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A flexible, stretchable system for simultaneous acoustic
energy transfer and communication
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The use of implantable medical devices, including cardiac pacemakers and brain pacemakers, is becoming in-
creasingly prevalent. However, surgically replacing batteries owing to their limited lifetime is a drawback of those
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devices. Such an operation poses a risk to patients—a problem that, to date, has not yet been solved. Furthermore,
current devices are large and rigid, potentially causing patient discomfort after implantation. To address this problem,
we developed a thin, battery-free, flexible, implantable system based on flexible electronic technology that can
not only achieve wireless recharging and communication simultaneously via ultrasound but also perform many
current device functions, including in vivo physiological monitoring and cardiac pacing. To prove this, an animal
experiment was conducted involving creating a cardiac arrest model and powering the system by ultrasound. The
results showed that it automatically detected abnormal heartbeats and responded by electrically stimulating the
heart, demonstrating the device’s potential clinical utility for emergent treatment.

INTRODUCTION

Implantable electronic equipment (IEE) has become vital in the medi-
cal field and can perform tasks such as drug delivery and physiolog-
ical parameter monitoring, as well as function as cardiac and brain
pacemakers (1-5). The need for these devices is well supported by a
2017 report that states that approximately a million pacemakers are
implanted each year worldwide (6). In addition, implantable glucose
sensors can provide accurate, real-time glucose level monitoring
without jabbing fingers, which reduces the daily pain that many
diabetic individuals must currently endure (7).

The power supply for these devices, however, is still one of the
greatest challenges, restricting the application of IEE. The batteries
used by IEE as its power source are generally reliable and have high
power intensity (8). Battery usage for IEE, however, has some critical
shortcomings, such as the limited lifetime of the battery and the fact
that a greater battery capacity requires a larger battery (9). One
possible solution is the adoption of implantable fuel cell systems
that use endogenous substances, such as glucose, to create electricity
through an electrochemical reaction. The disadvantage of a low
energy-generating rate has greatly restricted its further application
for IEE (10).

Thus, a wireless power transfer method, with its unique advan-
tages, is distinguished from other proposed energy solutions (11-13).
The energy source of IEE does not require surgical replacement
because the wireless power transfer method provides the means to
deliver energy through tissue. It could also minimize the size of IEE,
as batteries are intrinsically made large to hold sufficient power
over time and thus comprise a substantial portion of the IEE
bulk (14).

Integrating a wireless communication function with IEE has
attracted attention recently because it could expand the use of IEE
into more clinical applications. For example, for diabetic patients,
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an implantable device could achieve reactive administration based
on continuous glucose monitoring. Real-time, in vivo physiological
data monitoring could be realized through collecting data by sensors
and sending them to external receivers such as smartphones, thereby
allowing a medical diagnosis via the Internet.

Conventional wireless power transfer and communication meth-
ods still require optimization for use in IEE. Currently, there are
various methods for wireless power transfer (2, 13, 15), such as
inductive power transfer (16), radiofrequency (RF) irradiation (17),
acoustic power transfer (APT) (18), optical power transfer (19),
magnetoelectric power transfer (20), and capacitive power transfer
(21). Here, the first three methods are discussed below (a comparison
of our device with other wireless power transfer systems is shown in
table S1). Although by far the most widely used method for powering
existing medical devices, inductive wireless power transfer provides
limited opportunity for taking into account both making small de-
vice size and keeping strong energy transfer performance because it
relies on strong coupling between the transmitter and receiver coils
for efficient energy transfer (20). RF approaches, in contrast, can
transmit energy through several centimeters of tissue but are limited
by tissue absorption and the dimensions of the receiver required to
capture sufficient power (14, 17). In contrast, acoustic waves at
ultrasound frequencies suffer from substantially lower tissue atten-
uation and have shorter wavelengths in tissue and may therefore
have the potential to operate at greater depths with smaller device
dimensions (17, 22). Furthermore, ultrasound is widely accepted
for use in medical diagnostics. Hence, APT could be a highly suitable
power supply choice for IEE. Traditionally, commercial wireless
technologies (e.g., Wi-Fi and Bluetooth) use RF technology for
wireless communication. Compared with the acoustic communication
method, however, the RF-based wireless communication method is
disadvantageous in terms of the potential for miniaturization be-
cause RF waves have a larger wavelength than acoustic waves.
Acoustic communication techniques are therefore used in a variety
of fields, including underwater communications (23), airborne
ultrasound (24), and medical ultrasonic imaging (25).

