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By the continuous development of aerospace, petroleum exploration, and
other industrial fields, the fiber-optic acoustic sensor (FOAS) with high
reliability is a desideration sensor, which can be used for noise monitoring
in the extremely harsh environment. The FOAS based on the all-rigid
Fabry–Perot resonator (FPR) relies on the new acoustic sensitive principle,
where the change in the air refractive index is induced by sound waves and gets
rid of the distortion caused by the mechanical characteristics of the acoustic
sensor based on the movable parts. So, the FPR-based FOAS is very suitable for
acoustic sensing in the harsh environment. In this paper, the reliability of this
kind of FOASs is simulated and analyzed. The modal and anti-vibration
simulation results of FPR with different sizes show that the FPR has a high
natural frequency, and the external vibration environment does not affect the
acoustic sensitivity of the FPR. The micro and small-batch all-rigid FPR can be
manufactured by the optical contact. Moreover, the FPR can withstand the
high temperature of 500°C that is verified by rapid heat treatment equipment.
In order to improve the reliability of the FOAS, the metal packing shell is
designed and fabricated. Moreover, the vibration and high-temperature tests
of the packaged sensor are carried out. The two groups of tests show that the
sensor can work normally under 10 g of acceleration vibration and 200°C high
temperature, respectively. Therefore, the FOAS based on the FPR has high
reliability and is very suitable for noise monitoring in the extreme harsh
environment of various industrial fields. Furthermore, the research results of
this paper will enhance the competitiveness and influence of the
commercialized FOAS.
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1 Introduction

In recent years, due to the speedy development of micro-nano fabrication
technology, optical technology, signal analysis, and processing technology, optical
fiber sensing technology has developed rapidly [1, 2]. As a representative of new
sensing technology, it is advancing to the field of physical parameter measurement
in the extremely harsh environment of high temperature and strong vibration. For
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example, high-reliability acoustic sensors are urgently needed for
noise monitoring in aerospace, energy exploitation, oil
exploration, and other industrial fields [3–7], and there is an
urgent demand for high-reliability acoustic sensors that can
monitor noise in the extremely harsh environment.
Conventional electrical microphones [8–11] cannot be used in
the aforementioned harsh environment due to the limitation to
sensor materials and electrical output lines. In comparison, fiber-
optic acoustic sensors (FOASs) [12–14] not only have the
advantages of small size [15–17], high sensitivity [18, 19],
anti-electromagnetic interference [20, 21] but also can
withstand extreme harsh conditions such as high temperature
[22, 23].

There are many kinds of optical fiber acoustic sensors, among
which the most representative ones are the fiber grating and
Fabry–Perot interferometer. Although acoustic sensors based on
fiber grating are easy to realize large bandwidth acoustic detection
[24], their sensitivity and frequency response flatness are relatively
low due to the limitation to the spectral sideband. At the same time,
the spectral drift and reduced signal-to-noise ratio of the sensor are
caused by the change in ambient temperature and low-frequency
vibration. The sensor is mainly used in the field of fiber-optic
hydrophones and structural health monitoring. The acoustic
sensor based on the Fabry–Perot interferometer has high
sensitivity and is suitable for air-acoustic measurement. Although
limited by the mechanical characteristics of the sound-sensitive
membrane, the frequency response flatness range of the acoustic
sensor is narrow. At the same time, the membrane is easy to be
damaged by strong sound pressure. However, the high-temperature
application of the acoustic sensor can be realized by selecting the
diaphragm material with high-temperature resistance. For example,
based on the interference detection principle of sound-induced
membrane displacement, J Konle et al. used the Fabry–Perot
interferometer to realize acoustic sensing under high temperature,
which was successfully applied in a combustion chamber [25]. The
highest operating temperature of the sensor was measured to be up
to 800°C. Wang et al. proposed a Fabry–Perot FOAS based on the
sapphire film, which has a sensitivity of 13.58 mV/Pa at 10 kHz and
a frequency band of 100–25 kHz [26]. At the same time, the
temperature tolerance of the sensor is also verified, and the
operating temperature can be as high as 800°C. However, most of
the current research studies only focus on the high-temperature
tolerance of FOASs [27, 28] because the mechanical characteristics
of the acoustic sensitive membrane can affect the accuracy of the
sensor in the vibration environment.

