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Abstract

Designing a miniature 2-axis accelerometer is attractive for pantograph-catenary
interaction system monitoring because the size and weight of sensor adversely affect
the dynamic property of the pantograph. The features of fiber Bragg grating along
with the femtosecond laser-based inscription technology can be utilized to make not
only compact but also robust accelerometer. Therefore, this thesis focuses on
designing and fabrication of a compact cantilever based two-axis accelerometer
using multicore fiber (MCF) inscribed with FBG by femtosecond laser-based point
by point technique. Prior to the fabrication, the stress distribution along the length
and cross section of the cantilever beam structure has been evaluated using FEM
based software (COMSOL Multiphysics). Furthermore, the frequency response of
the cantilever structure with different length has also been investigated. The
simulation results have been validated by inscribing an FBG in one of the cores of a
homemade three core fiber and subsequently analyzing the frequency response as
well as the response to applied acceleration along one axis. Thereafter, a two-axis
accelerometer based on a commercial multi core fiber has been fabricated. The two
cores of the MCF have been inscribed with well distinguished FBG using
femtosecond laser-based point-by-point technigue without removing the polymeric
coating thereby enhancing the mechanical stability. The sensor has been packaged
in a box with a total weight of 5.2 grams. The response of the packaged sensor has
been studied by evaluating its performance to applied acceleration up to 5g without
damping oil, and up to 25 g with the filling of the box with damping oil.
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Chapter 1. Introduction

1.1 Background and Motivation

In recent years, the importance of railway systems has been increasing due to the
rapid development of greener forms of transportation. The installation of railway
lines in many cities clearly indicates the global demand and growth potential [1-2].
Electrified trains are powered by overhead lines referred to as a catenary system
where a pantograph mounted on the roof of the train is used to collect power through
contact with the overhead lines. The pantograph and the catenary combinedly form
a dynamically coupled system where both influence each other. The quality of power
collection which in turn is affected by the interaction of the pantograph-catenary
system. Therefore, the contact force between the pantograph and catenary needs to
be monitored for smooth operation of railways [3]. While a high contact force
between the catenary wire and the pantograph may damage or wear out the catenary
wire prematurely, a low contact force may lead to sparking and arcing between the
pantograph and the contact wire [4]. In addition, when a moving pantograph passes
through the nodes of the catenary wire, the induced elastic waves would in turn result
in an undesirable vibration of the pantograph. The inevitable vibration results in
dynamic power coupling between the pantograph and catenary, as well as an
unstable contact force. Hence, contact force measurements are of crucial

significance to the health of the pantograph-catenary system.

Several types of electronic and fiber-optic sensors have been proposed for

pantograph contact force measurements over the past few years. However, because

of the high voltage environment, conventional electronic sensors are not suitable for

this purpose and can be replaced with optical sensors benefiting from their intrinsic

features such as lightweight, compact size and immunity to electromagnetic

interference. Optical sensors, on the other hand, benefiting from their intrinsic
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features such as immunity to EMI and non-electrical conductivity, are ideal
candidates. Optical image processing techniques together with line sensor cameras,
optical fiber-based interferometers and fiber Bragg grating (FBG) based sensors
have been utilized to measure the contact force [5-8]. Koyama et.al have
demonstrated a force sensor based on displacement of marker on the pan-head of
pantograph [5]. However, it should be noted that the maintenance of the system can
be costly due to the use of lighting devices and line sensor cameras with the
performance of the sensor prone to be affected by the weather. Boffi et.al. have
proposed a static and a dynamic strain sensor for pantograph-catenary contact force
measurements based on Michelson’s interferometer [6]. An FBG-based sensor has
been proposed for pantograph strain measurement with temperature compensation
based on digital filter [9]. In this case, local heating by sunlight or high electric
current can cause deformation in the strip that has been used to install the FBG in
the pantograph [10]. Furthermore, an S-shaped FBG-based load cell has also been
incorporated in pantograph contact force measurements [11]. Moreover, an FBG-
based sensing system comprising fiber optic force sensors and accelerometers have
been used to monitor the forces between the collector and the overhead power line
[12]. Nevertheless, in these scenarios, heavy transducers are needed to be

incorporated with the FBG.

In addition, the inertia from the contact strip movements has to be considered and it
can be measured in terms of acceleration via the equation F=ma where a refers to
the acceleration of the pantograph where the accelerometer was attached, and m is
mainly determined by the mass of the current collector of the pantograph. For
example, an FBG based sensor has been used to monitor the contact force and
acceleration of an underground pantograph-catenary system [13]. Although, a wide

range of FBG-based accelerometers are commercially available for one-axis



acceleration measurements, due to the forward and zig zag motions of the
pantographs, simultaneous detection of acceleration along the longitudinal and
lateral directions are needed [14]. This could be achieved by assembling two one-
axis accelerometers. Incorporation of increased number of sensors may lead to a
bulky pantograph-catenary system which would deteriorate the dynamic property of
the pantograph. Therefore, a lightweight two-axis accelerometer with the capability
of measuring acceleration in multiple directions would be a prudent approach for

compact and robust measurements.

In this thesis, a detailed numerical investigation of a cantilever beam-based
accelerometer is carried out using FEM based simulation technique followed by
experimental validation. The cantilever consists of an optical fiber with a small mass
attached at its tip and the simulation involves the investigation of stress distribution
along the cross section as well as length of the optical fiber. Furthermore, the
frequency response of the sensor for different beam lengths is also studied. The
simulation results are validated by fabricating a one-axis accelerometer based on a
three-core fiber. Thereafter, a two-axis accelerometer based on a commercial
multicore fiber was designed and developed. Two of the seven cores of the multi
core fiber are inscribed with well distinguished FBGs through the coating using
femtosecond laser-based point by point technigue and the geometrical position of
the FBG as well as the length of the cantilever beam are fixed as per the simulation
results. The sensor is fixed inside an aluminum box filled with damping oil and the
response of the sensor to applied acceleration up to 25¢ is investigated to corroborate

its robustness.



1.2 Research Objective

The research objective of this study can be summarized as follows:

e To analyze the stress distribution and frequency response of cantilever beam
structure using FEM Dbased simulation for the design of two-axis
accelerometer.

e To optimize the parameters such as beam length and position of FBG for
maximum response of the sensor to applied acceleration.

e To validate the simulation results using a one axis accelerometer based on a
homemade three-core fiber.

e To design a lightweight and miniature FBG-based two-axis fiber optic
accelerometer for pantograph-catenary system.

e To inscribe the FBGs at optimal positions in two of the seven cores of
multicore fiber as per the simulation model.

e The optimized mass at the tip of sensor and beam length for desired resonant
frequency.

e To fix the fiber-based accelerometer in a small box to make the whole system
compact.

e To study the response of the sensor to applied acceleration in different
orientations with and without the filling of box with damping oil.

e To test the robustness of packaged sensor with high acceleration (> 20 g).



1.3 Thesis Outline

This thesis consists of five chapters and the summary of each chapter is as follows.

Chapter 1 presents the introduction that includes the brief overview of pantograph-
catenary system and sensors for contact force measurement, the motivation for the

project, research objective and the outline of the thesis.

Chapter 2 provides detailed literature reviews for pantograph-catenary system that
includes the basic structure and model of the system. This is followed by literature
reviews of on inscription of fiber Bragg gratings using UV laser-based phase mask
technique as well as femtosecond laser-based point by point and line by line

technique. Thereafter, a brief overview of the theory of FBGs is discussed.

Chapter 3 presents the FEM based simulation analysis for the design of cantilever
beam-based accelerometer. The stress distribution and frequency response of the
cantilever beam for different mechanical parameters are investigated. The simulation
results are validated experimentally by designing a one axis accelerometer using a

three-core fiber.

Chapter 4 presents the design of a compact and robust 2-axis accelerometer based
on seven-core fiber. The inscription of FBGs using femtosecond laser-based point-
by-point as well as the fixing of the sensor in a compact box for maximum response
are described in detail. The response of the sensor to applied acceleration is

investigated with and without damping oil.

Chapter 5 summarizes the current results of the thesis and discusses the potential

works that can be done in future.



1.4 List of Publications

1. Yaokang Yu, lJitendra Narayan Dash, Jingxian Cui, Dinusha Serandi
Gunawardena and Hwa-Yaw Tam, “Miniature Two-AXis Accelerometer Based on
Multicore Fiber for Pantograph-Catenary System,” IEEE Transactions on
Instrumentation and Measurement, VVol.73, 7005208, 13 July 2023
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Chapter 2. Background Review

2.1 Pantograph-catenary interaction

In the railway system, the catenary wires together with the pantograph constitutes
the power collection system where the current from the catenary wire gets collected
by the train via the pantograph. This leads to a mechanical interaction between

pantograph and catenary system that in turn affects the operation of train.

Primarily, a combined system comprising of a mast, message wire, dropper, contact
wire, registration arm and cantilever constitute the catenary as shown in Figure 1.
As can be seen from the figure, the mast and the bracket hold the other components
of the catenary system at a fixed position that allows pantograph to collect electric
power. The messenger wire maintains the position of contact wire intact at a fixed
position while the copper contact wire provides power to the pantograph through
direct electrical contact. The messenger wire is connected to the copper wire by
means of a vertical dropper that helps in decentralized transfer of the admissible load
on the contact wire. On the other hand, the horizontal force on the contact wire is

taken care of by the registration arm [15].

