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Abstract

A highly deformable rod, modelled as the extensible elastica, is connected to a movable
clamp at one end and to a pin sliding along a frictionless curved profile at the other. Bifur-
cation analysis shows that axial compliance provides a stabilizing effect in compression, but
unstabilizing in tension. Moreover, with varying the constraint’s curvature at the origin and
the axial vs bending rod’s stiffness, in addition to possible buckling in tension, the structure
displays none, two, or even four bifurcation loads, the last two associated only to the first
buckling mode in compression. Therefore, the straight configuration may lose and recover
stability one or two times, thus evidencing single and double restabilization, a feature never
observed before. By means of the closed-form solution for the extensible elastica, the quasi-
static behaviour of the structure is analytically described under large rotations and axial
strain. The presented solution is exploited, together with an ad hoc developed optimization
algorithm, to design the shape of the constraint’s profile necessary to obtain a desired force-
displacement curve, so to realize a force-limiter or a mechanical device capable of delivering
a complex force response upon application of a continuous displacement in both positive
and negative direction.

Keywords: Fuler buckling, tensile buckling, multistability, frictionless constraint.

1 Introduction

The design of structures displaying a prescribed force-displacement response is a challenge in the en-
gineering of mechanical metamaterials . An important example of such a device is the
force-limiter, used to prevent unbounded growth of a force applied to a sensitive element. In this de-
vice, when a certain threshold of force is attained, the (incremental) stiffness vanishes, thus allowing the
displacement to grow. This occurs until a certain limit stroke is reached, at which the device finally
locks. If the force-limiter is purely elastic, dissipation is prevented, so that the displacement decreases
back to zero when the force is released. Force-limiting mechanisms may be used to bound the force
transmitted during an impact, as is the case of automotive seat belt systems, where plastic deformation
developing in mechanical elements prevents reuse of the device . Another crucial application is
for vibration isolation of scientific and measuring equipments , (e.g. optical tables ), or of
gravitational-wave detection laboratories , but also of civil structures to be shielded from earthquakes
5.

Furthermore, the designed force-displacement curve can be enhanced to exhibit multistability, as in
reconfigurable metamaterials for shock absorption , shape programming , elastic energy trapping
[33], and wave guiding . Several structural schemes have been so far proposed for these purposes,
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most incorporating negative stiffness elements, such as magnetic springs for active vibration control
, oblique mechanical springs [13], extremely deformable [37], or buckling beams.

Within this mechanical framework, an innovative structural system, based on tensile and compressive
buckling of an elastic rod, is proposed in the present article. More specifically, an axially and flexurally
deformable rod is considered with one clamped end constrained to move along a straight direction and
the other along a curved profile with a possible discontinuous curvature. The soft rod remains straight
until the axial force is sufficiently small, but it buckles (under either compression or tension) and enters
in a strongly nonlinear post-critical behaviour, when the load surpasses a critical limit, thus forcing rod
deflection. Therefore, in contrast with an inextensible rod, the soft rod deforms axially before buckling,
thus allowing to display an initial linear force-displacement response. The considered structural system
is analytically solved in its nonlinear range and an optimization algorithm is developed, allowing the
design of a desired force-displacement response. As an example of the obtained results, Fig. [I] reports
the response of a force-limiting device designed by us and showing an excellent performance. More
in general, the force-displacement response of the proposed structure depends only on the constraint’s
profile shape and on the (axial vs bending) stiffness ratio, so that negative stiffness, or sinusoidal, or
triangular, or many other ‘exotic’ responses can be designed (examples are presented in Section .
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Figure 1: Dimensionless force PL?/(n?B) vs. dimensionless displacement A/L for an elastic rod (flexurally and
axially deformable and subject to a curved constraint), with a stiffness ratio ¢ = KL?/(n*>B) = 10, optimized to
realize a force limiter device with | P..|L?/(n®B) = 0.1 and locking near the end of the stroke (from A/L = +0.73).
Deformed configurations of the elastic rod are displayed for A/L = £{0.1,0.2,0.8}, along with the optimized
shape of the constraint’s profile, found to have a discontinuous curvature at the origin (f”(07) = —4.186 and
£ (0%) =1.897).

The analysis of the proposed structure leads to another important feature, never observed before: the
double restabilization in compression. Indeed, due to the axial compliance of the rod, it is expected that
the straight configuration recovers stability after buckling, similarly to the behaviour of the ‘penetrating
blade’ [7], and therefore displays a restabilization in compression. However, within a specific set of
stiffness ratios and profile curvatures at the origin, the proposed structure displays a double restabilization
of the trivial (straight) configuration, where four exchanges of stability are observed. This unexpected
feature is analysed in detail in Section [3] but a concise explanation is anticipated in Section [L.1
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The present theoretical analysis initiates with the derivation of the nonlinear equilibrium equations for
the extensible elastica (Sect. . Linearization of these equations governs the determination of bifurcation
(Sect. , which is complemented by a stability analysis of the trivial configuration (by means of a
dynamic approach, Sect. |3.2)). The post-critical response is evaluated analytically by adapting an
available closed-form solution [4] to the present boundary conditions (Sect. . Finally, an optimization
algorithm is developed to find the profile shape displaying a prescribed force-displacement curve (Sect.
5). The solution of this problem is shown to change with varying the (axial vs bending) stiffness ratio, so
that many systems can provide the same structural response. Finally, it is shown that a broad range of
post-critical behaviours can be achieved (including bilinear, sinusoidal, triangular) and that more axially
compliant rods facilitate the optimization.

The results presented in this article can be used in the design of passive mechanical devices (i.e. not
needing external control), delivering a designed force-displacement response and possibly encompassing
multistable behaviour, with applications in the field of force-limiters and soft mechanisms. Movies of the
present structure optimized to provide specific force-displacement diagrams are available as electronic
supporting material.

1.1 A premise on (single and double) restabilization

Using linearization, a simple explanation is provided below for the destabilization and subsequent resta-
bilization of the straight configuration of an axially and flexurally deformable elastic rod, with a movable
clamp at its left end and a pin at the right one, subject to an axial load P that is assumed positive when
tensile.

The linearized axial and flexural equilibrium equations are

Ke(S)—P=0, BO'(S)- (1+;>P€(S)—F, (1)
where K and B are the axial and bending stiffness respectively, £(S) the local axial strain, 6(S) the
rotation of the rod’s tangent with respect to the undeformed straight configuration, F' is the (unknown)
reaction at the pin (orthogonal to P), and the prime denotes the derivative with respect to the undeformed
curvilinear rod’s coordinate S. [J

The boundary conditions 6(0) = 0, §'(L) = 0, and fOL 0(S)dS = 0 lead to the following expression

for the bifurcation loads
7 —(1+p)pgq cot(w —(1+p)pq) =1, (2)

where p is the non-dimensional load and ¢ is the (axial vs bending) stiffness ratio, defined as

P KI?
Kk 97 e2p

. 3)

When the rod is made up of a homogeneous material (and with uniform cross-section), the stiffness
ratio reduces to ¢ = A\?/7? > 103, where X is the rod’s slenderness. However, values of ¢ below that
range can be considered to model, via the extensible elastica, the mechanical response of architected one-
dimensional structural elements. Although the identification of such structural elements falls outside the
scope of the present research, a rough example is provided by a rectangular wire (die) helical spring,
with a high cross section aspect-ratio. Moreover, by neglecting configurational forces |3, |8] (which do
not influence bifurcation |7, |11]), another example is given by a round wire helical spring containing a
coaxial flexible piston or a spring having one end sliding along a rod with uniform cross section

The bifurcation loads p for an extensible rod, subject to the above-mentioned boundary conditions,
are reported in Fig. [2[ (left part) at varying the stiffness ratio g. This result shows that bifurcation does
not occur for ¢ < 8.183, while two bifurcation loads (characterized by the same instability mode) exist

'For simplicity the present analysis is developed under the assumption of linear axial behaviour. Although
highly elastic materials such as rubber often display a nonlinear force/displacement behaviour, the linearity
assumption introduced here strongly simplifies the treatment and is however adequate when the strain is not
large or when the rod is realized via springs as the systems reported in Appendix

2The evaluation of the shear and axial stiffness of these structural examples is deferred to Appendix



Published in European Journal of Mechanics - A/Solids (2022)
doi: https://doi.org/10.1016/j.euromechsol.2022.104745

under compression for ¢ > 8.183. In the latter case, the two bifurcation loads have different mechanical
interpretations: the one with smallest (greatest) absolute value is referred to as p((jg) (pg)), because

it is associated to destabilization (restabilization) of the trivial configuration at increasing compression.
The structural system therefore displays a (single) restabilization.

