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Preface 

 

Adulteration refers to mixing other matter of an inferior and 

sometimes harmful quality with a superior one of the same kind. 

Adulteration can be categorized into two separate groups namely, incidental 

and intentional adulteration. Incidental adulteration occurs when foreign 

substances are added due to ignorance, negligence or improper facilities. 

Intentional adulteration, better known as economic adulteration, involves the 

deliberate addition of inferior materials to enhance appearance qualities and 

value for economical gain. Incidental and intentional adulteration of air, food 

and fuel are common in every society and to check the adulteration 

effectively, it is necessary to monitor the quality at the distribution point 

itself. The equipment for this purpose should be inexpensive, portable and 

easy to use while the measurement method should be quick and capable of 

providing test result within a very short time. Fiber optic sensors are an ideal 

choice for quality evaluation due to their well-known characteristics such as 

compactness, high sensitivity, in situ measurements, and immunity to 

external electromagnetic interference. 

Fiber optic sensors of various configurations like intrinsic, extrinsic, 

intensity modulated, grating based, Fabry Perot cavity based etc were 

successfully developed by various authors for quality evaluation of different 

substances. This work aims at the design and fabrication of fiber optic 

sensors for checking the quality of liquid media like alcohol water mixture 

and ethanol blended petrol.  The amount of humidity in ambient air is an 

important parameter to be measured and the development of fiber optic 

sensor for measuring the quality of air is reported.  The thesis is divided into 

six chapters as follows 



Chapter 1 gives a brief introduction to fiber optic sensors. Various 

techniques used for the fabrication of fiber optic sensors, a brief review of 

their applications and latest developments in the field are discussed. 

Chapter 2 is devoted to the design and development of an extrinsic 

fiber optic sensor for determining quality of alcohol water mixtures. The 

fabrication and principle of operation of the etched silica fiber probe is 

explained. The sensor works on the principle of formation of Hydrogen 

bonding network created between alcohol and water molecules in the 

mixture. Different binary mixtures of alcohols like methanol-water, ethanol-

water, 2-propanol-water and tert-butyl alcohol-water mixtures were studied 

and analyzed. The critical alcohol mole fractions obtained using the fiber 

optic probe for methanol, ethanol, 2-propanol and tert-butanol agrees well 

with literature values. Aqueous solutions of alcohols have found widespread 

use in several sectors like beverage industries, personal care products, food 

additives and chemical industries. The designed sensor can be effectively 

used to detect concentration of alcohols in their binary mixture with water. 

Since extrinsic modulation is used, the fiber sensor has its own 

disadvantages and such problems can be improved by using a wavelength 

modulated sensor like long period fiber gratings. The next chapter describes 

the fabrication of long period fiber gratings. 

Chapter 3 discusses the basic theory related to long-period fiber 

gratings and the different mechanisms involved in the formation of thermal 

induced gratings. The fabrication of asymmetric long period fiber gratings 

(LPFG) in SMF 28 using fusion splicer and CO2 laser is then elaborated 

along with the possible mechanisms of grating formation. The refractive 

index and temperature sensitivities of the fabricated LPFG’s is shown in the 

chapter and are compared with that of a standard UV fabricated LPFG. The 

temperature response shown by the arc induced periodically tapered LPFG’s 



indicates that it can be used as temperature insensitive refractive index 

sensor. Moreover for many telecommunications applications spectral 

stability is of prime importance, and an LPFG with temperature insensitive 

attenuation band is an attractive feature. 

Chapter 4 is devoted to the application of fabricated LPFG’s in 

determining the quality of ethanol blended petrol. The basic theory related to 

the refractive index sensitivity of long-period fiber gratings is presented 

along with the response of the fabricated LPFG’s namely UV, electric arc 

and CO2 induced long period fiber gratings towards ambient refractive 

indices. Besides being insensitive to temperature, the arc induced LPFG 

shows better sensitivity among the three LPFG’s in determining purity of 

ethanol blended petrol. The bare LPFG has limitations in sensing different 

parameters and the use of suitable coating materials can further diversify its 

application area. 

Chapter 5 discusses the development of suitable polymer coatings 

for fiber optic hygrometer. The design and fabrication of fiber optic humidity 

sensors using polymers like poly vinyl alcohol and chitosan blended poly 

vinyl alcohol as hygrosensitive coatings are explained. The hygroscopic 

properties of PVA, chitosan and TiO2 are discussed and the preparation 

polymer coatings are explained. Blending of chitosan in PVA helps to 

improve its mechanical strength and the available hydrophilic head groups 

per unit volume. Blending of titanium dioxide too increases hydrophilic 

heads and the humidity sensitivity of TiO2 blended chitosan/PVA coating 

and TiO2 blended pure PVA coating is discussed. 

Finally the general conclusions and future work is presented in 

Chapter 6  
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Chapter I 

Introduction to Fiber Optic Sensors  
 

1.1 Introduction 

 An optical fiber is defined as a flexible optically transparent 

fiber, usually made of glass or plastic, through which light can be transmitted 

by successive internal reflections. The history of light guidance starts with 

the experiment by Daniel Colladon and Jacques Babinet in 1841 [1]. In their 

experiment they demonstrated that a jet of water can guide light waves 

through it. John Tyndall included a demonstration of it in his public lectures 

and also wrote about the property of total internal reflection in an 

introductory book about the nature of light in 1870. During the early half of 

20th century, experiments were carried out using bent glass rod to guide light 

but leakage of optical power was the hurdle. The solution to this problem 

was solved by Brian O’Brien, Haay Hopkins and Narinder Kapany in 1950 

by proposing a lower refractive index coating termed as cladding to the 

waveguide [1]. The serious problem faced during that period was related to 

the absorption of light by glass and the attenuation in glass fibers was around 

1000 dB/Km.  

In 1965 Charles K Kao and George Hockham concluded that the loss 

in optical fibers is merely due to absorption by impurities and the 

fundamental limitation for glass light attenuation is below 20 dB/km, which 

is a key threshold value for optical communications [2]. This conclusion 

opened an intense race to find low-loss materials and suitable fibers for 

reaching such criteria which laid the groundwork for high-speed data 

communication in the Information Age. In 2009 The Royal Swedish 

Academy of Sciences awarded the Nobel Prize in Physics to Charles K Kao 

"for groundbreaking achievements concerning the transmission of light in 

fibers for optical communication"[3]. The fiber loss gradually got reduced 

and in 1970 Corning introduced the 20 dB/Km loss fiber making the optical 

fibers usable for communication purpose. The first generation optical 

communication used 850 nm light with a loss of 22dB/Km which then 

migrated to second generation where 1310 nm was used with 0.5dB/Km loss. 

Now we are in the third generation fiber optic communication where 1550 
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nm wavelength is used with loss in the range of 0.2 dB/Km, which is close to 

the theoretical limit based on Rayleigh scattering in an amorphous glass 

material [4].  Optical fibers provide unmatched transmission bandwidth, but 

light propagates 31% slower in a silica glass fiber than in vacuum. Wide-

bandwidth signal transmission with low latency is emerging as a key 

requirement in a number of applications, including the development of future 

exascale supercomputers, financial algorithmic trading and cloud computing. 

The research today is focused on the development of hollow-core photonic-

bandgap fibers which can significantly reduce fiber latency due to air 

guidance. Recently a fundamentally improved hollow-core photonic-

bandgap fiber that provides a loss of 3.5 dB km−1 with a wide bandwidth of 

160 nm was reported to transmit 37 × 40 Gbit s−1 channels at a 1.54 µs 

km−1 faster speed than a conventional fiber [5].   

The field of fiber optic technologies has undergone tremendous 

growth and advancement and has revolutionized the telecommunications 

industry by providing high performance and reliable telecommunication 

links. The costs of laser diodes and optical fibers have drastically reduced 

along with the evolution of the technology. In parallel with these 

developments, fiber optic sensor [6-10] technology has undergone 

tremendous growth using the technologies associated with the optoelectronic 

and fiber optic communications industry. Over the past decades fiber optic 

sensors for the measurement of strain [11], temperature [12], pressure [13], 

velocity [14,15], magnetic field [16], electric current [17], acoustic signal 

[18] chemical and biological parameters[19-22]etc. have been reported. 

Though fiber optic sensors excel in performance, they face the problem of 

competing with the well-established conventional sensor technologies which 

provide adequate and reliable performance at low cost. However they have 

found excellent applications in harsh environment defined by high 

temperature, high pressure, corrosive/erosive, and strong electromagnetic 

interference, where conventional electronic sensors do not have a chance to 

survive. In some applications the ability to efficiently multiplex fiber sensors 

may be the criterion used to select fiber sensors over other technologies. 

Fiber Optic sensors have inherent advantages such as immunity to 

electromagnetic interference (EMI), lightweight, small size, high sensitivity, 

multiplexing capability and large bandwidth over other technologies. Due to 

these inherent advantages fiber optic sensors have an edge over electronic 
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sensors and various ideas have been proposed and various techniques have 

been developed for various measurands and applications. A vide variety of 

sensors were reported during the past decades for sensing various physical 

and chemical parameters. Though some types of optical fiber sensors have 

been commercialized, only a limited number of techniques and applications 

have been commercially successful.  

This chapter describes the structure and light guiding mechanism of 

optical fibers. The general principle of operation of fiber optic sensors is 

discussed. Various schemes used in fiber optic sensing technology to convert 

the measuring parameter into corresponding variation of optical properties 

are presented along with their merits and demerits. This chapter also presents 

a brief review about fiber optic sensors reported during the past decades in 

the area of quality evaluation. 

1.2. Optical Fiber 

 A typical communication optical fiber is a cylindrical optical 

waveguide as shown in figure 1.1(a), consisting of a number of layers 

namely core, cladding, buffer and jacket. The outer layers, typically made of 

polymer or plastic materials, are the buffer and jacket and are for the purpose 

of reinforcing the mechanical strength. The center layer is made of doped 

glass and is the core of the fiber where most of the light energy is confined. 

The cladding layer is made of fused silica glass and has a refractive index 

(ncl) less than that of the core (nco). Thus light is guided inside the core as a 

result of total internal reflection (TIR) at the core-cladding interface [23,24]. 

 

 
 

 

 

 

Figure 1.1 a) Structure of Optical Fiber b) Ray-optics representation 
of light propagation mechanisms in an ideal step-index optical fiber 
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If a beam of light is incident on the end face of a fiber within the 

angular cone specified by an entrance (or acceptance) angle θ0, the light is 

confined to the core material by virtue of total internal reflection from the 

core-cladding interface [24], as shown in Figure 1.1(b). From elementary 

optics, total internal reflection is only supported in the fiber if the angle that 

the ray makes with the core-cladding interface is greater than the critical 

angle θc. By applying Snell’s law to the air-fiber face boundary, the 

maximum entrance angle θ0
 can be deduced as 

22
0sin clco nnn                                                         (1.1) 

where n is the refractive index of air. 

The value on the left hand side of equation 1.1 is defined as the 

numerical aperture (NA) of the fiber. Since it is related to the maximum 

acceptance angle, numerical aperture defines the light gathering capability of 

the fiber.  

Thus    22
clco nnNA                                                                   (1.2) 

1.2.1 Mechanism of Light Guidance and Fiber Modes 

The basic mechanism by which light is transmitted through an optical 

fiber is total internal reflection (TIR). The simplest approach in analyzing 

light confinement is using geometrical optics. When a light ray incidents on 

the boundary of an optically denser medium (refractive index nco) that 

separates it from a rarer medium (refractive index ncl, nco>ncl) at an angle 

greater than the critical angle (θc) it will be totally internally reflected back to 

the denser medium itself. Thus light coupled to the core gets confined in it 

due to total internal reflection at the core cladding boundary.  

Although it would seem possible for all light rays to propagate along 

the fiber if they are incident at an angle θ1 (π/2-angle of incidence θ) from 

the core-cladding interface, where θ1< θc , this is not the case because the 

phase of the light wave also needs to be considered [24]. The phase that 

results after the wave has undergone two reflections from the core-cladding 

interface must be an integer multiple of the incident phase. If this condition 

is not satisfied, the wave will interfere destructively with itself and ultimately 

cease to propagate, thus restricting the light to certain discrete ray paths 

within the core. The total phase shift consists of two components namely the 
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shift in phase due to the distance traversed by the light wave and the Goos-

Hanchen shift due to reflection from the dielectric (core-cladding) interface 

[23,24].  

The phase change due to the former effect can be formulated from  

Skco                                                                (1.3) 

where kco is the propogation constant in the medium of refractive index nco 

and S is the distance the wave travels in the material. 

Since the free space propagation constant k=kco/nco=2π/λ 

 

 /2 SnkSn coco                                                   (1.4) 

 

The Goos-Hanchen shift arising from a single reflection is calculated using 

the following expression [24] 

 





sin

cos
tan2

22
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clco

HG
n

nn 
 

                                         (1.5) 

 

As shown in figure 1.2, consider two rays, ray1 and ray2, associated with the 

same wave that is incident on the material interface at an angle θ < π/2-

θc.The condition required for wave propagation is that all points on the same 

wave front must be in phase. This means that the phase change occurring for 

ray1 when traveling from point A to point B minus the phase change 

occurring for ray2 while traveling from point C to D must be an integer 

multiple of 2π. If S1 is the distance between A and B and S2 that between C 

and D, then from figure 1.2 

 

S1= d/sinθ                                                     (1.6)  

 

where d is the radius of the fiber 

 

S2= ADcosθ =(AE-AS)cosθ                                        (1.7) 

 

S2=(d tan(90-θ)-dtan θ)cos θ= (cos2θ-sin2 θ) d/sin θ                           (1.8) 
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Also ray1 undergoes two reflections and hence Goose-Hanchen shift 

occurs two times. Hence the requirement for wave propogation can be 

written as 

  mss
n

HG
co 



22

2
21                                               (1.9) 

where m=0,1,2,3,… 

Substituting for S1, S2 and ΔG-H from equations  1.6, 1.8 and 1.5 into 1.9, 

equation can be reduced as 
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                                   (1.10) 

where the integer m denotes a discrete ray at an angle θ that is allowed for 

wave propagation. Thus only waves that have those angles θ which satisfy 

the condition in equation 1.10 will propagate in the waveguide. 

Thus only light rays with discrete angles of incidence are allowed to 

propagate in the core region, each of which is associated with a specific fiber 

mode. An optical field distribution, or mode, corresponding to the minimum 

allowed ray angle (i.e. m=0) is called the fundamental mode, while all other 

guided modes (for which m ≥1) are higher-order modes. The larger the 

inclination angle θ at the core-cladding interface, the higher the order of the 

mode [24].  

Guided modes obey electromagnetic wave theory and typically 

consist of a set of electromagnetic field configurations that form a standing-

Figure 1.2 Light wave propagating along a fiber waveguide 
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wave pattern in a direction transverse to that of the fiber axis. Maxwell’s 

equations in a linear, isotropic dielectric material having no currents and free 

charges are given below. 

0. D                                                                   (1.11) 

0.  B                                                                   (1.12) 

t

B
E




                                                             (1.13) 

t

D
H




                                                               (1.14) 

where ε is the permittivity and μ is the permeability of the medium. The 

electric flux and magnetic flux are given by D=εE and B=μH  

By taking the curl of these equations, the wave equations for the 

electromagnetic fields are obtained as 

2

2
2

t

E
E




                                                             (1.15) 

2

2
2

t

H
H




                                                            (1.16) 

Here 2 is called the scalar Laplacian and the choice of coordinate system is 

critical in solving the wave equation. If a cylindrical coordinate system 

{r,ф,z} with the z axis lying on the axis of the wave guide is defined for a 

cylindrical fiber, then the solutions of the wave equations take the form 

   ztjerEE   ,0                                                         (1.17) 

   ztjerHH   ,0                                                        (1.18) 

which are harmonic in time t and coordinate z. The parameter β is the z 

component of the propagating mode while E and H gives the electric and 

magnetic filed distributions of the mode. 

As discussed using ray theory, the electric field distribution has a 

peak value corresponding to points where two positive wave fronts interfere 

constructively, and a trough is formed for constructive interference between 

negative phase fronts [23]. Destructive interference occurs when positive and 

negative phase fronts cause total field cancellation at a certain point. Thus a 

standing wave is formed in the transverse direction that varies periodically 

along the fiber’s axis.  This standing wave has a period corresponding to the 

wavelength given by [23] 
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2

cos
0 

con
                                                     (1.19) 

Fiber modes traveling in the positive z-direction, composed of light of a 

single angular frequency ω (and wavelengthλ), have a spatial and time 

dependence proportional to ej(ωt-βz) . The fiber optic axial propagation 

constant β– the component of k in the z direction is given by [24] 

 coscokn                                                        (1.20) 

Due to the restriction on the inclination angle θ, the propagation constant β 

also has a discrete set of solutions, and is denoted as an eigenvalue. This 

constant is thus an indication of whether or not the mode propagates in the 

core of the fiber or not. A mode remains guided if [24] 

cocl knkn                                                     (1.21) 

The wave equations in cylindrical coordinates are obtained by substituting 

the general solution in the wave equations. The equations thus obtained are 

0
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                                         (1.23) 

where 22222   kq  

These two equations contain either Ez or Hz. This implies that the 

longitudinal components of E and H are uncoupled and can be chosen 

arbitrarily provided that they satisfy equations 1.22 and 1.23. However, 

coupling of Ez and Hz is required by the boundary conditions of the 

electromagnetic field components. If there is no coupling then mode 

solutions can be obtained in which either Ez or Hz = 0.When Ez = 0 modes 

are called transverse electric or TE modes and when Hz = 0, they are called 

transverse magnetic or TM modes. Hybrid modes exist if both Ez and Hz are 

non zeros and are designated as HE or EH modes depending whether Hz or 

Ez makes a larger contribution to the transverse field. The two lowest order 

modes are designated by HE11 and TE01. 

The wave equations can be solved using the variable separable method. The 

solution of the equation is of the form [24] 

       tFzFFrAFEz 4321                                                 (1.24) 
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Since the wave is sinusoidal in time and propogates along the z direction, 

time and z - dependant factors are given by 

     zwtjetFzF 43                                                    (1.25) 

Because of the circular symmetry of the waveguide, each field component 

must not change when the co-ordinate ф is increased by 2π. Thus we assume 

   jveF 2                                                          (1.26) 

where the constant 'v' is an integer and can be positive or negative. 

Substituting these in wave equation for Ez we will get 

0
1

12
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21
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F

rr

F
                                      (1.27) 

This is a differential equation for Bessel function. An exactly identical 

equation can be derived for Hz as well. Equation 1.27 is solved for the 

regions inside the core and outside the core. For the inside region the 

solutions for the guided modes must remain finite as r→0, whereas outside, 

the solutions must decay to zero as r → ∞.  

Thus for r < a (radius of the fiber), the solutions are Bessel functions of first 

kind of order v. 

     zwtjjv
vz eeurAJarE                                                   (1.28) 

     zwtjjv
vz eeurBJarH                                                   (1.29) 

where 222  coku  and  /2 coco nk   and A and B are arbitrary constants. 

Outside the core, the solutions are given by modified Bessel functions of the 

second kind, Kv(wr), where 222
clkw    and  /2 clcl nk  . The 

expression for Ez and Hz outside the core are given by [24] 

     zwtjjv
vz eewrCKarE                                                    (1.30) 

     zwtjjv
vz eewrDKarH                                                    (1.31) 

where C and D are arbitrary constants. 

From the definition of modified Bessel function, it is seen that Kv(wr)→e-wr  

as wr→∞. The modified Bessel function decays exponentially with respect 

to r. Hence Kv(wr) must go to zero as r→∞. 

The field distributions in the core and cladding regions have the same form 

and the electric field pattern corresponds to a non-uniform wave travelling 

along the z-direction. It is a standing-wave pattern in the fiber core and a 
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decaying field in the cladding region. This decaying field in the cladding is 

called evanescent wave.  

Figure 1.3 shows the field patterns of several of the lower order transverse 

electric (TE) modes in a dielectric slab waveguide, and their evanescent field 

tail in the cladding. The order of a mode is equal to the number of field 

zeroes across the guide.  

