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One of the outstanding challenges in phononic crystals and acoustic metamaterials development is

the ability to tune their performance without requiring structural modifications. We report on the

experimental demonstration of a tunable acoustic waveguide implemented within a two-dimensional

phononic plate. The waveguide is equipped with a periodic array of piezoelectric transducers which

are shunted through passive inductive circuits. The resonance characteristics of the shunts lead to

strong attenuation and to negative group velocities at frequencies defined by the circuits’

inductance. The proposed waveguide illustrates the concept of a controllable acoustic logic port or

of an acoustic metamaterial with tunable dispersion characteristics. VC 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4752468]

I. INTRODUCTION

Phononic crystals1–3 and acoustic metamaterials4–6 have

attracted significant interest for the development of devices

which exhibit, among others, acoustic super-lensing, super-

focusing, and cloaking characteristics7–9 that may lead to a

large number of potential applications. Their interesting prop-

erties rely on the ability to tailor the propagation of acoustic

waves through the generation of acoustic bandgaps.10–15

Bandgaps are the result of wave scattering at periodic im-

pedance mismatch zones (Bragg scattering)3 or are generated

by resonating units within the medium.4,16,17 While Bragg

scattering bandgaps occur at wavelengths of the order of the

unit cell size, local resonances produce frequency attenuation

regions which are independent of the lattice constant defining

the spatial periodicity of the medium. For this reason, locally

resonant materials are of particular interest due to their ability

to generate low frequency attenuation and the possibility of

providing the medium with unusual mechanical properties at

long wavelengths. The latter is the main objective in the study

and development of acoustic metamaterials,4,5 while Bragg

scattering is often exploited in phononic crystals designed to

filter, localize, and guide acoustic waves.10,15

Locally resonating acoustic metamaterials have been

implemented by considering single18 and multiple degrees of

freedom resonating units such as soft inclusions periodically

dispersed in a hard material matrix4,19–25 or periodic arrays

of tuned Helmoltz resonators in an acoustic waveguide.5,6

While most of the proposed metamaterial configurations op-

erate at fixed frequency ranges, recent investigations have

considered the use of large deformations26 or electro/mag-

neto mechanical couplings27,28 as viable solutions to achieve

tunable bandgaps and equivalent mechanical properties.

This paper reports on a new tunable waveguide configu-

ration, whereby Bragg scattering bandgaps are combined

with piezoelectric resonators to confine and control the prop-

agation of elastic waves in a phononic crystal plate.14 The

waveguide consists of a periodic array of cylindrical stubs

bonded to the plate surface. The stubs produce a large fre-

quency bandgap that confines the propagation to the wave-

guide. A second array of piezoelectric resonators is added to

the vertical portion of the waveguide for wave transmission

control. The resonating characteristics of the shunted piezos

lead to strong wave attenuation at the tuning frequency and

provide the waveguide with resonating mechanical proper-

ties, which lead to negative group velocities. From this per-

spective, the waveguide can be considered as an example of

a tunable acoustic metamaterial, with equivalent properties

defined by the electro-mechanical resonators.

II. EXPERIMENTAL METHODS

A. Setup and materials

The considered phononic crystal consists of a thin alu-

minum plate (1mm thick) with a periodic arrangement of

surface-bonded cylindrical stubs of diameter d¼ 7mm and

height h¼ 10mm. The stubs are made of aluminum and are

arranged in a square lattice of constant a¼ 10mm. Standard

epoxy glue is used to bond the stubs to the plate surface.

An L-shaped waveguide is realized within a 17� 17 lat-

tice by removing parts of one row and one column of stubs

as shown in Fig. 1(a). The vertical portion of the channel is

equipped with a periodic array of 8� 1 piezo-ceramic (PZT)

disks (Steminc SMD10T04F: diameter dp ¼ 10mm, capacity

Cp ¼ 1:8 nF). Each transducer is independently shunted

through an inductive circuit realized by means of passive

axial inductors mounted on a conventional breadboard con-

figuration. The considered resonating unit is schematically

shown in Fig. 1(b), where the resistive element (R) accounts

for any electrical loss introduced by wiring and connections.
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B. Data processing

The wave propagation properties of the structure are

characterized through two-dimensional wavefield measure-

ments, recorded by a scanning laser vibrometer (Politec

PSV-400). Measurements are conducted over a grid of

140� 140 scan points with a spatial resolution of 1mm in

the horizontal and vertical directions. At each grid point, the

laser measures the time history of the component of velocity

wðxi; yj; tÞ i; j ¼ 1…140 normal to the plate surface. Each

time history includes 512 samples and is recorded at a sam-

pling frequency of 1.28 MHz.

