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Multifunctional and Wearable Patches Based on Flexible
Piezoelectric Acoustics for Integrated Sensing, Localization,

and Underwater Communication

Qian Zhang, Yong Wang, Dongsheng Li, Jin Xie,* Kai Tao, PingAn Hu, Jian Zhou,

Honglong Chang, and Yongqing Fu*

Flexible and wearable sensors are highly desired for health monitoring,
agriculture, sport, and indoor positioning systems applications. However,

the currently developed wireless wearable sensors, which are communicated
through radio signals, can only provide limited positioning accuracy and are
often ineffective in underwater conditions. In this paper, a wireless platform
based on flexible piezoelectric acoustics is developed with multiple func-
tions of sensing, communication, and positioning. Under a high frequency
(=13 MHz) stimulation, Lamb waves are generated for respiratory monitoring.
Whereas under low-frequency stimulation (=20 kHz), this device is agitated

electronics,*”!  robotics,®! and internet
of things (IoTs).”) However, the recently
reported flexible sensors based on either
capacitance or resistance mechanisms
often need an additional antenna to achieve
wireless or realtime functions,lW thus
increasing the complications and size of
the sensing system. Furthermore, com-
munication approaches based on radio
frequency (RF) signals often show deterio-
rated performance, in situations such as in

as a vibrating membrane, which can be implemented for communication

and positioning applications. Indoor communication is demonstrated within
2.8 m at 200 bps or 4.2 m at 25 bps. In combination with the sensing function,
real-time respiratory monitoring and wireless communication are achieved
simultaneously. The distance measurement is achieved based on the phase
differences of transmitted and received acoustic signals within a range of

100 cm, with a maximum error of 3 cm. This study offers new insights into
the communication and positioning applications using flexible acoustic wave
devices, which are promising for wireless and wearable sensor networks.

1. Introduction

Flexible and wireless sensors have attracted profound interest
owing to their widespread applications in healthcare, '3 wearable

underwater conditions or inside a metal
shell,[1213] thus preventing them from being
adopted in underwater vehicles, marine
environment monitoring systems, wearable
devices for swimming and diving, and/
or being embedded into instruments with
numerous metal components. On the other
hand, the distance measurement based on
RF signals, which has been widely studied
for the requirement of the positioning of
wireless sensor networks (WSNs), could
only provide a limited accuracy (e.g., with
errors larger than 10 cm).[16]

There are huge interest recently in the development of
flexible acoustic wave devices, mainly because of their prom-
ising properties (such as mechanical bendability, lightweight,
cost-effectiveness, biocompatibility, and disposability).l’-2%]
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Extensive studies have been done for flexible acoustic wave
devices used in various fields such as sensing (tempera-
ture,?!! humidity,??) UV,?% biosensing,??4 strain,/?>-281 and
pH),12! acoustofluidics,*” and flexible RF filter/oscillator.["]
Depending on the structural designs, piezoelectric devices
with different vibration modes have been fabricated, e.g., sur-
face acoustic wave (SAW) devices,B Lamb wave devices,*?
and film bulk acoustic resonators (FBAR).3l However, most
of these studies are focused more on achieving their inherent
flexibility. It should be addressed that in order to achieve good
flexibility of such devices, thickness and stiffness of the film
and substrates are generally relatively small, which easily
achieves a low bending stiffness. With these special features,
it is possible to apply these flexible acoustic wave devices to
vibrate, to transmit, and receive modulated acoustic signals
for variety of applications. However, this has not been widely
explored.

In this paper, a multifunctional and flexible Lamb wave
device operated based on the piezoelectric effect is applied
for achieving integrated sensing, acoustic communication,
and positioning functions. Figure 1a,b shows schematic illus-
trations and photographs of the proposed flexible Lamb wave
devices. As the flexible Lamb wave devices are fabricated on

www.afm-journal.de

thin substrates (with thicknesses generally less than 100 pm)
with low stiffness, they can be forced to vibrate and transmit
acoustic waves due to the piezoelectric effect when excited by
low-frequency electrical signals (e.g., tens of kHz). Conversely,
these flexible devices can also receive acoustic waves and gen-
erate net charges on the electrodes, which can be measured
and converted into electrical signals, as shown in Figure Ic.
The generated vibration mode, which is different from the
Lamb waves traveling along the surface, results in the vibra-
tion of the whole membrane, thus transmitting and receiving
acoustic energy. Therefore, such kind of acoustic wave is a
promising candidate for wireless communications between
flexible acoustic devices, especially when used underwater, as
shown in Figure 1d. Based on this new methodology, the flex-
ible Lamb wave sensor could be also served as an acoustic
transceiver without any additional antennas, thus reducing the
complications and size of the system. Furthermore, because of
the low velocity of these acoustic waves, the acoustic ranging
and positioning can be directly performed based on the time of
flight or phase difference, as illustrated in Figure le,f, thus real-
izing significantly improved positioning precision than those
based on Bluetooth and RFID (Radio Frequency Identification).
Table S1 (Supporting Information) summarizes and compares
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Figure 1. Architecture and working mechanism of the flexible acoustic wave device. Schematic illustrations of a) the structure of the flexible acoustic
wave device, c) the transmitting and receiving of acoustic energy, the processes of d) sensing and communication, ) acoustic ranging, and f) posi-
tioning using the flexible acoustic wave devices. b) Photographs of the flexible acoustic wave device.
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the key attributes of acoustic waves, bluetooth, and RFID for
these applications.

