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Technical Note

Acoustic Matching Characteristics of Annular Piezoelectric Ultrasonic Sensor
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Using intelligent materials and sensors to monitor the safety of concrete structures is a hot topic in the field of
civil engineering. In order to realize the omni-directional monitoring of concrete structural damage, the authors
of this paper designed and fabricated an embedded annular piezoelectric ultrasonic sensor using the annular
piezoelectric lead zirconate titanate (PZT) ceramic as a sensing element and epoxy resin as the matching and the
backing layers. The influence of different matching and backing layers thickness on the acoustic characteristic
parameters of the sensor were studied. The results show that the resonant frequency corresponding to the
axial mode of annular piezoelectric ceramics moves toward the high frequency direction with the decrease of
the height of piezoelectric ceramics, and the radial vibration mode increases as well as the impedance peak.
With the thickness of the backing layer increases from 1 mm to 2 mm, the radial resolution of the annular
piezoelectric ultrasonic sensor is enhanced, the pulse width is reduced by 39% comparing with the sensors
which backing layer is 1 mm, and the head wave amplitude and −3 dB bandwidth are increased by 61% and
66%, respectively. When the matching layer thickness is 3 mm, the sensor has the highest amplitude response
of 269 mV and higher sensitivity.
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1. Introduction

Concrete is one of the most important building ma-
terials in construction engineering, and its quality is
directly related to the safety of building structures
(Basu et al., 2021; Liu et al., 2020). Using intelli-
gent materials or structures to carry out nondestructi-
ve testing and health monitoring on concrete struc-
tures is an important means to ensure their safety
(Cheng et al., 2013; Geng et al., 2017; Liu et al.,
2020; Xu et al., 2021). At present, the commonly
used concrete evaluating methods include a sampling
method, rebound method, post-loading pull out test-
ing method, ultrasonic method and so on. Among
them, the ultrasonic method has the advantages of
good repeatability and no damage to the concrete

structure, which is favoured by the majority of scho-
lars (Ridengaoqier et al., 2021; Ham et al., 2017;
Lootens et al., 2020; Miró et al., 2021; Rao, Sas-
mal, 2020).

At present, many scholars have made outstand-
ing contributions in the field of ultrasonic evaluations
of concrete. For example, Lee proposed a new model
based on the ultrasonic pulse velocity method, to pre-
dict the relationship between the setting time and the
compressive strength of concrete (Lee, Lee, 2020).
Hong et al. (2020) used the non-contact ultrasonic
system to study the hardening of concrete under ac-
celerated curing conditions. Sun and Zhu (2020) pro-
posed a method for detecting honeycomb and cavity
around concrete using cross tie rods as waveguides.
Nematzadeh et al. (2021) used the ultrasonic pulse
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velocity method to characterize the mechanical prop-
erties of steel fiber reinforced concrete (SFRC) con-
taining reclaimed nylon particles and natural zeolite.
Zhang et al. (2017) used the ultrasonic array method
to detect the change of the elastic modulus field of
concrete damaged by sulfate erosion and loading Guo
et al. (2016) proposed the nondestructive ultrasonic
scattering technique to measure the gap ruler distri-
bution in hardened concrete samples. The results show
that the ultrasonic scattering technique could evaluate
the freeze-thaw durability of concrete by measuring the
size of the void in concrete. Choi et al. (2016) used the
ultrasonic pulse echo method to detect the horizontal
cracking or delamination of concrete pavement slabs.

