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Abstract: This paper presents the fabrication of a fiber Bragg grating (FBG)-based Fabry–Perot (FP)
structure (7 mm total length) in an adiabatic fiber taper, investigates its strain and temperature
characteristics, and compares the sensing characteristics with a standard polyimide coated FBG
sensor. Firstly, a simulation of the said structure is presented, followed by the fabrication of an
adiabatic fiber taper having the outer diameter reduced to 70 µm (core diameter to 4.7 µm). Next,
the sensing structure, composed of two identical uniform FBG spaced apart by a small gap, is directly
inscribed point-by-point using infrared femtosecond laser (fs-laser) micromachining. Lastly, the strain
and temperature behavior for a range up to 3400 µε and 225 ◦C, respectively, are investigated for the
fabricated sensor and the FBG, and compared. The fabricated sensor attains a higher strain sensitivity
(2.32 pm/µε) than the FBG (0.73 pm/µε), while both the sensors experience similar sensitivity to
temperature (8.85 pm/◦C). The potential applications of such sensors include continuous health
monitoring where precise strain detection is required.

Keywords: Fabry–Perot; microfiber sensor structure; femtosecond laser micromachining; direct
writing; point-by-point fabrication; harsh environment fiber sensor; sensor for structural
health monitoring

1. Introduction

Fiber sensors have been replacing conventional electronic sensors at a rapid rate because of their
high sensitivity, compactness, robustness, immunity to electromagnetic interferences [1], etc. Typical
ways to make a fiber sensor are by writing grating or micro-structures within the fiber-core, splicing,
etc. Different configurations of fiber sensors including Fiber Bragg Grating (FBG) [2], Long Period
Grating (LPG) [3,4], Mach–Zehnder Interferometer (MZI) [5,6], Michelson Interferometer (MI) [7,8],
Fabry–Perot Interferometer (FPI), etc. have been studied and developed for various applications from
medical to military, oil and gas, structural health monitoring, chemical, etc. [9,10].

An FPI structure can either be of an intrinsic or extrinsic type, depending on whether the
cavity is internal or external to the optical fiber [11]. An external FPI provides the flexibility of
using an air cavity or polymer type cavity. In contrast, a section of fiber is used as the cavity in
an intrinsic FPI, and can be realized by thin-film coating [12,13], mismatching of refractive index
(RI) between two fibers [14], laser-irradiated points [15,16], etc. An FPI has also been developed
by sandwiching a piece of hollow-core fiber [17] and/or photonic crystal fiber [18] in-between two
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optical fibers, and tested for high-temperature applications [19,20]. These methods have drawbacks
of involving expensive equipment, special fiber type, use of toxic chemicals, etc. Compact MZI and
MI using core-cladding mode interferometer without needing an extra optical fiber have also been
reported. An inline FPI can simply be formed by using Bragg gratings instead of reflecting mirrors [21]
which also enables the ease of packaging, array manufacturing, etc. Some applications making
use of these configurations have been reported, such as cavity sensor for strain and temperature
measurement [22]; strain measurement independent of temperature [23] (using KrF2 excimer laser
with phase mask); humidity and temperature measurement [24], for reducing cross-sensitivity between
strain and temperature using polarization maintaining fiber [25,26]; etc. Microfiber or small-diameter
fiber-based sensors [27], resonators [28], and gratings [29] have been reported recently because these
fibers offer unique properties, such as tight confinement, low-transmission loss, higher evanescent
fields, etc. [30–32]. A tip-FPI fabricated by splicing a microfiber with standard single-mode fiber (SMF),
has been tested up to 1000 ◦C [33]. Microfiber-based FP interferometer, for measuring temperature and
RI simultaneously, is presented by Vienne et. al. [28] while the authors of [34–36] reported the strain
characteristic of an FBG and FP structure written in a microfiber, by using ultraviolet (UV) laser and
phase mask technique.

