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ABSTRACT

Tunable piezoelectric metasurfaces have been proposed as a means of adaptively steering incident elastic waves for various applications in
vibration mitigation and control. Bonding piezoelectric material to thin structures introduces electromechanical coupling, enabling structural
dynamics to be altered via tunable electric shunts connected across each unit cell. For example, by carefully calibrating the inductive shunts,
it is possible to implement the discrete phase shifts necessary for gradient-based waveguiding behaviors. However, experimental validations
of localized phase shifting are challenging due to the narrow bandgap of local resonators, resulting in poor transmission of incident waves
and high sensitivity to transient noise. These factors, in combination with the difficulties in experimental circuitry synthesis, can lead to
significant variability of data acquired within the bandgap operating region. This paper presents a systematic approach for extracting
localized phase shifts by taking advantage of the inherent correlation between the incident and transmitted wavefronts. During this proce- :
dure, matched filtering greatly reduces noise in the transmitted signal when operating in or near bandgap frequencies. Experimental results |
demonstrate phase shifts as large as —170° within the locally resonant bandgap, with an average 28% reduction in error relative to a direct
time domain measurement of phase, enabling effective comparison of the dispersive behavior with corresponding analytical and finite
element models. In addition to demonstrating the tunable waveguide characteristics of a piezoelectric metasurface, this technique can easily
be extended to validate localized phase shifting of other elastic waveguiding metasurfaces.
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I. INTRODUCTION steer incident wavefronts. Such phase gradient metasurfaces have
been applied for enhanced sensing of flexural waves,” structural
vibration isolation,” mode localization,” and energy harvesting,g'10
among others.

Pioneering research demonstrated the realizability of periodi-

The concept of elastic waveguiding refers to the controlled
redirection and manipulation of propagating waves in elastic
media, which has attracted a great deal of attention across a diverse
range of application fields. In the medical field, elastic waveguiding 2
enables ultrahigh resolution for medical diagnosis via ultrasonic caHY.arranged local resonators and/or Bra;glg—scatt.ermg elements
imaging,’ human motion activity monitoring, and sensory wave- for direct wavefield manipulation. Zhu et al.* experimentally mea-
guided robotics.” Flexible optical waveguides have also exhibited sured anomalous refraction of up to 23° using machineg geometric
great potential in the field of wearable, implantable, and optical tapers tailored to specific local resonances. Cao et al. = proposed

sensing.” For structure health monitoring, elastic waveguiding has a metasurface of lead-antimony subunits of varying width
been investigated for detecting core-skin debonding damage in alu- embedded in an aluminum plate to realize vertical and oblique
minum honeycomb structures." Waveguiding is generally achieved shear-wave deflections. Additional structures incorporating poros-
using metamaterials that are engineered to alter the dispersive char- ity, Helmholtz resonators, spring-mass, and cantilever type oscilla-
acteristics of the elastic medium at the local level, permitting the tors represent just a few of the designs proposed.'” Many
formation of phase shift gradients which are used to modulate and researchers have since turned their attention to tunable and
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adaptive structures, enabling online reconfigurability and/or real-
time control of waveguiding phenomena. With a handful of
notable exceptions, e.g., shape memory a.lloys,”’15 piezoresistiv-
ity,“”17 tunable mechanical oscillators,'®'® and piezoelectric meta-
surfaces are commonly used for this purpose.