For demonstration of this novel integrated multifunctional
platform, the proposed flexible acoustic device is applied to
realize the functions of sensing, communication, ranging, and
positioning. This paper first investigates the influences of fre-
quency and distance on the signal-to-noise ratio (SNR) of the
received signal. Communication tests in both the air and under-
water conditions are performed without using any additional
antennas or communication modules. To verify the flexibility,
communication tests are conducted using the flexible Lamb
wave devices under different bending conditions (e.g., pasted
on the surface of a pipe and on the upper arm of a volunteer).
Taking respiratory monitoring as a demonstration, two flexible
Lamb wave devices are used to perform real-time sensing and
wireless communication, proving that the sensing and com-
munication functions can be operated simultaneously without
apparent interferences if properly configured. Furthermore, the
performance of the proposed flexible Lamb wave device is eval-
uated for acoustic ranging and 2-dimensional (2D) positioning.
An array of the proposed flexible devices can form WSNs with
multiple functions, e.g., measuring the temperature field in a
specific region (by sensing and positioning), real-time moni-
toring, and communication of a specific quantity (by sensing
and communication). With the distinctive features of compact-
ness, low power consumption, flexibility, and multifunction-
ality, the proposed smart WSN is scalable for applications in
smart homes, wearable devices, medical health monitoring,
and multi-robot coordination.

2. Experimental Section

2.1. Fabrication and Experimental Setup

Aluminum (Al) foils with a thickness of 50 um were chosen as
the flexible substrate to reconcile the flexibility with the acoustic
performance of the device. The substrate could be served as
a bottom electrode and confine the electric field. A zinc oxide
film of =3.5 um thick was deposited onto the Al foil as the
piezoelectric layer due to its good film crystallinity, low film
stress, and relatively good adhesion with various substrates.3¥
Using DC (direct current) magnetron sputtering technology, a
zinc target of 99.99% purity was sputtered at a power of 400 W,
and the distance between substrate and target was =70 mm. A
gas mixture of O, and Ar was introduced into the chamber at
flow rates of 13 and 10 sccm, respectively, and the pressure of
the chamber was maintained at =5 mTorr. On top of this ZnO
piezoelectric layer was the upper electrode composed of inter-
digital transducers (IDTs), which were prepared using the con-
ventional photolithography and lift-off processes. A single IDT
was comprised of 35 pairs of Cr/Au (10 nm/80 nm thick) elec-
trodes with a wavelength of 160 um. Lamb waves were excited
and received using the IDTs, which were characterized by the
S21 parameters, and measured by a vector network analyzer
(VNA, Agilent E5061B). The first four vibration modes (A0,
S0, Al, and S1) were simulated using a simplified 2D model
in COMSOL, and the obtained results are shown in Figure S1
(Supporting Information). These IDTs could also be cooperated
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with the bottom electrode to drive the piezoelectric material to
emit ultrasound with a low frequency (tens of kHz).

To determine the optimal communication frequency, the
maximum acoustic ranging distance, and the maximum trans-
mission rate, various experiments were carried out using flex-
ible acoustic devices. As shown in Figure 2a; Figure S5a (Sup-
porting Information), two identical flexible acoustic devices,
which were served as one transmitter and one receiver, were
fixed on the printed circuit boards (PCBs) and placed facing
each other with a distance varying from 0.2 to 4.2 m. The mod-
ulation signals were generated by a MATLAB program, and
subsequently imported into an arbitrary waveform generator
(Agilent 33522A). The transmitter was directly driven using the
waveform generator with a peak voltage of 5 V and an output
impedance of 50 Q. The electrical signals produced by the
receiver were first amplified using a charge amplifier (Femto
HQA-15M-10T), subsequently measured by an oscilloscope
(ZLG ZDS1104), and eventually imported into the computer
for processing and demodulation. For demonstrating the prin-
ciple using this prototype, it was quite convenient to use several
instruments to perform these tests in the lab environment. For
future applications with a specific product, the various func-
tions including data processing and communication manage-
ment could be realized using commercial integrated circuits,
which are easily shrunk into miniaturized electronic devices.