Moreover, currently, most IEEs are made in large sizes and adopt
hard structure materials, which can cause discomfort for the patient
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after implantation. However, by using flexible electronic technologies
that comprise emerging design strategies and fabrication techniques
to assemble high-performance electronic components in soft, flexible
substrates (26-40), this IEE could be fabricated in slight, flexible,
and stretchable forms to reduce the constraint on muscle move-
ment (41-48), enabled by low-modulus materials and stretchable in-
terconnection structure design (49-51), with broad medical and
industrial applications (52-64). Recently, state-of-the-art ultrasound-
powered devices can substantially reduce the dimensions of implants
so that they have decreased implantation risk and show promising
implantable medical applications of wireless acoustic energy transfer
and communication (65-68). Sonmezoglu et al. developed a minia-
turized ultrasound-powered implant (3 mm by 4.5 mm by 1.2 mm)
that could wirelessly monitor deep-tissue oxygenation (tested at
centimeter-scale depths in sheep) (69). Piech et al. developed a tiny
ultrasound-powered implantable neural stimulator (3.1 mm by
1.9 mm by 0.8 mm) with bidirectional communication function
that may facilitate closed-loop neurostimulation for therapeutic in-
terventions (18). Many clinical applications, however, have high
power requirements that necessitate the use of ultrasonic receivers
with larger, centimeter-scale dimensions (9). Moreover, state-of-
the-art technology cannot yet form flexible devices with high power
ability and, in the meanwhile, keeps low constraint on muscle
movement, which limits opportunities for implantation and poses a
risk of patient discomfort. The device made here uses fractal ser-
pentine copper as interconnection and is encapsulated in a soft
polydimethylsiloxane (PDMS) layer, which can be stretchable and
match the deformation of biological tissue better.

We therefore developed an implantable acoustic energy transfer
and communication device (AECD). Fabricated by using flexible
electronic technology, the AECD is soft and comfortable, adapting
well to curved human bodies. As shown in fig. S14, the AECD’s
stretchability could be up to 20%, which is higher than the typical
tensile strain of human skin (<20%) (70). We used APT to imple-
ment wireless energy transfer and communication, taking into con-
sideration the high biocompatibility of the AECD with the human
body. The inner components are fully sealed by PDMS, which has
high biocompatibility (71), and some scholars have demonstrated
that these electronic devices encapsulated by PDMS have high hemo-
compatibility, low inflammation, and long-term usage potential
(71-73). In addition, the PDMS materials also have strong biodura-
bility, because scholars have tested that implants made of these ma-
terials would not fail within 32 years (74). Implantable devices
using PDMS as encapsulation have also been found in other studies
(16, 75). The AECD receiver could also be designed in a small form
because of the APT’s short wavelength. Furthermore, to improve
the acoustic intensity of energy transfer, we developed a convenient,
effective, easy-to-operate ultrasonic focusing method that not only
easily accomplishes rapid ultrasonic focusing but also controls the
ultrasonic focusing position. This is in contrast to many current
acoustic focusing technologies, such as field-programmable gate array
technology, which is very efficient but sophisticated and demands
high and severe requirements for the hardware environment. As a
multifunctional implantable electronic device, the AECD is highly
versatile and can work either as a single supplementary power pro-
vider for other IEEs or as an independent piece of IEEs with distinctive
applications. For example, integrated with specific sensors (e.g.,
thermal, voltage, pressure, displacement, glucose, and blood oxygen
sensors), it can monitor physiology in vivo, providing accurate
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monitoring of the physical condition in real time. Moreover, after
proper programming, the AECD could provide certain special urgent
treatments, functioning as a heart pacemaker and nerve stimulator.
We have developed a stretchable ultrasonic device capable of ultra-
sonic energy transfer and communication with significance, such as
bringing better comfortableness after the device is implanted,
enabling the device to robustly maintain good ultrasonic function
under deformation configuration and intelligently monitor the heart,
including during emergent treatment.

RESULTS

Device design

As shown in Fig. 1A, the AECD incorporates a fractal serpentine
copper pattern placed on a polyimide (PI) pattern layer as the
circuit interconnects between chip components. All these compo-
nents and interconnects are encapsulated in a soft PDMS layer, which
makes the AECD soft, flexible, and capable of accommodating most
body deformation, such as bending, twisting, and stretching, without
altering the operation (Fig. 1, C to E). Furthermore, the flexibility of
the AECD was verified by repeated mechanical testing (applying a
load 500 times, a bending angle of 80°, and a load frequency of
1 cycle/s; fig. S15). These attributes enable the device to minimize
the damage and inflammatory response after implantation into the
human body. Although the functional components used here are all
rigid, the whole system is still stretchable and flexible (detailed illus-
tration in note S7).