The piezoelectric metasurface utilizes an electromechanical
coupling between mechanical strain and electrical charge to locally
modify the dispersive characteristics of the host structure. This
approach offers a high degree of flexibility in design and imple-
mentation, facilitating various shunt conﬁgurations,m spatial
grading,”>** non-linear circuitry,” and active control of elastic
waveguides.”* For example, Hu et al.”” investigated a piezoelectric
metamaterial beam with a graded distribution of inductive shunts
to realize broadband vibration suppression. This results in multiple
bandgaps with neighboring center frequencies such that the overall
range of transmission loss is widened. Sugino et al.* presented an
experimentally validated programmable metasurface with a digitally
tunable local resonance and bandgap width utilizing synthetic
impedance circuits. Li et al.”’ proposed a phase gradient elastic
reflector using a programmable transfer function to realize simulta-
neous waveguiding and wave mode conversion. Many investiga-
tions have also explored novel methods for enhancing the
performance of the piezoelectric unit cell by increasing broadband
effectiveness.”*® Lin and Tol*’ recently proposed an electroelastic
metasurface that uses multi-modal LC-shunts to enable simultane-
ous wave focusing at multiple discrete frequencies. Hu et al.’’
examined a locally resonant metamaterial beam with negative
capacitance coupling between adjacent cells to increase bandwidth
and form additional low and high frequency bandgaps. Zheng
et al.’" utilized a one-way voltage amplifier between adjacent piezo-
electric unit cells to facilitate non-reciprocal elastic wave propaga-
tion. While novel features and promising performance have been
shown, experimental studies on waveguides utilizing phase gradient
metasurfaces are still challenging. Within the narrow locally reso-
nant bandgap, poor transmission of incident waves and high sensi-
tivity to transient noise are expected. These factors, in combination
with the complex challenges in experimental circuitry synthesis,
can lead to significant variability of data acquired within the
bandgap operating region.

The present research focuses on the investigation and experi-
mental demonstration of local elastic phase shifting using a piezo-
electric metasurface with continuously tunable inductive shunts.
Phase modulations are acquired at two distinct frequencies, illustrat-
ing the reconfigurability of the metasurface structure. The locally
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resonant dynamics of each unit cell leads to the formation of a
narrow transmission bandgap, within which incident waves are
strongly reflected. In this frequency range, the transmitted wavefield
may become deeply encased in noise, making it challenging to
extract the local phase modulation features experimentally.'® In addi-
tion, the measured phase shifts can be highly sensitive to transients
and changes in excitation frequency, resulting in a significant poten-
tial for measurement error in this operating region. To meet these
challenges, a signal correlation procedure™ is adapted to simultane-
ously filter noise and acquire phase measurements from the trans-
mitted time domain response. This approach may be used in
real-time or post-processing and is capable of accurately determining
phase shifts at frequencies near the locally resonant bandgap.

The rest of the paper is organized as follows. First, the disper-
sive characteristics of the piezoelectric unit cell are analyzed
through an analytical model based on the transformation matrix
method and a finite element eigenfrequency simulations. The
resulting dispersion curves are then used to design a 2D metasur-
face and implement the anomalous refraction of incident waves.
The experimental setup is then described, including the implemen-
tation of synthetic inductances and the signal correlation method.
Next, the expected localized phase shifting behavior is experimen-
tally validated for two case studies (12 and 14 kHz bandgaps) and
compared to analytical and finite element models. Finally, the
improvement in the relative error of the signal correlation method
over direct peak comparison is discussed. The final section con-
cludes the present work and discusses applications and extensions
of the method to the ongoing research.

Il. DISPERSION ANALYSIS

To manipulate the phase of elastic wave propagation with a

metasurface, individual unit cells must be designed to locally alter «
the phase of incident waves. This can be done by varying either the ¢

propagation path length or the propagation speed at a local level."”
Here, we investigate the dispersive characteristics of the piezoelec-
tric unit cell illustrated in Fig. 1, with an applied flexural plane
wave traveling along the x-direction. The local unit cell is formed
by surface bonding a piezoelectric transducer (PZT) to a metal
plate. The PZT introduces electromechanical coupling with the
unit cell such that energy is converted from the mechanical strain
produced by the elastic waves to the electrical charge on the elec-
trodes. Due to the inherent capacitance of the PZT, connecting an
inductance L across its terminals forms an electrical LC-oscillator

FIG. 1. (a) Unimorph piezoelectric unit
cell bonded to a host structure (plate)
with an inductive shunt. (b) Semi-active

R

synthetic inductance circuit known as
the Antoniou Gyrator used to realize
the tunable inductance.

