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ABSTRACT An extrinsic high-temperature fiber-optic Fabry-Perot vibration sensor based on MEMS
technology is described and experimentally demonstrated. The sensitive unit consists of four cross beams
with a central seismic mass batch-fabricated on a silicon wafer. The sensing head is fabricated by MEMS
technology including dry etching, anodic bonding and dicing processing. And the optical fiber is intergrated
in the sensing head by laser fusing. According to our calculation, the sensor has a resonance frequency
of 10.008kHz. Experimental results indicated that the sensitivity of the sensor from 2g to 22g, with the
frequency of 200Hz, was 2.48 nm/g at 20° and can work stably at 400°. The nonlinearity of the sensor was
evaluated from 20° to 400° and the max nonlinear error was 1.88% at 300°. In addition, the temperature drift
and temperature crossed sensitivity of the sensor agreed well with the theoretical analysis. We believe this
proposed MEMS vibration sensor has a wide engineering high-temperature application prospect.

INDEX TERMS Fiber-optic, Fabry-Perot, high-temperature applications, MEMS, vibration measurement.

I. INTRODUCTION

High temperature vibration sensors are widely used in health
monitor in aeroengine and gas turbine, wing of hypersonic
vehicle, components or fuel cladding of nuclear reactor and
automobile engines [1]-[6]. To date, there are many types
of sensors developed for high temperature vibration appli-
cations such as piezoelectric sensors, piezoresistive sensors,
capacitive sensors [7]-[11]. Compared with these traditional
electrical sensors, fiber-optic sensors have the advantages of
immunity to electromagnetic interference and optical inter-
ference is not influenced by temperature.

Different fabrication methods have been used to manufac-
ture the sensing elements of fiber-optic sensors, including
micro-machining, laser ablation, chemical etching, MEMS
technology, etc. [12]-[16]. In the previous work, we pro-
posed the two fiber-optic Fabry-Perot (F-P) accelerom-
eters, of which the steel circular diaphragm and brass
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cantilever micromachined as the sensing elements, respec-
tively [17]-[18]. However, due to the low machining
resolution, the consistency of the sensor remained a large
error. Li et al. [19] proposed an accelerometer with a micro-
cantilever fabricated on one side of a single-mode optical
fiber using ps-laser and focused ion beam. Zhao et al. [20]
proposed a compact fiber-optic F-P accelerometer with metal
mesh diaphragm-mass structure, achieving high-speed, high-
resolution and real-time measurements. Zhang et al. [21]
demonstrated an all-fiber sensor for low-frequency vibration
measurements, in which the support beam and the mass was
fabricated using chemical etching process. Chen et al. [12]
proposed an in-line fiber optic F-P vibration sensor by fusing
some hollow silica glass tubes and single-mode fiber which
can work below 500°. The above processing methods cannot
meet the requirement of batch fabrication. Edward et al.
[16] reported a silicon MEMS F-P optical accelerometer,
in which the displacement of the proof mass is mechanically
amplified by a V-beam structure prior to transduction. Com-
pared with machining, chemical etching processing and laser
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FIGURE 1. Schematic and photograph of the fiber-optic F-P vibration
sensor.

processing, the sensor based on MEMS processing technol-
ogy has the advantages of mass production, low cost and good
consistency.

In this paper, we proposed a MEMS-based fiber-optic F-P
vibration sensor. The sensors head was batch-fabricated on
a silicon wafer and then separated by dicing processing.
The end face of the fiber was laser-fused in parallel with
the surface of the seismic mass. The temperature drift and
temperature cross sensitivity of the sensor at high temperature
were analyzed theoretically. A dual-wavelength demodu-
lation system was used to demodulate the output of the
sensor which was working at 20° to 400°. The experimental
variation trends of the temperature drift and the temperature
cross sensitivity are consistent with the theoretical calculation
respectively. The proposed optical sensor is electromagnetic
interference because of the sensing principle. And the output
signal is transmitted through optical fiber in which way can
solve the problem that conductor heat transfer affects the
signal processing unit. Therefore, the sensor has the potential
of applicable in higher temperature compared to conventional
technology.

