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Multichannel Piezo-Ultrasound Implant with Hybrid
Waterborne Acoustic Metastructure for Selective Wireless
Energy Transfer at Megahertz Frequencies

Laiming Jiang,* Gengxi Lu, Yang Yang, Yang Xu, Fangjie Qi, Jiapu Li, Benpeng Zhu,*

and Yong Chen*

1. Introduction

Ultrasound energy transfer (UET) is developed and integrated into various

bioelectronics with diagnostic, therapeutic, and monitoring capabilities.
However, existing UET platforms generally enable one function at a time due
to the single ultrasound channel architecture, limiting the full potential of
bioelectronics that requires multicontrol modes. Here, a multichannel piezo-
ultrasound implant (MC-PUI) is presented that integrates a hybrid waterborne
acoustic metastructure (HWAM), multiple piezo-harvesters, and a miniatur-
ized circuit with electronic components for selective wireless control via
ultrasound frequency switching. The HWAM that utilizes both a 3D-printed
air-diffraction matrix and a half-lambda Fabry—Perot resonator is optimized
to provide the advantage of ultrasound selectivity at megahertz frequencies.
Complying with U.S. Food and Drug Administration regulations, frequency-
controlled multifunctional operations, such as wireless charging (=11.08 uW)
at 3.3 MHz and high-sensitivity wireless switch/control (threshold

=~0.55 MPa) of micro-light-emitting diode/motor at 1 MHz, are demonstrated
ex vivo using porcine tissue and in vivo in a rat. The developed MC-PUI
enhances UET versatility and opens up a new pathway for wireless implant

design.
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Advancements in biomedical electronic
devices (BEDs), such as cardiac pace-
makers, cardioverter defibrillators,? neu-
rostimulators,’! and visual prosthesis,“
have promoted enormous benefits for
health and quality of life. However, the
development of long-lasting uninter-
rupted power sources remains a mas-
sive challenge for realizing the next
generation of personalized BEDs that are
multifunctional, long-lived, and highly
untethered. Although recent advances in
wireless technologies have attempted to
alleviate the limitations relating to the teth-
ered approach and expand their function-
ality,>>7 current technologies primarily
rely on battery-powered or battery-free
approaches. The former approach pro-
vides a stable stand-alone power solution
but requires periodic battery replacement
to ensure sustainable operation, resulting
in nonnegligible risks and burdens.®l The
latter strategy is mainly executed by electromagnetic waves
and self-powered technologies. Most wireless implantable sys-
tems use electromagnetic waves for power transmission and
communication, but they raise safety concerns and couple
inefficiently at the centimeter level deep in the tissue.’] Self-
powered technologies, such as triboelectric nanogenerators, !
piezoelectric nanogenerators, biofuel cells,! and thermal
energy harvesters,3! convert energy from the human body into
electricity to provide a sustainable power source. Nevertheless,
these systems generally suffer from limitations associated with
the specific implant locations and uncertain output power, thus
restricting their full potential.

As a promising energy transfer strategy, ultrasound energy
transfer (UET) that utilizes propagating ultrasound (US) waves
to transfer energy has been developed and integrated into
various bioelectronic systems with wireless functions.[6791415]
US has long been used as a safe and noninvasive tool to
diagnose, sense, and monitor diverse diseases and physical
conditions.!®”] Compared with harvesting energy from the
human body, portable external US sources can offer tunable,
programmable, and long-term sustainable energy transfer in
vivo, independently of environment location or transparency.!®!
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Piezoelectric and triboelectric US energy harvesters (UEHs)
for implants have been demonstrated.[®”418 However, most of
these UEHs used a single US channel, which greatly limited
system versatility. For example, to meet the extensive require-
ments for the next generation of personalized BEDs, future
systems will require more functions, powerful wireless com-
munication, and multicontrol capabilities, which might be
addressed in a frequency-selectable multichannel UET strategy.
Recently, several advances have attempted to mimic the
basilar membrane of human cochlea used for multiresonant
piezoelectric acoustic sensors.°2l However, their designs are
mainly applied for air medium transmission and audible audio
range (f < 20 kHz), well below the usual range (f ~ 1-18 MHz)
of medical US for procedural guidance.?” Implantable mul-
tichannel UET systems that combine wireless charging and
wireless control capabilities have not been demonstrated at
megahertz (MHz) frequencies. To achieve these desirable capa-
bilities, well-designed device structures, new frequency control
methods, and circuit layouts for tuning the driving frequencies
are needed for transferring the US power effectively and exclu-
sively to multiple harvesters.

Acoustic metamaterials, arising from artificial materials or
structures, show a remarkable ability to manipulate acoustic
waves for specific purposes.?)l They have extended the wave
manipulation functionalities beyond those found in nature,
including high-efficient sound reflection,? nondiffrac-
tion beams,?! asymmetric transmissions,?®! subwavelength
imaging and focusing beyond the diffraction limit,*”! acoustic
cloakings,?®! and acoustic diodes.?”! The ability to tailor wave
phase and/or amplitude also leads to acoustic holograms.*"!
Although acoustic metamaterials have rapidly grown for almost
20 years, the practical applications of acoustic metamaterials are
still an overarching challenge, especially in the area of medical
US including therapeutics, imaging, and monitoring.?! On the
one hand, the subwavelength structure challenges the fabrica-
tion of acoustic metamaterials in the MHz-level US with wave-
lengths in micrometer (e.g., 3 MHz US in water has 500 um
wavelength). On the other hand, diverse acoustic metamaterials
have an important assumption of the rigid boundary between
metamaterials structures and the background medium. This
assumption can be easily realized in airborne acoustic metama-
terials but becomes inaccurate in water/tissue because water/
tissue has a lower contrast in acoustic impedance compared
with most solid materials.

To overcome these challenges, we propose a multichannel
piezo-ultrasound implant (MC-PUI) with a hybrid water-
borne acoustic metastructure (HWAM) that utilizes both an
air-diffraction matrix (ADM) and a half-lambda Fabry-Perot
resonator (FPR) to select the transmittable US waves. Con-
sequently, multicontrol capabilities at MHz frequencies can
be realized. Mask-image-projection-based stereolithography
(MIP-SL), a 3D printing technology, was used to assist in pro-
cessing the HWAM as the core artificial frequency selector. The
newly designed MC-PUI integrates multiple piezo-composite
harvesters, an artificial frequency selector, and commercialized
electronic components into a miniaturized circuit, which can
be wirelessly powered by a rechargeable system at 3.3 MHz and
wirelessly controlled at 1 MHz. This integration not only allows
minimalistic device design without requiring bulky architec-
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ture for reliable frequency operation, but also enables highly
versatile wireless control such as in future cardiovascular and
neuroengineering devices. Systematic studies, including prin-
ciple exploration, structural optimization, ex vivo and in vivo
demonstrations of wireless charging and switch/control, and
safety discussion, were performed to evaluate its potential
applications. The developed MC-PUI significantly promotes
the frequency-tunable multioperations of UET and opens up a
previously unexplored pathway for wireless implantable device
design.

