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ABSTRACT

We use a high pattern-fidelity technique on piezoelectric electrodes to selectively excite high-order vibration modes, while isolating other
modes, in multi-layered through-wall ultrasound power transfer (TWUPT) systems. Physical mechanisms, such as direct and inverse piezo-
electric effects at transmitting and receiving piezoelectric elements, as well as wave propagation across an elastic barrier and coupling layers,
all contribute to TWUPT. High-order radial modes in a TWUPT system feature strain nodes, where the dynamic strain distribution changes
sign in the direction of disks’ radii. This study explains theoretically and empirically how covering the strain nodes of vibration modes with
continuous electrodes results in substantial cancelations of the electrical outputs. A detailed analysis is given for predicting the locations of
the strain nodes. The electrode patterning for creating the transmitter and receiver shapes is determined by the regions where local force and
charge cancelation do not occur, ie., the two modal principal stress components have the same sign. Patterning for creating the electrode
shapes is performed by high-fidelity numerical modeling supported by experiments. Using differential excitation on the transmitter side
while monitoring transmitted power and efficiency on the reception side at various vibration modes is made possible by the unique nature of
TWUPT systems. Due to an improvement in system quality and power factors, it is determined that employing the proposed electrode pat-
tern designs enhances overall device efficiency and active power. The suppression of other modes makes up a filter feature that is paired with

the enhancement at the mode under consideration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139866

Ultrasound power transfer (UPT) systems are a new prospective
technology for wireless power delivery to difficult-to-reach components
in essential engineering applications,"” including medical ultrasound,
where acoustic wave manipulation and focusing to confine acoustic
intensity is of great importance.” ~ The underlying mechanism of UPT
systems involves the transmission of acoustic waves by a piezoelectric
transmitter, propagating acoustic waves through a medium, and piezo-
electric transduction of acoustic waves at a piezoelectric receiver. The
received acoustic waves at the receiver end are usually used to power
external attached circuits. The through-wall ultrasound power transfer
(TWUPT) system is one type of UPT systems where the propagating
medium is solid. TWUPT systems, which employ elastic barriers to
propagate elastic longitudinal and shear waves,”” are used for power
and data transfer”” as well as nondestructive evaluation.'’ As illustrated
in Fig. 1(a), the TWUPT system comprises a transmitting piezoelectric
element, an elastic wall, bonding layers, and a receiving piezoelectric
element. The elastic layer allows for longitudinal and shear wave propa-
gation, as well as direct and inverse piezoelectric transduction of elastic
vibrations at the transmitting and receiving piezoelectric devices.

Electrical resistive loads are connected at the receiver end to measure
the electric output (dissipated) power and efficiency (will be shown
later in Fig. 6).

The fundamental natural frequency (thickness—extensional or
radial mode) is frequently chosen for UPT systems due to its high
quality factor and output (dissipated) power. UPT systems exhibit a
limited response to high-order modes'''* because the full-electrode
arrangement at the piezoelectric disk’s surface is incapable of
effectively activating these modes. Therefore, a wide range of various
piezoelectric transducer sizes is needed to use UPT systems for higher-
frequency applications. Achieving a compact integration of systems
operating at multiple frequencies is significantly hampered by size
constraints. As an alternative, the identical system’s particular high-
order vibration mode should be effectively and powerfully activated.

Systems involving piezoelectric disks that use high-order modes
and successfully excite them have attracted interest in recent
years." '° High-order modes have strain nodes along the thickness or
radius (for disk shape) of piezoelectric (PZT, lead zirconate titanate)
actuators and sensors, where the strain amplitude distribution
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FIG. 1. (a) TWUPT system with piezoelectric disks in a full electrode configuration under free~free mechanical boundary conditions. The elastic wall enables direct and inverse
piezoelectric transduction of elastic vibrations at the transmitting and receiving piezoelectric devices as well as longitudinal and shear wave propagation. To gauge the output
(dissipated) power and efficiency of the electric system, electrical resistive loads are aftached at the receiver end. (b) The 2D and 3D plots represent the stress distribution of a
single piezoelectric disk and the corresponding TWUPT system calculated using FEM. The color bar represents the normalized absolute value of the z-component stress
amplitude. The (+) and (—) symbols indicate induced positive and negative charges on the electrode surface resulting from mechanical tension and compression. (c) Three
TWUPT systems with piezoelectric transmitters in different electrode pattern configurations. The transmitters are shown with the respective electrical connection. The piezo-
electric transmitter and receiver are identical (same electrode pattern) and have a thickness of 5mm and a radius of 30 mm. The two bonding layers are equivalent and have a
thickness of 0.5 mm and a radius of 30 mm. The radius of the elastic wall is 30 mm and the thickness is 6 mm.

