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ABSTRACT

This thesis focuses on the development of novel all-optical Fiber Bragg Grating (FBG)-based
tilt and liquid level sensors, which are crucial for structural health monitoring (SHM). The
primary objective is to create sensors with high sensitivity, superior angular resolution, and
minimal measurement discrepancies while ensuring reversibility and temperature insensitivity
for real-field applications. The novelty of this research lies in the innovative sensor designs
that combine tunable response characteristics with inherent temperature insensitivity. Initially,
a novel, all-optical, temperature-insensitive non-pendulum type FBG-based tilt sensor is
developed. This sensor allows tuning of its response characteristics through variable loaded
mass. The modulation of wavelength separation between two FBGs in response to applied tilt
inherently eliminates temperature sensitivity. The sensor demonstrates excellent sensitivity
(0.0300 nm/®), high accuracy (£0.033°), minimal discrepancy (+0.001 nm) and angular
resolution (0.067°), with experimental results aligning closely with theoretical predictions. To
further enhance performance, another innovative design strategy to achieve temperature-
insensitive, FBG-based tilt sensor is proposed, featuring improved sensitivity (0.0415 nm/°)
across dynamic range of +10°. This design also offers tunable response characteristics via
adjustable mass, achieving high accuracy (£0.024°), minimal deviation (+0.001 nm), and
superior angular resolution of 0.012°. The sensor exhibits high degree of reversibility along
with high repeatability and reliability across its operational range. Advancing the design
further, another novel, temperature-insensitive FBG-based tilt sensor is developed, achieving
remarkable sensitivity (0.3198 nm/°), outstanding accuracy (+0.0031°), minimal discrepancy
(£0.001 nm), and exceptional angular resolution (0.0016°). This sensor also offers tunable
response characteristics, with experimental results validating its high reversibility. The novelty
here is in the simplified design that achieves superior performance without any compromise.

In the next step, an etched FBG (EFBG) based temperature-insensitive, simple, all-optical

X1
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novel tilt sensor design is proposed. The sensor works by exploiting the effective refractive
index (RI) sensitivity of an EFBG in order to achieve intensity modulation of the FBG
spectrum. This scheme is used for tilt sensing for the first time to the best of author’s
knowledge. The sensor achieves a theoretical sensitivity of 1.20 dB/°, which is further
enhanced to 2.41 dB/° in an improved design. Both sensors effectively measure the magnitude
and direction of tilt within a £10° range, demonstrating excellent reliability and temperature
insensitivity. The innovative use of effective RI sensitivity introduces a new dimension in tilt
sensing technology. In the final phase, an all-optical FBG-based temperature-insensitive liquid
level sensor utilizing Archimedes’ principle is developed to deliver high sensitivity (77.5
pm/cm) and high resolution (0.006 cm). This sensor exhibits minimal discrepancy (£0.01 nm)
across a 30 cm dynamic range and exceptional accuracy (<0.03% FSR). This sensor offers
tunable response characteristics, with experimental results validating its high reliability and
reversibility. The novelty of this design lies in its application of buoyancy principles to achieve
precise and reliable liquid level measurements. Overall, this research successfully presents
advanced, high-performance all-optical FBG-based sensors for tilt and liquid level
measurements, significantly contributing to the field of structural health monitoring through

innovative design strategies and novel sensing mechanisms.

X1l
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Chapter 1 : Introduction and Literature Review

Sensors facilitate the acquisition of valuable information about various parameters, which are
very crucial for controlling and monitoring industrial, scientific, and environmental processes.
Effective control of these processes depends on acquiring information about specific
parameters, which is made possible through the employment of appropriate sensing devices,
known as sensors. The word “sensor” originates from the Latin word “sentire”, which broadly
translates to “perceive”. By definition, a sensor is a device that converts a change in the
magnitude of one physical parameter into a corresponding shift in the magnitude of another
parameter, which can be measured more conveniently and much accurately [1]. Extensive
research over the past decades has focused on developing ultra-precise, reversible, and
repeatable sensors for diverse applications. Nowadays, millions of sensors are deployed
worldwide, and it is hard to imagine any area of engineering that does not utilize sensing

technology.

The origin of sensor can be traced to nature. There are various elements in nature that
respond inherently to certain external perturbations. For example, the volume of mercury
changes with temperature variations due to its inherent thermal expansion coefficient, while
certain naturally magnetic ores align in response to magnetic fields, due to their inherent
magnetic properties. In conventional/traditional sensors, these inherent properties of materials
are exploited, which leads to unique response characteristics when external perturbation is
applied. Apart from these, various other inherent properties of specific materials are also
exploited by the conventional/traditional sensors. For example, there are strain gauges that
utilize piezoelectric effects where piezo-resistors adjust resistance in response to strain.
Additionally, piezoelectric materials generate a voltage when pressure is applied, forming the

basis of conventional pressure sensors. Another example of conventional sensors is capacitive
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sensors, that measure changes in capacitance when exposed to various external parameters such
as humidity [2], strain [3], acceleration [4] etc. While these conventional/traditional sensors
offer high precision and sensitivity, they come with certain significant drawbacks. Their
performance is heavily dependent on surrounding conditions; i.e., they perform well under
specific conditions but their performance is hampered drastically in the presence of strong
environmental electromagnetic (EM) or radio-frequency (RF) signals. Additionally, they are
practically ineffective in hazardous environments and lack multiplexing and remote sensing
capabilities. These limitations cause them to fall short of expectations from the point of view
of real-field application. Furthermore, these limitations have driven a search for alternative
technologies that offer high sensitivity, long-lasting durability, immunity to interference,
functionality in hazardous environments, and support for remote monitoring and multiplexing,

paving the way for advanced sensor innovations.

One potential way to overcome these shortcomings is to shift sensing to the optical
domain. Here, being optical in nature, the sensing signal (light-wave) is completely unaffected
by surrounding electromagnetic (EM) radiation, thereby immediately addressing several
drawbacks of conventional sensors. Optical sensors measure variations in a given parameter
by accurately mapping them to changes in optical characteristics such as intensity, wavelength,
or phase of the light-wave. Since, the first optical sensor reported in 1930 [5], various other
optical sensors were developed by exploiting intensity variation through external parameter
induced absorption of the optical signal. Highly precise optical sensors have been proposed for
detecting chemical and gas concentrations. In these applications, fluorescence characteristics
of specific dyes are utilized to detect gases like CO; and O2 [6], [7]. In another research, laser
Doppler vibrometer (LDV) has been demonstrated to accurately measure the displacement of
bridges [8]. Optical sensors, based on triangulation and optical beam deflection, have also been

reported for displacement monitoring [9]. In one example, laser and holography techniques
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were used to monitor inclination [10]. While these optical sensors offer better sensitivity and
overcome some limitations of conventional sensors, they have their own drawbacks. Generally,
they are bulky, complex, and possess high alignment sensitivity. Their performance can be
severely degraded in adverse weather conditions such as fog or rain. Furthermore, they cannot
be used in hazardous environments with intense radiation, high voltage, or high temperatures.
Remote sensing and multiplexing capabilities are also not feasible with these sensors. Thus,
such optical sensors possess limitations for the purpose of using in various real-field
applications. Consequently, a sensor that offer optimal sensitivity, along with long-term
performance durability, immunity to EM/RF interference, and the capability to operate in
hazardous environments while offering remote sensing and multiplexing is crucial for real-

field applications.

With the adoption of fiber optics, sensing technology was revolutionized. The discovery
of optical fiber in the early seventies, due to the pioneering work of George Hockham and
Charles Kao, marked a major breakthrough for the telecommunications industry. However,
during the early stages of development in fiber optics technology, an unexpected sensitivity of
optical fibers to external factors such as bends, micro-bends, and pressure was observed.
Initially, considerable efforts were made trying to mitigate these sensitivities, as it was reducing
the efficiency of telecommunications systems. However, researchers quickly recognized the
potential to harness the inherent sensitivity of optical fibers for sensing various parameters of
interest. Thus, the field of optical fiber sensing was born. The subsequent advancements in
fiber optics technology, coupled with the rapid progress in optoelectronic industries, led to the
availability of low-loss optical fibers across different wavelength ranges and highly
sophisticated optical sources and interrogators. This convergence of technological
breakthroughs propelled the development of optical fiber sensors for a wide array of

applications, spanning disciplines from engineering (civil, mechanical, aeronautical, chemical,
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electrical, automotive, etc.) to biomedical sciences, general sciences, environmental
monitoring and even homeland security. The inherent advantages offered by optical fiber
sensing technology have spurred global interest in research and development in the field of
optical fiber sensors (OFS). Some of the key benefits of optical fiber sensors are mentioned

below [11], [12]:

1. Fiber optic sensors offer unparalleled sensitivity, allowing for the detection of
extremely minute changes in the physical parameters they are designed to monitor.

2. Easy to miniaturize, enabling the development of compact, lightweight, and flexible
optical fiber sensors.

3. Being optical, the primary signal is not subjected to any electromagnetic
interference (EMI). This makes OFSs inherently immune to EMI, ensuring high
reliability.

4. Low-loss optical fiber, along with the conjugation of fiber amplifiers allows
propagation of light over thousands of kilometers. This capability supports dense
wavelength-division multiplexing (DWDM) systems, achieving over 100 Tb/s-km
in optical fiber communication. Such extensive data transmission over long
distances also facilitates effective remote sensing.

5. Huge bandwidth of optical fibers provides unparalleled information-carrying
capacity (ICC), surpassing electrical systems. This enables: (a) multiplexing large
number of optical fiber sensors into one single fiber transmission line (b) distributed
and quasi-distributed sensing, and (c) multi-parameter sensing capabilities.

6. Optical fibers are highly durable and resistant to corrosion. This makes them
suitable for long-term deployments over wider temperature range even in harsh and

hazardous environments.
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7. As optical fiber is made of insulating materials, OFSs are inherently electrically
isolated from the interrogating electronics.
8. Their small size and lightweight nature make optical fiber sensors easy to surface-

mount or embed within composite materials without intrusion.

These advantages, compared to conventional and optical sensors, have led to the widespread
adoption of optical fiber sensors across diverse real-field applications, where accurate and
reliable measurements are paramount [13], [14]. Optical fiber sensors have been realised to
detect a wide array of physical parameters of practical importance, including pressure [15],
inclination [16], liquid-level [17], [18], temperature [19], displacement [20], acceleration [21],
electric current [22], voltage [23], cracks in concrete [24], strain [25], RI [26], rotation [27],
acoustic [28], pH [29], antibodies [30], relative humidity [31], torsion [32] etc., with high
precision and sensitivity.

Optical fiber sensors can be broadly classified into two categories: extrinsic sensors
(hybrid) and intrinsic (all-fiber) sensors, depending on the role of optical fiber in the sensing
system [33]. In extrinsic sensors, the optical fiber serves primarily as a medium to transmit the
light-wave signal to and from an external sensing head, where the modulation of the optical
signal (due to an external perturbation) occurs outside the fiber itself [34]. Conversely, in
intrinsic sensors, the fiber itself functions as the sensing element. In this case, the
environmental or external perturbation directly modulates one of the inherent characteristics of
the light-wave signal within the fiber, such as phase, polarization, wavelength, or intensity [35].
Intrinsic fiber sensors can further be subdivided as intensity-modulation-based, wavelength-
modulation-based, phase-modulation-based, or polarization-modulation-based, depending on
which characteristic of the light-wave signal is being modulated. Among these, intensity, phase,
and wavelength modulation are the most commonly used techniques due to their ease of

implementation and popularity among researchers.

TH-3698_186121009



While optical fiber sensors using intensity-modulation schemes are easy to fabricate
and popular, their performance is affected by fluctuations in the light source power.
Consequently, these sensors are often impractical for real-world applications, remote sensing
and multiplexing. In contrast, the wavelength-modulation scheme is the most suitable
mechanism to harness the advantages of fiber optics (e.g., high bandwidth, enormous ICC,
DWDM etc.) to its full potential. For OFSs that exploit wavelength-modulation technique, the
sensed information is encoded in wavelength. Wavelength-modulation schemes can be
implemented in various ways, such as through wavelength-dependent absorption,
luminescence, dispersion, interference, and scattering. Since the invention and subsequent
advancements of fiber Bragg gratings (FBGs), they have become synonymous with optical

sensing technology due to their practical advantages in real-field applications [36].

Fiber Bragg grating (FBG) or a short period grating is an intra-core periodic RI (RI)
perturbation along a specified small length of a single-mode fiber, that facilitates a strong
coupling between identical or nearly identical contra-propagating fiber modes [37]. When
broadband light is launched into the core of a single mode fiber where a FBG is inscribed, it
gets scattered from each of the grating planes and suffers very weak reflection. If the phase
matching condition (Bragg condition) is not satisfied, the reflected light from each of the
subsequent grating planes becomes progressively out of phase, eventually cancelling each other
out. However, when the Bragg condition is satisfied, the reflected light from each grating planes
would be in phase and adds constructively in the backward direction, giving rise to a strong
back-reflected peak, centred at a specific wavelength determined by the grating parameters. On
the contrary, the other wavelength components get transmitted through the grating, resulting in

the transmission spectrum of the FBG, as shown in Fig. 1.1 [38].
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The Bragg condition reflects the principles of energy and momentum conservation [39].
Energy conservation (hws = hw;) dictates that the frequency of the forward and backward
radiations to be identical. Meanwhile, momentum conservation stipulates that the propagation

constant of the incident radiation (E) plus the grating wave-vector (I_() ) must equal the

propagation constant of the scattered radiation (E). This can be written as,
Bi+ K = Bs (1.1

Here, K has a direction normal to the grating planes. The magnitude of K is 2n/A, where A is

the grating pitch. Moreover, the propagation constants for incident and scattered radiation are

equal in magnitude and opposite in direction, E = —ﬁ_’;. Considering the scattered wavelength
that satisfies the Bragg condition is denoted by As (Bragg wavelength), we can write Sy =
2nneri/AB. Here, nerr is the effective RI of the fundamental mode. Hence, the momentum
conservation condition can be rewritten as,

In a standard optical fiber, ner can only be modulated by applying strain or temperature

perturbations exploiting strain-optic or thermo-optic effects. However, due to the finite

Incoming light Transmitted light

Bragg Grating
Reflected light

2,

A

Figure 1.1: Schematics diagram of fiber Bragg grating principle
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elasticity and thermal expansion coefficient of the fiber material, the grating pitch can also be
modulated by variations in strain or temperature across the grating region. These strain and
temperature-induced effects on zefr and A result in a shift in the Bragg wavelength (4g). Using
Eq. (1.2), this Bragg wavelength shift can be expressed mathematically as [40],

AAB 1 aneff 10A 1 aneff 10A
AB (neff de +Aa€ €t neff oT +A6T ( 3)

Here, Ae represents the change in longitudinal strain and AT represents the change in
temperature. The first term in bracket on the RHS represents the strain effect on the Bragg
wavelength shift, which consists of strain induced change in the RI (strain-optic effect) and
strain induced change in the grating pitch. The second term in bracket corresponds to the
temperature effect on the Bragg wavelength shift, that consists of temperature induced change
in the RI (thermo-optic effect) and temperature induced change in the grating pitch. The above

equation can be simplified to [40],

- (1—-P)Ae+ (a+ AT (1.4)

Here, P. is the photo-elastic coefficient of the fiber, o and ¢ denote the thermal expansion
coefficient and thermo-optic coefficient, respectively. As observed in Equation (1.4), FBG
sensors employ wavelength modulation through strain and temperature induced effects when
subjected to the applied strain and temperature perturbations. This makes FBG an inherent
strain and temperature sensor. To design an FBG sensor capable of independently measuring
strain and temperature, it is crucial to devise a smart mechanism to decouple these two
informations. Various strategies/designs have been effectively employed to isolate the impact
of one parameter from the measurement, especially temperature [41]-[43]. Another
characteristic of FBG is its insensitivity to the ambient RI. However, if the cladding diameter

in the region carrying FBG is reduced enough, the effective RI of the propagating mode gets
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modulated in accordance with the RI of the surrounding medium. This makes FBG with thinned
cladding to be not only sensitive towards strain and temperature but also to the ambient RI.
These distinct characteristics of FBGs make them a preferred option for a wide range of sensing
applications across diverse fields spanning various engineering, industrial and biomedical

applications [44].

In addition to the inherent advantages of fiber optics, Fiber Bragg Grating (FBG)
sensors offer several unique benefits. One of the key advantages is their immunity to source
power fluctuations, which provides FBG sensors with an inherent self-referencing capability
[45]. FBGs also enable the multiplexing of a large number of sensors on a single fiber channel
and seamlessly integrate with techniques such as DWDM, spatial-division multiplexing, time-
division multiplexing (TDM) [46]. This enables FBG sensors to support quasi-distributed
sensing of various parameters of practical interest, by associating each spectral segment with a
specific spatial location [47]. These substantial advantages have made FBG sensors a preferred
and indispensable solution across various engineering and industrial applications, including
structural health monitoring (SHM), mechanical and aeronautical engineering, communication
engineering, and biomedical/micro-fluidics. Among all the monitoring and sensing systems
across wide range of engineering and industrial applications, SHM stands out as one of the
most significant fields where OFSs (especially FBG sensors) are experiencing phenomenal

growth, particularly due to a rising demand of safe structures.

The diverse advancements in global human civilization as well as in science and
technology have led to an unprecedented increase in civil infrastructures. However, during the
course of their lifetimes, all types of civil infrastructures, such as bridges, tunnels, dams,
railways, aerospace structures, wind turbines, oil and gas wells, as well as our houses and high-
rise buildings, can experience adverse changes in their structural health due to potential damage

or deterioration. This damage can be caused by several factors, including environmental
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degradation, wear and tear, design and construction errors, overloads, and unexpected events
like earthquakes or tsunamis etc. [48]. These adverse changes (damage/deterioration) are not
possible to be anticipated beforehand during the design and realisation of such infrastructures.
Therefore, to ensure a safe and efficient use of these structures, along with regular inspection
and maintenance of their structural health, continuous health monitoring becomes essential. An
SHM system involves the integration of robust, reliable, and intelligent devices to continuously
monitor the state of the health of civil infrastructures in real-time through the measurement of
various parameters affecting them. This enables timely interventions as well, when necessary.
SHM is achieved by recording, analysing, localizing, and predicting the conditions leading to
structural loading and damage in such a way that non-destructive testing becomes an integral
part of the monitoring process [48], [49]. Such monitoring that includes continuous and real-
time inspection on various parameters cannot be done manually with unaided eye. Such
processes are inaccurate, time consuming and faulty. Therefore, implementing smart and
autonomous monitoring of health condition of the civil infrastructures is crucial to reduce costs
and enhance efficiency. FBG-based OFSs have become the most feasible solution for SHM due
to the exceptional advantages offered by them. Numerous attempts have been made in order to
develop FBG based OFSs to monitor various parameters of interest in SHM (i.e. pressure, tilt,
displacement, flow, vibration, torsion, acceleration, etc.) and other engineering and industrial
applications. To develop FBG-based sensors for these additional parameters, a smart
mechanism needs to be developed that can map the required parameter, generally onto the strain
domain. Significant efforts have been dedicated to the development of such FBG-based
sensors. Nowadays, nearly all practically significant parameters, including tilt [50], liquid-level
[51], rotation [52], strain [53], temperature [54], displacement [55], acceleration [56], pressure

[57], liquid level [58], torsion [59], relative humidity [60], pH [61], acoustic [62], and RI [63],
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are being successfully and accurately monitored using fiber Bragg grating (FBG) based sensors

in real-world environments.

