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ABSTRACT 

 

The present thesis work is focussed on the development of fiber Bragg grating (FBG) based 

novel all-optical sensors to monitor tilt, vibration, strain and RH, which are some of the most 

important parameters in structural-health-monitoring. Sensors are developed to achieve manifold 

sensitivity enhancement, possibly with a tunable response characteristics and without any 

inherent measurement instabilities. First, a novel, all-optical, temperature insensitive, pendulum 

based sensor design strategy with inherent enhanced tuning capability for its sensitivity is 

characterized. An excellent sensitivity (~0.0626 nm/o) over a dynamic range of 10o that can 

further be nonlinearly tuned is established for this sensor. A completely reversible linear 

response with a much improved resolution (0.008o), accuracy (±0.36o), maximum discrepancy 

(less than ±0.0231nm) and maximum angular uncertainty (~±0.34o) are established for this 

sensor. In order to capture tilt effectively with enhanced stability, a non-pendulum type design 

strategy for FBG based tilt sensor is proposed. A better resolution (better than 0.004°), better 

accuracy (∼±0.05°) and a lesser maximum discrepancy (∼±0.001nm) with a very high degree of 

reversible and repeatable response over the observed dynamic range is achieved. Next, a simple 

design strategy of FBG based 2-axial vibration sensor is proposed and experimentally 

demonstrated. An excellent capability of resolving externally applied signals having frequency in 

10Hz to 350Hz and the acceleration in 0.65 to 70m/sec2 range is observed. Afterwards, research 

work was focussed to enhance inherent strain sensitivity of FBG. For this, a single FBG sensor 

with corrugated cladding structure over the FBG carrying core is designed and experimentally 

investigated. Proposed structure across the FBG section splits a single FBG into multiple & 

independent FBGs. A relative strain sensitivity enhancement of more than 10 times is observed, 

which is impossible to realize with a normal FBG. Finally, FBG based humidity sensor is 

developed employing a novel mechanism of effective-index modulation with an ambition to 

achieve widest possible dynamic range and optimum sensitivity. To achieve these objectives, 

fiber diameter in the grating region was reduced to a lowest possible working limit (~ a few 

microns). A wide linear dynamic range ~3 – 94 %RH with good sensitivity of ~0.082 pm/%RH 

is realized. The response of the developed sensor is observed to be completely reversible with an 

appreciably stable characteristic during repeatability and reliability tests. 
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Chapter 1 

Introduction 

 

Sensing of various parameters is vital for controlling and monitoring various industrial, 

scientific, and environmental processes. For an effective control mechanism, one requires an 

easier acquisition of valuable information about process-specific parameter (termed here-in-after 

as measurand), which is done by employing a suitable sensing device, termed as sensor. The 

easier acquisition of parameter-specific information through these sensors that need to be precise 

is realized by mapping change in the magnitude of any desired and application-specific physical 

parameter onto a more effective change in the magnitude of another and more suitable 

parameter, that can be measured more conveniently, directly and perhaps more accurately [1]. 

These application and/or process-specific measurands, in general, span anything from optical 

signals (e.g., intensity, wavelength, state of polarization and phase of electromagnetic radiation), 

mechanical/physical signals (e.g., force, pressure, velocity, mass flow, rotation, vibration, tilt, 

strain, stress, torsion, refractive index etc.), thermal signals, electric & magnetic signals (e.g., 

voltage, current, charge, resistance, inductance, capacitance, pulse duration, frequency, dielectric 

constant, magnetic flux density, magnetic field direction and permeability etc.) to chemical 

and/or biological signals (e.g., chemical composition, concentration, pH, malignancy, blood 

glucose, relative humidity, gas concentration etc.). Hence, almost all areas of science & 

engineering as well as industrial applications rely on the information gathered by sensors for an 

efficient process-control and performance optimization. This makes sensors indispensable in 

today’s science & technological as well as industrial-growth age. Guided by the enormous scope 
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of sensing technology and the related scope in futuristic market share, lots of research efforts 

have been devoted over the past few decades for the development of an ultra-precise, reversible 

and repeatable sensors for various applications. Today millions of sensors are deployed 

throughout the world. It is difficult to think of any area of engineering which does not make use 

of sensing technology. 

 

The history of sensor lies in the nature. There are various elements in the nature that inherently 

respond while being exposed to certain perturbations. Simplest examples are (a) that of mercury, 

which is inherently characterized with finite thermal expansion coefficient; and (b) that of 

naturally occurring ores, which are inherently characterized with magnetic properties and 

specifically align themselves if exposed to a magnetic perturbation. The list goes on. 

Conventional/traditional sensors are based on (or employ smartly and efficiently) such material 

and exploit some of their potential inherent properties, which leads to a unique response 

characteristic (hysteresis loop of a ferromagnetic material as one example) when exposed to an 

applied perturbation. Apart from the two inherent properties (thermal and magnetic) mentioned 

above, other inherent properties that are potentially exploited by the conventional/traditional 

sensors could be electrical, mechanical or chemical to name a few. As an example, conventional 

strain sensor exploits piezo-electric effects where a piezo-resistor measures strain-changes 

through the resistance variations. Further, a piezoelectric material produces a potential that is 

proportional to the applied pressure; this property is exploited for designing a conventional 

pressure sensor. Another example is capacitive-sensor, where various parameters of interest, e.g., 

humidity [2], strain [3], acceleration [4], and tilt [5], are monitored through the changes in the 

capacitance. On the chemical side, simplest conventional pH sensor that exploits chemical 
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properties of material is pH indicator whose colour changes around particular pH value; and that 

way, enables an appropriate measurement of the pH of a given solution. These are just a few 

examples of the conventional sensors. In summary, there are many schemes that are employed to 

design a suitable conventional sensor for monitoring various parameters. Though, being highly 

precise with an extremely good characteristic sensitivity, these conventional/traditional sensors 

have certain major demerits. Their performance is surrounding-condition-specific, i.e., they 

perform well under certain conditions but, as an example, their performance degrades drastically 

under the presence of strong environmental electromagnetic/radio-frequency signals, and are 

particularly inoperative in hazardous environments. One cannot even think of the realization of 

remote-sensing and multiplexing. As a result, these conventional sensors fall short of 

expectations at many of the aspects from the field deployability and application point of view. 

This fuelled enormous thoughts for the development of an alternate sensing-technology that can 

inherently infuse optimum sensitivity, long-term performance durability, immunity to 

electromagnetic interference/electrostatic discharge, operatability under hazardous environments 

and ability for remote-sensing as well as multiplexing. 

 

One possibility to overcome these limitations is switching sensing to the optical domain. Here, 

being optical (lightwave), the sensing signal is completely unaffected by any surrounding 

electromagnetic/radio-frequency signal; and that way, immediately overcomes a set of demerits 

of conventional sensors. In principle, optical sensors measure the change/variation in a given 

parameter by effectively mapping them in an accurate change in any one of the optical 

characteristics, e. g, intensity, frequency, wavelength or the phase of the lightwave. Nevertheless, 

almost all of the optical sensors developed since the first reported in 1930 [6], were based on the 
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intensity variation through the measurand–initiated absorption/quenching of the optical signal. 

Invention of laser gave another thrust to optical sensing; enabling the development of more 

effective laser and holography based all-optical sensors that were characterized with a better 

resolution. One of the examples of optical sensor is optical proximity sensor, which is widely 

used for a variety of security as well as consumer-based applications. Another example is the 

optical tilt sensor where laser and holography techniques were employed to monitor the 

inclination [7]. Another excellent application of utilization of optical technique is the 

development of high precision optical sensors for chemical/gas concentration detection, where 

fluorescence characteristics of certain suitable dyes were exploited to detect CO2 and O2 [8-9], 

and optical responsitivity (e.g., optical absorption) of certain chemical compounds in a thin 

sensing film were exploited to detect CO, NO and H2 [10-12]. In another research work, an 

optical sensor was reported for the monitoring of displacement [13]. Though, the reported optical 

sensors overcome certain limitations of existing conventional sensors and are characterized with 

a better sensitivity, they have their own limitations. In general, they are bulky, complicated, 

highly alignment sensitive; and in certain situations such as on foggy/rainy days, their 

performance gets seriously degraded. Further, they cannot be deployed in hazardous conditions 

like places of intense radiation, high voltage environments, high temperature etc. Importantly, 

remote-sensing and multiplexing are impossible through these sensors. In summary, such optical 

sensors are impractical for real-field applications. 

 

Sensing technology got revolutionized with the adoption of fiber optics. In fact, discovery of 

optical fiber during early seventies was a major breakthrough for telecommunication industry. In 

the very early days when the fiber optics technology was still evolving for telecommunication 
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purposes, an undesirable sensitivity of optical fiber towards various external factors such as 

bends, microbends, pressure etc. was noticed. Initially, enormous efforts were made to reduce the 

sensitivity of fiber to these external perturbations as it degraded the efficiency of a 

telecommunication system. However, soon it was realized that the exceptional sensitivity of 

optical fibers to external perturbations can be very effectively exploited for sensing various 

parameters of interest. Thus, the field of optical fiber sensor (OFS) was born. Exceptional 

technological advancements in the field of fiber optics as well as in the associated optoelectronic 

industries leading to the availability of very low-loss optical fiber in different wavelength 

windows and very sophisticated optical sources/interrogators have given tremendous thrust and 

made a great impact on the development of optical fiber sensors for various applications, 

spanning engineering (civil, mechanical, aeronautical, chemical, electrical, automobile etc.), 

biomedical, general sciences to homeland security as an example. Enormous and remarkable 

inherent advantages offered by optical fiber sensing technology as against that of the 

conventional sensors are the reason for the global thrust in the area of optical fiber sensor 

research & development. Some of the key advantages of optical fiber sensors are [14]: 

1. A very high sensitivity over the traditional sensors. 

2. Ease of miniaturization and hence the possibility of the development of very small, 

light and flexible sensors.  

3. Low-loss optical fibers in conjugation with fiber amplifiers not only allow 

propagation of lightwave signals over thousands of kilometres but also enable dense 

wavelength-division-multiplexing (DWDM) to realize over 100Tb/s-km optical fiber 

communication systems. Such a large information carrying capacity over thousands 

of kilometres enables effective remote-sensing. 
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4. Huge amount of bandwidth and hence massive information-carrying-capacity (ICC) 

offered by an optical fiber, which is impossible to realize with an electrical system, 

enables (a) achieving a high sensing-information-density through a single optical 

channel where each of the optical characteristics (wavelength, phase, intensity etc.) 

are independently and simultaneously encoded by the external perturbations, (b) 

multiplexing large number of sensors, each characterised at a particular optical 

channel over a single fiber transmission line, (c) distributed sensing, i.e. continues 

sensing along the entire fiber transmission line, and (d) multi-parameter sensing. 

5. As optical fibers are made from the insulating materials, optical fiber sensors are 

inherently electrically isolated from the interrogating electronics.  

6. Being optical, primary signal cannot be subjected to electromagnetic 

interference/radio-frequency interference and has zero risk against fire/sparks. This 

makes optical fiber sensor highly reliable. 

7. Characterized with small volume and light weight, optical fiber sensors can easily be 

surface-mounted or un-intrusively embedded in composites. 

8. Optical fiber sensors can be deployed over a wider temperature range as well as in a 

harsh environment. 

 

Owing to these numerous but distinct inherent advantages over the conventional/optical sensors, 

optical fiber based sensors have convincingly established themselves as an alternate to the 

traditional sensing schemes [15-16]. Almost all the parameters of practical importance, such as, 

pressure [17], temperature [18], liquid level [19], refractive index [20], pH [21], antibodies [22], 

electric current [23], voltage [24], rotation [25], displacement [26], acceleration [27], acoustic 
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[28], electric and magnetic field measurement [29, 30], tilt [31], torsion [32], strain [33] etc. are 

being successfully and accurately monitored by optical fiber sensors not only in the test-bed set-

up but also in the real-field environment. 

 

Optical fiber sensors can be broadly classified as an extrinsic or an intrinsic sensor. In an 

extrinsic sensor, fiber acts merely as a conduit to guide the lightwave signal to- and from- the 

sensing head. Modulation of the optical signal by an environmental/external perturbation takes 

place outside the fiber. On the other hand, in an intrinsic sensor, fiber itself acts as a sensor. 

Here, one of the inherent characteristics of the guided lightwave signal, e.g., phase, polarization, 

wavelength, intensity gets modulated within the fiber by an environmental/external perturbation. 

As obvious, an intrinsic fiber sensor can be further classified on the basis of the employed optical 

modulation scheme and can be termed, for example, as an intensity-modulation based optical 

fiber sensor or a wavelength-modulation based optical fiber sensor and so on. Most popular 

schemes among researchers in terms of ease of realization are intensity, phase and wavelength 

modulation. 

 

Though, optical fiber sensors employing intensity-modulation schemes are simple to fabricate 

and fall under the popular category, performance of such sensors suffers from the source power 

fluctuations. Importantly, such sensors are impractical from the point of view of real-field 

applications, remote-sensing and multiplexing. Most suitable mechanism that fully exploits 

tremendous opportunities/merits offered by fiber optics (e.g., huge bandwidth, enormous ICC, 

DWDM etc. mentioned above) is the wavelength-modulation scheme. Optical fiber sensors 

employing wavelength-modulation schemes are immune to the source power fluctuations. 
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Further, in the absence of non-linearity effects, wavelength-encoded lightwave signal carries 

exact information of the sensing parameter without any degradation or a cross-talk. There are 

various ways to employ wavelength-modulation scheme. Some of these are wavelength 

dependent absorption, luminescence, dispersion, interference and scattering. However, since its 

invention and successive advancements [34], in-fiber Bragg gratings (FBGs) have become 

synonym to the optical sensing technology as for as real-field applications are concerned. The 

reason is, apart from inheriting the advantages of fiber optics, FBG sensors are characterized 

with additional advantages, such as, (1) inherently self-referencing, (2) ease of designing spectral 

and phase response of FBG as per the requirement, (3) capability of multiplexing a large number 

of FBGs on a single fiber channel, (4) ease of employing DWDM, spatial-division-multiplexing, 

time-division-multiplexing (TDM) and quasi-distributed sensing, (4) insensitive to the 

fluctuations in the irradiance of the illuminating source, (4) compatibility for the application such 

as strain mapping in advance composite materials where small diameter probes are essential to 

name a few. Owing to these enormous merits of FBG sensor, they have emerged as a most viable 

and integral solution for almost all of the engineering/industrial applications, such as, structural-

health-monitoring (SHM), mechanical engineering, aeronautical engineering, communication 

engineering, biomedical/micro-fluidics to name a few. [35]. Importantly, the class of optical fiber 

sensors, which are based on wavelength modulation scheme, dominantly uses in-fiber gratings 

(FBG/long period gratings (LPG)) as the constituting sensing element.  

 

A grating structure that facilitates strong coupling between identical or nearly identical forward- 

and counter-propagating fiber modes in a single-mode fiber is termed as short period grating or 

fiber Bragg grating (FBG) [34]. FBG is an intra-core periodic refractive index (RI) perturbation 

TH-1348_09612115



Chapter 1: Introduction 9 

 

 

𝜆Β 

Incoming light 

Reflected light 

Transmitted light 

Bragg Grating 

Core 

Cladding 
Polymer jacket 

 

𝜆Β 

along a small length of a single-mode fiber. When light from a broadband source is launched into 

the fiber core carrying FBG, it gets scattered by each grating plane and suffers extremely weak 

reflection. However, under specific condition termed as Bragg condition, reflected light from 

each grating plane would be in phase and would interfere constructively in the backward 

direction. This gives rise to strong reflection spectrum centered at a specific wavelength termed 

as Bragg wavelength (B). On the other hand, other wavelength components would be 

transmitted by the grating, giving rise to the transmission spectrum of the FBG as depicted in 

Fig. 1.1. Bragg condition is the manifestation of energy and momentum conservation [36].  

 

 

 

 

 

 

Figure 1.1: Schematic of fiber Bragg grating principle. 

 

Energy conservation requires the frequency of the coupled radiations (forward and backward) to 

be the same. On the other hand, momentum conservation requires the forward mode propagation 

constant (𝛽𝑓
⃗⃗⃗⃗ ) plus the grating wave-vector (𝐾⃗⃗ ) to be equal to the backward mode propagation 

constant (𝛽𝑏
⃗⃗⃗⃗ ).  

𝛽𝑏
⃗⃗⃗⃗ = 𝛽𝑓

⃗⃗⃗⃗ + 𝐾⃗⃗                                                         1.1 

As 𝛽𝑏
⃗⃗⃗⃗ = −𝛽𝑓

⃗⃗⃗⃗  and |𝐾⃗⃗ | =
2𝜋

Λ
 above condition simplifies to 

𝜆𝐵 = 2Λ𝑛𝑒𝑓𝑓                                                     1.2 
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As can be observed from Eq. (1.2), the wavelength that satisfies Bragg condition in a uniform 

fiber grating depends on the effective-refractive-index (neff) of the mode and the grating-pitch 

(). Grating-pitch is dictated by the phase-mask used for inscribing the FBG. For a standard 

optical fiber, effective-refractive-index can only be modulated by applying strain/temperature 

perturbations through strain-optic/thermo-optics effects. Further, owing to the finite elasticity 

and thermal expansion coefficient of the material used to fabricate the fiber, strain/temperature 

variation across the grating region also modulates the grating pitch. These strain & temperature 

dictated effects leads to a shift in the Bragg wavelength. This wavelength shift that can be 

derived from Eq. (1.2) is mathematically expressed by the following relation [37]: 

∆𝜆𝐵 = 2(ᴧ
𝜕𝑛𝑒𝑓𝑓

𝜕𝐿
+ 𝑛𝑒𝑓𝑓

𝜕Λ

𝜕𝐿
)∆𝐿 + 2(ᴧ

𝜕𝑛𝑒𝑓𝑓

𝜕𝑇
+ 𝑛𝑒𝑓𝑓

𝜕Λ

𝜕𝑇
)∆𝑇                    1.3 

Here, first term corresponds to the strain-optic effect, second term corresponds to 

elongation/compression of the optical fiber, third term corresponds to the thermo-optic effect and 

the fourth term corresponds to the thermal expansion of the optical fiber. Above equation can be 

simplified to [37]: 

Δ𝜆𝐵

𝜆𝐵
= (1 − 𝜌𝜀)∆𝜀 + (𝛼 + 𝜉)∆𝑇                                          1.4 

where,  is the change in longitudinal strain, T is the change in temperature,  is photo-elastic 

coefficient of the fiber,  is thermo-optic coefficient (~8.6x10-6 for germanium doped silica fiber 

core) and  is thermal expansion coefficient of the fiber (~0.55x10-6 for silica fiber). Thus, as 

can be observed from Eq. (1.3), FBG is inherently sensitive to strain and temperature 

perturbations both. In order to realize an independent strain/temperature sensor employing FBG, 

one needs to device a smart mechanism to decouple temperature/strain information. Various 
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techniques/designs have been successfully employed in order to abandon the effect of one 

parameter on the measurement [38-40], especially that of the temperature. As mentioned earlier, 

FBGs have been used for a wide variety of sensing applications including monitoring of civil 

infrastructures, smart manufacturing and non-destructive testing (composites, laminates, etc.), 

remote sensing (oil wells, power cables, pipelines, space stations, etc.), smart structures (airplane 

wings, ship hulls, buildings, sports equipment, etc.), as well as traditional strain, pressure and 

temperature sensing [41]. Thus, apart from strain and temperature, various other parameters (e.g., 

pressure, tilt, vibration, torsion, acceleration, displacement, flow, field intensity etc.) are also 

required to be monitored in different engineering applications/industrial processes. In order to 

develop FBG based sensors, these other parameters that are to be monitored are preferably and 

strategically mapped in the strain domain. Numerous attempts have been made worldwide to 

realize such FBG based sensors. Today, almost all the parameters of practical importance such as 

strain [42], temperature [42], pressure [43], liquid level [44], tilt [45], rotation [46], displacement 

[47], acceleration [48], electric and magnetic measurements [49], acoustic [50], torsion [51], 

humidity [52], and refractive index [53] etc., are successfully and accurately monitored by FBG 

sensors in real-field environment. 

 

As observed from the above discussions, being versatile, optical fiber sensors (and specially, the 

FBG sensors) become an integral part of the monitoring and sensing systems for almost all of the 

engineering/industrial applications. One of the most important fields of application which has 

witnessed tremendous rise recently and has attracted lots of interest as for as human security is 

concerned with a maximum OFS industry share is the structural-health-monitoring (SHM).  With 

the diverse advancements in the global human civilization as well as in the science and 

TH-1348_09612115



Chapter 1: Introduction 12 

 

 

technology that led to an unimaginable growth of civil infrastructures, synchronized structural-

health-monitoring (SHM) becomes a serious issue to deal with.  Any reason among (a) possible 

errors in design and construction, (b) overload, (c) environmental degradation from strong winds, 

heavy rains, humidity, huge temperature variations, and (d) nature’s impact such as earthquakes, 

storms or floods imposes serious threat and induces adverse changes (damage/deterioration) in 

the health condition of various civil infrastructures such as bridges, dams, tunnels, high-rise 

buildings, rail transport network etc. These adverse changes (damage/deterioration) cannot be 

anticipated during the design and realization stages of such infrastructures [54]. As an example, a 

serious outcome of these reasons/effects is the accumulation of unwanted strain distribution 

across certain locations of the structures, termed as defect centers, which may finally lead to the 

collapse of such structures and hence, casualty to human lives. Damage identification and 

prevention of its evolution in any civil engineering infrastructure, thus, becomes an integral part 

of SHM [55]. SHM is the process of assessing the state of the health (e.g., damage) of 

infrastructures by continuously monitoring them in real-time through the measurement of various 

parameters that affect them. These parameters depend on the construction material, 

environmental conditions and expected degradation phenomena. Further, they vary from 

structure to structure. For example, tilt could be more important in the case of an under-water 

canal or ropeway bridge, whereas vibration for railway transport network. In general, these 

parameters are classified as mechanical (strain, deformation, displacement, crack opening, stress, 

and load), physical (temperature, humidity, pore pressure etc.) and chemical (pH, oxidation, 

corrosion, carbonation, penetration, and timber decay) [54]. Such monitoring that includes the 

real-time and continuous access to the variation of so many parameters cannot be done solely by 

routine manual inspection where engineers inspect the structure with an unaided eye. Such 
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procedures are time consuming, faulty, inappropriate and inaccurate. The reason that OFS based 

on FBG have become synonym and only feasible solution to SHM is the exceptional features 

offered by these sensors. Among the other features/merits, accessibility to enormous sensing data 

through a single fiber network, accessibility to already existing communication network with a 

common transmission band (“C” band) that naturally leads to DWDM and remote-sensing, 

highly precise, secure, reliable, low-cost, robust under hazardous conditions with an extremely 

high sensitivity are the dominant one for the preference of FBG sensors in SHM. Numerous 

attempts have been made to realize FBG based smart OFSs to monitor various parameters of 

interest in SHM. Some of the important parameters to be monitored in SHM are tilt, vibration, 

strain, and humidity.  

 

Inclination or tilt-angle monitoring is of extreme importance for the health of various civil 

infrastructures such as tunnel, bridges, dams, etc. In addition, it is also one of the key parameters 

to be monitored in mechanical, instrumentation, robotics, aeronautical engineering applications 

[45]. Hence, a very accurate, highly sensitive, compact tilt monitoring sensor-system capable of 

resolving lowest possible tilt with a large dynamic range would be of extreme importance. Most 

of the conventional tilt sensors are electronic in nature and transform inclination information into 

electric signals either through magnetic effects or through capacitive effects [56-58]. For 

example, slight displacement of the pendulum mass is transferred into an electrical signal by 

inductive/capacitive methods in pendulum based inclination sensors [56]. In some other 

electronic tilt sensor, either the small displacement of the magnetic core is transferred into a 

voltage by an inductive detection of the magnetic fluid, which used to be a signature of the 
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applied tilt [56], or the relative motion of a dielectric fluid between two semi-circular shaped 

electrodes is utilized to realize a capacitive based tilt measurement in micromechanical 

capacitive inclination sensor [57]. However, inherent limitations such as vulnerability towards 

electromagnetic/radio-frequency interference (EMI/RFI), deployability in harsh environments 

and inability towards multiplexing/remote-sensing/distributed-sensing pose serious problem for 

such sensors and make them unthinkable for real-field applications. As mentioned earlier, optical 

sensors overcome some of the shortcomings of the conventional sensors. Nevertheless, only a 

few attempts have been made to realize all-optical tilt sensors employing laser based sensing 

technology. For example, Zhong et al. have reported an optical tilt sensor based on wavefront 

sensing [59]. Laser based interferometric tilt sensors are reported in [60, 61]. In another work, 

Hua et al. in [62] have reported tilt sensor based on laser interference; whereas Xiaoyong et al. in 

[63] have reported another tilt sensor based on laser and holographic technique. However, being 

bulky and complicated in design configuration, and extremely alignment sensitive, all these 

methodologies are in fact impractical for real field applications. In order to overcome these 

limitations, one needs to switch to OFS. However, only a few attempts have been reported in the 

literature towards the development of optical fiber sensors for inclination/tilt-angle monitoring. 