changes sign. The anti-nodes, i.e., maximum amplitude strain points,
oscillate in opposition to one another with a 180° phase difference.
Several approaches for electrode patterning have been applied to selec-
tively activate some high-order modes while inhibiting others.'''*'"**
Pulskamp et al'’ investigated the utilization of various electrode
designs for arbitrary mode excitation in the PZT thin film on silicon
radio frequency microelectromechanical systems plate, beam, ring,
and disk resonators. They'* proposed using electrode shapes by identi-
fying places where local force cancelation does not occur while leaving
other sections un-electroded. As a result of their proposed technique,
there are two alternative excitation electrode regions representing
tensile and compressive zones, with one used for excitation and the
other for detection. Although the technique demonstrated effective
selective excitation results, differential excitation (opposite phase) of
the two electrode locations might improve performance even further.
Sanchez-Rojas et al."” considered differential excitation given to the

two sections of the electrode shape. They'” used surface displacement
as a detection approach. The electrical impedance, output (dissipated)
power, and efficiency are critical parameters to be considered for a
thorough understanding of the influence of selective excitation on sys-
tem behavior and so are better suited for detection.'

In this study, the use of differential excitation on the transmitter
side while evaluating transmitted power and efficiency on the receiver
side at various vibration modes is made possible by the particularity of
through-wall ultrasound power transfer (TWUPT) systems. By using
TWUPT systems, the challenges of measuring the effects on the sys-
tem parameters and validating the electrode patterning technique are
removed.

It is hypothesized that by applying electrode patterns to the pie-
zoelectric electrodes of the transmitter and receiver in a TWUPT sys-
tem, the desired vibration modes are enhanced and the undesirable
modes are suppressed. Vibration modes are generally stimulated when
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the piezoelectrically produced stresses match the modal stresses."* For
instance, exciting regions of the piezoelectric element by locally apply-
ing compression forces will only strongly excite the natural modes that
possess the same regions being under compression. The electrode pat-
terning for the transmitter and receiver shapes is dictated by the loca-
tions where local force and charge cancelation does not occur, i.e., the
two modal principal stress components have the same sign.

A finite element eigenfrequency study is implemented to identify
the stress distribution of the second, third, and fourth radial modes.
The compression (denoted as —), tension (denoted as +), and nodal
regions of the considered modes are shown in Fig. 1(b). The disk oper-
ating at radial modes features radial distortion patterns in the lateral
direction and grows in the thickness direction due to Poisson’s ratio
effects. The two regions in tension and compression (+ and —) oscil-
late in anti-phase (180° difference). Hence, the transmitter is driven in
anti-phase (differential excitation) for strongly exciting the considered
mode. For the third and fourth radial modes, referring to the stress dis-
tribution in Fig. 1(b), the electrode should be divided into three and
four parts, respectively; two of which oscillate in phase. The continu-
ous electrode is divided into 4 and — regions by removing electrode
material from locations of the nodal circles. The two in-phase regions
of the electrode are connected by extending a thin electrode as shown
in Fig. 1(c). The electrode extension minimizes lead connections which
comes at the price of force cancelation at the extended region. Figure
1(c) shows three TWUPT systems with distinct electrode pattern
designs and piezoelectric transmitters. The electrical connections for
the transmitters are illustrated. The 2D graphic depicts the FEM-
calculated stress distribution of a single piezoelectric disk. The color
bar represents the stress amplitude’s normalized absolute value. Both
the piezoelectric transmitter and receiver have the same electrode
patterns.

There are a few modeling approaches for TWUPT, including the
analytical method,”” equivalent circuit method,”*”! and finite element
modeling (FEM) method.””>** Analytical and equivalent circuit
modeling are two common one-dimensional modeling methodologies.

ARTICLE scitation.org/journal/apl

However, such a modeling method ignores the possibility of interac-
tion between vibration modes at different transducer and receiver
aspect ratios. In our earlier study,” we used 2D axisymmetric FEM val-
idated by experiments to examine the impact of mode couplings on
the efficiency and active power of the TWUPT systems. It was demon-
strated that mode couplings considerably affected the system quality
factor and, as a result, the overall efficiency.

