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Abstract: Corrugated diaphragms (CDs) have been widely used in many fields because of their
higher pressure sensitivity and wider linear range compared to flat diaphragms (FDs) in the same
circumstances. Especially in the application of miniature fiber-optic pressure sensors, the introduction
of the corrugated structure gives the sensor high sensitivity, large dynamic range, good linearity, small
hysteresis, good stability, and so on. Research on CD-based miniature fiber-optic pressure sensors
has gradually attracted more attention in recent years. In this paper, the principles of operation of a
miniature fiber-optic pressure sensor are briefly introduced, then the mechanical properties of FD and
CD, as well as their influences on the performance of the sensor, are analyzed in detail. The application
status of CDs in miniature fiber-optic pressure sensors is reviewed, and our conclusions and the
prospects for the application of CDs in miniature fiber-optic pressure sensors are given finally.
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1. Introduction

Pressure sensors are widely used in many fields of life. The applications of pressure sensors can be
divided into static pressure sensors (such as atmospheric pressure or hydrostatic pressure) and dynamic
pressure (such as acoustic pressure) sensors. Compared with the traditional electronic pressure sensors,
the fiber optic pressure sensors enjoy the advantages of high sensitivity, wide frequency response,
large dynamic range and strong anti-electromagnetic interference, along with small size, light weight
and miniaturization. These make them suitable for use in harsh environments, such as limited space,
high temperature, high pressure, strong corrosion and radiation. Therefore, the fiber optic pressure
sensors have been highly valued and extensively used in many key areas, such as national defense
security [1], medical health [2], oil and gas exploration [3] and underwater monitoring [4].

According to the difference between sensing elements, fiber-optic pressure sensors can be classified
as intrinsic or extrinsic pressure sensors. For the intrinsic fiber-optic pressure sensor, the length and
refractive index of optical fiber, when subjected to external pressure, will change and result in the
variation of the internal transmission light state (polarization, phase, amplitude, etc.). In contrast,
for the extrinsic fiber-optic pressure sensor the optical fiber is only used as a light guide element
and the sensing of the pressure will be realized by an external pressure sensitive diaphragm. Due to
the flexibility of the diaphragm’s structural design, the diaphragm-based fiber-optic pressure sensor
has attracted widespread attention. Pressure sensitive structures based on the diaphragm have been
extensively studied by Mach-Zehnder (M-Z) [5–7], Michelson [8,9], Sagnac [10–12] and Fabry-Perot
(F-P) [13–15] interference structures. Among them, the extrinsic Fabry-Perot interferometer (EFPI)
structure, usually formed by two interference beams sharing a common optical path, is insensitive to
the disturbances in the transmission fiber, and thus is widely used in pressure sensing.
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As the core component of the EFPI pressure sensor, the diaphragm’s material and structure directly
determine the performance of the sensor. Up to now, the probe manufacturing for diaphragm-based
EFPI sensors is usually realized using the microelectromechanical system (MEMS). According to
the structures, the diaphragms could be mainly divided into three types: flat diaphragms (FDs),
Mesa-diaphragms and Corrugated diaphragms (CDs) [16]. The FD, the traditional structure, is simple
to design and fabricate. However, the nonlinear deformation under large applied pressure limited the
FD’s application. Meanwhile, the mechanical sensitivity of the FD will decrease rapidly, when there is
a large initial stress in the FD. Generally, there are two methods to improve the performance of the
diaphragm-based sensors. The first is to add a boss structure to the diaphragm. The boss structure
can improve the optical performance of the sensor by declining the nonlinear deformation in the
diaphragm’s central region, but the fabrication of the boss structure is pretty complex, and the introduce
of boss structure will enhance the sensor’s undesirable sensitivity to vibration. The second is to add a
corrugated structure to the diaphragm. The corrugated structure can not only reduce the impact of
initial stress on the diaphragm (if there is any) and increase the linear range effectively, but also can
easily be fabricated using MEMS technology.

Recently, the application of CDs in miniature fiber-optic pressure sensors has been developing
rapidly [17–27]. In this paper, the mechanical properties of CD are analyzed in detail. We are trying to
summarize the application of CD in miniature fiber-optic pressure sensors, to point out the existing
problems and to explore the potential application of CDs in miniature fiber-optic pressure sensors.