A standard way of sensor fabrication is by writing a sensing structure in an optical fiber using UV
laser, which requires the optical fiber to be photosensitive. In the case of a coated fiber (e.g., polyimide),
the coating has to be stripped off before writing the sensor and then recoated after inscribing the
structure [37]. The fs-laser has become a flexible and efficient tool to directly write (without phase mask)
a waveguide or sensing structure in glass materials and to make other lab-on-chip devices [38,39].
Recently, researchers have also used fs-laser to inscribe microstructures within the fiber cladding [40,41].
This article investigates the feasibility of point-by-point writing of the FP structure in a fiber taper
using fs-laser micromachining because scalability is one of the foremost requirements in sensor
fabrication and deployment for many industrial applications. In addition, this article also investigates
the strain and temperature characteristics of the sensor experimentally and will compare the response
with a standard FBG sensor, which is the most commonly used fiber sensor for various structural
health monitoring applications. Since the FP structure is written using a fs-laser, it would potentially
last longer in harsh or high-temperature environments during continuous monitoring applications,
and would be advantageous where precise strain detection is crucial.

In this article, the fabrication and sensing characteristics of the FBG-based FP structure using
infrared fs-laser exposure in a biconical fiber taper are presented. The simulation of the spectrum
of the structure, in a conventional fiber, was performed using Python and Optigrating simulation
tool (as discussed in Section 2). Fabrication of the biconical fiber taper (adiabatically) and the sensing
structure within its core using fs-laser micromachining are discussed in Section 3. Next, strain and
temperature characteristics were investigated for a range up to 3400 µε and 225 ◦C, respectively,
for both the fabricated sensor and standard FBG and compared (discussed in Section 4). The device
was found to have a higher sensitivity to strain and has the potential to be used for structural health
monitoring in harsh environments with long-term stability.

2. Theory

An FBG, by definition, is a regular perturbation of the RI within the fiber core [9] that reflects the
wavelengths satisfying the Bragg criterion as in Equation (1), where λB is the Bragg wavelength, ηe f f
is effective RI of the grating, and Λ is the pitch of the grating.

λB = 2.ηe f f .Λ (1)

As shown by Legoubin et. al. [42], when two separate and identical Bragg gratings are written
in the fiber core, with a small gap between, they form an FP structure. This structure manifests
unique properties of having two spectral peaks within its main reflection band [22] and has better
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measurement resolution than a single direct grating [43]. The structure of a grating-based FP in a
standard fiber (125 µm cladding diameter), is shown in Figure 1, which consists of two identical
uniform Bragg gratings of length g, separated by a distance e.

Figure 1. Schematic of grating-based Fabry–Perot.

Following are the coupled mode equations derived using the coupled mode theory [44], to study
the behavior of the grating and related FP structure. Consider rg(λ) and tg(λ) to be the complex
amplitude reflection and transmission coefficients, respectively, for a uniform grating, given by
Equations (2) and (3):

rg(λ) =
−ksinh(

√
(k2g2 − σ2g2))

σsinh(
√
(k2g2 − σ2g2)) + j

√
(k2 − σ2)cosh(

√
(k2g2 − σ2g2))

(2)

tg(λ) =
1

cosh(
√
(k2g2 − σ2g2))− j( σ√

(k2−σ2)
)sinh(

√
(k2g2 − σ2g2))

(3)

where g is the grating length. k and σ are the ac and dc coupling coefficients of the grating [45],
respectively. The reflection spectrum r f p1(λ) of an FP structure with two identical Bragg gratings,
separated by a distance e (the cavity length or gap), is given by Equation (4) [22]:

r f p1(λ) ∝ rg(λ). f (φ) (4)

where f (φ) is an interference function of the cavity, which depends on phase difference φ(λ) between
the light reflected from the gratings, given by Equation (6), assuming ηc is the RI of the cavity region
(gap). Figure 2 shows the normalized reflection spectrum of the FP structure in a standard optical fiber.

f (φ) = 1 + cos(φ(λ)) (5)

φ(λ) =
4πηce

λ
(6)

Figure 2. Normalized reflection spectrum of the FP structure.

Yulianti et al. [24] also provided a set of modeling equations for designing an FP structure based
on complex reflection and transmission coefficients of the uniform grating, i.e., Equations (2) and (3).
The amplitude reflection coefficient of the FP, r f p2(λ) is given by Equation (7), and its power reflection
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coefficient is defined by, R = |r f p2(λ)| 2. Figure 3 shows the normalized reflection spectrum of the
sensor where the reflection coefficient is plotted against the wavelength.

r f p2(λ) = rg(λ).

[
(1 + [t2

g − r2
g]. exp (−jφ))

(1− r2
g. exp (−jφ))

]
(7)

Figure 3. Normalized reflection spectrum of the FP structure.