In this paper, we employ the FEM modeling approach as
described in Ref. 8. The piezoelectric material properties are character-
ized using an optimization scheme in our prior study””* and presented
in Table I. The elastic constants, piezoelectric constants, and dielectric
coefficients, as well as the elastic and bonding layer material properties,
are listed in Table I. The losses in the TWUPT system were also prop-
erly characterized and incorporated in the model for accurate effi-
ciency and power predictions. The epoxy quality factor is Q, = 7, the
aluminum quality factor is Q, = 1000, and the average values of the
piezoelectric mechanical and dielectric quality factors over the consid-
ered modes are Qp,, = 1800 and Qp 4 = 750, respectively.

In this work, high-order radial modes are used to operate the
TWUPT systems. Radial mode devices are used in a variety of applica-
tions, including energy transfer’ and piezoelectric converters.”
Because of the geometry of the piezoelectric disks used, the first radial
mode has the lowest resonant frequency. As a result of the absence of
spurious modes, a relatively clear frequency response can be obtained.
Previously, we demonstrated that piezoelectric disks with an aspect
ratio of d/t < 20 would be more efficient when operating near the
radial mode rather than the thickness-extensional mode.” The drop in
efficiency is due to the interference of high-order vibration modes
(mode couplings) near the thickness mode.”

It is worth mentioning that thickness-extensional modes, unlike
radial modes, have nodes and antinodes that grow along the material
thickness rather than the electrode surface. As a result, electrode shap-
ing for thickness-extensional modes is irrelevant. It is also important
to note that in the presence of modes interference (coupling) and by
using the designed electrode shape, the piezoelectrically produced

TABLE I. The material properties of the TWUPT system components. The properties are obtained using an optimization scheme in our prior study.®

Piezoelectric disks

N Elastic (10'° Pa) Piezoelectric (Cm 2) Dielectric
Density (kg m™)
p i ot ot e Chy 15 €31 €33 € EN
7650 15 7.8 8.05 13.1 2.564 12 —4.5 14.4 680¢ 550¢,

Aluminum wall

Density (kg m ) Young’s modulus (10° Pa)

Poisson’s ratio

P E v

2710 69 0.33
Bonding layer (epoxy)

Density (kg m™) Young’s modulus (10° Pa) Poisson’s ratio

14 E v

1150 4 (Avg) 0.35
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stresses will no more perfectly match the piezoelectric modal stresses
allowing for local stress and charge cancelation. Therefore, in this
study, we ensured that the considered wall dimensions avoid strong
mode coupling at the operating frequencies.

Multiple measurements and numerical simulations are done to
analyze the electrode patterning approach. The three TWUPT systems
in different electrode configurations R2, R3, and R4 associated with
the second, third, and fourth radial modes shown in Fig. 1(c) are tested
and compared to the system in full electrode configuration. To address
the physics of the TWUPT system, a 2D axisymmetric model with axi-
symmetric electrode patterns is used. The study employs proper sam-
pling of the elastic waves at the given frequency range by assuming a
free triangular mesh with an element size of (1/10 /;), where /; repre-
sents the acoustic wavelength in the ith domain. The FEM simulations
are validated through experiments. A continuous sinusoidal wave at a
certain frequency is used to stimulate the transmitter using a
SIGLENT SDG1025 dual-output function generator. To the two elec-
trode sections of the transmitter where anti-phase signals are applied,
both function generator outputs are connected (differential excitation).
On the receiver’s side, the two electrode regions are shunted to two
resistance substitution boxes, IET labs RS-2W. The input voltages, Vi,
and V,, input currents (measured using Tektronix TCP2020), I;; and
I», and output voltages, V;1 and V,,, are measured using a Tektronix
TBS20000B digital oscilloscope with 1 GHz sampling frequency. The
efficiency is defined as = P,/P;, where P, = Vrzl/ Ry + V,Z2 /Ry is
the output power dissipated at the resistive loads, R;; and Ry, attached
to the receiver and P; = 1/2(|Re(VyI}})| + |Re(VioI;)]) is the input
active power received by the transmitter. The asterisk denotes complex
conjugate and Re denotes the real part of the complex number. The

