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ABSTRACT

A nonreciprocal system composed of a one-dimensional piezoelectric phononic crystal whose periodic electrical conditions are modulated in
time is presented. One-way longitudinal wave propagation is studied experimentally and compared to finite element temporal simulations.
The modulation is performed by prescribing grounded or floating potential conditions on a periodic set of electrodes through external
circuits. This approach makes it possible to consider a wide range of modulation speeds, and the large number of unit cells of the phononic
crystal allows us to characterize experimentally the full dispersion curves of the system. This permits to observe the presence of directional
bandgaps and to follow the shift in frequencies of these bandgaps as a function of the modulation speed. The experiments show the linear
evolution of the central position of the bandgaps with the increase in the modulation speed, as well as their progressive closure, over a wide
range of frequencies. Experiments are also used to estimate the evolution of bandgaps in a dispersive system, a problem discussed in several
theoretical works but never observed experimentally. This work may constitute the foundation for experimental analysis of Floquet acoustic
metamaterials, accelerated-modulation space-time metamaterials, or acoustic analog of the event horizon.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0169265

To break reciprocity of acoustic wave propagation, non-
Hermitian systems based on three physical mechanisms have been
considered in recent years: (i) nonlinear propagation in nonsymmetric
layered media causing rectification of energy flux due to nonreciprocal
energy dissipation at harmonic frequencies;1,2 (ii) introduction of
a static bias generated by a circulating fluid3 to realize sound wave
circulators4 or isolators;5 and (iii) time-varying acoustic materials
with prescribed time modulation,6 locally time-controlled or time-
programmable properties7–10 or space-time modulation. Most theoret-
ical and numerical studies on space-time modulated (STM) acoustic
metamaterials focus on acoustic or elastic media with sinusoidal space-
time modulation of an elastic parameter, typically Young’s modu-
lus,11–14 bulk modulus,15 or shear modulus.16 They report tilting of
dispersion curves and nonreciprocal dispersion similar to those
described by Cassedy and Oliner in their seminal work on space-time
modulated electromagnetic waveguides.17 STM acoustic metamateri-
als are a specific type of time-varying media or Floquet metamateri-
als, which have been identified as a unique opportunity to design
novel forms of wave–mater interaction.18,19 One advantage of STM

metamaterials lies in the introduction of additional time/frequency
and space/wavenumber scales associated with the modulation which
may couple to wave frequency/wavenumber and metamaterial reso-
nance frequency. The broad spectrum of these interactions eventually
associated with multiphysical and/or nonlinear effects constitutes a ris-
ing field of research for wave engineering. Uniform-velocity space-time
crystals20 is a kind of STM metamaterial, including a periodic sequence
of space-time discontinuities, which exhibit theoretically in the elastic
case nonreciprocity and macroscopic behavior of a Willis medium at
low modulation speed.21

Practical realizations of STM systems rely on space-time control
of electric boundary conditions applied to magnetic or piezoelectric
elements in order to modify locally the properties of a waveguide.
Magnetic systems using coils and magnets arranged on rails22 or reso-
nators composed of coils with modulated electric currents23 are real-
ized with a rather limited number of unit cells (4–6), allowing only the
study of transmission signal through small slabs. Another system is
developed using piezoelectric patches arranged on an elastic substrate
to constitute a slab of eight cells submitted to a square modulation.24
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In this complex structure, each piezoelectric element is separately con-
nected to its own independent circuit. The dispersion diagrams are
evaluated around the directional bandgaps in a narrow frequency
band. To improve the effective electromechanical coupling of the
structure, spatiotemporal modulation is realized with switchable nega-
tive capacitance shunts. Although shunted piezoelectric patches can
operate over a wide range of frequencies, the circuits can become
unstable due to the use of negative capacitances.24,25

