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Aiming at the characteristics of low sensitivity and narrow frequency range of existing microseismic monitoring sensors for mine
water hazard prevention and control, a piezoelectric acceleration sensor for microseismic monitoring based on a kind of triangular
shear structure is proposed. Firstly, the structure of the triangular shear piezoelectric acceleration sensor is designed, and its
dynamic model is built. The structural and material parameters related to natural frequency and sensitivity are analyzed. Then,
the selection of piezoelectric ceramic materials is discussed. The parametric design of the designed sensor is carried out, and its
finite element structural model is built by ANSYS. The modal analysis, resonance response analysis, and piezoelectric analysis
of the designed sensor are carried out. The simulation results indicate that the working frequency and sensitivity of the
designed sensor meet the requirements of microseismic monitoring. Response surface optimization is adopted to analyze the
influence of sensor element design variables on the sensitivity and resonant frequency of the designed sensor. The reoptimized
design of the reference sensor improves the resonant frequency of the designed sensor by 9.46% and the charge sensitivity by
18.96%. Finally, the designed sensor is calibrated, and the microseismic signal detection experiment is carried out. The results
indicate that the resonant frequency of the designed sensor is 6150Hz, the working frequency is 0.1-2050Hz, and the charge
sensitivity is 1600 pC/g. The sensor can detect microseismic signals with a wide frequency range and high sensitivity.

1. Introduction

In recent years, mine water inrush dynamic disasters caused
by mining activities have occurred frequently, which has
become one of the main disasters that continue to threaten
coal mine safety production. The possibility of water inrush
dynamic disasters in mines will further aggravate with the
increase of mining depth [1]. It damages mining equipment
and facilities, affects safe production, and threatens the lives
of miners. Microseismic monitoring technology has been
widely used as an effective means to deal with the above
disaster [2]. This technology uses sensors to sense the micro-
seismic signals generated by rock fracture during the forma-
tion of coal mine water inrush channel, locate the
microseismic time, explain the focal mechanism, and realize
the real-time, continuous, and full space prediction of mine

water inrush events [3]. As an important part of the micro-
seismic monitoring system, the performance of the sensor is
essential to the prediction accuracy of mine water inrush
events. Therefore, it is an urgent problem to develop a sensor
with a wide working frequency and high sensitivity to
improve the comprehensiveness and accuracy of microseis-
mic signal acquisition.

The interferometric optical fiber geophone has high sensi-
tivity and wide dynamic range, which is suitable for detecting
microseismic signals. In 2004, Tsinghua University developed
a three-componentmandrel optical fiber accelerometer, which
can be used for downhole petroleum exploration [4]. The
working frequency band is 3~800Hz, and the on-axial acceler-
ation sensitivity is 39dB re rad/g. Optical fiber microseismic
detection technology is widely used in petroleum geophysical
exploration, but in the fields with poor production conditions
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such as coal mines, the performance of the sensor needs to be
further improved. The sensitivity of the piezoelectric acceler-
ometer developed in [5] is 19V/g, and the dynamic range is
80dB. The piezoelectric six-axis acceleration sensor developed
in [6] uses a single inertial mass, which can measure the six-
axis acceleration and is linearly coupled in all directions. The
axial sensitivity can reach 0.695V/g, and the natural frequency
can reach 25kHz. A biaxial differential piezoelectric acceler-
ometer with bimorph and independent mass structure is
studied [7]. The resonant frequency of the accelerometer opti-
mized by the finite element method is about 7.4 kHz, and the
sensitivity of the two axes is 1556pC/g and 1363pC/g, respec-
tively. The natural frequency of the piezoelectric MEMS accel-
erometer designed in [8] is about 29.8kHz, and the maximum
sensitivity is about 0.2mV/g, which needs further improve-
ment. Although the MEMS sensor studied in [9] can monitor
microseismic signals, its frequency range is small and cannot
monitor microseismic signals more comprehensively.