The waves are excited by a piezoelectric transducer

located near the bend in the L-shaped waveguide (depicted in

red in Fig. 1(a). The transducer is driven by an input signal

consisting of a four-cycle tone burst centered at 100 kHz, gen-

erated by a waveform generator (Agilent 33220A—20MHz),

and amplified by a piezo driver amplifier (Trek PZD 350).

The measured data are analyzed through spatial and

temporal Fourier transforms to eliminate disturbances from

boundary reflections and to obtain direct estimates of real

and imaginary parts of the wavenumber. This data process-

ing starts with a frequency-wavenumber filtering29 to remove

boundary reflections. Next, the response recorded in the

waveguide is spatially averaged through the width

ŵð‘;xÞ ¼
1

N‘

X

i; j2‘

ŵðxi; yj;xÞ; (1)

where ‘ denotes a line across the width of the channel com-

prised of N‘ scan points. A spatial Fourier transform along the

length of the channel leads to the frequency-wavenumber rep-

resentation of the averaged response (Ŵðk;xÞ¼ F½ŵð‘;xÞ�),
whose amplitude is represented by the contours in Figs. 4(a)

and 4(d) and discussed in Sec. III. The averaged waveguide

response ŵð‘;xÞ is further processed to obtain estimates of

dispersion, defined by the variation of real and imaginary part

of the wavenumber as a function of frequency. At each fre-

quency, real and imaginary part of the wavenumber are,

respectively, evaluated from the spatial phase change and spa-

tial amplitude decay of the averaged response.28

III. RESULTS AND DISCUSSION

The transmission characteristics and the tunable proper-

ties of the waveguide are evaluated through the analysis of

two-dimensional wavefield measurements recorded using a

scanning Laser Doppler vibrometer on the back surface of the

stubbed plate. The considered phonic plate, originally pro-

posed by Wu et al.,14 is characterized by a Bragg-type

FIG. 1. New concept of tunable waveguide with electrical resonating units.

(a) Illustration of the phononic crystal plate with the cylindrical stubs and

the L-shaped waveguide. The vertical portion of the waveguide is equipped

with a periodic arrangement of piezoelectric discs. Eight transducers are in-

dependently shunted with an inductive circuit, while the one located near the

bend (in red) is used for exciting the structure. (b) Schematic model of

the building block of the vertical channel. The combination between the

capacity of the piezo and the electrical circuit creates the resonating unit that

generates the tunable bandgap.

FIG. 2. Full wavefield measurements demonstrating the waveguiding capa-

bility of the phononic crystal plate. (a) Amplitude of the measured wavefield

inside the Bragg-type bandgap at 117 kHz. Note that the presence of the pie-

zoelectric discs in open-circuit configuration does not affect the wave trans-

mission along the vertical channel. (b) The frequency spectrum of the

wavefield averaged along the white dashed line in a clearly shows the extent

of the bandgap between 100 kHz and 130 kHz generated by the stubbs.
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bandgap between 100 and 130 kHz.15 This frequency range is

defined by the material and geometry of plate and stubs and

cannot be changed after the system is assembled. Fig. 2(a)

shows that the system behaves as an effective waveguide at

frequencies inside the bandgap region illustrated in Fig. 2(b).

The resonant shunted piezos located in the vertical chan-

nel feature an effective frequency-dependent elastic Young’s

modulus ESH given by30

ESHðxÞ ¼ Ep 1�
k231

1þ ixC�
pðRþ ix LÞ

 !

; (2)

where Ep is the Young’s modulus of the piezo, k31 is the elec-

tromechanical coupling coefficient of the piezoelectric disk,

and C�
p is its electrical capacitance at constant strain. Also, L

is the shunting inductance and R is the resistive element.

A mechanical strain applied to the piezo disk produces a

voltage at its electrodes which is discharged through the elec-

trical impedance defined by the series of the piezoelectric

transducer capacitance Cp, the shunting inductance L, and the

resistive contributions quantified by R. The piezoelectric disk

then reacts on the plate by applying a force proportional to the

produced voltage. The efficiency of the electro-mechanical

coupling is defined by the dynamics of the system, which is

dominated by the resonance of the shunting circuit. Such reso-

nant characteristics are reflected in the expression of the

equivalent Young’s modulus given in Eq. (2) and lead to a

behavior equivalent to a mechanical vibration absorber tuned

at the approximate frequency xT �
ffiffiffiffiffiffiffi

1
LCp

q

(for R � 0).

Of note is the fact that away from the resonance condi-

tions or for the case of open shunting circuits, i.e., for

L;R ! 1, the contribution of the piezo disks to the overall

stiffness of the waveguide appears as negligible. Therefore,

the added stiffness corresponding to the array of disks is not

sufficient to generate Bragg-scattering within the frequency

FIG. 3. Measured and calculated dispersion properties of the vertical chan-

nel with open circuits. The structure is excited in a frequency range between

70 kHz and 130 kHz. The measured response along the vertical channel is

processed and represented with contour lines in the frequency-wavenumber

domain. The black solid lines represent the theoretical dispersion curves

computed for a uniform 1mm thick aluminum plate.

