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Abstract: Driven by the loss of bone calcium, the elderly are prone to osteoporosis, and regular
routine checks on bone status are necessary, which mainly rely on bone testing equipment. Therefore,
wearable real-time healthcare devices have become a research hotspot. Herein, we designed a
high-performance flexible ultrasonic bone testing system using axial transmission technology based
on quantitative ultrasound theory. First, a new rare-earth-element-doped PMN-PZT piezoelectric
ceramic was synthesized using a solid-state reaction, and characterized by X-ray diffraction and
SEM. Both a high piezoelectric coefficient d33 = 525 pC/N and electromechanical coupling factors
of k33 = 0.77, kt = 0.58 and kp = 0.63 were achieved in 1%La/Sm-doped 0.17 PMN-0.47 PZ-0.36 PT
ceramics. Combining a flexible PDMS substrate with an ultrasonic array, a flexible hardware circuit
was designed which includes a pulse excitation module, ultrasound array module, amplification
module, filter module, digital-to-analog conversion module and wireless transmission module,
showing high power transfer efficiency and power intensity with values of 35% and 55.4 mW/cm2,
respectively. Finally, the humerus, femur and fibula were examined by the flexible device attached to
the skin, and the bone condition was displayed in real time on the mobile client, which indicates the
potential clinical application of this device in the field of wearable healthcare.

Keywords: piezoelectric materials; bone density testing; wearable sensor; flexible ultrasonic device

1. Introduction

The internet of things (IOT) is a rapidly growing industry, and its potential in improv-
ing human quality of life has led to its adoption in multiple industries, with healthcare
being one of the most promising [1–5]. The internet of wearable things (IoWT) is technol-
ogy with the potential to revolutionize the healthcare industry through automated remote
healthcare [6–10]. Wireless sensors connected to wearable devices continuously monitor
human activities and health factors, and collect data to enable clinical doctors to remotely
access patients [11]. With an increase in age, the loss of bone nutrients due to various
reasons leads to the decline of bone density and bone quality, and the damage of bone
microstructure to a certain extent, resulting in increased bone fragility and the increase
of fracture risk [12]. Therefore, finding a method to diagnose osteoporosis rapidly and
effectively at an early stage has become an important research direction in the medical
field [13–15].

Currently, there are several bone detection systems that can determine bone quality
in certain parts of the human body, including dual-photon absorptiometry (DPA) [16],
single-photon absorptiometry (SPA) [17], Dual-Energy X-ray Absorptiometry (DEXA) [18]
and quantitative CT (QCT) [19], which is clinically limited due to its high radiation dose,
despite its high accuracy. Considering the cost of the instrument and the radiation inten-
sity of the body, quantitative ultrasound (QUS) is one of the best methods to diagnose
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osteoporosis [20], which is overcome the limitations of the methods based on X-rays. This
method can detect the bone condition by transmitting ultrasonic waves to the measured
site and receiving echoes.

Wearable sensors are emerging as a research hotspot due to their combination of
biocompatibility, high elasticity and stretchability [21–24]. Flexible sensors convert phys-
iological signals into electrical signals in the form of signal transduction and have great
potential in human health detection, biomedicine and flexible electronic skin [25–28]. Re-
alizing the multi-functionality, comfort and accuracy of flexible electronic devices could
contribute to the development of wearable medical devices, and also promote the genera-
tion of medical devices that integrate human disease prediction, analysis and diagnosis.
Hong et al. combined piezoelectric ceramics with PDMS flexible materials to prepare a
kirigami-structured highly anisotropic piezoelectric network composite sensor for prevent-
ing joint disorders and detecting joint motion [21]. Jin et al. prepared ultra-thin flexible
printed circuits using flexible printed circuit technology, welded ultrasonic sensors onto
prefabricated circuits, and used flexible-based silicone (Ecoflex) as packaging. A flexible ul-
trasonic energy transmission device and a flexible Doppler ultrasonic device for monitoring
blood flow velocity were investigated [29].

Piezoelectric materials are the core part of ultrasonic transducers [30,31]. In this work,
piezoelectric materials with high electromechanical coupling factors and low dielectric loss
were selected for the preparation of a high-precision flexible ultrasonic array. Based on
quantitative ultrasound theory [20,32], a new type of rare-earth-element-doped PMN-PZT
ceramic was used to design a high-sensitivity flexible ultrasonic (HSFU) sensor, and a
high-performance flexible ultrasonic bone density measurement system based on axial
transmission technology was designed to detect bone conditions in different parts of
the human body. Firstly, the high piezoelectric properties of La/Sm-doped PMN-PZT
ceramics were prepared, and a piezoelectric ultrasonic array was designed as the core
sensor element. Secondly, the flexible system hardware was designed, including a flexible
sensor, power supply circuit, pulse excitation circuit, gain control circuit, A/D conversion
circuit, FPGA minimum system design and wireless transmission module. Finally, the
visual man–machine interface was designed on the mobile terminal, displaying the bone
condition of the humerus, femur and fibula, including the test values of SOS, T and Z.

