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Metamaterial-enabled wireless and contactless ultrasonic power transfer and
data transmission through a metallic wall
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Wireless ultrasonic power transfer and data transmission through a metallic wall requires a direct con-
tact of transducers with the wall owing to the significant impedance mismatch between the surrounding
fluid and the wall. Here, a pillar-based acoustic metamaterial is proposed for wireless and contactless
ultrasonic power transfer and data transmission through a metallic wall by leveraging the pillar’s vertical
elongation mode. Experiments conducted in water demonstrate a 33-fold power transmission enhancement
(from 2% to around 66%) at approximately 450 kHz through a 1-mm-thick metallic wall. Further-
more, our experiments show that a commercial light-emitting diode can be illuminated by harvesting
the metamaterial-enhanced transmission of ultrasonic energy, which would not have been possible with
the metallic wall alone even at an input voltage approximately 5 times greater. In addition, data trans-
mission through the metallic wall is demonstrated by employing amplitude-shift keying modulation to
transmit an image, showcasing the remarkable improvement in image quality enabled by the metamate-
rial. This study paves the way for a future generation of wireless and contactless ultrasonic power transfer

and data-transmission applications.
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L. INTRODUCTION

Wireless ultrasonic power transfer (WUPT) and data
transmission (WUDT) through a metallic wall represent
an exciting and rapidly advancing field of research, as
metal barriers typically hinder the use of electromagnetic
power transfer due to the Faraday shielding effect [1—
3]. Based upon such technologies, sensors and actuators
enclosed in hermetical metal containers can be wirelessly
powered and can communicate with exterior environ-
ments through intact metal walls, benefiting a variety of
applications in aeronautic and aerospace engineering [4,5]
and nuclear engineering [6,7]. Conventionally, WUPT and
WUDT utilize at least a pair of PZT (lead zirconate
titanate) ultrasound transducers attached to a metal bar-
rier. The main limitation of this approach, however, is
that it requires direct contact of piezoelectric transducers
with metal walls using couplants to ensure a good acoustic
transmission path. The quality of couplants, such as epoxy,
may degrade or even fail as operating time goes by [1],
which can introduce large impedance mismatch over the
acoustic-electric channel and cause the power transfer and
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data-transmission efficiency to rapidly decrease. There-
fore, wireless and contactless ultrasonic power transfer
(WCUPT) and data transmission (WCUDT) through a
metallic wall is highly desirable.

Meanwhile, acoustic metamaterials (AMMs) [8] have
attracted numerous research efforts in recent years due
to their capability to control the propagation of sound
in unconventional ways, which have led to interest-
ing phenomena and applications such as cloaking [9—
11], subwavelength imaging [12—14], and unidirectional
transparency [15,16]. Despite significant advancements in
acoustic metamaterials, a demonstration of an acoustic
metamaterial capable of facilitating WCUPT and WCUDT
through a metallic wall has yet to be achieved. On the
one hand, whereas extraordinary acoustic transmission has
been enabled by near-zero-density metamaterials [17,18]
and acoustic evanescent waves [19-22], these designs still
require small apertures for sound transmission, defeating
the purpose of WUPT and WUDT. On the other hand,
complementary acoustic metamaterials [23—25] have been
theoretically proposed to achieve enhanced transmission
noninvasively through an impedance-mismatched layer,
utilizing doubly negative acoustic properties. However,
experimental demonstrations of complementary acoustic
metamaterials have been scarce due to the challenges
in precisely prototyping either the membrane [23,26]
or intricate metallic meta-atoms [25]. For the limited
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experimental realizations of complementary acoustic
metamaterials [27], though energy transmission improve-
ments were demonstrated for weakly impedance-mis-
matched layers (e.g., plastic or resin barrier layers in
water), the same approach may not be equally effective
for through-metal-wall power transfer where relative large
impedance mismatch is present. In addition to comple-
mentary metamaterials, an inversely optimized auxiliary
metalens [28] has been demonstrated to assist the focus-
ing enhancement through a 1.8-mm metallic wall in water
at 200 kHz. However, the overall power transmission rate
was not quantitatively analyzed. The inverse optimization
method used for designing the meta-lens also may not be
applicable for all general physical scenarios.