2. Results and Discussion

2.1. Design, Layout, and Working Principle of the MC-PUI

Figure 1a shows a conceptual illustration of the MC-PUI for
selective wireless power transfer and control in biomedical
implants. The implanted MC-PUI can be selectively activated
through ultrasonic excitation at different frequencies to achieve
these specific functions. Figure 1b shows a schematic diagram of
the wirelessly rechargeable and frequency-controlled MC-PUI.
The miniaturized device incorporates four main functional
parts via ingenious circuit design to provide exceptional capa-
bilities (Figure 1b and Figure S1, Supporting Information): i) a
multichannel piezo-harvester with HWAM for selective energy
harvesting, ii) an energy storage circuit with a full-wave rectifier
and a rechargeable capacitor for wireless charging, iii) a switch/
control circuit with two transistors for US wireless control, and
iv) microelectronic devices (micro-light-emitting-diode (u-LED,
red) and micro-motor (u-motor)) for the demonstration of the
frequency-controlled switch. The usual range of medical US for
procedural guidance is 1-18 MHz.[?2l The selection of operating
frequencies (3.3 and 1 MHz) in our work is therefore based on
the considerations of safety and transmission efficiency (for the
detailed discussion, see Note S1, Supporting Information). A
confocal dual-frequency US transmitter was designed and fab-
ricated as the external acoustic source. The multichannel piezo-
harvester with a concentric circular structure (circular UEH 1:
diameter =2.7 mm; ring UEH 2: inner diameter ~3 mm, outer
diameter =6.2 mm) as the core component helps harvest wire-
less US energy to form electricity. In particular, a structurally
optimized HWAM composed of both a 3D-printed ADM and
a halflambda FPR was conformally designed on the UEH 2,
thus enabling selective US harvesting (Figure 1c and Figure S2,
Supporting Information).

The circuit diagram of the overall MC-PUI is illustrated
in Figure 1d. Both an ultrasonic wireless charging system
(Figure 1d, right) and a frequency-dependent switch/control
system (Figure 1d, left) are designed to match the demand for
multicontrol. In the charging system part, the output produced
by UEH 1 is rectified by a full-wave rectifier and then stored
in a capacitor. This process is driven by 3.3 MHz US. In the
frequency-dependent switch/control system part, an amplifier
circuit composed of UEH 2 and two transistors is used to con-
nect the energy storage system and the microelectronic devices
that need to be powered, realizing highly selective control of
power through US frequency switching. UEH 2 only responds
favorably to 1 MHz US due to the configuration of HWAM.

© 2021 Wiley-VCH GmbH
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Figure 1. Schematics and principle of the MC-PUI for selective wireless energy transfer. a) Schematic showing the MC-PUI for a potential multi-
functional implantable device, which possesses integrated functions of wireless charging and wireless switch/control under ultrasonic excitation of dif-
ferent frequencies. b) Schematic of the MC-PUI device integrated on a PCB using a series of electrical and acoustic components, with key components
labeled. c) Exploded schematic of the multichannel piezo-harvester with HWAM, a key component of the MC-PUI. d) Circuit diagram of the MC-PUI
device, including an ultrasonic wireless charging system and a frequency-dependent wireless switch/control system. e,f) Optical micrographs showing
the fabricated MC-PUI devices integrated with a e) micro-light-emitting-diode (u-LED) and f) a micro-motor (u-motor). g) Schematic showing the multi-
channel piezo-harvester being excited by US of different frequencies. A confocal dual-frequency transducer with center frequencies of 3.3 and 1 MHz was
designed and manufactured to be the external ultrasonic transmitter. h) Schematic of the HWAM structure and the corresponding lattice parameters
of 3D-printed ADM. i) Acoustic field comparison between the numerical simulations with HWAM at the frequencies of 1 and 3.3 MHz, respectively.
1 MHz US effectively penetrates the HWAM, while the 3.3 MHz US shows low transmission. The acoustic pressure is normalized to the incident value.

Here, the strategy of integrating the rechargeable energy
storage system with a wireless frequency-dependent switch/
control provides unique capabilities superior to existing battery-
powered and self-powered wireless technologies.?¥ One of the
most important attributes of this design is that the wireless
recharging function eliminates the requirement for periodical
battery replacement. The wireless switch/control allows users to
ultrasonically operate implants, thereby providing opportunities
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for noninvasive chronic in vivo operation. Moreover, the devices
powered by an integrated energy storage system enable stable
operation independent of power settings and environment,
making their use more versatile. Figure le,f shows the resulting
devices assembled on a custom printed circuit board (PCB). The
device measures 25 mm long x 10 mm wide x 12 mm height and
has a weight of =3.3 g. The lightweight and compact electronic
design facilitates the integration of the MC-PUI inside the body.

© 2021 Wiley-VCH GmbH
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The entire surface of the device is uniformly deposited with par-
ylene-C (30 um) as encapsulation and biocompatible passivation
(for the detailed fabrication process, see the Experimental Sec-
tion). Some potential scenarios for its use in implantable bioel-
ectronics are schematically illustrated in Figure 1a, such as inte-
gration into cardiac pacemakers and neurostimulators.

Although piezoelectric harvesters generally receive the
optimal output at the resonant frequency, their relatively broad
receiving frequency response limits applications in highly
selectable transfer, especially in a narrow frequency band
(Figure S3, Supporting Information). Therefore, the HWAM as
an artificial frequency selector utilizing both ADM and Fabry—
Perot (FP) resonancel®¥l was designed and manufactured to
select the transmittable frequency of US waves (Figure 1g,h).
A halflambda FP resonator (FPR) with a high impedance mis-
match was first chosen for the artificial frequency selector due
to its simple structure and easy fabrication. Under normal inci-
dence, FPR’s transmission coeflicient (Tj) of acoustic intensity
can be described asf®’!