2.2. Statistical Analysis

For presenting the communication results, the linear compo-
nents were removed from the data by subtracting the best-fit
straight line. For ease of observation, the signal envelopes are
plotted after multiplying them by different factors ranging from
0.1 to 100, which are denoted as F in the figures. The normal-
ized results, i.e., the demodulated signals, can be obtained
using the following equation:

N= E—mean(E) 1)
|E —mean(E)|

where N is the normalization result, E is the envelope of signal,
and mean is a function of calculating the average value. To char-
acterize the performance of distance measurement, the experi-
ments were repeated three times, from which the mean values
and standard deviations (SD) were derived. The data were pre-
sented with a format of mean value + SD where the SD equals
to half of the length of error bars. The calculations were per-
formed using both MATLAB and Excel. All human experiments
were performed with approval from the Zhejiang University
Experimental Ethics Committee. Written consent was acquired
from the volunteer of the research.

3. Results and Discussions

3.1. Wireless Communication via Acoustic Waves

Figure 2b schematically illustrates the acoustic communica-
tion system between the two flexible Lamb wave devices. For

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. The communication performance using flat transmitters and receivers. a) The experimental setup for communication and signal processing
using two flexible acoustic devices placed facing each other. b) Schematic illustration of the processes, including modulation, transmission, and
demodulation. The demodulated signals obtained in communication experiments with distances of ¢) 0.2 m and e) 2.8 m. d) A close-up view of (c),
demonstrating a response time of =2 ms. f) The experimental setup for underwater communication tests using two flexible acoustic devices placed
facing each other, with a distance of =12.5 cm. g) A close-up view of (f). h) The demodulated signals obtained in the underwater experiments with a
transmission rate of 200 bps. For ease of observation, the signal envelopes are plotted after multiplying them by factors denoted as F shown in the

corresponding figures.

simplicity, binary frequency-shift keying (BFSK) is adopted
as the modulation scheme.'”l The BFSK can be implemented
using two carriers with different frequencies to modulate the
digital signals of “0” and “1”, respectively. The binary messages
composed of “0” and “1” are modulated and fed into the trans-
mitter. Hence, the transmitter is forced to generate modulated
acoustic signals when stimulated with the corresponding elec-
trical signals due to the inverse piezoelectric effect. The acoustic
signals can be detected by the receiver and then transformed
back into electrical signals due to the piezoelectric effect. The
received signals are filtered using two band-pass filters corre-
sponding to the carriers of “0” and “1” to obtain two-channel
signals, which are rectified, and filtered using a low-pass filter to
obtain their envelopes. The demodulated signal, i.e., the binary
message, can be recovered by sequential dual-channel differ-
entiation and normalization. The demodulation process was
accomplished using a MATLAB program, which is presented
in the Section of Demodulation in the Supporting Information.

To determine the optimal communication frequency, sine
waves with frequencies from 2 to 2! kHz were experimentally
evaluated by stimulating the transmitter. The voltage ampli-
tudes and SNRs of the received signals are shown in Figure S2a
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(Supporting Information). From the overall trends shown
in this figure, both the voltage amplitudes and the SNRs are
decreased with the increasing frequency. The SNR reaches a
maximum value of 66.5 dB at a frequency of 16 kHz, hence 16
and 17 kHz are used for communication experiments because
of their high SNRs. To investigate the maximum communica-
tion distance of the proposed flexible devices, a sine wave with a
frequency of 16 kHz and an amplitude of 5 V was used to drive
the transmitter. The transmitter and receiver were placed facing
each other with a distance varied from 0.2 to 2.8 m. As shown
in Figure S2b (Supporting Information), an increase of distance
results in the reductions of both voltage amplitudes and SNRs
of the received signals. With the distance increasing from 0.2
to 2.8 m, the voltage amplitude decreases from 395.5 to 1.5 mV
and the SNR decreases from 70.9 to 22.0 dB. According to
ref. [35], a threshold SNR of 12 dB was adopted for an ultrasonic
rangefinder to avoid false recognition. With the same threshold
SNR of 12 dB, the proposed flexible acoustic devices could
achieve an effective distance of approximately several meters.
To evaluate the multibit communication performance of
the proposed flexible acoustic device, a 21-bit binary stream
(101001010101100101010) was modulated for transmission. Each

