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ARTICLE INFO ABSTRACT

Keywords: Wireless energy harvesting represents an emerging technology that can be integrated into a variety of systems for
Ultrasound biomedical, physical, and chemical functions. The miniaturization and ease of implementation are the main
Wireless energy harvesting challenges for the development of wireless energy harvesting systems. Unlike most reported wireless energy
Piezoelectric h . hnologi by el . li h . £ ul .

Triboelectric arvesting technologies represented by electromagnetic coupling, the new generation of ultrasound-induced
Biomedical wireless energy harvesting (UWEH) that use propagating ultrasound waves to carry the available energy pro-
Nanodevices vides a strategy with higher resolution, deeper penetration, and more security, especially in nanodevices and

implantable medical systems where a long-term stable power is required. Recently, advances in nanotechnol-
ogies, microelectronics, and biomedical systems are revolutionizing UWEH. In this article, an overview of recent
developments in UWEH technologies that use a variety of material strategies and system designs based on the
piezoelectric and capacitive energy harvesting mechanisms is provided. Practical applications are also presented,
including wireless power for bio-implantable devices, direct cell/tissue electrical stimulations, wireless recording
and communication in nervous systems, ultrasonic modulated drug delivery, self-powered acoustic sensors, and

ultrasound-induced piezoelectric catalysis. Finally, perspectives and opportunities are also highlighted.

1. Introduction

With the recent advances in nanotechnologies, microelectronics, and
biomedicine, the demand for intelligent electronic systems and wireless
power is rapidly increasing [1]. The synergistic effect between nano-
technologies, microelectronics, and biomedicine can be extremely
powerful and has played a vital role in a range of applications. For
example, implantable biomedical microsystems in the body have
recently brought numerous medical advancements in improving the
quality of life and extending patient life [2,3]. The implantable
biomedical devices (IBDs) are presently applied in various parts of the
body as artificial therapeutic means, including cardioverter de-
fibrillators, cardiac pacemakers, artificial retinas, and deep brain stim-
ulators [4,5]. These biomedical electronics can provide real-time
diagnosis and treatment towards a variety of diseases associated with

the brain, heart, and sensory organs. Advancement in battery technol-
ogy paved the way for IBDs, but the improvement in storage capacity
and service life of batteries is still challenging [6,7]. At present, the
battery lifetime is still limited to several years. The surgical in-
terventions for periodically replacing the batteries will prolong hospital
stays and place patients at increased risk, such as high morbidity and
even mortality [8]. More research and efforts to prolong the service life
of the batteries and even eliminate the batteries from the implants,
therefore, are required to reduce the medical burden of patients.

New energy harvesting strategies based on self-powered systems
have recently been proposed to remove batteries and expand their
functionality [9-13]. These systems combine the thermoelectric effect,
piezoelectric effect, magnetostrictive effect or electromagnetic induc-
tion to integrate energy harvesting devices into the human body for
producing electricity from thermal, periodic biomechanical motions (e.
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g., muscle contraction and relaxation, blood circulation, and cardiac
motions), or external energy sources outside the body (e.g., inductive
energy harvesting and ultrasonic energy harvesting) [14]. Compared
with harvesting energy from internal organ motions, wireless external
sources can provide tunable and long-term sustainable transmission
power, regardless of organ shape, implantation location, and body size.
Additionally, wireless energy harvesting enables such implants to
operate safely and seamlessly while eliminating the requirement of
transcutaneous or percutaneous wire that is cumbrous and prone to
infection, especially during long term therapy [15,16].

To date, numerous wireless devices enabling untethered transfer and
harvesting have been developed, as well as millimeter-level integrated
circuits for bio-implantable systems [17]. Developments over the past
few decades have enabled most components in an IBD (including
memory, wireless recording and communication systems, oscillators,
and electrodes) to be integrated on a tiny chip [18]. In addition, with
rapid leaps in technology, a myriad of wireless energy harvesting stra-
tegies have been proposed for powering IBDs, such as the mid-field and
far-field electromagnetic radiation power, the near-field inductive and
capacitive coupling, and ultrasound-induced wireless energy harvesting
(UWEH) [15,19]. Each strategy has its own merits and demerits.

The UWEH strategy is to use propagating ultrasound waves to carry
the available energy [19]. In contrast to traditional wireless energy
harvesting represented by electromagnetic coupling, UWEH has several
major advantages. First, the attenuation of ultrasound power in bio-
logical tissue is much smaller than the attenuation of electromagnetic
radiation. The smaller attenuation will not only realize a longer travel
depth at a given power but will also greatly reduce unnecessary energy
loss due to tissue absorption or scattering [20,21]. Second, the ultrasonic
velocity is several orders of magnitude inferior to radio waves in the
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tissue, yielding a shorter wavelength at a similar frequency. Smaller
wavelengths allow the ultrasonic power to be focused on the size of
millimeters point, resulting in an excellent spatial resolution [22,23].
Third, ultrasonic waves are safer in most medical applications [24].
Ultrasound technique has long been used in medical therapeutics and
diagnosis [25-27]. According to the regulations of the Food and Drug
Administration (FDA), in medical diagnostic applications, the accept-
able ultrasound intensity of the human body cannot exceed 720 mW
em 2 [28], which is dozens of times greater than the safety threshold of
radio waves (1-10 mW cm’z) [29]. Back in 2007, a ZnO nanowire
array-based nanogenerator that can be driven by ultrasonic waves to
yield continuous electrical output for implantable applications has been
proposed by Zhong Lin Wang et al. [30]. Johnson and Seo et al. also
developed an ultrasound-induced neural dust micro-system for electrical
stimuli and recording of peripheral nerves, which uses ultrasound power
and control for downlink communication and readout [20,31]. Conse-
quently, the wireless energy harvesting technology that is ultrasonically
induced is a promising strategy in implanted medical systems. In addi-
tion, UWEH also provides potential applications in the fields of
self-power wireless sensors and chemical catalysis [32-34].

The purpose of this review is to summarize and classify recent de-
velopments in UWEH technologies that use a variety of material stra-
tegies and system designs for biomedical and chemical functions. First,
the energy harvesting mechanism, including ultrasound-induced
piezoelectric and capacitive energy harvesting, will be given.
Following it, an extensive collection of various types of UWEH systems
from the perspective of material strategies (e.g., piezoelectric nano-
materials, piezoelectric films, piezoelectric ceramics and composites,
SIO wafers, etc.), fabrication techniques (e.g., MEMS, dice-and-fill
method, flexible technologies, etc.), function applications (e.g.,
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Fig. 1. Integration of ultrasound-induced wireless energy harvesting (UWEH), and the inset shows the categories of materials for UWEH and their applications.
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wireless power for bio-implantable devices, direct cell/tissue electrical
stimulations, ultrasound-induced piezoelectric catalysis, etc.), and
design considerations (e.g., acoustic absorption, acoustic interface and
reflection, safety, etc.) will be reviewed and discussed, as summarized in
Fig. 1. In addition, opportunities and challenges will also be discussed,
and the outlook for future research will be highlighted at the end.

2. Energy harvesting mechanism

Ultrasound is a sound wave with a frequency higher than 20 kHz,
which possesses good directivity and is easy to obtain concentrated
acoustic energy [35]. The UWEH strategy is to use propagating ultra-
sound waves to carry the available energy, which is essentially a me-
chanical vibration that propagates in a host medium [19]. So far, several
different energy conversion mechanisms have been proposed for UWEH,
which includes: (1) piezoelectric energy harvesting mechanism and (2)
capacitive energy harvesting mechanism.

2.1. Piezoelectric energy harvesting

Appling piezoelectric effect to ultrasonic energy has received wide-
spread attention because its diversity of ingenious design can directly
convert ultrasonic power into electricity for various integrated appli-
cations [19]. The piezoelectric effect originates from the generation of
the electric dipole moment in piezoelectric materials (such as ZnO,
BaTiO3, lead zirconate titanate (PZT), etc.) that possess a
non-centrosymmetric crystal structure and their positive and negative
charge centers are under mechanical stress. When a piezoelectric
structure is deformed by a mechanical load, such as wind, machine vi-
bration, ultrasonic waves, or human motion, the charge separation
process generates a piezoelectric potential that will induce a current to
drive electronics (Fig. 2a) [36]. Taking wurtzite-type ZnO nanowires as
an example (Fig. 2b and c), the tetrahedrally coordinated atoms (0%~
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and Zn?") are stacked layer by layer along the c-axis [37,38]. In their
initial state, the charge centers of the cations and anions overlap each
other. If an external force is applied, the configuration will be distorted
(stretched or compressed). Consequently, the positive and negative
charge centers will be separated and procedure an electric dipole
resulting in piezopotential. When an external circuit is connected to the
distorted piezoelectric body, the induced charges will be driven to
screen the piezopotential and flow through the external electrodes to
achieve a new equilibrium. Thus, the electrical signal flowing through
the external circuit is consecutively produced as the piezopotential is
sequentially altered via exerting a dynamic pressure. This main mech-
anism of piezopotential is applicable to a variety of piezoelectric ma-
terials. The piezoelectric UWEH system mainly consists of piezoelectric
elements and an ultrasound source. The two core issues in developing
piezoelectric UWEH are material selection and system structural design.

2.2. Capacitive energy harvesting

2.2.1. Electret-based electrostatic energy harvesting

The electrostatic energy harvesting device is based on variable
capacitor structures that can be biased either via pre-charged electret
materials or an external voltage source [39,40]. The electrostatic energy
harvesting devices have received tremendous attention due to its
compatibility with the integrated circuit (IC) and micro-
electromechanical systems (MEMS) [41]. These devices can be sum-
marized into two types. One is an electret-free electrostatic energy
harvester that uses a conversion cycle consisting of charging and dis-
charging of a capacitor. However, active electronic circuits are needed
to impose the charging cycles on the structure and must be synchronized
with the change in capacitance. The other is the electret-based electro-
static energy harvester that applies electrets, enabling them to directly
convert mechanical energy into electricity. An electret is a dielectric
with long-lasting charges [42]. For example, silicon oxide is a common
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Fig. 2. Mechanism of piezoelectric energy harvesting. a) Schematic of a piezoelectric energy harvesting device. Reproduced with permission [36]. Copyright 2018,
Elsevier. b) Simulation of the piezoelectric potential distribution in a ZnO nanowire under axial strain. Reproduced with permission [37]. Copyright 2009, AIP
Publishing LLC. c¢) Atomic model and the different piezopotential in tension and compression modes of the wurtzite-structured ZnO. Reproduced with permission

[38]. Copyright 2017, Wiley-VCH.
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inorganic electret material [43]. As shown in Fig. 3a, the electret-based
harvesting device is based on a variable capacitive architecture con-
sisting of two conductive sheets (counter electrode and electrode). The
electret will induce charges on the electrode and counter electrode,
which follows Gauss’s law. The relative displacement of the counter
electrode compared to the electrode and the electret will induce a
change in the geometry of the capacitor and results in the reorganization
of charges between the counter electrode and the electrode through the
external load R (Fig. 3b) [44]. The process leads to a current circulation
through the external load and hence the mechanical energy is converted
into electrical energy.