As an example, Yuan [64] has reported a push-pull fiber optic tilt sensor based on Mach-Zehnder 

reflector. Lee et al. [65] have reported another tilt sensor which employed optical fibers as mere 

transceivers to capture reflected light upon applying tilt. In another such attempt, Bajic et al. [66] 

have reported tilt sensor employing lead-in and lead-out optical fibers separated by a suitable 

distance in a liquid container. Upon rotation, liquid surface reorients itself, leading to a variation 

in the captured optical power by the lead-out fiber. Though, reported sensors exhibit a good 

capability in capturing the applied tilt, observed sensitivity and tilt-angle resolution along with 
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inherent measurement errors associated with complicated design strategies were critical 

limitations in such attempts. Recently, a few FBG based attempts have been made for 

inclination/tilt measurement [67-72]. Guan et al. in [67] employed a vertical pendulum structure 

and four FBGs. Dong et al. in [68] employed pre-deflections of steel flakes through a cantilever 

pendulum to map the tilt angle onto the grating chirp. Chen et al. in [69] proposed a design 

strategy based on single FBG. Bao et al. in [70] employed another vertical pendulum structure 

and four FBGs. Though a very high resolution was achieved in [67], the performance in these 

studies was limited by the design constraints such as a cantilever based pendulum suspension 

mechanism resulting in unwanted and inherent mechanical frictions at the joints during the 

rotation and corresponding instabilities in [67, 68, 70] and pre-deflections of steel flakes with a 

complicated pendulum suspension mechanism in [68]. Also, the sensitivity in all these reported 

sensors was limited. He et al. in [71] reported a tilt sensor based on three FBGs in series on a 

single fiber making an inverted pyramidal structure with three fiber arms and a mass (bob) 

suspended from the vertex. A very high-sensitivity was observed. However, retrieval of the tilt 

was based on a very intricate mathematical analysis. Ni et al. [72] reported another tilt sensor 

based on four FBGs in series on a single fiber making an inverted pyramidal structure with four 

fiber arms and a mass (bob) suspended from the vertex. Nevertheless, stability of the sensor and 

the cross-sensitivity to unwanted perturbations in both the designs were important issues. As the 

mass is hanged directly to the fiber loop, any unwanted add-on oscillation is expected to lead to a 

random vibration/oscillation of the fiber-mass pendulum system of both the sensor designs in 

[71, 72]. This is bound to give measurement errors and will make these sensors highly unstable. 

Also, there is a possibility of slacking of one fiber arm in the plane of inclination during the tilt. 
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Measurement of structural vibrations induced by instantaneous impacts or natural environmental 

perturbations is a critical issue, particularly in civil engineering applications and rail transport 

network to name a few. Response of any given structure to such vibrational perturbations 

depends on the natural frequency of such structures, which is dictated by their physical 

properties. Often, a decrease in its value results in a damage proliferation [73]. Damage 

identification and prevention of its evolution in any civil engineering infrastructure, thus, 

becomes an integral part of SHM. Vibration measurement analysis is a vital approach to 

implement SHM strategies. Vibration sensors such as accelerometers are one of the key smart-

diagnostic systems to study the impact of vibration perturbations in this strategy. Conventional 

vibration sensors are electronic in nature as they exploit either piezoelectric or capacitive effects. 

Such existing electronic vibration sensors find numerous useful applications; however, they have 

their own inherent limitations [74]. On the other hand, several research efforts have also been 

made to develop optical fiber vibration sensors. These efforts mainly employed cantilever based 

mechanism where the vibration is encoded in terms of uniaxial misalignment between two 

similar or different kinds of optical fiber [75-77]. A more complicated sensing scheme that 

integrated Moiré fringe with fiber optics is reported in [78]. Recently, a variety of optical fiber 

vibration sensors exploiting interferometric techniques have been reported [79-81]. However, 

performance of all these optical fiber vibration sensors which are based on the intensity 

modulation scheme suffers from the source power fluctuations. Also, these sensors are unfit for 

multiplexing and distributed sensing. Importantly, being one-dimensional, they are unable of 

resolve arbitrary vibrations. Some attempts have also been made to develop FBG based vibration 

sensors. For example, Berkoff et al. in [82] embedded FBG element into a thin layer of elastomer 

between a rigid base and a seismic mass. Sensor suffered seriously from the cross-axis response. 
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Zhu et al. in [83] and Zhou et al. in [84] employed vibration induced chirping mechanism of a 

surface loaded FBG. Such power-referenced sensing scheme suffers from light source power 

fluctuations and is unsuitable for distributed sensing. Weng et al. in [85] employed a very 

complicated sensing structure based on a U-shaped rigid cantilever beam, a diaphragm and a 

FBG fixed between the two legs of the cantilever beam. Researcher in [86] reported another 

diaphragm based sensor employing a centrally attached inertial mass and the FBG. Another 

sensor design based on a tapered fiber and tilted FBG was employed in [87]. Au et al. in [88] 

reported FBG based pendulum structure for vibration sensor while employing chirp-free 

mechanism. In another attempt, Stefani et al. employed microstructured polymer optical fiber 

Bragg grating to capture vibration/acceleration [89]. Temperature cross-talk, cross-axis 

sensitivity and complexity in designing remained some of the serious issues with all these 

sensors reported in the literature. Importantly, being uniaxial, they are incapable of resolving the 

impact to two-dimensional vibration perturbations. In order to address the later issue and to 

develop two-axial sensor, Fender et al. employed mass loaded multicore optical fiber carrying 

FBG in all the four cores of the fiber [90]. However, fabrication of such complicated structure 

required high level of sophistication and increased the experimental difficulty. 

 

Strain accumulation and its unwanted distribution, as mentioned earlier, is a serious outcome of 

design or construction defects/environmental degradation/overload/calamity  such as earthquake 

and poses a serious threat to the integrity and health condition/life-span of various 

infrastructures.  Hence, an accurate measurement of a strain plays a crucial role in determining 

crack, damage, fatigue, vibration etc. in SHM. In particular, a strain monitoring system with high 

sensitivity in addition to a high accuracy and optimum strain resolution is best suited to mitigate 
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risks and to prevent disasters at a very early stage of degradation. Conventional strain sensors as 

well as electronic strain gauges are based on the electrical properties of the sensing material, 

which transfer induced strain information into an electric signal [91, 92]. A reasonably good 

sensitivity can be achieved using such conventional sensors. On the other hand a few optical 

fiber strain sensors (OFSS) have been reported in the literature. As an example, Arregui et al. in 

[93] reported an optical fiber strain gauge employing intensity modulation through the bending 

of a bi-conically tapered single-mode fiber. Intensity fluctuation of the optical source posed a 

challenging limitation. In another attempt to enhance the strain sensitivity, Li in [94] reported a 

fiber optic strain sensor employing multimode interference in single mode–multimode–single 

mode fiber structure. Observed strain sensitivity was roughly double of the strain sensitivity 

offered by FBG. Apart from such OFSS, numerous attempts have been made to realize FBG 

based strain sensor. As mentioned earlier, FBG sensors are not only used to monitor strain and 

temperature, but are also desirable to monitor various other parameters critically important in 

SHM as well as in other engineering applications and processes. In order to develop FBG based 

sensors, these other parameters are preferably mapped in strain domain. FBG fabricated in a 

standard telecom fiber offers a limited strain sensitivity of ~1.2 pm/µ around 1550 nm 

wavelength. Limited (small) strain sensitivity of FBG not only affects an early prediction of the 

degradation of civil infrastructures but also dictates a limited sensitivity to FBG sensors for other 

parameters. Hence, devising a mechanism that can increase the strain sensitivity of FBG will not 

only meet the requirement of early prediction of degradation in SHM as mentioned above, will 

also increase the overall sensitivity of all FBG sensors employing strain-based mechanism. 

Recently, few attempts have been made to realize FBG strain sensor with enhanced strain 

sensitivity. For example, James et al. in [95] employed two slightly different FBGs on either side 
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of the splice between two fibers of different diameters. While applying strain to this structure, 

FBG in reduced fiber diameter displayed greater strain sensitivity than the FBG in normal fiber 

diameter. A maximum strain sensitivity of 0.81pm/µ was achieved. Modifying the sensing 

structure of [95], Mondal et al. in [96] designed FBG strain sensor employing single FBG with a 

reduced fiber diameter over half of the length of the FBG. In agreement with [95], a strain 

sensitivity enhancement was observed with a very limited dynamic range of ~200µ.  On the 

other hand, Fraz et al. in [97] devised a strain sensor formed by a single FBG in series with a 

fused fiber taper. Authors successfully demonstrated strain sensitivity tuning below the standard 

strain sensitivity of normal FBG. In another attempt to enhance the sensitivity, Ren et al. in [98] 

devised a strain sensor employing a single FBG with a specific gripper tube. A strain sensitivity 

enhancement by a factor of two in comparison to the strain sensitivity of normal FBG was 

achieved. Xu et al. in [99] employed chirped FBG in a tapered optical fiber to devise another 

strain sensor. A little better sensitivity in comparison to the normal FBG was observed. In 

another work, Gu et al. [100] devised a strain sensor employing micro/nano Bragg grating 

structure in a polymer fiber, where a strain sensitivity of –2.5 pm/με (roughly double of the silica 

FBG) was achieved.  On the other hand, specialty fibers are also exploited in order to design an 

all-optical strain sensor to improve the sensitivity. Dong et al. in [101] reported a temperature 

insensitive strain sensor based on Sagnac interferometer that employed 86mm long polarization-

maintaining photonic crystal fiber (PCF). Observed strain sensitivity was 0.23pm/με. In another 

attempt, a PCF Mach-Zehnder interferometer was realized inscribing pair of LPGs directly on a 

PCF [16]. A maximum strain sensitivity of –2.6pm/με was achieved. However, in comparison to 

FBG based strain sensors, PCF interferometers are not competitive due to several centimeters 

length of the PCF and a high splice loss between Hi-Bi PCF and standard fiber. In order to 
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increase the strain sensitivity, novel grating structures imprinted on a PCF were also exploited. 

For example, [102] also reported PCF based strain and temperature sensors, which were devised 

by fabricating long period gratings (LPGs) of different structural parameters in different types of 

PCF. Comparing the response characteristics of these different LPG-PCF based strain sensors, 

highest strain sensitivity observed was –7.6pm/με.  However, performance of these sensors was 

limited by power losses due to CO2 laser induced collapse of air holes, non-periodicity and 

disorder of the refractive index modulation. Also, the feasibility of distributed sensing as well as 

simultaneous multi-parameter sensing with such PCF based sensors are yet to be investigated; 

whereas FBG sensors have also shown the advantage of multi-parameter sensing with a short 

length single FBG [103]. Thus, in all the attempts to enhance the strain sensitivity of FBG 

sensors, a maximum sensitivity that was roughly double of the standard FBG was achieved or 

otherwise, the dynamic range was very limited. Employing LPG–PCF sensing structure, though 

resulted in a good sensitivity, but had its own inherent limitations. 

 

Relative humidity (RH) is another vital parameter whose precise monitoring is critically 

important in various fields, such as, SHM, semiconductor manufacturing process, 

chemical/biochemical/food processing industries, air-conditioning to name a few [104]. There 

are many conventional humidity sensors reported in the literature, which are characterized with a 

good sensitivity. However, again, its optical fiber humidity sensors that have convincingly 

established themselves as an alternate to the traditional sensing schemes. Numerous attempts 

have been made to realize optical fiber RH sensors [105-110]. Predominantly, these sensors 

exploit evanescent wave absorption model employing straight and uniform/U-bent/tapered/side-

polished fiber structure. Some of such attempts also employed an interferometric model. 
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Irrespective of the employed methodologies, nonlinearity in the response characteristics, limited 

dynamic range and piece-wise sensitivity variation remain the matter of great concern for almost 

all these reported optical fiber based humidity sensors barring a few. On the other hand, various 

attempts have also been made to realize in-fiber grating based RH sensors. In order to develop 

FBG based RH sensor, RH is preferably and strategically mapped in strain domain. This strain 

mapping is achieved as following: a suitable thermoplastic/polyimide material that is coated on 

the FBG swells in accordance when exposed to the humid vapours. This leads to a strain 

variation across FBG, which ultimately results in a wavelength modulation, exactly a signature 

of RH variations, in the response characteristics of FBG. As an example, Kronenberg et al. in 

[111], Yeo et al. in [112] and Huang et al. in [113] employed polyimide coated FBG structure for 

humidity detection. A linear response over a limited dynamic range with a sensitivity of ~3.4 

pm/%RH is observed in [111]. Comparatively, researcher in [112] succeeded in improving the 

sensitivity to a maximum value of 5.6 pm/%RH for the observed dynamic range of 23-97%RH; 

whereas in [113], succeeded in extending the linear dynamic range to 11-98%RH at the expense 

of sensitivity. In contrast, water affinity of certain polymer facilitates swelling as well as an 

increase of the refractive-index (RI) of the material. Owing to these two effects, FBGs written in 

such polymer optical fibers (POF) are observed to be appreciably more sensitive to RH exposure. 

Exploiting these effects, Zhang et al. [114] have reported POFBG based RH sensor. In another 

attempt, Rajan et al. have reported etched POFBG based RH sensor [115]. Sensitivity improved 

as expected. However, response characteristic is observed to be nonlinear with dynamic range 

limited and sensitivity varying piece-wise across. On the other hand, being inherently sensitive to 

the ambient RI, structures such as long-period-gratings (LPGs) [116-119] and tilted FBGs [120] 

in conjugation with a suitable polymer (gelatin/hygrogel/SiO2/TiO2/PVA) sensing film are also 
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exploited to realize RH sensor. For LPG based RH sensors, highest dynamic range of 33–

97%RH is observed in [116], but the sensor response was nonlinear throughout. For tilted FBG 

based RH sensor, a piecewise linear response in the RH range of 20-74% and 74-98% is 

observed. Recently, an RH sensor based on a polymer-infiltrated photonic crystal fiber 

interferometer has also been reported in [121]. A nonlinear response across the reported dynamic 

range is observed. Further, realization of a reversible and repeatable response with this scheme 

remains a challenge. 

 

The main objective of the thesis is to develop FBG based novel all-optical sensors to monitor 

some of the most important parameters from the point of view of SHM such as, tilt, vibration, 

strain and RH. It’s important to mention that for SHM and real-field applications, not only a 

reasonably good sensitivity is required; but the sensor is simultaneously desired to have an 

ability to capture the applied perturbations strategically very effectively and without any inherent 

instability. Relatively smaller discrepancy as well as uncertainty and a better angular resolution 

manifest a stable and effective sensing mechanism. Main objective while developing these 

sensors is to achieve manifold sensitivity enhancement, possibly with a tunable response 

characteristics and without any inherent measurement instabilities. 

 

To achieve these objectives, first, a novel, all-optical, temperature insensitive, pendulum based 

but stable sensor design strategy with inherent enhanced tuning capability for its sensitivity is 

characterized. This sensor design, which employs FBGs, negates inherent design-defects related 

response limitations. Sensor exhibits a completely reversible linear response over a dynamic 

range of 10o. The most important feature of the reported sensor is its inherent enhanced tuning 
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capability for its sensitivity. An excellent sensitivity (~0.0626 nm/o) that can further be 

nonlinearly tuned is established for this sensor. A much improved resolution (0.008o), accuracy 

of tilt measurement (±0.36o), maximum discrepancy (less than ±0.0231nm) and maximum 

angular uncertainty (~±0.34o) are also established for this sensor. In order to capture the applied 

tilt perturbations strategically more effectively with enhanced stability in the sensor’s response, 

another novel FBG based tilt sensor, employing a non-pendulum type design strategy is realized. 

Being non-pendulum type, there is no possibility of any inherent friction and the limiting effects 

at mechanical joints. This sensor exhibits a better resolution (better than 0.004°), a better 

accuracy (∼±0.05°) and a lesser maximum discrepancy (∼±0.001nm) during the forward as well 

as the reverse tilts. Sensor design also facilitates tuning of its sensitivity. Sensor response is 

characterized by a very high degree of reversibility and repeatability over the designed/observed 

dynamic range. In the next step, a simple design strategy of FBG based all-optical vibration 

sensor, employing a methodology to ensure chirp-free mechanism with a capability of resolving 

two-dimensional perturbations, is proposed and experimentally demonstrated. In this design, 

vibration of sensor displaces the seismic mass fixed between two flexural beams, thus inducing a 

variable strain in the two beams. This strain variation results in a Bragg wavelength shift for 

corresponding FBGs attached to the beams. Sensor was characterized with a series of applied 

perturbations. An excellent capability of resolving externally applied signals having frequency in 

10Hz to 350Hz and the acceleration in 0.65 to 70m/sec2 range is observed. As mentioned earlier, 

FBG based sensors will receive a tremendous boost if its inherent strain sensitivity could be 

enhanced to a very large value. In order to achieve this, a single FBG sensor with corrugated 

cladding structure across the FBG carrying core is designed and experimentally investigated for 

strain sensitivity enhancement. The corrugated structure across the FBG section of the fiber splits 
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a single FBG into multiple & independent FBGs, each suitable for independently sensing an 

applied perturbation. A manifold enhancement of the strain sensitivity (over ten times relative 

enhancement of strain sensitivity) is observed, which is impossible to realize with a normal FBG. 

Finally, in the last part of research, a fiber Bragg grating based humidity sensor is developed 

employing a novel mechanism of effective-index modulation with an ambition to achieve widest 

possible dynamic range and optimum sensitivity. To achieve these objectives, fiber diameter in 

the grating region is reduced to a lowest possible working limit (~ a few microns) using 

appropriately controlled chemical etching. A wide linear dynamic range ~3 – 94 %RH with good 

sensitivity of ~0.082 pm/%RH is realized. The response of the developed sensor is observed to 

be completely reversible with an appreciably stable characteristic during repeatability tests. 

 

Chapter-2 of the present thesis focuses on the rigorous research & development of a novel and 

simple FBG based tilt sensor having inherent enhanced tuning capability for its sensitivity. 

Pendulum based design strategy employed here overcomes inherent design-defects related 

limitations substantially. Preliminary result is reported in [127]. It’s worth mentioning that 

resolution, accuracy, maximum as well as average discrepancies and maximum angular 

uncertainties along with repeatability/reliability are critically important features of a sensor in 

addition to its sensitivity. Rigorous experimental investigations were carried out in order to 

establish these parameters for the sensor. For a given sensor’s geometrical parameters, sensor 

was characterized for cyclic tilt variations (forward and reverse tilts in positive as well as 

negative directions) in the y-z plane first. Afterwards, sensor was characterized for cyclic tilt 

variations in x-z plane. In order to investigate various critically important parameters explained 

earlier, a number of such cyclic experiments were performed for y-z as well as x-z plane on 
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different days at an interval of one week each. Throughout these experiments, individual FBG’s 

response is examined. Sensor is observed to be capable of measuring the magnitude as well as 

the direction of inclination from the horizontal with a complete reversible and linear response 

over the designed dynamic range of 45o. It also exhibits inherent enhanced tuning capability 

towards sensitivity by varying only one sensor parameter, namely, the mass of the employed 

bob. An excellent sensitivity of the order of ~0.0123 nm/o with a small mass and ~0.0626 nm/o 

with a larger mass that can further be tuned is established for the sensor. Importantly, a 

maximum discrepancy across all the experimental results obtained with the sensor employing 

smaller mass is observed to be less than ±0.0069nm with corresponding maximum angular 

uncertainty of ±0.5609o for both forward as well as reverse directions of applied tilts. Average 

discrepancy, resolution and accuracy of tilt measurement are observed to be less than 

±0.0008nm, 0.0407o and ~±0.56o respectively. For the mass that results in a better sensitivity, a 

much improved resolution of 0.008o, an accuracy of tilt measurement of ±0.36o, maximum 

discrepancy less than ±0.0231nm and maximum angular uncertainty of ~±0.34o are observed for 

this sensor. Further, temperature cross-sensitivity in completely negated by measuring tilt 

information as a function of difference in the wavelength shifts of two FBGs. 

 

The objective of the research reported in Chapter-3 is to develop a design strategy that negates 

internal instabilities along with constraints imposed by inherent rotational/mechanical frictions in 

better ways while enabling tilt measurement in optical domain. A very simple, non-pendulum 

type design strategy, which is theoretically capable of monitoring tilt/inclination from horizontal 

in a dynamic range of ±45o, is employed in order to develop an all-optical FBG based tilt sensor. 

Employing non-pendulum type design strategy to map tilt in strain domain negates the 
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possibility of any inherent friction and the limiting effects within mechanical structures. Sensor 

is observed to be capable of resolving magnitude as well as the direction of inclination from 

horizontal strategically more effectively and without any inherent instability. This is reflected in 

a relatively better resolution (better than 0.004º), a better accuracy (~±0.05º) and least maximum 

discrepancy (~±0.001 nm) during the forward as well as the reverse tilt. Sensitivity of the 

proposed sensor, theoretically proportional to the half of the mass employed in the sensor design, 

is observed to be 0.012 nm/o with a comparatively smaller mass.  It is observed that a far better 

sensitivity, in comparison to the highest sensitivity reported in the literature, can be achieved by 

suitably employing an equivalent mass in the proposed design. Importantly, sensor response is 

characterized with a very high degree of reversibility and repeatability over the 

designed/observed dynamic range. 

 

The objective of the research reported in Chapter-4 is to design and construct a simple, compact, 

FBG grating based two-dimensional temperature insensitive vibration sensor by employing chirp 

free strain tuning mechanism. The sensor design utilized in this work makes use of a 

concentrated mass element rigidly fixed between two thin parallel plates to which the FBG is 

fixed. Performance characteristics for the design strategy of proposed sensor is first theoretically 

investigated using a 3-D CAD model and ANSYS software. Afterwards, in order to carry out 

experimental investigations, sensor is excited with an electromechanical shaker by applying pure 

sine wave signals with varying frequencies (from 10Hz to 350Hz) and amplitudes (from 0.65 to 

70m/sec2). Sensor depicts a great capability of successfully resolving magnitude as well as the 

direction of applied vibration perturbations with any frequency and amplitude combinations. 
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Further, temperature cross-sensitivity in completely negated by measuring vibration information 

as a function of difference in the wavelength shifts of two FBGs. 

 

In Chapter-5, a novel design strategy in terms of corrugated cladding structure over a FBG 

carrying core is proposed and experimentally investigated, predominantly from the point of view 

of strain sensitivity enhancement and a possibility of deriving multiple independent sensors from 

a single FBG. A comparative analysis is also carried out employing different sensing structures 

on a single FBG. Proposed sensor with corrugated cladding structure over a single FBG acts as 

three separate and independent sensors. The most striking feature of this sensing structure is a 

remarkably high strain sensitivity enhancement. Strain sensitivity of one of the etched section of 

corrugated structure is observed to be over 10.5 times in comparison to the strain sensitivity of 

unetched section of the corrugated FBG structure. Further, experimental results show that a good 

strain measurement accuracy of ±2.15µε, low maximum discrepancy of ±0.019nm and a strain 

resolution better than 5.7nε are achieved. In addition, sensor exhibits a very good degree of 

reversibility and repeatability. 

 

Chapter-6 of the present thesis is devoted to the development of a temperature independent FBG 

based RH sensor employing novel sensing mechanism to achieve a throughout linear response 

over a wide dynamic RH range and an optimum sensitivity. Effective-index modulation induced 

Bragg wavelength shift scheme, rather than strain induced Bragg wavelength shift scheme is 

employed for the first time to design this sensor. FBG structure is suitably modified, and detailed 

theoretical investigations are carried out for the proposed sensor to establish its characteristics. 

Afterwards, sensor is experimentally investigated by exposing it to the repeat cycles of 
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increasing and decreasing RH variations over a sufficiently long time period. In order to 

establish various sensor characteristics, experiments are repeated multiple times over a gap of a 

week in between. A linear response over a dynamic range as wide as ~3 – 94% RH with a good 

sensitivity of ~0.0825 pm/%RH during increasing as well as decreasing humidity is 

observed/established. Repeatability and reliability tests are also carried out number of times 

again with a gap of a week in between to rigorously analyze the sensor performance.  A 

maximum variation in the sensor output across all the experimental data sets for all RH values is 

observed to be of the order of 10−4 nm. Further, response time of FBG based sensor was 

observed to be more than ten times faster than the commercial sensor. 

 

Chapter-7 of this thesis presents a broad summary of all the research work carried out and 

reported in this thesis as well as highlights the future scope of the research. 

 

Above work has resulted in following publications: 

(A) IN INTERNATIONAL JOURNALS 

1. Pathi Munendhar, R. Aneesh, and Sunil K. Khijwania, “Development of an All-optical 

Temperature Insensitive Nonpendulum-type Tilt Sensor Employing Fiber Bragg 

Gratings”, Applied Optics, 53, 3574-3580(2014). 

2. R. Aneesh, Meeth Maharana, Pathi Munendhar, H. Y. Tam and Sunil K. Khijwania, 

“Simple Temperature Insensitive Fiber Bragg Grating based Tilt Sensor with Enhanced 

Tunability”, Applied Optics, 50, E172-176(2011). 
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3. Pathi Munendhar, Shaival Buch and Sunil K. Khijwania, “A Novel Fiber Bragg 

Grating Structure with Enhanced Strain Sensitivity”, (communicated), 2014. 

4. Pathi Munendhar, H. Y. Tam and Sunil K. Khijwania, “Temperature Insensitive Fiber 

Bragg Grating Based Two Dimensional Vibration sensor for Structural Health 

Monitoring”, (communicated), 2014. 

5. Pathi Munendhar and Sunil K. Khijwania, “Fiber Bragg Grating Based Humidity 

Sensor Employing Effective Refractive Index Modulation Technique”, 

(communicated), 2014. 

(B) IN INTERNATIONALCONFERENCES 

6. Pathi Munendhar and Sunil K. Khijwania, “Fiber Bragg Grating Based Humidity 

Sensor with Wide Linear Dynamic Range” SPIE OPTICS+PHOTONICS-2014, San 

Diego, United States, 17-21 August (2014), (Accepted). 

7. Pathi Munendhar and Sunil K. Khijwania, “Fiber Bragg Grating Based Humidity 

sensor”. International Conference on Optoelectronics “ICOL-2014”, Dehradun, India, 

05-08 March, (2014). 

8. Pathi Munendhar and Sunil K. Khijwania, “Fiber Bragg Grating Based Two 

Dimensional Vibration sensor for Structural Health Monitoring”. International 

Conference on Recent Trends in Applied Physics & Material Science “RAM 2013”, 

Bikaner, India, 01-02 February, 2013. AIP Conf. Proc. 1536, 1324 (2013). 