Among all the parameters affecting the health of civil infrastructures, tilt angle
monitoring is very important. Additionally, it is equally critical in fields such as mechanical
engineering, instrumentation, robotics, and aeronautical engineering applications [64]. Tilt
sensors help in monitoring the angular displacement, which provides critical information about
the structural integrity of buildings, bridges, and other civil infrastructures. Detecting minor
tilts (<4° from the point of view of civil engineering applications) can help predict larger
deformations or collapses, which is especially important for tall buildings, towers, and bridges
exposed to wind loads, seismic activity, or gradual ground movements. Therefore, the
development of a highly accurate, sensitive, and compact tilt monitoring sensor system, capable
of resolving minimal tilt angle variation over the desired dynamic range is of paramount
importance. Conventional tilt sensors are predominantly electronic in nature, mapping
inclination information into electrical signals [65]-[67]. For example, Benz et al. [65] proposed
a micromechanical capacitive inclination sensor, that utilizes the relative movement of a
dielectric fluid between two semi-circular electrodes for tilt measurement. Jung et al. [66]
proposed a MEMS-based electrolytic tilt sensor, where the output voltage of sensor varies
depending on the varying applied inclinations. Another capacitive tilt sensor using two
electrodes and a metallic ball was proposed by Lee et al. [67]. However, inherent limitations
of these sensors, such as, susceptibility to EMI, pose a great challenge when deployed in harsh
environments. Further, the inability towards multiplexing, remote sensing and distributed
sensing make them impractical for various engineering applications. As discussed earlier, some
of these problems can be overcome by aligning towards optical sensing technology. However,
only a few successful attempts have been made in order to develop all-optical tilt sensors using

laser-based sensing technology. For instance, Zhong et al. [68] reported an optical tilt sensor
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using wavefront sensing technique. [69], [70] proposed tilt angle-measurement method based
on internal reflection of light beam in prism. Additionally, Hua et al. [71] explored a laser
interference based tilt sensor, while Xiaoyong ef al. [10] introduced a tilt sensor using laser and
holographic techniques. Despite these efforts, the bulky and complex design configurations,
coupled with extreme sensitivity to alignment, render these methods impractical from the point
of view of real-field applications. To address these limitations OFSs are explored. However,
only a few studies have focused on developing optical fiber sensors for tilt-angle monitoring.
For example, Yuan et al. [72] proposed a Mach-Zehnder reflector-based push-pull fiber optic
tilt sensor. Lee ef al. [16] reported a tilt sensor using optical fibers as transceivers to capture
reflected light upon tilting. Bajic et al. [73] described a tilt sensor utilizing lead-in and lead-out
optical fibers separated by a specific distance in a liquid container; the reorientation of the
liquid surface upon rotation causes variations in the captured optical power by the lead-out
fiber. Although these sensors demonstrate good capability in detecting applied tilt, they suffer
from limitations such as less sensitivity, less tilt-angle resolution, along with inherent
measurement errors resulting due to their complicated design strategies. Recently, numerous
innovative approaches and unique designs have been employed to develop FBG-based all-
optical tilt sensors. Some of these sensors incorporate a pendulum suspension mechanism, with
a mass either suspended from the top [64], [74]-[78] or hanged freely from the fiber[79]. In
[64], [74], the fiber, with strategically placed grating structures onto it, captured the restricted
movement of the suspended mass when the tilt perturbation was applied to the sensor. Other
sensors, as reported in [75]-[77], utilized a cantilever-based pendulum suspension mechanism.
Those sensors relied on the pendulum's rotation when tilt was applied. As an example, Dong et
al. [78] proposed a complicated sensor design that employed pendulum structure. Here the
pendulum structure was hung through three steel flakes. FBGs were glued onto those flakes.

Ni et al. [79] reported tilt sensor using an inverted pyramidal structure with multiple FBGs

12
TH-3698_186121009



arranged in different configurations. However, ensuring sensor stability and addressing cross-
sensitivity to unwanted perturbations (such as oscillations) were significant challenges in these
designs. The direct suspension of the mass from the fiber loop is bound to induce undesired
oscillations in these fiber-mass pyramidal structure-based sensors, leading to measurement
inaccuracies and potential sensor instability. Additionally, there is a high likelihood of
slackening in the fiber arms of the structure during tilt. Chen et al. [80] proposed an approach
using a single FBG, while Li ef al. [81] explored a tilt sensor employing a dual FBG
configuration. Aneesh et al. [82] reported a tilt sensor using four FBGs and a spring-bob
system, offering an enhanced tunable response. Pathi ef al. [83] explored a sensor design
utilizing a fiber with four FBGs glued strategically to the side of a bob, fixed with a vertical
sturdy wire. All the sensors, discussed above, are characterized with reasonably moderate
sensitivity, resolution, and accuracy. However, one of the major limitations with most of these
sensors [74]-[78],[80],[81] was the lack of tuning mechanism that resulted in fixed response
characteristics. Therefore, a critical need persists for a tilt sensor that combines optimal
sensitivity with high measurement accuracy, minimal discrepancy, high angular resolution, and

inherent sensitivity tuning capability, which are very crucial for real-field applications.

Liquid level sensing is also equally critical for the structural health of certain
infrastructures, particularly those exposed to water or liquid-related stress, such as pillars (that
support bridge), dams, and flood barriers. Changes in water or liquid levels can exert pressure
on structures, accelerating degradation or even causing catastrophic failures if not detected
early. Along with this, liquid level sensors are also extensively important in various industries
including fuel reservoirs, chemical industries, water and waste water management industries,
food and beverage industries, petrochemicals, pharmaceuticals as well as in agricultural and
residential use that involves storage tanks of considerable size with substantial depths (2-6 m)

[84]-[86]. Along with improving the operational efficiency of industries, they also serve an
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extremely crucial role in guaranteeing safety by providing early prediction of flood by tracking
the rising water levels, enabling early warnings and evacuation alerts in flood-prone areas.
These applications require sensing systems that are capable of monitoring liquid level
accurately. There are few conventional liquid level sensors that are proposed in the past few
decades [87]-[89]. These sensors are characterised with good sensitivity. However, their
operations are limited because of the size, susceptibility to electromagnetic interference, and
inability to adapt to potentially explosive, corrosive and conductive environments. Later on,
few attempts have been made in order to develop all-optical liquid level sensors that overcome
some of the major shortcomings of conventional sensors [90], [91]. However, they have their
own major limitations of being highly alignment sensitive and incapable for remote sensing
and multiplexing, to name a few. These shortcomings, in-effect, make them impractical for real
field applications. To address these limitations, OFSs have been explored. Numerous attempts
have been made in realizing optical fiber liquid-level sensors employing various
configurations, e.g., etched fiber [17], [92], [93], standard optical fiber [94], [95], optical fiber
interferometers [96]-[99] etc. Several attempts have also been made in order to realize liquid
level sensors based on FBG/ etched FBG (EFBG) [51], [100]-[104], tilted FBG [105]-[107]
and long period grating (LPG) [108],[109]. For instance, Yun et al. [51] reported an EFBG
based liquid level sensor that employed effective RI modulation mechanism. This sensor
exhibited a nonlinear response over the dynamic range of ~1.5 cm. Guo et al. [100] reported
another liquid level sensor based on the chirping of an embedded FBG onto a complex bending
cantilever beam and column buoy structure. Lai et al. [101] proposed another scheme where
liquid level sensor employed FBG embedded tapered cantilever beam and column buoy
structure. A linear response with the experimentally obtained sensitivity of 14.91 pm/cm (much
lower than the theoretically predicted sensitivity) and a resolution of ~3 cm was observed. FBG

based liquid level sensor reported by Sohn et al. [102] employed a complex cantilever rod and
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float structure. The sensor exhibited a linear response over a dynamic range of 0-36 cm with a
sensitivity of 0.1 dB/cm. In another sensor reported by Sheng et al. [103], EFBG was
encapsulated in a half-polymer-filled metal cylinder. In comparison to the theoretically
anticipated sensitivity of 2.15x10” cm™ pm/cm, experimentally observed sensitivity for the
proposed sensor was 1.526x10” cm™ pm/cm. Almeida et al. [104] developed a liquid level
sensor by embedding FBG in a silicone rubber. The sensor showed a linear response with a
maximum sensitivity of 1.56 pm/cm. In summary, reported sensors employed very complex
structure, exhibited limited operational range and in many cases theoretically expected

response could not be achieved experimentally.

1.1 Objective and summary of the thesis

The main objective of the thesis is to develop novel all-optical FBG-based tilt sensor and liquid
level sensor, which are crucial for SHM and other real-field applications. It is essential to note
that, in order to effectively capture applied perturbations, a sensor is required to have
reasonably good sensitivity. Furthermore, achieving minimal discrepancy and uncertainty,
along with high accuracy and resolution and possibly with tunable response characteristics, is
crucial for a stable and effective sensing mechanism. In order to achieve these, first, a novel,
all-optical, design strategy for the development of temperature insensitive non-pendulum type
FBG based tilt sensor is proposed. The sensor has a provision to tune the response
characteristics by simply varying the loaded mass onto it. Modulation of wavelength separation
between two FBGs in accordance to the applied tilt makes the sensor inherently temperature
insensitive. Response characteristics of the proposed sensor is theoretical analysed and
experimentally established. An excellent agreement is observed between theoretically
predicted and experimentally obtained responses. Sensor exhibits an excellent sensitivity with

a high accuracy, minimal maximum discrepancy and angular resolution. To strategically
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capture applied tilt perturbations with better sensitivity and to improve the sensor performance
further, another novel design strategy for the development an FBG-based temperature-
independent all-optical tilt sensor is proposed. The design strategy inherently enables the tuning
of the response characteristics simply by varying the mass. This sensor exhibited substantial
improvements not only in sensitivity, but also in accuracy, minimal maximum deviation, and
angular resolution. In order to further enhance the sensor performance, such as, sensitivity,
angular resolution, accuracy and angular uncertainty, another novel design strategy for the
development of a temperature-insensitive FBG-based all-optical tilt sensor is proposed. This
sensor also has a provision of tuning the response characteristics as per the requirement. Both
theoretical analyses and extensive experimental investigations were carried out under varying
tilt angles. The sensor demonstrates significantly improved overall performance, featuring an
excellent sensitivity nearly eight times higher than that of the previous sensor. Additionally,
experimental observations highlight the sensor’s high degree of reversibility, repeatability, and

reliability.

In the next part of the research, instead of traditional wavelength modulation
mechanism, intensity modulation of the FBG spectrum that exploits the effective RI sensitivity
of EFBG is used to develop novel all optical tilt sensor. This technique is utilized for the first
time for the development of tilt sensor, to the best of author’s knowledge. The design strategy
of the proposed sensor employs four EFBGs in vertical configuration. All the four EFBGs are
initially immersed upto the half-length into a strategically chosen liquid. The sensor
characteristics of the design was investigated theoretically. The sensor exhibits high sensitivity.
In order to capture applied tilt with better sensitivity and improve sensor performance, another
sensor is proposed that exploits the same sensing mechanism (intensity modulation of EFBG).
The design strategy of the proposed sensor is based on four EFBGs, each inclined in the vertical

plane while making a cross. The sensor characteristics of the new sensor design was also
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investigated theoretically. The maximum theoretical sensitivity for this sensor comes out to be
double to the sensitivity observed for the previous sensor. Additionally, the peak reflectivity of
FBG spectrum being independent of temperature variation, the response of the proposed sensor

is free from the temperature cross-sensitivity.

Additionally, an FBG-based all-optical liquid level sensor exploiting Archimedes’ law
of buoyancy is developed. Objective of research in this part of work is to achieve high
sensitivity towards liquid level variation along with significantly high resolution and high
accuracy (<0.5% full scale reading (FSR); minimum requirement as per the industrial
standards). Response characteristics of the proposed sensor is theoretically investigated and
experimentally established. The sensor exhibits outstanding maximum sensitivity.
Experimental results confirm that the proposed sensor is capable of achieving liquid level

measurement with excellent resolution and exceptional accuracy.

1.2 Organization of the thesis

Chapter-1

This chapter establishes the foundation of the proposed research work. It begins with discussing
about conventional sensors and their limitations, followed by the importance of optical fiber
technology in the sensing industry. The next section discusses the theory of FBG and its sensing
applications in various diverse fields, especially in SHM. In the next section, an extensive
literature survey is carried out on the existing tilt and liquid level sensors and their limitations
are reported. The last section establishes the objectives of the thesis work and the

methodologies used in achieving those objectives.
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Chapter-2

The objective of the research reported in this chapter is to develop FBG based novel all-optical
temperature-insensitive tilt sensor. Initially, a novel sensor design comprised of a wheel and
rod system was conceptualized. Then, comprehensive theoretical analysis was carried out to
(a) establish feasibility of capturing the applied tilt, (b) understand the response characteristics
and (c) examine the impact of various design parameters on the response characteristics. Based
on these theoretical findings, sensor was designed and rigorous experimental investigations
were carried out in order to establish various critical features of the proposed sensor (e.g.,
resolution, accuracy, maximum discrepancies, uncertainties, and reliability). It is important to
mention that this sensor design was capable of tuning the response characteristics, as desired,
for specific applications. During the experimental investigations, individual responses of both
the FBGs were recorded. Applied tilt perturbation induced wavelength shifts were analyzed,
confirming the sensor’s effectiveness in detecting tilt angle variations with a consistent linear
and reversible response within the dynamic range of £10°. It is crucial to mention that, all the
experimental results show a great agreement with the theoretical results. The sensor also
demonstrated excellent resolution, accuracy, and repeatability, maintaining stable performance
over multiple trials. Its design inherently compensates for temperature fluctuations by relying
on the wavelength difference between two FBGs, significantly reducing temperature-induced
shifts. Comparative analysis of the response characteristics establishes that the proposed sensor
outperformed the other sensors reported in the literature in terms of observed sensitivity,
accuracy, and tunability. These features make the proposed sensor highly suitable for the real-

world applications.
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Chapter-3

The previous chapter described the development of temperature-insensitive FBG-based tilt
sensor that employed rod and wheel system. Even though, the sensor was characterised with a
good sensitivity and accuracy, there is ample scope to improve the overall response
characteristics of the tilt sensor. This chapter introduces another novel design strategy for the
development of a temperature-insensitive FBG-based tilt sensor with further improved
response characteristics. Initially, the sensor design was conceptualized, followed by an in-
depth theoretical analysis aimed at determining the feasibility of capturing applied tilt and
understanding the response characteristics. The design comprises of a giant wheel mounted in
the vertical plane with its axle fixed rigidly onto two parallel vertical stands. Rigorous
experimental investigations were conducted to establish critical features of the proposed sensor,
such as resolution, accuracy, maximum discrepancies, uncertainties, and reliability. It is
important to mention that this sensor design is also capable of tuning the response
characteristics, as per requirement, simply by varying the mounted mass applied on the sensor.
The experiments confirm that the sensor effectively measures tilt angle variations while
maintaining a linear and reversible response across a £10° range. The sensor exhibits excellent
agreement with theoretical predictions, with minimal discrepancies and angular uncertainties,
demonstrating high precision in both forward and reverse tilts. It also delivers impressive
resolution and accuracy, improving consistently with increased mass loading. The sensor shows
highly repeatable and reliable performance over time, as verified through repeatability tests. A
key advantage of the design is its inherent temperature insensitivity, achieved by monitoring
the wavelength difference between two FBGs. This approach significantly suppresses
temperature-induced shifts, ensuring measurement stability under varying thermal conditions.

Comparative evaluation further reveals that the proposed sensor surpasses existing counterparts
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in terms of sensitivity, accuracy, and tunability, making it well-suited for practical, real-world

applications.

Chapter-4

Building upon the findings and advancements detailed in the previous chapter, the pursuit of
enhanced sensor performance continues in this chapter. This chapter emphasizes on the
development of a novel FBG-based temperature-insensitive novel tilt sensor. The sensor
consists of a double pendulum having a common axle. Rigorous experimental investigations
were conducted to establish critical features of the proposed sensor, such as resolution,
accuracy, maximum discrepancies, uncertainties, and reliability. It is important to mention that
this sensor design is also capable of tuning the response characteristics, as per requirement,
simply by varying the mounted mass applied on the sensor. Experimental investigations
confirm that the sensor is capable of measuring tilt angles with excellent sensitivity, resolution,
and accuracy. The observed results align closely with theoretical predictions, reflecting high
precision and minimal measurement uncertainty. Repeatability and reliability tests further
validate the sensor’s consistent performance over time, with negligible variation in output. The
design inherently compensates for temperature effects, as both FBGs experience identical
thermal shifts, which cancel out in the differential measurement. This effectively neutralizes
temperature-induced errors, ensuring thermally stable operation. When compared to other
sensors, the proposed design exhibits superior performance across all key sensing parameters,
including sensitivity, accuracy, and reliability, making it a strong candidate for high-precision

tilt sensing applications.

Chapter-5
In this chapter, a novel all-optical tilt sensor is developed by utilizing intensity modulation of

the FBG spectrum that exploits the effective RI sensitivity of EFBG, instead of the traditional
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wavelength modulation mechanism. This technique is utilized for the first time for the
development of tilt sensor, to the best of author’s knowledge. The design strategy of the
proposed sensor employs four EFBGs in vertical configuration. All the four EFBGs are initially
immersed upto the half-length into a strategically chosen liquid. Response characteristics of
the proposed sensor against tilt angle variations are theoretically investigated. The maximum
theoretical sensitivity of the proposed sensor comes out to be 1.20 dB/°. In order to capture
applied tilt with better sensitivity and improve sensor performance, another sensor is proposed
that exploits the same sensing mechanism (intensity modulation of EFBG). The design strategy
of the proposed sensor is based on four EFBGs, each inclined in the vertical plane while making
a cross. The sensor characteristics of the new sensor design was also investigated theoretically.
The maximum theoretical sensitivity for this sensor comes out to be double to the sensitivity
observed for the previous sensor. Furthermore, both the sensors are observed to be capable of
measuring the magnitude and the direction of inclination relative to the horizontal plane across
the designated dynamic range of -10° to 10°, exhibiting excellent reversibility and reliability.
Additionally, as peak reflectivity of FBG spectra does not depend on the temperature variations,
change in temperature will cause the centre wavelength of the FBGs to get shifted. But, the
reflected peak, which is used to monitor the applied tilt in our work, remains unaffected by
temperature fluctuations. Thus, the problem of temperature cross-sensitivity gets eliminated

inherently.

Chapter-6

The main objective of the research introduced in this chapter is to present a novel design for a
liquid level sensor using Fiber Bragg Grating (FBG) technology. In the proposed sensor,
Archimedes' law of buoyancy is exploited. The design involves two Fiber Bragg Gratings
(FBGs) mounted on a single optical fiber, with a cylindrical metallic mass suspended in the

liquid whose level is being measured. As the liquid level changes, the buoyant force on the
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cylindrical mass alters the strain experienced by the FBGs, causing a shift in the reflected Bragg
wavelengths. Experimental results confirm that the sensor exhibits high sensitivity, closely
matching theoretical predictions, with minimal discrepancy across the designed dynamic range.
The sensor demonstrates excellent resolution and accuracy in liquid level measurements,
making it well-suited for precision applications. A key advantage of the design is its tunable
sensitivity—achieved by adjusting the mass of the suspended cylinder—allowing the sensor to
be customized for various application needs. Repeatability tests further validate the sensor’s
consistent and reliable performance over time. Temperature independence is ensured through
differential wavelength shift measurement between two FBGs, effectively cancelling out
thermal effects and maintaining stable operation across temperature variations. These features
collectively make the proposed sensor highly precise, versatile, and robust for real-world

environments.