2.2.2. Triboelectric energy harvesting

The well-known triboelectric effect is essentially an electrically
charging phenomenon when different materials are in frictional contact
[38]. Although this is one of the most common phenomena in our daily
life, until recently, the essential fundamental understanding of the
process was relatively limited. It is generally believed that chemical
bonds are formed between certain parts of the surfaces of the different
contacted materials, and charges will shift from one surface to another
because of the different ability to obtain electrons. The charges shifted
between two surfaces could be electrons, ions, and molecules. As the two
surfaces are separated, some bonded atoms tend to retain the shifted
charges, while others tend to release them, which may induce the
opposite electrostatic charges on two different friction surfaces. The
induced opposite charges on both friction materials will produce a
triboelectric potential that can drive a flow of electrons in the external
circuit to equilibrium the resulting potential drop. When an external
load is connected, a current is formed that flows from one electrode to
another. Then, the potential difference between the two surfaces will
change when the two surfaces are in contact again, causing the current
flowing backward (Fig. 3c and d) [45]. Since the first triboelectric
nanogenerator (TENG) was reported by Zhong Lin Wang in 2012 [46],
the development of the capacitive triboelectric technology has made it
promising not only in common electronic components but also in

a
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implantable biomedical UWEH applications [47].
3. Piezoelectric UWEH: Materials and designs
3.1. Piezoelectric nanomaterials-based UWEH

Piezoelectric nanomaterials are ideal for many energy harvesting
related applications due to their inherent small size and unique me-
chanical and electrical properties [48]. The small size of nanomaterials
makes them suitable for applications where space is limited, such as
implantable medical nanodevices. Fewer materials are needed to
manufacture nanostructures, and the synthesis method can be highly
scalable [49]. Nanomaterials may also possess favorable electrical
properties not inherent in the bulk materials, such as enhanced piezo-
electric factor and elastic modulus [50,51]. Numerous nanogenerators
with different architectures have been developed and progressive im-
provements in performance have led to their integration into various
nanodevice systems.

3.1.1. Zinc oxide (ZnO) nano-arrays

Since the first report of the ultrasound-induced ZnO-based nano-
generator by Zhong Lin Wang’s group in 2006 [30], UWEH has become a
novel wireless energy transmission strategy, especially in implantable
bioelectronics [52,53], because it can offer a mobile, adaptable, and
cost-effective strategy for harvesting energy from external sources. In
addition, one-dimensional zinc oxide (ZnO) nanostructures (e.g., nano-
belts and nanowires) have become one of the most important piezo-
electric materials because ZnO is an environment-friendly, stable, and
versatile material that holds a broad vision of applications in fields of
sensors, nanoelectronics, photocatalysis, and energy harvesting [51,
54-56].

Specific to Wang’s work aforementioned (Fig. 4a) [30], the proposed
ultrasonic nanogenerator is composed of vertically aligned ZnO nano-
wire arrays (NWs) that can generate continuous current output through
ultrasonic waves. The NWs were grown on a GaN substrate coated with a
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Fig. 3. Mechanism of capacitive energy harvesting. a) Schematic of the electret-based electrostatic energy harvesting. b) The equivalent circuit of the electret-based
electrostatic energy harvester. Reproduced with permission [44]. Copyright 2012, IntechOpen. ¢) Schematic of the working mechanism of the Triboelectric energy
harvesting. d) The equivalent circuit of the TENG. Reproduced with permission [45]. Copyright 2018, Wiley-VCH.
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Fig. 4. ZnO nano-arrays-based UWEH. a) A ZnO nanowire-based nanogenerator driven by ultrasonic waves. Reproduced with permission [30]. Copyright 2007,
American Association for the Advancement of Science. b) Integrated nanogenerator that operates in biofluid. Reproduced with permission [57]. Copyright 2007,
American Chemical Society. ¢) Nanodevice arrays for peripheral nerve fascicle activation. Reproduced with permission [59]. Copyright 2017, Institute of Electrical

and Electronics Engineers.

thin layer of ZnO film, which served as a common electrode that directly
connects the arrays to an external circuit. The NWs were then covered by
parallel zigzag Si trenches that were coated with a thin layer of platinum
as the top electrode. The diameter and length of each nanowire are 1 ym
and 40 nm, respectively, and the density of the NWs are 10 pm~2. In
order to ensure appropriate contact between the NWs and the electrode,
the resistance of the nanogenerator has been monitored by turning the
spacing between the electrode and the NWs. The encapsulated equip-
ment is fixed on a metal sheet that is in direct contact with the water in
the cavity of the ultrasound transmitter. Once the ultrasonic-driven NWs
touch adjacent tooth, the Schottky barrier between the electro-
de/nanowire interface will be forward-biased and piezoelectric
discharge will occur, thereby observing the current in the external cir-
cuit. The current and voltage output signals of the nanogenerator were
measured with the transmission ultrasonic wave of 41 kHz being turned
on and off periodically. A current jump of 0.15 nA was detected as the
ultrasound was turned on, and the signal instantly dropped to the
baseline once the ultrasound was turned off. The voltage output showed
a similar trend with a maximum negative signal of approximately —0.7
mV. The generated power of each nanowire driven by ultrasound was
1-4 fW. The output density per NW is about 1-4 W cm >, Additionally,
the measured resistance of the entire nanogenerator remains extremely

stable (R = 3.560 + 0.005 kQ) with and without turning on the ultra-
sound. The output current of the nanogenerator is reasonably stable and
continuous for an extended period of more than 1 h. It provides a po-
tential strategy to power nanodevices and integrated nanosystems.

Additionally, the developed ZnO-nanowire based nanogenerator was
further optimized, and its performance was characterized inside biofluid
under ultrasonic stimulation (Fig. 4b) [57]. During the characterization
process, the current and voltage meters were successively forward and
reversely connected to the two electrodes of the 2 mm? size nanodevice.
The corresponding short-circuit current (I;c) and open-circuit voltage
(Voo) signals were observed, respectively. After the ultrasound was
switched on, the current output peaks up to 17 nA with an average value
of 9 nA and a “noise/instability” within +4 nA. The corresponding
voltage output is about 0.1 mV. In addition, the output current was
improved by 20-30 times and achieved as large as 35 nA as the nano-
device was placed at an ultrasound focused area. A systematic study of
the output of a similar ultrasonic-driven ZnO nanogenerator in a
confined tube was also conducted [58]. These two studies unambigu-
ously show the feasibility of UWEH for power conversion inside bio-
logical fluids or any other type of liquid.

With the advance of the nano ZnO-based UWEH technologies, an
implanted nanodevice array for selective stimuli of peripheral nerves in
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the human body was further proposed [59]. as shown in Fig. 4c.
ZnO-based nanoarrays are embedded into a polymer-based patch of
biocompatible tissue and placed close to the outer layer of the nerve. The
device harvests the energy from ultrasonic waves emitted by a portable
external transmitter. The harvested ultrasonic energy is then converted
by the ZnO nanoarrays and emits electronic impulses that stimulate
nerve bundles through the electrodes. The maximum ultrasonic energy
will be delivered to the nanoarrays if the acoustic beam is perpendicular
to the device and thus hits the entire array area. Generally, the incident
acoustic intensity will be decreased if the nanoarrays are tilted at an
angle to the ultrasonic beam. And the relationship between the output
signal of the nanoarrays and the ultrasound intensity is approximately
linear. Therefore, based on the selection of patch arrays consisted of
nanowires, the main competitive advantage of the proposed strategy is
the capability of selectively stimulating nerve bundles at different lo-
cations and depths (e.g., peripheral nerve pundles) to avoid interfering
other sensory fascicles by adjusting the intensity of the incident ultra-
sonic waves or spatially targeting specific nanoarrays on the synthetic
patch. It demonstrates a longer-term implantation solution for selective
neural stimulation in vivo, which ensures patients greater freedom of
movement compared to embedded tethered electrodes.

3.1.2. Boron nitride nanotubes (BNNTSs)

Boron nitride nanotubes (BNNTs) are the structural analogs of car-
bon nanotubes (CNTs) with superior mechanical, chemical, and elec-
trical properties [60]. The alternating N and B atoms completely replace
the C atoms in the graphite-like flakes without changing the atomic
spacing. In recent years, BNNTs have been proved to have excellent
piezoelectric properties [61,62]. The theoretical calculation and exper-
imental research of piezoelectric properties and spontaneous polariza-
tion of BNNTSs show that BNNTSs is a piezoelectric system with excellent
performance, and its response value is larger than that of piezoelectric
polymer, which is equivalent to that of wurtzite semiconductor.
Therefore, similar to the above-mentioned ZnO-based nanogenerators
that produce a continuous current through ultrasonic waves, BNNTs
could also be exploited as nano transducers that provide output currents
for direct electrical stimulation applications [63].

An ultrasound-assisted piezoelectric wireless stimulation of
neuronal-like cells was successfully performed for the first time by
Gianni Ciofani et al. using BNNTs (Fig. 5a) [64]. The BNNTs with a
typical “bamboo-like” structure and with a dimension of about 50 nm in
diameter and about 200-600 nm in length were first dispersed and
stabilized by glycol chitosan, yielding a stable glycol chitosan-BNNT
dispersion. After that, PC12 cells were cultured in glycol
chitosan-BNNTs (0-100 pg mL’l) containing medium for up to nine
days. The results showed that BNNTs did not induce obvious oxidative

[BNNT] wio US wUs

— G

500

1
1 { [
H e Q
clecrc utnt H
medlitod by BNNT !
= I
N\ 0 1 F
(A \ pg/ml us us us
S \ bay-3 Day-2 bay-1_|[ b0 D1 bz b3
i n Sesdingof  Seedingof  Switching GRT-PCR ana
g z deposition nHDFs caci2 IFatD3
ai
§
’ /

Nano Energy 77 (2020) 105131

stress production in PC12 cells even after 9 days of incubation at high
BNNTs concentrations. Additionally, differentiating status (the propor-
tion of differentiated cells in culture), neurite length, and the number of
neuronal processes per cell were also monitored in cultures incubated
with different amounts of BNNTs, both nonstimulated and stimulated
with ultrasonic waves. It is worth noting that the number of neuronal
processes per differentiated cell increased obviously in
BNNTs-incubated and ultrasound-stimulated cultures. Compared to the
general four processes in the control groups, about five processes were
observed on average in BNNTs-ultrasound stimulated cultures. No sig-
nificant differences were observed between the various BNNTs con-
centrations studied. However, the most obvious result is a significant
increment in neurites due to the combined stimulation. The average
neurite length in the BNNTs-ultrasound combined -cultures was
distinctly longer than that of the control groups after 72 h of treatment,
and this increment increased by approximately 30% at the end of the
day 9. As a result, an external wireless ultrasound source can be
employed to deliver electrical stimuli to tissue or cell cultures inter-
nalized by piezoelectric BNNTs.

Besides the ultrasound-induced piezoelectric direct electrical stim-
ulation, the combination of chemical, mechanical, topographical, and
intracellular electrical stimulation based on UWEH on a co-culture of
skeletal muscle cells and fibroblasts was also studied by Ricotti et al.
(Fig. 5b) [65]. First, functional free-standing polyacrylamide gels with
different topography as petri dishes for cell culture were prepared. Then,
they co-cultured murine myoblasts and normal dermal human fibro-
blasts on these dishes with supplementing BNNTs and outside ultra-
sound sources. BNNTs were internalized by murine myoblasts and
localized in both early and late endosomes without being internalized by
the underneath fibroblast layer. The co-culture characteristics were
enhanced through intracellular electrical stimulation induced by
piezoelectric BNNTs activated by ultrasounds. The differentiation of
myoblasts benefited from the synergistic effects of chemical, mechani-
cal, topographical, and ultrasound-induced BNNTs-mediated stimula-
tion, showing good myotube development (longer, thicker and more
functional) and alignment towards a preferential orientation, along with
a high expression of genes encoding key proteins for muscle contraction
(i.e., myosin and actin). A greater functionality of the intracellular
electrical stimulated co-cultures was experimentally demonstrated. The
response to the aforementioned ultrasound-induced piezoelectric phys-
ical stimulation in terms of cytokine production and gene expression was
also clarified. More results and discussions can be found in the literature
[65].

