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The propagation of audible acoustic waves in two-dimensional square lattice tunable sonic crystals
(SC) made of square cross-section infinitely rigid rods embedded in air is investigated experimentally.
The band structure is calculated with the plane wave expansion (PWE) method and compared with
experimental measurements carried out on a finite extend structure of 200 cm width, 70 cm depth and
15 cm height. The structure is made of square inclusions of 5 cm side with a periodicity of L =7.5cm
placed inbetween two rigid plates. The existence of tunable complete band gaps in the audible
frequency range is demonstrated experimentally by rotating the scatterers around their vertical axis.
Negative refraction is then analyzed by use of the anisotropy of the equi-frequency surface (EFS) in
the first band and of a finite difference time domain (FDTD) method. Experimental results finally
show negative refraction in the audible frequency range. © 2012 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4744974]
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. INTRODUCTION

Phononic crystals are periodic composite material ana-
logue of photonic crystals for light' characterized by the ex-
istence of band gaps where sound, vibration and elastic wave
propagation are forbidden. In the literature, various struc-
tures made of two-dimensional phononic crystals were
investigated: acoustic band gaps in square, triangular and
rectangular lattices have been found for matrix-scatterer
sonic crystal either both solids or fluids, or mixed solid-fluid.
The first experimental observation of band gap has been
made in a 2D periodic composite structure in the ultrasonic
regime.”

In order to design sound barrier, it is important to demon-
strate experimentally the properties of phononic crystal in the
audible frequency range. In these frequencies, phononic crys-
tals made of circular cross-section scatterer have been studied
experimentally in the case of square™* and triangular’™ latti-
ces, the constituent being mixed solid-fluid or both solid.
Also, sonic crystals made of resonant scatterers,” of porous
coated cylinders,lo’11 or of elastic shells'>'® have been
designed to lead to wide range of attenuated frequencies.

Several theoretical studies pointed out that complete
phononic band gap could be enlarged by rotating the scatter-
ers.'*1% Effectively, the lattice geometry (triangular, hexag-
onal, and square) and the scatterers shape, orientation and
size, play an important role in the opening, enlargement or
shifting of absolute acoustic band gaps.!” By modifying one
of these parameters, it is therefore possible to tune the band
gaps of such arrangement. In this way, the present paper
aims to study the acoustic propagation in two dimensional
sonic crystal made of square shape scatterers. In order to
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demonstrate experimentally in the audible frequency range
the tunability of a such system, the band diagram of the sonic
crystal is studied experimentally and theoretically for differ-
ent angles of rotation of the scatterers. A first experimental
study of the sound attenuation by a sonic crystal made of
square cross-section rods has been led'® for a normal inci-
dence and one angle of rotation of the scatterers in the high
frequency regime of audible sound, which points out the
pseudo band gap only on the I'X direction. In the present pa-
per, the acoustic attenuation of a square rods sonic crystal is
investigated experimentally for two directions of the first
Brillouin zone and for two rotation angles of the scatterers
for frequencies in the speech intelligibility, i.e., between
1000 Hz and 3500 Hz. The tunability of a such system is
demonstrated experimentally and, in the case of a non zero
angle, the existence of a complete band gap is demonstrated.
Furthermore, phononic crystals exhibit other peculiar
properties and in particular negative refraction of waves. In
electromagnetism, the negative refraction was predicted by
Veselago in 1968." It has been observed in metamateri-
als?>?! and photonic crystals*® in the microwave and infra-
red frequency range, enabling, for example, the design of
perfect lens, in which both propagating and evanescent
waves contribute to the image reconstruction.”> Such refrac-
tion?* as well as superlensing effect® has also been observed
with surface water waves in periodic structures of cylinders.
In acoustics, most of the works related to the negative
refraction is dedicated to the focusing of ultrasonic waves.*®
Acoustic superlens have been designed”’ leading to high re-
solution ultrasonic imaging devices. Recently, experimental
and numerical studies have also exhibited negative refraction
for longitudinal and transversal elastic waves.”*? Identical
phenomena have been observed for surface acoustic waves
in the subgigahertz range.’' Negative refraction of acoustic
waves has mainly been studied numerically’*?® and
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observed experimentally®**> in the ultrasonic frequency

