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a b s t r a c t

The effect of eddy current damping on a novel locally resonant periodic structure is in-
vestigated. The frequency response characteristics are obtained by using a lumped para-
meter and a finite element model. In order to obtain wide band gaps at low frequencies,
the periodic structure is optimized according to certain constraints, such as mass dis-
tribution in the unit cell, lower limit of the band gap, stiffness between the components in
the unit cell, the size of magnets used for eddy current damping, and the number of unit
cells in the periodic structure. Then, the locally resonant periodic structure with eddy
current damping is manufactured and its experimental frequency response is obtained.
The frequency response results obtained analytically, numerically and experimentally
match quite well. The inclusion of eddy current damping to the periodic structure de-
creases amplitudes of resonance peaks without disturbing stop band width.

& 2016 Elsevier Ltd All rights reserved.

1. Introduction

The frequency ranges, in which propagation of acoustic or elastic waves are hindered, are called phononic band gaps [1–
5]. Various methods can be used to generate phononic band gaps. In Bragg scattering method, the interference of the
incident and reflected waves attenuates the energy of the propagating wave to create phononic band gaps [6,7]. In inertial
amplification method, the wave propagating medium's effective inertia is amplified via embedded amplification mechan-
isms [3,6,7]. In local resonance method, when the frequency of the incident wave upon the periodic structure is close to the
resonance frequency of the resonators, the wave energy excites the resonators and wave propagation is hindered. As a
result, a band gap is formed around the resonance frequencies of the local resonators [8–13]. When there is no damping in a
locally resonant structure, deep anti-resonance notches can be observed in its frequency response function enabling ex-
cellent vibration isolation around these frequencies [14]. However, in an undamped structure with local resonators, sharp
resonance peaks are observed. Consequently, if the structure is excited around these frequencies, large undesired ampli-
fications can be seen.

Former studies have considered the effect of damping in lattices with local resonators [15–17]. Generally, viscous damping is
investigated in these studies. In this paper, eddy current damping will be included to the local resonators in a periodic structure
with the aim of decreasing the amplitudes of the resonance peaks while preserving a deep and wide stop band.

Eddy currents are created when a non-magnetic conductor is moving in a region imposed upon a stationary magnetic
field or when a time varying magnetic field has an impact upon a stationary non-magnetic conductor. According to Lenz's
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Law, eddy currents circulating in a conductor create their own magnetic field. As a result, a resistive force which opposes the
motion of the moving part is created. When vibration between a conductor and a magnet is considered, a damping force
proportional to the velocity of the vibration is generated and this is called eddy current damping [18–25].

Both viscous and eddy current damping forces are proportional to the velocity of the vibration. Therefore, mathemati-
cally these two damping mechanisms are equivalent. However, when the physical structure of these dampers are con-
sidered, one can see that eddy current damping offers certain advantages. In viscous dampers, generally a fluid is forced
through a small opening by a moving piston. Due to sliding motion, there may be wear problems. Moreover, compressibility
of the fluid inside these dampers introduce some stiffness besides damping [26]. Stiffness change due to compressibility
effect is more pronounced at high frequencies. If eddy current damping is added to a structure, its stiffness is not disturbed
as eddy current damping is a non-contact type of damping. Due to its non-contact nature, it is not prone to wear.

Eddy current damping method has been used in various applications. Sodano et al. [27] used eddy current damping to
impede the transverse vibrations of a cantilever beam. Ebrahimi et al. [28] studied a design that involves two permanent
magnets and a conductive aluminum plate to generate both stiffness and variable damping. Elbuken et al. [29] applied eddy
current damping to magnetically levitated miniaturized objects. Bae et al. [30] introduced a tuned mass damper with eddy
current damping.

In this paper, eddy current damping will be combined with the local resonance method for the first time. In order to
generate eddy current damping, concentric copper tube and magnet assemblies will be used. To enforce one-dimensional
(1D) motion between these components, a novel periodic structure with parallel spiral springs will be designed. Parametric
studies will be conducted with the aim of obtaining a wide local resonance induced gap. The periodic structure will be
manufactured to see the effect of eddy current damping on resonance peaks, stop band width, and depth in frequency
response plots.

2. Models and methodology

The study consists of three main sections. Firstly, analytical calculations are done to determine the values of the design
parameters. Depending on these parameter values, a prototype design is established numerically and modal analysis is
conducted. In the final phase, experimental validation is performed for the prototype produced. In this study, small de-
formations are considered, hence the structure is assumed to be linear and strength is not an issue.

2.1. Analytical model of the locally resonant periodic structure

A one-dimensional locally resonant periodic structure that includes eddy current damping is modelled as in Fig. 1. During
modelling of the periodic structure, five parameters are taken into account, which are resonator mass (mr), total mass of the
remaining parts in the unit cell when the resonator mass is excluded (m), stiffness of the spring connecting the resonator
mass to the unit cell (kr), total stiffness between the unit cells (k) and the eddy current damping constant (c). As eddy
current damping force is proportional to the velocity of vibration, c can be considered as a viscous damping constant.

Phononic band structure and the frequency response of the periodic structure will be determined by the transfer matrix
method [31]. Through mechanical impedance to mass conversion, periodic structure's effective mass can be calculated to be
used in its overall transfer matrix. Mechanical impedance representations for mass, spring and damper elements are jωm,
k/jω and c, respectively [32]. By using these impedances, effective mass of the unit cell of the system shown in Fig. 1(b) is
obtained as follows:
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The point transfer matrix for meff (Eq. (2)) and the field transfer matrix for k (Eq. (3)) are used [31] to obtain the re-
lationship between consecutive unit cells (Eq. (5)) through the state vector relationship as shown in Eq. (4).

Fig. 1. Lumped parameter model of the locally resonant periodic structure including eddy current damping (a) 1D array with local resonators, (b) the
equivalent array with effective mass.
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