Bracket

Messenger Wire

\
Contact Wire

Dropper

Registration Arm

N

Mast

Figure 1. Basic structure of catenary
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The pantograph consists of several mechanical components and is mounted on the
roof of train for current collection as shown in Figure 2. The pan head remains in
contact with the catenary wire for current collection while the other components

provide support and uplift force to the pantograph [15,16].

Cross bar

Pan head —’—/v

Contact wire

T
(1% Spring)

Plunger
(2" Spring)

Upper arm

Balance rod

Lower arm

Thrust rod

" ol
Train Base frame

Figure 2. Basic structure of pantograph [15]

The operation of pantograph and catenary system involves several physical fields
such as mechanical, heat and electrical that require proper maintenance. A slight
disturbance in these parameters will lead to significant changes in the performance
of the system [4]. The operation of the pantograph centenary system can be analyzed
using a damping model represented as Figure 3. Here, m;, m, and ms refers to the
mass of panhead, mass of inertial frames (lower arm and upper arm) respectively.
On the other hand, parameters such as k,(n=1,2), c,(n=1,2), y, and F refer to the
stiffness between panhead and frames, the damping between frames and base or
between pan-head and frames, vertical displacement of panhead and frames and
uplift force respectively.

The damping model shown in Figure 3 can be expressed in terms of the following
equation [3,17-18].

My +Cy+Ky=F (2.1)
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Figure 3. Pantograph Lumped Model [3]
where M, C and K correspond to mass, damping and stiffness matrices, respectively.

The natural frequency (w) of pantograph can be approximated by [3]
w? =— (2.2)

Therefore, from equations (2.1) and (2.2), it can be seen that the mass of pantograph
affects the uplift force and the nature frequency and thus, any change or modification
in mass (for example adding a sensor) will change the original dynamic property of

the pantograph.

The coupling mode of entire pantograph-catenary system can be represented in terms
of Figure 4(a) while for easier analysis, the simplified model as shown Figure 4(b)

can be considered. The equation (2.1) can now be rewritten as [19]
My +Cy+K({t)y=F (2.3)
where

K(t) = K, (1 + e cos (2% t)) (2.4)
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Here, K, , €, 1, v and t refer to the average stiffness of catenary, difference coefficient
of elasticity in the catenary span, span length of catenary, train speed, and time.
Therefore, the pantograph and catenary interaction gets affected by the speed of the

train.

Messenger Wire
«

Catenary

N\
-
v Dropper

Figure 4. (a) Pantograph-catenary coupling model (b) Simplified model [19]

Apart from mass pantograph and speed of train, the pantograph catenary interaction
also gets affected by several other factors such as aerodynamic force, geometry and
the orientation of pantograph and direction motion of the pantograph. The major
aerodynamic effect occurs due to the speed of train, orientation and working height
of pantograph [2]. The drag and lift force of the pantograph gets affected by the
profile of pan-head and the orientation of pantograph and this has been demonstrated
by the wind tunnel experiment [20,21]. Furthermore, CFD model simulation shows
that the collector uplift force also gets varied with the train speed [22]. Additionally,
the zig zag motion of pantograph that arises due to the motion along lateral direction
affects the stability of the pantograph. The convex nature of the surface of
pantograph results in an air gap between the panhead and contact wire and the zig
zag motion affect this air-gap thereby leading to the interruption in power supply
[14].

14



In summary, the pantograph-catenary interaction gets affected by the motion along

vertical and lateral direction.

2.2 Fabrication of Fiber Bragg Grating (FBG)
FBG consists of periodic modulation of refractive index in the optical fiber core and
the modulated segment reflects a particular wavelength while transmitting other

wavelengths [23]. The schematic of a typical fiber Bragg grating is shown in Figure

Input A Cladding

— e I e

Core Bragg

P
Grating ’ \/ ‘

»
Reflection A Transmission A

Figure 5. Reflection and transmission of light in fiber Bragg Grating [23].
The modulation in refractive index is accomplished using high intensity UV laser
beam and photosensitive fiber where the change in index depends upon the doping
concentration in fiber. The photosensitivity of the fibers is usually enhanced by low
temperature hydrogen treatment prior to UV exposure [24,25]. Alternatively,
periodic modulation can also be induced in non-photosensitive fiber by the use of
femtosecond laser. Basically, the fabrication of FBG has been demonstrated using
interferometry (holographic) and phase mask technique as well as point by point or

line by line technique.

In interference technique, a beam splitter splits the incident laser beam into two and
these two beams in turn are reflected by two mirrors and ultimately gets recombined
on the fiber as shown in Figure 6(a). Recombination results in the formation of

periodic fringes and this leads to the periodic change in the refractive index of the
15



fiber. The period of the grating is determined by the interference angle 6 and
wavelength of incident laser beam [26]. Therefore, the period can be tuned by
rotating the mirrors thereby varying the angle 0. Several works have been reported
on inscription FBGs using interferometry technique. FBG has been inscribed by in
germanosilicate based optical fiber using UV laser-based interferometry technique
at wavelength of 244nm [26]. Alternatively, the beam splitter in the conventional
holographic set up has been replaced by a phase mask in a Talbot interferometric
arrangement to inscribe grating in fiber as shown in Figure 6(b) [27]. A chirped
phase mask that acts as a nonhomogeneous beam splitter generating
nonhomogeneous periods on fiber has been used to inscribe chirped FBG [28]. A
two-beam interferometer utilizing light from a deep ultraviolet femtosecond laser
has been demonstrated to inscribe FBG in visible spectral range [29]. In order to
reduce the alignment complexity, two electro-optical phase modulators (EOPMs)
have been inserted between phase mask to get a fixed position of the recombined
beams as shown in Figure 6(c) [30]. In this case the wavelength of grating can simply
be tuned by controlling the EOPMs. All the works described above based on
interferometry technique are vulnerable to mechanical vibration and require high

spatial coherent beam as well as precise alignment of the optical system.

Lase Beam Lase Beam

Mirror I Phase Mask I Phase Mask
?/ \+1
p \ o N
N, v -
™, / Electro- \
AN optical Phase
™ 9 Fiber Modulators
—— i
Mirror ™ Mirror o Mirror Mirror 9 E Mirror
D a H D

a

Fiber i Fiber

(a) (b) (c)

Figure 6. Fabrication of FBG using interference technique: (a) conventional [26] (b) with phase mask [28]
and (c) with phase modulator [30].
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Apart from interferometry, another inscription technique based on phase mask has
been widely investigated. The schematic of the FBG inscription using phase mask is
shown in Figure 7. The incident laser beam is transmitted through a phase mask and
gets diffracted into beams of different orders. The £1 order (that contain more than
35% of diffracted light) are made to interfere with each other on the fiber and this
results in the periodic change in refractive index [31]. The diffracted beam is
gradually scanned along the fiber to get FBG of desired length and peak intensity.
This technique can be implemented with easier alignment of optical system and
relaxes the stability as well as coherence requirement that are required in holographic
technique. With this technique, the center wavelength of FBG can easily be tuned
by changing the phase mask with different period. Because of the simple setup, phase
mask technique has been widely used to inscribe different types of gratings in optical
fiber. Several procedures have been developed to inscribe FBGs in fiber using the
above technique. For example, the UV exposure time to inscribe FBG can be reduced
by increasing the photosensitivity of doped fiber [32]. The long exposure time leads
to the shift in center wavelength due to the DC index changes in the exposure region.
Also, Kashyap et.al reported the apodising grating using phase mask technique by
stretching the fiber during fabrication [33]. A technique to inscribe complex Bragg
grating has been reported by Cole et.al where the velocity of the fiber has been tuned
during beam scanning to tune the center wavelength of the grating [34]. Apart from
these several other types of FBGs such as phase-shifted FBG [35], Tilted FBG [36]
and Chirped FBG [37] have also been inscribed using phase mask technique.
However, the use of UV laser with pulse duration of nanoseconds makes it
mandatory to use photosensitive fiber for inscription of FBGs. Additionally, the
polymer coating needs to be removed before inscription of FBG thereby reducing
the mechanical strength of fiber. This issue can be addressed by using high power
ultrafast laser with pulse width of few hundred femtoseconds. For example, chirped
17



FBG has been inscribed in non-photosensitive fiber using fs laser-based phase mask
technique [38]. Inscription of tilted FBG has been carried out in fiber through the
polyimide coating of the fiber using infrared femtosecond laser [39]. Furthermore, a
highly birefringent phase-shifted FBG has also been inscribed using the above
technique [40].

Figure 7. Schematic of phase mask technique.

However, inscription of FBGs involving either UV laser or femtosecond laser
require phase mask of different periods to achieve peaks with desired wavelengths.
This could be resolved using femtosecond laser-based point by point or line by line
techniques. These techniques not only lead to inscribe FBGs of the desired
wavelength but also do not require photosensitive fiber and removal of polymer

coating. A detailed description of this technique is described in the following section.