ARTICLE scitation.org/journal/apl

excitation voltage is fixed at 1 V amplitude for all numerical and exper-
imental results. It should be noted that our tests, conducted at a low
excitation level (V1 = V;, = 1V), demonstrate the TWUPT system’s
linear properties, where the amplitudes of the output voltage signals
are proportional to the amplitudes of the input voltage signals. We
note that the strains generated for 1V voltage amplitude are insuffi-
cient to cause material nonlinear behavior in the TWUPT system
layers.”*’

A key measure for analyzing the performance of the deployed
electrode patterns is the system’s efficiency. Figures 2(a)-2(c) represent
FEM results for TWUPT systems employing R2, R3, and R4 electrode
patterns shown in Fig. 1(c), respectively. Figures 2(d)-2(f) represent
the experimental counterparts to Figs. 2(a)-2(c), respectively. The
enhanced mode is shown in the highlighted area of each plot. The
matching loads that maximize the efficiency are attached for each
scenario assuming Rj; = Ry,. It should be noted that the applied elec-
trode patterns on the transmitter and receiver improve system effi-
ciency in the target mode. Electrode patterning, for instance, resulted
in increases of 18%, 38%, and 42% at the target modes when R2, R3,
and R4 electrode designs were used. In the experiment, this equates to
an increase in 29%, 45%, and 40%. This is because electrode patterns
avoid the cancelation of distributed forces at the excitation port and
charge cancelation at the detection port, resulting in an increase in
quality factor and output (dissipated) power.

We take the case study of applying the electrode patterns to
either the receiver or transmitter alone in order to analyze the
impact of each factor independently. In order to compare the three
case studies, full electrode configuration on both ports (the con-
ventional case), electrode patterns on both ports, and electrode
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FIG. 2. Efficiency of the TWUPT system with regard to the excitation frequency. The plots
areas that are shaded display the modes of interest.
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in (a)-(c) show the FEM results, whereas (d)—(f) show the experimental results. The
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FIG. 3. TWUPT system’s maximum efficiency near the first four radial modes by
employing the three electrode patterns shown in Fig. 1(c), using FEM. There are
three case studies considered: no electrode pattern applied (full electrode configu-
ration), electrode patterns applied to the receiver only, and electrode patterns
applied to the receiver and transmitter concurrently. The optimum matching loads
(where Ry = Ry) are considered for each case study.

pattern on the receiver while full electrode on the transmitter, are
all used. The bar plot in Fig. 3 illustrates the outcomes of the case
studies. As previously stated, the efficiency is calculated at equal
attached matched loads (R;; = Rp,) in each case study. It is worth
noting that the pattern on the receiver contributed to 14.1%,
35.3%, and 27.8% increase in the overall efficiency at the second,
third, and fourth radial modes, respectively. This gain is due to the
avoidance of charge cancelation at the receiver disk, which has a
significant impact on the system’s efficiency in all modes evaluated.
Furthermore, using the electrode patterns on both ports demon-
strates that the electrode pattern on the transmitter boosts

ARTICLE scitation.org/journal/apl

efficiency by 5.7%, 3.3%, and 13% at the second, third, and fourth
radial modes, respectively. Force cancelation was avoided thanks
to differential excitation used in the transmitter patterning, which
raises the transducer’s quality factor.

It is vital to highlight that efficiency is maximized by attaching
matched loads that reduce wave reflections at the electric-acoustic
channel port.”® Two electrode areas (4 and —) represent two output
ports of the electric-acoustic channel that must be tuned for the least
reflections when using electrode patterns. The electrical input resistan-
ces (Xg) of the compression and tension regions [+ and — regions as
shown in Fig. 1(b)] are not identical indicating a unique matching
resistive load for each output port. A sweep of the attached loads, Ry
and Ry, around the mode of interest demonstrates that the system effi-
ciency can be further increased by adding distinct loads. The FEM
results depicted in Fig. 4 show that the optimum attached loads are
not identical for the three different electrode pattern configurations;
R2, R3, and R4. In fact, the second, third, and fourth radial modes’ effi-
ciency is maximized at Rj = 380 and R;, = 230 Q, R;; = 210 and
Rp =200 Q, and R;; = 30 and R, = 100 Q, respectively. It should
also be observed that altering one of the resistive loads near the opti-
mal levels has minimal influence on the system’s efficiency. As a result,
picking one of the attached resistive loads does not require a high tol-
erance. For instance, a higher tolerance in selecting R;; for R2 and R4
patterns is required as compared to selecting Rj, as shown in Figs. 4(a)
and 4(c). Unlike the R2 and R4, R3 allows for less tolerance in R;; as
compared to Rp;.

