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In this work, we experimentally demonstrate the concept of space-time wave localization using
programmable defects. The dynamic properties of the local resonators of an electromechanical metamate-
rial, comprising piezoelectric elements connected to synthetic impedance circuits, are digitally controlled
to modulate a trivial point defect in space and time. The experimental results show that the vibration
energy is gradually transferred and localized over subsequent unit cells according to the defect position.
The practical realization of space-time wave localization using programmable defects in elastic metama-
terials may enable innovative solutions for information transmission, multiplexing and demultiplexing,

sensing, and coding.
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I. INTRODUCTION

Phononic crystals and metamaterials are engineered
structures capable of manipulating waves through band
gaps, i.e., frequency bands where wave propagation is pro-
hibited [1-3]. While the former is based on the destructive
superposition of reflected and incident waves [4], the latter
relies on energy absorption by an array of resonating units
[5]. They have been used in several applications in the
realm of acoustic and elastic waves such as isolation [6-9],
cloaking [10], focusing [11], and guiding [12]. In particu-
lar, wave localization and guiding through fixed point and
line defects in a periodic array of unit cells have received
notable attention in the past two decades [13—15]. Specif-
ically in metamaterials, trivial defects can be generated
by introducing a mismatch in the dynamic properties of
the selected resonators [16]. This periodicity breaking pro-
duces a defect wave state lying within the locally resonant
band gap, which results in localized waves around a point
defect or in propagating waves along a line defect [17,18].

The recent rise of programmable architected materials
in which the unit cell properties change with time has
expanded the wave manipulation possibilities [19,20]. For
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instance, these active media [21] have been used to tune
band gaps in different frequencies [22,23], to create para-
metric amplification [24], to convert waves [25], as well
as to design nonreciprocal [26] or topological pumping
waveguides [27,28], which are phenomena related to space
and/or time-reversal symmetry breaking [29,30]. These
architected materials have also been used to create devices
with reconfigurable defects [31-33].

Recently, Thomes et al. [34] expanded the possibili-
ties of programmable wave localization by introducing
the concept of space-time-varying defects to transmit
and localize waves at specific locations of metamaterials.
The authors numerically demonstrated that programming
defects in a periodic array of electromechanical local res-
onators [35,36] through a smooth modulation strategy,
as illustrated in Fig. 1, leads to energy transmission and
space-time wave localization. In this work, we explore the
experimental realization of such wave and dynamic phe-
nomenon in a fully programmable and digitally reconfig-
urable piezoelectric metamaterial beam, opening possibil-
ities for practical applications in fields such as information
transmission [37], multiplexing and demultiplexing [38],
sensing [39], and coding [40], among others.

II. SPATIOTEMPORAL LOCAL RESONANCE
TUNING

We consider a piezoelectric (or electromechanical)
metamaterial beam, which has a substrate made of 6061
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FIG. 1. Theoretical concept of the space-time defect modula-

tion using a piezoelectric metamaterial beam. The wave localiza-
tion (c) follows the defect position (b), which moves by smoothly
modulating the dynamic properties of the shunt circuits, i.e., local
resonators (a). Hence, the vibration energy originally concen-
trated around the initial defect (#;) is progressively transferred to
subsequent unit cells as the defect travels in space and time.

aluminum with cross section b x & = 10 x 0.8128 mm?
and total length L =318 mm. An array of 31 pairs
of piezoelectric elements (size b, x [, x h, =10 x 10 x
0.31 mm?® and model APC 850), separated by 0.25 mm
from each other, brackets the substructure. Each piezoelec-
tric element is covered by thin and conductive metallic
electrodes on the top and bottom surfaces. The substrate
and the internal electrodes are electrically grounded, while
the external electrodes of each unit cell are connected in
parallel and shunted through a synthetic impedance circuit,
which has a digital filter in the loop such that its prop-
erties can be modified via computational software. Each
synthetic circuit is designed as a voltage-controlled cur-
rent source with the effective admittance in the Laplace
domain (see Sugino et al. [20] for a detailed description
of the synthetic circuit implementation) given by
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where s is the Laplace parameter, /(s) is the current
supplied to the terminals of the piezoelectric patches,
Vin(s) is the piezoelectric voltage, R. is a resistance for