Chapter-7

This chapter of the thesis presents a summary and highlights of the FBG-based tilt sensors and
liquid level sensor employing wavelength modulation and intensity modulation techniques,
exploiting the distinct characteristics of FBGs. Additionally, the chapter outlines the future

scope of the presented research work.
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Chapter 2 : Novel design strategy for the development of

temperature insensitive fiber Bragg grating tilt sensor

2.1 Introduction

Inclination or tilt-angle monitoring plays a critical role in assessing the state of the health of
civil infrastructures such as bridges, tunnels, dams etc. Furthermore, it is equally critical in
applications across mechanical engineering, instrumentation, robotics, and aeronautical
engineering applications [64]. Therefore, development of a highly accurate, extremely
sensitive, and compact tilt monitoring system, capable of detecting the smallest tilt-angle
variations across a wide dynamic range, is very important. Most of the conventional tilt sensors
are predominantly electronic in nature, mapping inclination information into electrical signals
through mechanisms such as magnetic or capacitive effects [65]-[67]. However, inherent
limitations of such sensors, including susceptibility to EMI, challenges to deploy in harsh
environments and the inability towards multiplexing, remote sensing and distributed sensing,
impose serious problems for these sensors. Such drawbacks in-effect hinder their practicality
for real-world applications. For example, Zhong et al. [68] reported an optical tilt sensor
exploiting wavefront sensing technique. [69], [70] proposed tilt angle-measurement method
based on internal reflection of light beam in prism. In another study, Hua ef al. [71] explored a
tilt sensor based on laser interference, while Xiaoyong et al. [10] introduced a tilt sensor that
combines laser technology with holographic methods. Despite these efforts, the bulky and
complex design configurations, coupled with extreme sensitivity to alignment, render these
methods impractical for real-field applications. Optical fiber sensors, known for their very high
sensitivity to external perturbations affecting the optical signal propagating down the fiber,
have become a powerful alternative to traditional optical sensors. Since the first optical fiber

sensor (OFS), introduced in 1974 [110], these sensors have evolved significantly and are
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capable of overcoming many limitations of conventional sensors. With inherent advantages
like remote and distributed sensing, multiplexing, compact size, light weight, and resistance to
EMI, optical fiber sensors are used in wide range of real-world applications, including
environmental monitoring, bio/chemical diagnostics, structural health monitoring etc. [111].
However, only a few studies have focused on developing optical fiber sensors for inclination
or tilt-angle monitoring. One example is a push-pull fiber optic tilt sensor based on a Mach-
Zehnder reflector, developed by Yuan et al. [72]. Another design by Lee et al. [16] used optical
fibers as transceivers to capture reflected light in response to tilt. Similarly, Bajic et al. [73]
introduced a tilt sensor using lead-in and lead-out optical fibers spaced within a liquid
container. As the container rotates, the liquid surface shifts, causing changes in the optical
power captured by the lead-out fiber. Although these sensors were characterised with good
capability in detecting applied tilt, they suffer from various limitations such as low sensitivity,
low tilt-angle resolution, and inherent measurement errors due to their complicated design
strategies. With the invention of FBGs, they have received widespread recognition for their
potential applications in the field of modern telecommunication systems and optical sensor
networks [47]. Apart from inheriting all the advantages of optical fiber sensors, the inherent
self-referencing nature and the capability of multiplexing large number of FBGs on a single
fiber line make FBG based sensors integral to real-field industrial/engineering applications.
FBG is inherently sensitive to strain and temperature both. Hence, FBG based sensors are
strategically designed by mapping the desired parameter onto the induced strain in the FBG
while negating the temperature effects. Recent advancements have introduced various FBG-
based optical tilt sensors with innovative designs. Some of these sensors utilize pendulum
suspension mechanisms, with a mass either suspended from the top [64], [74]-[78] or hanged
freely from the fiber[79]. For instance, sensors in [64], [74] use grating structures to capture

the restricted movement of the suspended mass upon tilt, while others employ utilize a

26
TH-3698_186121009



cantilever-based pendulum suspension mechanism [75]-[77]. Dong et al. [78] designed a
sensor with a pendulum structure hung through three steel flakes, with FBGs attached to these
flakes. Ni et al. [79] reported proposed sensors based on an inverted pyramid structure with
FBGs arranged in different configurations along fiber arms. However, this design face
challenges in maintaining stability and minimizing sensitivity to unwanted oscillations, which
can lead to measurement inaccuracies. Additionally, slackening of fiber arms during tilt is
another issue. Chen ef al. [80] proposed an approach using a single FBG, while Li et al. [81]
explored a tilt sensor employing a dual FBG configuration. Aneesh et al. [82] reported a tilt
sensor using four FBGs and a spring-bob system, offering an enhanced tunable response. Pathi
et al. [83] proposed a sensor design utilizing a fiber with four FBGs glued strategically to the
side of a bob, fixed with a vertical sturdy wire. All the sensors discussed above exhibit moderate
sensitivity ranging from 0.0011 to 0.0960 nm/°, accuracy from +0.051° to £0.360°, and angular
resolution between 0.0067° to 0.019° [64], [74]-[83]. From the perspective of structural health
monitoring and real-world applications, achieving a high sensitivity is essential. Additionally,
it is equally important for the sensor to effectively detect tilt perturbations in a strategic manner
while maintaining inherent stability. In designs prone to instability, any undesired oscillations
can introduce noise in tilt measurements due to (a) random vibrations or oscillations of the
suspended pendulum system and (b) slack in the fiber. Another major limitation with most of
these sensors [74]-[78],[80],[81] is the lack of tuning mechanism that resulted in fixed response
characteristics. It is important to note that a tilt sensor with optimum sensitivity, high
measurement accuracy, minimal discrepancy, improved angular resolution, and inherently

capable to tune response characteristics is of great importance for real-field applications.

This chapter introduces a novel, non-pendulum type design strategy for the
development of a FBG based temperature-insensitive all-optical sensor. Initially, the sensor

design is conceptualized. Comprehensive theoretical analysis is then carried out to (a) establish
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feasibility of capturing the applied tilt, (b) understand the response characteristics and (c)
examine the impact of various design parameters on the response characteristics. Based on
these theoretical findings, sensor is designed and rigorous experimental investigations are
carried out in order to establish various critical features of the proposed sensor (e.g., resolution,
accuracy, maximum discrepancies, uncertainties, and reliability). It is important to mention that
this sensor design is capable of tuning the response characteristics, as desired, for specific
applications. During the experimental investigations, individual responses of both the FBGs
are recorded. Applied tilt perturbation induced wavelength shifts are analysed. The experiments
show that the sensor effectively detects tilt angle variations, maintaining consistent linear and
reversible response characteristics within the dynamic range of £10°. An excellent agreement
is observed between theoretically predicted and experimentally obtained responses. The sensor
displays minimal maximum discrepancy of £0.001 nm and demonstrates a high degree of
reversibility, repeatability and reliability. Comparative analysis of the response characteristics
establishes that the proposed sensor outperformed the other sensors reported in the literature in
terms of observed sensitivity and accuracy. Moreover, the sensing mechanism depends on
mapping the varying tilt to shift in wavelength difference between the two FBGs. This approach

makes the sensors inherently independent of ambient temperature fluctuations.

2.2 Concept and theory of sensor
2.2.1 Sensor conceptualization

Fig. 2.1 depicts the concept and the schematic diagram of the proposed sensor. The sensor
primarily comprises a rod (CE), which is fixed to a small frictionless wheel (Fig. 2.2). The axle

of the wheel is fixed to an ‘L’ shape frame comprising vertical plate P; and horizontal plate P>
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Figure 2.1: Schematic diagram of the proposed FBG based tilt sensor (a) at zero inclination
(b) at 6° inclination

Frictionless wheel

Figure 2.2: 3-D view of the proposed sensor

(Fig. 2.1). This arrangement facilitates rod to rotate freely in a vertical plane about the center
of the wheel (A). However, the frame restricts the rod to stay on P in its natural state. In order
to exploit the rotational tendency for realizing the proposed tilt sensor, the rod is constrained
to remain oriented at a specific angle ¢ w.r.t. P2. This is achieved with the help of FBG carrying
optical fiber, which is fixed at a point B (on P1), then at the point C (top end of the rod) and
finally at a point D (on P»), as depicted in Fig. 2.1. In this arrangement, fiber arm CB makes an

angle a, whereas, fiber arm CD makes an angle f with the axis of the rod. FBGs (41 and 1)
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reside at the center of each fiber arms and the fiber is strained in a way to avoid slackening.
Both the fiber arms and the axis of the rod remain in the same vertical plane. Thus, the tendency
of the rod to rotate clockwise is constrained by the fiber. As the frame is tilted, strain in the
fiber arms will get redistributed due to the rotational tendency of the rod. In order to design the
sensor and to achive optimum response charactwrsitics with respect to the design parameters,

rigorous theoretical investigation is carried out, which is presented in the following section.

2.2.2 Theoretical modelling

The force diagram of the reported sensor is also depicted in Fig. 2.1(a) and 2.1(b). The rod is
of mass m and length /, while x (= AE) represents the outer radius of the frictionless wheel. At
zero inclination of the sensor, 71 and 7> are the tensions acting in the fiber arms. Clockwise

torque (z.) and anti-clockwise torque (z.c) about Point A are given as,
l :
T, =mg (E + x) cos¢p + T, (L + x)sinf (2.1)
Tge = T1(1 + x)sina (2.2)

Here, g is the acceleration due to gravity. In this constrained position of the rod, clockwise and

anticlockwise torque balance each other, making the net torque about A to be zero. Hence,
Te— Tge =0 (2.3)

mg (é + x) cos¢p + (T,sinf — Tysina)(L+x) = 0 (2.4)

Now, when the sensor is inclined by an angle 6, the tension in both the fiber arms gets
redistributed from 7', T2 to 71" (= T1 + ATh) and T>' (= T> + AT>), respectively. In this situation,
clockwise and anti-clockwise torques (about the point A) are given
by,

T, = mg (é + x) cos(¢p + 0) + T,(L + x)sinp (2.5)
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Tae = Ty (I + x)sina (2.6)
In this new constrained position of the rod, these modified clockwise and anticlockwise torque

will again balance each other, making the net torque about A to be zero. Hence,
Te— Tge =0 (2.7)

mg (é + x) cos(¢p + 0) + (T, sinp — T, 'sina)(l +x) =0 (2.8)

In order to simplify the theoretical analysis, let us consider the angle subtended by the fiber
arms BC and CD with the rod to be equal, i.e., @ = f. With this simplification, Eq. (2.4) and

Eq. (2.8) can be merged and written as,

mg (l+2x

ATZ_AT1= l+x

) [cos ¢ — cos(¢p + 6)] (2.9)

2sina

In terms of the mechanical strains (¢€) induced in both the FBG arms, Eq. (2.9) can be expressed
as

1 mg /l+2x
e

AE 2sina ) [cos ¢ — cos(¢ + 0)] (2.10)

Here, E is the Young’s modulus of the fiber material and A4 is the cross-sectional area of the
optical fiber. For the FBG, strain induced wavelength shift is expressed as [39],

AN
(1 —p.)Ae (2.11)

Here, p. is the photo-elastic coefficient of the fiber. Assuming A4; < 4;;i=1,2; 41 = 42 and
employing Eq. (2.11), Eq. (2.10) reduces to

myg

AO\Z - 7\1) = m

(2.12)

(1= p)is (l + Zx) Isin(q’) +6/2) (2 i 9)

l+x sina 2

Referring to Eq. 2.12, the following features of the proposed sensor are worth mentioning: (a)
Ambient temperature fluctuation, acting on both the FBGs identically, leads to an identical

shift of the Bragg wavelengths. As the sensor monitors tilt by measuring A(42—41), influence of
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the temperature gets automatically eliminated, making the sensor inherently temperature
insensitive; (b) Sensitivity is proportional to m/2. Hence, sensitivity can be tuned to the desired
value simply by choosing a rod of different mass (m); (¢) For small tilt angles (up to 20°), the
shift in wavelength difference is proportional to the applied tilt angle (6); (d) Importantly, apart
from the applied tilt angle 6, sensor response critically depends on the crucial design parameters
[, x, ¢ and a. In order to design the sensor, one needs to incorporate appropriate values of these
additional design parameters that can lead to the optimum response characteristics. Hence,

effect of these additional design parameters needs to be investigated.

2.2.3 Sensor optimization

Theoretical modeling of the proposed design strategy for the development of tilt sensor reveals
that the response characteristics depends on critical design parameters /, x, ¢ and a. This
dependency is reflected in Eq. (2.12) through the two additional factors, namely, (/+2x)/(/+x)
and sin(¢+ 6/2)/sina. Let us consider the factor (/+2x)/(/+x) first. The value of this factor
approaches to 1 when / >> x, and to 2 when x >> [. As the proposed sensor exploits the
rotational tendency of the rod and the mass of the rod critically defines the sensitivity, length
of the rod / has to be much larger than the radius of the wheel x. Consequently, this factor
essentially serves as a multiplier with the value slightly greater than 1. On the other hand,
sin(¢+6/2)/sina. acts as the dominating factor in defining the sensitivity and the linearity
characteristics of the proposed sensor.

In order to develop deeper understanding, sensor response is simulated while varying
the values of ¢, 8, and a. During the simulation, mass of the rod is taken to be 30g. These
simulated response characteristics are plotted in Fig. 2.3, where the x-axes carry the applied tilt
angle 6 and the y-axes carry theoretically observed values of A(42—41). In these simulations, (a)
tilt angle 4 is varied in a step of 2° from -10° to +10°; (b) for a fixed value of ¢, a is varied as
50°, 30°, 20°, 15°, 10° and 5°; and (c) ¢ itself is varied as 10°, 30°, 50°, and 70°. Following
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Figure 2.3: Theoretical sensor response, A(42- A1) vs 0, at (a) ¢ = 10°, (b) ¢ =30° (c) ¢ =

50°, (d) ¢ = 70°

observations can be made from Fig. 2.3: At lower value of ¢, as an example when ¢ is fixed at

10° in Fig. 2.3(a), response of the sensor is nonlinear throughout the tilt angle variation range

of £10°. The nonlinear response is observed for all the values of a. As the value of ¢ is increased

to 30° in Fig. 2.3(b), response of the sensor still remains nonlinear for all the values of a.

Importantly, not only the nonlinear nature decreases within the & range of +10°, but the

sensitivity also increases while moving from ¢ = 10° to ¢ = 30° at each value of a. Similar

trend is observed when the value of ¢ is increased to 50° in Fig. 2.3(c). Increasing ¢ to 70° in

Fig. 2.3(d), results in almost perfect linear response within the 4 range of £10°. Summarizing

the observations, (1) at a fixed value of ¢, decreasing the value of a results in a higher sensitivity.

TH-3698_186121009
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The increment in sensitivity is observed to be nonlinear, which means that a lower value of a
will result in significantly enhanced sensitivity of the proposed sensor. This is because of the
fact that the response of the sensor depends on a through the term sina and this term appears
in the denominator of the factor sin(¢+6/2)/sina. Thus, the value of a should be opted as small
as possible if one intends to achieve maximum sensitivity; (ii) at a fixed value of a, increasing
the value of ¢ tends to make the nature of the response linear while increasing the sensitivity.
To understand the reason behind the nature of the response characteristics being transformed
from nonlinear to linear as ¢ increases, effect of sin(¢+6/2) term in the numerator of the factor
sin(¢+6/2)/sina needs to be analyzed. For the values of ¢ within the range of variations of 6
(i.e., within £10°), sin(¢ + 6/2) is not constant. Rather, it acts as an increasingly multiplying
factor within £10°, thus contributing to the nonlinearity. However, if ¢ is chosen to be much
larger than the range of @ variations (£10°) as in the case of Fig. 2.3(c) and (d), we can write,

sin(¢p + 6/2) = sin¢ (2.13)

Under this approximation, factor sin(¢+6/2)/sina (= sing/sina) becomes effectively
independent of §. Thus, for a given value of a and larger values of ¢, this factor acts merely as
a constant multiplying factor with the +10° range of &; hence, leading to a linear response. In
conclusion, for achieving optimum sensitivity and linear response within the designed dynamic
range of £10°, a should be as low as possible and ¢ should be as high as possible. Theoretical
results in Fig. 2.3 depicts that the design parameters ¢ fixed at 70° and o fixed at 5° give rise
to a linear response and highest sensitivity. Increasing the value of ¢ and decreasing the value
of a will further increase the sensitivity. However, while realizing the sensor, it is the design
constraints that limit the highest value of ¢ and the lowest value of a. Keeping the above
findings and the design constraints into considerations, sensor was machined with the value of

¢ equal to 70° and the value of a equal to 14°.
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2.3 Experimental

In order to design the sensor, a frictionless wheel was realized first. For this, a frictionless
stainless-steel ball bearing (make: SKF, model: 608-Z, reference speed 1250 revolutions/sec,
outer radius (o.r.) 11 mm, inner radius (i.r.) 4 mm, width 7 mm) was precisely and firmly fixed
within an annular brass ring (housing) of i.r. 11 mm, o.r. 15 mm and thickness 10 mm. Thus
the radius of the wheel x is fixed at 15mm. A brass rod of radius 4 mm was then rigidily fixed
inside the ball bearing, which acted as an axle of the wheel. Another brass rod of length / (= 10
cm), diameter d (= 6.96mm) and mass m (= 31.94 g; mass-1) was used for realizing the sensor.
One end of this rod was given semi-spherical shape whereas M3 threading was machined at
the other end. This rod was fixed to the wheel; and this rod-wheel structure was then
appropriately and rigidily fixed through the axle of the wheel to a L-shaped frame as depicted
in Fig. 2.1 and Fig. 2.4. L-shaped frame was comprised of a vertical plate P1 (14 cmx2cmx2cm)
and a horizontal plate P> (8 cmx2cmx3cm). Specially designed strain tuning units (STUs) were
fixed to both the plates. These STUs were not only crucial for pre-straining the fiber, but also
played critical role in dictating/constraining the value of a. Two FBGs, FBGI1 (41 = 1552.112
nm) and FBG2 (4>=1546.206 nm) were inscribed at a pre-calculated separation on a hydrogen-
loaded single-mode fiber using the phase-mask method. The fiber parameters were as follows:
Young’s modulus of material, £ = 7.2x10'° N/m?; cross-sectional area, 4 = 1.23x10°® m?; and
photo-elastic coefficient, p. = 0.22. FBG carrying optical fiber was fixed at the STU1, then at
the top semi-spherical end of the rod and finally at the STU2, as depicted in Fig. 2.5. The fiber
was pre-strained by an amount ~1500 ue. Following this, the sensor was mounted on the tilt
platform (goniometer), which was capable of varying tilt within the range of +10°. Photograph
of the proposed FBG based tilt sensor is shown in Fig. 2.4. In order to carry out the
experimental investigations, proposed sensor was connected to an FBG interrogator (Micron

Optics, resolution 0.5 pm). The interrogator was interfaced to a computer in order to facilitate
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real-time data acquisition through Micron Optics ENLIGHT software. Starting from —10°
inclination, the sensor was tilted in a suitable and smallest step of 2° (dictated by the
goniometer) to +10° (forward) and then reverted back to —10°(reverse). The wavelength shifts

for both the FBGs corresponding to various applied tilt angles were recorded using the FBG

interrogator.

2.4 Results and discussion

In order to characterize the response characteristics, proposed sensor was tilted with the help

of goniometer. While doing so, wavelength shifts of both the FBGs were recorded in real-time

Figure 2.5: Proposed FBG based tilt sensor

Computer

STU1

Interrogator

o STU2

Figure 2.4: Experimental setup for sensor characterization
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using the FBG interrogator. Observed time response of the two FBGs for the rod of mass-1 are
depicted in the inset of Fig. 2.6. Left vertical axis represents responses of FBG1, whereas and
right vertical axis represents responses of FBG2. In order to develop deeper understanding of
the response characteristics, experimentally observed A(4>—41), determined from the stabilized
portion of the experimental response of individual FBGs, are plotted against the varying tilt
angles in Fig. 2.6 for the forward (circles) as well as reverse (crosses) tilts. Theoretically
predicted A(42—41) are also plotted (continuous line) in Fig. 2.6. It is worth mentioning that the
experimental results match excellently with the theoretically predicted results. Theoretical as
well the experimental sensitivities, both are observed to be 0.0162 nm/°. Further, the sensitivity
remains identical for the forward and the reverse tilts. This establishes highly reversible nature
of the sensor. Maximum discrepancy between the theoretical and the experimental responses
is observed to be £0.001 nm, which corresponds to an angular uncertainty of £0.0617° for
forward as well as reverse tilt variations. Accordingly, the accuracy of tilt angle measurement
is observed to be +0.062°. Importantly, angular resolution entirely depends on the wavelength
resolution of the interrogation system. In the present research, the wavelength resolution of the

interrogator was 0.5 pm. Consequently, tilt angle resolution is observed to be 0.0308°.

