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Vector accelerometer has attracted much attention for its great application potential in underground seismic signal
measurement. We propose and demonstrate a novel vector accelerometer based on the three fiber Bragg gratings (FBGs)
embedded in a silicone rubber compliant cylinder at 120° distributed uniformly. The accelerometer is capable of detect-
ing the orientation of vibration with a range of 0°-360° and the acceleration through monitoring the central wavelength
shifts of three FBGs simultaneously. The experimental results show that the natural frequency of the accelerometer is
about 85 Hz, and the sensitivity is 84.21 pm/g in the flat range of 20 Hz—60 Hz. Through experimental calibration, the
designed accelerometer can accurately obtain vibration vector information, including vibration orientation and accelera-
tion. In addition, the range of resonant frequency and sensitivity can be expanded by adjusting the hardness of the silicone
rubber materials. Due to the characteristics of small size and orientation recognition, the accelerometer can be applied to

low-frequency vibration acceleration vector measurement in narrow spaces.

Keywords: fiber-optic sensor, vector accelerometer, silicone compliant cylinder, orientation recognition

PACS: 42.81.-, 42.81.Cn, 07.60.Vg

1. Introduction

The acquisition of vibration acceleration signals has
significant applications in multiple fields, such as oil and
gas seismic exploration,!!=3! real-time identification of hu-
man activity,[* structural health monitoring and damage
detection, ™! on-line monitoring of airborne air duct leakage, (o1
automotive, and aerospace applications.!”) However, with the
development of science and technology, scalar information no
longer meets the needs of real-time and accurate acceleration
measurement. Therefore, vector sensing is receiving more and
more widespread attention and favor in the era of big data and
artificial intelligence due to its recognizability of vibration di-
rection.

Vector sensing is an important technology in scientific
measurement and engineering applications. Vector vibration
sensing has emerged as a prevalent technique in the field of
oil and gas exploration and development. The technique al-
lows for rapid and precise detection of seismic waves, which in
turn enables accurate delineation of geological formations. 3]
This approach is extremely important for advancing the oil
and gas industry. Therefore, it is important to complete vec-
tor sensing to improve the accuracy of exploration monitoring
while ensuring the accelerometer has high sensitivity.

Fiber optic sensors are devices that integrate sensing and
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transmission capabilities, and are widely used due to their
high temperature resistance,!'” small size, resistance to elec-
tromagnetic interference, and distributed detection.!'!l Fiber
optic sensing technology has experienced rapid development
recently and has been used to acquire vibration acceleration
vector signals.

In recent years, accelerometers based on fiber Bragg grat-
ings (FBGs) have been extensively fabricated and researched.
Generally, these accelerometers are constrained to measuring
acceleration along a single axis, rendering it challenging to
ascertain the directionality of the actual acceleration signal,
particularly when the source of vibration is obscure. They de-
mand at least two orthogonal FBG accelerometers for vector
vibration measurements, adding to the complexity of the sens-
ing system. To obtain two-dimensional (2D) acceleration in-
formation, Li et al. integrated two vibration sensors to detect
the sensitivity of accelerometer. The cantilever, which was
fabricated directly onto the SMF, was utilized to measure the
deviation induced by vibration.!'?) Although this accelerom-
eter is small in size and high in accuracy, it cannot directly
obtain the actual vibration angle during random vibration, and
the issue of acceleration vector sensing remains to be explored.
Zhang et al. used 2D FBG accelerometers made by flexible
hinges, which can eliminate cross interference, but have low
sensitivity on small size structures, 13 pm/g and 40 pm/g, re-
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spectively, which cannot be directly applied in narrow space
and the orientation recognition accuracy is limited.!'>!4 To
develop vector accelerometers with small dimensions, differ-
ent types of fiber optic gratings have been used to make ac-
celerometers, such as cladding fiber gratings,!!! tilted fiber
gratings,!'® and eccentric fiber gratings.!'”! These methods
take advantage of the sensitivity of the cladding mode to the
direction of vibration, where the refractive index is changed,
to accomplish vector vibration sensing. These sensors are
small in size and high in accuracy, unfortunately, they ex-
hibit susceptibility to the refractive index of the surrounding
medium and possess demanding packaging requirements. For
this problem, vector vibration sensing can be achieved us-
ing just one multicore fiber (MCF) (especially a seven-core
fiber),['8 and the intermediate core can also provide temper-
ature compensation,'' allowing multiplexed multipoint mea-
surements to be accomplished in confined spaces.>’! How-
ever, each core of the MCF is very close together, resulting
in low sensitivity and angular resolution, and the cost of fan-
in/out (FIFO) device required for sensing with seven-core fiber
is expensive. In addition, fusion loss and inter-core crosstalk
can occur during the fusion of multi-core fiber grating and
FIFO.

