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A Phononic Crystal (PC), constituted of a homogeneous piezoelectric plate covered by a 1D

periodic arrangement of thin metallic electrodes on both surfaces, is studied. The application of

Electric Boundary Conditions (EBCs) on the electrodes enables the propagation control of the

ultrasonic guided waves in the PC. The band structure is investigated for different EBCs: the

electrodes are either at a floating potential or they are alternately short-circuited and at a floating

potential. In the latter case, a Bragg gap appears for the fundamental S0 guided Lamb mode. These

results are verified experimentally and compared to finite element calculations. A physical interpre-

tation is also given, relying on the symmetry of the electric potential fields associated with these

guided modes. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943138]

Phononic crystals (PCs) generate an increasing interest

in the scientific community due to their ability to control the

propagation of sonic or ultrasonic waves. One of their most

important properties consists of prohibiting the propagation

of the elastic waves in some frequency ranges known as

band gaps. Two main mechanisms are responsible for the

gap formation: the periodic structuring of the different elastic

materials composing the PC (Bragg gaps) and the presence

of resonances localized within the inclusions (hybridization

or resonance-induced gaps). In the particular case of a peri-

odically structured waveguide, coupling may occur between

guided waves. This mode coupling manifests itself in disper-

sion curves by veering effect and leads to the opening of gap

within the first Brillouin zone.1,2 The frequency position of

these gaps depends on the lattice period of the structure, the

inclusion size, and the materials’ elastic properties, all of

them usually fixed during fabrication of the sample. Thus,

tunability of these frequencies, without destructive restructu-

ration of the PC, will facilitate the control of the PC-based

devices and remains a challenge. Up to now, PCs with a tun-

able frequency behavior have been proposed through several

methods. For instance, mechanical action has been used to

control the frequency position of the first Bragg gap by rotat-

ing the square solid inclusions in a fluid matrix PC3 or to

modulate the frequency band structure upon mechanical de-

formation of the elastomeric PC-matrix.4 Active materials

can also be used. Jim et al. have used a two-dimensional fer-

roelectric/epoxy composite structure; a shift in the band

structure has been achieved by changing the temperature

during the phase transition of the ferroelectric material.5

However, tuning PCs properties via an external temperature

field or mechanical strain implies difficulties for practical

implementation. Alternatively, PCs composed by piezoelec-

tric or piezomagnetic materials have been suggested, whose

control can be easily achieved through external electric or

magnetic fields.6 In particular, it is possible to act on the

band structure by varying the electric boundary conditions

(EBCs);7–9 widening and shift of the first Bragg gap has

been recently realized by connecting electric capacitances to

the electrodes of a piezoelectric rod stack.10 It is worth

remembering that guided waves are extensively used in elec-

tronic components, particularly in surface acoustic wave

(SAW) devices such as resonators or filters that are parts of

many wireless radiofrequency communication systems.

Adding tunability to such devices could obviously improve

the available systems and will certainly lead to new features.

Several types of PCs mounted on the piezoelectric substrates

involving surface acoustic waves have been proposed, the

simplest configuration consisting of periodic cylindrical hole

arrays that exhibit band gaps.11,12 Moreover, pillar-based pho-

nonic crystals can produce tunable resonance-induced gaps by

modifying the size and/or the materials of the pillars.13

Casadei et al. used a periodic array of piezoelectric patches

stuck on an aluminum plate.14 Each patch is shunted with an

inductive circuit, leading to a resonance-induced band-gap

opening for the flexural waves propagating in the plate. Here,

we propose a tunable piezoelectric phononic structure simply

created by EBCs periodically applied along the surface of a

homogeneous piezoelectric plate. Theoretical studies have al-

ready shown that Lamb waves propagating in a piezoelectric

plate are sensitive to EBCs.15,16 More recently, Zou et al.
have studied numerically a one-dimensional PC made of alter-

nating piezoelectric and epoxy finite plates; this structure

exhibits mechanisms of mode conversion for the symmetric

(S) and antisymmetric (A) Lamb waves, induced only by

switching on the EBCs.17 Our work reports an experimental

demonstration of a Bragg-gap opening, arising from the set-

ting of periodic EBCs along a piezoelectric plate which is oth-

erwise homogeneous; the whole inhomogeneity is induced

here through the externally controlled periodic EBCs.

