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Fabrication of Long-Period Fiber Gratings on Double-Clad Fiber using

CO:z Laser and their Responses to Various Physical Parameters

Jonatan Martino Windi Saputro
Department of Industry 4.0 Convergence Bionics Engineering
Graduate School of Engineering

Pukyong National University

Abstract

Here we report an optical fiber sensor capable of performing various
physical parameters measurements using a long-period fiber grating (LPFG)
inscribed on double-clad fiber (DCF) with a 10.6 um CO» laser. The LPFG
inscribed on DCF, referred to as DCF-LPFG, exhibited multiple resonance
dips with different cladding-mode orders, and two of them were selected as
sensor indicators. The physical parameters measured are bending, strain,
torsion, and temperature. The measured bending sensitivities of the sensor
indicators were approximately -4.422 and -21.88 nm/m™ in a bending
curvature range of 0.0 to 1.22 m~!. The measured strain sensitivities of the
sensor indicators were approximately -0.171 and 5.029 pm/ue in a strain

range of 0 to 2000 pe. The measured torsion sensitivities of the sensor

vi



indicators were approximately 114.80 and 56.04 pm/(rad/m) in a twist angle
range of —180° to 180°, and their temperature sensitivities were measured as
~67.70 and ~67.44 pm/°C 1n a temperature range of 25 to 100 °C. The DCF-
LPFG response from the measurement of four physical parameters showed
good performance and shows a sensitive and insensitive response. This sensor
head potentially simultaneously measures two or more physical parameters
for future work. The proposed DCF-LPFG is expected to be beneficial as a
compactly embedded and electrically passive cost-effective sensor head for

structural health monitoring in various industrial trial applications.

Keywords: Long-period fiber grating, double-clad fiber, Optical fiber sensor,

bending, strain, torsion, temperature.

vil



I. Introduction

To date, optical fiber-based devices have been widely used in various
fields, including optical sensing and communication. Particularly in the field
of optical communication networks, the operation of optical fiber-based
devices includes wavelength filtering, optical switching, optical sensors, and
signal processing . Among other things, fiber optic sensors have shown
unique potential in applications in various fields, such as structural health and
environmental monitoring due to their fast response, durability, waterproof
properties, corrosion resistance, and immunity to electromagnetic
interference .

Fiber grating is one of the most popular fiber optic devices and has been
widely used in the field of optical communication and fiber optic sensing.
From the research that has been done so far, two types of fiber gratings have
been developed. According to the index modulation period, fiber gratings can
be categorized into two types, namely into Bragg fiber gratings (FBGs) with
optical wavelength periodicity and long-period fiber gratings (LPFGs) with a
periodicity of several hundred wavelengths *°. LPFG has been applied for
many uses including erbium-doped fiber amplifiers for flattening the gain

spectrum and in monitoring the transmitted power level in optical fiber '*!!,



When compared to FBG, in use of LPFG exhibits a resonant attenuation
band in its transmission spectrum, which is much wider and more adjustable
than FBG. Because the effective refractive index (RI) of the fiber core and
cladding and grating period affect the resonance wavelength, and for its level
of sensitivity, LPFG is more sensitive than FBG to various measurements
such as temperature '2, torque '3, bending ', and pressure '°. Due to the
codirectional mode coupling, the LPFG is also sensitive to the surrounding
RI medium ' and can be used to measure external RI changes.

LPFG fabrication by traditional or older methods is made by exposing
photosensitive optical fibers to ultraviolet (UV) light transversely either
through a point-to-point or amplitude mask to create a periodic refractive
index change inside of an optical fiber. Recently, with another fabrication
method, LPFG has been made by various other techniques namely carbon
dioxide (CO3) laser beam exposure. The physical process by which a change
in refractive index is induced in the optical fiber during exposure to CO; laser
beam gives this LPFG unique properties compared to other traditional LPFGs
fabricated by exposure to UV light 718,

In this paper, we experimentally demonstrated the sensor and its

response to various physical parameters by incorporating an LPFG inscribed



on DCF, hereafter referred to as DCF-LPFG with a high-frequency CO; laser,
as a sensor head. To make a DCF-LPFG as a sensor head, we splice the DCF
segment with a single mode fiber (SMF) segment before the grating
fabrication. The fabricated sensor head showed two resonance dips with
different cladding-mode orders due to codirectional mode coupling in the
grating region, and two attenuation dips whose resonance wavelengths were
As=~1508.62 nm and Az = ~1551.88 nm were selected as sensor indicators
denoted by Dip A and Dip B, respectively. With these sensor indicators,
bending, strain, torsion, and temperature responses were investigated in a
bending curvature range of 0.00 -1.22 m’!, strain range of 0-2000pe, a twist
angle range of —180° to 180° and a temperature range of 25 to 100 °C,
respectively.