2. Materials and Methods
2.1. Piezoelectric Materials

La/Sm-Pb(Mg1/3Nb2/3)O3-Pb(Zr,Ti)O3 (La/Sm-PMN-PZT) piezoelectric ceramics
were prepared using a B site cation precursor method [33,34]. As shown in Figure 1a, the
MgNb2O6 precursor materials were first fabricated at 1200 ◦C for 4 h using Nb2O5 and
MgCO3 powders. The Pb3O4, MgNb2O6, ZrO2 and TiO2 powders were wet-mixed using
zirconium ball milling with alcohol as a solvent for 6 h. Second, the mixed powders were
calcined at 850 ◦C for 2 h and vibratory-milled in alcohol with a binder for 6 h. After drying
at 80 ◦C for 10 h, the powders were pressed into pellets 5 mm in thickness and 20 mm
in diameter under the uniaxial pressure of 500 MPa, respectively. At 550 ◦C, the binder
was burned out over 2 h, and the samples were sintered in sealed corundum crucibles at
1200~1250 ◦C for 2 h.
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Figure 1. Schematic diagram of piezoelectric ceramic preparation, ultrasonic sensor fabrication and 
bone testing method. (a) Synthesis process of rare-earth-element-doped PMN-PZT piezoelectric ce-
ramics; (b) process of ultrasonic sensor fabrication: (Ⅰ) Si substrate with 1 µm SiO2, (Ⅱ) bonding of 
doped PMN-PZT ceramics on Si, (Ⅲ) top electrode patterning (Pt/Ti) after PMN-PZT reduction, (Ⅳ) 
PMN-PZT etching for electrical connection of bottom electrode, (Ⅴ) Au deposition and patterning 
for electrical connection, (Ⅵ) releasing from the back-side using DRIE process, and (Ⅶ) bonding of 
the Si on flexible PDMS layer; (c) measuring method of bone testing. 
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Figure 1. Schematic diagram of piezoelectric ceramic preparation, ultrasonic sensor fabrication and
bone testing method. (a) Synthesis process of rare-earth-element-doped PMN-PZT piezoelectric
ceramics; (b) process of ultrasonic sensor fabrication: (I) Si substrate with 1 µm SiO2, (II) bonding of
doped PMN-PZT ceramics on Si, (III) top electrode patterning (Pt/Ti) after PMN-PZT reduction, (IV)
PMN-PZT etching for electrical connection of bottom electrode, (V) Au deposition and patterning for
electrical connection, (VI) releasing from the back-side using DRIE process, and (VII) bonding of the
Si on flexible PDMS layer; (c) measuring method of bone testing.
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The crystal structure of samples was determined by XRD data collected via X-ray
diffraction (Bruker D8, Blue Science, LLC, The Colony, TX, USA). The morphology of
samples was measured by a field emission scanning electron microscope (Zeiss Gemini
SEM 500, Zeiss, Jena, Germany). For further electric measurement, silver paste was fired
on both sides of the samples at 600 ◦C for 10 min to form the electrodes. The samples
were poled in silicone oil at 100 ◦C for 30 min using a DC electric field with a strength of
20 kV/cm. The piezoelectric coefficients were determined by a quasi-static d33-m. The
temperature-dependent dielectric properties were determined using an LCR meter (HP
4284 A, Hewlett-Packard GmbH, Koto-ku, Tokyo) connected to a computer-controlled
cooling–heating stage. The electromechanical coupling factors k33, kt and kp values were
determined by the resonance method employing an impedance analyzer (HP 4194 A,
Hewlett-Packard GmbH) according to IEEE standards on piezoelectricity, according to the
following formula:
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a
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where fr is the impedance spectra of resonant frequency, and fa is the anti-resonant frequency
of the sample.