The performance of the piezoelectric accelerometer in
bending mode is studied in [10], and the sensitivity is asso-
ciated with the system parameters by using a set of approx-
imate formulas. The cantilever beam structure of bimorph is
adopted, and the sensitivity can reach at least 500 pC/g. A
piezoelectric thick film acceleration sensor with large band-
width and temperature compensation is reported in [11].
Its natural frequency is 40 kHz, and its sensitivity is 6mV/
ms-2. A circular piezoelectric accelerometer is developed by
using PZT thick film material with a large piezoelectric cou-
pling coefficient in [12, 13]. Its sensitivity can reach 7.6 pC/g,
the resonance frequency is about 3.7 kHz, and the structure
is more robust. A shear-mode high-temperature piezoelec-
tric acceleration sensor is studied by using YCOB Crystal
in [14], which can withstand the high-temperature environ-
ment of 1250°C, and the sensitivity value is 8:7 ± 1:6pC/g.
Compared with the PZT accelerometer with a similar struc-
ture, the piezoelectric accelerometer adopts BNKBT lead-
free ceramic ring as a sensing element, which has good per-
formance and wide frequency response [15]. The platformed
unimorph accelerometer adopts a curved plate with a castel-
lated surface to form a sensing structure, which will increase
the stress in the piezoelectric crystal and produce higher
charge output. The accelerometer has the characteristic that
the noise is inversely proportional to the charge output at
the low frequency [16]. A sensor using Li-doped ZnO film
with a double piezoelectric layer structure is proposed in
[17]. This sensor can obtain the maximum output at the res-
onance frequency. Moreover, the output sensitivity can be
improved with the above structure.

The MOEMS accelerometer designed in [18] uses a
micromechanical sensing structure and a grating interfer-
ometer to exhibit low cross-axis sensitivity. Under the opti-
mum design conditions, the sensitivity of the accelerometer
is 2485V/g, and the resonance frequency is 34.5Hz. MEMS
accelerometers can be designed using various types of piezo-
electric materials. By studying the bulk phase and thin-film
form of piezoelectric materials, high-performance MEMS
accelerometers can be configured using microprecision
machining or hybrid integration methods [19, 20]. The pie-
zoelectric geophone with a multilayer spiral corrugated can-

tilever beam has a low natural frequency due to the long
structure of the cantilever beam, and the corrugated struc-
ture improves its sensitivity [21, 22].

In addition, numerical simulation can be used to visual-
ize several specifics that cannot be obtained in experiments.
Therefore, appropriate analysis models can be used to
explain the function of design variables and the relationship
between variables and performance [23]. Although the
above methods are of strategic significance in the research
and development of sensors, when microseismic monitoring
is applied in coal mines, the frequency range of sensors
needs to reach 1500Hz and have enough sensitivity.

Based on the above literature collection and analysis, a
piezoelectric acceleration sensor for microseismic monitor-
ing based on a kind of triangular shear structure is designed.
The structure is improved based on the basic triangular
shear structure to improve the sensitivity of the designed
sensor. The dynamic model is analyzed, and the material
of the sensor is selected. Then, the parametric design of the
piezoelectric acceleration sensor is carried out. The finite ele-
ment model of the designed sensor is built by ANSYS, and
its structural rationality, resonant frequency, and sensitivity
are analyzed. The sensitivity and resonant frequency are
optimized by the response surface optimization method.
Finally, the prototype of the designed sensor is developed,
and its design scheme, theoretical calculation, and simula-
tion analysis are verified by experiments.

