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This paper proposes a wireless passive vibration sensor based on high-temperature ceramics for vibration measurement in harsh
environments such as automotive and advanced engines. The sensor can be equivalent to an acceleration-sensitive RF LC
resonance tank. The structural design of the LC tank and the signal wireless sensing mechanism are introduced in detail. The
high-temperature mechanical properties of the sensitive structure are analyzed using ANSYS at 25–400°C, which proves the
usability of the vibration sensor in high-temperature environment. The three-dimensional integrated manufacturing of vibration
sensors with a beam-mass structure based on high-temperature ceramics is completed by a bonding process. Finally, the
performance of the sensor is tested on a built experimental platform, and the results show that the vibration sensitivity is
approximately 1.303mv/m·s-2, and the nonlinear error is approximately 4.3%. The vibration sensor can work normally within
250°C, and the sensitivity is 0.989mv/m·s-2.

1. Introduction

In aviation, automobiles, and other fields, the monitoring of
vibration parameters is critically essential to the normal
operation of key components of certain large-scale facilities
and equipment [1–4]. For example, the aero-engine under
working conditions is usually accompanied by severe vibra-
tions, which has a great impact on the life span of compo-
nents and even causes accidents in serious cases [5].
Therefore, the real-time measurement of vibration parame-
ters has become crucial for prolonging the life span and
improving the reliability of the system. At present, various
vibration sensors based on different sensitive principles such
as piezoresistive, piezoelectric, and capacitive have been
known and used for vibration measurement. For example,
in [6], a quad beam piezoresistive z-axis accelerometer with
silicon as material was presented, which relied on the
piezoresistive effect to measure the acceleration. In [7], an
X-shaped piezoelectric accelerometer was proposed, which
detected acceleration signal by sticking PZT piezoelectric
film to the root of silicon sensitive beam. In general, capaci-

tive vibration sensors are designed as differential structure
so as to improve sensitivity and reduce nonlinear errors. In
[8], a z-axis differential capacitance accelerometer with
double-side single crystal silicon H-shape structure was
researched, which realized the stable measurement of accel-
eration with 0-1 g. However, the vibration sensors based on
the above-mentioned sensitive mechanisms all use wired
measurement methods, which means the sensitive chip and
the back-end processing circuit are directly connected by
leads, which cannot be used in some specific environments.
For example, for the parameter measurement of high-speed
rotating parts, when the sensor is installed on the surface of
the high-speed rotating part, the electrical lead will move
with the rotating device, which will lead to breakage and
failure of the test. Thus, the wireless passive LC resonant sen-
sor, which does not rely on interconnection lines to transmit
signals and an external power supply to provide energy, and
has a simple structure and convenient reading, has attracted
wide attention at home and abroad [9–17, 22]. In recent
years, acceleration measurement based on this principle has
gradually arisen. Wei [18] in 2016 studied the temperature-

Hindawi
Journal of Sensors
Volume 2021, Article ID 8875907, 9 pages
https://doi.org/10.1155/2021/8875907

https://orcid.org/0000-0002-1532-0731
https://orcid.org/0000-0003-1560-9858
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8875907


pressure-acceleration three-parameter sensor using the LC
resonance principle, which mainly focused on structure
design and simulation analysis. Liu [19] in 2018 proposed
an LTCC (Low Temperature Co-fired Ceramic) capacitive
vibration sensor and measured ±1 g acceleration using the
dividing head. However, it only aimed at the static mea-
surement of acceleration, which is far from satisfying the
real-time measurement of dynamic acceleration signal. In
addition, compared with the LTCC materials, the high-
temperature ceramic materials can be used in a higher
temperature environment owing to the material properties.

In this paper, a wireless passive LC resonant vibration
sensor using zirconia ceramic with low elastic modulus as a
sensitive material is presented. The sensor consisted of a con-
stant square inductor and variable parallel capacitor, and the
movable plate of the capacitor was a beam-mass structure. In
addition, wireless transmission of the vibration signal was
based on the principle of mutual inductance coupling
between the inductor coil and the antenna coil. The mechan-
ical properties of the sensitive beam-mass structure in a high-
temperature environment were simulated by ANSYS to ver-
ify the usability of the sensor. The integrated preparation of
the sensor embedded with the beam-mass structure was com-
pleted by a bonding process. Finally, a vibration test platform
was built to verify the performance of the fabricated sensor.