2. The Principles of Operation of Miniature Fiber-Optic Pressure Sensors

2.1. The Basic Principles of EFPI Pressure Sensors

The typical structure of a diaphragm-based EFPI fiber-optic pressure sensor is shown in Figure 1.
The F-P cavity, either the fiber-tip structure (Figure 1a) or the fiber-end structure (Figure 1b), is usually
composed of a fiber end and a sensitive diaphragm. The diaphragm’s deformation due to external
pressure will cause the F-P cavity’s length to change, then modulate the reflected light signal, and then
the external pressure information will be detected [16]. According to the F-P interference principle,
the cavity length L could be written as

L =
λ1λ2

2n(λ1 − λ2)
, (1)

where λ1, λ2 are the two center wavelengths of adjacent resonance peaks in interference spectra of the
F-P cavity, n is the refractive index of medium in the F-P cavity, here, for air, n = 1. Thus, the cavity
length L can be determined by obtaining the wavelengths λ1 and λ2 from the interference spectra,
thereby calculating the pressure applied to the diaphragm.
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Figure 1. The typical structure of a diaphragm-based extrinsic Fabry-Perot interferometer (EFPI)
fiber-optic pressure sensor. (a) Fiber-tip structure; (b) Fiber-end structure.
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2.2. Demodulation Methods of EFPI Sensors

The demodulation method is an important part of the fiber-optic sensing system, whose function is
to measure external physical quantities by detecting changes in the reflection spectrum or the reflection
intensity. The demodulation method determines the accuracy and speed of the demodulation results
and should be selected according to the needs and sensor probe structure due to their own advantages
and disadvantages. The intensity method and phase method are usually adopted to demodulate the
EFPI sensors.

2.2.1. Intensity demodulation

As shown in Figure 2, intensity demodulation usually uses a narrow-band light source and detects
the external signal according to the change of the reflected light intensity, which is directly received by
the photodetector.
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Figure 2. Schematic of intensity demodulation system.

The intensity demodulation method has the advantages of high sensitivity, fast demodulation
speed, simple processing and low cost. So, it is very effective in measuring small dynamic disturbance
signals. However, this method has the disadvantages of a small dynamic range, it is difficult to
control and stabilize the working point and it is very susceptible to fluctuations in light intensity.
In order to overcome the shortcomings of the intensity demodulation algorithm, the operating
point control technique [28,29], self-compensation method [30,31], quadrature phase method [32,33],
and three-wavelength demodulation method [34] have been proposed, and so on.

2.2.2. Phase demodulation

Phase demodulation, as shown in Figure 3, has high demodulation accuracy [35]. In phase
demodulation, a broadband light source or a tunable laser is generally used to obtain the whole
spectrum. Compared to intensity demodulation, there is no strict limitation on the cavity length, and the
intensity fluctuation has little effect on the demodulation performance, so the phase demodulation can
be universally applied. Many schemes, such as the fringe detection method [36], spectrum transform
method [37], cross-correlation cavity length matching algorithm [38], path-matched interferometry
method [39,40], and so on, are proposed to implement phase demodulation. But most of these methods’
demodulation speed is low, which makes them more suitable for static pressure measurement.
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Figure 3. Schematic of phase demodulation system.

3. The Mechanical Properties of Diaphragms

The response of the diaphragm to pressure is primarily based on the deformation theory of
the diaphragm. The mechanical properties of both the FD and the CD, whether with or without
initial stress, will be discussed in detail. As for the CD, two different kinds, the shallow corrugated
diaphragm (SCD) and the single deeply corrugated diaphragm (SDCD), will be discussed in the coming
sections, and the influence of the diaphragm structure on the overall performance of the sensor will be
analyzed last.

3.1. Mechanical Properties of the FD

The deflection of a flat circular diaphragm with clamped edges responding to homogeneous
pressure P is shown in Figure 4, where ω0, Rd and hd are the center deflection, the radius and the
thickness of the diaphragm, respectively.
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1. Without initial stress

The deflection of the circular clamped diaphragm without initial stress can be calculated from [41]

P = 5.33
E

(1− ν2)

h4
d

R4
d

ω0

hd
+ 2.83

E
(1− ν2)

h4
d

R4
d

ω3
0

h3
d

, (2)

where E and v are the Young’s modulus, the Poisson’s ratio of the diaphragm, respectively.

2. With initial stress

The deflection of the circular diaphragm with clamped edges and initial stress can be calculated
by [42]

P = 5.33
E

(1− ν2)

h4
d

R4
d

ω0

hd
+ 4

h2
d

R2
d

ω0

hd
σ+ 2.83

E
(1− ν2)

h4
d

R4
d

ω3
0

h3
d

, (3)

where σ is the initial stress of the diaphragm.
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According to the elastic mechanics, when the central deflection is less than 30% of the diaphragm’s
thickness, that is, no larger than 20% of the diameter of the diaphragm [17], the small deflection
theory could be adopted and the cubic terms of ω0 in Equations (2) and (3) can be neglected. In this
case, the homogeneous pressure P is linearly related to the center deflection ω0, and the mechanical
sensitivity of the FD with initial stress can be obtained as

Sm(FD) =
dω0

dP
=

R2
d

4hd

[
σ+ 5.33

4(1−v2)
E

h2
d

R2
d

] , (4)

In Equation (4), it can be seen that the mechanical sensitivity of the FD depends on the initial
stress in the diaphragm, and the smaller the initial stress, the higher the sensitivity. The initial stress of
the diaphragm can be reduced by controlling the parameters of the diaphragm deposition process.
However, due to the limitations of the manufacturing technology, it is difficult to control the initial
stress of the diaphragm accurately [42].