In order to investigate the tuning capability of the response characteristics, experiments
were carried out by replacing the brass rod of mass-1 with another brass rod of mass-2 (59.07
g) (length / = 10 cm, diameter d = 9.50mm). Theoretically calculated and experimentally
observed A(42—A1) for this rod of higher mass are also depicted in Fig. 2.6 for forward (tilted
squares) and reverse (triangles) tilt angle variations. In this case also, the experimental results

match excellently with the theoretically predicted results. Theoretical as well the experimental
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Figure 2.6: Experimental response for two different masses (rods).

sensitivities, both are observed to be 0.0300 nm/°. Further, the sensitivity remains identical for
the forward and the reverse tilts. This, once again, establishes highly reversible nature of the
sensor. Importantly, the observed sensitivity in this case is approximately 1.85 times higher
than the sensitivity observed in the case when the proposed sensor employed rod of smaller
mass (mass-1). This shows that the enhancement in the sensitivity aligns precisely with the
ratio of the masses of the two rods, as predicted by the theoretical model presented in Eq.
(2.12). This feature underlines the excellent capability of tuning the response characteristics of
the proposed sensor simply by varying the mass of the rod. Further, the maximum discrepancy
between the theoretical and the experimental responses is observed to be £0.001 nm, which
corresponds to an angular uncertainty of £0.0333° for forward as well as reverse tilt variations.
In addition, the accuracy of tilt angle measurement is observed to be +0.033°; whereas the tilt

angle resolution is observed to be 0.0167°.
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Table 2.1: Comparison of performance characteristics of the proposed sensor

Author Sensor Mass | Sensitivity | Accuracy | Maximum | Angular | Dynamic
dependency | of (nm/°) discrepancy | resolution range
onmass of | bob (nm)
bob (®

—09°to

Guan et al. [74] m 344 0.0752 +0.100° +0.008 0.0070° 03°
—07°to

Auet al. [64] m 170 0.0395 +0.051° +0.002 0.0130° 07°
—20°to

Bao et al. [75] m 528 0.0540 +0.270° — 0.0190° 20°
—20°to

Bao et al. [76] 8m 500 0.0960 +0.200° — 0.0130° 20°
Yang et al. [77] m 500 | 0.0740 | +0.180° - 00135 | 0°to40°
—10°to

Nietal [79] m 100 0.0537 — +0.015 0.0090° 10°
—15°to

Chen et al. [80] m 357 0.0600 +0.167° +0.010 0.0067° 15°
=50°to

Lietal [81] m 53 0.0011 — — — 500
Aneesh et al. ~10°to

[82] m 110 0.0626 +0.360° — 0.0080° 10°
—10°to

Reported work m/2 59.07 0.0300 +0.033° +0.001 0.0167° 10°

Next, the performance characteristics of the proposed sensor is compared with other
FBG based tilt sensors reported in the literature. Table-I lists critically important parameters
that are required for analyzing effective sensing abilities of a given sensor, such as, sensitivity,
angular resolution, measurement accuracy, maximum discrepancy. Table-I also mentions the
values of the mass (m) used in the reported sensors, and the dependency of sensitivity on the
employed mass (m). At first glance, the sensitivity of the proposed sensor appears to be less
than the sensitivities observed for all the reported sensors, except [82]. It is important to
mention that the sensitivity varies in the linear proportion of m/2 for the proposed sensor (Eq.
(2.12)). This means, the effective mass that played role in the sensing mechanism is half of the
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employed mass. In comparison, not only the sensing mass used in other sensors (except [81])
were higher than the mass used in the present study, but the sensitivities varied in linear
proportion to either m or 8m. This means that the effective mass that played role in the sensing
mechanism in these sensors were either the employed mass itself (hence, double in comparison
to the effective mass of the proposed sensor), or, eight times of the employed mass (hence,
sixteen (16) times in comparison to the effective mass of the proposed sensor). Scaling the
mass (mass-2) employed in the present study to the values employed in the other sensors,
sensitivity of the proposed sensor will surpass all except [76], which reported highest tilt angle
measurement sensitivity of 0.0960 nm/°. Importantly, in the case of [76] employed mass was
500g, which is ~ 8.47 times higher than 59.07g (mass-2 of the proposed sensor). Alongside,
the sensitivity dependency on this mass was in a proportion to 8m. Combining equivalency of
both of these factors, namely, the eight times dependency of sensitivity on the mass and the
mass itself being nearly 8.47 times higher, the expected sensitivity of the reported sensor would
be ~ 4.0608 nm/°. This is significantly (~ 42.3 times) higher than the sensitivity reported in
[76]. At the same time, it is also important to mention that scaling the mass, used in the present
research, to a higher value will substantially improve the observed accuracy and the resolution

of the proposed sensor.

6 r

% '\\//\/\/“/\/\[\

Temperature (°C)

-6 +-

Figure 2.7: Thermal response of the tilt sensor with rod-2 while inclined at a fixed angle
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It is very crucial to mitigate the ambient temperature induced cross-sensitivity for the
proposed sensor that is crucial in real-field applications. While the sensor is inherently designed
to fulfill this requirement, it is important to experimentally examine the effect of ambient
temperature fluctuations on the sensor performance. For this, water bath test was conducted.
Proposed sensor employing rod of mass-2 was placed in a water tank at a fixed inclination.
Water was poured in the tank to the level that ensured that the sensor remained completely
immersed in it. Temperature of the water inside the tank was first raised to 60°C, and then
allowed to cool down naturally to the room temperature (~25°C). During this cooling process,
wavelength difference A(41-42) was measured at regular intervals. Fig. 2.7 illustrates the
thermal response of the proposed sensor. As can be observed, maximum discrepancy in the
wavelength difference is within £3pm. This discrepancy is about 121 times less than the
absolute wavelength shift, an uncompensated FBG will experience when exposed to an
identical temperature variation condition. The extremely low thermally-induced discrepancy,
reflecting the ability to substantially eliminate the temperature cross-sensitivity, establishes the
temperature independent nature of the proposed tilt sensor — an inherent requirement for real-

field applications where continuous ambient temperature variation is inevitable.

Further, Stability, reliability, and repeatability are other crucial parameters to evaluate
the sensor performance. For this, long term performance of the sensor was examined.
Experiments were repeated over three separate days keeping an interval of two days. Fig. 2.8
depicts the sensor outputs corresponding to four different tilt angles (2°, 4°, 6°, 8°). The sensor
output was observed to be consistent over all those repetitive experiments. The inset shows the
corresponding date for 2°. The maximum variation in the sensor output, compared to day one
at all the tilt angles, was found to be of the order of 10 nm. This establishes an excellent

reliability and repeatability of the proposed sensor. This feature, along with an effective sensing
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capability depicted by good sensitivity, maximum discrepancy, accuracy, reversible

tunable response characteristics make the proposed sensor of great practical importance.
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Figure 2.8: Repeatability and reliability test

2.5 Conclusion

In this chapter, a novel design strategy to develop a non-pendulum type temperature insensitive,

FBG-based all optical tilt sensor is proposed. Rigorous theoretical investigations are carried

out in order to establish various design parameters of the proposed sensor for achieving an

optimum response characteristic. On the basis of the findings of the theoretical investigations,

FBG-based tilt sensor is machined and experimentally investigated to establish the response

characteristics across the dynamic range of +10°. Proposed sensor exhibits excellent capability

of tuning the response characteristics, which is reflected by the observed response as the rod

of mass-1 (lower mass) is replaced with the rod of mass-2 (higher mass). Importantly, even

employing mass-2 which is much smaller in comparison to the mass employed in the other

reported tilt sensors, an excellent sensitivity of 0.0300 nm/° is observed for the proposed sensor.

It is observed that by suitably employing an equivalent mass in the proposed design strategy, a

TH-3698_186121009

42



far better sensitivity can be achieved in comparison to the highest sensitivity reported in the
literature. Further, the experimentally observed response matches excellently well with the
theoretical response. This is reflected in the minimal maximum discrepancy of +0.001 nm.
Experimental observations establish high degree of reversible response characteristics with an
excellent accuracy of £0.033° and an angular resolution of 0.0167°, even when the employed
mass is much smaller. Furthermore, the sensing principle depends on mapping tilt angle into
the shift in wavelength difference between the FBGs. This makes the sensor inherently immune
to ambient temperature fluctuations, as established by water bath test. The sensor is also
characterized with high degree of repeatability and reliability. Hence, the proposed sensor is
well suitable for various industrial/engineering applications. Although the sensor design was
characterized with good sensitivity and high accuracy, the angular resolution could not be
achieved as good as in comparison to the sensors developed and reported in literature. Hence,
there remains a need to investigate alternative design approaches to further enhance the overall
performance characteristics. This laid the foundation of the research work discussed in the next

chapter.
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Chapter 3 : Development of Fiber Bragg Grating Based

Temperature Insensitive Novel All Optical Tilt Sensor

3.1 Introduction

The previous chapter described the development of temperature-insensitive FBG-based tilt
sensor that employed rod and wheel system. Notably, apart from the length of the rod and the
diameter of the wheel, the sensor response was inherently dependent on three design
parameters, namely, mass of the employed rod (m), angle of the rod made from the horizontal
(¢) and the angle FBG made with respect to the rod itself (a). These features facilitated the
ability of tuning the response characteristics as per the desired applications. Even though, the
sensor was characterised with a good sensitivity and accuracy, there is ample scope to improve

the overall response characteristics of the tilt sensor.

This chapter introduces another non-pendulum type novel design strategy for the
development of a temperature-insensitive FBG-based tilt sensor. By varying the loaded mass
used in the sensor, the response characteristics can be fine-tuned without requiring complex
adjustments. Response characteristics of the proposed sensor is theoretical analyzed and
experimentally established. Apart from that, as the sensor design maps the applied tilt angle
variations in terms of the Bragg wavelength separation between two FBGs, this makes the
sensor inherently temperature independent. These features of the proposed tilt sensor facilitate

it to meet critical operational standards of real-field monitoring applications.
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3.2 Experimental
3.2.1 Sensor Design and Construction

Fig. 3.1 illustrates the design strategy of the proposed sensor, where a giant wheel is mounted
in the vertical plane with its axle rigidly fixed onto two parallel vertical stands (refer to Fig. 3.2
for 3-D view). To design the sensor, frictionless stainless-steel ball-bearing (make: SKF, model:
608-z, reference speed 1250 revolutions/sec, inner diameter (i.d.) 8 mm, outer diameter (0.d.)
22 mm, width 10 mm) was rigidly and perfectly fixed within an annular brass (housing) ring
(i.d. 22 mm, o.d. 35 mm, thickness 10 mm). This structure was then fixed rigidly at the center
of a brass rod (axle) of length 10 cm and diameter 8 mm. The giant wheel comprised of a big
circular brass ring (i.d. 77 mm, o.d. 87 mm, thickness 10 mm), rigidly fixed to the ball-bearing
(through the housing ring) using three equally spaced (120° angular separation) sturdy
stainless-steel spokes (Fig. 3.1). A small rod was symmetrically and rigidly fixed at the center
of the width of the wheel. This rod was used for mounting equal masses (/2 and m/2) on both

the sides of the wheel so that the perfect vertical orientation of the wheel didn’t get

Wheel

FBGI1 FBG?2

é m
[ \/ Base plate

N
\ O~
/Y

Strain Tuning Unit (STU)

Figure 3.1: Schematic diagram of the proposed FBG tilt sensor
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Outer ring

Housing

Bearing

Vertical stand

Figure 3.2: Frictionless wheel system

compromised (Fig. 3.2). A groove was machined onto the center of the outer surface of the
wheel for attaching an optical fiber carrying FBG. This frictionless wheel system was fixed to
the rectangular metallic (aluminum) base plate of dimension 11cm x 6¢cm x 1.5¢cm using two
identical metallic (aluminum) vertical plates. Identical ‘U’ shaped cut was made at the top end,
and at the middle of the width of these vertical plates to host the axle of the wheel (Fig. 3.2).
Two M3 screws (S1) were used to fastened the axle on the vertical plates, guaranteeing no
undesired shift in the position of the wheel system. These side plates were fixed at the centre
of the lateral surface of the longer side of the base plate. In this arrangement, vertical plane
carrying the giant wheel bisects the base plate along the 6 cm long sides. Further, in order to
fix the FBG carrying fiber and to pre-strain it precisely, two specially designed strain tuning
units (STUs) were fixed with in the slot created at the center of both the short edges of the base

plate (Fig. 3.1).
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Two FBGs (41 and A2) were written onto a single optical fiber with pre-calculated inter-
FBG separation. This fiber was glued at the center of the first STU. Then, going through the
groove made on the wheel, it was glued at the top of the wheel. Finally, it was glued to the
second STU. Thus, the fiber made two inclined fiber arms, each having curved vertex at the
top of the wheel. While fixing the fiber, FBGs were maintained at the center of each fiber arm.
All the FBGs were pre-strained by an equal amount through STUs. Photograph of the
developed sensor is shown in Fig. 3.3. In this design, if the wheel is not constrained by the
fiber, the topmost point of the wheel is free. If the mass m gains a tendency to be displaced
clockwise (anticlockwise), the topmost point of the wheel will also gain a tendency to get
displaced in the clockwise direction (anticlockwise). Thus, if an optical fiber is attached at the
top of the wheel, strain will get redistributed in the two arms of the fiber in the opposite

direction. Total dimension of the sensoris 11 cm X 10 cm x 13.5 cm.

Figure 3.3: Proposed FBG tilt sensor
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3.2.2 Sensing Principle

Fig 3.4 represents the force diagram of the sensor. At zero inclination, the tensions in both the
fiber arms are defined as 71 and 7>. At equilibrium, the net torque acting around the center of

the axle (O) is zero. Hence,
TC_TCC:() :>T'T1_T'T2:0 :>T1:T2 (31)

Here, 7. and 7. are clockwise and counter-clockwise torque w.r.t. the center of the axle. When
the sensor is inclined at an angle 6 in the vertical plane, the tension in both the gratings gets
redistributed to 71’ (= Th1 + ATh) and T>' (= T>» + AT>»), respectively. This is because, if not
constrained, the wheel has a tendency to rotate through the mounted mass. At equilibrium, the

net torque acting around the center of axle (O) is zero. Hence,
To—Tee =0 =27rT] —rT, —mgrsind =0 (3.2)
= AT, — AT, = mgrsinf (3.3)

Here, m is the mass of the mounted weight, g is acceleration due to gravity. Mechanical strain

induced in both of the FBG arms due to the tensions 7 and 7> can be written as,
Ae; — A€, = (AT, — AT,)/AE (3.4)
The strain-induced wavelength shifts for an FBG, centred a wavelength (1) is given by [39],
A
- = (1—-P)Ae (3.5)
Here, P. is photo-elastic coefficient of the fiber. Hence, Bragg wavelength shift for both the

FBGs (41 and A2), can be written as,

Ay AN,
— ———=(1-"F)(A¢e; — A¢,) (3.6)
A A
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Figure 3.4: Force diagram of the proposed FBG tilt sensor at zero inclination (left) and at 6°

inclination (right)
Using Eq. (3.3), Eq. (3.4) and Eq. (3.6), the wavelength shift difference for both the FBGs is

expressed as (assuming AL << Ai;i=1,2; Li= L),

mgAl

g1
AE

A4 — A) =(1-P) - sin6 (3.7)

As evident from Eq. (3.7), sensitivity is directly proportional to the mounted mass (m). With
the provision of varying this mass without disturbing the mechanical stability of the proposed
sensor, one can tune the sensitivity to the desired value by simply varying m. Eq. (3.7) also
depicts that for small tilt angles (up to 20°), the difference in the wavelength separation is
directly proportional to €. Further, any temperature variation during the experiment will shift
FBG’s wavelengths in the same direction by the same amount. Hence, the wavelength
separation between the two FBGs will always be insensitive towards the ambient temperature

variations. This makes the sensor response inherently temperature independent.
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3.2.3 Sensor Characterisation

Two FBGs, written onto a hydrogen-loaded single-mode fiber employing phase-mask method,
were used in the proposed sensor. The parameters of the fiber are: cross-sectional area, 4 =
1.2266x108 m?, Young’s modulus of material, £ = 7.2x10'°N/m?, photo-elastic coefficient, P,
= 0.22. In absence of any external strain, the peak reflection wavelength of FBG1 (A1,) are
1552.228 nm and that of FBG2 (A,) are 1546.168 nm. Fiber carrying both the FBGs (4 and
A2) was first glued at the centre of the first STU. Then, going through the groove made on the
wheel, it was glued at the top of the wheel. Finally, it was glued to the second STU. Following
this, both the FBG arms were pre-strained using the STUs. Finally, one end of the fiber was
connected to FBG interrogator (Micron Optics, 0.5 pm resolution). The interrogator was
interfaced with a computer for real-time data acquisition using Micron Optics ENLIGHT
software. Two equal masses, of joint mass m (53.48 g, 73.12 g and 179.91 g), were mounted
on the wheel. Fig. 3.5 shows the experimental setup. Following this, the sensor was mounted
on the available tilt platform that was capable of applying tilt within £10°. This was a laboratory
constraint. For the experiment, the sensor was tilted in suitable steps (dictated by the
goniometer) starting from —10° inclination in the plane of the wheel to +10° (forward) and then
reverted back to —10° (reverse). The wavelength shifts for the FBGs, A(11—/42), at different tilt

angle variations were recorded using the FBG interrogator.

Computer (@)

M Interrogator g »gg

(Micron Optics)

Figure 3.5: Experimental Setup for sensor characterization
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3.3 Results and Discussions

In order to analyse the response characteristics of the proposed tilt sensor thoroughly, two equal
masses of joint mass 53.48 g (m = m1) were mounted on the wheel and the sensor was mounted
on goniometer. Starting from —10° inclination in the plane of the wheel (containing FBG1 and
FBG?2), sensor was tilted in the vertical plane in suitable steps (dictated by the tilt platform) to
+10° (forward) and then the sensor was reverted back from +10° to —10° (reverse). The Bragg
wavelength of both the FBGs (FBGI1 and FBG2) were recorded throughout the experiment
using the interrogator. The measured response for m = m; is depicted in the inset of Fig. 3.6.
Left vertical axis and right vertical axis represents the responses of FBG1 and FBG2,
respectively, against time. For a deeper understanding of the sensor’s response, experimentally
observed A(41—42), from the stabilized portion of the response are plotted against the varying
tilt angles in Fig. 3.6, for the forward (-10° to 10°) and reverse tilt (10° to -10°). It also depicts
the theoretically calculated sensor response as well. As evident from Fig. 3.6, the sensor's

response, A(41—42), 1s linear for both forward and reverse tilt variations, as anticipated by Eq.

0.15
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Figure 3.6: Variation of A(4— A) for forward & backward tilt angle variations employing mi
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(3.7). The measured sensitivities for both forward (-10° to 10°) and reverse (10° to -10°) tilt
angle variations are 0.0123 nm/°. This exactly same sensitivity for both the forward and reverse
tilt variations demonstrate the perfectly reversible nature of the sensor. It is also crucial to note
that, the experimental results matched excellently with the theory. Maximum discrepancy
between experimental and theoretical response is observed to be £0.001 nm. This corresponds
to a maximum angular uncertainty of +0.0813° for both forward and reverse tilt angle
variations. With a wavelength resolution of 0.5 pm provided by the interrogator, the sensor

achieved an angular resolution of 0.0404°. The accuracy of tilt angle measurement was

determined to be +0.0808°.

In order to investigate capability of tuning the response characteristics, as described by
the sensor design principal [Eq. 3.7], experiments were repeated by replacing the total mass
(2xm/2) loaded onto the wheel by 73.12 g (m2) and 179.91 g (m3). Same experimental
procedures, that were conducted with the lighter mounted mass (m1), were repeated for the
sensor equipped with the heavier mounted masses (m2 and ms3). Fig. 3.7 illustrates the
wavelength response of each FBG in the proposed sensor during forward tilt cycles (-10° to
+10°) and reverse tilt cycles (+10° to -10°) in the vertical plane. To evaluate the actual sensor
response characteristics with the mounted masses m> and m3, the experimentally observed
A(L1—A2) for the forward tilt (-10° to 10°) and reverse tilt (10° to -10°) is presented in Fig. 3.7,
along with the theoretically calculated responses. Figure 3.7 also consists the sensor response
characteristics with the mounted masses m1, for comparison. As evident in Fig. 3.7, the sensor's
response, A(A1—A2), is linear for both forward and reverse tilt variations with both the higher
masses, as dictated by Eq. (3.7). The measured sensitivities for both the forward (-10° to 10°)
and reverse (10° to -10°) tilt angle variations are observed to be 0.0169 nm/® and 0.0415 nm/®,
for the mounted masses m> and ms3 respectively. This exactly same sensitivity for both the

forward and reverse tilt variations demonstrate the perfectly reversible nature of the sensor. It
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Figure 3.7: Variation of A(4— A) for forward and backward tilt angle variations employing
mi1, my and m3

is also crucial to note in these observations that, the experimental results matched excellently
with the theoretical response. Maximum discrepancy between experimental and theoretical
response is observed to be £0.001 nm. This corresponds to a maximum angular uncertainty of
+0.0592° for my and +£0.0241° for m3, during both forward and reverse tilt angle variations.
Considering the wavelength resolution of 0.5 pm provided by the interrogator, the sensor
achieved an angular resolution of 0.0295° and accuracy of tilt angle measurement +0.0591° for
my. In case with the mounted mass ms3, the sensor achieved an angular resolution of 0.0120°

and accuracy of tilt angle measurement +0.0240°.

To analyze the effect of varying mass on the sensor performance, the sensor response
characteristics for all the three masses is listed in Table 3.1. A notable characteristic of the
proposed sensor, evident from Table 3.1, is that when the mounted mass is increased from m;
to m2 by a factor of 1.37, the sensitivity also increases by the exactly same ratio. Similarly,

when the mounted mass is increased from m> to m3 by a factor of 2.46, the sensitivity also
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increases by the exactly same ratio. Additionally, as the mounted mass increases, the observed

resolution and measurement accuracy seems to improve significantly.