3.1.3. Barium titanate nanoparticles (BTNPs)
Several in vivo and in vitro researches have proved that electrical

‘um ‘I.LI.I.IJJ.I
F+BNNT +US uG HG + BNNT + US

oe | bs o6 o7

aRT-PCR, IF

us us us and Cf at DY

500 |F
B F+BNNT+US
m w6
M G +BNNT+US

100 L= 1
‘
H 50 [ et n =
: | Il a 1 | B
1 0 e S L. el
1
1

Relative Gene Expression

MyoD Mygenin  MLP  MRF4  Acin  Acll  MYHi  MYH2  MYH4  MYHS

Fig. 5. BNNTs-based UWEH. a) Enhancement of neurite outgrowth in neuronal-like cells following BNNTs-mediated stimulation. Reproduced with permission [64].
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[65]. Copyright 2013, Public Library of Science.
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stimulus plays a significant role in the regeneration of transected nerve
ends and neurite extension [66-68]. Electrical charges appear to be
concentrated in stimulating axonal regeneration. Piezoelectric nano-
materials and UWEH technology offer innovative methods for neuron
stimulation. Thus, more and more piezoelectric nanomaterials have
been evaluated to determine whether they can be applied to effective
nerve regeneration [69]. For example, an intensive study has been
performed on the neural stimulation of SH-SY5Y-derived neurons based
on the effects of ultrasound-induced barium titanate nanoparticles
(BTNPs) by using imaging methods for detecting the Ca>"/Na* fluxes
(Fig. 6a) [70].

The piezoelectric medium chosen here was the typical tetragonal
BTNP with perovskite-like crystallographic structure. First, BTNPs
functionalized with gum Arabic possess quite a well-dispersed structure.
The hydrodynamic dimension of the BTNPs characterized by dynamic
light scattering was 479.0 & 145.3 nm, and the polydispersity index was
0.180. BTNPs are visible through confocal fluorescence imaging that
was performed to evaluate the interaction between BTNPs and neurons.
In particular, BTNPs (in red) were detected associated not only with the
membrane (in green) of the cell bodies but also with their neurites
(Fig. 6a). The researcher monitored the intracellular Ca?t dynamics in
response to the ultrasound stimulation conducted at various acoustic
intensities with or without BNTPs. The results demonstrated that the
combination of BTNPs and an ultrasonic intensity of 0.8 W cm™2 can
induce high-amplitude Ca?* transients (AF/FO peak = 0.62 + 0.12) in H-
SY5Y-derived neurons, clearly higher than all other control groups,
including the case with ultrasound at 0.8 W cm ™2 but without BTNPs.
Additionally, Ca®t imaging research was carried on with the addition of
blockers of the voltage-gated Na™ channels (tetrodotoxin, TTX) and the
voltage-gated Ca®* channels (Cd?") to explore the observed Ca?* tran-
sient ion channels. Interestingly, these high-amplitude Ca?" transients
were successfully suppressed by both the TTX and the Cd?* actions,
indicating that the generation of the high-amplitude Ca®" transients by
the ultrasound combined with BTNPs stimulation was mediated by both
Na® and Ca®" voltage-gated channels. The phenomenon was further
observed in the experiment of Na* imaging experiments under the same
conditions. It is worth mentioning that Ca?" waves are known to play a
significant role in promoting the maturation of the neural networks,
particularly by regulating the growth of neurites. In this regard, as
Gianni Ciofani et al. have previously shown how the UWEH-based
piezoelectric stimulation can effectively promote the neurite elonga-
tion [64].
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In addition to promoting higher functionality of the stimulated cell
cultures, the UWEH-based piezoelectric stimulation to inhibit the pro-
liferation of cancer cells has also been explored. Marino et al. have
investigated this approach to inhibit the proliferation of breast cancer
cells (Fig. 6b) [71]. The innovative solution includes a biocompatible
and functionalized piezoelectric BTNPs-based platform that targets and
remotely stimulates HER2-positive breast cancer cells. UWEH-driven
anti-proliferative effects of BTNPs-assisted stimulation greatly
decreased proliferation by regulating cell cycle arrest. Similar to
low-intensity AC electric fields, UWEH-based chronic piezoelectric
stimulation was able to inhibit cancer cells proliferation by
up-regulating the expression of the genes encoding Kir3.2 inward
rectifying potassium channels, by interfering with the homeostasis of
calcium ions, as well as by influencing the organization of mitotic
spindles during mitosis. The reported approach shows great potential
and versatility in treating different types of cancer. Future research will
focus on functionalizing piezoelectric nanoparticles with specific mol-
ecules to target piezoelectric particles to membranes of specific cell
types.

3.1.4. BiFeO3 nanosheets

Studies have shown that bismuth ferrite (BiFeOs) is a promising
catalyst for hydrogen production through photocatalytic water decom-
position because of its good chemical stability and narrow band-gap (~
2.2eV) [72-74]. In addition, BiFeOs is also ferroelectric and piezoelec-
tric material with a huge spontaneous polarization of more than 100 pC
cm 2and a large piezoelectric constant (dss) of about 100 p.m.AV’1 [75,
76]. Analogous to photocatalysis, where the photo-induced electric
charges (electron-hole pairs) participate in the catalytic redox reactions,
in theory, piezoelectric charges (positive and negative ones) induced by
periodic mechanical vibration can also be applied to activate catalytic
redox reactions, which can be called piezocatalysis [77,78]. Therefore,
based on the piezoelectric charges induced by mechanical vibrations,
UWEH was introduced for piezo-catalytic hydrogen production and dye
decomposition via hydrothermally synthesized BiFeOs square nano-
sheets (Fig. 7) [34]. BiFeOs nanosheets were prepared here to realize
high catalytic activity because the small dimension and large surface
area of nanosheets facilitate rapid charge transfer between the redox
couples and the catalyst. The as-synthesized BiFeOs catalyst possessed a
morphology of square nanosheet with a normal direction of [001],. and
an average dimension of ~380 nm (Fig. 7a).

BiFeO3 nanosheets with a typical rhombohedral phase are
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ferroelectric and piezoelectric because of the non-central symmetry of
their 3 m point group. Here, these thin BiFeO3 nanosheets will bend
when subjected to mechanical stress. Accordingly, numerous positive
and negative charges will be produced on the surface of the nanosheet
due to the piezoelectric effect. The negative charges (¢~) produced on
the surface of the BiFeO3 nanosheet will effectively combine with the
dissociated hydrogen ions (H') in the water to generate H,. In the
meantime, the sacrificial agents (S0%) will consume the positive
charges (¢q") generated on the other side of the nanosheet. It should be
noted here that the flat band potential of the prepared nanosheet is 0.32
V and the bandgap is approximately 2.27 eV. The results also show that
the piezoelectrically induced internal electric field was able to slope the
conduction band and enable the catalytic hydrogen evolution reaction.
According to calculations, the slope of the conduction band leads to the
band edge to be raised on the negatively charged side, which is slightly
negative than the Hy/H50 redox potential (0 V) for hydrogen evolution
reaction (Fig. 7b). Thus, the piezo-catalytic hydrogen production in
water can be achieved on pure BiFeOs nanosheets. Additionally, the
capability of piezocatalysis can be effectively tuned via the variation of
nanosheet geometry and material properties.

The piezo-catalytic hydrogen generation results demonstrated that
the total hydrogen generation per gram of nanosheets is as high as 20.4,
124.1, and 8.3 pmol, respectively, when the ultrasonic frequencies are
28, 45, and 100 kHz, and the ultrasonic power is 100 W for 1 h (Fig. 7c).
The resonance frequency of the synthesized BiFeO3 nanosheet is calcu-
lated to be approximately 46.5 kHz. This result indicates that the
optimal piezo-catalytic hydrogen production was attained near the
resonance frequency of the piezoelectric nanosheet, where the me-
chanical vibrational energy was more efficiently transferred to elec-
tricity. Additionally, higher ultrasonic power results in higher hydrogen
generation. The relationship between the piezoelectric factor (d), the
acoustic stress (T), and the piezoelectric charges (Q) per unit area on the
nanosheet can be summarized as Q = d-T. Higher ultrasonic power leads
to higher stress T and produces more charges on the surfaces of the
catalyst, yielding a higher hydrogen generation rate. The piezo-catalytic
effect of the nanosheets was also performed for dye decomposition. The
piezo-catalytic decomposition ratio of Rhodamine B dye reached 94.1%
after ultrasonically powering for 50 min and the Rhodamine B dye so-
lution became almost completely transparent. This is an important
development to demonstrate that the potential of UWEH for piezo-
catalytic hydrogen production via nano piezoelectric materials, inno-
vatively expanding the feasibility of using UWEH in more general
applications.

3.2. Piezoelectric films/diaphragms-based UWEH

With the development of high integration and complexity of elec-
tronic systems, it is necessary to integrate more components on smaller
substrates [79,80]. Therefore, the development of miniaturized and
films/diaphragms-based devices is a feasible way to reduce the overall
volume and weight of the system. Additionally, the films with flexibility
provide the benefit of strong mechanical compliance, and thus can be
used as flexible devices [81]. For this reason, the films/diaphragms will
contribute to the realization of thin, pliable, and lightweight UWEH
devices that enable the harvesting of transmitted ultrasound under the
skin and at interfaces of organs for electricity.

3.2.1. PZT films/diaphragms

PZT, or PbZr,Ti(;.,9)03, is one of the most common piezoelectric
material, which is favored by researchers because of its superior elec-
tromechanical coupling coefficient over many other piezoelectric sys-
tems such as PVDF and BiFeOs [5,82]. In 2014, He et al. reported a
small-sized, implantable UWEH device based on PZT film that was
realized using a MEMS-based technology (Fig. 8a) [83]. The
MEMS-based process could eliminate the size limitation (1-100 pm) of
the piezoelectric films, thereby increasing the electrical output of the
energy devices. Additionally, MEMS is capable of integrating multiple
sensors with different sensitive directions and different functions to form
a micro-sensor array [84,85]. In He’s work, a 40 pm-thick PZT film was
first prepared through bonding and mechanically thinning process. The
natural frequency of the UWEH device was then adjusted by optimizing
the side length and thickness of the silicon film and cavity [86]. The
whole UWEH device is wire bonded on a printed circuit board (PCB)
substrate. The final manufactured size of the device is 5 x 6 x 0.5 mm>
with a resonant cavity of 3.24 x 3.24 mm?. Subsequently, the output
properties were measured in water and in vitro tissue. Under the ultra-
sonic excitation frequency of 40.43 kHz, the UWEH device demonstrates
an optimal output power of 35 pW at an acoustic power density of 3.7 x
107°J em 3, a load resistor of 1.3kQ, and a receiving distance of 20 mm
in water. Meanwhile, an optimal power of 49 pW was achieved at the
acoustic power density of 1.25 x 1078 J em ™2 and a receiving depth of
22 mm in a piece of fresh pork tissue. Correspondingly, the pressure
sensitivity of the UWEH device is approximately 0.296 mV Pa!, indi-
cating favorable output properties.