2. Scheme Design and Working Principle

2.1. Structure Design. The structure of the piezoelectric
acceleration sensor mainly includes the compression type,
shear type, and bending type. Among them, the compression
acceleration sensor has the merits of high mechanical
strength and resonance frequency. The bending type has
low mechanical strength and resonance frequency, but high
sensitivity. The shear structure has the characteristics of
small volume, high mechanical strength, high resonance fre-
quency, resistance to substrate deformation, and tempera-
ture impact and can measure low-frequency signals [24].
Microseism is a small vibration caused by rock fracture or
fluid disturbance. To detect microseismic signals more accu-
rately and comprehensively, it is necessary to ensure that the
sensor has a high resonance frequency and sufficient sensi-
tivity. Therefore, the triangular shear structure is selected
in the design of the sensor. Figure 1 shows the structure of
the triangular shear piezoelectric acceleration sensor, which
consists of the piezoelectric element, base, shell, conductive
sheet, insulating sheet, seismic mass, and fastener. Moreover,
in order to intuitively obtain the information of different
components of the sensor, the 3D view inside the shell is
shown in Figure 2. The piezoelectric elements are distributed
on the three planes of the regular triangular prism of the
base. The piezoelectric elements, the conductive sheet, and
the seismic mass are fixedly connected to the base through
the radial force generated by the extrusion of the insulating
sheet by the fastener. Compared with other types of piezo-
electric acceleration sensors, separating the piezoelectric
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element from the base can reduce the effects of thermal tran-
sient and base bending [14].

The active component of the sensor in Figure 2 is the
piezoelectric element. When the sensor receives a microseis-
mic signal, the shear force is equal to the product of the
acceleration received by the seismic mass and the mass act-
ing on each piezoelectric element. The piezoelectric element
generates an electric charge proportional to the shear force.
There are four independent piezoelectric elements on each
side, and the connection form is electrical parallel output.
The triangular shear structure has three sides, and each side
is also the electrical parallel output. The output voltage is the
voltage of a single piezoelectric element, and the amount of
charge is the sum of all piezoelectric elements.

2.2. Working Principle. The working principle of the piezo-
electric acceleration sensor is to convert the acceleration sig-
nal to be measured into an electrical signal based on the
positive piezoelectric effect of the piezoelectric crystal. The
dynamic model of the sensor can be equivalent to a single
degree of freedom system, including mass (m)-spring (k
)-damping (c) [25, 26], as shown in Figure 3. The sensor base
is connected to the vibrating surface. When the sensor senses
the acceleration signal, the piezoelectric element deforms
under the action of the inertia force of the mass, causing
the change of charge and realizing the conversion from the
acceleration signal to the electrical signal.

In Figure 3, the mass of the seismic mass in the shell of
the sensor is m. The piezoelectric material and friction resis-
tance in the sensor are expressed by spring and damper,
respectively, and the stiffness coefficient and damping coeffi-
cient are k and c, respectively. When an external vibration
signal is sensed by the sensor, a displacement response xiðt
Þ will be generated on the vibrating surface. Under the action
of inertia, the vibration displacement of the seismic mass is
xmðtÞ, and its displacement xoðtÞ relative to the base can be
expressed as

xo tð Þ = xm tð Þ − xi tð Þ: ð1Þ

Under the action of the spring and damper, the motion
equation of the seismic mass can be expressed as

m
d2xm tð Þ
dt2

= −kxo tð Þ − c
dxo tð Þ
dt

: ð2Þ

Substituting equation (1) in equation (2), the differential
equation of the system can be obtained as

m
d2xo tð Þ
dt2

+ c
dxo tð Þ
dt

+ kxo tð Þ = −m
d2xi tð Þ
dt2

= −ma, ð3Þ

where a is the measured acceleration.
The Fourier transform of equation (3) is obtained as

x0 jωð Þ
a

= −
1/ωnð Þ2

1 − ω/ωnð Þ2 + 2ζ ω/ωnð Þj , ð4Þ

where ωn and ζ can be evaluated as the following:

ωn =
ffiffiffiffi
k
m

r
, ð5Þ

Seismic massShell

Piezoelectric element
Fastener
Insulation sheet

Conductive sheet

Base

Figure 1: Structure of the triangular shear piezoelectric acceleration sensor.
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Figure 2: 3D view inside the shell of the sensor.
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Figure 3: Dynamic model of the piezoelectric acceleration sensor.
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ξ = c

2
ffiffiffiffiffiffiffi
km

p , ð6Þ

where ωn and ζ are the natural frequency and damping ratio
of the sensor, respectively.