In this Letter, we report the development of an experimental
setup enabling the measurement of the full dispersion diagram of a
STMmetamaterial. We study the propagation of elastic waves in a pie-
zoelectric phononic crystal (PC) made up of about one hundred identi-
cal piezoelectric elements separated by thin electrodes as depicted in
Fig. 1(a). The relation between mechanical and electrical quantities in
the case of a long rod polarized along its length is given by

T3ðzÞ ¼ cD33S3ðzÞ þ e33D3ðzÞ; (1)

where S3, T3, and D3 are the mechanical strain, the mechanical stress,
and the electric displacement along the z axis, respectively. cD33 and e33
are the elastic compliance constant at constant electric displacement
and the piezoelectric stress constant, respectively. Electrodes are sup-
posed to have a negligible mechanical effect on wave propagation pro-
vided that they are thin enough with respect to wavelength. For an
electrode with zero surface charge density (a floating potential),

Gauss’s law leads to the continuity of electrical displacement through
the interface and consequently to the continuity of the mechanical
strain as T3 should be continuous. Therefore, the acoustic wave is fully
transmitted through the electrodes. Conversely, for a grounding condi-
tion, a discontinuity of the electrical displacement may appear between
two piezoelectric elements if electrical charges move from ground to
the electrode. In this case, an impedance mismatch takes place at the
interface and the acoustic wave is partly reflected and transmitted.
Then, the propagation of mechanical waves in a piezoelectric medium
depends on prescribed electrical boundary conditions and a periodic
grounding of the electrodes introduces a Bragg bandgap which does
not exist when the electrodes have a floating potential condition.26

When the electrical conditions of the electrodes are modulated both in
space and in time in such a piezoelectric structure, wave dispersion is
strongly modified and becomes nonreciprocal.27,28

This system allows a very simple and fast enough space-time
modulation of the boundary conditions well suited for an experimental
implementation. It is composed of a large number of controllable ele-
ments to obtain full dispersion curves with adequate wavenumber res-
olution and experimental range. In addition, wave propagation in the
piezoelectric material provides sufficient modulation-wave coupling to
use simple electronic circuits for the modulation. Thus, very fast mod-
ulation speeds can be obtained without stability issues. Moreover, as
electrical conditions are carried out using external circuits, it is also
possible to apply different types of modulation, other than a shift of
the electrical conditions at constant speed. In this paper, we focus on
the study of a control law with a constant modulation speed in the sub-
sonic regime, i.e., a modulation speed cm lower than the velocity of the
propagating waves of the system cL.

The experimental setup is composed of a stack of 113 piezoelec-
tric rings polarized along their length separated by 114 thin electrodes.
The latter are made of brass of density ql ¼ 8550 kg/m3 and Young’s
modulus El¼ 100GPa. The piezoelectric rings are made of lead zirco-
nate titanate (PZT) with density qp ¼ 7650 kg/m3 and elastic stiffness

modulus at constant electric field cD33 ¼ 41:8 GPa, leading to a longitu-

dinal wave velocity of cL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
cD33=qp

q
¼ 3479 ms�1. The dimensions

of the rings and electrodes are given in Table I.
The modulation of the electrical conditions is performed using

switches that set electrodes to ground or to floating potential. The
switches state is defined by a digital signal processor (DSP). Dynamic
random access memories (DRAMs) allow to deliver logical values to
each switch to dictate its state as a function of time. The modulation is
performed by shifting the position of the periodic set of grounding
conditions in time [Figs. 1(a) and 1(b)]. 95 electrodes are connected to
switches and form the modulated region of length l, as represented
Fig. 1(c). Unmodulated regions are placed at the two stack ends. The
left one, where the excitation is generated, is of length la. In the right

FIG. 1. (a) Schematic view of electrical boundary conditions imposed to electrodes
of one cell (N¼ 5). (b) Command law of the switches S vs time. (c) Schematic view
of the stack including the source, the modulated (l), and unmodulated regions of
length la (where excitation is generated) and lb (where electrodes are left floating).
(d) Picture of the experimental setup of space-time modulation of electrical condi-
tions imposed to the electrodes through DRAM memories controlled by the DSP.