In the following section, we explain the fabrication process of the
sensor head and the principle of operation of our sensor. Then, we will
provide experimental results on the bending, strain, torsion, and temperature
responses of the fabricated sensor head. After that, a summary and

conclusions are presented at the end of the section.



I1. Theoretical Basis

2.1 Fiber Optics
2.1.1 Optical Fiber Waveguide
Basically the underlying principle of optical fiber behavior is Snell’s
law: n; sin( 6 1) = n2 sin( 0 2), where the incident light or wave strikes or
passes through the interface between media of refractive index n; and no,
respectively. With an incident angle of 0 and refractive angle of 02
concerning the normal to the interface.
The propagation pattern of a ray optic will alter at the interface of
media with different RI is a prediction from Snell's law. The incident angle
will be bigger than that of the refractive angle, if n1 <ny, and vice versa, with

the expression of the refractive angle, deduced from Snell’s law: 0 = arcsin
(ni/nz sin ( 0 1)). Since the upper bound of the sine function is 1, it is possible

to create situations where real number solutions are not allowed under the
condition n; > n2. The angle of incidence at which Snell's law ceases to apply,
under conditions n; > ny, is called the critical angle, where 0 citical = 0 incident
= arcsin (ni/nz). For an optical ray whose critical angle is smaller than the

incident angle, the ray will not pass through the interface and all its



transmission power and information will be retained and reflected into the
incident medium. Such an optical phenomenon is called total internal
reflection (TIR). TIR guarantees the wave amplitude and phase integrity of
the incident wave, sustaining its propagation in the incident medium without
power. The application of TIR underlies the invention of fiber optics, in which
silica or plastic fibers serve as dielectric waveguides and limit the
transmission of optical waves along the longitudinal axis of the fiber. Optical
fiber has a more flexible and deformable structure. Optical waves propagating
along optical fiber suffer from immune to electromagnetic interference and
low loss of attenuation over long distances, making them perfect for
telecommunications, power transmission, imaging and spectroscopy, fiber-
optic sensors, and many, more.

An optical fiber consists of two general layers: the fiber core and the
cladding which is the cylindrical transverse structure of the optical fiber. The
total reflection of transmissive optical waves in optical fiber occurs at the
boundary between the core and cladding, with the RI of the fiber cladding
slightly lower than that of the core. Because especially for step-index optical
fibers where the RI is homogeneous in the core or cladding, the core is usually

made of SiO, material doped with Ge and/or B materials, while the material



forming the cladding is made of pure fused silica material. The main causes
of the difference in RI between the fiber core and cladding are the dopants
within the fiber core and the residual stresses that accumulate during the fiber
fabrication process. The value of the difference can be as small as 0.005 to
0.01, or 0.35% to 0.7% of the core RI . From the analysis obtained from the
waveguide and the deduction from Maxwell's equations, only discrete and
finite optical wave spatial modes are allowed to propagate along the optical
fiber. Therefore, the category of optical fiber is generally only divided into
three types: single mode fiber (SMF), multimode fiber (MMF), and stepped

index fiber. They are illustrated in Fig. 1.

Optic Fiber

Signal Index Types i \
’ w High-Order Mode Dispersion

Multimode l AI Ik

Step Index % /N
Input ah Output
Pulse Pulse

Low Order Mode

Dispersion
Multimode [\ :I r
Grade Index L R
Input Output
Pulse Pulse
Singlemode \ 4\
Mono ) \
Input Output
Pulse Pulse

Figure 1: Three general types of fibers.



As we see in the figure, the top: is multimode fiber, whose core radius
is large enough to accommodate multiple modes of optical waves. Middle:
multimode graded-index fiber, whose RI of core varies along the radius.
Bottom: single mode fiber, whose radius is much smaller than that of its core,
resulting in only one mode allowed in transmission. MMF along with graded-
index multimode fiber can support the propagation of multiple modes within
the core. However, mode dispersion may occur because the different modes
interfere with each other's transmission. Waveguide analysis from MMF
states that it cannot withstand pulse dispersion and signal distortion. In
contrast, SMF shows the advantage of having lower dispersion to near-
infrared light (for 1310 nm and 1550 nm below 0.4 dB/km for) and having a
high ability to sustain signal transmission rates (up to 40 Gbits/s in the applied
system) 2°. The requirement for single-mode guidance for step index fiber

designs is given by V, where V is defined as:

22 LIt =
V:7a ncore nclaa’ (1)

By observing Eq. 1, V is a function of wavelength, meaning a single mode
guide that can only be maintained over a limited wavelength range. For rays

with smaller wavelengths beyond the cut-off wavelength, there will be



multiple modes within the fiber core. And the majority of SMF production is
for use in the near-infrared wavelength range, with bandwidths around 1310
nm and 1550 nm.
2.1.2 Single-Mode Fiber

A typical SMF core diameter is between 8 and 10 um with a 125 pm cladding.
SMF only supports a single mode in the fiber core. However, there are still a
large number of cladding modes present in the cladding, because the fiber
jacket boundary also forms the waveguide and will accommodate
transmission of cladding modes that are inadvertently introduced into the
fiber source end. The cladding modes of a typical SMF are often as short-
lived as the core modes in MMF, whereby dispersion modes and leakage to
the support coating will greatly weaken the transmission power and within a
few centimeters along the longitudinal axis of the fiber can eliminate most of
the cladding modes. The differences in the waveguide geometries result in the
propagation constants of the core modes and cladding modes being different
from each other, which ensures the integrity of the core modes in their
propagation without significant interference from the co-propagating
cladding modes.

However, Veng Sarkar et al. found that with gratings with a



periodicity in the hundreds of microns introduced into the fiber core, a
practical method of interrupting the original propagation mode of the core
mode, combining, and matching the phases with one or more cladding modes
at the appropriate wavelengths. Can be seen in Fig. 2. Illustration of LPG
interference in the original core mode propagation. Consequently, a power
conversion will be made between the core modes and cladding modes, which
would otherwise propagate independently and propagate under different
patterns 223, The core mode will lose most of its transmission power at the
wavelengths where the mode coupling is formed, and therefore in the
transmission spectrum a series of attenuation peaks is displayed. It was due
to the strong weakening of the cladding mode.

The core and cladding modes include coupling which is useful in
conveying information about ambient conditions and their variations in
grating locations by light transmission. In addition, the phase matching
conditions are highly sensitive to small variations of the grating period and
the physical condition of the cladding layer, making fiber grating devices a

suitable candidate for many fiber sensor applications.
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Figure 2. Illustration of disturbance in core mode propagation LPG.

The figure explained disturbed core mode is then phase-matched with one or
more cladding modes and suffers a sharp loss in transmission power at the

resonant wavelength. Image modified from Coelho et al **.

2.1.3 Double-Clad Fiber
The schematic cross-sectional views and refractive index profiles of the
fabricated DCF are shown in Fig. 1. The radius of the core, inner cladding,
and outer cladding in a step of the refractive index profile have values of 10
um, 125 pm and 250 um, respectively. Based on this design, the beam above
the cut-off wavelength of ~1100 nm can be single-mode transmitted through
the core and the beam launched into the inner cladding can be multimode

guided due to the large-diameter DCF cladding area.

10



Core
" M lmer cladding

Outer cladding &Jacket

Refractive
Indesc(n)

» Length

-

|} |l
[
[
[
[
Il
[
[
[
[
[
[
[
[
[ B
[}
(0
[
[
[
[
[
[
[
[
i

@

Figure 3. Refractive index profile (top) of a double-layered fiber (DCF) and
schematic cross-sectional structure (bottom).

Since the conventional SMF has the same core and inner cladding sizes as the

DCF, the loss of coupling between them is negligible.

2.2 Long Period Grating
Similar to Bragg grating, long period grating (LPG) is a structure that
changes periodically along an optical fiber. The period is much larger, on the

millimeter scale and for long-period gratings, it's generally easier to inscribe.
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The inscribing can be directly on the cladding of the outer surface of the
optical fiber. Meanwhile, Bragg grating acts as a mirror for light that
propagates through the core mode, while the Long Period grating pairs light
from the core mode to the cladding mode by propagating simultaneously.
Because light cannot propagate efficiently in a cladding, meaning that it is
scattered and attenuated quickly enough, Long Period Grating eliminates core

wavelengths that are phase-matched to its period.

Fundamental Jacket Cladding
guided mode modes

Figure 4. Schematic of the working principle of LPG.
The picture above explains light propagating through fiber. LPG
changes the mode direction, and the core mode is coupled to the cladding
mode. LPG acts as a wavelength filter because light cannot travel far through

the cladding due to scattering, an image taken by Silva et al. 2.