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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bit occupied a 2 ms duration in the transmission stage, cor-
responding to data rates of 500 bits per second (bps). With a
distance of 0.2 m between the transmitter and the receiver, the
received signals after demodulation are shown in Figure 2c,
which indicates that the 21-bit binary message can be correctly
transmitted and extracted depending on the proposed flexible
acoustic devices. Figure 2d shows a close-up view of Figure 2c,
including a bit of “1” and a bit of “0”. Each bit occupies a dura-
tion of exactly 2 ms. However, the response times, which are
~1.9and =2.1 ms, limit the maximum transmission rate. An
excessively high transmission rate will lead to inter-symbol
interference (ISI), which may result in bit errors. The response
time is determined by the properties of the flexible device itself,
but the multipath effect will also increase the response time,
as schematically illustrated in Figure S3 (Supporting Informa-
tion). In the indoor environment, the maximum communica-
tion rate decreases as the communication distance is increased
due to the multipath effect. The distance between the trans-
mitter and the receiver is further increased to 2.8 m, and the
obtained results of the communication tests are shown in
Figure 2e. Compared to the results in the case of 0.2 m dis-
tance, the voltage amplitudes of the received signals at 2.8 m
distance are reduced, but the 21-bit binary message can be cor-
rectly transmitted nevertheless. Additionally, more severe ISIs
are observed, possibly due to the more significant multipath
effect in communication. As a result, the transmission rate is
reduced to 200 bps to minimize bit errors. The received sig-
nals are displayed in time and frequency domains, as seen in
Figure S4 (Supporting Information), demonstrating that the
increase of distance from 0.2 to 2.8 m results in a reduction of
SNR. For a communication distance of =4.2 m, the ISI makes
it tough for the flexible device to maintain a transmission rate
of 200 bps. To evaluate the communication performance, an
8-bit binary stream (11001010) was modulated and transmitted
at 25 bps. As the experimental results shown in Figure S5 (Sup-
porting Information), the message can be correctly transmitted
and demodulated, demonstrating that the proposed acoustic
communication scheme is applicable within an effective dis-
tance of =4.2 m at the cost of the transmission rate.

To investigate the underwater communication capability of
the system, an experimental setup was designed and applied
as shown in Figure 2f,g. Both the transmitter and receiver
were completely immersed in deionized water at a distance of
=12.5 cm. The acoustic communication system performs well
at 200 bps, as shown in Figure 2h. Further experiments were
conducted without the charge amplifier, as shown in Figure S6
(Supporting Information). The message could be correctly
transmitted at a distance of =2 m and a transmission rate of
500 bps. The experimental results demonstrate the potential of
the system to be operated underwater, broadening the applica-
tion scenarios.

To investigate the applicability of the system inside a metal
shell, we have further done the communication experiments
with a transmitter inside an aluminum pipe and a receiver out-
side this pipe. As shown in Figure S7a (Supporting Informa-
tion), the transmitter is pasted on the internal surface of the
pipe, whose internal and external diameters are 11 and 10 cm,
respectively. Both ends of the pipe are plugged with the sponge.
The results of communication tests are shown in Figure S7b
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(Supporting Information). The data can be transferred correctly,
demonstrating that the acoustic waves can be transferred from
inside the aluminum pipe to the outside.

In brief, we have confirmed that the proposed flexible devices
can serve as both transmitters and receivers for acoustic com-
munication through the air in the indoor environment, with an
effective distance of =2.8 m and a transmission rate of 200 bps.
Operation at a larger distance (e.g., 4.2 m) will result in a lower
maximum transmission rate because of the multipath effect.
Furthermore, the flexible devices are applicable for communi-
cation through the water, which is desirable for these wearable
devices in underwater usages.

3.2. Performance of Flexible Lamb Wave Sensor

The deformation of flexible devices is generally accompanied
by variations of film’s internal stress and mechanical proper-
ties, which may result in the degradation of the transceiver
performance.*®l Therefore, the proposed acoustic communi-
cation scheme was further evaluated under several bending
conditions.

As shown in Figure 3a, the flexible acoustic devices served as
both the transmitter and receiver are pasted onto the external
surface of a pipe with a diameter of 0.11 m, parallel to the pipe
axis. The rest of the experimental setups are consistent with
those explained in Section 2. For a transmission distance of
0.92 m, the demodulated waveform is shown in Figure 3b, from
which the transmitted message can be accurately recovered.

Figure 3c shows a plot of changes in SNRs of the received sig-
nals versus the distance between the transmitter and receiver.
The SNR decreases from 61.0 to 46.0 dB with the increase in
the distance from 0.1 to 0.7 m, whereas the SNR increases from
46.0 to 48.5 dB with the increase in the distance from 0.7 to
0.92 m. This is because the transmission inside the pipe suf-
fers from a more severe multipath effect than that in the out-
side ambient. By transmitting a single signal, multiple signals
with the same frequency and different phases are captured and
superimposed at the receiving end. The received signal is the
superposition of all these signal vectors. Hence, the amplitude
of the received signal does not necessarily decrease with the
increase in communication distance. Furthermore, the SNRs
obtained in the experiments on the pipe are =10 dB less than
those in the experiments conducted in the air with flat trans-
mitters and receivers, which might be attributed to the mul-
tipath effect and stress caused by bending.

