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A fiber Bragg grating (FBG) pressure sensor using square diaphragm, dowel bar, and constant-strength cantilever
beam (CSCB) as the stress transfer structure is proposed in this paper. The measurement principle involving pressure to
strain transduction is described. Comparative finite element simulations of two diaphragms show square diaphragm’s supe-
rior pressure responsivity, demonstrating a central deflection approximately 30% greater than that of the circular diaphragm.
The performance of this design over the range of 0 to 2 MPa is experimentally evaluated, achieving a pressure sensitivity
of 273.72 pm/MPa, excellent coefficient of determination (R2) of 0.9992, 0.688% full scale (FS) hysteresis, and 3.368%
FS repeatability errors. Furthermore, the utilization of difference in central wavelength shifts between dual Bragg gratings
enables effective temperature compensation, resulting in a relative error of 2%. The cost-effective sensor can be adopted
for the pressure measurement of gases or liquids within pipelines.
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1. Introduction
Long-distance oil and gas pipelines, such as those used

for the transportation of petroleum and natural gas, are subject
to challenges arising from their vast scale, complex environ-
mental conditions, and prolonged operation. These include
pressure fluctuations due to fluid dynamics, localized struc-
tural degradation caused by corrosion, and the critical need
for early leakage detection to ensure environmental and op-
erational safety.[1] Traditional electrical pressure sensors are
not well-suited for such demanding conditions, as they are
difficult to install, susceptible to electromagnetic interference,
and limited in signal transmission distance. Moreover, inten-
sity modulation-based[2] and interferometric[3] optical pres-
sure sensors are often sensitive to light source fluctuations, as
well as environmental factors such as temperature, vibration,
and mechanical disturbances, which can lead to long-term in-
stability and measurement errors. In particular, interferometric
sensors are associated with complex fabrication processes and
relatively high costs, further limiting their practical applica-
tion.

Fiber Bragg grating (FBG), with its high sensitivity, im-
munity to electromagnetic interference, and capability for ab-
solute measurements, exhibits excellent adaptability to diverse
environmental conditions, making it an ideal solution to these
challenges.[4] The FBG enables detection of diverse physical
parameters including stress/strain,[5] temperature,[6] magnetic

fields,[7] and vibration acceleration.[8] Moreover, the chirped
FBG variant, characterized by an axially varying refractive in-
dex modulation period, functions as a dispersion compensa-
tion element.[9]

Bare FBGs exhibit weak sensitivity to external
pressure,[10] hence requiring specially designed structures to
enhance pressure response while protecting the grating from
mechanical damage. Circular diaphragm was preferred for
the primary sensing element in fiber-optic sensors of existing
studies.[11–13] Fajkus et al.[14] leveraged three-dimensional
(3D) printing technology to manufacture an FBG pressure
sensor with a circular membrane structure. However, the de-
vice exhibited a large pressure measurement deviation, with
approximately 10% error observed under low-pressure condi-
tions. This may result in a decrease in measurement linearity,
thereby affecting the sensor’s accuracy. An FBG pressure
sensor using circular plate diaphragm recorded a relatively
high sensitivity of 3.56 nm/MPa.[15] Despite this, its linear
fitting coefficient within the small pressure range of 9 kPa
was only 0.9298, indicating potential nonlinearity-induced
measurement errors and calibration challenges in practical
applications. An analogous sensing approach has similarly
been documented.[16,17] Vorathin et al.[18] displayed a chirped
FBG transducer utilizing a circular rubber diaphragm for
low-pressure measurement. In comparison, while Feng et
al.[19] adapted a metal diaphragm to enable simultaneous
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high-temperature and high-pressure monitoring, this enhanced
environmental tolerance came at the cost of reduced sensitiv-
ity, reaching only 50.6 pm/MPa. Vaddadi et al.[20] proposed
a novel structure comprising a metal circular diaphragm and a
seesaw hinge mechanism. However, the fulcrum and connec-
tions in the seesaw structure, which operate on the lever prin-
ciple, may exhibit gaps or looseness, resulting in significant
measurement hysteresis and repeatability errors. Recently,
Liu et al.[21] have extended the pressure-sensitive element to
a rectangular diaphragm. Although the sensor was designed
for high-pressure measurement, the thin diaphragm may ex-
perience plastic deformation or even structural failure as the
pressure increases.

