeatable, and sudden changes in their shape, which can be useful for packing
and deployment applications such as deployable reflectors, telescopes and solar panels [2, 3, 4].

A standard approach for modeling tape springs involves using two-dimensional non-linear shell theory.
This approach, although accurate, yields computationally costly simulations. Since tape springs are long
and slender structures, a desirable alternative is to describe them using one-dimensional rod-like models,
which are amenable to fast and robust numerical methods, such as Discrete elastic rods [5, 6] or numerical
continuation using Auto07p [7].

An early work in this direction dates back to Wuest [8], who derived an analytical one-dimensional
model capturing the deformation of a tape spring whose centerline is restricted to bend in a plane. Mans-
field [9] later extended this approach to account for twisting. These models capture the up-down-up
moment-curvature response that explains the snapping instabilities and the tendency for the deformation to
localize [1]. They fail, however, to capture the localized solutions themselves, that entail large gradients of
longitudinal curvature. Similar features are also encountered at interfaces in solid-solid phase transforma-
tions and arise from the non-convex character of the energy. A proper description of interfaces is known to
require the energy to be regularized, by accounting not only for its dependence on the bending and twisting
strains as in early models of Wuest and Mansfield, but also on the strain gradient [10, 11]. The goal of the
present work is to derive a regularized energy for tape springs in a mathematically principled way.

In a recent series of papers [12, 13, 14, 11|, a family of one-dimensional models for tape springs featuring
strain-gradient regularization have been proposed. They have been applied to the analysis of localized
solutions [11]. These models are based on kinematic ansatzes, i.e., they work by parameterizing the
deformation of the tape spring by a series of cross-sectional degrees of freedom, their accuracy being
guaranteed only in the limit where infinitely many degrees of freedom are used: by design, they involve a
trade-off between accuracy on the one hand, and efficiency and ease of use on the other hand. A related
numerical approach has been developed by Carrera and others, see for instance [15, 16].
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Our approach is different: we derive a one-dimensional energy for tape springs addressing the strain-gra-
dient effect, using a dimension reduction method applicable to nonlinear elasticity problems and proposed
recently by the authors [17]. The method is mathematically rigorous or, more specifically, asymptotically
eract; it is not based on kinematic assumptions and does not introduce any cross-sectional degree of
freedom. It has been applied to the analysis of propagating instabilities in nonlinear slender elastic struc-
tures such as cylindrical balloons [18] and elasto-capillary bars [19], where it has shown excellent accuracy.
It has also been used to derive a one-dimensional model for extensible elastic ribbons recently [20] although
the strain gradient has been ignored in this work—elastic ribbons are a particular case of tape springs
corresponding to ¢=0.

Building up on this earlier work, we derive the following one-dimensional strain energy functional from
a two-dimensional non-linear shell model,

wia) = ['(Wins(s)+ AB(S)-#1) + L A(S) BU(S)-#1S) ) s
0 , (1)
+{C(ﬁ($’))-ﬁ’($’) + -
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where the square bracket on the right-hand side denotes the variation of the enclosed quantity from the
endpoint S =0 to the endpoint S =/ (boundary terms). The vector %(S) = (e(5), k1(S), k2(5), k3(S5))
collects the strains of the equivalent rod at a particular coordinate S along the centerline, namely the
stretching strain €(S), the bending strains k1(S) and k2(S), and the twisting strain k3(S). Note the
dependence of the strain energy functional ®* on the strain gradient A'(S) = (¢'(S), k1(S), k2(S), £5(9)).

The strain energy functional ®* is obtained by assuming that the strains vary slowly along the length,

2 —o(), )

where v <1 is a small parameter, which is typically set by the aspect-ratio of the tape spring, y~a/¢{. The
right-hand side of (1) is derived by a systematic expansion in powers of 7, which could in principle be con-
tinued to an arbitrary order. The detailed expression of the leading order term f(fI/V[a](ﬁ(S)) dS=0(~%) is
given in (57) and it is consistent with previous work [9]. The subsequent orders capture the strain-gradient
effect and are novel. The correction f(fA(ﬁ,(S)) -£'(S)dS=0(£~") at order «! involves a vector A whose
expression is worked out in Subsection 5.2. A detailed recipe for calculating the matrix B and the vector
C appearing in the next-order correction fol% %'(S)-B(#£(S))-#'(S)dS+[C(£(S))- £'(5) ] =0(l~?) is
given in Subsection 5.3. The ellipsis in (1) stands for terms of order £+ or higher that are ignored. Our main
contribution is a method for computing the quantities A, B and C for any value of their argument %(S).

In addition to the fundamental assumption (2) of slow longitudinal variations, we make the following
convenient scaling assumptions on the one-dimensional strain,

a? a

€(S)=O<t2>7 m(S):(’)(in*), ko(S)=0(k*), k3(S)=0(k*), c=0(r*), (3)

where k* is a typical strain
K*~t/a? (4)

The scaling assumptions (3) arise naturally in the context of thin elastic ribbons [20]; they will allow us to
use a moderate slope approximation—thereby simplifying the calculations—but could in principle be lifted.

This article is limited to the derivation of energy functional (1). We plan to apply the model to the tape
spring problems in follow-up papers. The equilibrium equations required for obtaining the solutions can
be derived variationally from (1) by adapting the approach presented in [21, Appendix A.1l]: as shown in
this work, the equilibrium equations of the one-dimensional model are governed by the standard Kirchhoff
equations for nonlinear rods together with special constitutive relations which can be expressed in terms
of the components of the elastic energy Wig, A and B.

2. STARTING POINT: SHELL MODEL

A tape spring is represented as a thin elastic shell made of an isotropic, linear elastic material with Young’s
modulus Y and Poisson’s ratio v. This section presents the thin shell model. It is based on geometric
approximations consistent with the scaling assumptions (3—4).
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2.1. Kinematic description

We first introduce a centerline-based parameterization of the tape spring. The centerline is an imaginary
curve intended to provide a coarse-grained description of the tape spring. The centerline-based parameter-
ization offers the advantage of using a set of variables that are suitable for dimension reduction [21, 20],
namely macroscopic variables £ characterizing the centerline (which are exposed in the one-dimensional
energy ®*[%4]) and microscopic variables g capturing the detailed shape of the cross-sections (which we
seek to eliminate).

The tape spring’s midsurface is parameterized by Lagrangian coordinates S € [0,¢] and T € [—a/2,a/2],
which are the arc length coordinates measured in the undeformed configuration in the longitudinal and
transverse directions, respectively. The width a is measured along the midsurface in the undeformed
configuration, see Figure 1. A cross-section is the set of material points sharing the same coordinate S, as
shown by the dashed curves in Figure 1.

undeformed : 4 f@@/’/
configuration a N . u(S,T),v(S,T),w(S,T) 4 def d
N r(S),di(S) 7 € ormes
l&»o ~ T V2 configuration
1776[1, - -
e ~ -
Pping B
L

reference
configuration

Figure 1. The undeformed midsurface (left) of the tape spring is a cylinder. The reference midsurface
(center) is obtained by isometrically flattening out the undeformed midsurface into a rectangle (S,T') € [0,
l] % [—a/2,a/2]. The deformed midsurface (S, T) is parameterized by a centerline 7(S), a frame of directors
d;(S) and microscopic displacements u(S,T), v(S,T) and w(S,T). Cross-sections are shown by the dashed
curves. The centerline r(.S) passes through the centroid of every cross-section and therefore floats above the
midsurface in the presence of transverse curvature.