2.3 Principle of Femtosecond Laser for FBG Fabrication

2.3.1 Femtosecond Laser-induced Breakdown and Damage Mechanisms
A femtosecond laser (fs laser) belongs to an ultrafast laser system that emits pulses
with pulse duration ranging from few to hundred femtoseconds. A typical Gaussian

pulse with duration At < 500f's is shown in Figure 8.
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Figure 8. A typical femtosecond laser pulse with Gaussian shape.
The intense pulse from the fs laser can modify a dielectric structure permanently by
means of nonlinear optical absorption mechanism [41]. Basically, the nonlinear
absorption processes can be divided into three categories depending upon the energy
of the incident laser. These are (a) Tunneling ionization, (b) Multiphoton ionization

and (c) Avalanche ionization as illustrated in Figure 9.

Sonducton
_ £ 33
S
TNl T T

Figure 9. (a) Tunneling lonization (b) Multiphoton ionization (c) Avalanche lonization [42]
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In tunneling ionization, the high electric field leads to the suppression of Coulomb
well that in turn results in tunneling of the electrons from valence band (VB) to
conduction band (CB). On the other hand, simultaneous absorption of m number of

photons where mhw > E, leads to multiphoton ionization process. Here, the

number of m photons, where m is the integer that it should satisfy the minimum

requirement, 7, w , and E, refer to the reduced Planck constant, laser frequency,

band gap energy between valance and conduction band respectively [42]. The above
two processes can compete with each other when the intensity of the laser pulse is

high and this can be distinguished by Keldysh parameter [43]

1/2

o) [mcneoEg] 2.5)

el
where m and e refer to the reduced mass and charge of the electron while I , ¢ , n,
and &, refer to laser intensity, velocity of light, refractive index of material and free
space permittivity. For y <1.5, the tunneling ionization is dominated while
multiphoton ionization is dominated for y >1.5. On the other hand, for y = 1, both
of these processes are dominated [44]. The process underlying the avalanche
ionization is described as follows. A free electron in the CB accumulates energy by
absorbing several laser photons. When this energy exceeds the minimum energy of
CB by an amount more than the band gap, the electron can ionize another bound
electron in VB thereby resulting in two electrons near the bottom of CB [42,44].
These two electrons undergo the same process leading to avalanche ionization.
Therefore, seed electrons are required for avalanche ionization and these can be
provided either by thermally excited carriers, tunneling ionization or multiphoton

ionization.

The interaction of the femtosecond pulse with the material basically leads to three

types of modification in the material namely (I) smooth index change, (11) formation

20



of nanograting, and (I11) formation of nanovoid [44]. The rapid cooling of melted
glass from high temperature leads to the smooth change in refractive index for low
pulse energy above threshold. However, for intermediate laser energy (i.e., pulse
energy of ~150nJ-500nJ) there is formation of nanograting in the irradiated volume
region [45]. The mechanism behind this phenomenon can be attributed to the
interference between the incident light field and bulk electron plasma wave induced
by the incident laser field. On the other hand, for high pulse energy (>500 nJ), the
incident laser field generates shockwave that exceeds the internal pressure within
the focal volume. This leads to micro-explosion in the focal volume thereby
producing a void surrounded by high index region [46]. The phenomenon of smooth
refractive index change can be utilized to write waveguide or inscribe grating in fiber
by point by point or line by line technique [47] while the phenomenon of nanovoid
formation can be used for structure modification of material for sensing applications

or microfluidic channels fabrication.

2.3.2 Femtosecond Laser Inscribed Fiber Bragg Gratings (FBGS)

The smooth modification of refractive index at the focus spot of the fs laser can be
employed to inscribe waveguides and gratings in fiber. The inscription of grating in
fiber could be achieved either by point by point (PbP) or line by line (LbL) technique.
A typical set up to inscribe FBG using fs laser based PbP technique is shown in
Figure 10. Light from femtosecond laser is passed through a halfwave plate,
polarizer and quarter wave plate before being reflected from a dichroic mirror and
focused onto the fiber using a microscope objective (MO). The fiber is kept on a
high precision translational stage and it is illuminated with an LED. The reflected
light from the fiber is transmitted through the MO and dichroic mirror and gets
reflected by another mirror onto the CCD thereby enabling to monitor the inscription

in real time. The fiber is kept on a glass slide with its two-end fixed. A drop of index

21



matching oil is placed on the fiber to remove the curvature error of the fiber due to
its cylindrical geometry. The velocity of the translation is precisely controlled in all
three directions. The grating period is governed by adjusting the velocity of the

translational stage and the repetition rate of the pulse.

Mirror cco
{ ﬂ

Laser Beam
FS laser ’ .I I I I \
Shutter Polarizer and waveplates Dichroic Mirror Mic_rospopy
Spot Size: Objective
LED Light 1~2um
Microscopic \ ‘I Iw
objective \\ \ | ’f
\/ /Opti:al fiber (]I .... o H]
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Transition [\
3D translational stage Stage ‘ ‘

Broadband source

Figure 10. Basic set up for the inscription of point-by-point grating using femtosecond laser.
Several types of FBGs have been inscribed using PbP technique for different
applications. Martinez et al. have reported direct writing of FBG by fs laser based
PbP technique and the reflectivity of different orders of gratings have been analyzed
in his work [48]. Here, the second order grating has been found to have higher
reflectivity compared to that of first order grating owing to the overlapping between
the spots at the focused region of the laser. With higher laser pulse energy, it has
been possible to inscribe PbP grating through the coating thereby enhancing the
robustness of the fiber for sensing applications. For example, FBG inscribed through
the coating using infrared fs laser has been found to withstand larger strain compared
to the bare fiber [49]. A variety of complex gratings such as amplitude- and phase-
modulated sampled gratings and gratings with controlled bandwidth have also been
inscribed using PbP technique [50]. Williams et al. have reported the inscription of
eighth-order grating with bandwidth of 30 pm for application in Q-switched fiber
laser-based system [51]. A DFB fiber laser based on FBGs inscribed by fs laser has
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been found to have a spectral line width around 17kHz [52]. Furthermore, inscription
of five parallel FBGs in the fiber core with each having different peak wavelengths
has been demonstrated where there has been increase in reflectivity and FWHM for
parallel gratings with same peak wavelengths [53]. Moreover, FBG has been
inscribed in the cladding close to the core-cladding interface and resulting offset
FBG based system has been demonstrated for bending and shape sensing [54].
Besides these, fs laser has also been used to inscribe two FBGs in a tapered fiber for
the demonstration of a tunable fiber notch filter based tension and temperature sensor
[55]. The aforementioned gratings based on smooth modification in refractive index
cannot be used for high temperature applications. However, fibers inscribed with fs
laser based nanograting has been found to have long-term stability for extreme high

temperature environment (>1000°C) applications [56].

The size and morphology of the laser induced spots determine the scattering loss and
reflectivity of the gratings inscribed by PbP technique [57,58]. Stronger transmission
losses at wavelengths smaller than 400 nm due to Mie scattering effect have been
reported [57]. In one of the studies, the scattering loss in gratings written with PbP
technique have been found to be 19% which is higher than traditional gratings

written using UV laser [58].

The PbP based inscription technique offers fast fabrication but requires precise
alignment of optical fiber. On the other hand, inscription of gratings using LbL
technique does not get affected by the misalignment of fiber although the inscription
duration is much longer (e.g. 3mm grating spends < 10 seconds with PbP while > 30
minutes with LbL). In this technique, the inscription of each line is carried out by
moving the fiber in transverse direction with respect to the incident laser beam for
each line and this process is repeated several times along the longitudinal direction.

The schematic of the LbL based inscription is shown in Figure 11.
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Figure 11. Femtosecond laser-based inscription of FBG by line-by-line technique.
Several types of FBGs have been inscribed using LbL technique for different
applications. A significant lower polarization dependent loss compared to PbP
technique has been demonstrated in gratings written using fs laser based LbL
technique [59]. LbL based fiber Bragg grating with phase shift of n/2, © and 372
have been fabricated by controlling the pitch of the lines [60]. Xizhen et al. (2018)
have demonstrated the inscription LbL gratings in single-crystal sapphire fibers
using femtosecond laser [61]. These gratings have been found to have reflectivity of
6.3% and could withstand a high temperature ~1600°C. Furthermore, LbL technique
has also been utilized to inscribe aperiodic FBGs that could be used as filter elements
[62]. Chernikov et al. have demonstrated inscription of LbL gratings through the
polymer coating and resulted reflection spectra have been found to have a set of
pronounced peaks around the center wavelength that can be attributed to several
factors such as non-uniform laser pulse energy, non-uniform displacement of optical

fiber, non-uniform modification of medium [63].