2.2. Fabrication of Piezoelectric Sensor

The piezoelectric arrays were developed in this work using La/Sm-doped PMN-PZT
ceramic films as a piezoelectric layer and PDMS as a flexible countersink [35]. The fabrica-
tion process is presented in Figure 1b. First, SiO2 with a thickness of 1µm was embedded
on silicon and the top silicon layer was 15 µm, as shown in Figure 1b—I. Chromium
(Cr) and gold (Au) electrodes with thicknesses of 200 nm and 500 nm, respectively, were
magnetron-sputtered on both sides of the doped PMN-PZT ceramics with thickness of
200 µm, bonded to a silicon-based wafer, as shown in Figure 1b—II, and the structure was
placed on a wafer bonding machine, heated to a bonding temperature of 160 ◦C, and a
pressure of 3.5 kgf/cm was applied. The thickness of the doped PMN-PZT ceramics was
reduced to 50 µm using plasma etching, and the top electrode Pt/Ti (300 nm) was sputtered
and patterned by a stripping process (Figure 1b—III). The ceramics were etched in etchant
until the bottom electrode Cr was exposed (Figure 1b—IV). After ceramic etching, a 300 nm
gold film bonding layer was deposited and patterned using a stripping process to provide
an electrical connection to the bottom electrode (Figure 1b—V). Then, a 100 nm thick Al
layer was deposited as an etch mask for the deep reactive ion etching process using wet
etching for patterning on the backside of the Si substrate. The etching process terminated
at the SiO2 layer (Figure 1b—VI). To fabricate the flexible device, polydimethylsiloxane
(PDMS) was used in this paper and highly bonded to the wafer (Figure 1b—VII).

2.3. Bone Density Testing Method

The system uses an ultrasound array with single transmitting and dual receiving as
the front-end signal collector. There are three ultrasonic array sensors, A, B and C, located
on the same horizontal line, where A is used as transmit ultrasonic waves and B and C are
used to receive ultrasonic waves. The schematic diagram of the ultrasonic array detection is
shown in Figure 1c. When the ultrasonic transducer transmits ultrasonic waves, there will
be a wave beam incident in the direction of the critical angle into the bone tissue, generating
a side wave transmitted along the inner surface of the bone and refracted out of the bone at
an equal angle, and the sensor at the receiving end is responsible for receiving the signal.

The system records the ultrasonic transmission time between each transmitter and
receiver. A emits ultrasound and B receives the signal, recording the transmission time



Micromachines 2023, 14, 1798 5 of 14

TAB of the acoustic wave between A and B. A emits ultrasound and C receives the signal,
recording the transmission time TAC of the acoustic wave between A and C.

From Figure 1c, it can be seen that:

TAB = t1 + t2 + t3 (4)

TAC = t1 + t2 + t4 + t5 (5)

since the planes in which A, B and C are parallel to the surface of the bone. When the
ultrasound waves emitted pass through the soft tissue at equal times and distances t3 = t5,
SBB1 = SCC1, then:

SOS =
d
t4

=
d

TAC − TAB
(6)

From Equation (6), when A, B and C are in planes parallel to the surface of the bone, it
is only necessary to know the transmission time of the ultrasound waves from A to B and
C, respectively, to determine the ultrasound sound velocity SOS in the bone.

The T-Score and Z-Score are used as diagnostic criteria for osteoporosis. The T-Score is
the result of comparing the bone mass of the test subject with that of a young person of the
same sex. The specific formula for its calculation is as follows:

T − Score =
SOS − SOS

SD
(7)

SD =

√
n

∑
i=1

(
SOSi − SOS

)2 (8)

where:
SOS—Ultrasound velocities at specific skeletal sites in subjects.
SOS—Reference standard values.
SD—Standard deviation.
The values of SOS and SD are related to the bone densitometer used for the measure-

ment, the measurement site, the ethnicity, the gender and the sample population selected,
and the selection of different databases will result in different SOS and SD. Z-Score indicates
the result of comparing the bone mass of the subject with that of a healthy person of the
same age and sex. The Z-Score and T-Score are calculated in the same way; only the reference
standard chosen is different.

3. Results and Discussion
3.1. Piezoelectric Properties of La/Sm-PMN-PZT

Piezoelectric materials with novel piezoelectric response are the core of sensor arrays,
providing high energy conversion efficiency [36]. The testing system is made highly flexible
by placing three sensor arrays at various angles. In addition, the size expansion allows the
system to obtain the speed of ultrasound propagation through the bone material in order
to comprehensively measure the bone condition.

The XRD patterns of PMN-PZ-PT ceramics with 1.25 mol% and 1 mol% La/Sm dopant
are shown in Figure 2a,b, respectively. No spurious peaks appear in the range of 20◦ to
80◦, while double-doping the rare earth elements La and Sm does not change their phase
structure. The prepared ceramics are all pure perovskite phase without any impurity
phases such as pyrochlore phase [33]. The SEM images of the untreated natural surfaces of
1.25 mol% and 1 mol% La/Sm-doped PMN-PZT ceramics are listed in Figure 2c,d. There
are almost no pores in all samples, which present uniform grain and high density.
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PZT ceramics, (c) SEM diagram of 1.25% La/Sm-doped PMN-PZT ceramics, (d) SEM diagram of 1% 
La/Sm-doped PMN-PZT ceramics, (e) the d33 values of 1% La/Sm-doped PMN-PZT ceramics with 
various compositions, (f) the dielectric constant and dielectric loss of 1% La/Sm-doped PMN-PZT 
compared with PMN-PT and PZT, (g) the k33 and kt values of samples compared with PMN-PT and 
PZT, and (h) Young’s modulus of samples compared with PDMS, PVDF and PZT. 