As can be seen in Figures 2 and 3, the FP structure results in extremely narrow reflection peaks
within the grating spectrum. If the minimum of the interference function λmin lies in the grating
reflection spectrum, the peak splits into two. There are two cases mentioned by Wei et.al. [22]: (i) when
λmin coincides with λB, the two peaks are of equal intensity; and (ii) when λB > λmin, Peak 1 (shorter
wavelength) has lower intensity than Peak 2 (longer wavelength), as shown in Figure 3. With the
applied strain and temperature, the spectrum of the grating and interference function both vary as a
function of the phase difference (φ(λ)). Furthermore, the change of wavelengths for a grating can be
derived from Equation (1) as in Equation (8), where the first term constitutes the strain effect and the
latter is the temperature effect.

∆λB =

[
2Λ

∂ηe f f

∂g
+ 2ηe f f

∂Λ
∂g

]
∆g +

[
2Λ

∂ηe f f

∂T
+ 2ηe f f

∂Λ
∂T

]
∆T (8)

2.1. Optigrating Simulation

Another simulation of the FP structure was carried out using Optigrating, which is a de-facto
standard and powerful design tool from Optiwave Inc and can model the light propagation based
on coupled-mode theory and enable grating design, analysis, and synthesis. For a grating design,
several segments are connected using a transfer matrix method. An FP structure can be realized by
considering a phase difference between two gratings, in lengths (mm). Table 1 shows the parameters
used to perform the simulation.
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Table 1. Simulation parameters.

Parameter Value

Core radius 4.07 µm
Cladding radius 62.5 µm

Surrounding medium radius 20 µm
Core RI 1.46

Cladding RI 1.44681
Surrounding medium RI 1.0

Design wavelength 1550 nm
Total number of LPl,m modes 110 [l = 0,1,2. . . 10; m = 1,2,3. . . 10]

Grating shape Rectangle
Apodization Uniform

Grating length 3 mm
Structure length 7 mm
RI modulation 3 × 10−4

Number of segments 80

2.1.1. Effective Refractive Index

Figure 4 shows the variation of the effective RI of the various modes for both 125 µm cladding
diameter (standard fiber) and 70 µm cladding diameter fiber. In total, 110 modes were considered,
i.e., LPl,m where l: 0,1,2. . . 10 and m: 1,2,3. . . 10. We observed that the effective RI of the individual
mode reduces with the reduced fiber diameter, as can be seen in Lee et. al. [46].

Figure 4. Variation of effective refractive index.

2.1.2. Transmission Spectrum

We also simulated the transmission spectrum of the FP structure in both 125 µm cladding diameter
and 70 µm cladding diameter fiber, as shown in Figure 5. The spectrum possesses two transmission
dips within the FBG main spectrum.
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(a) (b)
Figure 5. Transmission spectrum of FP structure: (a) 125 µm diameter fiber; and (b) 70 µm
diameter fiber.

However, the aim is to fabricate the FP structure in an adiabatic fiber taper whose diameter has
been tapered down to 70 µm.

3. Device Fabrication

3.1. Making of a Fiber Taper

There are several fabrication techniques reported to make microfibers or fibers having diameter
reduced down to few microns, such as by flame drawing [47], indirect laser drawing [48], flame
brushing drawing [49], etc. We used the flame brushing technique described in [50], in which an
SMF (Corning SMF-28 Ultra Optical Fiber) is placed horizontally on two translation stages after
removing (stripping off) the coating from the section of the SMF to be tapered, and held by two holders
(S1 and S2), as shown in Figure 6.

Figure 6. Schematic: flame brushing technique.

The flame underneath heats the fiber, which is being stretched by the translation stages at the
same time, to make biconical fiber taper [51]. The fiber has two transition regions, which have a
direct influence on the spectrum and losses, and a uniform waist [52]. The losses can be minimized if
adiabaticity [53] is followed to make a good quality fiber taper. Figure 7a shows the schematic of the
fiber after it is tapered down to 70 µm waist diameter (d) with 13 mm waist length (l). A photograph
(using a microscope) of the fiber waist after tapering is shown in Figure 7b. Next, we inscribe the
sensing structure within the core of this fiber (≈4.7 µm diameter) using a fs-laser.
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(a)

(b)
Figure 7. Adiabatic fiber taper: (a) schematic; and (b) microscopic view of fiber waist after taper.