Il. SENSOR WORKING PRINCIPLE AND FABRICATION
A. VIBRATION SENSING PRINCIPLE
Figure 1 shows the schematic and photograph of the fiber-
optic F-P vibration sensor. The sensor consists of a gold-
coated single mode fiber (GSMF), a glass ferrule, a glass
case, a silicon cross beams with central seismic mass and a
glass case. The sensing heads are batch-fabricated by anod-
ically bonding the micromachined glass wafer and silicon
wafer. The F-P cavity is constituted by fusing the end face of
the GSMF in parallel with the surface of the seismic mass.
The glass ferrule, the glass case and the glass wafer are
Borofloat33 (BF33). The cross beams with central seismic
mass is clamped by the glass case and the glass serving as a
mass—spring—damper system to translating the inertial force
of the seismic mass into the cavity length (LFP;) change.
When the on-axis acceleration is applied to the sensor, the
displacement of the seismic mass included by the vibration
causes the change of LFP|, which is proportional to the phase
shifts of the interference output.

According to Newton’s second law and Euler-Bernoulli
beam theory, when on-axis acceleration excitation is applied
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to the fiber-optic F-P vibration sensor, ignoring the lateral
load of beams and the upper surface deformation of the
seismic mass, the maximum deflection of the cross beam
Aw(t) (the on-axis displacement of the seismic mass) can be
expressed as:

ml3a(t)
4Ebh3

where m is the mass of the seismic mass, a,,; is the on-axis
acceleration, E is the Young’s modulus of silicon, /, b, h are
the length, width and height of the cross beam, respectively.
The four cross beams have the same size. Therefore, the on-
axis sensitivity of the sensor can be expressed as:

Aw(r) = — ey

mgl?
 4EbI3
the acceleration we used is a gravitational acceleration so that
the unit of the sensitivity is nm/g.
The resonance frequency of the mass-load cross beams can
be given by:

@)

1 |4Ebh?
Y €)

2\ mB3
According to Fig. 1, the Lpp; is sensitive to acceleration
excitation. And the relationship between the phase shifts of
the Lrp; (Ag(?)) and the variation of the F-P cavity (Lgp;)
length (AL(¢)) can be expressed as [22]:

dn
Ap(t) = TAL(t) 4

where 7 is the refractive index of air, A is the wavelength of
incident light. The variation of the length of the interference
cavity (AL(t)) caused by the on-axis acceleration excitation is
numerically equal to the on-axis displacement of the seismic
mass (Ag(t)). Equations (1) and (4) then can be simplified
into:

13
Ebh3 )
As shown in (4), when the wavelength of incident light A

is constant, Ag(#) and a(t) are linearly proportional.

When the external temperature changes, the E, I, b, h
in (2) will change due to the thermal expansion. According to
the formulas that illuminate the relationship between thermal
expansion coefficient of silicon and temperature («(7")) [23],
and the relationship between Young’s modulus of silicon
and temperature (E(T)) [24], the sensitivity of the sensor at
temperature 7 can be expressed as:

. m-g-1(T)
ST = 4.E(T)-b(T) - kT)3 ©®

where the length (I), width (b), height (k) of the cross beam
at temperature 7 can be expressed as:

Ap(t) = a(t) 5

Ity I(T)
bry | - (1 +a(T)- (T —Tp)) = | b(T) @)
hr, h(T)

42909



IEEE Access

J. Qian et al.: MEMS Fiber-Optic Fabry-Perot Vibration Sensor for High-Temperature Applications

(e-1) (d-1)

B

L

{c-2)

(d-2) (e}

B Photoresist I si 3 Glass

FIGURE 2. Fabrication process of the fiber-optic F-P vibration sensor
based on the silicon wafer.

According to (1), the temperature drift of the Lrp1 (Lgi(T))
mainly included by: bending of cantilever beam caused by
temperature, which can result in on-axis displacement of
the seismic mass; the on-axis thermal expansion of BF33
case; the on-axis thermal expansion of single mode fiber. The
bending of cantilever beam caused by temperature is similar
to the sensitivity difference at various temperatures in terms
of the constant Young’s modulus of silicon. The difference of
sensitivity can be calculated by (6). The coefficient of BF33
case thermal expansion is a function of temperature [25].
The thermal expansion of single mode fiber is approximately
equal to that of silica and varies little from 20° to 400°, which
is about 5.5 x 107 /K. Thus, The temperature drift of the
sensor Ly,i(T") can be approximately expressed as:

Lari(T) = [S(T) — S(To)] + [Lr33(T) — Lgr33(To)]
— [T — L(T)]  ®)

where Lpr33(T) and Lpr33(Tp) are the on-axis length of the
BF33 case at T and Ty respectively. Ly(T) and L¢(Tp) are
the length of the single mode fiber at T and Ty respectively.
The length of the single mode fiber is equal to the distance
from the fusion point to the end face of the fiber.