 

 
 

 

 

 

Thus along with the guided modes, evanescent radiation modes or leaky 

modes also propagate along the optical fiber. One situation in which these 

modes occur is the case where a cladding mode no longer undergoes total 

internal reflection at the cladding-external boundary as a result of the index 

of refraction of the surrounding medium being greater than that of the 

cladding material. Leaky modes cause continuous power diffusion from the 

core to the cladding but are usually attenuated after propagating for short 

distances only [24], thus they do not diminish the optical power in the 

waveguide as a whole to a great extent. 

Apart from these modes, there exists a continuum of (unguided) radiation 

modes as a result of light waves that no longer adhere to the critical angle 

condition for total internal reflection at the core-cladding boundary. Such 

modes undergo refraction from the core to the cladding, where they are often 

Figure 1.3 Transverse electric (TE) modes in a dielectric slab 
waveguide 
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trapped as a result of the abrupt cladding-ambient interface to form cladding 

modes. Once generated, cladding modes travel alongside the guided core 

modes in the optical fiber. Subsequently, mode coupling occurs because the 

electric field distributions of both types of modes penetrate the material on 

either side of the core-cladding interface. This mainly results in power being 

lost from the guided core modes into the cladding. A lossy coating around 

the cladding serves to attenuate cladding modes, thus limiting the amount of 

optical power leaking out of the core. 

1.2.2 Weakly guiding approximation and Linearly Polarized (LP) 
modes 

The electromagnetic field expressions for the guided modes are rather 

complicated to derive and hence a simpler method for obtaining the fiber 

modes is required. An assumption is made that will simplify analysis to a 

great extent – the weakly guiding fiber approximation [24], first introduced 

by Gloge in 1971 [25]. This approximation technique assumes that the 

difference in refractive index between the core of the fiber and cladding 

material is very small,  typically of the order of one percent (nco-ncl <<1) . 

Technically speaking, the weakly guiding approximation neglects the 

longitudinal components of the electric and magnetic fields , resulting in 

linearly polarised (LP) ‘pseudo-modes’ [24]. This terminology has been 

applied because the waves described by these simplified solutions propagate 

at small angles to the fiber axis and are essentially polarised in a single 

direction, transverse to the fiber axis. In this scheme for the lowest order 

modes, each LP0m mode is derived from an HE1m mode and each LP1m mode 

comes from TE0m, TM0m, and HE0m modes. Thus the fundamental LP01 mode 

corresponds to an HE11 mode. Figure 1.4 shows the electric field amplitude 

profiles for all the guided modes (LPlm) of a fiber with a step index profile. 

The two colors indicate different signs of electric field values. The 

fundamental or lowest-order mode (LP01) has an intensity profile which is 

similar to that of a Gaussian beam. In general, light launched into a 

multimode fiber will excite a superposition of different modes, which can 

have a complicated shape. 
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1.2.3. Single mode fiber and Normalized frequency 

A core mode remains guided as long as β satisfies the condition given 

in equation 1.21. The boundary between truly guided modes and leaky 

modes is defined by the cutoff condition β=nclk. Another parameter 

connected with the cutoff condition is called the normalized frequency or V 

parameter/number defined by [24] 

NA
a

nn
a

V clco






 22 22                                                   (1.32) 

where a is the radius of the fiber core 

This is a dimensionless number that determines how many modes a fiber can 

support. Except for the fundamental or lowest order mode (LP01) each mode 

can exist only for values of V that exceed a certain limiting value. The 

modes are cutoff when β=nclk, and this occurs when V≤2.405. The 

fundamental mode has no cutoff and ceases to exist only when the core 

diameter is zero. This is the principle on which single mode fibers are 

Figure 1.4 Electric field amplitude profiles for the guided modes 
(LPlm) of a step index fiber  
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constructed, which guides only the fundamental mode. As per equation 1.32, 

V parameter can be reduced by reducing numerical aperture (NA) and/or 

radius of the core ‘a’. Single mode fibers are fabricated by letting the core 

diameter to be a few wavelengths (usually 8-12 μm) and by having small 

index differences between the core and the cladding.  

The V number can also be used to calculate the number of modes M in a 

multimode fiber and is given by [24] 

M=V2/2                                                                      (1.33) 

1.3. Fiber Optic Sensors 

 The general structure of an optical fiber sensor system is shown in 

Figure 1.5. It consists of an optical source, optical fiber, sensing or 

modulator element, an optical detector and processing electronics. Optical 

sources used for fiber optic sensing are light emitting diodes (LED) and 

lasers while photodiodes are mainly used as detectors. The sensing area 

converts the measurands into corresponding optical signals and the detected 

variation is processed using instruments like oscilloscope, Optical Spectrum 

Analyzers (OSA), Optical Time Domain Reflectometer (OTDR) etc. 

 

 
 

 

 

In terms of the parameters like sensing location, the operating principle and 

the application, fiber optic sensors can be classified into various groups. 

Based on the sensing location, a fiber optic sensor can be classified as 

extrinsic or intrinsic. In an extrinsic fiber optic sensor [26-28], the fiber 

simply acts as a means of getting the light to the sensing location and then to 

Figure 1.5 Fiber Optic Sensor system 
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the detector. In the sensing zone the properties of light is changed using 

various physical and chemical techniques. Chemical agents like dyes can be 

used to change of the properties of the light in the presence of measurands or 

a physical deformation proportional to the measurands can change the 

coupled light intensity.   

In the case of intrinsic fiber optic sensors, the internal property of optical 

fiber itself converts the environmental changes into a modulated light signal. 

This modulation of light signal can be in the form of intensity, phase, 

frequency or polarization [6-10, 26]. 

Based on the operating principle or the light modulation process, a fiber 

optic sensor can be classified as intensity, phase, frequency, or polarization 

modulated sensor [6-10]. All these parameters can be transformed as 

functions of external perturbations.  The external perturbations can be sensed 

by measuring these parameters and their changes. 

1.3.1 Intensity modulated Fiber Optic Sensors 

 Intensity-based fiber optic sensors rely on generating a loss or gain to 

the transmitted optical power proportional to the measurands. They are made 

by using a transducer to convert the measurand into a factor which causes 

attenuation of the signal. There are a variety of mechanisms like 

microbending loss, attenuation and evanescent fields to produce a change in 

the optical intensity guided by an optical fiber proportional to the 

measurand[6- 10]. These types of fiber optic sensors possess inherent 

advantages like simplicity of implementation, low cost, multiplexing 

capability, and ability to perform as real distributed sensors. There are also 

some limitations like unwanted power variation in the system due to 

connections at joints, splices, micro bending loss, macro bending loss, 

mechanical creep and many other factors. 

Evanescent field is the exponentially decaying field in the lower 

index region of a waveguide and Evanescent wave sensor is the one that 

utilizes the light energy which leaks from the core into the cladding.  They 

are probably the most studied and developed intrinsic sensor subfamily [29-

60]. The sensing region is made by stripping the cladding from a section of 

the fiber. A light source having a wavelength that can be absorbed by the 

measurands is transmitted through the fiber and detected at the other end. 
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The resulting change in light intensity is a measure of the measurand 

concentration [39]. The cladding can also be made sensitive to specific 

organic vapors [35] or the cladding of the optical fiber can be replaced along 

a small section by a sensitive material [30,31,33].  Any change in the optical 

or structural characteristic of the coating material due to the presence of the 

measurands generates a change in the effective index of the optical fiber.  

Generally fibers have a cladding made of silica, which is difficult to 

remove or modify. A remedy is to polish the fiber to eliminate the cladding 

[40-42] or using chemical etching where the optical fiber is soaked in 

hydrofluoric acid solution [31,43,44]. Plastic cladded fibers (PCS) are an 

easy alternative where the cladding can be easily removed either 

mechanically or with non hazardous solvents such as acetone [45-48].  

 
 

 

 

Once the cladding is removed or modified the sensing material has to 

be fixed onto the fiber core surface. To achieve this analyte is dissolved in a 

chemical solution and the fiber is dipped into it several times, known as dip 

coating [49,50]. Another method of coating sensitive material is using sol-gel 

solutions. Since the sol-gel solution is in liquid phase, the sensing material is 

added to it and then the fiber is dipped into the mixture. After drying the 

deposition, an optically uniform porous matrix doped with the analyte fixed 

onto the fiber is achieved [35,43, 51-57]. Langmuir-Blodgett technique is 

another available deposition procedure. The process is based on the 

Figure 1.6 Evanescent wave Fiber Optic Sensor System 
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deposition of layers with hydrophobic and hydrophilic behavior, yielding a 

homogeneous structure formed by bilayers [58,59].  

1.3.2. Wavelength Modulated Fiber Optic Sensors 

 Wavelength modulated sensors use changes in the wavelength of 

light for detection. Fluorescence sensors and fiber grating sensors are 

examples of wavelength-modulated sensors. The most widely used 

wavelength based sensor is the fiber grating sensor and are generally of two 

types namely Fiber Bragg Grating (FBG) and Long Period Fiber Grating 

(LPFG) based sensors. In the case of Bragg gratings (FBG) the change is in 

the reflection and transmission spectrum, while the variation occurs in the 

transmission wavelength in the case of long period fiber a grating (LPFG) 

1.3.2.1. Fluorescence sensors  

These sensors are based on the spontaneous light emission of a 

fluorophore when it is excited with light at a wavelength located in the 

absorption spectral region of such fluorophore. The change in the emission 

of the dye when it interacts with the measurands is used as the sensing 

response. Different schemes have been proposed for fluorescent based fiber 

optic sensors and the most popular schemes are fluorescence intensity 

sensors, fluorescence lifetime sensors and fluorescence phase-modulation 

sensors [61-65].  

1.3.2.2. Fiber Gratings 

Fiber grating was first reported by Hill et al [66] in 1978 at the 

Canadian Communications Research Centre (CRC) and was an outgrowth of 

research investigating in nonlinear properties of germania-doped silica fiber. 

It is a submicron periodical modulation of the refractive index of the fiber 

core coupling light from the forward-propagating mode to a counter 

propagating mode of the optical fiber [67-71] and is known as Fiber Bragg 

Grating (FBG). In the original experiments an intense Argon-ion laser 

(488nm) was launched into a germania-doped fiber and an increase in the 

reflected light intensity was noticed with the advancement of time. This light 

reflection was due to the formation of periodic refractive index modulation 

occurring in the fiber core due to the standing wave pattern formed by the 

laser reflected from the fiber end [68]. The technique of grating fabrication 

by side illumination was demonstrated by Meltz et al. [72] while a more 
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efficient and user-friendly method of grating fabrication using a phase mask 

has been demonstrated [73] in 1993. This enabled the fabrication of FBGs 

with high reproducibility and at a relatively low cost without affecting the 

physical characteristics of the host fiber.  

Fiber gratings quickly transformed to a technology that currently 

plays a significant role in optical communications and sensor systems [74-

80]. Structure of the grating can vary in terms of the refractive index, or the 

grating period and based on these features fiber gratings are divided into 

many namely Fiber Bragg Grating (FBG), Long Period Fiber Grating 

(LPFG), Chirped Fiber Grating, Tilted Fiber Bragg Grating (TFBG), 

Superstructure Bragg gratings (SBG) etc.  

A Fiber Bragg Grating (FBG) has a short period on the scale of the 

optical wavelength (less than 1 μm ) and under phase matching conditions, a 

fiber Bragg grating (FBG) couples the forward propagating core mode to the 

backward propagating core mode (Figure 1.7 a).  FBG’s are now 

commercially available and they have found key applications in many 

domains, such as optical add/drop multiplexers, wavelength-stabilized pump 

lasers, fiber lasers, WDM multiplexers, dispersion compensators, etc. In the 

area of fiber optic sensors FBGs are used as sensing heads for a large range 

of measurands like strain, temperature, vibration, pressure, acceleration, etc. 

The reasons for the impact of fiber Bragg gratings in sensing are multiple, 

and the most important one is the fact that the measurand information is 

encoded in the resonance wavelength of the structure. This brings up the 

properties of immunity to optical power fluctuations, avoids the need of 

recalibration procedures and provides natural identification of a particular 

sensor in a multiplexed sensing array [74-80]. 

If the grating period is much longer than the wavelength of light (100 

μm to 1 mm), then it is called a long-period fiber grating (LPFG)  and it 

can couple the forward propagating core mode to one or a few of the forward 

propagating cladding modes (figure 1.7b). After initials by Vengsarkar et al 

in 1996 [81], LPFGs have increasingly been applied in both 

telecommunications and sensing applications. In the communication field 

LPFGs are being used as band-rejection filters, source-noise suppressors and 

gain-equalising or gain-flattening filters for erbium-doped fiber amplifiers 

(EDFAs) [82-85]. Other communication applications include LPFGs 

employed as comb filters [86], wavelength-selective optical fiber polarizers 
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[87-90], add-drop couplers [91], components in wavelength division 

multiplexing (WDM) systems [92-94], or in all-optical switching [95], and 

for chromatic dispersion compensation [96]. Though long period fiber 

gratings (LPFG) lacks the ability of multiplexing, its high sensitivity to 

refractive index gives them an edge over fiber bragg gratings (FBG) in 

chemical and biochemical applications. 

In a chirped fiber grating (figure 1.7c) the grating period is not 

uniform along the length and is achieved by varying the grating period, the 

average index, or both along the length of the grating. Chirp in gratings may 

take many different forms. The period may vary symmetrically, either 

increasing or decreasing in period around a pitch in the middle of a grating 

[97-98]. The reflection spectrum of a chirped fiber grating is wider compared 

to FBG and each wavelength component is reflected at different positions. 

This causes a delay time difference for different reflected wavelengths. 

Several techniques to impart chirp was reported namely, exposure to UV 

beams of non uniform intensity of the fringe pattern, varying the refractive 

index along the length of a uniform period grating, altering the coupling 

constant of the grating as a function of position, incorporating a chirp in the 

inscribed grating, fabricating gratings in a tapered fiber, applying a non 

uniform strain [99-101] etc. All these gratings have special characteristics, 

which are like signatures and may be recognized as special features of the 

type of grating. Chirped gratings have many applications and have found a 

special place in optics as a dispersion-correcting and compensating device. 

Ultralong, broad-bandwidth chirped gratings of high quality is used for high-

bit-rate transmission in excess of 40 Gb/sec over 100 km [102]. Some of the 

other applications include chirped pulse amplification [103], chirp 

compensation of gain-switched semiconductor lasers [104], sensing [68,105], 

higher-order fiber dispersion compensation [106], ASE suppression [107], 

amplifier gain flattening [108], and band blocking and band-pass filters [109]. 

In standard FBGs, the grading or variation of the refractive index is 

along the length of the fiber (the optical axis) and perpendicular to the 

optical axis. In a tilted FBG (TFBG), the variation of the refractive index is 

at an angle to the optical axis leading to the occurrence of more complex 

mode coupling, as shown in Figure 1.7d. A tilted fiber grating can thus 

couple the forward propagating core mode to the backward propagating core 

mode and a backward propagating cladding mode and the angle of tilt has an 
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effect on the reflected wavelength, and bandwidth. TFBGs have found 

applications in the field of optical fiber communications and fiber sensing 

technology. In optical fiber communication TGBgs are used a gain flattening 

filters for erbium-doped fiber amplifiers (EDFAs) and wavelength division 

multiplexing (WDM) channel monitor. In sensing tilted fiber Bragg grating 

(TFBG) has been implemented as temperature-independent strain sensor 

[110-112], temperature independent external refractive index sensor [113-

114] and bend sensor [115].  

 

 
 

 
 

Figure 1.7 Different types of fiber gratings a) FBG b) LPFG  
c) Chirped Fiber Bragg Grating d) TFBG e) SFBG 
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A sampled fiber Bragg grating (SFBG) or superstructure Bragg 

grating (SBG’s) are structures for which parameters vary periodically along 

the length of the grating on a scale much larger than the wavelength of light. 

They are contra-directional coupling gratings foe which effective refractive 

index amplitude and/or phase is modulated through a long periodic structure 

(figure 1.7e). The special reflection characteristics of SFBGs make them very 

useful and attractive devices for optical communications and fiber sensors 

[116-117]. A sampled fiber grating can reflect several wavelength 

components with equal wavelength spacing. 

1.3.3. Phase Modulated Fiber Optic Sensors 

Phase modulated sensors use changes in the phase of light for 

detection. The measurands modulate the phase of the light wave passing 

through the fiber and this phase modulation is then detected 

interferometrically [6-10,118-127]. Mach-Zehnder and Michelson [118-119], 

Fabry-Perot [120-126], Sagnac [127] and grating interferometers [123, 126] 

are the most commonly used intereferometers. Fiber Fabry-Perot 

interferometric sensor (FFPI) is the commonly used interferometer based 

sensor and is classified into two categories namely Intrinsic Fabry-Perot 

interferometer (IFPI) sensor [121-122] and Extrinsic Fabry-Perot 

interferometer (EFPI) sensor [123-126]. In an EFPI sensor, the Fabry- Perot 

cavity is outside the fiber and Figure 1.8 shows a typical EFPI sensor using a 

capillary tube. Fiber guides the incident light into the Fabry Perot cavity and 

then collects the reflected light. In an IFPI sensor, the mirrors are constructed 

within the fiber. The cavity between two mirrors acts both as sensing 

element and waveguide and in this case, the light never leaves the fiber [121]. 

 
 

 
Figure 1.8 Typical EFPI sensor 
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1.3.4. Polarization Modulated Fiber Optic Sensors 

The direction of the electric field portion of the light field is defined 

as its polarization state and the fiber optic sensors based on detection of 

change in induced phase difference between different polarization directions 

are termed as Polarization Modulated Fiber Optic Sensors. The refractive 

index of a fiber varies when it undergoes stress or strain and the induced 

refractive index change occurs in the direction of applied stress or strain. 

Thus an induced phase difference is created between different polarization 

directions and this phenomenon is called photoelastic effect. Therefore, by 

detecting the change in the output polarization state, the external perturbation 

can be sensed [9].  

1.4 Fiber Optic Sensors in Quality evaluation 

Quality is defined as the standard of something as measured against 

other things of a similar kind or in other words the degree of excellence of 

something. The definition of quality depends on the role of the people 

defining it and on the material on which it is defined. Some people view 

quality as “performance to standards” while some view it as “meeting the 

customer’s needs” or “satisfying the customer.” The difficulty in defining 

quality exists regardless of product, and this is true for both manufacturing 

and quality control organizations. 

The evaluation of quality of a product is thus important in both the 

production side and consumer side. It can be either done manually or 

automatically and both methods have its own merits and demerits. 

Traditionally quality evaluation is done manually and it requires skilled 

operators and the process is time consuming. Moreover, the chances for 

human error are more in this process. On contrary automatic quality 

evaluation is fast, cost effective and accurate.  

Sensors are the vital elements of such automatic quality evaluation 

systems where appropriate sensors with high sensitivity and resolution are a 

necessity and sensors based on various technologies have carved their niches 

in their areas. One of the major application area of fiber optic sensors is in 

monitoring the physical health of structures like buildings, bridges, tunnels, 

dams and heritage structures in real time. Concrete monitoring during setting, 

crack (length, propagation speed) monitoring, pre stressing monitoring, 
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spatial displacement measurement, neutral axis evolution, long-term 

deformation (creep and shrinkage) monitoring, concrete-steel interaction, 

and post-seismic damage evaluation are some of the civil engineering 

parameters measured using fiber optic sensors [128-131]. Twenty-six FBG 

strain sensors have been reported to be monitoring the Horsetail Falls Bridge 

in Oregom successfully for 2 years [132]. The bridge was originally built in 

1914 and in 1998 it was strengthened by placing composite wraps over the 

concrete beams. Bragg grating strain sensors have been employed for 

monitoring the prestressing tendons of the Beddington Trail Bridge, Canada 

[133] and  Tsing Ma Bridge in China [134]. Gebremichael et al. in 2005 have 

reported the use of 40 FBG sensors to remotely monitor the real-time strain 

on Europe’s first all-fiber reinforced composite bridge, The West Mill 

Bridge [135]. In situ monitoring of strain data from the bridge and to analyze 

this data for assessment of its structural integrity, maintenance scheduling 

and validation of design codes are the main objective behind this study. 

Quality measurement of reinforced concrete beams instrumented with FBG 

sensors have been reported in literatures [136-140]. Bragg grating sensors 

have been used successfully to monitor the strain in concrete piles [141-144] 

and are essential since piles carry the weight of the foundation and transmit 

the load of the structure to the subsoil. Another area where quality 

monitoring is essential is the cement curing process which is affected by the 

water to cement ratio, the curing temperature, humidity and type of cement 

used. FBG strain sensors have been used to study early-age cement paste 

shrinkage [145] and the shrinkage and temperature change behavior of 

reactive powder concrete (RPC) in the early age was studied by Wong et al. 