Anticipating some of the results discussed in detail in section [3] the presence of a curved profile
introduces a tensile instability @ at the load value pgj) and a double restabilization of the trivial
configuration for ¢ € (qq, ¢»), depending on the profile curvature. These features are shown on the right
part of Fig. [2 for a profile with radius of curvature equal to 1/15 of the undeformed rod’s length, for
which the stiffness ratio range for double restabilization is defined by ¢, = 12.457 and ¢, = 19.191. The
two bound values ¢, and ¢, will be shown to be approximately linearly increasing with the modulus of
the dimensionless (negative) profile curvature at the origin, f(0).
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Figure 2: Bifurcation load p for an axially and flexurally deformable rod attached to a sliding clamp on its left
end and pinned on the right end at a fixed point (left) or at a point constrained to move on a smooth curved profile

(right, with a radius of curvature equal to 1/15 of the undeformed rod’s length, f/(0) = —15). The bifurcation

loads are reported at varying axial/bending stiffness ratio g. The tensile buckling load pg')

line, the compressive bifurcation loads of destabilization p((ig) and restabilization psg) associated to the first mode
as coloured lines, while those of higher modes as gray lines. Ranges of stiffness ratio ¢ for which single and double

restabilization occurs are highlighted.

is reported as black

It is finally observed that the occurrence of the double restabilization requires a significant shortening
of the structure, with the second (and final) restabilization displayed at a compressive deformation of more
than 90% of the undeformed length. A spring, modelled as an extensional elastica, can be ‘practically’
used in order to achieve such a high compression experimentally. For example, 10 active coils with closed
and ground ends of an helicoidal spring (with a wire diameter of 0.4 mm, and coil pitch of 10 mm) can
achieve a shortening of more than 95% when compressed.

2 The extensible elastica with an end constrained to move along a frictionless
profile

A soft rod is considered, connected to a sliding clamp on its left end, while the right end is constrained
to move along a frictionless curved profile, Fig. The rod has a straight undeformed configuration of
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length L and is characterized by both axial, K, and flexural, B, stiffnesses. Therefore, it is assumed to
obey the Reissner rod model in which the shear stiffness is set to be infinite and the deformed
configuration is described by the axial strain €(S) and the rotation 0(S) fields along the curvilinear
undeformed coordinate S € [0,L]. The spatial coordinate s on the deformed curve is related to the
material coordinate S through

s

s(9) :/ [1+e(o)]do, Se]0,L], (4)

0

so that the length ¢ of the deformed rod is

L
z:gLy:/ 1+ 2(0)]do, (5)
0

which differs from L because of the presence of the axial strain €(.S). By introducing a moving Cartesian
reference system X—-Y', having its origin coincident with the moving clamp in the deformed configuration

and with the X—axis aligned with the straight undeformed configuration, the coordinates of the section
at a point S are given by

s S
X(S;¢e,0) = /0 [1+¢e(0)]cosb(o)do, Y (S;¢e,0) = /0 [1+4 e(o)]sinf(o) do. (6)

X =Lf(Y/L)

«

R

Figure 3: Scheme of the proposed structure, where an axially and flexurally deformable elastic rod is mounted
on a moving clamp on its left end and slides with a pin on a curved profile on its right end. The profile is a
perfectly frictionless constraint, defined by the curve X = Lf(Y/L). The elastic rod is in a trivial equilibrium
straight configuration and may buckle in tension and compression when a load P is applied.

The clamp can move only along the X-axis and its displacement from the undeformed state is
measured by the distance A. Introducing a fixed Cartesian reference system X — Y, with origin coinci-
dent with the moving clamp in the unloaded condition and parallel to the moving X — Y system, the
coordinates of the rod’s axis can be written as

X(S) = X(S;¢,0) — A, Y(S) =Y(S;e,0). (7)

In this reference system, the curved profile is described by

X(?)sz(i), (8)

under the constraint f(0) = 1. Moreover, the displacement A (positive when opposite to the X -axis) is
given by
dy (e,0
A:dX(E,e)_Lf< Y(I&: )>, (9)

5
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where dyx is the length of the elastica projection on the X—axis and dy is the vertical displacement of
the pin on the right end of the rod

L L
dx(e,0) = /0 [1+e(0)]cosb(o)do, dy(e,0) = /0 [1+e(0)]sinf(o)do. (10)

The moving clamp is subject to the dead load P, positive when opposite to the X axis (namely, tensile
state for the section at S = 0), and therefore the mechanical system is conservative. The potential energy
V of the structure is the sum of the axial and flexural elastic energies and the potential energy of the
dead load,

L L
V(e, 0) = g/o [e(o))” do + g/o [0'(0))* do — P A, (11)

where a prime stands for differentiation with respect to the relevant (spatial) argument. The first
variation §) of the potential energy for perturbations in the strain de and rotation 46 is given by

L L
oY = /0 Ke(o)de(o) do — /0 B0"(0)06(0) do — P oA, (12)
where
SA = bdx — ' (dg) sy, (13)
Sdy = / "1+ £(0)] cos0(c) 66() dor + / " in0(0) de(0) do (14)
and . .
Sdy = — / [+ (o] sin0(c) 30(c) do + / cos 8() 0e(cr) do. (15)
0 0

The vanishing of the first variation 6V for compatible perturbations de and 40 provides the following
coupled system of nonlinear equilibrium equations

BO"(S)— P [1 +2(5)] [f’ <dg> COSH(S)-l—SinG(S)] 0,

(16)
d
Ke(S)+ P {f’ <LY> sin 0(9) COSQ(S)} =0,
complemented by the algebraic constraint, Eq. @[), and the boundary conditions
Y(0)=0, 0(0)=0, 6¢(L)=0, (17)

respectively prescribing the vanishing of the vertical displacement and of the rotation at the moving
clamp, and the vanishing of the moment at the pin.

It should be noted that a reaction force R is realized at the pin on the profile. Due to the frictionless
assumption, this force is orthogonal to the profile, and therefore inclined by the angle o with respect to
the X—axis given by the following condition

—rel a8

0(5) =0, e(8) =1

satisfies the equilibrium equations if and only if f/(0) = 0. Henceforth, this profile property is
assumed and under this circumstance bifurcation may be displayed depending on the dimensionless
curvature of the profile at null Y coordinate, f”(0), and rod’s properties (B, K, L) through the stiffness
ratio g. As shown in [6], the profile shape can also be designed to present a discontinuous curvature at
null ¥ coordinate, f”(07) # f”(07) (as in Fig. [3), to better tune the mechanical response under both
signs of A (namely, both directions).

The trivial straight configuration,

(19)
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3 Bifurcation and stability of the trivial configuration

3.1 Bifurcation loads

Bifurcation conditions from the trivial straight configuration, Eq. , are investigated under small
rotation 6(S) assumption, providing the linearized version of the equilibrium equations (16|

BO"(S) — P [1+¢(9)] {dLYf” (0)+6(5)| =0, (20)

Ke(S)— P =0,

where the following approximation is considered

r(%) = Lo 1)

Eq. 2 is automatically satisfied for the uniform axial strain field 2 and Eq. 2 can be linearized
as

dy (,0) ~ <1 + ;) /OL 8(c) do. (22)

By considering this latter approximation and the uniform axial strain field 2 and by using the
dimensionless load p and the (axial vs bending) stiffness ratio ¢, defined by Eq. , the equilibrium
equation 1 reduces to the following homogeneous and linear integro-differential equation

2

0"(S)—pq(1 +p)% <9(S)+ @(1 +p)/0 9(0)d0> =0. (23)

The basis for non-trivial solutions of 6(.9) is found to bdﬂ

S S
aCOS( -(1 +p)quL) +bsin<\/—(1+p)pq7TL> +¢, pe[-1,0]

6(5) = (24)

S S
acosh(\/<p+1>pq§>+bsmh< <p+1>pq”L>+c, pe (0,00,

where a, b, and ¢ are integration constants, where two of these can be computed as functions of the third

one (which remains arbitrary, but small, in the present analysis) by imposing the boundary conditions.
Therefore, by substituting solutions into equilibrium equation and imposing the boundary

conditions 2 and 3, a bifurcation with non-trivial equilibrium configuration exists Wherﬁ

f”(O)\/—(1+p)pq+pqﬂ[1+(1+p)f”(0)]cot(7r —(1+p)pq)=0, pe[-1,0], (26)
'OV +pIpg—par(l+(1+p) f(O) coth(ny/T+p)pa) =0,  pe0,00),

defining the bifurcation load p as a function of the stiffness ratio ¢ and dimensionless profile curvature
at the origin f”/(0). It should be noted that the shape of the profile affects the bifurcation loads only

3The range p < —1 is excluded because it is representative of unphysical bifurcation, involving self-
compenetrated rod configurations.