3.2. Inscription of the Sensing Structure

We irradiated the fiber core with the infrared fs-laser pulses to fabricate the sensing structure
within it. Inscription with fs-laser is becoming a powerful technique because the fiber does not need
to be photosensitive [54]. The technique produces a highly localized RI change [55] through the
high-intensity laser pulse interaction across a tiny region in a shorter time-frame that will result in
high-resolution inscription [56]. The fabricated sensors are relatively stable at higher temperatures
than conventional UV laser-based sensors [57] because the change of index occurs as a result of high
intensity nonlinear multiphoton process, which allows sensors to be durable up to approximately the
glass transition temperature (tg).

The fiber taper (see Figure 7a) is first placed on the fs-laser micromachining set-up (from Newport
Corp.) shown in Figure 8a, having a precise control of movement (motion control) in three dimensions
(X, Y, and Z axes). Next, the fiber alignment is performed using a three-dimensional translation
controller. The fs-laser pulses, emitted from the Ti:sapphire laser source (from Spectra-Physics), are
focused onto the fiber core. Each pulse creates a grating plane. The laser parameters [58] are shown in
Table 2. The fiber is moved along its main axis with a translational speed (ν) to perform point-by-point
writing (see Figure 8b). The period of a grating now depends on the translational speed (ν) and laser
repetition rate (l f r) as in Equation (9) [37]. In this way, the structure (total 7 mm in length), composed
of two identical uniform FBG (each of 3 mm length) spaced apart by a small gap (1 mm), is directly
inscribed within the core of the fiber waist.

Λ =
ν

l f r
(9)

(a)

(b)

Figure 8. Inscription of sensing structure in fiber taper: (a) micromachining set-up; and (b) sensor writing.
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Table 2. Laser parameters.

Model Spirit One 1040-8-SHG (Second Harmonic Generator)

Repetition rate 200 KHz OR 1 MHz
Pulse energy >39 µJ at 200 KHz
Pulse width <400 fs (327 fs)

Pulse picker divider 3230
Beam Diameter at exit 2 ± 0.2 mm

Wavelength (SHG) 520 ± 3 nm
Output power (SHG) >4 W at 200 KHz

The fabrication was performed in a standard fiber, followed by the fiber taper, using uniform
apodization (45:45); the translational velocity was 103.1 µm/s for the design wavelength of 1547.04 nm.
Figure 9 shows the spectrum of the FP fabricated in the adiabatic fiber taper, where P1 and P2 are
the two peaks, and d1 is the dip wavelength of the spectrum. Each wavelength was tracked for the
applied strain and temperature during the experiment.

Figure 9. Spectrum of the fabricated FP in adiabatic fiber taper.

4. Strain and Temperature Testing

The strain and temperature sensing characteristics of the fabricated sensor, and an FBG sensor
(polyimide coated, center wavelength: 1542.019 nm, length: 10 mm) in standard fiber, were investigated
in succession and compared as explained in the following section.

4.1. Strain Testing

The experimental set-up for the strain testing is shown in Figure 10. The fiber sensor device under
test (DUT) was held between Stages 1 and 2, using clamps C1 and C2. DUT refers to the FP and
FBG sensing structure in the fiber. Stage 1 was fixed while Stage 2 can be moved precisely using a
X-Y-Z axis controller. Fiber alignment was done using the controller, which later stretched the fiber
in horizontal direction by 5.03 µm per step. This stretching induced a strain in the fiber to be sensed
by the DUT. The distance between the two stages (Stages 1 and 2) before stretching was set as 18 cm.
The sensors’ peak wavelength and spectrum data were captured using an FBG interrogator (si155,
from Micron Optics) at 1 kHz rate. The results of strain measurement and testing are presented in the
form of peak wavelength response and spectrum evolution of the sensors.
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Figure 10. Strain testing experimental set up.

4.1.1. Peak Wavelength Response

Figure 11 shows the variation of the average peak wavelength of both the sensors captured by
the interrogator (might be the centroid-based mean of the two peaks in the spectrum), where LR is
the linear regression line. The linear regression equations of the response of both FP and FBG sensors,
respectively, are provided below:

Y = (0.00232)X + 1547.139 nm; and
Y = (0.00073)X + 1542.049 nm

Figure 11. Peak wavelength response of the FP and FBG.