As is known, FBG exhibits sensitivity to both strain and
temperature; therefore, isolating temperature-induced wave-
length shifts plays a critical role in practical applications.
Liang et al.[22] effectively reduced the temperature–pressure
cross-sensitivity by using a dual-FBG structure. However,
there was a significant difference in the temperature sensitiv-
ity coefficients of the two FBGs. This required more elaborate
temperature calibration experiments, which increased the dif-
ficulty and time cost of sensor calibration. Burhanuddin et
al.[23] employed three FBGs for the simultaneous measure-
ment of earth pressure, pore pressure while achieving temper-
ature compensation. Despite this, the temperature compensa-
tion FBG, which was suspended, lacked adequate mechanical
support, rendering it vulnerable to external vibrations or im-
pacts. Such disturbances may induce positional deviations or
damage to the FBG, thereby impairing the accuracy of tem-
perature compensation. Other compensation methods, such as
using special elastomer materials to counteract the thermal ex-
pansion strain of metal,[24] and inducing FBG birefringence
through applied transverse stress,[25] can also reduce the mea-
surement interference of temperature on the target parameters.

The square diaphragm is widely used in high-sensitivity
and high-precision microelectromechanical systems (MEMS)
piezoresistive pressure sensors due to its designed stress
distribution, larger effective area, and simple manufactur-
ing process.[26–28] The integration of a square diaphragm
into fiber-optic sensors holds considerable research potential.
Building on our prior works,[29,30] which utilized square di-
aphragm to design FBG pressure sensors with diverse con-
figurations, we have expanded the repertoire of sensing el-
ements in fiber-optic sensors and achieved measurable out-
comes across distinct pressure regimes. In particular, as
reported in our work,[30] the design demonstrated a high
pressure-measurement sensitivity, but its applicability is lim-
ited to low-pressure ranges of 0 MPa–0.2 MPa, with a rela-
tively high hysteresis error of 1.09%. Furthermore, the large
discrepancy between the temperature sensitivity coefficients of
the two FBGs results in suboptimal temperature-compensation

performance, with a relative error of 3.13%. These limitations
underscore the need not only for improved sensor designs but
also for a more comprehensive analysis of the intrinsic charac-
teristics of square diaphragm, enabling their advantages to be
fully exploited in enhancing pressure-sensing performance.

In this research, we introduce an FBG sensor that is
specifically designed for non-intrusive pressure monitoring,
particularly in critical infrastructure applications like oil and
gas pipeline monitoring. It features a square diaphragm, a
centrally located dowel bar, and a constant-strength cantilever
beam (CSCB) with two surface-mounted Bragg gratings, all of
which collaboratively constitute the stress transfer mechanism
for pressure measurement. Finite element simulations indi-
cate that the square diaphragm exhibits deflection 30% greater
than that of a circular configuration, consequently demonstrat-
ing superior pressure sensitivity. Experimentally, the proposed
sensor displays good linearity, low hysteresis of 0.688% in
the range of 0 MPa–2 MPa. Temperature compensation is
achieved by utilizing the wavelength shift difference of dual
Bragg gratings with closely matched thermal sensitivity coef-
ficients, limiting the relative error to 2%, thereby effectively
mitigating temperature interference in pressure monitoring.