The FOAS based on the all-rigid Fabry–Perot resonator (FPR) is
a new kind of acoustic sensing technology [29, 30]. The acoustic
sensitive mechanism is used to detect the acoustic signal by the
refractive index change in the air in the cavity caused by the sound
wave disturbance, which can eliminate the sensor distortion
resulting from the mechanical characteristics [31]. Moreover, the
all-rigid acoustic sensitive structure greatly improves the application
potential of the sensor in harsh environments [20]. XARION Inc.
has developed a commercial FPR-based FOAS without the
membrane [32]. Although the sensor can achieve good sound
detection [33], the maximum operating temperature is only
100°C. However, in the aerospace industry, for example, the gas
temperature in the combustion chamber of the gas turbine is as high

as about 1100°C, and the temperature fluctuation produces high-
sound–pressure noise, which causes the dynamic load of the
structure resulting in the structure vibration. At the same time,
the combustion instability that occurs in the combustion chamber
leads to deterioration performance or even breakdown accidents. An
effective approach to monitoring combustion conditions is to detect
the noise signal generated in the combustion chamber with high
temperature and vibration. Therefore, it is necessary and valuable to
further study the reliability of this kind of acoustic sensors in the
harsh environment.

In this paper, the high reliability of the FOAS based on the all-
rigid FPR is simulated and tested. The modal and anti-vibration
simulation results using COMSOL show that the acoustic sensitivity
of the FPR is not affected by internal resonance and the external
vibration environment. According to the simulation results, the
appropriate FPR structure size is selected. The micro and small-
batch all-rigid FPR is manufactured by the optical contact. The FPR
can withstand high temperature of 500°C, and the performance has
been verified by rapid heat treatment equipment. The FOAS based
on the FPR was packed with a metal shell, and vibration and high
temperature tests were carried out. Two groups of comparison tests
showed that the sensor could work normally under 10 g of
acceleration vibration and a high temperature of 200°C,
respectively. The performance of the FOASs mentioned
previously and proposed in this paper is summarized and
compared, as shown in Table 1. It can be seen from the
comparison of the listed performance indicators that the
proposed sensor has higher reliability and better environmental
adaptability. Moreover, it can be flexibly used in the extremely harsh
environment of various industrial fields for noise monitoring.

2 High-reliability design and analysis of
micro-FPR

2.1 Modal and anti-vibration simulation

Modal is the natural vibration characteristics of mechanical
structures, and modal analysis can improve the natural frequency
of the structure by optimizing the structure size and so on. Each
modal has a specific natural frequency, damping ratio, and modal
shape. The main mode characteristics of the FPR in a certain
susceptible frequency range can be understood through modal
analysis, thereby the actual vibration response of the structure
under the action of various external or internal vibration sources
in this frequency band can be predicted, which is beneficial to avoid
the generation of structural resonance and noise in practical
applications. Therefore, the modal analysis of the FPR model is
carried out using COMSOL. The structural model of the FPR is
shown in Figure 1. The element attribute is defined as a solid
element, and a single node is set at 2 degrees of freedom in the
simulation state, which can be understood as the up and down
vibrations inside the structure. At the same time, the FPR material is
set at Corning ULE zero-expansion glass, with the density of 2.21 g/
cm3, the Young’s modulus of 67600 MPa, the Poisson’s ratio of 0.17,
and the specific stiffness of 3.12 × 106 m. The COMSOL solution is
based on the characteristic frequency research method of solid
mechanics.

Frontiers in Physics frontiersin.org02

Zheng et al. 10.3389/fphy.2023.1172113

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1172113


In modal analyses, FPR models with different sizes are
established where the length (L), width (W), thickness (T), and
cavity length (CL) are taken as variables, and their first six-order
characteristic frequencies are calculated, respectively. The
comparison shows that the overall characteristic frequency of the
FPR is higher than 470 kHz, which is due to the high-specific
stiffness of the ULE zero-expansion glass. As sound-sensitive
elements, the acoustic response characteristics of the FPR will be
affected by the change in the CL, while in the first six characteristic
modes of the FPR with different sizes, not all modal shapes would
change the CL of the FPR. Therefore, only the corresponding
relationship between the characteristic frequency value and FPR
size of each order characteristic mode shape that can change CL
need to be discussed, as shown in Table 2. It can be seen that in
order to obtain relatively large characteristic frequency, the size
selection of the FPR should follow the principle of thick T, long CL,
and short L and W. Moreover, the effect of T and CL on the
characteristic frequency of the FPR is obviously weaker than that of
L and W.