It is well known that ultrasonic transducers made
of piezoelectric materials play an important role in
the ultrasonic testing technology. For example, Tseng
and Wang (2004) studied the application of intelli-
gent PZT sensors in damage detection and evolution
of concrete. Shin and Oh (2009) used electromechan-
ical impedance sensing technology to study the appli-
cation of intelligent PZT patches in the monitoring of
concrete strength development. The core of ultrasonic
detection technology of concrete structure is an ultra-
sonic sensor. At present, the components used in the
ultrasonic sensor are mainly piezoelectric ceramics po-
larized along the thickness direction, which are only
sensitive to the damage stress wave in a specific direc-
tion, and can not realize the all-directional damage de-
tection of concrete structure. The annular piezoelectric
ultrasonic sensor based on the radial polarization of an-
nular piezoelectric ceramics has the advantage of hori-
zontal nondirectivity. Therefore, in this paper, an em-
bedded annular piezoelectric ultrasonic sensor was de-
signed and prepared, and an ultrasonic test platform
was built to investigate the influence of the matching
and backing layers on the acoustic impedance, pulse
duration and the head wave amplitude of the proposed
sensor.

2. Theoretical background

The impedance and thickness of the matching layer
have great influence on the sensitivity, bandwidth,
transfer function and pulse waveform of the sensor.

Fig. 1. Photo of annular piezoelectric ceramics and structural profile of the sensor.

When the piezoelectric ceramic is excited by an electri-
cal signal, vibration will be generated on the interface
between the matching layer and the piezoelectric ce-
ramic, and the vibration is coupled to the load through
the matching layer. According to the transmission the-
ory (Yang et al., 2020), the input impedance ZA1 on
the interface is:

ZA1 = Z1
ZL cosk1δ1 + jZ1 sink1δ1
Z1 cosk1δ1 + jZL sink1δ1

, (1)

where k1 is the circular wave number in the matching
layer, δ1 [mm] is the matching layer thickness. Z1 [Ω]
is the matching layer impedance, ZL [Ω] is the load
impedance.

It can be seen from Eq. (1) that the input
impedance at the interface is a function of frequency
and will change as the frequency changes. The acous-
tic impedance matching is achieved when the matching
layer thickness δ1 = λ1

4
and the acoustic impedance is√

Z0ZL, where λ1 [m] is the wavelength, Z0 [Ω] is the
acoustic impedance of piezoelectric ceramics.

3. Experiment

3.1. The structural design of ultrasonic sensor

Generally, the damage frequency of concrete struc-
tures ranges from 20 kHz to 200 kHz (Liu et al., 2017).
Therefore, PZT-5 annular piezoelectric ceramics (Zibo
Yuhai Electronic Ceramics Co. Ltd., China) with a fre-
quency of 200 kHz were used in this paper with a height
of 12.7 mm and a wall thickness of 1 mm. The detailed
parameters are shown in Table 1.

Table 1. Properties of annular piezoelectric ceramic.

Ceramic d33 [pC ⋅N−1] εr kp [%] kt [%] Qm

PZT-5 620 3200 0.68 0.52 70
Note: d33 – piezoelectric strain factor; εr – relative permit-
tivity; kp – planar electromechanical coupling coefficient;
kt – thickness electromechanical coupling coefficient; Qm

– mechanical quality factor.

Figure 1 is a photograph of annular piezoelectric ce-
ramic and a section view of the annular piezoelectric
ultrasonic sensor composed of annular piezoelectric ce-
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ramics, matching and backing layers. The epoxy resin
was used to prepare matching and backing layer of the
sensor because it has the characteristics of good fluid-
ity and high strength after curing. The effects of dif-
ferent acoustic matching conditions on the acoustic
impedance, pulse duration and head wave amplitude
of the annular piezoelectric ultrasonic sensor were stu-
died by changing the thickness of the matching and
the backing layers.

The mixture of tungsten powder and epoxy resin
was used as the sensor’s matching layer material. The
ultrasonic velocity of sound in this kind of material is
about 2.68 km/s. Some researchers have shown that
when the matching layer thickness conforms to the
quarter-wavelength theory, the amplitude loss is min-
imal when the sound wave penetrates. The length of
a quarter wavelength refers to a quarter of the wave-
length of ultrasonic wave propagation in the matched
layer material, as shown in the formula below:

δ1 = λ
4
= v

4f
, (2)

where δ1 [mm] is the thickness of matching layer, λ [m]
is the wavelength, v [m/s] is the speed of ultrasonic
waves when travel through the water, f [kHz] is the
resonant frequency of piezoelectric ceramics.