voltage-current conversion, and Vg, is the output volt-
age, which depends on a selected transfer function F(s) =
Vout(8)/Vin(s) = R Y(s). In order to create an electrome-
chanical local resonator, the admittance of the electrical
circuit at unit cell j is written as

o
nm=%(f+%%) )

where C, is the piezoelectric capacitance, w, is the reso-
nant frequency of the RLC circuit, and & is the electrical
damping ratio.

To create the active domain, and hence to induce the
spatiotemporal wave localization, the resonant frequency
and the correspondent damping ratio of the synthetic
impedances are simultaneously modulated in space (unit
cell j ) and time (?), respectively, by

@ =1—-(1-nH and i(f) =1-(-yH,
o 3

€)

where w, and &, are, respectively, the resonant frequency
and the damping ratio of the periodic configuration; n and
y are, respectively, the constants that determine the fre-
quency detuning and the damping ratio detuning of a shunt.
In addition,

H=[HG—j; 0 +8) —HG —ji— ) — )],
@)

where H (x) = 0.5 4+ 0.5tanh(y/ x) is an analytic approx-
imation of the Heaviside step function for which ¢ =5
determines the sharpness of the step, jr and j; are, respec-
tively, the indices of the first and last defected unit cells
at t=0, and § = 0.3892 is a constant to properly set
the defect configuration to cells j, until j; (H(8) = 0.98).
Notice that the defect position is determined by the H func-
tions. The phase shift provided by ¢ () = (Aj /AN — 1)
gradually moves the defect to the right-hand side by Aj
piezos in a time interval of At =1t —t;, where #; and t;
are the final and initial times of the modulation (note that
Eq. (3) is only valid for #; < t < t). Instead of using the
set of cosine functions combined to conditional clauses
originally proposed by Thomes et al. [34], the modula-
tion proposed here is more concise, provides an analogy
to waves propagating with a phase velocity Aj /At, and is
more easily programmed in a computational environment.
However, both modulation strategies are analogous from
the wave and dynamic points of view.

The digital implementation of the synthetic circuits
enforces the time sampling of Egs. (3) and (4), which
transforms the continuous-time (7) to the discrete-time (#;)
domain. For the same reason, Eqgs. (1) and (2) are repre-
sented in discrete-time analogue (z) instead of the Laplace
parameter.
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III. EXPERIMENTAL SETUP

The programmable experimental setup follows from
Alshaqaq et al. [41,42] and Sugino et al. [43], previously
used for concepts such as group velocity tailoring and
nonreciprocal behavior. A schematic of the experimental
setup is depicted in Fig. 2. The desired circuit parame-
ters w,, (tx) and &; (), and hence the electromechanical
local resonator tuning, are digitally programmed through
LabVIEW® software [Fig. 2(i)]. The correspondent dis-
crete transfer functions F'(z) are calculated and uploaded
into the controller, which uses a field-programmable gate
array (FPGA) to control the transfer function of each shunt
circuit in real time. Based on F'(z), the NI PXIe-1082
controller [Fig. 2(d)] calculates the output voltage vy ()
that emulates the electrical circuit in each piezoelectric
patch. More details of the design of such digital circuits
are presented in Sugino et al. [20]. To implement time
modulation of the effective impedance of each shunt cir-
cuit, the synthetic-impedance controller accepts a trigger
signal input and updates the impedance setting on each
rising edge of the trigger. During experiments, a signal
generator [Fig. 2(g)] outputs a square burst signal as the
trigger input to the controller, and the signal generator is
in turn synchronized with the excitation to the system. In
this way, the modulation of the shunt impedances is consis-
tent between measurements, and the onset of modulation is
synchronized with the excitation. The number of modula-
tion steps is chosen to ensure that the state of the system
at the end of the modulation is the same as the initial
state. See Appendix A for more details regarding the dig-
ital parameters used in the experiments. Moreover, due to
the time delay introduced by digital sampling (i.e. phase
lag) [20,44], the unit cell with defect is tuned to lower

. triggering

frequencies compared with the periodic configuration (n <
1), where a smaller electrical damping is required to pre-
serve the digital circuit stability when compared with the
high-frequency tuning [20].