L1661 €20 Joqueosq 87

J. Appl. Phys. 133, 244901 (2023); doi: 10.1063/5.0145927
Published under an exclusive license by AIP Publishing

133, 244901-2


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

with the local resonance f;,”

_ 1

2 /CL’

where C, is the piezoelectric capacitance. The introduction of this
oscillator leads to the formation of a locally resonant bandgap
which occurs as the incident wave frequency approaches f;. With
the aid of tunable synthetic inductors, the value of L may be
adjusted such that this bandgap occurs near a specified fre-
quency.””” The circuit illustrated in Fig. 1(b), commonly known
as the Antoniou Gyrator, uses operational amplifiers to emulate the
electrical impedance of an inductor. Under ideal op-amp assump-
tions, this circuit leads to a zero real impedance and an effective
inductive reactance,”

fu 1)

_ RiRRy
=

L

Cl) (2)

where R;_, and C,; are resistors and a capacitor corresponding to
the circuit diagram in Fig. 1(b). By replacing one of the resistors
with a potentiometer, the inductance can be continuously tuned
according to Eq. (2). The use of this circuit has three distinct
advantages over passive coil inductors for this application; it is
tunable, the range of realizable inductances is large, and the resis-
tance is quite low.

The inclusion of tunable synthetic inductors enables control
of the dispersive characteristics of the unit cell. The transformation
matrix method is used to obtain the dispersion relation of the unit
cell while varying inductance.”®”” The unit cell is simplified into
an equivalent two-dimensional structure, considering wave propa-
gation in the X direction only. Since the aspect ratio (length to
thickness) is less than 10, the Timoshenko beam theory is used to
govern the structural dynamics. The electro-elastic model combines
the piezoelectric constitutive equations for 3-1 coupling while
assuming a uniform electric field. Assuming harmonic response,
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the following transformation may be derived:”’

Yi(xo + Lp) = Tpp Yp(x0), (3)
where Yj(xo) and Y,(xo + L) are 4 X 1 solution vectors of the
deformation, shear angle, bending moment, and shear force at each
end of the unit cell. Ty is a 4 x 4 transformation matrix whose ele-
ments are functions of the unit cell dimensions, material properties,
the frequency @ of the incident elastic wave, and the shunt imped-
ance. Applying Bloch-Floquet periodic boundary conditions,
Eq. (3) is then cast into an eigenvalue problem’**’
[Ty — e™51) =0, (4)

where k, is the wavenumber of the incident wave and L, is the
overall length of the unit cell. Solving Eq. (4) yields the wavenum-
ber associated with each incident wave frequency. Comparing the
dispersion curves between the open-circuit and LC configurations,
the localized phase shift is given by
& = nLy (ke — ko), 5)

where ¢ is the local phase shift in radians and 7 is the number of
unit cells that are patterned along the x direction. koc and ki ¢ are
the wavenumbers in the open circuit (OC) and LC-shunted config-
urations. Figure 2 compares the resulting wavenumber, velocity,
and phase dispersion curves as a function of incident wave fre-
quency. Each plot contains three dispersion curves, one for the
open-circuit and two inductance values (L; =96mH and
L, = 132.5mH). The dimensions and material properties for this
analysis correspond to the experimental parameters provided in
Table T presented in Sec. IV. The curves indicate that a transmis-

sion bandgap forms near the local resonance of the unit cell !
described by Eq. (2). As the frequency of the incident elastic wave

approaches this resonance, the wavenumber and propagation speed
diverge significantly from the open circuit configuration. The
resulting phase shift between the open-circuit and locally resonant

—Num. L= 96.0mH
=21COM. L= 96.0mH
1351 Num. L=132.5mH
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FIG. 2. Numerical and simulated localized dispersion curves for a piezoelectric unit cell with L = 96mH (~12kHz tuning), L = 132.52mH (~ 14 kHz tuning),
and R = oo (open-circuit). (a) Wavenumber dispersion curves, (b) phase velocity dispersion curves, (c) phase dispersion curves. Highlighted region marks the bandgap

frequency region.
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TABLE I. Experimental parameters.