Table 3.1: Summary of performance characteristics of the proposed sensor

Mass (m) | Sensitivity | Resolution Max. I?rilsr:lr)epancy I\{I?r);g;%nu tl;lr Accuracy
5348¢g | 0.0123 nm/° 0.0404° +0.001 +0.0813° +0.0808°
73.12¢g | 0.0169 nm/° 0.0295° +0.001 +0.0592° +0.0591°
17991 g | 0.0415 nm/° 0.0120° +0.001 +0.0241° +0.0240°

Table 3.2: Comparison of performance characteristics of the proposed sensor

Author Sensor Mass | Sensitivity | Accuracy | Maximum Angular
dependency | of bob (nm/°) discrepancy | resolution
on mass of (2 (nm)
bob
Guan et al. [74] m 344 0.0752 +0.100° +0.008 0.0070°
Auetal. [64] m 170 0.0395 +0.051° +0.002 0.0130°
Chen et al. [80] m 357 0.0600 +0.167° +0.010 0.0067°
Bao et al. [75] m 528 0.0540 +0.270° - 0.0190°
Bao et al. [76] 8m 500 0.0960 +0.200° - 0.0130°
Yang et al. [77] m 500 0.0740 +0.180° - 0.0135°
Ni et al. [79] m 100 0.0537 — +0.015 0.0090°
Lietal [81] m 53 0.0011 - - -
Am‘;;g]e’ al. m 110 | 00626 | +0360° - 0.0080°
This work m 179.91 0.0415 +0.024° +0.001 0.0120°
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Next, important parameters that are critical for an efficient measurement of tilt angle,
are listed in Table 3.2 for the proposed as well as other tilt sensors for comparative analysis.
This table also highlights value of the employed mass and sensitivity dependency on it. As can
be observed, the best tilt angle measurement accuracy and the lowest maximum discrepancy
are observed for the proposed sensor. By scaling the mass used in present study to the values
used for other sensors, sensitivity of the proposed sensor will surpass all except [76], which
reports highest sensitivity of 0.0960 nm/°. Incorporating equivalency of sensitivity dependency
on 8m and m being 2.78 times larger as in [76], the expected sensitivity of the proposed sensor
would be 0.9230 nm/°. This is almost 10 times higher than the sensitivity reported in [76].
Importantly, accuracy and resolution both will substantially improve upon scaling the mass
used in this research to a higher value. It is important to note that the measured tilt range of the
proposed sensor was constrained by the maximum tilt span (£10°) of the available laboratory

goniometer.

It is very important to eliminate the effect of ambient temperature on the proposed
sensor. Although, the sensor is designed to meet this requirement, still, effect of temperature

on the performance of the sensor was examined by conducting water bath test. For this, sensor

Temperature (°C)

GLA A AVARY
|92 3v 33/ 40W 50 V 55 Qo

Figure 3.8: Thermal response of the tilt sensor with mounted mass - m3 while inclined at a

fixed angle of 4°
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carrying mass m3 and inclined at a fixed angle 4° was placed in a chamber. Water in the chamber
was maintained initially at ~60°C and then allowed to cool down naturally to the room
temperature (~25°C). Measured wavelength separation A(A1—A2) during the cooling down
period is depicted in Fig. 3.8. The maximum discrepancy is observed within +4pm, which is
about 92 times less in comparison to the shift observed by an uncompensated FBG for the same

temperature variation. This ensures temperature independent tilt measurement.

Finally, Stability, repeatability and reliability are other critical parameters to evaluate
the performance of the sensor. Hence, long-term performance of the sensor was examined. For
this, experiments were repeated over three separate days with an interval of two days. Observed
results are shown in Fig. 3.9 for four different tilt angles (2°, 4°, 6°, 8°) for the sensor
comprising m3. The results show that the sensor output remained almost constant over the time
period. The inset shows the corresponding date for 2°. Maximum variation in the sensor output,
compared to day one at all the inclinations, is observed to be of the order of 10 nm. This shows
an excellent reliability and repeatability of the developed sensor. Further, an effective sensing
capability with very high accuracy, better angular resolution, better sensitivity combined with

highly reversible and reliable response make the reported sensor of great practical importance..
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Figure 3.9: Repeatability and reliability test
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3.4 Conclusion

In this chapter, the development of a temperature-insensitive all-optical tilt sensor based on
FBG is described. The sensor employs a novel design with a non-pendulum approach and two
FBGs mounted on a mechanically stable structure to capture tilt angles. The key feature of the
sensor is its ability to tune its response characteristics by simply varying the mounted mass
onto it. Response characteristics of the proposed sensor is theoretical analysed and
experimentally established for three different mounted masses over a tilt range of -10° to +10°,
dictated by the available goniometer. Linear and highly reversible responses were observed for
all the three masses. An excellent agreement is observed between theoretically predicted and
experimentally obtained responses. An excellent sensitivity of 0.0415 nm/°, that can be further
tuned to the desired value, along with remarkable accuracy of +0.024°, extremely low
maximum discrepancy of +0.001 nm, an angular resolution of 0.012° and an angular
uncertainty of approximately +0.0241° are observed for the sensor. The sensor is also
characterized with high degree of reversibility, reliability and repeatability. While temperature
cross-sensitivity is a common challenge for FBG sensors, this design overcomes it by mapping
the wavelength separation modulation between two FBGs to decode tilt information. Thus, it
effectively renders the sensor inherently temperature insensitive, making it suitable for
practical industrial and engineering applications. The sensor design reported in this chapter
exhibited much better sensor response in comparison to the sensor developed and reported in
chapter 2. However, there still remains a need to investigate alternative design approaches. The
next chapter of the thesis focuses on further improvement of the performance characteristics

for an FBG-based all optical tilt sensor.
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Chapter 4 : Fiber Bragg Grating Based Temperature-Insensitive

Tilt Sensor with Optimum Response Characteristics

4.1 Introduction

Building upon the findings and advancements detailed in the previous chapter, the pursuit of
enhanced sensor performance continues in this chapter. As observed, the tilt sensor reported in
the previous chapter demonstrated exceptional sensitivity of 0.0415 nm/°, angular resolution of
0.012° and accuracy of £0.024°. These parameters of the performance characteristics are far
better than the parameters of various tilt sensors reported in the literature. However, for many

engineering applications, a much higher tilt angle measurement sensitivity is required.

This chapter presents another novel pendulum type design strategy for the development
of a temperature-insensitive, FBG-based all-optical tilt sensor, in order to achieve significant
improvements in the response characteristics. The research includes both theoretical analysis
and extensive experimental investigations to establish the sensor response characteristics under
varying tilt angles. The experimental response characteristics align excellently with the
theoretical predictions. A remarkable agreement is observed between theoretical predictions
and experimental results, with a minimal maximum discrepancy of £0.001 nm. The sensor is
tested under various conditions, including different tilt angles and masses. The tunability of the
sensor is demonstrated by varying the mass attached to the pendulum, which allows the
sensitivity to be adjusted as required. A repeatability test is also conducted, where the sensor is
subjected to the same tilt angles over multiple days. The results show minimal variation in the
sensor’s output, confirming its reliability and repeatable performance. Furthermore,
temperature effects are effectively mitigated by leveraging the differential response of the

FBGs, neutralizing temperature-induced wavelength shifts. Comparative analysis with other
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sensors in the literature highlights the proposed design's superior performance, establishing it

as a reliable and finely tunable solution for tilt sensing in real-world applications

4.2 Experimental

4.2.1 Sensor Design and Construction

Figure 4.1: Schematic diagram of the proposed FBG based tilt sensor

The schematic diagram of the proposed sensor is depicted in Fig. 4.1, which consists of double
pendulum having a common axle. To design the sensor, a frictionless stainless-steel ball-
bearing (make: SKF, model: 608-Z, reference speed 1250 revolutions/sec, inner diameter 8
mm, outer diameter 22 mm, width 7 mm) is rigidly and perfectly fixed inside a hole that was
made at the centre of a rectangular aluminium plate (P1) of dimensions 10cm x 3cm x lcm.

The hole has the diameter equal to the outer diameter of the ball-bearing. Following this, a
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brass rod (axle) of radius ‘7’ is rigidly fixed inside the ball-bearing. It is done in such a way
that, the center of mass (COM) of P1 falls perfectly on the COM of the axle. Then, two thin
sturdy rods of length (d) 60 mm are fixed vertically and symmetrically close to both the ends
of the axle. These rods are used to mount two equal masses (m1/2 and m1/2) so as to maintain
perfect weight balance on both side of the ball-bearing. The plate, P1, is then attached to two
‘T’ shaped side plates using screws and mounted on another rectangular aluminium base plate
(P2) (Fig. 4.1). Further, two small rectangular prisms capable of moving in the horizontal plane
are positioned on the outer side of the top rod of side plates. These prisms are used as a strain
tuning unit (STU) (refer Fig. 4.1). At the center of base plate (P2), a hole of diameter 8 mm is
machined to fix the sensor onto the tilt platform (goniometer). The photograph of the developed

sensor is depicted in Fig. 4.2.

Figure 4.2: Proposed FBG based tilt sensor

Two FBGs, FBGI1 and FBG2, written on a single optical fiber with a pre-calculated separation,
are used in this sensor. Fiber is first glued on one STU. It is then wrapped in one loop over the
axle and glued on the lowest part of the loop. Fiber is finally glued on the next STU, thus
making two perfectly horizontal fiber arms with the FBGs at the center of each of the arms.
Following this, both the FBGs were pre-strained by an equal amount using the STUs to avoid
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fiber slackening. It is very crucial to mention that, during the fiber adhesion and pre-straining
processes, extreme care was taken so that both the thin sturdy rod and mass system remain

perfectly vertical.

Fig. 4.3 depicts the force diagram of the proposed sensor. At zero inclination of the
sensor, the tensions acting in both the fiber arms are defined as, 71 and 7>. At equilibrium, the

net torque acting around center of the axle (O) will be zero. Hence,
Te—Tage=0 21T, —1T, =0 (4.1)
= T1 - T2 (4‘.2)

Here, 7. and 7. represents the clockwise and anti-clockwise torque w.r.t. the center of axle.
Upon inclination of the sensor by an angle 4 in the vertical plane, the tension in both the gratings
will get modified from 71, 7> to 71" (= Th + AT1) and 7>’ (= T» + AT»), respectively. At

equilibrium, net torque acting around center of the axle (O) will be zero. Hence,

Te—Tge =0 (4.3)
d
:>rT1’—rT2’—m1gdsin9—ng(i)sine=O (4.4)
d
= AT, — AT, = mg (;) sin 6 (4.5)

Y

Figure 4.3: Force diagram of the proposed sensor (a) at zero inclination (b) at 6° inclination
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Here, g is acceleration due to gravity, m; is the total mass attached to the vertical rods of the
pendulum, m> is the total mass of the thin vertical rods of length d. Thus, the total mass m of
the pendulum is expressed as m = mi + m2/2. d is the length of those rods. In terms of the
mechanical strains induced in both the FBG carrying arms due to tension 71 and 7>, Eq. 4.5 can

be expressed as,

This changes in strain results in the shift in the Bragg wavelength of both the FBGs.
Additionally, FBG is also sensitive towards ambient temperature variations due to thermal
expansion and the thermo-optic effect. The shift in the Bragg wavelength (1) resulting from

strain and temperature variations for FBG written on a single-mode fiber is expressed as [39],

AL
— = (1= R)Ae + (a + AT (4.7)

Here, P. represents the photo-elastic coefficient of the fiber. @ and & denote the thermal-
expansion coefficient and the thermos-optic coefficient, respectively. When the pendulum is
shifted from its equilibrium position, it bears a tendency towards reverting to its equilibrium
position. This tendency is specifically exploited in this proposed sensor design. In the proposed
sensor design, the application of tilt causes a redistribution of strain in the two FBGs, but in
opposite directions. Consequently, the Bragg wavelength of one FBG experiences a redshift,
while the other undergoes a blueshift. However, the Bragg wavelength shift for both the FBGs

(41 and A2) due to ambient temperature variations occurs in the same direction. Hence,

AL, AX,
— —— = (1 —-PR)(A¢; — A€y) (4.8)
M A
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Assuming, A1 = A2, AL K Ai (i =1, 2), Eq. 4.5, Eq. 4.6 and Eq. 4.8 can be merged and written

as,

Ay — A) = (1= P) mf; L (g) sin 6 (4.9)

As can be observed from Eq. 4.9, shift in wavelength difference A(4; — A,) is directly
proportional to the mounted mass (m). With the provision of adjusting the mass without
compromising with the mechanical stability of the proposed sensor, the sensitivity can be tuned
to the desired value simply by varying mi. Eq. 4.9 also shows that for small tilt angle variations
(up to 20°), the shift in the wavelength difference is directly proportional to 6. Apart from 6
and m, sensor response depends heavily on the ratio of two crucial parameters d and r. By
careful selection of these parameter, sensor response can be maximized. Furthermore, the
Bragg wavelength shift of both FBGs, due to temperature variations, occurs in the same
direction and by same amount. Thus, instead of absolute Bragg wavelength peak shifts of the
FBGs, mapping the tilt angle to the shift in wavelength difference between the two FBGs makes

the sensor inherently insensitive toward ambient temperature fluctuations.

4.2.2 Sensor Characterisation

Two FBGs, fabricated into a hydrogen-loaded single-mode fiber utilizing the phase-mask
method, were employed in the sensor design. The peak reflections for the two FBGs, at strain-
free condition, were observed at 41 = 1546.867 nm (FBG1), 1> = 1552.055 nm (FBG2). The
fiber parameters are provided in chapter 2. The fiber containing the FBGs is securely fixed in
the sensor as previously described. Following this, the fiber was pre-strained using the specially
designed STUs. Then, the sensor was mounted on the tilt platform (goniometer), that had a

provision to vary tilt with in £10°. As mentioned above, sensor
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response depends heavily on the ratio of d and r. Higher is the ratio of d and r, higher will be
the sensitivity of the proposed sensor. Hence, by careful selection of these parameter, sensor
response can be maximized. Considering the sensor design, the minimum value of 7 (radius of
axle), is chosen to be 4 mm. Additionally, in order to achieve a higher ratio of d and 7, the
chosen value of d is 60 mm. This makes (d/r) to act as a multiplying factor of 15, which can
enhance the sensor performance by a huge margin. Fig. 4.4 illustrates the experimental setup.
The proposed FBG-based tilt sensor, mounted on a goniometer was connected to an FBG
interrogator (Micron Optics, with a resolution of 0.5 pm). The interrogator was then interfaced
to a computer to facilitate real-time data acquisition through Micron Optics ENLIGHT

software.

Computer ..

e
Interrogator

(Micron Optics)

Figure 4.4: Experimental setup for sensor characterization

4.3 Results and Discussions

To start the experiment, first, total mass (m1 = 2x m1/2) of 57.72 g was screwed securely into
the two thin vertical rods of total mass (m>= 2xm2/2) 6.56 g. Hence, mass m (= mi + m2/2)
reaches a value of 61g (mass-1). Next, starting from -10° inclination in the vertical plane, the
sensor was incrementally tilted to +10° (forward) and then returned back to -10° (reverse) in
the smallest steps allowed by the goniometer. The wavelength shifts for both FBGs
corresponding to various applied tilt angles were recorded using an interrogator (Micron
Optics, Resolution: 0.5 pm). The measured response for m = mass-1 is shown in the inset of

Fig. 4.5. The left vertical axis corresponds to the response of FBG2, while the right vertical
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axis corresponds to that of FBGI1, both plotted over time. To better understand the sensor
behavior, the experimentally observed A(41—42) from the stabilized portion of the response,
along with the theoretically calculated A(11—42), are plotted against different tilt angles in Fig.
4.5 for both forward and reverse tilts. The continuous line in the figure represents the theoretical
response as calculated by using Eq. 4.9, whereas the different symbols represent different
experimental observations. It is worth notifying that, the sensor response is identical for both
the forward and reverse tilt angle variations and matches exceptionally well with the theoretical
results. This is reflected by the observed theoretical and experimental sensitivities of the sensor,
which is 0.2120 nm/° for both forward and reverse tilts. This identical sensitivity for both
forward and reverse tilts establish the highly reversible nature of the sensor. Furthermore, the
maximum discrepancy between the theoretical and the experimental responses is observed to
be £0.001 nm with the corresponding extremely low angular uncertainty of £0.0047° for both

forward and reverse tilt variations.
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Figure 4.5: Variation of A(4— A) for forward and backward tilt angle variations employing

mass-1
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Further, to investigate the tuning capability of the sensor response characteristics,
experiments were conducted with a different mounted mass (m1) 88.76 g. Hence, the value of
m in this case reaches to 92.04 g (mass-2). Then, the experiment was carried out in the similar
way as described earlier. The experimental observations of A(41-42) versus tilt angle using
mass-2, for both forward and reverse tilt angle variations are depicted in Fig. 4.6. The figure
also illustrates the sensor response characteristics with m = m; for comparison. Again, it can
be observed that, the sensor response is identical (for both the forward and reverse tilt angle
variations) and matches excellently with the theoretical results. This is reflected by the
observed theoretical and experimental sensitivities of the sensor, which is 0.3198 nm/° for both
forward and reverse tilts. This revalidates the highly reversible nature of the sensor. In this case
also, the maximum discrepancy in experimental observation compared to the theoretical results
is observed to be +0.001 nm, corresponding to a further reduced angular uncertainty of
+0.0031° (for both forward and reverse tilts). To determine the angular resolution of sensor, it
is crucial to note that it is entirely dependent on the wavelength resolution interrogation system.
In this experiment, wavelength resolution of the interrogator was 0.5 pm, that resulted in a tilt
angle resolution of 0.0024° for the mass-1 and 0.0016° for the mass-2. Further, the accuracy
of the sensor in measuring applied tilt is calculated to be +0.0047° for the mass-1 and 0.0031°
for the mass-2, for both forward and reverse tilt variations. It is also very crucial to mention
that, by modifying the ratio of d and r to a higher value, the overall sensor performance can be

further improved.

It is also worth noting that, the sensor response in both the cases are in excellent
agreement with the theoretical response. To validate this observation further, analytical
treatment using Eq. 4.9 can be employed. According to the theoretical response, the sensitivity

is proportional to m. Hence, the ratio of the theoretical sensitivities for the two sets of mass is,
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Smass—z

_ 2208 1.51 (4.10)
-_ 61 -_ . .

Smass—l theo

The ratio of the experimentally obtained sensitivities for the two sets of mass is,

Smass—2| _ 0.3198

= =151 (4.11)
Smass—1lgxy 02120

Eq. (4.10) and (4.11) establishes the fact that the response of the proposed sensor is in excellent
agreement with the anticipated theoretical responses. Moreover, this validates the potential to
customize the sensitivity of the proposed sensor for specific applications by carefully varying

the mounted mass.

OMass-1 forward 40 :g
O Mass-1 backward [~
OMass-2 forward 30 <

Mass-2 backward (L—
— Theoretical Response 20 £

2 4 6 8 10
Tilt angle (degree)

Figure 4.6: Variation of A(Ai— A4) for forward and backward tilt angle variations employing

mass-2 and mass-1

Next, the performance characteristics of the proposed sensor is compared with other
FBG based tilt sensors. In Table-4.1, all the important parameters (i.e. sensitivity, angular
resolution, measurement accuracy, maximum discrepancy) required for the analysis of

effective sensing capabilities, are listed. It is worth noticing from the table that the proposed
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sensor is characterized with the lowest maximum discrepancy of =£0.001 nm with respect to the

theoretical response. However, in case of most of the reported sensors tabulated above, the

maximum discrepancy (compared to their experimentally fitted data) is much higher. The table

also mentions the values of the mass (m) used in those sensors and the dependency of sensitivity

on m. It is worth noticing from the table that, the proposed sensor is characterized with the

highest tilt angle measurement accuracy and highest angular resolution. The sensor is also

characterized with the highest sensitivity among all the reported tilt sensors. Furthermore, as

depicted by Eq. 4.9, the sensitivity varies in a linear proportion to m, whereas all the other listed

sensors’ sensitivities vary in linear proportion to either m/2, m, 2m or 8m.