The metastructure with 31 unit cells (j = [0-30]) is
clamped at j = 0 and free at j = 30 as presented in Fig.
2(b). The excitation signal is generated (and recorded)
by a Polytec PSV-500 system [Fig. 2(f)] and amplified
[Fig. 2(a)] before it reaches the piezoelectric patch ter-
minals at position j = 15, which is exclusively used for
actuation. The transverse velocity field is measured by a
scanning laser Doppler vibrometer [Fig. 2(c)] at 93 points
uniformly distributed along the metastructure. The veloc-
ity measurements for each point are carried out with five
averages.

IV. EXPERIMENTAL RESULTS
A. Fixed defect

First, the periodic configuration (i.e., without defects),
where the piezoelectric patches are shunted through
synthetic-impedance circuits with @y 5,/ 27) = w,/
(2m) =4 kHz and &[¢30) = §, = 0.067, is investigated.
The excitation is a burst random signal. The frequency
response function (FRF) averaged along the metastructure
length is displayed in Fig. 3(a) (blue line) and shows a
vibration attenuation zone around 4000-4240 Hz due to
the locally resonant band gap of the shunt circuit. Next,
a configuration with a fixed defect between unit cells 13
to 17 is created by tuning the corresponding shunt cir-
cuits to a different resonant frequency, wn[13717]/ Q2mr) =
2 kHz (n = 0.5). The damping ratio of those resonators
is also reduced, &[13-177 = 0.0335 (y = 0.5), to maximize

FIG. 2.

Details of the experimental setup: (a) amplifier, (b) metastructure and unit cell, (c) power supply, (d) NI PXIe-1082 controller,

(e) scanning laser Doppler vibrometer, (f) PSV-500 acquisition and signal input system, (g) signal generator, (h) printed circuit boards
with the synthetic-impedance circuit for each piezoelectric pair, and (i) laptop with LabVIEW® software.
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FIG. 3. (a) FRF averaged along the metastructure length and
(b) velocity field at 4107.5 Hz, which is indicated by the black
dashed line in (a): periodic (blue) and with defect (red). The FRF
is computed by 20 log,, |%/vin| (dB, reference 1 mm/V s), where
u is the averaged velocity of the transverse motion and vj, is
the input voltage. The red and gray shaded areas in (b) indicate,
respectively, the defect and excitation zones.

the vibration amplitude of the defect mode. For the same
burst random excitation, the frequency response of the
metastructure with defect has a resonant peak inside the
attenuation band (at 4107.5 Hz) due to the defect mode as
presented in Fig. 3(a) (red line). In addition, the velocity
field measured at the defect frequency for both configura-
tions, shown in Fig. 3(b), highlight the high level of the
spatial vibration localization around the defect when it is
compared with the periodic configuration. Therefore, the
vibration energy of the excitation is confined within the
defect (red line), and the remaining periodic cells to the
left and to the right of the defect work like domain wall
protection [45].

B. Moving defect with continuous excitation

In order to experimentally observe the space-time mod-
ulation, the piezoelectric metastructure is continuously
excited with a sine burst signal with central frequency of
4107.5 Hz [i.e., the defect frequency in Fig. 3(a)]. The
defect is initially placed at unit cells 9 to 13 and then
moved 8 cells towards the right-hand side, i.e., to j =
[17-21]. The space-time modulation starts at #; = 0.2 s,
after the beam vibration reaches the steady-state regime.
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FIG. 4. (a) Envelope of the vibration field during the space-
time modulation for continuous excitation. The cyan dashed lines
indicate the defect position and the inset shows the excitation
signal. (b),(c) Response for the fixed-defect (blue) and moving-
defect (red) cases at selected positions indicated by the white
dashed lines in (a). The gray shaded area indicates the interval
before the onset of modulation.