In this paper, we propose and demonstrate a vector ac-
celerometer using FBGs embedded in a unidirectional cylin-
drical shell. The sensor is fabricated with silicone rubber ma-
terial in a single casting process, achieving size miniaturiza-
tion. The sensitivity and natural frequency of the sensor is
obtained by experiments, which shows that it is possible to
acquire vector information of vibration acceleration directly
through monitoring the wavelength shifts of FBGs. We have
studied the orientation recognition capabilities of the 2D sen-
sor by subjecting it to acceleration signals at different orien-
tations within the range of 0°-360°. Furthermore, the natu-
ral frequency and sensitivity of the accelerometer can be op-
timized by adjusting the material and structural parameters
The FBGs embedded in the compliant sili-
cone cylinder possess the characteristics of wavelength divi-

of the sensor.

sion multiplexing, indicating the potential for cascading of
the sensor. Therefore, the performance of the sensor can be
greatly improved, and promoted its application in engineering,
especially in narrow spaces.

2. Structure design and sensing principle
2.1. Fiber sensor structure design

Figure 1(a) shows a schematic diagram of the 2D ac-
celerometer. The silicone compliant cylinder (SCC) is used as
a cantilever beam, and the FBGs are embedded in the groove
on the surface of the cylinder to sense the strain. One end of
the cylinder is constrained and immobilized, while the other

end is free to vibrate. When the sensor receives vibration ex-
citation from random directions, the free end is swung in a 2D
plane perpendicular to the axis of the cylinder, and the vibra-
tion signal is coupled to FBG.

In order to enhance the sensing performance, structural
optimization techniques are used to increase the transfer co-
efficient through stress concentration. The research focuses
on the improvement of the sensing area, by analyzing it using
finite element simulation. The methods to increase the natu-
ral frequency of the sensor include decreasing the length (L) of
the cylinder, increasing the radius (R) of the cylinder, reducing
the cylindrical radius (r) of the fluted section and increasing
the length (/) of the fluted section. By optimizing the size of
the accelerometer, we have determined the sensor parameters
for the natural frequency. As shown in Fig. 1(b), when a sine
wave vibration signal is applied to the sensor perpendicularly,
near the fixed end is where the maximum strain values are ob-
served. To enhance the sensing performance, three FBGs are
embedded at the location close to the fixed end as the sensing
element. The specific structural parameters used in the exper-
iment are recorded in Table 1.

Table 1. Parameters of the FBG accelerometer.

Symbol Quantity Value
E¢ Young’s modulus of the fiber 7.2 x 10'0 N/m?
P, effective elastic-optic coefficient 0.22
L silicone rubber cylinder length 50 mm
R radius of silicone rubber cylinder 7.5 mm
r radius of cylinder groove part 5 mm
I cylinder groove part length 2 mm
b radius of the fiber groove 1.5 mm

s
O
J——— J
l
Silicone FBG
rubber
2r 2R
L
X 10°
(b) Von mises (N/m?)
5_10 1.2
_5 1.0
mm
0 0.8
5 0.6
0.4
0.2
y 0 mm
0
:c\/z

Fig. 1. (a) Schematic diagram of the accelerometer. (b) Stress—strain
simulation of the vibration response.
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2.2. Principle of orientation recognition

During the static bending, the Bragg wavelength will oc-
cur a red shift when one side of the fiber is stretched. The
Bragg wavelength shift (A1) can be mathematically expressed
as

AL = 2neiA (1 — pe) € = ke, (D

where nesr and A are the effective refractive index and period
of the fiber Bragg grating, respectively, and p. is the effective
photoelastic coefficient, relative to the effective refractive in-
dex of fiber and the Poisson’s ratio of fiber. k is a constant
describing the strain coefficient. &; is the strain variable of the

i-th fiber, which can be expressed by the following formula:?%!