3.2. Mechanical Properties of the SCD

Figure 5 shows the schematic view of the SCD [41]. The edges of the circular diaphragm are
clamped, and the central area of the diaphragm is flat with periodic annular corrugations around. Rd, hd,
l, s and H are the radius, the thickness, the radial length, the arc length and the corrugation depth of CD,
respectively. The profiles of corrugation can be rectangular, trapezoidal, triangular, sinusoidal, and so
on. For small deflections, the profiles of corrugation have little effect on the mechanical properties of
the diaphragm [43].
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1. Without initial stress

In order to facilitate the analysis, we first discuss the case in which the CD is not provided with a
flat center zone, and the deflection equation of CD without initial stress can be given by [42]

P = apE
h4

d

R4
d

ω0

hd
+ bp

E
(1− ν2)

h4
d

R4
d

ω3
0

h3
d

, (5)

where

ap =
2(q + 1)(q + 3)

3
(
1− ν2

q2

) , (6)

bp = 32
1− ν2

q2 − 9

[
1
6
−

3− ν
(q− ν)(q + 3)

]
, (7)

and for a sinusoidal corrugation profile [42]

q2 =
s
l

1 + 1.5
H2

h2
d

, (8)
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where q is the corrugation profile factor, which is larger than 1 for CDs. For FDs (H = 0), q is equal to 1.
If the CD has a flat center zone, it can be compensated by the factor s/l. For a rectangular corrugation
profile [42]

s
l
=

Rd + 2NH
Rd

, (9)

where N is the number of corrugations. From Equations (6) and (7), it is obviously that with the increase
of q, ap increases rapidly and bp decreases rapidly, and the decrease of bp indicates that the cube of
the central deflection (the nonlinear component) of the diaphragm decreases. Therefore, the linear
deformation range of the diaphragm can effectively increase by controlling the corrugation structure
parameters [41].

2. With initial stress

When the initial stress exists in the circular CD, the first term of the Equations (2) and (5) is the
elastic restoring force of the diaphragm caused by the bending stress, while the second term is the
elastic recovery caused by the mid-face stretching, and the ratio of FD to the CD in this term is 2.83/bp.
The mid-face stretch can also be regarded as the behavior of initial stress. Thus, the ratio of the elastic
restoring force between the FD with initial stress and the CD with initial stress should also be 2.83/bp,
and the deflection equation of the CD with initial stress is [44]

P = apE
h4

d

R4
d

ω0

hd
+ 4

h2
d

R2
d

ω0

hd
σ

bp

2.83
+ bp

E
(1− ν2)

h4
d

R4
d

ω3
0

h3
d

, (10)

For small deflection, the cubic term of center defection ω0 can be neglected, and mechanical
sensitivity of the CD with initial stress can be obtained as [44]

Sm(CD) =
dω0

dP
=

R2
d

4hd

[
σ

bp
2.83 +

ap
4 E

h2
d

R2
d

] , (11)

As shown in Equations (6) (7) and (11), the mechanical sensitivity of the CD depends on the
corrugation profile factor q. Compared with the number of corrugations N, as shown in Equation (9),
the corrugation depth H has a much more important effect on q, or the mechanical sensitivity of CD.

In the case of small deflection, compared with Equation (4), the factor bp/2.83 in Equation (11)
indicates that the effective initial stress will be reduced by 2.83/bp times. It is easily proved that 2.83/bp

will be bigger than 1 when the corrugation depth is larger than 0 [42]. This means that the influence
of initial stress on the mechanical sensitivity of the diaphragm will be reduced and improve the
mechanical sensitivity of the diaphragm due to the introduction of corrugation. At the same time,
the corrugated structure can be accurately fabricated by MEMS technology, which greatly reduces the
dependence on the manufacturing technology compared to the deposition process.

3.3. Mechanical Properties of the single deep corrugated diaphragm (SDCD)

Figure 6a and b show the schematic cross section of the SDCD structure with geometrical parameters
and a three-dimensional cross-section of the microphone fabricated by SDCD [45], respectively. hd is
the thickness of the diaphragm, 2a is the side length of the flat bottom square diaphragm, and H is the
vertical distance between the bottom surface and the fixed point. The SDCD consists of a FD which
is suspended all around with free sidewalls. The flat bottom region is believed to behave just like a
normal flat square diaphragm with lower stiffness. The suspending sidewalls are expected to release
the residual stress of the SDCD structure.
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Figure 6. (a) Schematic cross section of the SDCD structure with geometrical parameters;
(b) The three-dimensional cross-section of the microphone fabricated by SDCD (Reproduced from [45]).