See Appendix A for the updated time modulation parame-
ters. The envelope of the time-domain velocity response
(u*) along the metastructure is plotted in Fig. 4(a) with
the position of the defect boundaries defined by the cyan
dashed lines [obtained from Eq. (3)]. As expected, the
vibration pattern related to the defect mode presented in
Fig. 3(b) moves towards the right-hand side of the metas-
tructure following the space-time-modulated defect. Since
the excitation at the piezoelectric patch placed at j = 15
is similar to a fixed defect (i.e., the piezoelectric patch
responsible by the excitation is not shunted like the other
unit cells), the defect mode pattern slightly changes when
the moving defect includes this unit cell.

To highlight the previous spatiotemporal wave localiza-
tion phenomenon, the time responses of the space-time-
modulated defect case are compared with the fixed-defect
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case (i.e., j = [9-13]). Figures 4(b) and 4(c) display,
respectively, the transverse velocity measured at unit cells
j =13 and j = 21, which corresponds to the positions
x/L =0.312 and x/L = 0.699 highlighted by the white
dotted lines in Fig. 4(a). Both cases reach the steady-state
regime before t = 0.2 s, when the space-time modulation
starts for the moving-defect case. As predicted by the har-
monic response in Fig. 3, the time response for the fixed
defect (blue line) presents a constant and high vibration
amplitude within the defect [Fig. 4(b)] and low vibra-
tion amplitude outside the defect [Fig. 4(c)]. This behavior
occurs because the unit cells j € [14,21] have a band gap
at the excitation frequency, which does not allow the vibra-
tion transmission from j = 15 to j = 21 and works as a
domain wall for the wave localization within the defect. On
the other hand, the time responses for the spatiotemporal
defect case (red line) are in agreement with the defect posi-
tion. Initially, the vibration amplitude atj = 13 [Fig. 4(b)]
is similar to the one observed at the steady-state regime,
and then it decreases to almost zero as the defect moves
further way. The opposite occurs in Fig. 4(b) where, ini-
tially, the vibration level at j = 21 is almost zero and it
reaches the steady-state regime level when the spatiotem-
poral defect is transferred to this unit cell. This experiment
confirms the theoretically predicted space-time wave local-
ization by programming defects in a periodic array of
electromechanical resonators [34] and clearly shows its
flexibility in relation to the fixed-defect case.

C. Moving defect with transient excitation

The energy transfer through subsequent unit cells in
the active metastructure is also experimentally observed
by using a transient excitation. Again, the space-time
modulation starts after the steady-state regime is reached.
However, in this case, no external energy (i.e., excita-
tion) is added to the system during the modulation of the
resonators, except for the voltage supplied to the digital
circuits by the controller. The time parameters are adjusted
(see Appendix A) to produce a narrow-band excitation at
the defect frequency and to obtain a reasonable vibration
level after the end of the excitation at 0.5 s. The defect is
initially placed at unit cells 13 to 17 and moved two cells
forward when the modulation starts at 0.523 s. Moreover,
due to the intrinsic damping in the system, the vibration
response rapidly decays without an external energy input.
Therefore, to observe the space-time wave localization
with transient excitation, a faster modulation transition is
programmed.

Figure 5(a) displays the envelope of the time-domain
velocity responses (¢*) along the metastructure. The vibra-
tion energy (and, hence, the wave localization) has been
moved towards the free end of the metastructure following
the defect position indicated by the cyan dashed lines. Dif-
ferently from the continuous-excitation responses of Fig. 4,
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FIG. 5. (a) Envelope of the vibration field during the space-
time modulation for transient excitation. The cyan dashed lines
indicate the defect position and the inset shows the excitation
signal. (b),(c) Response for the fixed-defect (blue) and moving-
defect (red) cases at selected positions indicated by the white
dashed lines in (a). The gray shaded area indicates the interval
before the onset of modulation.

the vibration amplitude related to defect mode is attenuated
over time due to the intrinsic damping.