9. Pathi Munendhar, Shaival Buch, R. Aneesh and Sunil K. Khijwania, “A Novel Fiber 

Bragg Grating Structure for Multi-parameter Sensing with Enhanced Strain Sensitivity” 
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International Conference on \Recent Trends in Applied Physics & Material Science 

“RAM 2013”, Bikaner, India, 01-02 February, 2013. AIP Conf. Proc. 1536, 1327 

(2013). 

10. Pathi Munendhar, R. Aneesh and Sunil K. Khijwania, “Development of an All-optical 

Tilt Sensor Employing Fiber Bragg Gratings” International Conference on Fiber Optics 

and Photonics “PHOTONICS 12”, Chennai, India, 09-12 December, (2012). 
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Chapter 2 

Simple Temperature Insensitive Fiber Bragg Grating 

Based Tilt Sensor: Tunable Sensitivity Enhancement  
 

 

2.1 Introduction 

 

Inclination or tilt-angle monitoring is of extreme importance for the health of various civil 

infrastructures such as tunnel, bridges, dams, etc. In addition, it is also one of the key 

parameters to be monitored in mechanical, instrumentation, robotics, aeronautical 

engineering applications. Hence, a very accurate, highly sensitive, compact tilt monitoring 

sensor-system capable of resolving lowest possible tilt with a large dynamic range would be 

of extreme importance. Most of the conventional tilt sensors are electronic in nature and 

transform inclination information into electric signals either through magnetic effects or 

through capacitive effects [56, 58].  However, their inherent limitations such as vulnerability 

towards electromagnetic/radio-frequency interference (EMI/RFI) and inability towards 

multiplexing and remote sensing pose serious problem and make them unthinkable for real 

applications. Optical sensors overcome some of the shortcomings of conventional sensors. A 

few attempts have been made to realize all-optical tilt sensors employing laser based sensing 

technology. For example, Zhong et al. have reported an optical tilt sensor based on wavefront 

sensing [59]. In another work, Hua et. al. in [62] have reported tilt sensor based on laser 

interference; whereas Xiaoyong et al. in [63] have reported another tilt sensor based on laser 

and holographic technique. However, being bulky and complicated in design configuration, 

and extremely alignment sensitive, all these methodologies are in fact impractical for real 

field applications. Relying on a very high sensitivity of the optical signal propagating inside 

an optical fiber to the external perturbations, optical fiber sensors have emerged as a strong 
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alternate to the conventional/bulk optics sensors with a capability to address all the inherent 

limitations of these sensors and have been remarkably developed over the years since the first 

fiber optic sensor (FOS) was reported in 1974 [122]. Optical fiber sensors with additional 

inherent advantages such as remote & distributed sensing, multiplexing capabilities, small 

volume, light weight, potentially resistant to ionizing radiation etc., have found wide range of 

real field applications including but not limited to environmental monitoring, bio/chemical 

diagnosis and structural health monitoring to name a few [123]. Nevertheless, only a few 

attempts have been reported in the literature towards the development of optical fiber sensors 

for inclination/tilt-angle monitoring. As an example, Yuan [64] has reported a push-pull fiber 

optic tilt sensor based on Mach-Zehnder reflector. Lee et al. [65] have reported another tilt 

sensor which employed optical fibers as mere transceivers to capture reflected light upon 

applying tilt. In another such attempt, Bajic et al. [66] have reported tilt sensor employing 

lead-in and lead-out optical fibers separated by a suitable distance in a liquid container. Upon 

rotation, liquid surface reorients itself, leading to a variation in the captured optical power by 

the lead-out fiber. Though, reported sensors exhibit a good capability in capturing the applied 

tilt, observed sensitivity and tilt-angle resolution along with inherent measurement errors 

associated with complicated design strategies were critical limitations in such attempts. A 

major thrust to all-optical sensing technology is witnessed with the invention of in-fiber 

Bragg grating (FBG) [34]. Today, FBG sensors have become an integral part of many 

engineering systems including structural-health-monitoring (SHM), mechanical, aeronautical, 

communication applications to name a few. FBG sensors are based on wavelength 

modulation that results from strain-optic/thermo-optic effects. This makes them an inherent 

sensor for the strain and temperature both. One needs to device a smart mechanism to 

decouple strain or temperature information. Various techniques/designs have been 

successfully employed in order to abandon the effect of one parameter on the measurement, 
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especially the temperature. Being inherently self-referencing with the capability of 

multiplexing a large number of FBGs [35], they immediately found numerous applications 

over other types of optical fiber sensors and attracted lots of research efforts worldwide. 

Recently, a few FBG based attempts have been made for inclination/tilt measurement [45, 

67-72]. Though a very high resolution was achieved [67], the performance in these studies 

was limited by the design constraints such as a cantilever based pendulum suspension 

mechanism resulting in friction and corresponding instabilities in [68-70] and pre-deflections 

of steel flakes with a complicated pendulum suspension mechanism in [69]. All these designs 

relied on the rotation of the pendulum while applying the tilt and hence suffered from the 

unwanted and inherent mechanical frictions of the joints during the rotation. In [70], a design 

strategy based on single FBG was proposed. Nevertheless, the sensitivity in all the reported 

sensors was limited. He et al. in [71] reported a tilt sensor based on three FBGs in series on a 

single fiber making an inverted pyramidal structure with three fiber arms and a mass (bob) 

suspended from the vertex. A very high-sensitivity was observed. However, retrieval of the 

tilt was based on a very intricate mathematical analysis. Ni et al. [72] reported another tilt 

sensor based on four FBGs in series on a single fiber making an inverted pyramidal structure 

with four fiber arms and a mass (bob) suspended from the vertex. Nevertheless, stability of 

the sensor and the cross-sensitivity to unwanted perturbations in both the designs are 

important issues. As the mass is hanged directly to the fiber loop, any unwanted add-on 

oscillation is expected to lead to a random vibration/oscillation of the fiber-mass pendulum 

system of both the sensor designs in [71, 72]. This is bound to give measurement errors and 

will make these sensors highly unstable. Also, there is a possibility of slacking of one fiber 

arm in the plane of inclination during the tilt. Au et al. [45] reported another tilt sensor based 

on four FBGs in the horizontal plane with a response linearly tunable in proportion of the 

mass of the used bob.  
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This chapter focuses on the rigorous research & development of a novel and simple FBG 

based tilt sensor having inherent enhanced tuning capability for its sensitivity. Pendulum 

based design strategy employed here overcomes inherent design-defects related limitations 

substantially, and intrinsically negates the possibility of noise/error due to any add-on 

unwanted perturbations. Theoretically, proposed sensor is capable of monitoring 

tilt/inclination from horizontal in a dynamic range of ±45o. It’s worth mentioning that 

resolution, accuracy, maximum as well as average discrepancies and maximum angular 

uncertainties along with repeatability/reliability are critically important features of a sensor in 

addition to its sensitivity. Rigorous experimental investigations are carried out in order to 

establish these parameters for the sensor. Enhanced (nonlinear) tunability is achieved by 

varying just one sensor parameter, namely the mass of the bob. Sensing strategy is based on 

decoding the inclination/tilt angle information from the peak wavelength separation between 

two FBGs. This makes the diagnosing procedure completely temperature independent. 

Experimental results show that a tilt angle resolution better than 0.0008o, tilt accuracy of 

~±0.34o, maximum discrepancy less than ±0.0231nm, maximum angular uncertainty of 

~±0.34o and the sensitivity of the order of ~0.0626 nm/o was achieved. 

 

2.2 Experimental 

2.2.1 Sensor Design and Construction 

The design strategy of the sensor is as follows; two square aluminum plates of dimension 

5×5×1 cm3 were joined by four identical vertical brass rods of diameter 0.6cm (Fig.2.1). A 

rectangular prism of dimension 1.7×0.8×1cm3 was removed from the center of the four edges 

of the top plate. These removed rectangular prisms were replaced by four specially designed 

small units, termed as strain tuning units (STUs) (see encircled part of Fig.2.1 for schematic 
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Fig. 2.2(a) 

Fig. 2.2(b) 

Steel rod (axel) of 
diameter 0.3cm 

Channel of width 0.4cm and 
depth 0.3cm 

Steel rod (axel) of 
diameter 0.3cm 

Aluminium strip Hole with M2 threading 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic diagram of pre-straining FBGs using STU. 

 

of STU). Each STU consists of two parts, namely A and B (Fig.2.2). Part-A, termed as the 

base plate, is an aluminum rectangular prism of dimension 1.59×0.8×1 cm3 with a steel axle 

 

 

 

  

 

 

   

 

 

Figure 2.2: (a) Part A of STU; (b) Part B of STU with two side image. 
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Screw for linear motion of 
STU 

through the centre of the two opposite vertical faces of the prism. On one side of this prism, a 

vertical channel of width 0.4cm and depth 0.3cm was made. Close to the opposite side of this 

prism (0.35cm from the edge), a hole of diameter 0.3cm was drilled (Fig 2.2(a)).Part B is an 

aluminum rectangular prism of dimension 1.7×0.8×1 cm3. It has an aluminum strip of 

dimension 1×0.4×0.3 cm3 on one side. Close to the opposite side of this prism (at distance  

 

 

 

 

 

 

Figure 2.3: Linear motion of Part-A of STU against Part B using M2 screw. 

 

0.46cm), a steel rod of diameter 0.3cm was fixed (Fig 2.2(b)). At the center of this prism, a 

hole (H) having M2 threading was made and a M2 screw was fixed in it. Part B was fixed 

onto Part A. While turning the M2 screw, Part B moved linearly against the base plate  

 

 

 

 

 

 

 

 

Figure 2.4: Top plate with STUs fixed on it. 

 

Screws for fixing 

STU at an angle 
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irrespective of the base plate’s orientation (Fig.2.3).  Axel of Part A was fixed at the middle 

of the width of the top plate (Fig. 2.4). Part A, and hence STU, was free to rotate within 0-

90º. Nevertheless, it was kept static at a given orientation with the help of two adjusting 

screws (Fig. 2.4). Thus, each STU were capable of moving linearly at a predetermined angle 

and thus provided fine strain tuning mechanism. From the center of the top plate, a steel bob 

was hanged through a spring of optimized spring constant. Four FBGs were written onto a 

single fiber such that the distance between FBG1 (1) and FBG2 (2) as well as FBG3 (3) 

and FBG4 (4) were kept identical. The fiber carrying four FBGs was glued at the center of 

first STU, then to the bottom of the bob, then to the opposite, i.e., third STU; then to the 

second STU and via the bottom of the bob to the opposite, i.e., fourth STU; thus making two 

crossing triangular/inclined fiber arms each having curved vertex at the bottom of the bob. In 

this arrangement, FBGs rested at the middle of the fiber joining STU and the bottom of the 

bob. Spring was maintained to its natural length by pre-straining each fiber arms equally 

along the crossed and inclined directions through STUs. The center of the gravity (CG) of the 

bob was ensured to be at the vertical line (longitudinal axis) joining the center of the top and 

the bottom plates. It is important to mention that the role of the spring was to give the 

stability to the proposed sensor. In the absence of the spring, bob is bound to rotate with 

respect to its bottom point where fibers are glued while applying tilt (say in x-z plane). This 

will lead to the slackening of the fiber arms and the random strain distribution. Further, its 

CG will also get displaced from the longitudinal axis of the sensor. Owing to this, the angle  

made by FBG1 and FBG2 from the top plate (Fig. 2.1) will no longer remain the same and 

will change to two different angles, say α and β. These angles will vary slightly with the 

inclination angle in different ratios. Same would be the case in the y-z plane, another two 

different angles, say α’ and β’, will be induced and vary with the inclination angle. In an ideal 

situation, deviation from  to these angles should be very small and negligible. Further, 
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sensor performance critically depends on the spring’s characteristics. Springs of various 

spring constant were considered in optimizing the sensor performance. Spring with low 

spring constant resulted in the deformation of the four fiber arms carrying FBGs while 

applying tilt. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Proposed FBG based tilt sensor. 

 

With such springs, it was difficult to keep the CG of the bob in the longitudinal axis of the 

sensor, to avoid rotation of the bob and to avoid slackening of fiber arms during the 

application of the tilt. Further, sensor with such spring (low spring constant) was observed to 

be unstable with the spring-mass-fiber system vibrating in response to any unwanted add-on 

perturbation and thus modulating the sensor characteristics with unwanted noise. Increasing 

the spring constant resulted in a better stability and less deformation of the sensor. Spring 

with a particular higher value of the spring constant that almost negated the deformation 

(rotation of the bob, deviation of CG from the sensor’s longitudinal axis, slackening of fiber 

arms etc.) was used in the final sensor design. Total dimension of the sensor was 5×5×8 cm3. 

Photograph of the developed sensor is shown in Fig. 2.5. 
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2.2.2 Sensing principle 

When the sensor is inclined by an angle , say, in the y-z plane keeping inclination in x-z 

plane zero, the strain in the gratings gets redistributed and the corresponding wavelength shift 

difference is given by 

 

2.1 

and  

            2.2 

In the same way, when the sensor is inclined by an angle , say, in the x-z plane keeping 

inclination in y-z plane zero, the strain in the gratings gets redistributed and the corresponding 

wavelength shift difference is given by 

 

2.3 

 and  

            2.4 

Here ‘m’ is the mass of the bob, ‘g’ is the acceleration due to gravity, ‘Pe’ is the photoelastic 

constant of the fiber, ‘A’ is the area of cross-section of the fiber, ‘E’ is the Young’s modulus 

of the material of the fiber and  is the angle made by the fiber arms from the horizontal. 

Equations (2.1) and (2.3) show that the wavelength separations are linearly proportional to 

sin. Further, as the temperature-change during the experiment shifts each FBG’s wavelength 

in the same direction, measuring the tilt angle through wavelength separation between the 

two FBGs in a given fiber arm overcomes the problem of temperature cross-talk in the final 

measurement; thus making the sensor temperature independent. The most striking feature of 

the proposed sensor is its inherent enhanced (nonlinear) tuning capability for its sensitivity. 

This can be understood by analyzing equations (2.1) and (2.3). As can be observed, instead of 
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one, there are two factors influencing the sensitivity, namely m and cos. As m increases, size 

of the bob and hence increases. The increase of  leads to a nonlinear increase of 1/cos. 

Thus, the linear increase in m and nonlinear increase in 1/cos multiplying together leads to a 

manifold increase in the sensor’s sensitivity. It’s worth mentioning that this enhanced 

sensitivity tuning is realized by changing only one parameter, namely the mass of the bob m. 

This is in contrast to [45, 71, 72], where an increase in mass has resulted in a linearly 

proportional increase in the sensitivity. One needs to change other sensor parameters, e.g., 

fiber length or the dimension of the top plate in [71, 72]. 

 

2.2.3 Sensor characterization 

Four FBGs were written onto a hydrogen-loaded single mode fiber using phase-mask 

method. The parameters of the fiber used are E =7.27×1010 N/m2, A = 1.2266×10-8 m2 and Pe 

= 0.22. Also, the peak reflection wavelengths of FBGs are 1544.56nm (1), 1536.75nm (2), 

1559.34nm (3), and 1571.05nm (4). The fiber was glued at two opposite STUs through the 

bottom of the bob (having mass 67g in one experiment and 110.3g in other experiment) as 

explained in the previous section. The one end of the fiber carrying four FBGs was connected 

to FBG interrogator (Micron Optics, si425, resolution 0.5 pm). The four FBGs are rested at 

the center of each arm. Next, these gratings were pre-strained by a pre-determined value of 

1750 µε through the STUs. The spring maintained its natural length with the center of the bob 

passing through the line joining the center of the top and bottom square plates. The sensor 

was mounted on the available tilt stage (goniometer), which had a provision to turn the sensor 

within ±10o range only.  This was the laboratory constraints. It is important to mention that 

the sensor is not limited to a maximum tilt of ±10o, rather it is designed for a ±45o applied tilt. 

To carry out the experiment, the sensor was first tilted in y-z plane and the wavelength shifts 
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for four FBGs corresponding to different values of tilt angle () were recorded using the 

interrogator. The tilt angle was varied from -10o to 10o (forward) and then back to -10o 

(reverse) in a suitable minimum steps allowed by the goniometer. 

 

2.3 Results and Discussions 

Elementary result is reported in [25]. In order to rigorously investigate the response 

characteristics of the proposed FBG based tilt sensor employing bob of mass 67g (mass-1), 

sensor was mounted on the available tilt stage (goniometer). Sensor was then tilted first in the 

y-z plane (plane carrying FBG1 and FBG2) in a suitable minimum amount of steps as 

allowed by the goniometer from 0o–10o (forward tilt) and then from 10o–0o (reverse tilt) in 

positive direction. Afterwards, sensor was tilted from 0o–(-10o) (reverse tilt) and then from (-

10o)–0o (forward tilt) in negative direction. Wavelength of all the individual FBG (FBG1 and 

FBG2 in the plane of inclination, whereas FBG3 and FBG4 in a plane perpendicular to that of 

the inclination) during the entire experiment was recorded through the interrogator. 

Experiment was repeated afterwards by applying tilt variations to the sensor in x-z plane 

(plane carrying FBG3 and FBG4). In order to investigate the repeatability and reliability of 

the sensor, a total of three such cyclic experiments for y-z plane as well as x-z plane were 

performed on three different days at an interval of one week each. Figure 2.6 depicts, as an 

example, wavelength response of individual FBG employed in the sensor during the forward 

(-10º to +10º) as well as reverse (+10º to -10º) applied tilt cycles in y-z plane for all the three 

sets of the experiment. Following observations can be made from this response: (a) 

wavelength response of all individual FBG is linear during increasing as well as decreasing 

inclinations for all cyclic tilt variations; (b) a linear response for FBG1 and FBG2 indicates 

that these FBGs strategically share change of the center of gravity of the bob (mass) equally 

during the applied tilt; (c) wavelength response for FBG3 and FBG4 indicates that strain 
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remains invariant in these FBG arms; (d)  analyzing the response characteristics in all the 

three sets indicates a highly repeatable and reliable nature of the sensor. 

 

 
 

Figure 2.6:  Individual response of each FBG versus applied forward and reverse tilts for 

the three sets of the experiments with the proposed sensor employing mass-1. 

 

In order to find actual response characteristics of the sensor, experimentally observed 

wavelength differences, (2-1) and (4-3), for 0o–10o (forward tilt) and 10o–0o (reverse 

tilt) for the positive direction in y-z plane are shown in Fig. 2.7 (tilted squares and circles for 

forward whereas squares and triangles for reverse tilt). As can be observed from Fig. 2.7, the 

sensor response ((4-3)) for the orthogonal direction is observed to be zero as expected 

from Eq. (2.2). On the other hand, sensor response ((2-1)) is observed to be linear for the 

forward as well as the reverse tilt variations as predicted by Eq. 2.1. Measured linear 

sensitivities for forward (0o-10o) and reverse (10o-0o) directions are found to be 0.0122nm/o 
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and 0.0123nm/o, respectively. On the other hand, Fig. 2.8 depicts wavelength differences, 

(2-1) and (4-3), for 0o–(-10o) (reverse tilt) and (-10o–0o) (forward tilt) for the negative 

direction in the same (y-z) plane. Following observations can be made from Fig. 2.8: (a) 

response in orthogonal plane, i.e., (4-3) is again found to be zero as predicted by Eq. (2.2); 

(b) sensor response, (1-2), is linear again in the 0o-(-10o) and (-10o)-0o tilt angle 

variations; (c) measured linear sensitivities for forward and reverse directions are once again 

found to be 0.0122nm/o and 0.0123nm/o, respectively. Linear response with identical 

sensitivity during the complete cycle of applied tilt (0o-10o-0o and then 0o-(-10o)-0o) manifests 

a highly reversible nature of the sensor.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7:  Variation of (2-1) for the +ve forward & reverse tilt in the y-z plane where 

the sensor employed lesser mass. (4-3) shows the cross axis response. 

 

Identical response was observed when the tilt angle in the x-z plane was varied from 0° to 10° 

to 0° and then from 0° to -10° to 0°. In order to analyze the sensor performance critically, 
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sensor’s response during the forward and reverse tilt variations in all the three sets were 

considered. A maximum discrepancy across all the experimental sets (for both the planes, y-z 

and x-z) is observed to be less than ±0.0069nm with corresponding maximum angular 

uncertainty of ±0.5609o for both forward as well as reverse directions of applied tilt. Average 

discrepancy is observed to be less than ±0.0008nm. The resolution of the sensor completely 

depends on the resolution of the interrogating device. The wavelength resolution of 0.5 pm of 

the interrogator resulted in the angular resolution of 0.0407o for the sensor. The accuracy of 

tilt angle measurement is observed to be ±0.56o. 

 

Figure 2.8:  Variation of (2-1) for the -ve forward & reverse tilt in the y-z plane where 

the sensor employed lesser mass. (4-3) shows the cross axis response. 

 

As can be observed from the design principal of the sensor [Eq. (2.1) or (2.3)], sensitivity can 

be increased manifold by simply increasing the mass of the bob. Hence, in the next step, in 

order to see the effect of mass on sensor performance, another senor was developed by 
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replacing the existing bob of mass 67g by another bob of mass 110.3g. Same sets of 

experiment, mentioned for the sensor comprising lesser mass, were repeated for the sensor 

comprising the new bob of higher mass (mass-2). Figure 2.9 depicts, as an example, 

wavelength response of individual FBG employed in the sensor during the forward (-10º to 

+10º) as well as reverse (+10º to -10º) applied tilt cycles in y-z plane for all the three sets of  

 

Figure 2.9:  Individual response of each FBG versus applied forward and reverse tilts for 

the three sets of the experiments with the proposed sensor employing mass-2. 

 

the experiment. For the sensor comprising higher mass, once again wavelength response of 

all individual FBG is observed to be linear during increasing/decreasing inclinations 

indicating FBG1 and FBG2 strategically sharing change of the center of gravity of the bob 

(mass) equally whereas FBG3 and FBG4 observing strain invariance during the applied tilt. 

Careful analysis of the response characteristics in all the three sets once again indicates a 

highly repeatable and reliable nature of the sensor. In order to find actual response 

characteristics of the sensor, experimentally observed wavelength differences, (2-1) and 
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(4-3), for 0o–10o (forward tilt) and 10o–0o (reverse tilt) for the positive direction in y-z 

plane are once again plotted in Fig. 2.10 (squares and tilted squares for forward whereas 

circles and triangles for reverse tilt). As can be observed from Fig. 2.10, the sensor response 

((4-3)) for the orthogonal direction was observed to be zero as expected from Eq. (2.2). 

On the other hand, sensor response ((2-1)) is observed to be linear for the forward as well 

as the reverse tilt variations as predicted by Eq. 2.1. Measured linear sensitivities for forward 

(0o-10o) and reverse (10o-0o) directions are found to  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Variation of (2-1) for the +ve forward & reverse tilt in the y-z plane where 

the sensor employed higher mass. (4-3) shows the cross axis response.  

 

be 0.0626nm/o and 0.0624nm/o, respectively. On the other hand, Fig. 2.11 depicts wavelength 

differences, (2-1) and (4-3), for 0o–(-10o) (reverse tilt) and (-10o–0o) (forward tilt) for 

the negative direction in the same (y-z) plane. Following observations can be made from Fig. 

2.11: (a) response in orthogonal plane, i.e., (4-3) is again found to be zero as predicted by 
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Eq. (2.2). (b) sensor response, (1-2), is linear again in the 0o-(-10o) and (-10o)-0o tilt angle 

variations; (c) measured linear sensitivities for forward and reverse directions are once again 

found to be 0.0626nm/o and 0.0624nm/o, respectively. Linear response with identical 

sensitivity during the complete cycle of applied tilt (0o-10o-0o and then 0o-(-10o)-0o) manifests 

a highly reversible nature of the sensor. 

 

Figure 2.11: Variation of (2-1) for the -ve forward & reverse tilt in the y-z plane where 

the sensor employed higher mass. (4-3) shows the cross axis response.  

 

Identical response was observed when the tilt angle in the x-z plane was varied from 0° to 10° 

to 0° and then from 0° to -10° to 0°. In order to analyze the sensor performance critically, 

sensor’s response during the forward and reverse tilt variations in all the three sets were 

considered again for this sensor employing larger mass. A maximum discrepancy across all 

the experimental sets (for both the planes, y-z and x-z) is observed to be less than ±0.0231nm 

with corresponding maximum angular uncertainty of ±0.3403o for both forward as well as 
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reverse directions of applied tilt. Average discrepancy is observed to be less than 

±0.00016nm. Angular resolution of 0.0080o along with an accuracy of tilt angle measurement 

is observed to be ±0.36o. All the performance characteristics of the developed sensor are 

summarized in Table 2.1 for easy reference. 

 

 

Figure 2.12:  Experimentally observed sensor responses with two different masses for the 

+ve tilt (0o to 10o). 

 

In order to have a comparative analysis of the sensor response along with the effect of 

varying mass on the observed sensitivity, responses of the sensor comprising mass-1 as well 

as mass-2 are plotted together in Fig. 2.12 for +ve and Fig. 2.13 for –ve forward and reverse 

tilts respectively. A remarkable feature of the proposed sensor that can be observed from 

Table 2.1 (or from Fig. 2.12/Fig. 2.13) is that, an increase in the mass of the bob from 67g 

(mass-1) to 110g (mass-2) which is 1.64 times increase, results in a 5.1 times increase in the 
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sensitivity. Such a manifold (nonlinear) sensitivity enhancing/tuning capability is achieved 

for the first time to the best of author’s knowledge. Further, the observed resolution (0.0080o) 

as well as the measurement accuracy (±0.36o) both improved substantially employing higher  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13:  Experimentally observed sensor responses with two different masses for the –

ve tilt (0o to -10o). 

 

mass in the sensor as against the observed resolution (0.0407o) and the measurement accuracy 

(±0.56o) observed when sensor employed a lesser mass.  

