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ABSTRACT

A novel diaphragm pressure sensor based on multi-hinges three-levers structure is proposed and verified. The
multi-hinges three-levers structure effectively amplifies the strain of the diaphragm and transfers to the fiber
Bragg grating (FBG) which is pasted on the structure, and then the pressure can be measured by observing the
central wavelength shift of FBG. The amplification principle of the three-levers structure is analyzed and opti-
mized using the finite element methods. Then the sensor is manufactured and tested in the experiment. The
results indicate that the sensitivity of the sensor reaches 4.37 p.m./kPa in the measurement range of 0-1.5 MPa.
Meanwhile, another FBG is employed for monitoring temperature and eliminating the cross-sensitivity between
temperature and strain. The temperature sensitivity is 11.09 p.m./°C in the range of 20-80 °C. The designed
sensor exhibits higher sensitivity and can measure temperature and pressure simultaneously. It has a potential

application prospect in the field of the pressure monitoring of oil and gas pipelines.

1. Introduction

The low-pressure measurement plays a crucial role in industrial
production. The conventional electrical sensors struggle to maintain
long-term stability under severe electromagnetic interference and cor-
rosive environments. The fiber Bragg grating (FBG) sensors have been
adopted as the ideal solution for multi-parameter, high-precision
monitoring owing to their advantages such as immunity to electro-
magnetic interference, corrosion resistance, stable signal transmission,
and quasi-distributed measurement capabilities [1]. The common
pressure sensing approaches include bellows structure [2-4],
thin-walled cylinders [5-7], and metallic diaphragms [8-11], then the
sensitization structures is designed to convert pressure to micro-strain of
FBG. Among these methods, the diaphragm structures can achieve
greater strain output under the same pressure loading, resulting in sig-
nificant sensitivity enhancement. Therefore, diaphragm-type pressure
sensors provide a solution for high-sensitivity pressure monitoring in the
complex environment.

In order to realize precise pressure measurement, researchers have
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developed various sensitivity-enhancement structures. Zhao et al. [12]
designed a FBG sensor based on a metallic diaphragm coupled with an
L-shaped cantilever beam, which can measure pressure in 0-2 MPa with
a sensitivity of 0.258 p.m./kPa. Zhang et al. [13] also proposed a FBG
pressure sensor which employed a small-scale diaphragm-cantilever
structure, and achieved a sensitivity of 1.186 p.m./kPa in the range of
0-2 MPa. To achieve temperature compensation and sensitivity
enhancement, Liu et al. [10] introduced a temperature-compensated
pressure sensor integrating a metallic diaphragm with a hinge-lever
mechanism, the sensitivity reached 5.227 p.m./kPa in 0-1 MPa. Shu
et al. [14] presented a non-intrusive pressure sensor which is fixed to the
external wall of a pipeline, the sensitivity is 0.393 p.m./kPa. Wu et al.
[15] proposed a sensitivity-enhancement structure using dual strain
beams and a pipe clamp, the pressure measurement range and sensitivity
are 0-1 MPa and 0.354 p.m./kPa respectively. In addition, Li et al. [16]
designed a pressure sensor based on a square
diaphragm-force-transmission rod configuration with a sensitivity of
1.89 p.m./kPa in the range of 100-500 kPa. Pan et al. [17] proposed a
composite pressure-sensing structure combining a Bourdon tube with a
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cantilever beam. In the smaller pressure range of 0-400 kPa the sensi-
tivity reached 5.578 p.m./kPa. Comparing the above studies, it is
noticed that the sensor’s measurement range and sensitivity are deter-
mined by the sensing structure and the sensitization structure.

This paper designs a diaphragm-type pressure sensor based on a
multi-hinges three-levers structure. The multiple hinges are introduced
to assist the elastic deformation of the three-levers structure, the sensor’s
sensitivity is obviously enhanced. The three-levers structure is opti-
mized by the finite element method. Then the sensor is manufactured
and tested, the pressure sensitivity reaches 4.37 p.m./kPa in 0-1.5 MPa,
and the temperature sensitivity is 11.09 p.m./°C. The sensor can mea-
sure temperature and pressure simultaneously.