range. Effectively, use of ultrasonic wave is the easiest way
to study and observe these anomalous phenomena in spite of
the large visco-thermal losses in phononic crystal for these
frequencies,*® because ultrasound generation can be highly
directive. To our knowledge, the negative refraction in the
audible frequency range has never been demonstrated. This
paper proposes a preliminary experimental study of the
refraction in sonic crystals for audible sound and demon-
strates the existence of a negative refraction in the case of
2D square rods crystal.

To summarize, the propagation through a two-dimensional
square lattice tunable crystal made of square cross-section scat-
terers is studied. A novel experimental set-up based on guided
waves, presented in Sec. I, is used to demonstrate the tunabil-
ity of this sonic crystal along two principal directions of the first
Brillouin zone. To demonstrate this, experimental results
obtained for two angles of rotation of the scatterers are com-
pared in Sec. IIl. Finally, an analysis of the equi-frequency
surface (EFS), confirmed by numerical results performed with
finite difference time domain, allows to determine configura-
tion parameters to exhibit experimentally negative refraction in
the audible frequency range in Sec. I'V.

Il. EXPERIMENTAL SET-UP
A. The lattice sample

The 2D sonic crystal (SC) is shown in Fig. 1. Infinitely
rigid square cross-section scatterers of dimensions D x D
xh=5x5x15cm’ are distributed in air on a square
lattice with periodicity L = 7.5 cm. These scatterers are var-
nished wooden rods. The choice of this medium is motivated
by the large impedance contrast between wood and the air

0.7 m

FIG. 1. (Color online) Experimental lattices, (a) 6 = 0° and (b) 6 = 30°,
and (c) unit cell.

J. Acoust. Soc. Am., Vol. 132, No. 4, Pt. 2, October 2012

zZ
3D robotic system
X
Yy ,
/ Wavia/gui‘de Setup 2: Microphone
Incident | [ e m——— ol " used to acoustic
plane wave / :....(.:RYSTA.L_:d—» pressure vertical map

Setup I: Microphone used to
transmission measurement

High screens -

FIG. 2. Schematic representation of the experimental devices.

medium, which ensures that the scatterers can be considered
as infinitely rigid ones. The crystal is 192.5 x 65cm? wide
and is made of 234 scatterers arranged in 9 layers (in the
propagating direction, i.e., along the x axis) of 26 scatterers
(in the lateral direction, i.e., along the y axis), resulting in a
filling fraction ff = D*/L? = 44 %. Figure 2 presents a sche-
matic view of the experimental device. The scatterers are
placed inbetween two infinitely rigid wooden plates of
205 x 70cm? which formed a waveguide. The SC is cen-
tered between these two plates. The first cut-off frequency
fe = ¢/(2h) of this waveguide is 1160Hz. Above this fre-
quency, higher modes can be excited. Nevertheless, the
plane mode will mainly be excited because of the plane
wave nature of the excitation used and described here after
(Sec. IIB). Therefore, the SC can be considered of infinite
vertical extend and modeled in two dimensions. Direct sound
propagation above and below the two plates of the wave-
guide could disturb the measurements behind the crystal.
Two 100 cm high screens are then placed, on the source side,
above and below these two plates in order to avoid such
direct propagation. These two screens are perpendicular to
the two plates, which form the waveguide, and are placed
immediately at the entrance of the waveguide. This also ena-
bles to reduce diffraction of waves on the edges of the wave-
guide. The experiments are carried out in a semi-anechoic
room. A cartesian coordinate system (x, y, z) is attached to
the SC.