2. Sensing mechanisms and finite element simu-
lations

2.1. The sensing mechanisms

Figure 1 illustrates the proposed FBG sensor with com-
prehensive visualization. It consists of a square diaphragm
with clamped edges, a protective cover, a dowel bar which is
integrally formed with the square and positioned at its center,
as well as a CSCB whose free end rests on the terminal of
dowel bar while its fixed end is securely fastened to the base
via screws. Two FBGs are symmetrically bonded at the cen-
tral positions along the longitudinal axes on the surfaces of the
CSCB. When pressure load is introduced to the diaphragm via
the pressure inlet, the pressure differential across both sides
of the diaphragm induces deformation, which is then trans-
ferred through the dowel bar into mechanical forces applied
to the two FBGs. Furthermore, these two forces are equal
but opposite, thereby compressing FBG1 mounted on the top
surface while elongating FBG2 adhered to the bottom surface
of the CSCB. In comparison to a single Bragg grating, the
implementation of a dual-grating configuration enhances the
strain sensitivity of the sensor by a factor of two. Moreover,
both of the gratings are affixed to the same thermally sensitive
metallic substrate, ensuring identical temperature sensitivity
coefficient. This configuration is of paramount importance for
improving temperature measurement sensitivity and enabling
effective temperature compensation in FBG pressure sensor.
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Fig. 1. Pressure sensor configurations: (a) assembled 3D model, (b) exploded diagram, (c) cross-sectional profile.
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Fig. 2. (a) Structure geometry of square diaphragm with clamped edges, (b) schematic representation of sensor deformation under pressure
load. FBG1, attached to the top surface of the CSCB, is compressed under compressive force, resulting in negative strain; while FBG2,
positioned symmetrically on the bottom surface of the CSCB, is stretched by tensile force, leading to positive strain. The dashed line indicates
the configuration of the stress transfer structure in the absence of the applied pressure load.

Figure 2(a) illustrates the geometry of the square di-
aphragm with fully clamped edges and an edge dimension of
2a. Under a uniform pressure load P, the deflection at arbitrary
positions across the diaphragm can be described by[31]

w(x,y)∼=
1
47

P
a4

U

(
1− x2

a2

)2

(1− y2

a2 )
2

, (1)

in which U denotes the bending rigidity[32,33]

U =
Eh3

12(1−µ2)
, (2)

where E represents the material’s Young’s modulus, µ signi-
fies its Poisson’s ratio, and h stands for its thickness. From
Eq. (1), it can be deduced that the deflection occurring at the
center of the square is given by

wmax =
1
47

P
a4

U
. (3)

Figure 2(b) presents schematic diagram of sensor defor-
mation under constant pressure load. According to mechanics
of materials, the center deflection of the square converts into
the strain of the CSCB, which is written as

ε =
h1

l2 wmax, (4)

where h1 denotes the thickness of the CSCB, and l corresponds
to its longitudinal length. Substituting Eqs. (2) and (3) into
Eq. (4), the strain of the CSCB caused by applied pressure can
be expressed as

ε =
12(1−µ2)

47
h1a4

l2Eh3 P. (5)

As depicted in Fig. 2(b), two commercially available FBGs,
with initial wavelength of 1548.713 nm and 1548.1962 nm,
respectively, grating length of 1 cm, are bonded to the surface
of the CSCB using 502 super glue. The central Bragg wave-
length shift ∆λB, arising from the combined effects of strain ε

and temperature change ∆T , is given by[34,35]

∆λB = λB[(1− pe)ε +(α +ξ )∆T ], (6)

where pe, α , and ξ denote the effective photo-elastic coeffi-
cient, the thermal expansion coefficient, and the thermal-optic
coefficient, respectively. λB is the central Bragg wavelength.

Due to their close proximity, the two FBGs are considered
to experience identical temperature variations. Additionally,
the stress-induced strains in the two FBGs mean that FBG1
experiences compressive strain (negative strain) resulting from
compressive force, while FBG2 undergoes tensile strain (pos-
itive strain) caused by tensile force. By incorporating the
above descriptions, rearranging Eq. (6) allows elimination of
the temperature effect

∆λB2

λB2
− ∆λB1

λB1
= 2(1− pe)ε. (7)

2.2. Simulations for two types of diaphragms

The CSCB is fabricated from beryllium bronze, which of-
fers high strength and good oxidation resistance,[36] while the
remaining components utilize economical 6061 aluminum al-
loy (AA 6061) as the manufacturing material.[37] The dimen-
sional specifications and material properties, as tabulated in
Table 1, are consistent in fabrication and the simulations. To
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highlight the performance advantages of the square diaphragm
employed in this design compared with the conventional cir-
cular diaphragm, a comparative finite element analysis is de-
veloped using ANSYS Workbench software.