To better understand this spatiotemporal localization
under transient excitation, as well as the effects of damp-
ing and moving energy on the vibration amplitude, Figs.
5(b) and 5(c) present the time responses atj = 13 (x/L =
0.442) and j = 18 (x/L = 0.600) for the moving-defect
and fixed-defect (at j = [13—17]) cases. As expected, the
responses match until the onset of the modulation (¥ =
0.523 s). When the external excitation is removed (f =
0.5 s), the vibration response for the fixed defect (blue line)
gradually decays in time within the defect [Fig. 5(b)] as
well as at its neighboring unit cell [Fig. 5(c)]. This fixed-
defect case captures only the damping contributions on the
vibration response, which is used as a reference for the
spatiotemporal defect case. For the moving-defect case,
the amplitude of the time response at j = 13 [red line in
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Fig. 5(b)] decays faster than in the fixed-defect case, high-
lighting the effects of wave (and vibration energy) manip-
ulation in space and time due to programmable defects.
Furthermore, Fig. 5(c) shows that the vibration amplitude
atj = 18 increases after the onset of the modulation, indi-
cating that energy has been transferred to this unit cell,
which is later dissipated due to damping effects. Therefore,
the energy transfer and the higher vibration amplitude for
longer periods (compared with the fixed-defect case) are
due to the space-time modulation of the defect. Despite the
attenuation in the time response, this experimental obser-
vation also proves the feasibility of the space-time wave
localization and energy transfer between subsequent unit
cells using the defect modulation with a transient time
excitation.

V. CONCLUSIONS

In conclusion, the presented results provide the exper-
imental observation of the space-time wave localiza-
tion in an electromechanical metamaterial beam by
programmable defects. Notwithstanding the limitations
imposed by the intrinsic damping, this space-time modu-
lation can be implemented to systems where damping does
not play a major role in the dynamic response, such as
in acoustics and photonics. Even so, the insights and con-
cepts demonstrated herein for both continuous or transient
excitation may open avenues for practical implementa-
tions of programmable wave localization in mechanical
and aerospace structures as well as wave devices.
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APPENDIX: ADDITIONAL INFORMATION ON
THE TIME DISCRETIZATION AND FPGA
MEMORY LIMITATION

Although Egs. (3) and (4) are defined continuously in
time, the digital implementation enforces a time discretiza-
tion dictated by the update rate of the controller, f,, (Hz),
so that #4.1 — # = 1/fup, Where k is the time-step index.
Consequently, the total time of the modulation is given by

At = (ny = 1) /fop, (A1)
where ny is the total number of impedance val-
ues assigned to a shunt circuit. The performance of

the modulation is determined by two qualities: speed
and sharpness. While the former relates to dw,/d¢
Aj /At and should be slow enough to avoid paramet-
ric excitation [34,46], the latter is exclusively related
to the discrete nature of the problem and is propor-
tional to |Awnj |/wp = |wn(, tr1) — @n (G, tk)|/wp =(1-
n/(ny —1). As |Awy, |/wp, increases, the change in the
circuit parameters from one time step to another becomes
more abrupt, and the modulation dissociates from a smooth
and continuous function in time. Typically, ny is chosen
to be as large as possible given the limitations of the
FPGA memory, which in our case is ny = 901, and f,;, is
selected to have a desired At. For the harmonic response
(Fig. 3) with fixed defect, an acquisition rate of 8 kHz
and a frequency resolution Af = 2.5 Hz are used. For the
continuous-time excitation (Fig. 4), fu, = 1.65 kHz is used,
which corresponds to At = 0.546 s. For the transient-time
excitation (Fig. 5), a faster modulation is required due to
the high intrinsic damping, and hence f,;, = 10 kHz is used,
which corresponds to Az = 0.09 s.
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