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Abstract: Bowel sounds contain some important human physiological parameters which can reflect
information about intestinal function. In this work, in order to realize real-time monitoring of
bowel sounds, a portable and wearable bowel sound electronic monitor based on piezoelectric
micromachined ultrasonic transducers (PMUTs) is proposed. This prototype consists of a sensing
module to collect bowel sounds and a GUI (graphical user interface) based on LabVIEW to display
real-time bowel sound signals. The sensing module is composed of four PMUTs connected in parallel
and a signal conditioning circuit. The sensitivity, noise resolution, and non-linearity of the bowel
sound monitor are measured in this work. The result indicates that the designed prototype has
high sensitivity (—142.69 dB), high noise resolution (50 dB at 100 Hz), and small non-linearity. To
demonstrate the characteristic of the designed electronic monitor, continuous bowel sound monitoring

heck f is performed using the electronic monitor and a stethoscope on a healthy human before and after a
check for
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meal. Through comparing the experimental results and analyzing the signals in the time domain
and frequency domain, this bowel sound monitor is demonstrated to record bowel sounds from the
human intestine. This work displays the potential of the sensor for the daily monitoring of bowel
sounds.
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1. Introduction

In recent years, intestinal diseases have become a multi-morbidity threat to human
health. Several studies [1-4] have shown that bowel sounds (BS) can reflect the information
about intestinal function and are an important indicator to assist physicians in diagnosing
intestinal diseases and judging patients’ recovery after surgery. Human intestinal activities
cause the movement of the intestinal contents, during which the bowel sounds are pro-
duced [5]. Intestinal activities in different pathological states can cause the bowel sounds
to have different characteristics [6,7]. Bowel sounds are weak and irregular, which make
their diagnosis very difficult and fail to bring out their clinical value. Currently, physicians
mainly use a stethoscope to hear bowel sounds. This method allows for the recording and
digitization of bowel sounds. In addition, people are now becoming more and more aware
of their gastrointestinal health, and stethoscopes cannot meet the demands of home health
monitoring. Therefore, sensors for collecting bowel sounds are required to be portable,

wearable, and highly sensitive.

In the existing studies of bowel sounds, several solutions have been proposed to
acquire the bowel sounds [8-22]. Kolle et al. [13] used a condenser microphone to record
bowel sounds in the right upper quadrant of the abdomen for meal detection. Qiao et al. [17]
proposed a dual-channel, stethoscope-enhanced microphone (adding a microphone to the
Attribution (CC BY) license (https://  head of the stethoscope) to capture the bowel sounds of the human body and extract the
creativecommons.org/licenses /by / time—-domain and frequency-domain features of the signals. The designed system was
40/). able to achieve a detection accuracy of 85.7%. Horiyama et al. [21] applied a commercial
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electronic stethoscope to capture the bowel sounds of increased gas in the gastrointestinal
tract due to soda ingestion. Du et al. [22] designed a simple piezo-acoustic sensing device
for long time bowel sound recording. Among them, microphones are susceptible to
interference noise and are easily limited by environmental conditions such as speaking
voices. Additionally, the modified stethoscope needs to rely on the head of the stethoscope,
which may cause discomfort (cold feeling) when attached to the skin and has a large size,
and the commercial electronic stethoscope is expensive, resulting in high cost.