2.4 Theory of Fiber Bragg Grating (FBG)

The refractive index change induced in optical fiber by the incident laser beam can

be expressed as [64]
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An(z) = Anpq(2) [1 + v cos (2%2 + qb(z))] (2.6)

where An(z) and Anp-(z) refer to the refractive index change along the length of
the fiber and “dc¢” index change spatially averaged over a grating period. The
parameters A, v and ¢ (z) refer to the period of grating, fringe visibility and grating
chirp respectively. The schematic of index modulation and interaction of light with
the grating are illustrated as Figure 12 and Figure 13 respectively. In Figure 13, a
transverse mode gets reflected by Bragg grating with angle 6, into the mode
traveling in the opposite direction with angle 8, .Here m and n_, refer to the

diffraction order and refractive index of fiber core respectively.

>
Z
Figure 12. Refractive index modulation
a4 A »
0,1
BT
0,
m = -1 m=0
>z

Figure 13. Diffraction of light from the refractive index modulated region.
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The propagation constant of the mode guided through the core of the fiber can be

expressed as [64]

21
B = (7) Nesf (2.7)
where n s refers to the effective refractive index and n. s = n.,sin(8) and 6 can
be 6, or 9,.
Thus, the grating equation for guided modes is expressed as
Br=pr+m(3) (2.8)
where ; and 3, are propagation constants of forward and backward propagating
light respectively. Then, the resonant wavelength can be obtained by substituting
equation (2.8) into (2.7)
mA = (neff,l + neff’z)A (29)

If both modes have same effective indices, then n.¢; = n.sf,. Then equation (2.9)

will be expressed as

For PbP or LbL inscribed grating, the pitch of grating (A) can be expressed as

A= 7 (2.11)

where v is stage velocity and f is the pulse repetition rate. Therefore, Equation (2.10)
can be modified as [65]
_ Zneffv
==t
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where m is the order of grating.

The above equations (2.7)-(2.10) are used to determine the resonant wavelength of
Bragg grating. To obtain quantitative information about the diffraction efficiency
(e.g. reflectivity) and spectral (e.g. bandwidth) dependence of fiber grating, coupled-

mode theory is an excellent mathematical tool to analyze it.

Coupled mode theory is a mathematical tool that is being used for the analysis of
electromagnetic wave propagation and its interaction with media. The operation of
existing devices and systems as well as some new concepts and designs can be
explained by this mathematical approach [66]. Coupled mode theory was utilized to
analyze microwave traveling-wave tube by Pierce [67]. The coupled mode theory
was further developed to describe the mode conversion in microwave waveguide
and the periodic waveguide structure in the 1960’s [68-71]. Marcuse (1971)
developed the coupled mode theory for two parallel dielectric waveguides and this
can also be applied to dielectric waveguides of arbitrary shape and arbitrary
distribution of refractive index [72]. The coupled mode theory was also applied for
modeling and analysis of periodic dielectric waveguide by Stoll et al. (1973) [73].

The coupled-mode equations for Bragg grating are expressed as [64,74]

R _i6R ' 2.1
Pl (z) + ikS(2) (2.13)
B 65 — iR 2.14
P i6S(z) —ik*R(2) (2.14)
where
R(2) = A(2)et07-9/2 (2.15)
S(z) = B(z)e~i6z+¢/2 (2.16)

27



In these equations, A(z) and B(z) are the amplitudes of the modes traveling in +z
and —z direction, k is the “ac” coupling coefficient, & is a general “dc” self-
coupling coefficient, and the detuning é is independent of z for all grating. These

parameters are defined as

B 8+0—%(2—f) (2.17)

T
§=p-~ (2.18)

For single-mode Bragg grating, the “dc” coupling coefficient o and “ac” coupling

coefficient x can be expressed as

21
T
K=kK"= zAnAc (2.20)

where Anp,- refer to the “dc” index change spatially averaged over a grating period,
Any refer to the “ac” induced index change. For a uniform grating, the factors k, o

and & are constant since Anp is constant and d¢/dz = 0.
The reflectivity of the uniform Bragg grating can be expressed as [75,76]

sinh? (\/ K2 — 62L)

COShZ( K% — 62L) —

r= (2.21)

62
Kz

where L refers to the length of grating. When & = 0, the maximum reflectivity for a

given wavelength can be obtained from equation (2.17) -(2.20)

Anp,
Anax = | 1+ Ap (2.22)
Nery
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where A, = 2n,¢¢A (first order grating).
Therefore, the maximum reflectivity will be [64]
Tmayx = tanh?(kL) (2.23)

The bandwidth of uniform Bragg grating that between first zeros on either side of

center Bragg wavelength is [64,77]

am= (2.24)
B neff 7T2 L2 '

According to equation (2.20), the reflectivity of center wavelength depends on the

length of grating and the “ac” coupling coefficient that that in turn depends upon the
index changes in fiber core. Thus, for a strong grating where k2 > 1 / L?, the

equation (2.24) can be simplified to

Al An
— 5 A (2.25)
A neff
For week grating where k2 « 1 / L?, equation (2.24) can be
A 2 (2.26)
— _) .
A ngsrl

Equation (2.22) and (2.23) show the bandwidth of Bragg grating can be controlled
by adjusting the index change of strong grating or the length of weak grating.

2.4.1 FBG Applications

FBG can be used to monitor several important parameters such as strain, curvature,
and temperature. The applied strain induces physical elongation (changing the
grating pitch/period) and change in index due to the photoelastic effect. On the other

hand, the change in temperature induces inherent thermal expansion as well as
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change in refractive index. The shift in wavelength of Bragg grating can be
expressed as [78]

Ady =1, ({1 - ("72 [Py, — 9(Py; + Plz)]}e + [a + % (Z—’;)] AT) (2.27)

where A = 2n,s¢A. The parameters ¢, P;; ¥, a and AT refer to the applied strain,
Pockel’s coefficients of stress-optic tensor, Poisson’s ratio, thermal expansion
coefficient of fiber material and change in temperature. The strain and temperature

induced shift in Bragg wavelength can be expressed as [79]
Temperature: Adlg = Ag(a + &)AT (2.28)
Strain: Alg = Ag(1 — pg)e (2.29)

where & = (1/n)(dn/dT) is the thermal-optic coefficient and pz (= (n?/2)[Py, —
9(P;1 + P15)]) is the photoelastic coefficient. For silica fiber, the typical value of
pg IS approximated to 0.22. The measured strain response at constant temperature
and thermal response at constant strain for conventional single-mode fiber (SMF)

can be expressed as [78]

1 (5’13) = 0.78 x 10 6pe? (2.30)
Ag\oe ) ue '
1 /624 ot

2.5 Fiber Bragg Grating (FBG) Accelerometer

Modern engineering systems such as railway and aircraft require on-time health
monitoring and maintenance to ensure security and stability [80]. Most of the faults
in these systems lead to abnormal vibration and therefore the analysis of the

vibration/acceleration signal plays an important role in reducing economic loss and
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maintaining the health of the system by avoiding accidents [81]. The conventional
accelerometer based on capacitive or piezoelectric principles faces many challenges
in harsh conditions involving strong electromagnetic field [82]. These issues can be
addressed by usage of FBG based sensors due to its compactness and immunity to
electromagnetic interference [83]. Usually, the vibration signal has been measured
in terms of acceleration by fixing the FBG sensor on the surface of a cantilever beam
as shown in the schematic in Figure 14. The deformation of the beam due to the
vibration induces strain on the FBG fixed on its surface and the vibration signals

from the system can be analyzed by monitoring the shift in center wavelength of

Cantilever Beam

Figure 14. Schematic of cantilever beam-based accelerometer.

pA
)
b /Acceleration

Figure 15. Triangular cantilever beam [85]
FBG [82,84]. In the cantilever beam system shown in Figure 14, the strain induced
along the beam due to bending is non-uniform thereby inducing nonuniform strain

on the FBG. This results in chirping of the FBG spectrum which in turn broadens
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the spectrum making it difficult to monitor. Chunzheng Shi et.al have proposed a
triangular shape cantilever beam to improve the strain distribution on the FBG
thereby reducing the chirp effect as shown in Figure 15 [85]. A short FBG based
accelerometer has also been proposed to reduce the chirping effect [86]. Apart from
this, FBG has also been embedded inside a 3D printed cantilever beam [87] for
vibration measurement. In the above-mentioned sensors, the FBG peak also gets
affected by the change in surrounding environmental temperature. This has been
addressed by installing two FBGs in opposite directions as shown in Figure 16 [88]
Here, the shift in peak wavelength of FBGs due to change in temperature are same
while the strain induced wavelength shifts are different. The sensitivity of the two-

FBG based accelerometer have been reported to be 106.5pm/g and 109pm/g at 80Hz.