[146]. M. Rajesh et. al [147] did studies on the setting characteristics of 

various grades of cement while plastic optical fibers were successfully used 

for cement setting studies by Andrea et.al [148]. 

Adulteration in food is a major area of concern and a fiber optic 

sensor for determining quality of coconut oil was reported by Sheeba et al 

[149]. An evanescent type fiber optic sensor using a side polished plastic 

clad silica fiber was used in their work. Altering the quality of fuels is 

another major problem faced world wide and fiber optic sensors were 

successfully developed to test the purity of petrol and diesel. [150-153]. 

While Mishra et.al [153] developed long period based sensor for identifying 

kerosene adulteration in petrol, a similar technique was utilized by Falate 
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et.al [151] for Biodiesel Quality Control. Fiber optic sensors supervised by 

artificial neural networks were demonstrated as integrate systems for smart 

sensing in fuel industry by Possetti et.al [152].  

Another important area is contamination of water where authors have 

reported works on pH detection using optical methods [154-160]. Ganesh 

et.al [154] used a membrane made of cellulose acetate for reagent 

immobilization and congo red (pKa 3.7) and neutral red (pKa 7.2) as pH 

indicators while a sol–gel derived film doped with a pH indicator 

bromocresol purple (BCP) was reported by Burke et.al [160]. Long Period 

Fiber Gratings (LPFG) based in-fiber Mach–Zehnder interferometer for 

salinity measurement in a water solution was reported by Possetti et. al [161] 

and Samer et.al [162]. Ethanol concentration detection in alcohol beverages 

is another area where adulteration is common and an optical-fiber sensor 

using the fluorescence induced by a laser-diode-pumped Tm3+:YAG for 

determining water concentrations in ethanol–water and methanol–water 

mixtures was reported by Yokota et.al [163]. A fiber-optic sensor with a 

chitosan/poly(vinyl alcohol) blended membrane as the cladding was 

fabricated to determine ethanol in alcoholic beverages by Kurauchi et. al 

[164] 

Quality of air depends on the concentration of many parameters and 

their measurement in various environments is a necessity. Humidity is one 

such parameter and its precise measurement is inevitable in various industrial 

and domestic environments and various authors have presented fiber optic 

sensors for humidity detection [165-171]. Long Period Fiber Grating based 

humidity sensor with PVA coating was reported by Venugopalan et. al [165-

167] while Liwei Wang et. al [166] and Arregui et. al [169] used hydro gel 

as the sensitive material.   An Optical fiber based humidity sensor using 

cobalt-polyaniline as sensitive cladding material was reported by Anu 

Vijayan et. al [171]. Measurement of ammonia concentration is important in 

industrial environments and Wenqing Cao et. al. [172] have developed an 

optical fiber based sensor system using sol-gel immobilized bromocresol 

purple (BCP). An ammonia sensor using a pH Indicator dye p-nitrophenol 

was reported by Arnold et.al. [173]. Fiber optic gas sensors were reported for 

the detection of Oxygen [174], carbon dioxide [175-177], hydrogen [178] 

and nitrogen dioxide [179-181]. Mahesh et.al.[175] have developed a carbon 

dioxide sensor for fermentation monitoring while Shelly et.al.[181] reported 
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a sensor with nanoporous structure for the selective detection of NO2 in air 

samples. 

Conclusions 

 In this chapter we discussed the basics of optical fiber and 

fiber optic sensor technology. The theory of light guiding in an optical fiber 

was explained along with various types of fiber sensor configurations, their 

advantages and disadvantages. Fiber sensors are being investigated for the 

past forty years and some of the findings related to their applications in 

quality evaluation of civil structures, liquids and air are discussed in this 

chapter. 
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Chapter II 

Fiber optic sensor for determining the quality of 
alcohol-water mixtures 

 

2.1 Introduction 

 Water is an almost universal solvent and aqueous solutions of 

alcohols have found widespread use in several sectors such as beverage 

industries, personal care products, pharmaceutical and chemical industry, 

chromatography solvents to food additives, supercritical water technology 

etc [1]. They have also found use in bio science as solvents assisting protein 

denaturation due to the promotion of the R-helix structure of peptides and 

proteins [1]. Hence in-situ detection and quantification of alcohol with high 

sensitivity and selectivity is a critical factor in many industrial as well as 

biotechnical applications. Moreover accurate measurement of ethanol is 

unavoidable in clinical and forensic analysis in order to analyze human body 

fluids like blood, serum, urine and breath. In order to manage fermentation 

process and thus to control the quality of products, detection of ethanol is 

important in food [2,3] and beverage industries [4,5]. 

This wide application range is due to the fact that a lot of physical 

and chemical properties of alcohol-water mixtures exhibit nonlinear 

dependence on solvent composition and shows peaks at certain critical 

concentrations depending on the nature of alcohol [6-9]. With increasing 

chain length, the solubility of alcohols in water decreases and among 

monohydroxyl alcohols that are miscible with water in any proportion, tert-

butyl alcohol (TBA) possesses the biggest alkyl group. The TBA-water 

mixture is characterized by anomalies like a sharp minimum of the Excess 

molal volume and a maximum of the molal heat capacity at TBA molar 

fraction 0.04 [10]. Sato et al. have shown in a series of publications that the 

thermodynamics of mixing of short alcohols such as ethanol [11], methanol 

[12], 1-propanol [13] and 2-propanol [14] with water are complex functions 

of the liquid composition. 

While much is known about the macroscopic chemical behavior of 

these solutions, the solvation structure is poorly understood for many 
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aqueous alcohols. Since alcohol molecules possess alkyl and hydroxyl 

groups, the way of dissolution in water is highly complicated due to the 

hydrophilic and hydrophobic interactions of alcohol and water molecules in 

solution, which in turn cause the anomalies [15]. Binary mixtures of alcohol 

and water were studied extensively using various techniques like X-ray 

absorption and X-ray emission(XA and XE) [16], ultrafast spectroscopy [17], 

Infrared (IR) absorption spectroscopy [18], neutron diffraction[19,20,21], 

Small-angle X-ray Scattering (SAXS) [22,23], light scattering [24-26], 

microwave analysis [27], time resolved spectroscopy [28], computer 

simulations[29-34] etc., in the light of hydrogen-bond network, aggregation, 

hydrophobic interaction, ‘clathrate’ formation, and ‘hydrophobic hydration’  

for several years to correlate solution structure with the observed anomalies. 

Even after being investigated for decades, the structure and topology of the 

hydrogen-bonded network in aqueous solutions of alcohols is an area where 

open questions still remain  and the conclusions drawn from experimental 

studies are conflicting [16,19]. The observed anomalies with alcohol-water 

mixtures were first attributed to the ice-like or clathrate-like structures 

created in surrounding water due to the hydrophobic head groups present in 

alcohol [21,25,26,35-38]. The results shown by neutron diffraction 

experiments [19] and x-ray emission spectroscopy [16] clearly challenge the 

“iceberg” model and suggest that rather than being enhanced or depleted, the 

structure of water in the mixture is close to that of the pure liquid. However, 

there are obvious inconsistencies between these experimental studies. The 

small fraction (~0.13) of water molecules predicted by Dixit et al. [19] to 

exist singly with no hydrogen-bonds to other water molecules is suggested to 

be incompatible with the simulated XE spectra of Guo et al.[16]. According 

to theoretical studies based on the RISM (Reference Interaction Site Model) 

approach, alcohol molecule resides in the cavity of the H-bonding network 

created by the surrounding water molecules which, in turn, lowers the 

compressibility of the medium [34]. However, with further addition of 

alcohol, the tetrahedral network structure gradually converts to the zigzag 

chain structure of alcohol increasing the compressibility of the water–alcohol 

mixtures [34]. Recently Naiping et.al. have reported the influence of 

structure formation with ethanol and water on the taste or brand preference 

of the otherwise colorless and tasteless water-ethanol solution called vodka 

[39]. 
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Thus understanding the structure of molecules in alcohol-water 

solutions and the evaluation of alcohol concentration in alcohol-water 

mixture is currently a considerable challenge. During the last decades many 

analytical methods have been developed for the measurement of ethanol and 

other alcohols [40,41] and can be classified into three major categories 

namely chromatographic[42-44], resistive[45-60], capacitive [61] and 

optical[62,63]. Among these techniques, the chromatographic method is the 

most accurate and sensitive with a lower limit of ethanol detection on the 

order of 0.005% v/v reported by Zimbo et.al. [44]. Drawbacks of this method 

include high cost, as well as the necessity for sample  pretreatment and long 

operation times. Somewhat less precise but more rapid measurements are 

achieved by the use of resistive methods where enzymes [46- 49], metal 

oxides [50-53] nanoparticles [54-59] and polymers [60] are used as sensing 

materials. Enzyme based ethanol concentration detection is based on either 

of two enzymes, alcohol oxidase or alcohol dehydrogenase, by monitoring 

O2 consumption or H2O2 formation [46-48]. The specificity of the enzyme 

binding sites provides highly selective and accurate sensors. The 

disadvantage of the sensors lies in their instability due to protein denaturing 

when exposed to high temperature, pressure, or pH extremes. Regarding 

nanoparticle based detection, Hsueh et.al. reported a highly sensitive ethanol 

vapor sensor based on ZnO nanowire [54]. A zinc oxide based ceramic semi-

conductor ethanol gas sensor was reported by Bhooloka Rao [55] while Tan 

et.al. [56,58,59] presented different sensors based on nano-sized α -Fe2O3 

with SnO2, ZrO2, TiO2 solid solutions. A polymer based sensor was designed 

by Lee et.al [60] while Dubas et.al [64] developed an absorbance based 

ethanol sensor using dye–Chitosan polyelectrolyte multilayers. 

Among various sensing techniques, the simplest approach in the 

determination of alcohols is an optical sensor based method. Optical sensors 

generally have the advantages of low-cost manufacturability, safety, and 

miniaturization and are intended for use in real-time, in situ monitoring. 

Several authors have reported optical ethanol sensors based on fluorescence 

[65-72], Raman spectroscopy [73], Fabry Perot cavity [74] and optical fibers 

[75-80].  

Due to their inherent advantages, fiber optic sensors are an ideal choice and 

have been implemented for the detection of ethanol [81-83]. Passive 
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nonselective fiber-optic sensors based on determination of refractive index 

changes as a function of the alcohol content using surface plasmon resonance 

[84] have been reported by Matsubara et. al. Recently fiber optic sensors 

incorporating an active sensitive terminal have been developed for 

monitoring lower alcohols in gas or liquid mixtures. An optical fiber long-

period grating with solgel derived SnO2 coating was successfully 

implemented by Gu et.al. [85,86] while Penza et.al. [87,88] have reported the 

sensitivity of Langmuir–Blodgett (LB) films with single-walled carbon 

nanotubes (SWCNTs) for ethanol vapour detection. 

This chapter describes the fabrication of an extrinsic fiber optic 

sensor probe by using etched plastic clad silica (PCS) fiber. Also we discuss 

the theory and principle of operation of the designed fiber optic probe and 

the successful utilization of the probe for quantifying alcohol concentration 

in their binary mixtures with water. The designed sensor works on the 

principle of hydrophilic adhesion of molecules on to the silica fiber and can 

be effectively utilized for determining the concentration of ethanol, methanol 

and 2-propanol in their binary mixtures with water.  

2.2 Fabrication of fiber probe 

The designed sensor probe consists of two fibers, one of which 

transmits light into the medium to be investigated and the second fiber 

directs the modulated light back into the photo detector. We have used 

plastic clad, step index silica fiber with a core diameter of 400 µm (Newport 

F-MBC, 0.37 NA) having a length of 50 cm for the probe preparation. After 

removing the sheath from the tip of both the fibers (around 1mm), the tip is 

dipped in acetone for removing the cladding. The prepared tip of each of the 

fiber is then dipped in hydro fluoric acid (48%) for about 30 minutes for 

etching. Etching produces a tapered region with a core of reduced diameter 

and both the fibers are then aligned parallel and glued together at one end as 

shown in figure 2.1 to form the sensor probe. 
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2.3 Theory 

The principle underlying the working of the sensor probe is explained 

by Kumar et.al [89]. Consider the fiber structure shown in figure 2.2. Light 

from a multimode fiber of core diameter d, is coupled into the decladded 

fiber region of smaller diameter de through an intermediate taper which is 

also decladded. The core refractive indices of all these three regions are same 

(ni) 

Figure 2.1 Structure of fiber probe 
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When light propagates from a fiber of diameter d to a region of diameter 

de through a tapered region, the fraction of optical power coupled is given by 

Kumar et al. [89] as  

 

                                                                                                            

(2.1) 

 

                                            

where P0 is the input power, ni is the core refractive index, ncl the cladding 

refractive index and nl the refractive index of the medium surrounding the 

taper and R=d/ de. From (1) it is clear that the coupled power P decreases 

with the increase in nl
2. Thus power lost to the surrounding medium through 

the tapered region P0-P is proportional to the refractive index of the 

surrounding medium, nl.  

2.4 Simulation studies 

 In order to study the working of the sensor probe a planar structure 

with parameters similar to that of the fiber is simulated using BeamPROP 

software package of RSoft. 

Figure 2.2 Fiber structure 
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A structure as shown in figure 2.3 is simulated where there is a core 

at the center having a width of 400 μm and refractive index 1.45. Laterally, 

the core extends to cladding of thickness 10 μm on either side with a 

refractive index of 1.4. Then on either side there is a layer analogous to 

sheath with a thickness of 105 μm making the total lateral width 630 μm. 

Axially, the core extends to a tapered region without the cladding and sheath 

layer. Then there is a layer corresponding to etched layer having width less 

than 400 μm . Two such structures are aligned exactly parallel like the fiber 

probe. Light of wavelength 532nm is coupled to one of the fibers and light 

propagation was simulated using the software.   The field patterns thus 

Figure 2.3 Structure of the fiber probe for simulation 
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obtained for structures with different parameters are shown in figure 2.4a, 

2.4b, 2.4c, 2.4d, 2.4e, 2.4f, 2.4g, 2.4h, 2.4i  and 2.4j. The simulation result of 

an un-etched fiber  

 

 
 

 

 

 

probe is presented in figure 2.4a, where there is neither tapered region nor 

diameter reduction. In this case the unaltered fiber core of the two fibers 

extends out without cladding. From the simulation result it is obvious that 

the coupled light pass through the fiber and field coupling between the two 

fibers does not exist. Figure 2.4b shows the results where the fibers are 

reduced to a diameter of 200 μm but without a tapered region. In this case 

also there is no evidence for field coupling.  

Figure 2.4 a) Fibers (400μm dia) b) Fibers (400μm dia)  
etched to 200μm dia tip 
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Figure 2.4 Fibers etched to 200μm dia with c) 60 μm taper  
d) 100 μm taper 

 

Figure 2.4 Fibers etched to 200μm dia with e) 160 μm taper  
f) 200 μm taper 
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Figure 2.4 Fibers etched to 200μm dia with g) 260 μm taper 
h) 300 μm taper 

 

Figure 2.4 i)Fiber etched to 100μm dia with 200 μm taper j) Fiber etched 
to 300μm dia with 300 μm taper 
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Figures 2.4c, 2.4d, 2.4e, 2.4f, 2.4g and 2.4h shows the results for probes with 

tapered regions of different lengths and a narrowed core of width 200 μm. 

The height of the tapered region is 60 μm in the case of figure 2.4c while it is 

100 μm , 160 μm , 200 μm , 260 μm and 300 μm respectively for figures 

2.4d, 2.4e, 2.4f, 2.4g and 2.4h. Figure 2.4i shows the result for the probe 

where the tapered region has a height of 200 μm and the etched core has a 

width of 100 μm. From the graphs it is evident that there exists field 

coupling from the input fiber to the other and its strength varies with the 

dimension of the tapered region. 

2.5 Experimental 

The experimental setup used for the study is presented in figure 

2.5.The emission from a 20mW diode pumped solid state laser source 

(λ=532 nm) is launched into one of the fiber arms of the sensor. The 

modulated optical signal is collected by the second arm, which is coupled to 

the detector head (Newport 818-SL) of a power meter (Newport 1815-C). To 

move the fiber probe in and out of liquid, the liquid carrying beaker is kept 

on a translation stage which can be moved with a resolution of 10μm. 
 

 
 

 Figure 2.5 Schematic diagram of the experimental setup 



Fiber optic sensor for determining the quality of alcohol-water mixtures 

 

47 
 

 
 

 

 

2.6 Results and Discussions 

We used pure water as the test medium to investigate the response of 

the fiber probe to liquid medium. Water was taken in the beaker and the 

probe was immersed in and then pulled out from water using the translation 

stage. The output power is plotted as a function of the liquid level 

displacement from the tip of the fiber probe and is shown in figure 2.7. The 

curve ABCD is the response obtained while moving the probe into water 

from air and DEFG represents the response obtained for the probe 

displacement in the opposite direction. The point ‘A’ represents the output 

power when the probe was in air while ‘B’ indicates the point where the tip 

touched water surface. The point ‘C’ represents the intersection point of 

water surface and the tapered region. When the fiber probe is in air, a part of 

light intensity leaks through the etched region of the input fiber and gets 

coupled into the output fiber as shown in the simulation results. The coupled 

light then reflects back from the tip of the second fiber and is collected back 

Figure 2.6 Photograph of the experimental setup for sensing 



Fiber optic sensor for determining the quality of alcohol-water mixtures 

 

48 
 

at the receiver. This power remains constant, and can be termed as the 

reference value. The detector output reduces from the reference value when 

the probe is immersed in water. A sharp increase in output is obtained when 

the probe tip is pulled out of water surface as shown by the curve FG in 

figure 2.7. The marking ‘F’ corresponds to the point where the probe tip is 

just out of water surface. The marking ‘B’ corresponds to the point at which 

the probe tip touch water surface while moving in and ‘F’ the point at which 

the tip leaves the water surface while moving out. A separation of around 

750μm is observed between ‘B’ and ‘F’ and this is due to the surface tension 

effect of water. 
 

 
 

 

 

To explain this phenomenon of sharp increase in output, another 

experiment was conducted. Light was allowed to pass through a silica fiber 

which has a decladded region and the output was recorded. Then a medium 

of higher refractive index was added around the decladded region and the 

varying intensity as a function of time was recorded. The experiment was 

Figure 2.7 Response of the probe when dipped and pulled out of water 
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done with liquids like ethanol (RI 1.36), 2-propanol (RI 1.375) and water (RI 

1.33). Another medium with a higher refractive index was made by mixing 

ethyleneglycol and water having a measures refractive index 1.43. The 

experiment was repeated for this liquid too. The result thus obtained is 

shown in figure 2.8. From the basic theories of decladded optical fiber, it is 

clear that the output should decrease when a medium with refractive index 

higher than 1 is added around the decladded region. From the result it is 

observed that for water the output increases while for all other liquids it 

decreases. Silica is hydrophilic in nature and hence water molecules adsorb 

on to the fiber [90]. This enhances back reflection of light into the core at the 

core medium interface and hence causes the increase in output. Adsorption 

does not happen in the case of alcohols and the medium with refractive index 

1.43. An entirely opposite response was obtained when the silica fiber was 

replaced with a polymer optical fiber and the result is shown in figure 2.9. In 

this case the output power reduced when water was the ambient medium 

while it increased when ethanol was introduced.   

 

 
 

 

Figure 2.8 Response of decladded PCS fiber towards various 
ambient liquids 
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As per equation 2.1, the optical power leaking through the tapered 

region is proportional to the refractive index around the tapered region. From 

the simulation studies as well it is clear that the input light leaks through the 

tapered region and couples to the second fiber. A fraction of light reflects 

back from the tip of the second fiber and is collected back at the detector and 

this represents the intensity at the point ‘A’ in figure 2.7. When the tip 

touches water surface back reflection reduces due to absorption by water. 

This causes the reduction in output at the point ‘B’. As the tapered region 

intersects with water, though more power leaks out, the increase in 

absorption cause the further reduction of output power at point ‘C’.  Since 

silica is hydrophilic water molecules adsorb on to it and once the fiber comes 

out of water they act as scattering centers. This increases the field coupling 

and causes the drastic increase in output marked by FG in the response curve. 