4.1.2. Spectrum Evolution

The spectrum of both the sensors shifts towards longer wavelengths after experiencing strain,
as shown in Figure 12a,b for the FP and FBG, respectively. The variation of the peak and dip
wavelengths can be derived from the spectrum, as shown in Figure 12c, with their linear regression
is shown in Table 3. The sensitivity of the FP and FBG was found to be about 2.32 pm/µε and 0.73
pm/µε, respectively.
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(a) (b)

(c)

Figure 12. Spectral response of both sensors: (a) FP sensor; (b) FBG sensor; and (c) wavelengths
recovered from spectrum.

Table 3. Linear Regression of Sensor Wavelength Tracked from Spectrum (Figure 12c).

Wavelength Equation

FBG-Peak Y = 0.00073 X + 1542.033 nm
FP-P1 Y = 0.00232 X + 1547.095 nm
FP-P2 Y = 0.00233 X + 1547.265 nm
FP-d1 Y = 0.00233 X + 1547.196 nm

4.2. Temperature Testing

The temperature testing of both sensors was performed by putting them inside an oven and
testing from room temperature up to a maximum temperature of 225 ◦C for two thermal cycles, as
shown in Figure 13a. Both sensors were connected to an interrogator (sm130, from Micron Optics) to
collect the wavelength and spectrum data. The temperature data were collected using a thermocouple.
The trend of the absolute wavelength response of both sensors is similar to that of variation in the
temperature, as shown in Figure 13b, where the FP response is plotted on Y-axis and the FBG response
on the Y2-axis. The variations in wavelength of both sensors were tracked separately for heating
up and cooling down phase, under two thermal cycles. Figure 14a,b shows the sensor response for
heating and cooling, respectively, under first temperature cycle. Figure 15a,b shows the corresponding
response for the second temperature cycle. LR in all four diagrams stands for linear regression line.
Both sensors behave linearly to the temperature with approximately similar sensitivity of 8.85 pm/◦C.
The linear regression of the sensor response for both the temperature cycles is shown in Table 4.



Appl. Sci. 2020, 10, 1069 11 of 14

(a) (b)
Figure 13. Temperature testing: (a) thermal cycles; and (b) absolute wavelength response.

(a) (b)
Figure 14. Thermal Cycle I: (a) heating; and (b) cooling.

(a) (b)
Figure 15. Thermal Cycle II: (a) heating; and (b) cooling.

Table 4. Linear Regression of Sensor Response to Temperature in Figures 14 and 15.

Cycle Phase FP FBG

Cycle I Heating Y = (0.00886)X + 1546.89 nm Y = (0.00881)X + 1541.789 nm
Cooling Y = (0.00891)X + 1546.852 nm Y = (0.00883)X + 1541.746 nm

Cycle II Heating Y = (0.00886)X + 1546.883 nm Y = (0.00877)X + 1541.773 nm
Cooling Y = (0.00883)X + 1546.861 nm Y = (0.00875)X + 1541.751 nm
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5. Conclusions

We present the detailed fabrication process of a Bragg grating-based FP sensor within the core
of the biconical fiber taper (tapered adiabatically) using fs-laser. The sensing characteristics of the
fabricated sensor were investigated for strain and temperature measurands, and compared with the
response of an FBG, which is a widely used fiber sensor for continuous monitoring applications.
The fabricated sensor attains a high strain sensitivity of 2.32 pm/µε in comparison to the stain
sensitivity experienced by the FBG in standard fiber (0.73 pm/µε). In contrast, both sensors
demonstrate similar sensitivity to temperature (about 8.85 pm/◦C). The sensor can be deployed
in a high-temperature environment (after having a suitable outer coating depending on application
scenario), as the fabrication is performed using fs-laser irradiation that makes the sensor more robust
compared to conventional UV-written sensors. Such sensors would be highly desirable in structural
health monitoring applications where precise strain detection is crucial. The advantages of this simple
fabrication process enhance the scalability, ease of mounting, etc. during deployment. For future work,
we will investigate the sensing characteristics and fabrication feasibility of sensors with fs-laser in
further reduced waist diameter fibers or microfibers, and some specialty fibers, to monitor parameters
enabling structural health monitoring applications.
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