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Abstract: An hourglass in-fiber air microcavity Fabry-Perot interferometer is proposed in this paper,
and its second reflecting surface of in-fiber microcavity is designed to be a concave reflector with the
best curvature radius in order to improve the spectral characteristics. Experimental results proved that
the extinction ratio of Fabry-Perot interferometer with cavity length of 60 µm and concave reflector
radius of 60 µm is higher than for a rectangular Fabry-Perot interferometer with cavity length of 60 µm
(14 dB: 11 dB). Theory and numerical simulation results show that the strain sensitivity of sensor
can be improved by reducing the microcavity wall thickness and microcavity diameter, and when
the in-fiber microcavity length is 40 µm, the microcavity wall thickness is 10 µm, the microcavity
diameter is 20 µm, and the curvature radius of reflective surface II is 50 µm, the interference fringe
contrast of is greater than 0.97, an Axial-pull sensitivity of 20.46 nm/N and resolution of 1 mN can
be achieved in the range of 0–1 N axial tension. The results show that the performance of hourglass
in-fiber microcavity interferometer is far superior to that of the traditional Fabry-Perot interferometer.

Keywords: fiber Fabry-Perot interferometer; in-fiber air microcavity; spectral characteristics; strain;
high fringe contrast; high resolution

1. Introduction

In recent years, a variety of fiber optic strain sensors have been studied [1–3] for application in
biological systemx [4], structural health monitoring in composite materials [5,6] and civil engineering
applications, such as health monitoring of buildings and dams [7,8]. For fiber Bragg grating (FBG)
sensors, the strain sensitivity is less than 1.2 pm/µε [9,10], and for fiber Mach-Zehnder interferometers,
the sensitivity is about 5.0 pm/µε [11,12]. However, in these sensors, the cross-sensitivity between
strain and temperature is hard to overcome.

Optical microcavity sensing structures, as an alternative type of strain sensor, have unique
advantages, such as high sensitivity, compact size, and low temperature cross-sensitivity [13–16].
Steinmetz et al. studied the microcavity concave mirror, which is made with miniature spherical
mirrors positioned on the end of single- or multimode optical fibers by a transfer technique [17].
A concave mirror with CO2 laser was made in [18–20]. A short cavity Fabry-Perot sensor for strain
sensing was also fabricated through acid etching the end of multi-mode fiber [21]. In 2007, Rao et al.
studied micro-Fabry-Perot interferometers in silica fibers machined by femtosecond laser. A 75 µm
cavity length based on the PCF was made through femtosecond laser and the strain sensitivity reaches
0.006 nm/µε [22]. In 2012, Duan et al. took advantage of an optical fiber fusion splicer to obtain a
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100 µm ellipsoid microcavity, and used it in tensile sensing, where the sensitivity was 4 pm/µε and
linearity was 99.99% [23]. A Fabry-Pérot (FP) strain sensor made by splicing a section of hollow-core
ring photonic crystal fiber between two standard single mode fibers was investigated. For a length
of 13 µm a sensitivity of 15.4 pm/µε and temperature sensitivity of ~0.81 pm/◦C was attained [24].
In 2013, a microhole was also fabricated in the end face of single mode fiber by femtosecond laser.
Then the fiber tip with the microhole structure was spliced together with another cleaved single mode
fiber. The SMF with a hollow sphere was tapered by controlling the moving speed of the flame and the
holders. A maximum sensitivity of 6.8 pm/µεwas achieved with taper region length of 860 µm [25].
In 2014, Kaur et al. presented a microcavity strain sensor for high temperature applications. The EFPI
sensor is fabricated by micromachining a cavity on the tip of a standard single-mode fiber with a
femtosecond laser and is then self-enclosed by fusion splicing another piece of single-mode fiber.
The sensor exhibits linear performance for a range up to 3700 µε and a low temperature sensitivity of
only 0.59 pm/◦C through 800 ◦C [26].

In this work, an hourglass in-fiber air microcavity Fabry-Perot interferometer is proposed. The second
reflecting surface of in-fiber microcavity is designed to be a concave reflector with the best curvature
radius in order to improve the spectral characteristics. Compared with the fabrication processes and strain
sensitivity of other microcavity devices [18–23,25], this sensor is attractive for its low cost, small volume,
high sensitivity and better performance than the traditional Fabry-Perot interferometer. The experimental
results proved that the extinction ratio of a Fabry-Perot interferometer with a microcavity length of
60 µm and concave reflector radius of 60 µm is 14 dB, and the extinction ratio of rectangular Fabry-Perot
interferometer with microcavity length of 60 µm is only 11 dB. Linearity is up to 99.947% in the range of
0-1 N axial tension, and axial-pull sensitivity is up to 20.46 nm/N, the maximum interference intensity of
reflection spectrum is above 0.08. The contrast of reflection spectrum is greater than 0.97, and the cavity
length is 40 µm, which guarantees a good free spectral range (28 nm).