TABLE I. Dimensions of the piezoelectric rings and electrodes used in the phononic
crystal assembly.

Elements
Outer

radius (mm)
Inner

radius (mm)
Thickness
(mm)

Piezoelectric rings rex¼ 5 rin¼ 3 ep¼ 5
Electrodes rex¼ 5 rin¼ 3 el¼ 0.5
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one, of length lb, all the electrodes are left floating. A picture of the
stack and its external circuits is displayed in Fig. 1(d).

The switches are operated at a modulation period Tm that dictates
the modulation speed cm ¼ a

Tm
with a the spatial period corresponding

to the minimum distance between two successive grounded electrodes
as depicted in Fig. 1(a). Although the spatiotemporal modulation is
naturally described by a modulation speed, the modulation frequency
fm ¼ cm

a is defined by the number of times a given periodic space distri-
bution is met per second. Grounding one electrode out ofN is equivalent
to a spatial period a ¼ Nðep þ elÞ, leading to about 95=N cells in the
phononic crystal slab. The position of the grounded electrodes is
shifted every TH ¼ Tm=N , returning to their initial position every Tm.
In this paper, we consider two cases: for N¼ 5, a slab composed of 19
cells submitted to a five step modulation; for N¼ 3, a slab of 30 cells
submitted to a three step modulation.

Elastic waves are generated by applying a voltage difference
between two electrodes separated by five piezoelectric rings located in
the left unmodulated region. The source signal is a frequency chirp
between 1 and 120 kHz. An external trigger synchronously starts the
modulation, the excitation, and the acquisition system in order to have
same phase reference for each measurement. The dispersion curves are
characterized experimentally by measuring the electrical potential of
each electrode as a function of time.29 Measurements of electrical
potentials are made automatically with a data acquisition system
(DAQ). They last 10ms, a duration much larger than Tm and than the
round trip time of flight of the acoustic wave in the PC slab. A space-
time Fourier transform is then applied to these measurements in order
to calculate the corresponding experimental dispersion curves.

The longitudinal wave velocity found experimentally when all
electrodes are floating is cL¼ 3210 ms�1, lower than that calculated
theoretically from the material constants of the piezoelectric elements.
This difference originates mainly from the electrical circuits of the DSP
and the DAQ which introduce parasitic capacitances. Previous

theoretical analysis of piezoelectric phononic crystals demonstrated
that these additional capacitances modify the wave velocity and the
effective coupling coefficient.30

We consider first the case N¼ 5 with a spatial period
a¼ 27.5mm, corresponding to every fifth electrode being grounded
with a resulting bandgap centered around 57.4 kHz. Experimental
results for modulation speeds of 0, 500, and 1000 ms�1 are shown in
Fig. 2, for the first two Brillouin zones and frequencies up to 120 kHz.
High amplitudes (bright yellow spots) correspond to the longitudinal
vibration modes of the structure. The positions in frequency and wave
number of the unmodulated bandgap are marked by horizontal and
vertical dotted lines. The previously mentioned parasitic capacitances
strongly reduce the bandgap widths by shifting down their upper limit
so much that they can no longer be identified clearly. However,
bandgap center frequency may still be identified by the crossings of
dispersion branches.

In this study, we analyze the shift in frequency and wavenumber
of these crossings (identified with blue markers in Fig. 2) for a nonvan-
ishing value of k as a function of modulation speed. The positive and
negative wavenumber intersections shift to the higher and lower fre-
quencies, respectively. The longitudinal mode has a dispersive branch
above 100 kHz due to a strong coupling with the radial mode of the
rings, present at higher frequencies.