The piezoelectric properties of PMN-PZ-PT ceramics prepared by introducing Zr into 
PMN-PT are significantly enhanced. Meanwhile, the rare earth elements La and Sm are 
added to the co-doping modification in order to obtain high-quality ceramics with good 
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Figure 2. Structure and electric properties of La/Sm-doped PMN-PZT piezoelectric ceramics: (a) XRD
pattern of 1.25% La/Sm-doped PMN-PZT ceramics, (b) XRD pattern of 1% La/Sm-doped PMN-PZT
ceramics, (c) SEM diagram of 1.25% La/Sm-doped PMN-PZT ceramics, (d) SEM diagram of 1%
La/Sm-doped PMN-PZT ceramics, (e) the d33 values of 1% La/Sm-doped PMN-PZT ceramics with
various compositions, (f) the dielectric constant and dielectric loss of 1% La/Sm-doped PMN-PZT
compared with PMN-PT and PZT, (g) the k33 and kt values of samples compared with PMN-PT and
PZT, and (h) Young’s modulus of samples compared with PDMS, PVDF and PZT.

The piezoelectric properties of PMN-PZ-PT ceramics prepared by introducing Zr into
PMN-PT are significantly enhanced. Meanwhile, the rare earth elements La and Sm are
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added to the co-doping modification in order to obtain high-quality ceramics with good
electrical properties. The piezoelectric and dielectric properties of the different components
of the PMN-PZ-PT ceramics with La/Sm co-doping are listed in Table 1. The highest value
of piezoelectric constants is 525 pC/N, found in 1%La/Sm-doped 0.17 PMN–0.47 PZ–0.36
PT ceramics, as shown in Figure 2e. The good piezoelectric properties of the samples are
closely related to the high density and uniform micron grain size [37]. The doped PMN-PZT
presented higher values of piezoelectric constants and electromechanical coupling factors
than that of pure PMN-PT and PZT ceramics, as shown in Figure 2f,g. In addition, rare
element doping improves the ductility of the sample and shows better tensile properties
than PZT, as shown in Figure 2h.

Table 1. Piezoelectric and dielectric properties of La/Sm-PMN-PZT ceramics.

La/Sm-PMN-PZ-PT Tc
(◦C)

d33
(pC/N) εr kp kt k33

0.0125/0.34/0.32/0.34 187 380 2262 0.54 0.48 0.67
0.0125/0.31/0.35/0.34 196 460 2347 0.58 0.51 0.71

0.0125/0.285/0.37/0.345 212 445 2353 0.59 0.52 0.72
0.0125/0.265/0.39/0.345 218 510 2442 0.59 0.53 0.73

0.01/0.24/0.41/0.35 221 400 2147 0.61 0.53 0.74
0.01/0.20/0.45/0.35 234 415 2053 0.61 0.54 0.74
0.01/0.17/0.47/0.36 255 525 2676 0.63 0.58 0.77
0.01/0.14/0.50/0.36 264 445 1947 0.59 0.57 0.74

3.2. HSFU Design

The manufacturing process of the ultrasonic array is shown in Figure 1b. The arrays
were placed in the mold and the PDMS liquid was dropped. Then, it was placed in a
vacuum drying oven and cured at 50 ◦C for 10 h to complete the preparation of the HSFU
arrays. Here, three ultrasonic arrays and interconnects were packaged in PDMS, which
makes the ultrasonic arrays soft and adaptable to most body parts, such as the skin surface
of the arm, as shown in Figure 3a. Based on the transverse transmission characteristics
of ultrasound through the superficial bone layer, the angles between the three groups of
ultrasonic arrays and the plane are different, which are in the orders of 17◦, 20◦ and 23◦,
respectively. The cross-section view is shown in Figure 3b. As shown in Figure 3c, after
receiving the pulse of the excitation circuit, the ultrasonic wave is emitted by the ultrasonic
emission array, which is refracted into two ultrasonic receiving rays after propagation in
the bone. The receiving array converts the acoustic signal into an electrical signal using the
piezoelectric effect, and the generated electrical signal is continuously transmitted to the
intelligent device through the field programmable gate array (FPGA) for data analysis and
storage. Flexible circuits can be designed into complex three-dimensional structures, bent
into a variety of shapes and can be used for highly repetitive applications. Under different
deformation states, HSFU can still perform corresponding electrical functions, and can
completely transmit pulse signals to complete digital-to-analog signal conversion as shown
in Figure 3d,e.