2. Sensor Structure and Sensing Principle

2.1. Sensor Structure

The traditional in-fiber Fabry-Perot cavity is an axisymmetric cylinder-structure with a fiber core.
The two reflective surfaces are parallel to the axial-vertical plane, and the internal material of the
microcavity is air, as shown in Figure 1a. In this paper, a new kind of hourglass fiber air microcavity
structure is designed in single-mode fiber (Corning SMF-28e+), the structure is shown in Figure 1d.
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Figure 1. Majorization design of optical microcavity strain sensor. (SMF: the diameter of core is
8.2 µm, the diameter of cladding is 125 µm; Reflective surface I; Reflective surface II; Light:
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The process from Figure 1a,b is the optimization of spectral characteristics. The process from
Figure 1b–d is the optimization of strain characteristics. This structure has better spectral characteristics
than the traditional Fabry-Perot cavity: when the transmitted light is launched into the microcavity,
the light will reflect on reflective surface I, forming Fresnel diffraction, as shown in Figure 2b, so this
paper proposes that the reflective surface II be designed as a sphere with the best radius of curvature.
It is known that a reflector II with extra-large or extra small curvature radius can also lead to scattering
loss. If the reflected light energy is bound to the fiber core area, as shown in Figure 1d, an interference
spectrum with higher power will be obtained. The spreading loss of reflection surface II is reduced by
the focusing effect of concave mirror, as shown in Figure 2c.
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Figure 2. Mode field distribution base on FEM. (a) Mode field distribution of SMF. (b) Mode field
distribution of F-P cavity. (c) Mode field distribution of F-P cavity with concave reflector. (d) Microscope
image of F-P cavity with concave reflector. (SMF: Single mode fiber; the refractive index of the core is
1.4679; the refractive index of the cladding is 1.4613; the refractive index of air is 1; the incident light
wavelength is 1550 nm.)

Why should the reflective surface I be perpendicular to the fiber axis? If the reflective surface
is a curved surface that will lead to reflection loss, as shown in Figure 3c,d. Figure 3c will enhance
reverse diffraction, and Figure 3d will enhance positive diffraction. Figure 3a is the most reasonable by
comparison. Figure 3b is the physical figure of a parallel reflecting surface that indicates the feasibility
and simplicity of preparation, but the curvature radius and cavity length of reflector II are difficult
to control precisely, as shown in Figure 2d. We believe that higher precision preparation can be
achieved with the development of the micro-/nano-3D printing [27]. In addition, the structure shown
in Figure 1d has better strain sensitivity than the traditional F-P cavity: keeping the other structure
parameters unchanged, the microcavity wall thickness and cavity diameter are reduced to improve the
strain sensitivity. In practical applications, the hourglass optical microcavity strain sensor can be used
in large bridges, ships and other micro-strain measurements [28].
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Figure 3. Analysis of the reflecting surface I based on FDTD. (a) Parallel reflecting surface I. (b)
Microscope image of F-P with parallel reflector. (c) Concave reflecting surface I. (d) Convex reflecting
surface I. (SMF: Single mode fiber; the refractive index of the core is 1.4679; the refractive index of the
cladding is 1.4613; the refractive index of air is 1; incident light wavelength is 1550 nm; Light:
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2.2. Sensing Principle

The traditional Fabry-Perot interference principle is based on the theory of parallel plate
multi-beam interference. The derived conditions of the theory [29] are: (1) consider the two reflective
surfaces of the Fabry-Perot cavity are strictly parallel; (2) ignore the light spreading loss and the
absorption loss of the reflective surface. However, the spherical reflector II of the hourglass optical
microcavity structure is no longer strictly parallel to reflector I. The incident angle of light in reflective
surface II has changed when it incides repeatedly on different positions of the reflective surface II.
As is known from the Fresnel formula [19], the reflectivity of the same reflective surface is associated
with the incidence angle of the light, so the multi-beam interference analysis of this structure is very
complex. Research shows the interface reflectivity between optical fiber and air is less than 0.04, so we
can use the double beam interference principle to simply analyze the hourglass optical microcavity
sensor. The refractive index of air is 1. The interference light intensity of the sensor reflectance spectra
is Ir(λ) [29,30]:

Ir(λ) = (R′1 + R′2 − 2
√

R′1R′2 cos
4πL

λ
) · I0(λ) (1)

The maximum value of Ir(λ) is Imax:

Imax = (R′1 + R′2 + 2
√

R′1R′2) · I0(λ) (2)

The interference contrast of the sensor reflectance spectrum is V:

V =
Imax − Imin

Imax + Imin
=

2 ·
√

R′1R′2
R′1 + R′2

(3)

In the formula, R′1 is an effective reflectivity of the reflective surface I; R′2 is an effective reflectivity
of the reflective surface II, L is the microcavity length; λ is the wavelength of incident light; I0(λ) is
the light intensity of the incident light; Imax is the maxima of interference spectral intensity; Imin is the
minima of interference spectral intensity.
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The strain sensing principle of the hourglass optical microcavity sensor is that the interference
spectrum dip moves by the changing of microcavity length L. The deformation of the measured object
makes the optical microcavity structure suffer an axial tension [31], and changes the microcavity cavity
length, and this causes a reflection spectrum red shift. From Equation (1) the sensitivity of optical
microcavity tension sensor can be obtained as follows:

K =
∂λdip

∂F
= λdip ·

∆L
LF

(4)

where K is the sensitivity of sensor; λdip is the reflection spectrum peak/valley value; F is the axial
tension; L is the microcavity length. From Equation (4), it is known that F is constant, and the sensitivity
of the optical microcavity tension sensor mainly depends on ∆L/L.

3. Optimal Design of the Hourglass Microcavity Sensor

This section is divided into subheadings. It provides a concise and precise description of the
experimental results, their interpretation as well as the experimental conclusions that can be drawn.

3.1. Influence of Microcavity Structure Parameters on Spectral Characteristics

In this paper, FDTD is used to establish the microcavity structure model, and the interference
spectrum signal intensity and contrast of the reflection spectrum are simulated, the optical microcavity
structure parameters are mainly analyzed, including cavity length L, cavity diameter ψ and the
curvature radius of the reflective surface II φ2. The parameters of the sensor by simulation are as
shown in Figure 4.
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Figure 4. The simulation model of microcavity structure and parameter settings (the refractive index
of the core is 1.4679; the refractive index of the cladding is 1.4613; the refractive index of air is 1;
the wavelength range is 1520~1570 nm; the curvature radius of reflective surface II is φ2, microcavity
wall is γ, microcavity diameter is ψ, microcavity cavity length is L ).

Before studying the influence of cavity diameter to contrast, a reasonable cavity length value
L0 and a curvature radius of reflector II φ2 must be given. From Equation (1), we can know
that: 4πnL

λ1
− 4πnL

λ2
= 2kπ (k = 0, 1, 2, 3......) ; n = 1, λ1 = 1530 nm, λ1 = 1570 nm, when k is

respectively 1/2/3, and the cavity length L is 30 µm/60 µm/90 µm, 1–3 dips respectively appear in
the corresponding spectrum. Because the spherical reflector II of the optical microcavity will have
a certain degree to influence the interference of reflected light, if the cavity length is 60 µm that can
guarantee at least a dip in the spectral range of 1530 nm to 1570 nm, and it can avoid that mixing
phenomenon because of the small free spectral range of the microcavity. Firstly, by selecting φ2 =∝,
reflector II is plane. The interference spectrum simulation result is shown in Figure 5.
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Figure 5. The microcavity interference spectra of different cavity diameters (wavelength range is
1520~1570 nm; the model parameters are: cavity length L of 60 µm, curvature radius of reflector II
φ2 =∝, and cavity diameter ψ 10~100 µm.)

Figure 5 shows that the maximum value of the interference spectrum power (0.06~0.07) and the
interference contrast (V ≈ 1) are all the best when ψ = 10µm. The maximum value of interference
spectrum power (0.04~0.05) and the interference contrast (V = 0.78) are almost unchanged when
ψ = 2 ~10 µm. This indicates the cavity diameter's impact on the spectral characteristics. The reasons
are as follows: when the microcavity diameter is less than the maximum width of the diffraction field,
it constrains the diffraction of light, and part of the diffracted light will undergo reflection or total
reflection on the microcavity wall, and at this time there will be more reflected light coupled back to
the fiber core. It is worth noting that the cavity diameter can't be too small due to the difficulty of
preparation, so reflector II's impact on the spectral characteristics is very important. The cavity length
L and radius of curvature φ2 are related to the influence of the spectral characteristics based on the
theoretical analysis. In this paper, the simulated cavity diameter is ψ = 60 µm, the cavity length L is
respectively 30~90 µm, and the curvature radius of φ2 is respectively 30~100 µm, 150 µm, 200 µm, ∝,
and the interference spectrum contrast curve is as shown in Figure 6.
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The abscissa in Figure 6 is the radius of curvature, the ordinate is interference contrast. Simulation
found that the following parameters of microcavity have the best signal interference fringe contrast,
and its signal intensity is greater than 0.08:

L = 30 µm, φ2 = 30 ∼ 50 µm; L = 40 µm, φ2 = 40 ∼ 60 µm; L = 50 µm, φ2 = 50 ∼ 70 µm;
L = 60 µm, φ2 = 60 ∼ 80 µm; L = 70 µm, φ2 = 70 ∼ 90 µm; L = 80 µm, φ2 = 80 ∼ 90 µm;
L = 90 µm, φ2 = 90 ∼ 110 µm.

In order to fabricate the microcavity interferometer, a fusion splicer (Fitel, S178, Koga, Japan) and
a mechanical fiber cleaver (S325 Fitel) are required in the experiment. The rectangular air FP cavity was
made using a hollow-core fiber (HCF) section with a diameter of 50/125 µm sandwiched between two
SMFs (SMF-28e+, Corning, NY, USA). The fusion parameter settings are as follows: discharge intensity
of 110 unit; discharge time of 420 ms; first push distance of 8 µm, then stretch distance of 3 µm. After
many experiments, we obtained a rectangular Fabry-Perot interferometer with a microcavity length of
60 µm. For the fabrication of the sensor with concave reflector, the spherical fiber end was made by
electrical arc discharge on a section of HCF end face in a commercial fusion splicer.

The experimental microcavity interference spectrum is shown in Figure 7. The extinction ratio is
the difference between the peak value of the interference spectrum and the dip value of the interference
spectrum. The experiment has been proved that the extinction ratio of Fabry-Perot interferometer with
microcavity length 60 µm and concave reflector radius 60 µm is higher than the rectangular Fabry-Perot
interferometer with microcavity length 60 µm (14 dB:11 dB). Due to the limitations of the experimental
conditions, the experiment is not accurate enough, but it can match the simulation results.
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3.2. Influence of Microcavity Structure Parameters on Strain Sensing Characteristics

From Equation (4), it is known that the sensitivity of an optical microcavity tension sensor mainly
depends on ∆L/L when F is constant. This article uses the static mechanics of the finite element method
to simulate the different size of hourglass microcavity structure, and gets the axial tension dependent
variable. The parameters of the simulation model are shown in Figure 8, where the parameters settings
are: the cavity diameter of the simulation model is ψ = 60 µm, the cavity length L is respectively
30~90 µm and the curvature radius φ2 is 30~100 µm, 150 µm, 200 µm, ∝, while the other parameters
remain constant.
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Figure 8. The simulation model of the hourglass microcavity structure and parameter settings.

Figure 9 shows the relationship diagram between cavity length L and ∆L/L when φ2 changes.
The abscissa is cavity length L, the ordinate is cavity length variable ∆L/L. The results show that
when the optical microcavity cavity length L is the same,∆L/Lincreases with the increase of curvature
radius φ2. When the radius of curvature φ2 is the same, ∆L/L decreases with the increase of optical
microcavity length L.
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Figure 9. The relation curve between cavity length L and ∆L/L.

From mechanical knowledge, the thinner the cavity wall thickness, the easier the optical microcavity
deformation [31]. Thus, this paper mainly studies the influence of cavity diameter ψ on cavity
deformation with the same cavity wall thickness. Based on the analysis above, this paper chooses:
cavity length L = 40 µm, curvature radius φ2 = 50 µm, and the parameters of cavity wall and cavity
diameter are as follows: ψ = 60 µm, γ = 32.5 µm; ψ = 60 µm, γ = 10 µm; ψ = 40 µm, γ = 10 µm.