Dimensions Beam Individual unit cell Piezoelectric layer
Length (mm) 609 15.3 13.1
Width (mm) 9.5 9.5 8.0
Thickness (mm) 2.4 34 1.0
Density (kg/m®) 2700 N/A 7900
Material parameters

E (GPa) 69.0 N/A 84.0

dz; (V/m) N/A N/A —-155x 107"
€li/ey (AU) N/A N/A 1600
Circuit parameters

R, (kQ) N/A 3.3 N/A

R, (kQ) N/A  Variable: 2.0-4.0 N/A

R; (kQ) N/A 33 N/A

Ry (kQ) N/A 1.0 N/A

C, (nF) N/A 32.0 N/A

cases is reflected in Fig. 2(c). At incident frequencies near the
bandgap, large discrete phase shifts can occur. These analytical dis-
persion curves are verified with corresponding parametric eigenfre-
quency simulations in COMSOL Multiphysics under the three
shunting configurations, as shown in Fig. 2.

11l. METASURFACE DESIGN

In general, the objective of waveguide design is to modulate
incident elastic wavefronts to steer wave propagation in a desired
way. Examples include anomalous refraction,” planar focal
lensing,29 and source illusion.”” In this section, the locally resonant
unit cell based on piezoelectric LC-shunt (Fig. 1) is extended into a
metasurface array and designed to implement anomalous refraction

a)

+ do

R
EE
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at an arbitrary angle and specified operating frequency. As
described by Yu et al,*’ the interaction of a wave with a physical
boundary is governed by the Generalized Snell’s Law (GSL)

dé

kisin(0;) — kisin(6;) = @y’ (6)

where k;; are the wavenumbers of the elastic wave in the homoge-
nous medium before and after the interface and 6;; are the angles
of the incident and transmitted elastic waves, respectively. ¢ is the
local phase shift that occurs when the incident wave crosses the
interface at any position y. The phase gradient 42 describes the
change in these phase shifts along the interface.” To implement
anomalous refraction, the phase gradient must be non-zero and
constant and is determined given (1) a known incidence angle and
(2) a desired angle of refraction. As illustrated in Fig. 3(a), this
phase gradient is discretized among an m x n array of individual
unit cells. Each row in this array is referred to as a “supercell,”
which itself represents 1 X » array. All subunits in the supercell are
tuned to the same resonant frequency, with the overall purpose of
implementing a controlled phase shift between the local incident
and transmitted wavefields.

To emulate a specified phase gradient, the individual phase
shifts across each supercell must be set accordingly. For the meta-
surface investigated here, this is done by appropriately selecting the
inductance values across each supercell. To accomplish this, the
analytical procedure described in Sec. II is repeated with some
small alterations. The transformation matrix method utilized is
computationally efficient and flexible, allowing the driving variables
to be changed with little to no alteration of the computational pro-
cedure. This time, the dispersion curves are computed as a function
of inductance value while holding the incident wave frequency
constant. The resulting curve, illustrated in Fig. 3(b), plots the
inductance values needed to obtain a desired phase shift given the
waveguide’s operating frequency (i.e., incident wave frequency).
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FIG. 3. (a) Top view of the tunable piezoelectric waveguide with m = 40 and n = 5. A nonzero constant phase gradient results in the refraction of incident waves.
(b) Localized phase dispersion plotted as a function of inductance value for both 12 and 14 kHz operating frequencies.
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FIG. 4. Verification of localized phase dispersion on an aluminum beam host structure. Left: COMSOL simulations of elastic wave propagation comparing open circuit
(OC) and LC-shunted (LC, L = 132.5 mH) configurations with increasing incident wave frequency. Right: Corresponding localized phase dispersion simulation showing the
expected phase shift between open-circuit and LC-shunted configurations with a function cell of n = 5.