Several theoretical works17,20 have established that center fre-
quency fs of shifted bandgap and reduced wave number ksa=p at the
crossing points exhibit linear dependencies with the modulation speed
given by the following expressions:

fs ¼ 6
cm þ cL

2a
;

ksa
p

¼ 61þ cm
cL

: (2)

For the experiments, the position of the crossings is followed for
modulation speeds ranging from cm¼ 0 to cm¼ 2000 ms�1 by steps of
cm¼ 100 ms�1. The same process is applied to finite element temporal

FIG. 2. Space-time Fourier transform of electrodes electrical potential measurements for a modulation speed of (a) cm¼ 0, (b) cm¼ 500, and (c) cm¼ 1000 ms�1 for a spatial
period a¼ 27.5 mm corresponding to one in five grounded electrodes. As a reference, the position in frequency and wave number of the crossings of dispersion branches
in the static (cm¼ 0 ms�1) case is overlapped on all graphs with dashed lines. An animated view of these experimental results for modulation speeds ranging from 0 to 2000
ms�1 is provided in the supplementary material.
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simulations results carried out with Comsol software. The description
and parameters of the simulations are given in the supplementary
material (S2). Figure 3 displays the position of the crossings in fre-
quency and normalized wave number vs the modulation speed. The
distribution of the measurements confirms the linear character of the
evolution of crossings position in frequency and wavenumber up to a

modulation speed of cm¼ 2000 ms�1 ¼ 0:62cL. This evolution is of
the same nature for finite element simulations. The slope of the linear
regression of frequency positions is 618.45 m�1 for the experiments
and 618.18 m�1 for simulations results. The latter value corresponds
exactly to the theoretical value 61=2a. A good agreement between the
experimental and numerical results is found, with a slightly smaller slope
for the numerical results. The frequency shift of 11.48 kHz between sim-
ulation and experimental results is mainly due to the mechanical contact
between elements: in the simulations, a perfect contact is assumed,
implying a higher effective coupling coefficient than the experiments
and, thus, a downshift of the lower limit of the bandgap. Further explan-
ations are provided in the supplementary material. The wavenumber
shift of the two intersections is linear as well, with a slightly higher slope
for simulation results. Nevertheless, the overall excellent agreement
between measurements and theoretical predictions confirms the reliabil-
ity of the experimental setup to exhibit phenomena associated with tem-
poral modulations of waveguide properties.

We consider now the case N¼ 3 with a spatial period
a¼ 16.5mm, corresponding to every third electrode being grounded
with a resulting bandgap between fmin¼ 89.3 and fmax¼ 95.6 kHz. In
this case, the measurements are made with an oscilloscope which
allows to greatly reduce the parasitic capacitances and, therefore, to
avoid total bandgap closure. Additionally, the longitudinal wave veloc-
ity for floating potentials found experimentally is then cL¼ 3390 ms�1,
much closer to the theoretical value. Elastic waves are generated in the
same fashion as for the N¼ 5 case. Source signal is a Ricker pulse
xðtÞ ¼ Að1� 2p2f 20 t

2Þe�ðpf0tÞ2 centered at f0 ¼ 50 kHz.
Results obtained for modulation speeds of 0, 100, and 200 ms�1

are displayed in Fig. 4. Curves are represented up to 120kHz for fre-
quency and up to the first two Brillouin zones for normalized wave-
numbers. As expected from previous theoretical works,27,28 the
bandgap initially located at a positive (negative) wavenumber has
shifted up (down) in frequency and shifted to positive wavenumbers.
At cm¼ 100 ms�1, there is no frequency overlap between both bandg-
aps meaning that they can be identified as directional. The bandgaps

FIG. 3. Variation of the position in frequency and normalized wave number of cross-
ings of dispersion branches (such as those shown in Fig. 2) as a function of the
modulation speed for experimental (blue) and simulation (yellow) results. Tracking
of negative (positive) wavenumber bandgap is represented by diamond-shaped (cir-
cle) markers. A linear regression is represented in dotted (plain) lines on simulation
(experimental) results.