The resonant frequency of selected piezoelectric ce-
ramics is in the vicinity of 160 kHz. Putting it into
the above formula indicates that the theoretical opti-
mal matching layer is about 3.35 mm. So the matching
layers with four different thicknesses, that is 1 mm,
2 mm, 3 mm, and 3.5 mm were designed. The range
about matching layer thickness span is moderate so
that the influence of the thickness of the matching layer
on the performance of the sensor can be seen more ob-
viously.

Here, eight ultrasonic sensors with different acous-
tic matching conditions were designed, as shown in

Fig. 2. The mold’s structure and section view.

Table 2. Because the wall thickness of the annular
piezoelectric ceramic is 1 mm, two matching layer
thicknesses were designed, which is 1 mm, 2 mm, re-
spectively. Therefore, based on the above principles,
four matching layer thicknesses and two backing layer
thicknesses were designed, and the total prepared eight
ultrasonic sensors with different acoustic matching
conditions, as shown in Table 2.

Table 2. Parameters of matching and backing layers
of the sensors.

Sensor number 1 2 3 4 5 6 7 8
Thickness of backing
layer [mm]

1 1 1 1 2 2 2 2

Thickness of matching
layer [mm]

1 2 3 3.5 1 2 3 3.5

In order to ensure the accuracy of the matching
and the backing layers, the mold by using polytetraflu-
oroethylene (PTFE) was designed, as shown in Fig. 2.
Figure 2a is the structure view of the mold, and
Fig. 2b is the section view of the mold. Among them,
part 1 is a mold sleeve, and the diameter of its center
hole has four specifications: 12 mm, 14 mm, 16 mm,
and 17 mm, which are used to change the thickness of
the matching layer of the sensor. As shown in Fig. 2b,
there is a groove with width of 2.5 mm and depth of
20 mm on the outside of part 1, which is used to con-
nect with the mold base. Part 2 is a cylindrical struc-
ture with a diameter of 7 mm and 5 mm, which is used
to change the thickness of the backing layer of the sen-
sor. Part 2 is slotted at the bottom for easy fixing on
the mold base. Part 3 is the base of the mold. As it
is shown in Fig. 2a, there is a groove with the depth
of 0.5 mm and width of 1 mm in the center, which is
convenient for fixing the annular piezoelectric ceram-
ics so that the piezoelectric ceramics are located in the
center.
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Fig. 3. The sensor preparation process.

3.2. Sensor preparation

The annular piezoelectric ceramic has radial and
axial vibration modes, which can be observed through
electrical impedance spectra. In order to study the in-
fluence of the height of annular piezoelectric ceramic
on its electrical impedance, annular piezoelectric ul-
trasonic sensors of 12.70 mm, 5.24 mm, 3.68 mm, and
1.86 mm in height were prepared. The detailed prepa-
ration process is shown in Fig. 3.

First, as shown in Fig. 3a, the wire was welded
on the positive and negative electrodes of the annu-
lar piezoelectric ceramics. Then, the epoxy resin was
used to make a pedestal with the thickness of 2 mm,
as shown in Fig. 3b, which can block water. In Fig. 3c,
the ceramics was put in the center of the base, and con-
nected the mold sleeve with the base. The epoxy resin
was filled into the mold to prepare matching and back-
ing layers of annular piezoelectric ceramics. Figure 3d
shows the photos of the sensors.