Recently, also based on the MEMS process, Shi et al. presented a
broadband UWEH device, which was enabled by a PZT diaphragm array
and used as a self-powered implantable medical device (Fig. 8b) [87].
The device composed of 7 PZT diaphragms that are of a miniaturized
dimension with an optimized width-to-length ratio and are connected in
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Nature Publishing Group. c) Investigation of geometric design in PZT diaphragms for UWEH. Reproduced with permission [88]. Copyright 2016, AIP Publishing LLC.

parallel to improve the output power. The size of each PZT diaphragm is
250 pm x 500 pm with a multilayered structure, where the PZT layer is
2 pm. The space between the two diaphragm elements is 90 pm. The
effective size of the whole device is 2.058 mm?. The results show that a
broad bandwidth of the UWEH device is from 170 kHz to 820 kHz. In
addition, distance fluctuation caused by standing wave effect can be
avoided in a wide range by altering different ultrasonic frequencies for
the fluctuated distance. For example, the in vitro testing of the UWEH
device to harvesting ultrasonic energy through pork tissue demonstrated
that the output power was only 16.5 nW when the ultrasonic frequency
is 370 kHz, and then the output power was improved to 85.2 nW by
adjusting the ultrasonic frequency to 330 kHz. The distance between the
ultrasonic transmitter and the harvester was 23 mm, and the thickness of
the pork tissue was 6 mm.

In order to improve the output characteristics, the same research
group also presented a study on geometric design in MEMS-based
piezoelectric diaphragms for ultrasound energy harvesting (Fig. 8c)
[88]. These presented PZT diaphragm-based piezoelectric ultrasound
energy harvesters (PUEHSs) possess the same structure, but with different
dimensions. The PZT diaphragms in PUEH-1 and PUEH-2 are 250 pm X
1550 x 2 pm and 250 pm x 500 pm x 2 pm, respectively. The effective
total areas for PUEH-1 and PUEH-2 are 4.67 mm? and 2.06 mm?,
respectively. Both PUEHs possess excellent broadband performance due
to the aspect ratio and thickness design. PUEH-1 possesses a wide - 6 dB
bandwidth of 74.5% with a center frequency of 350 kHz. However,
PUEH-2 possesses two wide - 6 dB bandwidth of 73.7% and 30.8% with

center frequencies of 285 kHz and 650 kHz. The maximum output power
at ultrasonic intensity input of 1 mW cm 2 was 34.3 nW and 84.3 nW for
PUEH-1 and PUEH-2, respectively. The corresponding power density
was 0.734 pW cm ™2 and 4.1 pW cm 2, respectively. As a result, PUEH-2
exhibits much better power output characteristics and relatively wider
operating bandwidth due to the optimized aspect ratio and thickness
design, which gives a feasible design scheme for improving the energy
harvesting efficiency of implantable UWEH devices.

A comparative investigation of the design configurations of two bio-
implantable UWEH architectures (bulk-mode PZT plate and flexure-
mode PZT diaphragm) has also been conducted [89]. Generally, the
total power produced from each of the UWEH architectures is a function
of their aspect ratio, diameter, and implanted depth. The results
demonstrated that the plate and diaphragm architectures as implants in
muscle can produce equivalent amounts of power for device dimensions
in the millimeter level. However, for device dimensions in the
sub-millimeter level, the flexure-mode diaphragm architecture typically
produces higher power than the bulk-mode plate one and is noticeably
less sensitive to variations in implanted depth.

3.2.2. PVDF films

Currently, most polymer-based piezoelectric generators are fabri-
cated from polyvinylidene fluoride (PVDF) and its copolymers of tri-
fluoroethylene (PVDF-TrFE), nylon-11, and polyuria [90]. These kinds
of polymer materials intrinsically have a piezoelectric effect. The merits
of PVDF are its ease of processing, lead-free composition,
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vibration-sensitive, lightweight, smoothness, low density, and low
acoustic impedance (~4 MRayl) that facilitates acoustic impedance
matching with media such as water (~1.5 MRayl) and biological tissue
(~1.7 MRayl) [91,92]. Additionally, it is flexible, with high elastic
compliance, and thus can be easily attached to the surface of
concave-convex structures [93,94].

A thin-film-based UWEH device for medical micro-robot designed to
operate in the blood vessels, such as in an artery, has been reported
(Fig. 9a), with a particular focus on the manufacturing of co-axial PVDF
nanofiber thin-films as converting components to enhance conversion
efficiency and facilitate electrodes preparation [95]. Aligned co-axial
nanofibers with a diameter of 500 nm in the UWEH device are pre-
pared by a direct drawing method with co-axial micro-pipettes between
designed locations. PVDF is made into the nanofiber shells with a core
consisting of conductive polyaniline (PANI). Both ends of the nanofiber
array are cut into anodes by Au mass. An Al film covering the nanofiber
array by a sputtering process is the cathode. The entire cantilever is
coated with a biocompatible polymer film (polyurethane) to facilitate
the ability to operate in vivo. The nanofilm-based energy harvesting
cantilever components were then fixed on a cylindrical micro-robot to
form a medical device that can be manipulated ultrasonically in a blood
vessel. In order to analyze whether the nanofiber cantilever structure
can generate sufficient power to maintain the normal operation of the
micro-robot, the resonance frequency of the nanofiber cantilever and the
optimal output power under the different length of the cantilever (I) and
Au mass (I,) were estimated. The maximum amount of cantilever for a
cylindrical structure is 20 when considering a 3 pm wide cantilever and
a 20 pm diameter micro-robot in an artery. Assuming that the ultrasonic
intensity Iy is 1 W c¢m~? that is safe for the human body [96], the
cantilever is perpendicular to the ultrasound propagation direction, and
the ultrasound is completely reflected, the results clearly showed that
the micro-robot can yield much more power than 1 pW as the parame-
ters were properly selected [97]. When [, is 1 pm and [ is 25 pm, the
calculated output power can achieve to 100 pW, which is very promising
to provide sufficient power for the micro-robot in the artery to maintain
its movement. Higher power may be produced if more cantilever layers
are integrated into the micro-robot along with the cylindrical body.

Another novel UWEH scheme for a bio-implantable autonomous
active stent (AAS) based on the patterned PVDF-film has also been re-
ported (Fig. 9b) [98]. The device was specifically designed for percu-
taneous coronary intervention (PCI). The stent can harvest energy from
ultrasonic waves and power a series of implantable sensors and micro-
electronic devices, which was expected to revolutionize the current PCI
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mode by not only eliminating the bare wire stents but also monitoring
and preventing the failures. The UWEH device composed of 50 pm-thick
PVDF films with a corrugated surface pattern that was designed to
tolerate expansion. This pattern also helps the stent to promote the
enhancement of surface vibration. Compared to the ordinary PVDF film,
the autonomous active stent with tightly placed surface patterns showed
a higher output power (14.8% improvement). The stent with a diameter
of 10 mm and a length of 30 mm can generate 230 pW of electrical
energy with an efficiency of 11.5% when exposed to 14 MHz ultrasound.
The results demonstrated that the patterned autonomous active stent has
excellent potential for use as medical implants placed in different lo-
cations inside the human body.

3.3. Piezoelectric ceramics and composites-based UWEH

Ceramic materials account for approximately 87% of the total
piezoelectric market because of their simple preparation process and
desirable comprehensive acoustic and electrical properties [99], espe-
cially the lead-based perovskites represented by PZT ceramics. For
example, the commercial PZT-5H has a piezoelectric coefficient ds3 that
can easily reach 650 pC/N [100]. Lately, Li et al. reported a
rare-earth-doped Pb(Mg;,3Nby/3)03-PbTiO3 ceramic with Giant dsg
value of up to 1500 pC/N [101], making the performance of lead-based
ceramics unmatched by other piezoelectric systems. Nevertheless, sig-
nificant progresses have also been made in the development of lead-free
materials as well as their devices due to environmental considerations
[27,99,102-105].

3.3.1. PZT ceramics

Owing to the relative convenience of obtaining ceramics with high
performance and various geometric shape, untethered ultrasonic neural
dust motes base on small (~170-250 pm3) PZT piezoceramic cubes for
cortical recording were proposed by Seo et al. [106], as shown in
Fig. 10a. This extremely compliant and ultra-miniature system, which
consists of low-power electronics coupled with ultrasound power
transmission and backscatter communication, enabled significant
scaling in the number of neural recordings from the brain while
providing access to a truly chronic brain-computer interface. The as-
sembly sensor nodes were realized on a two-layer printed circuit board
(PCB) where metalized PZT cubes of various dimensions (~170-250
um?) were attached to the pre-soldered bump electrodes using solder
paste. Neural dust motes immersed in water 30 mm away from the ul-
trasonic interrogator couple with 0.04246 ppm backscatter and
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Fig. 9. PVDF films-based UWEH. a) PVDF nanofiber film-based UWEH device for an artery micro-robot. Reproduced with permission [95]. Copyright 2011, Elsevier.
b) Patterned PVDF film-based UWEH scheme for an implantable active stent. Reproduced with permission [98]. Copyright 2018, Institute of Electrical and Elec-
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ceramic-based UWEH device. Reproduced with permission [107]. Copyright 2015, Institute of Electrical and Electronics Engineers.

0.002064% power transfer efficiency, yielding a maximum received
power of about 0.5 pW with 1 nW of change in backscatter power with
neural activity. Additionally, the experimental results indicate that the
high efficiency of wireless ultrasonic transfer can enable the scaling of
the sensor nodes down to, at least, about100 pm scales and possibly even
lower.

Similar to the aforementioned strategy, the same research group
further developed PZT piezoceramic-based ultrasonic neural dust motes
for wireless recording in the peripheral nervous system (Fig. 10b) [20].
The emerging field of bioelectronic medicine is seeking new solutions to
decrypt and regulate electrophysiological activity in the human body to
achieve therapeutic effects in target organs. Current technologies that
interface with muscles and peripheral nerves rely heavily on wires.
Moreover, traditional electrode-based approaches lack the capability of
recording from the nerve with a high spatial resolution or recording
independently from many discrete locations within the nerve bundle.
This work presented the new neural dust, a scalable and wireless

11

ultrasound backscattering system, can power and communicate with
mm-scale bio-implanted bioelectronics. The neural dust implant was
integrated on a 50-mm-thick flexible polyimide PCB, where both the
custom transistor (0.5 mm x 0.45 mm) and the PZT piezo material (0.75
mm X 0.75 mm x 0.75 mm) were bonded to the top side of the PCB. The
measurement results showed that the neural dust mote on the axis could
convert incident ultrasonic power into electricity across the load resis-
tance with an efficiency of about 25%. Battery-free and passive
communication using backscatter enabled the high-fidelity transfer of
electroneurogram (ENG) and electromyogram (EMG) signals in anes-
thetized rats. Both the peak-to-peak voltages of the EMG and ENG
display a S-type response as a function of stimulus power. The minimum
signal recorded by a neural dust mote is about 0.25 mV.

Recently, Johnson et al. also presented a PZT-based wireless pe-
ripheral nerve stimulator with a whole dimension of 6.5 mm® and a mass
of 10 mg (Fig. 10c) [31]. The encapsulated stimulator is controlled and
powered through ultrasonic waves from an external transmitter and
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utilized a single piezoelectric block for downlink communication,
powering, and readout. Peak efficiency of 82% at an average stimulation
current of 48 pA was achieved when it converted harvested ultrasound
to stimulation charge. The measured DC power was 4 pW when not
stimulating. The small and light stimulator was also tethered to the
sciatic nerve of an anesthetized rodent at a depth of 21.5 mm and
exhibited a full nerve activation in vivo. In addition, another
millimeter-level implantable piezoelectric stimulator with ultrasound
power transmission and a hybrid bi-directional data communication link
(Fig. 10d) was also presented by Charthad et al. [107]. A hybrid data
link composing of ultrasound downlink and radiofrequency uplink was
presented in this design. The implantable device was 4 mm x 7.8 mm in
size and consisted of a PZT ceramic-based UWEH device, an IC, and an
off-chip antenna, supporting a maximum measurable DC load power of
100 pW. As a result, these mm-sized UWEH devices based on small
piezoceramic blocks reveal several outstanding advantages and
tremendous potential for remarkable electrical stimulators and
communicator candidates for in vivo medical devices.