The scatterers can be rotated manually around their
axis. This rotation is characterized by the angle 6 between
the scatterers sides and the lattice vectors [see Fig. 1(c)].
Figures 1(a) and 1(b) depict the two configurations studied
in this article: the first configuration consists in 234 scatter-
ers, whose sides are parallel to the lattice vectors, i.e., 0 =0°,
and the second configuration consists in the same 234 scat-
terers rotated around the vertical axis of 0 =30°.

B. Sound source

In order to generate highly directive plane waves in the au-
dible frequency range, an available parametric antenna® is
used. This parametric antenna generates a powerful ultrasonic
carrier wave at fy = 40 kHz, which can be electronically modu-
lated by an other wave at fy — f;,, with f;, € [200 Hz; 10kHz].
Nonlinear self-demodulation processes, during the propaga-
tion of these two waves in the air, create an highly directive
acoustic field beam at the modulation frequency f;,. The inci-
dent beam forms an angle o, measured counter-clockwise
from the axis perpendicular of the crystal interface, i.e., the
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FIG. 3. (Color online) Amplitude pressure map performed in front of the
parametric antenna in absence of the sonic crystal at 1600 Hz.

x axis. The parametric antenna is connected to the low fre-
quency generator output of the spectrum analyzer (Stanford
Research SR785).

It is usually accepted that the plane wave nature of the
beam is established and that the maximum of pressure ampli-
tude is reached after a propagation distance of d; = 120 cm.
This distance was validated by looking at an amplitude pres-
sure horizontal map, presented in Fig. 3, performed in front
of the parametric antenna in absence of the SC at 1600 Hz.
The first interface of the crystal is then placed at this dis-
tance. The so-created beam is 35 cm wide and 50 cm height.
The height of the acoustic beam being larger that the crystal
height, i.e., the spacing between the two wooden plates, the
field which is entering in the waveguide is a plane wave.
This ensures that the plane mode of the guided wave is
mainly excited. The lateral dimension of the crystal
(192.5 cm) being larger than the width of the beam (35 cm),
diffractions at the edge of the crystal are avoided.

C. Data acquisition system and post-processing

Two acquisition set-up were used and are presented in
Fig. 2. In order to experimentally validate the band gap posi-
tion and the band gap enlargement in function of 0, and
therefore to prove the tunability of the system, the acoustic
pressure is measured behind the crystal, i.e., transmission
measurement, by means of a 1/2 in. Bruel and Kjer micro-
phone connected to a preamplifier and a conditioner. The
microphone is placed at the end of the waveguide, i.e.,
between the two plates, at 2cm behind the central scatterer
(see set-up 1 in Fig. 2). The excitation signal is a chirp signal
between 1000Hz and 3500Hz. The transfer function
between the so-measured transmitted acoustic pressure and
the signal generator is measured by use of the spectrum
analyzer.

In order to point out the negative refraction, acoustic
pressure (RMS value) vertical maps (in the y — z plane) are
measured by a 1/2 in. Bruel and Kjer microphone piloted
by a 3D robotic system, along the x axis behind the SC (see
set-up 2 in Fig. 2). The spatial sampling is 1.2 cm along the y
axis and z axis. The excitation is a sinus of frequency f. The
acquisition of the acoustic pressure is performed using a
sampling frequency F; = 10f (10 points per period T = 1/f)
during a time length T, = N;/F; where Ny = 1000 (100 peri-
ods) is the samples number. The amplitude of the signal is
determined by the RMS value of the acoustic pressure.

2818  J. Acoust. Soc. Am., Vol. 132, No. 4, Pt. 2, October 2012

lll. BAND STRUCTURE OF THE SONIC CRYSTAL

The band diagram can be efficiently determined by the
plane wave expansion*® (PWE) because of the high density
contrast between the scatterers and the air medium. By use
of theoretical models,m’37’3 8 which take account for the scat-
terer rotation with respect to the lattice constant, the tunabil-
ity effect in terms of width of the band gaps and also in
terms of complete band gap appearance can be examined.
These theoretical studies show that the width of the first
band at normal incidence increases progressively when the
rotation angle increases for a fixed filling fraction. To dem-
onstrate this effect experimentally, two angles of rotation are
chosen: 0=0° and 0=30°. Figure 4 depicts the band dia-
grams of the SC calculated with the PWE for respectively
0 =0° and 0 =30° in the experimental configurations. While
a band gap only exists along the I'X direction for 0 =0°, a
complete band gap exists for 0=30°. For 0=30°, the
arrangement of the scatterers induces more destructive inter-
ferences in the SC leading to a complete band gap.