The AECD can simultaneously achieve wireless energy transfer
and wireless communication based on ultrasound, as schematically
shown in Fig. 1F. To acquire this function, the AECD integrates
five modules: an ultrasonic transducer module, a rectifier module,
an energy management module, a microprogrammed control unit
(MCU), and a sensor module. First, in vivo, the AECD ultrasonic
transducer accepts the ultrasound transmitted by an external ultra-
sonic transducer to produce electrical current, which, in turn, is
processed by the rectifier module and the energy management
module to power the MCU. After being activated, the MCU collects
physiological information through biosensors and controls an ultra-
sonic transducer to transmit information-coded ultrasound. An
external ultrasound capture system can capture this information-
coded ultrasound and demodulate it to recover physiological infor-
mation. Specifically, Fig. 1B demonstrates that the AECD works as
an implantable heart monitoring device that wirelessly monitors the
heart’s health state and is powered by ultrasound. The system layout
and component information are shown in fig. S4. The in-depth
ultrasonic energy transfer performance was also explored and illus-
trated in fig. S5. The system presents admirable energy transfer effi-
ciency (from excitation peak-peak voltage of 18,000 mV to response
peak-peak voltage of 4256 mV, with a 5-mm transmission distance,
using fat as transmission media) and low energy attenuation (response
peak—peak voltage from 4256 to 1876 mV versus transmission dis-
tance from 5 to 50 mm under similar excitation conditions). Under
different deformation states, the AECD still has strong electrical
robustness, which can receive ultrasound and then steadily produce
a 3.3-V DC voltage as a power supply (fig. S6). Furthermore, the
charging rate of the AECD is explored in fig. S10, according to
which the charging time is approximately 5.5 ms to fully charge the
energy storage capacitance of the AECD. In addition, the measured
power transfer efficiency of this acoustic energy transfer method
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Fig. 1. Schematic illustration of the AECD. (A) Exploded schematics of the device structure. (B) lllustration showing the AECD function—wireless charging and commu-
nication based on ultrasound. (C) Image of the device in the bent configuration. (D) Image of the device in the twisted configuration. (E) Image of the device in the
stretched configuration. (F) System schema for the AECD in use. Photo credit: Peng Jin, Tsinghua University.

could be up to 23% at a 5-mm distance, as shown in fig. S13 (pork
tissue as transmission media, consumed power at 328 mW, and re-
ceived power at 75 mW; detailed power calculation is shown in note S4).
The received power intensity is 95.5 mW/cm? (the received power
is 75 mW, and the area of the receiver ultrasound transducer is
0.785 cm®), which is under the safe limit of 720 mW/cm?, given by
the U.S. Food and Drug Administration (22).

Fabrication process
The manufacturing process for the AECD requires two main steps:
first establishing the circuit and then packaging it (Fig. 2). Specially
designed external energy-transmitting equipment (EETE) that
transmits ultrasound, thereby providing energy to the AECD, was
also fabricated.

Fabricating the AECD includes three steps: (i) patterning circuit
interconnects on a flexible film and transferring them onto a soft
substrate (film circuit) (Fig. 2A1), (ii) bonding chip components on
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the film circuit (Fig. 2A2), and (iii) encapsulating the film circuit
into a soft polylayer (Fig. 2, A3 and A4). The first step starts with
coating a polymethylmethacrylate (PMMA) film on a silicon wafer
as a sacrificial layer and an ultrathin PI film on the PMMA film by
spinning. Then, a metal layer of 500-nm Cu was deposited on the
cured PI film by electron beam evaporation. After that, the traditional
lithography method is used to etch the metal circuit interconnect
pattern. Next, this Cu-PI-PMMA layer was peeled from the silicon
wafer and applied to soft cured PDMS. In the second step, screen
printing technology was used to fill solder pastes on the metal
pattern, and chip components and PZT (lead-zirconate-titanate)
transducers were placed on the circuit and bonded by heating to
190°C for approximately 15 s. Furthermore, reactive ion etching is
also used to etch the PI film into the same metal pattern to further
reduce the bending and tension stiffness of the film circuit. In the
third step, the film circuit bonded with chips is then placed inside a
mold filled with fluid PDMS and a properly configured catalyzer.
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Fig. 2. Manufacturing process. (A) Steps in manufacturing the AECD. (B) Steps in manufacturing the external energy-transmitting equipment. Photo credit: Peng Jin,

Tsinghua University.