To verify the connection between elastic waveguiding and the transformation matrix method. Phase shifts of +45°, +90°, and

theoretical phase analysis, two frequency-domain simulations are +135° are observed at the expected excitation frequencies.
performed using COMSOL Multiphysics. Both utilize solid For the second simulation, the phase dispersion analysis is
mechanics, electrostatics, electric circuits, and piezoelectric multi- extended to the design of an elastic waveguide based on the GSL.*°
physics modules. The first simulation performs a local phase mod- The metasurface in Fig. 5 is formed with m = 40 supercells each
ulation analysis of a supercell. Incident waves are excited by apply- consisting of n = 5 subunits. The excitation is provided by a gauss-
ing a steady state 1.0V signal at a specified frequency to the ian load along the left-hand edge, with all edge regions bounded by
piezoelectric transducer labeled in Fig. 6. In the unimorph configu- perfectly matched layers. The resulting Gaussian beam propagates
ration, the excitation of this transducer produces a local bending at either 12 or 14 kHz. In Fig. 5(a), a phase gradient of 40.9 rad/m
moment in the host structure, leading to the formation and subse- is realized by incrementing the local phase shifts by 22.5° between §
quent propagation of quasi-flexural elastic waves. The boundary adjacent supercells. The inductance values needed to realize these 8
conditions are set as perfectly matched layers to suppress wave increments are selected from the red curve in Fig. 3(b). For this &
reflections. The phase shift between the open-circuit and plate configuration and an incident wave frequency of 12kHz,
LC-shunted configurations on the transmitted wavefield is com- Eq. (6) predicts a refraction angle of 17.4° which is approximately ©
pared using a contour plot of the vertical beam deflection for observed in the transmitted field. In Fig. 5(b), the inductances are g
various incident wave frequencies. Figure 4 compares the results of recalibrated for an operating frequency of 14 kHz. This time the =
this simulation with the phase shift predicted by using the phase shifts are incremented by 15° between adjacent supercells,
a) o 200 mm 400 600 b 200 mm 400 600 X 107 mm
200 200 15 E
12 kHz 14 kHz E
: ‘ 10 £
100 100 EEsss £
s==s= 5 @
s
. 5 g
. EBHE J -100  -100 10 %
-15 E
-200 200 =
-20
FIG. 5. The transmitted Ay mode displacement field for two metasurfaces with different incident wave frequencies and phase shift gradients realized by locally resonant
LC-shunts. The color bar provided applies to both configurations. (a) f = 12 kHz, Z—g = 409 % and (b) f = 14 kHz, 3—5 =273 %.
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producing a phase gradient of 27.3 rad/m. For this configuration,
the GSL predicts a refraction angle of 10.9°. These simulations
verify the design process and demonstrate tunability with different
angles of refraction and operating frequencies.

IV. EXPERIMENT AND RESULTS
A. Experimental setup

The key to implementing elastic waveguiding via the metasur-
face is the realization of a controllable phase shift at a local level.
This section details an experimental demonstration of elastic phase
modulation using a tunable piezoelectric metasurface with synthetic
LC-shunts. The tunable phase shifting behavior is demonstrated on
a 5mm thick aluminum beam with n = 5 unit cells, as illustrated
in Fig. 6. Both ends of the beam are clamped between sheets of
7000 durometer sorbothane rubber sheets to suppress wave reflec-
tions. Sorbothane is a viscoelastic polymer with strain-rate depen-
dent dynamic properties, leading to high hysteretic damping in the
acoustic range."' As elastic shear waves impinge on this clamped
boundary some energy are dissipated in the form heat, reducing
the reflected energy. As with the local phase modulation analysis in
COMSOL, the actuation PZT is excited by a 1.0V sinusoid at
various frequencies. This voltage is supplied by the onboard gener-
ator of a PSV-500-M scanning laser vibrometer front end, enabling
the excitations to be precisely triggered with either FFT or time
domain measurements of out-of-plane vibration velocity. The
dimensions and material properties of this metasurface are pro-
vided in Table L.