3.3. Performance test

The impedance analyzer (E400A, Keysight, USA)
was used to test the electrical impedance of the PZT
ceramics. The ultrasonic test platform, as shown in
Fig. 4a, was set up to study the directivity and acoustic
propagation characteristics of the annular piezoelec-
tric ultrasonic sensor in water. The signal generator
(AFG3022B, Tektrontek, USA) was used to excite an-
nular piezoelectric ultrasonic sensor to produce ultra-
sonic signals. The ultrasonic sensor (100K-P40F, Shan-

a) b)

Fig. 4. The ultrasonic test platform.

tou Ultrasonic Co. Ltd., China) was used to capture
ultrasonic signal, and the oscilloscope (MDO3024, Tek-
trontek, USA) was used to record the ultrasonic wave
transmitted in water. In this part, the annular sen-
sor was put in the center of the water tank, and the
100K-P40F sensor was put around the annular sensor.
In the direction of 30, 60, 90, 120 degrees, all the way
up to 330, 360 degrees. The emission performance of
the annular sensor in all directions was tested. At each
angle, the first amplitude was tested four times and
average it.

The ultrasonic test platform, as shown in Fig. 4b,
was built to study the acoustic propagation charac-
teristics of the annular piezoelectric ultrasonic sen-
sor in the epoxy resin and steel rods. The annular
piezoelectric ultrasonic sensor emitted ultrasonic sig-
nal, and the commercial sensor received the ultrasonic
signal. In order to avoid the influence of contacting
force between the sensors and solid medium on the
amplitude of the ultrasonic signal, a fixture was de-
signed to fix the sensors and the solid medium. Addi-
tionally, the pulse width, the head wave amplitude and
the peak-to-peak value of annular piezoelectric ultra-
sonic sensor under different acoustic matching condi-
tions were also studied. The pulse width is the period
in which the pulse can reach its maximum value. The
head wave amplitude means the magnitude of the first
pulse. The peak-to-peak value refers to the difference
between the highest and lowest signal values in a cy-
cle, which is the range between the maximum and
minimum. It describes the size of the range of signal
values.



H. Li et al. – Acoustic Matching Characteristics of Annular Piezoelectric Ultrasonic Sensor 279

4. Results and discussion

4.1. Impedance spectra analysis

Figure 5 shows the impedance spectrum of annular
piezoelectric ceramics. As can be seen from the fig-
ure, each annular piezoelectric ceramic has two ob-
vious impedance peaks, among which the resonance
peak near 200 kHz is the radial mode resonance peak.
Since the radial size of the annular piezoelectric ce-
ramic remains unchanged, the corresponding radial
resonance frequency does not change with the height,
but the radial resonance peak value increases gradually
with the decrease of the height. The reason may be
that the lower the height of piezoelectric ceramics, the
weaker the ability to suppress the radial mode, so
the radial vibration is enhanced. The radial resonance
peak value of the annular piezoelectric ceramics with
a height of 1.8 mm is the largest of 18 kΩ, and that
of the annular piezoelectric ceramics with a height of
12.7 mm is the smallest of 4.2 kΩ.

Fig. 5. Impedance spectrum of annular piezoelectric
ceramics.

In addition, it also can be seen from the figure
that the axial resonant peak gradually moves to the
high frequency direction as the height of the piezoelec-
tric ceramics decreases. The axial resonant frequency
of the circular piezoelectric ceramics with heights of
1.8 mm, 3.7 mm, 5.2 mm, and 12.7 mm appear around
1.9 MHz, 1.2 MHz, 700 kHz, and 300 kHz, respectively,
but the axial resonant peak value is basically the same,
which is about 7 kΩ. According to the definition of fre-
quency constant of piezoelectric materials, the product
of thickness and the axial resonant frequency of the
same kind piezoelectric material should be a constant
value. Therefore, when the height of the annular piezo-
electric ceramics decreases, its axial resonant frequency
increases.

By contrast, the height of the annular piezoelectric
ceramic may influence its axial mode corresponding to
the resonance frequency and the radial mode corre-
sponding to the impedance of the peak. Based on the
frequency range of different vibration modes, the radial
vibration of annular piezoelectric ceramic was mainly

considered in this paper, and the annular piezoelectric
ceramics with a height of 3.7 mm was used to prepare
the ultrasonic sensor.