- 4R.R,

2
(R, + Ry )’ cos’ (k,D) +(RZ + R;QRS ) sin’k,D ()

2

where R, is the acoustic impedance of the nth layer, D is the
thickness of the resonator, k, is the wave vector in the FPR
(Note S2, Supporting Information). Its frequency dispersion
curve is shown in Figure S4 (Supporting Information). The

peaks of transmission coefficient are observed at resonant fre-

quencies f=1%é(m =1, 2, 3 ...). Although the FPR can filter

out a large portion of US waves in the frequency domain, it still
has two defects that need to be improved. First, the bandwidth
of the FP resonator is still relatively large (=26.95%) even if the
brass is chosen, which has a large acoustic impedance mis-
match among common solid materials (Figure S5, Supporting
Information). Second, FPR has multiple resonant frequencies
in a tight frequency band, but only one frequency is desired in
our application. Thus, the ADM is stacked to the FPR to narrow
the bandwidth further and reduce the transmission coefficient
in undesired FP resonant frequencies. The design of the ADM
is based on Bragg diffraction, which was first proposed by L.
Bragg to explain the X-ray diffraction in crystals.*¥ Different
from locally resonant phononic crystals with sub-wavelength
structures,®%] the lattice constant of periodic structures based
on Bragg’s diffraction is in the same level of wavelength, which
is defined by the Bragg’s law nd = 2asin6, where a is the lattice
constant and @ is the angle of incidence (Figure S6, Supporting
Information). The lattice structure of the designed matrix is
shown in Figure 1h. The parameters of ADM are deliberately
designed to leave the peak of the dispersion curve at 1 MHz
(Figure S7, Supporting Information; and the detailed analysis in
Note S3, Supporting Information). The air scattering is formed
by the 3D-printed microchannels. In Figure 1i, the simulated
acoustic fields of HWAM are compared at different frequen-
cies. 1 MHz US effectively penetrates the HWAM, while the
3.3 MHz US shows low transmission. Thus, the HWAM
designed by combining hybrid resonance modes exhibits the
advantage of frequency high-selectivity at MHz-level.
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2.2. Structure Optimization using 3D Printing
and Dicing-and-Filling Fabrication Strategies

The multichannel piezo-harvester with HWAM is the key com-
ponent to realize selective energy transfer. First, properties of
acoustic metamaterials usually arise from sophisticated struc-
ture, with techniques such as the controlled fabrication of small
inhomogeneities to enact effective macroscopic behavior.[236]
Additive manufacturing (a.k.a., 3D printing) is a powerful fab-
rication tool to address this challenge and build an artificial
frequency selector made of a periodic arrangement of scat-
terers.l’’-3% Here, the MIP-SL-based 3D-printing technology
was adopted to build the ADM with periodic microchannel
matrix due to its high resolution (Figure 2a -i and Figure S8,
Supporting Information) (for the detailed fabrication process
see the Experimental Section).*#l The images in Figure 2b
and Figure S9 (Supporting Information) show that the ADM
model is successfully built with a ring structure of an inner
diameter of 3 mm, an outer diameter of 6.5 mm, and a thick-
ness of 1.22 mm, with periodic microchannels (210 + 10 pm)
stacking within two layers. Second, in a series of common solid
materials, brass was selected as the FPR due to its large acoustic
impedance, moderate acoustic velocity, and ease of processing
(Figure S4 and Table S1, Supporting Information). The final
machined ring brass FPR with a thickness of =2.2 mm and the
3D-printed ADM were then assembled into an HWAM that was
physically attached to the front of UEH 2 to control and manip-
ulate transmitted US (Figure 2a -iii and Figure S10, Supporting
Information).

As the core component of acoustic-electric conversion, lead
zirconate titanate (PZT) ceramic was chosen for its high elec-
tromechanical coupling coefficient and relatively low loss tan-
gent, enabling high power harvesting efficiency. Then, the
bulk ceramic was further processed into 1-3 composite via the
dicing-and-filling method (Figure 2a -ii). Compared to the iso-
tropic bulk PZT, the epoxy in the anisotropic 1-3 composite
confines the transverse vibration of the PZT pillars and concen-
trates the energy on the longitudinal vibration. That is, the PZT
pillars in the 1-3 composite vibrate in the fundamental length
longitudinal 33-mode with higher coupling coefficient ks;
(Figure S11, Supporting Information),*>*}] providing more effi-
cient voltage and power harvesting. A thickness-to-width aspect
ratio of the piezo-pillar higher than 2 is required to ensure the
vibration of each piezo-pillar is dominant in the longitudinal
3-3 direction. Therefore, one ceramic/epoxy 1-3 piezo-com-
posite with a pillar width of 120 um, a kerf of 50 um, and a
thickness of 450 um was designed and further manufactured
into the circular UEH 1 with a diameter of 2.7 mm. Another
composite with a pillar width of 360 um, a kerf of 150 um, and
the thickness of 1.5 mm was also fabricated for the ring UEH
2 with an inner diameter of 3 mm and an outer diameter of
6.2 mm (Figure 2¢,d and Figure S12, Supporting Information).
The 1-3 composites satisfy a thickness-to-width aspect ratio of
~4 and a ceramic volume fraction of =50%, ensuring their effi-
ciency as the acoustic-electric conversion elements. Finally, the
machined harvesters and the processed HWAM were assem-
bled together to construct into the multichannel piezo-harvester
(Figure 2e). Polarization—electric field (P—E) hysteresis loops of
PZT bulk and 1-3 composite samples were measured, as shown

© 2021 Wiley-VCH GmbH
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Figure 2. Fabrication and characterization of the HWAM and multichannel piezo-harvester for MC-PUI. a) Schematics illustrating the MIP-SL-based
i) 3D printing and ii) dicing-filling technology for the fabrication of HWAM and multichannel piezo-harvester. b) Optical images showing the 3D-printed
ADM. c) Optical images showing the PZT pillar arrays after dicing. d) Energy dispersive spectroscopy (EDS) elemental mapping of the fabricated
1-3 composite. e) Optical images showing the top, side, and bottom views of the fabricated multichannel piezo-harvester with HWAM. f,g) Impedance
and phase angle spectra of f) composite 1and g) composite 2, showing resonant frequencies at 3.19 and 1.06 MHz, respectively. Left inset (f): equivalent
inductance—capacitance-resistance circuit diagram of a piezoelectric element. h) Electromechanical coupling coefficient (k; or ks3), piezoelectric voltage
coefficient (gs3), and piezoelectric coefficient (ds;) of the 1-3 composites (lines: theoretical predictions; symbols: experimental data).
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in Figure S13 (Supporting Information). The epoxy polymer is
without ferroelectric polarization, so the role of epoxy decreases
the total P-E effect of the 1-3 composites; therefore, the average
value of remnant polarization P, is smaller than the bulk PZT
ceramic. The electrical equivalent capacitance, inductance,
and resistance describe the electrical effects of the mechanical
motion of the piezoelectric elements (Figure 2f, left inset and
Note S4, Supporting Information).*¥ The resonance frequency
f; of the harvester is defined by the following formula

N1 (1-0)
fi=3 _2t\/psﬁ(1+o)(1—20) )

where N, is the thickness mode frequency constant, t is the
thickness of the piezoelectric layer, p is the density, o is the
Poisson’s ratio, and Si; is the elastic compliance of the piezo-
electric material. The resonance frequencies of the as-manufac-
tured 1-3 composites are 3.19 MHz (for composite 1) (Figure 2f)
and 1.06 MHz (for composite 2) (Figure 2g), respectively, cor-
responding to the designed ultrasonic operating frequencies
(3.3 and 1 MHz) for selective control of the MC-PUI. Both the
electromechanical coupling coefficient (k33 ~ 0.7) and piezo-
electric voltage coefficient (g3; ~ 34.5 X 10 V m N7!) were signif-
icantly augmented in the fabricated 1-3 composites through the
suppression of the shear vibrating modes (Figure 2h),*! thus
ensuring their enhanced output efficiency (Figure S14, Sup-
porting Information). The theoretical prediction of the values
was performed based on the parallel and series model proposed
by Unsworth and Chan (Note S5 and Figure S15, Supporting
Information).®) Some key electrical and acoustic parameters of
the bulk PZT ceramic and as-manufactured 1-3 composites are
summarized in Table S2 (Supporting Information).