B. SENSOR FABRICATION

The sensor consists of a glass ferrule (BF33, I-boron Photo-
electric Technology Co. Ltd. Wuhan. China), a single mode
fiber (ASI9/125/155G, Fiberguide Industries, Ltd. New Jer-
sey. USA), a glass case and a glass base (BF33/2.0T/4in,
Jingshu Optoelectronic technology, Ltd. Suzhou. China),
a monocrystalline silicon with cross beam (p, <110>).

The batch fabrication process mainly involves three steps.
In the first step as shown in Figs. 2(a) - 2(b), with the help
of the beforehand mask, the top surface of the silicon wafer
was coated the photoresist with a thickness of approximately
10um. The part covered by the center photoresist is the
seismic mass area. Then the thickness reduction was operated
to reach the 0.09mm of the cross beam through dry etching
technology. After this, the photoresist layer was washed off in
acetone solution. In step 2, as shown in Figs. 2(c-1) - 2(d-3),
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TABLE 1. Parameters of the fiber-optic F-P vibration sensor.

Symbol Parameters Units Value
/ Length of beam mm 0.9
b Width of beam mm 0.15
h Thickness of beam mm 0.06
p Density of r_n_onocrystallme ke/m’ 2329

silicon
m, Mass of central seismic mass gram 4.472x1073
Young's modulus of
E monocrystalline silicon GPa (24]
S Sensitivity nm/g 2.48
Sres Resonance frequency kHz 10.008
R Resolution mg 5.5

the shape of the cross beam was constructed in the thin area
by the prior mask. Then, the suspended cross beam was con-
structed through dry etching technology, which was followed
by dissolving the photoresist. Figs. 2(c-2) and (d-2) are the
vertical views of (c-1) and (d-1), respectively. Fig. 2(d-3) is
the photograph of the cross beam after etching. In step 3,
as shown in Fig. 2(e), the glass substrate with 2mm thickness
was mechanically drilled to form a through hole with the
diameter of 1.0 mm and a groove with a depth of 200um.
The groove is square with the area of 5 x Smm. In addition,
a groove with a depth of 200m was constructed on another
glass with 1mm thickness by using the same method. Then,
the silicon wafer was anodically bonded onto the two glass
wafers. Next, the boss structure was then machined on the
top of the glass with an outer diameter of 2 mm and a height
of 1 mm. Finally, the wafer was split into separately units
with a size of 7 mm x 7 mm. The detailed parameters of
the F-P vibration sensor are listed in Table 1. According to
Fig. 2(d-3), the structure designed in the paper increases the
sensitivity of the structure to a certain extent by adding the
mass of the inertial block under the condition that the size of
the cantilever beam and the overall size remain unchanged.
The lithography and etching are plane processing methods.
The array structure is constructed on the four inches silicon
wafer by using the mask. Once lithography and once etch-
ing can realize the processing of all sensitive elements in a
single layer, so it has the characteristics of batch processing.
However, the accuracy of the processing method used in this
paper is affected not only by the quality of pretreatment
manual processing like wafer cleaning, but also by mask
accuracy and the precision of the machines and these effects
are unavoidable.

Then, the GSMF with inner and outer diameters of 12, and
1.0 mm, inserted into the glass ferrule. The ferrule protected
the GSMF and avoided the vibration influence. The glass
ferrule has an outer diameter of Imm, an inner diameter
of 0.126mm and a length of 16mm. The glass ferrule was
inserted into the through hole, which was then fused with
the substrate using a CO» laser fusion splicer (LZM-110,
FUJIKURA). The laser power (bits) and fusion time (s) of
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FIGURE 3. Spectrum of high temperature optical fiber vibration sensor.
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FIGURE 4. The experimental set up of the fiber-optic F-P vibration sensor
for high-temperature test.

fusing GSMF and HST are 280 and 4, respectively. The
laser power (bits) and fusion time (s) of fusing HST and
the boss structure are 360 and 20, respectively. The designed
parameters and performances of the proposed fiber-optic F-P
sensor obtained by Equations. (2) and (3) are listed in Table 1.
The spectrum of the processed fiber-optic F-P vibration sen-
sor is shown in Fig. 3. The fiber-optic FP sensor with low
interference fineness can be approximated as double beam
interference, and the influence of multi-beam interference is
very small and can be ignored. In this paper, the dual wave-
length demodulation technology [26] was used to interrogate
the change of the change of the cavity length of the shortest
F-P cavity (Lgpy).