 

Table 2.1: Summary of performance characteristics of the proposed sensor 

Mass 

(g) 

Sensitivity 

Resolution 

Max. 

Discrepancy 

(nm) 

Average 

Discrepancy 

(nm) 

Accuracy of tilt 

measurement Forward Reverse 

67 0.0123 0.0122 0.0407° <±0.0069 ±0.0008 ~±0.56° 

110.3 0.0626 0.0624 0.0080° <±0.0231 
±0.00016 

 
~±0.36° 
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Next, we compared the performance characteristics of the proposed sensor with the other 

FBG based tilt sensors reported in the literature. Table 2.2 lists a few important features of 

these sensors for comparison. As can be observed from the Table 2.2, highest sensitivity of 

0.192nm/º was reported by He et.al. [71] within the dynamic range of -12º to +12º. However, 

mass of the bob used in [71] was 200g, which is 1.8 times higher than the mass (mass-2) used 

in the reported sensor. If the mass in the present sensor is increased to the mass used in [71], 

and if we still assume a 5.1 times increase in the sensitivity (which actually corresponds to 

1.64 times increase in mass), the expected sensitivity would be of the order of 0.319 nm/º. 

This is much higher than the reported sensitivity in [71]. It’s worth mentioning again that the 

measured tilt range for the proposed sensor was limited to the maximum tilt span (±10o) of 

the available goniometer in the laboratory, and we could not execute experiments to the 

designed range of ±45o.  

 

Table 2.2: Comparison of the sensor response  

Author 

Mass of 

bob (g) 

Sensitivity 

(nm/º) 

Accuracy Resolution Dynamic range 

Guan et al. [67] 344 0.0752 ±0.1o 0.007o -09o to +03o 

Chen et al. [69] 357 0.0600 ±0.167o 0.0067o -15o to +15o 

Bao et al. [70] 500 0.096 ±0.2o 0.013o -40o to +40o 

He et al. [71] 200 0.192 ±0.1o 0.005o -12o to +12o 

Ni et al. [72] 100 0.0537  0.009o -10o to +10o 

Au et al. [45] 170 0.0395 ±0.051o 0.013o -07o to +07o 

Reported sensor 110 0.0626 ±0.36o 0.008o -10o to +10o 
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Finally, long-term repeatability and reliability of the performance characteristic for any 

sensor system is another critical and desirable feature for its real-field practical application. 

As mentioned earlier, a total of three sets of experiments each comprising +ve and –ve 

forward/reverse tilt variations were performed on three different days with an interval of one 

week each. It is these data, which are used to examine long-term repeatability and reliability 

criteria for the developed sensor. Sensor outputs corresponding to the four different tilt angles 

(2o, 4o, 6o and 8o) as an example for the sensor comprising larger mass are shown in Fig. 2.14. 

As can be observed, sensor output is almost constant over a span of two weeks. Compared to 

day 1, a maximum variation in the sensor output at the four different tilt values (2º, 4º, 6º and 

8º) is observed to be of the order of 10−4 nm. This shows a good reliability and repeatability 

of the proposed sensor. Thus, the proposed FBG based tilt sensor with the inherent nonlinear 

tunability of its sensitivity along with highly reversible and reliable performance 

characteristics is of great importance for various real-field engineering applications. 

 

Figure 2.14:  Repeatability and reliability test: FBG tilt sensor output on the three different 

days for 2o, 4o, 6o and 8o tilts. 
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2.4 Conclusion 

This chapter described the development of a novel optical fiber tilt sensor employing very 

strategically four FBGs for capturing the applied tilt with a nonlinearly enhanced sensitivity. 

With the employed mechanical strategy, proposed sensor is free from the design constraints 

of other reported sensors in the literature. This sensor is capable of measuring the magnitude 

as well as the direction of the inclination from the horizontal direction. A remarkable feature 

of the proposed sensor is the provision to increase the sensitivity manifold by simply 

increasing the mass of the bob. Sensor’s response is investigated with two different masses in 

a tilt measurement range of -10o–10o (limited by the measurement range of the available 

goniometer). Its important to mention that this sensor is designed and capable to measuring 

tilt over the dynamic range of -45o to +45o. For both masses, sensor responses are observed to 

be linear and highly reversible. With higher mass, measured sensitivity is found to be 

0.0626nm/o for forward direction and 0.0624nm/o for reverse direction in y-z plane with tilt 

angle measurement accuracy of ±0.36o, resolution of 0.008o, maximum discrepancy less than 

±0.0231 nm and maximum angular uncertainty of ~±0.34o. Identical response was observed 

in x-z plane also. The major limitation associated with FBG based sensor is the temperature 

cross sensitivity. However, as the developed sensor measures tilt angle by measuring the 

difference in wavelength shifts of two FBGs, it is free from temperature cross-sensitivity. 

Hence, it can be used for real-field industrial/engineering applications. Next chapter of the 

thesis is devoted to improve further the performance characteristics for a FBG based all-

optical tilt sensor. 
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Chapter 3 

Stable and Effective Temperature Insensitive Fiber Bragg 

Grating Based Tilt Sensor Employing Non-pendulum 

Type Design Strategy  
 

 

3.1 Introduction 

Last chapter described the development of fiber Bragg grating (FBG) based tilt sensor with a 

focus to achieve inherent enhanced tuning capability for the sensitivity. As observed, 

nonlinearly enhanced sensitivity tunability was realized by varying only one sensor 

parameter, which was the mass of employed bob. From the point of view of structural-health-

monitoring and real-field applications, though, a reasonably good sensitivity is required; the 

tilt sensor is simultaneously desired to have an ability to capture the tilt perturbations 

strategically very effectively and without any inherent instability. Measure sources of the 

inherent instabilities in capturing the applied tilt for all the reported sensors in the literature 

lie with (a) the hanging strategy of the bob (either in cantilever form [67, 68, 70, 45] or with 

the fiber [71, 72]), which also leads to the cross sensitivity towards unwanted perturbations; 

and (b) the rotational/mechanical frictions within the sensor design [67, 68, 70, 45]. Further, 

for the sensor design with inherent instabilities, any unwanted add-on oscillation is expected 

to create noise in the tilt measurement through (a) the random vibration/oscillation of the 

hanging pendulum systems and (b) the slackening of fibers. Relatively smaller discrepancy as 

well as uncertainty and a better angular resolution along with accuracy in the tilt 

measurement manifest a stable and effective sensing mechanism. 
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The objective of research reported in this chapter is to develop a design strategy that negates 

internal instabilities along with constraints imposed by inherent rotational/mechanical 

frictions in better ways while enabling tilt measurement more effectively and accurately in 

the optical domain. A very simple non-pendulum type design strategy, which is theoretically 

capable of monitoring tilt/inclination from horizontal in a dynamic range of ±45o, is 

employed in order to develop an all-optical FBG based tilt sensor for the first time to the best 

of author’s knowledge. Non-pendulum mechanism inherits a better design and working 

stability in comparison to the pendulum based mechanism. Also, a non-pendulum design 

strategy is free from any mechanical joints and inherent frictions while in application. 

Further, in the present scheme, imprinting of the inclination/tilt angle variations in optical 

domain is achieved by decoding the inclination/tilt angle information from the peak 

wavelength separation between two FBGs. This optical diagnostic mechanism makes the 

proposed sensor temperature-insensitive. Experimental results show that a maximum 

discrepancy of ±0.001 nm with a tilt angle measurement accuracy of ~ ±0.05o, a tilt angle 

resolution better than 0.0041o and the sensitivity of the order of ~0.012 nm/o is achieved. 

Experimental results also depict a highly reliable and reversible nature of the sensor’s 

response characteristics. 

 

3.2 Experimental 

3.2.1 Sensor Design and Construction  

Two rectangular plates (6.0×1.2×1.0 cm3) are rigidly joined by two identical vertical brass 

rods of diameter 0.6 cm and length 9 cm as shown in Figure 3.1 (a). A circular disc (1 cm 

inner and 2.83cm outer diameter, thickness 1 cm) is fixed at the upper surface of the top 

rectangular plate; whereas, a circular plate (2.83cm diameter, thickness 1 cm) is fixed at the 

lower surface of the bottom rectangular plate. While fixing the circular disc and the plate, 
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proper care is taken in order to maintain their centres on the vertical axis of this structure. A 

small circular plate (1 cm diameter) is inserted into the central part of the circular disc. A 

hole of diameter 0.5 mm is drilled along the vertical axis of this structure; i.e., through the 

centre of small circular plate, top rectangular plate as well of the bottom rectangular plate. A 

hole of identical diameter is also drilled separately along the diameter of a steel bob (dia 2.83 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1:  (a) Schematic diagram of the proposed FBG based tilt sensor and (b) 

photograph of the sensor. 

 

cm, mass ~90g). A copper wire of diameter 0.45mm is inserted into the hole and is rigidly 

fixed to the bob first.  The two open ends of the copper wires are then fixed to the small 

circular plate at the top and the rectangular plate at the bottom. In this arrangement, copper 

wire coincides with the vertical axis of the structure; whereas bob remains at the vertical 

centre of the structure. Also, small circular plate inside the circular disc rests on the top 
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rectangular plate in the sensor design. In order to tune strain in the copper wire, two holes 

with M2 threading are drilled into the small circular plate and M2 screws are fixed in it. 

Turning the M2 screws moves small circular plate along the upward direction w.r.t. the top 

rectangular plate and thus allows strain tuning in the copper wire.  

 

Two pairs of vertical grooves (~0.5 mm depth each) are made along the diagonally opposite 

points on the side cylindrical surface of the circular plate (fixed at the lower surface of the 

bottom rectangular plate). The two diagonals carrying the pair of vertical grooves are 

orthogonal to each other (see Fig. 3.1(a)). On the other hand, two pairs of vertical channels (2 

mm width each) are made along the diagonally opposite points on the side cylindrical surface 

of the circular disc (fixed to the rectangular plate at the top). The two diagonals carrying the 

pair of vertical channels are orthogonal to each other (see Fig. 3.1(a)) and parallel to the 

diagonals used in circular plate at the bottom of the design. Four -shaped metallic strain 

tuning units (STUs) are designed. Length and width of the vertical legs of -shaped STUs 

are 10 mm and 2 mm respectively. Separation between the two vertical legs is 6 mm. Total 

breadth of STUs is 5 mm. These STUs are fixed onto the circular disc such that one vertical 

leg rests inside the channel whereas the other inside a hole drilled on the circular disc (hole 

diameter and depth were 2 mm and 5 mm, respectively) (Fig. 3.1(a)). Each STUs carries a 

vertical groove (~0.5 mm depth) on the outer surface of that leg which rests inside the 

channel. Each STUs also carries holes with M2 threading having M2 screws fixed in it. In the 

sensor design, four grooves on the STUs attached to the circular disc (on the top) and the 

four grooves on the cylindrical surface of the circular plate (at the bottom) are collinear.  

 

Four FBGs are written onto a single fiber such that the distance between FBG1 and FBG2 as 

well as between FBG3 and FBG4 are kept identical. Starting from one groove (say, 1) on the 
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lower circular plate, this fiber is then glued at the tangential point of the bob (say, T1), to the 

groove on the STU at the upper circular disc (say, 1), to the diagonally opposite groove on 

the STU at the upper circular disc (say, 3), at the tangential point of the bob (say, T3), to the 

groove (say, 3) on the lower circular plate, to the adjacent groove (say, 2) on the lower 

circular plate, at the tangential point of the bob (say, T2), to the groove on the STU at the 

upper circular disc (say, 2), to the diagonally opposite groove on the STU at the upper 

circular disc (say, 4), at the tangential point of the bob (say, T4) and finally to the groove 

(say, 4) on the lower circular plate. In this arrangement, all the four FBGs are in the middle 

of the length between the tangential points on the bob and the STUs. Further, FBG1 and 

FBG2 are in the same vertical plane (say, y-z plane) whereas FBG3 and FBG4 are in another 

vertical plane (x-z plane) which is normal to the plane carrying FBG1 and FBG2. As STUs 

rest on the circular disc, turning the M2 screw fixed in it results in an upward movement of 

these units w.r.t. the circular disc. This facilitates strain tuning in each fiber arms. 

Photograph of the developed sensor is shown in Fig. 3.1(b). 

 

3.2.2 Sensing Principle 

As the sensor is tilted in one vertical plane, theoretically the two FBGs in that plane are 

loaded unequally; and the other two FBGs in the plane, perpendicular to the tilt plane, are 

loaded equally. A detailed theoretical analysis of the sensor response shows that, when the 

sensor is inclined by an angle , say in the y-z plane keeping inclination in x-z plane zero, 

strain in the gratings gets redistributed; and the corresponding wavelength difference in y-z 

and x-z plane is given by 

(3.1) 

 

   (4 – 3) = 0        (3.2) 

     sin 1
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Identically, when the sensor is inclined by an angle  in the x-z plane keeping inclination in 

y-z plane zero, the strain in the gratings gets redistributed; and the corresponding wavelength 

difference in x-z and y-z plane is given by 

(3.3) 

  

   (2-1) = 0       (3.4) 

Here m is the mass of the bob used in the sensor design, g is the acceleration due to gravity, 

Pe is the photoelastic constant of the fiber, A is the area of cross-section of the fiber and E is 

the Young’s modulus of the material of the fiber. Referring to Eq. (3.1) and (3.3), following 

features of the proposed sensor are worth mentioning: (a) for small tilt angle variations, 

wavelength separations, (2 – 1) and (4 – 3), are linearly proportional to ; (b) 

sensitivity of the sensor, which is fractional change in the wavelength difference for an 

applied tilt, is linearly proportional to m/2; (c) sensitivity can be tuned to the desired value by 

suitably changing the mass of the bob (m); and (d) temperature-change during the experiment 

shifts each FBG’s wavelength in the same direction. As the wavelength difference of the pair 

of FBGs would be measured against the suitably applied tilt, temperature cross-talk in the 

final measurement would automatically be eliminated; making the sensor’s response 

temperature independent.  

 

3.2.3 Sensor characterization 

Four FBGs were written onto a single fiber using phase-mask technique. Hydrogen-loaded 

single-mode optical fiber with characteristic parameters given by 7.27×1010 N/m2 as Young’s 

modulus of the host material (E); 1.2266×10-8 m2 as the cross section area of the fiber (A) and 

0.22 as the photoelastic coefficient of the optical fiber (Pe) was used for FBG writing. FBGs 

were written on this fiber such that the distance between FBG1 and FBG2 as well as between 

     sin1 
2
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FBG3 and FBG4 were kept identical. The peak reflection wavelengths of the FBGs were 

1540.01 nm (FBG1, 1), 1543.75 nm (FBG2, 2), 1554.871 nm (FBG3, 3) and 1559.21 nm 

(FBG4, 4). Fiber carrying four FBGs was glued at two sets of diametrically opposite STUs 

on the top circular disc and at the corresponding two sets of diametrically opposite STUs on 

the bottom circular plate via tangential points of the bob as explained in the previous section. 

All the four FBGs remained equidistant from the top circular disc in the corresponding fiber 

arms. These gratings were then equally pre-strained by a pre-determined value (1750 µε) 

through the four STUs. The one end of the fiber carrying four FBGs was connected to FBG 

interrogator (Micron Optics, SM130-700, resolution 0.05 pm). Sensor was then mounted on 

the available tilt stage (goniometer), which had a provision to turn the sensor within ±10o 

range only. This was the laboratory constraints. It is important to mention that, though the 

experiment was performed within the maximum tilt limit of the available goniometer, i.e., 

within the tilt range of ±10o, sensor is actually designed for a ±45o applied tilt. To carry out 

the experiment, the sensor was first tilted in the plane of FBG3 and FBG4 (x-z plane), 

keeping the tilt in the plane of FBG1 and FBG2 (y-z plane) zero. The tilt angle was varied 

from -10o to 10o (forward) and then back to -10o (reverse) in a suitable minimum steps 

allowed by the goniometer. During the experiment, reflection spectra of four FBGs against 

the applied tilt angle () were monitored using the interrogator. 

 

3.3 Results and Discussion 

Proposed sensor was mounted on the available tilt stage (goniometer) in order to investigate 

its response characteristics. The sensor was first tilted in the plane of FBG3 and FBG4 (x-z 

plane), keeping the tilt in the plane of FBG1 and FBG2 (y-z plane) zero. During the 

experiment, reflection spectra of four FBGs (FBG3 and FBG4 in the plane of inclination, 
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whereas FBG1 and FBG2 in a plane perpendicular to that of the inclination) against the 

applied tilt angle () were monitored using an FBG interrogator. Experiment was repeated 

afterwards by applying tilt variations to the sensor in y-z plane (plane carrying FBG1 and 

FBG2). Figure 3.2 depicts, as an example, wavelength response of individual FBG employed 

in the sensor during tilt variations from -10º to +10º (forward tilt) in x-z plane. A similar 

wavelength response was observed during the reverse tilt in x-z plane as well as for the tilt 

variations in y-z plane. Following observations can be made from Fig. 3.2: (a) wavelength 

response of all individual FBG is not symmetrical about zero tilt position while tilting the 

sensor in 10o range. Ideally, response characteristics should be symmetrical about zero tilt 

position; (b) FBG1 and FBG2 responded identically while applying tilt; (c) FBG3 and FBG4 

responded differently and almost oppositely while applying tilt; (d) wavelength response of 

all individual FBG is nonlinear while tilting the sensor in 10o range. Ideally  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Individual responses of four FBGs with respect to tilt. 
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response of FBGs should have a linear relationship with the applied tilt. A nonlinear 

relationship indicates that the actual strain induced on FBG 1 and FBG 2 or FBG 3 and FBG 

4 is not equal. In other ways, this means that one FBG bears much larger strain than the other. 

A possible reason for the nonlinear response could be a minor deviation of the vertical plane 

carrying FBG3 & FBG4 from the vertical plane in which tilt is applied; and hence an unequal 

& complex strain distribution across all FBGs. Nevertheless, actual response characteristics 

of the proposed sensor is manifested by wavelength differences, Δ(λ4 - λ3) and (2-1) as 

defined by Eqs (3.1) & (3.2) for x-z plane and by Eqs (3.3) & (3.4) for y-z plane. In order to 

investigate response characteristics of the sensor, experimentally observed Δ(λ4 - λ3) for 0o-

10o (forward) and 10o-0o (reverse) tilt is plotted in Fig. 3.3 (tilted square for the forward and 

square for the reverse tilt). Sensor’s response (2-1) in the plane normal to the one in which 

tilt is applied, i.e., plane carrying FBG1 and FBG2 is also shown in the same figure (triangle 

for the forward and cross for the reverse tilt). Following observations can be made from Fig. 

3.3: (a) sensor response, (4-3), is linear in the 0o-10o and 10o-0o tilt angle variations; (b) 

measured linear sensitivities for forward (0o-10o) and reverse (10o-0o) directions are found to 

be exactly identical, having value equal to 0.012nm/o. This manifests a highly reversible 

nature of the sensor; (c) response in orthogonal plane, i.e., (2-1) was found to be zero as 

predicted by Eq. (3.4). Further, the maximum discrepancy is observed to be less than 

±0.001nm with corresponding angular uncertainty of ~±0.05o for forward as well as the 

reverse directions in both the planes. The resolution of the sensor completely depends on the 

resolution of the interrogating device. An angular resolution as small as 0.0041º is observed 

in this case. Afterwards, tilt was applied in the opposite direction: 0o-(-10o) (forward) and (-

10o)-0o (reverse). Fig. 3.4 shows the sensor response, (4-3) as well as (2-1), against the 

tilt, which is applied to the plane carrying FBG3 and FBG4 (x-z plane). Following 
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Figure 3.3:  Sensor response (4-3) for the +ve forward and reverse tilt in the plane on 

FBG4 and FBG3. (1-2) shows the cross axis response. 

 

can be made from Fig. 3.4: (a) sensor response, (4-3), is linear again in the 0o-(-10o) and (-

10o)-0o tilt angle variations; (b) measured linear sensitivities for forward and reverse 

directions are found to be exactly identical, having value equal to 0.011nm/o. This manifests a 

highly reversible nature of the sensor. It’s important to mention that the sensitivity should 

ideally not depend whether the tilt is applied in 0o-10o-0o or 0o-(-10o)-0o cycle; (c) response in 

orthogonal plane, i.e., (2-1) was again found to be zero as predicted by Eq. (3.4). 

Maximum discrepancy, corresponding angular uncertainty and the angular resolution are 

observed to be the same as for the tilt variations in 0o-10o-0o range. Responses, similar to the 

one depicted in Fig. 3.3 and 3.4, was observed when the sensor was tilted in the orthogonal 

plane of FBG1 and FBG2 (y-z plane) keeping the tilt in the plane of FBG3 and FBG4 (x-z 

plane) zero for both forward and the reverse directions. 
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Figure 3.4: Sensor response (4-3) for the -ve forward and reverse tilt in the plane on 

FBG4 and FBG3. (1-2) shows the cross axis response. 

 

Next, the performance characteristics of the proposed FBG based non-pendulum-type sensor 

is compared with the other FBG based tilt sensors that employed pendulum suspension 

mechanism. Table 3.1 lists, for comparison, the most important parameters (such as 

measurement accuracy, maximum discrepancy in the measurement etc, in addition to the 

sensitivity) those are required for estimating/analyzing stable and effective sensing 

capabilities of a given sensor. The value of the mass of the bob (m) that is used for the 

development of these pendulum type FBG sensors (listed in the Table 3.1) and the sensitivity 

dependence on this mass for these sensors are also summarized in the same table. As can be 

observed from the Table 3.1, best tilt angle measurement accuracy and the lowest maximum 

discrepancy in the measurement is achieved in the present work. On the other hand, at the 
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first sight, sensitivity of the proposed sensor appeared to be the lowest among the other 

sensors tabulated here. However, mass of the bob used in all the other studies tabulated here 

 

Table 3.1: Comparison of the performance characteristics of the developed sensor 

Author 

Sensitivity 

dependence on the 

mass of the bob 

Mass of 

bob (m) 

Sensitivity 

(nm/º) 

Accuracy 

Maximum 

discrepancy 

(nm) 

Angular 

resolution 

Guan et al. 

[67] 

m 344 0.0752 ±0.1o ±0.008 0.007o 

Bao et al. 

[70] 

8m 500 0.096 ±0.2o  0.013o 

Au et al. [45] m 170 0.0395 ±0.051o ±0.002 0.013o 

Ni et al. [72] m 100 0.0537  ±0.015 0.009o 

Chen et al. 

[69] 

m 357 0.06 ±0.167o  0.0067o 

Reported 

sensor 

m/2 90 0.012 ±0.05o ±0.001 0.0041o 

 

were higher than the one used in the present study. As already stated in the previous section, 

sensitivity of the tilt measurement is defined by fractional change in the wavelength 

difference for an applied tilt. As depicted by Equations (3.1) and (3.3), sensitivity varies in 

linear proportion to m/2 for the reported sensor. This means, the effective mass is half of the 

employed mass in the proposed design. Analyzing relations for sensitivity (i.e., relation for 

fractional change in the wavelength difference for an applied tilt) for the tilt sensors that 

employed pendulum suspension mechanism and listed in Table 3.1, it is important to mention 

that sensitivity varies in all these sensors in linear proportion to either m or to 8m. This 

means, effective mass is either the employed mass itself (which is double in comparison to 
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the effective mass in the proposed sensor) or eight times the employed mass (which is sixteen 

times in comparison to the effective mass in the proposed sensor) in these sensor designs. 

Highest tilt angle measurement sensitivity of 0.096nm/º was reported by Bao et.al. [70] 

within the dynamic range of -12o to +12o. Here, the employed mass of the bob was 500g 

(5.56 times of 90g, the mass used in the present study) and sensitivity varied as eight times of 

this mass. Incorporating equivalently these two features of [70], namely eight times 

dependence of sensitivity on the mass and a mass 5.56 times high, the expected sensitivity of 

the proposed sensor in the present study would be of the order of 1.07 nm/º. This is much 

higher than the sensitivity reported in [70]. It’s worth mentioning again that the measured tilt 

range for the proposed sensor was limited to the maximum tilt span of the available 

goniometer in the laboratory (±10o); and hence, experiments could not be executed to the 

designed range of ±45o. Further, while comparing the response characteristics of this sensor 

with the one reported in Chapter 2, it’s important to mention that interrogators used for 

studying the response characteristics of sensors reported in this chapter and in the previous 

chapter are different having different resolutions. As pointed out earlier, sensor resolution 

depends upon the resolution of the interrogator. Nevertheless, maximum discrepancy, 

measurement accuracy and the sensitivity do not depend on the resolution of the interrogator; 

and are simply the characteristics of the sensor. As mentioned in the previous section, an 

effective and stable tilt measurement without any inherent instability is manifested, as an 

example, by improved discrepancy and accuracy. In comparison to the maximum discrepancy 

of ±0.0231nm and tilt measurement accuracy of ±0.36o observed for the sensor implying 

higher mass that resulted with higher sensitivity in the previous chapter, maximum 

discrepancy as low as ±0.001nm and tilt measurement accuracy as better as ±0.05o is 

observed for the sensor reported in this chapter. These characteristics depict a successful 

realization of the objectives laid down for the sensor development carried out in this chapter.  
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In the next and important step, repeatability and reliability tests are carried out to rigorously 

analyze the sensor performance. For this, experiments were repeated on 3 different days with 

an interval of a week. Sensor outputs corresponding to the four different tilt angles (2o, 4o, 6o 

and 8o) as an example are shown in Fig. 3.5. As can be observed, sensor output is almost 

constant over a span of 2 weeks. Compared to day 1, a maximum variation in the sensor 

output at the four different tilt values (2º, 4º, 6º and 8º) is observed to be of the order of 10−3 

nm. This shows a good reliability and repeatability of the proposed sensor. Finally, as 

mentioned earlier, proposed sensor exploits peak wavelength difference measurement 

between a pair of FBG against an applied perturbation rather than a measurement of absolute 

shift in peak wavelength of a given FBG for an applied perturbation. In this strategy, the 

cross-talk resulting from ambient temperature fluctuations is automatically eliminated. 