& = Nemcos (a;) + &, ()

where &, is the bending strain due to the vibration (&, = d/R).
As shown in the Fig. 2, d is the distance between the fiber and
the neutral plane, R is the curvature radius of the fiber bending,
7 is the strain transfer coefficient from the silicone compliant
cylinder to the fiber, ¢ is the included angle between the i-th
fiber and the bending strain direction (i = 1,2,3), and & is the
thermal strain caused by temperature.!'”) The strain of three
FBGs uniformly embedded in the cylinder can be expressed
as

€ =MNemcos () + &,
& =nepcos (o +120°) + &, 3)
€ = nemcos (o +240°) + &.

Therefore, the total strain caused by bending driven fiber
of the silicone compliant cylinder is

e=e+e+e=) nem(w)+38, )
i

since the optical fibers are embedded at regular intervals, the
temperature strain independent of & can be calculated as fol-
lows:

&g t+ea+8

3 ®)

&

By combining the above formulas, the static bending orienta-
tion can be obtained as

O/ = arctan ( ﬁ(AM _A%) ) . (6)

2A41 —Ady — Ad3

Actually, fiber acceleration variation is dynamic bending, the
sensor should have a directional response trend similar to static
bending. During the process of vibration detecting, the fiber is
continuously bent in two opposite directions within a period
of acceleration variation.!?!! Therefore, the response period
of acceleration direction includes the response period of two

static bending orientations, and the vibration orientation can
be represented as

1 1
0 = o= - arct
) arctan

- ( V3 (AL — AX3) ) 7

2041 —Ady — Al3

According to Eq. (7), once the initial position information is
determined, the direction of the unknown vibration can be cal-
culated as soon as the wavelength shifts of the three FBGs
are obtained simultaneously. Besides, combining the pre-
calibrated sensitivity with the wavelength shift of the respec-
tive fiber, the magnitude of the vibration acceleration can be
expressed as

AA; - S;
ag =

®)

cos@ ’

where ag represents the value of acceleration, AA; represents
the Bragg wavelength shift of the FBG in i-th fiber, S; repre-
sents the sensitivity calibrated for the i-th fiber, and 0 repre-
sents the azimuth of the vibration acceleration. Therefore, in
practical applications, real-time monitoring of the FBG wave-
length shift can obtain vector information of vibration acceler-
ation on the two-dimensional plane, including the orientation
and amplitude of acceleration.

Nature plane

N,
N\,
Vibratiors,
N,

orientation®

Fig. 2. Orientation recognition principle with defined parameters.

2.3. Fabrication methods

The main structure of the sensor is composed of SCC. As
shown in Fig. 3, firstly, the two-component room temperature
sulfide silicone rubber is mixed in the proportion of 1:1. Then,
put it into a vacuum box to discharge the bubbles. Finally, pour
it into the mold coated with mold release agent (silicone oil)
in advance. After 24 h curing at indoor temperature, the mold
is released and the SCC shown in step 4 in Fig. 3 is obtained.
There are three grooves with a diameter of 1.5 mm evenly dis-
tributed on the surface of the SCC, and their cross sections are
shown in Fig. 3. To better transfer the strain from the SCC

114201-3



Chin. Phys. B 32, 114201 (2023)

to the FBGs, the FBGs coated with silicone drop-glue primer
(KJ-770D) are placed in the groove of the SCC. The appro-
priate prestress is applied, and the optical fiber inscribed with
FBG is glued to the SCC with silicone glue (KJ-998-3T), and
the main component of the sensor is completely fabricated by
standing for 24 h at room temperature.

Silicone rubber Curing agent

Vacuum box

‘W4
@ ———

Packaged fiber optic sensor ﬁ

|

Release after curing @ Pour into mold @

Fig. 3. Fabrication process of the sensor.