“In the inextensible limit (K — oo, ¢ — oo, p — 0, but pg = PL?/(7?B) remains finite), the bifurcation
loads correspond to the solution of the following equations

F7(0)\/=pq+pgm[1+ f7(0)] cot (my/=pq) =0, p<O0,
F7(0) /g —pgm 1+ f'(0)] coth (w/pq) =0, p>0.

The latter equations are equivalent to that provided in [6] for the bifurcation loads (their Eq. (17) for k£ = 0).
Here, the cases of positive and negative p, corresponding to tension and compression respectively, are sepa-
rated in order to highlight the differences between the two. The separation also facilitates calculations because
developments with imaginary values can be avoided.

(25)
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Figure 4: Isosurfaces of Eq. showing the combination of stiffness ratio ¢, dimensionless radius of profile
curvature at the origin 1/f”(0) and load p parameters for bifurcation. Note that all red curves belong to the
same vertical plane defined by 1/f”(0) = —0.1 and correspond to Fig. [5| (bottom, left). The representation of
the lower surfaces has been slit to improve understanding.

because of its dimensionless curvature at the origin, f”/(0). These bifurcation conditions are displayed in
Fig. El as surfaces in the three-dimensional space defined by the parameters p, ¢ and f”(0). Moreover,
sections of these surfaces at constant values of f”(0) = {—10, -2, —0.5,0.5,2,10} are reported in Fig.

From all of these representations, the following conclusions can be drawn.

o Differently from a standard Sturm-Liouville problem, governing bifurcation for an inextensible rod
(¢ — o), the number of bifurcation loads and modes becomes finite due to rod’s extensibility. For
instance, in Fig. [5| (upper part on the left) for stiffness ratio ¢ < 1.231 there is only one mode in
tension, while for ¢ € (1.231, 9.264) there is only one mode in tension and only one in compression.
Moreover, in Fig. [5 (upper part on the right) there is only one mode in compression for stiffness
ratio ¢ € (0.822, 8.836).

e Another effect related to the axial compressibility of the rod is that a bifurcation mode in compres-
sion corresponds to more than one bifurcation load. Indeed, except in the limit cases of coalescent
loads (discussed below), the bifurcation loads in compression always occur in pairs, so that one
corresponds to the destabilization (loss of stability) of the straight configuration, while the other
to its restabilization. For instance, in Fig. |5| (upper part on the left) for ¢ > 1.231 there is one
bifurcation load for the first mode corresponding to the transition from stability to instability (at
increasing compressive load) of the straight configuration. In addition, one restabilization load is
found for the first mode, corresponding to the transition from instability to stability. Moreover,
it can be observed in the same figure that for higher stiffness ratio ¢, where a plurality of modes
emerge, the compressive bifurcation loads always occur in pairs.

e In tension: none or only one bifurcation load may exist, depending on the sign of the profile
curvature at the origin f”(0). The fact that only one critical load is found is related to the
presence of the hyperbolic cotangent function in the bifurcation equation (26)). In particular:

— for f(0) > 0, tensile bifurcation does not occur, as in the inextensible case;
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Figure 5: Tensile/compressive bifurcation load p as a function of ¢, for constant f”(0) =

{-10, —2, —0.5, 0.5, 2, 10}. The regions O, T, A, and B are also shown. Tensile bifurcation does not occur
for f(0) > 0, but always occurs for f”(0) < 0. In compression, multiple bifurcation modes can be observed
and their number depends of the values of ¢ and f''(0); considering here the first mode, there are regions where
there are none (O and T), two (A), and four (region B) bifurcation compressive loads. The grey curves represent
higher modes.
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— for f(0) < 0, one tensile bifurcation occurs at ) >0 (where the superscript (+) reminds

the reference to tensile load). This is in contrast with the inextensible case, where tensile
bifurcation was existing in a more limited set, f/(0) < —1 [6].

e In compression: either bifurcation is excluded, or it may occur with 2 or 4 bifurcation loads
associated to the same mode, depending on the values of ¢ and f”/(0). More specifically, restricting
attention only to the first compression mode, 2 main cases can be distinguished, differing in the
number of bifurcations at varying g and f”(0):

— 2 bifurcation loads occur, associated to the first mode. Each of these corresponds to a

destabilization load <p£lg)) and a restabilization load (p&?) (where the superscript (—)

reminds the reference to compressive load),

—1<pJ) <pl) <o, (27)

An example of this behaviour is visible in Fig. [f]in the upper part on the left for ¢ > 1.231;
— 4 bifurcation loads occur, associated to the first mode, corresponding to two pairs of desta-

bilization /restabilization loads, (pil;)ppf«;)l) and (pfi;)z,pf;)z), occurring in the following

order’] (

re,

b <Py < Do

An example of this behaviour is visible in Fig. in the lower part on the left ¢ € (8.488,13.451);

) (=

~1<p | <Pk <0 (28)

e In compression: multiple bifurcation loads associated to the same mode may occur for modes
higher than the first. An example is visible in Fig. [5|in the lower part on the left.

By considering all of the above described cases, four different subsets O, T, A, and B are distinguished
in the ¢ — f”(0) plane (Fig. @ upper part, on the left), differing in the number of the main bifurcation
conditions as reported in Tab. 1.

Table 1: Numbers of main bifurcations for the subsets O, T, A, and B.

Tensile bifurcation Compressive bifurcation
O 0 0
T 1 0
A 1 2 bif. loads associated with 1°* mode
B 1 4 bif. loads associated with 1°* mode

In the following description of the bifurcation response, the terms ‘destabilization’ and ‘restabilization’
are introduced to respectively define a bifurcation load in compression representing a transition for the
trivial configuration to become unstable or to return to being stable for compressive loads at increasing
magnitude.

The g — f”(0) pairs, defining the boundary of each subset, represent the transition in the bifurcation
response. More specifically:

e the transition from subset A to O or 7 corresponds to the transition from the presence of a
destabilization pgf) and restabilization p&? load (belonging to the subset A) to a situation where
bifurcation is excluded. This occurs at the coalescence

i) = ke

®In the case when double restabilization may occur for a value of f”/(0), the nomenclature of the bifurcation

); (29)

loads pfig) and p,(;) is enhanced by introducing a subscript 1 or 2 to distinguish between the first and second
destabilization/restabilization loads. In order to simplify the presentation, this notation is preserved through a
continuation principle for the roots passing from a set of ¢ values where double restabilization is displayed to the
set of single restabilization, as illustrated in Fig. E}

10
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e the transition from subset A to B correspond to the transition from a pair of bifurcation loads
(pg;)7 p£2)> to two pairs (pl(jg)l,pfn;)l) and (pgl;)w pigé), all associated to the first bifurcation

mode in compression. This necessarily involves one of the following coalescences

P = o P =plh, or plh=pll). (30)

Defining the range of ¢ € (qq,¢s) limiting the B region, the bound values ¢, and ¢, are approximately
linear in the dimensionless profile curvature when this takes large negative values,

qa ~ 0.526 — 0.796 " (0), qp ~ 1.655 — 1.167f"(0), when f”(0) < —10. (31)

It is anticipated from Section that, considering also tensile buckling (occurring at pgf) > 0), the
set A can be divided into two pairs of subsets, so that when the load p belongs to one pair the trivial
configuration is stable, otherwise is unstable

if pe (—1,p7(£)> U (p;_),pgj)) = trivial configuration is stable,

(32)
if pe (p&?,pf[)) U (pE}H, oo) = trivial configuration is unstable,
while the set B can be divided into two triplets of subsets
if pe (—1,p7(n;)2) U (p((i;)z,pv(n;)l) U (p((i;)l,pgj)) = stable trivial conf.,
(33)

ifpe (pf;)Q,pfigg) U (pi,;)l,pfi;)l) U (pg;f), oo) = wunstable trivial conf.