Figure 10 shows the microcavity model field with different structural parameters under 1 N
axial tension. Figure 10a is the stress distribution of the stress distribution field, Figure 10b–d are
the displacement distribution fields. Blue color is minimum and the red color is the biggest in
Figure 10. Figure 10a shows that when the optical microcavity sensor suffers axial tension stress,
the cavity walls are the main stress area and two reflective surfaces are the minimum stress area.
Therefore, we can ignore the influence of the curvature radius φ2 on the strain sensitivity. From
Figure 10b,c, the microcavity structure deformation increases when the cavity diameter remains
unchanged. Figure 10c,d showed that microcavity structure deformation increases along with the
reduction of the cavity diameter when the microcavity wall thickness is unchanged. Figure 10e showed
the increasing trend of ∆L/L along with the decrease of microcavity wall thickness and cavity diameter.
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Figure 10a shows that when the optical microcavity sensor suffers axial tension stress, the cavity walls 

are the main stress area and two reflective surfaces are the minimum stress area. Therefore, we can 
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Figure 10. The simulation diagram of the microcavity model. (a) ψ = 60 µm, γ = 32.5 µm. The stress
distribution of the stress distribution field (unit: N/m2); (b) ψ = 60 µm, γ = 32.5 µm. The displacement
distribution field (unit: µm); (c) ψ = 60 µm, γ = 10 µm. The stress distribution of the stress distribution
field (unit: N/m2); (d) ψ = 40 µm, γ = 10 µm. The displacement distribution field (unit: µm).
(e) The relationship between ∆L/L and different values of cavity wall and cavity diameter.

4. Sensing Properties of the Hourglass Optical Microcavity Sensor

The sensor structure is put forward to further optimize the structure of the traditional Fabry-Perot
interferometer, and has practical application value. The total length of interferometer structure
given by simulation is 200 µm, microcavity parameters are ψ = 20 µm, γ = 10 µm, L = 40 µm,
φ2 = 50 µm. The axial tension range is 0–1 N that already can satisfy microstrain measurement
demands in most cases according to the actual situation. The structure of the sensor is as shown
in Figure 1d. The simulation results are as shown in Figure 11.
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Figure 11. The sensing properties of the hourglass microcavity. (a) Strain sensitivity of the hourglass
optical microcavity sensor. The inset shows the fringe dip shifts under different axial tension.
(b) Interference contrast and light intensity reflectivity with different axial tension. (c) Temperature
sensing properties. The inset is the wavelength shift with different temperature. (d) The free spectral
range under different cavity length and curvature radius.

The inset in Figure 11a shows the wavelength shift to longer wavelength as the axial tension
increases from 0–1 N (0–80 MPa). The fitting curve has a good axial-pull sensitivity of 20.46 nm/N
and linearity of 99.947%. It is five times higher than the strain sensitivity of optical fiber strain sensor
(about 4 nm/N) [32] in reports. The spectrometer resolution reaches to 1 mN based on the current
equipment in laboratory.

Figure 11b shows that the interference intensity of reflection spectrum I is above 0.08 and the
interference contrast of reflection spectrum is greater than 0.97, that is much better than the flat
Fabry-Perot (V = 0.78, I = 0.04–0.05). That has important significance for small reflectivity sensors.

Figure 11c shows the temperature sensing properties of this sensor in the range of 0~600 ◦C based
on finite element temperature field simulation. From the inset in Figure 11c it can be seen that a red-shift
is observed with the increased temperature. It turns out that the temperature sensing properties of this
sensor is only 0.001 nm/◦C. Figure 11d shows the free spectral range of these structures:

L = 30 µm, φ2 = 40 µm; L = 40 µm, φ2 = 50 µm; L = 50 µm, φ2 = 60 µm; L = 60 µm, φ2 = 70 µm;
L = 70 µm, φ2 = 80 µm; L = 80 µm, φ2 = 90 µm; L = 90 µm, φ2 = 100 µm.

From the curve trend, we can see that the free spectral range decrease with the increase of
curvature radius φ2. When the cavity length L = 40 µm, ψ = 20 µm and φ2 = 50 µm, the free spectral
range is 28 nm that is very appropriate for 1520~1570 nm waveband.
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5. Conclusions

An hourglass optical microcavity sensor structure is put forward in this paper. The sensor
structure was analyzed based on theory and numerical simulation, and the theoretical calculation
is consistent with the simulation results. The experimental results prove that the extinction ratio of
an air microcavity Fabry-Perot interferometer with a cavity length of 60 µm and concave reflector
radius of 60 µm is higher than that of a rectangular Fabry-Perot interferometer with a microcavity
length of 60 µm. The hourglass microcavity strain sensor structure, compared with the common
fiber Bragg grating strain sensor, has compact size, higher sensitivity, and temperature independence.
The optimized structure obtained by simulation in this paper has an in-fiber microcavity length of
40 µm, microcavity wall of 10 µm, microcavity diameter of 20 µm and the curvature radius of reflective
surface II is 50 µm. A good linearity of 99.947%, a resolution of 1 mN and a good axial-pull sensitivity
20.46 nm/N are achieved in the range of 0–1 N axial tension. The interference maximum intensity of
the reflection spectrum is above 0.08. The intervening contrast of reflection spectrum is greater than
0.97. The results show that the proposed sensor structure has small volume, good mechanical strength,
good quality spectrum, high sensitivity and so on.