The band diagrams calculated with the PWE method for
these two specific angles 0 are compared with transfer function
measurements performed on the finite size crystal as described
in Sec. II. Figure 5 depicts the band diagram calculated with
the PWE along the I'X direction between [1000—3500] Hz for
0 =0° [Fig. 5(a)] and 0 =30° [Fig. 5(c)] as well as the corre-
sponding experimental transfer function of the SC, respectively,
for 0 =0° [Fig. 5(b)] and 0 = 30° [Fig. 5(d)].

For 0=0°, two band gaps are noticed along the I'X
direction: the first between [1500—2500] Hz and the second
between [3000—3500] Hz. These two gaps correspond to an
amplitude loss of 15dB in the measured transfer function.
The measurements are in good agreement with the PWE pre-
dictions except for the second band gap: the experimental
band gap is 50 to 100 Hz wider than the predicted one. This
can be due to inherent disorder of the experimental hand-
made lattice.

For 8 =30°, a band gap appears between [1350—2900] Hz
as pointed out by a decrease of 20 dB in the transfer function.
This result is again in good agreement with the predicted one
and shows an increase of the first band gap width when com-
pared to the previous case with 0 =0°. According to the
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FIG. 4. (Color online) Band diagrams calculated with the PWE method, as
shown in Refs. 14 and 37 when the lattice periodicity is L = 7.5 cm (ff = 44 %)

for 6 = 0° (continuous line) and 6 = 30° (dotted line). The colored region illus-
trates the complete band gap for 0 = 30°.
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FIG. 5. (Color online) Band diagrams calculated by PWE along the I'X
direction for (a) 0 =0° and (c¢) 0 =30°. Transfer function of the SC for a
normal incidence for (b) 6 =0° and (d) 6 =30°. The gray regions illustrate
the band gaps.

PWE, a complete band gap can be obtained with the 0 = 30°
crystal. In order to validate the completeness of the band
gap, the same experiment is carried out with « =45°, which
enables to experimentally investigate the M1 direction.
Figure 6 depicts the PWE prediction [Fig. 6(a)] and the
experimental transfer function [Fig. 6(b)] along the MT
direction for the 0 =30° crystal. A band gap, pointed out by
a decrease of 15dB in the measured transfer function, is
noticed experimentally between [1900—2900] Hz, which
qualitatively corresponds to the PWE prediction. Neverthe-
less, this experimental band gap is wider than the predicted
one. This can be explained by the refraction angle between
the air medium and the crystal, which is frequency depend-
ent and make the angle of the excitation wave inside the
crystal slightly different. This can also be explained by the
inherent disorder of the arrangement, the finite dimensions
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FIG. 6. (Color online) (a) Band diagrams calculated by PWE along the MT"
direction with 6=30°. (b) Amplitude transfer function of the SC with
0 =30° with oblique incidence corresponding to the MI" direction. The gray
region illustrates the band gap.

of the experimental SC which can enlarge the band gap
width, and to a shift of the angle of incidence. Effectively, a
small variation in the angle of incidence can lead to impor-
tant discrepancies between the experimental and the theoreti-
cal results for non normal incidence. The oscillations that
are noticed in the band gap are due to the fact that the trans-
fer functions are calculated by measuring the field in a point
close to the crystal. Effectively, when the microphone is
close enough to the SC, constructive interferences that are
normally trapped in the crystal can be recorded.