2.3. Simulation and Characterization of the HWAM for Selective
Wireless Energy Transfer

1-3 piezo-composites are superior candidates for US-induced
energy harvesting. The output voltage V can be derived as the
following formulat*]

_ Pk Z
- 633(1+k323) Ecot(Eh)(Zy+Zy) (3)

where & Z;, Z,, and h are the wavenumber, load resistor, elec-
tric impedance, and thickness of the piezo-harvester, respec-
tively. ki3 is the electromechanical coupling coefficient of the
. in
£53Cs3”

which Cs;, €3, and es; are the effective elastic, dielectric, and
piezoelectric constants, respectively. 1-3 composite structures
were thus designed and manufactured to enhance the output
voltage. P is the ultrasonic pressure applied to the piezo-har-
vester and directly induces the electrical output. Theoretically,
the output voltage can be regulated by controlling and manipu-
lating the ultrasonic transmittance, which is highly dependent
on the designed acoustic structure and ultrasonic frequency.
First, we demonstrated numerically how the HWAM real-

. . . 2
piezoelectric material and can be expressed as ki; =
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ized the frequency-dependent regulation of output voltage. In
Figure 3a,b, the simulated acoustic fields through the HWAM
and the corresponding induced piezoelectric output are com-
pared. When f = 1 MHz, ultrasonic waves effectively pass
through the HWAM and correspondingly induce a high piezo-
electric potential. However, when f= 3.3 MHz, HWAM effec-
tively blocks the transmission of ultrasonic waves, and a weak
piezoelectric potential is induced. We further analyzed the band-
width that is defined as the normalized transmission coefficient
of acoustic pressure larger than —3 dB. For the FPR alone, it
is demonstrated that the bandwidth becomes narrower as the
acoustic impedance mismatch becomes more significant. For
example, tungsten, which has the largest acoustic impedance
among common natural materials, can provide a bandwidth of
9.35% (Figure S5, Supporting Information). As a comparison,
the HWAM design theoretically provides a narrower band-
width of =4% near 1 MHz, differing from a single FPR or ADM
structure (Figure 3c and Figure S7, Supporting Information).
Transmission efficiencies of 87% and 5% were calculated at
1and 3.3 MHz, respectively (Figure 3c). We then experimentally
measured the transmission efficiency of HWAM to US within
the frequency range from 0.3 to 4 MHz, where the transmis-
sion efficiencies were =83% and =8% at 1 and 3.3 MHz, respec-
tively (Figure 3d). HWAM has a strong frequency selectivity of
US. The fluctuation of the experimental values may be associ-
ated with acoustic dissipation and the processing deviation of
the microstructures.

To further verify the selective ultrasonic energy transfer of
HWAM, we experimentally manufactured two piezo-harvesters
(resonant frequency =1 MHz) with and without HWAM. We
then measured their output voltages, as shown in Figure 3e.
An apparent attenuation (=—28 dB) in voltage amplitude was
detected for the harvester configured with HWAM as the US
frequency was switched from 1 to 3.3 MHz. This frequency-
dependent voltage attenuation is mainly attributed to two
aspects, one is the frequency response of the piezoelectric
layer itself, and the other is the narrowed bandwidth effect
of HWAM. The piezoelectric potential was first generated
between the upper and lower surfaces when the piezoelectric
layer is ultrasonically deformed. Induced charges then flowed
through the external circuit to screen the piezoelectric poten-
tial, thereby resulting in alternating signals of current and
voltage under a dynamic ultrasonic field. As analyzed above,
HWAM effectively blocked the ultrasonic transmission into the
piezoelectric layer at 3.3 MHz. Thus an attenuated output was
detected. Figure 3f~h shows the waveform comparison between
the trigger signal to the external transmitter and the output
signals from the piezo-harvesters driven by the corresponding
transmitted US at 1 MHz. All the sine wave periodicities
(=1 us) of the output signals and the trigger signal are tem-
porally identical. That is, frequency is consistent (Figure 3g).
However, compared with the trigger signal, the output signals
possess a wider waveform with a time delay and a typical ring-
down phase (Figure 3gh), which is a result of the US trave-
ling and interface reflection. In addition, a shorter time delay
was observed in the output signal generated by the harvester
configured with HWAM due to much larger acoustic velocity
in brass (=4400 m s™) and polymer resin (=2500 m s7}) than in
water (<1540 m s7!) (Figure 3g). Considering that the ultrasonic

© 2021 Wiley-VCH GmbH
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Figure 3. Simulation and characterizations of the MC-PUI with HWAM. a,b) Comparisons of acoustic field and corresponding induced piezoelectric
potential between the numerical simulations with HWAM at the frequencies of 1 and 3.3 MHz, respectively. The acoustic pressure is normalized to
the incident value. c) Frequency response comparison between the numerical simulations with and without FPR and HWAM. d) Frequency response
comparison between the experimental measurements with and without HWAM. e) Output voltage comparison between the experimental measure-
ments with and without HWAM under US frequencies at 1 and 3.3 MHz. f-h) Trigger signals to the US transmitter and the output signal from the
piezo-harvesters with and without HWAM, driven by T MHz sine waves. The output signals exhibit a g, left) time delay, g, right) frequency consistency,

and h) ringdown phase.

transmission process may produce a friction effect on the
device, other two harvesters were further prepared, one of
which contained an unpoled piezoelectric element and the
other without piezoelectric material. No reliable signals were
observed from these two harvesters under ultrasound excitation
(Figure S16, Supporting Information). The results further verify
that the US-induced output signals are from charges generated
by the piezoelectric effect.