The mold was then heated to 70°C and maintained at that tempera-
ture for approximately half an hour. After that, the AECD was fab-
ricated and is shown in Fig. 2A5. The PZT soldering connection is
shown in fig. S2, and the cured temperature for the PZT is 190°C. After
the PZT is cured, there is a slight shift in the resonant frequency from
2 to 1.94 MHz (fig. S3). As shown in fig. S12, the PZT plate fabricated
by the high-temperature reflow process (using solder paste, curing
at 190°C for 15 s) still has almost the same acoustic performance as
the PZT plate fabricated by the low-temperature process (using silver
paint, curing at 60°C for 30 min) [almost the same excitation voltage:
peak-to-peak (P-P) voltages of 8.94 and 8.95 V, close response
voltages: P-P voltages of 3.27 and 3.12 V, respectively].
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The procedure for fabricating EETE comprises creating an array
of ultrasonic transducers and implanting the completed device into
a flexible base. To create the ultrasonic array, an ultrathin, flexible,
printed circuit is produced using identical flexible printed circuit
technology (Fig. 2B1). Then, reflow soldering technology is used to
solder ultrasonic transducers onto the premade circuit in the form
of a quincunx (Fig. 2B2). Next, the prefabricated circuit is placed
inside the first mold (Fig. 2, B3 and B4) filled with silicone (Ecoflex,
Smooth-On Inc., Macungie, PA, USA) as encapsulation, which is
cured at 70°C for approximately half an hour. The first curved part
of EETE is now ready (Fig. 2B5). An acrylic plate is placed at the
bottom of another mold, and then liquid silicone is poured. After
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that, the curved part of EETE is placed on the mold. Then, the mold
was cured at 70°C for half an hour (Fig. 2B7). The completely fabri-
cated EETE is shown in Fig. 2B8. Here, acoustic impedance matching
is also considered, and the materials used in EETE have very close
acoustic impedance (Ecoflex, 1.91 Mrayl; water, 1.48 Mrayl; Perspex,
3.22 Mrayl), as shown in fig. S9.

Ultrasonic wireless energy transfer

The AECD achieves wireless power transfer based on an acoustic
method: the conversion of mechanical to electrical energy. This
energy conversion is performed as follows. First, in vitro, the equip-
ment transmits ultrasound to the AECD receiver. Then, in vivo, the
AECD ultrasonic transducer, composed of piezoelectric material,
accepts ultrasound and converts it to electrical energy. Because the
ultrasonic transducer produces only AC, however, the current must
pass through the AECD rectifier module to be transformed to DC.
The AECD energy management is responsible for supplying energy
to the entire internal electronic system.

A convenient effective ultrasound-focusing technology that takes
both flexibility and acoustic intensity into consideration has been
developed. The design principle and possible results are shown in
Fig. 3. If we use only one ultrasonic transducer with a large surface,
acoustic scattering triggers big loss of ultrasonic energy. In addition,
the user experiences discomfort because of the transducer rigidity
(Fig. 3A). A possible solution is to use many small transducers in an
array, although it is obvious that the design of the array could
severely affect the efficiency of the power transfer. For example, if a
tiled layout is used, as seen in most off-center transducers, the ultra-
sonic intensity at the receiving end is low. The reason for this is that
the acoustic energy, starting from the distant portion of the trans-
ducer, attenuates as it moves (much of it not in the central axis of
the transducer) toward the receiving end, resulting in a low-energy
level arriving at the specific receiving position in the central axis of
the array. Thus, combining the contributions of all the small, indi-
vidual transducers results in overall low total energy because of
attenuation (Fig. 3B). Hence, we selected a centralized, symmetrical,
curved design so that ultrasound would focus on a specific point in
the central line (Fig. 3, C and D).

The array is implanted in a deformable flexible base composed
of silicone (Ecoflex, Smooth-On Inc., Macungie, PA, USA) with a
cavity inside. The curvature of the upper surface of the base can be
changed by injecting water into the base (Fig. 3E), with the focusing
position changed as well. Thus, using geometric regulation, it is
easy to focus the ultrasound and adjust the focusing position.