These two indicator dips are created due to the resonant coupling
between the core mode and the cladding mode and have different cladding-
mode orders. The phase-matching condition of a conventional LPFG can be

described as:
Ares = (nco,eﬁ_ ncl,eﬁ") A, (2)

where A 1s the resonance wavelength; n.0.¢ and ne e are the effective
RIs of the fundamental core mode and cladding mode of the LPFG; and A is
the grating pitch, respectively 26. If LPG is stretched or bent and exposed to
changes in temperature and humidity, the parameters of the coupling equation
change resulting in a shift in wavelength. LPG is used in many applications,
including band-pass filters, gain equalization, mode converters, attenuators,
tunable filters, temperature, and strain sensors 2. Most of the work has been
done on silica fibers %3, In LPG fabrication, grating periods range from 100
um - 1000 pm ', LPG can be manufactured in various ways: LPG can be
physically printed, UV inscribed *2, made by electric arc discharge %, CO,

laser inscribed *°, made by acoustic waves and transient mechanical stress

33,34
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2.3 LPFG Fabrication with CO: Laser

In its development, the use of CO; laser to write LPFG has emerged
as an important alternative in LPFG fabrication. When compared to other
fabrication methods, this technique provides many advantages, including
lower insertion loss, higher flexibility, high thermal stability, and lower costs.
In this section, the application of CO; laser irradiation in the manufacture of
LPFG and also discussed the physical principles involved in the process. The
earliest application of 10.6 pum radiation by CO; laser beams in the
manufacture of LPFG in conventional fibers was published in 1998 337, And
many different experimental methodologies have since been described. The
most used method is the point-to-point technique using static asymmetric
irradiation with a CO» laser that emits a specific mode (continuous wave, CW,
or pulse) and a lens that focuses the beam on the fiber. Fig.5 shows a
schematic of a typical LPFG fabrication system based on a point-to-point
technique using a CO> laser. The optical fiber with its support stripped is
placed in the motorized translation stage. During the writing process, the
condition of the fibers is kept straight, when the laser beam is focused on the
fiber, a small ballast is applied to the end of the fiber. This method has the

advantage of requiring simpler adjustments, even though irradiation only

14



occurs on one side of the fiber. The write periodicity of the LPFG is
accomplished by controlling the CO» laser beam emission and moving the
fiber along its axial direction through a computer-controlled translation step.
A broadband source and optical spectrum analyzer (OSA) are used to monitor
spectrum evolution during laser irradiation. In addition, the motion of the
translational stage can generate vibrations that can be transmitted to the fiber,
affecting the repeatability and quality of the LPFG. This problem can be
solved by using a system where the beam delivery system moves instead of
fiber 3. Several authors report hybrid methods, combining point-to-point and

scanning %40,

i—' Control = CO;
[ laser

Fm——————

Light
source

o -»  Weight
Translation
stage

Figure 5. Schematic of a typical LPFG fabrication system based on a point-

to-point technique using a CO; laser.
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The symmetric cladding mode and the asymmetric cladding mode of
the core mode coupling are due to the strong absorption power possessed by
the silica glass around the wavelength of CO; laser radiation., the asymmetric
RI modulation results from the emission intensity gradually attenuating along
the direction of incidence *'. This results in high polarization dependence loss
which can be inevitable and high fiber grating birefringence **. To overcome
the birefringence problem, different methods have been proposed. Zhu et al.
3 introduced an LPFG fabrication with uniform RI modulation with torsional
strain to the fiber and then exposed both sides of the fiber to laser radiation
using a high-frequency CO; laser system. Experimental results show that bent
LPFGs (T-LPFGs) exhibit low insertion losses, clear spectra, and low
polarization-dependent losses when compared to those created by single-
sided COz laser beam exposure **. Wang et al. ** proposed a new method for
writing asymmetric LPFGs using etching periodic grooves on one side of the
fiber with a focused CO; laser beam. Because these grooves are completely
confined within the cladding and do not affect the light transmission in the
fiber core, the periodic grooves do not cause large insertion losses. The
grooves improve grating fabrication efficiency and introduce unique optical

properties with very high strain sensitivity. Using periodically deforming the

16



fiber geometry with a focused CO: laser beam and applying it to strain
measurements. In 2006, Su et al. * introduced the possibility of generating
long-period grating in multimode fiber. In addition to conventional single-
mode fibers (SMFs), CO; lasers have been used to write LPFGs in other fiber

types, such as boron-doped SMFs 4748

, and photonic crystalline fibers (PCFs)
4950 Much of the understanding in the research focuses on the physical
mechanisms involved in writing processes for various types of fibers with a
COgz laser. In this process, an important role is played by the heat created by
the absorption of laser energy in the material, but no less important is the

writing process modeling needs to consider the thermal and mechanical

Processes.
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ITI. LPFG Fabrication
3.1 Fabrication