When the device is in the vibration environment, in addition to
resonance, there is also forced vibration caused by external vibration

sources. In order to analyze the reliability of FPRs with different sizes
more comprehensively, the anti-vibration characteristics of FPRs are
simulated. A fixed acceleration of 10 g was applied to the upper
surface of the FPR through the solid mechanic module using
COMSOL to obtain the stress distribution and displacement
changes of the FPR with different sizes, as shown in Table 3. The
maximum stress of all sizes of FPRs is 2.18 × 10-3MPa, which is
much smaller than the yield stress of ULE zero-expansion glass
(7200 MPa), so the FPRs will not be damaged. Moreover, the
vibration acceleration will not cause the CL change in the FPR,
which can be seen from the surface stress distribution and the total
body displacement corresponding to the stress of the FPR with the
size of 6 × 6 × 2 mm (Figure 2). Therefore, the vibration with 10 g of
acceleration will not affect the acoustic sensitivity of the FPR
theoretically. However, considering the effects of vibration on the
stability of the actual acoustic detection system, the stress and total
body displacement of the FPR should be small, so the size selection
of the FPR should follow the principle of thick T, short L andW, and
long CL.

Based on the aforementioned simulation analysis of the modal
characteristics and anti-vibration characteristics of the FPR and

TABLE 1 Performance of selected acoustic sensors.

Institution Response
range (kHz)

Sensitivity
(mV/Pa)

Operation
temperature (°C)

Anti-
vibration (g)

Reference

Tsinghua University 100–1000 48 dB(SNR) N/A N/A [24]

Technology University Berlin 0.2–2 <1 nm/Pa 1100 N/A [25]

Northwestern Polytechnical
University

0.1–25 13.58 800 N/A [26]

XARION Inc 0.02–1000 10 100 N/A [33]

North University of China 0.02–70 211.0973 230 10 This
manuscript

N/A = data not available.

FIGURE 1
Structural model of the FPR. Among them, L is the length, W is the width, T is the thickness, and CL is the cavity length.
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considering the difficulty of the processing technology, the final size
of the all-rigid FPR is defined as 6 × 6 × 2 mm (L×W×T), and the CL
is 2 mm.

2.2 High-temperature tolerance design and
analysis

The most common processing method of the all-rigid FPR is
to use adhesive to bond two high-reflectance lenses. However,
limited to the working temperature of the adhesive (about 100°C),
this kind of FPR cannot withstand high temperature. Moreover,
the lens surface is easy to be polluted by the adhesive so that the
acoustic detection accuracy is affected. In order to obtain the

all-rigid FPR with high reflectance and high-temperature
tolerance, the optical contact is selected to manufacture the
FPR. The optical contact is an optical micromachining process
based on the van der Waals forces between molecules on smooth
surfaces. Since no adhesive is introduced, the processed FPR has a
wider operating temperature range. Here, the ULE zero-
expansion glasses are selected as the cavity material of the
FPR. The main reason to choose the material is to avoid the
influence of the cavity length change on the accuracy of the
acoustic detection at high temperature.

The technological process of the FPR manufactured by the
optical contact is shown in Figure 3. The main processing steps
are as follows: glass material preparation (spacer and wedge),
deepening of the optical contact, high-temperature bonding, and

TABLE 2 Modal analysis of FPRs with different sizes.

Variable Size (mm) Cavity length (mm) Each mode formation (rank) Characteristic
frequency (kHz)

Unchanged cavity length Changed
cavity
length

T 6 × 6× 2 2 1/2/3/5 4 659.25

6 683.54

6 × 6× 3 2 1/2/3 4 659.58

5 683.51

6 683.55

6 × 6× 4 2 1/2/3 4 660.25

5 682.59

6 682.6

W 6 × 10× 2 2 1/2/3/4/6 5 484.49

6 × 8×2 2 1/2/3/4/5 6 580.67

6 × 6× 2 2 1/2/3/5 4 659.25

6 683.54

L 10 × 6× 2 2 1/2/3/6 4 473.65

5 485.03

8 × 6× 2 2 1/2/3/5 4 549.91

6 580.49

6 × 6× 2 2 1/2/3/5 4 659.25

6 683.54

CL 6 × 6× 2 2 1/2/3/5 4 659.25

6 683.54

6 × 6× 2 3 1/2/3/4 5 678.83

6 684.81

6 × 6× 2 4 1/2/3/4 5 677.00

6 678.65

Frontiers in Physics frontiersin.org04

Zheng et al. 10.3389/fphy.2023.1172113

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1172113


then side leveling, cutting, and cleaning to obtain the finished
product of the FPR (Figure 4). At the same time, the bonding
strength of the optical contact is verified by the thrust test.
Figure 5 shows that the FPR cracks randomly under the thrust
value of 58.2N, instead of separating at the surface of the optical
contact, which indicates that the bonding strength is higher than
the thrust value.