3.3.2. PZT 1-3 composites

The performance of composite materials may be superior by
combining the desirable structures of two different phases, such asa 1-3
composite with a structure of piezoelectric pillars aligned in the passive
polymer matrix [108-110]. This composite possesses a lower acoustic
impedance (Z,), a higher coupling coefficient (k33), a lower loss, and
better design flexibility [111,112]. Moreover, 1-3 piezoelectric com-
posites can excite almost pure thickness-tensile vibration near the
resonance frequency, which indicates that this structure is one of the
best candidate designs for harvesting longitudinal ultrasound energy
[113]. Theoretical analysis and experimental measurement of a 1-3
piezoelectric composite-based ultrasonic harvester operating with
thickness-tensile modes have been implemented [114]. The 1-3
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composite harvester was manufactured by aligning PZT ceramic pillars
in a passive resin matrix. Both surfaces of the composite device were
electroded, and the electrodes are connected to an external circuit whose
impedance is denoted by Z;. When Z;, increases infinitely (— +o0), which
implies an open circuit, and when the load resistance is equal to the
impedance of the harvester, the maximum output power dissipated in
the load can be realized. The harvested power was also studied experi-
mentally through the use of the 1-3 PZT/epoxy composite disc. The
highest power was 0.189 W when the driving frequency was near the
fundamental resonance and the load Z;, (100 Q) was almost equal to the
impedance of its resonance frequency. The corresponding energy den-
sity was calculated to be 300 mW cm . This model provides a valuable
guideline for exploring the optimization of the device design, operating
frequency, and matched load impedance.

Additionally, Sun and co-workers proposed a wideband UWEH de-
vice using a 1-3 piezoelectric composite with a non-uniform thickness
(Fig. 11a) [115]. This harvester was designed and processed to be a
PZT/epoxy flat-concave disk, and the thickness of the piezoelectric rods
along the radial direction gradually increases, so that the arrays possess
overlapping frequency spectra with the maximum powers at similar but
different frequencies. The difference in frequency Af (resonance fre-
quency and resonance frequency) was broadened significantly because
of the parallel-connected rods of varying thicknesses, which is different
from the conventional piezoelectric devices having a uniform thickness.
Correspondingly, the operating frequency range (~0.6 MHz - 1.2MHz)
of the presented device was broadened significantly. The maximum
open-circuit voltage within the passband harvested was about 3.6 V. The
output power dissipated in the optimal load (Z;, = 160 Q) was approx-
imately 2.5 mW.

In addition to the choice of materials, the structural design of the
device is also a noteworthy consideration, especially in bio-implantable
applications. The surfaces of tissues or organs in the human body, such

1-3 transmitter Degassed water 1-3 harvester

Tank

Piczoclectric rods

Sound-absorbing
‘ material

Normalized output voltage

aunssaid
213sNoay

- PDMS
= Flexible
e electrode
Gold electrode 2mm
zgelectric . - i
| 1-3 composite
] 0.8
! Gold electrode On a convex surface _ smm ‘ m
- s
output _ © 0.4 1
signal Backing E
. 200
Flexible &
electrode 8'0'4
PDMS Input voltage 100Vpp !
-0.8 T T
02020202024
I

Bend > 80°

Time (ms)

Fig. 11

. PZT 1-3 composites-based UWEH. a) A wideband energy harvester using 1-3 piezoelectric composite with nonuniform thickness. Reproduced with

permission [115]. Copyright 2018, AIP Publishing LLC. b) PZT piezoelectric composite-based flexible UWEH array. Reproduced with permission [116]. Copyright

2018, Elsevier.

12



L. Jiang et al.

as the heart, intestine, blood vessels, brain, and eyeball are always
complex and concave-convex. Traditional energy harvesting devices are
mostly rigid. Therefore, they are limited for such tissues or organs
because of incongruent contact with curved or corrugated surfaces. The
latest progress in the development of flexible energy devices is an
important impetus for solving the aforementioned issues [5,103,116,
117]. Fig. 11b shows our recent work of a flexible piezoelectric ultra-
sound energy harvesting array made by integrating numerous piezo-
electric components with multilayer flexible electrodes [116]. The
device employs a 7 x 7 piezoelectric array of small size and high per-
formance 1-3 PZT/epoxy composites as core elements (1.5 mm x 1.5
mm footmark with a space of 1.5 mm), multilayered corrugate copper
wires as electrical interconnects, and an elastomer film (PDMS) as the
encapsulation. The overall thickness of the as-manufactured harvester is
about 2 mm. The harvester shows good flexibility that can be seamlessly
attached to the curved surfaces and realize a curvature of more than 90°.
With these unique features, the flexible UWEH array can be excited by
ultrasound to generate continuous electrical outputs on both curved and
planar surfaces. The output current and voltage signals produced from
the UWEH array reached more than 4 pA and 2 Vpp, respectively, with a
power of 4.1 pW cm 2. The rectified energy can be stored in capacitors
and then is sufficient for lighting commercial LED without additional
power. In the in vitro test for bio-implantable application, output signals
exhibit very weak attenuation properties (<15%) even when the
thickness of the mimicked implanted tissue increased from 0 to 14 mm,
showing a promising application scheme in the bio-implantable system
for flexible UWEH technologies.

3.3.3. Lead-free 1-3 composites

As mentioned above, lead-based piezoelectric ceramics represented
by PZT ceramics and their related lead-based solid solutions dominant
the most piezoelectric market due to their excellent electrical properties
[99,118]. However, there has been a concern in recent years that these
lead-based piezoelectrics containing toxic ingredients are harmful to
human body, especially in the medical field where the direct and inti-
mate contact with the human body is usually required [27,119,120].
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Meanwhile, there is an increased social awareness of environmental
protection and a directive released on Restriction of the Hazardous
Substances (RoHS) [121], making it imperative to develop new
eco-friendly lead-free materials and devices as lead-based alternatives.

Recently, our collaborators and we proposed a novel retinal elec-
trical stimulation scheme using the lead-free-based UWEH technique to
wirelessly power millimeter-scale implants (Fig. 12) [103]. The
as-developed bio-implantable device hybridizes high-performance
microscale lead-free piezo-composite with a flexible structural frame.
The schematic and optical images of the device are shown in Fig. 12a
and b, respectively. As the core element of the device, a (K,Na)NbO3
ceramic-based lead-free 1-3 type piezo-composite with the microstruc-
ture of 85 pm piezo-pillars and 25 pm kerfs was designed and manu-
factured by a modified dice-and-fill process to achieve improved
electrical and acoustic properties (Fig. 12c). At present, (K,Na)NbOs has
been developed into the most promising candidate for the lead-based
ones due to its outstanding ferroelectric/piezoelectric properties and
bio-friendly properties [122-127], which are essential for biomedical
applications. As a result, the fabricated piezo-composite exhibited a
reduced acoustic impedance (Z, ~ 11.6 MRayl) and a resonant fre-
quency of 6.06 MHz. The longitudinal electromechanical coupling k33
(~0.70) and voltage coefficient g3z (~38.3 x 102 Vm NH were
significantly enhanced by suppressing shear vibration mode and
reducing the dielectric constant in the composite structure [128,129],
effectively improving the sensitivity of the piezo-composite to sense
ultrasonic waves. The integrated piezo-element with a backing layer
(~300 pm) possesses a spatial dimension of 1 mm x 1 mm x 0.6 mm,
connected by flexible electrodes and encapsulated in an elastomer
silicone.

Systematic investigations, including numerical simulation, fre-
quency characteristics, load optimization, input conditions, and
implanted mimic, were conducted to evaluate output characteristics of
the device and to validate its feasibility in practical applications. The
flexible device can conform to complex surfaces and be excited by ul-
trasound to generate a tunable electrical output, achieving a maximum
instantaneous power density of 45 mW cm ™2 at a load resistance of 1 kQ.
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An ex vivo test implanted in the porcine eyeball was performed to
demonstrate the feasibility of implanting the device in the body
(Fig. 12d). There was a slight drop in the output amplitude of the device
in the implanted environment. For example, the output voltage reached
0.54 Vpp at the input amplitude of 100 Vpp and a load of 1 kQ, and the
corresponding power density was 7.3 mW cm 2, which are 72% and
52% of the values in the non-implanted case, respectively. Additionally,
the significant current signals (e.g., current density > 9.2 nA um~2, and
current > 72 pA), which are larger than the average thresholds required
for retinal electrical stimulation, were also detected in the ex vivo test.
This work laid the foundation for the next generation of the implantable
electrical stimulators based on an eco-friendly material, thus moving the
UWEH technologies towards more general applications.

4. Capacitive UWEH: Materials and designs
4.1. Silicon-on-insulator wafers

Silicon-on-insulator (SOI) wafers are an elaborately designed and
manufactured multilayer semiconductor/dielectric structure (such as
Si/SiO, (buried oxide)/Si substrate) that offers new capabilities for
advanced microelectronic devices [130,131]. After more than four de-
cades of research on materials and devices research, SOI wafers have
become the mainstream of semiconductor electronics. SOI technique
provides significant superiority in the design, manufacture, and per-
formance of numerous semiconductor circuits [132,133].

Recently, a 2-degree-of-freedom (2-DOF) UWEH device was reported
by Zhu et al. using a commercial SOI MEMS-based process, with a silicon
device layer 25 pm and a minimized gap of 2 pm (Fig. 13a) [134]. The
fabricated device composed of movable comb fingers in the x-y plane,
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therefore, can extract kinetic energy with arbitrary directions in the
plane motion. The frequency response results verified that the designed
resonance frequencies of the harvester are 38.520 and 38.725 kHz. The
bandwidth was 302 Hz, which was twice broader than a comparable 1-D
harvester. When the device was excited by an ultrasound transmitter for
15 s at a distance of 5 mm in the x-axis, a 1 pF capacitor was recharged
up from 0.51 V to 0.95 V, indicating that the electricity stored on the
capacitor increased by 0.321 pJ and the harvesting capability of this
device was correspondingly 21.4 nW in the x-axis. When receiving ul-
trasound along the y-axis, the harvesting capacity was 22.7 nW.