The conditions of coalescence correspond to triplets of values for the parameters p, ¢, and f(0)
and can be visualized as a curve in a three-dimensional parameter space. To investigate coalescence in
a two-dimensional representation, Fig. |§| is introduced. In the upper part (on the left) of this figure,
all transitions between the different sets O, T, A, and B are reported in the ¢ — f”(0) plane as curves
drawn with different colours. The bifurcation load at which coalescence occurs is indicated with p* and
is reported in Fig. |§|at varying g (lower part, on the left) and at varying f”/(0) (upper part, on the right).
Note that in the former case f/(0) (in the latter case ¢) does not assume a fixed value, but varies.

A detail of the bifurcation p-g curves at fixed f”(0) = {—6,—15} is reported in the lower part (on
the right) of Fig. @ Here, occurrences of coalescence p = p* are marked with diamonds of the same
colour as the corresponding transition curve.

A comparison is presented in Fig. [7| between bifurcations calculated with two models of elastic rod,
namely, an inextensible Euler-Bernoulli rod, and the axially deformable rod investigated in this article,
both characterized by the same bending stiffness B and the latter investigated for constant values of
g = {0.5,10,400}.

The comparison is reported in terms of a dimensionless value of the axial load P, namely, pg =
PL?/(72B), reported as a function of the dimensionless radius of profile curvature at the origin 1/f”(0).

Note in the figure that: (i.) tensile and compressive loads are considered; (ii.) some modes higher
than the first are included (in light colour); (iii.) the response of the inextensible (extensible) model is
reported with a dashed (continuous) line; (iv.) the region p < —1, highlighted though a gray background,
should not be considered as the related compression level has no physical meaning.

From this figure, two main conclusions can be drawn:

e as the stiffness ratio ¢ increases (from left to right in the figure), the bifurcation behaviour of the
extensible rod converges to that pertaining to the inextensible one;

e in the figure on the left both models show a transition from a tensile to a compressive bifurcation
load (the latter terminates when p = —1) and other bifurcation modes are not available. Even
in both figures pertaining to ¢ = 10 and 400, and for both rod models, a tensile bifurcation load
becomes compressive at the point 1/f”(0) = 0. However, defined as the smaller (in absolute value)
load, the critical load evidences a jump at this point, because the continuation of the tensile critical
load prevails on a higher-order mode, which is critical for 1/f"(0) < 0.
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Figure 6: Upper part, left: Sets O, T, A, and 13 defined by the number of critical loads in compression (restricted
to first mode) and in tension, as described in Table Upper part, right and lower part, left: Coalescent
bifurcation load p* as a function of g (left, lower part) and of f”(0) (right, upper part), defining the different
boundaries between two of the sets O, T, A, and B. Lower part, right: Bifurcation load p versus ¢, evaluated for
two values of f”(0); here p* is marked with a diamond of the same colour as the corresponding transition curve.
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Figure 7: Comparison between tensile/compressive bifurcation loads pg = PL?/(n*B) for extensible (dashed
lines) and inextensible (continuous lines) rod models and for ¢ = {0.5,10,400}. The region shaded in gray
corresponds to p < —1, which has no mechanical meaning. Bifurcation loads corresponding to modes higher than
the first are drawn with lighter lines. As the stiffness ratio g increases, the bifurcation models converge. At the
transition point 1/f”(0) = 0 tensile instability turns to compressive and the critical load suffers a jump.

For completeness, the regions O, T, A, and B are also shown in Fig. [7] and these regions suggest the
following observations.

e The compressive critical load p((ig) for positive profile curvature f”(0) = f” is bounded as follows
(Fig. [6))

_ 1
P (fi.0) € [2,0] S (34)

o With reference to two values f! and f; of profile curvature at the origin f”(0), the following
inequalities hold for the critical loads in tension (Fig. @

fi <0 and f; < f) e pP e <o (e, Ya>0o, (35)

and in compression

L = i (e < oS (), (36)

where the definition of critical loads is extended to include cases in which bifurcation does not occur, by
assuming pgf) (f",q) = +oo for {f”,q} € O and pgl;)l (f",q) = —cc for {f",q} e OUT.
Asymptotic expressions for the bifurcation loads in the limit of vanishing profile curvatures, f”(0) —

0%, are reported in Appendix

Profile with curvature discontinuity at the origin. When the profile possesses a curvature
discontinuity at the origin, f” (0%) # f” (07), each part of the profile defines its ‘own’ critical loads in

tension pgj)( f"(0%), q) and in compression p((i;)( f"(0%), q). The tensile (compressive) critical load for
the structure corresponds to the smallest (the highest) load,

p&) = min [pﬁf)(f”(w), q), P57 (f(07), q)} >0,
(37)
pl) = max [pl) (£7(0%), @), S (F(07), )] <.

With the above premise, the design proposed in this article for the profile is based on the following two
requirements.
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e The first design requirement is a prescription that the shape of the profile that leads to a postcritical
behaviour in tension and in compression is of the type illustrated in Fig. so that in tension
pgr) = p(+ (f”7(07), ¢) and in compression pgﬁ) = p de. (f”(O‘*‘) q). From a kinematical point

of view, this requirement is equivalent to the prescrlptlon that bifurcation under compression

occurs with dy > 0 and under tension with dy < 0. When these conditions prevail, the following

inequality holds

A(p)dy(p) <0, (38)
and the critical loads become only functions of f”(0) and ¢
P =p(£7(07),q),  pS) =50 (17(0), q) - (39)
(+ (=)

e The second design requirement is that the values of the two critical loads per ) and Per’ must be

assigned as desired.

It is clear that the inequality imposes a restriction on the possibility to arbitrarily assign the
two critical loads. This restriction can be obtained as follows.

After the loads are assigned, it can be proven that a specific value of ¢ exists, say, ¢, for which the
critical loads are obtained with the same profile curvature at the origin, f”(07) = f”(07), say, f".

For ¢ > q the inequality fails, because

¢>q = f'(07)>f"(07) and pl) (£7(07)) >l ) (£7(07)) (40)

meaning that the rod buckles in compression (p < 0) with dy < 0, oppositely to what is assumed through

the inequality (38)). More specifically, for given values of P& and pl), the pairs {f", @} define the range

of values of f”(0%), f”(07) and q for which Eq. (38) holds as
7)< <o f0%), a<a (41)

Introducing the ratio A = —pcr /pcr , the parametric curves { f (pcr , ) . q (pg;), A)} are re-

ported in Fig. The points at the intersection between a (dashed) curve pertaining to a value of pﬁ:)
and a (coloured, solid) curve representative of a value of A lead the values of the pair f” and § reported
on the axes. Note that inside the gray zone in the figure bifurcation is excluded. The boundary of this
zone corresponds to the occurrence of coalescent bifurcation loads pc,«) = p*.

3.2 Stability of the straight configuration from small amplitude vibration analysis

The stability of the straight configuration can be assessed by analysing the nature of the frequency of the
time-harmonic small amplitude vibrations around the straight configuration. In particular, the presence
(or absence) of non-real eigenfrequencies defines the instability (or stability) of the straight configuration,
and the limit case of vanishing eigenfrequency would confirm the critical loads obtained from the quasi-
static analysis performed in Sect. With the purpose of studying the dynamic response of the system,
a linear mass density <y is considered for the rod, so that the Lagrangian £ of the system can be written

L 2 .2 L L L R
£:/ 7(X +Y>dS—/ E(9')2015—/ 552015—/ Nx {&' (1 + ) cost} ds
0 2 0 2 0 2 0

~ (42)
()}

where Nx, Ny, and Rx are Lagrangian multipliers (the first two representing the X and Y components
of the internal force, the last representing the X component of the reaction R at the pin on the curved
profile) and the dot over the functions stands for differentiation with respect to the time variable ¢. The

L
—/ Ny {f/' -1 +a)sin9} dS — PX(0) + Ry {)?(L) - L
0
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Figure 8: Parametric representation of profile curvature at the origin f” and stiffness ratio g defining the

limit parameters for which the two critical loads can be tuned separately. The intersection between (solid and

coloured) curves at different A = —pgj) /pg:) and (dashed) curves pertaining to pﬁ:) defines the corresponding

pair (f”, ). In the gray zone compressive bifurcation does not occur and its boundary corresponds to coalescent

bifurcation loads pﬁ:) =p*.