A Pz26 piezoelectric plate18 polarized across the thick-

ness and covered by silver screen-painted electrodes is con-

sidered. The plate length is 58 mm, the width equals 33 mm,

and its thickness is 2 mm. In order to apply periodic electric
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boundary conditions, each one of the silvered areas is di-

vided into 29 smaller rectangular electrodes of a width of

1.7 mm. The spacing between two neighboring electrodes is

0.3 mm. Particular attention is paid to deliver face-to-face

electrodes on each side of the plate during the machining

(see Fig. 1(a)). On each rectangular electrode, a welded wire

is used to apply different EBCs. The different EBC configu-

rations considered in this paper are given in Figure 1. In the

first case (Fig. 1(b)), all electrodes are in open circuit and

have a floating potential (FP) (configuration 1). In the second

case (Fig. 1(c)), one in two electrodes is short-circuited with

the electrode located on the other side of the plate and con-

nected to the ground (configuration 2). Thus, the elementary

cell of the resulting PC with a spatial period of K¼ 4 mm is

composed of two neighboring couples of electrodes, one

couple being short-circuited and grounded, while the other

electrodes have a floating potential. Finally, configuration 3

(see Fig. 1(d)) corresponds to a particular case of

antisymmetric EBCs with respect to the median plane of

the plate and will be further investigated at the end of this

paper. The size of the unit cell is again K¼ 4 mm, but the

short-circuited electrodes are no longer facing each other

and are now offset. In order to generate Lamb waves in the

piezoelectric plate, a 10 V electrical tone burst (5 periods)

is applied to the first couple of electrode segments located

at the edge of the plate (see Fig. 1). The frequency of the

signal used for the wave excitation is set to 400 kHz. Due to

the symmetric excitation, we expect to generate mainly

symmetric Lamb waves. A laser vibrometer is used to mea-

sure the normal component of the velocity at the surface of

the plate. The sensitivity of the vibrometer is set to 50 mm/

s/V. A 1D scan along the x-direction is done with a spatial

step of 0.1 mm and at each position, the obtained signal is

averaged 512 times to improve the signal-to-noise ratio.

The corresponding spatio-temporal acquisitions are then

processed. At a first stage, the signal is windowed. Only the

signals measured between x¼ 4.4 mm and x¼ 45 mm

are considered and a temporal signal truncation at 31 ls is

used to exclude the signal corresponding to the reflected

waves arising from the end of the plate. At a second stage,

temporal and spatial Fourier transforms are successively

applied on the data. The resulting images for the EBCs con-

figurations 1 and 2 are shown in Fig. 2. A numerical study

of the PC is developed using a finite element software

(COMSOL MultiphysicsVR

). Bloch-Floquet conditions are

applied on the elementary cell for the two first EBC config-

urations and a modal analysis is performed. Dispersion

curves are then obtained in the first Brillouin zone and

superimposed to the experimental results in Fig. 2. In Fig.

2(a), corresponding to the case of electrodes at floating

potential (configuration 1), one observes a spot between

346 kHz and 470 kHz, associated with the symmetric funda-

mental mode S0. The frequency bandwidth of this mode is

related to the finite number of periods of the harmonic exci-

tation. Several supplementary spots with lower amplitudes

can be also observed in the vicinity of the S0 mode, result-

ing from the spatial windowing of the acquired signal. The

most prominent feature of the dispersion plot of configura-

tion 2 (Fig. 2(b)) is a strong attenuation of the S0 incident

wave, observed at the edge of the Brillouin zone (i.e.,

k ¼ p
K) around the frequency 400 kHz. This agrees well with

the band structure obtained numerically, indicating that a

forbidden frequency band opens up at this frequency range.

This Bragg gap opening is accompanied by a weak reflec-

tion of the incident S0 wave observable at the same fre-

quency but for negative wavenumbers (Fig. 2(b)).

To describe the experimentally observed attenuation for

the S0 mode, we use an experimental equivalent attenuation

coefficient a, plotted in Fig. 3. This coefficient is deduced

from the ratio of the amplitudes of the S0 wave in the 2D

Fourier space for the two electric boundary conditions

a fð Þ ¼ 20 log
AS0

FP fð Þ
AS0

SC fð Þ

 !
; (1)

with AS0

FP and AS0

SC being the amplitudes of the S0 wave for the

electric configurations 1 and 2, respectively. The attenuation

FIG. 1. Schematic representation of the piezoelectric PC together with the

several EBCs applied on it. (a) Piezoelectric plate with a set of periodic

electrode segments on both faces (0.3 mm separate two adjacent electro-

des); the couple of electrodes at the edge of the plate is used for the Lamb

wave generation. (b) Configuration 1: all electrodes have a floating poten-

tial (FP). (c) Configuration 2: the electrodes are alternatively at FP or in

short circuit and connected to the ground (SC). (d) Configuration 3: anti-

symmetric electric boundary conditions with the short-circuited electrodes

being offset with respect to each other.
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coefficient a is not defined from an energy transmission

through a finite length PC, but rather provides information

on the relative attenuation of the S0 wave during propaga-

tion. The maximum value of the attenuation, around 10 dB,

is reached at the frequency 408 kHz which is in a good ac-

cordance with the location of the computed numerical band

gap with center frequency 405 kHz. The weak discrepancy

observed can be explained by the fact that the band structure

is computed for an infinite PC, whereas measurements are

performed on a finite length structure corresponding to

approximately 10 periods within the PC. Concerning the

antisymmetric waves A0, it is worth noting that no forbidden

frequency band is observed in the experimentally obtained

dispersion plot (in agreement with the numerical predic-

tions), when changing the electrical boundary conditions

(Fig. 2(b)). In the following, in light of the electric potential

fields associated with the fundamental S0 and A0 modes at

the edges of the Brillouin zone, the opening of the band gap

is discussed.