Table 4.1: Comparison of performance characteristics of the proposed sensor

TH-3698_186121009

Author Sensor Mass of | Sensitivity | Accuracy | Maximum | Angular
dependency | bob (g) (nm/°) discrepancy | resolution
on mass of (nm)
bob
Guan et al. [74] m 344 0.0752 +0.100° +0.008 0.0070°
Auetal [64] m 528 0.0540 +0.270° +0.002 0.0190°
Bao et al. [75] m 528 0.0540 +0.270° a2 0.0190°
Bao et al. [76] 8m 500 0.0960 +0.200° - 0.0130°
Yang et al. [77] m 500 0.0740 +0.180° - 0.0135°
Nietal. [79] m 100 0.0537 iy +0.015 0.0090°
Chen et al. [80] m 357 0.0600 +0.167° +0.010 0.0067°
Lietal [81] m 53 0.0011 - - —
Aneesh et al. [82] m 110 0.0626 +0.360° +0.023 0.0080°
Pathi ef al. [83] m/2 90 0.0120 +0.050° +0.001 0.0041°
This work m 92.04 0.3198 | £0.0031° +0.001 0.0016°
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The sensors reported in [64], [74], [75], [77], [79], [80]-[82] have sensitivity
dependency on the mass in a proportion to m. The maximum sensitivity among these sensors
was proposed by Guan et al [74]. Combining equivalency of sensitivity dependency on being
linearly proportional to m and the value of m being ~3.74 times larger, the expected sensitivity
of the reported sensor would be ~1.1953 nm/° (15.89 times higher). The sensor reported in [83]
has sensitivity dependency on the mass, in a proportion to m/2. Combining equivalency of
sensitivity dependency on being linearly proportional to m/2 and the value of m being ~0.98
times larger, the expected sensitivity of the reported sensor would be ~0.1567 nm/° (13.06
times higher). Similarly, the sensor reported in [76] has sensitivity dependency on the mass, in
a proportion to 8m. Combining equivalency of sensitivity dependency on being linearly
proportional to 8m and the value of m being ~5.43 times larger, the expected sensitivity of the
reported sensor would be ~13.8983 nm/° (~144.77 times higher). All these equivalent
sensitivities are much higher than that of the reported works. It is also important to
acknowledge that, when the mass of the mounted weight is increased, the accuracy and

resolution of the sensor improves substantially.

Further, it is very crucial to eliminate the effect of ambient temperature variations on
the proposed sensor for ensuring accurate performance in real-field applications. Although, the
sensor is designed to meet this requirement by mapping the tilt angle variation into the shift in
wavelength difference between the FBGs, it is important to verify the effect of temperature
variations on the sensor performance, experimentally. For this, a water bath test was conducted.
First the sensor, carrying mass-2 and inclined at a fixed angle, was fixed inside a water tank.
Following this, water of ~60°C was poured inside the tank to the level ensuring that the sensor
is completely immersed throughout the experiment. Then the water was left to cool down

naturally to room temperature (~25°C) and the corresponding shift in wavelength difference
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Figure 4.7: Thermal response of the tilt sensor with mass-2 at a fixed inclination

was measured. Fig. 4.7 depicts the thermal response of the sensor. The maximum discrepancy

observed was within +3 pm, which is about 123 times less than the shift observed by an

uncompensated FBG under the same temperature variation. This result ensures temperature-

independent tilt measurement.

Further, Repeatability and reliability are other critical parameters for further evaluation

of the sensor performance. To examine this, experiments were conducted over three separate

days with two-day intervals. The experimental results are depicted in Fig. 4.8, where
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Figure 4.8: Repeatability and reliability test
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A(A; — A,) for four different tilt angles (2°, 4°, 6°, 8°) are plotted. The inset shows the
corresponding date for 2°. The maximum variation in the sensor output, compared to first day
across all inclinations, was observed to be on the order of 10~ nm. This minimal variation and
consistent performance over multiple days indicates that the sensor demonstrates excellent
reliability and repeatability, making it highly dependable for precise measurements. This ability
to maintain reliability over repeated trials and time periods is essential for practical
applications, and the observed results confirm the sensor's suitability for such requirements.
Moreover, the sensor demonstrates effective sensing capabilities with excellent accuracy, very
high angular resolution, tremendously high sensitivity, and a highly reversible response. These
attributes make the reported sensor of significant practical importance, offering reliable
performance in environments with varying temperatures, thus broadening its applicability in

real-field applications.

4.4 Conclusion

This chapter reports a novel design strategy for the development of an FBG-based all optical
tilt sensor. The research includes both rigorous theoretical analysis and experimental
investigation to establish the response characteristics of the sensor across the dynamic range of
+10°. Experimental observation demonstrates a tremendously high sensitivity of 0.3198 nm/°,
that capable of being tuned further to any desired value. Further, the sensor is characterized
with an excellent accuracy (£0.0031°), very low maximum deviation (£0.001 nm), and an
outstanding angular resolution of 0.0016°. The sensing principle depends on mapping the tilt
angle into wavelength shift difference between the two FBGs. This makes the sensor inherently
immune to ambient temperature fluctuations, making it suitable for practical industrial and
engineering applications. Furthermore, the experimental observations establish the sensor

response to have a very high degree of reversibility, repeatability, and reliability. The sensor
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design exhibited excellent response characteristics in comparison to both the sensors developed
and reported in chapter 2 and chapter 3 along with all the sensors reported in literature. In the
sensor designs reported in last three chapters, the strain induced Bragg wavelength shift
mechanism of FBG is exploited. The next chapter focuses on proposing novel sensor designs
for tilt monitoring utilizing the effective RI sensitivity of an EFBG in order to achieve intensity

modulation of the FBG spectrum.
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Chapter 5 : Etched Fiber Bragg Grating Based Novel Tilt Sensor
Employing Effective RI Induced Intensity Modulation Mechanism

5.1 Introduction

As discussed earlier, nefr can be modulated only by applying strain or temperature perturbations,
exploiting the strain-optic and thermo-optic effects. It remains unaffected by variations in the
surrounding RI. Consequently, FBGs are naturally sensitive towards strain and temperature
changes due to modulations in both nefrand A, while being insensitive towards ambient RI [84].
However, if the cladding diameter in the region carrying FBG is reduced enough, the effective
RI of the propagating mode gets modulated in accordance with the RI of the surrounding
medium. This happens due to the interaction of the evanescent tail of the fundamental guided
mode to interact more strongly with the surrounding medium. This makes FBG with thinned
cladding to be not only sensitive towards strain and temperature, but also sensitive towards the

ambient RI.

In this chapter, instead of traditional wavelength modulation mechanism, intensity
modulation of the FBG spectrum that exploits the effective RI sensitivity of EFBG is used to
develop novel all optical tilt sensor. This technique is utilized for the first time for the
development of tilt sensor, to the best of author’s knowledge. The design strategy of the
proposed sensor employs four EFBGs in vertical configuration. All the four EFBGs are initially
immersed upto the half-length into a strategically chosen liquid. Response characteristics of
the proposed sensor against tilt angle variations are theoretically investigated. EFBG splits into
two distinct gratings when partially immersed in a liquid. Applied tilt modulates the length of
EFBG immersed into a liquid; which in turn, modulates the characteristic reflection spectrum

of both the sections (exposed to liquid and to the air). In order to capture applied tilt with better

TH-3698_186121009



sensitivity and improve sensor performance, another sensor is proposed that exploits the same
sensing mechanism (intensity modulation of EFBG). The design strategy of the proposed
sensor is based on four EFBGs, each inclined in the vertical plane while making a cross. The
sensor characteristics of the new sensor design was also investigated theoretically.
Furthermore, both the sensors are observed to be capable of measuring the magnitude and the
direction of inclination relative to the horizontal plane across the designated dynamic range of
-10° to 10°, exhibiting excellent reversibility and reliability. Additionally, as peak reflectivity
of FBG spectra does not depend on the temperature variations, change in temperature will cause
the centre wavelength of the FBGs to get shifted. But, the reflected peak, which is used to
monitor the applied tilt in our work, remains unaffected by temperature fluctuations. Thus, the

problem of temperature cross-sensitivity gets eliminated inherently.

5.2 Theoretical model

Bragg condition manifests the condition for achieving strong coupling between identical or
nearly identical forward and counter-propagating modes in a fiber grating inscribed within a
single-mode fiber (SMF). In terms of grating parameters nef(effective RI of fiber for the guided
mode) and A (spatial period of the grating), Bragg wavelength is expressed as, Az = 2Aney [39].
Bragg wavelength (1) is inherently immune to changes in the RI of the surrounding medium.
However, if the diameter of the fiber in the cladding region of the FBG is reduced to a certain
extent, the evanescent tail of the fundamental guided mode of the fiber interacts strongly with
the surrounding medium. Hence, n.; gets modulated as a result of changes in the surrounding

RI. Consequently, the Bragg wavelength (43) also becomes dependent on surrounding RI
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modulations. The peak reflectivity (R), which is determined by the coupling coefficient (x) and

the length of the FBG (L), is expressed [112],

R = tanh?[kL] (5.1)

If an EFBG is partially immersed in a liquid (remaining part exposed to air), the original single
reflected peak splits into two distinct reflected peaks. Hence, it can be regarded as two different
gratings with two distinct Bragg wavelengths as discussed below. This occurs because the
reflected spectrum is influenced by the portion of the EFBG that is submerged into the liquid.
Therefore, the reflected spectrum will contain two peaks; one centered at the coupling
wavelength of the core mode influenced by the air interface, and the other centered at the
coupling wavelength of the core mode influenced by the liquid. Consider an EFBG of length
L. If a section of length /.. of this EFBG is immersed into a liquid and section of length /a (L -
) is exposed to air, the peak reflectivities for the portion of EFBG exposed to air (R4) and

exposed to the liquid (R.) can be expressed as,

RL = tanhz [KLlL] (52)
RA = tanh2 [KAlA] (53)
Cladding (ne) | EFBG >

s {1 1111011111011 e

Figure 5.1: Schematic diagram of EFBG
In order to understand the behaviour of an EFBG, partially submerged into a liquid, and to

design the sensor, it is important to study the effect of n,.and the cladding diameter () on the
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FBG’s characteristics. The well-known doubly-cladded model is deemed most appropriate in
this scenario, for establishing a distinct correlation between the modal propagation constant (5)
and the RI of the surrounding medium (70.:) [51]. After determining £ for a given 7w, A can
be easily computed using the formula Az = 2Ane;= 2A(p/ks), where ko denotes the free space
wavenumber. The fiber structure utilizing the doubly-clad fiber model for EFBG is shown in

Fig. 5.1. The radii of the core and inner-cladding are represented by a and b, respectively.

The refractive indices of the core, inner-cladding, and surrounding medium (outer
cladding) are denoted by rco, nc1, nous respectively. For azimuthal order m, the radial dependence

w(r) of the axial field components are expressed as [113],

1/)=A6]m(u£) Forr<a
Y= A Ly (v'T) + A% Ky (v'5) Fora<r<bif f>kon,
P = A5 K (v5) For r> b (5.4)

Here, u = a(ko’neo’- p*)", v = b(f* — ko’nou)”, and v' = b(F’> — ko°n.’)"’. A's are the
normalization coefficient. J,, is ordinary Bessel function, whereas, 7, and K, are the modified
Bessel functions. Under the weekly-guiding approximation, the continuity of the transverse
field components across the two interfaces (between core and inner cladding, and between

inner and outer cladding) results in a set of four equations,

A(’) ]m(u) - All Im(vlc) - AIZKrln(v,C) =0
uApy Jm(w) —v'cAilL,(v'c) —v'cALK,(vic) = 0
Ay I,(v) + A5 K (V) — A3K(v') = 0

VAL (V") + v ALK (v — vALK(v") = 0 (5.5)

Here Z' = dZ/dr (Z is a Bessel function J,, I, and K,;) and ¢ = b/a. In order to obtain a non-

trivial solution, the determinant of the 4x4 coefficient matrix of these equations must be
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equated to zero, thereby leading to the dispersion equation that defines the guided mode of the

doubly-clad fiber. For the fundamental mode (LPy;) the dispersion equation becomes,

v eKi(v')Jo(w) — wh WKy(v'c) v cKi(v)Ko(v) — vK (v)Ko(v')
v'cl(v'o)Jo(w) + uy(Wh(v'c)  v'Lw)KW) + vk, (),(v")

(5.6)

For a fixed value of b, this equation is numerically solved using MATLAB software. In the
theoretical investigations, cladding radius in the FBG region (b) is varied from 62.5um
(unetched fiber) to the reduced values of 9.5um, 7.5um and 6um. Fiber parameters used for
solving this equation are that of SMF-28e (a = 4.15um, neo = 1.460 and n = 1.4564). Findings
of the numerical simulations are illustrated in Fig. 5.2, which displays the simulated response
of FBG (45 vs n,,,;) for a fixed value of . It is evident from Fig. 5.2 that the normal (unetched)
FBG (b = 62.5um) is not at all sensitive towards the changes in the surrounding RI. Etching the

fiber in FBG region makes FBG sensitive to the ambient refractive
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Figure 5.2: Bragg wavelength of an EFBG vs now for different cladding radii (b). The inset
shows the RI variation along the cross-section of doubly cladded and weakly guided fiber.

indices. The lower the cladding diameter, the higher is the sensitivity of an EFBG towards the
ambient RI variations. Specially, if the EFBG is exposed to an ambient medium with 7. > 1.4,
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effective index modulation would be very prominent. Therefore, if an FBG is etched
appreciably and then exposed partially (up to a length /1) to nou:~1.456 and (for the remaining
length [A) to nows = 1 (air), one FBG will effectively split into two FBGs with two distinct
resolvable peaks. Variation of /i plays a major role in defining the optical characteristics of the
two sections of a single FBG. Proposed sensors exploit the variation of optical characteristics

of the two sections of a single FBG by modulating /i ..

5.3 First design strategy

For the design and development of the first sensor design strategy, a unique mechanism is
devised in order to map applied tilt angle (€) onto /.. In the proposed sensor, varying tilt angle
6 modulates the section-length /i immersed in the liquid. This results in the characteristic
changes in R4 and R;, both. Thus, by monitoring R4 and R; while changing the inclination of the

sensor from the horizontal, tilt angle variations can be measured.

5.3.1 Sensor design and principle

For the sensor, a cubical Perspex box (having four vertical walls and a base plate) is designed.
The inner dimension of this box is taken as 10cm (length) x10cm (breadth) x6cm (height).
Four identical etching chambers are the part of the sensor design. These are to be used for
reducing the cladding diameter in the FBG region. Each etching chamber design carries a
Perspex rectangular base plate and a Perspex rectangular top plate of width lcm, rigidly
attached to each other. Both the rectangular plates are of identical dimensions (3cmx4cm). An
oval shaped section of length 15mm is hollowed out from the center of the top plate in the
proposed design. Identical oval shaped section of width Smm is removed from the central
region of the base plate (Fig. 5.3(a)). Four FBGs (431 = 1544.56 nm, Ag> = 1536.75 nm, A3 =
1545.00 nm, Ap4 = 1550.7 nm), each of length 14 mm, are used in designing the sensor. Each
FBG is fixed within these chambers in such a way that FBG remains at the center of the oval
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section. Fiber carrying FBG is strained by a pre-calculated amount. Precisely controlled
chemical etching process using 40% HF (Hydrofluoric) acid solution for 48 minutes followed
by 15% HF acid for 15 minutes (in room temperature) reduces the diameter of the fiber
uniformly in the FBG region to the desired value. In this study, the diameter of the fiber in the
etched region was analysed using a Field emission scanning electron microscope (Sigma
FESEM, Carl Zeiss NTS, USA, resolution 2.5nm), and a uniform fiber diameter with a reduced
value of approximately 12.07um was observed for the etched section of the fiber. Etching
chambers carrying the EFBG are fixed at the center of the inner side of each vertical plate (Fig.
5.3(b)). In this arrangement, FBGs remain vertical and the middle points of the four FBGs
remain in the horizontal plane that passes through the center of the cubical Perspex box. Cubical
Perspex box carries a strategically chosen liquid (RI ~1.45) up to a vertical height of 3cm, thus
ensuring half-length of the EFBGs is immersed into the liquid (Fig. 5.3(b)).

In order to understand the sensing mechanism, especially when the sensor is to be tilted
in y-z plane, the side view of the proposed sensor is depicted in Fig. 5.4(a). Let us consider the
case when anticlockwise tilt is applied in y-z plane. In this case, EFBG near the rightside wall
(confined in x-z plane) will keep getting exposed to the air (shown by /4 in Fig. 5.4(b)), while

the FBG near the left side wall (confined in x-z plane) will dip further into the liquid (by

0

EFRG]
DOt

(a) (b)

Figure 5.3: (a) Etching chamber with FBG (b) Schematic diagram of the sensor.
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the same amount /% in Fig. 5.4(b)). However, the EFBGs in the orthogonal plane (y-z plane),
shown in the middle of the box in Fig. 5.4(b), will not face any change in the height of the
liquid level, even when the sensor is tilted; hence, will have no effective role in this case. On
the other hand, when the sensor is tilted in x-z plane, FBGs fixed near the side walls confined
in y-z plane will play an effective role in the sensing process, and FBGs that are fixed to the
other two side walls (confined in x-z plane) will be having no effective role. Thus, it is the
section-length of FBG exposed to air, and to the liquid, that gets modulated by the applied tilt
angle (0) variations. Hence, it is crucial to establish a relation between the applied tilt (9) and
the corresponding variations in the length of FBG that gets immersed into the liquid or exposed
to air (k). Multiple observations show that the variation in 4, when the liquid filled cubical box
is tilted by an angle 6, is given by,

h =0.01742x 6 (5.7)
Where x is the distance of the FBG carrying fibers from the center of the cubical box (Fig.
5.4(b)). Eq. (5.7) establishes that the length of the FBG exposed to air/immersed in the liquid,
1.e., h 1s directly proportional to the applied tilt angle 6. Variation of 2 while changing the tilt

angle modifies the peak reflectivity (R) of the FBG.

FBG2, FBG4

A
Y
A

1094
€084 |,

(a)

Figure 5.4: (a) Schematic diagram of the sensor at zero inclination (0 = 0°), (b) Schematic

diagram of the sensor at 6°.
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5.3.2 Result and discussion

Proposed sensor utilizes four EFBGs, which are confined in the vertical plane, are equidistant
from each other and fixed in a cubical box. Each EFBG of length L (= 2/) is partially immersed
into a strategically chosen liquid, which occupies half of the volume of the box. At zero
inclination (6 = 0°), lower half of the EFBG (of length /i = /) is immersed into the liquid, while
the upper half (of length /a = /) is exposed to air. When the sensor is tilted to an angle 6, peak
reflectivity of the section of EFBG exposed to air (Ra) and peak reflectivity of the other section

of EFBG exposed to the liquid (Rr) can be expressed as,
R, = tanh?[k, (I + h)] = tanh?[k4 (1 + 0.01742 x6)] (5.8)
R, = tanh?[k; (I — h)] = tanh?[k; (Il — 0.01742 x6)] (5.9)
Where Egs. (5.2), (5.3) and (5.7) are employed. As can be observed from Eq. 5.8 and Eq. 5.9,
peak reflectivities R4 and R, depend on the two additional parameters, x and 6. Theoretically

simulated response of the EFBG (FBG1), partially dipped into the liquid, is depicted in Fig.

5.5 for inclination angle 6 = 0°.

As can be observed, in absence of any inclination (6 = 0°), peak reflectivity for both

the parts of FBG are equal. Afterwards, inclination angle is varied in y-z plane using a step size
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Figure 5.5: Variation in peak reflectivity of FBGI for 8 = -10° 0°, +10°.
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of 1°. As an example, Fig. 5.5 also illustrates the theoretical response of EFBG (FBG1) when
the sensor is tilted by extreme amounts (€ = +10° and € = -10°). As can be observed from the
simulated results, peak reflectivity for both the parts of the FBG gets modified in accordance
to the applied tilt. In order to get a deeper insight of the response of the proposed sensor, peak
reflectivities for both the sections of the EFBG, i.e., R, and Ry, are calculated from the spectrum

depicted in Fig. 5.5. This is done for the applied tilt angles in the range of £10°.

Afterwards, these reflectivities are plotted in logarithmic scale (log[1-R]) against the
tilt angles. Fig. 5.6 depicts the plot of log[1-R;] against the tilt angles for a fixed value of x
(32mm). As can be observed, peak reflectivity of the section of EFBG that remains immersed
in the liquid increases with the applied tilt, which is expected as /i increases for FBGI.
Response remains linear (on the logarithmic scale) over the dynamic range of £10°. Fig. 5.7
depicts the plot of log[1-R (] against the tilt angles for the same value of x (32mm). As expected,
peak reflectivity of this section of EFBG that remains exposed to the air decreases with the
applied tilt. Response remains linear (on the logarithmic scale) over the dynamic range of +10°.
An 1dentical (absolute) sensitivity of 0.97 dB/® with a linearity of 0.999 is observed when x is
kept 32mm. Fig. 5.6 and Fig. 5.7 also depict the sensor response when x is increased and kept
fixed at 40 mm. As can be observed, changing the value of x by 8 mm, sensitivity increases by
23.7% and becomes 1.20 dB/°. Importantly, when the sensor is tilted in the clockwise direction,
EFBGI (in Fig. 5.3(b)) will get revealed to air, i.e., /. will decrease and /4 will increase for this
grating. Hence, the spectrum will be reversed. This characteristic feature of the proposed
sensor enables it to monitor not only the magnitude but also the direction of the applied tilt. By
critically choosing a liquid with low viscosity, high degree of reversibility and repeatability is
expected to be observed. Furthermore, peak reflectivity (R) does not depend on the temperature
variations. Change of temperature will cause the center wavelength of the FBGs to get shifted.