1. Without initial stress

The clamped square diaphragm’s deflection without initial stress can be written as [41]
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=
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2. With initial stress

For large initial stress, the deflection equation of a flat circular diaphragm can be represented
by [41]
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By placing R2 with 4a2/π in (13), this resistance to bending due to initial stress can be added to
(12) using the principle of superposition. The deflection equation of the square diaphragm with initial
stress is [46]
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For small deflection, mechanical sensitivity of the square diaphragm with initial stress can be
obtained as [46]

Sm =
ω0

P
=

a2

πhd

[
4.2Ehd

2

πa2(1−ν2)
+ σ

] , (15)

For the SDCD structure, in order to reflect the effect of single deep corrugation, corrective factors
C1(H) and C2(H) are introduced into (15). Here, corrective factors C1(H) and C2(H) reflect the improved
mechanical compliance by decreasing mechanical stiffness of the diaphragm and releasing the initial
stress, respectively. The mechanical sensitivity of a SDCD is then modified as [46]

Sm =
a2

πhd
[
4.2C1(H)Eh2

d/πa2(1− ν2) + C2(H)σ
] , (16)

The values of the two corrective factors are obtained by finite element model (FEM) simulation,
and it is confirmed that both of the two factors are less than 1 and will decrease with the increase of the
corrugation’s depth [46]. Therefore, the single deep corrugation will release the diaphragm’s initial
stress and lower the diaphragm’s stiffness, which will both contribute to improving the diaphragm’s
mechanical sensitivity.
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Through the above analysis, it can be concluded that the mechanical sensitivity of the FD depends
on the initial stress in the diaphragm. The smaller the initial stress is, the higher the sensitivity is.
However, due to the limitations of the manufacturing technology, there will be initial stress in the FD
that is difficult to control. The shallow corrugated structure can reduce the influence of the initial
stress to improve the mechanical performance sensitivity of the diaphragm and increase the linear
range of the diaphragm; the SDCD structure can improve the mechanical sensitivity of the diaphragm
by releasing the initial stress and reducing the bending stiffness. Compared with controlling the
parameters of the diaphragm deposition process, the method of introducing the corrugated structure is
much simpler and more accurate, which greatly reduces the complexity of manufacturing technology
and production cost.

3.4. Influences on the Performance of the Sensor

As the core part of diaphragm-based fiber-optic pressure sensor, the sensitive diaphragm greatly
determines the performance of the sensor. In the following, the influence of the mechanical properties
of the diaphragm on the sensor overall performance, such as sensitivity, measurement range and
stability, will be discussed.

1. Sensitivity

The overall sensitivity of the sensor can be expressed as [16]

Ssensor = Sm|Hsensor|, (17)

where Sm is the mechanical sensitivity of the diaphragm and |Hsensor| is the transfer function of the
sensor, which depends on the overall structure of the sensor. Detailed discussion on the transfer
function is difficult and beyond the scope of this manuscript. But according to (17), one can see that
Sm has a great impact on the overall sensitivity of the sensor. It has been proved theoretically and
experimentally that the sensor’s overall sensitivity will increase with the diaphragm’s mechanical
sensitivity to some extent [16]. Therefore, the introduction of the corrugated structure in the diaphragm
with initial stress will do good to improve the overall sensitivity of the sensor. Detailed discussion will
be given in our future work.

2. Measurement range (Dynamic range)

The measurement range of the fiber-optic pressure sensor represents the range in which the output
signal has a linear relationship with the input pressure. For static pressure sensors, the minimum is
usually set to be zero and the maximum is the input pressure when the output remains linear.
For dynamic pressure sensors, the measurement range usually is referred to as the dynamic
range, where the minimum is determined by the minimum detectable pressure (MDP), and the
maximum depends on the total harmonic distortion in the output signal caused by the nonlinearity.
Typically, the output response of the sensor is considered linear when the total harmonic distortion is
less than −30 dB [16].

The MDP can be expressed as [47]

PMDP = U/MV, (18)

where PMDP is the minimum detectable pressure of the sensor (Pa/Hz1/2), U is the measured overall
noise spectrum of the sensor (V/Hz1/2), MV is the measured voltage sensitivity of the sensor (V/Pa).
For fiber-optic pressure sensors, the overall noise is usually dominated by the environmental noise,
which varies little for different sensors. Therefore, the MDP depends on the voltage sensitivity of the
sensor. As the voltage sensitivity can be rewritten as Mv = kSm (k is a constant in the measurement
range), the MDP will decrease with the increase in the sensor’s mechanical sensitivity.
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For the case of “with initial stress”, the corrugated structure can effectively improve the overall
sensitivity of the sensor, thus reducing the MDP of the sensor. Meanwhile, as the cubic item (or the
nonlinear item) in Equation (10) is reduced with the help of corrugations, the maximum linear deform
range of the diaphragm (or the upper limits of the measurement range) will increase. Both lead to the
extension of the sensor’s measurement range, for static and dynamic pressure sensor simultaneously.