Next, a special experiment was conducted to confirm that it is
feasible to adjust the ultrasonic focus by changing the geometry of
the outer ultrasonic transducer. First, we injected water into the
flexible base to enlarge the curvature and arc height of the outer
transmission portion. We then recorded the received P-P voltage of
a fixed reception position at a depth of 10 mm (ultrasound frequency
is 2 MHz). During the experiment, the deformation process of the
flexible base was captured by a camera, some frames of which are
shown in Fig. 3F. Moreover, experiments have also been performed
to characterize the EETE. The experimental results (Fig. 3G) show
that, given a specific ultrasonic reception position, there is a best arc
height of the flexible base for achieving the best acoustic intensity.
The geometric relation variables are shown in Fig. 3H. Moreover,
the maximum sound pressure of EETE could be up to 0.17 MPa,
measured by using a hydrophone, as shown in fig. S7.
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To confirm the technical feasibility of the proposed method—
that the ultrasonic focus position can be adjusted by changing the
geometry of the flexible base—an acoustic simulation test was carried
out. In this simulation, the transmission medium is simplified as a
uniform medium (the transmission loss caused by structural material
variance is very slight, owing to the similar material acoustic imped-
ance; details in note S8). For this test, the acoustic field of the ultra-
sonic transmission array was simulated during deformation of the
flexible base. We used some assumptions to simplify the simulation.
First, the piezoelectric plate used for transmission was simplified by
using a linear acoustic source, which is a common simplification for
piezoelectric plates. Second, it was assumed that the medium of the
acoustic field was continuous and consisted only of water. The sim-
ulation results are shown in Fig. 3 (I and J). Figure 3I demonstrates
the focus effect of the fixed reception position, in which the received
acoustic power increased from approximately 0.002 W/mm? (the arc
height is approximately 6.2 mm) to 0.025 W/mm? (the arc height is
approximately 26 mm). The same conclusion was reached by using
different ultrasonic transmission frequencies (0.5, 1, 1.5, and 2 MHz;
Fig. 31), which agreed with the experimental result that the best arc
height was approximately 26 mm for reception at a depth of 10 mm.
It was also evident that ultrasound focusing was achieved and that
the focusing position could be adjusted by controlling the shape of
the ultrasonic transmission device (Fig. 3]). The influence of the
receiving angle on the ultrasonic energy transmission is explored in
note S9. In addition, acoustic transmission performance comparison
between the EETE and a single PZT plate is shown in note S10.

Ultrasonic wireless communication

The AECD can transmit information-coded ultrasound, thereby
achieving ultrasound-based wireless communication. Specifically,
in a working state, the MCU controls a biosensor to acquire physio-
logical information and then modulates that information into the
corresponding pulse signal. Using the specific modulated pulse signal,
the MCU controls an input/output port to stimulate the emissive
ultrasonic transducer to transmit ultrasound, which carries internal
physiologic information. At the same time, an external receiving
ultrasonic transducer accepts the ultrasound and converts it to a
voltage signal. Simultaneously, this voltage signal, undergoing ampli-
fication and filtering, can be demodulated and recovered by a com-
puter to obtain the measured internal physiologic information.

We use the readings of special signal modulation and demodulation
techniques to explain wireless acoustic communication (Fig. 4, A and B).
For temperature signal processing, when the MCU acquires data
from the temperature sensor, the temperature value is presented in
the form of a numerical value, which must be transformed into a
pulse signal for the convenience of ultrasonic communication. Here,
we present two easy ways to perform modulation and demodulation.

For the first method, with modulation, the numerical tempera-
ture value is transformed into binary form. The MCU, according to
that binary number, then transmits a particular pulse signal to stim-
ulate the emissive ultrasonic transducer. Specific ultrasound-carried
temperature information is then transmitted (Fig. 4A). Next, with
demodulation, the received ultrasound is retransformed into a
binary number based on the ultrasound waveform. It is then easy to
obtain the measured temperature value from the binary number.

For the second method, with modulation, after analog-to-digital
(ADC) processing, the MCU receives an integer correspond-
ing to the temperature response from the temperature sensor
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Fig. 3. Ultrasonic focusing method achieved by changing the geometry of the flexible base. (A) Ultrasonic transmission using a few ultrasonic transducers. (B) Ultra-
sonic transmission by a tiled array of ultrasonic transducers. (C) Ultrasonic transmission by an array of ultrasonic transducers placed inside the top part of a flexible base.
(D) Adjusting the ultrasonic focusing position by changing the curvature of the flexible base upper surface. (E) Deformation process of the flexible base while injecting
water. (F) Deformation process of the flexible base during the experiment. (G) Experimental results for the received P-P voltage with different arc heights, normalized by
60 mV, which is the received P-P voltage when the arc height was 0 mm. (H) Description of geometric relation variables and reception position. (I) Acoustic power in a
fixed reception position with different arc heights and ultrasonic transmission frequencies during a simulation. (J) Acoustic pressure level distribution during the defor-
mation process of the flexible ultrasonic launcher during a simulation. Photo credit: Peng Jin, Tsinghua University.