In this paper, we present a metamaterial-based approach
to enable WCUPT and WCUDT through a metallic wall
immersed in a strongly impedance-mismatched back-
ground medium. A deterministic method based on the
band-structure theory and transmission analyses is uti-
lized to design an ultrasonic pillar-based metamaterial.
The vertical elongation mode (VEM) of the pillars is har-
nessed to achieve ultrasonic power transmission enhance-
ment through the metallic wall without direct contact
with transducers. This effectively addresses the notorious
couplant degradation issue that is a characteristic of con-
ventional methods in WUPT and WUDT. We numerically
and experimentally demonstrate that the metamaterial,
fabricated by the selective laser sintering (SLS) additive
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FIG. 1.

manufacturing technology, enables a 33-fold ultrasonic
power transmission rate enhancement from 2% to around
66% near 450 kHz through a 1-mm-thick SUS316L plate,
whose impedance is 29 times of the background medium
water. In addition, a commercial red light-emitting diode
(LED) is successfully lit up by harvesting the enhanced
transmission of ultrasonic energy, which cannot be lit up
without the metamaterial even at an input voltage that is
close to 5 times greater. Benefiting from the enhanced SNR
of the received signal, WCUDT is also demonstrated by
transmitting an image using amplitude-shift keying (ASK)
modulation at a small input voltage.

I1. PILLAR-BASED ACOUSTIC METAMATERIAL

Figure 1 illustrates the working principle of the pro-
posed WCUPT and WCUDT. A pair of co-axially aligned
PZT transducers are placed on opposite sides of a metal-
lic wall immersed in the background medium (e.g., water),
working as a transmitter and a receiver, respectively. A
pillar-based acoustic metamaterial, which has been studied
in the past to reduce sound transmission through a thin and
lightweight barrier in noise control [29,30], is now pro-
posed to conversely enhance the power transfer through
the metallic wall. The proposed pillar-based acoustic meta-
material is composed of periodically arranged pillars (with
periodicity p) distributed on the metallic wall (with thick-
ness ¢), as shown in the close-up views in the top-right

Receiver

Schematic of the through-metal-wall WCUPT and WCUDT system enabled by the pillar-based acoustic metamaterial. A

close-up view of the metamaterial is displayed in the bottom-left corner. The displacement field of the metamaterial at VEM is shown
in the top-right corner, which is the mechanism used to enhance the ultrasonic power transmission rate through the metallic wall.
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and bottom-left corners of Fig. 1. Each pillar is funda-
mentally an acoustic spring-mass resonator, in which the
large cylinder (with diameter d,, and height 4,,,) works as
a “mass” and the smaller cylinder (with diameter d; and
height hy) works as a “spring.” In this study, the pillar
is assumed to be made of the same material as the wall,
and is tapered with a height of 4,,; between two cylinders
in order to facilitate three-dimensional (3D) printing at a
high accuracy. Once the resonant frequency of the pillar-
based acoustic metamaterial is carefully tuned towards
the working frequency of transducers, the ultrasonic wave
generated by the transmitter can propagate through the
metallic wall and excite a strong vibration of the pillars.
The resonating pillars, as shown by the distribution of the
normalized displacement magnitude |u#| in the top-right
corner of Fig. 1, will work as secondary acoustic sources
to reradiate the ultrasonic wave to the other side of the
wall, which would otherwise have a very limited power
transmission without the metamaterial. Subsequently, the
receiver can convert the metamaterial-enhanced ultrasonic
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signal back to electrical signal to power electronics or
simply receive the signal for data transmission.