3. Experimental setup and discussion

Figure 4 shows the experimental configuration of the 2D
axial fiber-optic accelerometer. To reduce the gravity effect,
a dedicated clamp affixes the sensor to the shaker with hori-
zontal excitation imparted by an exciter. A signal generator
produces a signal that is amplified by a power amplifier be-
fore being transmitted to the excitation machine. By means
of computer-controlled regulation, both the amplitude of the
vibration stimulus acceleration and the frequency can be set.
FBGs are inscribed by a femtosecond laser, and their reflection
spectra are shown in Fig. 5. The FBG interrogator (LUNA,
SM130, USA) can measure the wavelength shift of the FBG
accelerometer resulting from mechanical vibrations.

Vibration table Fiber

—— Cable

FBG Interrogator

PC

Power amplifier

Fig. 4. Vibration test and signal acquisition system.

—10r ——FBG1
——FBG2
—20
—30

—40

Power (dBm)

—-50

—60

1544 1546 1548 1550 1552 1554 1556

Wavelength (nm)
Fig. 5. The reflection spectra of FBG1, FBG2, and FBG3.

3.1. Performance of silicone rubber

As the main material for manufacturing accelerometers,
the inherent properties of the sensor research have significant
implications on its performance, particularly key indicators
such as the working frequency range and sensitivity of the
accelerometer. The relationship between Shore hardness and
Young’s modulus is a second order polynomial.??! Increasing
the Shore hardness of a material correspondingly increases its
Young’s modulus. Therefore, as the Shore hardness increases,
the natural frequency of the accelerometer increases and the
sensitivity decreases. In the experiment, we use the same
mold to manufacture three sensors with constant dimensions
of R="7.5 mm, H =25 mm, and L = 35 mm. These sensors
are made of silicone rubber materials with Shore hardness of
30, 50, and 60 respectively. With the condition of maintain-
ing the vibration acceleration excitation at 2 m/s?, frequency
scanning tests are performed on the sensors. The experimental
results show that the inherent frequencies of these three sen-
sors are 42 Hz, 64 Hz, and 84 Hz, respectively. As shown in
Fig. 6, the working frequency range of the sensors gradually
increases with the increase of the hardness of the silicone rub-
ber. In addition, with the vibration excitation of the frequency
of 22 Hz, the linear sensitivity responses of these three sensors
are 34.6 pm/g, 100.2 pm/g, and 108.3 pm/g, respectively. As
expected, compared with the consistent structural column, sil-
icone rubber materials with lower hardness can provide higher
sensitivity. Therefore, in practical applications, we can adjust
the hardness of the sensor material (i.e., silicone rubber) to
match the required operating bandwidth and sensitivity.

3.2. Frequency response analysis

Within the experimental system shown in Fig. 4, the ac-
celerometer is at an azimuth angle of 0°. The signal generator
is adjusted to sustain the exciter acceleration at 5 m/s>. To
obtain the natural frequency and flat range of the accelerome-
ter, we conduct a frequency sweep test on the sensor ranging
from 20 Hz to 110 Hz with in step of 2.5 Hz. To ensure ac-
curacy, it is advisable to increase the step size appropriately
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when the frequency approaches the natural frequency. Mean-
while, the wavelength shifts of three FBGs are recorded, and
the amplitude—frequency response curve of the accelerometer
can be obtained as shown in Fig. 7. The natural frequency of
the sensor is around 85 Hz, and the working flat range is be-
tween 20 Hz to 60 Hz. Since the three FBGs are embedded
in a silicone rubber compliant cylinder at 120° distributed uni-
formly, FBG1 is the farthest away from the neutral axis (radius
distance), while FBG2 and FBGS3 are relatively closer. There-
fore, FBG1 has the largest wavelength shift, while FBG2 and
FBG3 have smaller and equal amplitude (due to the symmetry
of position).

240f (a)
210
180}
150
120
90

60

Wavelength shift (pm)

30

0

+ 1
20 40 60 80 100 120
Frequency (Hz)

80+ (b)

70+ °
A

—H=30
—H=50
—H=60

50
S40=134.6 pm/g

401 S.,=100.2 pm/g

20+ S0 =108.3 pm/g

Wavelength shift (pm)

10

1 1 1 1 1
0 1 2 3 4 5 6

Acceleration (m/s?)

Fig. 6. (a) Natural frequency response and (b) linear sensitivity response
of the accelerometer under different Shore hardness scales.

300k ~85 Hz

—=—FBG 1

250

200

150

100

Wavelength shift (pm)

50

%0 40 60 80 100

Frequency (Hz)

Fig. 7. Test curve of amplitude frequency response of accelerometer at
5 m/s?.