Acknowledgments: This work was supported by the Natural Science Foundation of Liaoning Province under
Grant 201602262, the Fundamental Research Funds for the Central Universities under Grant N140405001 and
N150401001, the National Science Foundation for Distinguished Young Scholars of China under Grant 61425003,
the National Natural Science Foundation of China under Grant 51607028.

Author Contributions: Qi Wang and Dongchao Yan conceived and designed the study; Dongchao Yan and Binbin
Cui performed the experiments; Binbin Cui and Zixuan Guo analyzed the data, Qi Wang contributed to the
manuscript writing; Dongchao Yan, Binbin Cui and Zixuan Guo offered helpful discussion in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, F.; Peng, B.; Chen, D.; Wang, L.; Lei, X.; Shi, Q. A novel strain sensor based on a dual-core photonic
crystal fiber. Microwave Opt. Technol. Lett. 2014, 56, 2778–2780. [CrossRef]

2. Wang, Y.; Shen, C.; Lou, W.; Wang, Y.; Shen, C.; Lou, W.; Shentu, F. Intensity modulation type fiber-optic
strain sensor based on a Mach–Zehnder interferometer constructed by an up-taper with a LPG. Opt. Commun.
2016, 364, 72–75. [CrossRef]

3. Wu, Z.; Zhang, H.; Shum, P.P.; Shao, X.; Huang, T.; Seow, Y.M.; Liu, Y.G.; Wei, H.; Wang, Z. Supermode Bragg
grating combined Mach-Zehnder interferometer for temperature-strain discrimination. Opt. Express 2015, 23,
33001. [CrossRef] [PubMed]

4. Roriz, P.; Carvalho, L.; Frazão, O.; Santos, J.L.; Simões, J.A. From conventional sensors to fibre optic sensors for strain
and force measurements in biomechanics applications: A review. J. Biomech. 2014, 47, 1251. [CrossRef] [PubMed]

5. Kinet, D.; Mégret, P.; Goossen, K.W.; Liang, Q.; Heider, D.; Caucheteur, C. Fiber Bragg Grating Sensors
toward Structural Health Monitoring in Composite Materials: Challenges and Solutions. Sensors 2014, 14,
7394–7419. [CrossRef] [PubMed]

6. Ramakrishnan, M.; Rajan, G.; Semenova, Y.; Farrell, G. Overview of Fiber Optic Sensor Technologies for
Strain/Temperature Sensing Applications in Composite Materials. Sensors 2016, 16, 99. [CrossRef] [PubMed]

7. Ye, X.W.; Su, Y.H.; Han, J.P. Structural health monitoring of civil infrastructure using optical fiber sensing
technology: A comprehensive review. Sci. world J. 2014, 2014, 652329. [CrossRef] [PubMed]

8. Leung, C.K.Y.; Wan, K.T.; Inaudi, D.; Bao, X.; Habel, W.; Zhou, Z.; Ou, J.; Ghandehari, M.; Wu, H.C.; Imai, M.
Review: Optical fiber sensors for civil engineering applications. Mater. Struct. 2015, 48, 871–906. [CrossRef]

9. Wu, R.; Zheng, B.; Fu, K.; He, Pe.; Tan, Y. Study on strain transfer of embedded fiber Bragg grating sensors.
Opt. Eng. 2014, 53, 085105. [CrossRef]

10. Wang, Y.; Qiao, X.; Yang, H.; Su, D.; Li, L.; Guo, T. Sensitivity-Improved Strain Sensor over a Large Range
of Temperatures Using an Etched and Regenerated Fiber Bragg Grating. Sensors 2014, 14, 18575–18582.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/mop.28702
http://dx.doi.org/10.1016/j.optcom.2015.11.006
http://dx.doi.org/10.1364/OE.23.033001
http://www.ncbi.nlm.nih.gov/pubmed/26831968
http://dx.doi.org/10.1016/j.jbiomech.2014.01.054
http://www.ncbi.nlm.nih.gov/pubmed/24612722
http://dx.doi.org/10.3390/s140407394
http://www.ncbi.nlm.nih.gov/pubmed/24763215
http://dx.doi.org/10.3390/s16010099
http://www.ncbi.nlm.nih.gov/pubmed/26784192
http://dx.doi.org/10.1155/2014/652329
http://www.ncbi.nlm.nih.gov/pubmed/25133250
http://dx.doi.org/10.1617/s11527-013-0201-7
http://dx.doi.org/10.1117/1.OE.53.8.085105
http://dx.doi.org/10.3390/s141018575
http://www.ncbi.nlm.nih.gov/pubmed/25299954