Table 1. Geometric dimensions and material properties used in manu-
facturing and simulation.

Symbol Description Value

2a diaphragm length or diameter 40 mm
h thickness of square diaphragm 1.7 mm
h1 thickness of CSCB 0.5 mm
l length of CSCB 33 mm

density of AA 6061 2.75 g/cm3

µ Poisson’s ratio of AA 6061 0.33
E Young’s modulus of AA 6061 68.9 GPa
pe photo-elastic coefficient 0.22

density of beryllium copper 8.3 g/cm3

Poisson’s ratio of beryllium copper 0.35
Young’s modulus of beryllium copper 128 GPa
height of dowel bar 5 mm

In this simulation, both diaphragms are assigned iden-
tical thickness and material parameters, with the square di-
aphragm’s side length and the circular diaphragm’s diameter
both set to 2a. Figure 3 illustrates that, under 1-MPa pres-
sure, the square diaphragm exhibits greater deflections across
all positions compared to the circular one. Specifically at the
central position (labeled as 20 mm in the diagram), its calcu-
lated central deflection is approximately 30% higher than the
circular diaphragm’s. The simulation results indicate that the
square diaphragm has greater responsiveness to external pres-
sure, implying enhanced sensitivity for sensors incorporating
it as the pressure-sensitive component.
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Fig. 3. Displacement of two types of diaphragms under 1 MPa.

A simulation study is also carried out to determine the
strain distribution along the longitudinal axis of the CSCB
subjected to a 1-MPa pressure load. Figure 4 shows strain
values along the CSCB from the free end to the fixed sup-
port. Two FBGs are fixed at the 14 mm, where the strain is
approximately 1.15× 10−4. Two FBGs have nearly identical
center wavelengths, thus they are treated as sharing the same
value of 1548 nm. Substituting the theoretical strain under

1 MPa into Eq. (7) yields a calculated pressure sensitivity of
277.71 pm/MPa.
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Fig. 4. Surface strain distribution along the longitudinal axis of the
CSCB under 1 MPa from the free end.

To make a more comprehensive comparison of the two
diaphragms, the simulation is also performed in a large pres-
sure range. Substituting the strain obtained at 14-mm position
under diverse pressure into Eq. (7), the wavelength shift dif-
ference can be calculated. Figure 5 illustrates that circular and
square diaphragm-based pressure sensors exhibit comparable
linearity within the range of 0 MPa to 16 MPa. Nonlinear re-
sponses emerge as the applied pressure increases further, per-
sisting up to 80 MPa.
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Fig. 5. Comparisons of wavelength shift differences across a wide
pressure range for two diaphragms. Inset: coefficient of determination
within the range of 0 MPa–16 MPa.

3. Sensor calibration and discussion
3.1. Pressure response characteristics

The pressure experiment is developed at laboratory tem-
perature of 27.6 ◦C. Figure 6 shows the photograph of the pres-
sure calibration and wavelength interrogation system, along-
side this designed sensor. Sensor calibration is performed via
a calibrator furnished with a reference pressure gauge (0 MPa–
6 MPa range, ±0.25% full-scale accuracy), while the SM125
FBG interrogator captures experimental wavelength data dur-
ing pressure application.
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Laptop

Interrogator SM125

Standard pressure guage Assembled FBG sensor

Fig. 6. Photograph of the pressure calibration and wavelength interrogation
system, along with the designed FBG pressure sensor.