This section will explain in detail the fabrication of long-period fiber
gratings on double-clad fiber using a CO> laser and their responses to various
physical parameters. Fig. 6. Schematic diagram of experimental setup
Fabrication of long-period fiber gratings on double-clad fiber using CO laser
and Fig. 7 (a). shows a schematic diagram of the core and cladding structure
of the Fabrication of long-period fiber gratings on double-clad fiber using a
CO; laser. To make this sensor head, both ends of the DCF segment (Thorlabs,
DCF 13) are connected to the SMF using a fusion splicer. The fiber
arrangement becomes SMF-DCF-SMF. The sensor head was fabricated by
irradiating a DCF segment with a 10.6 pm CO> laser (Synrad, Inc.) using a
line-by-line technique. Before irradiating by COz laser, one end of the DCF-
LPFG was fixed on the fiber holder, and the other end was suspended with a
10 g weight to make a slight longitudinal tension to the fiber. The pulse output
from a laser whose pulse width is modulated at 20 kHz with a duty ratio of
5.5% has a maximum peak power of ~30 W and an average power of ~2.78
W. A beam expander is used to increase the output beam diameter, and the

expanded beam is focused by a lens /— 6 ending with a point diameter of
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Figure 6. Schematic diagram for fabrication of long-period fiber gratings on

double-clad fiber using a CO, laser.
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Figure 7. (a) Schematic diagram of core and cladding structure of DCF-

LPFG and (b) optical microscope image of fabricated DCF-LPFG.
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~68 um. Then, we performed a focused beam scan of the DCF segment using
a 2D optical scanner. The fabrication parameters for the DCF-LPFG, such as
beam scanning power, scanning speed, grating pitch (A), and grating periods,
which can be set electronically and modified with a dedicated computer, are
3.82 W, ~30 mm/s, 610 um, and 35 grating periods. Fig. 7(b) shows the
optical microscopy image of the center region of the fabricated DCF-LPFG
with a 21 mm grating length. As seen in Fig. 2(b), we can see the periodic
etched dots on the fiber surface, which are formed by CO> laser scanning

based on the point-to-point technique.

3.2 Transmission Characteristics

Fig. 8, shows the transmission spectrum of the fabricated long-period
fiber gratings on double-clad fiber, measured at room temperature without
any applied physical parameters. The transmission spectrum of the fabricated
sensor head was monitored by using an optical spectrum analyzer (OSA,
Yokogawa AQ6370C) and a broadband light source (BBS, Fiberlabs
FL7001). In the transmission spectrum, the sensor head has an insertion loss
of -0.97 dB and an extinction ratio of -34.65 dB. This sensor head also

generates two attenuation dips, whose resonance wavelengths were ~1508.62
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nm and ~1551.88 nm, which were selected as sensor indicator dips denoted
by Dip A and Dip B, respectively. These two indicator dips are created due
to the resonant coupling between the cladding mode and the core mode and
have different cladding-mode orders. The typical transmission spectrum
showed a low insertion loss (<1dB) and a high extinction ratio (>25dB),
which would be perfectly adequate for most fields of communication and

sensing.

Transmission [dB]

Dip A

1480 1520 1560 1600
Wavelength [nm]

Figure 8. Transmission spectrum of fabricated DCF-LPFG measured at room

temperature without any applied strain or torsion.

21



IV. Experimental Preparation and Measurement Results

4.1 Experiment Setup

Fig. 9 to Fig. 12 shows a schematic diagram of the experimental setup
designed to investigate the physical parameters responses of the fabricated
DCF-LPFG. Physical parameters to be measured include bending, strain,
torsion, and temperature. To monitor the physical parameters responses of the
DCF-LPFG, we employed a broadband light source (Fiberlabs FL7701) with
an output wavelength range from S to L bands and an optical spectrum

analyzer (Yokogawa AQ6370C) with a resolution bandwidth of 0.02 nm.

4.1.1 Bending Measurement

First, the bending response of the fabricated DCF-LPFG was
investigated by using an experimental setup as shown in Fig. 9, the figure
shows schematic diagrams of the experimental setups designed to investigate
the bending responses of the fabricated DCF-LPFG. The BBS and OSA were
employed to monitor the bending and temperature responses of the sensor.
First, to investigate the bending response Dip A and Dip B of the fabricated
DCF-LPFG, one end of the sensor head was attached to a fixed fiber holder,

and its other end was fixed to a rotatable fiber holder attached to a translation
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stage. The bending could be applied to the sensor segment by moving the
translation stage in the CW direction of the rotatable fiber holder, as shown
in Fig.8 the applied bending could be varied by minutely adjusting the
longitudinal displacement (AL) of the translation stage. The applied bending
is quantitatively represented as the curvature C = 1/R, where R is the radius

of curvature of the fiber segment that contains the DCF-LPFG, which is also
expressed as C = (24AL/Lo*)!2, where Lo (, set at ~100 mm here,) is the initial
distance between the fixed fiber holder and the translation stage. This bending

measurement is measured in the curvature range of 0.0 to 1.22 m™! at room

temperature (AT = 0)