2. Measurement Principle and Design of Passive
Vibration Sensor

The wireless sensing mechanism of the vibration sensor is
shown in Figure 1(a). A constant spiral inductor and a
variable parallel capacitor are connected in series to form a
vibration sensing circuit, which measures acceleration by
detecting the deformation of the movable plate of the capac-

itor. The capacitance of the capacitor changes due to the
acceleration applied on the movable plate of the capacitor,
resulting in a change in the equivalent impedance at the
antenna. The signal at the antenna is partially reflected due
to impedance mismatch, which is input into the detection
circuit through the CPL port of the coupler; the voltage
signal output by the detection circuit changes accordingly.
The value of the constant inductor can be calculated as
follows [20]:

Ls = 2:34μ0
n2 dout + dinð Þ/2ð Þ

1 + 2:75 dout − dinð Þ/ dout + dinð Þð Þ , ð1Þ

where μ0 is the permeability of vacuum, n is the number
of turns of the square spiral inductor coil, and dout and
din are the out diameter and inner diameter of the coil,
respectively. Since the vibration parameter is sensed by
the beam in this paper, the displacement of beam under
acceleration g that can be expressed as:

Δd = Fl3

3EI = 4mgl3

Ebh3
, ð2Þ

where E is the elastic modulus of zirconia ceramics, F is
the inertial force applied to the mass, l, b, and h are the
length, width, and height of cantilever beam, respectively,
and m is the quality of mass block. The capacitance of
the sensor under acceleration g is:

C = f gð Þ = ε0A

d0 + tg/εr
� �

− 4mgl3/Ebh3
� � , ð3Þ

where ε0 is the dielectric constant of vacuum, εr is the
relative dielectric constant of substrate.A is the facing area
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Figure 1: (a) Schematic diagram of the wireless sensing principle; (b) 3D model diagram of vibration sensor; (c) schematic structure of
vibration sensor.
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of capacitor plates, d0 is the initial distance of capacitor
plates, and tg is the thickness of zirconia dielectric layer.
The equivalent impedance of the antenna can be repre-
sented by [21]:

Zin = f Cð Þ = Ra + jωLa +
ω2M2

Rs + j ωLs − 1/ωCð Þð Þ , ð4Þ

where Ra and Rs, respectively, present the resistance of the
antenna and sensor, w is the angular frequency, La and Ls,
respectively, present the inductance at the antenna and
sensor, and C is the equivalent capacitance at the sensor.
M presents the mutual inductance between the antenna
and the sensor coupled coil, and it is expressed as [22]:

M = k
ffiffiffiffiffiffiffiffiffi
LaLs

p
, ð5Þ

where k presents the coupling coefficient of the antenna
and sensor. According to impedance matching characteris-
tics, the reflection coefficient Γ at the antenna can be
expressed as follows:

Γ = f Zinð Þ = Zin − Z0
Zin + Z0

����
Z0=50Ω

= 1 − 100
Zin + 50 : ð6Þ

The reflected signal is converted into voltage by the
measuring circuit and output, and its expression is

Vout = f Γð Þ =Genv ⋅ C31 ⋅ Γ =Genv ⋅ C31 ⋅ 1 − 100
Zin + 50

� �
,

ð7Þ

where Genv is the amplification gain, and its value is 1.46
and C31 is the coupling coefficient between the coupled
port and the input port. It can be seen from the above
formula that the output voltage of the detection circuit
changes with the capacitance, and the change of the capac-
itance reflects the change of the acceleration. Therefore,
the acceleration measurement can be realized by analyzing
the value of the output voltage of the circuit.

In this study, high-temperature resistant ceramic mate-
rials and conductive silver paste with low resistivity and good
adhesion are selected as materials of the vibration sensor. As
shown in Figures 1(b) and 1(c), the sensor consists of three
layers. The top layer includes a beam-mass structure made
of zirconia with low elastic modulus, which is used to print
the movable plate of the capacitor. The mass block is fixed
to the top frame by the cantilever beam. The middle layer
contains a frame layer, which provides some space for the
beam to deform under acceleration. The bottom layer is a
square solid substrate for printing inductor and capacitor
fixed plate. Both the middle and bottom layers are made of
alumina ceramics. The area of the capacitor bottom plate is
smaller than that of the mass block, which is beneficial for
reducing the influence of the edge capacitance.