3.3. Ultrasonic Energy Transfer

For piezoelectric sensors, high-frequency electrical signals are generated internally
after high-frequency vibration is generated. On the other hand, when a high-frequency
electrical signal is added to the piezoelectric ceramic, it will produce a high-frequency
mechanical vibration signal, so it is necessary to study the energy transfer efficiency of the
sensor. As shown in Table 2, the response peak voltage is 2.26 V under the 8 V excitation
peak voltage in the water transmission medium when the transmission distance is 5 mm.
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Figure 3. Schematic and flexible circuit HSFU sensor: (a) Schematic of flexible bone testing de-
vice; (b) cross-sectional views of ultrasonic arrays with tilt angles of 17◦, 20◦ and 23◦, respectively;
(c) system architecture of HSFU sensor; (d,e) the pulse signal generated by the pulse excitation circuit
and operation of the A/D conversion circuit in the flattened state, bent state and twisted state of the
flexible circuit.
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Table 2. Response voltage depends on transmission depth.

Transmit Deepness (mm) 1 2 4 5

Response Peak-Peak Voltage (mV) 1420 1180 1980 2280
Response Voltage Root

Mean Square (mV) 626 531 893 979

Excitation Peak-Peak Voltage (mV) 2000 4000 6000 8000
Media Layer Water Water Water Water

The electrical connection diagram of the sensor is shown in Figure 4a. The internal
charge accumulation of piezoelectric material after excitation and after receiving ultrasound
is presented in Figure 4b. After the sensor was cured, the resonance frequency was slightly
shifted from 2 MHz to 2.11 MHz, as shown in Figure 4c. For calculating the excitation
power Pin, the waveforms of excitation voltage and current are shown in Figure 4d. For
calculating the received power Pout, the waveform of response voltage is presented in
Figure 4e. Under various excitations, the response voltage of the sensor dependent on
frequency is shown in Figure 4f. Under different distances, the changes in response voltage
dependent on frequency and excitation are presented in Figure 4g,h, respectively. With
water as the transmission medium, the values of input power, received power and power
intensity are 208 mW, 72 mW and 55.4 W/cm2, respectively. Furthermore, the power
transmission efficiency of the sensor can reach up to 35%.

3.4. Hardware Design and Wireless Transmission

The system integrates six modules: a pulse excitation module, ultrasonic array mod-
ule, amplifier module, filter module, digital-to-analog conversion module and wireless
transmission module, as shown in Figure 5a. First, the main control chip (FPGA) makes the
pulse excitation module generate high-frequency pulse signals, so that the transmitting port
sends ultrasonic waves, which are transmitted through the skeleton and received by the
receiving port. Second, the receiving port converts sound energy into an electrical signal,
the filter circuit filters the signal and the amplifier circuit amplifies the signal. The analog
signal is converted into a digital signal by the A/D conversion circuit, and enters FPGA
for processing and analysis. Finally, it is transmitted through the wireless transmission
module and displayed on the mobile terminal. In addition to the ultrasonic array module,
the remaining five modules are integrated on flexible PCB, as shown in Figure 5b.

In order to test wireless communication, the signal generator provided a sine wave
with a frequency of 1.25 MHz, and after 2 s, the input signal of the second channel was
calculated to set the speed of 0.75 mm/s, as shown in Figure 5c. With a step length of 0.7 s,
the time interval gradually changed from 2 to 5.5 s, as shown in Figure 5d. The set speed
and measured speed were recorded, and the average relative error of the result was 0.3%.
Then, the signal generator provides a FPGA square wave and triangle wave successively, as
shown in Figure 5e. The FPGA encodes the information and calculation results of the two
waveforms into 10-bit binary data through UART. The APP receives information from the
WIFI module through the UDP protocol and displays each data point to the corresponding
position of the APP through decoding, as shown in Figure 5f, and obtains a real-time
view function.

