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ABSTRACT 

Optical fiber-based sensing. techniques provide a unique set. of sensors which are 

small, easy to fabricate, lightweight, immune to electromagnetic interference (EMI), 

high sensitivity, large scale multiplexing, and in most cases inexpensive to 

manufacture. These advantages are the motivation behind continued researches and 

development in the field. The introduction, objectives, and the scope of work are 

presented in the first chapter. A review of the most popular of the optical and non-

optical methods that is used to measure the strain is presented in chapter two. The 

methodology of work, analysis, and the results are presented in chapter three and 

chapter four, and the conclusion of this project in chapter five. This project investigates 

the fiber optic sensor. technologies that focus on the development. of fiber strain 

sensing element based on a combination of polarization maintaining fiber (PMF) and 

single mode fiber (SMF) in a Sagnac loop. Four cases are investigated in this work. 

The first, second, third and fourth cases involve 10 cm PMF, 20 cm PMF, 36 cm PMF 

+ 4 cm SMF and 36 cm PMF + 14 cm SMF respectively as the strain element. Based 

on the experimental result, strain elements of 10 cm PMF, 20 cm PMF, 36 cm PMF + 

4 cm SMF and 36 cm PMF + 14 cm SMF records sensitivities of 6.4 pm/µɛ, 14.7 

pm/µɛ, 22.8 pm/µɛ and 25.3 pm/µɛ correspondingly for a range 0-1000 µɛ at 25 Cº 

temperature. It shows that the strain element of 36 cm PMF + 14 cm SMF possesses 

the highest sensitivity. In addition to the experimental results, simulation work is also 

done for comparison. The Sagnac loop model developed with Jones matrices agrees 

well with the experimental results. 
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CHAPTER 1 

INTRODUCTION  

1.1 Background  

Optical fiber sensors have been, studied intensely for more, than 30 years with, their 

applications developed, rapidly in variety of areas, in recent years. Initially, most of the 

fiber sensors remained, laboratory-based at the prototype, stage and were developed, to 

replace conventional, electro-mechanical sensors, which are well established, have, 

proven reliabilities and relatively, low manufacturing costs, thus fewer, commercial 

successes have been achieved. In recent years, the manufacturing, cost of fiber sensors is 

decreasing and more fiber, sensors are implemented for industrial, applications. Optical 

fiber sensors offer important. advantages such as electrically, passive operation, EMI 

immunity, high sensitivity, and large-scale, multiplexing capability. The promising 

utilization of optical fiber, sensors plays an important role, in variety of areas include civil 

,engineering structural monitoring, textile structural composites, monitoring, railway, 

spacecraft, marine, nuclear and medical, applications[1]. 

Optical fiber sensors have been, widely used to measure a range, of parameters 

including refractive, index, distance, concentration, strain, and humidity. They can be 

classified in various, ways but, often, the measurement, scheme is chosen as the main, 

criterion for classification. Optical fiber sensors based on measurement schemes are 

divided into two, broad categories: intensity-based, and wavelength based. Wavelength-

based sensors measure, the physical parameter based, on its influence on the wavelength, 

of light. On the other hand, intensity-based, sensors, measure parameters based, on the 
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effect of the physical, parameter on the intensity, of either the reflected or transmitted 

light[2].  

There are many methods, used as optical fiber sensors, such as: Microbend sensor, 

Fiber Bragg Grating strain, sensor, Fabry-Perot interferometer, sensor, Michelson 

interferometer, and Sagnac loop interferometer sensor[3][4][5][6]. Sagnac loop 

interferometer is most, popular method because of, it is simple, high sensitivity, easy to 

fabricate and suitable, for many different fibers. For these advantages, it, is used in this 

project. Sagnac fiber loop consist of, a source of light, fiber coupler, a section of optical 

fiber, and optical, oscillator[7]. 