Data transfar

Broadband source

\ > Computer

oo
[ -
-\‘ ' . //,
- | 2 Fiber holder Fiber holder
(Mxed) {rotatable)

ENA R LR

DCF-LPFG

Optical spectrum analyzer

Figure 9. Schematic diagram of experimental setup designed to investigate bending

responses of fabricated sensor head (DCF-LPFG).
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4.1.2 Strain Measurement

Next, we also scrutinized the strain-induced spectral changes of Dip A
and Dip B in an applied strain range from 0 to 2000 pe, at room temperature
(AT = 0) using the same experimental setup as used in the investigation of the
bending responses. During the scrutinization, the longitudinal strain was
applied to the sensor segment by gently moving the fiber holder on the

translation stage shown in Fig 10.

Broadband source Data transfar

Computer

——— /,-P/‘

i

. -
L > Fiber holder Fiber holder
- - (fixed) {rotatable)

PO ER TR

CCF-LPFG

Optical spectrum analyzer

Figure 10. Schematic diagram of experimental setup designed to investigate strain

responses of fabricated sensor head (DCF-LPFG).

4.1.3 Torsion Measurement

Then, the torsion response of the fabricated sensor was investigated by

attaching one end of the sensor head to a fixed fiber holder and the other one
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to a rotatable fiber holder. Torsion was applied to the DCF-LPFG by
gradually rotating the fiber rotator located in the fiber holder in the CW or
CCW direction, as shown in Fig. 11. A twist rate 7 is given by 6/L, where 8 is
the rotation angle of the fiber rotator, and L is the distance between the two
fiber holders (i.e., fixed and rotatable fiber holders). Here, the distance L was
~0.18 m. This torsion measurement is measured in the twist range of —180°

to 180° with a step of 45° at room temperature (AT = 0).

Broadband source

- Computer

(EEREEEEE R E

DCF-LPFG

- //" " "
[/! Fiber holder Fibgpalder Optical spectrum analyzer

- (fixed) {rotatable)

Figure 11. Schematic diagram of experimental setup designed to investigate torsion

responses of fabricated sensor head (DCF-LPFQG).
4.1.4 Temperature Measurement

Finally, to observe the temperature responses of the sensor indicators

Dip A and Dip B of the fabricated DCF-LPFG, the sensor head was placed
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on a hot plate, and the temperature-induced spectral variations of the two
indicator dips were investigated in a temperature range from 25 to 100 °C
(step: 5 °C) without applied torsion (Az = 0). During the characterization of
the temperature response, a small amount of longitudinal tension was applied
to the sensor segment to avoid the thermally induced micro bending of the
sensing fiber. To provide a stable temperature environment, a thermal
chamber made of enclosed aluminum foil was utilized to explore the
temperature response of the DCF-LPFG located within the chamber. As seen
in Fig. 12, an electronic thermometer (Fluke 51 II) was used to monitor the

temperature inside the thermal chamber.

Computer
. ]
Thermometer | Data
transfer
b - Thermal s
K\ chamber ~ DCF-LPFG 2,
P ’5 ' e L e
’// ﬁ o trevomovn % J = Ll‘—'*‘-"f"(_ﬁzi
> - ——
pE - -
\ f /}/», :. % Jund
- | % Fiber holder | Fiber holder Optical spectrum analyzer
- (fixed) ({fixed)
Broadband source Hot Pla'e

Figure 12. Schematic diagram of experimental setup designed to investigate

temperature responses of fabricated sensor head (DCF-LPFG).
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4.2 Measurement Results

4.2.1 Bending Measurement Results
Figs. 13 (a) and (b) show bend-induced spectral variations of Dip A and Dip
B of the DCF-LPFG, Dip A and Dip B moved towards a shorter wavelength
region (in the direction of the blue arrow) showing a blue shift. When the

applied bending (AC) was changed from 0.0 to 1.22 m™! corresponding to a

AL range from 0.0 to 1.22 m™!, AA of Dip A decreased from ~1508.62 to ~

1503.52. For the same AC range from 0.0 to 1.22 m™' as in Dip A, AB of Dip
B decreased from ~1551.88 to ~1530 nm, exhibiting a blue shift. A bend-
induced change in AA or AB is attributed to bend-induced changes in the

effective refractive index difference Aneff and the grating pitch. The bending

sensitivity of the DCF-LPFG can be drawn out from (2) and is given by °!