(the thermoelectrical response of the temperature sensor and the
ADC setup is shown in note S1). A mapping relationship is then
established between the temperature value in the form of an integer
and the pulse number in one data cycle. Specifically, normally, human
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body temperature is in the range of 35° to 42°C. If in that tempera-
ture range, after ADC processing, the MCU would obtain an integer
from 205 to 213. To minimize the data cycle size, 200 is subtracted
from the obtained integer to be used as the ultimate data. For example,
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Fig. 4. Mechanism and experiment to prove successful ultrasonic wireless communication based on ultrasound. (A) Binary modulation method. (B) Pulse number
modulation method. (C) Experiment designed to show that the AECD could accept ultrasound transmitted across biological tissue. (D) Temperature information-coded
ultrasound showing that the AECD was activated by ultrasound and began to transmit measured temperature data after accepting ultrasound from outside the biological
tissue. (E) AECD temperature monitoring experiment result. Photo credit: Peng Jin, Tsinghua University.

when the temperature is 26.2°C, collected by an ADC port with a
resolution of eight bits, the MCU receives an integer of 224. After
subtraction, an integer 24 is acquired. The MCU then transmits a
pulse signal that contains 24 pulses in one data cycle to stimulate the
emissive ultrasonic transducer (Fig. 4B), making the transducer trans-
mit specific ultrasound that carries the temperature data (a more
detailed calculation process is shown in note S1). With demodulation,
after receiving the specific ultrasound, it is easy to obtain the tem-
perature data based on the established mapping relationship. Each
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of the two proposed approaches is feasible but has different character-
istics. Compared with the second method, the first method provides
faster transmission speed with efficient data storage in the binary
system. However, these advantages could be eclipsed by being more
easily disturbed and having a lower error tolerance. Even a simple
packet loss or change in one bit can make the results totally different.
Hence, here, we adopt the second method to conduct the experiment.

Here, an experiment was undertaken to directly demonstrate the
function of the AECD in simultaneous acoustic energy transfer and
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communication in a biological environment. In this experiment, as
shown in Fig. 4C, we cut the side face of a piece of fresh pork (depth
17 mm) and then buried the AECD inside the pork. The environ-
mental temperature was 26.2°C (measured by a thermocouple
thermometer). Here, in this experiment, the required acoustic energy
is not large, and the PZT transmission transducer used here is suftfi-
cient to power the AECD. Two external ultrasonic transducers were
then placed on the upper surface of the piece of pork, facing the cor-
responding internal ultrasonic transducer (Fig. 4C). Next, one external
ultrasonic transducer is stimulated by AC and begins to transmit
ultrasound. Subsequently, one internal ultrasonic transducer received
the ultrasound and converted it into electrical energy to support the
AECD. Then, the AECD started to collect the temperature informa-
tion and then transmitted the temperature information-coded
ultrasound, which was then received by another external ultrasonic
transducer (Fig. 4D) (the signal-to-noise ratio of the received ultra-
sound signal is 16.8192; the calculation is shown in note S3, and the
frequency analysis is shown in fig. $8). The maximum data band-
width here could be at least up to 0.4 kHz (details are given in note S6).
Through the second presented demodulation method, the temperature

value was easily decoded (26.2°C). Moreover, to explore the AECD
temperature monitoring performance in the human body tempera-
ture range, a temperature monitoring experiment is conducted. In
this experiment, the AECD was put in a constant temperature water
bath heating device. The water temperature was set step-by-step from
34.7° to 42.1°C (the step size was approximately 0.7°C). When the
water temperature was stable at each set temperature, the set water
temperature and the measured temperature were synchronously
recorded from the AECD acoustic communication result, as shown
in Fig. 4E (the mean relative error of the result was approximately
0.3%, calculated based on Fig. 4E, and the calculation equation is
shown in note S2).

Cardiac pacing experiment

The AECD is a versatile type of IEE. With specific design, it can func-
tion in many areas, such as acting as a heart pacemaker and nerve
stimulator. To prove the AECD ability to function as a heart pace-
maker, a cardiac pacing experiment was conducted. The experimental
subject was a rabbit (Fig. 5A). The study aimed to prove that the
AECD could detect an abnormal heartbeat, here defined as asystole,
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Fig. 5. Cardiac pacing experiment to prove the AECD ability to serve as a cardiac pacemaker. (A) Experimental animal. (B) Fixing the AECD, sensors, and electrodes.
The top arrow shows the PVDF, the middle arrow shows the electrode, and the bottom arrow shows the AECD. (C) Suturing the rabbit’s chest. (D1) Rabbit’s reqular heartbeat
using ultrasound to power the AECD. (D2) Rabbit ECG, when using a high-voltage AC directly to stimulate the heart to cause cardiac arrest. (D3) Rabbit ECG to confirm
that cardiac arrest was initiated successfully. (D4) Rabbit ECG shows that the AECD, powered by ultrasound, successfully detected abnormal heartbeats and stimulated

the heart. Photo credit: Peng Jin, Tsinghua University.