The position (S, T') of a point on the deformed midsurface of the tape spring is parameterized as
z(S,T)=7(S)+w(S,T)di(S)+ (T +u(S,T)) da(S) +v(S,T) ds(5). (5)
where r(S5) is the centerline, (d;(S), d2(S), d3(S)) is a frame of orthonormal vectors called directors,
di(S)-d;(S)=6;; VS, (6)

and (u(S,T),v(S,T),w(S,T)) are three scalar functions that capture the cross-sectional displacements
measured in the directors frame; these displacements are measured with respect to the flat reference
configuration. The symbol §;; in (6) denotes the Kronecker symbol, which equals to 1 if the indices are
equal and to 0 otherwise. We will refer to (5) as the centerline-based parameterization of the shell; a similar
parameterization has been used for prismatic three-dimensional solids in [22, 21] and for elastic plates
in [20].

The centerline r is defined as the curve passing through the centroid r(S) of each one of cross-section
labelled by S,

7(5) = (=(5, 1)), (7)

where the angular bracket denotes the average with respect to the transverse coordinate T,

a/2
(.= [ " ps.myar. (®)

a —a/2
Note that by (5) and (7) the cross-sectional displacements must average out to zero on every cross-section,

(w(S,T)r=0, (u(S,T)r=0, (S, T))r=0 VS. (9)
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The orthonormal frame of directors is prescribed by requiring that ds(S) is the unit tangent to the
centerline,
'(5)

d3(S) = W7

(10)

and that d;(.5) is ‘on average perpendicular’ to the cross-section having coordinate S, as shown in Figure 1,
(Tw(S,T))r=0 vS. (11)

What we mean by ‘on average perpendicular’ is the following. We observe that the ‘first moment’ of
the position (T ((S,T) — r(S)))r provides a notion of the average direction of the cross-section having
coordinate S; by (5), the left-hand side of (11) is nothing but d(S) - (T (x(S,T) — r(S)))r.

The condition that the unit vector d;(S) is perpendicular to both d3(S) by (6), and to (T (z(S,T) —
r(S)))r fixes it up to a sign. This indeterminacy can be lifted, e.g., by the convention that d;(0) - (z, (0,
0) x x 5(0,0)) >0 and d;(S) is continuous—the factor in parentheses in the dot product is the midsurface
normal having the orientation naturally associated with the parameterization (S,T).

With directors d;(S) and d3(S) defined, the last director is obtained as do(S) =d3(S) x d1(S), making
the frame (d1(5), d2(S), d3(S)) positively oriented.

Remark 1. By contrast with a number of earlier papers on dimension reduction, we do not define the
centerline 7(S) as the material curve x(S,0). The centerline does not even lie on the deformed midsurface
in general, see Figure 1.

Remark 2. The goal of dimension reduction is to eliminate the microscopic displacements w(S, T,
v(S,T) and w(S,T), and to deliver an equivalent rod model depending on just the centerline r(S) and
the directors d;(S). We will therefore call equivalent rod the collection of functions r (centerline) and d;
(directors frame) subjected to the kinematic constraints (6) and (10); this collection of a centerline curve
and a compatible orthonormal frame is also known as a framed centerline in the literature [23].

Remark 3. The centerline-based parameterization of the midsurface in (5) is unique. Indeed, given a
parameterization x(S,T) of the midsurface, the centerline r(.S) can be obtained by (7) and the director
d3(S) by (10); the unit vector d;(S) is uniquely defined, as discussed above. The displacements u, v and w
are then found by taking the dot product of (5) with the directors. Note that the kinematic constraints (9)
and (11) are required for the centerline-based parameterization to be unique: without (9) the centerline
would no longer be tied to the actual position of the tape spring in space, and without (11) the directors
di(S) and d2(S) could freely rotate about ds(S).

Remark 4. The only purpose of the directors frame d;(.S) is to keep track of twisting motions of the tape
spring, whereby cross-sections rotate about the tangent d3(S) while the centerline remains unchanged.
This allows discriminating two configurations of the tape spring having the same centerline (same r) but
twisting differently about it (different d; and ds).

Remark 5. The parameterization in (5) can capture an arbitrary configuration (S, T) of the tape spring
and entails no assumption on the solution of the elastic shell problem. In particular, Equations (6) or (10)
do not assume that the tape spring is unshearable: thanks to the displacement v(S,T) in (5), the cross-
sections do not have to remain within a plane perpendicular to the centerline.

2.2. One-dimensional strain measures for the equivalent rod

The centerline displacement 7(S) and directors d;(S) come with standard strain measures in the theory
of rods, which we proceed to introduce. The stretching strain £(.5) is defined as

7'(5) = (1+¢(5)) da(9), (12)

where the alignment of 7/(S) and d3(S) is warranted by (10).

The rate of change of orthonormal director frame (di(S), d2(S), ds(S)) with respect to the centerline
coordinate S is measured by a Darboux vector k(S)=r1(S) d1(S) + k2(S) d2(S) + k3(S) d5(S), also known
as the rotation gradient, such that

di(S) = r(5) x di(9). (13)

The component x,;(S) =k(S) - d;(S) of the Darboux vector k(S) furnish three additional strain measures.
Both the twisting strain x3(S) and the first bending strain £1(S), which accounts for bending about d;(S),
are zero in the special case of the twistless, planar bending of a tape spring studied in the classical papers |8,
1]. The other bending strain k2(S), which accounts for bending about da(S), is the quantity that localizes
when the tape spring bends longitudinally [1]. We collect the strain measures for the equivalent rod in a
vector %(S) = (e(9), k1(9), ka(S), k3(S)), see (20) below.
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2.3. Two-dimensional strain measures for the shell

By differentiating (5) with respect to either S or T', one obtains the tangents to the midsurface along the
coordinate curves as

w,T(S7T) = v,rds+w rdi+ (1 —&—u’T) ds.
z 55, T) = Q+et+vs—kow+r (T+u)ds+ (ws—r3(T+u)+rev)ds... (14)
+ (u, s+ K3w — K1v) do

Following classical shell theory, we introduce the membrane strain Eqg= (2, 4%, 5 — dap) /2 capturing the
stretching of the midsurface, and the bending strain BQ@ =& o3 N — Ccdardpr, where n=(x,r X x s)/
|(x 7 X ¢ g5)| is the unit normal to the surface. In our notation, the Greek indices are restricted to in-plane
directions, «, B € {S,T}.

Remark 6. The quantities EQ@ and Ba@ measure the changes in metric and curvature, respectively, from
the undeformed to the deformed configurations:

e x ,-x gis the usual definition of the metric tensor on a parametric surface (S, 7"). In the reference
(rectangular) configuration, the vectors (¢ g, ) are of unit magnitude and orthogonal, yielding
metric tensor equal to do3. Since the undeformed configuration is connected to the reference con-
figuration by an isometric mapping, its metric tensor is also .

e the quantity @ ,s-n is the classical curvature 2-form from differential geometry. In the cylindrical,
undeformed configuration, this curvature 2-form is equal to cd,70gr where c is the natural curvature
of the tape spring in the transverse direction.

The scaling assumptions for the displacement and shell strains that are consistent with those for the
one-dimensional strain in (3) and have been identified in previous work [20] as

t? t? = 12 ~ R 8 0 (1
u-O(E), U—O(;), w=0(t), EQ5—0<§), B.s=0(k*), %Na—T—O<5). (15)

In view of these scaling relations, the geometrically exact shell strains E~’a5 and Bag can be simplified
by dropping any term that is negligible compared to t2/a? in Eaﬁ (such as the contribution %(mudg,) .
(k1uds) ~kIu~ (t2/a3)? (t2/a)? ~ (t/a)® < t?/a® in Egs), and any term that is negligible compared to
k*~t/a®in Bas. The result is the approximate membrane strain
1
Ess(S,T)=¢e(S) 4+ Tk1(S) — ko(S)w(S,T)+v s(S,T)+ 3 (=Trk3(S) +w s(S,T))?
Brr(S,T) =u,r(S,T) + 5w’ (S, T) (16)
1
Esr(S,T)= 3 (k3(S) (w(S,T)—Twr(S,T))+vr(S,T)+us(S,T)+ws (S, T)wr(S,T))

and the approximate bending strain

Bss(S,T) = HQ(S) —Hé(S)T + vaS(S7T)
Brr(S,T) = w,rr(S,T) —c (17)
BST(S,T) = —53(5) + w7ST(S’,T).