The proposed sensor’s response characteristics are as-
sessed across 0–2 MPa full-scale (FS) with 0.2-MPa incre-
ments. From Fig. 7(a), through regression analysis of the mea-
sured wavelength data, the pressure sensitivity coefficient is
determined to be 273.72 pm/MPa, accompanied by a high co-
efficient of determination (R2 = 0.9992). Considering the res-

olution of SM125, which is 1 pm, the pressure resolution is
calculated to be 0.0037 MPa. The slight discrepancy between
the experimental and theoretical sensitivities arises from the
following reasons: First, during the FBGs encapsulation pro-
cess, adhesive is used to bond the two FBGs to the surface of
the CSCB, which may limit the transmission of induced stress.
Second, as indicated by the finite element analysis, while a ho-
mogeneous strain field is typically assumed along the longitu-
dinal axes at the CSCB’s mid-span, slight variations in strain
exist at different locations. Consequently, the two FBGs may
not bonded to the region of maximum stress on the CSCB.
To characterize the sensor’s response behavior under repeated
pressure variations, three loading-unloading cycles are applied
to this design. As depicted in Figs. 7(b) and 7(c), the output
data curves demonstrate excellent agreement with each other.
Post-calculation analysis reveals a hysteresis error of 0.688%
FS and a repeatability error of 3.368% FS.
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Fig. 7. Critical characteristics of designed sensor: (a) sensitivity, (b) hysteresis, (c) repeatability, illustrated by plotting FBG wavelength shift differences
against pressure.

To evaluate the noise characteristics of this design, the
wavelengths of the two FBGs at a constant pressure of 1 MPa
are recorded once per hour, and this data-recording process
persists for a total of nine hours. A maximum wavelength
shift difference of 12.9 pm is observed in Fig. 8. Com-
bined with the experimentally determined pressure sensitivity
of 273.72 pm/MPa, the accuracy of this designed sensor is cal-
culated to be 0.047 MPa.
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Fig. 8. Wavelength shift difference against time at a steady 1 MPa. The
maximum wavelength shift difference is recorded as 12.9 pm, occurring
at the eighth hour of the recording period.

3.2. Temperature response characteristics

Under zero-pressure conditions, the correlation between
central wavelength shift and controlled temperature variations
is characterized using a vacuum drying oven (Make: Taisite,
Model: YLD-6000). The sampling interval of temperature
is 5 ◦C between 28 ◦C to 48 ◦C. To ensure stable operat-
ing conditions during data acquisition, the time interval be-
tween each measurement point is configured as approximately
30 minutes. The wavelength shift of the uncompensated pres-
sure sensor under various temperatures obtained from exper-
iment is shown in Fig. 9(a). Evidently, the dual FBGs ex-
hibit thermal sensitivities of 26.47 pm/◦C and 25.8 pm/◦C for
FBG1 and FBG2, respectively, with the coefficients of deter-
mination are 0.9934 and 0.9936. The slight difference in their
temperature sensitivities can be attributed to small variations
in the 502 super glue, including differences in thickness and
uniformity. Its low softening temperature, high brittleness,
and thermal expansion mismatch with both the fiber and the
metallic substrate can affect strain transfer efficiency. In ad-
dition, although the gratings are symmetrically attached to the
upper and lower surfaces of the beam, the presence of mul-
tiple structural materials (aluminum alloy diaphragm, dowel
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bar, and beryllium bronze beam) with different coefficients of
thermal expansion (CTE) may induce slight variations in lo-
cal thermal strain transfer at the material interfaces, which can
contribute marginally to the observed deviation. By calculat-
ing the difference in central wavelength shifts (∆λB1 −∆λB2)
between the two FBGs at different temperatures, the maxi-
mum differential observed at 48 ◦C is 10.9 pm, as depicted
in Fig. 9(b). Given the sensitivity (273.72 pm/MPa) identified
from the experimental findings, the measurement error result-
ing from temperature effects for this design is calculated as
0.04 MPa, accounting for 2% of the entire pressure measure-
ment range.
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Fig. 9. (a) Wavelength variation of two FBGs versus temperature.
(b) Temperature-dependent variation of the wavelength shift difference
between two FBGs.