3.5. Real-Time Display of Bone Testing

To verify the performance of entire HSFU sensors, the flexible system was fixed on
the thigh, as shown in Figure 6a. The measured sensor signal and calculated values of
SOS, T-Score and Z-Score of the femur were in the orders of 3404.46 m/s, −0.1 and −0.2, as
shown in Figure 6a, respectively. A T-Score greater than −1 is normal, and there is no bone
loss or osteoporosis. When the T-Score is between −1 and −2.5, it indicates bone loss, but it
does not reach the degree of osteoporosis [38,39]. A T-Score of less than −2.5 is associated
with osteoporosis. The current subject is a young male aged 25 years, so the T-Score should
be greater than −1, consistent with the test values.
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Figure 4. Testing of ultrasonic sensor: (a) Electrical connection diagram of ultrasound sensor,
(b) schematic of ultrasonic sensor during transmission and reception, (c) sensor response voltage
testing, (d) measured electrical waveforms of excitation voltage Uin and current Iin for calculating
consumed power Pin, (e) measured electrical waveform of response voltage of Uout for calculating
received power Pout, (f) response voltage of sensor with changing frequencies under different excita-
tion, (g) response voltage of sensor with changing frequencies at various distances, and (h) response
voltage of sensor with changing excitation at various distances.
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Figure 5. Hardware design and wireless transmission: (a) Structure diagram of bone testing sys-
tem, (b) PCB circuit design and product drawing, (c) hardware testing process demonstration,
(d) testing results of sound velocity, (e) testing results of wireless transmission, and (f) APP interface
display window.
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Due to the different number of blood vessels and soft tissues in different parts of
the human body, different reflections and refractions of the ultrasonic wave in the body
are encountered when propagating, and the signal ultimately entering the receiver is also
changed [40–42]. When the system is fixed on the arm and calf, the waveform obtained
by the receiving port is different, as shown in Figure 6b,c. For humerus testing, the values
of SOS, T-Score and Z-Score were in the orders of 3814.11 m/s, 0.2 and 0.3, as shown in
Figure 6b. For fibula testing, the values of SOS, T-Score and Z-Score were in the orders of
3298 m/s, −0.8 and −0.6, as shown in Figure 6b. In general, these results show that there
are slight differences in bone density in different parts of the same human body, which also
verifies the accuracy of the wearable system.

4. Conclusions

In this work, we demonstrate a flexible ultrasonic sensor and design a wearable ul-
trasonic bone density detection system based on the novel piezoelectric characteristics
of PMN-PZT ceramics, which has the advantages of multi-site measurement and instan-
taneous detection capability. After rare-earth-element doping, the PMN-PZT ceramics
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showed excellent dielectric and piezoelectric properties, and the Curie temperature and
electromechanical coupling factor k33 reached 255 ◦C and 0.77, respectively. Compared
with conventional ultrasonic devices, the developed flexible ultrasonic sensors have a high
degree of flexibility, making them well adapted to multiple parts of the human body. In
the hardware circuit, the synchronous scanning circuit provided a single frequency of
1.15 MHz, and a 5 V signal for the pulse excitation circuit, which controlled the ultrasonic
sensor to transmit the detection signal with a frequency of 1.15 MHz and an 80 V pulse
excitation signal; the gain control circuit amplified the echo signal to make it 1 V~2 V,
which was convenient for the sampling of A/D conversion circuit; and the FPGA adopted
a minimum system design and realized wireless data transmission through the wireless
transmitting module. Finally, the mobile APP presented the measurement results of the
humerus, femur and fibula in real time, including SOS, Z and T values.

Author Contributions: Conceptualization, Z.S. and D.L.; methodology, B.W.; validation, B.W., Z.Z.
and Y.Y.; formal analysis, Z.S.; investigation, B.W. and Z.Z.; resources, Z.S.; data curation, B.W. and
Z.Z.; writing—original draft preparation, Z.S., B.W. and D.L.; writing—review and editing, Z.S. and
D.L.; supervision, D.L.; project administration, Z.S.; funding acquisition, Z.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was partially funded by the start-up foundation for introduced talents of
Wuxi University, grant number No.2021r001.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Perkel, J.M. The Internet of Things comes to the lab. Nature 2017, 542, 125–126. [CrossRef]
2. Seth, I.; Panda, S.N.; Guleria, K. IoT based Smart Applications and Recent Research Trends. In Proceedings of the 2021 6th

International Conference on Signal Processing, Computing and Control (ISPCC), Solan, India, 7–9 October 2021; pp. 407–412.
3. Shafique, K.; Khawaja, B.A.; Sabir, F.; Qazi, S.; Mustaqim, M. Internet of Things (IoT) for Next-Generation Smart Systems: A

Review of Current Challenges, Future Trends and Prospects for Emerging 5G-IoT Scenarios. IEEE Access 2020, 8, 23022–23040.
[CrossRef]

4. Khanna, A.; Kaur, S. Internet of Things (IoT), Applications and Challenges: A Comprehensive Review. Wirel. Pers. Commun. 2020,
114, 1687–1762. [CrossRef]

5. Yuan, X.; Ouaskioud, O.; Yin, X.; Li, C.; Ma, P.; Yang, Y.; Yang, P.-F.; Xie, L.; Ren, L. Epidermal Wearable Biosensors for the
Continuous Monitoring of Biomarkers of Chronic Disease in Interstitial Fluid. Micromachines 2023, 14, 1452. [CrossRef] [PubMed]

6. Dao, N.-N. Internet of wearable things: Advancements and benefits from 6G technologies. Future Gener. Comput. Syst. 2023, 138,
172–184. [CrossRef]

7. Krzysiak, R.; Nguyen, S.; Chen, Y. XAIoT—The Future of Wearable Internet of Things. In Proceedings of the 2022 18th IEEE/ASME
International Conference on Mechatronic and Embedded Systems and Applications (MESA), Taipei, Taiwan, 30 November 2022;
pp. 1–6.