As time progresses the output intensity drops to reference value due 

to evaporation of the adsorbed molecules and is shown in figure 2.10. This 

response of the probe can be utilized as a liquid level sensor. 

 

Figure 2.9 Response of decladded polymer fiber towards various 
ambient liquids 
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To further verify these conclusions, the experiment was repeated 

using ethanol water mixtures. Ethanol was mixed with de ionized water at 

various volumetric ratios using ultrasonicator to prepare the test solutions at 

required concentrations. Efforts were taken to conduct experiments at 

constant temperature of 250C. The beaker filled with the test solution was 

kept on the translational stage (figure 2.5) and after immersing in it, the 

probe was pulled out. The initial intensity maximum and the time taken by 

the intensity to drop to the reference value were recorded for each ethanol 

concentration. The evaporation rate of ethanol is higher than that of water 

and it is obvious that in this mixture with water the evaporation rate increase 

with the increase in ethanol concentration. The time taken by the response to 

reach reference as a function of ethanol volumetric concentration is given in 

figure 2.11. From the response given in figure 2.11, it is evident that the 

output drops to reference value at a faster rate when the ethanol 

Figure 2.10 Detector output decreasing with time 



Fiber optic sensor for determining the quality of alcohol-water mixtures 

 

52 
 

concentration is higher. As the ethanol concentration in the solution became 

high (more than 80%) the sudden rise in the intensity was not observed. This 

proves the assumption of molecular adsorption on to the fiber. These 

adsorbed molecules cause the sudden increase in output and eventually on 

evaporation the output drops to reference value. Since ethanol does not have 

hydrophilic head groups adsorption does not occur. 
 

 
 

 

 

Another interesting observation from the experiment with ethanol 

water solution is that the initial intensity maximum varies with ethanol 

concentration. The plot in figure 2.12 gives the output intensity as a function 

of ethanol concentration where the X axis gives the volumetric percentage of 

ethanol in the solution and Y axis gives the ratio of the maximum output to 

that of the reference value. Even though the maximum output and the ratio of 

maximum output to the reference value gives the same trend, the method of 

taking the ratio helps in reducing noise due to the ambient light. We repeated 

Figure 2.11 Time required for the intensity to drop to reference 
value 
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the experiment several times by varying the input power, wavelength of the 

laser etc but the curve peaks around 60% V/V concentration and when 

converted to mole fraction of ethanol it is around 0.3.  
The experiment was repeated with aqueous mixtures of methanol and 

2-propanol and the results obtained are shown in figure 2.13 and figure 2.14 

respectively.  

 

 
 

 

From the results obtained using the probe for ethanol, methanol and 

2-propanol it is obvious that the probe can be used as a sensor for 

determining the volumetric concentration of alcohol-water binary mixture. In 

the case of ethanol it is evident from figure 2.12 that the response is almost 

linear in the ethanol volumetric concentration range 0% to 60% and 60% to 

90%. In the case of methanol the response is linear (figure 2.13) in the 

volumetric concentration range 50% to100% while for 2-propanol (figure 

2.14) the linear range for volumetric concentration is in between 0% to 40% 

and 40% to 100%. 

 

Figure 2.12 Sensor output as a function of ethanol concentration 
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Figure 2.13 Sensor output as a function of methanol concentration 

Figure 2.14 Sensor output as a function of 2-propanol 
concentration 
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The results reveal that the phenomenon is related to molecular level 

and hence rather than volumetric ratio mole fraction gives a better insight. In 

order to compare the results the sensor parameter was normalized and plotted 

as a function of alcohol mole fraction. The results thus obtained for methanol, 

ethanol and 2-propanol are shown in figure 2.15 while that for tert-butanol is 

shown in figure 2.16. The plots give the variation of the sensor parameter as 

a function of alcohol mole fraction. The X axis gives the mole fraction of 

alcohol in the solution while the Y axis gives the normalized ratio of the 

initial maximum output (detector output just after pulling out the probe from 

liquid) to that of the reference value (detector output just before immersing 

the probe into the liquid). 
 

 

 
 

 

 
Figure 2.15 Normalized sensor parameter as a function of alcohol 

mole fraction. 
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It is evident from figure 2.15 that methanol and ethanol shows 

maximum output intensity at the alcohol mole fraction of 0.3 and 2-propanol 

at 0.15. Tert-butanol shows a different type of response in which the output 

intensity starts to decrease at the mole fraction of 0.05 and shows a dip at 

0.1(figure 2.16). These critical mole fractions obtained using the fiber probe 

is similar to the values available in the literature and hence the response can 

be explained only in terms of cluster formation in the alcohol water mixture. 

Butanol and higher alcohols are more hydrophobic in nature and the alcohol 

molecules take part directly in the micellization process and become unique 

components of the micelle aggregate whereas the less hydrophobic alcohols, 

methanol to propanol, are mainly soluble in aqueous solution [91].  

In its pure form water molecules form cluster of around 30 molecules 

and on addition of alcohol molecules these clusters start to break due to 

hydrophobic interaction between water and alcohol molecules [91]. In the 

case of methanol, ethanol and 2-propanol, the large structure of water break 

down completely at the critical concentration causing a drastic reduction in 

the cluster size of water. This reduction in size of the water cluster eventually 

Figure 2.16 Sensor parameter as a function of tert-butanol mole 
fraction. 
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reduces scattering which in turn causes a decrease in light coupling.  Further 

addition of alcohol reduces the hydrophilic head groups per unit volume and 

hence the output power reduces continuously. 

In the case of tert-butanol, the decrease in intensity after first critical 

point at 0.05 can be attributed to the breakdown of water structure. Unlike in 

the case of other alcohols, micellization occurs in tert-butanol-water mixtures.  

The tert-btanol molecules encapsulate water molecules and this causes a 

drought in hydrophilic head groups in the solution. This can be the cause of 

the sharp dip at mole fraction of 0.1.  

Conclusions 

In this chapter we discussed the design and fabrication of an intensity 

modulated extrinsic optical fiber sensor probe. The probe was fabricated by 

chemically etching a plastic clad silica fiber using hydro fluoric acid. The 

theory of working was explained and the simulation results using RSoft was 

presented. The effective use of the probe as a water level detector was 

explained. The probe was used for the measurement of critical concentration 

of binary mixtures of alcohol and water. The critical mole fractions obtained 

using the robust and inexpensive probe are 0.3 for methanol and ethanol, 

0.15 for 2-propanol and 0.05 and 0.1 for tert-butanol, which agrees well with 

the values found using methods like neutron diffraction studies and 

microwave analysis. The results also give an evidence for micellization in 

tert-butanol water mixtures. The probe can be effectively used for quality 

evaluation of alcohol-water mixtures which has applications in food and 

beverage industries. 
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Chapter III 

Fabrication of asymmetric LPFGs using electrical arc 
and CO2 laser 

 

3.1 Introduction 

A long period fiber grating (LPFG) is a periodic modulation of the 

optical characteristics of an optical fiber, obtained by either inducing a 

physical deformation in the fiber material or by modifying the refractive 

index of the core of the fiber [1,2], where the period is greater than 100 μm. 

Long Period Fiber Gratings or LPFG’s are classically realized by exposing 

the photo sensitive optical fiber to ultra-violet light (either through an 

amplitude mask or by using point by point technique) [2]. But with the 

advancement of technology over two decades since the first report[1], 

LPFGs have been virtually written in all kind of fibers, namely, in standard 

singlemode telecommunications fibers [1], in two-mode (or few-mode) 

fibers [3,4], polarization maintaining fibers [5],  D-fibers [6], non-

photosensitive fibers [7,8,9] and  multimode fibers [10]. LPFGs were also 

fabricated in specially designed fibers like dispersion shifted [1], dispersion 

compensating [11], depressed inner cladding [12], dual core [13], twin core 

[14] and progressive three layered [15] with specific properties for optical 

communications and sensing. Abramov et.al. [16] reported LPFG in hybrid 

fibers containing silica and polymers [] while LPFG in a metal coated fiber 

was reported by Costantini et.al. [17].  LPFG were also fabricated in 

microstructured polymer fiber [18] and in photonic crystal fibers [19-22]. 

Regarding writing techniques, Vengsarkar et.al [1] exposed hydrogen 

loaded germanosilicate fibers to a 248 nm KrF laser through an amplitude 

mask made of chrome-plated silica. Ultra violet radiation from a frequency-

doubled argon-ion continuous-wave laser (λ=244 nm) was used by Vikram 

Bhatia et.al [23] for fabricating the LPFG. Gratings inscription was also 

achieved through the radiation delivered by CW Ar ion laser [24-26]. 

Nanosecond pulses from an ArF excimer laser (193 nm) was used to inscribe 

gratings in a hydrogen loaded boron co doped germanosilicate fiber using 

point by point technique [27,28] . Frequency quadrupled  Nd:YAG laser 

(266 nm) was used by several authors [29-31] of which Shu et.al. [30] 



Fabrication of asymmetric LPFGs using electrical arc and CO2 laser 

 

65 
 

employed amplitude mask on non hydrogenated B–Ge codoped fiber while 

Visneck Costa et.al.[31] adopted point-by-point technique on hydrogen-

loaded photosensitive fibers. Gratings were written in hydrogenated 

photosensitive fiber with the tripled output of high repetition-rate diode 

pumped Q-switched Nd:YAG laser (355nm) by Blows et.al.[32]. 

Femtosecond laser radiation at several wavelengths like  211 nm [33], 264 

nm [34] 352 nm [35,36] and 400 nm [37,38] were also used for inscribing 

long  period fiber gratings. Broadband UV sources were also used for 

fabrication of LPFGs in hydrogenated photo sensitive fibers [39-41]. Though 

different laser intensities and wavelengths were used, in all cases gratings 

were written in photosensitive fibers and/or in hydrogenated ones.  

Although the UV-based fabrication method is a well-established 

technology, it has problems. It requires complex and time-consuming 

processes, including hydrogen loading, UV writing, and annealing. 

Furthermore, UV-induced gratings decay and, in general, cannot stand high 

temperatures. Moreover it requires photosensitive fibers and the lasers used 

for fabrication are costly.  

There are, however, several alternative techniques for grating 

fabrication that does not require the fiber to be photosensitive. Such methods 

include physical deformation of the fiber [42], core-index variation produced 

by thermal effects using 800 nm femtosecond laser radiation [43], 10.6 μm 

CO2 lasers [44-53] or electric arcs [7-9,54-64], periodic corrugation of the 

silica cladding of fiber through chemical etching [65-67] etc. LPFGs were 

reported to be written in hydrogenated Corning SMF-28 fiber using 

nanosecond pulses from a 157 nm F2 laser [68,69]. Among other techniques, 

LPFGs were fabricated by heating a heavily twisted standard fiber at high 

temperatures [52,70]. Gratings can also be produced by exposure of a fiber, 

through an amplitude mask, to a beam of He ions [71]. This method requires 

that the fiber cladding be reduced to ~53 μm by etching. Later, the etching 

process was overcome by exposure of the fiber to a focused beam of protons, 

which have a longer stopping distance [72]. It is known that gamma radiation 

can lead to considerable changes in the refractive index of optical fibers [73] 

and, therefore, it may be an alternative to produce long-period gratings. 

LPFGs produced through exposure to CO2 laser radiation and to arc 

discharges share most of their properties and have been catching an 

increasing attention from the fiber gratings community. Comparatively, the 
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major disadvantage of the electric arc technique is the limitation in the 

minimum period that can be written due to the dimensions of the arc [74]. 

On the other hand, it is simpler, harmless and one of the most cost effective 

techniques. 

3.2 Mechanism of LPFG formation 

3.2.1 UV LPFG 

The basis of this type of grating inscription is connected with the 

induction of permanent refractive index changes in fiber core by UV 

irradiation. The radiation has wavelength coinciding with the 5.12 eV 

absorption band of germanium oxygen-deficient centers which has a 

maximum at 242 nm.  Currently there are two models which describe the 

mechanism for fiber photosensitivity namely the colour-centre model [75] 

and the densification model [76].  

The colour-centre model, considers that the UV exposure of the 5.12 

eV band brings about the release of photoelectrons, which become trapped in 

neighbouring sites, thus creating new colour centres. The following 

modification of the UV absorption spectrum of the germanosilicate glass 

leads to refractive index modification at longer wavelengths. However this 

model failed in the correct estimation of the induced index changes and the 

search for another model paved way for the densification model. In  1995 

Fonjallaz et.al [77] noticed a strong increase in tension in a germanosilicate 

fiber core by UV laser light, which was linearly proportional to the refractive 

index modulation. Although it is known that an increase in tension lowers 

the refractive index through the photoelastic effect, an overall positive index 

change was only observed in the experiment. The densification model 

considers structural changes to more compact configurations as an important 

component of fiber photosensitivity. The UV-induced increase of the 

refractive index in fiber core, due to both colour-centre and compaction 

effects, is believed to exceed the decrease caused by the photoelastic effect. 

The amount of each contribution might vary strongly as a function of fiber 

content, pre-irradiation treatment and irradiation wavelength. 



Fabrication of asymmetric LPFGs using electrical arc and CO2 laser 

 

67 
 

3.2.2 Thermal induced Gratings 

Unlike in the case of UV induced LPFGs, the mechanism of grating 

formation is still not well understood in the case of thermal induced long 

period fiber gratings. Depending on the types of the employed fibers and on 

the fabrication techniques, possible mechanisms suggested for refractive 

index modulation in the thermal-induced LPFGs are residual stress 

relaxation [78-81], glass densification [82-84], physical deformation 

[9,42,85] and dopant diffusion [86]. 

3.2.2.1 Residual stress relaxation 

A standard single mode fiber consists typically of a germanium-

doped silica core and a pure silica cladding. As a result of the doping, the 

properties of the core, in particular, its thermal expansion coefficient 

increases and its viscosity decreases compared to the properties of the 

cladding. The elastic stress associated with the difference in thermal 

expansion coefficient is known as thermal stress and is present in the fiber 

preform itself. Another type of stress is known as draw induced, which 

occurs during drawing and is associated with the different viscosities of core 

and cladding materials. During fiber drawing the higher viscosity material, in 

this case the cladding, cools more rapidly than the core and bears the brunt of 

the drawing tension. The melted core, in turn, is surrounded by the solid 

cladding and cannot expand being under compressive stress during cooling. 

Simultaneously, due to a higher thermal expansion coefficient, the core also 

exerts a hydrostatic pressure on the cladding. Thus residual stress is formed 

in optical fibers during the drawing process, resulting mainly from a 

superposition of thermal stress caused by a difference in thermal expansion 

coefficients between core and cladding and mechanical stress caused by a 

difference in the viscoelastic properties of the two regions [80,81, 87]. Such 

residual stress can change refractive index in the fibers through the stress-

optic effect and thus affect the optical properties of the fibers. Residual 

stresses can be released during fiber annealing, that is, the fiber is heated to a 

high temperature (>1000 ºC) and is held for some time, followed by slow 

cooling to room temperature.  

Residual stress relaxation usually results in a decrease in refractive 

index in the fibers. The efficiency of refractive-index decrease depends 

strongly on the types of fiber and can be enhanced linearly with the drawing 
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force during the drawing process of the fiber. In a Ge–B-codoped fiber the 

refractive-index change due to residual stress relaxation was measured as 

−2.1X10−4 [80] while in a Corning SMF-28 fiber it was −7.2X10−4 [81]. It 

has been proposed that the periodic stress relaxation caused by arc 

discharges or CO2 laser radiation is an important mechanism of gratings 

formation [88,89]. In addition to residual elastic stresses and strains, 

conventional silica optical fibers can also exhibit inelastic, or even “stress-

free,” strains. Relaxation of inelastic stress is also a possible mechanism for 

LPFGs formation [88]. 

3.2.2.2 Glass structure changes 

Densification arises from modifications of ring structures in the silica 

network and is the mechanism proposed to explain the changes observed in 

fibers having moderate and high germanium content in the core upon 

exposure to UV-laser radiation [90-92]. 

If glass is maintained at constant temperature, the volume changes 

with time due to structural relaxation until it reaches certain equilibrium 

glass structure. The temperature that corresponds to the equilibrium glass 

structure is called the fictive temperature or the structural temperature. Thus 

the fictive temperature of a glass is defined as the temperature at which the 

glass is formed after melting and the glass structure at this temperature and at 

room temperature is the same [93]. The fictive temperature of glass depends 

on the cooling rate and it increases with the increase in cooling rate. 

Therefore, different cooling rates lead to fibers with different fictive 

temperatures which, in turn, results in fibers with different intrinsic 

properties such as viscosity, thermal expansion coefficient and refractive 

index [93,94]. 

In the case of slow cooling, the glass can follow changes in 

temperature. As the temperature decreases, the viscosity of the glass 

increases, and it takes a longer time for the glass structure to reach an 

equilibrium state. Thus the density of the glass cooled slowly becomes larger 

than that of the glass cooled quickly. The refractive index is given by the 

Lorentz–Lorenz formula given by 
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where ρm is the mass density, α is the mean molecular polarizability, NA the 
Avogadro number and M is the molecular weight 

Thus refractive index increases with the density and hence the rapidly 

cooled glass has a lower refractive index than the slow cooled one.  

In the case of arc discharges and CO2 laser irradiation, the fiber is 

rapidly heated to a temperature which is more than that employed during the 

drawing process and is cooled rapidly and frozen. Because of the faster 

cooling rate, the fictive temperature of the quickly resoldified glass becomes 

higher. The viscosity and density of the molten glass thus decreases and 

these contribute to the reduction in the refractive index. 

The change of glass structure is found to be the dominant 

mechanisms in the thermal-induced LPFGs written in a commercial boron-

doped single-mode fiber [82-84]. Residual stress relaxation in the fiber core, 

which is the dominant mechanism in a conventional Ge-doped or Ge–B-

codoped fiber, plays only a minor role in the boron-doped fiber that has a 

core with a small residual stress and a low fictive temperature. For the CO2-

laser-induced LPFGs in the Ge-doped or Ge–B-codoped fibers, e.g., Corning 

SMF-28 fiber, with large residual stress, the resonance wavelength shifts 

toward the shorter wavelength with the increase in the laser exposure dose 

due to the negative index modulation resulting from residual stress 

relaxation[78-80,95]. For the CO2-laser-induced LPFGs in the boron-doped 

fibers with small residual stress, on the contrary, the resonance wavelength 

shifts toward the longer wavelength with the increase in the laser exposure 

dose due to the positive index modulation resulting from glass 

densification.[81-84] 

3.2.2.3 Physical deformation 

In the case of thermal induced LPFGs two types of geometric deformations 

can occur in a fiber namely microbending [42] and tapering [9,85]. The 

former, occurs when the fiber is submitted intentionally to lateral strain 

during heating while the latter occurs when the fiber is submitted to axial 

strain. The extent of the change in the fiber cross-section depends not only 

on the pulling tension but also on the temperature established on the fiber. 

During CO2 laser irradiation, the fiber usually elongates or tapers based on 

the so-called “self-regulating” mechanism,[87] resulting from constant axial 

tension and the CO2-laser-induced local high temperature in the fiber. Thus 

the fiber diameter decreases and eventually reaches a critical point at which 
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the fiber elongation stops because no sufficient energy is absorbed to keep 

the softening temperature. Moreover, the CO2-laser-induced high 

temperature in the fiber causes, not only the fiber elongation and the 

diameter decrease but also the ablation of glass on the fiber surface. Such 

physical deformation induces a change in effective refractive index in the 

fiber, and thus LPFGs are created in the periodically tapered optical fibers 

[49,96-98].  

3.2.2.4 Dopant diffusion 

One of the first mechanisms proposed for the formation of arc-induced 

LPFGs was the diffusion of core dopants [86,99].This is a phenomenon in 

which the core dopant diffuses to cladding due to heating and Dianov etal 

[99] have fabricated LPFG in nitrogen doped fiber by utilizing this 

phenomenon. As the electric arc heats the fiber, owing to its small atomic 

weight, nitrogen diffuses to cladding and hence the core refractive index 

reduces. However for Ge-doped fibers, the desired modifications caused by 

dopant diffusions were achieved by keeping the fibers at temperatures above 

1200 ºC for few hours. But during LPFGs fabrication the duration of the arc 

discharge is only a few seconds and, therefore, the diffusion coefficients of 

the dopants must be high in order to have a significant influence of diffusion 

on the grating formation. 