These experimental results, obtained in two configura-
tions (0 =0° and 0 =30°), highlight the fact that the width
of the band gaps is sensitive to the rotation angle of the scat-
terers. The apparition of a complete band gap along the I'X
and I'M directions in the transmission and the tunability of
this type of crystal are demonstrated experimentally for the
first time in the speech intelligibility frequency range. This
offers the opportunity to design numerous applications for
audible sound problem.

IV. EXPERIMENTAL STUDY OF THE NEGATIVE
REFRACTION

In order to study and visualize acoustic wave refraction
in the considered sonic crystal, the equifrequency surface
(EFS) of the band structure is analyzed. The PWE method is
used to construct the EFS contours.*' The EFS are con-
structed for the acoustic waves propagating from air to
the SC along the I'X direction (in the k-space) for 0 =0°.
Figures 7(a) and 7(b) represent, respectively, a scheme of
the refraction process inside the finite size crystal and the
EFS in the SC at f = 2300 Hz and for K, and K, ranging
from O to 1 (in units of 7/a). The perfect circle is the air con-
tour, namely @ = c||K;||, while the convex contour around
the point M of the Brillouin zone is the one of the crystal. In
this case, negative refraction is observed for an angle of
incidence of o =25°. Indeed, the plots of the incident wave
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vector in the air and of the conservation of frequency
(dashed lines in Fig. 7) allow to geometrically determine the
direction of the refracted wave inside the crystal. Because of
the periodicity Ak = /a of the SC, the dashed line can be
shifted at corresponding points within the entire K space.™
The point where this dashed line intersects the crystal con-
tour determines the direction of the group velocity v,, which
is toward the point M. The group velocity (and hence the
direction of energy propagation) of sound waves inside the
crystal is given by the gradient of the angular frequency with
respect to the wave vector, i.e., v, = V(k), and is always
perpendicular to the equifrequency contours. The angle of
refraction f is the one between the conservation of frequency
and v,. In this case, a wave impinging the crystal with an
incident angle o =25° is refracted in the crystal with an
angle f§ of approximately —30°. These calculations are con-
firmed by numerical simulations performed with a finite dif-
ference time domain (FDTD) code coupled with the PML
method.*> A Gaussian beam located on the left side of the
SC radiates a mono-frequency wave at f = 2300 Hz. The SC
is made of 6 layers of 20 scatterers width and the filling frac-
tion is ff = 44%. Figure 8 shows the calculated pressure
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FIG. 8. (Color online) FDTD simulation of refraction in a square rod sonic
crystal for f = 2300 Hz and with an incident angle o = 25°.
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field when the angle of incidence is o =25°. The refraction
angle is consistent with the one estimated from the EFS anal-
ysis and simulation result clearly demonstrates the existence
of negative refraction in the audible frequency range. The
negative refraction in the audible frequency range is now
investigated experimentally. The incident beam is adjusted
in order to impinge the SC with an angle of incidence of
o =25° in its central region, Fig. 9(a). Figure 9(b) depicts ver-
tical transmitted pressure field maps (in the y — z plane) for
z€[-0.1 : 0.1] and y € [-0.5 : 0.5] measured behind the
crystal along the x axis for d = [0.1, 0.2, 0.3, 0.4, 0.5] m.
These vertical pressure maps point out the existence of a

—0.5

FIG. 9. (Color online) (a) Scheme of the experimental device. (b) Vertical
amplitude pressure maps from d = 0.1 m (top) to d = 0.5m (low) behind
the sonic crystal. The same color scale is used for all the maps.
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FIG. 10. (Color online) Average value along the z axis of the squared pres-
sure modulus in function of y for d = (0.1, 0.2, 0.3, 0.4, 0.5]m and for
z € [=0.1 : 0.1]. The insert shows the positions (O) along the y axis of the
weighted mean of p?(z) for each value of z € [-0.1 : 0.1] and for
d=10.1,0.2,0.3, 0.4, 0.5]m. The vertical lines give the variance of the
distribution. The dashed lines shows the position of (p?(z)) estimated with
FDTD.