8. Rahmani, A.M.; Szu-Han, W.; Yu-Hsuan, K.; Haghparast, M. The Internet of Things for Applications in Wearable Technology.
IEEE Access 2022, 10, 123579–123594. [CrossRef]

9. Surantha, N.; Atmaja, P.; David; Wicaksono, M. A Review of Wearable Internet-of-Things Device for Healthcare. Procedia Comput.
Sci. 2021, 179, 936–943. [CrossRef]

10. Nan, X.; Wang, X.; Kang, T.; Zhang, J.; Dong, L.; Dong, J.; Xia, P.; Wei, D. Review of Flexible Wearable Sensor Devices for
Biomedical Application. Micromachines 2022, 13, 1395. [CrossRef]

11. Phan, D.T.; Nguyen, C.H.; Nguyen, T.D.P.; Tran, L.H.; Park, S.; Choi, J.; Lee, B.-I.; Oh, J. A Flexible, Wearable, and Wireless
Biosensor Patch with Internet of Medical Things Applications. Biosensors 2022, 12, 139. [CrossRef]

12. Rani, S.; Bandyopadhyay-Ghosh, S.; Ghosh, S.B.; Liu, G. Advances in Sensing Technologies for Monitoring of Bone Health.
Biosensors 2020, 10, 42. [CrossRef]

13. Fasihi, L.; Tartibian, B.; Eslami, R.; Fasihi, H. Artificial intelligence used to diagnose osteoporosis from risk factors in clinical data
and proposing sports protocols. Sci. Rep. 2022, 12, 18330. [CrossRef] [PubMed]

14. Jang, R.; Choi, J.H.; Kim, N.; Chang, J.S.; Yoon, P.W.; Kim, C.-H. Prediction of osteoporosis from simple hip radiography using
deep learning algorithm. Sci. Rep. 2021, 11, 19997. [CrossRef] [PubMed]

15. Liyanage, T.; Alharbi, B.; Quan, L.; Esquela-Kerscher, A.; Slaughter, G. Plasmonic-Based Biosensor for the Early Diagnosis of
Prostate Cancer. ACS Omega 2022, 7, 2411–2418. [CrossRef] [PubMed]

https://doi.org/10.1038/542125a
https://doi.org/10.1109/ACCESS.2020.2970118
https://doi.org/10.1007/s11277-020-07446-4
https://doi.org/10.3390/mi14071452
https://www.ncbi.nlm.nih.gov/pubmed/37512763
https://doi.org/10.1016/j.future.2022.07.006
https://doi.org/10.1109/ACCESS.2022.3224487
https://doi.org/10.1016/j.procs.2021.01.083
https://doi.org/10.3390/mi13091395
https://doi.org/10.3390/bios12030139
https://doi.org/10.3390/bios10040042
https://doi.org/10.1038/s41598-022-23184-y
https://www.ncbi.nlm.nih.gov/pubmed/36316387
https://doi.org/10.1038/s41598-021-99549-6
https://www.ncbi.nlm.nih.gov/pubmed/34620976
https://doi.org/10.1021/acsomega.1c06479
https://www.ncbi.nlm.nih.gov/pubmed/35071928


Micromachines 2023, 14, 1798 14 of 14

16. Huddleston, A.L. Dual-Photon Absorptiometry. In Quantitative Methods in Bone Densitometry; Springer: Boston, MA, USA, 1988;
pp. 57–83.

17. Velchik, M.G. Photon absorptiometry. Am. J. Physiol. Imaging 1987, 2, 118–126. [PubMed]
18. Lorente Ramos, R.M.; Azpeitia Armán, J.; Arévalo Galeano, N.; Muñoz Hernández, A.; García Gómez, J.M.; Gredilla Molinero, J.

Dual energy X-ray absorptimetry: Fundamentals, methodology, and clinical applications. Radiologia 2012, 54, 410–423. [CrossRef]
19. Ritt, P.; Kuwert, T. Quantitative SPECT/CT—Technique and Clinical Applications. In Molecular Imaging in Oncology; Schober, O.,

Kiessling, F., Debus, J., Eds.; Springer International Publishing: Cham, Switzerland, 2020; pp. 565–590.
20. Yamaguchi, T. Basic concept and clinical applications of quantitative ultrasound (QUS) technologies. J. Med. Ultrason. 2021, 48,

