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Abstract

An elastic rod, straight in its undeformed state, has a mass attached at one end and a variable length, due to a
constraint at the other end by a frictionless sliding sleeve. The constraint is arranged with the sliding direction parallel to
a gravity field, in a way that the rod can freely slip inside of the sleeve, when the latter is not moving. In this case, the
free fall of the mass continues until the rod is completely injected into the constraint. However, when the sliding sleeve
is subject to a harmonic transverse vibration, it is shown that the fall of the mass and the rod injection are hindered
by the presence of a configurational force developing at the sliding sleeve and acting oppositely to gravity. During the
dynamic motion, such a configurational force is varying in time because it is associated with the variable bending moment
at the sleeve entrance. It is (experimentally, analytically, and numerically) demonstrated that, in addition to the states
of complete injection or ejection of the elastic rod (for which the mass falls down or is thrown out), a stable sustained
oscillation around a finite height can be realized. This ‘suspended motion’ is the signature of a new attractor, that arises
by the constraint oscillation. This behaviour shares similarities with parametric oscillators, as for instance the Kapitza
inverted pendulum. However, differently from the classical parametric oscillators, the ‘suspended’ configuration of the
rod violates equilibrium and the stabilization occurs through a transverse mechanical input, instead of a longitudinal one.
By varying the sliding sleeve oscillation amplitude and frequency within specific sets of values, the system spontaneously
adjusts the sustained motion through a self-tuning of the rod’s external length. This self-tuning property opens the way
to the design of vibration-based devices with extended frequency range.
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1 Introduction

The Kapitza inverted pendulum is a famous example of a parametric oscillator showing that an unstable equilibrium config-
uration for a rigid and movable structure can be dynamically stabilized through a controlled time-harmonic vibration, acting
at the basis of the pendulum and aligned parallel to the gravity [9]. The aim of the present article is to disclose how a similar,
but more complex, phenomenon can be displayed by a variable length elastic structure through a controlled time-harmonic
vibration orthogonal to the gravity direction. In particular, an elastic flexible rod is arranged in a sort of inverse pendulum
configuration (Fig. left), where the lower part is constrained by a (frictionless) sliding sleeve and the other end has a
lumped mass attached. In the presence of a gravitational field and in the absence of any disturbance, including any motion
of the constraint, the free fall motion would occur for the mass through the injection into the sliding sleeve of the rod,
remaining undeformed. Therefore, contrary to the Kapitza pendulum, the straight upward configuration never represents an
equilibrium configuration. Despite this difference, it is shown that a transverse time-harmonic oscillation of the sliding sleeve
may generate a stable periodic or quasi-periodic motion around a finite value of the external length of the rod. In practice,
this is displayed as a ‘mass swinging suspended in the air’, as experimentally demonstrated through the photo sequence
reported in Fig. (right). Noteworthy, the imposed constraint vibration is transverse to the gravity direction, marking
another difference with respect to the Kapitza pendulum, where the vibration is instead parallel.

The sustained motion shown in Fig. [1] (right), which is theoretically, numerically, and experimentally demonstrated in
the following sections, is made possible by the elastic flexibility of the rod, so that it would be impossible to be observed in
a rigid system such as the Kapitza pendulum. More specifically, when constraining a flexurally deformed rod, the sliding

*Corresponding author: francesco.dalcorso@unitn.it



10

oo

000

O

N

HiEEN



	Introduction
	Experimental evidence of sustained motion and self-tuning of the oscillating rod
	Mechanical modeling and average external length 
	Nonlinear equations of motion
	Analytical periodic oscillation through asymptotic expansion

	From periodic to quasi-periodic response
	Experimental setup and validation of the self-tuning external length value
	Conclusions
	Asymptotic solution under regimes for which ||||2
	Regime  ||||2
	Regime  ||||2