Micro-electro-mechanical systems (MEMS) have been rapidly developed in recent
years. MEMS technology allows a large amount of compact-sized devices to be produced at
a low cost with high performance, which makes it useful in many applications, such as med-
ical imaging, object recognition, and rangefinding [23-28]. Moreover, MEMS technology
has been applied to the production of PMN-PT composite material and the development of
high frequency ultrasonic arrays [29-31]. The main advantages of MEMS sensors include
compact size, low power consumption, easy integration, and so on. It is of interest that
MEMS microphones (silicon microphones) have been used for bowel sound monitoring
in some recent studies [32-36] due to their small size and high sensitivity. Wang et al. [32]
developed a flexible, wearable wireless system using silicon microphone, which could
realize long-term, real-time monitoring and analysis of bowel sounds. The designed bowel
sound monitoring device tended to cause discomfort to the human body because it had to
be fully attached to the abdominal wall. O. Sakata’s team [33] designed a simple sensor
using MEMS microphones to evaluate the effect of frictional sounds generated by clothing
on the detection of bowel sounds in a moving patient. The designed sensor was unwearable
and did not facilitate real-time monitoring. Baronetto et al. [36] embedded an array with
eight MEMS microphones on a T-shirt connected to a wearable computer for capturing
bowel sounds generated during digestion. The designed smart T-shirt had some limita-
tions due to the different body sizes of people. In short, the current research on bowel
sound sensors cannot simultaneously balance wearability, portability, and miniaturization.
Piezoelectric micromachined ultrasonic transducers (PMUTs) are smaller in size and higher
in frequency than MEMS microphones, allowing for smaller packages and detection of a
larger frequency range.

This work puts forward a bowel sound electronic monitor based on PMUTs, aiming to
providing long-time and real-time monitoring of bowel sounds. This prototype has high
sensitivity of —142.69 dB and noise resolution of 50 dB (at 100 Hz) and is composed of a
sensing module and a GUI (graphical user interface) based LabVIEW. The sensing module
consists of four connected-parallel PMUTs and a signal conditioning circuit. This work
designed a GUI based LabVIEW for displaying and storing bowel sounds through the data
acquisition card. Continuous bowel sound monitoring is performed using the bowel sound
monitor and a stethoscope on a healthy adult male before and after a meal. Experimental
results demonstrate its effectiveness in long-time continuous monitoring of bowel sounds
during digestion. What is more, the reported bowel sound monitor has compact size and
wearability features and possesses good potential in daily health monitoring.

2. Structure and Characteristics of the PMUT Array
2.1. Structure of the PMUT Array

The application scene of the bowel sound monitor is shown in Figure 1a. Bowel sounds
are produced by the intestine pushing the intestinal contents and are spread through the
intestinal wall to the abdominal wall [37]. Therefore, placing the sensor on the human
abdomen is a direct and effective method. These vibration signals can be detected by the
PMUTs. Then, the diaphragm of the PMUTs bend as the bowel sound changes. The bending
deflection of the PMUTs sensing diaphragm produces a transverse stress and generates
electrical charges [38]. As a result, the PMUTs complete the acoustic-electric conversion.
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Figure 1. The PMUT array-based acoustic sensor for monitoring bowel sounds. (a) The conceptual
representation of intestinal auscultation to simultaneously monitor bowel sounds. (b) Optical image
of the fabricated PMUT array. (c) Schematic cross-sectional view of a sensing cell in the PMUT array.
(d) Simulated mode shape of a sensing cell in the PMUT array.

Commonly used piezoelectric materials to manufacture PMUTs include aluminum ni-
tride (AIN), lead zirconate titanate (PZT), and zinc oxide (ZnO). Some properties of them are
shown in Table 1. The piezoelectric material is AIN in this work. Although the piezoelectric
coefficient of AIN is lower than that of PZT and ZnO, it possesses high sensitivity because
of its very low relative dielectric constant. What is more, AIN is compatible with standard
CMOS technology, allowing monolithic integration of MEMS sensors. Additionally, the fab-
rication process of AN is fully compatible with complementary metal-oxide-semiconductor
(CMOS) fabrication process and is suitable for mass production [39].

Table 1. Properties of commonly used piezo materials [23,40,41].

Material PZT ZnO AIN
Piezoelectric constant d33 (pC/N) 60-223 59-12.4 34-6.4
Dielectric constant 300-1300 109 8.5-10.5
Electromechanical coefficient k¢? (%) 7-15 9 6.5
tans (at 1-10 kHz, 10° Vm™1) 0.01-0.03 0.01-0.1 0.003

As shown in Figure 1b, the PMUT array consists of four PMUTs (2 X 2) connected in
parallel, each with an inner electrode (IE) and outer electrode (OE) on the top electrode
layer. The fabrication process for PMUTs starts on a silicon on insulator (SOI) wafer. The
thickness of device layer is 5 um. The sandwich structure from bottom to top is bottom
electrode Mo layer, AIN layer, and top electrode Mo layer by order, which are sputtered on
the SOI wafer. Its schematic cross-sectional view is shown in Figure 1c. The corresponding
geometric parameters of the PMUTs are summarized in Table 2. The size of PMUT array
is 3.8 mm X 4.4 mm. The manufacturing process was completed at Shanghai Industrial
uTechnology Research Institute (SITRI). Figure 1d shows the first mode shape of a single
sensing diaphragm of the PMUT array simulated in COMSOL Multiphysics.
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Table 2. Geometric parameters of the PMUT array.