But things will change in the case of “without initial stress”. For the static pressure sensor,
the measurement range will increase due to the reduction of the cubic item in Equation (5). For the
dynamic pressure sensor, the corrugated structure will reduce the overall sensitivity of the sensor,
thus increasing the MDP of the sensor. So, the estimation of change of the sensor’s measurement range
is difficult. The measurement range of the sensor in this case should be determined by experiment.

3. Stability
As discussed in Equations (10) and (16), the diaphragm’s internal stress, no matter how it is

generated, will be released more or less by the corrugation. It has been calculated that the corrugated
zone in a diaphragm can easily reduce the stress by more than 1000 times [48]. Therefore, the CD-based
sensors’ thermal stability will be greater than that of FD-based sensors. CD has already been used to
help the mechanical sensor to achieve stress-free packaging [49], or reduce the sensitivity of the sensor
to temperature [50,51].

4. The Application of CDs in Miniature Fiber-Optic Pressure Sensors

CDs have been studied for quite a long time and were first widely used in capacitive pressure
sensors and RF MEMS switches [41,42,44–46,52–56]. Introducing the corrugated structure into the
fiber-optic sensor can significantly improve the performance of sensors. The CD-based EFPI fiber-optic
pressure sensors have been favored by researchers because of their advantages, such as high sensitivity,
large dynamic range, good linearity, and easy integration with signal processing circuits.

4.1. In the Miniature Fiber-Optic Static Pressure Sensors

The general requirements for a static pressure sensor are to have as small a size as possible and
as large a linear working range on the premise of satisfying the sensitivity. For applications in harsh
environments, it is generally necessary to have good heat resistance; for medical applications, it is
necessary to have good biocompatibility. The introduction of the corrugated structure helps to reduce
the influence temperature on the internal stress of the diaphragm, which is convenient for the design
and fabrication of the pressure sensor under high temperature conditions.

In 1993, Rao, Y.J. et al. [18] reported the first prototype multimode fiber-based F-P high-accuracy
pressure probe utilizing a CD with built-in temperature compensation. The F-P cavity of the probe
consisted of the surface of a thin glass plate bonded to a CD and the end face of a multimode fiber.
Within the full pressure range of 10 bar (1 MPa), a measurement range to resolution of 3.6 × 104

−1
and an overall measurement accuracy of ±0.15% were achieved. This system represented a practical
approach for industrial use.