Another improved study was reported by Fowler et al., who
demonstrated a 3-DOF SOI MEMS-based ultrasound energy harvester for
an implantable device (Fig. 13b) [135]. In addition to the in-plane en-
ergy harvesting principle, the device was also designed with an
out-of-plane harvesting principle that enables the harvester to extract
kinetic energy from ultrasound in the out-of-plane direction (z-axis). The
out-of-plane kinetic energy of the sub-mass was extracted through a
separate electrostatic sensor, which possessed the form of additional
comb-shaped finger electrodes bonded on both the surrounding struc-
ture and the sub-mass. Both the out-of-plane and in-plane vibration
modes are located at frequencies close to 25 kHz. Its energy harvesting
capacity was demonstrated to be 24.7 nW, 19.8 nW, and 14.5 nW for the
X, ¥, and z-axis, respectively. The same group also reported an omnidi-
rectional SOI MEMS-based ultrasound energy harvester for implantable
biomedical sensors and actuators (Fig. 13c) [136]. In a charging system,
the harvester was rectified and stored on a capacitor with a useable
voltage of about 0.6-0.9V. The maximum instantaneous electrical
powers were calculated to be 49.4 nW, 35.8 nW, and 35.0 nW for the x,
¥, and z-axis, respectively.
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4.2. Graphene oxide (GO) films

Graphene oxide (GO) is a derivative of graphene, consisting of hex-
agonal rings of carbon network possessing both sp?-and sp®-hybridized
carbon atoms with hydroxyl and epoxide functional groups on basal
planes, as well as carboxyl and carbonyl groups at the edges of the sheet
[137,138]. Those functional groups can extensively modify the chemical
properties and electronic structure of GO, thereby realizing numerous
applications [139-141]. Moreover, the oxidation of graphite to GO will
destroy the sp2-hybrid structure, resulting in defects that extend the
distance between adjacent sheets [142], consequently facilitating the
delamination of GO into single-layer sheets. At present, positively
charged GO films due to the capture of H' charges through
oxygen-containing functional groups have been integrated into nano-
generators for harvesting ultrasound energy [143,144]. Que et al. re-
ported a GO film-based flexible nanogenerator for acoustic energy
harvesting (Fig. 14a) [143]. GO used to fabricate the harvester was
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prepared from expandable graphite flakes via the modified Hummer
process [145]. The TEM image shows several layers of GO film with
some folded and wrinkled regions. The dispersed GO suspensions from
different concentrations and different pH solutions were then dropped
onto Teflon tapes, followed by a drying process in an oven to form GO
films. The diameter of the film is approximately 5.8 mm and the thick-
ness is approximately 50 pm. In the GO film-based harvester, the
charged GO film was bonded to the bottom poly(3,
4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) elec-
trode and the top was covered by the Al foil. The PEDOT: PSS electrode
is grounded. When acoustic energy is transmitted, the unfixed Al
membrane will respond to vibration, and the changes in capacitance
would follow. This process could, therefore, yield a transient current as
schematically shown. The produced current is sensitively dependent on
the pH values of the suspensions used to synthesize the GO films. Har-
vesters prepared from suspensions of pH = 3 and pH = 5 respond
strongly to acoustic vibration, producing high currents of 3.0 and 2.1
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nA, respectively, suggesting that the H" concentration actually affects
the number of charges on the GO films and is essential for the current
production. The conversion efficiency from acoustic energy to electricity
is up t012.1%.

Another GO films-based ultrasonic nanogenerator, with a different
structure based on poly(methyl methacrylate)/partially reduced GO
layered films, has also been reported for ultrasound energy harvesting as
shown in Fig. 14b [144]. GO films were prepared by suspension and then
annealed at 400 °C for 4 h in a vacuum to obtain partially reduced GO
(rGO). Poly(methyl methacrylate) (PMMA) was spin-cast onto rGO
coated glass. The detached film composed of rGO flakes dispersed in the
PMMA matrix was bonded to metal electrodes to form the device. The
current-voltage characteristics of the prepared samples composed of
pure GO and rGO films were first investigated, respectively. The partial
GO deoxygenation after heat treatment improves its electrical conduc-
tivity to a certain extent. A stronger current response was also observed
in the rGO sample under ultrasonic driving. The output characteristics
for the PMMA/rGO harvester were then investigated. The average cur-
rent of PMMA/rGO harvester is lower slightly than that of rGO ones
because the electric charges in this sample are either forced to select a
more circuitous route or completely confined in the narrow space inside
the PMMA matrix [146]. Nevertheless, PMMA is desirable for assisting
graphene-type films transfer to fabricate all the devices, which require
flexible and freestanding films, because of the strong dipole interaction
between chemical groups on graphene and PMMA resulting in
long-chain molecules adhering to the graphene. The conversion effi-
ciency of the PMMA/rGO nanogenerator is 19.5%. These results show a
feasible strategy for fabricating UWEH devices that are easily processed,
low-cost, highly efficient, freestanding, and flexible.

4.3. Organic films and pellets

Triboelectric nanogenerators have been developed since 2012 by
Zhong Lin Wang [46]. It is a novel technology that can convert
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mechanical energy into electrical energy and has been used in many
fields [147-149]. Recently, Yang et al. reported the first organic
thin-film polytetrafluoroethylene (PTFE)-based triboelectric nano-
generator to harvest acoustic energy as a supportable power supply and
self-powered active acoustic sensors, as shown in Fig. 15a [150]. PTFE is
one of the most used materials for non-polluting and non-lubricating
purposes in a dry reciprocating motion and is well known for its rele-
vant tribological characteristics, especially low friction [151,152]. In
this work, the nanogenerator is composed of a PTFE thin film and a
perforated aluminum membrane electrode under delicately designed
strain conditions and is able to convert acoustic energy into electricity
through triboelectric transduction. The nanopores were uniformly
aligned on the surface of the aluminum membrane with an average
diameter of 57 + 5 nm and a density of 210 per pmZ The average
diameter of PTFE nanowires was 54 + 3 nm with an average length of
1.1 £+ 0.4 pm. Relying on a Helmholtz cavity [151], the core of the de-
vice is in a circular shape and embedded as the flexible front plate of the
cavity. The maximum power density generated is 60.2 mW m 2 that can
light up 17 commercial LEDs simultaneously.

Analogously, PTFE-based triboelectric nanogenerator for effectively
harvesting of underwater ultrasound energy was built by selecting PTFE
spherical pellets as the media to perform the contact-separation opera-
tion (Fig. 15b) [32]. The device was composed of PTFE spherical pellets
and two parallel Cu electrode plates bonded to an insulating cubic
acrylic plate with the cylindrical holes. The device outputted an
instantaneous current of approximately 100 mA and achieved a power
density of 0.362 W cm 2 under an ultrasound frequency of 80 kHz. The
calculated power conversion efficiency is as high as 13.1% with an
equivalent output galvanostatic current of 1.43 mA. This nanogenerator
was able to simultaneously light up to 12 lamps with 750 mW each, and
drove an electronic watch, a temperature/humidity meter, and a health
monitor, which demonstrated outstanding potential for underwater
applications.

Another example of capacitive triboelectric technology for
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transcutaneous ultrasound energy harvesting has been studied more
recently (Fig. 15¢) [153]. Using a large and thin (~50 pm thick) mem-
brane of perfluoroalkoxy (PFA). PTA is a copolymer of tetrafluoro-
ethylene and perfluoro ethers [154,155], with the purpose of vibrating
the membrane under the pressure of ultrasound. The membrane was
suspended on a thin 36 mm x 36 mm Cu electrode bonded on a flexible
PCB and covered with Au. The air gap was 80 pm. The overall thickness
of the vibrating and implantable triboelectric generator (VI-TEG) was
less than 1 mm. This VI-TEG device realized sustainable power gener-
ating through skin and liquids. The current was increased by a factor of
1000 by using ultrasonic waves. A 0.7 mAh lithium-ion battery was
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recharged to 4.1 V in 4.5 h via the VI-TEG device, with an average
charge rate of 166 pC s~.. Finally, they performed the ex vivo charac-
terizations of the VI-TEG device in an implanted environment. The
VI-TEG device produced output signals of more than 98.6 mA and 1.93
V at a 10 mm distance under layered tissues including skin and fat,
which are sufficient to recharge the batteries of small implants (e.g.,
neurostimulators or pacemakers consuming 1-100 mW) [156,157].
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5. UWEH in functional applications
5.1. Progress in applications of UWEH

UWEH with different materials and device designs has been
demonstrated in the previous sections. Using the UWEH technologies
with the continuous optimization in structures and output performance,
a series of functional applications, including wireless power for bio-
implantable devices, direct cell/tissue electrical stimulations, wireless
recording and communication in nervous systems, ultrasonic modulated
drug delivery, self-powered acoustic sensors, and ultrasound-induced
piezoelectric catalysis (Fig. 16), are generalized and discussed in this
section.

5.1.1. Wireless power for bio-implantable device

Recent developments in biomedical systems, especially in micro-
electronic devices for healthcare and other medical applications, illus-
trate the potential of bio-implantable devices. Medical implants with
many benefits have become commonplace. Some possible applications
are exciting and widespread, but they still require safe and reliable en-
ergy to operate. UWEH can provide a feasible route to wirelessly power
these electronics in vivo regardless of environment conductivity or
transparency.

In 2007, Zhong Lin Wang’s research group first developed a UWEH-
based nanogenerator that can effectively produce electricity inside
biofluid (Fig. 4a and b) [57]. The output current of the nanogenerator
with a 2 mm? size achieved as high as 35 nA. Based on the same
mechanism, Donohoe et al. demonstrated powering in-body nano-
sensors with ultrasound [52]. An external ultrasonic source can theo-
retically provide vibrational energy to implanted nanosensors that use
the piezoelectric nanowires to generate power. In 2011, a UWEH pow-
ered implanted micro-oxygen generator (IMOG) has been demonstrated
(Fig. 16a) [158]. Invitro and ex vivo tests showed that IMOG is capable of
producing more than 150 pA which, in turn, can generate 0.525 pL
min ! of oxygen through electrolytic disassociation. Further, He and Shi
et al. also proposed MEMS-based UWEH devices aiming at prolonging
the battery lifetime of a pacemaker and other implantable medical de-
vices (Fig. 8a,b,c) [83,87,88]. Invitro tests of the MEMS-based devices to
transmit power through tissues showed their capability of harvesting
ultrasound even from a weak intensity, and such devices can be adopted
as the wireless power source for various implantable medical systems.
However, the above mentioned UWEH devices are rigid and cannot be
applied to curvilinear and soft surfaces. To achieve desirable flexibility
to allow devices being adapted to general complex organ surfaces, our
collaborators and we proposed a membrane-based flexible UWEH array
(Fig. 11b) [116]. The device demonstrated flexible mechanical proper-
ties and can seamlessly adhere to curved surfaces. It also generated
electricity and was successfully used to operate commercial LEDs. The
voltage and current signals reached 0.9 Vpp and 2.5 pA in vitro test when
the thickness of the placed pork tissue increased to 14 mm. Most
recently, the transcutaneous UWEH using capacitive triboelectric tech-
nology reported by Hinchet et al. also demonstrated the ability to
recharge small implants, such as pacemakers or neurostimulators
(Fig. 15¢) [153].

5.1.2. Direct cell/tissue electrical stimulations

Electrical stimulations as an artificial stimulus of neural structures
have been widely applied in clinical practice and laboratory studies
[164,165]. Some diseases such as Parkinson’s syndromes, abnormal
heart rate, and chronic pain can be relieved or cured by stimulating the
brain, heart, and the spinal cord at an in vivo state using an electrical
pulse. Compared to most biomedical stimulators that consume their
assembled batteries, UWEH provides a wireless and long-term stable
direct electrical stimulation strategy.

In 2010, Ciofani et al. proposed the UWEH scheme for electrically
stimulating nerve cells based on piezoelectric nanoparticles (Fig. 5a)
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[64]. Neuronal-like PC12 cells stimulated with the UWEH strategy
exhibited neurite sprout 30% higher than the control group. A
non-invasive strategy for an endogenous osteoblast stimulation medi-
ated by ultrasound-activated BNNTs was also reported by the same
group [166]. They further investigated similar work using P
(VDF-TrFE)/BTNPs films as substrates for neuronal stimulation,
showing the applicability of ceramic/polymer composite membranes
and ultrasound to neuron stimulation through the direct piezoelectric
effect (Fig. 16b) [159]. In 2013, Ricotti et al. studied the effects of the
combination of topographical, mechanical, chemical, and intracellular
UWEH electrical stimulation on a co-culture of fibroblasts and skeletal
muscle cells (Fig. 5b) [65]. The results confirmed a higher functionality
of the stimulated co-cultures. Additionally, a UWEH-based approach for
the inhibition of breast cancer cell proliferation was also proposed
(Fig. 6¢) [71]1, showing huge potential and versatility for the therapy of
different types of cancers. In addition to directly stimulating cells, se-
lective stimulation of peripheral nerves in the human body using UWEH
implanted nanodevice has also proven to be feasible (Fig. 4c) [59].
Lately, our collaborators and we proposed a novel UWEH electrical
stimulation strategy for neurodegenerative diseases, which uses direct
electrical stimuli of neurons as a method to restore sight (Fig. 12) [103].
The presented stimulator can be excited by ultrasound to generate
tunable outputs in an ex vivo test, achieving sufficient current signals (e.
g., current density > 9.2 nA pm 2, and current > 72 pA) for retinal
stimulation. As an implantable wireless stimulator, the proposed UWEH
device holds great potential in the future for retinal electrical stimula-
tion applications.