3.3 Theory of long period fiber gratings 

Consider an optical fiber, as depicted in Figure 3.1, having a core 

radius r1, cladding radius r2 and different refractive indices in each layer: n1, 

n2 and n3.  

 
 

 
Figure 3.1. The structure of optical fiber 
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Generally the cylindrical waveguide supports many modes of 

propagation and by adjusting the core radius and the refractive index 

difference between the core and the cladding (Δn) the fiber can be made to 

support only one mode (single mode fiber).  In the case of a single mode 

fiber most of the energy is guided by the core, but a certain amount is also 

guided by the cladding. The core mode thus “sees” an effective refractive 

index that lies between the core and the cladding refractive indices. The 

other modes available in an optical fiber may be classified, according to the 

value of the third layer, as: cladding modes, radiation modes and leaky 

modes. The first occurs when the refractive index of the third layer is lower 

than that of the cladding, such as the case of a stripped fiber (n3 = 1 air). In 

this case, several discrete cladding modes are guided by total internal 

reflection at the cladding-air interface. The effective refractive indices of 

those modes range between n2 and n3. If the cladding is infinite, ie n2 = n3, 

total internal reflection is not possible and, therefore, light is lost through a 

continuum of radiation modes. When n2 < n3, light can propagate a certain 

distance due to hollow waveguide and these discrete modes are called leaky-

modes. 

The field equations of the core and cladding modes are solutions of 

the wave equation that satisfy continuity conditions at the boundary. In 

general, the modes are TE, TM and hybrid HE/EH modes. If Δn is small, the 

weakly guide approximation can be used and the modes can be treated as 

linearly polarized, LP. The LP modes are a superposition of TE, TM and 

hybrid modes. For a single mode fiber, the core mode is HE11 or LP01 and the 

field equation can be obtained considering two layers: core and cladding. For 

the cladding modes, a three layer geometry is required, even when Δn is 

small. As far as LPFGs are concerned, the type of modes of interest depends 

on the symmetry of the perturbation that enables coupling from the core 

mode to the cladding modes. If the perturbation is axis symmetric the 

coupling is made to LP0j (or HE1j) cladding modes (j>1). On the other hand, 
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if the perturbation is asymmetric coupling is made to LP1j (or HE2j + TE0j + 

TM0j) cladding modes (j>0) [100-103]. 

An LPFG can be represented by a sinusoidal Z dependent periodic 

index variation given by Δn2(z)= Δn2 sin(Kz), where K=2π/Λ and Λ is the 

grating period. The LPFG couples incident light guided by the core to the 

forward-propagating cladding modes of the optical fiber, which decay 

rapidly through radiation. The fiber supports many cladding modes and thus 

the LPFG induces a corresponding series of attenuation bands in the 

transmission spectrum of the fiber. 

The light coupling from the fundamental core mode to the mth order cladding 

modes occurs at wavelengths that satisfy the phase-matching condition [100] 
 

                               






2m

clcore                                       (3.2) 

 

where βcore is the propagation constant of the LP01 fundamental core mode, 

βcl
m, is the propagation constant of the mth order cladding mode and Λ is the 

grating period. 

The effective refractive index of a medium is defined as neff = β/k, where k is 

the wave number in vacuum. Since k=2π/λ, the propogation constants βco and 

βcl,m can be written as [100] 
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where neff,core is the effective refractive index of the fundamental core mode 

(LP01) and neff,cl
m is the effective refractive indexes of the phase matched 

cladding mode (LP0m). 

If λm is the wavelength at which phase matching occurs with the mth forward 

propagating cladding mode, then an attenuation band is created in the 
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transmission spectrum centred at the wavelength λm. Thus from 3.2, 3.3 and 

3.4, λm can be deduced as  

 

     si
m

clefficoreeffm nnTnnTn ,,,,,,, ,,     (3.5) 

 

Both indices (neff,core and neff,cl
m ) depend on the indices of the various 

fiber layers, ni, the wavelength λ, the temperature T, and the strain 

experienced by the fiber ε. Also, neff,cl
m is a function of the refractive index 

of the surrounding medium, ns.  

 For each individual resonance, its transmission loss can be calculated 

by[100] 
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where δ is the detuning parameter 
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kg is the grating coupling constant and L is the grating length.  

Figure 3.2 shows the sample transmission spectrum of an LPFG 

illustrating the attenuation bands corresponds to various LP0m cladding 

modes to which the fundamental guided mode couples. Since these 

attenuation bands are functions of applied strain, ambient temperature and 

refractive index, long period fiber gratings can be used as sensors, where the 

shift in resonance band gives the measure of ambient change. 
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3.4 Fabrication of Periodically tapered LPFG using fusion 
splicer 

Long period fiber gratings were fabricated in commercially available 

standard telecommunication fiber (SMF-28) received from Newport using 

point-by-point technique. As shown in figure 3.3, a bare single mode fiber 

(Newport SMF-28) without its protective coating was placed between the 

electrodes of a fusion splice machine (Fujikura FSM-50S), while its ends 

were fixed on two fiber holders. The fiber holder was fixed on a computer-

controlled translation stage (Newport) with a resolution of 100nm. An arc 

discharge with a current of 5 mA was then applied for 200 ms, which raises 

the temperature of the fiber section positioned in between the electrodes to 

its softening point. The fusion splicer was programmed to taper the fiber by a 

length of 50μm during each arc. The fiber was then moved by the translation 

stage through a distance equal to the grating period and another arc discharge 

along with tapering was applied. Care was taken to provide sufficient time 

Figure 3.2 Transmission spectrum of an LPFG (reproduced from [1]) 
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between arcs to allow the fiber to get cooled. The periodic tapering was 

continued and the optical transmission of the fiber was monitored during the 

LPFG fabrication process in order to obtain the desired spectral attenuation 

notches. The setup employed for the experiments consists of a white light 

source (Yokogawa AQ4305) coupled to one end of the fiber, while the other 

end was connected to an optical spectrum analyzer, OSA (Yokogawa 

AQ6319), set to a resolution of 0.05 nm. All the three writing parameters, 

namely discharge current, discharge time and tapering length were found out 

by trial and error method so that the fiber should retain its mechanical 

strength during the formation of grating. 
 

 
 

 

 

The transmission spectrum was acquired and processed by a computer to 

determine the LPFG central dip wavelength and transmittance. The size of 

the arc limited the minimum grating period Λ, and we got a peak attenuation 

of 14 dB at 1318 nm after 34 engravings with a grating period of 500μm. 

The spectral evolution of the LPFG is shown in figure 3.4, illustrating the 

transmission spectra with various grating period numbers of 10, 21, 30 and 

34. When fabrication was repeated without the tapering option, gratings were 

not formed eventhough arc current and duration were the same. 
 

Figure 3.3 LPFG fabrication setup using arc fusion splicer 
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As discussed in section 3.2 the different mechanisms involved in the 

formation of arc induced gratings are modulation of core diameter due to 

fiber tapering, stress relaxation, glass structure changes and dopant diffusion. 

But it has been shown that the change of glass structure play the dominant 

role in LPFGs written in boron-doped single-mode fiber [82-84] while 

residual stress relaxation in the fiber core, is the dominant mechanism in a 

conventional Ge-doped or Ge–B-codoped fiber like SMF 28. Since we have 

used SMF 28 for LPFG fabrication, the effect of glass structure change on 

refractive index modulation can thus be omitted.  Also since the temperature 

generated during arc cannot induce Ge diffusion to the cladding, the effective 

refractive index variation in the periodically tapered LPFG can be expressed 

as [104] 

          Δn=Δnresidue + Δntaper                                                  (3.8) 

Figure 3.4 Evolution of resonance peaks for the arc induced LPFG 
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where Δnresidue is the initial refractive index change induced by the residual 

stress relaxation as a result of the high local temperature and the constant 

strain during the tapering process. Δntaper is the refractive index perturbation 

caused by the periodic tapering of the fiber. 

3.4.1 Origin of Asymmetry 

 Rego et.al.[61] did extensive studies on the asymmetric mode 

coupling of arc induced LPFGs. They studied the temperature distribution in 

the arc that is applied to the fiber. Since the current in the arc is direct (dc), 

the arc is directional and it is found that the center between the electrodes is 

not the center of symmetry of arc glow (figure 3.5).  

 

 

 

 The electrode at the bottom (cathode) glows only at its tip, while the 

electrode at the top (anode) glows over a much larger area. The arc is 

brighter near the lower electrode. This causes a gradient of temperature with 

respect to the line joining the electrodes and hence along the diameter of the 

fiber. 

 As discussed in section 3.2 glass structure change is reported to be 

the dominant mechanism involved in grating formation in Boron doped 

fibers while it has little effect in the case of normal SMF 28 fibers. It has 

been shown that the mode coupling is symmetric in the case of LPFGs 

fabricated using fusion splicer in Boron doped fibers while asymmetric in 

SMF 28[60].  Thus it is evident that the temperature gradient has little or no 

effect on glass structure changes. The origin of asymmetry in this case (SMF 

Figure 3.5 Photograph of arc glow (reproduced from Rego etal [61] ) 
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28) can thus be attributed to stress relaxation and physical deformation. Two 

types of geometric deformation of the fiber occur in an arc discharge namely 

tapering and microbending. Tapering is a symmetric diameter reduction and 

an elongation of the fiber and it cannot induce coupling to the asymmetric 

cladding modes. Rego et al [61] has also shown the asymmetric geometrical 

microbending induced in the fiber core by the electric arc. Hence the 

microbending and temperature gradient can be assumed to be the possible 

cause for asymmetric mode coupling. 

 This periodic asymmetric refractive index modulation causes the 

LPFG to couple light guided by the core mode (LP01) to the forward 

propagating asymmetric cladding modes ( Clad
1mLP ) of the optical fiber, which 

decay rapidly through radiation. Since the fiber supports many cladding 

modes, the LPFG induces a corresponding series of attenuation bands in the 

transmission spectrum of the fiber. The centre wavelength λm of the 

attenuation bands depends on the grating period Λ, external temperature, 

strain experienced by the fiber and the refractive index of the medium 

surrounding the fiber.  

3.5 Fabrication of LPFG using CO2 laser 

The LPFGs were fabricated in commercially available standard 

telecommunications fiber (SMF-28) received from Newport using the point-

by-point technique. As shown in figure 3.6, a motorized translation stage 

with a resolution of 10nm (Newport) was used to shift the fiber. A 12 W 

continuous wave CO2 laser (LASY-12, 10.6μm, 12W) was used for 

fabrication. The optical transmission of the fiber was monitored during the 

LPFG fabrication process in order to obtain the desired spectral attenuation 

notches. The setup employed for the experiments consists of a  white light 

source (Yokogawa AQ4305) coupled to one end of the fiber, while the other 

end was connected to an optical spectrum analyzer, OSA (Yokogawa 

AQ6319), set to a resolution of 0.05 nm.  The fiber was exposed to CO2 laser 

radiation using a shutter for a fraction of a second and then translated by the 

required grating period. During the experiments the fiber was kept under 

constant longitudinal tension. The beam diameter of the CO2 laser limited the 

minimum grating period Λ. For a grating period of 600μm, we got an 

attenuation of 14 dB at 1520nm after 76 periods producing a grating length 
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Figure 3.6 Experimental setup for LPFG fabrication using CO2 laser 
 

of 4.5cm. The spectral evolution of the LPFG is shown in figure 3.7 and the 

photograph of the LPFG in figure 3.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.7 Evolution of resonance peaks for CO2 inscribed LPFG 
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The focused CO2 laser beam creates a local high temperature in the 

fiber, which led to the vapourization of SiO2 from the surface of the fiber. As 

a result, periodic grooves are carved on the fiber as shown in Figure 3.9. 

Such grooves induce periodic refractive index modulation along the fiber 

axis due to the photo elastic effect, thus creating an LPFG. 

 

 

 
 

Since the LPFG is fabricated in SMF 28, the dominant mechanism involved 

in the refractive index modulation is stress relaxation. Thus the refractive 

index modulation in the CO2 laser carved LPFG can be expressed as 

grooveresidual nnn      (3.9) 

where Δnresidual is the refractive index perturbation induced by the residual 

stress relaxation resulting from the heating and Δngroove is the initial 

refractive index perturbation induced by the periodic grooves on the fiber.  

Figure 3.9 structure of CO2 inscribed LPFG 
 

Figure 3.8 Photograph of CO2 inscribed LPFG 
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3.5.1 Origin of Asymmetry 

In the case of CO2 fabrication the laser energy is strongly absorbed 

on the incident side of the fiber and the non uniform absorption results in 

asymmetrical refractive index profile within the cross-section of the LPFGs. 

Thus, a larger refractive index change is induced on the incident side of the 

fiber compared to the opposite side which in turn causes asymmetrical mode 

coupling. 

3.6 Temperature sensitivity of LPFG 

 The sensitivity of LPFGs to temperature is influenced by the period 

of the LPFG governed by the order of the cladding mode to which coupling 

takes place (105) and by the composition of the optical fiber (106). The 

origin of the temperature sensitivity may be understood by differentiating 

equation (3.5) (107) 
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  (3.10) 

 

where λm is the central wavelength of the attenuation band, T is the 

temperature, neff,core is the effective refractive index of the core mode, neff,cl
m 

is the effective refractive index of the mth cladding mode and Λ is the period 

of the LPFG.  

In general, the effective refractive indices of the core and the cladding at a 

particular temperature T can be written as  

 

    TTnTn corecoreeffcoreeff  0,,     (3.11) 

and 

    TTnTn m
clo

m
cleff

m
cleff  ,,     (3.12) 

where T0 is a reference temperature, ΔT =T -T0, and ξcore and ξcl are the 

thermo-optic coefficients of the core and the cladding, respectively. 

The first term on the right-hand side of equation 3.10 i.e., 
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 [105] is the material contribution, and is related to 
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the change in the differential refractive index of the core and cladding arising 

from the thermo-optic effect. This contribution depends upon the 

composition of the fiber and also on the order of the cladding mode. The 

second term i.e.,  
dT

d
nn m

cleffcoreeff


 ,,  is the waveguide contribution as it 

results from changes in the LPFG’s period with respect to the changing 

temperature. Since the thermal expansion coefficient of silica is very small 

~0.5x10-6/0C [107], the waveguide contribution due to dΛ/dT can be 

neglected for lower temperatures. However, at high temperatures, due to a 

much stronger dependence on temperature [107] the role of the thermal 

expansion coefficient becomes as important as that of the refractive index. 

Therefore, at low temperatures, it is the temperature dependence of the 

effective indices that determines mainly the temperature sensitivity of the 

resonance wavelength. From equation 3.10,3.11 and 3.12 it is evident that 

the temperature sensitivity of the resonance wavelength can be positive or 

negative, depending on whether the thermo-optic coefficient of the core is 

larger or smaller than that of the cladding. 

In order to study the temperature characteristics of the fabricated 

LPFGs , they are kept in a setup as shown in figure 3.10. An IR lamp is used 

to heat the chamber and is connected through an auto transformer. The 

temperature is varied by changing the voltage applied to the IR lamp and 

measurements were taken after stabilizing the temperature. For temperature 

readouts, we used an electronic thermometer placed next to the probe. As 

usual an OSA –white light source arrangement was used to measure the 

spectral shift and the grating was kept at constant tension during all the 

investigations. 

 

 

 
Figure 3.10 Experimental setup to find temperature sensitivity 
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Figure 3.11 Transmission Spectrum of UV LPFG 
 

The temperature response of a UV fabricated LPFG was studied first. The 

grating with a period of 435 μm was fabricated in Boron doped single mode 

fiber which had a length of 10mm. Figure 3.11 below shows the transmission 

spectrum of the LPFG which has attenuation peaks at 1418nm, 1473nm and 

1570 nm.  

 

 
 

 

The transmission spectrum of the LPFG was recorded by varying the 

temperature and the figure 3.12 shows the shift in 1418nm and 1473 nm 

attenuation peaks as the temperature changed from 250C to 750C. It is 

evident that the resonance peak shifts to lower wavelengths as the 

temperature increases and the measured temperature dependence of the peak 

wavelengths (1418nm, 1473nm and 1570 nm) is shown in figure 3.13. The 

points represent the average shifts calculated while the temperature increase 

and decrease. A total shift of -1.3nm and -1.9nm occurs for the 1418 nm and 

1473nm peaks respectively for the change in temperature from 250C to 750C 

while 1570 band shows a shift of -1.6nm for the same temperature change. 

Also dλ/dT is found decreasing for the 1570 nm attenuation peak. 
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Figure 3.13 Shift in resonance peak of UV- LPFG as a function of 
temperature 

Figure 3.12 UV-LPFG spectrum at temperature 250C and 750C 
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The temperature sensitivity of the arc induced LPFG was then 

evaluated and the LPFG transmission spectra thus obtained for an ambient 

temperature of 250C   and 800C are shown in figure 3.14. It is evident from 

the graph that the LPFG is insensitive to temperature in the range of 

measurements. The transmission spectrum of the CO2 inscribed LPFG 

obtained for temperatures 250C and 800C is shown in figure 3.15. Even 

though small, a red shift in resonance peak with increasing temperature is 

observed. The shift in resonance peak with respect to rise in temperature is 

shown in figure 3.16.  
 

 
 

 
 

Figure 3.14 Spectrum of arc induced LPFG at temperatures 
 250C and 800C 
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Figure 3.16 Shift in resonance peak of CO2 induced LPFG as a function 

of temperature  

Figure 3.15 Spectrum of CO2 induced LPFG at temperatures 
250C and 800C 
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The temperature response of all the LPFGs and an FBG are combined 

in one graph and is shown in figure 3.17.  While the arc induced LPFG 

shows no sensitivity, the CO2 inscribed LPFG has a temperature sensitivity 

of 11 pm/0C and UV LPFG has -24 pm/0C.  Hence the following conclusions 

can be deducted. Even though the LPFG are formed by thermal method in 

similar SMF 28 fiber, the arc induced LPFG was found insensitive to 

temperature while the 1417 nm peak of CO2 inscribed LPFG shows a red 

shift of 1 nm for a temperature change from 25 0C to 80 0C. The UV 

fabricated LPFG in Ge doped fiber shows a blue shift for temperature rise 

and has shown a maximum sensitivity of -24 pm/0C.  

 

 
 

 
 

The difference in temperature sensitivity between the SMF-28 and 

Boron doped silica fibers ie. red shift and blue shift, can be explained on the 

basis of the thermo-optic coefficients of the core and the cladding materials 

[107,108]. As per equation 3.10, 3.11 and 3.12, if the thermo optic 

coefficient of core is higher than that of cladding, the peak shift will be 

positive. Since the addition of boron to the core brings down the thermo 

optic coefficient of core below that of the cladding, blue shift occurs for the 

Figure 3.17 Temperature response of different LPFGs and FBG 
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attenuation peak with respect to increasing temperature. Thus the presence of 

Boron alters the temperature dependence of the effective refractive index 

[56] and hence the UV fabricated LPFG has a negative wavelength shift with 

increasing temperature. In the case of SMF-28, thermo optic coefficient of 

core is higher than that of cladding and hence the CO2 inscribed LPFG in 

SMF 28 has a positive shift. 

There are contradictory reports comparing the temperature sensitivity 

of LPFGs written by the arc and that with UV technology. Humbert et al 

[55] fabricated LPFG with a period of 600μm in SMF 28 fiber using electric 

arc and got temperature sensitivities around70 pm/0C. Almost similar 

sensitivity was reported by Hwang et al [42] for the LPFG based on arc 

induced microbends in standard single mode telecommunication fiber with 

620 μm period. Temperature sensitivity as high as 154pm/0C in single mode 

fibers fabricated using UV were reported [109]. Allsop et al have found arc 

inscription a better method to achieve high temperature sensitivity [110]. In 

contrast Smietana et al [109] have observed that the thermal sensitivity of 

LPFGs fabricated in boron co-doped fiber is independent of the writing 

method.  

Since LPFG fabricated in SMF 28 using CO2 laser irradiation has 

shown sensitivity to temperature, the temperature insensitivity of the 

periodically tapered arc induced LPFGs in similar fiber can thus be attributed 

to the fabrication method. It has been shown by Rego et al [54] that the 

thermal sensitivity of arc induced LPFGs depends on the arc current and 

pulling tension. Hence it can be concluded that the fabrication method makes 

the arc induced LPFG temperature insensitive. 