Inner Top Outer Top

Material Mo Mo AIN  Bottom Mo Si Cavity
Radius (um) 540 780 - - - 800
Thickness (pm) 0.2 0.2 1 0.2 5 400
Width (um) - 220 - - - -

2.2. Characterization of the PMUT Array

The electrical impedance and amplitude—frequency characteristics of the PMUT array
are measured. Figure 2 shows the electrical characterization results of the PMUT array
measured through the impedance analyzer (Keysight E4990A, Beijing, China). The electrical
resonant frequencies are measured to be 54.16 kHz, 54.27 kHz in the case of inner top
electrodes and outer top electrodes, respectively. The resonance frequency measured under
the two cases is similar. In the condition of the inner top electrodes, the resonant (f;) and
anti-resonant (f;) frequencies are 53.48 kHz and 54.61 kHz, respectively. The resonant (f;)
and anti-resonant (f;) frequencies of the outer top electrodes are 54.05 kHz and 54.53 kHz,
respectively. The electromechanical coefficient of the inner top electrodes and outer top
electrodes are 5% and 2%, respectively, according to Equation (1) [42]:
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Figure 2. The impedance curves of the PMUT array of (a) only inner top electrodes and (b) only outer
top electrodes.

Figure 3 shows the curves of amplitude—frequency response of the inner top electrode
and outer top electrode of a sensing diaphragm in the PMUT array using a laser Doppler
vibrometer (LDV, Polytec UHE-120, Irvine, CA, USA) as well as the first mode shape (at the
resonant frequency). According to the measurement results, the first resonance frequency of
the sensing diaphragm is about 54 kHz and the displacement sensitivity of the center point
of the inner top electrode and outer top electrode are 17.97 nm/Vpp and 20.08 nm/Vpp,
respectively. The signal conditioning circuit with the three-electrodes form using two top
electrodes and the bottom electrode is relatively complex in terms of circuit structure. At
the same time, more complex processing programs in software are required when adopting
the three-electrode form. Moreover, the resonant frequency and displacement sensitivity of
a single top electrode are similar, so the inner electrodes are chosen in the selection of the
top electrode.
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Figure 3. The measured frequency response of a sensing diaphragm in the PMUT array using LDV.

3. Design of Sensing Module and Monitoring System
3.1. Sensing Module Design and Characterization

The sensing module consists of the PMUT array, a signal conditioning circuit, a metal
housing, the acoustic matching gel, and the electronic gel. The structure from top to
bottom is the acoustic matching gel, the PMUT array, a signal conditioning circuit, and
the electronic gel. The charges generated by the PMUT array need to be converted into
a suitable output signal through the signal conditioning circuit. The main functions of
the signal conditioning circuit are signal amplification and impedance conversion. Since
the amount of charge generated by a single PMUT array is very small, an array of four
PMUTs are connected in parallel. As a result, the output charge of the array of four
PMUTs connected in parallel is about four times higher than that of a single PMUT array,
which can improve the sensitivity [43,44]. The front and back of the module are packaged
with acoustic matching gel and electronic gel, respectively. The acoustic impedance of
the average human soft tissue is about 1.63 MRayl [45]. To achieve acoustic impedance
matching, the acoustic impedance of acoustic matching gel should be as close as possible
to it. The applied acoustic matching gel is polyurethane, and its acoustic impedance is
1.50 MRayl, which is close to the average human soft tissue. The transmission coefficient of
sound at the interface of the two media can be expressed as [46]:

47
T = ;Zzz )
(Z2+7Z1)

where Z; and Z; are the acoustic impedances (in MRayl) of two media. The transmission
coefficient is 0.99 in this work. The packaged sensing module and structural diagram are
shown in Figure 4. The diameter of the packaged module is 22 mm and the height is 6 mm.
The sensitivity characterization of the sensing module is performed through the vibrating
liquid column method [47]. The setup for sensitivity characterization is shown in Figure 5a.
Firstly, the module is placed in the liquid column with water, and then £ is recorded at this
point. When measuring, the acceleration of the shaker is set to 0.05 g. The sensitivity of the
sensing module is calculated according to Formula (3) [47]:

_ Um Sa

Sm= U, Xpih ®)

where Uy, U, are the output voltage of the sensing module and standard accelerometer,
respectively. S, is the sensitivity of the accelerometer, /1 is the distance between the sensing
module and the liquid level,p is the density of liquid. As is shown in Figure 6a, the result
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shows a very flat response over the operating frequency (10 Hz to 1 kHz), and the sensitivity
of the sensing module is —142.69 dB (re: 1 V/uPa).

T
0 1em 2

|

—» Acoustic Matching Gel
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Flectronic Gel
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Figure 4. The packaged sensing module and structural diagram of the packaged sensing module.
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Figure 5. (a) Vibrating liquid column measurement setup. (b) Noise measurement setup.

As a sensor for collecting weak bowel sounds, noise resolution is a very critical
parameter. While the signals are enhanced using a signal conditioning circuit, the noise
is also amplified together. The applied amplifier has noise voltage density of 4 nV/,/Hz
(at 1 kHz) and noise current density of 2.2 fA/y/Hz (at 1 kHz). The noise resolution of the
sensing module is calculated according to the Formula (4) [48]:

NoiseResolution = N()Lflo.or (4)
Sensitivity

Noise floor is measured through the setup in Figure 5b. The whole measurement
is performed in a soundproof box. Figure 6b shows the measured noise floor result of
the sensing module. The calculated noise resolution of the sensing module is showed in
Figure 6c. The sensing module has high output noise resolution of 80 dB, 50 dB, and 41 dB
(re: 1 pPa/+/Hz) at 10 Hz, 100 Hz, and 1 kHz, respectively. The high noise resolution
benefits the collection of bowel sounds.

The small non-linearity of the sensing module can pick up a lot of acoustic signals
from the human body [49]. The measured output voltage in relation to the sound pressure
is shown in Figure 6d. In the measurement, a standard hydrophone is used to calibrate the
sound pressure. The sound pressure increases from 16 Pa to 45 Pa at 315 Hz. At 315 Hz, the
sensitivity of the standard hydrophone is flatter. The maximum non-linearity is about 0.1%.
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Figure 6. (a) The measured sensitivities of the sensing module. (b) The measured noise floor of
the sensing module. (c) The calculated noise resolution of the sensing module. (d) Non-linearity
measurement obtained by calculating the sound pressure at 315 Hz.

3.2. Monitoring System Design

The monitoring system consists of the hardware system and the software system,
which can achieve signal collection, transmission, and display in real time of bowel sounds.
The hardware system mainly includes the sensing module, the data acquisition card, and
a personal computer (PC). The software system is used to display in real time of bowel
sounds. A fourth order Butterworth bandpass filter (bandpass frequency between 100 Hz
and 1200 Hz) is used to process the collected data in the software. The sensing module
is placed at a suitable position in the lower right quadrant of the human abdomen and is
tightly attached to the human abdomen using a belt. The sensing module is powered by a
power supply with a voltage of 12 V. The collected bowel sounds are sent to PC (LabVIEW)
through the data acquisition card (MCC USB-2020, Shanghai, China). Subsequently, the
PC (LabVIEW) receives the bowel sounds and displays the signal curves in real time. A
schematic diagram of the bowel sound monitoring system is shown in Figure 7. Addition-
ally, in order to keep the sensing module fixed to the belt better, this work uses 3D printing
to design the support housing (the white part of the physical picture of the packaged
module in the Figure 7), which has a diameter of about 35 mm.