equations of motion can be derived from the principle of least action as
Ny =7 X,

Ny =7Y, (43)
B0" — (1 +¢)[Nx sinf — Ny cosf] =0,
Ke— Nx cos — Ny sinf = 0,

along with the boundary conditions

Nx(0)=P,  Nx(L)=Rx, Ny(L)=Rxf (@) . (44)

Considering small time-harmonic vibrations [10] around the trivial equilibrium configuration , the
relevant fields are assumed through the method of separation of variables as

R(S,1) =5+ (5~ 1) + X(5) e, P(5,0) = 7(8) i,

P 3 b 0 1w,
e(S,t) = e +&(S)e It’ 0(S,t) =0(S)e yt7 (45)
Nx(5,8) = P+ Nx(8) e, Ny (5,t) = Ny (8) e,

Rx(t)=P+ Ry eiwzt,

where w, and w, are the circular frequencies for axial and flexural vibrations, respectively, and functions
with an overbar denote functions of the spatial variable only. The amplitudes of the overbar functions
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are considered to be driven by a small positive parameter n, so that
|X| =~ |Y]| =~ |e| =~ |0] ~ |[Nx| ~ |Ny| ~ |Rx| ~n, n>n?. (46)

A substitution of the above expressions into Egs. and , by neglecting higher-order terms in
7, yields the following decoupled differential equations in the axial and transverse amplitude oscillations

X"(8) + wg% X(8) =0,
> 4 (47)
V(S) — (14 p)pa T V(8) = (1+ ) &2 T V() =0,
where - 54
o2 = 77‘:;[? @2 = 7:41’; , (48)
to be complemented with the boundary conditionsﬂ
X'(0) =0, X(L) =0, (51)
for axial oscillations, and
Y(0)=Y'(0)=Y"(L) =0,
v - @ T [P0+ 0 D0 v o 2

for transverse ones. Due to motion decoupling from Egs. , wy and w, are independent from each
other. Taking into account the boundary conditions (51), the integration of Eq. (47)); provides the axial

mode as g
X(S’):cos(ﬂ-ag ), (53)

where 1
@E:n—i, n €N, (54)

showing that the axial vibrations have always real circular frequencies w,. The transverse mode can be
obtained from integration of Eq. (472 as

- A A A A
Y(S)=0C cos(ﬂgs) + Cy COS(W£S> +Cs sin<7T£S) +Cy sin<7r 25) , (55)

L

where

1+ "
A1,2=\/2p \/—pqi\/(pr)2+4w§, (56)

and Cp, Cy, Cs, and Cj are the coefficients defining the transverse shape. The homogeneous linear
problem in the coefficients C; (j = 1,...,4), obtained by imposing the boundary conditions (52)) to
the transverse shape, Eq. 7 represents an eigenvalue problem where djg is the eigenvalue and the
coefficients C; define the eigenvector. In the present problem, it is found that an infinite set of @5 values
exists, where each value is related to a specific transverse mode, and that these values are real numbers.
Therefore, it can be concluded that:

5The expansion of Eq. truncated to linear terms in Y (L) is
X(L) = Lf(0) + ' (OY (L), (49)
which, under the considered assumption f’(0) = 0, reduces to
X(L) = Lj(0), (50)

implying the boundary condition (51))2.
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Figure 9: Smallest eigenvalue &; = yw;L*/(n*B) for f”(0) = —6 when the dimensionless applied load p is
varied. Two stiffness ratios are considered to analyse the stability in subset A (left, ¢ = 6.5) and subset B (right,
q = 8.5). Stability (or instability) of the straight configuration corresponds to positiveness (or negativeness) of
the smallest eigenvalue &7. Restabilization (left) or double restabilization (right) is found.

o if the smallest eigenvalue @ is positive (min[w?] > 0), the trivial configuration is stable because
all the eigenmodes have real circular eigenfrequency wy;

o if the smallest eigenvalue @2 is negative (min[w2] < 0), the trivial configuration is unstable because

at least one of the eigenmodes has an imaginary circular eigenfrequency w, (corresponding to a
divergent oscillation);

e if one of the eigenvalues (2)5 vanishes, the trivial configuration is at the transition between the

two previous cases for the specific eigenmode. This condition is the dynamic counterpart of the
previously analysed bifurcation for quasi-static deformationm

As example, the smallest eigenvalue d}g is reported as a function of the dimensionless load p in Fig. EI, for
f”(0) = —6 and two different stiffness ratios, ¢ = 6.5 (left) and ¢ = 8.5 (right), representative of sets A
and B, respectively. Load ranges realizing stable (unstable) trivial configuration, and corresponding to
positive (negative) smallest eigenvalue &7, are highlighted as white (gray) regions. These plots confirm
the dimensionless load ranges corresponding to stable and unstable straight configuration as expressed
by Eq. for set A and by Eq. for B, and the associated restabilization and double-restabilization
phenomena.

4 Analytical solution for the nonlinear kinematics of the structure

As the rotation and deformation may reach large values in the post-critical response, the nonlinear
problem defined by Eq. is investigated as two decoupled problems. The first is the underlying
problem of the deformation of the extensible elastica, while the second is the satisfaction of the boundary
condition for the right end that is constrained by the curved profile.

For the extensible elastica, the closed-form solution for a cantilever beam with a force imposed at
the free end provided in [4] is exploited. In particular, this solution, based on Jacobi elliptic functions as
an improvement over the elliptic integral approaches considered before , is specialized
to impose the constraint expressed by Eq. @

"The equation of motion (47)2, in the case when QZ = 0, is equivalent to the bifurcation equation , obtained
for quasi-static deformation. These two just differ in the reference kinematic field, corresponding to ?(S) in
dynamics and 0(S) for quasi-static deformation. These are related to each other through Y'(S) = (1 + p) 6(S)
under the small rotation assumption.
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4.1 General solution for a cantilever beam with a force imposed at its end

The closed-form solution for a cantilever beam with a concentrated load at the free end has been derived
by Batista [4]. This solution is exploited here in the case of unshearable rod (parameter v = 1 in [4])
and by considering that the concentrated load is provided by the reaction force of the profile, having
magnitude R > 0 and inclination o € [—m, 7] as reported in Fig.

Introducing the following non-dimensional parameter

RL K A S

2

= = L — —

= A \/; =1 (57)
the rotation 6(S) and strain e(S) fields are given by

WOSECR | o (s = Leos@($) 1) ()
\/1+m20n2(ﬁ5+07’f)

0(S) = 2arcsin |k

where
p2k2
9 2 p2(2k2 - 1) =y kP4 m?
— , — 14 5= 7 k= ————. 59
e ) R e 1+ m? (59)
a2

The integration of the kinematic fields 1 through Eq. @ provides the position of the rod, in the
rotated reference frame, at the curvilinear coordinate S as

_ W J(ER) VYo gsh o) - uC
z(S) = p2{<K(%) 2>pS+Z(pS+C7k) 7(C, k)

o lsn(ﬁg +C, k) en(pS + C, k) dn(pS + C, k) sn(C, k) en(C, k) dn(C, k)

14+ m2cen2(pS + C, k) 14 m2cn2(C, k)

} L (60)

2kpv1+m?

2

en(CL k) B en(pS + CL k)
14+ m2en2(C k) 14+ m2en2(pS + C,k)

y(S) =

)

while the rod’s curvature x(S) = 6'(S) follows as

_12pkVI+mPen(p S+ C k)

k(S - =
(5) L 1+m2en2(pS+C,k)

(61)

In the above equations, K and E are the complete elliptic integrals of the first and second kind, Z,
sn, cn, dn are Jacobi elliptic functions, and C' is the constant of integration that can be found by
imposing the boundary condition of zero bending moment, equivalent to null curvature, at the free end,
0'(L) = w(L) = 0.