Conclusions 

In this chapter the basic theory related to long-period fiber gratings is 

presented. Afterwards, the different mechanisms proposed in the literature 

for the formation of thermal induced gratings are discussed. The fabrication 

process of asymmetric LPFGs in SMF 28 using fusion splicer and CO2 laser 

is also elaborated. Compared with the UV laser exposure technique, the 

fabrication methods discussed in the chapter based on electric arc and CO2 

laser are much more flexible and cost effective because neither 

photosensitivity nor any other pretreated processess are required to induce a 

grating in the glass fibers. Moreover, the writing process can be controlled to 
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generate complicated grating profiles via point-by-point technique without 

any expensive masks. Possible mechanisms of refractive index modulations 

in the fabricated asymmetric LPFGs are due to residual stress relaxation and 

physical deformation. The periodically tapered LPFG fabricated using 

electric arc from fusion splicer is found to be insensitive to temperature in 

the temperature range 250C to 800C. For telecommunication and sensing 

applications spectral stability is of prime importance, and an LPFG with 

temperature insensitive attenuation band is an attractive feature. The 

fabricated LPFGs have been employed for sensor development and are 

discussed in the next chapter.  
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Chapter IV 

Fiber optic sensor for the quality evaluation of ethanol 
blended petrol 

4.1 Introduction 

Fossil fuels are complex mixtures of liquid hydrocarbons, volatile 

and flammable, with physical and chemical properties that accounts for its 

high applicability as a source of energy for motor vehicles. The chemical 

structure of these fuels contains a variable number of carbon atoms 

associated with the formation of paraffins, iso-paraffins, naphthenes, olefins 

or aromatic compounds. However, the exact composition of a particular type 

of fuel depends on the characteristics of the raw material, their production 

process, its use as a final product and the specifications imposed by 

regulatory agencies [1].  

Fuel additives are compounds added to fuel in order to improve its 

efficiency and its performance [2-5]. Several organic compounds have been 

used as fuel additives, such as methanol, ethanol, tertiary butyl alcohol and 

methyl tertiary butyl ether. Ethanol was the first fuel among the alcohols to 

be used to power vehicles in the 1880s and 1890s and is a prospective 

material for use in automobiles as an alternative to petroleum based fuels. At 

present instead of pure ethanol, a blend of ethanol and petrol is used as a 

more attractive fuel with good anti-knock characteristics and the exact 

volumetric concentration of ethanol in the fuel is specified by the respective 

governments. The main reason for advocating ethanol is that it can be 

manufactured from natural products or waste materials while fossil fuels are 

produced from non-renewable natural resources. Ethanol is mainly produced 

from sugarcane and its use can be a boon to farmers. Moreover, combustion 

of ethanol-petrol blend provides significant reduction in the emission of air 

pollutants, such as carbon monoxide, carbon dioxide and hydrocarbons 

thereby reduce the greenhouse effect and tone down global warming [2-5].  

Countries are also seeing it as a means to reduce their dependence on oil 

imports and are taking steps to make mandatory blending of 10 per cent 

ethanol into petrol. 
Since ethanol is cheaper than petrol and can be locally distilled, the 

fuel may be adulterated by increasing the proportion of ethanol in order to 
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maximize the profit derived from its sale. Consequently, operating an engine 

with an ethanol fuel that presents a high water proportion or with a blend that 

has too high hydrated alcohol content will cause engine damage and poor 

performance, with possible damage to the environment. One of the most 

significant factors responsible for rampant practice of adulteration is the non-

availability of a standard technique that is followed universally for the in-situ 

detection of adulteration level. In this context, the development of smart 

monitoring systems able to assess the fuel conformity and to supply real-time 

and reliable results assumes a great importance. 

Aqueous extraction method is the standard test employed to 

determine the content of ethanol in the ethanol-petrol blend. Although 

widespread, this technique presents high response time, low resolution and is 

not susceptible to real-time monitoring. Besides, this method is subject to 

errors of parallax and also dependent on a skilled operator to its correct 

implementation. Therefore, the development of alternate tools to perform the 

ethanol-petrol blend analysis is of great interest.   

The petroleum hydrocarbon detection demands some special 

characteristics of the sensors to be used. A passive electrical operation is one 

of the main characteristics because the hydrocarbon environment can be very 

inflammable, so it is interesting to have a sensor device which does not 

produce sparks. On addition of ethanol, the refractive index of petrol varies 

and therefore, it is natural to consider the utilization of optical fiber 

technology to measure the refractive index because of its unique 

characteristics such as ease of fabrication, high sensitivity, fast response, 

compactness, resistant to harsh environments, distributed sensing besides 

being chemically inert and immune to electromagnetic interference [6-10]. 

These last two qualities in addition to electricity free operation make optical 

fiber sensors the safest devices to implement, as hydrocarbon environment is 

intrinsically hazardous. Also, as the optical fibers are a very low loss 

communication medium, it makes realization of a distributed sensing 

network in a hydrocarbon region with signal processing and monitoring from 

a remote location feasible.  

Long period fiber grating (LPFG) has demonstrated its sensitivity to 

the refractive index value of the surrounding material of the grating and 

several scientists have exploited this feature of the LPFG to implement 
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refractive-index sensors based on the change in resonant wavelength [11-35]. 

The sensitivity to changes in the RI of the surrounding medium enable 

LPFGs to be used as chemical detectors, that is, to measure the concentration 

of a particular constituent in liquids, such as, salt solutions [11,12], ethylene 

glycol [13,14] or hydrocarbon [15-21]. A biosensor based on a LPFG written 

in a cladding etched fiber was employed to detect the concentration of the 

haemoglobin protein in a sugar solution [22]. The use of LPFGs as liquid 

level sensors [23] and as flow sensors [24,25] has also been demonstrated. 

LPFGs have been used as a biosensor to detect the RI change when an 

antigen bonds with the antibody [26]. 

Optical fiber sensors based on long period fiber gratings to determine 

the ethanol concentration in ethanol blended petrol has already been reported 

in the literature [15-19]. Falate et al [15] reported the use of an arc LPFG to 

evaluate the quality of the automotive petrol and got an average sensitivity of 

0.15 nm/% for the wavelength shift of the resonance band in the region 

where the ethanol proportion changes from 20 to 50% in the mixture with 

petrol. The successful utilization of LPFG for Biodiesel Quality Control was 

also reported [16]. Possetti et al [17] combined the LPFG with artificial 

neural networks for smart sensing with high applicability in the 

petrochemical field. Successful implementation of long period fiber grating 

based devices for kerosene adulteration in petrol was also reported.  

In this chapter, we present the utilization of the fabricated LPFGs 

(described in chapter 3) for quality evaluation of ethanol blended petrol, 

which relies on the refractive indexes changes of the grating surrounding 

media. The refractive index sensitivities of the LPFGs fabricated using 

electric arc, CO2 laser beam and UV laser beam are determined using 

standard liquids.  The experiments are carried out with the LPFG immersed 

in an external medium of petrol blend with ethanol and the periodically 

tapered LPFG is found to have better refractive index sensitivity than normal 

arc induced gratings in determining ethanol concentration in ethanol-petrol 

blend. The obtained results show that long period fiber gratings can be 

applied for fuel quality control. 
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4.2 Refractive index sensitivity 

LPFGs are sensitive to external index of refraction of the substance 

surrounding the cladding at the grating location and it arises from the 

dependence of the phase matching condition upon the effective refractive 

index of the cladding modes. The effective indices of the cladding modes are 

dependent upon the difference between the refractive index of the cladding 

and that of the medium surrounding the cladding. This affects the differential 

effective mode index and hence the spectral attenuation band corresponding 

to that cladding mode [13,14,36-39]. In addition to that the evanescent fields 

of the cladding modes penetrate beyond the cladding-surround interface and 

this cause interaction of cladding mode with that of the ambient [38,39]. 

Thus the central wavelengths of the attenuation bands show a dependence on 

the refractive index of the medium surrounding the cladding, provided that 

the cladding has the higher refractive index. In the case of an ambient 

medium with refractive index less than that of cladding, the sensitivity of 

LPFG to increasing external index of refraction is evident as a shift in central 

wavelength and a decrease in peak depth of the of the attenuation band 

[13,34,38]. The decrease in attenuation peak depth is due to the increasing 

expansion of the cladding mode beyond the cladding boundary with 

increasing ambient refractive index. As the ambient index increases beyond 

the cladding index, the cladding modes no longer experience total internal 

reflection and are referred to as leaky modes. In this case, the peak 

transmission loss of the resonance band increases as ambient refractive index 

increases. Also coupling occurs at slightly longer wavelengths than the initial 

coupling wavelengths when the surrounding material is air (RI=1). As the 

ambient index increase from that point, the wavelength shift is non-linear, 

with an initial red shift and then blue shift. In this region the wavelength shift 

is too small to be calculated or measured [13,33,40,41]. Greater ambient 

index sensitivity is exhibited in higher order cladding modes because these 

modes are less bound to the waveguide structure formed by the fiber itself 

[13,33,40,41]. 
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The influence of variations in the refractive index of medium 

surrounding the cladding of a LPFG is expressed by [38] 
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where nsur and nm eff, cl is the refractive index of the surrounding material and 

mth effective cladding mode, respectively. The term 
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m
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dn ,  is distinct 

for each cladding mode, and hence refractive index sensitivity of LPFG 

depends strongly on the order of the coupled cladding mode. For a given 

LPFG and cladding mode, the wavelength shift resulted from the refractive 

index changes may be positive or negative.  

Chiang et.al.[42] presented analytical expressions for the shift in 

resonance wavelength of a LPFG in response to the changes in the refractive 

index of the external environment. Thus, for external changes in the 

refractive index from nex0 to nex1, the wavelength shift δλm is [42]: 
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where u∞ is the m th root of the Bessel function J0 , λm is the resonance 

wavelength at nex0, Λ is the grating pitch, and ρ is the cladding radius. It is 

important to notice that different external media that promotes the same 

refractive index change from nex0 to nex1 will lead to the same value for δλm, 

and cannot be recognized by the LPFG. The shift in 1473nm and 1570 nm 

resonance peaks of the LPFG (figure 4.1) plotted using equation 4.2 is shown 

in figure 4.2. 
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Figure 4.2 Shift in resonance peak for change in ambient refractive index 

Figure 4.1 LPFG Spectrum 
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4.3 Determination of refractive index sensitivity 

The experimental setup used to calibrate the LPFGs for ambient 

refractive index change is shown in figure 4.3. The LPFG was glued tightly 

inside a glass chamber of volume approximately 20ml. This will ensure that 

during the experiments the fiber would be under constant tension and this 

reduces the noise due to the LPFG sensitivity to strain. Also to reduce 

temperature sensitivity all efforts were made to conduct the experiments at 

constant temperature of 240C. The glass cell has inlet and outlet valves to fill 

in and drain out liquid samples. To minimize systematic errors and to clean 

the measurement system, iso-propanol was introduced into the glass cell and 

cleaned several times after draining out samples from the cell. The LPFG 

resonance wavelength position relative to iso-propanol was used as the 

reference for ensuring cleanliness of the LPFG. After draining out iso- 

propanol, the LPFG was dried before transferring the next sample to the cell. 

 

 
 

 

 

 

We have calibrated the LPFG for refractive index sensing by 

determining the shift of the resonant peak for known refractive indices. 

Water, ethanol, propanol, aqueous solutions of glycerol at various 

concentrations, coconut oil, paraffin oil and groundnut oil were transferred 

one after the other into the cell and the LPFG response was recorded. The 

refractive indices of these solutions were also determined using an Abbe 

refractometer. The shift in the attenuation peak for the change in ambient 

refractive index is found to increase with increasing mode order. Thus, for 

sensor applications, it is desirable to work with the highest-order cladding 

Figure 4.3 Experiment setup for determining refractive index sensitivity 
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mode that falls within the bandwidth of the light source used to interrogate 

the grating.  

The refractive index sensitivity of UV fabricated symmetric LPFG 

was evaluated and the shift in 1570nm attenuation band with different 

ambient refractive index is shown in figure 4.4.  When external refractive 

index is less than that of cladding, the LPFG sensitivity to increasing 

external index of refraction is evident as a blue shift in central wavelength of 

the attenuation band and a decrease in its peak depth.  

 
 

 

 

Once the value of ambient refractive index reaches that of the 

cladding, discrete cladding modes are no longer guided along the fiber. The 

absence of distinct attenuation bands in the LPFG transmission spectrum is 

evident in figure 4.4 at an ambient refractive index around 1.45.  . In effect 

the cladding has an infinitely large radius when next≈ ncl , such that the 

cladding modes are converted into radiation modes as a result of the lack of 

total internal reflection at the cladding boundary. The LPFG is most sensitive 

Figure 4.4 LPFG resonance peak for various ambient refractive indices 
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to external refractive index changes in this region where index-matching 

occurs between the cladding and the surrounding medium. This is obvious in 

figure 4.5 where the shift in resonance band is plotted as a function of 

ambient refractive index. 

 
 

 

 

The change in the 1496nm resonance peak of the transmission 

spectrum of the arc induced LPFG for different ambient refractive index is 

shown in figure 4.6. The corresponding wavelength shift for all the three 

resonance peaks (1318 nm, 1383 nm and 1496nm) as a function of external 

refractive index is shown in figure 4.7. From figure 4.7 it is evident that the 

wavelength shift of lower order resonant modes (1318 nm and 1383nm) are 

negligible for external refractive index change, while measurable blue shift 

occurs for the higher order (1496 nm) mode. The resonant peak shows a 

nonlinear shift towards lower wavelength as the refractive index increases 

from 1 to 1.45, and as the external refractive index goes beyond 1.45 red 

shift of resonant band occurs. 

Figure 4.5 Shift in resonance peak for various ambient refractive indices 
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Figure 4.6 Resonance peak of arc induced LPFG for various ambient 
refractive indices 

Figure 4.7 Shift in resonance peak for various ambient refractive indices 
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Figure 4.8 Resonance peak of CO2 LPFG for various ambient 
refractive indices 

Figure 4.9 Shift in resonance peak for various ambient refractive 
indices 
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Figure 4.10 Refractive index sensitivities (dλ/dn) of the LPFGs in the 
refractive index range 1 to 1.4 

 The experiment was repeated for the CO2 inscribed LPFG and the 

results obtained are depicted in figure 4.8 and 4.9. While the variation in 

1528nm resonance band with various ambient refractive indices is shown in 

figure 4.8, the shift in resonance bands as a function of ambient refractive 

index is shown in figure 4.9. 

It is known that the higher order modes are highly sensitive to refractive 

index and the refractive index sensitivities obtained through the derivative of 

the refractive index response (dλ/dn) of the three LPFGs are shown in figure 

4.10 and 4.11. For the sake of comparison, the sensitivities are considered 

within two ranges: a low sensitivity range (1 to 1.41), when the sample 

refractive index is much lower than the cladding refractive index (figure 

4.10), and a high sensitivity range (1.43 to 1.45), when the sample refractive 

index approaches the cladding index (figure 4.11). The calculated 

sensitivities in these two ranges (total shift in wavelength/ total refractive 

index change) for all three LPFGs are tabulated in table 4.1. It is obvious that 

the periodically tapered arc induced LPFG has a slight edge over other 

LPFGs in the case of refractive index sensitivity in the range 1 to 1.41. In the 

1.43 to 1.45 range, the UV fabricated LPFG shows a sensitivity of 

1980nm/RIU which is much greater than the other two LPFGs. 
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Figure 4.11 Refractive index sensitivities (dλ/dn) of the LPFGs in the 
refractive index range 1.43 to 1.45 

 
 

 

Table 4.1 Refractive index sensitivities 

 1 to 1.41 (nm/RIU) 1.43 to 1.45 (nm/RIU) 

UV LPFG -10.5 -1980 

Arc LPFG -13.4 -837.5 

CO2 LPFG -3.4 -107.5 

 

4.4 Ethanol concentration in petrol 

 In order to analyze ethanol blended petrol, samples were prepared 

with ethanol percentages of 0, 10, 20, 50, 80 and 100 % in pure petrol. 

Experiments were carried out by introducing each set of the samples into the 

glass cell (same as the one used for refractive index measurements figure 

4.2), in increasing order of ethanol concentration, and performing 

consecutive measurements of the LPFG transmission spectrum. After 

draining out each sample, the cell was cleaned several times using iso-
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Figure 4.12 Refractive index of ethanol blended petrol as a function of 
ethanol concentration 

propanol. After ensuring the resonance wavelength position of iso-propanol, 

propanol was drained out and the cell was dried. The refractive index of each 

sample was measured using an Abbe refractometer just after draining out the 

sample from the glass cell and in figure 4.12 the refractive indices of the 

different samples measured with the Abbe refractometer are presented 

against ethanol concentration. 

 

 

The average shift in higher order resonant peak of the LPFGs were 

determined for each ethanol concentration and is plotted in figure 4.13. From 

the LPFG response, it is clear that the peak shift is not noticeable up to 10% 

ethanol concentration in the case of CO2 and arc induced gratings but 

appreciable shift in resonance peak is observed as the ethanol concentration 

varies from 10% to 100% in petrol. Since the mandatory ethanol 

concentration is in between 10% to 20% the most common adulteration 

range will be beyond 10% and mixing ethanol beyond 50% is a rare 
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Figure 4.13 Shift in resonance peak as a function of ethanol 
concentration in ethanol blended petrol 

possibility. So if the compulsory ethanol blending is 10%, the most probable 

adulteration range would be between 10% and 20%, while it will be between 

20% and 30% if the blending concentration is 20%. Thus by properly tuning, 

the fabricated periodically tapered LPFG based transducer system can be 

effectively used for in-situ monitoring of adulteration in ethanol blended 

petrol.  

Even though the shift in resonance peak is not linear in the entire 

concentration range of ethanol in petrol, the LPFGs shows measurable shift 

as the concentration of ethanol is changed from 0% to 100% with good 

repeatability. The sensitivity of the LPFG sensor for ethanol concentration 

was calculated by the numerical derivative of the response curve. The 

calculated sensitivities in the ethanol concentration range 10%-20% and 20% 

-50% for the three LPFGs are tabulated in table 4.2. 
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Table 4.2 Sensitivity of LPFGs for ethanol blended petrol 

 Sensitivity for ethanol blended petrol in the  

ethanol volumetric concentration range  

10%-20% 20%-50% 

Arc LPFG 280pm/V% 20pm/V% 

CO2 LPFG 155pm/V% 31pm/V% 

UV LPFG 36pm/V% 16pm/V% 

 

From the table it is clear that the periodically tapered arc induced 

gratings have a better sensitivity in determining ethanol concentration in 

ethanol blended petrol in the 10% to 20% ethanol range. Possetti et.al.[17] 

tried the same experiment using normal arc induced LPFG and they got a 

shift of 1nm for ethanol concentration change from 0% to 40%. The 3nm 

shift shown by periodically tapered LPFG for the concentration change from 

10% -20% is hence better than the normal arc induced grating. Shao et.al 

[43] have demonstrated the fabrication of periodically tapered long period 

fiber gratings using resistive filament heating and the method of tapering has 

proved to increase refractive index sensitivity. Hence the higher sensitivity 

of periodically tapered arc induced LPFG towards ethanol concentration too 

can be attributed to tapering. 

Conclusions 

 In this chapter the basic theory related to the refractive index 

sensitivity of long-period fiber gratings were discussed. Afterwards, the 

response of the fabricated LPFGs namely UV, electric arc and CO2 induced 

long period fiber gratings towards ambient refractive indices were 

determined. The refractive index sensitivities were evaluated and the LPFGs 

were successfully utilized for determining the quality of ethanol blended 

petrol. Besides being insensitive to temperature, the arc induced LPFG have 

shown better sensitivity among the three LPFGs in determining the purity of 

ethanol blended petrol. Hence the periodically tapered arc induced LPFG can 

be successfully utilized as a temperature insensitive transducer for quality 

evaluation of ethanol blended petrol.  
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Chapter V 

Fiber optic sensor for determining relative humidity 
of the environment 

 

 

5.1 Introduction  

Water vapour is a natural component of air and the amount of water 

vapour in the air is described by the term “humidity.” The mass of water 

vapour in a given volume of air (i.e. density of water vapour in a given 

volume, usually expressed in grams per cubic meter) is defined as Absolute 

humidity while ratio of the percentage of water vapour present in air at a 

particular temperature to the maximum amount of water vapour the air can 

hold at that temperature is called relative humidity. It is often expressed as a 

percentage using the following equation [1] 

%100
WS

W

P

P
RH  

where PW is the partial pressure of the water vapour and PWS is the saturation 

water vapour pressure. 