oA 1 0OAn, - F G_A] 3)

dip _
oC dip[Aneﬁ éC  AaC

where C and Aneff (= neo,eff— neiefr) represent the curvature and the difference
between the effective refractive indices of the core and cladding, respectively.
The bending sensitivities of Dip A and Dip B, that is, S and S were

measured as approximately -4.422 nm/m™' and —21.88 nm/m™!, respectively.
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It is noted that the magnitude of Scs was 5 times greater than that of Sc4. The
magnitude difference between Scs and SCp seems to originate from the
cladding-mode order difference between Dip A and Dip B.

The inset of Figs. 13(a) and 13(b) display the bending-induced
wavelength shifts of Dip A and Dip B for the applied strain ranging from 0.0
to 1.22 m!, respectively. Blue circular symbols and solid lines in both insets
represent the measured values of indicator dip wavelengths and the linear fits

of the measured data of 14 and 43, respectively
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Figure 13. Spectral variations of sensor indicators (a) Dip A and (b) Dip B, induced
by applied bending of 0.0 to 1.22 m™!. The inset of (a) and (b) show the bend-

induced wavelength shifts of Dip A and Dip B, respectively.

4.2.2 Strain Measurement Results

Figs 14(a) and 14(b) show the strain-induced spectral variations of the
two sensor indicators (i.e., Dip A and Dip B), measured for an applied strain
range of 0 to 2000 pe (step: ~222.2 ue) at room temperature (A7 = 0) without
any applied torsion (Az = 0), respectively. As seen in Figs. 14(a) and 14(b),
Dip A and Dip B exhibited very slight blue shifts and blue shifts of ~0.32 and

~1.12 nm with increasing strain along the sensing fiber, respectively.
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Figure 14. Spectral variations of sensor indicators (a) Dip A and (b) Dip B, induced

by applied strain of 0 to 2000 pe. The insets of (a) and (b) show the strain-induced

wavelength shifts of Dip A and Dip B, respectively.
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The inset of Figs. 6(a) and 6(b) display the strain-induced wavelength
shifts of Dip A and Dip B for the applied strain ranging from 0 to 2000 pe,
respectively. Red circular symbols and solid lines in both insets represent the
measured values of indicator dip wavelengths and the linear fits of the
measured data of A4 and A, respectively. Based on the results, the strain
sensitivities of Dip A and Dip B, designated as Ss4 and Ssa, were evaluated as
approximately —0.171 and 5.029 pm/pe, respectively. However, the adjusted
R? values of Dip A and Dip B were ~0.9792 and ~0.8091, respectively, which
implies that their strain responses are good linear. The bending sensitivity of

the sensor head can be drawn out from (2) and is given by 2.

dip _ _ .
Os P\ An o A Os

where C and Anejy (= ncoeff—heieff) represent the curvature and the difference

between the effective refractive indices of the core and cladding, respectively.

4.2.3 Torsion Measurement Results
Figs 15(a) and 15(b) show spectral variations of Dip A and Dip B
caused by torsion, measured at room temperature (25 °C, AT = 0),

respectively. The torsion-induced spectral changes of Dip A and Dip B were
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recorded while varying the twist angle from —180° to 180° with a step of 45°.
Here, plus and minus twist angles imply that torsion is applied to the sensor
in the CW and CCW directions, respectively. The two indicator dips moved
towards a longer wavelength region showing redshifts. Specifically, A4
increased from 1506.16 to 1510.22 nm (A4 = —4.06 nm), and Ap increased
from 1550.54 to 1552.46 nm (Alz = —1.92 nm). These torsion-induced
changes in 44 and Ap are caused by torsion-induced changes in Aneg (= nco, eff
nele) and A. From (2), the torsion sensitivity of the DCF-LPFG is obtained

as 53

oA, OA
ﬂz% 1 ﬁJrLa_A , (5)
ot W A G W

where Aqip 1s the dip wavelength of the sensor indicator, and OAqip/0r is the rate
of change of the indicator dip wavelength with respect to the applied torsion,
i.e., the torsion sensitivity of the indicator dip. The second term on the right-
hand side of (5) is close to zero because the grating period rarely changes with
the applied torsion irrespective of the twist direction. Accordingly, the
torsion-induced variation in the effective RI difference Aney dominantly
affects the torsion-induced wavelength shift in the indicator dip and thus the

torsion sensitivity.
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Figure 15. Spectral variations of sensor indicators (a) Dip A and (b) Dip B, induced
by applied twist of —180° to 180°. The insets of (a) and (b) show the torsion-

induced wavelength shifts of Dip A and Dip B, respectively.
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The torsion sensitivities of Dip A and Dip B, that is, Sz4 and S:5, were
measured as approximately 114.80 and 56.04 pm/(rad/m), respectively. It is
noted that the magnitude of Sw4+ was 2.0 times greater than that of S. The
magnitude difference between S+ and S seems to originate from the
cladding-mode order difference between Dip A and Dip B.