The approximate expressions E,3 and B,g of the strains above are consistent with the scaling assump-
tions (3) and (15). The shell model that we use as the starting point for dimension reduction is based
on them. A detailed derivation of Equations (16) and (17) can be found in [20, Appendix A.1], the only
difference here being the (—c) term in Brr that accounts for the natural curvature of the tape spring.

Remark 7. The cylindrical, undeformed configuration is recovered by setting the one-dimensional strains
to zero, £(S) =0, k1(S) =k2(S) = k3(S) =0, and the microscopic displacement to u(S,T) = 7%2 T3, v(S,
T)=0 and w(S,T) =+ (T?—a?/12). This solution indeed satisfies the kinematic constraints (9) and (11),
and makes the shell strains zero, E,g(S,T)=0 and B,g(S,T)=0. Note that E,z(S,T) =0 is equivalent
to Eap(S,T) =0 within our approximation scheme and it is in this sense that the mapping between the
reference and undeformed configurations is isometric, see Figure 1. Relatedly, the polynomial solutions for
u and v given above approximate the parametric equation for an arc of circle having curvature ¢ by its arc
length T in a way that is consistent with the scaling assumptions (3) and (15).
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Remark 8. The strain approximation in (16-17) expresses that the midsurface rotates by a small amount
relative to the directors, and is therefore akin to that underpinning the Foppl-von Karman equations for
plates. Indeed, the angle between the midsurface normal x r(S,T) x ,s(S,T) and the nearest director
d;(S) can be shown to be of order ¢/a < 1 using the scaling assumptions (3) and (15). In undeformed
configuration as well, the angle of deviation between the midsurface normal and the director d;(S) is
of order ca, i.e., of order t/a, thanks to our scaling assumption ¢= O(k*), see (3—4). Ounly the relative
rotation of the midsurface with respect to the nearest directors is small: our shell model correctly accounts
for finite rotations of the shell and its associated directors.

2.4. Constitutive relations and strain energy

According to shell theory, for a linearly elastic, isotropic material, the membrane stress n,g and bending
moment Mgz are given in terms of the membrane strain E,3 and bending strain B, by the following
constitutive relation

nss Ess Ly o
nrr Err K( v1 0 ) 0

00 1—v
ST K Est , where K = (18)
mss Bss 1 v 0
mor Brr 0 Div1i o

00 1—v

msr Bsr

Here, K=Yt/(1—v?)and D=Yt3/(12 (1 — v?)) are the membrane and bending stiffnesses, respectively.
The corresponding strain energy is quadratic with respect to the strain measures, and is given by

e s
<I>:// WdSdT where W == (nogEag+ mMasBag)- (19)
0J-3

1
2

In the equations above and throughout the article, we follow Einstein’s implicit summation convention.

3. STRATEGY FOR DIMENSION REDUCTION

The centerline-based parameterization makes use of macroscopic and microscopic variables. Macroscopic
variables characterize the centerline and directors: the associated strains (see Subsection 2.2) will be
retained in the one-dimensional model. Microscopic variables capture the details of cross-sectional deforma-
tion. Their elimination from the energy (19) will furnish the equivalent one-dimensional model. A general
recipe for carrying out this elimination is available from our previous work [17]. Before we can apply this
recipe, we need to reformulate the shell model from Section 2 in a standard form called the canonical form,
which provides the appropriate level of abstraction for carrying out dimension reduction. The canonical
form of the shell model is obtained in Subsection 3.1. Subsection 3.2 presents the general strategy for the
dimension reduction.

3.1. Casting the shell model in canonical form

The one-dimensional strains are collected in a vector %(.S) as follows,
%(5) = (e(5), £1(5), ra(S), k3(S))- (20)

The restrictions of the displacements to the cross-section with coordinate S are denoted as u(S,-), v(S,-)
and w(S, -): each one of these objects is a function of the single variable T" defined on T € [—a /2, 4+a/2].
These three functions of T are collected in a vector we denote as y(.5),

%(S) = (u(S,-),v(5, ), w(S,)). (21)

Remark 9. The macroscopic variables are collected in % (S), while the microscopic variables are collected
in (S). Together, functions A and g specify the tape spring configuration up to a rigid-body motion, and
are the arguments of the strain energy of the shell model, see (27). By itself, the function % characterizes
the equivalent rod (or framed centerline) up to a rigid-body motion, and it is the sole argument of the
one-dimensional strain energy functional ®* in (1).
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Given a particular value of S, we denote as y =g(S) the microscopic variables at the corresponding
cross-section. In view of (21), the components y, which we denote as y = (Yu, Yv, Yuw), are the restrictions
(u(S, ), v(S,-),w(S,")) of the displacement. Therefore, we have y,(T) =u(S,T), y,(T) =v(S,T) and
Yu(T)=w(S,T). We will also denote by yT=(y!, !, yl)=2'(S) the restrictions of the longitudinal gradi-
ents of the displacement, such as y(T) =0su(S,T), and by y* = (3!, v}, yL)=%"(S) the restrictions of the
second longitudinal gradients of displacement to the cross-section at S, such as y}(T) =8ssu(S,T). Note
that the transverse gradient of a cross-sectional displacement can be directly obtained by differentiating
the restrictions, as in dru(S,T) = Ory.(T).

Similarly, we will denote by h = (e, k1, k2, £3) = £(S) € R* the values of the one-dimensional strain at
a particular cross-section at S, by h'= (et k], kI, k1) = £’(S) € R* the values of the strain gradient, and
by hi= (et ki, ki ki) =A"(S) € R* the values of the second gradient of strain at S, such that for instance
et=¢"(9).

Remark 10. We use calligraphic symbols to emphasize that a quantity is a function, such as £ or ¥, and
distinguish from its value using roman symbols, such as h=#£(S) or y=g(S). Mathematically, h € R*is a
vector while % is a function of S whose values are vectors, and vy is a vector made up of three functions of
T while g is a function of S whose values are vectors made up of three functions of 7. A similar notation
is also used later for the membrane and bending strains, see (26), and for the strain energy per unit length,
which we write as W =W(E).

To express the kinematic constraints (9) and (11) in compact form, we define a functional Q taking a
vector Y = (Yu, Yu, Yuw) of cross-sectional functions y,,(T), y,(T) and y,,(T) as arguments as follows,

Qy = ((yu(D))r, (yo(T) 1, (Yu(T)) 7, (Tyu(T)) 7). (22)
The kinematic constraints (9) and (11) can then be rewritten as
Qy(S)=0 vS. (23)

At a particular point on the midsurface with coordinates (S,T'), the membrane and bending strains
from the shell model are collected into a vector denoted by E with the following ordering convention,

E=(Ess(S,T), Err(S,T), Esr(S,T), Bss(S,T), Brr(S,T), Bst(S,T)). (24)
Equations (16) and (17) yielding the strain measures of the shell model can then be cast in the form

E=E(T;A(5), #'(5); %(5),%'(5), 2"(5)) (25)

where & is the function

e+ Tri— k2 yu(T) + yl(T) + 5 (~Trs + y1(T))?
01yu(T) + 5 (O1yu(T))?
E(T;h,hty, yt yh)= 3 (83 (Yo (T) = TO1Yw(T)) + 01yu(T) + y(T) + y L (T) dry.(T)) (26)
ko —Trj + yi(T)
Orryw(T) — ¢
—k3+ 0y (T)

The optional horizontal bar separates the three membrane strain components of E with its three bending
strain components.

Remark 11. The quantities in the right-hand side of (26) are related to those passed in arguments of the
i

left-hand side through our notation h= (e, k1, K2, k3), hT= (e, ki K, k3)s Y= (Yu, Yv, Yuw), €tc.