FBG2 K1

Cantilever beam

FBGI K1

Figure 16. Cantilever beam-based accelerometer using two FBGs [88]
The aforementioned structures can only be used for one dimensional acceleration
measurement. In order to measure acceleration in 2 axes, an FBG-inscribed
multicore fiber has been reported for two-dimensional acceleration monitoring
which has exhibited a high sensitivity [89]. However, the FBGs were inscribed by
UV illumination, where the stripped coating weakens the mechanical strength of the
accelerometer. On the contrary, inscription of FBGs through the acrylate coating can
be achieved using a femtosecond laser thereby keeping the mechanical strength
intact. FBGs have been inscribed in the claddings of various fibers using

femtosecond lasers for two-axis accelerometer designs [90-92]. For example, an
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FBG inscribed in the cladding near the core of a single-mode fiber (SMF) has been
introduced for intensity-based two-dimensional acceleration detection [90].
Moreover, a cladding-FBG in a thin core fiber and an eccentric FBG inscribed close
to the core/cladding interface have been reported for orientation-dependent
acceleration measurements [91,92]. However, the presence of a tapered region for
coupling between the core and cladding leads to a high reflection loss as well as poor
mechanical stability [92]. In order to address these issues, FBGs have also been
inscribed in a multiple-cladding fiber using a femtosecond laser and a phase mask
[93,94]. But the drawbacks such as increased fabrication complexity and long fiber
length limit its practicality. Many other mechanical designs have also been proposed
for two axis acceleration measurement. For example, two FBGs have been installed
along two orthogonal directions in a cylindrical block that provides symmetrical
mechanical properties in all directions (Figure 17). The direction of vibration has
been analyzed by simple algebra based calculations with sensitivity being 13.1pm/g
and 12pm/g at 300Hz along X- and Y-axes respectively [95]. Furthermore, Li Wei
et.al have demonstrated a temperature insensitive accelerometer for two-
dimensional acceleration measurement using 4 FBGs as shown as Figure 18 [96].
The 4 FBGs have been installed along £X- and £Y-axes and each of £X/Y pair have
been used to cancel the wavelength shift induced by temperature. The response of
the sensor has been analyzed for frequencies ranging from 20Hz to 600Hz with
sensitivity being 40pm/g for both axes.

SCrew
Screw hole

Figure 17. FBG based 2D accelerometer [95]
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bolt Qpﬁgiﬂxﬁ locating flexure hinge

pressing
piece

Figure 18. Temperature insensitive 2D FBG accelerometer [96]

Apart from one and two dimensional, investigations have also been carried out for
three-dimensional acceleration measurement. Hui Wang et.al have proposed a 3D
FBG accelerometer based on two pair of hinges as shown as Figure 19 [97]. The two
side hinges were used for the X- and Y-axis vibration (sensitivity of 107.2pm/g and
145.9pm/g at 100Hz along X- and Y-axes) while the upper and lower hinges form a
spring-like structure that were used to compress and relax along Z-axis (sensitivity
of 27.7pm/g at 100Hz).

Point A
FBG1

X-direction hinge ‘
FBG3 — —,\# :
Point B—
FBG2
Base block

=~ Middle layer
» Y

Y-direction hinge

\J‘K" X

Figure 19. Schematic of multi-axis based FBG accelerometer using two hinges [97]
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Although FBG based sensors are compact and lightweight, the use of transducers
makes the entire system bulky. Fender et.al have reported a 2-axis FBG
accelerometer based on four core multicore fiber without the need of additional
transducer as shown in Figure 20 [98]. Here, each of the two diagonal cores form a

differential pair and the operational principle is same as that described in [96].

clamp

/E:)x y
\ end
mass

FBGs

Figure 20. Multicore fiber based FBG accelerometer [98]
Furthermore, an FBG fixed on an isosceles triangular cantilever with high natural
frequency has been demonstrated for acceleration measurement as shown in Figure
21 [99]. The proposed accelerometer has a small size of 7mm x 6mm x 2mm and
weight of 0.82g with sensitivity of 0.48pm/g at 1000Hz while the resonant frequency
has been around 8193Hz.

FBG Additional mass

Vibration sensor

Measured object

Figure 21. Triangular cantilever structure for acceleration measurement [99]
The use of FBG in place of traditional electrical sensors in some practical
applications has also been investigated. For example, FBG based sensor has been

utilized to monitor the pantograph—overhead line interaction in railway system and
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the results indicated a good agreement between optical and electric signals [13]. In
this case, the electric sensor could only be used with particular precautions due to
the high electromagnetic disturbances of pantograph system. Kerstin et.al. have
developed a compact (Weight about 50 grams) FBG based sensor for pantograph-
catenary system monitoring where the FBG could detect the fast change in contact
force [12]. An FBG based S-shaped load cell has also been demonstrated for contact
force measurement in pantograph-catenary system [11]. Furthermore, a load cell
with FBG sensor has been designed for active pantograph contact force

measurement with the operational frequency range being 0-10Hz [100].

The above discussions demonstrated the potential of FBG based sensor for
acceleration measurement in pantograph-catenary system with excellent
performance in various operational frequency ranges. However, the bulky designs
affect the dynamic property of pantograph while the removal of protective coating
makes the FBG based sensor fragile. Therefore, a compact, robust, and mechanically
stable FBG based accelerometer would be a better choice for pantograph-catenary

system.

2.6 Summary

In this chapter, a review of the pantograph-catenary system interaction, principle of
femtosecond laser for FBG fabrication and the theory of FBGs are presented. A
thorough study of various fabrication techniques that have been followed for FBGs
has been carried out. Among these, femtosecond laser-based technique offers the
flexibility to inscribe the FBG of any order by controlling the speed and laser power
without the requirement of photosensitivity fiber and phase mask as well as removal
of polymer coating of the fiber. These features improve the robustness of FBG-based
sensor that it can withstand the higher stress compared to the bare fiber. Finally, a

detailed review based on the utilization of FBGs for various types of accelerometers
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followed by their application for pantograph-catenary system have been carried out.
The review indicates that accelerometers based on FBGs have many specific
advantages such as compact size, utility in harsh environmental conditions along
with multi-dimensional sensing capability. The reported sensors for pantograph-
catenary system are either bulky or fragile. Therefore, a compact and robust
accelerometer based on FBG is required to be developed for pantograph-catenary

system.
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Chapter 3. Stress Analysis for Cantilever based

Accelerometer

In this chapter, the distribution of stress along the cantilever beam structure is
analyzed using FEM based simulation technique (COMSOL). The analysis helps in
finding a suitable position of the FBG along the optical fiber to ensure optimum
performance for vibration sensing. The simulation results will be utilized to design
and fabricate a vibration sensor based on multicore fiber as well as validate the
experimental results. The geometry model of the optical fiber-based cantilever

structure used for simulation is shown in Figure 22.

?'\‘06( %

Figure 22. Schematic of the geometry of cantilever structure.
The stress analysis is carried out in static as well as dynamic mode. In static mode,
the applied force on the cantilever structure is kept constant and stress distribution
along the cross section as well as length of optical fiber is analyzed. On the other
hand, in dynamic mode, the applied force changes with time thereby leading to the
variation in displacement as well as stress with time. In this case, the stress

distribution along the cross section of optical fiber at a specific position is analyzed.
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3.1 Static Analysis

Table 1. Dimensions of Model and Material Parameters

Length Diameter Density Young's Poisson’s
/Height modulus ratio
Fiber (Si02) | 2mm-10mm 125um 2200kg/m3 70 GPa 0.17
Mass 2.35mm 2mm 1380kg/m3 3 GPa 0.406
(Plastic-PBT)
L=5mm Volume: von Mises stress (MPa) L=10mm Volume: von Mises stress (MPa)
1 mm "

9 0.2
-1
4
3 mm
2
1
z 0 v z
Y. X -
- V3.01x10° T A 294 MPa s V3.44x10" ST A 517 MPa
100 200 200 400
(a) (b)
Figure 23. Bending of cantilever with beam length of (a) 5mm. (b) 10mm
0.2 l ]
E .
"M 0.2 ] L]
Z
l 0 1 2 3 4 5 6 7 8 g 10
x

Figure 24. Position of point(x=1mm) for evaluation of stress.
The parameters of the optical fiber-based cantilever structure used in this model are
listed in Table 1. The mass at the tip of cantilever and the force applied to bend the
fiber were fixed at 15mg ((2.35mm)? x 2mm X 1380kg/m3) and 0.01N

respectively while the length of fiber was varied from 2mm to 10 mm. In order to
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ensure accuracy, the mesh element size was set to “Extra fine”. The resulting
bending and stress distribution along the fiber with length of 5 mm and 10 mm for a
given applied force are shown in Figure 23. As can be seen from the figure, the
longer beam has larger displacement at the tip. Thereafter, the displacement at a
specified position (x=1mm, see Figure 24) for variation in length of optical fiber is
evaluated. As can be seen from Figure 25, the displacement increases linearly with
length of fiber. Furthermore, the stress at the specified positions such as x=200um,
600um and 1000um for different beam length are also plotted in Figure 26. As can
be seen from the figure, the stress is higher at x=200 pum and it increases linearly

with beam length at a given position of analysis.

Displacement (zm)
w w =3 £ =Y [4;]
(=] (3, ] o [3)] [=]
1 1 | | 1

N
(5]
T

20

15 = 1 1 1 1 1 1 1 1
2000 3000 4000 5000 6000 7000 8000 9000 10000
Length of Beam (um)

Figure 25. Displacement of the point(x=1mm) with beam length for a given applied force.
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250 Stress at z=50um with different beam length
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-
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Figure 26. Variation of stress varied with length of beam at position x=200um(red), 600um(blue),
x=1000pm(black).