In 2015, Chen Lu et al. [19] designed and fabricated a fiber-optic F-P pressure sensor based on CD.
The structure of the sensor is shown in Figure 7. The material of the annular CD was 316L stainless steel
with a radius of 4600 µm, a thickness of 30 µm, a corrugation depth of 60 µm and a corrugation width
of 750 µm. Experimental results showed that the sensor had good linearity over the pressure range of
0~0.1 MPa, and the sensitivity was up to 518 µm /MPa, compared with the pressure sensor with the
boss structure in the central area of the diaphragm which, was designed by their group [57] in 2008;
the sensitivity was increased by two orders of magnitude. In 2017, Zhu Jiali et al. [20] designed and
fabricated an annular CD-based fiber-optic pressure sensor with a novel F-P structure, which further
improved the sensitivity of the sensor and reduced the influence of temperature on the measurement
accuracy of the sensor. The structure of the CD was similar to the previous one, and the material
was also 316L stainless steel. As shown in Figure 8, the F-P cavity was composed of sidewall of a
45◦ polished single-mode fiber which had a silver-plated end face and a CD. Experimental results
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showed that the sensor had good linearity and repeatability over the pressure range of 0~0.1 MPa,
and the sensitivity reached 705.64 um/MPa. In addition, the temperature compensation was achieved
by measuring the relationship between temperature change from 15 ◦C to 65 ◦C with cavity length.
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In 2017, Zhao Qingchao et al. [21] developed a CD-based EFPI fiber-optic pressure sensor,
which provided a new idea for the design of pressure sensors applied in oil and gas wells. As shown in
Figure 9, the F-P cavity adopted a capillary structure, and the measured medium was isolated from the
fiber F-P cavity by CD, which could transmit pressure simultaneously; the influence of temperature
change on the cavity length of the F-P cavity was compensated for by a fiber grating connected with
fiber F-P cavity in series. The connection point material was quartz, which solved the high temperature
creep problem which existed in the gelatinized package. The pressure measuring range of the sensor
was 0~69 MPa, which had the advantages of high resolution, good repeatability, small hysteresis and
stable long-term operation. However, the ambient temperature during measurement was only 100 ◦C,
the application of this sensor in higher temperature environments needs to be detected.
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CD-based pressure sensors have also been used in the medical field. In addition to the good
biocompatibility of the diaphragm, the size of the pressure sensor for intravascular measurement must
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be ultra-miniature. In 2003, Wang, W.J. et al. [58,59] presented an F-P micro cavity structure with a
novel, single deep corrugated diaphragm (SDCD). The F-P micro cavity was fabricated on a single-chip
using both surface and bulk micromachining techniques which facilitated the mass production and F-P
micro cavity was significantly miniaturized, they could apply the advantage of small size and dense
arrays, which played an important role in medical applications. The proposed F-P micro cavity sensing
component, as shown in Figure 10, was composed of three parts: the SDCD structure that served as a
moving mirror composed of a polysilicon/silicon nitride/polysilicon composite diaphragm; a bottom
diaphragm that served as the stationary mirror; and the gap between the moving and the stationary
mirrors of the F-P micro cavity. The theoretical analyses, as well as the measurements, showed that
the SDCD-based structure could enhance the flatness of the diaphragm and significantly reduce the
signal-averaging effect for the proposed F-P micro cavity pressure sensor. The next year, based on the
previous work, the research team [51] proved that the proposed SDCD structure could substantially
reduce the cross-sensitivity to temperature of the F-P pressure sensor.
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In 2006, Guo Dagang et al. [22] designed a dual-fiber F-P pressure sensor using this SDCD F-P micro
cavity structure for blood pressure measurement. Structural parameters of the F-P micro cavity and
the structure of the sensor are shown in Figure 11a,b respectively. The bottom area of the SDCD was
150 µm × 150 µm and the corrugation depth was 40 µm. The aim of adopting a double fiber structure
was to minimize such unwanted perturbation in the output signal. Experimental results showed that the
proposed pressure sensor achieved less than 2% nonlinearity in the blood pressure range of 0~150 mmHg
(0~20 kPa). In 2018, Amr A. Sharawi et al. [23] proposed a CD-based miniature EFPI pressure sensor
model for pulse pressure detection. The diaphragm’s material was silicon nitride, and the total diameter
of the sensor was only 650 µm. The simulation results showed that the sensor designed gained a static
pressure range of 0~300 mmHg (0~40 kPa) and the sensitivity was 2.13 × 10−3 mm/mmHg (16 µm/MPa).
At present, the CD-based pressure sensors applied in the medical field are still in the experimental stage,
and the pressure measurement range and structural size basically meet the requirements, but the sensor
also has many defects, such as low sensitivity, poor linearity, and poor stability.
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Performance comparisons were made between the CD-based static pressure sensor and
conventionally commercialized electric pressure sensor, as shown in Table 1. In this paper, three electronic
pressure transmitters applied to different fields produced by JUMO of Germany were selected, and their
types are 404366, 402050 and 404327 respectively. (Note: Some of the performance parameters in the
table are not given or qualitatively described, as the corresponding parameters are not explicitly given in
the literature or data sheet.). One can find that CD-based fiber optic pressure sensors have been used in
all the fields that commercial electronic pressure sensors have been used.

Table 1. Performance of CD-based static pressure sensors and commercial electronic pressure sensors.

Type Measurement Range Temperature Sensitivity Accuracy Application

JUMO 404366 0~60MPa −20~80 ◦C — — ≤ 0.2%

generalRao [18] 0~1MPa 32~42 ◦C 22.3 rad/bar ±0.15%
Chen [19] 0~0.1 MPa 25 ◦C 518 µm/MPa 1.05%
Zhu [20] 0~0.1 MPa 15~65 ◦C 706.64 µm /MPa good

JUMO 402050 0~6 MPa -30~200 ◦C — — ≤ 0.2% high
temperatureZhao [21] 0~69 MPa 25~100 ◦C 211 nm/MPa good

JUMO 404327 0~0.1 MPa -20~80 ◦C — — ≤ 0.2%
medicalWang [22] 0~20 kPa — — — — <2%

Amr [23] 0~40 kPa 1 — — 16 µm/MPa 1 — —
1 FEM simulation.

However, the performance of CD-based static pressure sensors still has many shortcomings,
such as low sensitivity, small measurement pressure range, and poor stability. Especially in harsh
environments (high temperature, high pressure, strong corrosion, limited space, etc.), the performance
of the sensor is still not satisfactory. In the future, it will be necessary to further optimize the material
selection and structural design of the diaphragm. On the other hand, it is necessary to design the
appropriate sensor structure and consider the appropriate manufacturing technology to meet the needs
of a specific environment.

4.2. In the Miniature Fiber-Optic Acoustic Pressure Sensors

For the acoustic pressure sensor, in addition to the high sensitivity and large linear working
range required by the static pressure sensor, wide and flat frequency response and small MDP are
required. Vibration diaphragm with both high mechanical and optical quality is the key to determine
the performance of the acoustic pressure sensor [15,60]. The introduction of the corrugated structure
can release the initial stress and improve the mechanical sensitivity.