From equation (4), it can be concluded that the natural
frequency is one of the important parameters affecting the
dynamic characteristics of the sensor, which is determined
by the equivalent mass and stiffness constant. The resonant
frequency of the sensor can be given by

f n =
1
2π

ffiffiffiffi
k
m

r
: ð7Þ

Therefore, the following relationship can be obtained
from equation (4):

x0
a

���
��� = 1

ω2
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω/ωnð Þ2� �2 + 2ζω/ωnð Þ2

q : ð8Þ

In a specific frequency range, the inertial force exerted by
the seismic mass on the piezoelectric element is alternating
stress exerted, and the seismic mass approximately obeys
Newton’s second law:

F =ma, ð9Þ

where F is the inertial force.

Table 1: The specific nonpiezoelectric materials and their properties of the designed sensor.

Component Material Young’s modulus (N/m2) Density (kg/m3) Poisson’s ratio

Seismic mass Tungsten alloy 34 × 1010 17500 0.27

Base Stainless steel 20 × 1010 7860 0.3

Conductive sheet Brass 10:4 × 1010 8600 0.37

Insulation sheet Alumina ceramic 30 × 1010 3600 0.24

Shrink ring Aluminium alloy 9 × 1010 2700 0.32

Table 2: The electrical and mechanical properties of the piezoelectric material.

Material Density (kg/m3)
Piezoelectric constant

(pC/N) Poisson’s ratio
Modulus of elasticity (GPa)

d31 d33 d15 C11
E C12

E C13
E C33

E C44
E C66

E

PZT-5H 7800 -274 593 741 0.33 126 79.5 84.1 117 23 23.5

x
9

x
2

x10

x3

x4

x6

x
7

x
5

x1

x
8

Shell
Seismic mass

Fastener Piezoelectric
element

Insulation
sheet

Conductive
sheet

Base

Figure 4: Ten design variables of numerical analysis.

4 Geofluids



Under the fixed premise, the amount of charge Q gener-
ated on the piezoelectric element is directly proportional to
the force F:

Q = dijF = dijma = dijkxo tð Þ, ð10Þ

where dij is the piezoelectric constant of the piezoelectric
element.

Combining equations (8) and (10), the charge sensitivity
of the sensor is obtained by

SQ = Q
a

����
���� =

dijk

ω2
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω/ωnð Þ2� �2 + 2ζω/ωnð Þ2

q , ð11Þ

where SQ is the charge sensitivity.
Therefore, the sensitivity of the sensor is inversely pro-

portional to the natural frequency and directly proportional
to the piezoelectric coefficient. The designed sensor will
compromise between high resonant frequency and high sen-
sitivity [27]. When designing the sensor, the sensitivity can
be improved by selecting materials with a high piezoelectric
coefficient or reducing the natural frequency.

2.3. Material Selection. The designed sensor in this paper
adopts a triangular shear structure, and the piezoelectric
constant of the piezoelectric effect is mainly d15. Commonly
used piezoelectric materials mainly include SiO2, BaTiO3,
PZT, and PVDF. Through the comparison of material prop-
erties, it is concluded that PZT-5H has a greater piezoelectric
constant than other types of piezoelectric materials. In addi-
tion, the material has high dielectric properties and electro-
mechanical coupling coefficient, which makes it have high
sensitivity and fast response. More importantly, the temper-
ature and time stability of the electromechanical parameters
are strong. Because PZT-5H has better piezoelectric perfor-
mance, the piezoelectric element of the sensor designed in
this paper adopts PZT-5H.

According to the relevant data, the material selection of
each sensor component is determined. The specific nonpie-

zoelectric materials and their properties are shown in
Table 1. The electrical and mechanical properties of the pie-
zoelectric material are shown in Table 2.

2.4. Parameterization Design. Design of Experiments (DOE)
[28] has been used for effective simulation experiments.
Using DOE test points, the resonant frequency and voltage
are numerically calculated through modal analysis and pie-
zoelectric analysis. The numerical modeling method approx-
imately uses DOE test points to solve the relationship
between design variables and performance.