Remark 12. One can check the equivalence of (16) and (17) on the one hand with (25) and (26) on the
other hand as follows. Equation (25) is an equality between two vectors having six components. Let us
consider the fourth component, for instance, which is Bgg(S,T) = kz + yi(T) — Trd by (24). Identifying
the arguments h = (g1, k1,...), bt = (e, k],...), ¥ = (Yu, Yo, Yu), etc. of € in (26) with the values
£(S)=(21(S), k1(5),...), #'(S)=(e1(S), k1(S),...), (S) = (u(S, ), v(S, ), w(S,)) passed in argument
in (25), we get Bgs(S,T)=ka(S) 4+ dssw(T) — T'k5(S), which is nothing but the first component in (17).

Finally, the strain energy in (19) can be rewritten as
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N
Byl [ [ OWETAS). () 0().2/(5).2"(9) dS T (21)
0J—3
where the strain energy density W =W|(E) is given in terms of the shell strain measures E as
W(E) :%E(E) +E, (28)

and X(E) = (nss,nrr, nsT, Mss, mrr, msr) denotes the internal (membrane and bending) stresses, given
by the constitutive relation (18) as

S(E)=KE. (29)

In (28), the * product represents the contraction of the pair of tangent indices o and [ appearing in the
energy density in (19),

S«E=% diag(1,1,2,1,1,2) - E, (30)

where diag stands for a diagonal matrix. The consistency with the contraction of indices can be verified as

follows: E,gnas+ Bagmas= Essnss + Errnrr + Esrnsr + Ersnrs + Bssmss + Brrmaor + Bsyrmsr +

Brsmrs= Essnss+ Errnrr + 2 Esrnsr + Bssmss + Brrmrr + 2 Bsymsr =3 - diag(1,1,2,1,1,2) - E.
For later reference, we note that the gradient of W in the direction E is given as

DeW(E; E)=%(E)« E= (K E) « E. (31)

In Equations (23), (26) and (27), respectively, we have obtained expressions for the kinematic con-
straints, the microscopic strain and the strain energy functional that conform with the canonical form
proposed in our previous work.

3.2. Dimension reduction

The first key ingredient in the model derivation is the elimination of the microscopic displacement. For a
prescribed £, we eliminate g by assuming that the optimal g is the stationary point of the energy among
all y’s satisfying the constraint (23). The problem is to find  and £ that are the solutions of

Dbl gia) - [ £(5) Qe($)as = 0 (va(s) )
Qu(s) = 0 s

where £(S) = (£s(S), £1(S), £u(S), £1(S)) is the Lagrange multiplier associated with the constraint
Qu(S)=0 in (23). Using the same typographical convention as in Remark 10, the value of the Lagrange
multiplier at S will be denoted as f=(fs, fr, fu, fi) = £(S).

The solution of (32) is supposed to be unique, and is denoted as ¥ = g *[£] and £ = £*[#]. This
elimination of the microscopic displacement g yields an energy functional depending on the macroscopic
strain only,

O[] =D[#, y*[#£]]. (33)

Obtaining the strain energy functional ®*[£] is the ultimate goal of the dimension reduction. Unfortunately,
the variational problem (32) entails solving nonlinear partial differential equations on the midsurface,
and is intractable in general, so that ®*[£] is not available in closed form.

The second key ingredient in the model derivation is to assume slow variations in the longitudinal
direction: we complement the fundamental assumption (2) by a scaling assumption on the microscopic
displacement,

k k
Ik =0(") and TE=0(),

where v is a small parameter related to the aspect-ratio, typically y~a/Z.

Next, we seek the optimum g *[£] of the variational problem (32) as a series expansion in powers of 7,
YR =yfolA] tyhlA] +ui#]+ - (34)

where the g/};[#]’s denote the solutions obtained order by order in v, i.e., g[i;[#] = O(+*). Inserting this
order-by-order solution for the microscopic displacement into (33), one gets an expansion of the strain
energy in the form

O*[R] = Dy [£] + Pfy[#] + Piy[£] + - -, (35)
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where ®fy;[#] = O(7") is the contribution of order 4*. The next two sections aim at obtaining the contri-
butions ®fy[£], ®fy)[%] and Pfy[£].

4. LEADING-ORDER SOLUTION

In this section, we derive the leading-order solution explicitly. The outcome is the strain energy functional
@i [#] of the equivalent rod model at leading order, which is known from the previous work of Mansfield
[9], as well as quantities such as the internal stress 3 (T’; h) that will be required to compute the gradient
effect in Section 5, see (55)s.

4.1. Plan for the leading order
At order 7°, we can ignore all the longitudinal gradients in (27), which yields ®[#, ]|~ @)%, %]+ O(v)
where o[, g] = [ [T2W(E(T; A(S); 2(5))) AT dS with

E0)(T; h; y) =E(T; h,0;y,0,0). (36)

Inserting the expression of ®[o) into (32), applying the chain rule to differentiate W(E)(T; £(S); (S5)))
with respect to g, and by identifying the gradient Dg)V from (31), we get

a

ef [+
/0 < / T (REW(T: £(S): 2(5))) * Dy (T: A(S): 2(S): 2(S)) AT — £(S) - Qy*(&)ds:o. (37)

for any perturbation 7, together with the kinematic condition Qg(S)=0 for all S. In the variational
problem above, the trial function Z(.S) does not appear in derivatives with respect to .S, implying that the
solution g (5) can be found by solving the following local problem on a cross-section: given a macroscopic
strain value h, find the solution (y, f) satisfying

+
[, (KE(Tih,w) < Dya(Tihyid) AT - @5 =0 . ¥y

Qy=0.

(38)

As we will confirm later, the solution y to the cross-sectional problem (38) is unique. It depends on h
only, and will be denoted as

y=Yh (39)

The quantity Y will be referred to as the catalog of leading-order solutions. It can be calculated analyt-
ically in favorable circumstances, or numerically.

Remark 13. The notation introduced in Remark 10 plays a key role here. The input h = (g, k1, K2, K3)
of the cross-sectional problem (38) are four real numbers (which are local values of the one-dimensional
strain), and the output is three functions y = (yu, Yu, Yw) of the single variable T', capturing how the cross-
section deforms in response to h.

Equation (38) showed that the leading-order solution g(S) = g[;[%#] to the (global) problem (37) is
obtained simply by looking up the catalog Y* with the local value %(S) of the strain,

Yi[A)(S)=Y". (40)

The catalog Y of solutions to the local problem (38) on a cross-section is therefore the only ingredient
needed to compute the energy at leading order. Specifically, it is used to define the leading-order predictions
for the strain £y, the stress Xfy), and the strain energy density Wig) as

E6(T;h) = Eo(T;h; Y™
S(T;h) = KER(T;h)

& (41)
VV[S](h) = . W(g[’f)](T; h)) dT
The leading-order contribution to the energy hence writes
¢
o] = [ Wi(a(s) ds, (42)

in accord with (1).
We proceed to carry out this plan in the next subsection. An analytical expression of Wigj(h) is obtained
in Equation (57).
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Remark 14. The variational problem (38) at leading order can also be obtained by focusing on homoge-
neous solutions, i.e., on configurations of the tape spring such that the one-dimensional strains €, k1, k2 and
k3 are independent of S. Indeed, the strain gradients that have been neglected at leading order, see (36),
are exactly zero for these homogeneous solutions. For these homogeneous solutions, the centerline is a
circular helix, an arc of a circle or a straight line, and the microscopic displacements are independent of S.