It is not possible to evaluate the electrode patterns only using the
system efficiency that was previously examined. For piezoelectric
actuators, the input power is a significant factor. Figure 5(a) depicts
the calculated input active power of the first four vibration modes by
employing the three electrode patterns shown in Fig. 1(c) and compar-
ing it to the full electrode configuration case. As can be seen in
Fig.5(a), electrode patterning considerably boosts active power.
Additionally, it should be mentioned that vibration modes with higher

(@) (b) (©)
n
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250 250
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200 200
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FIG. 4. Changes in the system’s efficiency when using the resistive loads Rj; and Ry, at the (a) second, (b) third, and (c) fourth radial modes, respectively, while using R2, R3,

and R4 electrode configuration.
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FIG. 5. FEM simulation results of (a) the transmitter’s input active power in various electrode configurations. For a better representation of modal power, a broken x axis is
used to eliminate unneeded areas of the figure. (b) The system’s resistance (Xg) for the TWUPT system in various electrode configurations. Each subplot in (b) corresponds to

its above part of the power plot in (a).

frequencies have more active power. When the input active power
equation is taken into consideration, such behavior can be explained
as P, = (Vmpf)2 /2Xg, where p;denotes the power factor. Clearly, two
parameters affect the input active power, namely, power factor (py)
and system’s resistance (Xg). Power factor is defined as the ratio of real
or active (dissipated) power to apparent (available) power and it is a
measure of how in phase the input current is with the input voltage. It
is expressed as py = (|[Re(I;1)|+|Re(I2)])/(|I11 |+ |I2|). Electrode pat-
terning results in a significant enhancement in the power factor at the
target mode allowing for ps ~ 1. This is depicted in the highlighted
regions in Figs. 6(a)-6(c) using FEM and experimentally in Figs.
6(d)-6(f). It is worth mentioning that a shunt inductor in series or par-
allel is commonly used to compensate for the TWUPT system’s capac-
itance, hence increasing the power factor.”” On the other hand,
the system’s resistance is expressed as Xz = (Vi (pf)z)/( |Re(I;)|
+ |Re(I)|). It can be noted from Fig. 5(b) subplots that as the fre-
quency increases, the system resistance (Xg) reduces at the location of
the maximum power, enabling higher input active power at the higher
order modes. The intersection between the vertical line (max power
line) with the resistance curve shows decreasing values of 62, 44, 28,
and 14 Q for the first, second, third, and fourth radial modes, respec-
tively. This explains why active power rises with frequency, as shown in
Fig. 5(a). It is vital to note that the power factor augmentation at the tar-
get mode comes together with a fall in the power factor associated with

the other vibration modes. For instance, the R2 electrode layout boosts
the power factor of the second radial mode while decreasing the power
factor of the first radial mode as seen in Figs. 6(a) and 6(d). A similar
tendency is observed with the system’s efficiency which maximizes at the
considered modes and declines at the remaining modes. Such behavior
permits the use of the TWUPT systems in filtering applications.'*'”

In conclusion, we evaluated the impacts of electrode patterning on
the dynamics of TWUPT systems, as an example of multiplex electrome-
chanical structures, operating at high-order vibration modes. The unique
features of TWUPT systems enable differential excitation on the transmit-
ter side while measuring transmitted power and efficiency on the receiv-
ing side at different vibration modes. Numerical analysis was used to
compute the stress distribution of the studied modes, and electrode pat-
terns were designed and applied to the transmitter and receiver disks. The
designed structures were fabricated and corroborated with experiments
demonstrating the physical causes of the improved performance due to
the use of electrode patterning. The efficiency and active power of the sys-
tem were computed and tested for the second, third, and fourth radial
vibration modes using R2, R3, and R4 electrode patterns, then compared
to the full electrode configuration system. We observed that the major
reasons for the increase in efficiency are the charge and force cancelation.
Both factors contribute to the increase in the quality and power factors of
the system. The associated suppression of the other modes facilitates the
use of electrode patterning on TWUPT devices in filtering applications.
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FIG. 6. Power factor, py, of the TUWPT system with regard to the excitation frequency. Plots (a)—(c) show FEM results, whereas (d)—(f) show the experimental data. The areas
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