To demonstrate WCUPT, we adopt a £ = 1 mm steel
(SUS316L) wall in water and a pair of PZT transducers
with a center frequency around 500 kHz. The pillar-based
acoustic metamaterial is designed based on the modes
observed from the calculated band structure. Figure 2(a)
shows one unit cell of the proposed acoustic metamate-
rial distributed on the wall. The incident pressure is py, =
Pipe Chx—hy=k2g ol in which k, = ksinf cos¢, k, =
ksin@sing, k, = kcos9, and k = w/cy. c¢ is the sound
velocity in water. 6 and ¢ are the polar and azimuthal
angles of incidence, respectively. Figure 2(b) shows the
numerical calculation (see Appendix A for details) of the
complex band structure for the periodically arranged unit
cells along the edges of the first irreducible Brillouin
zone '-X—M as shown in Fig. 2(a). The size of the unit
cell is p = 1.5 mm (half wavelength at 500 kHz), d, =
0.54 mm, d,, = 1.35 mm, A, = 0.3 mm, A,,; = 0.405 mm,
and 4,, = 0.615 mm. In what follows, we will focus only

(c) o 1.0 T T
*a =—Plate w/o AMM
1 ==6%6 unit cells
= 0.8F—10%10 unit cells
.g —20%20 unit cells
7)) | —Infinite unit cells
0.6
£
£
< 0.4
o
-
502}
2
)
A 0.0 :
300 350 400 450 500 550 600
Frequency (kHz)
(d) 600 0.8

_550 0.7

)

~—

«

e

=

- 0.6 S
T =< 500 =
& ol 052
E 2 450 04 B
= =
= s 03 &
] 400 : ET-.
E o ‘ 0.2 s
= 350 =

01 3

~

300
0

20 40 60
Incident angle 0 (°)

FIG. 2. Design of the pillar-based metamaterial for the through-metal-wall WCUPT and WCUDT. (a) Schematic of a periodically
arranged unit cell under an incident plane wave and the first irreducible Brillouin zone. (b) The complex band structure. The real
eigenfrequency is plotted on the y axis and the imaginary eigenfrequency is represented by the gray scale. The green ellipse encom-
passes three propagating modes corresponding to 8, y;, and y,. The distribution of the normalized displacement magnitude |u| for
these modes is depicted by the color scale. The red dashed line is the sound line. (c) Power transmission rate for different numbers of
unit cells under a normally incident plane wave. (d) Power transmission rate as a function of the incident angle of & when ¢ = 0.
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on the wave dispersion along the '-X direction (i.e., the
y component of the wave vector is zero), as the same
physical behaviors can be observed for the other direc-
tions. The imaginary eigenfrequency is resulted from the
plane wave radiation boundary condition applied on both
incoming and outgoing planes. These modes with a large
imaginary eigenfrequency are decaying fast in time (or
highly evanescent in space since the speed of sound is
real) and cannot transmit wave from one side of the wall
to the other side. For these modes with a small imag-
inary eigenfrequency, the distribution of the normalized
displacement magnitude |u| at the I" point near 500 kHz
is plotted to help understand the induced resonances and
antiresonances from the coupling between the wall (plate)
and pillars. Here, the antiresonances are modes where the
vibrational amplitude at the plate becomes zero, suggest-
ing that the transmission through the plate is not allowed,
whereas the resonances correspond to a nonzero vibra-
tional amplitude at the plate and thus have the potential to
enhance transmission [31]. Near 500 kHz, while (y1, ») is
one pair of degenerate antiresonance modes, § is a vertical
elongation resonant mode with a successively stretching
and compressing motion of the pillars along the vertical
direction z. Based on the law of the momentum conserva-
tion, § can be excited when the incident wave has a normal
wave component (i.e., 6 = 0 and ¢ = 0). The flat band fre-
quency at which the § mode [32] arises can be adjusted
by altering the geometric parameters of the tapered pil-
lar. Since the mode shape of § essentially behaves like a
spring-mass system, the mode frequency can be written as,

[ o«k/m

X
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Pt (Ed2,) + L ol (% NEZ N ndrds)

For instance, by decreasing the size of the “mass”
(ha ( /4)dﬁ12) or increasing the cross section ((7/4)d?) of
the “spring” can increase the vertical elongation mode fre-
quency at which we enhance the transmission through the
metallic barrier.