A combination of ultrasound and nanotechnology is considered a
novel strategy for wireless neural stimulations, opening exciting per-
spectives not only in the arena of nerve regeneration and prosthetics but
also in bio-robotics and tissue engineering. Future works will focus on
functionalizing nanoparticles with specific molecules in order to target
them to the membranes of specific cell types. In fact, the selectivity of
cell type is a fundamental aspect of performing wireless stimulation of
different parts of the brain in vivo and fostering peculiar cellular
functions.

5.1.3. Wireless recording and communication in nervous systems

Besides the powering of implantable medical devices, many appli-
cations would benefit from a bi-directional recording and communica-
tion link for control functions and data uplink. The continuous
monitoring system with processing capability and able to record/
communicate wirelessly could help a patient suffering from chronic
diseases [167]. Traditional electrode-based methods lack the ability to
record from nerves at high spatial resolution or independently from
various discrete sites within a nerve bundle. Therefore, adopting new
transmission technologies and miniaturizing implants into millimeter
and sub-millimeter sizes can provide the possibility of possessing a
network of sensor nodes in the body for applications such as multisite
nerve recording, communication, and stimulation [168,169].

For example, Johnson and Seo et al. have presented ultrasonic neural
dust that was constructed from low-power electronics coupled with ul-
trasound power delivery and backscatter communication (Fig. 10a,b,c)
[20,31,106]. The extracted measurements can be reported back to the
interrogator if the information is encoded in some way on the reflected
ultrasonic wave through modulation. The entire system can be down-
sized to millimeters and has been successfully used for wireless
recording and communication in cortical tissue and peripheral nervous
system. Charthad et al. introduced a mm-sized implantable stimulator
with ultrasound power transmission and a hybrid bi-directional data
link (Fig. 10d) [107]. The implanted device fully demonstrates the
capability of ultrasound power recovery and bidirectional data trans-
mission. In addition, Piech et al. further developed a wearable (Fig. 16c)
and a portable ultrasound system that establishes a real-time commu-
nication link with an implantable sensor mote and a remote client [160,
170]. Future designs may integrate electrodes, biosensors, as well as
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clock recovery and data modulation circuits for achieving more practical
data links.

5.1.4. Ultrasonic modulated drug delivery

Drug delivery refers to an approach or process of administering a
pharmaceutical compound to realize a therapeutic effect in the human
body [171], which may involve scientific site-targeting within the tissue
or involve facilitating systemic pharmacokinetics. For the treatment of
human diseases, drug delivery is becoming increasingly important. Drug
delivery is often achieved through chemical formulations of drugs, but it
may also involve medical equipment or drug-device combination
products [172].

For example, Vannozzi et al. reported a nanostructured ultra-thin
patch for ultrasound-modulated delivery of an anti-restenotic drug
(Fig. 16d) [161]. BaTiO3 nanoparticles with piezoelectric properties are
dispersed in the polymeric nanofilms. These devices were
ultrasound-driven and able to help release anti-restenosis drugs in
phosphate-buffered saline. The main mechanisms involved are the me-
chanical force and local potential induced by ultrasound, which
enhanced polyelectrolytes disruption or poration. These results indicate
that UWEH technologies can potentially serve for drug delivery, with the
aim of fine control of local therapies.

5.1.5. Self-powered acoustic sensors

Ultrasonic waves, which are abundant in water and in our everyday
environment, are considered to be a sustainable, clean, and ubiquitous
energy source [173,174]. Therefore, harvesting acoustic energy from
the ambient environment has been shown as a useful method to pow-
ering nanoelectronics or acting as a self-powered active sensor for
autonomously detecting the location of a sound source [162,175]. But it
is extremely challenging because of the difficulties in effectively
coupling the low energy acoustic wave pulsations with the harvesting
devices for energy conversion.

In 2012, Que et al. reported a flexible nano-harvester based on gra-
phene oxide (GO) films for fork acoustic energy harvesting (Fig. 14a),
with a high energy conversion efficiency of 12.1% [143]. In 2014 and
2015, Yang and Fan et al. successively reported the organic film-based
and paper-based triboelectric nano-harvesters for acoustic energy har-
vesting and self-powered active acoustic sensing (Figs. 15a and 16e)
[150]. Visualized demonstrations of the nano-harvester array for
acoustic source localization have been presented. In 2017, Xi et al.
proposed high efficient harvesting of underwater ultrasound triboelec-
tric technology (Fig. 15b) [32]. The presented device can be used in both
shallow and deep water. Most recently, a PVDF nanofibers-based
nanogenerator for acoustic energy harvesting and self-powered multi-
functional sensing was also reported [176]. Therefore, the concept and
design based on UWEH technologies can be further utilized in various
situations for either energy-harvesting or environment-sensing pur-
poses, such as sensor networks, infrastructure monitoring, acoustic
source localization, and environmental noise reduction.

5.1.6. Ultrasound-induced piezoelectric catalysis

Piezoelectric materials have spontaneous polarization potential,
which can be adjusted by applying stress on the materials due to the
piezoelectric effect [177]. Analogous to photocatalysis, where the
photo-induced electric charges (electron-hole pairs) participate in the
catalytic redox reactions, in theory, piezoelectric charges (positive and
negative ones) induced by mechanical vibration can also be applied to
drive catalytic redox reactions, which can be called as piezocatalysis
[771.

Several investigations have proved the concept that ultrasound can
be utilized as irradiation energy to improve piezocatalysis. For example,
in 2015, Li et al. reported an enhanced BaTiOs nanocrystals-based
hybrid photocatalysis by ultrasound-induced piezo-phototronic effect
[178]. BaTiO3 nanocrystals in responding to ultrasound act as an
alternating built-in electric field to separate photoinduced carriers
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consecutively, effectively enhancing the photocatalytic activity.
Further, Su et al. realized improved H; evolution based on
UWEH-assisted piezocatalysis of modified MoS; [78]. A high H; evolu-
tion of ~1250 pmol g~ h™! was achieved. You et al. also demonstrated
the powerful effects of UWEH in piezocatalytic hydrogen production and
dye decomposition based on BiFeO3 nanosheets (Fig. 7) [34]. In addi-
tion, Feng et al. first proposed the application of ultrasound-induced
piezoelectric catalysis for disinfection [33]. It has been found that
there is a significant improvement in ultrasonic inactivation of E. coli by
using the piezoelectric effect. In addition to the applications mentioned
above, ultrasound-induced piezoelectric catalysis can also be applied for
nondestructive tooth whitening and tumor therapy [163,179]. For
example, Wang et al. demonstrated the biocompatible, cost-effective,
time-efficient and nondestructive tooth whitening scheme via
ultrasound-driven BaTiO3 nanoparticles for simulating daily brushing
(Fig. 16f) [163]. The work showed the potential of ultrasound-induced
piezoelectric catalysis to be developed into a green technology widely
used in the home. Recently, Zhu et al. proposed and demonstrated a high
efficiency piezocatalytic therapy modality for tumors based on the
reactive oxygen species generation by the ultrasound-induced piezo-
electric response [179], which provides a novel and promising strategy
for the non-invasive flank tumor therapy by nanocatalytic medicine and
is of great significance for the future potential clinical translation.

5.2. Design considerations of biomedical UWEH systems

To better understand the applications of UWEH, we composed the
statistics on the percentage of publications in 2007-2020 related to the
UWEH technologies (Fig. 17a). It can clearly show the demand of
wireless power for biomedical related UWEH systems received more
attention due to continuous advances in biotechnologies and micro/
nano device designs, which minimize the power required for implant-
able bioelectronics. The average power consumption and voltage inputs
of representative implantable bioelectronic products are listed in
Table 1. Biosensing systems typically consume lower power (<~ 50
uW), and the main consumption may come from communication,
analog-to-digital conversion or signal amplification and processing
[180-182]. Radio frequency (RF) data transmission requires approxi-
mately 10 pW to 1.5 mW [183,184]. In contrast, the energy required for
stimulation spans a broad range, for example, 5-100 pW for pacemakers
[185,186], and 4.5-21 mW for muscle stimulation [187]. UWEH tech-
nologies have shown sufficient, stable, reliable, and safe output that can
be used in a broad range of applications.

Further research into materials and device designs that integrate
various strategies may potentially realize innovative solutions of mini-
aturized biocompatible power systems to meet the operating charac-
teristics demanded by a wide range of bio-implantable electronic
devices. However, a primary design strategy for any energy harvesting
system is to minimize energy losses. The main power losses for an
UWEH-based implant are caused by acoustic beam divergence, acoustic
absorption, acoustic reflection, acoustic-electric conversion, power
electronics, and load impedance mismatch [89]. A schematic diagram of
these losses is shown in Fig. 17b. In this section, a brief discussion of
each loss and other considerations is demonstrated in order to better
optimize the UWEH system for implantable applications.

5.2.1. Beam divergence

Acoustic beam divergence depends largely on the geometry design of
the ultrasound transmitter, i.e. the ratio of the transmitter diameter to
the ultrasonic wavelength. For an unfocused circular plate transmitter,
the beam radius (fpeam) is described with Formula (1) and the corre-
sponding ultrasonic power diverted is described with Formula (2) [89]:

Near Field—a

0.61c, .,

Far Field—>d~tan(sin71( of ) @
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Fig. 17.

Application statistics and design analysis of power losses in implantable UWEH systems. a) Publications on UWEH technologies with applications for

wireless power for bio-implantable devices, direct cell/tissue electrical stimulations, wireless recording and communication in nervous systems, ultrasonic modulated
drug delivery, self-powered acoustic sensors, and ultrasound-induced piezoelectric catalysis in refereed journals in the time period of 2007-2020. b) Schematic of
power losses in an implantable UWEH system. c) Circuit model of an implantable UWEH system (inspired from Ref. [89]).

Table 1
Requirements of voltage inputs and power consumptions for various
bioelectronics.
Representative bioelectronics Voltage Power Refs
inputs consumptions
Biosensors Timers for 0.3-1.3V <660 pW [188,
biosensors 189]
Analogue-to- 1.2-1.5V  <35puW [180,
digital conversion 181]
Communications  Radiofrequency 0.5-1.2V 10 pWto 1.5 [183,
transmitters mW 184]
Ultrasonic 0.5-2.0V  0.5-1.5mW [190,
transmitters 191]
Stimulations Electrical 1.6-3V 1 pW to 25 mW [153,
stimulations 185,
192,
193]
Actuators 4-45V 50-100 mW [182,
194]
2
Pdwened —1— za ; (2)
P&ransminer face rbeum

wherein a is the diameter of the piezoelectric material in the transmitter,
d is the depth of penetration, c is the acoustic velocity, and f is the ul-
trasonic frequency. Therefore, for miniaturized energy harvesting sys-
tems, energy harvesting efficiency can be improved by focusing the
ultrasound beam. Additionally, high-frequency ultrasound possesses a
shorter wavelength that can produce an excellent spatial resolution by
focusing the power on the size of a millimeter and even smaller point.