4.2. Leading-order displacement

The solution procedure at leading order is similar to that described in [20, Appendix A] for strips (case
c¢=0). The leading-order expression (36) of the strain &)(T; h;y) = (eSL BRL EQL BOL BEL BYL) is
obtained by discarding the gradient terms in (16) and (17),

1
E,[S'OE],»' = E+T’€1_52yw+§(Tﬁg)2 B,[S'OE],»' = Ko
1
Brt = Oryut 5 (Oryu)? BY} = Ormyw—c (43)
1
EgJT]“ = 5{&3(yw—T8Tyw)+8Tyv} Bg}% = —kg

The stress X = (L, nl%. nl mBL ml) ml9) is calculated using the constitutive law YT hy) =
KE&w(T;h;y), i.e., nld = K (ELL+ v ElR), etc. Inserting these stress and strain expressions into (38), we
obtain the following variational problem: given h = (¢, k1, k2, k3), find y and f such that Qy =0 and, for
any set of functions (Ju, Jv, Jw) of the single variable T,

- / " Fo 9T = nHT) 91gu(T) + o 9ulT) — nBH(T) (T

2

[0] _ [0] (0] T) Oz (T)
o[ mess(T) = msnse(T) g oy — 7o) 09(T) g (1) () DT paT = 0.
ot fr |50 R gy |10 (T) = k() Drag(T)

For brevity, the dependence of the stress on h and y will be implicit in this subsection, i.e., we use the
short forms 3o (T), ng)}g(T), etc., for Xo)(T; h; y), n?}g(T; h,y), etc.
Using integration by parts twice, we get the equilibrium equations in strong form as

dmGH(T) + fs = 0, 0197 NT) + w2 nG5(T) — kanlgp(T) + fu+ f.T = 0, (44)
Omiph(T) + fr = 0, QY Yos Yu) = 0.
as well the natural boundary conditions on the lateral edges of the tape spring,
nfh(£a/2) = 0 gfEa/2) = 0 5)

nS(+a/2) = 0 mi(xa/2) = 0.

where gi!(T) = —ks Tng)]T(T) — 3y (T) +nl%.(T) O1y,(T) is the shear force. Integrating the two equa-
tions in the first column of (44) and using boundary conditions in the first column of (45), we conclude that
fs= fr=0 and that two in-plane stresses vanish identically, n/%. =0 and ng)]Tz 0. Using (18) and (43),
we find that y, and ¥, can be eliminated in favor of y,, by
2 2
0
O1Yu=—V <€+H1T+%T2_’52yw)_%7 aTyv:HS(_yw+TaTyw)‘ (46)
There remains to solve for y,,. The procedure is identical to that described in [20, Appendix A] and
can be summarized as follows.

e We change the unknown and seek the deflection y,,(7") in terms of a new unknown p(u,T) as

Yu(T) = aQ(%(f—j—%)Jrﬁp(u%)) (47)

where «, # and p are parameters depending on strain,

2/ . _ 2 2
a=c— UKy, ﬁ:@(c V,fz) =25 H:(%) >0, (48)

and k* is the typical strain whose order of magnitude has been anticipated in (4),

1t
1201272 @
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e Eliminating y., y» and gy, in favor of p using (46) and (47), we can rewrite the equilibrium equa-
tion (44) as a dimensionless boundary-value problem formulated on the scaled domain T € (—1/2,
+1/2),

2 12
p"(p,£1/2)=0,  p"(p,+£1/2)=0.

The prime ’ in the equations above stands for differentiation with respect to the argument T of p.
The problem (50) can be solved for p(u,T') either numerically or analytically, see Remark 15 below,
which completes the solution for y,. The following equalities can be established directly from the

boundary-value problem (50),

p””(uj)Jrup(mT)Z—E(TQ—L) (50)

1/2 o /2 _ o
/ p(p, T)dT =0 and / Tp(w,T)dT =0. (51)
—1/2 —-1/2

When used in combination with (47), they warrant that the kinematic constraints (y,(T))r =
(Tyw(T))r=0 in (22) hold.

e The in-plane displacements y,, and y, are found by integration of (46), the constants of integration
being set by the kinematical constraint (22),

2

K1 2 a? K3 3 T ~ ~ 1 T AN
vl = (e (12 L) 4 Sy +Vr<;2/ yw(T)dT—E/ (Oryu(T))?dT
0 0

T (52)
yo(T) = s <—2A Yol T) dT—i—Tyw(T)).

In accord with (39), the solution y = (Yu, Yo, yw) of the problem (38) obtained in (47), (50), and (52) will
be denoted as y =Y "= (Y;?, Y,*, Y;*) in the following,
yu:Y;hv yv:Yuhv yw:Y'u})lv (53)

where h = (¢, k1, ko, i3) are the one-dimensional strain measures.
Remark 15. The boundary-value problem (50) has an analytical solution

)= 1 (cos AT cosh AT (p1(A) — p2(A)) +sin AT sinh AT (pi(A) +p2(N) 1 T2 1 (54)

T A2 (sin A+ sinh \) 2 ’

where p1(A) =cos(A/2)sinh(A/2) and pa()\) =sin(\/2) cosh(A/2) and A= u'/*/+/2. The benefit of this

T
Pk, 5

analytical solution is however limited by the fact that the derivatives p ,(p,T) and p, . (1, T), which will
be needed in the gradient energy terms, have cumbersome expressions: as an alternative to using this
analytical solution, one can solve the boundary-value problem (50) numerically for any given value of u.

4.3. Leading-order strain, pre-stress, and strain energy

Inserting the above solution y =Y™ into (43), we get the leading-order expressions of the strain Eo(T;
h) =Eo)(T; h; Y™) and stress 3 (T; h) = KE(5(T; h) as

ER" = et Tri—ro vl L A0 = ytEOL”
ERL = () np =0
E((T;h)= B = 0 . Eiy(T:h)= "[;]T* =L — | (55
ng* = Ko m[g]S = D(ng—i—yB[TQ]T)
BY = oY —c migt" = D(vka+BYY)
BY = —ks mO* = —D(1—v)ks

where the symbol (---) stands for an expression that is not needed in the following.
Using (41)3 and (28), the strain energy density is Wg(h) :fff/Q%Zf‘O] (T; h) % E)(T; h)dT and it can
be rewritten as

Wi = |

—a/2 5

+(l/2 * * *
(S B mlSL B i) B 28 B AT (56)

Inserting the expressions of the stress and strain from (55) and simplifying, see Appendix A, we get the
strain energy density as

iy Yat a?k3\? Yait , Yat® , Yat? 5 Yaddt, 5 9 K3
Wisi(h) == <5+ ) Trnttrnttrsaryt Ty et ente 5 ) B7)
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where () =555 +2p f w, T) x (T2 - —) dT has a closed-form expression
4 /(1 cosh A —cos A ut/4
w(n) 1 ( 2 A(sinA+sinh ) ) where A V2 (58)

Remark 16. We can further eliminate the strains ¢ and &; from the energy (57). Minimizing (57) for
fixed values of ky and k3 gives € = —a?k3%/24 and k; = 0. Inserting these values in (57) gives an energy
expression similar to that given in the seminal work of Mansfield [9, equation-61]. Mansfield [9] studied
tape springs having initial longitudinal curvature and twist: our expression in (57) is a special case of [9]
when the initial curvature and twist are set to zero.

Remark 17. The strain energy governing the planar deformations of a tape spring (k; =0 and k3 =0)
is Witiptanar (€, k2) = 5 Yate?+ ;/amt K3+ Z“; (vk3 — ck2)? (k3 /x*?). The constitutive relations for the

internal moment M, that have been derived in the planar case in [1] are nothing but Ms= 0Wgjp1anar/ Ok

Remark 18. Setting the natural curvature ¢ to zero in (57), we recover the extensible ribbon model
first derived in [20], see its Equation [2.6]. The energy of a tape spring differs from that of a ribbon only
through the c ko term appearing in the squared factor of ¢ in (57).