To simulate the applications where the flexible acoustic
devices are embedded into pipes or large equipment, the
receiver is transferred to the internal surface of the pipe, as
shown in Figure 3d. The distance between the transmitter and
receiver is kept at 0.92 m. The received signals after demodula-
tion are demonstrated in Figure 3e, which shows a relatively
low SNR but is sufficient to extract the digital information.

Figure 3f shows the experimental setup for evaluating the
performance of the flexible acoustic devices applied for wear-
able usages. The transmitter is attached to a flexible printed cir-
cuit board (FPC), and subsequently pasted on the volunteer’s
upper arm. The receiver is pasted on the external surface of
the pipe. The distance between the transmitter and the receiver
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Figure 3. Photographs of experimental setups and the corresponding communication performances in various applications using bent transmitters
and receivers. a,b) The transmitter and receiver are both pasted on the external surface of the pipe. ) The change in SNR of the received signal versus
the distance between the transmitter and receiver. d,e) The transmitter and receiver are pasted on the external and internal surfaces of the pipe,
respectively. f,g) The transmitter and receiver are pasted on the volunteer’s upper arm and the pipe’s external surface, respectively. h,i) The transmitter
is sandwiched between two pieces of meat with thicknesses of =5 cm, and the receiver is fixed on the curved surface of a cylindrical shell. For ease of
observation, the signal envelopes are plotted after multiplying them by factors denoted as F shown in the corresponding figures.

is =0.8 m. As demonstrated in Figure 3g, the binary message
is accurately transmitted at 200 bps, indicating the reasonably
good communication quality and broad prospects for integra-
tion for wearable applications of the proposed flexible devices.
Figure 3h shows that the transmitter of the acoustic device
is sandwiched between two pieces of meat with a thickness of
=5 cm each. The receiver is taped on the surface of a 3D-printed
cylindrical shell, which is positioned at a distance of =35 cm
from the transmitter. The results of the communication
experiments obtained using this setup are shown in Figure 3i.
Acoustic waves propagate through the meat to realize the trans-
mission of signals, implying the prospect of the flexible device
to be used for communication and sensing in biomedical appli-
cations, for example, used as the implantable medical devices.
In the above four demonstration cases, the time-domain and
frequency-domain waveforms of the received signals are shown
in Figure S8 (Supporting Information). Results show that the
deformation could cause a shift in the optimal communication
frequency. Therefore, when using such kind of flexible acoustic
wave device, the communication frequencies should be cali-
brated prior to each experiment to optimize the performance.
The maximum transmission rates are principally determined
by the response times, therefore, we further investigated these
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response times and compared those in the flat condition and
the various bent conditions. As shown in Figure S9 (Supporting
Information), the response times are almost unaffected by
bending, which are =2.5 to 3 ms in all the cases, corresponding
to the maximum transmission rate of 400 to 333 bps.

To investigate the communication performance of the device
with different curvatures, the transmitter and the receiver were
pasted on curved surfaces with various radii, including 5, 75,
10, -5, =75, and —10 cm, and placed face to face with a dis-
tance of 0.6 m. For each test, the two curved surfaces where
the transmitter and receiver were pasted have the same radius.
The experimentally obtained results are shown in Figure S10
(Supporting Information). The voltage amplitudes of the enve-
lope of signals are affected by the changes of curvatures. In
response to the bending, the resonant frequency of the flex-
ible device is shifted, thus changing the amplitude of the
responses. When the curved surface with a radius of -5 cm
was used, the envelope of signal achieved the largest ampli-
tude. Whereas when the surface with a radius of —10 cm was
used, it shows the minimum amplitude. Nevertheless, all the
binary messages were extracted correctly for all the six con-
ditions, demonstrating the superior functionality of the pro-
posed system.
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The performance of the acoustic communication system was
also investigated by repeated bending tests, where the trans-
mitter and the receiver were bent (with a radius of =75 cm) and
then flatten for 100 cycles. Figure S1la, b (Supporting Infor-
mation) shows the initial performance of the acoustic com-
munication system and its performance after bending for 100
cycles, respectively. The messages are transmitted correctly
for both cases at 200 bps with a distance of 0.6 m. Figure Sllc
(Supporting Information) shows comparisons of the signals
obtained before and after the bending cycles, and the voltage
amplitude only decreases slightly after bending cycles.

In summary, the proposed flexible acoustic transmitters and
receivers perform well in various flexible and bending condi-
tions, e.g., pipes with severe multipath effects, wearable, and
implantable applications. Before their usage, the flexible devices
are required to be calibrated by sweeping the frequency in a small
range to determine the optimal communication frequencies.