5.2.2. Tissue absorption

The acoustic power absorbed in tissue, or tissue heating, is heavily
dependent on ultrasonic frequency, which is given in Formula (3) [195]:
Pabsorbed —1- 672(,0/”(1’

3

PSUUTCE

wherein d is the penetration depth, and aq is the frequency-dependent
acoustic absorption coefficient. As the acoustic frequency increases
linearly, the remaining ultrasound energy decreases exponentially after
passing through the medium. Hence, a low-frequency ultrasound should
be selected as the energy source in order to minimize power losses
caused by absorption.

5.2.3. Acoustic interface and reflection
Acoustic interface refers to the boundary between two materials with
different acoustic impedances [196]. When acoustic waves enter an
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acoustic interface with normal incidence, a certain amount of ultra-
sound energy is transmitted across the interface and a certain amount of
energy is reflected. Reflection of ultrasound off the surface of the
implanted device is because of the acoustic impedance mismatch be-
tween the tissue and the implant. The power reflected is given in For-
mula (4) [195]:

PPreﬂecled _ ? - Z 2 )
generator face i+ Zl

wherein Z; and Z; are the acoustic impedance of the implant and tissue,
respectively. For example, the acoustic impedances of piezoelectric ce-
ramics and crystals are generally large (20-30 MRayls), but the acoustic
impedance of the tissue is relatively low (~1.5 MRayls). An effective
way to lower the reflection is to bond an acoustic matching layer onto
the piezoelectric layer of the harvester. Ideal acoustic impedances of the
matching layer (Z,,) can be calculated by Formula (5) as follows [177]:

T = (2:2,)'°. 5)

Additionally, constructing a 1-3 piezoelectric composite consisted of
piezoelectric arrays and a non-piezoelectric inactive polymer can
effectively reduce the acoustic impedance, thereby reducing the energy
loss caused by acoustic reflection.

5.2.4. Acoustic-electric conversion

Improving energy conversion efficiency is the primary consideration
of any harvesters, which depends primarily on the material selected. For
instance, the anisotropic 1-3 piezo-composites, which combine the
desirable properties of two different phases, exhibit superior coupling
characteristics than the isotropic piezoelectric structures in ultrasound
energy harvesting applications [113,197]. This strategy proved to be
feasible in designing 1-3 type piezo-composite consisted of the piezo-
electric arrays and non-piezoelectric polymer [27,110,198]. The vibra-
tion for each piezoelectric pillar is dominant in the basic longitudinal 3-3
direction with a higher efficiency determined by the electromechanical
coupling coefficient k33. Although pure ceramic or single crystal disk
exhibits a high piezoelectric constant ds3, the piezoelectric voltage
factor gs3 (= ds3/e33) is relatively low because of the high dielectric
constant. Therefore, a pure piezoceramic or single crystal layer is not a
better receiver for the ultrasound. The scheme of piezo-composite
configuration inspired researchers to develop a 1-3 piezo-
electricity/polymer structure to enhance the k33 and gs3 factors, thereby
optimizing the sensitivity in the acoustic receiving mode. At present, the
development of 3D printing technology has facilitated the design of a
series of complex composite structures [199-202]. If the receiving
sensitivity is enhanced, the human body can be interrogated at lower
ultrasonic power and the ultrasonic biological effect will be minimized.
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5.2.5. Power electronics and electrical matching

In order to be compatible with sensors or other electronics, power
electronics are required to regulate the power whether they are passive
or active. The alternating current (AC) peaks produced by the ultrasound
harvesters are not applicable to the direct current (DC) system of general
electronic devices. Therefore, the AC output needs to be rectified into a
common DC output through a rectifier circuit. The output voltage
amplitude and power are a function of the load resistance Ry. The
electrical impedance mismatch is analogous to acoustic impedance
mismatch, where the electricity is reflected instead of ultrasound, and
the mismatch is between the electrical impedance of the material and
the load impedance. Within ultrasound devices, electrical matching is
often referred to as tuning. For example, tuning a piezoelectric harvester
requires attaching a resistor and an inductor in parallel with the
capacitance (Cp) to match the mechanical resonance (w) with the elec-
trical resonance. Tuning can be performed to significantly increase the
generated power. Nevertheless, it may not be feasible to match the
desirable resistor and inductor on an implantable device because it
usually depends on the dimension and mechanical resonance frequency
of the harvester. Thus, complete complex matching (inductor and
resistor) could be replaced by single resistance matching (R, = 1/ wCy),
shown in Fig. 17¢, for simplification.

5.2.6. Other considerations

In addition to reducing the above losses, there are other factors
worth considering for biomedical UWEH systems, such as biocompati-
bility, mechanical compliance, and safety. After a device is implanted
into the human body, it has an impact and effect on the surrounding
biological tissue environment [203]. Thus, the biocompatibility of the
materials is an important indicator to be considered and evaluated when
considering their applications in medicine. The material is not only
required to have very low toxicity [204], but also be able to properly
stimulate the corresponding function of the body in specific applica-
tions. Additionally, the surfaces of tissues or organs in the body, such as
intestine, blood vessels, and heart, are always complex, which require
devices with desirable flexibility to make them be suitable for general
concave-convex surfaces. To address the challenge, flexible and
stretchable electronics will be the direction of future development [198,
205-207]. At last, the intensity of ultrasound must be kept within a safe
medical range. Although ultrasonic diagnosis and therapeutics have
long been used in medical, according to FDA standards, only a limited
ultrasound intensity of 720 mW cm ™2 is permitted to enter the human
body [28,208].

6. Conclusions and outlook
This review summarizes some recent advances in the field of

ultrasound-induced wireless energy harvesting technologies that have
been used in a series of studies and applications, including wireless
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power for bio-implantable devices, direct cell/tissue electrical stimula-
tions, wireless recording and communication in nervous systems, ul-
trasonic modulated drug delivery, self-powered acoustic sensors, and
ultrasound-induced piezoelectric catalysis. As explained in this review,
UWEH could be divided into two major categories: piezoelectric energy
harvesting — which includes piezoelectric nanomaterials-based, piezo-
electric films/diaphragms-based, and piezoelectric ceramics and
composites-based systems, and capacitive energy harvesting — which
includes electret-based electrostatic and triboelectric systems. Fig. 18
gives a summary of the development of UWEH since 2007. Since the
influential publication of the UWEH by Zhong Lin Wang’s group, re-
searchers around the world, including the United States, China, Italy,
South Korea, etc., are focusing on this field. Advances in nanotechnol-
ogies, microelectronics, and biomedical systems are revolutionizing
UWEH. Their synergy can be greatly powerful and can play a vital role in
a range of emerging applications. UWEH technologies from the
perspective of material strategies, fabrication techniques, design con-
siderations, and function applications have been discussed systemati-
cally. UWEH technologies have definitely shown a stable, reliable, and
safe output for a wide range of applications.

The future development UWEH will be contributed by the following
aspects (Fig. 19): (1) Firstly, the development of novel materials with
high energy harvesting capability. Currently, the piezoelectric mate-
rials are limited to traditional ZnO, PZT, BaTiO3, and PVDF, etc. Novel
materials with high and new performance (e.g., acoustic, electrical, and
mechanical characteristics) and new structures, such as piezoelectric
metamaterials [210], and biomimetic structures [211], are on demand
to increase the energy harvesting efficiency and prolong the lifetime of
the energy harvesting device. Besides, with the development of
bio-implantable UWEH devices, new materials with non-toxic,
biocompatible and even biodegradable properties are on demand for
next-generation energy harvesting devices. (2) Second, for the devel-
opment of the UWEH devices, the novel fabrication technology and
structural design will be on demand for the applications on special
surfaces or circumvent. For example, 3D and 4D printing have been
widely used in the customized design to fabricate smart structures and
has facilitated the fabrication of miniaturized and complex piezoelec-
tric ceramic structures to achieve desirable performance and even
time-dependent deformations [200,212-215]. The direct ink writing
(DIW)-based 3D printing of polymer-based piezoelectric structures has
been widely studied [216,217]. Novel fabrication technology, such as
controlling the alignment of nanofibers during 3D printing, needs to be
developed to achieve high performance of energy harvesting. For the
structural design, the applications on curved surfaces need the devel-
opment of devices with high stretchability and long lifetime. Currently,
the stretchable UWEH devices made with piezoelectric polymers have
the disadvantage of low performance, while the ceramic-based
stretchable UWEH devices have the demerit of low stretchability.
New devices integrated with self-healing capability can benefit from
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Fig. 18. A summary of the development of UWEH since 2007. Reproduced with permissions [20,30,64,103,116,150,153,178,209]. Copyright 2007, 2019, American
Association for the Advancement of Science. Copyright 2010, 2014, 2015, American Chemical Society. Copyright 2012, Institute of Electrical and Electronics En-

gineers. Copyright 2016, 2018, Elsevier. Copyright 2019, Wiley-VCH.
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Fig. 19. Perspectives on the future development of UWEH technology.

long-term use as well as improved maintenance, reliability, and dura-
bility. Also, UWEH devices require a special angle related to the ul-
trasonic wave to achieve the optimal performance. Current UWEH
devices will require a long time to find a favorable angle, and a new
design to achieve the best performance at arbitrary angles need to be
developed. Furthermore, some of the bio-implantable devices require
shape changing after implantation. The origami-based UWEH devices
may be suitable for such applications, which are small and easy to
implant and will change its geometry to realize high performance after
implantation. Some bioinspired designs will be interesting and may
guide the designs of UWEH devices to achieve high performance. (3)
For the applications of UWEH, currently, it is limited to piezo-
electric/capacitive devices. New energy harvesting mechanisms or the
novel combination of current energy harvesting mechanisms such as
thermoelectric/magnetic/bioenergy/photoacoustic/photoelectric need
to be developed to enhance the efficiency. For example, during the
application of an ultrasound wave on the UWEH device, lots of the
energy is dissipated through heat and hence wasted. The combination
of UWEH device with the thermoelectric device will transfer the waste
heat to energy and significantly increase the efficiency. Other appli-
cations besides energy harvesting also need to be developed to broaden
the applications of UWEH. For example, the ultrasound-induced energy
generation will trigger the piezoelectric behavior, and the current
generated will enhance the healing efficiency of the bone structure
made with the combination of hydroxyapatite-tricalcium phosphate
(HATCP) and piezoelectric nanoparticles (e.g., BaTiO3, KNN, BiFeOs).
The stimulation by ultrasound will also increase the cell growth speed
by using a piezoelectric scaffold. Additionally, ultrasound-induced
piezocatalytic therapeutic modality that integrates ultrasound, piezo-
catalysis, and tumor therapy together will provide a novel and
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promising strategy for the non-invasive flank tumor therapy by nano-
catalytic medicine, which is of great significance for the future poten-
tial clinical translation.

All in all, we hope this work can provide a summary of current
UWEH developments for further study and inspire better design of
UWEH technology and other wireless electronics and systems. Portable,
high-performance, autonomous, and even biodegradable electronics and
nano/micro bio-robotics combined with UWEH are the next-generation
smart devices that are rapidly developing. A befitting energy transfer
strategy that is structurally and functionally compatible with these
systems is extremely important. The integration of these features can
broaden their practical functions, especially for medical devices that
need to be implanted in the human body. Additionally, standard eval-
uation criteria are also necessary for qualitative and quantitative eval-
uation of the UWEH device performance, as well as their potential for
practical applications and commercialization. Future studies in this field
will also focus on the intelligent and autonomous control of their dy-
namic properties, such as the dynamic transfer efficiency, operational
safety and stability, as well as other ultrasound-induced effects.
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