To realize tunable shunt circuitry, five synthetic inductors are
assembled according to Fig. 1(b) using high impedance JFET
TL082 operational amplifiers. A 5kQ potentiometer is used for
resistor R,, allowing the synthetic inductance to be analog tuned
within a range of 82mH to ~40H. Variations in capacitance
among samples of piezoelectric material lead to non-uniformity of
the local resonances within each supercell if the individual subunits
are shunted with the same inductance value.”” To avoid the
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realization of multiple misaligned transmission bandgaps, the
inductance values were individually tuned such that the local reso-
nance of each unit cell fell within + 10 Hz of the two target fre-
quencies (12 and 14 kHz).

For the data acquisition, the configuration in Fig. 6(a) is first
used to obtain a 50x spatially averaged frequency response of both
the incident and transmitted sides of the metasurface beam. These
measurements are illustrated in Fig. 7(a), verifying the presence of
a locally resonant bandgap at approximately 12 kHz. The laser vibr-
ometer is then set to measure the time domain response at a single
point on the transmitted side of the beam. Steady state responses
under open-circuit and LC-shunted configurations are then cap-
tured at discrete frequency intervals around the measured bandgap.
The raw data are post-processed via a signal correlation approach
to eliminate noise and determine the relative phase shift.
Figure 7(b) directly compares the filtered time domain responses
following amplitude normalization and matched filtering at the
specified frequencies.

B. Signal correlation method

When acquiring local phase modulation data, ambient noise
presents a significant challenge in validating the performance of an
elastic waveguide. It is well established that locally resonant struc-
tures produce narrow bandgaps in the transmission of incident
waves.”” When the operating frequency of the waveguide
approaches this bandgap region, the signal to noise ratio drops sub-
stantially, making it difficult to extract meaningful features of the
transmitted wavefield. Traditionally, simple bandpass filtering can
be used to reduce noise levels. The relative phase shift can then be
determined directly through a comparison of neighboring peaks in
the time domain response. This method, however, fails to
completely eliminate noise due to the finite bandwidth of the ¢
applied filter and is susceptible to transient variations in the :
ambient noise field. For this reason, a new processing procedure
based on signal correlation is adapted to determine the relative
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signal for phase shift measurement after signal correlation processing.

phase between the open circuit and LC-shunted responses. Because
the frequency of the incident wave is known a priori, matched fil-
tering can be used to simultaneously eliminate noise and extract
the relative phase between two transmitted waveforms.”’ In this
section, we present a systematic approach to extract the phase shifts
produced by the locally resonant piezoelectric unit cell. The corre-
lation between a reference signal and measure response is defined

2
as3

1T
6= || S5t ~ i @)

0
where ¢, is the correlation coefficient, Syer(7) and Sye(t — 7) are

the reference and measured signals, T is the period, and 7 is a time
delay that introduces a phase shift. Equation (7) equals zero if
Sref () and Sy, (7) are uncorrelated, effectively eliminating noise at
higher and lower frequencies. Because we defined the phase shift
relative to the open-circuit response, it serves as our reference
51gnal S,ef(r) It is common practice to normalize its amplitude to
unity.” Due to the lack of a locally resonant bandgap, the mea-
sured open-circuit response has a high signal to noise ratio and the
normalized reference signal can be approximated as
Sref(t) = sin(wt), 8)

where o is the frequency of the incident elastic wave. Under the
LC-shunted configuration, changes in both phase and amplitude
may occur, and noise may be non-negligible within the bandgap
region. Thus, the measured LC response is given by
Sresp(t) = Asin(ot + @) 4 n(t), 9)

where A is the amplitude of the locally resonant response, ¢ is the
phase shift relative to S,.(t), and n(t) represents noise. Multiplying

both sides by orthogonal reference signals, we obtain

Sin(@t)Sresp (t) = Asin(wt + a)sin(wt) + sin(wt)n(t), (10)
cos(t)Ssp (1) = Asin(wt + a)cos(wt) + cos(wt) n(t), (11)
o
which are further simplified as %
, A A , S
Sin(@t)Sresp (1) = 5 cos(a) — Ecos(Zwt + a) + sin(wt) n(t), (12) «
A A B

cos(t)Spesp(t) = Esm(a) + 5 sin2wt + a) + cos(wt) n(t). (13)