3.3. Real-Time Respiratory Monitoring and Communication

Monitoring of respiration, one of the vital signs for human
beings, is becoming increasingly important, especially for
patient monitoring in clinical environments,*”] diagnosis of
respiratory disorders (e.g., sleep apnea,”?l asthma,®8 Cheyne-
Stokes, or Biot's respiration),?%l and wearable technology for

a C [rar ATELT ;J.‘n' :u”rlr]
Flexible deV|ce

b

e Ha
Receiver

Charge amplifier

i I
-\“
Oscilloscope

' Modulatidn\\
signal (5V)
Network Analyzer ocontrolle

I | Ethernet

sport applications.[*?] For these applications, one special advan-
tage of using our proposed flexible acoustic device is its versa-
tility in multiple functions, including sensing, transmitting,
and receiving.

To demonstrate the feasibility of cooperative operations
involving multiple functions in real-time and non-invasive
respiratory monitoring, we designed an experimental setup
as shown in Figure 4a. As the exhaled breath reaches the sur-
face of the flexible Lamb wave device, hot and humid airflow
will raise the temperature of the device. If the humidity is
over-saturated, the water molecules are condensed on the sur-
face of the device. As a result, the resonant frequency of the
Lamb wave device will be changed passively in response to the
breath. By measuring the resonant frequency shifts, respiration
can be monitored in real-time. To implement the sensing and
communication system, one flexible acoustic device is served
as both sensor and transmitter, and another one is served as a
receiver, as shown in Figure 4a. The S21 transmission param-
eters of the two-port Lamb wave sensor are measured using
the VNA, and recorded by the LabVIEW and MATLAB pro-
gram, which reads the values of the resonant frequencies and
sends them to the microcontroller through the serial port.
The microcontroller modulates the digital signals and directly
drives the transmitter with a voltage amplitude of 5 V to yield
the corresponding acoustic signals, which are converted back
into electrical waveforms by the receiver. These signals are then
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Figure 4. Real-time breath monitoring and wireless information transmission. a) The experimental setup for real-time respiratory monitoring and wire-
less transmission of the measurement results. b) The resonant frequencies changing passively in response to respiration, shown as a function of time.
The reference signal indicates the resonant frequencies measured directly by the VNA. The received signal indicates the resonant frequencies extracted
from the waveforms measured by the receiver. c) The frequency responses to normal breathing. d) The frequency responses during the breath and

apnea processes. €) The frequency responses to fast and normal breathing.
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amplified by a charge amplifier and can be read out using an
oscilloscope. Another MATLAB program at the receiving end is
responsible for communicating with the oscilloscope, reading
the waveform, extracting the digital information, and also dis-
playing it in real-time. During the measurements, the Lamb
waves were always generated. The acoustic waves for commu-
nication were generated periodically (with a period of =0.8 s),
lasting for 0.4 s, to transmit the measurement results. The
circuit diagram is shown in Figure S12 (Supporting Informa-
tion), which illustrates the detailed electrical connections used
in these experiments.

Figure 4b shows the variations of the recorded resonant fre-
quencies of the Lamb wave sensor induced by the breathing of
a volunteer. A decrease in its resonant frequency upon exhala-
tion is observed, and after exhalation, the resonant frequency
increases over time until the start of the next exhalation. The
“reference signals” represent the resonant frequencies meas-
ured directly by the VNA. The “received signals” are the
recorded resonant frequencies, which are transmitted in binary
form, and extracted from the received waveforms. Obviously,
the “reference signals” can be accurately reproduced from the
“received signals” as shown in Figure 4b, which demonstrates
that the sensing and communication functions of the acoustic
wave device are operated simultaneously without apparent
interference. Although the acoustic communication in this
study cannot reach the transmission rate as high as in those
of RF connections in air, it is still adequate for the application
which needs to transmit the results measured by the flexible
device in real-time.

To demonstrate the applicability of the system for various
breathing patterns, several experiments were further con-
ducted. Figure 4c,d show the frequency responses during the
normal breathing and sleeping apnea cases, respectively. The
resonant frequency shows an obviously different pattern for the
paused breath. Figure 4e shows the obtained resonant frequen-
cies when the flexible device was exposed to fast (0.3 Hz) and
normal (0.14 Hz) breathing, indicating the applicability of the
monitoring system in both two conditions. However, the reso-
nant frequency shows a gradually downward shift while meas-
uring the fast respiration, which is not clearly observed in the
normal breathing results. This is mainly because the response
time is short enough for the flexible device to recover to the
initial state in the measurement of normal breathing, but this
is not the case for the fast-breathing measurement.