Nevertheless, it is very important to investigate the response characteristics of the developed  

 

Figure 3.5:  Repeatability and reliability test: FBG tilt sensor output on the three different 

days for 2o, 4o, 6o and 8o tilts. 
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sensor against the ambient temperature variations to justify the theoretically predicted 

temperature independency in its characteristics. This is critical for the practical deployment 

of the sensor in real field applications. Hence, the proposed sensor was first fixed inside a 

water-tank made by Perspex sheet. Water was poured inside the water-tank to the level to 

ensure that the sensor remained completely immersed in it throughout the execution of the 

experiment. Water-tank and the tilt sensor were fixed at a constant inclination of 6° in the x-z 

plane during the test. Temperature of the water inside the bath was first raised to 56°C. Water 

was then allowed to cool down to the room temperature (19°C). The wavelength separations, 

Δ(λ2-λ1) and Δ(λ4-λ3) were measured at regular intervals during the water cooling process. 

Figure 3.6 shows the thermal response of the sensor. As can be seen from the experimental  

 

Figure 3.6: Thermal response of the tilt sensor depicting the change in the wavelength 

separation of the FBG tilt sensor when it is fixed at a constant inclination of 6º 

in the x-z plane. 
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results in Fig. 3.6, observed maximum discrepancy in the wavelength shift is less than 9.2 

pm. This discrepancy is observed to be much smaller (46 times less) than the absolute 

wavelength shift of a single FBG under an identical temperature variation conditions.  A very 

low temperature cross sensitivity establishes the fact that the proposed tilt sensor 

methodology eliminates the temperature cross talks substantially, and thus, results in a 

temperature independent tilt measurement. Owing to this feature, proposed sensor qualifies 

suitably for a real field application where temperature fluctuations cannot be avoided. In 

addition, an effective and stable sensing capability of the proposed non-pendulum type all-

optical tilt sensor depicted by its relatively better accuracy, maximum discrepancy and 

angular resolution; along with good sensitivity and reversible as well as very reliable 

response characteristics make the proposed sensor of great practical importance. 

 

3.4 Conclusion 

This chapter described the development of FBG based tilt sensor employing a non-pendulum 

type design strategy. Employing this design strategy to map tilt in strain domain negates the 

possibility of any inherent friction and the limiting effects within mechanical structures. 

Sensor is observed to be capable of resolving magnitude as well as the direction of inclination 

from horizontal strategically more effectively and without any inherent instability. This is 

reflected in a relatively better resolution (better than 0.004o), a better accuracy (~ ±0.05o) and 

least maximum discrepancy (~ ±0.001 nm) during the forward as well as the reverse tilt. 

Theoretically, the sensitivity of the proposed sensor is observed to be proportional to the half 

of the mass employed in the sensor design. Sensitivity of the order of 0.012 nm/o is achieved 

while employing a comparatively smaller mass. It is observed that a far better sensitivity, in 

comparison to the highest sensitivity reported in the literature, can be achieved by suitably 

employing an equivalent mass in the proposed design. Importantly, sensor response is 
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characterized with a very high degree of reversibility and repeatability over the 

experimentally exploited dynamic range of -10º to 10º (limited by the range of available 

goniometer); nevertheless, sensor is capable to measure tilt in the range of -45º to +45º. After 

successful development of FBG based tilt sensors, addressing various challenges towards its 

response characteristics, next chapter of the thesis explores the possibility of developing FBG 

based sensor to monitor vibration – another very important parameter in SHM. 
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Chapter 4 

Temperature Insensitive Fiber Bragg Grating Based Two 

Dimensional Vibration Sensor For Structural Health 

Monitoring 
 

 

4.1 Introduction 

Measurement of structural vibrations induced by instantaneous impacts or natural 

environmental perturbations is a critical issue, particularly in civil engineering applications and 

rail transport network to name a few. Response of any given structure to such vibrational 

perturbations depends on the natural frequency of such structures, which is dictated by their 

physical properties. Often, a decrease in its value results in a damage proliferation [73]. Damage 

identification and prevention of its evolution in any civil engineering infrastructure, thus, 

becomes an integral part of structural-health-monitoring (SHM). Vibration measurement analysis 

is a vital approach to implement SHM strategies. Vibration sensors such as accelerometers are 

one of the key smart-diagnostic systems to study the impact of vibration perturbations in this 

strategy. Realizing low-cost and reliable vibration sensor system is quite challenging. A 

temperature insensitive, simple, compact, highly sensitive vibration sensor with a capability to 

resolve any arbitrarily directed vibration perturbation would be of extreme importance. 

Conventional vibration sensors are electronic in nature as they exploit either piezoelectric or 

capacitive effects. However, inherent limitations such as vulnerability towards 

electromagnetic/radio-frequency interference (EMI/RFI) and inability towards multiplexing and 

remote-sensing make such sensors impractical for real-field applications. On the other hand, 

optical fiber sensing technology has shown great potential to overcome the difficulties associated 

TH-1348_09612115



Chapter 4: Temperature Insensitive Fiber Bragg Grating Based Two Dimensional Vibration  

                      Sensor For Structural Health Monitoring 

71 

 

with these conventional sensors. Owing to their inherent merits several kinds of optical fiber 

sensors have been developed over the last two decades for many real-field applications and 

especially for SHM [127]. In particular, several research efforts have been made to develop 

optical fiber vibration sensors. These efforts mainly employed cantilever based mechanism 

where the vibration is encoded in terms of uniaxial misalignment between two similar or 

different kinds of optical fiber [76, 77, 128]. A more complicated sensing scheme that integrated 

Moiré fringe with fiber optics is reported in [78]. Recently, a variety of optical fiber vibration 

sensors exploiting interferometric techniques have been reported [79, 80]. However, 

performance of all these optical fiber vibration sensors which are based on the intensity 

modulated scheme suffers from the source power fluctuations. Also, these sensors are unfit for 

multiplexing and distributed sensing. Importantly, being one-dimensional, they are unable of 

resolve arbitrary vibrations. On the other hand, optical fiber Bragg gratings (FBGs) have 

attracted considerable amount of research interests over the past few years. A range of FBG 

sensors have been reported for monitoring various parameters of practical importance and 

interest for science/engineering applications such as strain, pressure, displacement, curvature, tilt 

etc. [127]. Some attempts have also been made to develop FBG based vibration sensors. For 

example, Berkoff et al. in [82] embedded FBG element into a thin layer of elastomer between a 

rigid base and a seismic mass. Sensor suffered seriously from the cross-axis response. Zhou et al. 

in [84] employed vibration induced chirping mechanism of a surface loaded FBG. Such power-

referenced sensing scheme suffers from light source power fluctuations and is unsuitable for 

distributed sensing. Weng et al. in [85] employed a very complicated sensing structure based on 

a U-shaped rigid cantilever beam, a diaphragm and a FBG fixed between the two legs of the 

cantilever beam. Researcher in [86] reported another diaphragm based sensor employing a 
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centrally attached inertial mass and the FBG. Another sensor design based on a tapered fiber and 

tilted FBG was employed in [87]. In another attempt, Stefani et al. employed microstructured 

polymer optical fiber Bragg grating to capture vibration/acceleration [89]. Temperature cross-

talk, cross-axis sensitivity and complexity in designing remained some of the serious issues with 

all these sensors reported in the literature. Importantly, being uniaxial, they are incapable of 

resolving the impact to two-dimensional vibration perturbations. In order to address the later 

issue and to develop two-axial sensor, Fender et al. employed mass loaded multicore optical fiber 

carrying FBG in all the four cores of the fiber [90]. However, fabrication of such complicated 

structure required high level of sophistication and increased the experimental difficulty.  

 

The objective of the research reported in this chapter is to design and construct a simple, 

compact, all-optical FBG based two-dimensional temperature-insensitive vibration sensor by 

employing chirp-free strain tuning mechanism. Sensor design employs four FBGs that are fixed 

onto the two sets of a pair of thin parallel plates, each carrying centrally fixed concentrated mass 

element. Design strategy insures a chirp-free Bragg grating response. Performance characteristics 

for the design strategy of the proposed sensor are first modeled using a 3-D CAD model and 

finite element analysis using ANSYS software. Afterwards, a rigorous experimental 

investigation is carried out to characterize the sensor. Sensor is excited with an 

electromechanical shaker over a frequency band ranging from 10Hz to 350Hz with varying 

accelerations from 0.65m/s2 to ~70m/s2. The response of the reported sensor is observed to be in 

good agreement with the applied signal with an excellent capability of successfully resolving the 

impact to two-dimensional vibration perturbations. Frequency response of the sensor is also 

analyzed to determine the natural frequency of the sensor. Further, in the proposed scheme, 

imprinting of the vibration perturbations in the optical domain is achieved by decoding the 
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vibration information from the peak wavelength separation between the two FBGs. This 

wavelength based optical diagnosing mechanism makes the proposed sensor temperature 

insensitive.  

 

4.2 Experimental  

4.2.1 Sensor Design and Construction 

The design strategy of the proposed sensor is depicted in Fig. 4.1. The design consists of two 

identical trapezoidal units A & B, four identical flexural beams and two identical seismic masses  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Design strategy of the proposed sensor: (a) trapezoidal unit, (b) sensing plate (c) 

seismic mass, (d) casing and (e) complete sensor structure. 
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along with the casings. In order to make the trapezoidal units, two rectangular blocks of brass 

having the dimensions as 18mm×11.8mm×11.8mm were used. Two prism shaped portions 

(height 11mm, base 2.75mm and width 11.8mm) were removed from the two parallel faces of 

these blocks, leaving a flat surface of height 7mm and a slanted surface of height 11mm as 

shown in Fig. 4.1(a). Four identical stainless steel (SS304 grade) flexural beams (Fig. 4.1(b)) of 

elsewhere [88] optimized dimensions 45mm6.3mm0.4mm were machined afterwards. Further, 

to design the seismic mass, two hexagonal shaped blocks of brass with a height of 12mm and 

thickness of 6.3mm were used. Sharp edges at the two diagonally opposite points were polished 

to make 0.3mm flat surfaces (b & d). In its final shape depicted in Fig 4.1(c), height between “b” 

and “d” points is 11.8mm. In this design, the width of the seismic mass matches the width of the 

flexural beams. Owing to this dimensional constraint, the maximum mass possible for this design 

was restricted to 3.358gm. Afterwards, each seismic mass was rigidly fixed between the two 

pairs of parallel flexural beams separately. While fixing the seismic mass in between the two 

parallel flexural beams, proper care was taken to match the width of the seismic mass with the 

width of the flexural beam. Also, hexagonal faces of the seismic mass (and hence, the two 

surfaces “a” and “c”) were kept exactly perpendicular to the flexural beams with the two 

opposite edges (b & d) residing exactly in the middle of the beam’s length. In order to rigidly fix 

two sets of flexural beam & seismic mass combinations to the trapezoidal units, four stainless 

steel casing units (Fig. 4.1 (d)) of dimensions 60mm×11.8mm×5mm, having 6mm threading hole 

at the centre along with the two other 3 mm holes, were machined. Next, the free end at one side 

of one set of the flexural beam & seismic mass combination was inserted along the slanted faces 

of the trapezoidal unit ‘A’ and rigidly fixed to it using the two casing units and 3mm screws. In 

this arrangement two flexural beams were in vertical plane (X-Y plane) and the hexagonal mass 
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was in horizontal plane (X-Z plane). In an identical ways, the free end at one side of the other set 

of the flexural beam & seismic mass combination was rigidly fixed to the trapezoidal unit ‘B’. 

Now, structure with unit “B” was kept to the right side of the structure with unit “A” such that 

the free end of the flexural beams of both the unit faced each other. Importantly, structure with 

unit “B” here was oriented in a way that the two flexural beams were in the horizontal plane (X-

Z plane) leaving the hexagonal mass in the vertical plane (X-Y plane). In this way, two 

trapezoidal units “A” & “B” were oriented normal to each other and so were the two seismic 

masses (Fig 4.1 (i) & (ii)). The two structures were then inserted into each other and joined 

together to form a closed structure by rigidly fixing the free ends of the flexural beams to the flat 

faces of other trapezoidal unit (Fig 4.1 (e)/inset of Fig (4.4)). In this arrangement, (a) the free 

length of the flexural beam between the two clamping points was 35mm, (b) seismic masses 

remained at the center of the free length of the flexural beams and (d) a pre-calculated gap was 

maintained between the two seismic masses. Importantly, the proposed sensor design offers the 

flexibility of varying the aspect ratio and/or the stiffness of the flexural beams in order to vary 

the natural frequency of the vibration sensor, thus tuning the sensitivity and frequency response 

ranges to suit a particular application.  

 

Afterwards, four FBGs were to be fixed onto the outer surfaces of the four flexural beams. 

Before doing so, it’s important to analyse the behaviour of the developed structure. Exposing this 

mechanical structure to the outside sinusoidal vibrations along Z-axis/Y-axis, sets the seismic 

mass confined in X-Z/X-Y plane in oscillation along the direction of vibration, whereas the 

seismic mass confined in X-Y/X-Z plane (normal to the direction of vibration) remains static. 

The oscillating seismic mass exerts a synchronized force in the perpendicular direction on the 
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pair of beams which are attached to it. As a consequence, beams in this pair will get bent. This 

leads to a varying strain distribution across the surface of each of the beam. In this synchronized 

oscillating pair of beams, at a given instant the outer surface of the one beam is elongated, 

whereas the outer surface of the other beam is compressed. Generated strain profile on the outer 

surfaces of the flexural beams gets transferred to the FBGs that are to be fixed onto these 

surfaces in the proposed design. In order to insure a chirp free sensing mechanism, peak 

wavelength of the reflection spectra of the FBGs should get tuned in accordance to the 

oscillation against the applied vibration perturbation, keeping the full-width-at-half-maximum 

(FWHM) constant. To realize this, varying strain generated over the surface of the oscillating 

beams must always remain uniform across the location of the FBG. To investigate the strain 

profile along the flexural beams for various amplitudes of vibration, a 3-D CAD model for the 

proposed sensor was built in ANSYS software.  The model was simulated numerically using 

finite element (FE) based software ANSYS 13.0. While modeling the mechanical behavior of the 

vibration sensor, characteristic material parameters were required for each constituting elements 

of the sensor. For the trapezoidal units and seismic masses, which were made up of brass 

material, values of density, Young’s Modulus and Poisson’s ratio were 8.5 g/cm3, 100×1010 

Pascal and 0.34 respectively. For the flexural beams, which were made up of stainless steel, 

values of these parameters used were 8.0 g/cm3, 193×1010 Pascal, and 0.29 respectively. Since 

the design was irregular, free meshing operation was selected. The suitable element type such as 

solid187 is assigned for modeling of the finite element irregular mesh. The generated mesh for 

the 3-D model is shown in Fig. 4.2. The element size is 0.2mm and the total number of elements 

in mesh is 271843. Once the meshing was done, sinusoidal force was applied along the Y-axis on 

the developed model. This force displaced the hexagonal mass from its mean position, which in 
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Figure 4.2: Generated Mesh for the 3-D ANSYS model. 

 

turn, exerted force and varied strain along the attached beams. Strain profile on the beams was 

investigated by applying different magnitudes of force. Each case was solved in ANSYS for 10 

iterations. As an example, simulated strain profile along the flexural beams that is confined in X-

Z plane and attached to the seismic mass is shown in the Fig. 4.3 for an applied Y-directional 

vibration force of 20N. Blue color zone depicts the region of zero strain whereas the red color 

zone depicts the region of maximum strain. As observed from the simulated strain profile, strain 

is maximum at the center of the pairs of the flexural beams. Further, it’s the central region of 

~2.424mm length (red colored region in Fig. 4.3) along the beam surface where the strain is 

uniform across. Strain response across the surfaces of cross axis pairs of flexural beams 

(confined along X-Y plane) was observed to be zero. Entire process was repeated afterwards for 

the vibration force confined along the Z-axis. Similar observations were made for this case too. 

Thus, to insure a chirp-free sensing mechanism, (a) FBG length should not exceed the length of 

the uniform and maximum strain distribution across the flexural beam, and (b) FBGs should be  
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Figure 4.3: Results of finite element strain analysis by ANSYS for the pair of flexural beams 

when force is applied along the Y-axis (a) top view and (b) side view 

 

fixed onto the flexural beams at this central region of length ~2.424mm where the strain is 

uniform and maximum [129]. 

 

4.2.2 Sensor characterization 

Four FBGs, each of 3mm length and written onto a hydrogen-loaded single-mode optical fibers 

using phase-mask technique were used in the sensor strategy. Owing to the laboratory constraint, 

FBG with a length shorter than 3 mm could not be written. The peak reflection wavelengths of  

(b) 

(a) 
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these FBGs were 1550.172 nm (FBG1, 1), 1550.235 nm (FBG2, 2), 1554.071 nm (FBG3, 3)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Experimental set-up for the characterization of proposed optical fiber vibration 

sensor. Inset shows the proposed sensor. 

 

and 1554.134 nm (FBG4, 4). These four FBGs were fixed by epoxy resin onto the outer surface 

of the four flexural beams of the sensor structure at the location which was expected to have 

uniform strain profile. In this arrangement, FBG1 and FBG2 were with the flexural beams 

confined in the X-Y plane, whereas FBG3 and FBG4 were with the flexural beams confined in 

the X-Z plane. The sensor was mounted on a vibration shaker (PM Vibration Exciter Type 4808 

from Brüel & Kjær) as shown in Fig. 4.4. Brüel & Kjær generator module (Type 3107) was 

interfaced with a computer via PULSE software (Brüel & Kjær Noise and Vibration Analysis 

Type 7700). The signal from generator module was fed to the power amplifier (Brüel & Kjær 

Type 2712). The amplified signal was then fed to the shaker. A standard reference accelerometer 

(Deltatron Accelerometer Type 4396) attached to the shaker was connected to a computer 

Z 

Y 

X 
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through a PULSE analyzer software (Brüel & Kjær Type 3560D). A sine wave signal with 

varying frequencies and accelerations were applied to the shaker during the characterization 

process, and the response of the proposed FBG sensor was then recorded. To enable this, fibers 

carrying FBG were connected to a high speed interrogation system (Micron Optics, SM-130). 

This system converted the optical signal (instantaneous Bragg wavelengths) to electrical signal 

and transferred it to the computer for data processing. The entire set-up is shown in Fig. 4.4. 

 

4.3 RESULTS AND DISCUSSION 

If the proposed vibration sensor is subjected to the sinusoidal oscillations in one direction (say, 

along Z-axis) the pair of flexural beams which are perpendicular to the plane of vibration (X-Y 

plane) will start oscillating. Both the plates of this pair will oscillate in the same phase due to the 

force generated by the inertial mass. This causes bending of the beams and in terns, strain 

variation across the surface of the flexural beam. Set in oscillation (and hence, bent), the outer 

surface of one of the beam gets elongated whereas the outer surface of the other beam in this pair 

gets compressed. As the FBGs are fixed on the outer surfaces of the beams in this pair, one FBG 

gets elongated whereas the other FBG gets compressed. This causes a drift of the individual 

central wavelengths in the opposite direction for both the FBGs. It is this wavelength shift in the 

reflection spectra of FBGs which is instantly, independently and dynamically monitored through 

the interrogating system. Importantly, taking the wavelength difference of these two FBGs 

makes sensor temperature insensitive. Other two beams, parallel to the plane of vibration (in X-Z 

plane), will not be deflected. Thus, Bragg wavelength difference of the corresponding two FBGs 

defining the cross axis response would be zero. Same is true when the proposed sensor is 

subjected to the sinusoidal oscillations in other orthogonal direction (Y-axis).  
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Figure 4.5:  Measured reflection spectra of FBG1 (λ1) when pair of flexural beams experiences 

(a) zero force and (b) a finite force. 

 

Before characterizing the response of the sensor, experimental verification of chirp-free 

mechanism was carried out. For this, one pair of beams carrying seismic mass at the center and 

fixed at one end to the trapezoidal unit with FBGs glued on the outer surfaces was used. Bending 

force was manually applied at the free end of the beams in this pair. Reflection spectra of the 

FBGs were then recorded. As an example, Fig. 4.5(a) and 4.4(b) depict the reflection spectra of 

one of the FBG (λ1) before and after the application of the force. As can be observed from these 

figures, FWHM remained almost unchanged, which endorses the realization of chirp-free 

wavelength tuning mechanism. 

 

Next, the dynamic characteristic of the FBG based vibration sensor was examined through a 

series of shake-table tests by exposing the proposed sensor to sinusoidal vibrations at different 

frequencies and varying accelerations (maximum and minimum values for both were limited by 

the electronic shaker). For this, pure sine wave is selected as the input signal for testing the 

sensor performance, where the excitation amplitude (acceleration) of the applied sinusoidal 

(a) 
(b) 
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signal varied from 0.65 m/sec2 to ~70 m/sec2 (which is captured by piezo-electronic 

accelerometer) and the frequency varied from 10Hz to 350Hz. Wavelength response of the four 

FBGs were recorded at a full-speed sampling rate of 2 kHz. In the first part of the performance 

characterization, proposed sensor was subjected to the sinusoidal vibrations in the vertical plane 

(X-Y plane). Keeping the frequency of the applied signal fixed at 10Hz, amplitude (acceleration) 

of the sinusoidal signal was varied from 0.65m/sec2 to ~70 m/sec2. Sensor response was recorded 

for every amplitude-frequency combinations. Experiment was repeated afterwards for other fixed 

frequencies such as 30Hz, 50Hz,…, 350Hz etc. where amplitude (acceleration) of the signal was 

varied once again in the range described above. It’s important to mention here that owing to the 

limitation of the shaker (vibration exciter Type 4808), experiments with acceleration greater than 

50m/sec2 could not be performed for the higher frequency range (above 100Hz). In the other part 

of characterization, experiments were repeated while subjecting the sensor to the sinusoidal 

vibrations in the horizontal plane (X-Z plane).  

 

Figure 4.6:  Typical time response of the vibration sensor for acceleration-frequency 

combination of 50Hz-46m/s2.  
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A typical temperature compensated response ∆(2 - 1) (dots in the figure) and the corresponding 

cross axis response ∆(4 -3) (red continuous line in the figure) is depicted in Fig. 4.6 as an 

example, when a signal of 50Hz46m/s2 frequencyacceleration combination is applied to the 

proposed FBG sensor in X-Y plane. In order to investigate the response of the proposed FBG 

sensor more thoroughly, applied sinusoidal signal is also plotted in Fig. 4.6 (blue continuous 

line), which corresponds to the vertical axis that is in the right side of the plot. As can be 

observed from this figure, proposed prototype FBG sensor followed the applied signal extremely 

well, depicting a great capability of sensing vibrations at this frequencyacceleration 

combination. Further, shift in the Bragg wavelength difference, ∆(4 - 3), for the cross-axis 

response is observed to be zero, which is in accordance to the ANSYS analysis. In order to 

rigorously investigate the response of the proposed sensor, time response at other 

frequencyacceleration combinations must also be analyzed. Fig. 4.7 depicts typical temperature 

compensated responses, ∆(2 - 1) (blue color), along with the corresponding cross axis response, 

∆(4 - 3) (red color), for the signals of varying frequencyacceleration combination that are 

applied in the X-Y plane. In this figure, horizontal graphs depict the sensor response for varying 

accelerations at constant frequency, whereas vertical graphs in each column depict the sensor 

response for varying signal frequencies at different accelerations. Following observations can be 

made from these figures: (a) proposed prototype sensor responds very well for all the 

frequencyacceleration combinations, with acceleration as low as 0.695 m/s2 to as high as 

71.4m/s2 while frequency varying in 10Hz–250Hz range; thus, depicts a great capability of 

sensing vibrations at various externally applied signal frequencies and amplitudes 

(accelerations), irrespective of the fact whether they are low or high; (b) at a fixed acceleration  
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(as an example of, say ~5m/s2) sensor response was little distorted for low frequency signal 

(10Hz); (c) increasing the frequency of the applied signal beyond 25Hz, sensor captures the 

applied vibration perturbations extremely well without any significant distortion from sinusoid 

response characteristics for all frequencyacceleration combinations, irrespective of the fact 

whether acceleration is low or high; (d) shift in the Bragg wavelength difference, ∆(4 - 3), for 

the cross-axis response is observed to be zero for all these cases, which is, as mentioned earlier, 

in accordance to the ANSYS analysis. Similar results are obtained for the vibration perturbations 

in the horizontal (X-Z) plane.  

 

Before the response characteristics of the sensor is further analyzed, it’s important to find out the 

natural frequency of the proposed FBG accelerometer. In order to find the natural frequency (and 

the frequency response) of the accelerometer, the signal generator that drives the shaker was set 

to frequencies continuously varying between 10Hz to 350Hz while vibration amplitude 

(acceleration) kept at a constant magnitude. As an example, Fig. 4.8 (a) shows the time domain 

response of the FBG based accelerometer over the frequency variations from 10Hz to 350Hz at a 

fixed acceleration of 0.0418 m/sec2. Vertical axis depicts peak-to-peak Bragg wavelength shifts, 

∆(2 - 1). Though, frequency of the applied signal information cannot be observed from Fig 4.8. 

(a), it is continuously increasing from 10Hz to 350Hz with respect to the time. As can be 

observed from this figure, peak-to-peak Bragg wavelength shift is almost constant up to a certain 

frequency. Beyond, it increases and reaches to a maximum at a particular frequency of the 

applied signal. Afterwards, it decreases and attains once again the same constant value. The 

frequency at which peak-to-peak Bragg wavelength shift attains its maximum value is the natural 

(resonant) frequency of the sensor. In order to find the resonance frequency information from 
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Fig. 4.8 (a), the FastFourierTransform (FFT) for this signal was extracted using MATLAB. 