The reflected peak, which is used to monitor the applied tilt in our work, remains unaftected
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by temperature fluctuations. Thus, the problem of temperature cross-sensitivity gets eliminated
inherently. This makes the sensor inherently temperature independent.
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Figure 5.6: Variation of reflectivities with tilt angle for EFBG partially dipped in liquid.

®x =32 mm
®x =40 mm

Tilt angle

Figure 5.7: Variation of reflectivities with tilt angle for EFBG partially exposed to air.

The proposed sensor is capable of sensing tilt angle variations with reasonably good
sensitivity. However, in order to further enhance the sensitivity, another novel sensor design
strategy that exploits the same sensing mechanism, is proposed and the response characteristics
is analysed theoretically.
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5.4 Second design strategy

In this case, proposed sensor exploits the variation of optical characteristics of one of the two
sections of single EFBG by modulating /a. To achieve this, a novel mechanism is devised in
order to map applied tilt angle (¢) onto /a. In the proposed sensor, varying tilt angle # modulates
the section-length exposed to air. This results in the characteristic changes in R4. Hence, by
monitoring R4 while changing the inclination of the sensor from the horizontal, tilt angle

variations can be monitored.

5.4.1 Sensor design and principle

For the sensor, a cubical Perspex box of outer dimension 6¢cm (length) x 6¢cm (breadth) x 6cm
(height) was machined. Fiber carrying four FBGs (A1 = 1538.75 nm, /g2 = 1545.56 nm, A3 =
1547.25 nm, A4 = 1551.12 nm, each of length 18 mm) was used in the sensor. Design strategy
of the proposed sensor, illustrated in Fig. 5.8, employs four inclined fiber arms, each carrying
single FBG. To realize the sensor, fiber carrying FBGs was first inserted into the box through
the hole at A in the left wall (W1). It was then taken out from the box through the hole at B in
the opposite (right) wall (W2), thus making the fiber arm AB inclined at - ¢ from the horizontal.
Following this, fiber was again inserted into the box through the hole at C in the wall W2, and
then taken out from the box through the hole at D in the wall W1; thus, making the other fiber
arm CD inclined at +¢ from the horizontal. In the similar way, other two fiber arms (EF and
GH) were realized using the holes machined in the remaining two side walls (W3 & W4) (Fig.
5.8(b)). Holes in the opposite walls were strategically planned to ensure that each fiber arm,
inclined at £¢, remained (a) confined in the vertical plan, (b) closed to the central section of
the box (Fig. 5.8). FBGs were positioned at the upper end of each fiber arm. One end (upper)
of each fiber arm was glued onto the strategically designed strain tuning units (STUs), fixed
just outside the walls (Fig. 5.8(a)); whereas the other end (lower) was glued into the hole at B,
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D, F and H. STUs were used to pre-strain the fiber arms to avoid fiber slackening. All the four
FBGs were simultaneously etched within the Perspex box. For this, Perspex box was inverted,
and HF (Hydrofluoric) acid was filled up to the height that ensured only the FBG carrying
length of the fiber got exposed to the acid. Precisely controlled chemical etching process
reduces the diameter of the fiber uniformly in the FBG region to a desired value. In this study,
fiber diameter uniformly reduced to 12.07um in the FBG region is used. Afterwards, HF acid
was removed. Perspex box was cleaned; and then filled with a strategically chosen liquid (RI
~1.456) up to the horizontal level AEGC, ensuring the upper edge of each fiber arm (and hence,

each EFBG) got just immersed into the liquid (Fig. 5.8(a)).
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Figure 5.8: Schematic diagram of the proposed sensor: (a) Side view (b) Top view of the sensor.
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Figure 5.9: (a) Schematic diagram of the sensor at 0°, (b) Schematic diagram of the sensor at

6°, (c) Enlarged picture of sensor at 6° inclination.

In order to understand the sensing mechanism, as an example, when the sensor is tilted in the
y-z plane, schematic diagram depicted in Fig. 5.9 is useful. In the absence of any given tilt,
EFBGs are completely immersed into the liquid (Fig. 5.9(a)). Considering the case when
anticlockwise tilt is applied in this plane, EFBG2 near the wall W2 will keep getting exposed
to air (shown by /4 = QC, in Fig. 5.9(c)), whereas EFBG1 near the wall W1 will remain
completely immersed into the liquid. Hence, EFBG1 will have no effective role in this case.
Similarly, when clockwise tilt is applied in this plane, EFBG1 will keep getting exposed to air,
while EFBG2 will remain completely immersed into the liquid. Hence, EFBG2 will have no
effective role in that case. Needless to mention that, while tilting the sensor in y-z plane, EFBG3
and EFBG4 in orthogonal fiber arms (EF and GH) will not face any exposure to air; hence, will
have no effective role in this scenario. However, in the case when inclinations are applied in
the orthogonal x-z plane, EFBG3 and EFBG4 will play effective role depending on the direction
of the applied tilt, whereas, EFBG1 and EFBG2 will remain ineffective. In all the cases, it is
the section-length of EFBG exposed to air that gets modulated by varying the applied tilt (6).
Therefore, it is essential to establish a relationship between the applied tilt and the
corresponding variations in the length of the EFBG exposed to air (/a). Considering, as an
example, the case when the sensor is tilted by an angle @ in the anticlockwise direction in y-z

plane, length of EFBG that gets exposed to air is given by (Fig. 5.9(c)),

ly = [cosO /sin(6 + ¢)]h (5.10)
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where 4 (= CR) is the variation of liquid level at the wall W2 (Fig. 5.9(c)). Multiple

observations establish that /4 is related to 6 as,
h =0.01742 x6 (5.11)
where x (= PC) is the half-width of the cube. Consequently, Eq. (4) can be rewritten as,
ly =[cos 8 /sin(6 + ¢)] X 0.01742 x6 (5.12)

Eq. 5.12 establishes that the length of EFBG getting exposed to air (/a) not only depends on
the applied tilt angle 6, but also depends on ¢ (angle made by fiber with the horizontal at § =
0°) and x (half-width of the cube). Thus, for the fixed dimension “x” of the sensor, the additional
parameter ¢ plays a crucial role in dictating the length (/a) that gets revealed to air; which in

turn, modulates the peak reflectivity (R4) of the EFBG section that is exposed to air.

5.4.2 Result and discussion

Proposed sensor utilizes four EFBGs that are fixed at an angle +¢ from the horizontal. Vertical
planes carrying two EFBGs (4g3 and /Agp4) are orthogonal to the vertical planes carrying
remaining two EFBGs (41 and 4Am2). At zero inclination (6 = 0°), all the EFBGs are just
immersed into a strategically chosen liquid of RI 1.456. When the sensor is tilted anti-clockwise
in yz-plane (xz-plane), EFBG2 (EFBG3) starts getting exposed to air, while the EFBGI
(EFBG4) stays immersed throughout. In the case of clockwise inclinations in yz-plane (xz-
plane), EFBG1 (EFBG4) gets exposed to air and EFBG2 (EFBG3) stays immersed. In all these
cases, peak reflectivity of the section of EFBG exposed to air (R4) keeps on increasing. This

peak reflectivity can be expressed as (using Eq. 5.3 and Eq. 5.12),

cos @

Ry = tanh®[x,1,] = tanh? ["A (M

x 0.01742 x9>] (5.13)

As can be observed from Eq. 5.13, peak reflectivity R4 not only depends on the parameters x
and 6, but also on the critically important design parameter ¢. Further, for fixed x and 6, lower
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the value of ¢, higher is R4. Therefore, it is crucial to optimize ¢ in order to achieve best
response characteristics for the proposed sensor. In the present investigation, ¢ is varied as 30°,
25°,20°, and 15°. Owing to the experimental constraints, ¢ could not be made lower than 15°.
Theoretically simulated response of EFBG (as an example, of EFBG2 fixed at ¢ = 15°) while
varying the inclination angle (6) in y-z plane from 0° to +10° in the step of 1° is depicted in Fig.
5.10. As can be observed, in the case of zero inclination (6 = 0°) there exists single reflection
peak, which corresponds to EFBG entirely submerged into the liquid. As the tilt angle is
increased, single reflection peak splits into two. The additional peak, appearing at left in
Fig.5.10., corresponds to the section of EFBG getting revealed to air. Further, peak reflectivity
for both the sections of EFBG2 (R4 and R;) gets modulated in accordance to the applied tilt.
In order to gain a deeper understanding of the response characteristics of the proposed
sensor, peak reflectivity for the section of the EFBG exposed to air, i.e., Ry, 1s calculated from
the spectrum depicted in Fig. 5.10. It is important to mention that, being independent of the
length of the EFBG, R4 is used to define sensor’s characteristics. Afterwards, these peak
reflectivities are plotted on a logarithmic scale (log[1-R]) against the tilt angles. Fig. 5.11
illustrates plot of log[1-R4] against the tilt angles at various values of ¢ and fixed x (32 mm).

As can be observed, peak reflectivity (R4) increases with the applied tilt (which is expected as

1.0 r
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Figure 5.10: Peak reflectivity of EFBG?2 (fixed at ¢ = 15°) for 8 =0°, 2°, 4°, 6°, 8°, 10°.
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log (1-R,)

Tilt angle

Figure 5.11: Variation of reflectivity for the section of EFBG exposed to air with the applied

tilt at different values of ¢. x is fixed at 32mm.

[a increases). Response remains linear (on the logarithmic scale) as 6 is varied from 0° to 10°.
Sensitivity increases while decreasing the value of ¢. Highest sensitivity of 1.81 dB/° with a
linearity of R? = 0.995 is observed for the sensor employing ¢ = 15°. Next, effect of x on the
sensor’s response is investigated. Fig. 5.12 illustrates the sensor response (log[1-R] vs 6) for
two values of x (32 mm and 40 mm) while fixing EFBGs at ¢ = 15°. As can be observed,
changing the value of x by just 8 mm, sensitivity of the sensor increases by 33.2% and becomes
2.41 dB/°. Importantly, when the sensor is tilted in clockwise direction (from 0° to -10°),
EFBG1 will respond exactly in the way, similar to EFBG2 in anticlockwise inclinations. In this
scenario, EFBG2 remains ineffective. Thus, in totality, the sensor responds linearly over the
dynamic range of -10° to +10°. In addition, response remains identical if the tilt is applied in
xz-plane. These characteristic features of the proposed sensor enable it to monitor magnitude
as well as the direction of the applied tilt. By critically selecting a liquid with low viscosity, a
high degree of reversibility and repeatability is expected to be observed.

Moreover, peak reflectivity (R) remains unaffected by temperature variations.

Temperature change shifts the center wavelength of the FBG. However, peak reflectivity,
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Figure 5.12: Variation of reflectivity for the section of EFBG exposed to air with the applied
tilt at two values of x. ¢ is fixed at 15°.

which is utilized to monitor the applied tilt in this study, is not influenced by temperature
fluctuations. Consequently, the problem of temperature cross-sensitivity gets inherently

eliminated, rendering the sensor temperature-independent.

5.5 Conclusion

A novel all-optical tilt sensor that employes four EFBGs is theoretically demonstrated.
Proposed sensor exploits effective RI sensitivity of an EFBG in order to achieve intensity
modulation of the FBG spectrum. This modulation technique is utilized for the first time for
the development of tilt sensor, to the best of author’s knowledge. Response characteristics of
the proposed sensor against tilt angle variations are theoretically investigated. Detailed
theoretcial analysis shows that the reflectivity depends on tilt angle and the distance (x) of the
EFBGs from the center of the sensor also. For x equal to 32 mm, expected sensitivity is 0.97
dB/°. Sensitivity increases to 1.20 dB/° as x increases to 40 mm. In order to capture applied tilt
with better sensitivity and improve sensor performance, another novel design was proposed.
The sensor characteristics of the new sensor design was also investigated theoretically. The
maximum theoretical sensitivity for the new sensor design comes out to be 2.41 dB/°. Both the
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proposed sensor designs eliminate the potential of noise/error due to any extraneous
undesirable perturbations. Furthermore, both the sensors exhibit the ability to quantify the
magnitude and the direction of inclination relative to the horizontal plane across the designated
dynamic range of -10° to 10°. Additionally, as peak reflectivity of FBG spectra does not depend
on the temperature variations, change in temperature will cause the centre wavelength of the
FBGs to get shifted. But, the reflected peak, which is used to monitor the applied tilt in our
work, remains unaffected by temperature fluctuations. Thus, the problem of temperature cross-

sensitivity gets eliminated inherently.
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Chapter 6 : Highly Sensitive and Temperature Insensitive Liquid
Level Sensor Based on Fiber Bragg Grating

6.1 Introduction

Liquid level sensing is also equally critical for the structural health of certain infrastructures,
particularly those exposed to water or liquid-related stress, such as bridges, dams, and flood
barriers. Changes in water or liquid levels can exert pressure on structures, accelerating
degradation or even causing catastrophic failures if not detected early. Along with this, liquid
level sensors are also extensively important in various industries including fuel reservoirs,
chemical industries, water and waste water management industries, food and beverage
industries, petrochemicals, pharmaceuticals as well as in agricultural and residential use that
involves storage tanks of considerable size with substantial depths (2-6 m) [84]-[86]. Along
with improving the operational efficiency of industries, they also serve an extremely crucial
role in guaranteeing safety while providing early prediction of flood by tracking the rising
water levels, enabling early warnings and evacuation alerts in flood-prone areas. These
applications require sensing systems that are capable of monitoring liquid level accurately
(<0.5% FSR) and continuously across a measurement range. This measurement range is
dictated by the targeted application and can be up to several meters [84]-[86], [114]. Few
numbers of conventional liquid level sensors with good sensitivity have been proposed in the
past few decades. However, their operations are limited because of their size, susceptibility to
electromagnetic interference, or inability to adapt to potentially explosive, corrosive and
conductive environments [87]-[89]. Later on, a few attempts have been made in order to
develop all-optical liquid level sensors that overcome some of the major shortcomings of
conventional sensors [90], [91]. However, they have their own major limitations of being

highly alignment sensitive and incapable for remote sensing and multiplexing to name a few.
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Technological advancements in the field of fiber optics and optoelectronics have greatly
impacted sensing engineering with the development of optical fiber sensors that enable multi-
parameter, remote and distributed sensing with extraordinarily high sensitivity. Consequently,
numerous attempts have also been made in realizing optical fiber liquid-level sensors
employing various configurations, e.g., etched fiber [17], [92], [93], standard optical fiber [94],
[95], optical fiber interferometers [96]-[99] etc. Most importantly, the realization of in-fiber
grating (FBG and LPQG) has helped in making tremendous progress in all-optical sensing. In
addition to carrying all the benefits offered by optical fiber sensors, the inherent self-
referencing nature and the ability to multiplex multiple FBGs onto a single optical fiber channel
make FBG-based sensors suitable for real-field applications [46]. FBG sensors, in general,
employ wavelength modulation through strain-optic and thermo-optic effects when subjected
to the applied strain and temperature perturbations. This makes FBG an inherent strain and
temperature sensor. In order to design FBG sensor for parameters other than strain and
temperature, a smart mechanism needs to be developed that maps the required parameter,
generally, onto the strain domain and abandons the effect of temperature. Several attempts have
been made in order to realize liquid level sensors based on FBG/EFBG [51], [100]-[104], LPG
and tilted FBG [105]-[109]. For instance, Yun et al. [51] reported an EFBG based liquid level
sensor that employed effective RI modulation mechanism. This sensor was characterised with
a nonlinear response over the dynamic range of ~1.5 cm. Guo et al. [100] reported another
FBG based liquid level sensor that employed a complex bending cantilever beam and column
buoy structure. This sensor was unable to determine the direction of liquid level variation. Lai
et al. [101] proposed liquid level sensor that employed dual sensor system incorporating FBG
and fiber Fabry-Péro sensor. A linear response with the experimentally obtained sensitivity of
14.91 pm/cm (as against theoretically predicted sensitivity of 18.67 pm/cm) and a resolution

of ~3 cm were observed. Sohn et al. [102] proposed another liquid level sensor where FBG
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was embedded in a cantilever rod that was attached to a complex float structure. A linear
response over a dynamic range of 0-36 cm with a sensitivity of 0.1 dB/cm was observed. In
another sensor reported by Sheng et al. [103], EFBG was encapsulated in a half-polymer-filled

metal cylinder. In comparison to the theoretically anticipated sensitivity of 2.15x10” c¢m’!

pm/cm, experimentally observed sensitivity for the proposed sensor was 1.526x10” cm’!

pm/cm. Almeida et al. [104], reported liquid level sensor where FBG was embedded in silicon
rubber. A linear response with a maximum sensitivity of 1.56 pm/cm was observed. In
summary, reported sensors employed very complex structure, exhibited limited operational
range and in many cases theoretically expected response could not be achieved experimentally.
Importantly, only few reported sensors, primarily involving complex design of optical fiber
interferometer or the integration of FBGs with complex cantilever structures, exhibited the
potential to meet the requirements as demanded in petrochemical or agricultural/residential

applications [99], [100]-[102].

The main objective of the research reported in this chapter is to present a novel and very
simple design strategy for the development of FBG based liquid level sensor. Proposed sensor
exploits Archimedes’ law of buoyancy [115]. The main objective of research carried out in this
work is to realize a liquid level sensor with tunable response characteristics while achieving
significantly high sensitivity, resolution and the measurement accuracy in order to match the
requirements for applications in various industries such as petrochemical, agricultural fields,
flood monitoring etc. In particular, proposed sensor offers advantages over the other
interferometer/EFBG/FBG embedded cantilever-based liquid level sensors in terms of
simplicity in design and customization of sensing performances for specific applications.
Response characteristics of the proposed sensor is rigorously investigated theoretically and
experimentally. Maximum discrepancy of the order of £0.01nm is observed over the designed

dynamic range of 30 cm. Experimental observations show that the proposed sensor
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demonstrates the capability of achieving liquid level measurement with an excellent resolution
0f 0.006 cm (<0.02%FSR) and an exceptional accuracy of <0.03%FSR. Additionally, proposed
sensor exhibits a very high level of reversibility and repeatability. Further, in the proposed
sensing strategy, imprinting of the liquid level variations in the optical domain is achieved by
decoding the liquid level information from the peak wavelength separation between two FBGs.
This makes the sensor inherently temperature-insensitive. These attributes make the proposed

sensor highly significant for practical/real-field applications.
6.2 Sensor design and operating principle

Interrogator e o
(Micron Optics) FBG2

(]

J

Figure 6.1: Proposed FBG based liquid level sensor

The schematic representation of the proposed FBG based liquid level sensor design is
illustrated in Fig. 6.1. The design includes two metallic (aluminum) mounts M1 and M2 that
are separated by a distance of 2/ (= 12 cm). A specially designed metallic strain tuning unit

(STU) is attached to M2. A single fiber carrying two FBGs is glued on M1 and STU in such a
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way that FBG1 (4,) is placed nearly 3 cm on the right from M1, while FBG2 (4,) remained
just outside (Fig. 6.1). After pre-straining the fiber using the STU, the fiber is glued on M2. A
cylindrical mass of length H is then carefully and precisely mounted on the optical fiber exactly
at the midpoint of the fiber length between the two mounts. The mounted cylindrical mass is
then precisely positioned inside and along the axis of a graduated cylinder, which is used as the

liquid tank (Fig. 6.1).