Module Package Signal Acquisition

Pre- lified
-» ¢ C]alrrézllt e =) Data acquisition card mp LabVIEW

LabVIEW

PMUT
Array

Figure 7. The conceptual representation of the developed PMUT array-based bowel sound monitor
prototype in this work.
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4. Experimental Results and Discussion
4.1. Tissue-Mimicking Material Propagation Attenuation Experiment Based on Silicone

Since bowel sounds are spread through the intestinal wall to the abdominal wall,
they inevitably produce attenuation in the propagation. The purpose of this experiment
is to simply explore the attenuation of sound pressure in body tissue. Tissue-mimicking
materials are used to mimic soft tissue under certain conditions [50]. In this experiment,
silicone is used to simulate the human abdomen and a water environment is used to
simulate the environment inside human abdomen. The sounds from the waterproof
Bluetooth speaker act as the sound source in the intestine. The experimental setup is
shown in Figure 8a. The Bluetooth speaker could produce 150-500 Hz sine sound signals
(sound volume is the same). The thickness of silicone is 2.34 cm, which is used to simulate
the thickness of the human abdomen. The bowel sound monitor is placed on the upper
surface of the silicone. The experiment is performed in the condition with silicone firstly
and in the absence of silicone later. Figure 8b shows the result of the tissue-mimicking
material experiment. The voltage obtained from the sensing module is converted into
sound pressure. As shown in the results, 150-500 Hz frequencies have different attenuation
in silicone, and the sound pressure is attenuated to varying extents.

g }2 : =— with silicon
[Power Suppiy ] 12 —*— withoul silicon

3
=T=T—T—N¢) g10 -
Water Tank : E Su T~
d < 6] e e S
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Frequency(Hz)

(a) (b)

Figure 8. (a) Tissue-mimicking material propagation attenuation experiment setup. (b) The result of
abdominal simulation material experiment.

4.2. Bowel Sound Monitoring Experiment

To demonstrate the feasibility of the designed monitor, a modified stethoscope is used
for comparison with it. The modified stethoscope is composed of an electret microphone
and a stethoscope (the electret microphone is placed inside the rubber tube of the stetho-
scope). The volunteer is a healthy adult male (25 years old). The experiment is begun for
half an hour before the meal and continues after the volunteer rests for 15 min after the
meal, lasting for one and a half hours. Experimental data are collected in sets of 4 min
each. The designed bowel sound monitor is placed on the lower right side of the abdomen,
and the modified stethoscope is placed side by side with it, both as close as possible (as is
shown in Figure 9a). Coupling gel is applied to the surface of the designed bowel sound
monitor, which is used to reduce the signal propagation loss between different media.
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Figure 9. Bowel sound monitoring experiment. (a) Bowel sound measurement setup. (b) Bowel

sounds obtained with a bowel sound monitor and a modified stethoscope before dinner. (c) Bowel

sounds obtained with a bowel sound detector and a modified stethoscope after dinner.

Segments of the time domain signals of bowel sounds collected from a healthy volun-
teer using the reported PMUT array-based bowel sound monitor and a modified stetho-
scope are shown in Figure 9b,c. There are some differences in the bowel sounds detected by
the two methods. The reason is that the sensitivity of the reported monitor is higher than
that of the stethoscope, and the designed bowel sound monitor can collect more signals. It
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is necessary to point out that the time-domain characteristics of the bowel sounds enclosed
in blue boxes, red boxes, and orange boxes are very comparable to those of the single-burst,
multiple-burst, and random continued sounds proposed by Du et al. [22]. According to
the experimental results, features of the signals collected by the reported bowel sound
monitor and the modified stethoscope are very similar. Moreover, the signals collected by
it bear a strong resemblance to the study of Dimoulas et al. [51] on the bowel sounds in
the time domain. Figure 10a,b represent the spectrum of bowel sounds obtained from the
before-meal experiment and the after-meal experiment. The frequency of bowel sounds
is mainly focused in the 100-500 Hz band, as is mentioned in the study [9]. Figure 10c,d
show the variation the number of peaks and short-time energy over time. The number of
peaks and short-time energy indicate the sum of the peaks and the energy within a period
of 4 min, respectively. The number of peaks is used to describe the number of times the
bowel sounds occur in a time period. Short-time energy reflects the amount of energy of
the signal over a period of time. As can be seen from Figure 10c,d, intestinal activities are at
a relatively high level before the meal (hunger state) and stay relatively stable for a period
of time after the meal (satiety state) in this experiment. In conclusion, bowel sounds change
a lot in a state of hunger and satiety through long-time monitoring. Some small and weak
bowel sounds are not easily collected by a bulky stethoscope, but the designed monitor in
this work can pick them up due to its high sensitivity. These small changes may carry some
critical information about bowel sounds. In future work, we will explore the link between
bowel sound signals and intestinal diseases.