Figure 4.8 (b) shows the extracted FFT spectrum. As can be observed from Fig. 4.8 (b), peak-to-

peak Bragg wavelength shift remains almost constant till ~150Hz, increases afterwards and over 

225Hz starts increasing sharply and attains maximum. Afterwards, this shift decreases rapidly.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8:  (a) Time domain record of sensor, where frequency is varied from 10Hz to 350Hz at 

a constant acceleration; (b) Fast Fourier Transform (FFT) of the recorded signal. 

 

(a) 

(b) 
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From the FFT spectrum, resonant frequency for the sensor that corresponds to the maximum 

peak-to-peak wavelength shift is observed to be 235.5Hz. 

 

Coming back, in order to have deeper understanding of the response characteristics of the 

proposed FBG based accelerometer, peak-to-peak Bragg wavelength shifts, ∆(2 - 1), for all 

frequencyacceleration combinations are obtained from Fig. 4.7. Keeping the frequency of the 

applied signal fixed, these experimentally observed peak-to-peak Bragg wavelength shifts are 

then plotted against the applied accelerations, which is depicted in Fig. 4.9. Following 

observations can be made from these results: (a) sensor shows linear response where maximum 

peak-to-peak wavelength shift, ∆(2 - 1), increases linearly with the increasing amplitudes 

(accelerations) at all the frequencies of the applied signal; (b) sensitivity of the sensor remains  

 

Figure 4.9: Peak to peak Bragg wavelength response against applied acceleration for different 

frequency signals. 
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almost constant for the excitation frequency range of 10Hz to 100Hz; (c) as the frequency of the 

applied signal approaches to the resonant frequency, peak-to-peak Bragg wavelength shift 

increases and the plot against the applied accelerations becomes steeper and steeper, resulting in 

a higher sensitivity. The reason for this behaviour is as follows: when the applied signal 

frequency is close to or equal to resonance frequency (235.5Hz) of the proposed sensor, even the 

small applied input acceleration gets coupled strongly with the mass. This results in the 

maximum bending of the flexural beams with greater strain localization in the FBG region and 

hence, maximum changes in the Bragg wavelength shifts. In the next part of analysis, the 

sensitivity of the accelerometer measured from Fig. 4.9 is plotted against applied frequencies in 

Fig. 4.10. As can be observed from Fig. 4.10, experimentally observed flat response range 

 

Figure 4.10:  Sensitivity characteristics of the proposed FBG accelerometer. 
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(effective frequency measurement range) for the proposed FBG accelerometer is from 10Hz to 

200Hz. Finally, it is important to mention that, the proposed sensor utilizes a very low seismic 

mass (3.358gm) in comparison to the one used in the literature that ranges from 20gm to 100gm. 

Use of a heavier seismic mass will increase the bending moment of the flexural beams, and that 

ways, will result in a large Bragg wavelength shift and a better sensor characteristics in terms of 

it’s sensitivity, resolution etc. Thus, owing to the features such as simple in construction, 

compact (6cm×2cm×2cm with casing), temperature insensitive, all-optical, two-dimensional 

resolution ability with a very high capability of sensing an externally applied signal at various 

frequencyamplitude combinations with a frequency and acceleration as low as 10Hz and 

0.695m/s2 or as high as 350Hz and ~70m/s2 respectively, proposed FBG based sensor is of great 

importance and a good candidate for real-field applications.   

 

4.4 CONCLUSION 

A simple, compact, temperature insensitive, two-axial all-optical vibration sensor employing 

four FBGs fixed over the two pairs of flexural beams that are joined together through the seismic 

mass is designed and demonstrated in the present work. 3-D CAD modeling and finite element 

analysis using ANSYS software are carried out to analyze the strain variation across the flexural 

beam and that ways, to analyze the response of the sensor against the applied vibration 

perturbations. Chirp-free strain tuning mechanism is exploited, which insures a proper execution 

of wavelength modulation scheme while characterizing the dynamic response of the sensor. A 

series of shake-table tests are conducted while varying the frequency from 10Hz to 350Hz and 

the amplitude from 0.65m/sec2 to 70m/sec2. Resonance frequency of the sensor is observed to be 

235.5Hz. Proposed sensor exhibits an excellent capability of responding to the externally applied 
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signal at various amplitude and frequency combinations irrespective of the fact whether it is low 

or high with a very good sensitivity. After successful development of a temperature-insensitive 

FBG based vibration sensor, next chapter of the thesis explores the possibility of enhancing the 

strain sensitivity of FBG which would not only help to resolve strain in better ways but will also 

improve the response characteristics of all FBG based sensor that utilize the mapping of a given 

measurand in strain domain. 
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Chapter 5 

Corrugated Fiber Bragg Grating Structure: Strain 

Sensitivity Enhancement 
 

 

5.1 Introduction 

With the diverse advancements in the global human civilization as well as in the science and 

technology that led to an unimaginable growth of civil infrastructures, synchronized structural-

health-monitoring (SHM) becomes a serious issue to deal with.  Any reason among (a) possible 

errors in design and construction, (b) overload, (c) environmental degradation and (d) nature’s 

impact such as earthquakes imposes serious threat and induces adverse changes 

(damage/deterioration) in the health condition of various civil infrastructures such as bridges, 

dams, tunnels, high-rise buildings etc. A serious outcome of these reasons/effects is the 

accumulation of unwanted strain distribution across certain locations of the structures, termed as 

defect centers, which may finally lead to the collapse of such structures and hence, casualty to 

human lives. Thus, an accurate measurement of strain with a better strain resolution plays a 

crucial role in determining crack, damage, fatigue, vibration etc. during structural-health-

monitoring [52]. In particular, a strain monitoring system with high sensitivity in addition to a 

high accuracy and optimum strain resolution is best suited to mitigate risks and prevents disasters 

at a very early stage of degradation. Conventional strain sensors as well as electronic strain 

gauges are based on the electrical properties of the sensing material, which transfer induced 

strain information into an electric signal [91, 92]. A reasonably good sensitivity can be achieved 

using such conventional sensors. Nevertheless, it’s impossible to employ, in particular, the 
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immunity towards electromagnetic/radio-frequency interference, flexibility of multiplexing and 

remote sensing – essential features required for SHM. Optical fiber sensors not only overcome 

these disadvantages, but also offer a very high sensitivity towards an applied perturbation. 

Hence, optical fiber sensors have been extensively exploited for the measurement of various 

parameters of interest spanning a very wide range that includes but not limited to physical, 

chemical and biochemical parameters, to name a few [123]. Even being not very popular from 

the point of view of real–field application, a few optical fiber strain sensors have been reported 

in the literature. As an example, Arregui et al. in [93] reported an optical fiber strain gauge 

employing intensity modulation through the bending of a bi-conically tapered single-mode fiber. 

A sensitivity of ~0.02dB/µ was achieved; however, intensity fluctuation of the optical source 

posed a challenging limitation. In another attempt to enhance the strain sensitivity, Li in [94] 

reported a fiber optic strain senor employing multimode interference in single mode–multimode–

single mode fiber structure. Observed strain sensitivity was roughly 1.92 times the strain 

sensitivity of fiber Bragg grating (FBG).  

 

A major thrust to all-optical sensing technology is witnessed with the invention of FBG [34]. 

Being inherently self-referencing with a capability of multiplexing large number of FBG sensors 

over a single fiber network, FBG sensors have emerged as a most viable and integral solution for 

SHM [130]. Owing to strain-optic/thermo-optic effects, FBG is inherently sensitive to 

temperature and strain perturbations both. One needs to device a smart mechanism to decouple 

strain or temperature information. Further, apart from strain and temperature, various other 

parameters (e.g., pressure, tilt, vibration, torsion, acceleration, displacement, flow etc.) are also 

required to be monitored in SHM as well as in other engineering applications and processes. In 
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order to develop FBG based sensors, these other parameters that are to be monitored are 

preferably mapped in strain domain. FBG fabricated in a standard telecom fiber offers a limited 

strain sensitivity of ~1.2 pm/µ around 1550 nm wavelength. Limited (small) strain sensitivity of 

FBG not only affects an early prediction of the degradation of civil infrastructures but also 

dictates a limited sensitivity to FBG sensors for other parameters. Hence, devising a mechanism 

that can increase the strain sensitivity of FBG will not only meet the requirement of early 

prediction of degradation in SHM as mentioned above, will also increase the overall sensitivity 

of all FBG sensors employing strain-based mechanism. Recently, few attempts have been made 

to realize FBG strain sensor with enhanced strain sensitivity. For example, James et al. in [95] 

employed two slightly different FBGs on either side of the splice between two fibers of different 

diameters. While applying strain to this structure, FBG in reduced fiber diameter displayed 

greater strain sensitivity than the FBG in normal fiber diameter. A maximum strain sensitivity of 

0.81 pm/µ was achieved. Modifying the sensing structure of [95], Mondal et al. in [96] designed 

FBG strain sensor employing single FBG with a reduced fiber diameter over half of the length of 

the FBG. In agreement with [9], a strain sensitivity enhancement was observed with a very 

limited dynamic range of ~200 µ.  On the other hand, Fraz et al. in [97] devised a strain sensor 

formed by a single FBG in series with a fused fiber taper. Authors successfully demonstrated 

strain sensitivity tuning below the standard strain sensitivity of normal FBG. In another attempt 

to enhance the sensitivity, Ren et al. in [98] devised a strain sensor employing a single FBG with 

a specific gripper tube. A strain sensitivity enhancement by a factor of two in comparison to the 

strain sensitivity of normal FBG was achieved. Xu et al. in [99] employed chirped FBG in a 

tapered optical fiber to devise another strain sensor. A little better sensitivity in comparison to 

the normal FBG was observed. In another work, Gu et al. [100] devised a strain sensor 
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employing micro/nano Bragg grating structure in a polymer fiber, where a strain sensitivity of –

2.5 pm/με (roughly double of the silica FBG) was achieved.  On the other hand, specialty fibers 

are also exploited in order to design an all-optical strain sensor to improve the sensitivity. Dong 

et al. in [101] reported a temperature insensitive strain sensor based on Sagnac interferometer 

that employed 86mm long polarization-maintaining photonic crystal fiber (PCF). Observed strain 

sensitivity was 0.23 pm/με. In another attempt, a PCF Mach-Zehnder interferometer was realized 

inscribing pair of LPGs directly on a PCF [102]. A maximum strain sensitivity of –2.6 pm/με 

was achieved. However, in comparison to FBG based strain sensors, PCF interferometers are not 

competitive due to several centimeters length of the PCF and a high splice loss between Hi-Bi 

PCF and standard fiber. In order to increase the strain sensitivity, novel grating structures 

imprinted on a PCF were also exploited. For example, [102] also reported PCF based strain and 

temperature sensors, which were devised by fabricating long period gratings (LPGs) of different 

structural parameters in different types of PCF. Comparing the response characteristics of these 

different LPG-PCF based strain sensors, highest strain sensitivity observed was –7.6 pm/με.  

However, performance of these sensors was limited by power losses due to CO2 laser induced 

collapse of air holes, non-periodicity and disorder of the refractive index modulation. Also, the 

feasibility of distributed sensing as well as simultaneous multi-parameter sensing with such PCF 

based sensors are yet to be investigated; whereas FBG sensors have also shown the advantage of 

multi-parameter sensing with a short length single FBG [103]. Thus, in all the attempts to 

enhance the strain sensitivity of FBG sensors, a maximum sensitivity that was roughly double of 

the standard FBG was achieved or otherwise, the dynamic range was very limited. Employing 

LPG–PCF sensing structure, though resulted in a good sensitivity, but had its own inherent 

limitations.  
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The main aim of the research reported in this chapter is to design a highly reliable optical fiber 

strain sensor employing a unique FBG sensing structure, which would not only be capable of 

enhancing strain-sensitivity manifold, but would also facilitate single FBG to act as multiple 

independent sensors. To achieve this objective, a specific corrugated structure is carefully carved 

out over an otherwise uniform FBG using controlled etching process. This structure is exposed to 

the applied strain perturbations. Employed design strategy facilitates a single FBG to split into 

multiple independent FBG sensing elements. Most striking feature of this study is a manifold 

strain-sensitivity enhancement. Strain sensitivity of a particular section of the corrugated 

structured fiber in the FBG region, which acts as an independent sensor, is observed to be over 

10.5 times higher than the sensitivity of an unetched (uniform) FBG region. This is a remarkable 

enhancement of strain sensitivity and is achieved for the first time to the best of author’s 

knowledge. Further, a maximum discrepancy of ±0.019 nm, strain resolution better than 

0.0057 and a strain measurement accuracy of ~ ±2.15 are observed for this sensing 

structure. Experimental results also depict a highly reliable and reversible response characteristic 

for the proposed sensor.  

 

5.2 Experimental 

5.2.1 Sensor Design and Construction 

The primary objective of the research reported in this work is to develop a reliable FBG 

based strain sensor with manifold enhanced strain sensitivity. To achieve this, FBG sensor 

with a corrugated geometrical configuration, as depicted in Fig. 5.1 (a), is structured and 

experimentally analyzed.  In order to carry out a comprehensive comparative analysis, two 
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more geometrical configurations reported in the literature and depicted in Fig. 5.1 (b) and (c), 

are also structured. To develop these strain sensors, four Bragg gratings written in a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: FBG sensing configurations: (a) corrugated etched (b) fully etched & (c) half 

etched FBG along with schematics of applied strain perturbations, (d) FE-SEM 

image of the section of fiber, which was etched for 45 minutes. 
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germanium doped silica single mode fibers (125 µm diameter, E  7.21010 N/m2, A = 1.2310-8 

m2, pe  0.22) using phase mask technique were used. All FBGs were 10 mm long and had a 

peak wavelength of 1545 nm. As depicted in Fig. 5.1, geometrical configuration for the proposed 

sensor along with the other two configurations on the part of fiber carrying FBG was structured 

by the sequential reduction of cladding diameter. Cladding reduction was achieved using 

standard chemical etching procedure that employed 45% HF solution. Special etching chambers 

of perspex sheets were designed in order to realize the three sensing geometries. Portion of the 

fiber carrying FBG was inserted inside a chamber suitable to realize a particular structure of 

proposed sensing configurations. Inserted fiber was exposed to HF solution with a careful 

protection at locations employing suitable epoxy resin. While etching, diameter of the fiber was 

monitored with an observed etching rate of ~1.6m/min. Fiber etching, carried out at room 

temperature (20 oC), was stopped after about 45 minutes. Afterwards, fiber diameter in the 

etched portion was examined by a field emission scanning electron microscope (FE-SEM). A 

uniform fiber diameter with a reduced value of ~42 µm was observed for the etched portion of 

the fiber in all the three sensing configurations. That is, fiber was etched to a depth of ~83µm in 

the cladding region, thus making the cladding in the etched part thinner by roughly 66%. As 

depicted in Fig.5.1 (a), fiber was etched in such a way that a 4 mm length of the fiber in the 

central part of FBG remained unetched; whereas the 3 mm length of the fiber on both the ends of 

this 4 mm central region of FBG existed in the etched portion for the proposed sensing 

configuration. Bragg wavelength of this structure was observed to be 1544.09 nm. For the two 

other configurations structured for comparative analysis, entire grating length of 10 mm existed 

in the etched portion of the fiber in one configuration (Fig.5.1 (b)) with a Bragg wavelength of 

1543.93 nm; whereas fiber was etched in a way that half of the grating length (5 mm) existed in 
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the etched portion of the fiber and the other half remained unetched in the other configuration 

(Fig.5.1 (c)) with a Bragg wavelength of 1544.01 nm. For each of the configurations, diameter of 

the fiber in unetched part was 125 µm whereas the fiber diameter in etched part was ~42 µm.   

 

5.2.2 Sensor characterization 

In order to analyze the strain response of proposed sensors (FBG carrying core with differently 

etched cladding structures), a strain applying setup was developed. Figure 5.2 shows the 

schematics of experimental set-up.   

 

 

 

 

 
 

Figure 5.2: Experimental set-up for strain sensor. 

 

 

Out of two vertical blocks used in this set-up, block ‘1’ was rigidly fixed to an optical table, 

whereas block ‘2’ was rigidly fixed over a one-dimensional translation stage. This translation 

stage was fixed to the optical table. Heights of the blocks were properly chosen in order to keep 

the top of both the blocks in the same horizontal plane. Distance between the two blocks in this 

arrangement was 20 cm. Translational stage was fixed in a way to have one degree of freedom - 

moving towards or away from the block ‘1’. The three differently etched FBG structures (Fig. 

5.1) were separately spliced with another unetched FBG, making three sets of single fiber line 
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having two sensors each – etched FBG structure as sensor 1 and unetched FBG as sensor 2. The 

unetched FBG was identical (central wavelength 1558.62nm) in all the three sets and was used to 

monitor temperature variations during the experiment. In order to investigate the response 

characteristics of the proposed sensor, fiber carrying corrugated etched FBG structure (Fig. 

5.1(a)) and unetched FBG was fixed onto the blocks in such a way that the corrugated etched 

FBG was exactly in the middle of blocks ‘1’ and ‘2’. The part of the fiber carrying unetched 

FBG was in the right side of block ‘1’. Fiber end in this side was connected to FBG interrogator 

(Micron Optics, SM130-700, resolution 0.05pm). Fiber carrying corrugated etched FBG 

structure was replaced by the fiber carrying etched FBG structures of Fig. 1(b) and 1(c) 

respectively for the experiments carried out for comparative analysis. Before starting the 

experiment, portion of the fiber in between blocks ‘1’ and ‘2’ was ensured to be straight and then 

was suitably pre-strained in order to avoid  any infinitesimal amount of slacking. At this pre-

strained level, the applied strain was calibrated as zero. After words, block ‘2’ was slowly moved 

towards left in order to apply forward (increasing) strain perturbations to the etched FBG 

structures in all the three experiments. After reaching to the maximum sustainable strain 

perturbation, block ‘2’ was then slowly brought back to the calibrated zero strain position 

(reverse strain perturbations). Corresponding Bragg wavelength shifts of these strain sensing 

structures for forward as well as reverse strain perturbations along with the wavelength response 

of the multiplexed unetched FBG were then recorded through the interrogator. As no strain 

perturbation was applied to the unetched FBG, its wavelength response simply manifested the 

temperature variations. Wavelength response of unetched FBG was subtracted from the 

wavelength response of etched FBG structure in order to compensate the effect of temperature 
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variations during a particular experiment. It is this temperature insensitive response for the strain 

sensor (etched FBG structures) which was then analyzed. 

 

5.3  RESULTS AND DISCUSSION 

Before studying the response characteristics of the proposed sensor, information for response 

characteristics was gather for the FBG structures of Fig. 5.1(b) and Fig. 5.1(c) to facilitate a 

comparative analysis. To do so, FBG structure of Fig. 5.1(b) fixed between blocks “1” and “2” 

was suitably pre-strained in order to avoid any infinitesimal amount of fiber slacking. This strain 

was calibrated to zero and the Bragg wavelength (λB|etched) of this FBG structure (acting as strain 

sensor) at pre-strain stage was recorded as 1544.21 nm. The peak wavelength of unetched FBG 

(acting as temperature sensor) spliced to the same fiber was recorded as 1558.62 nm. It is the 

1544.21 nm FBG (fully etched) that was exposed to increasing (forward) as well as decreasing 

(reverse) applied strain perturbations. Figure 5.3(a), as an example, shows the peak wavelength 

for two FBGs at a given applied strain during the increasing strain perturbations. Temperature 

compensated wavelength response of the fully etched FBG is depicted in Fig. 5.3 (b). Here, 

“tilted squares (triangles)” depict the wavelength response as against certain applied strain 

perturbations while increasing (decreasing) the strain. In order to establish the effect of reduced 

cladding in FBG region on the strain sensitivity, a separate experiment was carried out where an 

unetched (normal) FBG (peak wavelength, λB|unetched, 1543.90 nm) was used as a strain sensor. In 

order to monitor temperature, once again, this strain sensing unetched FBG was spliced with 

another unetched FBG (peak wavelength 1558.62 nm). Fiber carrying two FBGs was fixed on 

the two blocks as explained earlier. Strain sensing unetched (normal) FBG was again suitably 

pre- strained, with this applied pre-strain calibrated to zero. At this stage, Bragg wavelength for 
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this FBG was observed to be 1545.7 nm. Temperature compensated strain response of normal 

FBG is also plotted in the same graph shown in Fig 5.3(b). Here, “squares (crosses)” depict the 

wavelength response as against certain applied strain perturbations while  

 

 

 

 

 

Figure 5.3 (a): Peak wavelengths of fully etched FBG (strain sensor) and a separate normal 

(unetched) FBG (temperature sensor). 

 

 

 

 

 

 

 

 

 

Figure 5.3 (b):  Wavelength response against applied strain for fully etched FBG (tilted squares 

and triangles) and normal FBG (squares and crosses). 
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increasing (decreasing) the strain.  Following observations can be made from this plot: (a) 

dynamic range of fully etched FBG and normal (unetched) FBG strain sensors is almost the 

same; (b) sensor response is linear for forward as well as reverse strain variations for both the 

sensors; (c) fully-etched FBG exhibits far better strain sensitivity as compared to the normal 

(unetched) FBG. The observed strain sensitivity of etched FBG was 7.57 pm/µε as against the 

observed strain sensitivity of 1.02 pm/µε for normal (unetched) FBG; (d) measured linear 

sensitivities for forward and reverse strain variations for both the sensing structures are found to 

be almost identical. This manifests a highly reversible nature of the sensor. Strain sensitivity is 

theoretically defined as the ratio of wavelength shift per unit applied strain: 

 

ΔλB/Δε = (1  ρε)λB         (5.1) 

 

With the fiber and FBG parameters mentioned earlier, experimentally observed strain sensitivity 

of normal (unetched) FBG is found to be in accordance with the theoretically predicted strain 

sensitivity as dictated by Eq. 5.1. This shows that reducing the cladding in the FBG region by 

~66%, increases the strain sensitivity of FBG by a factor of over 7.4. In fact, when the block ‘2’ 

is moved during the experiment, a tensile strain ( = L/L) is induced to the fiber length (L) 

fixed between blocks ‘1’ and ‘2’. L is the total elongation over the fiber length L. Under 

mechanical equilibrium and certain conditions, this induced tensile strain is inversely 

proportional to the cross-sectional area of the fiber, which leads to: 

 

etched = unetched(runetched/retched)
2       (5.2) 
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where etched is the strain in the etched part of the fiber carrying FBG, unetched is the strain in 

the normal fiber carrying FBG, retched is the radius of the fiber in the etched region and runetched is 

the radius of the normal (unetched) fiber. Eq. (5.1) and Eq. (5.2) lead to the following relation 

 

(ΔλB|etched)/(ΔλB|unetched) = (λB|etched)/(λB|unetched)(runetched/retched)
2   (5.3) 

 

Eq. (5.3) predicts a strain sensitivity enhancement ratio of ~8. Experimentally observed 

sensitivity enhancement factor is close to this value. Further, for this FBG structure (Fig. 5.1(b)), 

maximum discrepancy is observed to be less than ±0.092nm with corresponding strain 

measurement accuracy of ~±12.15µε for forward as well as the reverse directions of applied 

strain perturbations. The resolution of the sensor completely depends on the resolution of the 

interrogating device. Strain resolution as small as 0.0066µε is observed in this case. 

 

Afterwards, fully-etched FBG between blocks ‘1’ and ‘2’ was replaced by half etched–half 

unetched geometry shown in Fig. 5.1(c). Fiber between the blocks was again suitably pre-

strained. This pre-strain was calibrated to zero. Figure 5.4(a-i) shows the response of this 

structure at the beginning (pre-strain stage) of the experiment, where half etched–half unetched 

FBG structure is depicted by a single wavelength peak at 1544.19 nm and the unetched FBG 

(temperature sensor) is depicted by a peak at 1558.62 nm. Nevertheless, while carrying out the 

experiment by applying additional slowly varying strain perturbations, the strain response of this 

half etched–half unetched FBG structure is observed to be quite different as compared to the 

previous experiment. While applying strain, the length of FBG carrying complete cladding over 

it and the length of FBG carrying reduced cladding over it respond as two separate and 
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Figure 5.4 (a):  Response of etched-half and unetched-half FBG sections of FBG against 

applying strain at three stages, (i) at pre-strain stage with no applied strain, 

(ii) and (iii) at two different stages during increasing applied strain. 

 

 

Figure 5.4 (b): Wavelength response against applied strain for half etched – half unetched FBG. 

(i)  (iii)  (ii)  
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independent FBGs depicted by two wavelength peaks around 1544.19 nm in Fig. 5.4(a-ii). While 

increasing the applied strain, separation between the peak wavelengths of two structures (etched 

half–unetched half) of a single FBG acting as two independent FBG sensors increases as 

depicted in Fig. 5.4(a-iii). A complete temperature compensated wavelength response of these 

two parts of single FBG is plotted in Fig 5.4(b). “Tilted squares”/“triangles” depict the 

wavelength response of the etched part of FBG whereas “squares”/“crosses” depict the 

wavelength response of the unetched part of FBG as against certain applied strain perturbations 

while increasing/decreasing the strain. Following observations can be made from this figure: (a) 

a single FBG strain sensor splits into two separate and independent FBG sensors; (b) the 

response of both of these splitted, separate and independent sensors is linear to applied strain for 

forward as well as reverse strain variations; (c) the dynamic range is observed to be up to ~750 

µε. This is almost same as the one observed in the previous experiment for the FBG structure of 

Fig. 5.1(b); (d) the strain sensitivity of etched–half section of FBG is observed to be 5.79 pm/µε 

whereas the strain sensitivity of unetched–half section of FBG is observed to be 0.66 pm/µε; (e) 

measured linear sensitivities during forward and reverse strain variations for both the sections of 

the single FBG are found to be almost identical. This manifests a highly reversible nature of the 

sensor. These sensitivities are compiled in Table 5.1 for easy reference and comparison. The 

sensitivity of unetched part of FBG in this geometry (0.66 pm/µε) is less than the strain 

sensitivity of the normal (unetched) FBG of previous experiment. The strain sensitivity of 

etched–half section of this FBG structure, which also acts as an independent strain sensor, is now 

compared with the strain sensitivities of (i) normal (unetched) FBG used in the previous 

experiment and (ii) the unetched–half section of the same FBG structure. As can be observed 

from Table 5.1, the strain sensitivity of etched–half section of FBG of this second FBG structure 
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(5.79 pm/µε) is quite high (5.7 times) as compared to the strain sensitivity of the normal 

(unetched) FBG (1.02 pm/µε); and very high (~8.8 times) as compared to the strain sensitivity of 

unetched–half section of same structure. As the two sections of present structure are derived 

initially from the same FBG, initial peak wavelength for both sections of FBG is identical. 