Taking the YD-62 piezoelectric acceleration sensor as a
reference sensor, the geometric standard of the internal
components of the sensor is deduced. Ten design variables
determined by the reference sensor are shown in Figure 4,
and their size ranges are shown in Table 3.

5.000

0.000 10.000 (mm)

ANSYS
R17.0

Y

Z X

Figure 5: Finite element model of the designed sensor.

Table 3: Ten design variables and their size ranges.

Design variable Description Reference size (mm) Size range (mm)

x1 Seismic mass diameter 27 26–28

x2 Seismic mass height 11 10–12

x3 Insulation sheet thickness 1.5 1.4–1.6

x4 Conductive sheet thickness 0.3 0.25–0.35

x5 Conductive sheet height 9 8–9

x6 Piezoelement thickness 0.5 0.4–0.6

x7 Piezoelement height 8 7–8

x8 Base triangular prism height 11 10–12

x9 Base thickness 9 7–9

x10 Base inscribed circle outer diameter 31 30–32
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3. Finite Element Analysis

According to the geometric and material parameters of the
piezoelectric acceleration sensor, the structural model of
the designed sensor is built by SOLIDWORKS, and the con-
tact constraints are set in the assembly. Then, the above
structural model is imported into ANSYS to build the finite
element model of the designed sensor. At the same time, the

original contact constraint is automatically transformed into
bonded constraint. Then, the material parameters such as
piezoelectric matrix, stiffness matrix, and dielectric constant
are input. When meshing, the piezoelectric material part of
the sensor is selected as SOLID226 element, and the metal
material part is selected as SOLID186 element. The base
and shell are meshed by tetrahedral elements, and other ele-
ments are hexahedral elements. The polarization direction of

ANSYS
R17.0
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Figure 6: The first to sixth vibration modes.
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each piezoelectric element is set by defining the local coordi-
nate system, and then, the corresponding electrode surface is
added. The fixed displacement constraint is added to the
bottom surface of the sensor, and the acceleration load is
applied to the whole model [29]. Figure 5 shows the meshing
result of the sensor finite element model. The total number
of elements and nodes is 42990 and 127838, respectively.
Through modal analysis, harmonic response analysis, and
piezoelectric analysis, the sensitivity and resonance fre-
quency of the sensor can be calculated.

3.1. Modal Analysis. An important characteristic of the pie-
zoelectric acceleration sensor is the response to different res-
onance frequencies, which can be studied by modal analysis.
The upper cut-off frequency of the sensor depends on the
resonance frequency of the amplitude-frequency curve.
Dynamic characteristics mainly study the resonance fre-
quency of the structure under dynamic load, which is an
important parameter in structural design. The resonance fre-
quency can be determined by modal analysis of the designed
sensor using ANSYS [30]. Figure 6 shows the vibration
modes of the designed sensor from 1st to 6th.

It can be concluded from the simulation results that the
vibration frequencies from the first to the sixth mode are
6250.6Hz, 6409.9Hz, 6448.8Hz, 8572.7Hz, 16222Hz, and
16576Hz, respectively. There is a certain gap between the
first and second modes of the sensor. The second mode is
very close to the third mode, and they gradually increase
rapidly from the third mode. The first mode is the rotational
movement of the parts in contact with the triangular prism
around the Y-axis. The main position of the second and
third deformation modes is the bottom area of the triangular
prism of the base, but the direction of bending deformation
is orthogonal. The main position of the fourth mode defor-
mation is the upper surface of the shell, and the fifth and
sixth mode deformations are mainly caused by the deforma-
tion and sliding of piezoelectric elements and conductive

sheets caused by the seismic mass. From the above analysis,
the resonant frequency of the sensor is 6250.6Hz. According
to the amplitude-frequency characteristics of the sensor, 1/3
of the resonant frequency is taken as the upper frequency to
reduce the amplitude error.