Remark 19. The functions p(u,T) and o (p) in (54) and (58) have apparent singularities at u=0 (i.e.,

A =0). They analytical expressions in (54) and (58) valid for p# 0 can be patched with their Taylor
29 — 420 T2 + 560 T* — 448 T® —22091 +322740 T + - - -
T)= 322560 th 122 624 409 600 + - and

expansions around p =0, namely p(u,

1 H
P(1) =55 ~ Tmiam0 T

5. HIGHER ORDERS

The leading order solution ®{y[£] in (42) does not capture the gradient effect necessary to accurately
predict the localized deformations common in tape springs. In this section, we proceed to derive the first
and second order terms ®f[%] and ®{y[#£] of the strain energy functional (1), which depend not only on
the macroscopic strain £(S) but also on its gradient £'(S).

5.1. Plan for the higher orders

To calculate the higher order energy terms, the general recipe in [17] introduces an auxiliary strain function
e(T;h,hf h¥ 2 21 2%) defined as

e(T;h,hi hi;z, 2t 2H) =E(T;h, Rt YP + 2, VY Rt 42t BT V2Yh. BT L VYP R+ 21), (59)

where VY V2Y™ are the first and second derivative (gradient and hessian) of the catalog of leading
order solutions Y with respect to h: the V notation stands for differentiation with respect to the one-
dimensional strains,

d
V= (60)

In (59), the correction z is a mathematical object of the same type as vy, i.e., the components (zy, 2y, 2w)
of z are each functions of the single variable T" defined on —a/2<T < +a/2.

Remark 20. The definition (59) can be motivated as follows. Using (35) and (59), we can rewrite the
expansion of the microscopic displacement as g (S) =Y #() 4 %(5), where % (S) =g[1)(S) + g5 (9) + -+ is
the correction to all orders beyond the leading one. The successive derivatives are then given by g’(S) =
VY25 . 5/(S)+%'(S) and g (S)=%"(S) - VY25 . /(S) + VY #5) . £(S) + %(S). The strain function
e in (59) is nothing but the strain E=¢e(T; £(S), £'(S), £"(S); 2(S), ='(S), 2" (S)) expressed in terms
of %, % and their derivatives.

Next, we introduce the structure coefficients €, (T;h), which are the operators that can be identified
from the series expansion of e about the leading order solution (h,h' h* 2z 2% 2%)=(h,0,0;0,0,0) (see
[17, Appendix A3]),

e(T, h,, h/‘i‘7 hi, z, Z‘i‘7 Zi) = Sﬁ()](T, h) + eooo(T h) hT + (‘3100(T h) )
+%(m £330(T' ) - hT+2hT (T h) -2+ 2-%0(Tsh) - 2)  (61)
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Inserting the strain expansion (61) into the strain energy, one can get an expansion for the energy. The
energy contributions up to second order are listed below, see [17, Appendix A] for details.

+a/2
A(h)-h' :/ (Sty(T; h) « (€886(T; h) - h1)) AT

+a/2

CO(n)-ht = / (25(T; h) * (€8bo(T; R) - RT)) AT
i

CHh). -z = /_/2 (Z0)(Ts ) * (€000(T; h) - z)) AT

f:a/Q
SArBOm) At = [ el 1) (elfa(Ti) - )

62
+%z[*o](:r; h)x(ht-€280(T;h)-hT) } dT — (VC©O(h)-h')-ht (62)

+a/2
ht-BW(h) -z = / {(K(€60(T; h) - h1)) x (e160(T; ) - 2)

+305)(T; h) * (R e10o(T; h) - 2)} AT — (VCV(h) - hT) - 2
+a/2
%z .B®(h).z = / {% (K (€%0(T; h) - 2)) * (€3%(T; h) - 2)

—a/2

T2 ST k)= (2 e8B0(T: h) - z} ar

e —(VCO(h)-hY) -kt and —(VCM(h)-h') -z terms are produced by an integration by parts, the
rank-2 tensor VC(©)(h) being the gradient of the vector C®(h) with respect to h, see (60). Similarly,
VCM(h) is the gradient with respect to h of the linear operator C(Y)(h) acting on z.

The operators (A(h), CO(h), BO(h), B (h), B?(h)) introduced in (62) are all functions of the
macroscopic strains h. They act on the macroscopic strains gradient hT, microscopic correction z to the
displacement and its longitudinal gradient zt. The latter two are still unknown.

According to the general method in [17], the correction z is the solution to the following variational
problem on a cross-section, which can be obtained by inserting the expansion of the energy into (32): given
h and h', find a corrector z to the microscopic displacement and Lagrange multipliers f such that

ht-BO(h)-24+2-B@h)-2—-f- Q2 = 0 V2

Qz = 0. (63)

The variation problem is linear in A, implying that its solution z is of the form
z=2Z"-ht (64)

where Z" is the catalog of corrective displacements. The catalog Z™ can be determined by solving the
cross-sectional problem (63) for different values h.

Inserting the optimal value of z into the energy expansion, we get first and second-order correction to
the energy as

2] = | AA(S) #/(S)dS -
4
wula] = 5 [ 2(8)-BAE)A(S) s+ [C(a(s) - 15)],
where
B(h) = B())(h)+2B{)(h) Z"+B{)(h): (2" ® Z"))
B©(h) -~ B?(h): (zh®zh) (66)
C(h) = CO)+CN(h)-Z

and we used hT- BO(h).z2=—2- B@(h)- z from (63) to simplify B(h).

To sum up, the gradient effect can be captured in an asymptotically exact way by identifying the
structure coefficients from (61), by defining the operators introduced in (62), by computing the catalog of
corrective displacements Z" solving the cross-sectional problem (63), and by using (66) to finally obtain
the matrix B(h) and the vector C'(h) entering in the one-dimensional energy (1). The structure coefficients
€l (T;h) are derived in explicit form in Appendix B, the first-order term A(h) entering in ®f is obtained
n (68), and a recipe for calculating numerically the quantities B(h) and C(h) entering in ®f) is given in
Subsection 5.3.
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5.2. First-order correction

By inserting into (62); the detailed expression of structure coefficients e, (T;h) from Appendix B, we
obtain

a/2
A(h)-ht= / ! Ml (R) R (VY = Trs VY —mlL (R) Tk +2mL (R) Y- 0,VY AT, (67)
—a/2

In the right-hand side of (67), nflﬁ*(h) and m[?lﬁ*(h) denote the pre-stress predicted by the leading-order
solution, see (55),, Y;* denotes the components from the catalog of microscopic displacement at leading
order (i € {w,u,v}), see (53), VY;® denote their gradient with respect to h, see (60). As usual, the strain
k3 and its gradient n;,[ in the right-hand side are related to the symbols in the left-hand side through
h=(e, K1, ko, ks) and ht= (et k], kd, wl).

This expression (67) can be simplified using symmetry considerations as follows. The solution p(u,T) of
the boundary-value problem (50) is an even function of T. As a result, the deflection Y;*(T') in (47) is also
an even function of T. Equation (55) further shows that B%L* and m[SO]S* are both even functions of 7. The
symmetry of the integration domain T € [—a/2,4a /2] implies that the second term in the integrand (67)

is odd, and therefore integrates out to zero, f:rs//;—m[gls*(h) TrkidT =0. A similar argument holds for

the last term in the integrand: Equation (55) shows that m[SO]T* is independent of T and dpVY,? is an odd

function of T, so that f:j//QQZm[SO]T*(h) h1.0rVY,dT =0. The first term in the integrand of (67) can be
simplified as follows. Equation (55) shows that the first factor, ng’)é*(h)7 is equal to Yt Tk1 plus an even
function of T. In view of (52)s, Y,*(T) is an odd function of T, implying that the other factor in the first
term, VY,* — T3 VY is an odd function of T. After dropping the terms that integrate out to zero, this

leaves us with
+a/2
Ah) -hf=Ytk ht / T (VYP —Trs VY, dT. (68)

—a/2

The energy correction ®f;[%] follows from (65);.