In 2015, Gong Kui [24] proposed an EFPI fiber-optic acoustic pressure sensor based on silicon dioxide
annular CD to measure gas concentration. The CD was fabricated using the MEMS process and its surface
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was coated with a layer of gold film with a thickness of about 50 nm. Experimental tests showed that the
probe voltage sensitivity was 7.3374 mV/Pa and the MDP was 115.04 µPa/Hz1/2 at a frequency of 10 kHz.
The gas concentration sensor was designed and manufactured with the main resonant frequency of the
diaphragm at 4.275 kHz as the characteristic sensing frequency, and its minimum detectable concentration
sensitivity was 1356.15 ppm/Hz1/2. However, due to the immature release process, large residual stress,
and up to 1200 nm thickness of diaphragm, the acoustic pressure response sensitivity of the diaphragm
and the detectable concentration sensitivity of the fiber-optic gas concentration sensor based on this CD
were not very high. In 2018, Cheng Jianmin [25] designed and fabricated an EFPI fiber-optic acoustic
pressure sensor based on an aluminum-polyimide film (Al-Pl) CD using the same manufacture method.
The thickness of the diaphragm was about 300 nm, and the front diameter of the acoustic pressure sensor
formed was only 2 mm. However, the sensor did not perform well when tested. The fabrication of the
above two kinds of diaphragms required processing both sides of the silicon substrate, and the diaphragm
was released by etching off the silicon substrate, which was rather complex.

The most common applications of fiber-optic acoustic pressure sensors based on CD are fiber-optic
microphones (FOM) and fiber-optic hydrophones. In 2017, Wang Ailin [17] adopted a simpler MEMS
process to fabricate CD. Only one side of the silicon substrate was processed, and the diaphragm
was fabricated on the sacrificial layer by deposition and then released by etching the sacrificial
layer. This manufacturing technology had good repeatability and low production cost, which was
advantageous for mass production. Based on this manufacturing technology, EFPI fiber optic sound
pressure sensors based on metal CD were fabricated; the materials contain metal and polyethylene
terephthalate (PET). The metal CDs were made of silver, their diameter, thickness, corrugation width
and number of corrugations were 2.5 mm, 210 nm, 50 µm and 7 respectively. Tests in air showed
that the sensor based on metal corrugation diaphragm with the corrugation depth of 2.3 µm had a
relatively uniform frequency response between 80 and 1000 Hz, the phase sensitivity was −123.42 dB
re 1 rad/µPa, and the corresponding mechanical sensitivity was 83.24 nm/Pa. The MDP at 1 kHz was
57.45 µPa/Hz1/2 and the dynamic range was 67.41 dB.

In 2018, Liu Bin et al. [26] designed and fabricated a fiber-optic microphone with EFPI structure
based on corrugated silver diaphragm. The structure is shown in Figure 12. The rectangular corrugated
structure was introduced into the diaphragm by “gray-scale exposure”, and the corrugation depth
could be easily controlled by adjusting the exposure duration. The radius, thickness, corrugation depth,
corrugation width and corrugation period of the diaphragm were 1.25 mm, 200 nm, 3 um, 0.05 mm
and 0.1 mm, and a number of corrugations of 7. The experimental results showed that the mechanical
sensitivity of the CD was 52 nm/Pa, which was twice that of the FD under the same parameters. The FOM
had a uniform frequency response in the range of 63~1 kHz, the phase sensitivity was −127.5 dB re
1 rad/µPa, and the MDP and dynamic range were 86.97 µPa/Hz1/2 and 64.88dB at 1 kHz, respectively.
The proposed FOM was simple in manufacturing technology and low in cost, which was expected to be
applied in the field of weak acoustic sensing.

Similarly, in 2018, Lu Xueqi et al. [27] developed a miniature fiber-optic microphone based on a
silicon nitride CD to improve the MDP and frequency response range of the microphone. The CD was
fabricated using the bulk-silicon micromachining technology of MEMS. The diaphragm had a size
of 1.9 mm × 1.9 mm, a corrugation width of about 25 µm, and a corrugation number of 5. The FOM
with a thickness of 400 nm was tested to have a flat frequency response and a linear sound pressure
response in the audible sound frequency range. The acoustic pressure sensitivity was 2.23 V/Pa and
the maximum measurable pressure was 165 mPa at the acoustic pressure signal of 1 kHz. Under the
acoustic pressure signal of 37.76 mPa and 1 kHz, the signal-to-noise ratio was 79.08 dB, and the
corresponding MDP reached 2.97 µPa/Hz1/2.
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Similarly, the performance parameters of CD acoustic pressure sensor are compared with those of
commercially electronic acoustic pressure sensor (B&K 4192), as shown in Table 2.

Table 2. Performance of CD-based acoustic sensors and commercially electronic acoustic sensor.