In addition, the high-temperature tolerance of the FPR is
characterized. The high-temperature test is completed in two
steps. First, the resonance spectrum of the FPR is tested at 20°C.
Then, the FPR is put into the rapid heat treatment equipment
(RTP-500+), whose temperature is set at 500°C for 1 min. After
cooling, the FPR is taken out, and its resonance spectrum is
tested again for comparison. Figure 6A,B shows the schematic
diagram of the sample placement and temperature setting.

Figure 7A,B shows the performance comparison of the
sensing unit before and after high temperature. It is shown
that its resonance spectrum and quality factor are basically the
same before and after high temperature, indicating that the FPR
can withstand high temperature of 500°C. The annealing
temperature and softening temperature of ULE zero-
expansion glass used for the preparation of FPR are 1000°C
and the softening temperature of ULE zero-expansion glass
used for the preparation shows that the internal surface of the
FPR cavity is coated with a high-reflective film with a reflectivity
greater than 99%. Due to the limitation to the processing
method of the reflective membrane and the material
characteristics of the film system, very high temperature will
result in the fall off of the film or the reflectivity change caused
by the change in the film system, which further leads to the

TABLE 3 Anti-vibration characteristics of etalons with different sizes at 10 g of acceleration.

Variable Size (mm) Cavity length (mm) 10 g

Maximum stress (MPa) Maximal displacement (pm)

T 6 × 6×2 2 1.47 × 10-3 26.6

6 × 6×3 2 1.31 × 10-3 20.4

6 × 6×4 2 1.21 × 10-3 18.5

W 6 × 10×2 2 2.01 × 10-3 54.1

6 × 8×2 2 1.76 × 10-3 43.8

6 × 6×2 2 1.47 × 10-3 26.6

L 10 × 6×2 2 1.98 × 10-3 54

8 × 6×2 2 1.83 × 10-3 43.7

6 × 6×2 2 1.47 × 10-3 26.6

CL 6 × 6×2 2 1.48 × 10-3 26.7

6 × 6×2 3 1.3 × 10-3 25

6 × 6×2 4 1.3 × 10-3 25

FIGURE 2
(A) Surface stress distribution and (B) total body displacement of the FPR with 6 × 6 × 2 mm at 10 g of acceleration.
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failure of the FPR to work normally or achieve the expected
sensing performance.

3 Reliability packaging and
experimental verification of FOASs

3.1 Reliability packaging

An integrated FOAS is obtained by coupling the optical fiber
collimator with the high quality factor FPR. In order to improve
the reliability of the sensor and facilitate the experiment, it

needs to be further packed. As shown in Figure 8A, the
packaging structure is a cylindrical structure with acoustic
holes in the middle. The inner walls of the cylindrical
structure are processed with threads and slots for fixing
optical fibers. Furthermore, the metal material selects high-
temperature steel. During the actual encapsulation, the dust
screen is installed in the position where the sound transmission
hole is located. Then, the FOAS is placed into the metal
cylindrical shell. Finally, both sides of the FOAS are secured
using screws to complete encapsulation, as shown in
Figure 8C,D.

3.2 Vibration test

The purpose of the vibration test is to verify the acoustic
performance of the FOAS in the vibration environment. In order
to increase the contrast, the FOAS was fixed on the modal shaker
(JZK-10) (as shown in Figure 9), and the sensitivity and sound signal
response of the FOAS before and after vibration are tested,
respectively.

Under the static condition of the modal shaker, the
sensitivity and acoustic signal response of the FOAS are
measured, as shown in Figure 10. The sensitivity is
57.04 mV/Pa, the linear coefficient is 0.99693, and the
response amplitude of the acoustic signal at 2 kHz is
0.14844. Sinusoidal vibration is selected for the acceleration
vibration test. Moreover, the test conditions of sinusoidal
vibration are determined by three parameters, namely,
frequency, amplitude, and test duration. Here, the fixed-
frequency test is selected, of which the frequency is 50 Hz,
the acceleration amplitude is 10 g, and the test duration is
5 min. The test results are shown in Figure 11. The sensitivity is
56.09 mV/Pa, the linear coefficient is 0.98921, and the
response amplitude to the 2 kHz acoustic signal is 0.1439.
Compared with the performance of the FOAS in the static
state, it is found that the vibration does not affect the
sensitivity basically but will reduce the linear coefficient of
the sensitivity. Vibration has little effect on the response
amplitude of the 2-kHz acoustic signal, but the vibration

FIGURE 3
Optical contact technological process of the FPR.