From the boundary condition of null rotation at the clamp, 6(0) = 0, the following equation is

obtained -
sn(C, k) a

k — —sin - =0, (62)
14+ m?2cen?(C,k)

2

to be solved for the value of k. The boundary condition at the right end k(L) = 0 yields a formula for C'
C=—-p+©2n-1)K(k), neN, (63)

where n is the mode number. Once k is determined, the coordinates of the curve in the rotated reference
frame x — y can be evaluated from Eq. , and those in the reference frame X — Y, moving with the
sliding clamp, follows as

X(S) =x(S) cosa+y(S) sina, Y(S)=—=z(5) sina+y(S) cosa. (64)

8Tt should be noted that here the symbol p is used instead of w used originally in [4] in order to not create
confusion with the analogous symbols used to denote the angular frequencies in Sect. @
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Finally, recalling from Eq. that
X(L) =dx, Y (L) = dy, (65)

these two quantities can be expressed as a respective function, Gx and Gy (for conciseness not explicitly
reported here), depending on the angle o and the reaction magnitude R,

dX = gx(a,R), dy = gy(Oé,R). (66)

Because (L) = 0, the parameter k can be related with the rotation of the beam at the free end 6, = 6(L),
by evaluating at S = L, through the following formula

0
k = sin L;O‘. (67)

4.2 Imposition of the curved profile constraint

The general solution for a cantilever beam recalled in the previous section is now considered as having
unknown reaction force R and angle a. Because the load P is imposed at the sliding clamp, equilibrium
implies the following relation between the angle o € [—m, 7] and the positive reaction force R

P =R cosa. (68)

Due to the absence of friction, the reaction force R is perpendicular to the constraint profile, relating «
with the vertical deflection of the free end of the cantilever beam dy ag’|

a = arctan < 7 <d5>) + gu — sgn(P)). (69)

Considering Eq. , relation can be rewritten as

dX:gX<047 P >, dY:gY<a7 P )a (70)

COos «x COs «x

and, since the angle « is related to dy through Eq. 7 Eq. 2 provides a fixed-point recursive
relation for the value of dy .

The nonlinear equilibrium configurations can be obtained by solving a reverse problem, where the
displacement A is imposed while the load P is unknown. In this way, Eqs. (9, (70), and provide a
system of three nonlinear equations in the three unknown parameters P, 0, and dy to be solved for a

given A value
P
ox(os) 2 [ ()] 20
cos o L

P
Gy (a, cosa) —dv =0, (71)

sn(C, k)
14 m2cn2(C, k)

e
—sin— = 0.

2

Due to the nonlinearity of system , none, one, or multiple non-trivial equilibrium configurations
can be obtained for a given value of the end displacement A.

9The definition for the angle « is introduced to ensure positiveness of the profile reaction, R > 0,
independently from the sign of the applied load P. Moreover, the restriction R > 0 is also needed to exploit the
solution obtained in [4].
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4.3 Symmetric profile

Reference is made to a parabolic constraint profile (symmetric about the X —axis) and described by

1
=1+ (72)
where ¢ = Y/L.

The equilibrium paths in terms of load p as a function of the clamp displacement A/L, rotation 6y,
and vertical coordinate dy /L of the end of the rod are shown in Fig. [10|for f”(0) = —10. Two different
values of ¢ are considered, ¢ = 8.4 and ¢ = 10, corresponding to a single and a double restabilization,
respectively. Stable and unstable configurations are distinguished through continuous and dotted lines,
respectivelym Restricting attention to non-trivial configurations, the force-displacement diagrams reveal
one stable non-trivial configuration (highlighted with red lines) and, as a result, the system is bistable.
Because none of the non-trivial bifurcation paths (highlighted with green dotted lines) is stable in com-
pression, the loss of stability at these bifurcation points realizes a ‘snap’ motion towards the non-trivial
stable configuration, as shown by the arrows in Fig. Moreover, since f”(0) is negative, a tensile
bifurcation exists. The non-trivial path (highlighted with purple lines) at the tensile bifurcation is found
to be stable.

4.4 Skew-symmetric profile with discontinuous curvature at the origin

A profile, skew-symmetric about the X —axis, is considered as

"(0)
f(£)=1+T§I£\, (73)
displaying a discontinuity in the profile curvature at the origin,
f707)=—f"(0%). (74)

For this system, attention is restricted only to the continuous stable path in terms of p ¢—A/L, reported
in Fig. for ¢ = {4,30} and f”(0%) = {2, 10}. It can be noted that, although the profile shape is
skew-symmetric about the X —axis, the force-displacement curve does not evidence any symmetry, except
along the trivial branch before bifurcation. In fact, the post-buckling behavior of the system depends
not only on the constraint shape but also on the signs of the profile angle f'(£¢) and curvature f” ().

5 Optimization of the profile shape for a design force-displacement curve

The developed theoretical framework is exploited here to design a device displaying a prescribed force-
displacement p — A/L curve. The structure displays a linear elastic range, limited within the tensile/-

compressive bifurcations, p = A/L € [pgf), pgj)}, defined by Eq. . The design force-displacement
curve is assumed to be characterized as

A A _

=2 =2 (=)

p <L>a L <pCTa

AN A A (=) ()
p(L>— A Z €l (75)

A A

+H (2 =2 (+)

p (L)7 L >pCT7

where p(*)(A/L) and p(~)(A/L) define a target behaviour to be displayed after bifurcation, tensile and
compressive, respectively, and satisfying the continuity condition

p(*) (pﬁ?f)) = i, (76)

108tability character of the non-trivial configurations and snap motion towards them have been assessed through
the numerical solution of the nonlinear dynamic equations (43]) and (44)).
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Figure 10: Post-critical behaviour in terms of dimensionless force p versus different measures of structural
deformation: clamp displacement A, right end rotation 6; and vertical displacement dy. f”(0) = —10 and
q = 8.4 (upper part) and ¢ = 10 (lower part). Some stable and unstable deformed configurations are shown for
specific non-trivial states in the central part.
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Figure 11: Force (pq = PL?/(n?B)) — displacement (A/L) diagram for a structure with ¢ = 4, 30 and skew-
symmetric profile defined by Eq. with f” (07) = 2 (left) and f” (07) = 10 (right). The deformed shapes
shown in the inset correspond to the pg—A/L pairs highlighted with a circle (with corresponding colour) on the
non-trivial path.

Considering that the two critical values are independent of each other, a discontinuous profile cur-
vature at the origin is needed to control independently these two thresholds as related to the tensile and
compressive loading branches of the structure. As previously shown, the stiffness ratio ¢ and two profile
curvatures at the origin f”(07) and f”(07) have to lie within the ranges provided by Eq. (4I).

The post-buckling displacement A is discretized in the two sets Agi), characterized by N dis-
cretization points (i = 0, ..., N(¥)), satisfying

N R N N B PN NN (77)

Considering the profile as the union of two parts differing in the sign of Y, the dimensionless coordinate
Y/L is discretized through the unknown points fi(i), corresponding to Agi), where

5 _ ot m‘ > ‘5 +e®) 5 o, (78)
The profile shape is discretized as
14l Zhgﬂ (62 ) 4 2h& (e- @) ee[e®. @], )
where h(E) i+1 1s the piecewise constant profile curvature value,
frO=hi,  ge (€. €h), (80)
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In order to achieve the target force-displacement curve, a fitting loop is devised. The algorithm
initiates with ¢ = 0 and is repeated for increasing values of i. After selecting the stiffness ratio ¢ of the

rod, the generic unknown point fl(ﬂ and corresponding profile curvature value hgﬂ can be found through

a solution of the nonlinear system 1) by imposing Agﬂ and prescribing the force p in agreement with
the target response, Eq. , as

Agi) Agi)
oSk aint) - o0 (22). s)

It is worth noting that the profile optimization can be unsuccessful at a specific value of A for the
following issues.

Issue 1 — A too stiff response is requested. Indeed, the target force-displacement curve p(*) (A/L) has its
first derivative bounded from above by the maximum post-critical stiffness ratio kmax € (0,1)

a1
dp*)(A/L)

d(A/L)
because a unit value would correspond to the stiffest behaviour given by the purely axial state,

which is instead weakened in the post-critical region by flexure. It is also observed that high
values of ¢ and Y define small maximum post-critical stiffness ratio kpax;

< Ko (q, ?) , (83)

Issue 2 — The elastica is unstable. Although a profile shape is found, the involved equilibrium configu-
ration of the rod may become unstable. In particular, the stable/unstable response is affected
by the prescribed boundary condition, namely, it may change whether displacement A or load
p are imposed;

Issue 3 — A force reversal [6, 9, |11] is excluded. Because the profile shape is described via the horizontal
coordinate X through the function f(}/}/ L), Eq. , the present formulation cannot be

exploited to realize force reversals (p changing sign at a given end displacement A # 0).
Therefore, the target response is subject to the following constraint

+p® > 0. (84)

In the limit condition given by p = 0, the optimization procedure fails providing f’ — oo,
because the only possible equilibrium configuration is realized for a reaction inclination angle
a==+7/2.