The sensor is composed of 14 layers of ceramic green
tape, and the thickness of each layer of green tape is about

100μm. The top, middle, and bottom layers contain 2, 2,
and 10 layers, respectively. The thickness of the mass block
is designed to be twice the thickness of the beam so that the
inertial force can be increased under the same acceleration
to obtain greater displacement. Table 1 lists the detailed
parameters of the designed vibration sensor.

3. ANSYS Finite Element Simulation of Sensitive
Beam-Mass Structure

3.1. Simulation of Mechanical Properties at Room
Temperature. According to the geometric dimensions of
beam and mass listed in Table 1, ANSYS workbench is used
to simulate the mechanical properties of the sensitive
structure, and the SolidWorks software is used to model the
sensitive structure.

After importing the modeled sensitive beam into ANSYS,
a static analysis of the structure is performed. In order to per-
form finite element simulations, it is necessary to mesh the
structure. The quality of the mesh directly affects the solution
time and the correctness of the solution result. As shown in
Figure 2(a), the minimummesh quality is 0.7869, which indi-
cates that the divided mesh is suitable. Figure 2(b) shows the
equivalent stress distribution of the sensitive beam under a
4 g load. It can be observed that the maximum value is
7.818MPa, which is found at the fixed position of the sensi-
tive beam and is much smaller than the bending strength of
the material. It is proved that the displacement of the beam
changes linearly in the range of 4 g.

Modal analysis and harmonious response analysis of can-
tilever beam are used to characterize its anti-interference
ability. After extracting the first two-order vibration modes
of the beam, as shown in Figures 3(a) and 3(b), we can see
that the frequency of the first-order vibration mode, which
is also known as the working mode, is 165.54Hz; it appears
to move along the z-axis of the center of the mass block.
The second-order vibration mode is an interference mode
with a frequency of 660.81Hz, which appears to rotate
around the x-axis of the center of the mass, and the frequency
of the second-order interference mode is more than three
times that of the first-order working mode. Figures 3(c) and
3(d) show the harmonic response analysis of the structure,

Table 1: Geometric dimensions of the as-designed accelerometer.

Parameter Symbol Value

din Inner diameter 11mm

dout Outer diameter 49mm

A Side length of plate 8mm

d0 Initial spacing 1.4mm

l Length of beam 10mm

b Width of beam 3mm

h Thickness of beam 100 μm

a Side of mass 13mm

h1 Thickness of mass 200 μm
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which represent amplitude-frequency characteristics and
phase-frequency characteristics, respectively. The peak fre-
quency is 165.17Hz, which is almost the same as the fre-

quency of the first-order vibration mode. The results of the
above dynamic analyses show that the sensitive structure
has strong anti-interference ability.

Element quality Value

Min 0.7869
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Figure 2: (a) Meshing of sensitive structure; (b) equivalent stress under 4 g.
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Figure 3: Dynastic characteristic of sensitive beam: (a) first-order vibration mode; (b) second-order vibration mode; (c) amplitude-frequency
characteristic; (d) phase-frequency characteristic.
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3.2. Simulation of Mechanical Properties at High-Temperature
Environment. As the temperature increases, the mechanical
parameters of the sensitive beam will change, thereby chang-
ing the performance of the sensor. Therefore, this section
simulates the mechanical properties in the temperature-
acceleration coupled field. In order to simplify the model,
the internal thermal stress of the material is ignored, and the
structure is assumed to be heated uniformly. Under 4 g accel-
eration, the temperature load applied to the sensitive beam
changes from 100°C to 400°C, and the results are shown in
Figure 4. It can be observed that the deflection of the sensitive
beam increases with an increase in temperature, which is
mainly because the elastic modulus of the zirconia material
decreases with an increase in temperature. The maximum

equivalent stress of the sensitive beam does not change with
temperature, and it can be expressed as:

σ = 6mal

bh2
: ð8Þ

We can see from Equation (8) that the maximum stress of
the cantilever beam is only related to the structure size and has
nothing to do with the elastic modulus. The flexural strength
of zirconia at 400°C is approximately 600MPa. After consider-
ing a safety factor, its maximum allowable stress should be
greater than 400MPa. The simulation results show that the
equivalent stress under 4 g load is 7.8188MPa, which is much
smaller than the maximum allowable stress. Therefore, the
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Figure 4: Static characteristics in the z-axis direction at different temperatures: (a) deformation distribution of sensitive beam at 100°C;
(b) equivalent stress distribution of sensitive beam at 100°C; (c) deformation distribution of sensitive beam at 200°C; (d) equivalent
stress distribution of sensitive beam at 200°C; (e) deformation distribution of sensitive beam at 300°C; (f) equivalent stress
distribution of sensitive beam at 300°C; (g) deformation distribution of sensitive beam at 400°C; (h) equivalent stress distribution of
sensitive beam at 400°C.
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designed sensitive beam can be expected to work normally
within 400°C.

4. Fabrication of LC Wireless Passive
Vibration Sensor

In order to enable the sensor to work normally in high-
temperature environment, the high-heat resistance ceramics
are used as the materials of the vibration sensor. In addition,
the bonding process is used to achieve the integrated
manufacturing of the vibration sensor. The fabrication pro-
cess mainly includes the processing of the sensor structure
and the printing of the LC series electrodes.

4.1. Sensor Structure Process. Figure 5(a) shows the main
preparation steps of the sensor structure process. In order
to obtain a larger displacement of the sensitive beam mass
under the same acceleration, zirconia ceramics with a low
elastic modulus are used as the sensitive material in this
study. First, the laser cutting technology is used to cut green
ceramic tape into 14 pieces. Second, the laser drilling technol-
ogy is used to punch through holes at designated via posi-
tions directly at 1mm so as to fill the Ag paste to realize the
interconnection between the capacitor and inductor. Then,
the green tapes are stacked and laminated in 10 pieces, 2
pieces, and 2 pieces. After that, the laminated ceramic pieces
are cut again using laser cutting technology to complete the
structural dimensions of the frame, base, and beam mass.
Finally, the cut sensor structures are sequentially placed into
the muffle furnace for sintering. It is extremely important to
set the holding time in the sintering process. If the holding
time is too long or too short, it will have some impact on
the sintered ceramic. The former makes the sintered ceramic
soft and curved, while the latter makes the ceramic brittle.
Different holding time leads to different changes in the prop-
erties of sintered ceramic sheets, so we optimize the sintering
time by checking the performance of the ceramic sheet after

sintering. A large number of experiments show that it is suit-
able for holding time to set to 100 minutes, which not only
can save time but also meet the characteristics of the material.

4.2. Preparation of LC Circuit and Structure Integration. The
preparation process of the LC circuit and the integration of
the structure are shown in Figure 5(b). In order to success-
fully achieve structural integration of the sensor based on dif-
ferent materials, screen printing technology and sintering
technology are first used to prepare the LC circuit. Then,
ceramic adhesives are used to realize the integrated prepara-
tion of the three-layer structure of the sensor. Conductive sil-
ver paste with low resistivity and excellent adhesion is used as
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Figure 5: Fabrication process of the as-designed accelerometer: (a) fabrication of accelerometer structure; (b) preparation of LC series
electrodes.
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Figure 6: Fabricated sensor: (a) top surface of the vibration sensor;
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the LC circuit material. First, the ceramic surface is cleaned
with alcohol and wipes to facilitate the adhesion between
the slurry and high-temperature ceramics. Then, screen
printing technology is used to allow the silver paste to uni-
formly pass through the customized screen plate so that the
inductance and capacitance patterns are printed on the cor-
responding ceramic plate surface. Next, the silver paste is
filled into the vias by the microhole filling machine to achieve
the electrical connection of different layers. In addition, the
frame, substrate, and beam-mass structure are placed in the
muffle furnace for high-temperature sintering to remove
impurities inside the slurry and achieve slurry purification.
The peak temperature and holding time of sintering were
850°C and 40min, respectively. Furthermore, ceramic bond-
ing paste is printed on the sintered frame and substrate sur-
face by screen printing technology. Finally, ceramic pieces
printed with bonding paste are stacked together sequen-
tially and placed in a muffle furnace for bonding at the
maximum temperature of 600°C. The fabricated sensor is
shown in Figure 6.