Coated with different sensitive materials, these Lamb wave
devices have previously been reported for numerous sensing
applications (e.g., temperature,* humidity,*!! UV,12% strain,*
and biochemical substances).?% Therefore, the proposed flex-
ible device and corresponding acoustic communication system,
with their multiple functions, could have broad application
prospects in wireless scenarios, including but not limited to
respiratory monitoring.

3.4. Acoustic Ranging and Positioning
Positioning is a fundamental requirement in the cooperative

operation of multiple sensors, and it is also an important func-
tion in forming a multi-sensor network. To implement the
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positioning function, the acoustic ranging between two flexible
acoustic devices was investigated, i.e., one for transmitting and
the other for receiving. Since the speed of sound in air at 25 °C
is only 346 m s7!, the distance can be measured by phase differ-
ences and expressed using the following equation ]

L=(n+A@/21)xA,n=0,12.. (2)

where L is the distance between the transmitter and the
receiver, Ag is the phase difference between the transmitting
and receiving signals, A is the wavelength of the acoustic wave,
and n is an integer not less than 0. However, the value of n
cannot be easily determined unless the maximum range is less
than the A. In order to expand the maximum range, the method
based on multi-frequency continuous wave is adopted.] In
this study, three different frequencies are used for acoustic
ranging, denoted as fi, f5, and f;, and their corresponding phase
differences are marked as p;, p,, and p;. The estimation of the
distance takes the form of the equation (3) [l

_(lp=pl |fi-fi c
L—Int( oy X|f1—fz|)x|f1—f3|

+Int —’pl_p}lx—f1 ><i+—’pl_pz|><i
o |fi-fl) fi 2 O fi

©)

where L is the distance between the transmitter and the
receiver, ¢ is the sound velocity in air, and Int() is the integer
operation. The maximum range and minimum resolution are
determined by the choice of the frequencies. The maximum
range can be calculated using the equation (4) 3]

Lo =c/min(| f; - f])i,j=1,2,3 (4)

The minimum resolution is given by equation (5)]

Roio = /[ max(|fi= f)x 27 ],i,j=1,23 (5)

where min() and max() indicate the operations to find the
minimum and maximum values, respectively. To evaluate the
acoustic ranging performance, a maximum range of =1 m was
determined in consideration of the trade-off between range and
resolution. The following studies selected three frequencies of
18, 18.7, and 19 kHz for their better performance. The obtained
maximum range and minimum resolutions are 115 cm and
5.51 cm rad ™, respectively.

The experimental setup for the positioning tests is shown
in Figure 5a. The signals, including the three frequency com-
ponents, are synchronously produced at the two ports of the
waveform generator. One signal is fed into the oscilloscope as
a reference, and the other one is fed into the transmitter with
an amplitude of 5 V to generate the corresponding acoustic
signals. The receiver placed facing the transmitter converts the
received acoustic signals back into electrical ones, which are
subsequently amplified by the charge amplifier and recorded
using the oscilloscope.
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Figure 5. Ranging and positioning via the flexible acoustic devices. a) The experimental setup for ranging between two flexible acoustic wave devices.
b) The measured distance presented as a function of the actual distance from 20 to 100 cm, calculated by 18.7/19, 18/19, 18/18.7/19 kHz phase shift
difference, respectively. c) The fitted linear plot and error plot of the ranging results calculated by 18/18.7/19 kHz phase shift difference. d) Schematic
diagram of positioning principle. The unknown coordinate of the receiver can be estimated by the intersection of the three circles. e) The experimental
results of positioning shown by the three circles and their corresponding centers in colors of blue, green ,and purple, respectively. f) The loss function
displayed as a function of coordinates of estimation. Error bars in panel (c) indicate the standard deviation (n = 3).

The obtained results of acoustic ranging, which were meas-
ured by increasing the distances between the transmitter and
the receiver from 20 to 100 cm, are shown in Figure 5b. The
distance measurement using two different frequencies could be
expressed by equation (6)

_bh— DN c
A ©

where f; and f, are the frequencies used for the measure-
ment, p; and p, are the phase shifts corresponding to the f
and f,, and c is the sound velocity. The measurement results
based on frequency signals of 18.7 and 19 kHz show a large
measured acoustic range but also a large error. On the con-
trary, the measurement results based on frequency signals
of 18 and 19 kHz show a relatively small acoustic range but
a small error. The nonlinear behavior is mainly due to that
the measuring distance exceeds the maximum range, thus the
phase difference between the actual value and the calculated
result is 2nz (n = 1, 2, 3...). Analyzing all the measured data
for three cases of 18, 18.7, and 19 kHz, both large range and
small error can be obtained, demonstrating that the ranging
performance can be improved by increasing the number of
frequencies. The distance measurements from 20 to 100 cm
were conducted independently for three times, and the aver-
aged results of the estimated distances were obtained, as
shown in Figure 5c. The maximum error is less than 3 cm
for a measurement range of 100 cm. A linear regression is
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further performed on the averaged results with a slope con-
strained to be 1, and the regression results exhibit good lin-
earity with an R? of 98.73%.