Notice that the first terms in Eqgs. (12) and (13) are time
invariant. By applying a lowpass filter with a cutoff frequency less
than o, the time-dependent terms are eliminated and only the DC
components —cos(a) and —sm(a) remain. The relative phase shift
between the open-circuit and LC responses can then be extracted
by taking the arctangent of the ratio of the DC terms. This proce-
dure extracts the phase shift a at the frequency @ only, eliminating
noise at all other frequencies. The block diagram for this signal cor-
relation processing is provided in Fig. 8.

Because the arctangent function itself is limited to an output
between +90° a simple Boolean operation is performed to add or
subtract 180° under the specific convergence conditions of the DC
terms. The resulting function correctly outputs the relative phase
shift between +180°, covering the full range of possible values. It
is also worth noting that the DC signals will still contain a single
component of noise at the same frequency as the incident wave;
however, this noise is generally negligible compared to the mea-
sured waveform. This distributed approach offers a significant
advantage over a traditional direct comparison of the time domain
responses. In addition to eliminating noise through matched
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FIG. 8. Simulink block diagram for implementation of signal correlation post-processing.

filtering, it removes human factors and is robust to transient varia-
tions in the noise field. With the correct implementation, this
method is applicable for either post-processing or real-time acquisi-
tion of phase modulation data.

C. Experimental results

This section demonstrates the phase modulation produced by
the piezoelectric metasurface with tunable inductive shunts and
illustrates the advantages of the signal correlation method over the
traditional direct peak comparison method. This comparison is
made for both the 12 and 14 kHz tuning configurations by adjust-
ing the R, in the synthetic inductance shunts. Figure 9 plots the
experimentally measured phase dispersion curves and transmission.
The results demonstrate close agreement between the measured
phase shifts and the corresponding analytical and finite element
models. The measured transmission ratio falls below —3 dB within
the ranges of 11.75-12.31 and 13.78-14.23 kHz for each shunt con-
figuration. Within these regions, phase shifts as large as 170° are
detected, despite transmission losses in excess of —20 dB.

For excitations very close to the bandgap center frequency, the
measured phase dispersion profile diverges from the analytical and
finite element models. This behavior is a combined result of two
influencing factors: sensitivity and damping. High sensitivity in the
phase shifts to the excitation frequency and slight misalignment of
the inductive shunts in each supercell. Slight variations among the
individually tuned synthetic inductors result in nonuniformity of
the local resonances between adjacent unit cells. The resulting
shifts in the overall phase profile result in high uncertainty in the
experimental results within this sensitive region. To reduce this
uncertainty two approaches can be taken. The first is to tune the
resonances of adjacent unit cells with higher precision. The second
is to increase the bandgap width. Yi and Collet** explored how the
addition of a negative capacitance branch to a locally resonant unit
cell increases the electromechanical coupling and broadens the
bandgap width. While specific details are beyond the scope of the
present work, increasing bandgap width generally reduces the sen-
sitivity of realized phase shifts to the tuning parameter.

Resistive damping may also play a role in the phase modula-
tion results, especially in the vicinity of the transmission
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FIG. 9. Results of localized phase dispersion measurement of the LC-shunted piezoelectric metasurface beam tuned to 12 and 14 kHz, respectively (left vertical axis).
Overlayed is the transmission ratio measured by comparing the amplitude of incident and transmitted waves (right vertical axis).
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FIG. 10. Comparison of phase dispersion measurement via (a) a manual approach of direct peak comparison of open circuit and LC-shunted time domain signals and (b)

signal correlation processing.