1.2 Motivation and Problem statement  

A lot of civil infrastructure, systems, whose functional integrity, is vital to the economic 

growth and, well-being, are increasingly vulnerable to man-made, and natural hazards 

such as neglect, of maintenance, vehicular overloads, earthquakes, hurricanes, and floods 

so it costs, billions of money losses, and thousands of people, life. It is true that we cannot 

control non man-mode, like earthquakes and, hurricanes, but we can avoid it with 

minimum, losses by detecting before, it happen, so reliable health-monitoring systems, 

are pertinent to provide, vital information about the safety, of civil structures and 

important roles in securing, civil infrastructures' integrity, minimizing the maintenance 

cost, and maintaining longevity. of existing and future structural, systems. including 

buildings, bridges, and utility, facilities in adverse environment. Meanwhile, monitoring 

can also provide verification, of current design/analysis models, in civil engineering 

practice, and suggest improvement, for retrofits and future constructions. Sensors are the 

most important components, of a monitoring system, just like eyes to human, being. 

Successful monitoring depends, very much on reliable, easy-to-use, and cost-effective 

sensor, devices.  

There are many types of, sensor. Unfortunately, conventional electric type, sensors 

suffer from, major difficulties, which prevent them, from being widely and, successfully 

applied in monitoring, civil structures. For instance, they can be easily, interfered by 
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electromagnetic field, which is unavoidable in a modem, civil structure with complex, 

functions. Using electrical cables, for signal transmission, and power supply, which may 

act as antenna picking up, various kinds of noise, and are susceptible, to lightning strikes. 

These cables need to, be electrically shielded, to mitigate the electromagnetic, interference 

problem, and shielding, makes them expensive, and heavy. A large number of sensors, are 

required to monitor, a civil structure usually, of large size, and each of them, requires, 

expensive and cumbersome, installation of long electrical, cables in need of, heavy 

shielding. Therefore,, the cabling is a very labor, intensive and costly, process. The 

emerging optical fiber sensor, technology has shown, great potential for overcoming, the 

difficulties associated with conventional, sensors and does not, suffer from 

electromagnetic interference, noise immunity, no High transmission, security, no cross-

talk, no spark/fire hazards, no short-circuit, loading, no High temperature, operation, wide 

bandwidth, light weight, Longer distance, signal transmission. Second, the cables of these, 

sensors are optical fibers, which are extremely, light in weight. Therefore, many of the 

cabling, problems observed in, the conventional sensors do not, exist in these optical 

fibers, sensors, which is a huge advantage, for their applications in monitoring, large-scale 

civil structures. Moreover, their cost can, be, competitive to their conventional, 

counterparts, due to the steadily, decreasing costs of key, optical fiber components in the 

ever-expanding commercial, telecommunication market. Figures 1.1 shows different 

types of cracks. 

            

Figure 1. 1: Types of Crack (small, large, and multi crack)   
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1.3 Objective of the project  

The aim of this project is to enhance the strain sensitivity by using low-birefringence 

polarization maintaining fiber (PMF) (Panda) and single mode fiber (SMF) without the 

effect of the temperature. This project is conducted to achieve the following objectives:  

1) To analyze and simulate single sagnac loop interferometer mathematically. 

2) To test the polarization maintaining fiber (PMF) (panda) based on sagnac loop as 

strain sensor. 

3) To enhance the strain sensitivity by combining low-birefringence polarization 

maintaining fiber (PMF) and single mode fiber (SMF) with different lengths. 

1.4 Scope of study  

In order to produce a more specialized and specified research and study about the sagnac 

loop and strain sensitivity, the scope of this research has been limited to the constraints 

listed below: 

1) Jones matrix used for mathematical analysis and simulating the single loop fiber 

(SLF). 

2) To simulate the output spectrum from the sagnac loop, MATLAB software 

program used. 

3) For testing and enhancing the strain sensitivity, Erbium Doped Fiber Amplifier 

(EDFA), optical spectrum analyzer (OSA), 3-dB coupler, (PMF), and (SMF) are 

used.  

1.5 Project outline    

This project contains five, chapters as shown in figure 1.2. The current chapter, has 

described a background, of optical fiber sensors, the main advantages, what is the reasons 

of being preferred than other types of sensors, the motivation and problem statement, 

objectives, scope and dissertation flow. Chapter 2 contains a historical background of 
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optical and non-optical methods that are used as strain sensors. Also, it contains 

definitions for the equipment that is used in this research. Chapter 3 is the methodology 

of this research. Chapter 4 contains the result and the discussion. Chapter 5 is the 

conclusion of this research. 