Jinetal, Sci. Adv. 2021; 7 : eabg2507 29 September 2021

8of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

and then respond by sending a specifically programmed electrical
signal to stimulate the heart as an emergent treatment. The heartbeat
detection function of the AECD is as follows. It uses a polyvinylidene
difluoride (PVDF) sensor, which is an ultrathin piezoelectric film
sensor that can collect weak strain signals, thereby monitoring the
heartbeat. The AECD MCU periodically and automatically analyzes
the heartbeat signal (in this experiment, a normal state was considered
at least one heartbeat per second) to determine whether the heart-
beat rhythm is normal (signal processing for cardiac arrest detection
performed on the AECD). If an abnormal heartbeat occurs, the MCU
immediately stimulates the heart via a specific electrical signal. In
this experiment, the AECD was implanted inside the subcutaneous
tissue of a rabbit’s chest (thus, the ultrasound would not encounter
biological tissue with high acoustic impedance, such as pulmonary
lobes and bone, in the travel path). The PVDF sensor and stimulating
electrode were then fixed on the rabbit’s heart with stitches (Fig. 5B).
After fixing these devices, the opened chest was sutured (Fig. 5C). A
connection illustration of the stimulating electrode and the PVDF
sensor on the AECD is shown in fig. S11A. Detailed device place-
ment in the in vivo experiment is shown in fig. S11B.

The experimental procedure and results are as follows. First, we
fixed the PVDF sensor on the rabbit’s heart by sutures and then re-
corded the electrocardiogram (ECG) and PVDF sensor signals simul-
taneously using commercial ECG equipment and a data acquisition
device. The results showed that the rabbit had a normal heartbeat
and ECG (fig. S1A), well matching the strain signal (fig. S1B). In the
following, all the ECG signals, including Fig. 5 (D1 to D4), were
recorded by commercial ECG equipment (BL-420F, Chendu Techman
Soft, Chendu, China), even when electrical stimulation was per-
formed. After setting up all these devices, when the rabbit was in a
normal heartbeat, ultrasound was used to power the AECD, and the
ECG was recorded through commercial ECG equipment. The re-
sults proved that the AECD succeeded in detecting the normal heart
rhythm without releasing an electrical stimulus (the ECG signal
is shown in Fig. 5D1). Then, after reopening the chest, we used a
high-voltage AC to stimulate the heart directly to cause cardiac
arrest (ECG signal is shown in Fig. 5D2). The heart went into cardiac
arrest after 1 min of stimulation (ECG signal is shown in Fig. 5D3).
Again, using ultrasonic transmitting equipment to power the AECD,
we obtained an ECG, which showed an electrical pulse signal with a
frequency of 1 Hz (ECG signal is shown in Fig. 5D4). In general, the
rabbit’s heartbeat frequency is approximately 3 to 4 Hz, and our
device is programmed to give electrical simulation at a frequency of
1 Hz when detecting cardiac arrest. Comparing these two signals in
Fig. 5 (D1 and D4), the signal in Fig. 5D1 has a frequency of approx-
imately 3 to 4 Hz, matching the normal rabbit heart frequency, but
the signal in Fig. 5D4 has a frequency of 1 Hz, matching the AECD
electrical stimulation frequency. Moreover, the signal in Fig. 5D1
has a standard p wave (a standard ECG characteristic), while the
signal in Fig. 5D4 does not, which means that the signal in Fig. 5D1
is an ECG signal created for a rabbit’s normal heartbeat, while the
signal in Fig. 5D4 is not. According to the above analysis, we conclude
that the AECD powered by ultrasound has the capacity to detect
abnormal heartbeats and then respond with electrical stimulation.

DISCUSSION
We have developed a universal flexible and stretchable implantable
platform based on an acoustic method that could achieve wireless