Sensors 2017, 17, 1282 12 of 12

11. Shin, W.; Lee, Y.L.; Yu, B.A.; Noh, Y.C.; Ahn, T.J. Highly sensitive strain and bending sensor based on in-line
fiber Mach–Zehnder interferometer in solid core large mode area photonic crystal fiber. Opt. Commun. 2010,
283, 2097–2101. [CrossRef]

12. Sun, M.; Xu, B.; Dong, X.; Li, Y. Optical fiber strain and temperature sensor based on an in-line Mach–Zehnder
interferometer using thin-core fiber. Opt. Commun. 2012, 285, 3721–3725. [CrossRef]

13. Kunert, D.M.B.; Meyrath, T.P.; Giessen, H. Fabrication of a fiber-based microcavity with spherical concave
fiber tips. Appl. Phys. B 2010, 98, 707–710. [CrossRef]

14. Liu, S.; Wang, Y.; Liao, C.; Wang, G.; Li, Z.; Wang, Q.; Zhou, J.; Yang, K.; Zhong, X.; Zhao, J.; et al.
High-sensitivity strain sensor based on in-fiber improved Fabry-Perot interferometer. Opt. Lett. 2014, 39,
2121–2124. [CrossRef] [PubMed]

15. Zhang, Y.; Yuan, L.; Lan, X.; Kaur, A.; Huang, J.; Xiao, H. High-temperature fiber-optic Fabry-Perot
interferometric pressure sensor fabricated by femtosecond laser: erratum. Opt. Lett. 2013, 38, 4609–4612.
[CrossRef] [PubMed]

16. Wei, T.; Han, Y.; Tsai, H.L.; Xiao, H. Miniaturized fiber inline Fabry-Perot interferometer fabricated with a
femtosecond laser. Opt. Lett. 2008, 33, 536. [CrossRef] [PubMed]

17. Steinmetz, T.; Colombe, Y.; Hunger, D.; Haensch, D.; Balocchi, A.; Warburton, R.; Reichel, J. Stable fiber-based
Fabry-Pérot cavity. Appl. Phys. Lett. 2006, 89, 127. [CrossRef]

18. Hunger, D.; Steinmetz, T.; Colombe, Y.; Deutsch, C.; Theodor, W.; Haensch, D.; Reichel, J. Fiber Fabry-Perot
cavity with high finesse. New J. Phys. 2010, 12, 065038. [CrossRef]

19. Flowers-Jacobs, N.E.; Hoch, S.W.; Sankey, J.C.; Kashkanova, A. Fiber-cavity-based optomechanical device.
Appl. Phys. Lett. 2012, 101, 1693. [CrossRef]

20. Greuter, L.; Starosielec, S.; Najer, D.; Ludwig, A.; Duempelmann, L.; Rohner, D.; Warburton, R.J. A small mode
volume tunable microcavity: Development and characterization. Appl. Phys. Lett. 2014, 105, 839. [CrossRef]

21. Cibula, E.; Donlagic, D. In-line short cavity Fabry-Perot strain sensor for quasi distributed measurement
utilizing standard OTDR. Opt. Express 2007, 15, 8719–8730. [CrossRef] [PubMed]

22. Rao, Y.J.; Deng, M.; Duan, D.W.; Yang, X.C.; Zhu, T.; Cheng, G.H. Micro Fabry-Perot interferometers in silica
fibers machined by femtosecond laser. Opt. Express 2007, 15, 14123–14128. [CrossRef]

23. Duan, D.W.; Rao, Y.J.; Hou, Y.S.; Zhu, T. Microbubble based fiber-optic Fabry–Perot interferometer formed by
fusion splicing single-mode fibers for strain measurement. Appl. Opt. 2012, 51, 1033. [CrossRef] [PubMed]