The extent to which the transmission enhancement
enabled by the pillar-based acoustic metamaterial can be
further assessed by numerical transmission analyses in
the frequency range between 300 and 600 kHz. We first
study the impact of the number of unit cells on the power
transmission rate, which is evaluated under a normally
incident plane wave. These results are shown in Fig. 2(c)
and illustrate that the power transmission rate increases
from 1.9% to 72.3% at 460 kHz when an infinite number
of the designed pillar-based acoustic metamaterial units
are periodically attached to a 1-mm SUS316L plate. The

real eigenfrequency of 459 kHz obtained from the band-
structure calculation closely aligns with the peak transmis-
sion frequency of 460 kHz observed in the transmission
analyses. Typical material loss of SUS316L [33] is eval-
uated and it barely affects the power transmission rate
according to our numerical simulations (see Note S1 in
Supplemental Material [34] for details). Since the periodic-
ity is around half of the working wavelength (p ~ 0.461,),
the homogenization theory [35,36] loses its effectiveness,
the surface impedance analysis was used to reveal how the
pillars change the effective impedance of the metallic plate
as shown in Note S12 of the Supplemental Material [34].
For practical considerations, a series of numerical calcu-
lations for different finite numbers of unit cells attached
on an infinitely large wall are conducted, and they show
that 20 x 20 unit cells can achieve a power transmission
rate of 67.3%, which sufficiently approaches that obtained
from an infinite number of unit cells (see Note S2 in the
Supplemental Material [34] for detailed simulation setup).
This verifies the hypothesis of using the resonance mech-
anism of VEM to enhance power transmission, which is
inferred from the observations in the band-structure calcu-
lation. In addition, the power transmission rate with respect
to the angle of incidence is numerically evaluated, where
6 varies from 0° to 60° and ¢ = 0°. Since there is no wave
component on the y direction when ¢ = 0°, 20 unit cells
are simulated along the x direction, and 1 unit cell is sim-
ulated along the y direction with a continuity boundary
condition to reduce computational costs (see Note S3 in
the Supplemental Material [34] for the detailed setup of
simulations). The results are shown in Fig. 2(d) and indi-
cate that the power transmission rate can stay at a large
magnitude (more than 70%) for a wide range of angles of
incidence from 0° to 60°, when excited at the proper fre-
quency. For smaller angles of incidence though, the opti-
mal frequency remains relatively constant and is around
460 kHz.

The generality of the pillar-based acoustic metamaterial
on through-metal-wall power transmission enhancement is
numerically confirmed in the background medium of air,
where the impedance contrast is around 104,850. Note S4
in the Supplemental Material [34] shows that the power
transmission rate is 0.00001% around 50 kHz through a
1-mm-thick SUS316L bare plate immersed in air, and it
can be enhanced by at least 4 orders of magnitude to 20%,
2%, 0.6%, or 0.15%, when the loss factor of SUS316L for
AMM is set as 0.0001, 0.0005, 0.001, and 0.002, respec-
tively. Unlike the waterborne case, the power transmission
rate for the airborne case is inherently ultrasensitive to the
loss factor and has a narrower bandwidth, as shown in
Fig. S4 within the Supplemental Material [34]. These are
likely originated from the substantial impedance mismatch
between the air and SUS316L, and would place a demand
on advanced 3D additive metal printing to precisely con-
trol the loss factor for experimental validations.
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nitude distribution has multiple local extremes in the near field of the piston transmitter. (f) Comparison of simulated and measured

power transmission rate.

To further demonstrate the philosophy of using
the pillar-based acoustic metamaterial for ultrasonic
power transmission enhancement, the waterborne case is
experimentally validated against numerical simulations,
using the state-of-the-art 3D metal printing technology. A
42 x 42 x 1 mm? wall (L x L x t, L is the side length)
decorated with 20 x 20 aforementioned pillars is under
an excitation from a PZT transducer with a diameter d =
2a = 1 inch and a central frequency around 500 kHz. Fig-
ures 3(a) and 3(b) show the schematic and photo of the
experimental setup. The origin of the coordinate is set
at the center of the transmitter surface and the on-axial
propagating direction of the transmitter aligns with the
positive z direction. The on-axial pressure field is sim-
ulated using COMSOL and compared with the analytical
prediction [37] [Fig. 3(e)]. Since the on-axis pressure mag-
nitude has multiple local extremes in the near field of the
piston transmitter as shown in Fig. 3(e) (details of sim-
ulated radiation field of the transmitter are referenced to
Note S6 in the Supplemental Material [34]), the plate with
or without AMM is placed at the farthest maximum from
the transmitter for the ease of experimental implementa-
tions, that is dy, = a(a/(miy) — mry/(4a)) = 14 mm for
m = 3 (the third extreme moving in toward the transmit-
ter) [37] at fo = 460 kHz. However, we note that the power
transmission rate is insensitive to dyy,, as supported by the
same transmission enhancement achieved when the plate
is placed at the minimal pressure location in the near field