Jinetal, Sci. Adv. 2021; 7 : eabg2507 29 September 2021

power transfer and wireless communication. The acoustic intensity
for wireless power transfer was evidently improved by using a spe-
cially designed ultrasonic transmission system (note S10). In addi-
tion, the ultrasonic focus position could be controllable by adjusting
the geometry of the ultrasonic transmission system. Experiments and
acoustic simulations carried out to certify the feasibility of ultrasonic
focus produced highly consistent results. To achieve acoustic wire-
less communication, we devised two types of special signal modula-
tion and demodulation techniques that encoded information by
embedding it in ultrasound and later decoding it from the same re-
ceived ultrasound using an algorithm. However, the AECD flexibility
can still be improved further by doing the following: (i) It is better
to use an ultrasound transducer array instead of a rigid plate trans-
ducer in the AECD, and (ii) adopting smaller and thinner chip
components could further help to reduce the device rigidity. Through
in vivo animal experiments, we showed that when used as a flexible
cardiac pacemaker, the AECD is capable of monitoring the heart-
beat state, and when abnormal heartbeat occurs, it could respond by
electrically stimulating the heart as emergent treatment. In addition,
the flexible form could bring minimal discomfort to the patient,
which is especially beneficial for long-term care. Furthermore, com-
pared with traditional battery-based devices, the acoustic wireless
power application here could eliminate the risk of secondary surgery
for replacing the battery. As a universal IEE platform, the AECD
also has various other applications. For example, it could also
potentially be used to treat urinary incontinence; if integrated with
a strain sensor, the AECD could monitor the bladder function, and
when pathological behavior occurs, it could electrically stimulate the
bladder sensory afferents to normalize bladder function (71). After
specific programming, the AECD can undertake any programmed
action when facing various physiologic abnormalities.

MATERIALS AND METHODS

Fabrication of the flexible acoustic device

An ultralow-energy harvester chip 4.00 mm by 4.00 mm by 0.8 mm
(ADP5091ACPZ-1-R7, Analog Devices, Malpitas, CA, USA); alow-
loss, full-wave bridge rectifier chip 4.90 mm by 3.0 mm (LTC3588-2,
Analog Devices/Linear Technology, Malpitas, CA, USA); an 8-bit
AVR microcontroller chip 4.00 mm by 4.00 mm (ATtiny85 V, Atmel,
San Jose, CA, USA); an analog temperature sensor chip 0.91 mm by
0.91 mm (LMT?70, Texas Instruments, Dallas, TX, USA); and two
ultrasound transducers, PZT-5 and PZT-8, were used. A chip
mounter (Fineplacer_145_Pico, FineTech, Berlin, Germany) was
used to align and place chips on the circuit. The chip and PZT trans-
ducers are bonded by reflow soldering technology. Low-melting
point solder paste (Sn42Bi58, KELLYSHUN, Shenzhen, China) was
used for the bonding chips and PZT transducers on the circuit.

Fabrication of the ultrasonic focusing launcher

The ultrasonic focusing launcher was manufactured using a casting
method. The cast was created by a high-definition three-dimensional
printer (ProJet MJP 5600, 3D Systems, Rock Hill, SC, USA) with
photosensitive resin material (9400 photosensitive resin). The
ultrasonic focusing launcher was made from an ultrasoft, biocom-
patible silicone layer (Ecoflex 00-30, Smooth-On Inc., Macungie,
PA, USA) with a thickness of 1.6 mm. Curing was performed at
room temperature for 4 hours. The implanted ultrasound transducers
were PZT-5 and PZT-8.
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Acoustic field simulation

The Multiphysics finite element analysis simulation software (Comsol
5.3.1.180) was used to analyze the sonic pressure field of the ultra-
sonic focusing launcher. For the simulation, the materials used were
water and air. Water filled an arc area and a square area right under
the arc with a depth of 35 mm. The arc area had an altered central
angle with a range of 20° to 90° in 1° steps. The fluid physical model
used linear elasticity. The temperature was set at 293.15 K. The
ultrasonic transducers were simplified as a linear acoustic source.

Animal experiments

All animal experiments were performed at Beijing Medical Services
Biotechnology (Beijing, China) and approved by the Ethics Com-
mittee of Beijing Medical Services Biotechnology (MDSW-2018-018C).
New Zealand rabbits (3.0 to 3.3 kg) were anesthetized by intraperi-
toneal injection of xylazine hydrochloride (5 mg/kg), and anesthesia
was maintained with isoflurane (5%)/oxygen. Placed in the supine
position, the rabbit was shaved on the chest near the heart.
Thoracotomy was then undertaken, exposing the heart. The rabbit
subcutaneous tissues were incised by bistoury on the chest, and the
AECD was implanted within subcutaneous tissues. The electric
stimulation electrode and PVDF sensor were sutured onto the rabbit’s
heart. The stimulation electrode was a commercial copper pad made
using flexible printed circuit (FPC) technology. PVDF is a commercial
piezoelectric thin film sensor (American Measurement Specialties,
Fairfield, NJ, USA). A biological data acquisition and stimulation system
(BL-420F, Chendu Techman Soft, Chendu, China) was used to record
the ECG. Before the AECD was implanted, a single PVDF was
sutured onto the heart. A data acquisition card (National Instruments
Corp., Austin, TX, USA) was used to record the PVDF signal to
prove the use of PVDF as a heartbeat rhythm monitor.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg2507
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