FIG. 4. Experimental evidence of the tunable

resonant-type bandgap. (a) The contour lines

reveal the presence of a bandgap in the response

measured in the vertical channel with shunts

tuned with L ¼ 1890lH. The black line displays

the estimated real part of the wavenumber and

clearly shows the back-bending of the dispersion

curve. (b) Estimated imaginary part of the wave-

number indicating the strong attenuation at the

tuning frequency. (c) Real and Imaginary part of

the effective dynamic modulus of the resonating

units. (d)-(f) Same results as in (a), (b), and (c)

but obtained for a different tuning frequency of

the electrical shunts (L ¼ 1560lH) show the

tunability of the bandgap.
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range of interest, so that waves propagate almost undisturbed

within the channel.

The two-dimensional map of the wavefield recorded

with open circuits shown in Fig. 2(a) clearly illustrates how

the wave transmission within the channel is not altered by

the presence of the piezo disks. Also, Fig. 3(a) shows the

contour of the frequency/wavenumber domain representa-

tion of the wavefield recorded along the vertical waveguide.

The contours are overlapped to the theoretical dispersion

branch of the first antisymmetric (A0) Lamb wave mode for

the considered plate. The close match between the contours

and the theoretical dispersion, and the continuous fre-

quency/wavenumber distribution defined by the contours,

suggest how the behavior of the waveguide closely resem-

bles that of a plane plate of the thickness considered in the

experiments and that the presence of the piezos has little

effect on wave transmission.

Shunting of the piezos through the electrical networks

produces a resonant, complex modulus, which in turn gener-

ates a frequency region of strong attenuation centered at xT .

The tunable properties of the waveguide are illustrated by

wavefield measurements with circuits designed to resonate at

different frequencies. Specifically, two sets of inductors

(L1 ¼ 1890 lH; L2 ¼ 1560 lH) are used to tune the resonat-

ing units within the bandgap of the stubbed plate. In each

case, contours of the frequency/wavenumber representation

of the response, shown in Figs. 4(a) and 4(d), respectively,

indicate that the resulting medium features a bandgap cen-

tered at the tuning frequencies.

The measured data also allow the experimental evalua-

tion of real and imaginary part of the wavenumber, also

known as attenuation and propagation constant. The real

component of the wavenumber, overlapped as a solid line

with square markers to the contour plots in Figs. 4(a) and

4(d), reveals the back-bending of the dispersion curve typical

of internally resonating metamaterials. In this range of fre-

quencies, elastic waves travel with a negative group velocity,

antiparallel to the phase velocity. Also, the imaginary part,

shown in Figs. 4(b) and 4(e), exhibits a sharp peak of attenu-

ation in a small range of frequencies centered at the reso-

nance of the electrical circuit xT .

The resulting attenuation properties of the waveguide

are responsible for the onset of the tunable bandgap and can

be correlated to the frequency variation of the effective mod-

ulus of the resonating units as shown in Figs. 4(c) and 4(e).

Furthermore, the back-bending characteristics of the disper-

sion curves and the associated negative group velocity con-

firm the interpretation of the proposed waveguide as a

tunable, internally resonating metamaterial.

IV. CONCLUSIONS

The experiments presented herein demonstrate the pos-

sibility of implementing an elastic waveguide with tunable

dispersion properties. In conventional phononic crystals,

acoustic waves are diffracted only at wavelengths of the

order of the lattice constant. In contrast, the proposed con-

cept allows controlling the dispersion relations of the system

so that bandgaps are generated at selected frequency ranges

without modifying the lattice constants of the crystal. This

phenomenon is also independent of the spatial periodicity of

the resonating units and is controlled by the effective

frequency-dependent modulus of the shunted piezoelectric

transducers. The resulting metamaterial therefore behaves as

a homogenized medium with tunable attenuation and reso-

nant properties.

The proposed concept suggests novel opportunities in

several fields of engineering and material science for the

design of tunable acoustic metamaterials, acoustic switches,

and logic ports, which can be actively controlled through

external stimuli, and for applications which include vibration

isolation and noise attenuation, as well as wave guiding,

localization, and filtering.

The multi-field coupling is here identified as the ena-

bling mechanism for the generation of tunable internal

resonances and the achievement of unusual wave mechanics.

Although in the present study the mechanism has been dem-

onstrated through a simple experimental apparatus, this

research opens a new frontier for the development of a novel

class of materials that exploit different forms of energy and

multi-field coupling for the achievement of tunable mechani-

cal properties.
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