of the transmitter (details are referenced to Note S7 in
the Supplemental Material [34]). Figure 3(c) shows the
photo of the plate with AMM fabricated by SLS technol-
ogy (see Appendix B for details), and Fig. 3(d) shows a
close-up view. A needle hydrophone scans the transmit-
ted pressure field at the other side of the plate in both x-y
plane and x-z plane for three configurations (“no plate,”
“plate w/ AMM,” and “plate w/o AMM?”), as shown in
Fig. 4. Details of experimental measurements are referred
to Appendix C and Note S8 in the Supplemental Material
[34]. The simulated and measured pressure amplitude dis-
tribution in the x-y plane is retrieved at z = 45 mm, which
is close to the Rayleigh distance, as shown in Figs. 4(a)
and 4(b). The Rayleigh distance, Lz = d?/(4X), is the
transition point between the near field and far field, and
it is the preferred location for a receiving transducer to
tap the maximum power from the transmitter [38]. Pres-
sure amplitude distribution in the x-z plane is plotted at
y = 0 mm in Figs. 4(c) and 4(d) for numerical and exper-
imental results, respectively. The displayed pressure field
is at the peak power transmission frequency, which is 442
kHz for the measurements and 460 kHz for the simula-
tions. Then, the amount of power at the transmitted side is
estimated based on the square of pressure amplitude at the
surface of z = 45 mm, which is a reasonable approxima-
tion when transitioning to the far field (see Note S11 in the
Supplemental Material for details [34]). The power trans-
mission rate for the “plate w/AMM?” and “plate w/o AMM”
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FIG. 4. The transmitted pressure field from numerical simulations (at 460 kHz) and experimental measurements (at 442 kHz)
demonstrates the transmission enhancement enabled by the AMM. (a) Simulated and (b) measured pressure field in the x-y plane
at z = 45 mm. (c) Simulated and (d) measured pressure field in the x-z plane at y = 0 mm. The center of the transmitter surface is set
as the origin of the coordinate. For each subfigure, the pressure magnitude is normalized by the maximum value in the case of “no

plate.”

configurations can be obtained by normalizing the power
transmission of each respective plate configuration to that
of the reference “no plate” configuration. Figure 3(f) shows
a comparison of simulated and measured power transmis-
sion rate for the plate with and without the AMM. The
measured power transmission rate for the 1-mm bare plate
is approximately 2% around 442 kHz. In contrast, with the
addition of AMM on top of the plate, the measured power

transmission is boosted to 65.5% at 442 Hz, with a
half-power bandwidth of 33 kHz. Except the slight fre-
quency shift (which is likely due to imperfect fabrica-
tion and details are referenced to Note S5 in the Sup-
plemental Material [34]), a good agreement is observed
between measured and simulated results, showing the
expected power transmission enhancement enabled by the
AMM.

014059-6



METAMATERIAL-ENABLED WIRELESS. ..

PHYS. REV. APPLIED 21, 014059 (2024)

I11. WIRELESS AND CONTACTLESS
ULTRASONIC POWER TRANSFER

With the verified capability of transmission enhance-
ment through the metallic wall, the pillar-based acous-
tic metamaterial is then employed to realize a WCUPT.
Figure 5(a) shows the schematic and photo of energy har-
vesting through the metal wall, with a larger transducer
(1.5 inch diameter, 500-kHz resonant frequency) being
placed at z = 45 mm as a receiver to collect the transmit-
ted ultrasound power to the maximal extent. The receiver
is characterized by the impedance spectrum measurement
and the optimal power transfer test using a resistive load
[39,40] (see Note S9 in the Supplemental Material for
details [34]).