3.3. Linear sensitivity response test

The installation of the accelerometer remains constant
throughout the experiment. As shown in the amplitude—
frequency characteristics figure, the curve tends to be flat at
frequencies lower than 50 Hz, which indicates this range is
the normal operating range of the accelerometer. The vibra-
tion excitation signal frequency is set to remain at 30 Hz. And
the acceleration is varied in step of 0.5 m/s”> from 1 m/s” to
5 m/s>. As shown in Fig. 8, the linear sensitivity of the sen-
sor is obtained by linear fitting. FBG1, which is the furthest
from the neutral plane, has a sensitivity of 84.21 pm/g, while
FBG2 and FBG3 at symmetric positions have sensitivities of
43.46 pm/g and 42.19 pm/g respectively, which is consistent
with the previous analysis.

45+ .
40 ”

FBG 1
FBG 2
FBG 3

351
30
251 S, =84.21 pm/g

20F
15

Wavelength shift (pm)

10} S3=42.19 pm/g

5_

1 2 3 4 5
Acceleration (m/s?)

Fig. 8. Linear response of the accelerometer at 30 Hz.

3.4. Orientation recognition

The sensor accurately recognizes the vector information
of acceleration, including the amplitude and, especially, the
orientation of the acceleration. In the experiment, sinusoidal
vibration signals are generated at 30 Hz and 5 m/s?, and the
silicone compliant cylinder is rotated from 0° to 360° in incre-
ments of 10°. As shown in Fig. 9, the relationship between ori-
entation and FBG wavelength shift is obtained. Given that the
wavelength shift is a function of the strain experienced by an
individual FBG as a result of vibration, it is dependent on the
distance between the fiber and the neutral plane. The results
show that as the orientation of vibration changed, the distance
between the fiber and the neutral plane changed, resulting in
periodic changes in wavelength shift. As shown in Fig. 9(a),
the orientation recognition characteristic shows a sine curve in
Cartesian coordinates, and the phase difference between ad-
jacent fibers is 60°. This is because the acceleration under-
goes continuous bending toward two opposite directions dur-
ing each changing cycle, resulting in a curved phase difference
of 60° and a vibration phase difference of 120° in the output of
wavelength demodulation, which corresponds to the geomet-
ric angle of the three fibers embedded in the SCC. As shown in
Fig. 9(b), in polar coordinates, the orientation recognition fea-
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ture presents an 8 shape, which is a well-known vector recog-
nition feature.

(a) —=—FBG 1 —+—FBG 2 ——FBG 3
50

40
30

20

Wavelength shift (pm)

101

0 5I0 1(I)0 150 260 250 3(I)0 350
Orientation (°)
° —a—

o ® 90 FBG 1
50 F
40
30 - 1500
20 F
10+

0O 180°
10
20 F
301 210°
40 F
50 F
60 -

Wavelength shift (pm)

270°

Fig. 9. Orientation dependence of the sensitivities of the three FBGs:
(a) Cartesian coordinates and (b) polar coordinates.

350
o Experimental result

300F — Fitting line
250
200

150+ y=1.001z—2.102

2 __
100k R%=0.9998

Measured orientation (°)

(o
==}
T

0 50 100 150 200 250 300 350

Input orientation (°)

Fig. 10. The input and measured orientation values obtained by orienta-
tion angle reconstruction.

According to Eq. (7), the orientation of the vibration sig-
nal can be directly identified by concurrently monitoring the
wavelength shift of the FBGs. As shown in Fig. 10, the ori-
entation identification result under sinusoidal vibration exci-
tation signals at 30 Hz and 5 m/s? is displayed. The results
show that the measured orientation values have a good lin-
ear relationship with the set values, with a correlation R? of
0.9998. Experimental deviations may have occurred due to
errors caused by uneven fiber embedding during the packag-
ing process of the sensor. The quasi-periodic deviation of the
measurement orientation over the input, which is mainly due

to errors in the position of the fiber embedded. If this experi-
mental process is more precisely controlled, the deviation be-
tween the measured and input values could be reduced and the
quasi-periodic deviation would be reduced.