The above response of the cantilever beam can be explained using equation (3.1)
[101]

Px?(3L —x)
6E]

w(x) =

(3.1)

wherew, P, L, E, and x refer to displacement, applied pressure at the tip, beam length,
Young’s modulus and beam position respectively. | refers to moment of inertia that

can be defined by
I, = [ x*dA (3.2)
where x is the perpendicular distance from y-axis to the element dA (Figure 27 (a)).

For solid circular cross section (Figure 27 (b)), equation (3.2) can be written as

L, = f:ﬂ for(rcos(e))zrdrde (3.3)
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Figure 27. (a) A small element dA on cantilever (b) solid circular cross section.

Furthermore, the stress at any position of the beam with symmetrical cross-section

can be expressed by [101]
o=— (3.4)

where o, z, and M refer to stress, offset from the neutral axis to a point of interest,

and bending moment respectively. M can be expressed as

Y (3.5)
B dx? '
=P(L—x)
Therefore, from the above equation, it can be concluded that the stress at any position

along the fiber increases with an increase in length of the fiber. Also, the stress is

higher at positions closer to the fixed point or farther away from tip of cantilever.

The analysis of stress distribution along the fiber length is followed by the evaluation
of stress along the fiber cross section. The positions z=32.5um, 40um and 50um

along the cross sections are considered for analysis. The reason for considering
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z=32.5 pm is the exact matching of this pitch with the available 3-core fiber.
Furthermore, considering the symmetry of the fiber, the analysis has been confined
to half of the total fiber area. Figure 28 (a)-(d) show the stress distribution along the
fiber cross section for different beam lengths. As can be seen from these figures, the
stress is lower at positions closer to the center of the fiber (z=0) and increases
gradually towards the circumference of the fiber. Furthermore, for a given position
along the cross section, the stress increases with increase in length of the fiber.
Therefore, for a given fiber, the FBG has to be inscribed in a core closer to the

surface of the fiber and the position of the FBG has to be closer to the fixed point.

Beam Length = 5mm Beam Length = 8Bmm

—Stress at z=32.5um —Stress at z=32.5um
—Stress at z=40um —Stress at z=40um
200} ——Stress at z=50um 3001 —Stress at z=50um

-
o
o

Stress(MPa)
Stress(MPa)

-

(=3

=l
T

100
501

0 L L L L 0 L L L L L L L

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 6000 7000 8000

x-axes Position(um) x-axes Position(um)
(@)
Beam Length = 10mm
400 —Stress at z=32.5um Z( u m)
—Stress at z=40um A

350} —Stress at z=50um

Fiber

Stress(MPa)

> y(um)

0 2000 4000 6000 8000 10000
x-axes Position(um)

(c) (d)

Figure 28. Stress distribution at different values of x for beam with length (a) 5mm (b) 8mm and (¢)
10mm. (d)The position of points along Z direction.

43



The resonance frequency of the cantilever beam structure is also an important factor
in the design of accelerometer. Therefore, the variation in eigen frequency
(resonance frequency) with beam length is also studied using COMSOL. The

resonant frequency (w,) of this type of structure can be expressed by equation (3.6)
[102]

3E1

w =
0 mlL3

(3.6)
where m is mass at the tip and the other terms have their usual meaning that were
described in earlier section. As can be seen from Figure 29, the longer beam has a
better response for lower frequency regime while the shorter one has better response
in higher frequency regime. Therefore, appropriate beam length for a particular
frequency range can be considered depending upon the requirement.

Resonant Frequency with Different Beam Length

350
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Frequency(Hz)
S
o
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Figure 29. Resonant frequencies for different beam length.
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3.2 Dynamic Analysis

In this section, a sinusoidal force is applied to the tip of the cantilever and the
resulting stress variation along the length and cross section of the fiber are analyzed.
A varying force with maximum amplitude = 0.01N in the form of a cosine wave
function 0.01cos(2rft) where f = 30Hz is applied to the cantilever with its
length fixed at 10 mm as shown in Figure 30. Three positions along the length of
fiber beam and three positions along the cross-section were selected for evaluation
of stress as shown in Figure 31 (a) and (b) respectively. The stress variation
corresponding to x=1mm, 4mm and 7mm are shown as Figure 32 (a) and (b),
respectively. The results show that stress is stronger at positions close to the fixing

point along the length of fiber and far from center of fiber along the cross section.

Therefore, the response is similar to that in case of static applied force.

Force(N)

-0.005

Applied Force

0.005

-0.01

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time(s)

Figure 30. Time variation of applied force (cosine wave)
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Figure 31. (a) Selected points along the fiber beam. (b) Selected points along the cross-section of fiber.
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Figure 32. (a) Variation of stress with time at x=1(red), 4(black), 7(blue)mm, (b) Variation of stress with
time at z=32.5(blue), 40(orange) and 50(brown)um with x=1mm

3.3 Multicore Fiber For 1-Axis Vibration Measurement

In this section, a homemade fiber with three cores was used to validate the simulation
results. The microscopy image of three-core fiber (TCF) is shown as Figure 33 (a).
All the cores were located at a distance of z=32.5 um from the center of the fiber. In
order to study the effect of fiber length on the response of the cores to applied
vibration, three probes (i.e. fiber beams) with length 5mm, 8.2mm and 11mm were
considered for experimental investigation. First, one of the cores of TCF was
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inscribed with FBG (length=1 mm) using fs laser based PbP technique. The TCF
was spliced with a section of SMF by aligning the core with inscribed grating with
the core of SMF. Thereafter a mass of 15 mg was attached to the tip of the TCF and
the other end of the probe was connected to an interrogator to monitor the FBG
spectrum. The cantilever system consisting of the TCF with mass attached at tip was
fixed on a rotator which in turn was fixed on a shaker to provide necessary vibration.
The fiber is rotated along its axis and at each orientation, the response of the FBG
spectrum to the applied vibration was monitored and consequently, the fiber was
fixed at an orientation that corresponds to maximum sensitivity. The position of the

cores for maximum sensitivity is shown in the schematics in Figure 33 (b).

(@) (b)

Figure 33. (a) Microscopic image of TCF. and (b) The schematic of position of core inscribed with FBG
for maximum response to applied vibration.

The spectra of the FBGs corresponding to the three samples of TCF (length=5mm,
8.2mm and 11mm) are shown in Figure 34 (a-c), respectively and their
corresponding 3dB bandwidth are 0.88nm, 1.06nm and 1.05nm. The experimental
set up for vibration measurement is shown in Figure 35. The TCF was fixed on a
rotator with the FBG being very close to the fixed point. The response of these
probes to applied vibration was investigated by monitoring the shift in peak
wavelength of FBG using an interrogator (Micron Optics HYPERION si255) with
sampling frequency of 5 KHz.
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Figure 35. Experimental set up for vibration measurement

The frequency responses of all these probes are shown as Figure 36.
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Frequency Response with Different Beam Length(Experiment)
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Figure 36. Frequency response of the cantilever structure for different beam lengths: 5mm(Black),
8.2mm(Red), 11mm(Blue)

As can be seen from the figure, the resonant frequency of probes with length 5mm,
8.2mm and 11lmm are around 130Hz, 70Hz and 45Hz respectively. The
corresponding simulated frequency response of all these probes are found to be
136Hz, 72Hz and 48Hz respectively as shown in Figure 37(a). The comparison of
simulation and experimental results are shown as Figure 37(b) which shows that the
experimental results are in good agreement with the simulated results. The vibration
sensitivity of these probes was investigated at a frequency far below the
corresponding resonance frequency. For instance, the vibration response of probe
with length 5 mm and resonance frequency 130 Hz were investigated at 80 Hz.
Similarly, for other two probes with resonance frequency of 70 Hz and 45 Hz, the
response was investigated at 30 Hz and 25 Hz respectively. The shift in peak
wavelength of the FBG in each probe to applied acceleration varying from 0.5 g to
3 g (upward) was recorded and thereafter the response was recorded for acceleration
varying from 3 g to 0.5 g (downward). The response of all these probes to applied
acceleration is shown in Figure 38 (a), (b), and (c) respectively and the results are

summarized in Table 2. The results show that for a given position of FBG, the
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acceleration sensitivity increases with increase in length of the probe. Furthermore,
it can be seen that the response of these probes to applied acceleration is nearly

similar for both orientation (upward and downward) of core of the TCF.
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Figure 37. (a) Simulated frequency response for different beam lengths: 5mm(Black), 8.2mm(Red),
11mm(Blue) (b) Comparison of simulated and experimentally obtained resonance frequencies
Simulation(Red), Experiment(Black).
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Table 2. Sensitivity of the sensors for increasing and decreasing accelerations.

Beam Length

Measured Frequency Increasing Decreasing
Acceleration (0.5g to | Acceleration (3g to
3g) 0.5g)
5mm 80Hz 60.4pm/g 60.1pm/g
8.2mm 30Hz 67.37pm/g 67.28pm/g
11mm 25Hz 109.5pm/g 109.22pm/g

The investigation of variation in length of probe on acceleration sensitivity was

followed by the analysis of acceleration sensitivity for different positions of FBG
along the length of the fiber. The length of the probe was fixed at 10 mm and three

FBGs at a distance of 0.75 mm, 4.25 mm, and 7.75 mm from the fixed position were

inscribed along the length of the fiber as shown in Figure 39. The resulting spectrum
corresponding to three FBGs is shown in Figure 40.