Next, we demonstrate that the enhanced ultrasonic
power transmission is harvested to charge a series of

capacitors and light up a commercial LED, which is other-
wise impossible through a bare plate. Figure 5(b) shows the
measured output signals of the receiver under an excitation
of 445-kHz continuous-mode ultrasound for four different
configurations: an input voltage of 4.4 Vpp on the transmit-
ter for (i) “no plate,” (i1) “plate w/ AMM?”, and (iii) “plate
w/o AMM?”, as well as (iv) an input voltage of 20 Vpp on
the transmitter for “plate w/o AMM.” The ac collected by
the receiver is not a feasible power source for most elec-
tronics. Therefore, the ac signal is rectified into a dc signal
using a predesigned full-wave-bridge-rectification circuit
(see Note S10 in the Supplemental Material [34] for details
about the circuit design). Figure 5(c) shows the measured
dc signals stored on a 220 wF during the charging process
for more than 400 s until the voltage rise becomes grad-
ual and approaches saturation. While the amplitudes of ac
output signals are read as (i) 0.334, (ii) 0.264, (iii) 0.036,
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Experimental results of wireless and contactless ultrasonic power transfer through a metallic wall using the pillar-based

metamaterial. (a) Schematic and photo of experimental setups. The enhanced ultrasonic transmission is collected by a receiver to
charge capacitors. (b) The measured output signals of the receiver under an excitation of 445-kHz continuous-mode ultrasound for
four different configurations: an input voltage of 4.4 Vpp on the transmitter for (i) “no plate,” (ii) “plate w/ AMM,” and (iii) “plate
w/o AMM,” as well as (iv) an input voltage of 20 Vpp on the transmitter for “plate w/o AMM.” (c) The charging time dependence
of voltage on a 220 wWF capacitor for the four configurations. (d) Comparison of the charged voltage and average charging power.
(e) Photo showing that a commercial LED lit up in the configuration (ii).
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and (iv) 0.199 V, the dc voltage on each capacitor is (i)
0.317, (ii) 0.220, (iii) 0.012, and (iv) 0.123 V. The slight
voltage drop from ac to dc is mainly caused by the built-in
voltage drop across the diodes of the rectifier. Consider-
ing the threshold voltage to light up a red LED is around
2V, seven series-connected capacitors in the first config-
uration “no plate” collect 2.22 V, as shown in Fig. 5(d),
which is enough to light up the LED. The power is also
evaluated in the process, which is given by P = C,V2/(2T)
[41], where C; is the capacitance, T is the charging time,
and Vj is the stored dc voltage. Thus, the energy stored
on the capacitors in the first configuration is increased by
77.4 nJ in 424 s, indicating that the power output capa-
bility is 182 nW. In the second case of “plate w/ AMM?”,
ten series-connected capacitors reaches 2.1 V with a out-
put power of 116 nW, to successfully light up the LED as
shown in Fig. 5(e). The output power of the second case
is calculated as 64% of the first case, in good accordance
with the measured power transmission coefficient 65.5%
in Fig. 3(d). However, for the third case of “plate w/o
AMM?”, the total voltage on ten series-connected capaci-
tors is only 1.2 V, which is insufficient to power the LED,
even when a 20-Vpp excitation was applied to the transmit-
ter (which is the fourth case of “plate w/o AMM”). Movies
that record the charging process and LED illumination are

(a) [start [ 15 bitsdata [ stop | (b)
(i) 100001111000000010001
1.0 - : .
0.5¢
0.0 : : .
0 10 20 30
. Binary points
(i) x10*
. 20 M W M ' M 12 ~
E 0 0 N?E
= _20t I i, 12 =
0.0 0.1 0.2 0.3 0.4
Time (ms)
(iii) x107
2 T
=2 m | L L, y o
0 ki il ot et T T O =
‘E’ M\‘” “‘\hu\HHW “‘H”‘ “M”‘ ‘ é
-2 s - : 41
0.0 0.1 0.2 0.3 0.4

Time (ms)

Time (ms)

FIG. 6.

Transmitted binary signal

(d) Received signal: Plate w/ AMM

available in the Supplemental Material [34]. Details about
the energy-harvesting circuit is referred to in Note S10 in
the Supplemental Material [34].