2. Design and sensing principle
2.1. Principle of FBG

Fiber Bragg grating (FBG) is an optical device which can achieve
narrowband optical filtering by inscribing periodic refractive index
grating in the fiber core. It means that a narrowband spectrum which
satisfies the Bragg phase-matching condition is reflected as a broadband
incident light passes through FBG. The peak wavelength Ap is expressed
as [18-20]:

Ap = 2nggA o)

where n.g denotes the effective refractive index of the fiber core and A is
the grating period of the FBG, the Bragg wavelength exhibits an ideal
linear dependence on n.gand A. As the ambient temperature changes AT
and the axial strain is ¢, the Bragg wavelength shift Alp is given by
Ref. [21]:

N

f_(l —Po)e + (& +ap) AT @

where p, denotes photoelastic coefficient, {; denotes thermo-optic co-
efficient, and ay denotes thermal expansion coefficient. Therefore the
peak wavelength of FBG is sensitive to strain and temperature [22]. In

order to eliminate the cross sensitivity between temperature and strain,
the dual FBG configuration is typically employed.

2.2. Design of the structure

The diagram of the designed sensor is presented in Fig. 1. The bottom

Fig. 1. Diagram of the multi-hinges three-levers structure.
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is a metallic diaphragm with an effective radius R and thickness H. The
upper section is the multi-hinge three-levers structure which is welded
to the diaphragm. FBG1 is bonded between points A and B for pressure
measurement, while FBG2 is bonded to the surface of Rod 3 for tem-
perature measurement. To constrain the sensor’s lateral dimension, the
diaphragm’s effective radius is set to R = 7.5 mm. Considering the sta-
bility and reliability of the sensitization structure, the wall thickness of b
= 1 mm is adopted. Furthermore, this multi-hinges design can mitigate
excessive stress concentration, thereby extend the sensor’s life. Detailed
dimensions and material parameters of the sensor are provided in
Table 1.

The force analysis of the multi-hinges three-levers structure is
depicted in Fig. 2. When the diaphragm is subjected to pressure, the
maximum load occurs at the center of the diaphragm, which drives Rod
2 and causes deformation of the multi-hinges three-levers structure. Due
to the inherent stiffness of the structure, diaphragm deformation is
impeded, generating interaction forces Fy and F;. Under the action of the
force Fy, Lever 1 rotates clockwise by an angle 6; around the pivot point.
Due to the force equilibrium, the left end produces a downward
balancing force F,, which is equal in magnitude and opposite in direc-
tion with the force Fs. The F3 drives Lever 2 to rotate counter clockwise
by an angle 0, and produces a downward balancing force F4, which is
opposite to the force Fs. Finally, Lever 3 rotates clockwise by an angle 03
under the force of Fs. The left end of Lever 3 causes axial deformation of
the FBG1 and thereby achieves pressure measurement.

Based on the lever principle, the force equilibrium equations for the
three levers are derived as follows:

Fily =Fly, + Ky, 3)
Fsly =F4ly + Ky0-, @
F,=F; 5)
Fsls = kX ouels+Kubs (6)
F4=F;s @

where [; (i = 1-6) denote the lengths from the input/output ends of each
lever to its pivot, and Ky, represents the rotational stiffness of the hinge.
The optical fiber is equivalent to a spring, its elastic coefficient krand the
angles 03, 02, and 3 are expressed as follows:

ke =AfE; /L (€))
Table 1
Structural parameters of the sensor.
Symbol Description (units) Value
R Effective radius of diaphragm (mm) 7.5
H Thickness of diaphragm (mm) 0.8
d; Width of the Rod 1, Rod3-Rod 5 (mm) 2.0
dz Width of the Rod 2 (mm) 2.0
L Length of Point A to Point B (mm) 10.0
b Thickness of hinge-lever Structure (mm) 1.0
L Length of Rod 2 to Rod 3 (mm) 8.0
L Length of Rod 5 to Rod 3 (mm) 10.0
I3 Length of Rod 1 to Rod 5 (mm) 6.0
L Length of Rod 1 to Rod 4 (mm) 11.0
Is Length of Rod 4 to Rod 3 (mm) 5.0
Is Length of Rod 1 to Rod 3 (mm) 16.0
w Width of the crossbeam 2.0
r Radius of Hinge 1 (mm) 0.8
r2 Radius of Hinge 2-Hinge 5 (mm) 0.8
r3 Radius of Hinge 6 (mm) 1.0
Ef Young’s modulus of optical fiber (GPa) 72
E Young’s modulus of structure (GPa) 200
1% Poisson’s ratio of optical fiber 0.23
Ay Cross-sectional area of the optical fiber (m?) 1.23 x 1078
u Poisson’s ratio of structure 0.3
p The density of structure (kg/m®) 8000
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Fig. 2. Force analysis of the multi-hinges three-levers structure.