24. Ferreira, M.S.; Bierlich, J.; Kobelke, J.; Schuster, K.; Santos, J.L.; Frazão, O. Towards the control of highly
sensitive Fabry-Pérot strain sensor based on hollow-core ring photonic crystal fiber. Opt. Express 2012, 20,
21946–21952. [CrossRef] [PubMed]

25. Liao, C.R.; Wang, D.N.; Wang, Y. Microfiber in-line Mach-Zehnder interferometer for strain sensing. Opt. Lett.
2013, 38, 757–759. [CrossRef] [PubMed]

26. Rao, Y.J.; Deng, M.; Duan, D.W.; Yang, X.C.; Zhu, T.; Cheng, G.H. Microcavity strain sensor for high
temperature applications. Opt. Eng. 2014, 53, 017105. [CrossRef]

27. Dusseiller, M.; Schlaepfer, D.; Koch, M.R.; Textor, M. An inverted microcontact printing method on
topographically structured polystyrene chips for arrayed micro-3-D culturing of single cells. Biomaterials
2005, 26, 5917–5925. [CrossRef] [PubMed]

28. Wang, A.; He, S.; Fang, X.; Jin, X.; Lin, J. Optical fiber pressure sensor based on photoelasticity and its
application. IEEE J. Lightwave Technol. 1992, 10, 1466–1472. [CrossRef]

29. Ogura, H.; Yoshida, Y. Cavity Theory of Fabry Perot Resonator. Jpn. J. Appl. Phys. 1964, 3, 546. [CrossRef]
30. Qing, M.A.; Wang, M.J.; Ying-Le, L.I.; Meng, X.H.; Hua, M.A. The Fresnel Formula of Different Incidence Polarized

Waves on the Moving Interface of Left-Handed Medium Interface. J. Anhui Normal Univ. 2013, 36, 36–40.
31. Liu, S.; Yang, K.; Wang, Y.; Qu, J.; Liao, C.; He, J.; Li, Z.; Yin, G.; Sun, B.; Zhou, J.; et al. High-sensitivity strain

sensor based on in-fiber rectangular air bubble. Sci. Rep. 2015, 5, 7624. [CrossRef] [PubMed]
32. Chen, D.; Luo, S.; Ma, X.; Jiang, X.; Feng, G.; Yang, J. Fiber-tip bubble-structure microcavity sensor. Adv. Sens.

Syst. Appl. VI 2014, 9274, 927414–927417.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.optcom.2010.01.008
http://dx.doi.org/10.1016/j.optcom.2012.04.046
http://dx.doi.org/10.1007/s00340-009-3888-y
http://dx.doi.org/10.1364/OL.39.002121
http://www.ncbi.nlm.nih.gov/pubmed/24686690
http://dx.doi.org/10.1364/OL.38.004609
http://www.ncbi.nlm.nih.gov/pubmed/24322086
http://dx.doi.org/10.1364/OL.33.000536
http://www.ncbi.nlm.nih.gov/pubmed/18347701
http://dx.doi.org/10.1063/1.2347892
http://dx.doi.org/10.1088/1367-2630/12/6/065038
http://dx.doi.org/10.1063/1.4768779
http://dx.doi.org/10.1063/1.4896415
http://dx.doi.org/10.1364/OE.15.008719
http://www.ncbi.nlm.nih.gov/pubmed/19547207
http://dx.doi.org/10.1364/OE.15.014123
http://dx.doi.org/10.1364/AO.51.001033
http://www.ncbi.nlm.nih.gov/pubmed/22410979
http://dx.doi.org/10.1364/OE.20.021946
http://www.ncbi.nlm.nih.gov/pubmed/23037345
http://dx.doi.org/10.1364/OL.38.000757
http://www.ncbi.nlm.nih.gov/pubmed/23455289
http://dx.doi.org/10.1117/1.OE.53.1.017105
http://dx.doi.org/10.1016/j.biomaterials.2005.02.032
http://www.ncbi.nlm.nih.gov/pubmed/15949557
http://dx.doi.org/10.1109/50.166790
http://dx.doi.org/10.1143/JJAP.3.546
http://dx.doi.org/10.1038/srep07624
http://www.ncbi.nlm.nih.gov/pubmed/25557614
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sensor Structure and Sensing Principle 
	Sensor Structure 
	Sensing Principle 

	Optimal Design of the Hourglass Microcavity Sensor 
	Influence of Microcavity Structure Parameters on Spectral Characteristics 
	Influence of Microcavity Structure Parameters on Strain Sensing Characteristics 

	Sensing Properties of the Hourglass Optical Microcavity Sensor 
	Conclusions 