lIl. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental setup was built to characterize the
fiber-optic F-P vibration sensor at a high temperature envi-
ronment, as shown in Fig. 4. It consisted of a vibration exci-
tation system, a tubular heating furnace, a standard vibration
sensor and a dual wavelength demodulation system. The
fiber-optic F-P vibration sensor was on a metal rod with
a high-temperature glue (YK-8927, Yikun glue, Macheng,
China), and together put into the tubular heating furnace
(GSL-1100 X-S, HF kejing, Hefei, China). The metal rod was
connected to the vibration exciter (TV 50101, Tira, Thurin-
gen, Germany). The light derived from the ASE light source
reached the fiber-optic F-P vibration sensor through the single
mode fiber and the 3dB optical fiber coupler. According to
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Fig. 1 and Fig.3, the sensor is a multi-cavity F- P interferom-
eter consisted of LFP; (39.74um) and LFP, (300um). The
coupler splits the beam into two paths that passed through
two optical fiber broadband filters with center wavelengths of
1548.14 nm and 1552.744 nm. The length of LFP; is shorter
than LFP;. The demodulation technology in Fig. 4, using
an ASE light source and two optical fiber broadband filters,
the interference only occurs in a shortest FP cavity that is
shorter than the half of the coherence length. The bandwidth
of both filters was 15 nm. Two interferometric signals at
each center wavelength were obtained using two photodi-
odes (PDs), PD1 and PD2 (New Focus, 2503-FC-M). The
detectable wavelength the PDs ranges from 900 to 1700nm.
The voltage signals were collected by analog-to-digital con-
version (ADC) and transmitted to a signal processor. The
demodulation speed was 500 kHz.

The fiber-optic F-P vibration sensor was evaluated under
temperatures ranging from 20°C to 400°C, with an incre-
mentof 100°C. At each temperature step, the sensor was
tested from approximately 2g to 22g, with an increment
of 2g. The excitation frequency was 200Hz. When load-
ing the vibration, the accelerations was kept constant for
1 min at each point to record the vibration output accurately.
Fig 5 (a) and (c) shown the vibration waveform of the sensor
at 20°C and 400°C, respectively. According to the peak—peak
phase value, the phase sensitivity of the system can reach
to 0.04 rad/g (20°C) and 0.057rad/g (400°C), respectively.
Fig. 5(b) and (d) are the fast Fourier transforms calculated by
MTALAB corresponding to the waveforms Fig. 5(a) and (c).
According to Figs. 5(b) and (d), the frequency of the vibration
excitation is 200Hz, and the higher modes at 400Hz, 600Hz,
800Hz, etc. result from the deviation of the demodulation
system instead of the higher modes of the vibration in the
sensor. The phase difference of the dual-wavelength demod-
ulation technology changes when the cavity length changes.
It deviates from the orthogonal state to some extent. This will
increase the error of the demodulation system and affect the
accuracy of the demodulation system.

Actually, the temperature variation could introduce the
phase change of sensor. However, compared with vibration,
the frequency of phase changing caused by temperature vari-
ation is relatively lower. And then we performed high pass
filtering on the output of the sensor in order to obtain the
output caused by vibration. The output about vibration in
Figs. 5, 6(b), 7 were obtained after high pass filtering.

According to Equation (5), the direct-current (DC) output
phase of the vibration waveform at each temperature was
the temperature drift of the fiber-optic F-P vibration sensor.
The DC output phase of the sensor at 20°C was regarded as
the reference of the temperature drift. Fig. 6(a) showed the
temperature drift of the fiber-optic F-P vibration sensor. The
black dots in the Fig. 6(a) were the measured value of temper-
ature drift of the sensor. The red dotted line was the theoretical
value followed Equation (9). The two values are in the same
order of magnitude and show the same trend in the change
of temperature. Fig. 6(b) illustrated the sensitivity of the
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FIGURE 5. Output of the sensor from 2 g to 22 g under 200 Hz at 20°C
and 400°C (a) Waveform of the sensor at 20°C (b) the fast Fourier
transform of the waveform at 20°C (c) Waveform of the sensor at 400°C
(d) the fast Fourier transform of the waveform at 400°C.

vibration object and the vibration sensor from 20°C to 400°C,
respectively. The red dotted line was the measured value of
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FIGURE 6. Temperature characteristics of the fiber-optic F-P vibration
sensor and the error bar of the theoretical value with the experimental
value (a) The temperature drift of the sensor (b) The temperature cross
sensitivity of the sensor.

the vibration object. The black dots were the theoretical value
in Equations (7) and (8). The two values has the same trend
with the change of temperature. Due to the residual stress
generated by the sensor during processing and the machining
error lead to the deviation between the experimental results
and the model used to predict the theoretical value.