transmitted acoustic beam propagating from the center of the
crystal towards a preferential direction in the half-space
defined by y > 0. We noticed that an acoustic beam for audi-
ble frequency range can not be as well defined as in the case
of ultrasonic waves. It is remarkable to obtain a transmitted
acoustic beam for this frequency range without the self-
modulation process. Effectively, the nonlinear effect of the
parametric source can not stand at this distance. The beam is
not spread inside the SC and the angle of the transmitted
beam is approximately «. The negative refraction is noticed
because the y coordinate of the transmitted beam center at
the exit of the SC is lower than the y coordinate of the inci-
dent beam center at the entrance of the SC. If the refraction
would have stand in a regular way, the position of the inci-
dent center beam would have been located for y > 0.

To study the refraction angle of the transmitted beam,
the average value of the squared pressure modulus along the
z axis for each value of d (d = [0.1, 0.2, 0.3, 0.4, 0.5]m) is
performed. The results are shown on the Fig. 10. The nega-
tive refraction is clearly highlighted by the distribution of
the acoustic intensity along the y axis in function of d: the
transmitted beam center is located around y = 0 for d = 0.1
and moves to y > 0 when d is increased. To reinforce this
result, the weighted mean of squared pressure modulus p>
along y for each value of z € [-0.1 : 0.1] (each horizontal
line of the pressure maps in Fig. 9) and for each distance d
are presented in the insert of the Fig. 10. The standard devia-
tions g, of the distributions are illustrated by the vertical seg-
ments with length 2¢,. The dashed line shows the position of
the weighted mean of the squared pressure modulus estimated
with a FDTD method performed with the same characteristics
as the experimental study (9 rows and 26 lines).

The distribution of the weighted mean of squared pres-
sure modulus is qualitatively in agreement with the attempted
result. Due to the nearfield radiations influence, the position
of the weighted mean points for the first map (where
d = 0.1 m is smaller than the wavelength) is underevaluated.
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In the same way, the position of the weighted mean points for
d =0.5m is also underevaluated because the investigated
area is too narrow: one part of the acoustic intensity of the
beam is localized to y defined by y > 0.5 which allows to an
underevaluation of the position. On the contrary, the weighted
mean positions for d =[0.2, 0.3, 0.4]m are in agreement
with the simulated results. The extended distribution of the
weighted mean positions, illustrated by the errorbars on the
curve, can be caused by the inherent disorder of the scatterers
distribution and also by the error on the incident beam angle.
Moreover, the change of impedance between the confined
area of the crystal and the free field behind the crystal can
explain the relative dispersion of the acoustic beam behind
the crystal. But, in spite of these experimental difficulties
related to the audible frequency range, this preliminary study
points out the existence of negative refraction for acoustic
waves in the audible frequency range.

V. CONCLUSION AND PERSPECTIVES

The acoustic band structure of a 2D sonic crystal made
up of square cross-section scatterers embedded in air on a
square lattice is investigated. The existence of tunable band
gaps in the audible frequency range are proved experimen-
tally. This confirms the influence of the scatterer rotation in
the unit cell on the band gap width and appearance and dem-
onstrates the efficiency of this type of SC as tunable crystal
in the audible frequency range.

Negative refraction is studied through the equifrequency
surfaces analysis and FDTD simulation. It is found that such
anomalous refraction can happen with scatterer side parallel
to the lattice vector, i.e., 6 =0°, for an incident wave of
2300Hz at a=25°. Negative refraction is demonstrated
experimentally by means of 2D vertical maps of the trans-
mitted wave field through the crystal.

A sonic crystal made of square cross-section long rods
with an automatic system enabling the control of the angle
of rotation of the scatterer is currently under fabrication.
This structure will allow us to study more precisely the tuna-
ble effect and negative refraction for different angles of rota-
tion of the scatterers experimentally.
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