2.4. Ex Vivo Demonstration of the MC-PUI for Wireless
Charging at 3.3 MHz

This work aims to develop a frequency-controlled wireless mul-

tifunctional system for bioelectronic implants. We evaluated
the MC-PUI ex vivo under porcine tissue (Figure 4a—c), which
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is compositionally and anatomically similar to human tissue.
Figure 4c and Figure S17 (Supporting Information) show the
ex vivo experimental setup, in which the customized dual-
frequency transmitter as the wireless US source was mounted
to a movable holder and the MC-PUI device as US scavenger
was placed under the porcine tissue. The dual-frequency
transmitter with 3.3 and 1 MHz operation frequencies was
designed to integrate two confocal piezo-transducers through
Krimboltz, Leedom, and Mattaei (KLM) simulation and a simple
assembly process (see the Experimental Section and Figures
S18-S20, Supporting Information) to allow a facile and rapid
frequency switch with a portable dimension. First, the MC-PUI
implant can be recharged wirelessly via UEH 1 that is excited
by the transmitted US at 3.3 MHz (Figure 4d), while UEH 2
as a switch remains off. Figure 4e,f shows the trigger signal to
transmitter 1 and the output signal from UEH 1 driven by the

© 2021 Wiley-VCH GmbH
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Figure 4. Ex vivo characterizations of the charging performance of MC-PUI at 3.3 MHz. a,b) Schematic diagram of the ex vivo model showing the
implanted MC-PUI device. c) Optical image showing the testing setup with the MC-PUI device implanted under porcine tissue. d) Circuit model
showing the scenario of MC-PUI for wireless charging. e,f) Trigger signal to US transmitter 1 and the output signal from the UEH 1 driven by the
corresponding transmitted 3.3 MHz US. The output signal exhibits a e) ringdown phase, f, left) a time delay, and f, right) frequency consistency.
g,h) Output voltage amplitudes of g) UEH 1and h) UEH 2 of the MC-PUI, induced by 3.3 MHz US at different input acoustic pressures. UEH 1 exhibits
obvious superiority in voltage output. i) Instantaneous power of UEH 1 in response to diverse loads, showing optimal power near 200 Q. j) Output
voltage amplitudes before (left) and after (right) rectification of UEH 1 driven by 3.3 MHz US. k) Output voltage variation of UEH 1 with input acoustic
pressures, showing a linear relationship. I) The charging time dependence of voltage on a 220 UF capacitor under different acoustic pressures, showing
a faster-charging capacity obtained under higher acoustic pressure. The repeat cycle number of the 3.3 MHz US is 200.

corresponding transmitted 3.3 MHz US. The periodicity (=0.3 us)  longer pulse length with a time delay and a typical ringdown
of the output signal and the trigger signal is temporally iden-  phase (Figure 4e), which is a result of the US traveling and
tical, i.e., frequency is consistent. As mentioned above, com- interface reflection and further demonstrates the fact that the
pared with the trigger signal, the output signal possesses a  output voltage is induced by the propagating US.
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Figure 4g shows open-circuit (OC) voltage amplitudes of
UEH 1 induced by 3.3 MHz US at different incident acoustic
pressures. With increasing acoustic pressure, the OC voltage
amplitude of UEH 1 increases linearly with a piezoelectric
sensitivity of =6.3 uVpp Pa’!, reaching =15.05 Vpp as the inci-
dent acoustic pressure is 2.4 MPa; meanwhile, the amplitude
of UEH 2 does not exceed 0.6 Vpp (Figure 4h), showing good
shielding of 3.3 MHz US. The instantaneous power of UEH
1 delivered to the load was then evaluated by measuring the
voltage amplitudes under various external loads ranging from
10 Q to 100 k€. The peak of the delivered power (=74 mW) was
obtained at the incident acoustic pressure of 2.4 MPa and a load
of =200 Q, close to its internal electrical impedance, as shown
in Figure 4i. In this work, the US transmitter was designed to
be a focused architecture. Compared with a planar transmitter,
the energy generated from the focused piezo-architecture is
focused into a narrow area through the constricted acoustic
beam (Figure S21, Supporting Information), which not only
enhances the magnitude but also reduces energy dissipation
caused by the divergence of the acoustic beam. Therefore, the
optimal output is obtained near the focal point (Figure S22,
Supporting Information). Additionally, the standing wave effect
also affects the device output. The fluctuation of the output
voltage along the axial direction was observed (Figure S23,
Supporting Information).

Output AC signals of UEH 1 were rectified into general
DC signals through a full-wave bridge rectifier circuit so that
they can be stored in a capacitor and compatible with general
electronics (Figure 4d,j and Figure S24, Supporting Informa-
tion). Under different test conditions, the linear relationships
between the peak voltage and the incident acoustic pressure
were plotted in Figure 4k. At 10 mm thickness ex vivo evalua-
tion, UEH 1 produced output voltage amplitudes of =63% of
the values without tissue. The corresponding rectified voltage
is about 4.5 V as the incident acoustic pressure is 2.4 MPa. The
decreases in output voltage are primarily due to the acoustic
energy dissipation caused by the reflection, absorption, and
divergence of the ultrasonic waves in the porcine tissue. The
rectified DC outputs were then directly stored in a capacitor.
The charging rate can be regulated by adjusting the incident
acoustic pressure. For example, the voltage of the 220 uF capac-
itor increased to 3 V in 480 s at 10 mm ex vivo evaluation as
the pressure is 2.4 MPa, but only 1.77 V at 1.36 MPa (Figure 4l).
Also, the duty cycle of US can also be flexibly adjusted to meet
varied charging requirements (Figure S25, Supporting Infor-
mation). For example, the voltage of the capacitor increased to
3.48 V in 120 s at 2.4 MPa as the repeat cycle number is 2000
(duty cycle =30%) (Figure S26 and Video S1, Supporting Infor-

mation). The average charging power P, can be calculated by
2

the formula p_ = v

ave

, where C is the capacitance, V is the

increased voltage, antd t is the charging time. Consequently,
the energy stored in the capacitor increased by 1.33 m] in
120 s, and the average charging power is =11.08 pW. The cor-
responding power level generated could be further improved
upon increasing the duty cycle and currently sufficient to
charge the batteries of some miniaturized bioelectronics (e.g.,
pacemakers, required endocardial pacing threshold energy
=0.377 uJ) and to directly power microscopic robots (consuming
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=10 nW) and electrical neurostimulators (consuming =1 uW to
25 mW).[lL6484] No apparent attenuation of the output voltage
amplitude was observed after ultrasonic excitation for more
than 10 min (Figure S25, Supporting Information), indicating
the stability of ultrasonic energy transmission.

2.5. Ex Vivo Demonstration of the MC-PUI for Wireless
Switch/Control at 1 MHz

Ex vivo experiments verified the capability of MC-PUI for wire-
less charging at 3.3 MHz. We then evaluated the MC-PUI
devices in wireless switch/control scenarios, where the ultra-
sonic frequency was switched from 3.3 to 1 MHz to induce
UEH 2 that controls the frequency-dependent switch circuit. To
study this scenario, the capacitor has been sufficiently charged
to obtain a voltage greater than 3.5 V. As shown in Figure 5a,
the switch/control circuit mainly includes UEH 2 and two tran-
sistors. The generated electrical output of UEH 2 will turn on
transistor 1 (T;) and the related circuit, thereby releasing the
energy stored in the capacitor to drive the micro-electronics
(L-LED or pu-motor). As expected, UEH 2 only responds highly
to 1 MHz US due to the configuration of the HWAM. Figure 5b
shows output voltage amplitudes of UEH 2 induced by 1 MHz
US at different incident acoustic pressures. Like UEH 1, a linear
relationship between the peak voltage and the incident acoustic
pressure for UEH 2 is established. An output voltage of ~8.48 Vpp
is obtained as the incident acoustic pressure is 1.39 MPa.