01 =Xin /1l ©)
02 :X2/14 (10)
03 :xout/lEv (11)

where Ay denotes the fiber cross-sectional area, Ef represents the fiber’s
Young’s modulus, and L represents the grating length. Due to the smaller
difference for rj, r and r3, the radius and waist width of the hinges are
uniformly denoted as r and t. Defining s = r/t, the rotational stiffness Ky,
of the hinge is obtained as follows [10]:

-1

3(Gc2
*]y 25°(6s” + 45 + 1) arctany/4s + 1 (12)

12 [(25+1)(4s+1)°

12s*(2s + 1)
(4s+ 1)

M

By solving the above equations simultaneously, the output
displacement x,,; is obtained as:

L(Fll1lzl3l4lsls — KuxXinlsLulsls — Kszlzzlsle)

13
L2L% (AsErls® + Kul) 13

Xout =

The strain ¢ of FBG1 can be expressed by the following equation:
€ =Xout/L (14)
Substituting equations (13) and (14) into (2) and setting AT = 0, the
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wavelength shift of FBG1 is as follows:

(Fl Lblsllsls — Kyxinlslylsls — Kszlzzlsls)
L2L? (ArEfls® + Kul)

Alg _

I (1 7p2) (15)

3. Finite element analysis and optimization

To enhance sensor performance, finite element method (FEM) is
employed to model the sensor structure and evaluate its mechanical
characteristics [23]. The initial structural parameters of the sensor are
summarized in Table 1. The material is 304 stainless steel (Young’s
modulus E = 200 GPa, Poisson’s ratio y = 0.3, density p = 8000 kg/m?,
and thermal expansion coefficient a = 17 X 107%/°C). Fi g. 3(a) shows
the mesh division of the structure with a minimum element size of 0.122
mm, so as to ensure precise mechanical engagement at the hinge re-
gions. Then the fixed boundary conditions are imposed along the di-
aphragm’s periphery, an upward pressure load of 1.5 MPa is applied to
the effective region of the diaphragm. Considering the yield strength of
304 stainless steel is 205 MPa, an allowable stress of 186 MPa is
determined using a safety factor of 1.1. To ensure that the sensor can
work stably and overcome long-term creep effects within the range of
0-1.5 MPa for a long time, the maximum stress of the structure must
remain below the allowable stress. Fig. 3(b) exhibits the stress distri-
bution of the structure under 1.5 MPa load, the maximum stress of 172
MPa appears at Hinge 3 and is less than the allowable stress. Therefore,
the sensor design is reasonable. Fig. 3(c) illustrates the displacement
distribution of the sensing structure along the z-axis. As the metallic
diaphragm of the base is subjected to pressure, the applied force is
transmitted through the three-levers mechanism to the uppermost
crossbeam, causing its left end to deflect. By combining this displace-
ment with the experimentally determined strain sensitivity of the FBG,
the simulated pressure sensitivity of the sensor can be calculated.

The primary geometric parameters of the sensor are optimized to
achieve optimal pressure sensitivity in the range of 0-1.5 MPa. In the
optimization process the selected parameter values must ensure that the
max stress of the structure is less than the allowable stress of 186 MPa.
As the applied pressure is 1.5 MPa, the simulation results are shown in
Fig. 4. In Fig. 4 (a) and (c) the gray dashed line represents the allowable
stress of the structure. In Fig. 4 (b) and (d) the selected parameters
values can ensure that the max stress is less than 186 MPa. Fig. 4(a)
shows the influence of diaphragm thickness H on sensor performance. As
the thickness H increases, the sensitivity and max stress both decreases.