Beam Length (10mm)

‘I , Distance | Distance | | .
: 3 (2mm) 1 3 (2mm) K :
(Ih.;....; :....: I....:
V — — —
— | —p| [—]
FBG 'FBG 'FBG
(1.5mm) (1.5mm) (1.5mm)

Figure 39. FBGs at different positions along the fiber.
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Figure 40. Spectrum of three FBGs.
The response of all FBGs were recorded at a fixed resonance frequency of 30 Hz.
The resulting shift in peak wavelength of FBG to at applied acceleration of 1g is
illustrated in Figure 41. As can be seen from the figure, the wavelength shift is
maximum for FBG closer to the fixed position, and it decreases as we move towards
the tip of the probe and this trend agrees well with the simulation results obtained in
previous section. The corresponding acceleration sensitivity of all these FBGs are

summarized in Table 3.

150 Wavelength Shift at Different x Position

—x=0.75mm —x=4.25mm —x=7.75mm

Wavelength Shift(pm)

002 0.04 0.06 0.08 0.1 012 014 016 0.18 0.2
Time(s)

Figure 41. Response of three FBGs for different x positions.
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Table 3. Acceleration sensitivity at different positions of x along the fiber length.

Position Sensitivity
x=0.75mm 121.9pm/g
x=4.25mm 81.07pm/g
x=7.75mm 40.71pm/g

3.4 Summary

In this chapter, stress distribution in optical fiber-based cantilever beam structure
was analyzed using FEM based software. The beam was subjected to both static and
dynamic force and the stress distribution along the length as well as the cross section
of the fiber was investigated. The analysis showed that longer beam has higher stress
at a given position along the length of optical fiber. Furthermore, stress is higher at
positions close to the fixing point for a given fiber length. On the other hand, in a
given cross sectional plane, the stress was found to be stronger at the positions that
were far from the neutral axis. The length of the beam was also found to affect the
resonance frequency and depending upon operational requirement, it could be tuned.
The simulation results were validated by using a TCF based cantilever beam for
vibration analysis. All the experimental results agreed well with the simulation
results. However, the TCF could be used for vibration analysis along one axis only
because of the non-availability of coupler for three cores of the homemade TCF.
Therefore, in the next chapter, a multicore fiber along with a commercial coupler

will be used to make an accelerometer that can be used for multi-axis measurement.
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Chapter 4. Two-axis Compact and Lightweight

Accelerometer Design

In this chapter, the design and fabrication of a two-axis accelerometer based on
multicore fiber has been carried out. A detailed process to inscribe FBGs in two of
the seven cores of MCF using femtosecond laser based PbP technique has been
presented. Simulations have been carried out to find optimized position of FBGs for
maximum response to applied acceleration at a proper operational frequency. The
packaging of the sensor in a compact aluminum box and the subsequent response of

the system to applied acceleration under different conditions have been presented.

4.1 Sensor Fabrication

Prior to the fabrication process of the cantilever beam-based sensor, factors such as
stress distribution and frequency response of the sensor were optimized as per the
application requirement using FEM-based simulation software (COMSOL
Multiphysics). A section of silica fiber together with an attached nickel mass were
considered as the combined sensing body. The fiber was fixed at one end with the
mass attached to the other end. The parameters of different components that the

sensing body comprises of are listed in Table 4.

Table 4. Parameters of Sensor Components

Material Diameter Length Density Young’s
(mm) (mm) (kg/m?3) Modulus
(GPa)
Silica 0.15 8 2200 70
(Fiber Beam)
Acrylic 0.25 8 1190 3.2
(Coating)

Nickel 1.7 2 8900 200

(Proof Mass)
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The simulation process was carried out using the mechanical module available in
COMSOL Multiphysics software. The resulting stress distribution along the sensing
body without and with an applied force of 3.8mN (corresponding to the maximum
displacement at 40Hz) are shown in Figure 42 (a) and (b). As can be seen from the
figure, the stress is maximum near the fixed position, and it decreases gradually
along the fiber direction to the other side. The reason for this response can be

explained by equation (3.4).

0.5
mm 0
-0.5

y 0 1 2 3 4 5 6 7 8 9 10
Z-X W 3.94x107° _:n%— A631 MPa
20 40 60

0 1 2 3 4 5 6 7 8 9 10
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Y=X Wwo 0—7___‘_— A 0.67 mm

Figure 42. (a) Stress distribution along the cantilever beam structure at 0 Hz and (b) with maximum
displacement under 40Hz oscillation.

In order to have an optimum response, the grating should be inscribed as close as
possible to the fixed position and the length of the grating should be confined to the
position corresponding to the maximum stress region. Furthermore, the frequency
response of the sensor was also simulated, and a resonant frequency was found to be
around 76 Hz. The operational frequency of the accelerometer as per the EN50317
standard for current collection system of the dynamic interaction between
pantograph and overhead contact wire varies from 0-20 Hz [103,104]. Therefore,
the parameters listed in Table 4 are suitable for the fabrication of the required sensor.

However, it should be noted that during practical implementation, there will be

55



around 10% tolerance of these parameters resulting in a slight shift in the resonance

frequency.

The fabrication process of the cantilever-based accelerometer involved the
inscription of FBGs in a section of seven-core MCF (YOFC, Core-to-core (adjacent)
distance=41.5£1.5um) and the attachment of a nickel-based hollow cylindrical mass
onto the fiber tip. The diameters of the core and cladding of the MCF were ~8 um
and ~150 pum, respectively while the pitch of the cores was 42 um as shown in Figure
43 (a). A femtosecond laser (Spectra-Physic, SpOne-8-SHG) centered at 520 nm and
with a pulse duration of 250 fs was used to inscribe FBGs in two cores of the MCF
by means of point-by-point technique. The average power of the laser was around
12.5uW and the laser beam was focused onto the cores using a microscopic objective
lens (x40 magnification and NA= 0.75). Two individual cores such as core 2 and
core 3 in Figure 43 (b) were chosen to inscribe FBGs without removing the coating.
The speed of the translational stage was fixed at 160 um/s and 160.5 um/s for core
2 and core 3, respectively while the length of each grating was 1 mm. The resulting
FBG spectra corresponding to these cores are shown in Figure 43 (c). Afterward, a
nickel tube with length, outer diameter, weight, and inner diameter of 2 mm, 1.7 mm,
38 mg, and 0.3 mm, respectively was glued to the fiber tip. The inner diameter of
the tube matches well with the coating diameter of ~0.25 mm, with the schematic
presented in Figure 44. The structural symmetry of the mass ensures uniform
vibration characteristics in all orientations. The structural symmetry of the mass
ensures uniform vibration characteristics in all orientations. Thereafter, the sensing
probe was fixed inside an aluminum alloy box using glue (LOCTITE 431) where the
dimensions of the box were 23 mm x 10 mm x 10 mm as shown in Figure 45. The
total weight of the box along with the 2-axis sensor was 5.2 grams weighing less

than the commercial optical 1-axis accelerometers such as Micron Optics 0s7100
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(weight = 28 grams and 2-axis measurement requires a fixture to assemble 2
accelerometers with total weight > 56 grams). It should be noted that the lengths of
the FBGs were fixed at 1 mm to ensure better sensitivity since the stress was
maximum within 1.5 mm from the fixed position as shown in Figure 42. As per the
simulation results, the distance between the fixed position and gratings should be
zero. However, due to the installation limitation, experimentally, this distance was
detected to be around 1 mm. The response of the sensor to different applied
accelerations was investigated with and without the presence of damping oil
(viscosity = 1000 cst) inside the box. Figure 46 (a) and (b) show the packaged sensor

and orientational illustration after the installation of the sensing probe respectively.
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Figure 43. (a) The microscopic image, (b) schematic of cross-section and (c) the FBG spectra
corresponding to core 2 (red) and core 3 (black) of the MCF respectively.
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Figure 46. (a) Packaged sensor fixed on the shaker. (b) Fiber core orientation after packaging (Not to
scale)
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4.2 Experiment Setup

Interrogator

Fan-out

A—— y Packaged
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Figure 47. Experimental setup for acceleration measurement
The experimental setup is depicted in Figure 47. Firstly, the packaged sensor was
fixed onto a rotational stage and the rotational stage was mounted on a shaker
(Bruel&Kjaer 4808). A signal generator connected to a power amplifier drives the
shaker that aids in introducing a sinusoidal vibration of the sensor thereby providing
the necessary acceleration. The corresponding wavelength shifts of FBGs due to the
applied acceleration were monitored by an interrogator (Micron Optics HYPERION
si255, wavelength accuracy=2 pm) with 5 kHz sampling rate. All these
measurements were carried out at frequencies lower than the resonance frequency.
The schematic of the neutral plane and the vibrational direction of the sensor are
shown in Figure 43 (b). The 6, = 0° was defined as the position where reference
plane aligns with the neutral plane as shown in Figure 43 (b), 6; (i=1, 2, 3...) was
the angle between the fiber core and reference plane where the reference plane was
randomly defined and aligned with the center of the fiber. In this case, the reference
plane was aligned with core 2 (6,=0°). The orientation of the fiber was adjusted from
0° to 180° in steps of 10°. The vibration orientations were reconstructed using the
following equation (4.1) [96,105,106]
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in(03) — Sln(92)
9, = tan~! (4.1)

0s(6;) — _C05(93)

where 6,=0°, 8;=60°. 1, and 43 refer to the central wavelength of FBGs in core 2 and
core 3 whereas 44, and 473 refer to the wavelength shift in core 2 and core 3

respectively.