Remark 21. In both the planar case (k; =k3=0) and in the case of no bending (k; =r2=0, see Section C
in the Appendix), we have A(h)-ht=0, and therefore ®f;[£] =0.

5.3. Second-order correction

An explicit form of the operators C® and C'V) appearing in (62) can be found by inserting the expressions
of the structure coefficients €y}, (T; h) from Appendix B and of the stress Xfy; from (55)s,

+a/2 .
CO(h)-hi = / (mlL"(h) hT- YY) dT

e (69)
COM)- 2 = /

—a/2

(n[sols*(h) (20 — Tks 2) +2mEL" (h) aTzw) dT

The expressions of the B operators are obtained similarly. This yields the operator independent of z as

(h'- (VY — Trs VY,M))?

%hT.B(O)(h).hT:/ Kt

+a/2 K )
ez ) 2| +201-v) (7- (VYuh-i-VYJLGTYJ))

D N . (vyh Y. pt N
+5((Tn§)2+2(171/) (hf«vaTYJ)2)+n[S‘”S () R (VYw ?V w) bl 0 pt ey gt (T0)
—ht (VmlL (h) @ VYr +mBL (h) V2YR) - AT L dT,
the operator linear in z as
+a/2
hf-B(U(h)-z:/ {K(m-(vmh—mgvm)(—n2zw+y(aTquraTYmTzw)))
—a/2
ht - (VY,P 4+ VYR orvh v w — TOrzw
+2K(1—y)< (VY + VYl Ortet) (Orso 1 (o = TOrz ))) -

ht. Vn[f?]s*(h) (2o — Tk3 2w)

— DvTrst Oz — . % }dT7
oo ( —nlL (R Tk 2+ 2R - Vml () 872, )
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and the one quadratic in z as

+a/2
lz-B(2)(h)-z:l/ K((K/g zw)2+(8Tzu+8TY$8Tzw)2)
2 2 ) up )

_ 2
+2K (1-v) ( (Or20 + g (;w T0r20)) ) — 2 K vk 2y (002 + OrY, P Or2,) + D (8Trzw)2}dT
These definitions are complete and self-contained: the arguments z, h and h' are dummy arguments, and
all the other quantities appearing in the right-hand sides can be derived from the leading-order solution
from Section 4 with the help of the diagram in Figure 2.

h
migt” Ty (55)2 /Yuil by\(m\
vmB" (nBL,mBLY) by (55) vy (YR, V1) by (52)

(vnll" vmll™)y w2y (VY VYY)

Figure 2. Dependency diagram showing how the auxiliary quantities entering in the definition of the
. . *
operators A(h), C¥(h) and B())(h) can be obtained in terms of h. To compute Vn[g; , for instance, one

should differentiate (55) with respect to h symbolically: the result depends on VY, which can in turn be
obtained by differentiating (47) symbolically or numerically with respect to h.

In the diagram, the quantity VY,?» = dd);fl is obtained by differentiating (47) as
Valh) ((TY?> 1 T T
h 2 _
VY, (T)=a ( 5 <<a> 15 ) T VBMR) p{ pu(h),— )+ p(h) Vu(h) p.u| u(h), — )

where the quantities Va(h), VB(h) and Vu(h) are readily obtained from (48), and the auxiliary function
p,n can be calculated by solving the boundary-value problem obtained by differentiating (50) with respect
to p or by a symbolic differentiation of the closed-form solution (54) for p with respect to p. The second
gradient V2Y;*(T) can be obtained by differentiating one more time.

Having obtained the operators B (h) and B (h), one can proceed to solve the problem (63) yielding
the correction z to the microscopic displacement. This delivers the second catalog Z" appearing in (64),
for any value of h. Inserting into (66), one obtains the matrix B(h) and the vector C(h) for any particular

value of h. This completes the calculation of the energy contribution ®f.

Remark 22. The operators that do not depend on z are A(h) (a vector of length 4), C(®(h) (a vector of
length 4), and B®(h) (a matrix with dimensions 4 x 4). The other operators act on z and are therefore
functionals. They are naturally represented in the computer using finite-elements over a one-dimensional
mesh for the T-domain [—a/2,+a/2]. This entails expressing the three functions z = (zy, 2, 2,») in terms of
discrete degrees of freedom and constructing matrices representing CV(h), B (h) and B®(h) through
a standard assembly process. This assembly should be done for a fixed value of h. An alternative to this
numerical approach is the symbolic approach illustrated in Section C in the Appendix for the case of no
bending, which is not tractable in the general case.

In summary, the dimension reduction involves the solution of two variational problems formulated on a
cross-section: the non-linear variational problem (38) for the leading-order displacement y (which we have
managed to solve analytically in Subsection 4.2), and the solution of the linear variational problem (63)
for the higher-order correction z.

6. CONCLUDING REMARKS

We have obtained a one-dimensional strain energy functional for tape springs. Equilibrium configurations
of tape springs are stationary points of this energy functional (1) plus a potential representing the external
loading, subjected to the kinematic constraints in (6), (12), and (13). The equilibrium configurations can
be computed using the finite element method, the discrete elastic rod method [5], or standard differential
equation solvers. Note that most solvers, no matter if they use the weak or strong form of the equilibrium,
may require the evaluation of the gradients VFA(h), VEB(h) and V*C (h), whose implementation we have
not discussed here.
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An important open question concerns the positive-definite character of the symmetric matrix B(h)
providing the strain-gradient regularization. In the related context of higher-order homogenization, B
has been found to have negative eigenvalues, see for instance [24, Section 4.3]: in such circumstances, the
regularized energy ®* can be made arbitrarily large and negative by solutions featuring small-amplitude,
fine-scale oscillations of the strain. To work around this, it has been suggested in [24] to reset the negative
eigenvalues of B to zero. This point deserves further attention.

Our model for tape springs can be particularized to ribbons by setting the initial transverse curvature
to zero, ¢ =0. This special case is interesting as there exists no ribbon model to date that takes both
extensibility and the gradient effect into account, although both are known to play an important role in
the deformation of elastic ribbons, see for instance [20]. Besides, numerical models for tape springs and
ribbons are not available in commercial software or open-source libraries. A numerical implementation
of the proposed model, its validation using experiments and two-dimensional shell simulations, and its
distribution as an open-source libraries will be covered in follow-up papers.

Sections 3, 4, and 5 presented a generalized tape spring model including all four strains (e, K1, K2, K3).
One can condense out the stiff modes ¢ (stretching) and x; (bending) by minimizing the leading order
strain energy ®fy) in (57) with respect to € and k1, as mentioned in Remark 16 and done in [20]. This gives
optimal values of e =—a?k3/24 and x;=0. In principle, by inserting these relations into the gradient terms
from Section 5, one can eliminate stretch and transverse bending from the energy entirely and obtain a
simple one-dimensional model for tape springs. This will be covered in future work.