As humidity is a very common, continuously changing component of 

our environment, the measurement and control of humidity is necessary in a 

range of areas like air-conditioning, structural health monitoring, horticulture, 

meteorological services, chemical and food processing industry, paper and 

textile production, semiconductor manufacturing process etc [1]. The 

requirements for humidity monitoring may vary according to the application 

and hence various techniques from the simplest way of exploiting the 

expansion and contraction of materials such as human hair to the most 

sophisticated techniques, such as using a miniaturized electronic chip, have 

been explored over many years to obtain meaningful humidity measurements 

[1-4].  

Generally, humidity sensors can be divided into two major groups 

namely electronic and optical, those that measure changes in electrical and 

optical properties of the sensing material upon interaction with moisture. 

Materials that have been studied for humidity sensing purposes include 
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polymer, composite and ceramic, each of which has its own merits and 

specific conditions of application. Since this subject has been studied for 

some time, excellent reviews can be found in the literature on the principles 

and preparation techniques of different humidity sensors [1-4]. 

Electronic humidity sensors are either capacitive or resistive type 

which works on the electrical properties of the sensing material. Capacitive 

humidity sensors consist of a substrate on which a thin film of polymer or 

metal oxide is deposited between two conductive electrodes. The sensing 

surface is coated with a porous metal electrode to protect it from 

contamination and exposure to condensation. The incremental change in the 

dielectric constant of a capacitive humidity sensor is proportional to the 

relative humidity (RH) of the surrounding environment. Capacitive sensors 

are characterized by low temperature coefficient, ability to function at high 

temperatures (up to 200°C), full recovery from condensation, and reasonable 

resistance to chemical vapours [2-7]. In capacitive type sensors the distance 

of the sensing element from the signal conditioning circuitry is limited due to 

the capacitive effect of the connecting cable with respect to the relatively 

small capacitance changes of the sensor. 

Resistive humidity sensors measure the change in electrical 

impedance of a hygroscopic medium such as a conductive polymer, salt, or 

treated substrate. Resistive sensors usually consist of noble metal electrodes 

either deposited on a substrate by photo resist techniques or wire-wound 

electrodes on a plastic or glass cylinder. The substrate is coated with a salt or 

conductive polymer. Alternatively, the substrate may be treated with 

activating chemicals such as acid. The sensor absorbs the water vapour and 

ionic functional groups are dissociated, resulting in an increase in electrical 

conductivity. A distinct advantage of resistive RH sensors is their 

repeatability, which allows the electronic signal conditioning circuitry to be 

calibrated by a resistor at a fixed RH point. This eliminates the need for 

humidity calibration standards and hence resistive humidity sensors are 

generally field replaceable. In residential and commercial environments, the 

life expectancy of these sensors is greater than 5 years, but exposure to 

chemical vapours and other contaminants such as oil mist may lead to 

premature failure. Another drawback of some resistive sensors is their 

tendency to shift values when exposed to condensation if a water-soluble 

coating is used. Resistive humidity sensors have significant temperature 
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dependencies when installed in an environment with large (>10°F) 

temperature fluctuations [2-4,8-10]. 

The most important specifications to keep in mind when selecting a sensor 

are accuracy, repeatability, interchangeability, long-term stability, resistance 

to chemical and physical contaminants, size, packaging, cost effectiveness, 

field and in-house calibrations, and the complexity and reliability of the 

signal conditioning and data acquisition (DA) circuitry.  Generally electronic 

sensors are inexpensive and have low power consumption, covering a wide 

humidity range with good repeatability but suffer from temperature 

dependency and cross-sensitivities to some chemical species. Their 

performance is limited owing to their inability to remote and distributed 

sensing, multiplexing, deployment in harsh environments, and their 

susceptibility to electromagnetic and radio frequency interference. Fiber 

optic type sensors can overcome these disadvantages and can be constructed 

by utilizing the humidity sensitive variation in optical properties of sensor 

materials. Optical fiber humidity sensors have been already used to facilitate 

the remote sensing and continuous monitoring of humidity in diverse 

applications such as the baking and drying of food, cigar storage, civil 

engineering to detect water ingress in soils or in the concrete in civil 

structures, medical applications and many other fields [1,11-22]. However, 

the limitations of the operating range and accuracy of the FO-based humidity 

sensors are some of the drawbacks which researchers are striving to continue 

to address.  

Various fiber optic sensor techniques based on absorption [16,23,24], 

fluorescence [25,26], evanescent wave [14,18,21,27-29,30-35], fiber gratings 

[11-13,36-38] and interferometry [39,40] have been exploited over the years 

in the design and development of optical fiber RH sensors. Potential 

materials and chemical reagents like cobalt chloride (CoCl2)[16,23,41,42] , 

cobalt oxide (Co3O4) [43], Rhodamine B [44] , titanium dioxide (TiO2) 

[22,33,39,45], tin dioxide (SnO2) [46],  silicon dioxide (SiO2) [20,47],  

calcium chloride (CaCl2) [48] etc have been reported based on their 

humidity-dependent optical absorption properties. Zhou et al. [16] who have 

demonstrated an in-line absorption-based humidity sensor using a porous 

optical fiber segment doped with CoCl2. The use of the absorption 

characteristics of the same compound contained in a variety of materials 

such as gelatine and cellulose has also been discussed by various authors 
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[41,42]. Tao et al. [23] have demonstrated an active fiber core optical sensor 

(AFCOS) for humidity detection using an in-line absorption sensing concept. 

An air-gap design configuration with Rhodamine B (RB) and hydroxypropyl 

cellulose (HPC) coated fiber tip was reported by Otsuki et al. [44]. Titanium 

dioxide, also known as titania (TiO2) , is the naturally occurring oxide of 

titanium and has been extensively investigated as a hygrosensitive material 

for humidity sensing applications. Humidity sensor based on TiO2 overlay on 

side-polished fiber is reported by Alvarez-Herrero et.al [33]. Depending on 

the refractive index value of the overlay, the wavelength of the resonance 

shifts accordingly to fulfill the phase matching condition. This forms the 

basis of the sensing scheme and the sensor has shown a linear wavelength 

shift for 0 to 15%RH, with a sensitivity of 0.5 nm/%RH. A fiber optic 

humidity sensor with a response time of 5 sec and a dynamic range of 

20%RH to 80%RH based on the moisture dependence absorption of light by 

the phenol red doped polymethylmethacrylate (PMMA) film was reported by 

Gupta et. al. [18].  

The use of long period fiber grating (LPFG) for humidity sensing was 

first reported by Luo et al. [49] and in their work carboxymethylcellulose 

(CMC) hydrogel was covalently attached to cladding of a LPFG to form the 

humidity sensor. A similar LPFG-based humidity sensing scheme was 

demonstrated by Tan et al. [37] using a gelatine-coated LPFG and 

Konstantaki et al. [38] proposed a LPFG humidity sensor utilizing 

polyethylene oxide (PEO)/CoCl2 hybrid overlay as the moisture sensitive 

coating. An optical fiber humidity sensor based on LPFG coated with a 

silicon dioxide (SiO2) nanosphere film was reported by Viegas et.al [20]. 

Studies by Venugopalan et al. [13,50] have shown the use of polyvinyl 

alcohol (PVA) film as a sensing material for LPFG-based humidity detection. 

A long-period fiber grating coated with hydrogel for humidity measurement 

was developed by LiweiWang et al. [51]. 

Although various materials are used as humidity sensitive coatings in 

fiber optic humidity sensors, polymer film based sensors have attracted a 

great deal of interest due to their inherent advantages. They are compatible 

with oxides and ceramics, low-cost, flexible, light weight, easily processibile 

and can be used at room temperatures. In general, polymers provide useful 

mechanical properties to the sensor design and hygroscopic polymers like 

Poly-aniline [52,53], PVA [13,17,32,50], Chitosan [54,55], 
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polyethyleneoxide [56], PMMA [18] Polyimide (PI) [57].etc are being used 

in optical sensors.  

Gaston et al. [32] have proposed an evanescent wave type humidity 

sensor based on a single mode, side-polished fiber with a PVA overlay and 

got a linear response in the RH range 70% to 90%. The humidity sensitivity 

of PVA was successfully utilized for the construction of LPFG based 

humidity sensors [13,50]. The commercial polyimide-recoated FBGs were 

found to respond linearly over a wide humidity range [57]. The sensor was 

reported to respond well to a humidity range of 10–90%RH and display good 

repeatability. Razat Nohria et.al. [52]worked on Humidity sensor based on 

ultrathin polyaniline film deposited using layer-by-layer nano-assembly. 

They used layer-by-layer (LbL) nano-assembly for deposition of ultrathin 

poly(anilinesulfonic acid) (SPANI) films and the change in electrical sheet 

resistance of the sensing film was monitored as the device was exposed to 

humidity. In their work on Humidity sensors based on polymer thin films, 

Sakai et.al. [59] had explained the humidity sensing behaviour of hydrophilic 

polymers like  poly-(2-acrylamido- 2-methylpropane sulfonate) and poly-(2-

hydroxy-3-methacryloxypropyi trimethylammonium chloride) impregnated 

in microporous polyethylene film.. A humidity sensor with nanostructure Co 

dispersed in polyaniline deposited as a clad, having quick response of 8 s 

(20–95%RH) and recovery time of 1 min (95–20%RH) was reported [53]. 

Effect of changes in relative humidity and temperature on ultrathin chitosan 

films were studied by Murray et al. [54] while Jinesh et al [55] was 

successful in constructing a fiber optic evanescent wave based humidity 

sensor using chitosan as the clad and macro bend fiber coated with Poly 

(ethylene oxide) [56].  

Chitosan is a natural polysaccharide formed by alkaline deacetylation 

of the second most abundant naturally occurring chitin of crab and shrimp 

shells [60]. Since it is inexpensive, non-toxic and possesses potentially 

reactive amino functional groups, chitosan has been evaluated for numerous 

applications, including medicine, food, cosmetics and wastewater treatment 

[61] and has also showed its potential as hygroscopic coating for fiber optic 

humidity sensor [54,55]. Though the response of the chitosan coated 

evanescent wave sensor is linear its humidity sensitivity is found to be poor. 

Poly (vinyl alcohol) is a non-toxic, water-soluble synthetic polymer that has 

good film forming ability. It has a large number of hydroxyl groups which 
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allows it to react with many types of functional groups. This advantage 

makes it suitable for biocompatible materials and has found use in the 

fabrication of fiber optic humidity sensors [13,17,32,50]. The PVA coated 

humidity sensor has shown better sensitivity but the operating range is 50% - 

90% RH [32].  

The humidity sensitivity of polymers depends on the availability of 

hydrophilic head groups and their degree of swelling. Developement of 

membranes with both sensitivity and mechanical strength has been deemed 

extremely difficult. The mechanical strength of PVA can be enhanced by 

acetalization. However, the degree of water absorption is considerably 

lessened along with the increase in mechanical strength. Therefore, it is 

extremely difficult to obtain polymer membranes which are satisfactory in 

water sorbtion and mechanical strength. Addition of chitosan to PVA 

improves hydrophilic head groups along with the improvement in 

mechanical strength. If the proportion of chitosan is less than 10% , the 

beneficial effect achievable by addition of chitosan will be significantly 

reduced. On the other hand if the proportion becomes more than 60%, any 

additional effects will hardly be obtained. Moreover chitosan will be leached 

away in an acidic medium if the membrane is higher in its chitosan content. 

Chitosan/PVA blend has been found to be miscible in all composition and 

El-Hefian et.al [62] has shown that the blend with 50% PVA has maximum 

degree of swelling compared with pure polymers. 

It is observed that the presence of metal oxide ions increases the 

humidity sensitivity of hydrophilic polymers. Khijwania et. al. [19] have 

reported a RH sensor based on U-shaped probe coated with anhydrous CoCl2 

and PVA. It has a response time of 1 sec with a sensing range of 1.6% RH to 

92% RH. Recently an optical fiber humidity sensor based on TiO2-

nanoparticle doped nanostructured thin film as the fiber sensing cladding was 

reported by R Aneesh et.al.[22]. Stannic oxide (SnO2) nanoparticles 

suspended polyvinyl alcohol (PVA) matrix was used for humidity sensing by 

Hatamie et.al. [63]. Enhancement of the humidity-sensing properties of 

poly(methyl methacrylate) (PMMA) with the addition of alkali salts (KOH 

and K2Co3) was reported by Su et.al [64] 

In this work we have tried to find out the humidity sensing behavior 

of PVA-chitosan blend by coating the polymer over an exposed core region 

of a plastic clad silica fiber. The response of the evanescent wave fiber optic 
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humidity sensor thus constructed is presented. Also we have tried to improve 

the sensitivity and operational range by dispersing TiO2 in the PVA-chitosan 

blend. The fabricated sensor exhibits good characteristics, such as sensitivity, 

range and time response. 

5.2 Chitosan and PVA 

Chitosan is a biopolymer derived primarily from deacetylation of 

chitin, found in the shells of crustaceans and insects [60,61,65-67]. 

Structurally, both chitosan and chitin are linear polymers composed of 2-

amino-2-deoxy-(1,4)-β-D-glucopyranose with different degrees of N-

acetylation, which differentiates them. The molecular structure of chitosan is 

shown in figure 5.1. 

 

 
 

 

 

 Alkali treatment of chitin replaces the acetyl side group on the chitin 

repeat units with an amine group, converting them to chitosan. The degree of 

N-acetylation in chitin, is the ratio of 2-acetamido-2-deoxy-D-glucopyranose 

to 2-amino-2-deoxy-D-glucopyranose structural units. Chitosan is the 

universally accepted non-toxic N-de acetylated derivative of chitin. In chitin, 

the acetylated units prevail (degree of acetylation typically 0.90). Chitosan is 

the fully or partially N-deacetylated derivative of chitin with a typical degree 

of acetylation of less than 0.35. Thus the percentage of repeat units with 

acetyl side groups is specified as the degree of acetylation (DA), with pure 

chitin corresponding to DA-100% and pure chitosan corresponding to DA-

0% [65-67]. The degree of deacetylation (DD) is defined as DD=100-DA. 

Chitosan is insoluble in water at neutral pH but it can be dissolved in weakly 

Figure 5.1 Molecular structure of Chitosan 
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acidic aqueous solutions and be made into hydrogels. The hydrogel form of 

chitosan can absorb up to 2000% of its own weight in water. For applications 

that require mechanical rigidity and improved stability with respect to 

changes in relative humidity, it is preferable to convert chitosan to chitin, and 

this is typically accomplished by exposing the chitosan to acetic anhydride. 

Unfortunately, the toxic nature of acetic anhydride makes the chemical 

conversion of chitosan to chitin environmentally unfriendly. 

To improve mechanical properties and pursue the wider utilities of 

chitosan, poly(vinyl alcohol)  (PVA) is mixed with chitosan which cause an 

increase in the Young’s modulus [68].  

Poly (vinyl alcohol) (PVA) is a nontoxic, watersoluble, biocompatible, and 

biodegradable synthetic polymer, which is widely used in biochemical and 

biomedical applications [69]. PVA is a hydrophilic and good fiber-forming 

polymer which adsorbs moisture from the environment [32]. The molecular 

structure of PVA is shown in figure 5.2. 

 
 

 

 

Blends of chitosan and poly vinyl alcohol  (PVA) with good 

miscibility have been reported to provide good mechanical properties and 

have biomedical applications [68,70,71].The schematic of intermolecular and 

intramolecular hydrogen bonds that occurred after blending PVA with 

chitosan is shown in figure 5.3 

 

Figure 5.2 Molecular structure of poly vinyl alcohol (PVA) 
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5.3 Experimental 

The fiber used for the sensor element fabrication is a multimode, step 

index, plastic clad silica fiber of core diameter 400 μm with a numerical 

aperture of 0.37. In order to have efficient light coupling from the source to 

the fiber and the fiber to the detector, fiber ends were prepared properly to 

get optically flat end faces, perpendicular to the axis of the fiber. The ends of 

the fibers are wet polished with 600-grain sandpaper and alumina powder to 

maximize the optical power coupling to the fiber probe. Since evanescent 

wave is to be used, 5 cm length of the cladding was removed from the central 

portion of the fiber.  

Since the optic fiber is immune to the relative humidity, a moisture 

sensitive polymer need to be coated onto the fiber as a transducer material to 

convert the chemical relative humidity into a physical phenomena which the 

fiber can sense. PVA and chitosan are two polymers whose refractive index 

is found to be dependant on the amount of water trapped in the polymer 

matrix.  

The degree of swelling for pure chitosan and pure PVA films are 

89% and 674% respectively while that of the chitosan/PVA blended films 

Figure 5.3 Molecular structure of chitosan/PVA blend 
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ranges from 1047% to 2117% [62]. This is because PVA is a water-soluble 

polymer and the blending of chitosan with PVA tends to increase the water 

intake due to the increasing of hydrophilic groups (-OH) in the blends. Also, 

the PVA chains are physically entangled with the chitosan chains leading to 

the formation of a hydrogel network [62,71]. Thus the chitosan/PVA blend is 

a better transducer for humidity than pure polymers and it is shown that the 

blend containing 50% each of chitosan and PVA has the highest degree of 

swelling. So in this work we have used a blend polymer film containing 

equal concentration of chitosan and PVA. 

 

 
Chitosan with a degree of deacetylation (DD) of 96% was purchased 

from a commercial source. PVA with an average molecular weight of 195 x 

103 g mol-1 was also used in this work. Distilled water was used to prepare 

all solutions. All chemicals were used without further purification and 

freshly prepared solutions were used in all experiments. 

A 10 gm L-1 solution of chitosan was prepared by dissolving 5 gm of 

chitosan in 500 mL acetic acid (0.1 M) followed by stirring and heating at 

40oC for 6 hours. A similar 10 gmL-1 solution of PVA was prepared by 

dissolving 5 gm of PVA in 500 mL of preheated ultra pure water. The 

solution was then stirred and kept at about 60oC for 2 hours. The aqueous 

PVA solution was added drop by drop to the chitosan solution, under 

continuous stirring at around 60oC and stirring was allowed to continue for 

Figure 5.4 Degree of swelling for chitosan PVA blend, reproduced 
from [62] 
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30 min after mixing. Proper amount of amorphous TiO2 powder is then 

incorporated into this chitosan/PVA matrix and stirred continuously for 30 

minutes to form the polymer composite. Air bubbles were eliminated by 

keeping the solutions at room temperature for two hours and figure 5.5 

shows the entire process as a flow chart. 

 

 
 

 
 

Before coating with the sensing material, the fiber needed to be caliberated 

and hence the fiber behavior towards exterior refractive index change was 

gathered. The fiber was fixed straight and a diode laser output was coupled 

to one end while the other end was connected to a power meter. The power 

meter was interfaced with a computer to record time varying output. 

Different oils and ethylene-glycol-water mixtures were used as mediums to 

Figure 5.5 The fabrication of fiber probe 
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vary the refractive index around the decladded region of the fiber. An Abbe 

refractometer was used to measure the refractive index of the prepared 

solutions. The output power was recorded by embedding the decladded 

region with the prepared liquids. After taking the reading for first liquid the 

recording was stopped. The decladded region was cleaned using iso-propanol 

and then the reading was continued with second liquid. The outputs were 

recorded for all the prepared refractive index samples. The out put was 

converted in to dB scale and is shown in figure 5.6. Figure 5.7 depicts the 

optical power loss in decibels versus the refractive index of the medium 

around the fiber.  

 

 
 

Once the characterization of the prepared fiber was done, it was considered 

ready for the next step in sensor fabrication viz the deposition of a suitable 

polymeric layer. The dip coating method was used to deposit the TiO2 

immobilized polymer film onto the bare fiber core. The decladded fibers are 

dipped in the prepared polymer solutions and pulled out at a constant speed 

using computer controlled set-up. The probes were then dried at room 

temperature for two days and were thoroughly washed with NaOH solution 

Figure 5.6  Loss in coupled power for various ambient refractive indices 
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and water. After drying, good homogeneous films firmly adhered to the fiber 

were obtained.  