4.2. Acoustic propagation characteristics
of sensor in water

Figure 6a shows the change of the head wave am-
plitude of #1–#4 ultrasonic sensors as a function of
receiving angle. It can be seen from the figure that
the head wave amplitude received by the same sen-
sor does not change significantly with the receiving
angle. Since we do not have a fixture to fix the sen-
sor in water, the amplitude of the head wave received
by the sensor will vary slightly at different angles for
the same sensor. But as for the different sensors, the
different backing and matching layers lead to the dif-
ferent amplitude of head wave. The average head wave
amplitude of the #1–#4 sensors is 300 mV, 350 mV,
330 mV, and 340 mV, respectively, and the #2 sensor
with a matching layer thickness of 2 mm has the largest
head wave amplitude. The average of first wave ampli-
tude about these four types of sensors is 330 mV.
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Fig. 6. Head wave amplitude as a function of receiving angle
of the sensors.

Figure 6b shows the variation of the head wave am-
plitude of #5–#8 ultrasonic sensors when the receiv-
ing angle changed. The average of first wave amplitude
about #5–#8 sensors is 283 mV. Compared with sen-
sors of #1–#4, the average head wave amplitude of
sensors #5–#8 decreases by 14%. The reason is that
the thicker the backing layer is, the inhibition effect
on the vibration of the annular piezoelectric ceramics
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will be more obvious, so the amplitude of the head
wave decreases with the increase of the backing layer
thickness. According to Figs 6a and 6b, the annular
piezoelectric ultrasonic sensor can transmit ultrasonic
signals uniformly and stably in radial direction, ac-
cordingly realize the horizontal nondirectivity.

Figure 7a shows the waveform changes of #1–#4
ultrasonic sensors when the thickness of the backing
layer is 1 mm. The number of wave peak about #1–
#4 sensors is 7 times, 4 times, 12 times and 6 times,
respectively, and the average number of wave peak is
four. Figure 7b shows the waveform changes of #5–#8
ultrasonic sensors when the thickness of the backing
layer is 2 mm. The number of wave peak about #5–
#8 sensor is 2 times, 4 times, 3 times, and 4 times,
respectively, and the average number of wave peak de-
creases to two. The reason is that with the increase
of the thickness of the backing layer, the damping ef-
fect of the backing layer on the ultrasonic sensor in-

a)

b)

Fig. 7. Time-domain diagram of ultrasonic waves in water.

creases gradually, and the vibration suppression effect
to the piezoelectric ceramic is more obvious. The annu-
lar piezoelectric ceramic is excited by the electric sig-
nal to produce vibration. If there is no backing layer,
when the electric signal stops the excitation, the an-
nular piezoelectric ceramic will not stop the vibration
immediately, but it will take a period of time to stop
the vibration, the pulse wave is much longer than the
excitation pulse, and the pulse echo lasts longer, which
will reduce the resolution of the annular piezoelectric
ultrasonic sensor. Therefore, it can be seen that the
backing layer of the annular piezoelectric ultrasonic
sensor improves the radial resolution of the transducer.

Figure 8a is the peak-to-peak value and the head
wave amplitude of #1–#8 ultrasonic sensors. It can be
seen that the peak-to-peak values of sensors showed
a trend of first increasing and then decreasing, and the
#7 sensor with a matching layer thickness of 3 mm
has the largest peak-to-peak value of 269 mV. Also,
it has the largest amplitude of head wave of 68 mV. The
reason is that when the thickness of the matching layer
is 3 mm, ultrasonic has the best penetration. The best
acoustic matching condition is achieved among piezo-
electric ceramics, matching layer and water medium.
The amplitude of the head wave of the ultrasonic wave
reflected the sensitivity of the ultrasonic sensor and in-
dicates the amount of energy lost when the ultrasonic

a)

b)

Fig. 8. The peak-to-peak values and head wave amplitudes
of #1–#8 sensors in water.
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wave penetrates the matching layer. It can also be seen
from Fig. 8a that when the thickness of backing layer
is 1 mm, the average head wave amplitude is 36 mV,
and which is 58 mV when the backing layer thickness
is 2 mm, the amplitude increased by 61% than that of
the sensor with the backing layer thickness of 1 mm.