 

Figure 1.2: project flow  
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1.6 Summary   

In this chapter, introduction to the project has been presented. This include the back 

ground of the strain sensors and the reason for continue the recaches int his field, 

motivation, problem statement, objectives, and the scope of this project.   
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2 CHAPTER 2 

LATIRATURE REVIEW 

2.1 Introduction 

Literature review is a vital, part of the research, it was similar, an overall analysis or 

research on all comparations, of existing project in selected, fields. In this part, the details 

of this project will, be explained. The relevant discussion, contradiction, problem or 

knowledge is explained in this part. 

2.2 Non-optic strain sensors   

This section, review the common and the most popular non-optic methods which used to 

test the strain sensitivity. 

2.2.1 The Whittemore gauge   

The Whittemore gauge as shown, in Figure 2.1 is a mechanical strain gauge, that has been 

widely used for measuring, surface strain of concrete, structures for decades. Before a 

strain reading, can be made, small steel circular buttons, with a precision pinhole at the 

center, called “points”, are bonded on, the concrete surface by using, epoxy as shown in 

Figure 2.2. The Whittemore gauge measures the distance, between the pinholes, of 

successive pairs, of points. Prior to the surface, deformation, a set of reference, length 

measurement is made, representing the unstrained, positions of the points. Then a second 

measurement is taken, after the surface, deformation. The difference between, the second 
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measurement and, the reference length is divided, by the gauge length 203.2mm (8”), 

giving the strains, on the concrete surface. When a reasonable strain, profile is required, 

tens of points must, be bonded onto the concrete, surface, which is very time, consuming 

and, labor-intensive[8]. 

 

Figure 2.1: Whittemore gauge[9] 

 

Figure 2.2: Concrete with, metal points, on the surface  
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2.2.2 Electrical resistance strain gauge  

Electrical resistance strain gauge is a traditional, method used to measure the strain, on 

the surface[10]. it employs the principle that, metallic conductors subjected. to, 

mechanical strain exhibit a change, in their electrical resistance. By converting 

mechanical, strain into an electronic signal, the electrical resistance, strain gauge can 

measure, strain to quite high, resolution.  

 

Figure 2.3: Electrical, resistance strain gauge  

In general, the electrical resistance strain, gauge is precise, reliable and easy, to use. 

However, the technique has, several disadvantages.  

1) The technique requires, gluing the gauge on the specimen, surface. Since the gauge 

has contact with the specimen, surface, it may influence the surface, strain and 

cause, measurement error. 

2) It is difficult to bond, the gauge to the rough, surface such as concrete. 

3) Temperature, material properties, and the adhesive that, bonds the metallic 

conductors, to the surface all affect the detected, resistance, and hence, can 

interfere with, the accuracy of the strain, measurement[11]. 

4) The electrical resistance strain, gauge is sensitive to electromagnetic, interference 

(EMI), which could, cause measurement error, when used in the industrial 

environment, where many types of EMI inducing, equipment are present, such as 

motors or, electrical heaters. 
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5) In a harsh, environment, the glue may debone, and the gauge may, break off from 

the specimen, surface, making the measurement, impossible. 

6) In the case of large, and suddenly changing surface, strain, the gauge may, suffer 

from “creep effect”. Experiments have shown, that the reading of the electrical 

resistance, strain gauge tends, to decrease from an initial, value if the specimen 

surface, is subjected to a suddenly large load. The creep effect, is caused by the 

partial, debonding of the glue, that bonds the gauge, to the surface, which results 

in, measurement error[12].  

2.2.3 Vibrating wire strain gauge 

The vibrating wire strain gauge operates, on the principle that the natural, frequency of a 

pretensioned, wire is affected by the stress, applied to it. The relationship, between the 

natural, frequency f and the stress σ. 

                                                   𝑓 =
1

2𝑙
√

σ

𝜌
                                                               (2.1) 

where ρ is the wire material, density and l the length, of the wire. 