16 x107° Steth 25%107
1 Stethoscope e C
12 P 50| Stethoscope
8- 15
1 10
1 5
0 v ok iy 0 : , : ‘ : ; .
1071500 200 300 400 500 600 700 800 900 1000 10_5100 200 300 400 500 600 700 800 900 1000
fig . 25%
16- Bowel Sounds Monitor Bowel Sounds Monitor
124 151
8- 10-
4 5
0 0 . . " r y
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Frequency(Hz) Frequency(Hz)
(a) (b)
35,000 T —— 12,000 -+ 160
30,000 I:lNumber of peaks _ Number of peaks |14
- ’ A —A— Short-Time Energy| 150 By 10,000 —A— Short-Time Energy ] 1 53
% 25,000+ I 2 g
’ . g £ 8,000 =
o _ £ g & 11005
20,000 D= A 80 2
e 1100 £ 2 6,000 A 1oV H
éIS,OOO- = _”.é 160 £
- i o i (=
2 10,000 4 A £ 5 400 _ 140 £
Z = Z a = %!
5,000 A 1450 2,0004 ~ m 420
-..._A/ A A A Al i ] 0
0 I A B B T 0+ A e e e
& D 2 oA oD o RN I S SR IR
R R e GG RS S NS
Time Time
(© (d)

Figure 10. The spectrum of bowel sounds collected using the designed monitor (a) before dinner and
(b) after dinner. Variation of number of peaks (in histogram) and short-time energy (broken line) of
bowel sounds over time (c) before dinner and (d) after dinner using the designed monitor.
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5. Conclusions and Future Work

In this work, a prototype of a high-sensitivity and wearable bowel sound monitor
based on PMUT array is designed for continuous monitoring of bowel sounds. The reported
bowel sound monitor mainly consists of the sensing module to collect bowel sounds and a
GUI based on LabVIEW to display bowel sound signals in real time. The sensing module
is mainly composed of four parallel-connected PMUTs and a signal conditioning circuit.
This work takes some performance measurements on the sensing module, and the result
demonstrates that it possesses high sensitivity (—142.69 dB), high noise resolution (50 dB at
100 Hz), small non-linearity, and compact size. Furthermore, this work simply conducts
an experiment on the attenuation of sound propagation in tissue-mimicking material first.
The experimental result displays the sound attenuation in tissue-mimicking materials,
which helps to understand the attenuation of sound in human tissue. Then, a long-time
monitoring experiment was performed in a healthy male volunteer before and after dinner
using the reported monitor and the modified stethoscope. In the monitoring experiment,
some small and weak bowel sounds can be picked by the designed monitor due to its
good performance, especially its high sensitivity, and they are not easily collected by the
modified stethoscope. It is important to obtain weak bowel sound signals in daily intestinal
health monitoring because it may help to explain the link between bowel sounds and
intestinal diseases. The experimental results show that the PMUT array-based bowel sound
monitor can achieve continuous monitoring of bowel sounds and shows good performance
in collecting bowel sounds, which establishes the foundation for daily intestinal health
monitoring in the future. In addition, the continuous monitoring experiment setup has
limitations in that it was not performed on many volunteers (healthy people and patients).
What is more, this work uses the inner top electrodes of the PMUT array and does not adopt
the three-electrode form for the sake of simplifying the circuit and software programs. In
the future, we will continue to explore the three-electrode form of the sensor as well as
improve the experimental setup.
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