The insets of Figs. 4(a) and 4(b) show the torsion-induced wavelength shifts
of Dip A and Dip B, represent the measured values of indicator dip
wavelengths and the linear fits of the measured data of A4 and 43, respectively
measured for the applied torsion variation ranging from —9.69 to 9.69 rad/m,

respectively.

4.2.4 Temperature Measurement Results
Figs. 16(a) and 16(b) show temperature-induced spectral variations of two
sensor indicators Dip A and Dip B, measured in a temperature range from 25
to 100 °C without any applied torsion (Az = 0). We found from the figure that
Dip A and Dip B moved towards a longer wavelength region showing
redshifts from 1505.58 to 1510.72 nm and from 1550.8 to 1555.98 nm,
respectively. Likewise in the case of the other parameter wavelength shifts of

Dip A and Dip B, these temperature-induced redshifts in 44 and Az are also
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caused by thermally induced changes in Ane and A °'. Similarly, the

temperature sensitivity of the DCF-LPFG is given by

oA, OAn _,
Sty | = LA (©)
or An, oT ~ AoT

where 044i/OT is the temperature sensitivity of the indicator dip. The first
term on the right-hand side of (6), which depends on the product of the inverse
of Aney and OAney/OT, refers to the thermo-optic effect in Aney. The second
term is associated with the silica thermal expansion and can usually be
neglected because it is some orders of magnitude smaller than the first one 3.
The temperature sensitivities of Dip A and Dip B, that is, S74 and Stz were

measured as ~67.70 and ~67.44 pm/°C, respectively.
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Figure 16. Spectral variations of sensor indicators (a) Dip A and (b) Dip B, induced
by applied temperature of 25 to 100 °C. The insets of (a) and (b) show the
thermal-induced
Similarly, the insets of Figs. 16(a) and 16(b) display the temperature-induced
wavelength shifts of Dip A and Dip B, measured for the applied temperature

variation ranging from 25 to 100 °C, respectively
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V. Conclusion
In summary, we experimentally demonstrated an optical fiber sensor capable
of measuring various physical parameters by incorporating a DCF-LPFG.
The DCF-LPFG as a sensor head was fabricated by scanning CO; laser pulses
on DCF with a uniform period. In the transmission spectrum of the fabricated
sensor head, two attenuation dips whose resonance wavelengths were 14 =
~1508.62 nm and 43 = ~1551.88 nm were selected as sensor indicators (Dip
A and Dip B, respectively) for the measurement of bending, strain, torsion,
and temperature variations. For both sensor indicators, their physical
parameter responses were investigated in a bending curvature range of 0.0 to
1.22 m™! twist range of 0 to 2000 pe, a twist angle range of —180° to 180° and
a temperature range of 25 to 100 °C, respectively. The bending sensitivities
of Dip A and Dip B were measured to be approximately -4.422 and -21.88
nm/m’!, the strain sensitivities of Dip A and Dip B were measured to be
approximately -0.171 and 5.029 pm/peg, the torsion sensitivities of Dip A and
Dip B were measured to be approximately 114.80 and 56.04 pm/(rad/m), and
the temperature sensitivities of Dip A and Dip B were measured to be ~67.70
and ~67.44 pm/°C, respectively. The DCF-LPFG response from the

measurement of 4 physical parameters showed good performance. However,
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the bending measurement showed poor data sensitivity. In measuring these
physical parameters, the factor that determines sensor performance is the
influence of the effective RI of the cladding and the effective RI of the core.
This is it can be exemplified when a physical parameter such as torsion is
applied to the LPFG, because the core hardly depends on torsion, the effective
RI of the cladding is significantly changed compared with the effective RI of
the core, resulting in a change in the resonance condition and a resonance
wavelength shift, and the same applies to other physical parameters. From the
fabrication and experimental we show, its ability to discriminate 4 physical
parameters, shows a sensitive and insensitive response. So, it can potentially
simultaneously measure 2 or more physical parameters for future work. The
proposed DCF-LPFG is expected to be beneficial as a compactly embedded
and electrically passive cost-effective sensor head for structural health

monitoring in various industrial trial applications.
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