3.3. Discussion

Table 2 presents a comparative analysis between this
proposed design and reported fiber-optic pressure sensors in

terms of pressure sensitivity, measurement range, hysteresis,
repeatability, and measurement error after thermal compensa-
tion. It can be observed that within the medium pressure range,
the hysteresis error of our design demonstrates certain perfor-
mance advantages. In addition, the measurement error after
thermal compensation is reduced to 2% (0.04 MPa), which is
consistent with the results reported in existing studies. This
agreement confirms the effectiveness of the adopted compen-
sation strategy, while further optimization may still help to re-
duce error.

(i) Materials with a lower CTE, or those with CTE closely
matching that of the FBG, are recommended for integral fab-
rication of the sensor, thereby eliminating thermal mismatch
effects associated with multi-material assemblies.

(ii) Low-creep epoxy could be used for FBG bonding to
enhance packaging stability and expand the sensor’s tempera-
ture response range, thereby ensuring consistent thermal drift
between the two FBGs. Ultimately, differential demodulation
is implemented to further suppress temperature-induced mea-
surement error.

The repeatability error of 3.368% may be attributed to
the hard and brittle nature of 502 adhesive after curing. Un-
der cyclic pressure loading, the adhesive is prone to gradual
deformation and stress relaxation, causing the strain perceived
by the FBG to vary with the number of loading cycles. There-
fore, to reduce this error, an epoxy adhesive with flexibility
and excellent fatigue resistance could also be employed as the
bonding agent.

The overall dimensions of the designed sensor still have
room for further optimization. Future improvements can be
made through the following strategies: a high-yield-strength
material can be adopted for an integrated structural design, en-
abling a reduction in diaphragm thickness while increasing the
thickness and decreasing the length of the cantilever beam. In
addition, an FBG with a shorter grating length (instead of the
10 mm used in this study) could be employed. Furthermore,
the height of the dowel bar at the diaphragm center (currently
5 mm) can be reduced to 2 mm or even 1 mm, thereby con-
tributing to a more compact sensor configuration.

Table 2. Comparative evaluation of diverse FBG pressure sensors.

References
Pressure Pressure

Hysteresis (%) Repeatability (%)
Measurement error after

range (MPa) sensitivity (pm/MPa) thermal compensation (%)
Liu et al.[38] 0–1 5227 1.43 2.38 1.04

Hafizi et al.[39] 0–0.5 2848.5 – – 2.32
Liu et al.[21] 0–30 30.8714 – 2.7 –

Burhanuddin et al.[23] 0–0.0127 6259 – 3.5a) –
Guo et al.[40] 0–50 42.47b) – – 4.65
This work 0–2 273.72 0.688 3.368 2

a)Calculated from standard deviation in vertical pressure.
b)Calculated from simulation results at 50 MPa @ 1550 nm.
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4. Conclusion
This study presented a novel design and experimental im-

plementation for an FBG-based pressure sensor integrating a
square diaphragm, a dowel bar, and a CSCB as the stress
transfer structure, accompanied by theoretical analysis with
a pressure–strain transfer relationship. Comparative simula-
tions of square and circular diaphragms were developed, in-
dicating enhanced mechanical responsivity in square configu-
ration, particularly demonstrating approximately 30% greater
central deflection under equivalent loading conditions, while
maintaining comparable linearity to circular geometry across
the range of 0–16 MPa. Experimental results showed that the
designed pressure sensor achieved 273.72 pm/MPa sensitivity
with 0.0037-MPa resolution, alongside preserving high linear-
ity over the range of 0–2 MPa. This design also presented
low hysteresis and maintained a relative error of 2% after tem-
perature compensation, demonstrating reliable pressure mea-
surement performance. The cost-effective device shows po-
tential capability to measure the pressure of gases or liquids in
pipelines.
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