The sensitivity of x-axis and y-axis of sensor was tested and defined as Figure 48.
The sensitivity of x-axis was measured on x direction vibration (Figure. 48 (a)) while

the sensitivity of y-axis was measured on y direction vibration (Figure. 48 (b)).
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Figure 48. Sensitivity measurement of (a) x-axis and (b) y-axis
4.3 Experiment Results
Initially, the response of the sensor was investigated without the use of damping oil.
The resonance frequency of the sensing probe was determined by plotting the
vibration amplitude against the applied frequency ranging from 10 Hz to 110 Hz as
shown in Figure 49. As can be seen from the figure, the resonance frequency was

found to be 75 Hz (black line), which exhibits a good correlation with the simulation
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results (red line). The difference of bandwidth between experiment and simulation
Is attributed to the different scanning steps (5Hz in experiment and 2Hz in

simulation).
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Figure 49. Frequency response of the sensor
Next, the response of the FBGs to the applied acceleration (1 g to 5 g, limited by the
inner dimension of box) was investigated under different 6, while keeping the input
frequency fixed at 40 Hz. The response of the sensor along two vertical directions
(X and Y) with the absence of damping oil is shown in Figure 50 (a) and (b)
respectively. As can be seen from Figure 50 (a) and (b), the acceleration sensitivities
of core 2 and core 3 along the X-axis are ~85 pm/g (tolerance~6 pm) and ~63 pm/g
(tolerance=3 pm), respectively while the same along the Y-axis are ~14 pm/g
(tolerance=1 pm) and ~77 pm/g (tolerance<3 pm), respectively. The different
sensitivities along the X- and Y- axes can be attributed to the different orientations
of core 2 (~84° with respect to the X-axis) and core 3 (~36° with respect to the X-
axis) (see Figure 46 (b)). Afterwards, this measurement was repeated for different
orientation angles and the orientation-dependent sensitivity is plotted in Figure 51.

As can be seen from the figure, there is a 60° phase shift between core 2 and core 3
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which can be attributed to the angular difference between the two cores. The
difference in sensitivity of both cores may be attributed to the difference in position

of FBG in core 2 and core 3 with respect to center of the fiber.
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Figure 50. Response of the sensor to applied acceleration along (a) x-axis (#v=84°) and (b) y-axis in the
absence of damping oil. (6v=174°, =40Hz).

100

80

60

40

Sensitivity (pm/g)

20

1

60 80 100 , 120 140 160 180

Orientation ()

Figure 51. Orientation-dependent sensitivity

The above investigations for acceleration measurements were repeated by filling the

box with damping oil to protect the accelerometer from high impact, for railway

applications. The viscosity of damping oil was 1000 cst and the response of the probe

was investigated for applied acceleration from 1 g to 10 g at which point the response
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of the corresponding cores reduced. The acceleration sensitivities of core 2 and core
3 along the X-axis are ~18 pm/g (tolerance~1 pm) and ~14 pm/g (tolerance~1.5 pm),
respectively while the same along the Y-axis are ~3.4 pm/g (tolerance~0.5 pm) and
~19 pm/g (tolerance~0.3 pm), respectively as can be seen from Figure 52 (a) and (b)
respectively. Therefore, even in the presence of damping oil, the maximum response
of the cores (18 pm/g and 19 pm/g) were found to be adequate for practical

applications.

Additionally, the orientation-dependent sensitivity of the packaged sensor with the
oil-damped accelerometer is shown in Figure 53. As can be seen from Figure 53 (a),
the response of the sensor after filling of damping oil follows the same trend as that
before the filling of damping oil (see Figure 51). The input orientation angles with
respect to the reconstructed orientation angles (6,) based on equation (4.1) are
plotted in Figure 53 (b) along with errors in the inset and both the results perfectly
match each other with an R? value of 0.9994. The error of +5° can be attributed to
factors such as manual mechanical control of the rotator, and the difference in
sensitivity of core 2 and core 3 as well as the geometry error caused by manual

packaging process.
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Figure 52. Response of the sensor to applied acceleration along (a) x-axis (8v=84°) and (b) y-axis in the
presence of damping oil. (v=174°, f=40Hz).
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Figure 53. Orientation-dependent sensitivity of packaged sensor with damping oil and (b) the
reconstructed orientation angles with errors (inset).

Furthermore, the frequency response of the sensor was also affected in presence of
the damping oil. The response of the sensor in the frequency range of 10 Hz to 110
Hz with the filling of damping oil is shown in Figure 54. As can be seen in Figure
54, the bandwidth of the frequency response curve in the presence of damping oil is
around 25 Hz. Additionally, the response of the packaged sensor to survive high
impact up to 25 g was also investigated to ensure its robustness. The acceleration
was increased from 10 g to 25 g and the wavelength shift of the FBG peak

corresponding to core 3 is shown in Figure 55.
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Figure 54. Frequency response of packaged sensor with damping oil.
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Figure 55. Response of the sensing system to higher accelerations from 10 g to 25 g.
As can be seen from the figure, the response is linear with a sensitivity of 14 pm/g.
It should be noted that the maximum acceleration investigated using the current
experimental setup is limited by the power amplifier (which is used to drive the
shaker).

4.4 Summary

In this chapter, a cantilever beam-based two-axis accelerometer using an FBG-
inscribed MCF has been proposed for pantograph-catenary system monitoring. Two
well-distinguishable FBGs have been inscribed in two of the seven cores in MCF
using a femtosecond laser without removing the coating of the fiber thereby making
it a robust probe. Furthermore, the use of multicore fiber led to the measurements of
acceleration at different orientations. The probe was packaged in a compact box for
practical implementation with a total weight of the system amounting to just 5.2
grams, which weighs less than 10% of commercial FBG-based accelerometers. The
response of the system to the applied accelerations in orientations ranging from 0 to

180° has been investigated in air as well as with the packaging box filled with
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damping oil. The maximum acceleration sensitivity of the probe in air and oil were
85 pm/g and 18 pm/g, respectively. Additionally, the response of the system to
higher values of accelerations has also been investigated in order to ensure its
robustness. Hence, the proposed compact lightweight accelerometer can be suitably
used for health monitoring of the pantographic system with minimum effect on the

dynamic interaction between the pantograph and the contact line.
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Chapter 5. Conclusion and Future works

5.1 Conclusion

In this thesis, the design and fabrication of a lightweight optical fiber-based
cantilever system has been explored for 2-axis acceleration measurement that can be
utilized for pantograph-catenary interaction monitoring system. First, the parameters
of the cantilever system of the system have been optimized using FEM based
numerical analysis. The stress distribution along the length as well as cross section
of the optical fiber has been simulated to achieve maximum response to applied
acceleration while the effect of length of the beam on resonance frequency of the
system has been simulated to get the desired operational frequency regime. In order
to validate the simulation results, one of the cores of a three-core fiber has been
inscribed with FBG and the response of this system to applied acceleration has been
investigated. The experimental results have been found to be in agreement with those
obtained from simulation. Thereafter, a compact and robust two-axis accelerometer
based on a multicore fiber has been proposed for pantograph-catenary system. The
geometrical parameters of the sensor have been optimized using simulation
technique to get maximum response in the desired operational frequency regime.
Two of the seven cores of the multicore fiber have been inscribed with well
distinguished FBGs using femtosecond laser-based PbP technique without the
removal of polymer coating. The sensor has been fixed in a compact aluminum box
with the position of FBG being close to the fixed point and the total weight of this
packaged sensor has been 5.2 grams which is lighter than some of the commercially
available optical accelerometers. After the filling of the box with damping oil, the
maximum acceleration sensitivity of one of the cores has been found to be ~18pm/g
along X-axis while that of another core has been found to be ~19pm/g along Y -axis

for an applied acceleration range up to 10g.Additionally, the deviation in orientation
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angle calculated from simulation and experimental data has been found to be small.
Furthermore, the robustness of the system has also been investigated by subjecting

it to applied acceleration up to 25g.

5.2 Future work
Based on the above investigations, other work can be carried out in future for further

improvement in this field.

a) Installing the sensor on pantograph for testing.

b) Improvement in the accuracy of the position of the FBG in the cores of
multicore fiber in order reduce the deviation in orientational angle between
the theoretical and experimental results.

¢) Improvement in accuracy by temperature compensation.

d) Fabrication of a polymer based rectangular shape multicore optical fiber for

multi-axis acceleration measurement.
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