The fiber-optic F-P vibration sensor was evaluated under
temperatures ranging from 20° to 400°. We record the peak-
peak output of the sensor under each temperature and they
were linear fitted by MATLAB. Fig. 7(a) shows that the
slope of the fitted line were elevated with the temperature
increasing. This is caused that the elastic modulus of silicon
decreases with the increase of temperature. The slopes in
Fig. 7(a) are the sensitivity in Fig. 6(b). Fig. 7(b) shows the
error bar of the difference between the output of the sensor
and the linear fitting value. According to the definition, under
each temperature, the maximum error between the data we
recorded and the new data we linear fitted divided the range
of the sensor in order to obtain the max nonlinear errors.

The fiber-optic F-P vibration sensor was evaluated under
frequency ranging from 100Hz to 2000Hz, with the incre-
ment of 100Hz, at 20°. The output phase of the sensor
shown in Fig. 8(a) have no obvious change in the range
of 100Hz - 2000Hz, which indicated that the frequency range
of the vibration was much smaller than the resonance
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FIGURE 7. Linearity and nonlinear error of the fiber-optic F-P vibration
sensor (a) Phase peak-peak of the sensor at different temperatures

(b) the error bar of the fitting value with the experimental value and the
maximum nonlinear error of the sensor.

frequency of the sensor. This was consistent with the reso-
nance frequency calculated theoretically in Table 1. We aver-
aged the output of the sensor and subtracted the average value
from the output of the sensor to obtain the error bar shown
in Fig. 8(a). And the maximum fluctuation is 0.0407 rad.
In terms of the stability of the sensor, according to Fig. 8(b),
we set the temperature, frequency and acceleration as 400°,
200Hz and 10g, respectively. We also averaged the output of
the sensor and subtracted the average value from the output
of the sensor within 110minutes to obtain the error bar. The
maximum fluctuation is 0.010934 rad.

In order to determine the relationship between the axial
vibration and the radial vibration, the sensor was respectively
installed in 3 directions (X-axis, Y-axis, Z-axis). The Z-axis is
the axial direction and the other directions are the axial radial
directions of the sensor. We respectively recorded the outputs
of the 3 directions when we applied 4g acceleration at a
frequency of 200Hz. The outputs of the sensor in 3 directions
is shown in Fig. 9. When the sensor was operated in Z-axis,
X-axis and Y-axis, the phase peak-peak were 0.08638 rad,
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TABLE 2. Sensitivities of the sensor operated in 3 directions.

Direction Sensitivity
X 0.00092325rad/g
Y 0.000263rad/g
Z 0.021595rad/g

0.001173 rad, 0.001052 rad, respectively. And the sensitivi-
ties of the sensor operated in Z-axis, X-axis and Y-axis are
shown in Table 2. It can be seen that the sensitivity of the
X-axial vibration is 73.64 times that of the radial vibration.
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TABLE 3. Comparison of proposed FP vibration sensors by different
fabrication methods.

L Maximum
Fabrication Resonance .
Sensitivity tested
method Frequency (Hz)
temperature
Micro-machining 393 11.3rad/g 80 °C [17]
Room
Laser ablation 1560 100.807nm/g temperature
[19]
Chemical etching 107-178 0.35V/g 120°C [21]
Room
MEMS 11750 0.081rad/g temperature
[16]
This work 2.48nm/g o
(MEMS) 10008 (0.08638rad/g) 400°C

The sensitivity of the Y-axial vibration is 82.11 times that of
the radial vibration. Because the excitation unit is not com-
pletely horizontal, the output of the sensor at radial direction
may be lower than the value we recorded. As listed in Table 3.,
the proposed FP vibration sensor fabricated by MEMS can be
used to measure vibration at 400°.

IV. CONCLUSION

In this paper, a fiber-optic F-P vibration sensor for high-
temperature applications based on MEMS technology was
designed and experimentally demonstrated. The sensor head
had high consistency and can be batch-fabricated. The char-
acterization of the vibration sensor including resonance fre-
quency, temperature drift and temperature crossed sensitivity
at different temperature can be evaluated in theory. Owning
to these characteristics, the proposed sensor has a wide engi-
neering high-temperature application prospect.
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