Figures 4 and 5 give the calculated electric potential

fields associated with the fundamental A0 and S0 Lamb waves,

respectively, for the two electric boundary configurations at

the particular wavelength kS0
¼ kA0

¼ 2K corresponding to

the edge of the first Brillouin zone. We remember that the

flexural A0 Lamb wave, which is an antisymmetric wave,

keeps unchanged the thickness of the plate at any x position.

Consequently, we expect that the electric potential difference

between electrodes on both sides of the piezoelectric plate

remains null and short-circuiting these electrodes should not

affect the propagation of the wave. Indeed, this is confirmed

by the results illustrated in Figs. 4(a) and 4(b), where no sig-

nificant difference is observed between the electric potential

associated to the A0 wave for both electric boundary configu-

rations considered up to here.

Inversely, the symmetric mode S0, which corresponds to

a compressional wave, implies variations of the thickness

(see Fig. 5). The piezoelectric plate is polarized across its

thickness so that the electro-mechanical coupling is maxi-

mum for elastic strains along z-direction. Thus, opposite

potentials appear on both sides of the plate during the propa-

gation of the fundamental S0 waves. Figure 5 clearly

FIG. 3. Experimental attenuation coefficient as a function of frequency. The

numerically computed band gap is shown in the gray-shaded region, delim-

ited by the two dashed lines.

FIG. 2. Fourier transform modulus of the measured spatio-temporal signals

for (a) configuration 1 and (b) configuration 2. The color map represents the

amplitudes (arbitrary units); the theoretical dispersion curves are also pre-

sented for comparison (white lines).

FIG. 4. Calculated color map of the electric potential and mode deformation

shape associated to A0 wave at f¼ 165 kHz for an infinite Pz26 plate in the

xz-plane for: (a) electric boundary configuration 1, and (b) electric boundary

configuration 2.
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illustrates the effects related to the short circuit (SC) of a

couple of electrodes. In the first configuration case (Fig.

5(a)), the small distance (kerf¼ 0.3 mm) between two adja-

cent electrodes does not create a significant discontinuity of

the electric potential for the S0 Lamb wave with a wave-

length of k¼ 8 mm. The wave propagates as the plate was

covered with uniform electrodes. On the contrary, an electric

pattern is created along the wavelength k since one couple of

electrodes is short-circuited and connected to the ground

(Fig. 5(b)). Thus, the periodic EBCs applied on the electro-

des enable local variations of the effective elastic properties

of the piezoelectric plate, and depending on their polariza-

tion, propagation of Lamb waves can be affected by this

electric control. The band structure of the device under study

can be easily tuned by changing the EBCs, as confirmed by

the numerically computed dispersion plots shown in Fig. 6.

Indeed, the Bragg gap associated with the S0 wave can be

shifted towards the low-frequency range by simply changing

the width K of the elementary cell. For instance, a gap can

be opened up at about 208 kHz (see Fig. 6(a)) by doubling

the number of consecutive short-circuited electrodes and

electrodes at floating potential, entailing an increase in the

lattice parameter of the periodic structure (K¼ 8 mm).

Furthermore, a coupling between Lamb modes of differ-

ent symmetries can be observed when applying antisymmet-

ric EBCs (see Fig. 1(d)). Figure 6(b) gives the band structure

of the PC for such EBCs. Here, all the Bragg gaps at the

edge of the Brillouin zone are closed, whereas some gaps

within the first Brillouin zone, involving waves of different

symmetries, are opened. This property was previously stated

in PCs made of plates with periodic surface grating.19 For

the considered EBCs, a coupling between S0 and A0 modes

leads to an anti-crossing of the dispersion curves and the

opening of a gap around 265 kHz. The corresponding electric

potential field distribution is plotted in Fig. 7 at the particular

frequency f¼ 265 kHz. The resulting image is a hybrid pat-

tern mixing a compressional and a flexural mode. One can

also notice a coupling between S0 and A1 modes at 533 kHz.

The reconfigurable and simply tunable PC presented in this

paper offers a great ease of use due to the electric nature of

the control. Some basic controlled switches connected

between electrodes allow the opening of gaps in the band

structure of the PC. The use of Lamb waves with various dis-

persion properties and symmetries offer a large number of

possibilities for band structure engineering. Moreover, this

device can be easily implemented in integrated electronic

circuits and could be efficiently used for the realization of

tunable frequency filters or resonators.
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