In this wireless switch/control circuit, the sensitivity of ultra-
sonic control, namely, the base voltage of Tj, can be regulated
by changing the resistance of resistor 2 (R,). The greater the
resistance value, the greater the required turn-on voltage. To
weaken the influence of 3.3 MHz US on the switch/control, 1
MQ resistance was selected for R,. Figure 5¢,d shows the rela-
tionship among the US frequency, incident acoustic pressure,
output voltage, and MC-PUI operating status. With increasing
the incident acoustic pressure of 1 MHz US, a turn-on voltage
of =2.5 Vpp at 0.55 MPa was measured at 10 mm ex vivo evalu-
ation when the u-LED in the circuit started to be lit up (Video
S2, Supporting Information). Higher brightness was observed
as the incident acoustic pressure increased (Figure Se,f), indi-
cating a greater output generated by UEH-2 with a larger
current through T,. In addition, the 1 MHz-based ultrasonic
control also turned on a p-motor integrated into the MC-PUI
Several turns of rotation of the p-motor were observed once
the incident sound pressure was higher than the threshold
(Figure 5g and Video S3, Supporting Information). Meanwhile,
the switch/control circuit did not respond to 3.3 MHz US
due to the shielding effect of the HWAM structure. Repeated
experiments of wireless charging and switch/control show
that our MC-PUI functions as designed, thus confirming the
potential of MC-PUI for selective and exclusive energy transfer
for multifunctional operations. Device design can be further
tailored and improved. For example, a series of bioelectronics,
including pacemakers, tissue-or neurostimulators, and optoge-
netic devices, could be integrated into MC-PUI to replace
U-LED/motor for specialized needs. Therefore, the presented
technology will help realize the full potential of the near future
biomedical systems that require multicontrol capabilities, such

© 2021 Wiley-VCH GmbH
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Figure 5. Ex vivo evaluation of the wireless switch/control of MC-PUI at 1 MHz. a) Schematic of the MS-PUS as an implantable device for the US-
induced wireless switch/control. b) Output voltage amplitudes of UEH 2 as a wireless switch/control in the MC-PUI, induced by 1 MHz US with dif-
ferent input acoustic pressures. c) When the device is in implantation and nonimplantation, the output voltage variation of the switch/control system
under different ultrasonic frequencies and input acoustic pressures. The device can be flexibly turned on under 1 MHz excitation, and key parameters
are marked to indicate the operational status of the device under different input conditions. d) Output signal waveforms of the switch/control system
under increased trigger voltages and different frequencies of 1 and 3.3 MHz. e,f) Optical images of the MC-PUI device in the switch-on status, showing
that the u-LED is activated wirelessly under 1 MHz excitation. g) Optical images showing the [1-motor was activated wirelessly under 1 MHz excitation.
h,i) Acoustic field comparison between the numerical simulations h) without and i) with 10 mm porcine tissue at 1 MHz. j) Output voltage comparison
of the MC-PUI measured under tissues of different thicknesses.

as in vivo diagnosis and treatment, real-time monitoring, and
chronic disease monitoring and feedback (Figure 1a).

To use the MC-PUI as an implantable device, it is necessary
to evaluate the efficiency of US transmission through biological

tissue. We further investigated its ex vivo efficiency by meas-
uring the output voltage under various thicknesses of porcine
tissues ranging from 0 to 20 mm. The decreases in US energy
are primarily due to the acoustic energy dissipation caused
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Figure 6. In vivo evaluation with MC-PUI implanted in a rat. a) Schematic diagram of the in vivo model showing the MC-PUI device implanted in a
rat. b) Optical images showing a rat during the surgery for MC-PUI device implantation. c) US image showing the MC-PUI implanted in rat tissue.
d,e) Optical images showing the in vivo experimental setup to evaluate the d) wireless charging and e) switch/control performance of the MC-PUI.
f) Relationships between mechanical index (MI) and US pressure. Inset: Relationship between US pressure and frequency when the MI (=1.9) is at

the FDA safety threshold.

by the absorption, reflection, and divergence of the ultrasonic
waves, which are linearly dependent on the US frequency.’"
For example, the acoustic attenuation coefficient of muscle
tissue is =1.09 dB cm™ MHz P Transcutaneous electronic
implants are generally located at =5 to 10 mm depth. Therefore,
the calculated acoustic attenuations are =—3.6 and —1.09 dB at
10 mm for the 3.3 and 1 MHz US used in our work (Figure 5h,i
and Figure S27, Supporting Information). The experimentally
measured output voltages remain =63% and =85% (Figure 5j),
respectively, fitting well with the numerical simulations. Com-
bining ex vivo experiments in two scenarios, the generated
power is high enough to recharge the capacitor and turn on the
switch/control circuit, showing the feasibility of transmitting
power ultrasonically at MHz frequencies.

2.6. In Vivo Evaluation, US-Related Biological Safety, and Further
Device Optimization

To test whether the MC-PUI device functions in vivo, the
MC-PUI was implanted transcutaneously in an anesthetized
laboratory rat (Figure 6a). For the device implantation, a suf-
ficient area of the abdominal skin was incised to fit the device.
Once the device was deployed into the tissue between the skin
and the muscle, the opened skin was closed and sutured for
full implantation of the device (Figure 6b). An ultrasonic image
(Figure 6¢) was acquired using a commercial US imaging
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probe (L7-4, Philips) to locate the device, which was =2 mm
deep in the tissue. In these in vivo experiments, degassed US
gel was used as the coupling medium to transmit US waves,
and a heating pad was used to maintain the rat’s proper body
temperature (Figure 6d,e). To wirelessly charge the device to
obtain sufficient voltage, the 3.3 MHz US was first triggered
to excite the implanted device for 5 min with an acoustic pres-
sure of 2.4 MPa. The 3.3 MHz US was then switched to 1 MHz
for wirelessly operating the integrated u-LED. As shown in
Figure 6e, the light emitted by the u-LED was observed through
the skin, under an inducing pressure of =0.5 MPa. This experi-
ment demonstrates the feasibility of US frequency control in
vivo. Although a previous report has demonstrated an in vivo
wireless battery charging and controlling optoelectronic system
that used radiofrequency (RF) inductive coupling for wireless
recharging and a Bluetooth module for wireless control,5? we
introduce a new scheme for wireless charging and controlling
based on frequency-controlled US transmission. The design
benefits from the integration of HWAM and multiple piezo-
harvesters, which provides the selective characteristics of US at
MH?z frequencies. In comparison to RF waves, US waves have
lower attenuation through tissue, a higher U.S. Food and Drug
Administration (FDA) limit for power flux (72 mW mm™ vs
0.1 mW mm™), better security in cybercommunications, and
a much smaller wavelength (five orders of magnitude shorter
at a similar frequency) for more efficient coupling to small
implants.[>>3]
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Despite the feasibility of frequency-controlled operations in
vivo, the US-related biological safety and further device opti-
mization are worth discussing. First, US technology has been
applied for over 20 years and has an excellent safety record. Nev-
ertheless, organisms may experience some side effects during
exposure to high-intensity US, such as mechanical and thermal
effects. These effects result in various tissue injuries, including
altered gene expression, abnormal cell migration, necrosis, and
membrane dysfunction.’¥ To assess the mechanical damage,
the mechanical index (MI) has been specified, which is an indi-
cation of US beam’s ability to cause cavitation-related bioeffects
and defined as follows!>”!