FIG. 4. Space-time Fourier transform of electrodes electrical potential measurements for a modulation speed of (a) cm¼ 0, (b) cm¼ 100, and (c) cm¼ 200 ms�1 for a spatial
period a¼ 16.5 mm corresponding to one in three grounded electrodes. The position in frequency and wavenumber of the bandgap in the static (cm¼ 0 ms�1) case is over-
lapped on all graphs with dashed lines.
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are getting narrower as the modulation speed increases, from 7.5 kHz
width for cm¼ 0 ms�1 to 5.4 kHz for cm¼ 100 ms�1, until getting
almost completely closed for cm¼ 200 ms�1.

Additional branches, parallel to the main curves, are observed
due to the discrete nature of the modulation that introduces other
modulation speeds defined by cnm ¼ ð1þ N:nÞcm with n being a rela-
tive integer and N¼ 3 being the number of electrodes in the unit cell.
In this case, a shift of speed cm is equivalent to a shift of c�1

m ¼ �2cm
and c1m ¼ 4cm among others. These satellite branches are a vertical

translation of the dispersion curves equal to modulation rates f nm ¼ cnm
a

and, thus, quickly move away from the studied frequency band. It
should be noted that these additional branches are also present in the
experiments withN¼ 5 but with a lower amplitude.

The case N¼ 3 is particularly interesting for measuring bandgap
evolution in a dispersive system. Figure 5 shows the tracking of the
position in frequency of the upper and lower limits of the experimental
bandgaps. Black dashed lines are linear interpolations between two
successive measurement points used to guide interpretation. Diagrams
for negative values of cm are obtained by tracking the negative wave-
number bandgap using the back-scattered waves with respect to mod-
ulation direction. Indeed, the evolution of the negative wavenumber
bandgap corresponds to that of the positive wavenumber bandgap for
a modulation speed of opposite sign. Results show that bandgap evolu-
tion is no longer linear with the modulation speed as they take place in
the dispersive branch of the mode. The measurements also display a
strong narrowing of bandgap with modulation speed which vanish
completely for cm ¼ 6400 ms�1.

This gap narrowing effect is in qualitative agreement with previ-
ously published analytical and numerical results,27,28 even though it is
much more pronounced here (see Sec. 4 of the supplementary mate-
rial). One possible explanation for this difference lies in the influence
of the strong hybridization with the radial mode present at slightly
higher frequencies, which was not considered in previous models. The
interplay between the main bandgap and this hybridization gap should
depend strongly on the modulation speed, since the former is closely
related to the modulation, while the latter is a consequence of the (con-
stant) lateral dimension of the piezoelectric rings.

Additionally, it should be noted that these gap narrowing effects
are almost completely absent for other classes of STM systems, such as
one-dimensional elastic bi-layer crystals composed of nondispersive
layers with interfaces moving at constant speed.20,21 As a reference,
Fig. 5 displays the calculated variation of bandgap frequency limits with
modulation speed for a STM bi-layer crystal having the same spatial
period a¼ 16.5mm and same wave velocities c1 ¼ c2 ¼ 3052 ms�1

than the experimental setup, but with different densities (q1 ¼ 7650
and q1 ¼ 6880 kg m�3) chosen in order to fit the experimental bandgap
for cm¼ 0 ms�1.

The experimental implementation of a STM piezoelectric pho-
nonic crystal combined with the fast modulation of electrical conditions
through external circuits gives direct access to full dispersion curves. It
may easily be adapted to more complex modulation laws and to super-
sonic modulation speeds. Thereby, it paves the way to the experimental
analysis of Floquet acoustic metamaterials,18 accelerated-modulation
space-time metamaterials,31 or acoustic analog of the event horizon.32

See the supplementary material for additional information
including the full description of the experimental setup and measure-
ments (S1), finite element simulations description, experimental and
simulated wave-fields as well as dispersion curves for higher modula-
tion speeds (S2), the PC mode shapes (S3), analytical results (S4), and
transmission spectra (S5).
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