The vibrating wire gauge, is very simple in design. Two anchors are, installed on 

the specimen, surface and the two ends, of the wire are attached, to the anchors. Once the 

stress σ of the wire, is known using, Equation 2.1, the strain of the, surface can be found 

too, assuming the wire deformation, faithfully follows the surface deformation. The 

advantage of the wire, vibration gauge is that the gauge, (wire) can be removed, from the 

specimen, which makes, it a suitable tool for long-term, monitoring of strain change, in 

the concrete, structure. The major drawback, of the wire vibration gauge is, its sensitivity 

to ambient, temperature. It is reported that a 1-degree, temperature change causes a 20µɛ, 

change in the strain, measurement[13]. In some situations, the specimen, temperature 

changes rapidly, either, due to ambient temperature, change, or due to active, heating to 

the concrete mix to, expedite the cure process. Unless the thermal, expansion factor of the 

specimen is the same, of that of the wire, measurement error, is introduced. It is possible 
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to compensate, the error caused by the temperature, change, but doing so, greatly 

complicates, the system. Figure below shows, the vibrating wire, strain gauge.  

 

Figure 2.4: Vibrating wire strain gauge[14] 

2.2.4 Video extensometer  

A video extensometer measures, the surface strain by, tracking the coordinates of 

contrasting, marks placed on the, specimen. The gauge marks can, be in the form of grid 

of, dots or lines as shown, in Figure 2.5, with the dot diameter, or line thickness ranging 

from, half millimeter, to a couple of millimeters. The video image, captured by the digital 

camera, is analyzed by the image processing, algorithms to locate the centers, of the dots 

or the edges, of the lines. During the test, the centers of the dots, or the edges of the lines 

are, followed automatically by, the software. Their coordinate changes, are used to extract 

the specimen, strain information[15]. 

 

Figure 2.5: Video extensometer, configuration[16] 
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Since the surface strain, is measured by tracking a center, of the mark, fine marks 

must be applied, to the surface, such as a 7x7 grid of 0.5 mm, diameter dots as described 

in, wood surface strain, measurement. For a material with irregular, or soft surface, the 

application, of marks may, not be practical.  

Some other Video, extensometers, such as the MTS LX Laser, Extensometer, use 

tapes instead, of marks to tag the surface, displacement. The tape that attaches, to the 

specimen surface has, strip spacing on, it. The extensometer determines, the surface strain 

by, measuring the extension, of the strip spacing. The technique is not a, real noncontact 

measurement, method since the tape, contacts the specimen, surface. It is possible that, 

the strip and the specimen, extend or shrink by different, amounts due to a creep, effect, 

so that the strain measured, from the tape does, not faithfully represent, the actual 

specimen strain. The resolution is limited, by tape strip spacing, and usually low[17].  

2.2.5 Laser speckle strain measurement    

Speckle is generated by. illuminating a rough surface. with coherent light. as shown in 

Figure 2.6. The random reflected. waves interfere with each. other, resulting in a grainy 

image, as shown. Figure 2.7. The speckle pattern could. be thought of as a “fingerprint

” of the illuminated area, in the sense that the speckle. pattern produced by every. surface 

area is unique. Furthermore, when the surface area. undergoes movement or deformation. 

the speckle patterns. in the image plane. will also move or deform. accordingly. 
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Figure 2.6: Principle of, speckle generation[18] 

There exist two basic, categories of speckle technique, for surface strain 

measurement: electronic speckle, pattern interferometry (ESPI) and digital, speckle 

photography, (DSP). They relate to different, methods of producing and, processing the 

speckle image. The ESPI technique, measures the object, surface displacement or 

deformation by detecting, the corresponding phase, change of the light wave, from 

reflected from, the surface, just as a conventional Michelson, interferometer does. The 

image taken in an ESPI system, called a “speckle, interferogram”, is produced by 

interfering the speckle, radiation reflected from, an object surface with a reference, light 

field, either a uniform, coherent light beam or another, speckle field[19]. In practice, the 

speckle interferograms are taken, both before and after, the object displacement or 

deformation.  
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