Further, both sections that are structured on the same fiber have identical fiber parameters except 

the cross sectional area. In this situation, while being in mechanical equilibrium, the tensile strain 

experienced by the two sections of the sensing structure would be modified from Eq. (5.3) to the 

following: 

 

(ΔλB|etched)/(ΔλB|unetched) = (runetched/retched)
2     (5.4) 

 

Equation (5.4) predicts that the strain sensitivity of etched–half section must increase by ~8.9 

times in comparison to the strain sensitivity of unetched–half section of this FBG structure. 

Experimentally observed sensitivity enhancement ratio of ~8.8 is very close to the theoretically 

predicted ratio. Further, for the etched–half section of this half etched–half unetched FBG 

structure, maximum discrepancy is observed to be less than ±0.035nm with corresponding strain 

measurement accuracy of ~±6.05µε and strain resolution of ~0.0086µε for forward as well as the 

reverse directions of applied strain perturbations. Importantly, an immediate advantage of this 

structure is that one can use this single FBG structure for designing a temperature independent 

sensor with enhanced sensitivity. The parameter to be monitored can be mapped in strain domain 

and be applied to the etched part of this structure. 

 

Finally, the response characteristics of the proposed sensor corrugated FBG structure were 

experimentally investigated. During this, FBG configuration in Fig. 5.1(a) (etched–unetched–

etched leading to corrugated structure over a single FBG) existed between blocks ‘1’ and ‘2’. 
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Fiber between the blocks was again suitably pre-strained. This pre-strain was calibrated to zero. 

Figure 5.4(a-i) shows the response of this structure at the beginning (pre-strain stage) of the 

experiment, where etched–unetched–etched FBG structure is depicted by a single wavelength 

peak at 1544.15 nm and unetched FBG (temperature sensor) is depicted by a peak at 1558.62 

nm. Nevertheless, while carrying out the experiment, the strain response of this etched–

unetched–etched (corrugated) FBG structure was observed to be quite different. Unetched 

section “CB” responds as a separate and independent FBG sensor (as observed in the previous 

experiment also); whereas the two etched sections of this structure (“DC” and “BA”) do not 

respond to applied strain identically. These two sections (“DC” and “BA”) act as two additional, 

separate and independent FBGs. Thus, while applying strain perturbations, this FBG structure 

acts as a total of three separate and independent FBGs depicted by three wavelength peaks 

around 1544.15 nm in Fig 5.5(a-ii). While increasing applied strain, separation between the peak 

wavelengths of the three sections (etched–unetched–etched) of a single FBG acting as three 

independent FBG sensors increases as depicted in Fig. 5.5(a-iii). A complete temperature 

compensated wavelength response of these three parts of single FBG is plotted in Fig. 5.5 (b) for 

increasing (forward) as well as decreasing (reverse) applied strain perturbations. “Triangles” and 

“crosses” depict the wavelength response of one 3mm etched FBG section as against certain 

applied strain perturbations during increasing and decreasing strain perturbations respectively. 

“Squares” and “filled circles” depict the wavelength response of other 3mm etched FBG region 

for increasing and decreasing strain perturbations respectively. On the other hand, “tilted 

squares” and “pluses” depict the wavelength response of 4mm unetched part of FBG during 

increasing and decreasing strain perturbations respectively. Following observations can be made 

from this figure: (a) a single FBG strain sensor splits into three separate and independent FBG 
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sensors; (b) the response of all the three splitted, separate and independent sensors is linear to the 

applied strain 

 

 

 

 

 

Figure 5.5 (a): Response of etched-unetched-etched (corrugated) sections of FBG against 

applying strain at three stages, (i) at pre-strain stage with no applied strain, (ii) 

and (iii) at two different stages during increasing applied strain. 

 

 

Figure 5.5 (b): Wavelength response against applied strain for etched-unetched-etched 

(corrugated) FBG. 

(i)  (iii)  (ii)  
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 for forward as well as reverse strain variations; (c) the dynamic range is limited in this case to 

~300 µε, which is quite less than the dynamic range observed for the two other FBG structures 

developed and experimentally investigated in the previous sections. The reason is attributed to 

the fragility of the etched parts of the fiber and the sustainability limit towards higher strain 

perturbations; (d) the strain sensitivity of the one 3mm etched FBG section is observed to be 5.10 

pm/µε whereas that of the other 3mm etched FBG section is observed to be 8.84 pm/µε. 

Additionally, the strain sensitivity of unetched section of this FBG structure is observed to be 

0.84 pm/µε; (e) measured linear sensitivities during forward and reverse strain variations for the 

three sensing structures of the single FBG are found to be almost identical. This manifests a 

highly reversible nature of the sensor. These sensitivities are also compiled in Table 5.1. As can 

be observed from this Table, the sensitivity of unetched section of this FBG structure is quite 

close to the strain sensitivity observed for the normal (unetched) FBG in the first experiment. On 

the other hand, the strain sensitivity of one of the 3mm etched section of this corrugated FBG 

structure (5.10 pm/µε) is 5 times greater than the strain sensitivity of normal (unetched) FBG 

(1.02 pm/µε); is little less than the strain sensitivity of fully-etched FBG structure of Fig. 5.1 (b) 

(7.57 pm/µε); is almost same as the maximum strain sensitivity observed for half etched–half 

unetched FBG structure of Fig. 5.1 (c) (5.79 pm/µε); and is over 6 times greater than the strain 

sensitivity of un–etched section of the same FBG structure. Strikingly, the strain sensitivity of 

other 3mm etched section of corrugated FBG structure (8.84 pm/µε) is quite high (~8.7 times) as 

compared to the strain sensitivity of 1.02 pm/µε observed for the normal (unetched) FBG; is 1.2 

times higher in comparison to the strain sensitivity of 7.57 pm/µε observed for the fully-etched 

FBG structure of Fig. 5.1 (b); is 1.5 times higher in comparison to the maximum strain 
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sensitivity of 5.79 pm/µε observed for the etched–half section of Fig. 5.1 (c); and very high 

(>10.5 times) as compared to the strain sensitivity of 0.84 pm/µε observed for the 4mm unetched 

FBG section of the same geometry. Over 10.5 times strain sensitivity enhancement is a 

remarkable achievement, never observed so far to the best of author’ knowledge. It’s worth 

mentioning that the three sections of present structure are derived initially from the same FBG, 

having identical initial peak wavelengths and same fiber parameters. However, the cross 

sectional area varies across the structure for the three sections. Response of this corrugated FBG 

structure can be explained employing the dynamic analysis model. If the fiber is pulled by a 

force “F”, different sections of the corrugated structures will experience different forces. Further, 

the force experienced by various sections will decrease while moving from section “DC” to 

“CB” and to “BA”. This will lead to different strain distribution across different sections of this 

structure. Ratio of the strain in the two consecutive sections of the corrugated structure, DC to 

CB and CB to BA, can be given by 

 

Δ𝜀|etched,DC

Δ𝜀|unetched,CB
=

𝐹|etched,DC

𝐹|unetched,CB
× (

𝑟|unetched,CB

𝑟|etched,DC
)
2

    (5.5) 

 

and  
 

Δ𝜀|unetched,CB

Δ𝜀|etched,BA
=

𝐹|unetched,CB

𝐹|etched,BA
× (

𝑟|etched,BA

𝑟|unetched,CB
)
2

    (5.6) 

 

 

Above analysis depicts that Δ|etched,DC is greater than Δ|etched,BA, leading to a higher Bragg 

wavelength shift (ΔB  Δ) for the section “DC”; and that ways, a higher strain sensitivity for 

one of the etched section in comparison to the other etched section of this corrugated structure as 

observed experimentally. Further, for the etched section of this FBG structure that gives 

maximum strain sensitivity enhancement, maximum discrepancy is observed to be less than 

±0.019nm with corresponding strain measurement accuracy of ±2.15µε and strain resolution of 
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~0.0057µε for forward as well as the reverse directions of applied strain perturbations. 

Comparing the response characteristics of all the three sensor configurations, it’s the sensing 

configuration derived from a single FBG for the proposed sensor that is characterized with 

highest stain measurement sensitivity, lowest maximum discrepancy and best accuracy with a 

capability to resolve minimum strain in nano-scale strain (n) range. 

 

TABLE 5.1: Summary of performance characteristics of various FBG structures. 

FBG 

Structure 

Description 

of FBG 

Structure 

Section 

of FBG 

Observed 

Sensitivity 

(pm/µє) 

Strain 

Resolution 

Maximum 

discrepancy 

Accuracy 

( µє) 

1 
Corrugated 

FBG 

Etched 

part-1 
8.84 0.0098 µє   

Etched 

part-2 
5.10 0.0057 µє 0.019 nm ±2.15 

Unetche

d part 
0.84 0.0595 µє   

2 
Normal 

FBG 
 1.02 0.0490 µє   

3 
Fully 

Etched FBG 
 7.57 0.0066 µє ±0.092 nm ±12.15 

4 

Half  

Etched-Half 

Unetched 

FBG 

Etched 

Half 
5.79 0.0086 µє 0.035 nm ±6.05 

Un-

Etched 

Half 

0.66 0.0806 µє   
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In the next step, repeatability and reliability tests are carried out to rigorously analyze the sensor 

performance. For this, experiments with the proposed corrugated FBG structures were repeated 

on 3 different days with an interval of a week. As an example, response of the three sections of 

etched–unetched–etched (corrugated) FBG structure corresponding to an applied strain 

perturbation of 250 µε is depicted in Fig. 5.6. As can be observed, sensor output is almost 

constant over a span of 2 weeks. Compared to day 1, a maximum variation in the response of the 

 

Figure 5.6: Repeatability and reliability test: Response of different sections of etched-unetched-

etched FBG structure on the three different days for an applied strain of 250 µε. 

 

three sections, acting as three independent sensors, is observed to be of the order of 10−3 nm. 

Similar responses are observed at other strain perturbations. This shows a good reliability and 

repeatability of the proposed sensor configurations, qualifying them suitably for real-field 

applications. Thus, the proposed etched–unetched–etched (corrugated) structure derived from a 
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single FBG is of extreme practical importance not only for an effective and stable sensing 

capabilities reflected by facilitating remarkably high strain sensitivity, completely reversible and 

very reliable response characteristics, good accuracy, low maximum discrepancy and nano-scale 

strain (n) resolution, but also for a possibility of designing/devising multi-parameter sensing 

employing the three sections that act as three separate and independent sensors. If the parameter 

of interest is mapped suitably over one of the two etched sections, the resulting sensor is bound 

to have high sensitivity as compared to a separate sensor that employs a normal FBG. 

 

5.4. CONCLUSION 

A novel design strategy in terms of corrugated cladding structure over a FBG carrying core is 

proposed and experimentally investigated, predominantly to achieve strain sensitivity 

enhancement and a possibility of deriving multiple independent sensors from a single FBG. Two 

more cladding structures are carved out from a single FBG for exhaustive and comparative 

analysis. Proposed sensor splits into multiple and independent FBG sensors according to the 

employed cladding structure. Strikingly, a remarkably high strain sensitivity enhancement is 

observed with the sensing configuration that employed a corrugated cladding structure. Strain 

sensitivity of one of the etched section is observed to be over 10.5 times in comparison to the 

strain sensitivity of unetched section of this structure. It’s impossible to realize such a high 

sensitivity employing normal FBG. Further, this sensing structure is characterized with a good 

strain measurement accuracy (±2.15µε), low maximum discrepancy (±0.019nm), nano-scale 

strain resolution (~5.7nε), completely reversible and reliable linear response characteristics. All 

these features, in particular, a remarkably high strain measurement sensitivity enhancement, 
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nano-scale strain resolution and single FBG structure acting as three separate and independent 

sensors, make the proposed sensor of extreme practical importance. 
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Chapter 6 

Fiber Bragg Grating Based Humidity Sensor Employing 

Effective Refractive Index Modulation Technique 

 

 

6.1 Introduction 

Precise monitoring of relative humidity (RH) is of extreme importance in number of 

applications such as semiconductor manufacturing processes, structural-health-monitoring, 

chemical/biochemical/food processing industries and air-conditioning to name a few [104]. 

There exist a number of conventional RH sensors with a characteristically good sensitivity. 

However, such sensors find limited place in real-field applications because of their critical 

and inherent limitations [105]. Owing to numerous but distinct inherent advantages over the 

conventional/optical sensors and related technological advancements, optical fiber based 

sensors have convincingly established themselves as an alternate to the traditional sensing 

schemes. Numerous attempts have been made to realize optical fiber RH sensors [131,106-

110]. Predominantly, these sensors exploit evanescent wave absorption model employing 

straight and uniform/U-bent/tapered/side-polished fiber structure. Some of such attempts also 

employed an interferometric model. Irrespective of the employed methodologies, nonlinearity 

in the response characteristics, limited dynamic range and piece-wise sensitivity variation 

remain the matter of great concern for almost all these reported optical fiber based humidity 

sensors barring a few. On the other hand, since its invention and successive advancements, 

in-fiber Bragg gratings (FBGs) have become synonym to the optical sensing technology as 

for as real-field applications are concerned. The class of optical fiber sensors, which are 

based on wavelength modulation scheme, dominantly uses in-fiber gratings (FBG/long period 

gratings (LPG)) as the constituting sensing element. RH sensors are no exception; various 
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attempts have also been made to realize in-fiber grating based RH sensors. In order to 

develop FBG based RH sensor, RH is preferably and strategically mapped in strain domain. 

This strain mapping is achieved as following: a suitable thermoplastic/polyimide material that 

is coated on the FBG swells in accordance when exposed to the humid vapours. This leads to 

a strain variation across FBG, which ultimately results in a wavelength modulation, exactly a 

signature of RH variations, in the response characteristics of FBG. As an example, 

Kronenberg et al. in [111], Yeo et al. in [112] and Huang et al. in [113] employed polyimide 

coated FBG structure for humidity detection. A linear response over a limited dynamic range 

with a sensitivity of ~3.4 pm/%RH is observed in [111]. Comparatively, researcher in [112] 

succeeded in improving the sensitivity to a maximum value of 5.6 pm/%RH for the observed 

dynamic range of 23-97%RH; whereas in [113], succeeded in extending the linear dynamic 

range to 11-98%RH at the expense of sensitivity. In contrast, water affinity of certain 

polymer facilitates swelling as well as an increase of the refractive-index (RI) of the material. 

Owing to these two effects, FBGs written in such polymer optical fibers (POF) are observed 

to be appreciably more sensitive to RH exposure. Exploiting these effects, Zhang et al. [114] 

have reported POFBG based RH sensor. In another attempt, Rajan et al. have reported etched 

POFBG based RH sensor [115]. Sensitivity improved as expected. However, response 

characteristic is observed to be nonlinear with dynamic range limited and sensitivity varying 

piece-wise across. On the other hand, being inherently sensitive to the ambient RI, structures 

such as long-period-gratings (LPGs) [116-119] and tilted FBGs [120] in conjugation with a 

suitable polymer (gelatin/hygrogel/SiO2/TiO2/PVA) sensing film are also exploited to realize 

RH sensor. For LPG based RH sensors, highest dynamic range of 33–97%RH is observed in 

[116], but the sensor response was nonlinear throughout. For tilted FBG based RH sensor, a 

piecewise linear response in the RH range of 20-74% and 74-98% is observed. Recently, an 

RH sensor based on a polymer-infiltrated photonic crystal fiber interferometer has also been 
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reported in [121]. A nonlinear response across the reported dynamic range is observed. 

Further, realization of a reversible and repeatable response with this scheme remains a 

challenge. 

 

Bragg wavelength of an in-fiber grating depends on the effective-refractive-index (neff) and 

the grating-pitch (). For a standard optical fiber, effective-refractive-index can only be 

modulated by applying strain/temperature perturbations through strain-optic/thermo-optics 

effects; and remains independent to the ambient RI variations. This results in FBGs being 

inherently sensitive to strain/temperature variations through the modulations of effective-

refractive-index as well as the grating-pitch; and insensitive to ambient refractive-indices. 

However, if the cladding diameter in the FBG region is reduced, effective-refractive-index of 

the fiber gets significantly affected by the ambient refractive-indices, whereas pitch of the 

grating remains unaffected. Importantly, the reduction of the cladding diameter in the grating 

region results in a stronger interaction of the evanescent tail of the fundamental guided mode 

of the fiber with the surrounding medium. These effects lead to the modulation of Bragg 

wavelength and the amplitude of the reflected wavelength due to the ambient RI variations. 

Thus, a FBG with thinned cladding in its region becomes an inherent sensor for not only 

strain and temperature but also to the ambient refractive-indices. A few RI sensors exploiting 

this technique are reported in [132-134]. Recently, this technique is extended to realize CO2 

and bio sensors where etched cladding in FBG region was coated with carbon nanotube and 

Graphene [135, 136]. However, to the best of the author’s knowledge, this technique is not 

extended to realize a relative humidity (RH) sensor.  

 

The main objective of the research reported in this chapter is to develop a temperature 

independent FBG based RH sensor employing effective-index modulation induced Bragg 
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wavelength shift scheme for the first time to the best of author’s knowledge, rather than the 

traditional strain induced Bragg wavelength shift scheme reported in the literature. Sensor 

development is focused to achieve a throughout linear response over a wide dynamic RH 

range and an optimum sensitivity. To design the sensor, FBG structure is suitably modified 

by reducing fiber diameter in the grating region to a lowest possible working limit (~ a few 

microns). Response characteristic of the sensor against ambient environmental parameter, 

resulting from RH variations, is theoretically investigated. Afterwards, sensor is 

experimentally investigated by exposing it to the repeat cycles of increasing and decreasing 

RH variations over a sufficiently long time period. A linear response over a dynamic range as 

wide as ~3 – 94% RH with a good sensitivity of ~ 0.08 pm/%RH during increasing as well as 

decreasing humidity is observed. Proposed sensor is more than ten times faster than the 

commercial sensor. Maximum fiber output variation is observed to be of the order of only 10-

4 during the repeatability and reversibility tests. Importantly, experimental response 

characteristic of the sensor is observed to be in accordance to the theoretical analysis. In 

addition, a relatively better resolution (~ 0.6%RH), accuracy (~ ±2.5%RH), average 

discrepancy (~ ±0.2 pm) and response time (~ 0.2s) is observed during humidification and 

dessication cycles. 

 

6.2 Theoretical Analysis 

Bragg condition manifests the condition for strong coupling between identical or nearly 

identical forward- and counter-propagating modes in a fiber grating inscribed in a single-

mode-fiber (SMF). The wavelength that satisfies this condition (termed as Bragg wavelength, 

B) in a uniform fiber grating depends on the effective-refractive-index (neff) of the mode and 

the grating-pitch () through B = 2neff. Grating-pitch is dictated by the phase-mask used 

for inscribing the FBG and has nothing to do with the RI of the surrounding medium (nout). 
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Effective-refractive-index of the fundamental mode in a standard uniform SMF is also 

independent of the RI of the medium surrounding the fiber cladding. However, if the 

refractive-index is varied in the medium surrounding the fiber cladding at a constant 

temperature and without straining the fiber, as is the case of varying RH from lowest to the 

highest possible values in the present case, and if the fiber diameter in the cladding region is 

sufficiently reduced, neff, and hence, B will get modulated accordingly. In this way, the 

resulting Bragg wavelength modulation would be a direct consequence of effective-index-

variation as dictated by the RH variation. This is the principle exploited for developing RH 

sensor in the present work. In order to theoretically study the response characteristics of FBG 

that exits in a fiber of reduced cladding diameter and is exposed to the refractive-index 

variations corresponding to 0% RH (dry air with refractive index 1) to an RH value close to 

99%, doubly-clad fiber model reported in [137] is employed. This model is best suited for the 

present case to find a distinct relationship between the modal propagation constant  and nout. 

Once  is known for a given nout, B can be easily calculated through B = 2neff = 2(/k0), 

where k0 is free space wave number. Simulated fiber structure under doubly-clad fiber model 

for thinned FBG is depicted in the inset of Fig. 6.1. Here a and b are the core and inner-

cladding radii respectively, whereas nco, ncl, and nout are the refractive indices of core, inner-

cladding and the surrounding medium (outer cladding) respectively. For the azimuthal order 

m, the radial dependence 𝜓(𝑟) of the axial field components are expressed as [137] 

                                        𝜓 = 𝐴′
0𝐽𝑚(𝑢

𝑟

𝑎
) For  𝑟 ≤ 𝑎    (6.1) 

             𝜓 = 𝐴′
1𝐼𝑚 (𝑣′ 𝑟

𝑏
) + 𝐴′

2𝐾𝑚 (𝑣′ 𝑟

𝑏
) For  𝑎 ≤ 𝑟 ≤ 𝑏  if  𝛽 > 𝑘0𝑛2  (6.2) 

                                      𝜓 = 𝐴′
3𝐾𝑚(𝑣

𝑟

𝑏
) For 𝑟 ≥ 𝑏     (6.3) 

where Jm are ordinary Bessel functions, Km and Im are modified Bessel functions; β is the 

propagation constant, which is greater than k0ncl for guided modes; u = a(k0
2nco

2 2)1/2, v = 
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b(2  k0
2nout

2)1/2, and v = b(2  k0
2ncl

2)1/2. A’0 is a normalization coefficient which is 

determined by applying the boundary conditions. Under the weekly-guiding approximation, 

continuity of the transverse field components across the two interfaces (between core and 

inner cladding, and between inner and outer cladding) leads to a set of four equations:  

                               𝐴0
′ 𝐽𝑚(𝑢) − 𝐴1

′ 𝐼𝑚(𝑣′𝑐) − 𝐴2
′ 𝐾𝑚(𝑣′𝑐) = 0    (6.4) 

            𝑢𝐴0
′ 𝐽′𝑚(𝑢) − 𝑣′𝑐𝐴1

′ 𝐼′𝑚(𝑣′𝑐) − 𝑣′𝑐𝐴2
′ 𝐾′𝑚(𝑣′𝑐) = 0    (6.5) 

                                   𝐴1
′ 𝐼𝑚(𝑣′) + 𝐴2

′ 𝐾𝑚(𝑣′) − 𝐴3
′ 𝐾𝑚(𝑣) = 0    (6.6) 

                        𝑣′𝐴1
′ 𝐼′𝑚(𝑣′) + 𝑣′𝐴2

′ 𝐾′𝑚(𝑣′) − 𝑣𝐴3
′ 𝐾′𝑚(𝑣) = 0   (6.7) 

where Z’= dZ/dr (Z is Bessel function: 𝐽𝑚, 𝐼𝑚 or 𝐾𝑚) and c = a/b. Equating the determinant 

of 44 coefficient matrix of these equations to zero (to ensure a nontrivial solution) leads to 

the dispersion equation for the guided mode (β > k0ncl) of the doubly-clad fiber as following 

                       
[𝐽𝑚(𝑢)−𝐾̂𝑚(𝑣′𝑐)][𝐾̂𝑚(𝑣)+𝐼𝑚(𝑣′)]

[𝐽𝑚(𝑢)+𝐼𝑚(𝑣′𝑐)][𝐾̂𝑚(𝑣)−𝐾̂𝑚(𝑣′)]
=

[𝐼𝑚+1(𝑣′𝑐)𝐾̂𝑚+1(𝑣′)]

[𝐼𝑚+1(𝑣′)𝐾̂𝑚+1(𝑣′𝑐)]
        (6.8) 

where 𝑍̂𝑚(𝑥) =
𝑍𝑚(𝑥)

𝑥𝑍𝑚+1(𝑥)
 and x is u/vc/v. Replacing the value of 𝑍̂𝑚(𝑥) and substituting m 

= 0 for the fundamental mode (LP01) in equation (6.8), dispersion equation simplifies to 

             
[𝑣′𝑐𝐾1(𝑣′𝑐)𝐽0(𝑢)−𝑢𝐽1(𝑢)𝐾0(𝑣′𝑐)]

[𝑣′𝑐𝐼1(𝑣′𝑐)𝐽0(𝑢)+𝑢𝐽1(𝑢)𝐼0(𝑣′𝑐)]
=

[𝑣′𝐾1(𝑣′)𝐾0(𝑣)−𝑣𝐾1(𝑣)𝐾0(𝑣′)]

[𝑣′𝐼1(𝑣′)𝐾0(𝑣)+𝑣𝐾1(𝑣)𝐼0(𝑣′)]
  (6.9) 

This transcendental (dispersion) equation ((Eq. (6.9)) is solved numerically in MATLAB 

software where the fiber parameters of SMF-28 (a = 4.15μm, nco = 1.460, nclad = 1.4564) are 

used owing to fact that the FBG used in the experiment is written in this standard fiber. While 

solving Eq. (6.9), nout is varied from 1 (corresponding to 0%RH) to 1.456 (clad refractive-

index) at a fixed cladding diameter. Solutions obtained from the above analysis are used to 

simulate the response of FBG towards the surrounding RI variations. Figure 6.1 shows the 

simulated response of FBG (B vs nout) for the optical fiber having cladding radii (b) equal to 

62.5 (corresponding to the unetched fiber), 12, 10, 8, 6.75 and 6μm in the FBG region. 
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Figure 6.1: Bragg wavelength of a FBG existing in a reduced cladding diameter fiber versus 

outer medium refractive-index for different cladding radii. Upper inset shows the 

refractive index variation along a cross section of a double cladding and weekly 

guiding fiber. Lower inset shows effective-refractive-index of the thinned FBG 

versus outer medium refractive-index for cladding radius of 6m. 