The mechanism of 2D localization is schematically illus-
trated in Figure 5d. The three transmitters with known coordi-
nates were arranged in a non-collinear geometry. The distances
between the receiver with unknown coordinates and all the
transmitters were measured, respectively. Three circles were
determined with the coordinates of the three transmitters as
centers and the corresponding three distances as radii. These
three circles should theoretically intersect at a point, i.e., the
coordinate of the receiver. Nevertheless, due to the measure-
ment errors, the three circles generally did not have a common
intersection in the experiments. To address this issue and deter-
mine the optimal estimation of the receiver’s coordinate, a loss
function is chosen and defined as

3

Loss(x,y =2(\/(x x ) (y—y,i)z —n)z 7)

i=1

where (x;;, y;;) are the coordinates of the three transmitters, (x, y)
is the coordinates of the receiver, and r; are the three dis-
tances measured between the transmitters and the receiver.
The optimal estimation of the receiver’s coordinate was then
obtained by minimizing the loss function, and the obtained
experimental results of positioning are shown in Figure 5Se.
The coordinates of these three transmitters, which are rep-
resented by the blue, green, and purple symbols of “x”, are
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Table 1. Details of the positioning experiment.

Transmitters Receiver Receiver
(Known) (Actual)  (Estimated)
Coordinates [cm] (=20, 0) (-60,0) (=90, 15) 0,0) (-1.1,0.7)
rem] 19.13 58.75 90.08

(20, 0 cm), (—60, 0 cm), and (-90, 15 cm), respectively. The
actual coordinate of the receiver is (0, 0 cm), which is repre-
sented by the red “x”. As shown in Figure 5f, the loss func-
tion has a minimum value of 0.0751 at (-1.1, 0.7 cm), which is
consequently taken as the measured coordinate of the receiver,
corresponding to a measurement error of =1.3 cm. The
detailed positioning results are summarized in Table 1. The
measured distances from the receiver to the three transmit-
ters are 19.13, 58.75, and 90.08 cm, respectively. In conjunction
with the known coordinates of the transmitters, the estimation
of the receiver’s coordinates can be calculated as (1.1, 0.7 cm),
as indicated by Figure 5f.

To sum up, the proposed acoustic system demonstrates
an excellent capacity for 2D positioning of a flexible acoustic
device with unknown coordinates based on the phase differ-
ence of acoustic signals, which is constructive for handling
the localization problems of large-scale WSNs.[*l The flexible
and multifunctional acoustic system with such a special posi-
tioning function is promising for future applications, e.g., gait
recognition,**8 indoor positioning systems,**%l and parking
guidance.P!

4, Conclusion

In this paper, we report a multi-functional flexible sensor net-
work based on thin-film acoustic wave devices, offering a novel
insight to extend the functionality of a single device to coopera-
tive operations of multiple units. Transmission and reception
of low-frequency acoustic waves (=20 kHz) in air and water are
achieved based on the piezoelectric effect, and short-range com-
munication and ranging/positioning have been demonstrated
accordingly.

Acoustic communications have further been experimentally
conducted using two of such flexible acoustic devices, one of
which is served as the transmitter and another as the receiver,
at a transmission rate of 200 bps within a range of =2.8 m and
at a transmission rate of 25 bps within a range of =4.2 m. Com-
munications in underwater conditions are performed without
using a charge amplifier at a transmission rate of 500 bps
within a range of =2 m. Under various bent conditions (for
wearable and implantable applications), the proposed acoustic
communication system consistently exhibits a good transceiver
performance. As a demonstration of multi-device collaboration,
the real-time respiratory monitoring and continuous transmis-
sion of the measurement results have been performed using
two flexible devices, proving that the sensing and communica-
tion functions can be operated simultaneously under proper
scheduling.

Using the method of multi-frequency continuous waves,
we have demonstrated acoustic ranging within 1 m using the
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proposed flexible devices, with a maximum error of 3 cm and
R? = 98.73%. For further validation of positioning, the distances
from the receiver were measured separately by three transmit-
ters with different coordinates, based on which the unknown
coordinate of the receiver has been estimated with an error of
=1.3 cm. We believe the proposed flexible wireless sensor system
is a promising candidate for next-generation WSNs, providing a
novel wearable health and activity monitoring strategy, indoor
positioning system, and industrial predictive maintenance.

Supporting Information

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