3.2. Harmonic Vibration Response Analysis. The target vibra-
tion direction of the sensor is the Y-axis direction. In this
paper, the steady-state forced vibration of the sensor is
solved by the harmonic response analysis method, and the
inertial acceleration load of the microseismic signal is added
to the bottom of the base. According to the resonance fre-
quency obtained from modal analysis, the frequency range
is tentatively determined as 0-10 kHz. One hundred fre-
quency bands are defined within 0-10 kHz; that is, every
100Hz is a frequency band [31].

In the equivalent system of the piezoelectric acceleration
sensor, the damping coefficient is usually between 0.002 and
0.25. When the damping is air, the damping coefficient is
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Figure 7: Sensor resonance frequency response.
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Figure 8: Voltage distribution diagram of the designed sensor.
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Figure 12: Voltage distribution for case 3.
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0.01. Therefore, in the above analysis, the value of the damp-
ing coefficient in the equivalent system remains constant
(c = 0:01) [10]. Under the action of the simulated microseis-
mic acceleration signal, the sensor produces resonant
motion. After solving and processing, the harmonic
response result of the sensor structure is obtained as shown
in Figure 7.

According to the modal analysis results, the resonant fre-
quency of the sensor is 6250.6Hz. Therefore, the resonance
frequency response curve should theoretically reach the peak
amplitude at 6250.6Hz. It can be seen from Figure 7 that the
average amplitude of the first half is 8:4 × 10−10m; the max-
imum amplitude is 1:1 × 10−9m, appearing near 6250Hz.
Therefore, the maximum amplitude appears at the resonance

Table 4: Values of optimized design variables and the results of cases 1, 2, and 3.

Case x1 (mm) x2 (mm) x3 (mm) x4 (mm) x5 (mm) x6 (mm) x7 (mm) x8 (mm) x9 (mm) x10 (mm) R.F. (Hz) C.S. (pC/g)

1 27 12 1.4 0.285 8 0.4 7 11 7 30.6 6250 1945

2 26 11.96 1.5 0.3 8 0.4 7 11 7 30 6841.9 1635

3 27 11.17 1.4 0.28 8 0.4 7 10.5 7.8 31 6471.6 1817

Reference 27 11 1.5 0.3 9 0.5 8 11 9 31 6250.6 1635
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Figure 14: In all cases, the change in the normalized size of each design variable is relative to the reference design.
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frequency of 6250.6Hz under the acceleration load of the sen-
sor, and the stable working frequency of the sensor is 0-
2083Hz. In this frequency range, the frequency response curve
of the sensor is approximately a straight line, which can be sta-
bly monitored by microseismic signals. According to Refer-
ence [32], the working frequency range of the sensor is 0 to
1/3 of the resonance frequency range. The simulation results
verify the correctness of the above conclusion.

3.3. Piezoelectric Analysis. The charge sensitivity of the sen-
sor is simulated based on the harmonic response analysis.
Only the open-loop condition of the piezoelectric element
is considered in the simulation calculation; that is, only the
open-loop output potential of the piezoelectric element
under acceleration load is calculated. The two surfaces of
the piezoelectric element are set as zero potential constraint
and voltage coupling constraint, respectively. Under the
action of the external load, the voltage difference between
two planes of the piezoelectric element is an amount to be

determined [33]. The result of the piezoelectric analysis is
shown in Figure 8.

Under the action of the acceleration load, the output
voltage frequency diagram of the piezoelectric element is
shown in Figure 9. The output voltage of the sensor is linear
and stable in the range of 0-2083Hz, and its charge sensitiv-
ity is 1635 pC/g.

3.4. Response Surface Optimization. Since the designed
sensor contains many nonlinear features and geometric
design variables, the Kriging model is used in response
surface analysis, and the global approximation model is used
in the metamodel [34]. Using the Kriging model, ten design
variables are optimized through the response surface optimi-
zation method to determine which design variables will
affect the performance of the designed sensor and how much
its performance is improved compared to the reference
sensor [35]. Therefore, three different cases are used to
optimize the performance of the designed sensor, of which

PC Charge amplifier

Power amplifier

Vibration exciter

Vibration table control and
signal acquisition instrument

Standard
piezoelectric

acceleration sensor

Piezoelectric
acceleration sensor to

be tested

Figure 15: Schematic diagram of sensor calibration experiment test device.