The operating principle of the proposed sensor is based on the Archimedes’ law of
buoyancy [115] and specially on the variation of effective weight of the cylindrical mass, when
the liquid level in the tank varies from /2 = 0 (when liquid just touches the bottom of the mass)
to 4 = H (height of the cylinder). If F' (= mg) is the weight of the cylinder and F’z is the buoyant

force, the effective weight of the cylinder can be written as follow:

m
W =F — Fg = mg — mlg=mg(1—zl) (6.1)

Here, m,; is the mass of the displaced liquid by immersed cylinder. The mass of the cylinder of
radius 7, density p and height h is, m = nr?pH. For a liquid of density p;, if the cylinder is
immersed into the liquid by a length h, mass of the dispersed liquid can be expressed as m; =

7r2pyh. Hence, the equation for the effective weight can be rewritten as,

P h)
i g L L
w mg( AT

(6.2)

Figure 6.2: Free body diagram of the proposed sensor.
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Using the free body diagram shown in Fig. 6.2, the tension(T) acting on the fiber due to
suspension of cylinder can be expressed in terms of W as, T = W /(2cos6). Here, 0 is the
angle made by the fiber with the vertical at its center (as shown in Fig. 6.2) when the cylindrical
mass is hanged. Considering the full length of the fiber between the two mounts (21 ) when the
cylindrical mass is not hanged and the total elongation (2Al) due to the suspension of the mass,

one can write,

cos 6 = ,/(2AD)/1 (6.3)

As per the principles of mechanics, the Young’s modulus (E) of the optical fiber can be
mathematically represented as, E = (T /A)/4e [116]. Here, A is the cross-sectional area of the
fiber and € is the axial strain due to tension 7. From the definition of E and using the expression

for T and Eq. 6.3, we get,

W=

cosf = (%) = (%)% (1 — pp—;l h)% (6.4)

Hence, using Eq. (3) and (4), the axial strain acting onto the fiber is expressed as [107],

2

Al cos?8 1 ,mg I 3
se=g=5=7 () (1-51) (©5)

wlinN

Eq. 6.5 clearly indicates that as the cylinder gets immersed into the liquid, the strain keeps on
decreasing accordingly and vice-versa. This changes in strain will induce shift in the Bragg
wavelength of grating due to elastic and strain-optic effect. FBG is also sensitive towards
ambient temperature variation due to thermal expansion and thermo-optic effect. The shift in
Bragg wavelength due to strain and temperature variations for FBG written on single mode

fiber is expressed as [39],

ATA = (1 —-P)Ae + (a + §)AT (6.6)
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In the proposed sensor design configuration, the change in strain due to change in liquid level
induces Bragg wavelength shift only in FBG1 (4;), whereas both the FBGs (4; and 4,)

experience temperature induced change in Bragg wavelength. Hence,

Ay DA,

Assuming, 4; = 1, and AA; K A; (i = 1,2), using Eq. 6.5, Eq. 6.7 can be rewritten as,

2

Ay = Ay) = A,(1—P) % : (%) (1 3 5—;1 : h>§ (6.8)

wIN

As can be observed from Eq. 6.8, shift in wavelength difference A(1; — A,) is
dependent on the liquid level (h) along with a dependency on the mass of cylinder (1), and
the density of the liquid (p;). It is crucial to note that the temperature-induced wavelength shift
of both FBGs occurs in the same direction. Therefore, the proposed design makes the sensor
inherently temperature insensitive by mapping the liquid level to shift in wavelength difference
instead of absolute Bragg wavelength peaks of FBGs. It is worth noting that, by choosing a
cylinder with a different mass, the sensing capabilities of the proposed device can be adjusted

to match the needs of a particular real-field application.

6.3 Experiment and result

To realize the proposed liquid level sensor, two cylindrical rods made of aluminium were
machined with precision, each with an outer diameter of 16 mm and a length of 30 cm. One
rod was hollow (m = 110g) with metallic caps securely sealing both ends, and the other one
was solid (m = 160g). A graduated cylindrical beaker with dimensions bigger than those of the
rods was used as the liquid tank, and distilled water was used for the liquid level variation. Two

FBGs, inscribed onto a hydrogen-loaded single-mode fiber employing the phase-mask
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technique were used for the sensor. The fiber parameters are provided in chapter 2. The Bragg
wavelength of the two FBGs were A; = 1551.581 nm and A, = 1554.670 nm. The fiber with
both the FBGs was glued using a bi-component epoxy resin and was left to cure for 24 hours
to ensure strong adhesion. Strain tuning unit (STU) was employed to pre-strain the fiber,
preventing any slackening. For the suspension of the cylinder on the fiber, a custom hook,
featuring an M4 screw and a circular ring was devised and threaded at one end of the rod (inset,
Fig. 6.1). Extreme attention was directed towards the accurate suspension of the cylindrical

mass, precisely at the midpoint between the two mounts.

The experiment was conducted by inserting the cylinder into the graduated liquid tank.
Initially, the liquid was filled until it barely touched the bottom of the cylinder, denoted by h =
0. Then the liquid level was increased by gradually filling up the tank with steps of 2 cm and
spanning the entire length of the suspended cylinder (/7 =30 cm). When the entire cylinder got
immersed, the liquid level was then gradually reduced in a step of 2 cm by draining the liquid
from the tank. It is very crucial to mention that, a very precisely controlled liquid pouring and
draining system, comprising one submersible motor and pipes, was employed to precisely
change the liquid level. This ensured the avoidance of any mechanical vibrations on the liquid
surface during the insertion and extraction processes. During the experiment, the reflection
spectra of both the FBGs were monitored using a robust and compact four channel FBG

interrogator (Micron optics, resolution: 0.5pm).

Fig. 6.3 depicts the temporal variation of A(4; — A,) in case of the hollow cylinder. Initially
the rod was not immersed into the liquid. Then the liquid level was increased by 2 cm. After
increasing the liquid level, we waited for sufficient time in order to mitigate any vibration that

may get generated due to the liquid level variation, and to get a stabilized sensor response.
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After the sensor response got settled, the liquid level was increased again by 2 cm. This
process was repeated till the entire rod got submerged within the liquid. When the entire rod
was immersed, the liquid level was then decreased in steps of 2 cm. The response of the sensor
was recorded after stabilization at every descending liquid level. As the liquid level was
increasing, the cylindrical mass was consistently submerging into the liquid. Consequently, an
abrupt shift in A(1; — A,) was observed owing to the reduced strain into the fiber. This
reduction in strain can be attributed to the decreased effective weight of the cylinder () in the
presence of the buoyant force. Conversely, a reduction in the liquid level by the same amount
led to a decrease in the buoyant force, subsequently increasing the effective weight of the
cylinder (W). This change resulted in an increased strain in the fiber, and hence, a red-shift in
A(A; — A,). InFig. 6.3, each step represents a liquid level change of 2 cm. The first half depicts
the sensor response while increasing the liquid level and the second half corresponds to the

sensor response for the decreasing liquid level.
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Figure 6.3: Temporal variation of shift in wavelength difference between two FBGs while

increasing and decreasing of liquid level, in case of hollow rod (m = 110g)
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Figure 6.4: Characteristic curve, A(A1-A2) vs. h, obtained from data reported in Fig. 6.3

Specifically, the temporal variation of A(4; — A,) for the liquid level variation of 2 cm
is observed to be about 121pm. It is worth noting that, when the liquid level is brought back to
zero (h = 0), the sensor's response fully recovers to its initial value. This demonstrates the high
capability for recovery and reversibility of the proposed sensor. To get the exact sensor
response, A(A; — A,) from the stabilized portions of Fig. 6.3 is plotted against the liquid level
in Fig. 6.4 for both increasing and decreasing liquid levels. The lower x-axis corresponds to the
increasing liquid level, whereas, the upper x-axis depicts the decreasing liquid level. In
accordance to that, the y-axis represents the sensor response corresponding to increasing and
decreasing liquid levels. In the same graph, the theoretical response is also plotted as obtained
from Eq. 6.8. The sensor response is observed to be linear over the entire dynamic range of 30
cm, as predicted by Eq. 6.8. Importantly, an excellent agreement is observed between the
experimentally observed and theoretically predicted responses. Sensitivity of the sensor

employing hollow cylinder is determined to be 60.4 pm/cm (R? = 0.9999) with a maximum
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observed discrepancy of the order of £0.01 nm for both, increasing and decreasing liquid levels.
Considering the resolution of the FBG interrogator, the proposed sensor demonstrates the
capability to achieve an exceptional resolution of 0.008 cm (<0.026%FSR). The standard
deviation for five measurements at each value of /4 is observed to be +0.7 pm. This reveals the

high repeatability of the proposed sensor. Consequently, the accuracy of the sensor is observed

to be <0.04%FSR.

It is important to highlight that the response of the sensor, as indicated by Eq. 6.8, is
closely related to the mass of the cylindrical rod, which is utilized in constructing the sensor.
To experimentally validate this conjecture, identical experiments were carried out by
employing a solid cylinder of identical dimensions, but of mass 160g. In this case also, the
liquid level was varied in the steps of 2 cm and the corresponding response was recorded after
stabilization. The temporal variation of A(4; — 4;) in the case of solid cylinder is depicted in
Fig. 6.5. It is worth noting that, the sensor’s response recovers fully to its initial value, when
the liquid level is brought back to zero (4 = 0). In order to get a better insight, sensor response
for each liquid level is extracted from stabilized region of the temporal response curve and
plotted in Fig. 6.6. In this figure also, the lower x-axis corresponds to the increasing liquid
level, whereas, the upper x-axis depicts the decreasing liquid level. In accordance to that, the
y-axis represents the sensor response corresponding to increasing and decreasing liquid levels.
In the same graph, theoretical response, obtained from Eq. 6.8, is also plotted. As can be seen,
sensor response 1s observed to be linear over the entire dynamic range of 30 cm. Further, an
excellent agreement is observed between the experimentally observed and theoretically
predicted responses. The measured sensitivity of the sensor with the solid cylinder for both,
increasing and decreasing liquid levels is determined to be 77.5 pm/cm (R? = 0.9999) with a
maximum observed discrepancy of the order of £0.01 nm. Considering the resolution of the

FBG interrogator, the proposed sensor demonstrates the capability to achieve an exceptional

105
TH-3698_186121009



resolution of 0.006 cm (<0.020%FSR). The standard deviation for five measurements at each

value of / establishes an excellent accuracy of <0.03%FSR in this case

Wavelength shift difference (nm)
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Figure 6.5: Temporal variation of shift in wavelength difference between two FBGs while

increasing and decreasing of liquid level, in case of solid rod (m = 160g)
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Figure 6.6: Characteristic curve, A(A1-A2) vs. h, obtained from data reported in Fig. 6.5.
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It is also worth noting that, the sensor response in both the cases are in excellent
agreement with the theoretical response. To validate this observation further, analytical
treatment using Eq. 6.8 can be employed. For the considered liquid level variations, the

2/3

theoretical sensitivity is proportional to m</°. Hence, the ratio of the theoretical sensitivities

for the two cylinders is,

SSolid

_ ( Msolid )2/3 _ (@) = 1.28 (6.9)

Myoliow

SHOllOW theo

The ratio of the experimentally obtained sensitivities for both the cylinders is,

_ 1.28 (6.10)
SHOllOW exp 60'4 . .

Ssotia

Eq. 6.9 and 6.10 establishes the fact that the response of the proposed sensor is in excellent
agreement with the anticipated theoretical responses. Moreover, this validates the potential to
customize the sensitivity of the proposed sensor for specific applications by carefully varying
the mass of the suspended cylindrical rod. However, there exists an upper limit in selecting the
mass of the suspended rod. This limit is dictated by the maximum allowable weight that can be
suspended on an optical fiber without breaking it. In the light of the fact that optical fiber
utilized in this experiment (Corning SMF-28e+ Optical Fiber) has been already tested
successfully to withstand a tensile stress o7 = 0.7 GPa [117], the maximum permissible weight
for the mass is determined to be, m = or.4. (2cos8)/g = 0.213 kg. Further, it is worth mentioning
that the Buoyant force depends solely on the volume of the displaced liquid, which in turn,
depends on the volume of the mass immersed in the liquid. These two facts give ample room
to tailor the sensor’s characteristics (e.g., sensitivity, dynamic range etc.) as per the need of
desired application by simply redesigning the shape and geometry as well as the length of the

suspended object while keeping the mass fixed under the maximum limit. Furthermore, the
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material used for the rod can be chosen to ensure that the sensor can operate effectively in

various types of liquids, including conductive and erosive ones.

Table 6.1: Response comparison of the proposed sensor with other optical liquid level sensor

Ref. Sensing Method Sensitivity Resolution
[91] Light guide plate - 0.200 cm
[95] Plastic optical fiber — 0.167 cm
[94] Plastic optical fiber polished — 34 cm
[101] FBG 14.91 pm/cm 3 cm
[102] FBG 0.1 dB/em —
[103] FBG 23.50 pm/cm -
[104] FBG 1.56 pm/cm -
This FBG (Hollow cylinder) 60.40 pm/cm 0.008 cm
work FBG (Solid cylinder) 77.50 pm/cm 0.006 cm

Next, the research investigation delves into a comparative analysis of the performance
characteristics of the proposed liquid level sensor with the other FBG-based liquid level sensors
reported in the literature. Table I provides a comprehensive overview of key parameters, e.g.,
sensitivity and resolution that are key to underline the effective sensing capabilities of a given
sensor. As can be observed from the table, among all the previously reported works, the
maximum sensitivity was achieved by Sheng ef al. [103] whereas, the best resolution was
achieved by Jing et al. [95]. All the other reported sensors exhibit either moderate sensitivity
or comparatively lower resolution. On the other hand, proposed sensor outperforms all the
previously reported FBG based liquid level sensors. Highest sensitivity is observed for the
proposed sensor, which is over three times greater than the sensitivity reported in [103]. An
outstanding resolution is also observed for the proposed sensor, which is ~28 times better than

the sensor with best resolution reported in [95]. The remarkable sensitivity and the extremely
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high resolution (indicative of the sensor's capacity to precisely measure variations in liquid
levels) underscore sensor's ability to discern even minute changes in liquid levels, rendering it
very significant for applications demanding high precision, such as, in chemical processing;
industrial storage, oil, gas and petrochemical industries; pharmaceutical manufacturing; or in

environmental surveillance, e.g., flood monitoring, groundwater monitoring etc.

Next, it is very crucial to eliminate the temperature cross-sensitivity of the reported
sensor for real-field applications. Although, the sensor is designed aiming at mitigating
temperature effects inherently, it is important to examine the impact of ambient temperature
fluctuations on its performance, experimentally. For this, experiments were carried out
employing the solid cylinder. Liquid level was set at a fixed height of # = 14 cm. Both the
FBGs were exposed to a specially designed water bath at a temperature of ~60°C. As the water
naturally cooled to the room temperature (~25°C), corresponding shift in wavelength
difference, A(41—42), was measured. The thermal response of the sensor is depicted in Fig. 6.7.
The maximum observed temperature cross-sensitivity is ~3 pm/°C, which is about 121 times
less in comparison to the shift experienced by an uncompensated FBG under identical

temperature variation conditions. This remarkably low temperature cross-sensitivity s
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Figure 6.7: Thermal response of the sensor with solid rod at a liquid level h = 14 cm
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establishes the high degree of temperature independent nature of the proposed sensor, making
it suitable for real-world applications where continuous fluctuations in ambient temperature are

unavoidable.

Finally, the proposed sensor provides significant flexibility in customizing the
characteristic curve for specific applications, as the buoyant force is solely dependent on the
volume of the immersed mass. This offers a wide range of possibilities to achieve different
tailored response. For example, we can use cones, hollow cylinders, or combinations of
different objects with different sizes. This also enable the creation of customized non-linear
characteristic curves, which can be useful for specific needs. By taking advantage of different
shapes and combinations, we can customize the sensor to work well in a wide range of

applications.

6.4 Conclusion

In this work, a simple and novel design strategy is proposed for the realization of an FBG based
all-optical liquid level sensor based on Archimedes’ law of buoyancy. The main objective of
this work is to enhance the sensitivity towards liquid level variation while achieving
significantly high resolution to match the requirements for applications in various industries
such as petrochemical, agricultural fields, flood monitoring etc. Response characteristics of the
proposed sensor is theoretically investigated and experimentally established. The sensor
exhibits an outstanding maximum sensitivity of 77.5 pm/cm, coupled with an exceptionally
high resolution of 0.006 cm (<0.020% FSR) and an accuracy of <0.03% FSR across the
designed dynamic range of 30 cm. Furthermore, this sensor displays excellent reversibility and
repeatability following an excellent agreement with the theoretical response. Moreover, the
sensor validates the potential to customize the sensitivity for specific applications (such as

petrochemical, agricultural fields, flood monitoring etc.) by carefully varying the mass of the
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suspended rod within the maximum allowable mass limit, constrained by the predetermined
maximum tensile stress endurance of SMF. The fundamental principle underlying this sensing
approach involves mapping the variation in liquid level to the shift in wavelength difference
between the two FBGs. This makes the sensor inherently insensitive towards any temperature
fluctuation. These characteristics render the proposed sensor highly promising for practical
applications in real-world scenarios. Additionally, the measuring range of proposed sensor can
be adjusted to fit the needs of different applications by altering the length of the cylindrical rod
suspended from the fiber. It is important to note that the suspended mass can be made from a
wide range of materials, allowing our FBG liquid level sensor to be used with all types of

liquids, including conductive and erosive ones.
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Chapter 7 : Conclusion and Future work

7.1 Conclusion

This thesis successfully presents the design and development of novel all-optical Fiber Bragg
Grating (FBG)-based tilt and liquid level sensors for structural health monitoring (SHM) and
other real-field applications. The primary goal is to design sensors with high sensitivity,
exceptional angular resolution, and minimal discrepancy, while ensuring stability and
temperature insensitivity for real-world applications. The research's novelty lies in its unique
sensor designs that integrate tunable response characteristics with inherent temperature
compensation. Initially, a novel, temperature-insensitive, all-optical FBG-based tilt sensor is
introduced. This sensor allows tuning of its response characteristics through variable loaded
rod mass. This sensor exhibits high sensitivity (0.0300 nm/°), high accuracy (£0.033°), minimal
discrepancy (£0.001 nm), and angular resolution (0.0167°), with experimental results closely
matching theoretical predictions. To further improve sensor performance, another novel
temperature-insensitive FBG-based all-optical tilt sensor design is proposed, offering improved
sensitivity (0.0415 nm/°) across a dynamic range of £10°. This design features tunable response
characteristics via a loaded mass, delivering high accuracy (+0.024°), minimal deviation
(+0.001 nm), and an angular resolution of 0.012°. Advancing the design further, another novel,
temperature-insensitive FBG-based tilt sensor is developed, achieving remarkable sensitivity
(0.3198 nm/°), exceptional accuracy (+0.0031°), minimal discrepancy (+0.001 nm), and
outstanding angular resolution (0.0016°). This design also offers superior performance with
tunable response characteristics. In all the three sensor designs proposed above, the
experimental results closely matching theoretical predictions. Furthermore, all the sensors
demonstrate high repeatability and reliability throughout its operational range. Additionally,

the sensors work by modulating the wavelength separation between two FBGs in response to
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tilt, making them inherently temperature insensitive. In the next part of the research, instead of
traditional wavelength modulation mechanism, intensity modulation of the FBG spectrum that
exploits the effective RI sensitivity of EFBG is used to develop novel all optical tilt sensor. A
theoretical sensitivity of 1.20 dB/° was achieved with the first proposed design strategy. The
sensitivity further enhanced to 2.41 dB/° in an improved sensor design. Both the designs are
capable of measuring magnitude and direction of inclination within a +10° range. The
innovative application of EFBG introduces a new approach in tilt sensing technology. In the
final phase, an all-optical, temperature-insensitive FBG-based liquid level sensor is developed,
employing Archimedes' principle for precise measurements. This sensor delivers high
sensitivity (77.5 pm/cm) and high resolution (0.006 cm), with minimal discrepancy (£0.01 nm)
over a 30 cm dynamic range and outstanding accuracy (<0.03% FSR). Its tunable response
characteristics are validated by experimental results. The novelty of this design lies in
leveraging buoyancy principles for accurate liquid level sensing. Overall, this research
successfully presents advanced, high-performance all-optical FBG-based sensors for tilt and
liquid level measurements, offering significant contributions to the field of structural health

monitoring through innovative design strategies and novel sensing techniques.

7.2 Future scope

Building upon the successful development of novel all-optical FBG-based tilt and liquid level
sensors, numerous opportunities exist for further exploration, particularly in enhancing their
applicability and integration within structural health monitoring (SHM) systems. Among the
five tilt sensors proposed in this thesis, the last two designs have been analyzed theoretically.
An immediate research direction is to fabricate these sensor designs and conduct
comprehensive experimental investigations to validate their response characteristics. Another
crucial area for advancement involves the robust packaging and miniaturization of these

sensors. Employing lightweight, durable, and corrosion-resistant materials for advanced
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encapsulation will enhance their resilience in harsh environments, ensuring long-term stability
and consistent performance. Miniaturization will enable seamless integration into complex and
confined structural spaces, improving practicality and adaptability without compromising
sensor functionality. Furthermore, collaboration with industry partners for large-scale
production and commercialization will help transition these sensors from laboratory prototypes
to practical SHM solutions, effectively addressing market demands and regulatory standards.
By addressing these future research directions, the performance, scalability, and applicability
of FBG-based sensors can be further refined and effectively integrated into next-generation
SHM systems, ultimately contributing to safer, more resilient, and intelligently managed

infrastructure.
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