Figure 8b shows the variation of waveform duration
time and oscillation times of #1–#8 ultrasonic sensors.
The #3 sensor has the maximum waveform duration
time, approaching 0.16 ms. This is because its back-
ing layer has a lower mass, so it has less inhibition on
the sensor. At the same time, the thickness of 3 mm
matching layer is the best matching condition. There-
fore, #3 sensor has a larger peak-to-peak value and
a longer waveform duration time. The average wave-
form duration time is 0.106 ms for #1–#4 sensors, and
0.065 ms for #5–#8 sensors, reduced by 39% than that
of #1–#4 sensors. The reason is that the mass of the
backing layer of #5–#8 sensors is larger, accordingly
has more obvious inhibition effect. Additionally, we can
see from Fig. 8b that #7 sensor has fewer oscillation
times than other sensors. The reason is that #7 sen-
sor has 2 mm backing layer and 3 mm matching layer,
which means it has the largest mass load that can pre-
vent sensor vibration for a long time. It can also be
seen from Fig. 8b that the average oscillation times is
7.25 for #1–#4 sensors, and 3.25 for #5–#8 sensors,
approximately 55% less than #1–#4 sensors. It means
that the increase of backing layer thickness improves
the radial resolution of the transducer.

Figures 9 and 10 are the Fourier transform spec-
tra when the thickness of the backing layer is 1 mm
and 2 mm, respectively. It can be seen from the figure
that the average dominant frequency of #1– #8 sen-
sors is 80 kHz. #3 sensor dominant frequency is the
highest, which is 88 kHz, while the dominant frequency
of #5 sensor is the lowest, which is 64 kHz, this may
be caused by the too small thickness of the matching
layer of the #5 sensor. Excluding the #5 sensor, the
average dominant frequency of other sensors is 82 kHz.
As for the peak value, #5 sensor is the smallest, which
is 11.5 mV, while the peak value of the #7 sensor is
the largest, which is 20 mV. At this time, the acoustic
matching condition of the #7 sensor is 2 mm of the
backing layer and 3 mm of the matching layer. The
−3 dB bandwidth indicates the frequency bandwidth
when the amplitude is

√
2/2 times of the maximum

value. In this work, the average −3 dB bandwidth of
#1–#4 sensors is 18 kHz, and the average −3 dB band-
width of #5–#8 sensors is 30 kHz. Compared with the
#1–#4 sensor with a backing layer of 1 mm, the −3 dB
bandwidth of #5–#8 sensors is increased by 66%, indi-
cating that the backing layer can significantly increase
the −3 dB bandwidth of the sensor. Among them, the
−3 dB bandwidth of #7 sensor is the largest, which is
31 kHz. This may be because the matching layer thick-
ness of 3 mm is the most beneficial to the propagation

a)

b)

c)

d)

Fig. 9. Spectrogram of the backing layer thickness of 1 mm.

of ultrasonic waves, and the sensor has the highest sen-
sitivity, so it has the largest ultrasonic amplitude and
the largest bandwidth.

4.3. Acoustic propagation characteristics
of the sensor in the epoxy resin and steel

When the thickness of the backing layer is 2 mm,
the annular piezoelectric ultrasonic sensor has a strong
radial resolution. Therefore, #5–#8 sensors are se-
lected, and the epoxy resin and steel block are used
as the propagation medium to test the acoustic propa-
gation characteristics of the ultrasonic sensor in the
solid. In order to reduce the error caused by human
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a)

b)

c)

d)

Fig. 10. Spectrogram of the backing layer
thickness of 2 mm.

factors, the annular piezoelectric ultrasonic sensor was
fixed on the fixture, and the sound propagation medium
in the middle is the epoxy resin and steel block, re-
spectively.