Piezoelectric acceleration
sensor to be tested Charge amplifier

Power amplifier

Vibration
exciter

Vibrating
table

Vibration table control and signal
acquisition instrument PC

Figure 16: Physical diagram of sensor experimental test device.
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case 1 is to optimize the charge sensitivity at a constant res-
onant frequency (6250Hz). The optimized voltage distribu-
tion is shown in Figure 10. Case 2 is to optimize the
resonant frequency at a constant charge sensitivity
(1635 pC/g). The optimized modal analysis result is shown
in Figure 11. Finally, case 3 is used to optimize these two
performances. The optimized voltage distribution and
modal analysis results are shown in Figures 12 and 13. The
optimized numerical analysis results in these three cases
are shown in Table 4. Clearly, this optimization has success-
fully improved one performance (cases 1 and 2) or two
performances (case 3).

As can be seen from Table 4, for case 1, the charge sen-
sitivity increased by 18.96% (1945 pC/g), and for case 2, the
resonant frequency increased by 9.46% (6841.9Hz). For case
3, the charge sensitivity increased by 11.13% (1817 pC/g),
and the resonance frequency increased by 3.54%
(6471.6Hz).

To study the influence of design variables on target per-
formance in detail, Figure 14 shows the changes of ten
design variables in three cases, and their sizes are standard-
ized relative to the reference sensor. For case 1, the design
variables that mainly affect the increase of charge sensitivity
are x2, x3, x4, x5, x6, x7, x9, and x10. The height of the seismic
mass increased by 9.1%; the thickness of the insulation sheet
and the height of the conductive sheet decreased by 6.7%
and 11.1%, respectively; the thickness and height of the pie-
zoelectric element decreased by 20% and 12.5%, respectively;
and the thickness of the base decreased by 22.2%. The influ-
ence of other design variables is not obvious (less than 5%).
For case 2, the increased resonance frequency is mainly
composed of x1, x2, x5, x6, x7, x9, and x10. For example, the
outer diameter of the seismic mass and the base decreased
by 3.7% and 3.2%, respectively, while the height of the seis-
mic mass increased by 8.7%. The remaining changed param-

eters are the same as in case 1. For case 3, the reason that the
performance of both can be increased is that x1 is increased
by 1.5%, x3 and x4 are reduced by 6.7%, x5 is reduced by
11.1%, x6 is reduced by 20%, x7 is reduced by 12.5%, x8 is
reduced by 4.5%, and x9 is reduced by 13.3%.

As a result, the reduction in the thickness of the base and
the reduction in the thickness and height of the piezoelectric
element have a positive impact on both properties. Since the
data of other design variables (seismic mass height and insu-
lation sheet thickness) in Figure 14 show a positive impact
on one performance and a negative impact on the other,
these variables need to be controlled appropriately by select-
ing additions or decreases to meet the performance require-
ments. It is worth noting that the size of the seismic mass is
the most obvious factor affecting performance, and the effect
is just the opposite. This is proof of the conflict between res-
onant frequency and seismic mass sensitivity. The above
analysis indicates that it is very significant to determine the
optimal size of the seismic mass.

4. Results and Discussion

To test the performance of the designed sensor, a sensor
experimental test device is built. According to international
standards, when calibrating the piezoelectric acceleration
sensor, it is necessary to adopt the vibration exciter to pro-
vide controllable excitation and record the output signal
[36]. The setting of the piezoelectric acceleration sensor cal-
ibration experimental test device is shown in Figure 15. WS-
5932/U160216-DA2 type vibration table control and signal
acquisition instrument are adopted to generate a sinusoidal
signal, which is amplified by the GF-500 type 500W power
amplifier and then exerted on the JZ-50 type vibration
exciter to produce the required vibration. The WS-4601Z
charge amplifier is adopted to amplify the electrical signals
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from the standard piezoelectric acceleration sensor. The
vibration signals detected by the designed sensor are con-
verted into electrical signals through the piezoelectric ele-
ments and transmitted to the WS-2411Z charge amplifier.
After signal conditioning, they are transmitted to the vibra-
tion table control and signal acquisition instrument. After
A/D conversion, they are transmitted to a PC for data pro-
cessing, and the sensitivity test curves of the piezoelectric
acceleration sensor and the standard piezoelectric accelera-
tion sensor are recorded.