Type Dynamic Range Frequency Response Sensitivity MDP Temperature

B&K 4192 19~162 dB 3.15 Hz~20 kHz 12.5 mV/Pa — — −30~300 ◦C
Gong [24] — — — — 7.3374 mV/Pa 115.04 µPa/Hz1/2 — —

Wang [17] 1 9.17~76.58 dB 80~1000 Hz 83.24 nm/Pa 57.45 µPa/Hz1/2 — —
Wang [17] 2 63.6~130.94 dB 31.5~800 Hz 3.31 nm/Pa 1514.22 µPa/Hz1/2 — —

Liu [26] 12.77~77.65 dB 63~1000 Hz 52 nm/Pa 86.97 µPa/Hz1/2 — —
Lu [27] ~165 mPa 20Hz~20 kHz 2.23 V/Pa 2.97 µPa/Hz1/2 — —
1 silver diaphragm based sensor with the corrugated depth of 2.3 µm tested in air. 2 PET diaphragm based sensor
with the corrugated depth of 7.85 µm tested in water.

At present, CD-based acoustic pressure sensors have shown great superiority in sensitivity, and the
frequency response range has also gradually improved. But the shortcomings, such as high self-noise,
low consistency and poor stability, still need to be resolved. There is a trade-off between the bandwidth
and mechanical sensitivity of this sensor, and the diaphragm may be easily damaged under strong
acoustic pressure, so a more suitable diaphragm structure needs to be designed. With further research
and development, CD-based acoustic pressure sensors will have great potential in practical applications.

5. Conclusions

In this paper, the application status of CDs in miniature fiber-optic pressure sensors has been
reviewed. It was proved by both theory and experiment that the introduction of a corrugated
structure can effectively reduce the influence of diaphragm’s initial stress and improve the mechanical
sensitivity and linear range of the diaphragm, and thus improve the overall sensitivity, measurement
pressure range and stability of the sensor. CD-based fiber optic pressure sensors have been developing
towards being high performance, anti-harsh environment, micro-sized, low in cost and practical in
application. However, up to now, most of the sensors have still been in the experimental stage, and their
performance in some aspects needs to be improved compared with commercially electronic pressure
sensors. The main obstacles to the practical application of CD-based miniature fiber-optic pressure
sensors are as follows:

• The fabrication of CDs: At present, almost all CDs are fabrication by MEMS technology, including
photolithography, thin film technology, etching technology, and so on. Some of the processing
parameters are difficult to control accurately, which makes the center area of the CD uneven,
resulting in a reduction in the accuracy and consistency of the CD, and seriously affecting the



Appl. Sci. 2019, 9, 2241 15 of 18

performance of the sensor. It could be said that the manufacturing technology is currently the main
factor that limits the practical application of the CD-based miniature fiber-optic pressure sensor.

• The bonding method of the sensor: At present, most components of the CD-based miniature
fiber-optic pressure sensor are fixed by curing glue. Due to the large thermal expansion coefficient
of the curing gel, the sensor’s performance is greatly affected by temperature, and the length of
the F-P cavity will be changed during the use, which makes the temperature-pressure crossover
sensitivity of the sensor large, limiting the high temperature performance of the sensor.

• The packaging of the sensor: At present, MEMS devices mainly use chip-level packaging, that is,
dicing before releasing, which can avoid damage to the diaphragm in dicing process, but this
method cannot be mass-produced, and the size of the product is large with high cost.

• For the existing problems, the following improvements can be made:
• Develop more suitable and easy-to-control MEMS technology to reduce the difficulty of controlling

technological parameters and improve the accuracy and consistency of the CD.
• Develop new diaphragm materials, design new structures of diaphragm and sensor to

improve the performance of diaphragm-based pressure sensors to meet the needs of different
application environments.

• Consider the packaging of the sensor according to the actual situation, select the appropriate
bonding method, and use wafer-level packaging which releases the diaphragm first and then
performs dicing, so as to improve the production efficiency.

• Consider the integration of a temperature sensor with the pressure sensor to compensate for the
influence of temperature change on the performance of the sensor.

Although there are still many problems in the practical mass production of the CD-based miniature
fiber-optic pressure sensors, the unique advantages of the corrugated structure make CDs attractive to
use in the application of the miniature fiber-optic pressure sensors. It is the existence of these problems
that makes the research on CD-based miniature fiber-optic pressure sensors of great interest. With the
continuous emergence of new materials, the innovation of design structures and manufacturing
techniques, CD-based miniature fiber-optic pressure sensors will usher in a new opportunity for
development, the performance of the sensor will be gradually improved, the production cost will
gradually decline, and ultimately practical application will be achieved. In the future, the signal
processing unit can be integrated on the pressure sensor to form an intelligent measurement system.
At the same time, with the progress of the manufacturing technique, multiple types of sensors can be
integrated on the same chip, and multi-parameter measurements can be carried out simultaneously to
improve the application range and practical value of pressure sensors. It can be predicted that the
CD-based miniature fiber-optic pressures sensor will play important roles in more fields and their
development prospects will be very broad.
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