5. Measurement and Result

The experimental test platform was built for vibration mea-
surement, as shown in Figure 7. The platform was mainly
composed of a vibration exciter, a demodulation circuit
(including a power supply module and a characteristic
detection circuit module), an oscilloscope (general source
DS6064), a signal generator (general source DG5252), and a
directional coupler (ZEDC-10-2B). A standard vibration sen-
sor was installed on the surface of the vibration exciter to
detect whether the applied excitation changed sinusoidally.
The sensor designed in this study was fixed on the exciter
at a distance of 2mm from the antenna, and a ceramic plate
was used for insulation. The input and output ports of the
directional coupler were connected to the readout antenna
and the signal generator, and the third port, namely, the
CPL port, was connected to the input port of the characteris-
tic detection circuit. In addition, the output port of the char-
acteristic detection circuit was connected to the oscilloscope.
The signal source for the entire measurement system was
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Figure 7: Experimental platform of the vibration sensor: (a) diagram of the test platform built; (b) schematic diagram of the test platform.
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Figure 8: The voltage output of the sensor under 120Hz and 50m/s2 at room temperature: (a) waveform of output voltage; (b) fast Fourier
transform spectrum of the waveform.
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provided by a signal generator. The reflected signal at the
antenna was transmitted wirelessly to the CPL port due to
impedance mismatch and was input to the detection circuit
in the form of a sinusoidal voltage envelope through the
directional coupler. The final sinusoidal voltage was detected
and stored in the oscilloscope.

The continuous response waveform and frequency spec-
trum of the sensor at 120Hz and 50m/s2 are shown in
Figure 8. As shown in Figure 8(a), the sensor output voltage
waveform changes sinusoidally with the excitation signal.
By extracting the peak-to-peak value of the voltage wave-
form, the vibration sensitivity of the sensor is approximately
1.303mv/m·s-2. As shown in Figure 8(b), the frequency spec-
trum of the sensor was obtained through the fast Fourier
transform analysis of the continuous response waveform. It
could be seen that the vibration frequency was approximately
120.04Hz, which was almost consistent with the excitation
frequency set by the vibration platform.

In addition, we increased gradually the vibration acceler-
ation from 4m/s2 to 50m/s2 at a normal temperature (25°C)
and recorded the value of the output voltage to characterize
the sensor performance. Because the test results included
the noise in the detector circuit, Savitzky–Golay smoothing
denoising processing was performed on the measured results
before analysis to obtain more accurate results. The gener-
ated denoising output voltage as a function acceleration is
shown in Figure 9. It could be seen that the output voltage
amplitude increased with the increase of acceleration, and
the nonlinear error was approximately 4.3% by least square
fitting method, which indicated that the sensor has good
linearity.

In order to further analyze the influence of temperature
on sensor performance, we tested the performance of the sen-
sor at 250°C. As shown in Figure 10, it was the relationship
between the output voltage of the sensor and the acceleration
at 250°C. We could see that the sensitivity of the sensor was
0.989mv/m·s-2, which was slightly lower than the sensitivity

under normal temperature, and indicated that the sensor
could measure vibration in high-temperature environment.

6. Conclusion

Based on the principle of mutual inductance coupling, an LC
resonant sensor with acceleration sensitive structure is pro-
posed in this paper. The vibration sensor sensitive structure
is cantilever-mass structure. The measuring principle of the
sensor is analyzed theoretically, and the mechanical proper-
ties of the sensitive structure are simulated under the field
of acceleration and the coupling field of temperature-
acceleration by ANSYS. The bonding process is used to
fabricate the integration of the sensor with beam-mass struc-
ture successfully. The vibration sensor is tested by experi-
mental platform built. It is proved that the sensor has good
acceleration sensitivity and nonlinear error, which are
1.303mv/m·s-2 and 4.3%, respectively. Moreover, the experi-
ment at high temperature shows the sensor can measure the
vibration within 250°C.

Data Availability

The experimental data used to support the findings of this
study are included within the article.
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