 

As can be observed from Fig. 6.1, FBG in a normal (unetched) fiber is insensitive to the 

variations in the surrounding RI (and hence to the surrounding RH). Decreasing the cladding 

diameter in the FBG region increases its sensitivity towards the surrounding refractive-

indices. In the present calculation, highest overall sensitivity towards the surrounding RI is 

witnessed for the fiber having a cladding radius of 6m in the FBG region. Further, this 

sensitivity is observed to be very low for the surrounding RI variations in between 1 to 1.07. 

Sensitivity increases very slowly and linearly afterwards till surrounding RI approaches to 

1.4; and afterwards, sharply and very significantly as surrounding RI approaches to nclad. 

Basically, the sensor response is dictated by neff seen by the fundamental mode against the 
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surrounding RI variations. Hence, neff versus nout is also plotted, as an example, for b = 6μm 

in the inset of Fig. 6.1. If the fundamental mode is confined within the fiber with its 

evanescent tail dying-off sufficiently well below the clad-outer medium interface, the 

effective-index (neff) seen by the mode will have no influence of the surrounding medium 

refractive-indices. This is exactly the case of unetched fiber in weekly-guiding 

approximation. However, when the fiber is sufficiently etched in its cladding region down 

towards the core, average RI in the cladding region gets significantly affected. Lower the 

average RI in the cladding region (as is the case with the lowest value of nout = 1), the tighter 

is the confinement of the fundamental mode to the fiber core; which in turn, leads to a week 

influence of the surrounding RI on the effective-index (neff) seen by the mode. As nout 

increases, average RI also increases. This leads to a lesser confinement of the fundamental 

mode to the fiber core and a greater interaction with the outer medium in the thinned cladding 

region, and that way, a greater influence of nout on neff seen by the mode. Any influence of nout 

on neff gets accordingly imprinted on the reflected Bragg wavelength, B. The observed 

theoretical response of the FBG that exists in an etched fiber region is used to analyze the 

experimental findings in the subsequent section. 

 

6.3 Experimental 

6.3.1 Sensor Design and Construction 

Two FBGs spliced together, each 8 mm long and written onto a germanium doped silica 

single-mode-fiber (SMF-28, 125μm diameter), were used in this study. Bragg wavelength of 

one of the FBG (1) was 1545.0 nm whereas that of the other FBG (2) was 1536.195 nm. In 

order to realize FBG based RH sensor, cladding of the fiber in the FBG region for the first 

FBG (1) was etched to a few micron levels. This cladding reduction was achieved using 
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standard, but appropriately controlled, chemical etching procedure that employed HF 

(Hydrofluoric) acid solution. To do this, an etching chamber was designed with an inner 

dimension of 8 mm. This chamber was initially filled with HF solution at 40%wt. 

concentration. Fiber was fixed inside the etching chamber in such a way that only the length 

of the fiber that carries first FBG could get exposed to the HF solution. Effective etching of 

the fiber requires a suitable control over the etching time, especially when one desires to 

reduce the total fiber diameter to a few microns only. Hence, fiber in the FBG region was 

first exposed to this 40% HF for 48 minutes. Etching was stopped by removing the fiber from 

the etching chamber. Etched region of the fiber was then cleaned with NaOH solution. 

Afterwards, fiber diameter in the etched portion was examined by a field-emission scanning-

electron-microscope (FE-SEM) (Sigma FE-SEM, Carl Zeiss NTS, USA, resolution 2.5 nm). 

A uniform fiber diameter with a reduced value of ~18µm was observed for the etched portion 

of the fiber. To develop the proposed FBG based RH sensor with fiber diameter in the FBG  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Scanning electron microscopic image of the etched FBG region of the optical 

fiber. 
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region reduced to the lowest possible working limit, this etched region of ~18m fiber 

diameter was again fixed in the etching chamber to further expose it to the HF solution. For 

this second phase of final etching, the concentration of HF solution was suitably diluted to 

15% wt. in order to slow down and to have a fine control on the etching processes. Exposure 

of the etched fiber to this 15% wt. HF solution was suitably controlled in order to estimate the 

critical exposure time required for the fiber to get completely etched out. This critical 

exposure time was observed to be 34.5 minutes. Etching of the FBG in this phase was 

stopped a few seconds before the observed critical exposure time by draining the HF solution 

out of the etching chamber and cleaning the etched fiber with NaOH solution. Entire etching 

process was carried out at room temperature (19.8oC). Fiber diameter in the etched region at 

the end of this final etching process was again analyzed with FE-SEM. Figure 6.2 shows the 

FE-SEM image of the fiber in the finally etched FBG region. A uniform fiber diameter with a 

reduced value of ~13.5µm is observed for the etched portion of the fiber. Fiber with a further 

lower cladding diameter could not be achieved. It’s worth mentioning that etching is a 

nonlinear process where etching rate increases extremely sharply within a few seconds just 

before the critical exposure time. One requires an automated system to stop etching process a 

few microseconds before the critical exposure time to achieve lowest possible fiber diameter 

within the working limit. Stopping the etching process a few seconds before the critical 

exposure time, as was the case in the present work, will result in a little higher cladding 

diameter. Finally, the Bragg wavelength of the FBG that exists in this finally etched fiber, 

1
E, is observed to be 1541.311nm.  

 

6.3.2 Sensor characterization 

To investigate sensor characteristics against the applied RH perturbations, a humidity 

chamber of dimension 11cm × 9cm × 7cm was designed using Perspex sheet. Humidity 
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inside the chamber was varied by appropriately mixing the humid and dry airs. Two 

sophisticated flow meters were used to suitably control the flow rate as well as the mixing of 

dry and humid airs. A commercially available RH sensor (capacitive type), interfaced to a 

computer via DAQ card and LABview programming, was fixed to this humidity chamber. 

This commercial RH sensor monitored instantaneous humidity as well as temperature inside 

the chamber. Fiber carrying etched FBG at 1
E

 (RH sensor) and unetched FBG at 2 

(temperature sensor) was carefully fixed inside this in-house developed humidity chamber.  

 

 

 

 

 

 

 

 

 

Figure 6.3:  Schematic diagram of experimental setup for sensor characterization. 

 

Fiber was fixed in such a way that both the gratings remained parallel to each other in the 

same horizontal plane and at the center of the chamber, as depicted in the schematics of the 

experimental setup (Fig. 6.3). While fixing the fiber, special attention was paid in order to 

keep Bragg wavelengths for both the FBGs to their natural values (1
E

 & 2). This ensured 

that the gratings were not strained and preserved their normal length. In this configuration, 

unetched FBG can only respond to the temperature variations, if any, inside the humidity 

chamber. Thus, it acted as the temperature sensor. One end of this fiber was connected to a 

FBG interrogator (Micron Optics, SM130-700, resolution 0.05pm), which was configured 
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with a computer. To carry out the experiment, humidity level was first increased to the 

maximum possible value by injecting humid air into the chamber. Subsequently, RH was 

slowly decreased in suitable steps to the minimum possible value. RH changes in steps were 

imposed only after a proper stabilization of humidity inside the chamber at a particular value, 

that is, after a sufficiently large time gap. Entire experiment was carried out at a fixed room 

temperature of 19.8oC. During the experiment, commercial sensor’s output was monitored as 

a function of time with a resolution of 1s. Simultaneously, responses of both the FBG sensors 

were also monitored through the FBG interrogator in real-time basis. Wavelength response of 

the unetched FBG (acting as temperature sensor) was subtracted from the wavelength 

response of the etched FBG (acting as RH sensor) in order to compensate the effect of 

temperature variations during a particular experiment. It is this temperature insensitive 

response for the etched FBG based RH sensor which was subsequently analyzed. 

 

6.4 Results and Discussion 

Research in the present study is focussed on to capture RH variations in terms of an 

effective-index-modulation, rather than the traditional strain modulation, to realize an FBG 

based RH sensor. To achieve this, length of the fiber in the grating region was etched to the 

lowest possible practical limit under the laboratory constraints. A normal FBG (with full 

clad-diameter) was spliced to this fiber. For proper characterization of the developed sensor, 

fiber carrying both the FBGs was carefully fixed inside a humidity chamber. As mentioned 

earlier, both the FBGs, maintained in the same horizontal plane parallel to each other and at 

the center of the chamber, were exposed to different humid environments by suitably 

controlling the flow rates and properly mixing dry/humid airs. Experiments were carefully 
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and repeatedly carried out for decreasing as well as increasing humidity cycles. Only after the 

stabilization of humidity in the test-chamber, Bragg wavelengths as well as commercial 

 

Figure 6.4: Temperature variation inside the humidity chamber. 

 

sensor’s output were recorded in the time domain. A constant temperature of 19.8 ºC was 

maintained throughout the experimental investigations. This is depicted in Fig. 6.4, which 

shows real-time temperature output from the commercial sensor, as an example, while 

decreasing the humidity. As can be observed from the figure, temperature remained almost 

constant at ~19.8 °C during entire experiment. A similar temperature variation was observed 

while increasing the humidity. Response characteristics of the normal (unetched) FBG was 

analyzed first. A typical response for this FBG is depicted in Fig. 6.5 while decreasing the 

humidity. As can be observed from the figure, FBG existing in a normal fiber (having full 

clad-diameter) does not respond to the applied RH perturbations. This is in accordance to the 

theoretical observation that for the fiber, which carries full diameter of 125µm in the grating 

region, varying RI in the surrounding medium will not affect neff and hence, λB. This 

establishes the fact that, for the present case, normal FBG will act only as a temperature 
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sensor. A maximum peak-to-peak wavelength variation for this FBG is observed to be less 

than 0.8pm. After establishing these facts for normal FBG sensor, response characteristics of 

 

Figure 6.5: Time variation of a commercial humidity sensor and normal (unetched) FBG 

sensor. 

 

etched FBG against applied RH perturbations were analyzed. In order to negate any effect of 

temperature variations in the humidity chamber, unetched FBG’s (temperature sensor) 

response was subtracted from the etched FBG’s (RH sensor) response. This enabled to realize 

a temperature independent all-optical fiber RH sensor. A typical temperature compensated 

response (1
E

 ~ 2) of the developed humidity sensor while decreasing the humidity is shown 

in Fig. 6.6. As can be observed from the figure, the developed etched FBG based RH sensor 

follows the humidity changes very appreciably. Further, wavelength response, 1
E

 ~ 2, of the 

developed sensor decreases as humidity decreases inside the chamber. This can be physically 

understood as following: as the RH inside the chamber decreases, water content in the 

environment (surrounding to the fiber) decreses; and that ways, ambient refractive-index 

across the etched optical fiber decreases. This results in a reduced effective-refractive-index 
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and hence, smaller Bragg wavelength. To have a proper idea about the etched FBG based RH 

sensor’s response, 1
E

 ~ 2 is plotted against %RH for decreasing humidity cycle in Fig. 6.7. 

 

Figure 6.6:  Time variation of a commercial humidity sensor and etched FBG (RH) sensor. 

 

Bragg wavelength shifts and %RH values both were extracted from the stabilized portion of 

their time response characteristics depicted in Fig. 6.6. Theoretical response of the sensor 

against applied RH variations, calculated through Eq. (6.9), is also represented by the 

continuous line in the same figure. In order to obtain the theoretical response of the sensor, 

surrounding refractive-indices for different RH values are required. Its almost impossible to 

obtain these values of surrounding refractive-indices from the literature. Its worth mentioning 

that at room temperature, 100%RH corresponds to 3% water volume in the surrounding air, 

whereas 3%RH corresponds to a water content of 900 ppm. Without any loss of generality, 

one can assign the surrounding RI as 1 for 3%RH. A crude way to obtain the surrounding 

refractive-indices for the other RH values is by using the experimentally observed sensitivity. 

Utilizing the experimental data, the values of the surrounding refractive-indices (calculated 
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for different RH values) are found to range from 1 (assigned to 3%RH) to 1.072 

(corresponding to 94%RH). Thus a total RI variation while varying RH from 3%RH to 

94%RH 

 

Figure 6.7:  Experimentally observed sensor response (1
E

 ~ 2) while decreasing the 

humidity inside the chamber. Theoretical response is depicted by continuous 

line. 

 

is established to be only 0.072. These values of surrounding RI corresponding to different RH 

values were used to calculate the theoretical response of the sensor. As can be observed from 

the figure, etched FBG based RH sensor responds to an applied humidity perturbation as low 

as 3%RH to as high as 94%RH, thus spanning a dynamic range of 3%RH–94%RH. 

Importantly, the sensor characteristics is observed to be throughout linear over this dynamic 

range. A linear sensitivity of 0.082 pm/%RH is observed during this desiccation part of the 

experiment. Further, the average discrepancy is observed to be less than ±0.20pm with 

corresponding RH measurement accuracy of ±2.51%RH. The resolution of the sensor 
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completely depends on the resolution of the interrogating device. The wavelength resolution 

of 0.05 pm of the interrogator results in the RH resolution of 0.61%RH for the sensor. 

Importantly, the experimentally observed response of the proposed sensor is observed to be in 

accordance to the theoretically predicted one. Afterwords, humidity inside the chamber is 

increased in steps similar to the ones used for the desiccation part of the experiment. This 

time, water content in the environment, and that ways, ambient refractive-index across the 

etched optical fiber increases with an increase of RH inside the chamber. This results in an 

increased effective-refractive-index and hence, higher Bragg wavelength. Once again, 

wavelength response, 1
E

 ~ 2, of etched FBG based RH sensor followed step-wise increasing 

humidity changes very appreciably. Extracted Bragg wavelength shifts, 1
E

 ~ 2, (from the  

 

 

Figure 6.8:  Experimentally observed sensor response (1
E

 ~ 2) while increasing the 

humidity inside the chamber. Theoretical response is depicted by continuous 

line. 
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stabilized portion of the corresponding time response characteristics) are depicted against 

%RH values in Fig. 6.8 for this humidification part of the experiment. Once again, the 

theoretical response of the sensor against applied RH variations is also ploted (continuous 

line) in the same figure. As can be observed, sensor response is again linear throughout over 

an identical dynamic range of 3%RH–94%RH. The observed linear sensitivity for this 

reverse cycle of the experiment (humidification) is found to be 0.080 pm/%RH, which is 

almost the same as observed for the desiccation. It’s important to mention that the sensitivity 

should ideally not depend whether the humidity is decreased or increased. Further, average 

discrepancy, corresponding RH measurement accuracy and the RH resolution are observed to 

be less than ±0.21pm,  ±2.69%RH and 0.63%RH respectively, which are also closely 

identical to the ones observed during the desiccation. Importantly, the experimentally 

observed response of the proposed sensor during this humidification cycle is also observed to  

  

 

Figure 6.9:  Observed time response behavior for the etched FBG based sensor against 

cyclic humidity perturbations. 
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be in accordance to the theoretically predicted one. In the next step, dynamic performance of 

the fiber sensor was investigated by exposing the fiber sensor to a repeat and quick RH step 

change between 5%RH to 90%RH. The humidity chamber was first desiccated to 5%RH and 

then quickly humidified to 90%RH by a sudden release of the humid air through a quick 

control of the flow meter. Observed time response for the FBG sensor during quick 

humidification and desiccation cycles is shown in Fig. 6.9. A markedly high signal-to-noise 

ratio is observed with the Bragg wavelength closely identical to the extreme RH values 

during the humidification and desiccation cycles. This establishes a remarkable reversibility 

and reproducability with no hysteresis effects for the sensor. Further, the Bragg wavelength 

almost instantly and smoothly responds to step-wise humidity changes.  An average response 

time for humidification as well as for desiccation is observed to be less than 0.2 second. Upon  

 

Figure 6.10:  Repeatability and reliability test: FBG sensor output on the three different 

days, each at an interval of 7 days for 30%, 40%, and 80.5% RH. 
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comparision, this reveals that the etched FBG based RH sensor is more than ten times faster 

than the commercial sensor. Another equally important and desirable feature of a sensing 

system is its repeatability, which makes the sensor more reliable. To assess the long-term 

repeatability of the sensor, repeatability and reliability tests were performed. For this, 

experiment with the same etched and unetched. FBGs was repeated on 3 different days with 

an interval of one week. Sensor outputs corresponding to the three different humidity values 

(30%, 40%, and 80.5%RH) as an example are shown in Fig. 6.10. As can be observed from 

the figure, sensor output is almost constant over a span of 3 weeks. Compared to day 1, a 

maximum variation in the sensor output at the three different humidity values of 30%, 40%, 

and 80.5%RH is observed to be of the order of 10−4 nm. This depicts a good reliability and 

repeatability of the proposed sensor. Finally, the performance characteristics of the proposed 

FBG based RH sensor is compared with the other FBG based RH sensors reported in the 

literature that are characterized with linear response across the observed dynamic range. 

Table 1 lists, for comparison, some of the most important performance parameters that 

menifest an effective sensing capability of a  

Table 6.1: Comparison of the performance characteristics of the developed sensor.  

Author Sensing element Linear dynamic 

range (%RH) 

Sensitivity Response 

time  

Resolution 

(%RH) 

Accuracy 

(%RH) 

Ave. 

discrepancy 

Kronenber

g et al. 

[111] 

Polyimide coated 

FBG 

10-90 ~3.4pm/%RH - - - - 

Yeo et al. 

[104] 

Polyimide coated 

FBG 

22-97 4.5pm/%RH   60 s 2 4  0.02 nm 

  39 s 

Yeo et al. 

[112] 

Polyimide coated 

FBG 

23-97 5.6pm/%RH   21 s - - - 

  34 s 

Huang et 

al. [113] 

Polymer coated 

FBG 

11-98 0.000266 

V/%RH 
  5 s - - - 

  5 s 

Reported 

Sensor 

Etched FBG 

(etched core dia 

13.5m) 

  3-94 0.082pm/%RH   0.2 s  0.61 2.51  0.20 pm 

0.080pm/%RH   0.2 s  0.63 2.69  0.21 pm 

 

given sensor, e.g., linear dynamic range, sensitivity, response time, resolution, accuracy and 

the maximum discrepancy. In this table “” represents dessication and “” represents 
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humidification. As can be observed from the table, among all the reported data for other FBG 

based RH sensors, widest linear dynamic range, fastest response time for 

humidification/dessication, best RH measurement accuracy and resolution are achieved in the 

present work. On the other hand, sensitivity of the proposed sensor appeared to be the lowest 

among the other sensors tabulated here. This is because of the fact that the RH variations in 

the present work corresponds to the surrounding RI variations that are confined at around 1. 

As already mentioned in the theoretical analysis, sensitivity would be very low if the RH 

variation would lead the surrounding RI variations confined in the range of 1 to 1.07. 

However, if the RH variations are mapped at around the surrounding RI of ~1.4 while 

keeping the fiber diameter in the etched region same (~13.5 μm), theoretically predicted 

sensitivity comes out to be 16pm/%RH, which is much higher than the highest sensitivity 

reported in [112]. Theoretically predicted sensitivity will further increase to 24pm/%RH if 

the fiber diameter is etched down to 12 μm and if the RH variations are mapped once again at 

around the surrounding RI of ~1.4. It is worth mentioning that the RH variations can be easily 

mapped at around the surrounding RI of ~1.4 by coating the etched cladding in the FBG 

region with a thin film of suitable chemical composition, which we are presently working on. 

 

5.5 Conclusion 

An all-optical temperature compensated humidity sensor is developed employing etched and 

unetched FBG. The main objective of the sensor development in the present study is to 

exploit an effective-index modulation induced Bragg wavelength shift to capture RH 

variations for the first time to the best of author’s knowledge rather than the traditional strain 

induced Bragg wavelength shift scheme reported in the literature. To design the sensor, FBG 

structure is suitably modified by reducing fiber diameter in the grating region to a lowest 

possible working limit (~13.5µm). Employing three-layer fiber model, response characteristic 
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of the sensor against ambient environmental parameter that results from RH variations is 

theoretically investigated. Afterwards, sensor is experimentally investigated by exposing it to 

the repeat cycles of increasing and decreasing RH variations over a sufficiently long time 

period. Obtained results are observed to be in agreement with the theoretical analysis. 

Obtained results are observed to be in agreement with the theoretical analysis carried out 

employing three-layer fiber model. Sensor response is observed to be linear over a dynamic 

range as wide as ~3 – 94% RH with a sensitivity of ~ 0.082 pm/%RH. Developed sensor’s 

response is also compared with the reported sensors in the literature. It is observed that a far 

better sensitivity, in comparison to the highest sensitivity reported in the literature, can be 

achieved by suitably mapping the RH induced surrounding RI variations at around ~1.4. A 

relatively better resolution (~ 0.6%RH), accuracy (~ ±2.5%RH) and average discrepancy (~ 

±0.2 pm) is observed during humidification and dessication cycles. Proposed sensor is more 

than ten times faster than the commercial sensor. In addition, sensor response is characterized 

with a very high degree of reversibility and repeatability. 
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Chapter 7 

Conclusion of Thesis 
 

 

A comprehensive experimental study is carried out to develop FBG based all-optical sensors to 

monitor tilt, vibration, strain and relative humidity (RH), which are some of the most important 

parameters in SHM and other engineering/industrial applications. It’s important to mention that 

not only a reasonably good sensitivity is required in such applications; sensor is simultaneously 

desired to have an ability to capture the applied perturbations strategically very effectively and 

without any inherent instability. The objective of the research carried out in the present thesis is 

to develop these sensors with manifold enhanced sensitivity, tunable response characteristics and 

without inherent measurement instabilities. A novel, temperature insensitive, pendulum based 

sensor design strategy employing four FBGs with a feature of inherent tuning capability for its 

sensitivity is characterized. Sensor exhibits a completely reversible linear response over a 

dynamic range of 10o. An excellent sensitivity (~0.0626 nm/o) that can further be nonlinearly 

tuned with a much improved resolution (0.008o), accuracy (±0.36o), maximum discrepancy (less 

than ±0.0231nm) and maximum angular uncertainty (~±0.34o) are established for this sensor. In 

order to capture the applied tilt perturbations strategically more effectively with enhanced 

stability, another novel FBG based tilt sensor, employing a non-pendulum type design strategy is 

realized. Being non-pendulum type, there is no possibility of any inherent friction and the 

limiting effects at mechanical joints. This sensor exhibits a better resolution (better than 0.004°), 

a better accuracy (∼±0.05°) and a lesser maximum discrepancy (∼±0.001nm) during the forward 

as well as the reverse tilts. Sensor response is characterized by a very high degree of reversibility 
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and repeatability over the observed dynamic range. In the next step, a simple design strategy of 

FBG based two axial all-optical vibration sensor, employing a methodology to ensure chirp-free 

mechanism is proposed and experimentally demonstrated. In this design, vibration of sensor 

displaces the seismic mass fixed between two flexural beams, thus inducing a variable strain in 

the two beams. This strain variation results in a Bragg wavelength shift for corresponding FBGs 

attached to the beams. An excellent capability of resolving externally applied signals having 

frequency in 10Hz to 350Hz and the acceleration in 0.65 to 70m/sec2 range is observed. Further, 

if the inherent strain sensitivity of FBG can be enhanced to a very large value, it will improve the 

response of all the FBG based sensors. In order to achieve this, a single FBG sensor with 

corrugated cladding structure over the FBG carrying core is designed and experimentally 

investigated for strain sensitivity enhancement. The corrugated structure across the FBG section 

of the fiber splits a single FBG into multiple & independent FBGs, each suitable for 

independently sensing an applied perturbation. Further, a manifold enhancement of the strain 

sensitivity (over ten times relative enhancement of strain sensitivity) is observed, which is 

impossible to realize with a normal FBG. Finally, in the last part of research, FBG based 

humidity sensor is developed employing a novel mechanism of effective-index modulation with 

an ambition to achieve widest possible dynamic range and optimum sensitivity. To achieve these 

objectives, fiber diameter in the grating region is reduced to a lowest possible working limit (~ a 

few microns) using appropriately controlled chemical etching. A wide linear dynamic range ~3–

94 %RH with good sensitivity of ~0.082 pm/%RH is realized. The response of the developed 

sensor is observed to be completely reversible with an appreciably stable characteristic during 

repeatability tests. 
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Thesis work leads to the possibility of wide range of potential research work to be carried out in 

the future. For example, all the sensors reported here in the thesis are characterized in the 

laboratory environment; however, these sensors are aimed for real-field applications such as in 

SHM. While deploying the sensor in monitoring locations/over the monitored infrastructures, 

fiber sensor should not only be protected from a possible source that may damage it but also, all 

the characteristic features and merits of the sensor should be preserved in such real-field 

monitoring applications. As an example, the reported FBG based RH sensor in the present form 

cannot be used to detect moisture content in concrete structures. This emphasises the need of an 

intelligent packaging of the sensor and then re-characterizing the sensor response in real-filed 

locations. Further, as mentioned for the corrugated FBG based sensor developed in the thesis 

work, a single FBG sensor splits into three independent FBG sensors with enhanced strain 

sensitivity. As a future work, one needs to employ the three sections of this sensor to design a 

sensor that can monitor three different parameters independently without any cross-talk. 

Similarly, in the case of FBG based humidity sensor, owing to the laboratory constraints, we 

could not etch the diameter of the fiber over FBG region below 13.5µm, though, we observed 

that the sensitivity will increase if the diameter is lowered further. In addition, we also observed 

that if the RH variations are mapped around the surrounding RI of ~1.4, sensitivity will increase 

manifold. RH variations can be easily mapped at around this surrounding RI by coating the 

etched fiber in the FBG region with a thin film of suitable chemical composition. This leads to 

the possibility of designing a FBG based RH sensor employing effective-index modulation 

technique with a far better response characteristics. 
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