While the first two issues above are inherent to the considered model and cannot be avoided, the
latter restriction can be overcome through a parametric planar description of the profile curve, as for
example describing the profile as X (o) and Y (o) through a parameter o.

In the following, examples of application of the optimization algorithm are presented by considering a

uniform spacing AL - A = (A% = AFY) /N in the discretization, with N = 120, AJY = 2L.
The following examples are also complemented by movies (available as electronic supplementary ma-

terial) showing the theoretical behaviour of the structure optimized to display specific force-displacement
curves.

5.1 The design of an elastic force-limiting device

In an ideal force-limiting device, the force P is expected to be initially linear with the displacement A,
up to a threshold value at which the bifurcation occurs. Subsequently, the force is requested to remain

" The profile can be designed for realizing a post-bifurcation response with incremental negative stiffness,

dp™ (A/L)

1(A/L) <0, (82)

a concept under research for applications in vibration isolation and seismic engineering; see e.g. |2} 24, [32} 45].

23



Published in European Journal of Mechanics - A/Solids (2022)
doi: https://doi.org/10.1016/j.euromechsol.2022.104745

constant (or slightly raise in its absolute value) at a further increase in the displacement magnitude, up
to a point where the structure locks and the stroke of the device is attained. In practice however, a small
increase in the force magnitude after buckling is desirable, to facilitate the return of the device to its
initial configuration at unloading and to avoid snap motion due to negative stiffness. By excluding for
the moment the final locking part, this behaviour can be described in mathematical terms as a symmetric
bilinear force-displacement curve, namely, Eq. with p given as

A A
H( =, — 4. =
P (L y Pers T) Der + 1 (L :chr) ) (85)

where 7 is the bilinear stiffness ratio, relating the incremental constant stiffness in the post-buckling

regime to that characterizing the structure before bifurcation (therefore enforced by Eq. tor <

kmax < ]-), and Per = pg"‘—) - _pé:)

The constraint’s profile, which realizes a certain designed force-displacement behaviour (defined by
per and 1), is not unique, rather, various shapes of the profile, realizing the target post-buckling behaviour
pE), can be found using the algorithm described in the previous section as a function of g.

A number of constraint’s profile shapes are shown in Fig. for p., = {0.01,0.05,0.3} (from top to
the bottom). The same force-displacement behaviour (reported in the insets) is obtained by changing
¢, assuming 2 pairs of values reported in each diagram. Profile shapes with different colours correspond
to different values of bilinear stiffness ratio r = {—0.01,0,0.01} (top), » = {—0.04,0,0.04} (middle) and
r ={-0.35,0,0.35} (bottom).

Restricting attention to a null bilinear stiffness ratio, r = 0, the profile shapes are shown in Fig.
for pe, = 0.01 (top left), por = 0.05 (top right), and p.. = 0.3 (bottom), for different values of the
stiffness ratio q. The force-displacement diagrams are reported in the insets.

In both Figs. and some of the profile shapes and the corresponding load-displacement curves
are ended with a marker (a cross or a circle). This marker shows the point where the optimization
algorithm fails to converge because the target stiffness is too high (Issue 1, marked with a cross), or
because a force reversal is found (Issue 3, marked with a circle). It should be noted that the blue curves
in Fig. show negative stiffness and therefore are unstable for imposed load p.

Also, small values of ¢ provide smoother profiles than those obtained for large q. Moreover, small
values of ¢ lead to a large stroke, defined as the greatest displacement A reached with the device, see
Fig. [[3] showing that rod’s extensibility facilitates the profile optimization. It is noted that small values
of g can be obtained by using elements such as those described in Sect. [I.D] On the other hand, rods
that are inextensible (¢ — 00) could be used to achieve the same effect, although inextensibility reduces
the performance of the device.

For the practical realization of a force-limiter, a secondary increase in the stiffness has to be in-
troduced in order to achieve a smooth transition to a maximum allowable displacement Amax. This
secondary increase in the stiffness can be achieved by modifying the final part of the profile shape. An
example for p.. = 0.01, ¢ = 10, r = 0, and locking starting at A/L = +0.73 is shown in Fig. along
with the profile shape and the deformed configuration at A/L = +{0.1,0.2,0.8}.

5.2 Profile shape for complex force-displacement curves

To show how far the present framework can be exploited to design constraint’s profiles imposing highly
complicated load-displacement curves, the present analysis is concluded by finding the profile shapes for
a sinusoidal post-critical response (with constant average load),

A A
p(i) (L;pcr7 a, b) = ipc’r + asin |:27Tb (L :chr):| (86>

and for a triangular post-critical response (with non-constant average load),

(A A A A 1
p - 3Per, T1, T2, C :ipcr+rl — F Der | F72 |C f:chr —|C f:':pcr +§

L L
with the symbol |-] standing for the integer part of the relevant argument. Both the above design post-
critical responses define a multistable element, where more than one stable displacement A exist at a
given load p.
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Figure 12: Profile’s shapes realizing a symmetric bilinear force-displacement p— A curve (shown in the insets)
with pe. = {0.01,0.05,0.3} (from top to the bottom) for three different values of the bilinear stiffness ratio
r = {-0.01,0,0.01} (top), r = {—0.04,0,0.04} (middle) and r = {—0.35,0,0.35} (bottom). Crosses and circles
denote the points where the design p — A fails, putting out-of-service the device.

The profile shape for the sinusoidal response with @ = 0.05 and b = 2 is reported in Fig.
(upper row) while that for the triangular one with r1 = 0.05, ro = 0.1, and ¢ = 2 in Fig. (lower
row). Two values of critical load are prescribed, p., = 0.1 (left) and p., = 0.2 (right), while the stiffness
ratio assumes three values, ¢ = {0.5,1,2}. Similarly to the bilinear post-critical response, also for these
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Figure 13: Profile’s shapes realizing a symmetric bilinear force-displacement p — A curve with null bilinear
stiffness ratio (shown in the insets), » = 0, for pe, = 0.05 (top left), per = 0.05 (top right) and per = 0.3 (bottom).
Crosses denote the points where the design p — A fails, putting out-of-service the device. Note that small values
of ¢q extend the range of displacement for which the designed response is displayed.

other two cases, it is evident that the profile shape becomes smoother and can be defined for greater A
and for small values of q.

6 Conclusions

The extensible elastica has been analytically solved with an end constrained to move along a curved
frictionless profile (with or without a discontinuous curvature value in correspondence of the straight
configuration). The solution for the full non-linear structural response has revealed the following features.

e The values of profile curvature at the origin f”(0) and of axial/flexural stiffness ratio ¢ have
a significant effect on the existence, number, and value of the bifurcation loads, which may be
compressive or tensile;

e When bifurcation in compression occurs, the system may display a single or a double restabilization
of the straight configuration (occurring at large compression, depending on f”(0) and q).

An optimization algorithm has been proposed for the design of the profile shape, to obtain a pre-
scribed post-critical response. The optimization algorithm was positively tested to realize a large variety
of load-displacement curves (bilinear, sinusoidal, triangular), useful for applications as force-limiter or
other passive mechanisms.
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Figure 14: Constraint’s profile shapes optimized for realizing (above) a sinusoidal force-displacement response,
Eq. , with @ = 0.05 and b = 2 and (bottom) a triangular response, Eq. , with 71 = 0.05, 72 = 0.1, and
¢ = 2. Critical load is per = 0.1 (left) and per = 0.2 (right). Different shapes are reported for different values of
the stiffness ratio q.
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A Examples of one-dimensional structures displaying small values of stiffness ratio
q

To further substantiate the examples introduced in Sect. [I.I] a stiffness ratio evaluation is provided.
The evaluation is based on the shear stiffness Ky, axial stiffness K, (corresponding to K in the main
text), and bending stiffness B of the Reissner beam equivalent to a helical spring [23]
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(A1)

where E is the Young’s modulus, G the shear modulus, [ is the moment of inertia of the wire cross-
section with respect to the radius of the spring coil passing through the centre of the cross-section, I
is the moment of inertia of the wire cross-section with respect to the axis perpendicular to the radius
passing through the centre of the cross-section, I is the torsion constant, L is the length of the spring,
D is the coil diameter, and n, is the number of (active) coils.
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Figure A.1: A rectangular wire helical spring realizing an equivalent one-dimensional rod with very small ratios
between axial and bending/shear stiffnesses.