P,

NiA

wherein P, is the peak negative pressure of the US in MPa and
fc is the center frequency of the US beam in MHz. A higher
MI value indicates greater exposure. Currently, the FDA stipu-
lates that diagnostic US cannot exceed an MI of 1.9. The MHz-
level US selected in our work, on the one hand, can reduce
the electrical impedance of the UEH, thereby increasing the
power, and on the other hand, can reduce mechanical damage
(Figure 6f). Combining Formula (4) and US pressure measure-
ments using a hydrophone probe, the maximum MI was cal-
culated to be 1.32 (at 2.4 MPa) for the 3.3 MHz charging US
and 0.55 (at 0.55 MPa, switch/control threshold) for the 1 MHz
switch/control US (Figure 6f), both of which are below the
safety threshold. The thermal index (TI) has also been specified
to assess the thermal effects by the following formulal®®l

MI= 4

TI = & — min(W!Ispla.]-sz)'f
Wiaeg 210mW MHz

(in soft tissue)

©)

wherein W), is the attenuated ultrasonic power at the implant
depth, and W, is the estimated power required to raise the
tissue equilibrium temperature by 1 °C according to a selected
specific tissue model.’® For the 3.3 MHz US used for charging
(PRF: 500 Hz; acoustic pressure: 2.4 MPa), the TI was calcu-
lated to be 0.58, which is considered biologically safe operation
by the British Medical Ultrasound Society.””! 1 MHz US used
for switch/control with a lower frequency and lower intensity
has a smaller TI. The rising temperature measured in the
experiment is less than 1 °C. Considering general implantable
biomedical systems, the pulsed US with a low duty cycle could
be used for energy transfer.

Second, 1-3 piezoelectric composites and hybrid acoustic
metastructure were designed and fabricated as core elements.
They not only enhance the device sensitivity but also provide
the advantage of frequency-tunable operation. In future investi-
gations, the acoustic—electric coupling of piezoelectric materials
and frequency-selectable characteristics of artificial frequency
selectors could be further improved through new material
selection and structural innovation, such as biomimetic struc-
tures.’® If the transmission and conversion efficiencies were
substantially enhanced, organisms could be studied at lower
intensities, and the US-related biological effects could be mini-
mized. Additionally, novel fabrication technologies, such as
multimaterial 3D and 4D printing,” have been developed and
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could be applied to manufacture core components and even all-
in-one devices.

Third, although parylene-C was uniformly deposited over
the MC-PUI with complete coverage to provide encapsula-
tion and biocompatible passivation, biocompatibility could be
further optimized. In future work, more biocompatible or bio-
degradable electronic components, such as eco-friendly lead-
free ceramics, biodegradable supercapacitors/batteries, etc.,
could be integrated into the devices to minimize the impacts
on human health, and even tunable biodegradability could be
achieved, eliminating secondary surgery for device removal.

Last but not least, this study focused on the design and imple-
mentation of the MC-PUI for wireless charging and switch/
control using different US frequencies. It did not consider too
much the complex circuit configuration and other applications.
In future work, multifrequency components (more than two)
and data processing chips could be integrated into this MC-PUI
to achieve personalized electronics with multifunctions, such
as in portable/mobile devices for wireless powering and data
transmission, intelligent wearable/implantable bioelectronics
for healthcare and physiological monitoring, and even human-—
machine interfaces for neural communication. Advances in
nanotechnologies, microelectronics, and flexible electronics can
also promote the further miniaturization and mechanical flex-
ibility of the MC-PUI, enabling a higher level of integration and
better human conformability.[7:60]

3. Conclusions

In summary, we have developed a compact and lightweight
frequency-controllable MC-PUI that integrates the HWAM,
multiple piezo-composite harvesters, and commercialized
electronic components into a miniaturized circuit for selective
wireless energy transfer. HWAM combines both a 3D-printed
ADM and a half lambda FPR, providing the advantage of
high-selectivity of US frequency at the MHz-level with high
transmittance (=83%) and a unique narrow bandwidth near
1 MHz. An apparent attenuation (=—28 dB) in voltage ampli-
tude was detected for the piezo-harvester channel config-
ured with HWAM as the US frequency was switched from
1 to 3.3 MHz. Compared to the single-channel US transfer
system previously reported, the developed MC-PUI achieved
frequency-controlled multifunctional operations through water
and tissue media, such as stable wireless charging (11.08 uW) at
3.3 MHz and high-sensitivity wireless switch/control (threshold
=0.55 MPa) of micro-LED/motor at 1 MHz. Such a new concept
of designing multichannel and frequency-selectable US devices
provides a unique solution for the emerging multifunctional
wireless biomedical systems that are compact yet have more
control capabilities for personalized medicine, such as in vivo
diagnosis and therapy, real-time monitoring, and chronic dis-
ease monitoring and feedback.

4. Experimental Section

Processing of the HWAM: The fabrication of the HWAM can be
summarized into two parts: 1) mechanical processing of the FPR; 2)
3D printing of the ADM. First, the brass FPR was machined by a lathe
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(SD 400, PRAZI) to form a ring with an inner diameter of 3 mm, an
outer diameter of 6.5 mm, and a thickness of 2.20 mm. 20 000 mesh
sandpaper was then used to polish the finished FPR. Second, MIP-SL-
based 3D-printing technology (Figure S8, Supporting Information) was
used to fabricate the microchannel ADM. The ADM structure was first
built using SolidWorks and then sliced with an in-house-developed
“digital micromirror device (DMD)-based SL’ software to create
different mask patterns (Figure 2a). The patterns were projected on the
resin surface to generate different 2D layers. After one layer was built
and attached to the previous layer, it was peeled off from the fluorinated
ethylene propylene (FEP) film on the tank to print the following layers. A
total of 130 layers at 50 um per layer were constructed to create the ADM
model. After ultrasonic cleaning in an alcohol solution, the microchannel
openings of the printed sample were sealed with epoxy resin to form
closed air-filled channels. The resolution of the DMD chip (Texas
Instruments, Dallas) was 1920 x 1080, and the projected light intensity
is 3.16 mW cm~2. The photocurable resin G+ (MakerJuice Labs, KS) was
selected in this work due to its low viscosity and excellent mechanical
property. This particular resin, which was consisted of high tensile epoxy
diacrylate (=9000 psi) and glycol diacrylate as well as the photoinitiator,
had a tensile strength of 63 MPa.