bandgap.’” Within this region, the incident waves excite the electri-
cal LC-oscillators close to their resonant frequencies, exciting large
currents within the unit cell circuitry. Because energy dissipation is
proportional to the square of electrical current (P = I*R), the resis-
tive damping may indeed affect the realized phase shifting. In the

recent literature, Jian et al”? drew to attention the significant atten-

uation of an LC-shunt’s resonant peak when applied with a resis-
tance of 200 Q. In this research, upon measurement using LCR
meter we identified the resistance value was approximately 12 Q
across the unit cell circuit. In the derivation of Eq. (2), the ideal
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FIG. 11. Assessment of phase dispersion measurement via direct peak comparison of time domain signals to signal correlation processing. (a) Results for the 12 kHz
bandgap experimental case study and (b) 14 kHz case study.
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operational amplifier assumptions of virtual short and infinite
input impedance lead to a purely reactive element with no real
resistance. With the small resistance in the experimental setup,
these assumptions appear to be reasonable. Indeed, as illustrated in
Fig. 9, the theoretical predictions offer a good approximation of the
experimentally measured results for most excitation frequencies.
Influences of larger resistances and other mistuning factors will be
subject to future research.

To evaluate the advantages of the signal correlation processing
for the phase measurement, the approach is compared to the direct
peak comparison method. Figure 10 illustrates the phase dispersion
profiles obtained using each method, with outliers removed and the
data fit to a least square exponential regression. For the direct peak
comparison, the raw time domain responses are fed through a
bandpass filter and normalized to unity. The open-circuit and
LC-shunted responses are then visually compared, and the phase is
measured directly from the time-delay cursors between adjacent
peaks. For the signal correlation processing, the procedure previ-
ously detailed is used with a cutoff frequency of 300 Hz for the
lowpass filters. Because the ambient level is low and filtered in both
instances, the differences in the phase shift measurements obtained
are subtle. Figure 11 plots the error between each dataset and the
corresponding curve fit. Figures 11(a) and 11(b) demonstrate a
30% and 25% reduction in random error when using signal correla-
tion processing over direct peak comparison. This improvement is
primarily the result of the signal correlation procedure, restricting
the noise to the excitation frequency. The traditional method with
bandpass filtering permits a broader band of noise in the acquired
data.

Overall, these results demonstrate the tunability and phase
shifting capability of the locally resonant piezoelectric unit cell.
Moreover, the application of signal correlation processing elimi-
nates the need for human involvement in phase measurements and
improves the precision of the data collection. The proposed method
of validating localized phase dispersion of a supercell offers a sys-
tematic approach applicable to post-processing or real-time acquisi-
tion of time domain measurements. This approach could be widely
extended to experimentally investigate the performance of metasur-
faces for elastic waveguiding.

V. CONCLUSIONS

This research presents the experimental investigation of a
tunable, locally resonant piezoelectric metasurface for waveguiding
applications. The acquisition of phase delay measurements is
enhanced with matched filtering, taking advantage of the correla-
tion between the incident and transmitted waveforms to eliminate
ambient noise and determine phase. The fundamental operating
principle for phase gradient metasurfaces is to realize discrete,
localized phase shifts that are tailored to control the propagation of
incident waves according to the generalized Snell’s law. By analyz-
ing the localized phase dispersion produced by a handful of unit
cells, it is shown that a metasurface can be designed to implement
anomalous refraction at a specified angle over a wide range of indi-
vidual frequencies. This work demonstrates that phase shifts as
large as 170° can be obtained using a piezoelectric supercell with
tunable shunt circuitry. The metasurface is configured to operate

ARTICLE pubs.aip.org/aip/jap

with bandgaps at 12 and 14 kHz, demonstrating online tunability
of the phase dispersion profile. Using the proposed signal correla-
tion processing, phase delay measurement can be acquired in either
post-processing or real-time with high precision. It is hoped that
this approach will be utilized by the research community to experi-
mentally validate the phase shifting behavior of future phase gradi-
ent metasurfaces.
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