3.5. Cross interference characteristics

In addition to recognizing vector information of acceler-
ation, the anti-interference capability is a crucial metric for
assessing the performance of accelerometers. During testing,
place the SCC vertically on the vibration excitation, and the
direction of excitation is in the vertical direction (z-axis). A
sinusoidal excitation signal is applied to the sensor, and the re-
sponse of the z-axis and the x—y plane is compared, as shown
in the Fig. 11. The inserted figure shows the acceleration
response curves of the sensor in the orthogonal direction at
30 Hz. It can be observed that the sensitivity of the sensor
in the flat area of the x—y plane is 84.2 pm/g and is less than
1.2 pm/g in the z-axis direction. Consequently, the anti-lateral
interference level of the sensor is below 3%, indicating ex-
cellent anti-interference capability, which is better applied to
obtain vector vibration information.

600

500 E 1550.52 —7 —a—y
a
= 1550.50
5 1550.48
400 z :
S 1550.46

300k § 1550.44

1.6 1.7 1.8

200} Time (s)

Sensitivity (pm/g)

100

1 1
20 40 60 80 100

Frequency (Hz)

Fig. 11. Cross interference test (a) physical picture and (b) amplitude—
frequency response results.

3.6. Long term stability

In seismic wave detection applications, the stability of
sensors is crucial, which requires that the output data of sen-
sors have a stable response relative to changes in their in-
put parameters or environmental conditions. High-quality ac-
celerometers can maintain the same sensitivity over long-term
application, and the range of frequency errors for measuring
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vibration signals will not change significantly over time. To
test the stability of accelerometers, the amplitude—frequency
response and linear sensitivity are tested on the first day, the
30th day, and the 60th day, respectively. As shown in the
Fig. 12, the flat area of FBG1 has been maintained at 20 Hz
to 50 Hz, and the sensitivity of multiple sensor measurements
has been maintained near 85 pm/g, except a slight deviation
occurs in the natural frequency. The deviations in the exper-
imental data may be attributed to two factors: the changes in
performance caused by the aging of the silicone rubber ma-
terial, and the variations in the position of the sensors during
testing. The results show that the performance of the sensor
did not change obviously during the two-month period, prov-
ing its good stability and reliability.

300} @
— 1st day
E,; 250 F 30th day
60th day

&
= 200}
[}
<
S 150}
g
2L
% 100
=

50

0 1 1 1 1 1
20 40 60 80 100
Frequency (Hz)

45+ (b)
—~ 40f 1st day
R

ay

&
2 30F
n
2 25
50
§ 20
E
s 15f
=

10F

5 i 1 1 1 1 1
1 2 3 4 5

Acceleration (m/s?)

Fig. 12. Stability of time variation: (a) test curve of amplitude frequency
response of accelerometer at 5 m/s”; (b) linear response of the accelerom-
eter output versus applied acceleration at 30 Hz on the first day, the 30th
day and the 60th day.

4. Conclusion

This paper presents a fiber-optic vector accelerometer
based on a SCC for low-frequency monitoring. The study
conducts experiments to explore the material properties, fre-
quency response, linear sensitivity, orientation recognition
ability, anti-interference characteristics, and long-term stabil-
ity of the sensor. Experimental results show that the working
frequency range of the sensor gradually increases with the in-
crease in the hardness of the silicon rubber, and the silicon
rubber material with lower hardness provides higher sensitiv-
ity. The natural frequency of the sensor is around 85 Hz, and

the working flat zone is from 20 Hz to 60 Hz. Within the work-
ing range, the FBGI situated at the greatest distance from the
neutral surface exhibits a sensitivity of 84.21 pm/g. In addi-
tion, the accelerometer is capable of detecting the orientation
of random vibration within a range of 0°~360°, thereby obtain-
ing vector vibration information directly. The anti-interference
degree is less than 3%. Additionally, it exhibits favorable
long-term stability. Therefore, the accelerometer uses FBGs
sensing embedded in an SCC, has a simple structure, easy
packaging and can accurately obtain the vector information
of low-frequency acceleration. This research provides a new
approach for monitoring of narrow space low-frequency vec-
tor vibration. With its excellent performance, fiber optic vec-
tor accelerometers have broadened application prospects in the
field of seismic wave detection.
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