Figures 11a and 11b show the ultrasonic time-
domain spectra of the sensor in the epoxy resin and
steel medium, respectively. It can be seen from Fig. 11a
that the pulse duration of #5 sensor is the longest and
the amplitude is the lowest, and #7 sensor has the
largest peak-to-peak value which can reach 87 mV.
Meanwhile, the pulse width is very narrow. The above
results show that #7 sensor has the best acoustic
matching condition. It can be seen from Fig. 11b that
the ultrasonic attenuation is slow in the steel medium.

a)

b)

Fig. 11. Time-domain diagram of ultrasonic waves
in epoxy resin (a) and steel (b).

The reason may be that when the epoxy resin is
a matching layer, it cannot solve the impedance match-
ing problem between the sensor and the steel medium.
On the other hand, the steel is a metal. It is character-
ized by high impedance, high sound velocity and low
attenuation, so the ultrasonic attenuation is slow.

Figure 12 shows the changing tendency of peak-to-
peak value and head wave amplitude when #5–#8 sen-
sors work on the epoxy resin and steel medium, respec-
tively. It can be seen from Fig. 12a that when working
in the epoxy resin medium, the peak-to-peak value of
#7 sensor is the largest, which is 252 mV, and the head
wave amplitude is the largest, which is 7.5 mV. It can
be seen from Fig. 12 that when the annular ultrasonic
sensor prepared in this paper works in a solid medium,
the peak-to-peak value and the head wave amplitude
both increase first and then decrease. One of the pur-
poses of adding a matching layer is to enable the ul-
trasonic transducer to achieve high sensitivity, reduce
the reflection of ultrasonic waves on the surface of the
working medium, and improve the effective transmis-
sion energy of ultrasonic waves. The matching layer of
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a)

b)

Fig. 12. The peak-to-peak values and head wave amplitudes
of #5–#8 sensors when working in the epoxy resin (a) and

steel (b).

3 mm thickness designed in this paper can make the
sensor obtain the highest amplitude response and sen-
sitivity.

5. Conclusion

In this paper, a kind of annular piezoelectric ultra-
sonic sensor was designed and fabricated using annular
piezoelectric ceramic. The influence of matching and
backing layer with different thickness on the acoustic
characteristic parameters of the ultrasonic sensor was
studied. The following conclusions are drawn:

1) The height of annular piezoelectric ceramics main-
ly affects the resonance frequency corresponding
to the axial mode and the impedance peak cor-
responding to the radial mode. As the height of
the piezoelectric ceramic decreases, the resonance
frequency corresponding to the axial mode of the
annular piezoelectric ceramic moves to the high
frequency direction, and the radial vibration mode
as well as the impedance peak value increases.

2) With the thickness of the backing layer increasing,
the vibration suppression effect on piezoelectric
ceramics is enhanced. When working in water, the
head wave amplitude of a sensor with a backing
layer of 2 mm is reduced by an average of 14%
compared with a sensor with a backing layer of
1 mm.

3) With the increase of the backing layer, the avera-
ge pulse width of the sensor is decreased by 39%,
indicating that the backing layer can improve the
radial resolution of the sensor. At the same time,
with the increase of the backing layer, the −3 dB
bandwidth about the sensor is increased by 66%,
indicating that the −3 dB bandwidth can be sig-
nificantly improved by increasing the backing
layer thickness.

4) When the thickness of the matching layer and the
backing layer are 3 mm and 2 mm, respectively,
the ultrasonic sensor can obtain the highest ampli-
tude response and sensitivity. The amplitude can
reach 269 mV when working in water and 252 mV
when working in the epoxy resin medium.
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