The standard piezoelectric acceleration sensor is used to
measure the acceleration of the vibration exciter. Its model is
BK-8305, the charge sensitivity is 1.25 pC/g, and the working
frequency is 1-10000Hz. The back-to-back calibration

method is used to measure the sensitivity of the tested
sensor.

The experimental test device for the microseismic signal
of the piezoelectric acceleration sensor is developed based on
the calibration experimental device. Compared with the cal-
ibration experimental device, a new vibrating table directly
connected to the vibration exciter is added, and the sensor
is fixed on the vibrating table for the experimental test.
The physical diagram is shown in Figure 16.

When testing the designed sensor, the steady-state sinu-
soidal excitation method is widely used in the world, which
is provided by the vibration exciter. During the test, the
sinusoidal signal is output by the vibration controller, ampli-
fied by the power amplifier, and then drives the vibrator to
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Figure 18: Waveform of microseismic signals detected by the designed sensor.
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make the measured sensor receive the vibration signal [37].
The charge sensitivity of the designed sensor is calibrated
under an excitation signal of 1-10000Hz. The calibration
data is recorded by a computer, and the results are shown
in Figure 17.

It can be seen from Figure 17 that the charge sensitivity
of the designed sensor is 1600 pC/g, and the resonant
frequency is 6150Hz, so its effective working frequency is
0.1-2050Hz. There are some errors between the experimen-
tal results and theoretical calculation or the finite element
simulation. The main reason is that the simulation is set
under the ideal conditions of the software without consider-
ing processing and assembly errors. In addition, in order to
improve the sensitivity of the designed sensor, a more com-
plex structure is adopted, and a certain working frequency
range is sacrificed. The complex sensor structure will
increase the difficulty of the processing and assembly of
the sensor, resulting in large errors between the experimen-
tal results and the theoretical analysis or the simulation.

To verify the feasibility of the designed sensor to detect
the microseismic signals, the vibration experiments are
carried out on the platform shown in Figure 16. Four micro-
seismic signals are selected for experimental verification. The
vibration table is driven to vibrate by sending a microseismic
signal to the vibration exciter. Then, the designed sensor is
used for detection, and the results are shown in Figure 18.
The results show that the designed sensor is feasible to detect
microseismic signals and has the characteristics of a wide
frequency range and high sensitivity.

5. Conclusions

In this paper, a piezoelectric acceleration sensor for micro-
seismic monitoring based on a kind of triangular shear
structure is designed and optimized. The piezoelectric ele-
ment materials and other element materials of the sensor
are determined. The modal analysis, resonance response
analysis, and piezoelectric analysis of the designed sensor
are carried out based on the finite element structural model.
The experimental platform is built to verify the feasibility of
the sensor to detect microseismic signals. The main conclu-
sions can be drawn as follows:

(1) The natural frequency and sensitivity of the sensor
are improved by improving the structure and select-
ing high-performance materials

(2) The reoptimized design of the reference sensor has
successfully improved the performance, the resonant
frequency is increased by 9.56%, and the charge sen-
sitivity is increased by 18.96%

(3) The working frequency of the sensor is 0.1-2050Hz,
and the sensitivity is 1600 pC/g, which meets the fre-
quency range and high sensitivity requirements of
microseismic signal detection

Clearly, there is a lot of work to do in the future, includ-
ing analysis of the background noise of the designed sensor,
consideration of engineering application and verification in

microseismic monitoring system, and further improvement
of the working frequency and sensitivity of the piezoelectric
acceleration sensor.
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