Fig. 3. Sensor simulation (a) mesh division, (b) stress distribution, and (c) displacement distribution.
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Fig. 4. Effects of sensor parameters on sensitivity and maximum stress (a) diaphragm thickness, (b) width of Rod 2, (c¢) radius of r; and r», (d) radius of r3.

Because a thicker diaphragm undergoes less deformation under the
same pressure, which reduces the displacement of Lever 3. Considering
the material yield strength and sensitivity, the diaphragm thickness of H
= 0.8 mm is selected. The effect of the width ds is shown in Fig. 4(b). As
dy increases, the sensitivity and max stress decline. Because a wider Rod
2 increases the contact area with the diaphragm and structural stiffness,
thus reduces deformation under the same pressure. In order to get stable
structure and higher sensitivity, dz is set to 2 mm.

Fig. 4(c) illustrates the influence of hinge radius r; and r» on sensor
performance. As r; and r increase, the structure deforms more readily,
thereby enhancing sensitivity. Meanwhile, increasing r; facilitates the
stress distribution and leads to reduction of the maximum stress.
Considering fabrication complexity and sensitivity, r; and r, are set to
0.8 mm. Fig. 4(d) illustrates the effect of radius rs on sensor perfor-
mance. As r3 increases, the sensitivity and max stress initially rise and
then fall. It is because the thinner hinge is not conducive to axial rotation
of Lever 2. Therefore, the optimal value of r3 is 1 mm.

Using the optimal structural parameters, the displacements of Point

A and Point B are 0.06577 mm and —0.00041 mm respectively. The
maximum strain of 6618 pe can be calculated as the initial spacing be-
tween A and B is L = 10 mm. The FBG strain sensitivity of 1.12 p.m./je,
the sensor’s simulated sensitivity is 4.94 p.m./kPa.

4. Experiments and results

The sensor is fabricated using 304 stainless steel, which has excellent
corrosion resistance and can maintain a stable and reliable working
condition for a long time in harsh environments. The manufacturing
tolerance is £0.05 mm. The sensor includes two main parts, as shown in
the inset of Fig. 5(a). The first part is a hollow cylinder with a metallic
diaphragm. The outer threads are used to attach the pressure meter and
protective casing. The central part of the sensor is a hexagonal-head bolt.
The multi-hinges three-levers structure is welded on the surface of the
metal diaphragm. FBG1 with a central wavelength of 1555 nm is pasted
between points A and B using 353ND adhesive with a pre-strain of 100
pe [24]. Meanwhile, another FBG2 with a central wavelength of 1550

Fig. 5. Test systems: (a) pressure testing; (b) temperature testing.
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nm is pasted on the surface of Rod 3 to achieve temperature compen-
sation. After bonding the FBG, the 304 stainless steel casing is installed
to protect the inner structure.

As shown in Fig. 5(a), a pressure measurement device is established
using a standard pressure meter (0-1.6 MPa, accuracy grade 0.25), the
FBG interrogator (MOI SM125, resolution: 1 p.m.) is used to measure
reflection spectra of the FBGs. The interrogator is based on tunable
Fabry Perot filter technology and can achieve full spectrum scanning.
The relationship between pressure and the peak wavelength of FBG1 is
measured, thereby achieving the calibration of the FBG pressure sensor.
The far-infrared fast drying oven is used to measure the temperature
response characteristics of FBG1 and FBG2, as shown in Fig. 5(b).

First, the pressure characteristic is measured at 25 °C. To prevent
damage caused by sudden pressure shocks, the pressure is increased
from 0.1 MPa to 1.5 MPa in increments of 0.2 MPa, with each pressure
level maintained for 20 s. The measured reflection spectra are presented
in Fig. 6(a). It is obvious that the reflection spectra of FBG1 shifts toward
longer wavelength with increasing pressure and the reflection spectra of
FBG2 are unchanged. The relation between the central wavelengths of
the two FBGs and pressure are shown in Fig. 6(b). The peak wavelength
of FBG1 exhibits a linear trend with pressure, the fitted slope is 4.386 p.
m./kPa. The slope of FBG2 is only 0.008 p.m./kPa, indicating its
insensitivity to pressure, it is suitable for temperature compensation.
Comparing the experimental data and simulation results, the minor
difference can attribute to the potential reasons: (1) manufacturing er-
rors of the sensor, (2) The 353ND adhesive decreases the strain transfer
efficiency.