 

 
 

 
  

 

 
 

Figure 5.8 Experimental setup to determine humidity sensitivity 

Figure 5.7 Fiber output as a function of ambient refractive index 
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This polymer composite coated probe was then fixed in an in-house-

made plexi-glass humidity chamber in such a way that the sensing region 

was in the middle of the chamber. The chamber had provisions for passing 

the dry and moist air into it. A commercial moisture sensor was used for 

calibration and its sensor head was fixed inside the chamber. The schematic 

diagram of the experimental setup for humidity measurement is shown in 

Figure. 5.8. In order to change the humidity inside the chamber to different 

levels, an aerator was used to pump air into the chamber via ethylene glycol 

(dry air) or water (humid air). Air bubbled through water will create a humid 

environment in the chamber while dehumidification is achieved by passing 

air through ethylene glycol. One end of the fiber was coupled to a diode laser 

operating at 632.8 nm while the other end was coupled to a low power 

silicon photo detector (Newport 818-IR). Outputs of the power meter 

(Newport, Model 1815C) were monitored in a real time using a computer 

based data acquisition system developed using Lab View. A constant 

temperature of 25 °C was maintained throughout the experimental 

investigations for all sensing probes. 

5.3 Theory 

We have used polymers as humidity sensitive transducer for which 

refractive index varies upon adsorption of water molecules. The amount of 

water molecules adsorbed is proportional to its concentration and hence the 

refractive index change is proportional to ambient humidity of the 

surrounding volume.  

 Thus the moisture mass in unit volume of the polymer, Cm is 

proportional to ambient humidity H,  

                   HSCm .                                                          (5.1) 

where S is the moisture solubility of the polymer. 

The variation in the refractive index (n) of these swelling polymers with 

respect to humidity (H) is given by [72] 
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where km is the molar refraction divided by the molecular weight of water, S 

is the moisture solubility of the polymer, parameter f (0<f<1) is the fraction 

of the absorbed moisture that contributes to an increase in polymer volume. 
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In the case of f=0, the polymer exhibits no change in its volume as it sorbs 

moisture. On the other hand, in the case of f=1, the volume of the polymer 

increases by the same amount as that of the sorbed moisture.  fc is a  critical 

value which defines the variation in refractive index. when f<f c , the 

refractive index, n increases as H increases, while n decreases as H increases 

when f>f c . If np is the refractive index of the polymer without any moisture 

and ρm density of water fc is defined by the relation [72] 
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When light propagates in an optical fiber, a fraction of the radiation extends 

a short distance from the guiding region into the medium of lower refractive 

index that surrounds it. This is the evanescent field and the evanescent 

energy may interact with analytes that attenuate it by means of refractive 

index changes, absorption or scattering. 

The output power (Pout) of the optical fiber sensor head with respect to the 

refractive index (n) of sensing layer is given by [73,74] 
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where n1 is the refractive index of the core, n2 is the refractive index of the 

cladding, Pin represents the total power injected into the guided modes of the 

fiber from the source. It is evident from this equation that power coupled to 

the fiber after the sensing region decreases linearly with the increase in n2. 

The amplitude E(x) of the evanescent field decreases exponentially with the 

distance x from the core–cladding interface according to the equation 
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where dp is the penetration depth.  

The penetration depth describes the distance from the interface where 

the intensity of the evanescent field has decreased to 1/e of the initial 

intensity E0. 

The magnitude of the penetration depth is given by [73,74] 
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where λ is the vacuum wavelength, θ is the angle of incidence and n1, n2 are 

the refractive index values of the core and the cladding, respectively. From 

equation 5.6 it is clear that the penetration depth dp increases with the 

cladding refractive index, indicating an increase in the magnitude of the 

electric field present in the cladding medium and thus a reduction in the 

electric field within the core. 

The normalized frequency (fiber V-parameter) is given by [73,74] 
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where a is the core radius. 

This equation shows that the V-parameter decreases when the cladding 

refractive index increases. Since the number of modes N propagating within 

the fiber is proportional to the square of the normalized frequency, it can be 

inferred that increasing the refractive index of the cladding reduces the 

number of modes propagating within the fiber. 

5.4 Results and Discussion 

Humidity response of PVA was studied by Gaston et al. [32] and he 

did his experiments using a side polished fiber coated with PVA. It was 

explained that PVA has a refractive index of 1.53 which is higher than that 

of the fiber cladding. Upon increase in humidity, the refractive index of PVA 

starts to decrease and hence the output decreases first and once the refractive 

index drops below that of cladding, the output starts to increase. A similar 

type of response (i.e. decrease in refractive index with respect to increase in 

humidity) is observed by Venugopal [13] by coating PVA over an LPFG.  

Chitosan as a humidity sensitive polymer for fiber optic sensors was studied 

by Jinesh et. al [55]. It was observed that upon increase in humidity the 

coupled power increases. 

We have evaluated the response of Chitosan/PVA composite layer as 

a function of change in relative humidity. The polymer coated fiber probe 

was placed in the humidity chamber and the humidity level inside the 
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chamber was brought down to 45% RH by bubbling air through ethylene 

glycol. We were not able to bring the relative humidity below 45% due to the 

limitation of our setup. A constant temperature of 25 °C was maintained 

throughout the experimental investigations for all sensing probes. Afterwards 

the humidity was slowly increased to the maximum possible value by 

bubbling air through water and the output power was recorded using a PC at 

fixed time intervals of 1 sec. The result thus obtained is depicted in figure 5.9 

 

 
 

 
 

As can be observed from this result, initially fiber output decreases as 

the humidity increases within the chamber. On further increase in humidity, 

the output starts to raise and reach a saturation level. On the introduction of 

dry air, it is evident from the graph that the output power drops along with 

humidity. At 45% RH, the optical output reaches the same value as before 

Figure 5.9. Response of PVA-chitosan blend as a function of relative 
humidity 
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but it can be observed that the reverse response is different from the forward 

path. The dip observed during the forward path is abscent in the reverse path. 

To check whether the initial drop in output power is due to optical 

absorption, we measured the absorption characteristics of the film. The 

polymer blend was coated on a glass slide and using an absorption 

spectrometer we took the absorption spectrum of the film. The glass slide 

was then kept in a humid environment and repeated the absorption 

measurement. The result obtained is depicted in figure 5.10 and is obvious 

that the trapping of water molecules in the polymer matrix has very little 

effect on optical absorption.  

It has been shown that the blend contains 50% each of chitosan and 

PVA has the highest degree of swelling on adsorption of water molecules 

[62]. This volume expansion of the polymer, when exposed to humidity, 

induces a strain effect on the fiber. Since the strain sensitivity of a bare fiber 

is very small, this cannot be a reason for the drop in intensity. 

 

 

 
 

Figure 5.10 . Absorption spectrum of PVA-chitosan blend film in dry 
state and upon adsorption of water  
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The evanescent type fiber optic sensors have been extensively studied 

and the transmitted optical power depends on the refractive index of the 

material in contact with the decladded region. The general shape of this 

variation is similar to the one shown in Figure. 5.7 for the fiber sample used 

in the experiments. It is evident that the maximum change in output occurs 

when the external refractive index varies between 1.4 and 1.5. Minimum 

transmittance occurs when the external refractive index matches the value of 

the fiber core, a situation in which the guiding conditions are lost. 

Under dry conditions the polymer chains tend to curl up into a 

compact, coil form. On the other hand, at high humidity, polymer adsorbs 

water molecules and gets hydrated uncurling of the compact, coil form into 

straight chains that are aligned with respect to one another. This in turn 

contributes towards the change in refractive index. Watanabe et.al [72] did 

studies on humidity dependence of the refractive index of 

polymethylmethacylate (PMMA) and found that the refractive index of 

PMMA increases as humidity increases at room temperature, while it 

decreases as humidity increases at temperatures higher than 60 °C.  As 

mentioned in equation 5.2 and 5.3, if the f parameter of the polymer is less 

than f c , the refractive index, n increases with increase in humidity (RH), 

while n decreases as RH increases when f>f c. It has been shown by Gaston 

et.al[32] and Venugopalan et al [13] that the refractive index of PVA 

decreases with the increase in ambient humidity, which means it has the f 

parameter greater than fc. A higher value of f indicates a larger volume 

increase. Since the degree of swelling of PVA-chitosan blend is much higher 

than that of pure PVA [62], it can be deduced that the f parameter of PVA-

chitosan blend is greater than fc and hence its refractive index decreases with 

increase in humidity. 

 Refractive index of chitosan/PVA blended film is around 1.5 [71] in 

its dry state and hence the fiber coated with the film acts as a lossy medium. 

As humidity increase water molecules diffuse into the polymer matrix and 

get adsorbed in the pores. This causes a reduction in refractive index and 

hence the output decreases till the refractive index reaches that of the core. It 

is evident from figure 5.4 that a further decrease in polymer refractive index 

increases the output. Since the response of chitosan/PVA blend is not linear 

for humidity variation, it cannot be effectively used for humidity sensor. 
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Titanium Dioxide itself is a hygrosensitive material and has been 

used by many authors in different ways as humidity sensors. We tried to 

evaluate the effect of TiO2 on the humidity sensitivity of polymers like PVA 

and PVA-Chitosan blend.  

The titanium dioxide (TiO2) embedded PVA film was then estimated 

for its humidity response in a similar way mentioned earlier. The response 

thus obtained for a titanium dioxide concentration of 1g/L in PVA is shown 

in figure 5.11. 

 
 

 
 

Unlike in the case of pure chitosan-PVA film, the output starts to 

increase with the introduction of humid air. The coupled power increases till 

the ambient humidity reach saturation and on the introduction of dry air the 

output drops and reaches the initial value.  

 As we did before, the absorption spectrum of the TiO2 embedded PVA film 

was taken in its dry state and after keeping it in humid environment. The 

result obtained is shown in figure 5.12.  It is evident that absorption is 

Figure 5.11. Response of TiO2- PVA composite film as a function of 
relative humidity 
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meager for 632 nm (wavelength of the laser used) and hence it can be 

concluded that the variation in output is due to change in refractive index. 

 

 

 

 
 

The humidity response of TiO2 embedded chitosan/PVA film was 

then evaluated. Titanium dioxide powder was added to chitosan/PVA mix 

containing 50% each of chitosan and PVA to produce film with 1 gm/L TiO2 

concentration. Humidity inside the chamber was recorded using a 

commercial hygrometer, and the fiber output corresponding to a particular 

value of RH% was noted manually. Humid air was pumped into the chamber 

for a short interval and humidity was allowed to stabilize to a specific value. 

The process is continued till the humidity reached 95% and then dry air was 

blown at various steps to reduce humidity. During this process the power 

output from the coated fiber probe was recorded continuously and is 

reproduced in figure 5.13 while the sensor output as a function of relative 

humidity is shown in figure 5.14. It is clear from the graph that the sensor 

response is linear and reversible in the range 50% to 95% RH with a 

Figure 5.12 Absorption spectrum of TiO2- PVA composite film in dry 
state and upon adsorption of water 
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sensitivity of 0.1 μW/%RH. We were not able to record the response below 

48% RH due to technical hurdles. 

 

 
 

 

 

Figure 5.14 Output power of TiO2- PVA-chitosan composite film as a 
function of relative humidity 

Figure 5.13 Output power of TiO2- PVA-chitosan composite film for 
different ambient humidity 
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The effect of titanium dioxide on the humidity sensitivity of PVA and 

Chitosan/PVA blend is compared. The polymer coated fibers were fixed in 

the chamber. After bringing down the humidity of chamber to 45%, humid 

air was pumbed. The variation in output was recorded and Figure 5.15 shows 

the comparison of humidity response of TiO2 -Chitosan/PVA composite with 

that of TiO2-PVA composite for a TiO2 concentration of 1 gm/L. It is evident 

that, with equal concentration of TiO2, the PVA-Chitosan blend film shows 

better sensitivity than TiO2 embedded pure PVA film. The fiber output as a 

function of relative humidity for the two probes is presented in figure 5.16. 

 

  

 
 

 
 

 

Figure 5.15 Response of TiO2- PVA composite film and TiO2- 
chitosan/PVA composite film as a function of  relative humidity 
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It is obvious that the initial drop in intensity observed in the case of 

pure PVA-chitosan blend is absent in the case of TiO2-PVA-chitosan 

composite. The addition of TiO2 might have reduced the refractive index of 

the polymer composite below that of the fiber cladding. From the 

characterization response shown in figure 5.7, it is obvious that if the coating 

refractive index is less than that of cladding the output increases linearly with 

decrease in coating refractive index.  

Shadie Hatamie [63] et al. have carried out studies on Stannic oxide 

(SnO2) nanoparticles suspended in polyvinyl alcohol (PVA) matrix and have 

shown that the bonds of PVA does not alter after the formation of the 

composite film. Thus in the case of titanium dioxide polymer composites too, 

it can be assumed that the film formed was merely by embedding the TiO2 

particles in the polymer matrix, homogeneously. The TiO2 particles are 

attached to the polymer chain by weak Vander Waal’s force of attraction. 

Figure 5.16 Fiber output as a function of relative humidity for TiO2- PVA 
composite film and TiO2- chitosan/PVA composite film  
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The presence of the titanium dioxide molecules in the polymer matrix thus 

increases hydrophilic head groups and hence stimulates the rate of adsorption. 

Figure 5.17 shows the output power for TiO2 embedded chitosan/PVA film 

for titanium dioxide concentrations of 1 gm/L and 0.1 gm/L. It is obvious 

that the polymer with higher titanium dioxide concentration shows a better 

sensitivity. 

 
 

 
 

The higher sensitivity of TiO2 embedded chitosan/PVA blend film 

can be attributed to the fact that the chitosan addition to PVA increases 

hydrophilic head groups available per unit volume of the polymer. It is clear 

that the Chitosan/PVA blend film absorbs more water than pure PVA film 

and thus increases the sorption capacity of the film. Titanium dioxide too is 

hydrophilic and its addition to the polymer also helps in the enhancement of 

available hydrophilic head groups per unit volume. This enhancement in 

Figure 5.17 Fiber output as a function of relative humidity for TiO2- PVA-
chitosan composite film for different concentrations of TiO2 
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hydrophilic heads helps in adsorbtion of more water molecules which in turn 

causes a larger shift in refractive index and hence more output.  

Conclusions 

The design and fabrication of fiber optic humidity sensors using 

polymers like poly vinyl alcohol and chitosan blended poly vinyl alcohol as 

hygrosensitive coatings are discussed. The hygroscopic properties of PVA, 

chitosan and TiO2 are discussed elaborately and the preparation and 

characterization of polymer and fiber probes are explained. Both PVA and 

chitosan/PVA blend are sensitive to humidity and their refractive index is 

found to decreases with increase in ambient humidity. Blending of PVA in 

chitosan helps to improve its mechanical strength and the available 

hydrophilic head groups per unit volume. Though found sensitive to 

humidity, the humidity response of the chitosan/PVA blend is not linear. 

Addition of titanium dioxide to the polymer produces a linear output 

variation for change in humidity. The TiO2 particles added to the polymer 

does not alter the bonds and are attached to the polymer chain by weak 

Vander Waal’s force of attraction. Blending of titanium dioxide increases 

hydrophilic heads and increases humidity sensitivity. TiO2 embedded 

Chitosan/PVA blend gives better humidity sensitivity than TiO2 embedded 

pure PVA. The humidity sensitivity is found to increase with increase in 

TiO2 concentration. 
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Chapter VI 

Conclusions and Future Prospects 
 

Fiber optic sensor is a vital topic and for the past four decades, 

rigorous research in this area has been undertaken around the globe. A wide 

variety of fiber optic sensors were reported and many of them have been 

commercialized. Though fiber optic sensors have inherent advantages over 

other sensing technologies, in terms of commercialization they face 

competition in terms of cost. So it is worthwhile to develop less expensive 

fiber optic sensors and in this thesis the design and development of some 

fiber optic sensors for quality evaluation is discussed.  

The design and fabrication of a fiber optic sensor probe for detection 

of critical mole fraction and purity of alcohol is discussed first. The intensity 

modulated extrinsic optical fiber sensor probe is fabricated by chemically 

etching a plastic clad silica fiber using hydro fluoric acid. The probe couples 

light through the tapered region and the theory of working was verified using 

simulation results. The added use of the probe as a water level detector is 

also explained. The probe was used for the measurement of critical 

concentration of binary mixtures of alcohol and water. The critical mole 

fractions obtained using the robust and inexpensive probe for methanol, 

ethanol, 2-propanol and tert-butanol agrees well with the values obtained 

using methods like neutron diffraction studies and microwave analysis. 

Unlike lower alcohols like methanol, ethanol and propanol, micellization 

occurs in tert-butanol water mixtures and the results obtained using this 

probe also give an evidence for the phenomenon. The probe can be 

effectively used for concentration detection of alcohol water mixtures, which 

has applications in food and beverage industries.  

We demonstrate the fabrication and characterization of long period 

fiber gratings. The fabrication process of LPFGs in SMF 28 using fusion 

splicer and carbon dioxide (CO2) laser is explained. The fabrication methods 

discussed using arc and CO2 laser are found to be much more flexible and 

cost effective than the UV laser exposure technique. The possible 

mechanisms of refractive index modulations in the fabricated asymmetric 

LPFGs are due to residual stress relaxation and physical deformation. The 



Conclusions and Future Prospects 

 

147 
 

temperature sensitivities of the three types of LPFGs namely, arc induced, 

CO2 laser induced and UV induced, are determined and compared in the 

temperature range 250C to 800C. The periodically tapered LPFG fabricated 

using electric arc from fusion splicer is found to be insensitive to temperature 

in the range of experimental studies. For many telecommunication 

applications spectral stability is of prime importance, and an LPFG with 

temperature insensitive attenuation band is an attractive feature. The 

fabricated LPFG is also attractive for fabricating temperature-insensitive 

sensors.  

The effective application of LPFG’s in determining the quality of 

ethanol blended petrol is presented. The response of the fabricated LPFG’s 

namely UV, electric arc and CO2 induced long period fiber gratings towards 

ambient refractive indices are studied. Though the UV induced LPFG shows 

better refractive index sensitivity near the cladding refractive index, the arc 

induced LPFG has a better sensitivity in the 1 to 1.4 refractive index region. 

Besides being insensitive to temperature, the periodically tapered arc induced 

LPFG shows better sensitivity among the three LPFG’s in determining the 

purity of ethanol blended petrol. The periodically tapered arc induced LPFG 

can be successfully utilized as a temperature insensitive transducer for 

quality evaluation of ethanol blended petrol.  

We have also demonstrated the design of polymer coatings which can 

be effectively used in fiber optic sensors. Humidity sensors are designed 

using polymers like poly vinyl alcohol and chitosan blended poly vinyl 

alcohol as hygrosensitive coatings. Both PVA and chitosan/PVA blend are 

sensitive to humidity and their refractive index is found to decrease with 

increase in ambient humidity. Blending of chitosan in PVA helps to improve 

its mechanical strength and the available hydrophilic head groups per unit 

volume. Though found sensitive to humidity, the humidity response of the 

chitosan/PVA blend is not linear. A better and linear response towards 

humidity is obtained by blending titanium dioxide with the polymer. 

Blending of titanium dioxide powder in the polymer matrix is found to give 

better sensitivity towards humidity than bare polymer due to the increase in 

available hydrophilic heads. The humidity sensitivity is found to increase 

when titanium dioxide is blended in chitosan/PVA matrix compared to pure 

PVA. The humidity sensitivity is found to increase with increase in titanium 

dioxide concentration. 
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Future prospects 

The works detailed in this thesis can form the basis for the 

development of a variety of sensors and improvements can also be done on 

the technologies explained. A list of few possible future works is given 

below 

 The thermal insensitivity of arc induced long period fiber 

grating (LPFG) can be studied in detail over a large 

temperature range. 

 The TiO2 embedded chitosan/PVA film can be further 

analyzed for its effectiveness as coating material for fiber 

optic alcometer  

 The variation in humidity sensitivity can be studied by 

embedding nano TiO2 instead of bulk TiO2 material. 

 LPFG coated with TiO2 embedded chitosan/PVA film can be 

studied for its humidity sensitivity. 
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