The strain energy functional ®* obtained in the paper can be used without any modification to produce
dynamic simulations of tape springs, thereby allowing fast and accurate simulations of the deployment of
tape springs for instance [1]. Dynamic applications of our one-dimensional model is another interesting
line of research that will be explored in future work.
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APPENDIX A. LEADING-ORDER ENERGY CALCULATION

The leading order strain energy density Wigj(h) given in (57) and the definition of the auxiliary function
p in (58) can be justified as follows.
The strain energy in (41)3 can be rewritten with the help of (28) and (55) as the sum of a stretching
energy and a bending energy, Wifj(h) = Wi s(h) + Wi ,(h) where
+a/2,[0] * 0] * +a/2, [0] * p[0] * [0] * plo] * [0] * p[0] *
W)= [0S ESSar and wig ()= [ s Bes S Brn 2msy Bor

dT.
—a/2 2 —a/2 2

Using successively (55), (47) and (48) the stretching energy can be written as

+a/2

2
‘/V[a]’s(h) = 6+TI€1+ Tl€3) 7”21{[}) dT

3/72 1 T2 1 2
(v 3 () (55 8) o)
—a2
vt [te/? a2 ) 1 (1?2 1 2
= 7/_@/2 e+ 24 +Tr1 —a’ ke B p+2u =13 dT

Here, a=a(h), 3= B(h), and p= pu(h) denote the strain parameters introduced in (48) and p= p( K"fm :)
Expanding the square, integrating, and using (51) we have

Yt +a/2 2,.2\2 1 T2 1 2
Wis(h) = & KH%Z‘“’) +T2n%+(a2nzﬁ)2<p+—<——ﬁ>) ]dT

—a/2

Yat a’k3\? | a’k? 9 9 1 /7% 11)\)\?
- 2 KE+ on ) T Tl (vt e 1 ol

The bending energy can be rewritten with the help of (55) as

+a/2

(o
(o

(73)

+a/2 * * *
Wi o(h) = 2 (ks (K21 B + BIOL* (v rp+BILY) 4.2 (1 — ) 12) T
’ 2 —a/2
D +a/2

=5 ((B[qu]w*—i-yng)Q—i—(l—yQ) H%+2(1—V) n%)dT.
—a/2
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Using (55), (47) and ( 8), we have B + vko =0V, —c+vka=a —c+ Bp’ + ko= Bp” where we use
the shorthand p”’ aTz('u’T/ ) Inserting into the equation above and integrating, we get

Wb (h) = (ﬂ2< "+ (1-v%) r3+2(1-v) K3). (74)

The sum Wigj(h) = W5 s(h) + W (k) of the bending and stretching energies in (73) and (74) is
consistent with that announced in (57) provided we identify the remaining terms as follows

Y T2 2 Yadt 62 2
Tat(a2’€25)2<<l)+$<?—%)> > +7ﬁ2< //2> Q?Qtﬁ:

Using D =Yt (a?k*)? and simplifying, this yields the following definition of the auxiliary function ¢,

72 11\)\?
"2 L 4
o=z r2(nri3(5-5))),

Multiplying both sides of (50); by p, integrating twice by parts and using the boundary conditions (50),

one can establish the identity <p”2 +up?+L (aj - T12)>T =0, which we can then use to eliminate the

p"? term from the definition of ¢. The result is

1 ™ 1
o=z (3 (1))

This is precisely the definition of ¢ that has been used above Equation (58).

APPENDIX B. STRUCTURE COEFFICIENTS
The strain variant e(T;h,h', h* 2z, 21, 2¥) given in (59) is calculated as
e+ Thy— ko (VP +20) +h- VY42l 42 (~Ths+hT- VY4 2])?
Y+ 012y + 5 (O1Y + 012,

! < s (VP 20y — T (O2Y 4 032)) + OV + Oz + BT - VY 4 2 >

e(T;h,h1 Yz, 21,20 =| 2 + (Rt VY 4+ 21) 00V + 0r20)

ko —Tri+ht. VYP+ht. V2V R4 2]
87TY$L+6TTzw —C
—k3+hT- VoYl + orz]

The structure coefficients €, (T; h) can be identified from the Taylor expansion of e as follows, see (61),
e})go(T;h).hT:( hi (VY —Trs VYE) 0 Lht- (VY4 VYR ovE) | -Tw 0 hT-VaTY“ﬂ‘)
th €300(T5 ) - hT—( Rt DEOTYE Rt g | AT V2YE-RT O 0)
hi-elfo(Tih)-2=( 0 0 Lorzuhi-V¥2[0 0 0 )
€900(T; h) -zz( —KoZw Or2y + OrY.P Oz, %(8Tzv+/@3 (2w — TOr2y)) ‘0 Orrzw 0 ) (75)
€860(T;h)-h*=(0 0 0|h*- VY 0 0)
lz'eggo(T;h)'z:( 0 4 (0r2.)? 0]0 0 0)

2= (2l = Thszl 0 L(al+0vd=0)]0 0 or) )

[\V]

98(1)0(T§ h

~

APPENDIX C. THE SPECIAL CASE OF NO BENDING

In this Appendix, we specialize our analysis to deformations of the tape spring involving no bending
(k1=r2=0). This special case provides simpler version of the general theory presented in this paper, and
is meant to illustrate how it works.

For k1 = k2 =0, the cross-sectional displacements that are solutions of the leading-order boundary-value
problem in (44) and (45) can be found as

3 cT

h T° o2, o h_ 2 h_C(p2_0a
Yi=-Tve—"p(@4ri),  Yi=gp (@44 ks Yo'=g (T 45 ). (76)

2 12
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These expressions can also be obtained by taking the limits x; — 0 and ko — 0 in the general solution
n (46) and (52). What makes the no-bending case simpler is that these expressions are polynomial in
T—compare to general case in (47) and (54).

The strain and stress components appearing in (55) are then given by

* 2 *
EY :s+7(T’;3> : Bl =0, BRI =0, B = ks
77)
* Tk3)? * * * Y3 (
n[so]s =Yt (5—&—7( 23) >, m?}g =0, mTT[O] =0, mg)% :_712(1+1/) K3.

Inserting into (56), we obtain the leading-order contribution to the strain energy as

4 2,.2 2 3 5
BiylA] = /OBYat<s(S)+“ “3(5)) poYat' agy Yol gl as.

24 2:6(1+v) "° 2-2-360

The same result can alternatively be obtained by taking the limit (k1,k2) — O of the general expression
of ®f; given in (57), noting that ¢(0) =1/360 (see Remark 19).
Given that k1 =0, Equation (68) yields

A(A(S))- £/(S)dS =0.

The gradients with respect to the strain h of the leading-order displacement in (76) is obtained as
VYr=0,V2Yr=0 VY r=(_1v, 0 0 —7%r./3), etc. Those of the leading-order stress in (77) are obtained

similarly as Vn[g}g =(vt 00 vtT?s, ) and V" = ( 000 —p2ts ) Inserting into the operators B™)

and B® in (71) and (72), we can rewrite the variational problem (63) for z as follows: find three functions
(2u, 2zv, 2w) of the single variable T satisfying the zero-average conditions @z =0, as well as four numbers

(fS7 fT7 fn7 ft), such that

I S i 22 +ng )P +Z () Z2e(ry |ar=o (75)
—a/2

=0

for any set of test functions (24, 2y, 2w), where the coefficients are given by

gu(T) = —fr

gi(T) = K (OTzu + OTYuf‘ 6Tzw +v hT . v%h)

9T) = —(fs+h'-vnlll")

gNT) = w (Or20+ w5 (50— Trz) + BT VYL (79)
9UT) = K3 gh(T) = fu— fiT+T(rinlL" + k3 hT-VnlL")

9iu(T) = —rs Tgh(T) + OV gi(T) — 2t - Vml)

ng(T) D (0112w — I/Tli;)

The solution z,, z, and z, are found with the help of a symbolic calculation language in the form 8th,
8th, and 7th degree polynomials in 7', respectively. Inserting these polynomials in the expressions in
Subsection 5.3, we obtain the second order strain energy term as

1., ey L[ Yabtv , , Ya®t3 /2 k3(S) ¢
SAS) BOB(S))A/(8)) = |~ e al8) 1) (S) 5t s m ()] so)

where k* is the typical strain defined in (49) and

23

m(Rs,c,v)=(1—-v)(274+71v) — ! < ! K3+ (384+T75v) kK )+144

360 \ 2640

The boundary terms is obtained similarly, the result being

Ca(s) - 2/(5) = LYY 306)2(s) +

1 Ya3t3 , HS(S)
§m/€3(5) r3(S5) 772( ,z/) (81)

K*

where
1 1
950400 (1—v)

1 (34+467v)
1440 (1—-v) ™

n2(Rs,v) =4—11v+ R+
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