Fabrication of the Multichannel Piezo-Harvester: As shown in Figure 2a,
a dicing-and-filling method (Tcar 864-1, Thermocarbon) was first used to
manufacture the PZT (DL-52, Del Piezo Specialties)/polymer 1-3 piezo-
composites consisting of regular-shaped PZT pillar arrays with epoxy
filling (EPO-TEK 301, Epoxy Technology). Then, the composite sample
was mechanically thinned and polished to the required thickness,
and both sides of the sample were sputtered with Cr/Au (50/100 nm)
electrodes using a sputtering system (NSC-3000 Sputter Coater, Nano-
Master). Conductive backing layers were prepared by mixing an Ag-epoxy
composite with a hardener (E-Solder 3022, Von Roll) and then cured on
the bottom sides of the sputtered samples. After curing, the acoustic
stacks were diced into small posts and further processed into cylindrical
harvests (UEH 1: diameter =2.7 mm) and ring harvests (UEH 2: inner
diameter =3 mm, outer diameter =6 mm) through the lathe. Finally,
poling the harvesters was implemented for 15 min at 2 kV mm™ (d.c.)
in silicone oil.

Assembly of the MC-PUI: According to the MC-PUI design, a PCB
layout was created first by using PCB design software and then
implemented using commercially manufactured PCB technology
(Figure S1, Supporting Information). The machined harvesters and the
processed HWAM were first assembled. Insulating epoxy resin was
used to bond the components to combine them into an integrated
multichannel piezo-harvester. Then, the integrated multichannel piezo-
harvester was aligned and directly bonded on the PCB by using a thin
layer (=20 um) of conductive silver paste (E-Solder 3022). After curing
at 40 °C for 4 h, capacitors, resistors, diodes, transistors, rectifiers, and
u-LED/motor were soldered to the PCB sequentially. Finally, a 30 um
thick parylene-C was uniformly deposited onto the entire surface of the
MC-PUI as encapsulation and biocompatible passivation.

Fabrication of the Confocal Dual-Frequency Transmitter: The structural
dimensions of the confocal dual-frequency (3.3 and 1 MHz) transmitter
were first designed and optimized based on PZT ceramic (DL-48, Del
Piezo Specialties) with the KLM equivalent circuit-based modeling
software PiezoCAD (Figure S18 and Note S6, Supporting Information).
3.3 MHz circle piezo-plate was designed as inner transmitter 1 with a
diameter of 19 mm. 1 MHz ring piezo-plate was designed as the outer
transmitter 2 with an inner diameter of 21 mm and an outer diameter
of 35 mm. Both the transmitters had a confocal length of 25 mm. The
PZT piezo-plates with silver electrodes on both surfaces were then fixed
into brass housing. Two subminiature version A (SMA) connectors were
connected with the back electrodes using wires, respectively. A common
ground connection was then formed via sputtering a Cr/Au (50/100 nm)
electrode across the front electrodes and the brass housing. Finally,
30 um thick parylene-C coating was deposited onto the whole external
surface of the transmitter as a protective layer.

Material, Electromechanical, and Outputs Characterization of the
MC-PUI: The optical images were taken using a Micro-Vu Sol 161
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microscope. Scanning electron microscopy (SEM) images and energy
dispersive spectroscopy (EDS) were characterized by a JSM-7500
microscopy. Impedance and phase angle of the piezo-harvesters
were analyzed by an impedance analyzer (4294A, Agilent). The
polarization—electric field (P-E) hysteresis loops of the samples were
measured by a ferroelectric measuring system (Hysteresis Version
3.1.1, Radiant Technologies). The capacitance was obtained using an
inductance—capacitance—resistance digital bridge instrument (1715 LCR,
QuadTech). The piezoelectric coefficient d3; was measured using a ds3
meter (YE2730A, APC Products). According to the IEEE standard on
piezoelectricity,®"l the electromechanical coupling coefficient k./ks; and
the piezoelectric voltage coefficient g3; were calculated, respectively,
using the following formulas

ki or k33 = %%tan(%ifafaﬂ) (6)
d
g3 = g—sz )

where the f, and f, are the resonant frequency and antiresonant
frequency, respectively. The electrical and acoustic parameters of the PZT
ceramic and fabricated composites are listed in Table S1 (Supporting
Information).

The output performance of the MC-PUI was characterized by
a multifunctional ultrasonic testing platform. The dual-frequency
transmitter as the US source was fixed on a 5-axis machine (OptoSigma
corp.). The MC-PUI as an US receiver was placed about 25 mm
away from the end face of the transmitter. Both the MC-PUI and the
transmitter were immersed in deionized water. The transmitter was
driven by sinusoidal signals that were given via a function generator
(AFG3252C, Tektronix) and then amplified (=40 dB) via an amplifier
(75A250A, AR RF/Microwave Instrumentation). The output voltages
generated by the MC-PUI were directly detected using an oscilloscope
(TDS 5052, Tektronix). The acoustic pressure output of the US
transmitter was measured in the water tank with a hydrophone probe
(HGL-1000, ONDA).

In Vivo Feasibility Studies: Before the experiment, the rat was
anesthetized with an intraperitoneal injection of Ketamine/Xylazine
(50-90 and 5-10 mg kg™"), and maintained under sevoflurane inhalation
through a nose cone. The abdominal skin was incised, and the device
was implanted between the skin and the muscle. Ecoflex GEL, a well-
known biocompatible silicone material, was used to encapsulate the
parylene-C coating. The device adhered to the muscle with cyanoacrylate
adhesive (Henkel, Dusseldorf, Germany), and the incised skin was
closed with sutures. The L7-4 probe (Philips, Amsterdam, Netherlands)
was used to image the implanted device. The hair in the imaging
area was removed. Degassed ultrasound gel was used to couple the
transmitter and the skin. All rat experiments were conducted following
the protocols approved by the Animal Use and Care Committee at
Huazhong University of Science and Technology.

FEA Simulations: The finite element analysis (FEA) technique was
used to simulate the US transmission and piezoelectric potential
distribution by using COMSOL Multiphysics package. The physical fields
included pressure acoustic for water and air, solid mechanics for the
solid structure like FP resonator and US transducer, and electrostatics
used on the US transducer to enable the piezoelectric effect field. The
acoustic-solid boundary was automatically applied on all boundaries
between the acoustic field and solid structure field. The acoustic
boundaries in propagation direction were set as an incident plane wave
and perfect matching layer to simulate unrestricted propagation. The
acoustic boundaries perpendicular to the propagation direction were
set as the hard acoustic boundary to suppress the undesired acoustic
diffraction. The parameters of piezoelectric materials were set according
to the experimentally measured properties listed in Table S1 (Supporting
Information). The HWAM'’s parameters and the geometry of piezo-
composites were strictly consistent with the designs of MC-PUI shown

© 2021 Wiley-VCH GmbH
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in Figure 2. Other parameters were chosen from COMSOL's material
library. The study was conducted in the frequency domain.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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