391–402. [CrossRef]
21. Hong, Y.; Wang, B.; Lin, W.; Jin, L.; Liu, S.; Luo, X.; Pan, J.; Wang, W.; Yang, Z. Highly anisotropic and flexible piezoceramic

kirigami for preventing joint disorders. Sci. Adv. 2021, 7, eabf0795. [CrossRef]
22. Ates, H.C.; Nguyen, P.Q.; Gonzalez-Macia, L.; Morales-Narváez, E.; Güder, F.; Collins, J.J.; Dincer, C. End-to-end design of

wearable sensors. Nat. Rev. Mater. 2022, 7, 887–907. [CrossRef]
23. Gao, F.; Liu, C.; Zhang, L.; Liu, T.; Wang, Z.; Song, Z.; Cai, H.; Fang, Z.; Chen, J.; Wang, J.; et al. Wearable and flexible

electrochemical sensors for sweat analysis: A review. Microsyst. Nanoeng. 2023, 9, 1. [CrossRef]
24. Du, Y.; Du, W.; Lin, D.; Ai, M.; Li, S.; Zhang, L. Recent Progress on Hydrogel-Based Piezoelectric Devices for Biomedical

Applications. Micromachines 2023, 14, 167. [CrossRef]
25. Liu, T.; Dangi, A.; Kim, J.N.; Kothapalli, S.-R.; Choi, K.; Trolier-McKinstry, S.; Jackson, T. Flexible Thin-Film PZT Ultrasonic

Transducers on Polyimide Substrates. Sensors 2021, 21, 1014. [CrossRef]
26. Kim, J.; Campbell, A.S.; de Ávila, B.E.-F.; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37,

389–406. [CrossRef] [PubMed]
27. Giorgi, A.; Ronca, V.; Vozzi, A.; Sciaraffa, N.; di Florio, A.; Tamborra, L.; Simonetti, I.; Aricò, P.; Di Flumeri, G.; Rossi, D.; et al.

Wearable Technologies for Mental Workload, Stress, and Emotional State Assessment during Working-Like Tasks: A Comparison
with Laboratory Technologies. Sensors 2021, 21, 2332. [CrossRef] [PubMed]

28. Khosravi, S.; Bailey, S.G.; Parvizi, H.; Ghannam, R. Wearable Sensors for Learning Enhancement in Higher Education. Sensors
2022, 22, 7633. [CrossRef] [PubMed]

29. Jin, P.; Fu, J.; Wang, F.; Zhang, Y.; Wang, P.; Liu, X.; Jiao, Y.; Li, H.; Chen, Y.; Ma, Y.; et al. A flexible, stretchable system for
simultaneous acoustic energy transfer and communication. Sci. Adv. 2021, 7, eabg2507. [CrossRef]

30. Mishra, A.K.; Janani Kavi Priya, V.S.; Pradeep, K.; Sai Vaishnav, J.; Kabhilesh, G. Smart materials for ultrasonic piezoelectric
composite transducer: A short review. Mater. Today Proc. 2022, 62, 2064–2069. [CrossRef]

31. Li, J.; Ma, Y.; Zhang, T.; Shung, K.K.; Zhu, B. Recent Advancements in Ultrasound Transducer: From Material Strategies to
Biomedical Applications. BME Front. 2022, 2022, 9764501. [CrossRef]

32. Muleki-Seya, P.; Han, A.; Andre, M.P.; Erdman, J.W., Jr.; O’Brien, W.D., Jr. Analysis of Two Quantitative Ultrasound Approaches.
Ultrason. Imaging 2018, 40, 84–96. [CrossRef]

33. Lin, D.; Li, Z.; Li, F.; Xu, Z.; Yao, X. Characterization and piezoelectric thermal stability of PIN–PMN–PT ternary ceramics near
the morphotropic phase boundary. J. Alloys Compd. 2010, 489, 115–118. [CrossRef]

34. Lin, D.; Chen, H.; Li, Z.; Xu, Z. Phase diagram and dielectric properties of Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3
ceramics. J. Adv. Dielectr. 2015, 5, 1550014. [CrossRef]

35. Yu, Y.; Niu, Q.; Li, X.; Xue, J.; Liu, W.; Lin, D. A Review of Fingerprint Sensors: Mechanism, Characteristics, and Applications.
Micromachines 2023, 14, 1253. [CrossRef] [PubMed]

36. Krishnamoorthy, K.; Pazhamalai, P.; Mariappan, V.K.; Nardekar, S.S.; Sahoo, S.; Kim, S.-J. Probing the energy conversion process
in piezoelectric-driven electrochemical self-charging supercapacitor power cell using piezoelectrochemical spectroscopy. Nat.
Commun. 2020, 11, 2351. [CrossRef] [PubMed]

37. Tan, Y.; Zhang, J.; Wu, Y.; Wang, C.; Koval, V.; Shi, B.; Ye, H.; McKinnon, R.; Viola, G.; Yan, H. Unfolding grain size effects in
barium titanate ferroelectric ceramics. Sci. Rep. 2015, 5, 9953. [CrossRef]
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