FIGURE 4
(A) Images of FPR and (B)small-batch FPRs with high consistency.
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noise is introduced into the response of the acoustic signal.
However, the influence of the vibration noise can be solved by
subsequent signal processing. Figure 11C shows the acoustic

response signal after removing the background noise. It can be
seen that although the signal response amplitude is slightly
reduced, the vibration noise is basically eliminated. Therefore,
the aforementioned comparative experiments prove that the
FOAS is highly reliable.

3.3 High-temperature test

The high-temperature test of the FOAS is completed by
annealing furnace. When the annealing furnace temperature is
20°C, 100°C, and 200°C, the frequency response and sensitivity of
the FOAS are tested, respectively. The test results are shown in
Figure 12. It can be concluded that the frequency response range is
20 Hz–70 kHz, and the flatness is ±2 dB at different temperatures.
The sensitivity at the temperatures of 20°C, 100°C, and 200°C are
57.5148 mV/Pa, 124.6935 mV/Pa, and 211.0973 mV/Pa,
respectively. The main reason for different sensitivities is that
the air density in the FPR decreases with the increase in
temperature, the refractive index decreases accordingly, and the
slope and amplitude of the synchronous demodulation curve also

FIGURE 6
High-temperature test process, (A) sample placement, and (B) temperature setting diagram.

FIGURE 7
Performance comparison of the FOAS sensitive unit before and
after 500°C of high temperature.

FIGURE 5
Schematic diagram of (A) thrust test, (B) maximum thrust test results, and (C) random cracking at maximum thrust.
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increase accordingly. Therefore, the sensitivity increases with the
increase in temperature. When the annealing furnace temperature
rises to 230°C, as shown in Figure 13, the linear region of the
demodulation curve corresponding to the optical fiber acoustic
sensor is fission. In this case, the FOAS cannot perform acoustic
demodulation and acoustic sensing. Therefore, FOASs can only
work at temperatures below 230°C. The maximum working

temperature of the FOAS is mainly limited by the coupling
mode of the acoustic sensor. The ultraviolet optical adhesive is
used for coupling between the optical fiber and acoustic sensitive
unit, of which the maximum working temperature is 160°C.
Furthermore, due to the protection of high-temperature-
resistant ceramics during the high-temperature test, the optical
adhesive fails at 230°C, resulting in the FOAS not working

FIGURE 8
(A) SolidWorks mechanical drawing of the metal packing shell, (B) image of the metal packing shell, (C) schematic diagram of the full packaging
process of the FOAS, and (D) the FOAS with the metal packing shell.

FIGURE 9
(A) Modal shaker and (B) schematic diagram of the placement of the FOAS and accelerometer on the shaker.
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properly. In the future, a CO2 laser fusion system is designed to
couple the optical fiber and the acoustic sensitive unit through laser
welding so that the FOAS will have a higher application
temperature range.

The vibration and high-temperature test results indicate that the
FOAS with the metal packing shell has high reliability and can be
used as noise monitoring equipment in extreme harsh
environments.

FIGURE 10
(A) Sensitivity and (B) 2 kHz acoustic response of the FOAS when the excitation table is standing still.

FIGURE 11
(A) Sensitivity of the FOAS in the vibration state, (B) the acoustic response of the FOAS to 2 kHz in the vibration state, and (C) the acoustic response of
vibration removed the background noise.
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4 Conclusion

The high reliability of FOASs determines its practical application
values, especially its application potential in the extreme harsh
environment. By means of modal and anti-vibration simulation, it
can be seen that the all-rigid FPR has a high natural frequency, and the
external vibration (10 g) will neither affect the acoustic detection
performance of the FPR nor damage the structure of the FPR. In
order to improve the temperature tolerance of the FPR, the optical
contact is used to manufacture it. Moreover, the FPR can still maintain
its original properties after high-temperature baking at 500°C. The
FOAS based on the FPR is packed with a metal shell, and vibration and
high- temperature experiments were carried out. Two groups of
comparison experiments show that the sensor could work normally
under 10 g of acceleration vibration and a high temperature of 200°C,
respectively. Therefore, FOAS has high reliability and good
environmental adaptability. Moreover, it can be used for noise

monitoring in extremely harsh environments of aerospace, oil
exploration, and other industrial fields. Meanwhile, the competitive
advantage of commercializing FOASs has been further improved.
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