IV. WIRELESS AND CONTACTLESS
ULTRASONIC DATA TRANSMISSION

In addition to WCUPT, WCUDT is also demonstrated
using the same setup in Fig. 5(a). Instead of using the con-
tinuous mode at a large input voltage for power transfer,
burst-mode sinusoidal signals under ASK modulation are
fed into the transducer at a small input voltage (25 mV)
to transmit the encoded binary data. The received signals,
having undergone SNR enhancement facilitated by AMM,
can then be amenable to decoding. Using a string of 15-bit
data [which is the signal of 15th column in Figs. 6(b)—6(¢)]
as an example, Fig. 6(a) showcases the encoding and
decoding communication process of WCUDT: (i) The 15-
bit binary signal is first embedded within start bits (100)
and stop bits (001). (ii) A time-domain digital signal is gen-
erated to transmit the 21-bit binary signal using ASK mod-
ulation, and is then fed into the transmitting transducer.
Here, each bit is represented by five cycles of sine waves
at 445 kHz. Then 21 bits are transmitted every 0.4 ms and
the communication speed is 52.5k bps. The digital power,

(c)

Transmitted digital signal

Binary signal
Normalized digital power

(e) Received signal: Plate w/o AMM

Normalized digital power
Normalized digital power

Experimental results of wireless and contactless ultrasonic data transmission of a binary image of “PSU.” (a) The transmis-

sion of binary data using ASK modulation: (i) a 15-bit binary signal embedded within the start bits (100) and the stop bits (001), (ii)
the binary signal is transformed into digital signal before being transmitted through a PZT transducer, in which each bit is represented
by five cycles of sine waves at 445 kHz, (iii) the received time-domain digital signal for “plate w/ AMM?”, and (iv) the received
time-domain digital signal for “plate w/o AMM.” For (ii)~(iv), the left axis is the digital voltage and the right axis is the digital power.
(b) The original image composed of 15 x 36 pixels is encoded into binary signals of “0” and “1.” (¢) The transmitted digital image.
(d) The received digital image for “plate w/ AMM.” (e) The received digital image for “plate w/o AMM.” The digital power in (c)—e)
is normalized by their respective maximum digital power. The signals in the 15th column (highlighted by blue blocks) of images in
(b)~e) are shown in (a).
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which is defined as the summation of the voltage square for
every five cycles of sine waves, is proposed as an algorithm
to characterize the quality of the transmitted digital signal
and extract data from the received digital signal. As shown
by the orange curve, the line shape of the digital power
for the transmitted signal agrees perfectly with the binary
signal, showing the good quality of the transmitted signal.
(iii) Despite a slight distortion in the received digital signal
mainly caused by the frequency response of the transducer
pair, the decoded signal, obtained by computing its digital
power, exhibits a strong correspondence with the transmit-
ted signal in the presence of AMM. (iv) In the absence of
AMM, the transmitted signals is weaker and strongly con-
taminated by the noise. Consequently, the recovery of the
transmitted signal from the received signal becomes chal-
lenging. Next, a more complicated binary image showing
letters of “PSU” is used to demonstrate WCUDT. Fig-
ures 6(b) depicts the original image composed of 15 x 36
pixels, which is encoded into binary signals of “0” and “1.”
Figures 6(c)—6(e) are images of the digital power (normal-
ized by their respective maximum digital power) for the
transmitted signal, the received signal in the presence of
AMM, and the received signal in the absence of AMM,
respectively. The implementation of AMM allows for the
restoration of a clear image depicting the letters “PSU.”
In contrast, the absence of AMM yields a noise-dominant
recovered image, which necessitates an increase in the
input voltage and subsequently incurs a higher power cost.

V. CONCLUSION

In summary, we have proposed a pillar-based acous-
tic metamaterial that enables wireless and contactless
ultrasound power transfer and data transmission through
a metallic plate without any openings. A deterministic
method based on band-structure theory and transmission
analyses is utilized to guide the design procedure. The pro-
posed design is numerically and experimentally verified
when the ambient medium is water. Our work not only
expands applications for acoustic metamaterial research
and 3D metal printing technology, but also sets the direc-
tion for the development of next generation of through-
metal-wall ultrasonic power transfer and data transmission.
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APPENDIX A: NUMERICAL SIMULATIONS