The dimensionless axial stiffness parameter ¢, (corresponding to ¢ in our manuscript) and shear
stiffness parameter ¢, are introduced as

K,L? K,L?
a fr— 701 ; s = 78 3 A.a2
%= 355 6= 55 (A.2)
which reduce for a helical spring to
4 2 GIr\ [ L\? . 2FI, _ .
spring __ % 1 - spring __ bprlng' A
a 772 ( + EI) <D) ) qs GITQa ( 3)
Interestingly, the ratio between the two stiffness ratios is given by
quring _ GIT (A 4)

PO
We are now in a position to quantify the value of ¢ for the two cases below.

A.1 Rectangular wire helical springs

For a rectangular wire of edges a and b, as illustrated in Fig. the moments of inertia are given by

ab® a’b
=" I, = —, A.
127 12 (A-5)
and, in the considered case a > b the torsion constant by
b b\°| ab?
Ir~ |1—0.63- +0.052 () ] @ (A.6)
a a 3

Considering a steel spring (F = 2.6 G, with G being the shear modulus) and characterized by L = 5D
(similarly to examples reported in 39)), the stiffness ratios ¢i*'"¢ and %P are shown in Fig.
as increasing functions of the aspect ratio a/b of the rectangular cross section.

Finally, considering for example an aspect ratio a/b = 8 and setting the height b of the wire such
that the ratio between b and the pitch of the coil is 1/20, the corresponding spring (shown in Fig. [A.1])
can be compressed up to 95% of its undeformed length and is characterized by the two following stiffness
ratios

g = 122510, g™ = 1.103- 10%, (A7)

providing values for an equivalent rod with negligible shear effects and that could be modelled as the
extensible elastica.
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Figure A.2: Semi-logarithmic plot of the stiffness ratios ¢iP""& and ¢P"'& for a rectangular wire helical spring,
as functions of the aspect ratio a/b of the rectangular wire cross-section with L/D = 5 (reported in Fig. for
a/b=8).

A.2 Composite rod-spring element

A helical spring is considered to contain a coaxial elastic rod, as shown in Fig. [A:3] While one end
of the spring is fixed to the corresponding end of the rod, the remaining part of the spring can slide
without friction along the rodlEl Assuming that the spring and the rod react in parallel, the shear and
bending stiffnesses of the equivalent one-dimensional element, working as an axially-deformable elastica,
are simply the sum of that of the spring and of the rod, namely

Ks _ K;Od + I(zpring7 B = Brod + Bspring’ (A8)

12 Although frictionless, the moving boundary problem realized through the relative motion of the spring with
respect to the rod may realize configurational forces, whenever a non-null rod’s curvature is displayed. Never-
theless, due to their higher-order character, such configurational forces do not affect the buckling analysis and
therefore can be neglected . This implies that the double restabilization feature is not compromised, so that
only the post-buckling response changes.

* /_ I(spring ]&’spring Bspring
a ’ s ’

* I tK;od, K;od7 Brod

Figure A.3: A one-dimensional element working as an axially-deformable elastica, characterized by high shear
stiffness ratio gs but low axial stiffness ratio g,, obtained as an elastic rod inserted within a helical spring. The
spring can slide along the rod so that the latter does not contribute to the axial stiffness of the structure.
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while, considering that loads are applied on the spring, the equivalent axial stiffness coincides with that
of the spring because of its frictionless sliding along the rod,

K, = Ksprine, (A.9)

It follows that the axial stiffness can be tuned independently of the bending and shear stiffnesses, to
attain (almost) any pair of desired stiffness ratios ¢, and gs.
As an example for a round wire spring, the axial, shear and bending stiffnesses are given by

4 4 4
Kspring _ Gd'L spring __ Ed°L spring __ Ed°L (AlO)
' Sn DT Sna D (14 EZ\nD
2G)
and for a circular rod of diameter D™9 as
el Drod 2 E Drod 4
K;Od — ™ ( ) ; Brod — m ( ) , (All)
37 64

where for simplicity the rod and the spring have been considered as made up of the same material
(differently, the selection of a material for the rod stiffer than that constituting the spring, £ > Espring
further facilitates satisfaction of the inequality ¢, < ¢s with ¢, =~ 10). The stiffness ratios of the
equivalent one-dimensional element become

e d 4 L 3
qaiﬂanaEB D D)’

=75 (5) [ (5) (5) 5 (%)
e W 6

(A.12)

where

1 _
*t36

The stiffness ratios described by Eq. are shown in Fig. as monotonic increasing functions
of the ratio L/D, by assuming d/D = 0.1, D*4/D = 0.8 and the pitch of the coil has been selected in
order to have 95% maximum compression with respect to the undeformed length. Finally, assuming for
example L/D = 50, the stiffness ratios are

fo=1.211-1071, qs = 2.107 - 103, (A.14)

corresponding to values of an equivalent rod with negligible shear effects and that could be properly
modelled through the extensible elastica considered in the present paper.

B Asymptotic behaviour of bifurcation load for vanishing profile curvature at the
origin
Asymptotic expressions for the bifurcation load in the limit of vanishing profile curvature at the origin

can be obtained by solving the first-order expansion in f”(0) — 0% of Eq. (26). It follows that the
critical load under tension has the following singular asymptot

)
/4

Concerning the bifurcation loads under compression, p € (—1,0), the asymptotic behaviour determines

the presence of two critical loads (corresponding to destabilization and restabilization of the trivial

Ii (+) — _
froymo-Per 17(0)

(B.1)

13The asymptotic expression (B.1]) also holds for p within the (meaningless) range (—oo, —1]U [0, 00), as it can
be appreciated from Fig. @
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Figure A.4: Semi-logarithmic plot of the stiffness ratios g, and gs for a composite rod-spring element (Fig.
IA.3) as functions of L/D.

configuration) for a number N of critical modes depending on ¢g. The asymptotic expression for the
destabilization pg;)[n] and restabilization p,(;)["] loads, pertaining to the n-th mode, results to be a finite

value independent of the sign of the profile curvature

- in . _ i 1 —1—4n —4n? +
pO P! 1} — lim {pfie”"],pie” 1} =3 <1i Vv q) (B2

lim {
F(0)—0+ F(0)—=0~ V4

where the number N of existing critical modes is given by

N:max{{ﬁz_lJ ,0}, (B.3)

with the symbol |-| standing for the integer part of the relevant argument.

It is interesting to note that in the limit of f”(0) — 0% the structure reduces to an extensible rod
connected to a sliding clamp on its left end and with the right end constrained only in the horizontal
direction. In this case, the tensile bifurcation load approaches infinity (p&j) — 00), so that tensile
buckling is excluded.

Finally, the compressive bifurcation loads in the inextensible limit (¢ — oo0) match those pertaining

to a cantilever Euler beam (with clamped-free boundary conditions),

. (M _ (2n + 1)27(23
P {P de } - a2z (B-4)

while restabilization does not occur because the corresponding load assumes a negative infinite value

lim {P§;>[nl} = —. (B.5)

q—o

As an example, the bifurcation conditions for the dimensionless load pg with varying the dimensionless
radius of profile curvature 1/f”(0) are reported in Fig. for ¢ = 10 (left) and for ¢ = 400 (right).
It can be appreciated that the asymptotic behaviour (drawn as dashed lines) for 1/f”(0) — +oo is
symmetric in the range p € [—1,0], as predicted by Eq. , and that only one asymptote exists for
1/f"(0) — —oo for positive p, as predicted by Eq. .
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q =400

Figure B.1: Bifurcation dimensionless load pg = PL?/(n?B) as a function of the dimensionless radius of
profile curvature at the origin, 1/f"(0), for fixed values of ¢, (g = 10 on the left and ¢ = 400 on the right). The
asymptotic behaviour, Egs. (B.1)) and (B.2)), is represented by dashed lines.
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