To evaluate the repeatability of the sensor, the pressure experiment
is repeated four times, as shown in Fig. 7(a). The average pressure
sensitivity is 4.37 p.m./kPa with a maximum sensitivity deviation of
0.042 p.m./kPa. The pressure resolution is 228.8 Pa due to the resolu-
tion of 1 p.m. for SM125 interrogator. Subsequently, pressure stability
tests are performed by maintaining 20 s for each pressure and the result
of two loading-unloading cycles is presented in Fig. 7(b). The result
confirms that the sensor possesses outstanding stability and rapid
response capability.

The temperature characteristics of FBG1 and FBG2 are shown in
Fig. 8. The temperature range is between 20 °C and 80 °C with a step of
10 °C, and each temperature is maintained for 20 min. The variations of
the central wavelengths of FBG1 and FBG2 exhibit monotonic linear
relationship with temperature. The temperature sensitivities of 12.85 p.
m./°C for FBG1 and 11.09 p.m./°C for FBG2 are obtained by linear
fitting. The results indicate that the temperature significantly affect the
response of FBG1. FBG2 can be used for temperature measurement and
solve the cross-sensitivity problem of FBG1, thereby achieve simulta-
neous measurement of pressure and temperature. The measurement
method is given in equation (16) [25], St; and Stz are the temperature
sensitivities of FBG1 and FBG2, respectively. Sp; and Sp;, are the pressure
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sensitivities of FBG1 and FBG2, respectively. As the Bragg wavelengths
of FBG1 and FBG2 shift A4; and A4y, the changes of pressure (AP) and
temperature (AT) can be measured. equation (17) can be deduced by the
above obtained sensitivities. Although the sensor can measure temper-
ature and pressure simultaneously, it need be regularly inspected and
calibrated to maintain the accuracy of the sensor.

AP | _ 1 Sra =Sm || Ak 16)
AT SP15T2 - SPQSTl _SPZ Spl A/12
aP] 1 11.09 -12385][AA a7
AT | 48.36 | —0.008  4.37 Ady |

Finally, the performance of the proposed sensor is compared with the
recently reported FBG-based sensors as shown in Table 2. It is noticed
that the sensor of Ref. [10] has the higher sensitivity in the pressure
range of 0-1 MPa due to the larger membranes of 10 mm. It increases the
size of the sensor. The designed sensor of Ref. [17] exhibits highest
sensitivity and narrower measurement range of 0-0.4 MPa. Therefore,
the sensitivity and measurement range are mutually constrained and
determined by the parameter of the membranes and the sensitization
structure. In contrast, our sensor uses a smaller-radius diaphragm and
multi-hinges three-levers structure which delivers superior perfor-
mance. Furthermore, the integrated metallic diaphragm and
three-levers structure by welding can provide enhanced long-term sta-
bility and reliability. The proposed sensor achieves higher sensitivity in
the wider pressure measurement range, the overall performance is su-
perior than any others.

5. Conclusion

This paper presents a diaphragm-type FBG pressure sensor, the
sensitivity is enhanced by the novel multi-hinges three-levers structure.
The sensitization principle is analyzed and optimized in detail using
finite element method. Then the sensor is processed and tested in the
experiment. The result shows that the sensor can work stably in the
range of 0-1.5 MPa with a sensitivity of 4.37 p.m./kPa. The pressure
resolution is 228.8 Pa. Furthermore, the dual-FBG configuration is
employed to eliminate cross-sensitivity between temperature and pres-
sure and to measure temperature. The temperature sensitivity is 11.09 p.
m./°C. The sensor has the advantages of high sensitivity, wide mea-
surement range and high resolution. It can be used to monitor the
pressure of oil and gas pipelines.
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