The numerical simulations were performed using the
commercial finite-element analysis software COMSOL Mul-
tiphysics V6.0. The background medium is water (air)
with the density po and speed of sound ¢y being 1000
(1.21) kg/m® and 1500 (343) m/s, respectively. The

metallic plate and acoustic metamaterial are SUS316L
with the density ps, Young’s modulus E;, and Poisson’s
ratio vy being 7910 kg/m?, 153 GPa, and 0.34, respec-
tively. The equivalent longitudinal speed of sound of
SUS316L is ¢; = /(K + 4G,/3)/ps = 5,456 m/s, where
bulk modulus K; = E;/(3(1 — 2v,)) and shear modulus
Gy = 0.5E,/(1 + vy). The band structure was performed
using the Solid Mechanics and Pressure Acoustics mod-
ules, where the background medium of water is considered.
Plane wave radiation boundary condition is applied at both
incoming and outgoing planes so that a complex-valued
band structure is obtained. Transmission analysis was per-
formed using Pressure Acoustics and Solid Mechanics
modules. More details are referred to in the Supplemental
Material [34].

APPENDIX B: SAMPLE FABRICATIONS

The sample was fabricated using a commercial 3D
printer (Metal 3D Printer ProX™ DMP300) and was based
on selective laser sintering (SLS) technology. The print-
ing material is SUS316L, with a nominal resolution of
0.15 mm.

APPENDIX C: EXPERIMENTAL
MEASUREMENTS

In the experiment, a 15 x 23 x 14 in® water tank was
used. It was equipped with LC series three axes linear
stages and a three axes stepper motor controller (New-
mark Systems, Inc.), travel range 400 x 400 x 400 mm?.
The stages were automatically controlled through the pro-
grammed code to scan the space. The tank was filled with
approximately 7 gallons of deionized water (DI water) and
degassed using a water pump and vacuum pump to remove
any air bubbles. Unfocused transducers (with a diame-
ter of 1 and 1.5 in) centered at approximately 500 kHz
(Olympus) were used as a transmitter and a receiver. To
map the acoustic power distribution, a needle hydrophone
(Onda Corps. HNR 0500) with a diameter of 2.5 mm and
frequency range of 0.25-10 MHz was used. The trans-
mitter was connected to the arbitrary waveform generator
(Agilent 33250A). The receiver and hydrophone were con-
nected to the oscilloscope (Tektronics MDO 3024 Mixed
Domain Oscilloscope) to acquire and process the signals.
To minimize unwanted reflections and echoes, an anechoic
absorbing layer of Aptflex F28 from Acoustic Polymers
Ltd was attached to the back wall and the post where
the hydrophone was mounted to. Aptflex F28 is a precast
polyurethane sheet that is microbubble filled, with den-
sity and wave speed similar to that of water. It exhibits
high transmission loss (>30 dB/cm/MHz) and high echo
reduction (>42 dB at 1 MHz). The alignment between
a source, sample, and receiver was achieved by a laser
alignment.
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For WCUPT shown in the video [34], the transmitter
was connected to the function generator Agilent 33250A,
and the ac signals on the transmitter and receiver were
measured by the oscilloscope. The multimeter was used to
monitor the dc voltage on the capacitors. The actual volt-
age applied to the transmitter is twice of the value indicated
on the screen of the function generator. This is because
the function generator assumes a loading impedance of
50 €2, whereas the impedance of the transmitter far sur-
passes the internal impedance of the function generator
(50 2). All capacitors were connected in parallel and
charged when the “SW_CHARGE” switch button was
pressed down, while the “SW_WIRING” switch button
was not pressed. Once the capacitors were fully charged,
the “SW_CHARGE” switch was released to stop the
charging process. By pressing down the “SW_WIRING”
switch, all capacitors were wired in series. Finally, the
“SW_LED” switch button was pressed down to power the
LED. More details about the buttons on the circuit board
are referred to Note S10 in the Supplemental Material [34].

For WCUDT, the discrete time-domain signal with
ASK modulation was first generated in MATLAB and then
imported into the arbitrary waveform generator (AWG)
interface of PicoScope 5442D in order to be fed into the
transmitting transducer. The ac signals on the transmitter
and receiver were measured by the same oscilloscope.
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